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Editorial

There is an increasing concern in the world about the
potential effect that human pressure and climate change may
introduce into the environment, and especially in marine
ecosystems. Due to the fact that this ecosystem approach is
recent, although many scientific observations and results
show that climatic changes are already appearing, very little
is known about the way marine communities are adapting to
or affected by these changes. This ecological and ecosystem
approach brings two constraints:

* there is a need to strengthen the capacity to detect,

understand and predict the effects of the global change;

« this requires developing or adapting cost effective, reli-

able and efficient technologies, in order to be able to
collect rigorous scientific data to develop indicators on
the status of the ecosystem.

In the particular case of large pelagic ecosystems, the fish
populations as well as the other animal groups remain diffi-
cult to study, astheir dimension and variability do not allow
performance of accurate, economic or synoptic observation
of the different system parameters with the current state of
technology. Thus, thereis astrong need for adapted methods
of direct observation.

These remarks have aready lead ecologists towards the
use of acoustic methods and techniquesto sample and survey
the ecosystem. For thisreason, the sixth ICES Symposium on
Acoustics in Fisheries and Aquatic Ecology (SAFAE)
(France, June 2002) was the first to explicitly call for papers
on the “Aquatic Ecosystem”. In its three sessions (including
behavioural ecology) 74 papers were devoted to this particu-
lar case.

Thisis certainly due to the fact that underwater acoustics

represents an ideal tool for ecological analysis because it:

« alows ahuge quantity of datato be collected in arather
short time;

* enables data collection at extreme scales: a single tool
can obtain simultaneous information on zooplankton
and large fish, with high definition (centimetres) at large
range (hundreds of metres);

* isnotintrusive (null or weak effect of the observer onthe
ecological medium);

« can be collected in conjunction with other data (on
fisheries and biology, chemistry and physical oceanog-
raphy, etc).

* Finally, the format of data acquired permits comprehen-
sive use of the latest analysis methods: geostatistics,
GAM, GLM, SIG, €tc.

© 2003 Published by Editions scientifiques et médicales Elsevier SAS.
doi:10.1016/S0990-7440(03)00059-7

This ecological surveying and monitoring has to be done
at several scales, and in some of them acoustic data can
provide important information.

e At alarge scale, it is important to be able to map the
distribution of “global marine production”, in terms of
general biomass, regardless of thekind of organismsthat
form this biomass. Such data can help, for instance, to
identify “hot spots” inthe oceans, and through linkswith
remote sensing data, to bring valuable information on
the general distribution and abundance of marine life.
At afine scale, amore detailed series of observationscan
be made on the spatial distribution of biomass patches
identified at the larger scale. These results are more
dynamic, and relate to shape, size and density of the
patches, persistence of the spatial structures, temporal
patterns, etc., which underlie the process and function in
ecological interaction. Here too, this kind of data are
easily linked to remote sensing information, such as
temperature and pressure which may structure biomass
distribution and persistence.

A singular advantage of acoustics over traditional meth-
ods (e.g. optical observation, net sampling) is the range
of space—in 3D—which can be continuously sampled.
When combined with net sampling (groundtruthing
acoustical information) it is possible to identify and
extrapolate the distribution of the major trophic groups,
from micronekton to zooplankton to fish and other upper
trophic species.

Finally, fishing pressure in the last several decades has
caused a significant change in the distribution and abun-
dance of marine biodiversity in the world's oceans. Al-
though we know the effects on major stocks, little work
has been done on the other pelagic species indirectly
affected by thisloss of upper trophic biomass. However,
significant amounts of information on these species are
already contained within existing acoustic data, albeit
unprocessed.

The ICES SAFAE was held in Montpellier, France, from
10 to 14 June 2002. There were 303 participants from
37 countries, emphasising the strongly international charac-
ter of the meeting. This Symposium was the sixth organised
on fisheries acoustics, and the fifth sponsored by ICES in a
series concerned with acousticsin fisheriesand rel ated fields.
Thefirst of these was in Horten (1954), then there were two
in Bergen (1973 and 1982), one in Seattle (1987) and the
most recent wasin Aberdeen (1995; ICES Journal of Marine

L]
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Science, Vol. 53, no. 2). To complete the historical picture,
two Symposia on the special problems of shallow-water
acoustics should be mentioned, held in London (1997) andin
Seattle (1999; Aquatic Living Resources, Val. 13, no. 5). By
2002, however, it was seen that shallow-water, marine and
freshwater acoustics required a joint approach to problem
solving and sharing of experience. It was therefore decided
that the SAFAE would encompass all these applications
within the general theme of acoustical methods for the study
of aquatic biotaand their exploitation.

The primary sponsors of the SAFAE were the ICES, the
Institut de Recherche pour le Développement (IRD), and the
Institut Francais de Recherche pour |’ Exploitation de laMer
(IFREMER); co-sponsors were the Acoustical Society of
America, the UK Ingtitute of Acoustics, the US National
Marine Fisheries Service, and the Société Francaise
d’ Acoustique. The Symposium was convened by Francois
Gerlotto (IRD) and Jacques Massé (IFREMER). They were
assisted by a Scientific Steering Committee comprising
Pablo Carrera (Spain), David Farmer (Canada), Masahiko
Furusawa (Japan), D. Van Holliday (USA), Bill Karp (USA),
Ole-Arve Misund (Norway), John Simmonds (UK), and Will
Teder (Russia). The conference Secretariat was efficiently
organised by LaurenceVicensfrom the Centre Halieutique of
the IRD which provided much logistical support, as did
IFREMER, especially through the editorial work of Brigitte
Milcendeau.

The main objectives of the SAFAE were to bring together
scientists with diverse interests in fisheries and aguatic
acoustics, covering abroad range of environments; to present
their research in this rapidly evolving field; to review what
can be achieved with new technology and theoretical ap-
proaches; and to consider future directions of study. There
wasalargeresponseto the call for papers. The 256 submitted
abstracts were alocated between the following 10 theme
Sessions:

1. Acoustic survey design, including data analysis.

2. Combination of methods, to compare acoustic and

other methods of assessment.

3. Technology, innovations in equipment and data pro-

cessing.

4. Identification and classification of echo-traces.

5. Ecology, freshwater.

6. Ecology, marine water.

7. Avoidance—the response of fish to vessel noise, and

biological acoustics.

8. Fish and plankton behaviour, and physiological studies.

9. Target strength, methods and results.

10. Target strength, modelling and theory.

There were 106 verba presentations, and 140 posters,
which together gave parti cipants aunique overview of ahuge
amount of multi-disciplinary research. Symposia like the
SAFAE are essential if scientists are to have any chance of
keeping up with the rapid pace of developmentsin thisfield.

The publication of proceedingsisan important part of any
symposium. The number of proposed manuscripts resulting
from the SAFAE was substantial. It was therefore arranged
that symposium papers would be published in special issues
of two journals'—Aquatic Living Resources (this volume)
and the ICES Journal of Marine Science. Papers were
selected for each journal according to the relevant theme
session. Thisvolume contains 30 paperswhich aremainly on
ecological or biological topics (themes 2, 5, 6, 7 and
8 above), A further 36 papers will be found inVoal. 60 of the
ICES Journal of Marine Science, those mainly on techno-
logical or physical topics (themes 1, 3, 4, 9 and 10 above).

Readers are encouraged to consult both specia issues,
which together comprise the full SAFAE proceedings. In-
deed, it isimportant to consider thefull range of the activities
explored at the SAFAE. This shows how cooperation be-
tween specialists from many disciplines can achieve much
more than narrowly focussed research. Whatever the back-
ground, thereis a common purpose in this work, namely the
study and protection of sustainable aquatic resources.

Thetimely publication of these proceedings owes muchto
the referees (listed on last page), who prepared prompt and
comprehensive reviews, and to the authors who made the
required revisionsto their manuscriptswithintight deadlines.

Jacques Massé, Francois Gerlotto and David MacL ennan.

Jacques Massé

Ifremer, Laboratoire d’ écologie halieutique,
rue del’lle d' Yeu, BP 21105,

44311 Nantes cedex 3, France

E-mail address : jacques.masse@ifremer.fr

Francois Gerlotto
IRD, Roman Diaz 264
Santiago, Chile

David N. MacLennan
Perth, Scotland, UK

1 Nota: Acoustics in Fisheries and Aquatic Ecology.
Part 1. ICES Journal of Marine Sciences, vol. 60, n° 3, 2003.
Part 2. Aquatic Living Resources, vol. 16, n° 3, 2003 (this issue).
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Foreword

Introducing nature in fisheries research: the use of underwater acoustics
for an ecosystem approach of fish population

The changesin environmental conditionsrequire an “eco-
system approach” be adopted when considering fish popula
tions. This new approach implies the design of new concepts
and hypotheses including knowledge on ecology, behaviour
and fisheries. Being able to observein real time and in three
dimensions the living organisms and their environment be-
comes essential. These are precisely the capabilities of un-
derwater acoustics, which is going to play a major role in
aquatic ecology research.

1. Introduction

Based on pioneer works in the 1950s by Schaefer (1954),
Beverton and Holt (1957), Gulland (1969), Fox (1970),
among others, fisheries hiology and its associated models of
the dynamics of populations represented a huge step forward
in the analysis and monitoring of exploited fish populations.
These models helped to manage a number of important
fisheries in the world, initially with great success. A mgjor
advantage was the ability to manage a stock on the basis of
limited data; mostly derived from the fishery itself. Implicit
in these models was the concept of “stability” of the stock
and its insensitivity to any other parameter than the fishery.
Any change in the characteristics of the population was
expected to be due to changes in the pattern of the fishery.
The history of most studied fisheries has shown that these
assumptions are not completely valid. The adaptation of fish
populations to changes in environmental conditions has the
potential to change the fundamental characteristics of the
main parameters considered in conventional stock models. A
good, well-described example is the pattern of area occupa-
tion by a stock with changes in abundance (Swain and Sin-
clair, 1994; Gauthiez, 1997; Fréon and Misund, 1998).

On the other hand, since its beginning in the 1970s, fish-
eries acoustics has been developed in order to correct the
main biases present in indirect data such asfishing statistics.
A well known bias is detailed by Fréon and Misund (1998)
who show that, depending on the spatial strategy of aspecies,
adecreasein theglobal biomass can result in adecreaseor an
increase of the catch per unit of effort (cpue). Contrarily to
fisheries data, acoustic methods provide direct abundance
estimates (MacLennan and Simmonds, 1992). The echo-
integration results were generally used for two purposes:
tuning virtual population analysis(VPA) modelsusing actual

biomass, or more directly establishing total allocated catches
(TACs) based on the stock biomass. However, in many cases
the contribution of fisheries acoustics remained limited.

Eventually we are entering anew era, which isbased upon
two observations.

« It is now recognised that fisheries activity in the world
has reached and most probably exceeded its maximum
sustainable yield (Pauly et a., 2002; Myers and Worm,
2003).

e The failures of stock management in many cases have
demonstrated that the study of a fish stock indepen-
dently from its biology and behaviour, and more gener-
aly from the ecosystem where this stock is living, usu-
ally lead to erroneous conclusions on its status.

These two observations have oriented towards new
thoughts in fisheries biology, and to the conclusion that the
understanding of stock dynamics would require an ecosys-
tem approach.

2. Behavioural ecology in fisheries research

Such new approach implies new hypotheses, which
should explicitly include behavioural and other biological or
ecological parameters. Some of these hypotheses, in the
design of which teams of our institutes were involved, are
described below.

2.1. The “ meeting point” hypothesis

Dagorn and Fréon (1999) have produced a simulation
showing that tuna fish will form a school from an originally
dispersed population faster when the fish are attracted by a
floating object, than without one. Thiswould be the basis of
the use of fish aggregating devices (FADs). Essentialy, the
object serves as a “meeting point” for the fish, in an ocean
environment that otherwise lacks obvious spatial references.
This hypothesis has an impact on the way we understand
(and use) the aggregative behaviour of such large pelagic
fish.

2.2. The biological trap

The biological trap (Fréon and Dagorn, 2000) is basically
adevel opment of the FAD argument, and isalso derived from

© 2003 Editions scientifiques et médicales Elsevier SAS and I fremer/IRD/InralCemagref. All rights reserved.

doi:10.1016/S0990-7440(03)00058-5
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observations on the aggregative behaviour of tuna. Fisher-
men exploit the aggregation under FADs and introduce large
numbers of rafts into the fishing area to concentrate the fish
for more efficient capture. One possible secondary effect of
this technique is that the fish may stay with the rafts as they
drift. Thisdrift may follow adifferent route from the normal
migration pattern of the fish. In some situations and if the
effect is strong enough, the tuna may be “trapped” by the
FADs and end up in the “wrong” place, i.e. not where their
migration would have placed them. If this area is unfavour-
able (poorer food resources, etc.) there would be a risk of
additional mortality or reduction in recruitment. In this con-
text thelarge number of human introduced floating objectsin
the ocean would be of concern.

2.3. Fish learning and catchability

It has been demonstrated that fishes are ableto “learn” the
effect of afishing gear and increasetheir capability to avoidit
(e.g. Soria et a., 1993; Pyanov, 1993). In an evolutionary
perspective, the fish behaviour will adapt to high levels of
fishing activity through selection for those fish, which are
better at avoiding, capture. Thiswould result in adecreasein
catchability, proportional to the fishing effort (Fréon and
Misund, 1998). This response has been documented in some
fisheries (e.g. Brehmer and Gerlotto, 2001).

2.4. The “ school trap” hypothesis (Bakun, 2001)

Alternate dominance of one species has been observed in
many mixed pelagic fisheries. This has been well docu-
mented, for instance, for Peruvian anchovy (Engraulis
rigens) versus sardine (Sardinops sagax). A fast change in
dominance might be facilitated by the probability of indi-
viduals or groups of the declining speciesbeingincludedina
school of the dominant species. The fish may then be consid-
ered as “trapped” in this school with the possibility of them
being in, for that species, sub-optimal biological conditions.
Such behaviour would accelerate the declining of the domi-
nated stock and be responsible for the fast changesin species
dominance.

12, 4
10J  catch (10°t)
8 |

Anchovy

6 -
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2

Sardine
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2.5. Other hypotheses

Other hypotheses along the same or similar lines, incorpo-
rating behaviour or other biological aspects, have also been
postulated. These may also have important impacts on how
we view and assess fish populations. Examplesinclude con-
cepts such as meta-populations (McQuinn, 1997), and more
generally the evolutionary concepts synthesised by Cury
(1994) and entitled “ obstinate nature”.

Such new sets of hypotheses are likely to improve dra-
matically the potential results of fisheries biology research.
These present a strong requirement: to be able to observe the
nature and the fish living in their environment.

Thisisthe main reason of the parallel evolution of fisher-
ies acoustics, described in details by Fernandes et a. (2002).
This evolution can be seen simply through the changesin the
titles of the ICES symposia related to underwater acoustics,
from “Fisheries Acoustics’ for the first ones (Bergen, 1973,
1982; Sedttle, 1987) to “Fisheries and Plankton Acoustics’
(Aberdeen, 1995), and finally “ Symposium on Acoustics in
Fisheries and Aquatic Ecosystems’ (SAFAE) in Montpellier
(2002).

3. Improving fisheries biology using acoustic data

In order to adapt underwater acoustics to “fisheries ecol-
ogy”, itisnecessary to evaluate precisely the advantages that
it can bring to ecological research, to gather the elements of
techniques and methods that are directly applicable to this
discipline, and to define the points that need specific research
for an eventual adequacy of acoustics methods and tech-
nigues to ecology.

In this regard, three main objectives may be defined:

» Taking advantage of existing past research. To evaluate
the quantity and quality of information already present
in acoustic surveys. Since the 1970s, many countries
have developed acoustic survey programs on the main
pelagic stocksin their respective EEZs (Fernandeset al .,
2002). At this time the ecological information (micron-
ekton, bottom shape and type, school type and behav-

12, b

Biomass (10 ¢ t)
Anchovy

\, \ Sardine
| Y Horse mackerel v\ S -’
1982 1987 1992 1997 2002

Fig. 1. Some acoustic results on behavioural ecology of pelagic fish. (a) Peruvian landings of anchovy and sardine since 1983; (b) biomass of anchovy, sardine

and horse mackerel in Peruvian waters estimated by acoustics since 1983.
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iour, hydrological information, etc.) was considered as
background noise and not exploited. Under a new per-
spective, these data could be used to devel op, define and
extract ecological indicators, allowing observation of
decades of changein pelagic ecosystems. Itislikely that
some methods will be needed for transforming acoustic
datainto ecological data.

Preparing the future. The set of new hypotheses will
require new series of data to be collected, in a more
ecological and behavioural way. Being able to observe
inreal timeand in three dimensionstheliving organisms
and their environment will be essential. Thiswill require
new tools, such as multifrequency echo sounders (spe-
cies and group identification), multibeam systems (3D
observation) and omnidirectional sonars (kinematics of
schools), which are aready conceived and will need a
wider use in the close future.

Improving the present research. Two different kinds of
improvements can be considered: technical and method-
ological. We will not discuss the first one, which was
developed in the SAFAE and published in the Part 1,
technological proceedings of this symposium (ICES J.
Mar. Sci. 60, n° 3). The most promising method for
ecological research and monitoring isthe use of acoustic
data collected and recorded aboard fishing vessels. Such

il - sardine

] E:‘:f\‘ anchois °

method has been designed and applied for decades by
Chile and Peru in the South-East Pacific Ocean (Gutier-
rez et a., 2000). Although it will require some technical
improvement (principally the design of autonomous sci-
entific echo sounders), it may already overcome a series
of drawbacks that appear in a single vessel survey; it
providesdetailed information in the areaof high produc-
tion and abundance where fishing vessel are spending
most of their time; and it makespossiblereal timesurvey
of ecological changes at all scalesin a given ecosyste-
m.Anyway, thereisahuge amount of acoustic datainthe
world, still unprocessed from an ecological point of
view, which could already give some answers to the
questions asked by the new hypotheses. We will give
some preliminary examples on the use, for an ecosystem
approach, of standard echo sounding survey data ini-
tidly collected for fish stock study. They show how a
stock can be observed and studied from an ecosystem
perspective inside its environment. For such demonstra-
tion, we used long and detailed data series. One of them
was provided by the Instituto del Mar del Peru (IMA-
RPE), which is acknowledged here, on anchovy and
sardine stocks off the Peruvian coast; the second one
comesfrom the Bay of Biscay (IFREMER database), on
similar multispecific assemblage.

] - sardine

1 ET .
i Q\ anchois °

Fig. 2. Abundance of anchovy and sardinein the Bay of Biscay asobserved during acoustic surveysin 2000 and 2001 from IFREMER acoustic surveys. Symbol
sizeis proportional to scrutinised S, values for each species.
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Fig. 3. Echogramsin the Bay of Biscay showing the assemblage of anchovy with another pelagic species (anchovy with horse mackerel, sardine, sprat).

Three cases are given:

» Temporal change of stock biomass. Some of the hypoth-
eses presented above have been drawn from long term
catch data series, where some simultaneity of the popu-
lation changes has been seen. This is the case in Peru,

where a kind of “synchrony” of abundance of sardine
and anchovy appears in the fishing data (Fig. 1a). Sar-
dine and anchovy seem “incompatible’, and collapse
aternately according to climatic conditions. When ob-
serving the actual biomass values (Fig. 1b), the syn-
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chrony does not present the same“ absolute” character as
seen with fishing data. It is confirmed that there are
“Sardine—no anchovy” and “Anchovy—no sardine” peri-
ods, but the synchrony is only observed on rather long
time scale and does not obviously need any behavioural
hypothesis to exist: changes in the climatic condition
(Chavez et al., 2003) are sufficient. Moreover, sardine
and anchovy are able to coexist during rather long peri-
ods of “intermediate conditions” (e.g. Fig. 1b).

Spatial distribution, competition and coexistence. The
hypothesis of exclusion of a population from an area
occupied by another one is not aways demonstrated
when the actual ecosystem is studied. For instance we
observed in the Bay of Biscay that sardine and anchovy
were present in two well differentiated areas in 2000,
while they overlapped in 2001 (Fig. 2). The objective of
this paper is not to study the determinism of such phe-
nomena, but we may note that the water masses were
quite differently distributed in these 2 years. The same
observation was done in Peru. Although they usually do
not share the same area, when anchovy and sardine in
Peru are coexisting in a single place, their abundances
are positively correlated (Gutierrez, personal communi-
cation). As in the case of time series, there is a
“Sardine-no anchovy” and “Anchovy-no sarding” area
pattern, but this remains a general drawing, which is
likely more complex and more related to combinations
and compromises of tropisms and taxis than to asimple
competition/exclusion between two species.
Occupation of space in three dimensions. Fish is occu-
pying a space in three dimensions, and in most of the
fisheries data, the vertical one is practically ignored,
although it may be the most important for the species.
This vertical dimension can allow the life of exclusive
species in a single (horizontal) area but still remaining
completely separated. Very often such evidence is not
visible from fishery data, which cannot clearly describe
this vertical dimension. In most of the cases, a vertical
stratification of the species occurs. Moreover, the spatial
organisation of pelagic fish may be affected by the
presence of other species (Fig. 3): in the case of the Bay
of Biscay, for instance, the shape and dimension of
schools are strongly dependent on the other species
sharing the space: the anchovy schools formed when a
predator such as horse mackerel is present, are different
from those organised when the species share the same
trophic level (sardine, sprat) (Massé, 1996).

4. Conclusion

As these few examples show, a large part of the hypoth-
eses that we listed, and more generally the ecosystem ap-
proach of fish stocks, can be explored using acoustic data.
One interesting point is that standard fisheries acoustics is
already able to answer many questions. it is clear that acous-
tic data have been dramatically underexploited so far.

Another point is that it seems extremely important and
urgent to develop research to confirm or discard the behav-
ioural hypotheses. In many cases, they were drawn without
support of real in situ observations: the limited value of
fisheries data for behavioural observation may bias strongly
the conclusion that one can draw from them. For instance, we
showed that in Peru the “school trap”, which seemed agree-
able when observing the catch statistics of anchovy and
sardine, isunlikely to have any effect on these stocks.

But the ecosystem approach, including behavioural ecol-
ogy, is indispensable. As acoustics is one of the very few
methods able to providereal timein situ 3D observation data
on living organisms and their ecosystem, it will be the re-
sponsibility of fisheries acousticians to devel op tools to pro-
vide information on the fish living in their environment. The
“Ecology Acoustics’ is born.
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Abstract

Fish schools are known to take a large number of different shapes and dimensions, in such a way that defining a school from its morphology
is still an unanswered question. Nevertheless, some school typology and classification has been done successfully in different areas of the
world using vertical echo sounding data. This implies that some morphological patterns may correspond to or reflect behavioural specificities.
The objective of this paper is to take advantage of the 3D exhaustive observation capabilities of multibeam sonar to extract the morphological
and internal characteristics of tropical clupeid schools. The main parameters measured are geometrical properties (overall dimensions,
volume, surface, etc.) and relative distribution of densities inside the school (heterogeneity, existence of nuclei, etc.). The main results show
that a school is usually formed of one or several nuclei of high density connected by less dense parts, including empty areas (vacuoles). The
dimension of these sub-units is highly variable, but remains inside a diameter of 5-20 m. The reliability of these dimensions is evaluated, and
some thoughts on the behavioural mechanisms constituting schools are presented.

© 2003 Hlitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Fisheries acoustics; Fish school; Fish behaviour; 3D image; structure

1. Introduction given in a single scale of presence/absence of fish, but the
envelope of the fish distribution shows that the school mor-
Pelagic fishes tend to gather into schools. These are innatghology is complex and mostly amoeboid. Visual observa-
structures for most of the Clupeidae, Engraulidae, Car-tionswere more numerous, and gave some indications on the
angidae, and represent a major biological characteristic in theway individuals were behaving in a school. The inter-fish
life of these species. Fishers take advantage of these aggradistance was often measured and the individual distribution
gations of individuals to adapt their fishing effort, and several within a school was modelled (Radakov, 1973). An “ex-
fishing gears have been designed specifically for exploiting treme” example was given by Breder (1976), who described
fish schools. Nevertheless, even though the idea of a “school’a quasi-crystalline structure of the school, with each fish
is rather clearly understood, the knowledge of the structure oftaking the position of an atom in a rhomboidal crystal. Such a
these features is weak, and attempts to provide a universategular distribution, noted through visual observation and at
definition of a school, based on its morphology, have failed very short range (maximum 5 m) implies high densities
so far. within the school (Aoki and Inagaki, 1988) and is contradic-
Fish schools are heterogeneous and variable structuresory with the acoustic measures of fish school densities:
The heterogeneity was observed soon after the implementasimmonds et al. (1992) have summarised the literature on the
tion of acoustic devices in fisheries research. One of the firstmean number of fish per cubic meter in schools for different
images of the horizontal heterogeneity of a fish shoal hasspecies using different methods. The densities vary from 0.05
been drawn by Cushing (1977), using a scanning sonar with §20 ¢cm herring) to 300 fish perh12 cm anchovy) for in situ
30° overall scanning angle. His results are descriptive andstydies, and up to 3000 fish pef from modelling exercises.
Although fish density has been found to depend on the
"+ Corresponding author. species, the fish length, and the biological characteristics of
E-mail address: gerlotto@ird.fr (F. Gerlotto). the animals, a reasonable estimate would be in the 0.5-30 fish
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per m° range. A synthesis of these contradictory observations
was given by Fréon et al. (1992), who described for the first
time the global interna structure of a whole fish school in
situ, observed by vertical echo sounding, visual observation
(video camera) and aerial pictures. Their conclusions that at
short distance fish remain almost aways equidistant to one
another were consistent with small scalevisual and aquarium
observations. However, on aglobal scalethey observed that a
fish school was a very heterogeneous 3D structure, with
numerous empty sub-volumes that they named as vacuoles.
Consequently, it was normal to obtain high fish densities per
cubic meterswhen observing part of the school, or very weak
densities when considering the whole structure.

Another characteristic was described by Misund (1993),
as patchiness inside schools. The author observed “ packing
density structures’ inside a school recorded by echo sound-
ers, which were followed during severa minutes. Inside
these structures, the density was found similar to the densi-
ties measured with visual recording. He proposed the “mov-
ing mass hypothesis’ for explaining the large variations in
the packing density. This hypothesis is based on the indi-
vidual fish dynamics and differencesin speed and directions
among individuas. It is worth noting that dense areas were
recorded in the vertical (Fréon et a., 1992; Misund, 1993) as
well asinthehorizontal plan (Soria, 1994; Fréonet a., 1992;
Axelsen et al., 2001), athough only relative densities were
given for the horizontal plan.

Another feature that has been studied isthe external shape
of the school. Since the beginning of fisheries acoustics,
fishers were able to recognise species, with a rather accept-
able precision, according to the shape of the school image on
the echogram. Using this characteristic, two kinds of re-
search were developed: one attempting to identify fish spe-
cies(Rose and Leggett, 1988; Scalabrin, 1997); the other one
focused on the variability of the school shapes (Petitgas and
Lévenez, 1996; Gonzalez et a ., 1998). Both approacheswere
successful, indicating that athough the variability of the
school shape is important, it is not completely random and
depends on severa characteristics, such as the species, the
biology and behaviour conditions, and the global oceano-
graphic conditions. A good synthesis on this “echo trace
classification” isgiven by Reid (2000). All these studieswere
done using two kinds of acoustic devices: vertical echo
sounder and horizontal omnidirectional multibeam sonar
(MBS).

The vertical echo sounder presents a set of limitations for
species classification/identification research, among which
the most important are;

* Limited precision in image definition. A standard trans-
ducer typically has a 10° beam angle. This reduces
dramatically the precision of the image with distance
from the vessel. All the details of the internal structure
and the external envelope are smoothed, and the external
envelope is highly skewed by the location of the target
inside the beam angle. Moreover, the horizontal dimen-

sions of the school are biased and corrected (e.g. Johan-
nesson and Losse, 1977; Diner, 2001).

« Limited biological value. The vertical echo sounder ob-
serves the most perturbed and noisy sector of the sea
around the vessel. It only providesinformation on what
has not avoided the vessel horizontally, and cannot dis-
cern whether the recorded structure corresponds to a
natural behaviour of the fish or is strictly induced by its
reactionsto the vessal.

The horizontal MBS is much more accurate in observing
and recording fish schoals, asit is capable of observations at
large horizontal distances from the vessel, and in two actual
dimensions (independent of the vessel motion). Thistool is
particularly useful for observing the movements and dynam-
icsof the schools(e.g. Diner and Massé, 1987). Nevertheless,
the horizontal sonar is usually not applied for school shape
analysis, because its definition is too low (i.e. beam angles
are around 5-10°) and, as sound is emitted horizontally,
school images at long distances can be biased or even hidden
by the changes in sound direction due to the presence of a
thermocline, for instance (e.g. Medwin and Clay, 1998).
Some particularly narrow beam MBS was designed (Misund
et a., 1995), which alowed for a very precise image of the
fish distribution inside a school. Nevertheless, the third di-
mension was still lacking for an exhaustive view of a school
structure.

This third (horizontal) dimension is obtained through the
use of vertica MBS (Gerlotto et a., 1999; Mayer et al.,
2002), which records awide swath through successive pings
along a vessel route. For the first time, questions regarding
the dynamics of the school vs. the vessel were answered
using this tool. Soria et al. (1996) showed that fish schools
were avoiding horizontally, following a “double wave of
avoidance”. Bahri (2000) showed that the schools were pre-
senting different lengths and widths depending on their loca-
tion relative to the vessel, which she linked to the avoidance
dynamics.

This paper explores the 3D structure and shape of fish
schoolsusing vertical MBS devel oped for fisheriesacoustics.

2. Materials and methods

The acoustic device used in this study was devel oped in an
European Project (AVITIS, FAIR CT96 1717) and presented
by Gerlotto et al. (1999) and Fernandes et a. (1998). The
system was a 455 kHz RESON model Seabat 6012 MBS
with 60 beams of 1.5 x 15°, forming a 2D image on a 90°
field, at a range setting up to a maximum of 100 m. The
observation plan was vertical, normal to the vessel route, and
observing from the surface to the vertical below the vessel
(Fia. 9.

The digital data are recorded for each ping and stored.
Once the complete school has been recorded, the data can be
reconstructed into a 3D image of the structure using the
software SBI Viewer (Lecornu et a., 1998). It calculates the
morphological characteristics of the school, such asits over-
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Fig. 1. Display of the MBS datain avertical plan on the side of the vessel (from Fréon and Misund, 1999).

all dimension (length, width and height, which are the di-
mension of the rectangular box surrounding completely the
school), its actual volume and surface, the number, surface
and volume of holesinside the school, the school positionin
the water column with referenceto the vessel and the relative
density inside the school. The software also extracts all the
voxels (defined as 3D volumetric pixels) inside the school
and constructs a 4 column file, with the three spatial co-
ordinates and the density value of each voxel. Thisallowsfor
the calculation of 2D or 3D characteristicsinside the school.

Some correction must be applied to the data, especially
the length, using the classical correction related to the dis-
tance of the target (Johannesson and Losse, 1977). Sim-
mondset al. (1999) devel oped acalibration procedurefor this
MBS, which gives a beam angle of 22 x 1.5° for our sonar
(instead of the nominal 15 x 1.5°), that we applied for
correcting the length.

We must point out some potential sources of bias related
to the data collection and processing methods. Data are
collected during asurvey, but the collection is not systematic,
due to storage limitations. Therefore, the operator decides
when a school has to be recorded. This may induce two
biases: oneon thelocation of schools, asitiseasier to seeand
record a school in the centre of the screen than on the edges,
and abiasin the actual dimensions of these schools, as small
schools may be undersampled. When processing the data,
some limitations due to the software may also affect the
sampling, as the operator must have an implicit definition of

a school, and applies particular thresholds. Finally, another
point has to be taken into account when studying the linear
dimensions: they represent the dimensions of a rectangular
box surrounding the school. Therefore, when the school hasa
complex shape, these dimensions may not be completely
realistic. For instance, in the case of a school with ashapein
C: the length will be underestimated and the width largely
overestimated.

The data were recorded during two acoustic surveys; Ven-
ezuela (survey VARGET 99/2) in March 1999, and Senegal
(VARGET 99/1) in May 1999. These surveys were per-
formed in order to measure the school behaviour. Data were
collected during the day along transects aboard the R/V
Antea, at a fixed speed of 8 knots. In tropical regions, the
species assemblage is complex. For instance, in Venezuela
we may observe up to 10 Clupeids, 15 Engraulids and 10
Carangids forming schools (less in Senegal: four Clupeids,
one Engraulid, six Carangids), with no possibility to allocate
with absolute precision each recorded school to a given
species. Nevertheless, in the two areas the most abundant
schooling fish isthe Clupeid Sardinella aurita, which repre-
sents 60-80% of thetotal biomassin both countries (Gerlotto,
1993; Levenez, pers. comm.). Moreover, the recordings
come from the part of the shelf where S aurita is the most
abundant, as proved by our own trawlings and the fisheries
data. Hence, it is reasonable to assume that the mgjority of
schoolsbelong to S. aurita, and that the potential error in the
species identification is probably less than 5% (which is the
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Fig. 2. Thethreeimagesof thefish school structurein thethreeplans: above,
horizontal plan; below left, vertical plan perpendicular to the vessel route;
below right, vertical plan parallel to the vessel route. Densities represent a
relative scale from 0 to 255, averaged on the dimension perpendicular to the
plan. Same scale in m for the three dimensions (school # 770. Senegal).

proportion of the schooling biomass allocated to other pe-
lagics).

Not all the schools can be processed by SBI Viewer. In
some cases, the edges of the school were cut by the borders of
the observed volume (e.g. for schools being observed verti-
cally below the vessel), in other cases they are included in
noisy volumes, and the discrimination between the school
echoes and background noise is impossible. In a few cases,
the structure of the school was extremely complex, the school
belonging to alayer of schoolswith no clear borders, and no
extraction of asingle structurewas possible. Thisreduced the
field of our observations to well identified single schools.

The heterogeneity of fish distribution inside the schools
was explored using geostatistics. For such measurements, we
calculated a global horizontal section, by projecting each
voxel on the horizontal plan to cal culate the mean density for

Tablel

al the pixels of thishorizontal image. The horizontal dimen-
sion was preferred to the vertical ones, as schools are usually
more extended horizontally. An isotropic horizontal vari-
ogram was calculated for each school. In all the schooals,
dense patches are observed that allowed for extraction of
information on the frequency and characteristics of these
patches (that we called “nuclel™). The extraction of informa-
tion was not always possible due to limitations of the soft-
ware. We processed the information in two ways.

In the global analysis, the nucleus was defined asasingle
dense volume, with density superior to twice the “back-
ground density” of the school and linear dimensions greater
than 1 m vertical and 3 m horizontal (these dimensions being
decided after the results of geostatistical analysis). All the
schoolswere mapped in 2D in the three plans (Fig. 2). Using
these maps, we explored whether there were zero, one or
several nuclei. No measurement of the nucleus dimension
was performed.

In the second analysis, where additional processing was
possible, we extracted the nucleus using the normal proce-
dure for school extraction, but setting a higher threshold for
the densities to be selected. For the extracted nucleus, we
obtained the same morphological and density values as on
the whole school.

3. Results

We extracted 427 schools, of which 359 were from Ven-
ezuela and 68 from Senegal. Among these 427 schools, 126
nuclel were extracted; a few of them belonging to the same
school (Table 1)

Schoolsfrom Senegal and Venezuelaare dlightly different
in shape. Curiously, even though the dimensions were differ-
ent (i.e. thetwo groups differed in length, width, and surface,
Sen = 5326 Mm%, S, = 3581 m?; t = -2.07, P < 0.007), no
significant difference was observed for height or volume
(Veen = 1576 M3, Vo, = 1399 m; t = -0.62, P < 0.53).

It is also interesting to analyse the schools related to the
distance from the vessel.[Table 2|gives the mean val ues of the
most important variables at intervals of 10 m from the vessel

Mean values of the main morphological and density parameters of the schools and nuclei. Linear dimensions are giveninm, surfacesin m?, volumesin m®. The
density isthe mean value of echo energy in arelative scale of 0-255. Asthe settings remained fixed, these rel ative values are comparable for al the schools. The
fractal dimension is the ratio surface/volume. (*) The software SBI Viewer cannot count more than 1024 holes inside a single school (a hole is defined by an
empty voxel). Only seven schools in our database have equal or more than 1024 holes

Parameter School (n=427) Nucleus (n = 126)
All Venezuela Senegal P-value All Venezuela Senegal P-value

Length 28.9 331 39.9 0.111 15.2 151 15.3 0.891
Width 174 16.9 20.1 0.026 8.4 8.3 8.6 0.661
Height 11.3 11.2 117 0.834 5.6 5.6 57 0.928
Volume 1427.0 1398.8 1576.0 0.239 203.8 203.4 205.8 0.911
Surface 3859.5 3581.8 5325.6 0.027 844.3 802.8 1029.1 0.720
Nbof holes() 125.4 120.1 1534 0.051 23.0 20.9 324 0.821
Surface of holes 121.3 1152 1537 0.716 19.3 17.7 26.4 0.810
Volumeof holes 13.8 13.0 17.6 0.035 21 19 238 0.947
Density 92.2 94.8 785 0.008 131.3 1325 126.0 0.498
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Table2

117

Mean values of the morphological parameters of the schools depending on their distance to the vessel. Nb of schools = 427. All dimensionsin m, surfacesin m?,
volumesin m®. Holes in number of voxels. Density in relative units. Nuclei: number of nuclei per school

Parameter Distance classes (m)
0/10 10/20 20/30 30/40 40/50 50/60 >60 F-vaue P-vaue

Number of observations 92 101 60 48 58 43 25 — -
Length 327 40.1 28,5 20.4 215 21.3 21 18.394 0.000
With 14.3 21.3 18.8 15.9 16.3 16.5 16.7 0.277 0.599
Height 9.8 13.1 11.3 10.1 11 12.1 11.8 1.119 0.291
Volume 690 1648.9 1610.2 1145.8 1501.5 2203.3 1980.6 30.314 0.000
Surface 2329.2 4750.1 4743.3 2863.5 4047.1 4648.3 4250.9 13.831 0.000
Holes 91.1 1724 161.6 75.2 121.2 1182 104.2 0.697 0.404
Density 107.61 98.73 87.95 73.93 77.03 88.47 91.91 29.719 0.000
Nuclei 0.96 1.16 0.77 0.67 0.66 0.53 0.41 12.650 0.000

(0-10, 10-20, etc.). We can see that the distance to the vessel
may have an impact on the school shape.

3.1. General school morphology

We studied two points in this field: the main characteris-
ticsof the overall structure of the school and itsanisotropy in
length and width. t-Tests between length vs. width, length vs.
height and width vs. height were calculated .

Asfar astheoverall structureis concerned, the questionis
whether a school can present apermanent regular shape. The
first method was to compare the values of length, width,
volume and surface. The linear dimensions cannot be com-
pared easily with the volume and surface, as they are not
calculated in the same way. shows that most of the
morphological parameters are correlated. The only param-
eter with no or weak correlation with the othersisthe density.

One important result is that there is a significant relation-
ship between length and width . Thewidth on
an average represents 60.5% of the length (test t = 12.3, P <
0.01). If we consider the schools according to their distance

Table3

from the vessel separately, we can calculate that the width
varies from 47.3% (0-10 m) to 79.5% (>60 m) of the length.
Although thisis not the objective of the paper, we may note
that this result is consistent with the avoidance scheme de-
scribed by Soria et a. (this volume).

The second way to study the school shape is to consider
thefractal dimension, which representsa* roughnessfactor”.
It is calculated by the ratio surface/volume (SV). The mean
roughness factor on the school studies has no real meaning,
astheratio SVisinversely proportional to theradiusR of the
school. One other way to evaluate the roughness characteris-
tics of the school is to compare the actual SV values to a
theoretical fractal dimension that would be obtained for regu-
lar shapes. We calculated two theoretical SV ratios for two
types of shapes: spherical and cylindrical. Inthefirst case, we
assumed that the volume of the school was the volume of a
sphere and calculated the surface of this sphere, then we
calculated the SV on these values. We did the same with the
cylinder, using the actual volume and height of the school to
calculate the surface. Then we compared the three fractal

Test t on relationships between length and width, length and height, width and height of the schools (d.f. = degrees of freedom). All the results below show a

significant difference with P < 0.005

Variables Mean Standard error t d.f.
Length 28.97 24.12 12.3 426
Width 17.34 9.91
Length 28.97 24.12 175 426
Height 11.30 6.67
Width 17.34 9.91 20.5 426
Height 11.30 6.67
Table 4
Correlation matrix of the morphological parameters of the 427 schools. Significant correlation at P < 0.05 arein italics

Width Height Volume Surface Fractal Hole Density
Length 0.633 0.596 0.669 0.706 —0.0630 0.594 0.135
Width 1.000 0.793 0.650 0.751 -0.1153 0.678 0.016
Height 1.000 0.628 0.664 —-0.1209 0.616 0.059
Volume 1.000 0.878 -0.2779 0.740 0.091
Surface 1.000 -0.0872 0.861 0.018
Fractal 1.0000 -0.010 -0.219
Hole 1.000 0.128
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Table5
Test t on roughness and fractal dimensions. R: roughness SV; Fs = fractal dimension for a sphere; Fc = fractal dimension for a cylinder
Mean Standard deviation N Diff. Diff. standard deviation  t d.f. P
R 3.15 1.057
Fs 0.58 0.257 427 2.564 0.984 53.9 426 0.000000
R 3.15 1.057
Fc 2.45 0.209 427 0.699 0.966 15.0 426 0.000000

dimensions, the actual roughness (R), and the ratios SV for
the cylinder (Fc) and the sphere (Fs). A t-test comparing the
roughness and the fractal dimension of the sphere and cylin-
der, shows that they are significantly different at P < 0.01

([Table)

From these results, we can extract the following observa-
tion: afish school hasanirregular morphol ogy, mostly amoe-
boid, which cannot be assimilated to any regular volume such
asacylinder or asphere. Nevertheless, its morphology obeys
some rules, and some constants in the shape can be recogn-
ised. The most important is the strong anisotropy between
length, width, and height as already observed by severa
authors (Soria et a ., 1996; Bahri, 2000).
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Fig. 3. Left: histogram of variogram ranges for the 427 schools; right:
relations between length and width for the 126 extracted school nuclei.

3.2. Vacuole and nucleus mor phology

3.2.1. Vacuoles

The vacuole information provided by SBI Viewer islim-
ited to the number, global volume and global surface of
empty voxelsinside the extracted school. SBI Viewer cannot
count more than 1024 “holes’, which was the case for seven
schools in our data base. It was aso difficult to assimilate
these holes to actual vacuoles as they did not have the same
meaning. The holes were small empty spaces with no clear
biological meaning, and more related to threshold and het-
erogeneity features. A single hole measures 0.1 m3, which is
much smaller than that observed by visual recordings (Fréon
etal., 1992).
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Fig. 4. Volume (above) and surface (below) of nuclei (N) for different values
of surface and volume of schools (B). The 15 biggest schools have been
removed to make the figure clearer.
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Table6

t-Test matrix on the main characteristics of schools, holes and nuclei. All thet tests show significant differences between the variables at P < 0.001 (except two
pairs, Hon-Ln and Hos-Dn, initalicswhich are likely artificial similarities). The measurements on holes are done on the whol e set of schools (427 individuas);

the measurements on nuclei are done on the nuclei extracted in 126 schools

Ws Hs Vs Ss Rs Hos Ds Ln Wn Hn Vn Sn Rn Hon Dn

Ls 14.4 174 -89 -8.8 19.9 —4.6 -12 14.2 18.4 19.9 -7 -7.4 19.1 3.9 -235
Ws 0 14.1 -9 -8.8 22 5.7 -253 32 17.2 21.8 -7.8 -7.6 19.4 -1.3 -35.1
Hs 0 -9 -8.8 16.3 -6 -299 -108 6.7 13.7 -8.1 -7.6 13.3 2.7 -39.7
Vs 0 -7.9 9 9.2 8.6 9 9 9 8.6 6.1 9 9.1 8.4
Ss 0 8.8 8.9 8.7 8.8 8.8 8.8 8.7 85 8.8 8.9 8.6
Rs 0 -6.3 -347 189 -128 97 -84 7.7 -17 4.4 -42.8
Hos 0 2.3 55 6.1 6.2 -3.7 7.4 6.3 6.2 0

Ds 0 24.1 32.2 333 -5.1 -7 34 10.6 -19.8
Ln 0 16.2 19.1 -7.8 -7.6 17 -0.8 -35.7
Wn 0 10 -8.2 7.7 8.8 -35 -40.9
Hn 0 -8.3 7.7 39 -4 —42.4
Vn 0 -7.3 8.3 8.9 3.2
Sn 0 7.7 7.8 6.6
Rn 0 4.1 -42.5
Hon 0 -18

W, weight; H, height; V, volume; S, surface; R, roughness; Ho, hole number; D, density; L, length; s, school, n, nuclei.

3.2.2. Nuclei

The first analysis was to measure the existence of a non-
random patchiness inside the schools. For this purpose, we
measured an omnidirectional (horizontal) variogram on all of
the 427 schools. On all of them, a bounded variogram was
calculated, with a nugget presenting in average 66% of the
sill and a mean range of 9.3 m indicating a patchy
school distribution. Based on our definition of anucleus, asa
structure of more than 1 m vertical x 3 m horizontal dimen-
sions, 126 structures were extracted and the global character-
istics of the nuclei are presented in . The overall
dimensions of a nucleus are on an average, 12.6 m long, 8.7
m wide, 5.7 m height. The mean elongation (ratio
width/length) is 0.7. We compared the main parameters of
the nuclei, which showed a series of significant correlations,
indicating that these structures were not random.

The relationships between the nuclei and the schools have
been considered by comparing the main morphological char-
acteristics, specially the surface and volume (Fig. 4). When
plotting a nucleus dimension with the similar dimension of
its school, several significant relationships appear (e.g. sur-
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face of the nucleus vs. surface of the school: r = 0.78,
N = 126, P < 0.05). Nevertheless, these relationships are
mostly artificial and likely due to two facts: (1) a nucleus
cannot be bigger than a schooal, (2) the variability of nucleus
dimension increases when the dimensions of the schools
increase. Thisis clear when we sorted the school dimension
(surface or volume) from the smallest to the biggest, and
plotted the corresponding values of the nuclei (Fig. 4). The
relationship was tested using two methods. After sorting the
dataaccording to the school surface, we cut the databaseinto
five classes (1-5, from very small to very large schools) of 25
data (26 for class 5), then compared the surface means
between the schools and the nuclei for thesefive classes. The
result isgiven onthe Fig. 5. We did the same with the volume
and obtained a similar result.
This figure shows several phenomena.
By construction there are significant differences in the
mean surface of schoolsin the five classes.
e The classes 1 and 5 of nuclel are significantly different
from the three others and between them. Thisis due to
the two following facts that we described above: (1) the
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Fig. 5. Box-plot of the mean surface of schools and nuclei for five surface classes.
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dimension of the nucleusis limited by the dimension of
the schooal; (2) the class 5 is made of very large schools,
most of them with several nuclei, and may represent a
particular case that will be discussed below.

* Thethree other classes present no significant difference

in the mean (P < 0.35).

A second test was to calculate the Pearson’s correlation
coefficient between the surfaces of schools and nuclei, and
between the volumes of schoolsand nuclei for the 75 schools
included in these three central classes, where the effect of the
two above-mentioned artificial relationships are unlikely to
bias the results. In this data set, the schools varied between
1300 and 5700 m?, 260 and 3000 m>. The correlations were,
respectively, r = 0.19 for the surfaces and r = 0.22 for the
volumes, showing no significant relationships (P < 0.05)
between the corresponding dimensionsin schools and nuclei
for this set of data.

Therefore, we can conclude that there is no actual corre-
lation between the surface and volume of the school and the
surface and volume of its nuclei. Once the school is large
enough, the nuclel maintain a relatively constant shape and
dimension, with some increasing variability when the school
isvery large.

4. Discussion

Since the early 1990s, the importance of fish school be-
haviour and structure has been recognised as critical by
fisheries acousticians (Anonymous, 1993), for several rea
sons, such as predation avoidance, physiologic facilitation,
feeding, mating, etc. (Parrish and Turchin, 1997; Pitcher and
Parrish, 1993), and effects of human pressure, which takes
advantage of the schooling behaviour of the fish to increase
the catch (Fréon and Misund, 1999). Until now, most of the
works on fish structure and organisation inside a school have
been performed at two scales:

» Anindividual scale (Radakov, 1973; Breder, 1976; Par-
tridge et a., 1983; Pitcher and Parrish, 1993, etc.), with
good results on the understanding of the collective be-
haviour inside a school, and the mechanismsthat permit
to maintain cohesion within the group. Successful
individual-based models on fish schooling have been
published at this scale (Huth and Wissel, 1993; Vabg and
Ngttestad, 1997; Couzin et al., 2002).

* A globa scale (Reid, 2000), where the whole structure
of the school is studied and considered as an individual.
At this level, successful results have been obtained on
the possibility to identify a species using the school
shape (Rose and L eggett, 1988; Scalabrin, 1997).

Although some attempts were made to model the school
structure at an intermediate “collective” scale (Mackinson,
2000), the results that we present here are likely the first
exhaustive observation on large schools in situ alowing for
the analysis of their collective mechanisms. From these re-
sults, we may draw two main hypotheses.

The first one is that our observations are consistent with
those at individual and global scales. We confirmed the exist-
ence of strong anisotropies between the three dimensions of
the schools that was pointed out by numerous authors (e.g.
Fréon and Misund, 1999). For instance, schools are much
more extended in the horizontal dimension (L) than in the
vertical one (h), and the overall height represents 39% of the
length and 65% of the width in our data base. Nevertheless
variationsin theserel ationships may occur. Wefound arather
different ratio L/h than Oshihimo (1996) on anchovy, for
instance, as the Sardinella schools have an L/h = 2.6, com-
pared with the L/h = 5 calculated by this author. This indi-
cates that although the horizontal dimensions are aways
larger than the height, they vary according to the species. But
more likely, this anisotropy is linked with the horizontal
dimensions of the schools: the Sardinella schools are rather
small schools (mean diameter 23 m in our data set), while
some schools studied in the literature are much wider (be-
tween 100 and 1000 m). The height cannot increase propor-
tionally to the diameter, for biological, hydrological and
geographical reasons. This shows that the differences are
quantitative and adaptive to thelocal condition of the ecosys-
tem. For instance, thereis a neat effect of the distance to the
vessel, which indicates that the schools we observed were
under a dynamic process (avoidance). Concerning the effect
of thedistance, our results must be considered as preliminary,
asthe data base is small, but they are not contradictory with
those of Soriaet a. (1996): schools change their dimensions
according to the distance from the vessel. shows the
values of length and width in relation to the distance for the
whole data set.

These results are not in opposition with the conclusion
that, although they have no regular morphology, schools are
consistent structures that maintain some permanent feature
and shape. From this observation, we may draw a first hy-
pothesis: most of the small pelagic species develop similar
mechanisms to maintain their cohesion inside a social struc-
ture and these mechanisms are the base of the school. There-
fore, the results that we present on S. aurita are applicable to
most of the Clupeids and other pelagic families.

The second kind of result is that schools are heteroge-
neousin their interna structure and that this heterogeneity is
the consequence of an organisation. This observation leadsto
different conclusions than Parrish et al. (1997) who consider
that schools are defined, among five criteria, by the fact that

Lxl = 33x14 40x21 28x19 20x16 22x16 21x16 21x17

0/10  10/20 20/30 30/40 40/50 50/70 70/80

Fig. 6. Diagram of therelationslength/width (LxI. inm) for different classes
of distance to the vessel (inm). Thisdiagramiscalculated on the whole data
base (427 schools).
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Fig. 7. Horizontal view of the distribution of mean density of fish in school
# 770 (see[Fig_2). A nucleus is identified on the upper left part of the
diagram. Small dense aggregates can be observed in the low density area
(down right). Holes or vacuoles (mean density lower than 50) can be
observed as well. Density in relative units on a scale 0-255. Dimensionsin
m. Thedensity iscal culated asthe mean of the density on the vertical column
below the point drawn on thefigure. The threshold and the upper limit of the
school densities are not those used for the extraction of the school and
nucleus and are defined for the better visibility of the school heterogeneity.

“Many types of animal congregations have fairly uniform
densities’. Actually, thiscriterion isrelevant for small groups
of fish (even inside a larger school) and for small schools,
especialy when they are moving fast (Soriaet al., 1996), but
isno more valid for large concentrations of fish. The hypoth-
esis that we propose to explain this apparent contradiction
between permanent cohesion and global heterogeneity isthe
following. Fish tend to maintain a cohesive structure, which
is ruled by the inter-individual distance, as observed by
numerous authors. When the inter-individual distance is
maintained, the school presents a high density. Inside these
high density volumes, the fish must present a cohesive and
polarised behaviour, otherwise the structure itself collapses.
The mechanism that allows for maintaining this structure
although the volume of the school is permanently changing,
is the construction of vacuoles, which alow for the increase
of the global volume of the school, with alocal high perma-
nent density of fish (Fréonet al., 1992; Soria, 1994). But such
cohesive behaviour implies that the communications of in-
formation and decision on changes in the direction of the
movement are quasi-instantaneous. Some of these mecha-
nisms, such as the “wave of agitation” (Radakov, 1973), are
well known. When the dimensions of the school increase, the
guasi-instantaneity in the reactions is not possible anymore.
Therefore, the dense structure is not cohesive above certain
dimensions, and it must split. We believe that the nucleus
represents the compromise between the need to maintain
cohesiveinter-fish distance and the delaysin thetransmission
of dynamic instructions: for dimensions above 15-20 m, the
nucleus cannot maintain its cohesion. Thisleads apart of the

fish to stay in the “low density” volume, where either they
tend to gather anucleus or to build one. In fact, we may find
numerous “pre-nucleus’ structures, i.e. dense small patches
of fish, inside the “low density” volume (e.g[Fig. 7).

In the case of very large schools (or when two schools are
merging), two or several large nuclei can merge for a short
period, due to the natura attraction of fish to any dense
structure. But these “ macro-structures’ are not able to main-
tain their cohesion along a large period. This explains why
the 10% larger ranges are above 18 m in our data set.

One interesting conclusion that can be drawn from these
results is that the idea of a self-organisation of fish inside
schools is confirmed: nuclei and vacuoles are emerging
structures arising from elementary reaction of individuals
(Soria, 1997). The combination of individual attraction, po-
larisation, synchronous reactions and delay of information
transmission between theindividual simpliesthe existence of
dense nuclei and correlated empty vacuolesin alarge aggre-
gation of fish. Thisiswhat we observed in our 3D exhaustive
observation of the internal structure of S aurita.
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Abstract

Standard geostatistical techniques provide effective methods for estimating the global abundance and precision of avariable of interest, for
mapping its spatial distribution and for describing its spatial structure. In the case of acoustic survey data, however, obtaining a measure of
precision of the global abundance estimate is confounded by the combination of variances from theinterpolation of both the acoustic dataand
the concomitant fish length data. Even if the global estimation variance could be cal cul ated, the distribution of the estimation error isnot known
and so confidence intervals cannot be determined. Furthermore, kriged distribution maps, in minimising the estimation variance, tend to
smooth out local details of the attribute’s spatial variation: small values can be overestimated and larger ones underestimated, such that the
kriged map is smoother than reality. This can lead to serious shortcomings when trying to detect patterns of extreme attribute values, such as
the high densities encountered in some fish schools. Stochastic geostatistical simulations, conditional on sampled locations, provide asolution
to many of these problems. They can deliver a measure of uncertainty for local (density) estimates, a confidence interval estimation for the
global mean density, and finally, reproduce global statistics, such asthe sample histogram and variogram. In so doing, they also provide maps
of the attribute, which are spatially realistic because the variogram isreproduced; these are generated asanumber of equiprobablerealisations.
In the present paper, we apply these techniquesto acoustic datafrom an acoustic survey of North Sea herring. Sequential gaussian simulations
are used to generate realisations for fish length and values of the nautical area scattering coefficient. These are then combined to produce
realisations of herring density. The combined set of multiple realisationsis then used to provide confidence intervalsfor the global abundance
estimate: 95% of the herring abundance estimates are between 5677 and 6271 millions of individuals. Although the method presented in this
paper contributes to the assessment of total uncertainty for acoustic surveys, the approach may have suffered from bias due to the use of
off-the-shelf data transformation algorithms on fisheries acoustic data, which are often very positively skewed. We discuss this limitation and
propose corrections for future work.

© 2003 Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Fishery independent methods, such as research vessel
surveys, are becoming increasingly important to determine
the abundance and distribution of fish for effective stock
assessment (NRC, 1998). Although these methods are not
proneto the bias caused by illicit fishing activitiesthat plague
traditional fishery dependent methods, they are nonetheless
subject to other uncertainties (such as sampling error). The
widespread application of the precautionary approach (FAO,

* Corresponding author.
E-mail addresses: a.gimona@macaulay.ac.uk (A. Gimona),
fernandespg@marlab.ac.uk (A. Gimona).

1995) requires uncertainties relating to the size of stocks to
be taken into account in its implementation. As a result, a
variety of uncertainty estimates are now included in various
assessment models (Patterson et al., 2001), but rarely are the
variance estimates of theindices of abundance from research
vessel surveys included.

There are various possible reasons for this omission.
Overall, itisperhaps because uncertainty assessment istill a
young science, and the techniques are yet to be established.
Therearevery few exampleswhere overall survey variability
has been taken into account (Rose et a., 2000 give an ex-
ample based on acoustic surveys). In most cases, measures of
uncertainty have been based purely on sampling error, and
even then, awide variety of techniques have been proposed:

© 2003 Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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Simmonds et a. (1992) have described anumber for acoustic
surveys; estimates of trawl survey variance have been calcu-
lated by Smith (1990), Pennington (1996), Stefansson (1996)
and Smith (1997). Borchers et a. (1997) have described
methods for egg surveys.

All survey dataare similar inthat they consist of estimates
(samples) of aquantity (indicative of, or proportional to fish
density) at a location (point). What usually differs is the
placement of the sampling points in space (survey design)
and this has implications for the analysis procedure. There
are still disputes in fisheries science between advocates of
systematic and random survey designs. In the presence of
spatial gradients, itiswidely acknowledged that a systematic
design delivers amore precise estimate of (mean) abundance
than a random design (Simmonds and Fryer, 1996). For this
and other reasons, Hilborn and Walters (1992) have con-
cluded that systematic grid sampling was better, despite their
concession that the variance (precision) of the sample mean
could not be assessed correctly using traditional formulas.
This has long been the contention among advocates of ran-
dom sampling design that has led various compromised
schemes to be adopted to determine the variance (e.g. Jolly
and Hampton, 1990). Geostatistics, however, has techniques
that allow for the determination of sampling variance in a
systematic design (Matheron, 1989).

In the case of acoustic survey data, the variances obtained
from geostatistics refer to the sampling error of the acoustic
data alone. To convert this to fish density, it is necessary to
know the size of the fish (MacL ennan and Simmonds, 1992),
and so samples of fish length are required: these have their
own inherent variability. Although Rivoirard et a. (2000)
have described an analysis, which takes into account both of
these quantities to produce an estimate of abundance, they
could not estimate the combined variance. They have sug-
gested that a method based on simulations would be needed
to take into account both the uncertainties of the acoustic
density and the biological parameters (length).

Geostatistical simulation is an approach to modelling that
attempts to reproduce the range of values (fish densities)
present in the data, aswell asthe spatial variability described
by the variograms (Chiles and Delfiner, 1999). Instead of
producing a single, average case estimate, a geostatistical
simulation produces several aternative and equiprobable
joint realisations of the local values of avariable of interest
(e.g. Goovaerts, 1997). This contrasts with the more common
geostatistical estimation procedure, kriging, which does not
reproduce local spatial detail (it is unrealistically smooth,
despite honouring the sample values) and provides estimates
whose variance is usually smaller than the sample variance.
Furthermore, and more importantly, a simulation is able to
produce many realisations, which form a statistical distribu-
tion of abundance estimates from which, for example, confi-
dence intervals can be determined.

The objective of this paper is to produce a conditional
simulation of herring density, based on datafrom an acoustic
survey. By individually applying geostatistical simulation to

the acoustic dataand length data, aset of realisations of these
data are obtained. These realisations are then combined to
produce a set of herring density realisations, from which
global estimates of abundance are derived with an associated
statistical distribution, confidence intervals and realistic dis-
tribution maps. The method, as applied to these data delivers
useabl e confidenceintervals and, therefore, assesses much of
the uncertainty in the fishery independent estimate of herring
abundance. Despite thefact that the paper achievesthe objec-
tive of producing confidence intervals, the results are likely
to suffer from bias due to the use of off-the-shelf data trans-
formation algorithms on fisheries acoustic data, which are
often very positively skewed. We discuss this limitation and
propose corrections for future work.

2. Materials and methods

Datawere taken from the Orkney Shetland herring acous-
tic survey carried out in July 1999 by the fisheries research
vessel Scotia. The survey isthe major component of the ICES
international North Sea herring acoustic survey and accounts
for 80% of the adult abundance estimate (ICES, 2000). A
38 kHz Simrad EK500 scientific echosounder was used to
gather acoustic data. Echo traces were verified by regular
“ground-truth” trawling with a pelagic trawl, and then allo-
cated to the appropriate fish species by visual scrutiny of the
echogram. The scrutinised acoustic data, along with position,
were output as values of the nautical area scattering coeffi-
cient (NASC, in m? nm) ascribed to herring, for an equiva-
lent distance sample unit (EDSU) of 1 km. This resulted in
5308 acoustic data points (see|Fig. 1|for the data histogram
and a further statistical description). The length of herring
was measured from samples of each trawl haul and sum-
marised as the root mean square length (RMSL, in cm).

Conversion of the scrutinised acoustic datainto estimates
of fish numbers was carried out according to the procedures
in ICES (2000) based on the principleslaid out in Simmonds
et a. (1992) using the Marine Laboratory echo Integrator
survey Logging and Analysis Programme (MILAP). Further
details of the methods employed and results obtained are
available in the survey report (ICES, 2000).

A detailed illustration and discussion of the gaussian se-
quential approach to simulation used in thisstudy isprovided
by Goovaerts (1997). The simulation procedure used, as-
sumes that the data are multivariate gaussian. In the first
instance, this requires the univariate (one-point) cumulative
distribution function (CDF) to be normal. Both variables
were, therefore, subject to a normal-score transformation,
that entails setting up a correspondence table between equal
p-quantiles of the gaussian CDF and the original distribution
(see Goovaerts, 1997).

The multigaussian assumption also requires the multivari-
ate (two-point) CDF to be normal. To examine thistwo-point
normality h-scatterplotsfor the two variableswere inspected:
these should appear elliptical with thelong axis of the ellipse
orientated along the one-to-one line (Tabachnick and Fidell,
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Fig. 1. Post plot with circle size proportional to NASC (m? nm™2) attributed
to herring, from the Orkney Shetland herring acoustic survey in July 1999.

1989). In the case of the NASC, the h-scatterplots were
eliptical and there was reasonable agreement with this as-
sumption. In the case of the RMSL, there was an insufficient
number of samples (31) to determine the shape of the
h-scatterplots, and so it was not possible to ascertain whether
these data conformed to the assumption. Nonetheless, as
discussed below, simulations of RMSL reproduced satisfac-
tory global statistics, such as the variogram, mean, coeffi-
cient of variation and quantiles.

a) NASC
il T (h) = 0.496 Nugget (h) + 0.459 Exp(h/7310)
1
Y 0.8
0.6 .
0.4 —— Model variogram
0.2 o Experimental variogram
g Lo o e T
0 20000 40000 60000
h (m)

125

Variography and simulation were then carried out in
“gaussian space”. Omnidirectional experimental variograms
were calculated at alag of 1 km for the NASC (Fig. 24) and
30 km for the RMSL (Fig. 28). In this case, no evidence of
anisotropy was found from calculation of directional vari-
ograms (this might not be the case for other acoustic sur-
veys). Gaussian, exponential, spherical and linear models
were fitted according to a weighted least squares procedure
(Fernandes and Rivoirard, 1999). This resulted in the adop-
tion of alinear isotropic model for RM SL and an exponential
isotropic model for NASC (Fig. 2). A domain encompassing
the data was chosen and discretised at 1 km grid nodes
(162 470 nodes).

Theindependence of NASC and RM SL was verified using
scatterplots, which indicated that no dependence was appar-
ent. The algorithms for the simulations were implemented in
GSLIB Fortran routines (Deutsch and Journel, 1992). In the
gaussian conditional simulation procedure, a random walk
was performed on grid nodes superimposed on the study
area. At each node, a gaussian conditional cumulative distri-
bution function (CCDF) was built, with mean and variance
obtained by simple kriging the data values and any existing
simulated values. A ssmulated value was then drawn from
this CCDF and, finaly, the results were backtransformed in
the original “data space’”.

Two sets of realisations were produced using simple krig-
ing as the interpolation algorithm of the simulation: a set of
100 for RMSL and aset of 100 for NASC. Each realisation of
one set was then combined with each realisation of the other
set using Eq. (1), to create a total of 10 000 fish density
realisations.

The NASC values were extrapolated to a max of 40 000
rather than being cut off at observed maximum (35 000). This
was a plausible value for the study area and reflected the
possibility that the real maximum was not recorded. It should
be stressed, however, that, because a hyperbolic model was

b) RMSL
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Fig. 2. Experimental variograms and fitted modelsfor: (a) the NASC derived from the echosounder and attributed to herring; and (b) the RM SL of herring taken
from pelagic trawls. Note, that the form of the variogram model in the case of RMSL (b) islinear, although the actual model fitted was along range spherical
model. This was a software requirement: the two models are equivalent inside the search radius used.
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b) NASC simulation
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Fig. 3. Frequency distributions and summary statistics of: (a) the raw NASC data; (b) one realisation of the simulation of NASC; (c) the raw RMSL data; and

(d) one realisation of the simulation of RMSL.

used for extrapolation with an omega parameter = 1.5, there
were relatively few simulated values close to 40 000.

Eq. (1) used a target strength to length relationship for
herring approved by ICES (2000). The calculation of fish
density was performed at each grid node. Realisations of
global abundance were then cal culated by summing the indi-
vidual grid nodes values for each abundance realisation.

—_ SA
T 4T RMSL2x 10° "2 1.852

Pa 1

To compare the estimates of the present study with those
obtained by (ICES, 2000) for the same area and period, we
applied a similar mask to the estimated values (see.
The mask excluded pixels, where depth was greater than
200 m, aswell as areas of land and areas not covered by the
survey to which the simulation extrapolates, as it assumes a
rectangular and continuous grid when performing the ran-
dom walk. This stage might have introduced some biasin the
reproduction of the statistics, and a more sound procedure
would have been to avoid simulating the nodes to be masked
out.

3. Results

One of the principal benefits of aconditional simulationis
that each realisation broadly reproduces the statistics of the
original data. This was shown here: the frequency distribu-
tions, means, minima, maxima and percentiles in the simu-
lated realisations were close to the statistics of the sample
data (e.g.|[Fig. 3). The reproduction of statisticsin the NASC
redlisations (Fig. 3@ was better than those of RMSL
dFig. SQD: thisisundoubtedly dueto the former’s much larger
sample size and, therefore, the larger amount of conditioning
data. The variograms were al so reproduced. The realisations
of RMSL reflect the high continuity expressed by the linear
variogram. Each realisation (asingle exampleisgiven in

represents an equiprobable distribution of RMSL, whichis
amore realistic distribution than a kriged map. The realisa-
tions of NASC were very similar in appearance to those of
herring density , as these are just conversions based
on Eqg. (1). The density redlisation is difficult to visualise,
because of the very high resolution coupled with the ex-
tremely skewed nature of the data . It should be

borne in mind that the statistics of each realisation fluctuate
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Fig. 4. A realisation of RMSL based on trawl data taken during the Orkney
Shetland herring acoustic survey in July 1999. Blacked out regions indicate
areas masked out due to land (Orkney Shetland Islands, Scottish mainland),
sampled areas, and depths beyond the continental shelf (>200 m, top |eft).

around the real ones, as perfect reproduction with this ap-
proach could only be guaranteed on an infinite grid.

The frequency distribution of the 10 000 realisations of
global fish abundanceis presented in|Fig. G-SI, and the summary
statistics are given in(Table 1f The mean abundance was
5942 million fish; 95% of the estimates were between 5677
and 6271 millions. This median-centred 95% probability
interval was based on the whole set of 10 000 realisations.
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Fig. 6. Frequency distribution of 10 000 abundance estimates based on
100 x 100 realisations of NASC and RMSL combined according to Eq. (1).

4, Discussion

A number of attempts have been made to estimate the
sampling error of a survey using a variety of techniques
(Simmonds et a., 1992), including geostatistics (Petitgas,
1993; Porteiro et al., 1995; Williamson and Traynor, 1996;
Rivoirard et al., 2000). However, in no case have the three
factors of length variability, acoustic data variability, and the
spatial autocorrelation (of each) been taken into account so
far. The conditional simulation presented provides an ex-
ample on how to both incorporate all of these factors and
deliver a full statistical distribution of possible abundance
estimates. The simulation provides an estimate of uncertainty
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0

Fig. 5. A realisation of the NASC based on acoustic datataken during the Orkney Shetland herring acoustic survey in July 1999. The right panel isan expanded
(zoomed) section of the left panel asillustrated. Blacked out regions indicate areas masked as per
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Table1
Summary statistics of the 10 000 abundance estimates of herring based on
100 x 100 realisations of the NASC and the RMSL combined according to
Eq. (1)

Mean 5942
Median 5930
Mode 5961
Standard deviation 154
Sample variance 23677
Kurtosis -0.004
Skewness 0.398
Range 1038
Minimum 5514
Maximum 6 552
Count 10000
2.5 percentile 5677
97.5 percentile 6271

that iseasy to interpret—i.e. a 95% median based probability
interval. This statistic may be used in current assessment
modelsasameasure of uncertainty in the acoustic abundance
index. An elaboration would be required to break the esti-
mate down on the basis of fish ages, but this could be
achieved by simulating proportions at age asan additional set
of realisations (Rivoirard et al., 2000).

The success and wide adoption of geostatisticsin fisheries
science has, to date, also been compromised by the highly
skewed nature of the density distributions, which renders
poor structure when using the classical variogram estimator
and low confidence in subsequent modelling (Murray, 1996;
Maravelias et al., 1996). As structure is often evident in the
log domain (Porteiro et a., 1995), a solution to this problem
based on a log backtransformed variogram has been pro-
posed (Guiblin et a., 1995). In the present paper, we used a
normal score-transformation to estimate the variogram, be-
cause this is required by our simulation procedure. This
proved to be less noisy than the log transform. The
effective range of the modelled variogram (21 km) is in
agreement with previous estimates of the autocorrelation
range of thisfish stock (Rivoirard et al., 2000).

Despite the success of this study in pooling length and
acoustic data, to provide valid confidence intervals for the
estimate of total abundance of fish, a potentially serious
problem must be highlighted. The normal-score transforma-
tion and backtransformation procedure used (required by
gaussian conditional simulations) islikely to haveintroduced
some bias. Prior to transformation, the data must be ranked,
and, because the transformation is monotonic, when data of
the same value are encountered, ties are broken randomly in
the GSLIB implementation. Given that there are many zeroes
in our data sets, thisislikely to have biased the nugget effect
upwards, ultimately leading to a biased estimation of the data
values. Thisislikely to contribute to explain the discrepancy
between our results and those in ICES (2000). Therefore, our
results caution against the use of “ off-the-shelf” solutionsfor
data sets with a high number of zeros. A possible alternative
would be the implementation of a modified backtransforma-
tion, as described in Saito and Goovaerts (2000).

Providing acorrection for backtransformation bias can be
implemented, the method has distinct advantages in the esti-
mation of local uncertainty when compared to the more
popular kriging method. Kriging is locally optimal in the
sense that the local error variance is minimised at each grid
node. However, kriging does not reproduce local spatial
detail (it is unredistically smooth). Although it can honour
the data, the degree of smoothing depends on their spatial
configuration, increasing with distance from the data. This
smoothing effect often results in a failure to reproduce the
datavariogram. Unlikekriging, in asimulation, the modelled
values depend on thejoint estimates of the variable of interest
in the kriging neighbourhood. Uncertainty of local values
a so depends on data rather than just on their spatial configu-
ration, asin the case of the kriging variance.

The maps produced by simulation are single realisations,
which are a much better reflection of reality than smooth
kriged maps. However, in the case of herring density, they are
difficult to visualise (Fig. 5gb), because the fish are distrib-
uted patchily and the patches are of high density and occur
quite rarely in space. Nonetheless, this represents reality, in
that most of the area does not actualy contain herring.
Expansion of scale improves the visual effect (Fig. 5b). The
mean abundance obtained (5942 million fish) is somewhat
lower than that reported (7635 million fish) using the same
datain ICES (2000). Thelatter approach used the rectangul ar
grid method of interpolation (MacLennan and Simmonds,
1992). The different methods should not in theory provide
vastly different estimates of mean abundance, as the data
wereon aregular grid. One reason for the differenceislikely
to bedueto acombination of factors: differencesin the extent
of the masks used in the two analyses, the masking procedure
followed in this paper, and the bias introduced by the gauss-
ian transformation. A further improvement in the estimates
would be achieved by having additional length samples,
although Rivoirard et al. (2000) suggest that the variability of
density is mainly driven by the acoustic data. Further im-
provement of the length data could be obtained by consider-
ing the entire length distribution rather than using the sum-
mary RMSL value. As discussed above, the incorporation of
age would also be very useful, particularly for this herring
stock, because an index of abundance at age is used for stock
assessment of North Sea herring (1CES, 2001).

Thisanalysis provides steps towards an estimate of uncer-
tainty specific to the sampling of length and acoustic data.
Problems were encountered with some bias, dueto the use of
off-the-shelf transformation techniques, but solutions to
these may be available asdiscussed above. Further uncertain-
ties associated with the individual acoustic measurements
could be incorporated by, for example, providing estimates
of uncertainty associated with the coefficients of Eg. (1) and
in the measurement of NASC and RMSL. The method could
then approach a determination of total uncertainty, which
would be invaluable to the rational management of fisheries
resources.
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Abstract

Since the June 1995 ICES Symposium on Fisheries and Plankton Acoustics in Aberdeen (MacLennan and Holliday, 1996), the use of
acoustics for studying zooplankton has seen important advances. Acoustical monitoring of small-scale zooplankton distributions can now be
done at intervals of afraction of aminute. Resolution at vertical spatial scales of tens of centimetersisnow easily achieved with commercially
available sensors. Multiple-frequency echo-ranging sensors (TAPS™) have been deployed in an up-looking mode on the bottom, and on
moorings looking up, down and horizontally. Real-time telemetry provides data on plankton distributions at ranges up to tens of meters from
the sensors for periods of weeks to months. These sensors allow one to estimate total zooplankton biomass and the size-abundance spectrum
of the animalsin the water column at different depths and times. When a profiling CTD and multi-spectral optical sensors were used to define
the physical environment and phytoplankton distributions near an acoustical zooplankton profiler, strong rel ationships were observed between
measured spatial and temporal patterns. New methods in zooplankton acoustics are illustrated with data collected from these sensors while

monitoring thin, sub-meter thick layers of plankton and diel migrations of benthopel agic crustaceans.
© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction

Since the mid-1990s, major improvements have been
achieved in measuring fine- and micro-scal e distributions of
both phytoplankton and zooplankton. Advances have been
made in using optical sensors to determine the distribution
and characteristics of phytoplankton (primary producers).
Advances continue to be made using optical techniques in
studying phytoplankton, e.g., measurement of inherent and
apparent optical water column properties using both multi-
and hyper-spectral sensors (Twardowski et al., 1999) and
flow cytometry for characterizing individua cells (Jochem,
2000). Striking advances have also been made in estimating
the biomass, spatial distribution and tempora dynamics of
assemblages of secondary producers, i.e., the zooplankton
and micronekton. These advances stem largely from the
evolution of multi-frequency acoustical sensors and from
improvements in theory for describing scattering from small

* Corresponding author.
E-mail address: van.holliday @baesystems.com (D.V. Holliday).

particles. Both marine optics and acoustics have also ben-
efited from innovative changes in the way we deploy such
instruments and from advances in theoretical descriptions of
scattering and propagation.

2. Background and motivation

Even with the best technology of the late 20th century, it
was a challenge to detect fine- and micro-scale spatial struc-
ture in the sea, much less to quantify it by describing the
relationships between phytoplankton, zooplankton, and rel-
evant small-scale physical featuresin the ocean. The vertical
resolution of our best cast-deployed physical, chemical,
acoustical, and optical sensorswaslimited by coupling of the
wave and swell induced meter-scale vertical motions of a
ship to an instrument or direct sampling device over periods
of a few seconds. As sensor technologies and deployment
modes evolved, we have finally begun to detect and describe
some of the micro- and fine-scal e structures that fisheries and
plankton ecologists (Cassie, 1963; Lasker, 1975; Mullin and

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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Brooks, 1976) inferred from trophic arguments. We now
describe and even monitor ecologically critical small-scale
features in phytoplankton and zooplankton distributions
which have been at best seriously under-sampled and often
completely missed. We can now revea patterns in primary
and secondary producers at scales sampled adequately in
both time and space, i.e., we can measure at scales that are
not necessarily aliased by the sampling process (Platt and
Denman, 1975). Sensors with high accuracy, resolution and
precision can reveal zooplankton biomass and size spectra at
tensof centimetersin thevertical, with horizontal resolutions
of about ameter, and with temporal resolutions of better than
a minute, for months. Modern acoustical zooplankton sen-
sors have reveal ed that over 75% of the zooplankton biomass
can be concentrated in afew sub-meter thick “thin layers’ in
a 50 m water column (Holliday, 1998). Similar “thin layer”
vertical structures in physical, chemical and phytoplankton
distributions have also been described (Donaghay et a.,
1992; Cowles and Desiderio, 1993; Hanson and Donaghay,
1998). If, as Lasker and Mullin pointed out in the late 1960s,
you are afish larva, you may indeed be fortunate to find such
afood resource.

We offer examples of data from studies where we have
deployed instrumentation to allow high-resolution studies of
fine- and micro-scale structures. These are scales, in both
time and space, but especially in depth, which are relevant to
the experiences of an individual organism. These tools are
not only useful for small-scale work but have aso been
applied to problems that span hundreds of kilometers
(McGehee et a., 2000; Pieper et al., 2001). Here, however,
we focus on applications at small scales.

3. Evolutions in the modeling of acoustical scattering

In addition to advances in acoustical sensor technology,
there have been important developments in mathematical
modeling of acoustical scattering and in the software used to
convert volume scattering data into measures that reflect the
biophysical character of the scatterers and their distribution
in relation to their environment.

During the late 1990s, the most widely used models of
scattering from zooplankton and micronekton were analyti-
cal, the most useful being those of Anderson (1950), Faran
(1951), Stanton (1988, 1989, 1990) and Stanton and Chu
(1992). Simple adaptations of these models, such as the
high-pass fluid sphere model (Johnson, 1977, 1978), the
truncated versions of the fluid and elastic spheres (Holliday,
1992, 1987) were aso available. While the stimulus for the
newest models for scattering from zooplankton can often
ultimately be traced to Stanton, through his students and
research collaborators, the newest generation of models is
largely numerical.

One such model involves the use of the Distorted Wave
Born Approximation (DWBA). It was first implemented for
micronektoninthelate 1990s (McGeheeet a., 1998; Martin-
Traykovski et al., 1998) in 2-D, andin 3-D by Lavery and her
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Fig. 1. Predicted ventral aspect scattering fromamysid. SeeMcGeheeet dl.,
1998 for details of modeling method.

collaborators (Lavery et al., 2002). In these models, the
silhouettes (2-D) and volumes (3-D) of zooplankters are
obtained photographically or via computerized tomography
(CT-scans). Numerical integration yields estimates of scat-
tering for redlistic animal shapes at different sizes and se-
lected orientations with respect to the incident sound waves.

To illustrate one of the new modeling techniques, the
perimeter of a mysid was approximated by a series of cylin-
ders whose radii were positioned orthogonally with respect
to the central axis of the animal top panel). The
dependence of the ventral target strength on animal length
and the acoustic frequency, as computed with a2-D DWBA
model revealed a complex dependence of target strength on
the acoustic frequency and the length of the mysid including
both Rayleigh and geometric scattering domains
bottom panel).

The shape of this mysid is similar to that of several
common species of euphausiids. The ventral aspect angle
was used to support an analysis of data where the acoustical
system “looked” upward. Mysids have been observed swim-
ming naturally in the approximate aspect illustrated (P. Ju-
mars, pers. comm.).

4. Advances in inversion processing

Given accurate models of the scatterers in the water col-
umn and good multi-frequency estimates of acoustical vol-
ume scattering strength, one can estimate zooplankton abun-
dance vs. size for each time-depth resolution cell (pixel) ina
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sequence of echo-ranging profiles. Although the principles
for multi-model inversion were outlined by Holliday (1977),
implementation of the multi-frequency, multi-model process
was not attempted in earnest until the late 1990s when mod-
eling of scattering from animals of different morphologies
had substantially advanced. Current versions of inverse
codes optimally and simultaneously apportion the energy in
the acoustic volume scattering strength spectrafor each time
and depth interval (pixel) into an estimated size-biomass
spectrum for each scattering model supplied by the user.

5. Improvements in resolution of small-scale structure

Vertical spatial resolutions achievable in the mid-1990s
were nominally >2 m, but are now ~0.125 m. From ships
making stations along a transect, we were limited to making
vertical casts about once an hour. With moored sensorsin the
coastal zone, we now routinely sample a 2030 m water
column at 0.5 minintervals, or better. Previously, casts along
atransect from a ship were spaced at horizontal intervals not
less than ~500 m. The surface footprint of an up-looking
moored sounder at 20 m depth today resolves horizontal
structure at ~1 m scales as the water is advected over the
sensor. Similar horizontal resolutions could be achieved from
moving platformsin an “echo sounder” mode. Dataacquired
with traditional research cruises on ships often span only a
few days or weeks, often missing important variationsin the
distribution of biomass on both shorter and longer intervals
of time, e.g., details of diel migrations, the responses of biota
to storms, seasonal, and even annual changes. Data collected
with today’ s multi-frequency moored acoustical zooplankton
sensors may span several monthsat sampling intervals of less
than a minute. With fairly minimal maintenance, e.g., re-
moval of biological fouling on the sensors, even longer peri-
ods are entirely practical in some situations. This presents
both an opportunity and a challenge. The opportunity in-
volves being able to watch a distribution evolve and change
on scales similar to the ambit and life-span of an individual
zooplankter. The challenge involves the fact that the amount
of data one must archive, process, visualize, correlate with
environmental and trophic data at similar scales, and then
interpret, is sometimes overwhelming.

Depending on the science objective of the deployment, we
have arranged the sensors to look either up into the water
column above them, or down to study the benthopelagic
fluxesinthe water column just above the seabed (Richardson
et al., 2001). Volume scattering strength profiles can be
reported at multiple acoustical frequencies, averaged over
multiple echo-ranging cycles, at intervals of as often asevery
30 sfor months. Aswe have currently configured our acous-
tical sensor packages, a limited amount of internal sensor
storage is available, but normally data are telemetered to a
shore station via a spread spectrum radio with line-of-sight
distances of about 30 km. This data link may also be used to
remotely control a variety of sensor operating parameters.
When it is desirable to use the system for more than about

3 weeks without changing the batteries, the system can be
deployed at the end of an ~1 km cable, supplying power from
shore and enabling two way communications.

To illustrate the difference these technological improve-
ments have made, we use datafrom a TAPS deployment in a
shallow fjord in northern Puget Sound, located between Se-
attle, WA, USA andVictoria, BC, Canada. Duringthe
summer of 1998, the authors deployed severa multi-
frequency acoustical zooplankton sensors (TAPS™) on
anchored sub-surface buoys. This sensor measured volume
scattering strengths at 265, 420, 700, 1100, 1850 and
3000 kHz with a 12.5 cm range resolution with a set of
approximately six® beams that insonify a common volume
between the depth of a moored mid-water float and the
surface. The maximum effective range for any active acous-
tical sensor depends on the abundance and kinds of scatterers
in the water column and the acoustic frequency. In typical
applications in the coastal ocean we have obtained useful
results with the TAPS at ranges up to 20 or 30 m.

The differences between the spatial and temporal resolu-
tions available from zooplankton acoustical sensors in the
mid-1990s and today are graphically illustrated (Fig. 4, bot-
tom panel) with datafrom an up-looking TAPS at the resolu-
tion available in 1998 (1 min, 0.125 m vertical). The high
resolution (1998) data were re-sampled at the temporal and
vertical spatial resolutions availablein 1994 (1 h, 2 m verti-
cal) to duplicate the aliasing that would have resulted from
thelower sampling densities and acomparison illustratesthe
improvements achieved. Clearly, the higher resolution repre-
sentation of the data conveys far more detail than was avail-
able less than a decade ago.
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Fig. 2. An up-looking sounder record at 1.1 MHz was collected on June 25,
1998in East Sound, Orcasls., WA, USA. Thisrecord (lower panel) hasbeen
re-sampled once an hour and at 2 m intervals in depth (upper panel). The
lower sampling density would have been comparable to the state-of-the-art
in 1994 and illustrates the benefits of increases in resolution of acoustical
volume scattering strengths measured from a mid-water mooring. The hi-
ghest resolution data (bottom panel) reveal extensive detail of fine- and
micro-scale structures in the water column during a12-h period. Thedatain
the upper panel is clearly under-sampled, and is aliased, causing major
features to be missed or underestimated. It reveals little about the plankton
fine structure. The “boxes’ define specific times and depth ranges that are
further discussed in the text.
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6. Relating structure in biomass and environment

Oneobviousfeature of thisdata set wasthe very thin layer
of high acoustical scattering observed 5 m abovethe TAPS at
noon (Fig. 2, bottom panel). This scattering layer shoaled
slowly during the following 11 h. An autonomous winch
which carried a CTD and sensors for O, and optical absorp-
tion was moored ~5 m from the TAPS and collected profiles
once an hour. At 16:00 Pacific Daylight Time (PDT), the
acoustical scattering layer was located 6.2 m above the
TAPS, midway between the oxycline and the pycnocline
(Fig. 3, arrow b). An O, minimum (3.8 ml I™) coincided with
the scattering layer. Above the oxycline, O, levels were
supersaturated by ~20%, while O, values below the pycno-
cline were well below saturation. Near the surface, bubbles,
possibly generated by high phytoplankton production and
brought out of the supersaturated solution by solar heating
were episodically advected downward into the water column
by Langmuir circulation during this period by light, variable
(<4 m/s) winds. The acoustic spectra and scattering levelsin
the plumes near the surface (Fig. 2) are consistent with the
presence of very small bubbles. At the same time, a thin
(0.14 m) optical absorption layer was detected 7.1 m above
the TAPS, or 0.9 m above the pycnocline and its associated
zooplankton scattering layer. This thin optical layer, charac-
terized by a peak total optical absorption value (a,y) of
3.7 m™ at 440 nm, was co-located with an O, maximum
(7.2 ml I™Y). Sampling with a siphon revealed that it was due
to phytoplankton. The acoustical scattering layers were only
22.5-45.0 cm thick for most of this particular 12-h period. A
small packet of internal waves, with peak-to-peak amplitudes
of lessthan ameter appeared at about 17:30 PD T, modulating
the depth of the pycnocline and the acoustical scattering layer
for about 2 h.

We illustrate the multi-model inverse method with three
selections from the high resolution data of (bottom
panel). We employed two scattering model s. Thefirst wasthe
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Fig. 3. Gihewar Oz, PErcent supersaturation of O,, and a,,, at 440 nmvs. depth
at 16:00 PDT. Measurements are relative to the TAPS (0 m) which was
moored at 20.6 m depth (MLLW). The locations marked (&), (b) and (d) are
discussed in the legend for Fig. 5.

truncated fluid sphere model often used as a generic descrip-
tion of scattering for small crustaceans such as copepods and
amphipods (Costello et al., 1989). The second model wasthe
DWBA elongate model of [Fig. ], chosen because Neomysis
was collected during our occupation of this site and this
organism often dominates nighttime emergence trap collec-
tions in this environment. Our inverse code optimally and
simultaneously apportions the energy in the acoustic volume
scattering strength spectra for each selected time and depth
interval (pixel) into sizes supplied by the user with methods
originally described by Holliday (1977).

Aninverse calculation for pixelsat thetimesand depthsin
the “box” on the thin scattering layer bottom panel,
~14:00 h) reveded that the layer was dominated by small
copepod-size crustaceans averaging 1.2 mm total length.
Severa additional sizes were characterized by each of the
modeled shapes (Fig. 4), but each with lesser biovolumes
relative to the copepod-size animals.

The leftmost “box” in included 220 independent
estimates of volume scattering at each of five frequencies,
spanned a40-mintimeinterval and 0.625 min depth. Similar
calculations revealed that the assemblage of small copepod-
like scatterersjust above and just below the layer at the same
time were similar in size and relative abundance to those in
the layer. This suggests that the layer was formed by aggre-
gation of nearby small crustaceans—on the pycnocline in
this instance. Average hiovolumes of copepod-like organ-
ismsin the layer were ~300 mm?® m=, while the biovolumes
in the upper mixed layer averaged ~100 mm? m~>. |mmedi-
ately below the pycnocline, and to depths extending to ~2 m
above the bottom, the copepod-size biovolumes averaged
only ~15-20 mm?®m™3,

Acoustical data collected during the hourly CTD/optics
profile (center “box”, were also examined with the
two-model inverse code, revealing details of the fine-scale
depth distribution of the different shapes and sizes of zoop-
lankters in relation to their environment . A layer of
small “fluid-sphere-like” scatterers were bounded by the
steepest point on the pycnocline (a) from below and by the
oxycline (b) from above. Lesser concentrations of copepod-
size scatterers were found above, but few were observed
below the layer on the thermocline. The depth of the maxi-
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time and depth pixels included in the green “box” in Fig. 2. Average
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plus one standard deviation of the biovolume is indicated by the vertical
lineswith the“+” at the top.
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mid-point of the oxycline (b); the mid-depth for 1.2 mm long copepods (c);
and the depth of a thin layer of optically detected phytoplankton (d) are
indicated. Contours are at intervals of 20 mm? m=,

mum of this small crustacean distribution (c) was consis-
tently just above that of the larger mysid-shaped (elongate)
animals concentrated in a separate, but adjoining thin layer
(<1 m thick) immediately below the seasonal thermocline.
During the time designated by the center “box” (Fig. 2),
peaks at several different sizes from ~7—22 mm total length
were present, with biovolume peaks at different sizes reach-
ing to as high as 180-200 mm® m™3.

The acoustically determined size distributions for organ-
isms located just below the pycnocline were consistent with
the presence of several distinct cohorts (stages) of mysids,
similar in size structure and abundance to an assemblage
independently observed earlier in a nearby fjord (West
Sound) on the sameisland. At 16:00 PDT, however, only one
size of the elongate scattererswas present at significant levels
above 20 mm® m~3 (the contour interval). The thin layer of
small crustaceans was at the shallow O, minimum
(3.8 ml I™") and a second O, minimum (~4.1 ml I™) was
observed at the depth of the larger mysid-shaped elongate
animals. There was little evidence of small or large crusta-
ceans scattering sound at the depth of the thin optical layer of
phytoplankton (Fig. 5) during the daylight hours.

At thelatitude of East Sound, the sun setslate during June.
Sunsetwasat 21:17 PDT and nautical twilight ended at 23:00
PDT onthe25th. Anincreasein scattering at nautical twilight
was consistent with the migration of several sizes of
elongate scatterers to mid-water depths. Results of multi-
model inverse calculations averaged over 504 pixels from
below the layer after sunset (right ‘box”, alows
attribution of the increased nighttime scattering to larger
organismswith both sphere-like and el ongate shapes (Fig. 6).

7. Conclusions

Our ahility to examine zooplankton in the coastal ocean
has changed dramatically for the better during the last de-
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Fig. 6. Logarithmic biovolume spectra for thin layer averaged over al the
time and depth pixelsincluded in the red “box” on theright in Fig. 2.

cade. Likewise, there have been major advances in sampling
the physics, chemistry and the phytoplankton. Advanced
telemetry and new modeling and computing assets suggest a
need to consider how we will display so much data and how
we can “se€’ it in ways that will lead to identification of
causes and effects, e.g., behavior.

Acoustical and optical methods can now be used to de-
scribe how some plankton distributions are related to fine-
scale ocean physics and chemistry. Indeed, acoustics and
optics are increasingly being used by investigators interna-
tionally to address their own science interests. The ability to
observe plantsand animalsnearly continuously and with ever
increasing spatial resolution, combined with future deploy-
ments on new, novel platforms, should accelerate the rate at
whichwelearn how life survives, and even thrives, in the sea.
It isalso clear that making observations for sufficiently long
periods to allow observation of the marine equivalent of the
rare, but critical, terrestrial forest fire is needed. Technology,
driven by external forces such as consumer electronics, is
moving to lower power requirements, increased storage and
improved data telemetry. These developments allow us to
observe, a least at points in the ocean, for months now and
likely for much longer—e.g., years or decades—in the fu-
ture.

Finally, we are at the beginning of our exploration of
acoustics and optics for studying zooplankton and phy-
toplankton. Improvements in modeling of scattering in both
fields, doing inverse computations, and development of
novel, enabling modes of deployment for a multitude of
sensors are on the “drawing boards’. Completely new ap-
proaches, such as multi-static, multi-frequency acoustics
have not yet been developed for field use, but are being
addressed. Thisisan iterative process, requiring both experi-
ment and theoretical developments. It sometimes requires
starting in the lab, going to sea, learning, going back to the
lab. This approach rewards cooperating scientists with di-
verse heritages (e.g., physicists and biological oceanogra-
phers) who are interested in learning the language of other
disciplines.
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Abstract

Geostatistical conditional simulations are used to get a family of non-smoothed three-dimensional (3D) images of the St. Lawrence krill
aggregation from echointegration data at 38 and 120 kHz on a systematic grid of transects. These maps respect the inherent patchiness of krill.
Their ensemble gives an histogram of the krill density estimates at any point of the 3D grid, not only the mean density as in kriging. The
spatially consistent simulations are conditional to match the observations and their histogram and variogram. The 3D problem is by-passed by
transposing to a short series of 2D ones, which simplifies the modelling of the autocorrelation function and has the additional advantage of
reducing by a factor of 5 the number of points to simulate. The spatially structured krill density profile is summarised by the first few factors
of a principal component analysis, where the variables are the volume backscattering strength at 120 kHz for the integrated vertical bins along
the profiles and the observations are the different profiles. The principal component scores are simulated over a 2D-grid and then used to
reconstruct the full 3D-image. The method adequately reproduces the histogram, variogram and mean profile of krill density, and cross-
validations replicate the observations. It is as precise as an alternative kriging approach to estimate the mean density, but has the additional
advantages of requiring less computing time for our particular application. These conditional simulations enable estimating the probability
density function of the krill density at any point, an essential information for predator-prey interactions and other ecosystem studies.

© 2003 Published by ditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction equivalent for the moving pelagic environment and its drift-
ing or actively mobile content is not possible, nor relevant. At
Oceans are three-dimensional (3D) spaces. Many properbest, acoustic imaging can produce a time-distorted tomog-
ties measured in these ecosystems exhibit a structure over gaphy of the pelagic systems, via the assembly of a series of
range of scales in space and time (Haury et al., 1978; Mackasslices through the body of water (e.g. Greene et al., 1998;
et al., 1985). Such structuring plays a fundamental role in Stanley et al., 2000). Multibeam sonars can be used to get
ecosystem function from plankton (Steele, 1978) to whales high-resolution series of slices in close range of a sampling
(e.g. Simard etal., 2002). Vertical gradients tend to be severalessel (e.g. Gerlotto et al., 1999). Though this is useful for
times larger than the horizontal ones. Oceans are also inncreasing the information available at small scales, it only
motion and sampling effectively in time and space can be gjightly enlarges the slice width when we consider the scale
difficult. Acoustics tools can sample these huge 3D-environ- of the transects covered by the sampling vessel over what are
ments remotely, rapidly and continuously. Acoustics has often very large study areas. Furthermore, because the obser-
been used for seafloor mapping and, given sufficient time, ayation angle varies for each beam of the multibeam sonar,
complete high-resolution image of the seabed on continentakhese observations must be interpreted with caution because
shelves can be obtained from multibeam sonar imaging. They the strong directivity patterns of the backscattering from
fish or zooplankton targets (Medwin and Clay, 1998). Low
"+ Corresponding author. frequency sonars could help to enlarge the observation slice
E-mail address: simardy@dfo-mpo.gc.ca (Y. Simard). width up to kilometres for highly reflective large targets, but
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the sampled field then is still only a fraction of the water
column, that depends on the propagation characteristics in
the medium (Farmer et al., 1999).

To get a best estimate of the 3D-distribution of aresource
inlarge pelagic ecosystemsfrom limited survey transects, the
3D-image must be reconstructed from the series of compa-
rable observation slices, ideally from the same vertical view-
ing angle because of the sound scattering directivity of the
targets. This can be done by 3D-kriging (Chilés and Delfiner,
1999), taking advantage of the strong autocorrelation in
acoustic data (e.g. Simard et al., 1993) to estimate the values
at unvisited locations between the observed slices®. The re-
quired anisotropic 3D-variogram is, however, difficult to
define with accuracy because it must take into account a
gradient along the vertical axis that is very different from
those aong the horizontal axes in combination with krill
patchiness. For example, krill scattering layers (SLs) can
extend several tenths of kilometre horizontally, but start and
stop abruptly at ascale of metrein thevertical (e.g. Lavoie et
a., 2000). An dternative solution is to convert the 3D-
problem to a2D one, by summarising the vertical profiles of
observations by a fitted function (e.g. Goulard and Voltz,
1993), and kriging its parameters. The function is then used
with the estimated parameter to produce a mean estimate of
the studied variable at each node of the series of nodes
making the 3D-estimation grid. Since kriging is a smoother,
this value does not represent the full range of values that
could be observed at anode. Thisvariability (i.e. patchiness)
is, however, an important characteristic of the ecosystem,
that must be taken into account to understand theinteractions
between predators and preysin 3D pelagic ecosystems (e.g.
Zamon et al., 1996). Any feeding functional response is
dependent on prey density. In optimising this function
through their feeding strategies, predators must preferably
look for therichest densities, not for the mean density. Thisis
particularly true for whales, for which efficient feeding in the
ocean is critical (e.g. Acevedo-Gutierrez et al., 2002). Con-
ditional geostatistical simulations (Chilés and Délfiner,
1999) is a spatial approach that can take this relevant local
prey density distribution into account, by producing a series
of realisations of the grid estimates, from which aprobability
density function (pdf) of prey density can be computed for
each node of thegrid. Chilésand Delfiner (1999) define these
methods as “spatially consistent Monte Carlo simulations’.
They produce realistic pictures of spatial variability by intro-
ducing an autocorrel ated random component in the geostatis-
tical estimation process, whichisnot donein kriging. There-
fore, conditional simulations produce non-smoothed pictures
of the reality contrary to kriging estimates. On an average,
the same patchiness as that of the unknown redlity is ex-
pected on the simulation.

In this paper, we apply a 2D-approach and conditional
simulations to estimate multiple realisations of the 3D krill

* Introductions to geostatistical methods in fisheries applications can be
found in Petitgas (1996) or Rivoirard et a. (2000).

aggregation of the Saguenay—St. Lawrence Marine Park,
from a series of acoustic echointegration slices. Several spe-
cies of toothed and baleen whales frequent this traditional
feeding ground in summer (Michaud et al., 1997). Under-
standing the local trophic interaction dynamicsthat is acting
during research surveys requires realistic estimations of the
prey fields available to these predators, whose success relies
on large amounts of densely concentrated food. The method
we adopted here is general and can be easily applied to
several other studies, where a multivariate signal has to be
generated over a continuous field from spatially structured
sparse observations.

2. Material and methods
2.1. Sampling

Sampling was carried out aboard the Canadian Coast
Guard Ship “F.G. Creed” in the St. Lawrence estuary on
31 July and 1 August 1994, along a regular grid of
10 transects crossing the head of the Laurentian channel
(Fig. 1). Sampling procedures are briefly outlined here; de-
tailscan befound in Simard and Lavoie (1999). The grid was
surveyed during daytime only, when the krill SLs were at
their daytime depth (Simard et al., 1986) and well separated
from fish echoes in the upper water column. CTD profiles
and zooplankton samples from 0.28-m? Bongo nets were
taken at stations along the transects (Fig. 1). Acoustic back-
scattering coefficient (s,) data at 120 kHz (3.3° beam) and
38 kHz (10° beam) were acquired from a Biosonics
102 echosounder linked to a computer via a Biosonics ESP
A/D interface and the ESP_EI echointegration software,
which simultaneously recorded positions from a GPS re-
ceiver. At the beginning of the survey, the ambient noiselevel
at the survey speed wasrecorded for each frequency, with the
transducersin listening mode (i.e. not transmitting). ESP_EI
software was then set up to only accept echoes, whose volt-
age exceeded the measured noise level for each vertical
stratum. Echointegration (MacL ennan and Simmonds, 1992)
was done along transects on 5-m vertical strata, from ranges
of 2to 207 m, which included all the krill SLs. Horizontally,
echointegration was done every 20 pings (20 s), which cor-
responded to steps of ~80 m at the survey speed of 8 knots.
The acoustic data used heresfter were, therefore, s, profiles
with avertical resolution of 5m and spaced every 80 m along
transects. The system was calibrated using the standard
sphere method for each frequency (Foote et a., 1987).

2.2. Data analysis

The acoustic backscattering coefficient data were cleaned
of acoustic interference and thefirst meter off the bottom was
ignored. They were corrected for the absorption (Francois
and Garrison, 1982) and sound speed profile associated to the
vertical structure of the water column. The resulting s, at
120 kHz was used for the present krill biomass simulations,
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Fig. 1. Map of the study area showing the acoustic transects, and the hydrographic and plankton stations.

after the fish echoes were sorted out using the s, ratio at the
two frequencies (Simard and Lavoie, 1999). The acoustic
densities were converted to biomass using a mean target
strength of 69 dB g™ (see Simard and Lavoie, 1999). Thes,
profiles containing krill in more than 2 strata between the
depth limitsof thekrill SL (rangesof 27—207 m) were used as
the basis for the simulation (Fig. 2a, red). The simulation
domain was limited to areas, where the bottom depths ex-
ceeded 50 m, the observed krill SLs being confined to deeper
waters (Fig. 2a—<).

The simulation proceeded in four steps. First, the data
were prepared for a principal component analysis (PCA,
Lebart et al., 1984), whose output will be used for summaris-
ing the s, profile shapes by a few orthogonal (i.e. uncorre-
lated) principal components (PCs). Each profile was repre-
sented by the 37 s, values corresponding to the 5-m hin
strata, where the krill SL was present. The zeros present on

some profiles and the strata below the bottom depth were
assigned an artificial small s, vaue of 3.16 x 10° m™
(or an equivaent volume backscattering strength,
S, = 10 log,(s,) = -85 dB) to provide complete profiles of
37 values everywhere and to alow for alog transformation
prior to the PCA analysis. Thisartificial s, value was derived
from a simulation study, where different candidate values
were tested. The value was selected to ensure a non-biased
mean s, value computed from 100 realisations obtained fol-
lowing the same method as described below. The data were
log-transformed to S, to stabilise the variances, thus, giving a
more stable PCA analysis than with the raw data.

Second, aPCA was performed on the centred S, profilesto
reduce the representation of their shapes from initialy
37 variables (strata) to 7 orthogonal PCs. The number of
significant PCs retained was determined by requiring amini-
mum of 85% of the total variance be accounted for, by
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examination of the eigenvalues plot searching for a clear Third, the scores on the retained PCs were graphically
break in the slope, and by retaining only the PC scores with gaussian-transformed (required for the simulation method
the nugget component on the experimental variograms below) and subjected to geostatistical conditional simula-
smaller than half the sill. tions (Chilésand Delfiner, 1999). Each gaussian-transformed
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Tablel

Percentage of variance explained by the first seven PCs and parameters of the anisotropic spherical model #fitted to the variograms of the observed PC scores.
Directions are geometric degrees, 45° being the channel axis. C, is the nugget parameter

PC % Variance Direction 1 Dir. 2 a, a, Co C CIC,
1 52.5 45° 135° 38.00 14.80 0.154 0.898 5.83
2 117 45° 135° 38.00 13.70 0.167 1.288 7.71
3 10.0 45° 135° 12.36 19.96 0.364 0.727 2.00
4 5.7 45° 135° 8.77 7.40 0.320 0.710 2.22
5 35 45° 135° 14.80 5.96 0.407 0.639 157
6 23 45° 135° 7.34 4.40 0.474 0.522 110
7 17 45° 135° 11.10 5.10 0.451 0.597 1.32
3 _1hyY irh <
aMOdd:}'(h):C0+{C(2a Z(a) )Y ifth<a
Ciifh=a

where h is the distance between the observations.

PC score was simulated separately using the covariance ma-
trix decomposition (i.e. LU) method (Cholesky decomposi-
tion; Chiles and Delfiner, 1999). The covariance matrix, C,
containing the covariances from the vector of the M condi-
tional observation points plus the N points to smulate, is
decomposed in alower triangular matrix L so that LL’ = C.
The matrix L can be partitioned into four different blocks:

L 0
L= [ MV ] (@h)
I‘NM I‘NN
where L, correspondsto the set of conditioning points, Ly
to the set of points to simulate, and Ly, to the interaction

between the two sets. A vector U, composed of M + N
independent N(0,1) variables, completes the linear equation

system:
Zy _ Lum O U
Z, ) Lav L dL U

where Z,, isthe conditional dataand Z, isthe simulated data.
The solution is:

Z, = Lym Uu ()]
-1

Un = Lum Zu

Zy =Ly Un + L Uy

One advantage of this LU decomposition method is that for
computing another realisation of the simulation set Z, only
the vector Uy, of EqQ. (2) has to be updated, which allows to
realise several simulations without much additional comput-
ing cost. The simulation 1-km mesh grid (Fig. 2b) contained
1015 nodes where the bottom depth exceeded 50 m.

Fourth, the simulated gaussian-transformed PCA scores
were back-transformed and then used, with the eigenvectors,
to reconstruct the centred S, profiles (Lebart et al., 1984). To
insure that the histograms of the simulated and observed S,
are the same, a graphical transform (Chilés and Delfiner,
1999) mapping the simulated cumulative density function
(cdf) to the observed cdf was applied.

An alternative to the above procedure, consisting of feed-
ing the PCA with profilesthat arelimited to the water column
and summarised by an equal number of points corresponding
to relative (and not absolute) depths, was also tested. Local
centring and standardisation of each profile combined with
kriging of the mean and the variance in thefinal step wasalso
explored, but did not performed better than the above global
approach.

Theaccuracy of the method wastested through thefollow-
ing validation tests. First, we checked if the simulation repro-
duced the main descriptive statistics, the variogram, and the
pdf of the observed data. Second, a cross validation at small
distances was performed by removing one S, profile every
two profiles and simulating the removed profiles using the
remaining profiles as conditional data. Third, the perfor-
mance at larger distances was checked by randomly picking
up 100 conditional observations from a selection of one
transect every two transects in the study area and simulating
the profiles at 400 randomly chosen observations on the
unselected aternating transects. Actual simulation condi-
tions were less severe than those used for this test, the
interpolation distances being at most half those of this test.
Fourth, the means of the simul ated data at the nodes of the 3D
grid were also compared to those of akriging using the same
conditional dataand the variogram computed for thefirst PC.

3. Results

The first seven PCs explained 87% of the variance of the
S, profiles(Table 1) and wereretained for the simulation. The
structural component (C,Table 1) of the corresponding PC
scores was aways larger than the unresolved variability
(Co, Table 1), up to more than five timesfor thefirst two PCs.
The simulations closely reproduced the mean and the other
distribution statistics of the observations (Table 2). The vari-
ograms of the simulated S, were generally similar to the
corresponding S,, notably for the main krill concentration
depth of about 80 m (Fig. 3). The small-distance cross vali-
dation showed that the simulations performed almost as well
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Descriptive statistics of the observed and simulated mean volume backscattering strength (S,) of the profiles. Computed as acoustic backscattering coefficients

(S,), for each simulation, then averaged and transformed to s,

Data n Mean First quartile Median Third quartile Max
Observed 1368 —70.2 774 —72.8 —-68.5 -59.4
Simulated 1015 -71.0 —78.6 —74.8 —69.6 —61.8

askriging to replicate the observations (Fig. 4a,b). Results of
thetwo approachesof crossvalidation at large distanceswere
nearly identical (Fig. 4c,d). The 2D-map of the krill biomass
obtained from the mean of all simulations (Fig. 2e) was
amost identical to that computed by Lavoie et al. (2000,
Fig. 9d) from a 2D-kriging. Its total integrated biomass of
101 kt fell within the 95% confidence interval of Simard and
Lavoi€'s (1999) kriging estimate for this survey. The indi-
vidual simulation having atotal biomass equal to that of the
first quartile of the total biomass cdf of all simulations
(Fig. 2d) presented much more “grain” or patchiness than
that of the mean, as expected. The same was true for the
simulation corresponding to the 95th percentile of the same
cdf (Fig. 2f). This enhanced patchiness of the individual
simulations compared to the mean of all simulations (or
kriging results not shown) was also evident in 3D (Fig. 2g).
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Fig. 3. Comparisons of variogramsof simulated S, for 20 randomly selected
simulations (thin lines) with the variograms of observed S, (bold line) in the
transect direction (135°) and along channel (45°) for three depths: 59.5m (&,
b), 79.5m (c, d), and 99.5 m (e, f).

The mean simulated biomass profile had the same amplitude,
envelope and modal depth than the observed one (Fig. 5).
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Fig. 4. Comparison between kriged estimates and the mean of 100 simula-
tions with the observations for short distances (along transects) (a, b) and
longer distances (to the next transect) (c, d). Linesarey = x.
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Fig. 5. Comparison of observed (continuous lines) and simulated (dashed

lines) krill biomass profiles. Means (bold lines), first and third quartiles (thin
lines).
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4. Discussion

The proposed 2D approach to solve the difficulty of geo-
statistically mapping a structured variable in 3D appears to
perform relatively well with krill acoustic densities collected
along line transects. Coupled with conditional simulations,
this approach becomes an efficient way of exploring the
space of variability of 3D-structured data, such asthe S, at
severa acoustic frequencies, or exploitations of such infor-
mation to generate secondary variables, including taxonomic
composition or acoustical description of the bottom. The
interest of having a series of realistic smulations instead of
only a mean estimate allows for much more possibilities of
using the information for better interpretation of the results.
For example, 3D-maps of the probability to exceed the given
krill density thresholds, an important variable for
predator/prey interactions, can be obtained directly from the
simulated data. The fraction of the total biomass above this
threshold (e.g. exploitable biomass) is another information
directly available. Simulations also alow to see redlistic
pictures of krill patchiness, the distribution of the rich nug-
getsthat predators could detect and exploit, which aretotally
invisible to alternative smoothing methods. The exploitation
of such methods appears, therefore, very useful for helping to
understand the actual functioning of our 3D-structured ocean
ecosystems.

Though the numerical methods are relatively simple, their
applications to actual observed data ask for particular at-
tributes of the data set and require some data conditioning to
satisfy the numerical conditions. First, the zero profiles pose
problems in defining the simulation field. In our case, the
krill aggregation wasacontinuous cloud and the zero profiles
were located at its periphery. It was then simple to limit the
simulation grid to the contour of the aggregation. If this had
not been the case, the simulation grid nodes would have been
to be determined first, from 2D indicator conditiona simula-
tions (Chilés and Delfiner, 1999) of the null node locations.
Second, the zero part of the profiles and the empty cells
below the seafloor need to be filled for performing the PCA.
A possible practical solutionisto usearelativevertical scale,
such as the proportion of the water column, instead of the
absolute depth. Though this solution was initialy tried, we
preferred to work in absol ute units becausekrill arevertically
distributed along the depth. This structure is distorted by
relative units. Instead, we chose to fill the empty cells of the
profiles by a non-biasing low s, value. This step is the most
demanding in terms of computing time. An alternative ap-
proach would be to use a transformation that could handle
zeros more easily than the log one (e.g. square root, cubic
root, Box-transform). Third, the PCs must be spatially uncor-
related among them for all lag distances, not only for zero lag
as PCA provides by construction. This is especially impor-
tant for small distances, such as half the transect spacing.
Cross-correlations at larger distance have less impact be-
cause the conditioning observations are imposing the larger
scale spatial structure, a characteristic of conditional simula-

tions. We checked if the main PCswere cross-correl ated over
small lag distances and found only low correlations
(r <0.25)), often linearly sloping around zero. Our implicit
assumption of negligible cross-correlation of PCswas there-
fore reasonable. Fourth, LU decomposition method of the
covariance matrix islimited to small matrices. The size of our
data set was at about the limit for thismethod. For larger data
sets (or lower level computers) a solution to this problem, is
to partition the study area into adjacent small neighbour-
hoods and perform the simulation in a sliding window. To
prevent the creation of artificial discontinuities between the
neighbourhoods, the conditional datafor the neighbourhoods
can include the simulated data of the preceding neighbour-
hood (Alabert, 1987). Also, several simulation methods are
ableto handlelarge grids (e.g. turning bands, SGS, FFT-MA,
etc.; see Chilés and Delfiner, 1999).
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Abstract

The size of pelagic fish schools depends on several parameters related to internal factors such as species, number of fish, fish swimming
speed and physiological status and to external factors, such as hydrological factors and presence of predators. In order to better understand
these relations, results coming from echosounder and multibeam sonar databases are analysed. Field data are collected during four acoustic
surveys in the Mediterranean Seain two different areas (Catalan and Adriatic Seas). The analysis shows differences between the two areas
regarding size and position in the water column: schools are deeper and their mean sizeislower in the Catalan Seain comparison with Adriatic
Sea. The differences in size of schools are mainly related to differences in school length. Moreover, the elongation of schools seen with the
sonar isgreater than one and half higher in the Adriatic Seathan in the Catalan Sea, whereas one would expect similar valuesfor thetwo areas.
The results are discussed in terms of environmental influence, avoidance reaction and acoustic capabilities of both tools. A hypothesis is
proposed: the variation of school length and consecutively the variation of the correlated dimensions is first related to the strength of the
avoidance reaction in front of the vessel and this effect can be reinforced depending on the environmental conditions. The model takes into
account the effect of the boat, the vertical constraints undergone by the schools, and the internal requirements of the schools, such as the
necessity for fish to keep visual contacts and the cohesion of the group.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Acoustic; Multibeam sonar; Echosounder; Fish school behaviour; Avoidance; Environment

1. Introduction

Spatial dynamics are of paramount importance to the
understanding of the forces governing population dynamics.
In the particular case of fish stocks, studying the factors
inducing and maintaining the aggregation of fish within
schools could be helpful to better understand the spatial
heterogeneity of small pelagic fish populations and the
mechanismsthat | ead to the parti cular mode of distribution of
schools (Pitcher et al., 1996; Mackinson, 1999; Fréon and
Misund, 1999; Booth, 2000). M oreover, schooling behaviour
isapowerful mechanism to sort fish by length (Fréon, 1984,
1985), an improved understanding of the mechanisms driv-
ing space-time variations in school size should greatly im-

* Corresponding author.
E-mail address: soria@univ-reunion.fr (M. Soria).

prove the estimation of demographic parameters. According
to previous investigations, the size and the shape of pelagic
fish schools depend on several parameters related to internal
and external factors. Among the internal factors, the most
commonly quoted are the species (Partridge et al., 1980;
Misund, 1993a; Maes and Ollevier, 2002), the swimming
speed or the body length of fish (Hara, 1987; Peukhuri et al.,
1997; Dagorn et a., 1997; Hoare et a., 2000), the foraging
behaviour (Pitcher and Partridge, 1979; Pitcher and Parrish,
1993; Mackinson et al., 1999) or the physiological status
(Morgan, 1988; Robinson and Pitcher, 1989; Robinson,
1995). With regard to the external factors, related literature
reportstheinfluence of the stock abundance (Misund, 1993b;
Petitgas and L événez, 1996; Petitgas et al., 2001), the inter-
actions between species|like the presence of predators (Fréon
et a., 1992; Parrish, 1992; Krause and Godin, 1995; Pitcher
et al., 1996) or the trophic competitors (Massé et al., 1996),

© 2003 Editions scientifiques et médicales Elsevier SAS and I fremer/IRD/InralCemagref. All rights reserved.
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146 M. Soria et al. / Aquatic Living Resources 16 (2003) 145-157

the environmental conditions such as thermocline depth
(Swartzman et al., 1994), the food availability and the food
density (Ngttestad et al., 1996) or the specific disruptive
events like strong gales (Scalabrin and Massé, 1993) or the
arrival of a boat (Olsen et al., 1983; Gerlotto and Fréon,
1992). Finally, an important phenomenon must be pointed
out: the avoidance behaviour of the schools, which has an
impact on factors such as catchability and abundance esti-
mates. The recent development of 3D acoustic technology
might lead to a better accuracy of school size estimationsand
to a better understanding of adaptation mechanisms of
schoolsto local variations (Gerlotto et a., 1999; Misund and
Coetzee, 2000; Mackinson et al., 1999). In order to study this
issue, we analysed the morphological and spatial character-
istics of schools measured by echosounder and multibeam
sonar during acoustic surveys in relation to the external
conditions measured in the near field of these schools. We
focus on both environmental changes occurring during the
day in the vertical plane (thermocline, halocline and chloro-
phyll concentration) and local perturbations induced by the
vessel. Datacomposed of two species (sardine and anchovy).
Two surveys were conducted during successive years (1994,
1995), using the same research vessel in two different areas
of the Mediterranean Sea showing different environmental
conditions. Based on our database and on previous studies
(Bahri and Fréon, 2000), the object of this paper is to com-
pare the school characteristics in these two areas, measured
with two acoustic devices, so asto test the hypothesisthat the
differencesarerelated to environmental conditionsand to the
impact of the vessel.

2. Materials and methods
2.1. Survey designs

The surveys were carried out during 1994 and 1995 in
Catalan Sea (39-41°N/0-2°E) during spring, and in Northern
Adriatic Sea (43°30'—45°30'N/12°15'-13°30'E) at the end
of summer (Fig. 1). In Catalan Sea, the studied area is
characterized by a wide continental shelf (3040 nmi wide
by 90 nmi long) and receives in its northern part freshwater
from Ebra River. Two back-to-back coverages of the zone
were performed during each of the two cruises. In the North
Adriatic, the areaincludes the plume of the Pd River charac-
terized by turbid freshwater. A single coverage was per-
formed during each of the two cruises. The surveys were all
performed aboard the R/V Garcia del Cid, in the framework
of the European programme T-ECHO (AIR1 CT92 0314).
For both zones, the vessel’'s track was designed as parallel
transects separated by 7 nmi, roughly perpendicular to the
coastline (from 15 to 100 misobath). Vessel speed was about
5-7 knots. A CTD cast every 7 nmi was performed.

2.2. Acoustic instruments

The echo-integration was performed utilizing a 38 kHz
dual beam echosounder BioSonics operating at 2 s ping rate
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Fig. 1. Sampling design in the areas surveyed during the T-ECHO Project
(50 m isobaths are shown in Catalan Sea).

and 0.4 ms pulse rate. The beam width was 10° between the
-3 dB points on the narrow beam. The transducer was
mounted on a V-fin body, towed at 46 m depth. The sonar
recordings were made by a 455 kHz multibeam sonar Reson
SEABAT 6012 with apulselength of 0.06 msand with atotal
receiving beam angle of 90° (60 beams of 1.5° each) in the
vertical plane and 21° in the perpendicular direction. The
60 beams were simultaneously updated seven times per sec-
ond using the 100 m range. The efficient range was 80 m due
to the background noise. The sonar was mounted on a verti-
cal pipe aong the vessel. The transducer was at 4 m depth
and oriented transversally to the boat in order to scan the side
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of thevessel route and exhaustively explorethewater volume
(Bahri et al., 1997; Soriaet a., 1997; Gerlotto et al., 1999).

2.3. Databases

2.3.1. Schools

An acoustic data processing system, INES-Movies-B
(Weill et al., 1993; Diner et a., 1994), was connected to the
echosounder and allowed for the extraction of acoustical and
morphologica characteristics of schools. Thresholds, cor-
rections and filtering used in this analysis were chosen em-
pirically in order to take into account the specific acoustical
conditions met during the surveys.

According to several authors (Kieser et a., 1993; Fréon et
al., 1996; Patty, 1996; Scalabrin et al., 1996; Bahri, 2000;
Bahri and Fréon, 2000), we defined an acoustic pelagic
school using the following four settings.

(1) For echosounder, aschool was defined asa set of pings
having amplitude val ues above the processing threshold. The
value of thisthreshold was chosen in order to avoid possible
detections through the side lobes of the acoustic beam. De-
pending on the background noise, the value was ranged
between 50 and 100 mV. The samples must also satisfy a
contiguity law, both for vertical and horizontal axes.

(2) INES-Movies-B was set with thefollowing threshol ds:
successive pings > 3, signal digital sampling units (height
10 cm) > 30, backscattering energy > 100 (in mV?). These
thresholds were empirically chosen in order to discriminate
individual echoes from patches on the echogram.

(3) Asduring night time, fish tend to dispersein layersand
few schools were observed, only daytime data were taken
into account. Dawn and dusk have not been included in the
database. According to Fréon et a. (1996) and Beare et al.
(2002), school formation and school dispersion dynamics
during these periods are very specific. Diffuse layers ob-
served during daytime, very likely containing a mixture of
plankton and fish, have been discarded from the school
dataset on the basis of length and density criteria.

(4) The minimum area and volume of a school were set,
respectively, to 5 m? and 5 m*. Echoes smaller than 2 mlong,
2 m wide and 2 m high were eliminated from the datasets.
Since we considered that pelagic fish schoolsin contact with
the bottom had a greater vertical dimension than demersal
species schools, a school was considered as being pelagic
when the distance between the seabed and the top of the
school was greater than or equal to 6 m.

Due to the lack of calibration procedure of the sonar,
neither precise absol ute values of the echo-signal nor compa-
rable inter-survey relative measurements could be provided.
Therefore, the morphological parameters were the only us-
able data, they were measured manually on the video screen
in our laboratory, after the survey (Soria et a., 1996). The
school descriptors are listed (Appendices 1 and 2). School
size corrections were based only on nominal beam opening,
despite the low accuracy of this type of correction (Diner,

2001). This correction still provided negative length values
for few schools that were removed from the database.

2.3.2. CTD data

In addition to the collection of acoustic data, vertica
profiles of hydrological datawere aso collected during CTD
stations. In order to analyze relationships between school
characteristics and environmental parameters, and because
of the inertia of environmental characteristics of the water
column, each school was associated to the closest CTD cast.
The measured values were: thermocline depth, halocline
depth, first fluorescence peak depth and second fluorescence
peak depth, we considered both absolute and relative depths
(in percentage relative to the bottom depth). We calculated
the vertical distance between the fish schools and the ther-
mocline, the halocline and the fluorescence peaks, and we
assigned either positive or negative sign, depending on
whether the school is above (positive distance) or below
(negative distance). Spatio-temporal descriptors were also
attributed to each school (longitude, latitude, date and time,
vessel speed, bottom depth).

2.3.3. Biological sampling

Biological sampling was also performed, using pelagic
trawls, in order to identify fish species and size composition.
The main species were sardine (Sardina pilchardus) and
anchovy (Engraulis encrasicolus). The two occasional spe-
cieswerethegilt sardine Sardinella auritain the Catalan Sea
and the sprat Sprattus sprattusin the Adriatic Sea (Bahri and
Fréon, 2000).

2.4. Satistical analysis

The comparison between areas and between acoustic tools
of the main school descriptors was done using a t-test for
independent samples by groups.

A principal component analysis (PCA) was performed in
order to reduce the number of variables and to identify
components, which best explain the observed variahility,
thereby making it possible to describe differences between
the geographical areas. The analysis was performed for each
acoustic device. A varimax-normalized rotation was applied
in order to maximize the variance. Eigenvalues were calcu-
lated and factor coordinates of variables were plotted.

In order to evaluate the contribution of environmental
variables to the variability of the school size (see results), a
multiple ANOVA was performed on sonar and echosounder
data. Since the effect of the predictors on the dependent
variable may not be linear in nature, relationships cannot
adequately be summarized by a simple linear equation, and
categorical predictor variables were then computed. Effects
for these variables are represented using the sigma-restricted
parameterization. The backward stepwise method was used
to select the best model. Intercept isincluded inthe model. In
addition to environmental variables, the vessel speed and the
lateral distance of the school to the boat were taken into
account at theinitial step of the process.
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Table1
Summary statistics of survey characteristics
Survey Covered distance (nmi)  Sonar Echosounder

Number of schools School density Number of schools School density

(Nb nmi~) (Nb nmi~™)

Catalan94 534 380 0.71 307 0.58
Catalan9s 595 158 0.27 310 0.52
Total Catalan 1129 538 0.48 617 0.55
Adriatic94 303 333 1.10 87 0.29
Adriatic95 298 599 2.01 156 0.52
Total Adriatic 601 932 155 243 0.40
Total 1730 1470 0.85 860 0.50
3. Results 3.2. Morphological and spatial characteristics of schools

3.1. Survey characteristics

General survey characteristics are indicated (Table 1).
First, we noted a difference between the density of schools
recorded by the sonar in Adriatic Sea in 1994 and 1995
(respectively, 1.1 and 2 school nmi™). Thisdifference can be
partly due to the change in the image smoothing rate (from
4 to 2). Nevertheless, thisinterpretation is minimized by the
fact that similar results are obtained with the echosounder
(0.3 and 0.5 school nmi~, respectively). Since the sonar has
agreater sampling area, the number of schoolswas expected
to be higher than echosounder schools. Thisisnot the casein
Catalan Sea: differencesare surprisingly weak in 1994 (Nbg-
nar = 380, NDbghosounder = 307) and in inverse order in 1995
(Nbgynar = 158, Nbegrosounder = 310). On the one hand, this
could be dueto alower reception gain of the sonar in 1995 in
comparison with 1994 (4 vs. 5); this, implies that the size of
schools in 1995 should be smaller than in 1994 and that a
lower number of small schools should be detected in 1995 in
comparison with 1994. On the other hand, the differencesin
detection thresholds and acoustic properties of the echo-
sounder and the sonar, imply that the sonar does not detect
small schools and therefore underestimates the number of
schools (MacL ennan and Simmonds, 1992; Misund and Co-
etzee, 2000). Thislast hypothesis is confirmed by the analy-
sis of morphological characteristics of schools detected in
Catalan Sea. The mean size of schools, recorded in Catalan
Sea by the sonar in 1994, issimilar to those recorded in 1995
(e.g. on an average: areain 1995 = 63 m? and areain 1994 =
64.6 m?; t-value = 0.98, P = 0.32), whereas the mean size of
schools, recorded by the echosounder in 1995, issmaller than
those recorded in 1994 (mean area = 195 m? in 1995, and
mean area = 355 m? in 1994; t-value = 9.4, P < 0.0001).
Moreover, mean school sizes of schools recorded by the
echosounder in Catadlan Sea are higher than mean school
sizes of schools recorded with the sonar (e.g. mean length-
echosounder = 24.5 m and mean lengthg,,, = 9.7 m; t-value =
—18.5, P < 0.001). Therefore, the data cannot be compared
between years and acoustic device. The analysis was per-
formed separately on the two database, and the years were
not take into account.

and environmental parameters

Table 2 shows, for each acoustic device, the results of the
comparison between the two areas for selected variables
describing morphological and spatial characteristics of
schools and environmental parameters. Student t-tests reveal
significant differences between the areas for al the descrip-
tors. Regarding morphological parameters, the difference of
school size recorded by the sonar is mainly dependent on the
variation of the school length. Moreover, the mean school
length is significantly higher in Adriatic Seathan in Catalan
Sea. This difference is also observed with the echosounder.
The other parameters are significantly different, even though
they show less striking results. The most important result
concerns the elongation (ratio length/width) of schools re-
corded with the sonar. The mean value is twice higher in
Adriatic Sea than in Catalan Sea, whereas similar values
were expected. The value of this ratio was expected to be 1.
Thisisnot observed in Adriatic Sea, where the average value
is 1.5, which means that in this area, schools are in average
more or less half longer than wide. Regarding external fac-
tors, mean bottom depth of Adriatic Sea is lower than in
Catalan Sea. Thisinduces differences between the means of
related factors, such asthe school depth and vertical distance
between the school s and the thermocline, the hal ocline or the
depth of the fluorescence peaks. The comparison of the mean
relative depth of the schoolsindicatesthat schoolsin Adriatic
Sea tend to occupy the upper part of the water column
compared to those of Catalan Sea. The mean lateral distance
to the boat might reflect the horizontal avoidance reaction of
the fish to the vessel. This distance is significantly greater in
Adriatic Seathan in Catalan Sea. Moreover, the vessel sailed
faster in Adriatic Seathan in Catalan Sea.

3.3. Principal component analysis

The PCA of the correlation matrix allows for the descrip-
tion of the linear interactions between descriptors of schools
and environmental parameters. Analysis of echosounder data
(Table 3) showed that the variables, describing school char-
acteristics, are grouped into three sets (morphological,
acoustical and environment-related descriptors). Respec-
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Table2

Means of selected variables describing morphological and spatial characteristics of schools and environmental parameters for each areaand each acoustic tool,

P valueisthe level of significance of student t-test

Variables Sonar Echosounder

Catalan Sea AdriaticSea  P<0.05 Catalan Sea AdriaticSea  P<0.05
Nb School 538 932 617 243
Boat speed (knot) 6.6+0.1 6.7+0.1 * 6.3+0.1 6.5+0.2 *
Bottom depth (m) 60+ 4 27+2 * 78+4 36+4 *
School depth (m) 29+3 11+1 * 53+4 18+4 *
Relative depth of the school (%) 50+ 4 36+3 * 67+3 46+5 *
Length (m) 10+2 18+2 * 25+3 29+ 6 *
Height (m) 8+1 6.2+05 * 12+1 9+1 *
Ratio length/height 16+0.3 33+£05 * 24+0.2 35+0.6 *
Area(length x height) m? 64+ 16 95+ 17 * 274+ 69 252+ 87 *
Thermocline depth (m) 12+1 12+1 * 13+1 16+2 *
Halocline depth (m) 19+3 9+1 * 20+3 12+2 *
First fluorescence peak depth (m) 6+1 8+1 * 6+1 8+1 *
Second fluorescence peak depth (m) 38+2 24+ 2 * 4+ 2 27+4 *
Relative depth of the thermocline (%) 223+23 428+28 * 192+24 443+48 *
Relative depth of the halocline (%) 31.8+3.9 289+28 * 27.8+33 30.8+4.3 *
Relative depth of thefirst fluorescence peak (%) 11.7+24 20.7+2.6 * 8315 21.3+4.0 *
Relative depth of the second fluorescence peak (%) 625+ 2.6 75.0+23 * 58.9+2.7 71.7+49 *
Distance to the thermocline (m) -17+3 2+1 * 40+ 4 —2+3 *
Distance to the Halocline (m) -10+4 -1+1 * -33+5 —-6+3 *
Distanceto thefirst fluorescence peak depth (m) -23+3 3+1 * —A7+4 9+4 *
Distance to the second fluorescence peak depth (m) 9+3 11+2 * -9+4 9+3 *
Integrated back-scattered energy (relative value) 131+ 67 684 + 317 *
Volume reverberation index (dB m=) S54+1 —40+2 *
Roughness 1.4+0.03 14+0.04 *
Perimeter (m) 196 + 57 147 + 49 *
Width (m) 14+1 14+1 NS
Volume (m?) 729 + 267 1291+ 394 *
Ratio length/width 08+0.1 14+0.2 *
Ratio width/height 21+03 27+03 *
Lateral distanceto the boat (m) 34+3 42+2 *

tively to Adriatic and Catalan Seas, the first component
explained 42% and 49% of the total variance, the second
component 19% and 18% and the third component 14.5%
and 16%. In both areas, the first component is highly corre-
lated with the environmental-related descriptors, the second
component to morphological descriptors, and the third to
acoustical characteristics of schools associated with the
roughness. This result indicates that the morphologica and

Table3

acoustical characteristics (related to internal density and bio-
mass) of schools are independent from the variations of
environment-related parameters. Nevertheless, the PCA al-
lows for a classification according to the environmental con-
ditions measured near the schools. Moreover, the factor coor-
dinates of the schools were plotted for each geographical
area, according to the two components representing environ-
mental conditions and school morphology. Variations along

Factor loadings of the principal components extracted from the echosounder data set and percents of variance explained

Class of descriptors Variable Factor loadings (varimax-normalized)
Adriatic Sea; Nb =243 Catalan Sea; Nb = 617
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
Environmental -related Relative depth of the school 0.82 -0.29 0.05 0.81 -0.42 0.13
descriptors Distance to the thermocline 0.96 -0.03 0.07 0.94 0.05 0.15
Distanceto the halocline 0.95 -0.04 0.09 0.88 0.15 0.23
Distanceto thefirst fluorescence peak 0.94 0.04 0.20 0.94 0.04 0.20
Distanceto the second fluorescencepeak  0.61 -0.39 -0.13 0.92 0.06 0.23
Acoustic descriptors Integrated back-scattered energy -0.11 0.57 -0.68 -0.16 0.31 -0.92
Volume reverberation index -0.18 -0.07 -0.75 -0.19 -0.09 -0.94
Morphological Roughness -0.05 0.29 0.81 0.22 0.25 0.58
descriptors Height -0.02 0.81 0.12 -0.21 0.85 0.03
Length -0.19 0.79 0.09 0.30 0.82 0.03
Percentage of inertia 41.7 19.3 14.6 49.4 17.7 16.2
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Fig. 2. Scatter plotsof the schoolsdetected in both geographical areaand for
echosounder, according to the two components representing environmental
conditions (factor 1) and school morphology (factor 2).

the horizontal axe induced two separated clouds of points
(Fig. 2), which means that the first component discriminates
the two geographical areas. Concerning sonar school data,
the main result is similar to the one obtained with echo-
sounder data: morphological characteristics of schools are
independent of environmental parameters. Nevertheless, the
factor coordinates of the schools of each geographical area,
plotted on the first plane, induced two superposed clouds of
points.

3.4. Multiple analysis of variance

Results of analysis on sonar and echosounder are shown
(Tables4 and 5). The variables explaining the variance of the
school length are similar in Adriatic and Catalan Seas. They
regard parameters related both to the influence of the vessel
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(vessel speed and lateral distance to the boat) and to the
vertical stratification of thewater column (principally param-
etersrelated to the thermocline and the halocline). Neverthe-
less some differences appear. First, in Catalan Sea the most
important variables of the model are: the vessel speed, the
distance of schoolsto the thermocline or the rel ative depth of
the thermocline and the rel ative depths of thefirst and second
fluorescence peaks. In Adriatic Sea, the most important vari-
ables of the model are: the lateral distance to the boat, the
distances of the schools to the halocline and to the second
fluorescence peak and the relative depths of the first and
second fluorescence peaks. These variables enter both in the
sonar and echosounder models. Secondly, the most important
difference between sonar and echosounder models is that
variables related to the seabed (bottom depth, relative depth
of schools and altitude) have significant influence on the
length of schools recorded with the echosounder, whereas
thisinfluenceisnot marked on the length of schoolsrecorded
with the sonar. A consegquence of this influence is a higher
multiple correlation coefficient for echosounder model than
for sonar model (Tables 4 and 5). However, despite the low
values shown by the sonar model, statistical analysis sug-
gests relations between the size of fish schools and vertical
distribution of schoals, strength of the vertical stratification
of the water column and intensity of the vessel perturbation.

In order to visualize theresults of the MANOVA, we drew
the 2D-categorized box plots of the school mean length vs.
the relative school depth, the lateral distance to the boat, and
the vessel speed (Fig. 3), the distances of the schools to the
thermocline, the halocline and the second fluorescence peak
(Fig. 4). Three conclusions can be drawn: (i) in both areas,
the higher isthe vessel speed, the greater isthe school length
(Fig. 3c); (i) the schools close to the surface or above the
thermocline, the halocline and the depth of the second fluo-
rescence peak are longer than those far from the surface or
below the thermocline, the halocline and the depth of the
second fluorescence peak (Figs. 3a and 4); (iii) in Adriatic

Table4
Results of the MANOVA performed on sonar data. Contributions of variables to the variability of the school length in Adriatic and Catalan Seas

Sonar

Sum of sguares d.f. Mean square F P
Catalan Sea (1% = 0.17)
Intercept 402.6 1 402.6 4993 * ok x
Vessel speed 1.70 3 0.57 7.02 *oxox
Distanceto the thermocline 2.87 9 0.32 3.95 *ox ok
Relative depth of thefirst fluorescence peak 193 9 0.21 2.67 **
Relative depth of the second fluorescence peak 215 9 0.24 297 * *
Error 40.64 504 0.08
Adriatic Sea (r? = 0.20)
Intercept 74.4 1 74.4 682 *oxox
Lateral distance to the boat 5.39 9 0.60 5.49 * ok
Distanceto the Halocline 3.60 9 0.40 3.66 *ox ok
Distance to the second fluorescence peak 3.09 9 0.34 3.15 **
Relative depth of thefirst fluorescence peak 1.86 8 0.23 213 *
Relative depth of the second fluorescence peak 1.98 7 0.28 2.59 *
Error 67.06 614 0.11
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Table5
Results of the MANOVA performed on echosounder data. Contributions of variables to the variability of the school length in Adriatic and Catalan Seas

Echosounder

Sum of sguares df. Mean square F P
Catalan Sea (r? = 0.48)
Intercept 873.2 1 873.2 31904 ok
Vessel speed 0.48 3 0.16 5.87 *oxx
Relative depth of the school 1.40 9 0.16 5.67 *ok ok
Relative depth of the thermocline 1.05 9 0.12 4.27 *oxx
Relative depth of the halocline 0.49 9 0.05 2.00 *
Relative depth of thefirst fluorescence peak 0.52 9 0.06 2.09 *
Relative depth of the second fluorescence peak 1.37 9 0.15 5.56 *oxox
Altitude 0.96 9 0.11 3.89 ok
Error 14.67 536 0.03
Adriatic Sea (r?=0.37)
Intercept 380.8 1 380.8 7178 *oxox
Bottom depth 101 9 0.11 211 *
Distance to the thermocline 1.97 9 0.22 4.13 *oxx
Relative depth of thefirst fluorescence peak 1.59 8 0.20 3.75 *ok ok
Altitude 254 9 0.28 5.33 *ok ok
Error 10.93 206 0.05

Seaq, thereisanegative correl ation between school length and
lateral distanceto the boat, and thisisnot observedin Catalan
Sea (Fig. 3b).

4. Discussion and conclusion

Few restrictions must be done regarding our database. We
did not use the algorithm proposed by Diner (2001) in order
to “correct” school length, because as stressed by this author,
schools resulting from complex shapes and varying internal
densities do not fill the conditions for the use of the algo-
rithm, and this was the case for most of the schools of our
database. Besides, as usual in fisheries acoustics, the change
of settings may have a dramatic effect on the results, mostly
by changing the actual sampled volume and the echo thresh-
old. Thiswas the casein our surveys, where some important
changes in the settings were decided. Therefore, a careful
check must be done prior to any analysis, to see whether the
possible differencesin the results (from one year to the other
and/or from one acoustic device to the other) are due to the
settings. The preliminary analysis of our data regarded the
number and size of schools detected by each acoustic device
and in each zone. We checked that the differences observed
were not due to changes in the settings from one year to the
other. Moreover, it appeared that the properties of each
acoustic device did not alow for a global analysis of the
whole dataset, and we therefore decided to perform separate
analysis.

The comparison of the characteristics of schools in the
two areas evidenced important differences: it appears that,
observed with the sonar, schools in the Adriatic Sea are
longer, tend to occupy the upper part of the water column and
are detected further from the boat. In this area, the vessel
showed higher sailing speed compared to the Catalan Sea.

The PCA indicated a clear independence between envi-
ronmental, morphological and acoustic descriptors in each

zone. The main difference between sonar and echosounder
data is that environmental factors of the two zones can be
discriminated only in echosounder dataset (Fig. 2).

The variability of the length of schools appears to be
mostly explained by the vessel speed, the lateral distance to
the boat and the thermocline and hal ocline depth. In addition,
echosounder schools' length is sensitive to parameters re-
lated to the bottom depth and to variables related to the
bottom, which is not the case for sonar schools. Thisis very
likely due to the range of the device which enables the
detection of deeper schoolsin comparison with the sonar. In
thisrespect, the echosounder allowsthe analysis of the depth
effect on school characteristics, which is not the case of the
sonar, as this device has amuch more limited vertical range.
Ontheother hand, thelateral range of the sonar allowsfor the
analysis of the boat effect on schools size (as evidenced by
the multiple analysis of variance). Therefore, our results
show in which way these two devices can be complementary.

The PCA indicated that the components were explained
by distinct sets of descriptors. Nevertheless, this classifica-
tion does not alow for the discrimination of sonar schools
between the Adriatic and Catalan Seas, despite their morpho-
logical differences and does not allow the relation of mor-
phological differences of echo-sounder schools between the
Adriatic and Catalan Seas with the differences of their
environmental-related factors. These results are similar to
those obtained by Coetzee (2000) on the sardine schools
along the South-African coasts. This suggeststhat variability
of school size is governed by specific factors not taken into
account in our analysis. These factors could be related to the
physiological status and motivation of individuals, such as
feeding motivation (Mackinson et al., 1999) or to the species
composition of schools and size of fish. These behavioural
and biological characteristics imply different capabilities of
reaction and different types of internal organization in terms
of structural homogeneity, minimum approach distance or
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Fig. 3. Categorized box plots of the school mean length vs. the relative
school depth (), the lateral distance to the boat (b) and the vessel speed (c).

swimming speed and polarization, which have positive rela-
tionshipswith school size (review in Hoareet al., 2000). Near
environmental field conditions such asthe presence of preda-
tors can aso influence the behavioural dynamics of pelagic
schools and contribute to the variation of their size (Swartz-
man et a., 1994; Massé et a., 1996; Pitcher et a., 1996;
Misund et al., 1998). Thisanalysisisin agreement with those
done by other authors (review in Fréon and Misund, 1999),
and confirms the necessity to go deeper in to the behavioural
observations at micro-scale.

The difference in the length of schools between Adriatic
Sea and Catalan Sea, isthe most surprising result, since this
dimension representsthe horizontal dimension of the schools
along the vessel track. No biaswas found regarding the beam
correction, vessel speed estimation and sonar settings for
image acquisition. According to several authors, environ-
mental factors such as temperature, bottom depth (Swartz-
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Fig. 4. Categorized box plots of the school mean length vs. the distance of
the schoolsto the thermocline (a), the distance of the schoolsto the halocline
(b), the distance of the schools to the second fluorescence peak (c).

man, 1997), or biological factors such as species and interac-
tions between species (Massé et al., 1996) may explain
variations observed in morphological parameters of schools.
Neural networks devel oped by Haralabous and Georgakara-
kos (1996), or the linear discriminant model approach pro-
posed by Scalabrin et al. (1996) take into account school
descriptors extracted from echo-integration data. Our analy-
sisvalidates these works, however, we suggest an alternative
to the hypothesis of a direct influence of these factors on
school morphology: the variation of school length and con-
secutively the variations of the correlated dimensionsin 2D
and 3D are first related to the intensity of the avoidance
reaction infront of the vessel and thiseffect can bereinforced
depending on the environmental conditions.

Our investigation focuses on the differences, between two
areas, of the mean school length measured by the sonar and
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DEEP WATER

SHALLOW WATER

Adriatic Sea

Fig. 5. Schematic diagram of the behavioural mechanism, that may explain
differences of school length and elongation between the Catalan and Adria-
tic Seas (see text).

Catalan Sea

the echosounder. The MANOVA shows that, depending on
the geographical zone, the school length may be explained
alternatively by the schools position in the water column,
their lateral distance to the boat, the vessel speed and the
vertical stratification of the water column. Due to the high
variability of the measured values, the sonar model applied
on Adriatic and Catalan database did not explain more than
20% and 17% of the variation observed. However, the echo-
sounder model and the anaysis of the box plots
(Figs. 3 and 4) confirm the results of the sonar model and
allow for proposing a behavioural model of avoidance
(Fig. 5). School avoidance occurs both in the horizontal and
vertical plans (Olsen et al., 1983; Soriaet a., 1996; Misund
et al., 1998; Misund and Coetzee, 2000). In the absence of
vertical constraints, fish far away from the boat are disturbed
by the noise of the vessel and react by polarizing their
swimming. This polarization induces afast compression and
enablesthe fish to avoid the vessel laterally and vertically by
afast and coordinated movement of the school (Pitcher and
Parrish, 1993; Fréon et a., 1993; Soria et al., 1996). We
assumethat under shallow water conditions and environmen-
tal constraints related to the vertical distribution of tempera-
ture and/or salinity, vertical movement of fish is restricted.
Since the mean bottom depth, the halocline depth and the
depth of the second fluorescence peak are lower in Adriatic
Sea than in Catalan Sea (Table 2), pelagic fish schooals in
Adriatic Sea tend to stay in subsurface area and disturbed
schools escape rather in the horizontal direction than in
vertical one. Fish are forced both by the vertical constraint
and by the necessity of keeping visual contacts and minimum
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Fig. 6. 2D categorized box plots of the mean lateral distance to the boat vs.
the vessel speed.

inter-distancesin order to maintain the cohesion of the group.
After the works of Radakov (1973), Breder (1959), Shaw
(1978), Fréon et al. (1992) and Soria (1994), we assume that
these constraints induce a stretching of the schools in the
field of the lowest gradient of disturbances. Sincethisfieldis
parallel to the vessel path, the school elongation is expected
to begreater than in non-disturbed conditions. Thiseffect can
be amplified by vertical restrictions, such as the depth of the
halocline and/or the depth of the thermocline, which could
play the role of horizontal fences. This hypothesis is sup-
ported by the environmental characteristics of the two pros-
pected zones during our sampling periods. in September,
Northern Adriatic Sea shows a strong thermal stratification
(Russo and Artegiani, 1996), whereasthe stratification is still
weak in the Catalan Sea at the beginning of spring, both for
temperature and salinity (Castellén et al., 1985). Following
the schematic pattern of gradual reaction of fish, the more
they detect external stimuli, the stronger is their reaction.
Then thereisevidencethat thisreaction isproportional to the
vessel speed (Fig. 3c). This hypothesis is validated by the
analysis of the relationship between the mean lateral distance
tothe boat and the vessel speed (Fig. 6). The vessel speed has
no effect on the lateral position of schools in Catalan Sea,
whilein Adriatic Seathe highest lateral distancesto the boat
were recorded for schools, detected at the highest vessel
speeds. Nevertheless, above a threshold of disturbance, the
cohesion of a school cannot be kept and the schools might
split. This last hypothesis could explain the highest number
of small schools observed far from the boat in Adriatic Sea.
An dternative explanation is that schools furthest from the
vessel are relatively undisturbed and then fish gather again
and form small schools in length with a more regular shape
(Fig. 7).

The above results allow to improve our knowledge on the
vertical and lateral avoidance patterns of schoolsin relation
to their position in the water column, and allow for describ-
ing theinfluence of external factorson school characteristics.
After our results, it seems very hazardous to estimate fish
biomass from size of schools. Nevertheless, we need more
information to be able to quantify the impacts of avoidance
reaction on size of schoolsand biomass estimates. In order to
establish the relations between the intensity of factors, like
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Fig. 7. Diagram presenting the dynamics of a school avoiding a source of
noise. In this scheme, we have identified three fish represented by darts, at
two sides and in the centre of the school. Dotted lines represent the noise
vectors; solid lines the maximum length of the school. (a) At the beginning
of the noise emission, the school is circular, each fish tends to escape,
following the line of maximum noise avoidance (i.e. in direct opposition to
thesource). (b) Theinter-individual distanceincreases; if the stressisnot too
strong, the gregarious tropism will allow the fish to maintain contact. The
volume of the school has increased, i.e. fish are on an average at larger
inter-individual distances from each other. (c) The inter-individual distance
reaches the maximum and the school is not stretching anymore; if the
dispersal effect of the noise is stronger than the gregarious behaviour of the
fish, the school will split. Otherwise, it will maintain this anisotropic shape
until the noise becomes lower and fish may closely aggregate again. (d) The
school is at enough distance from the source of noise and goes back to its
original shape, i.e. roughly circular. () Vessel route (source of noise). This
exampleis presented as if the vessel was static and began to transmit noise
closeto the school. Theredity isdlightly different, due to the slow approach
of the vessel, all schools already present an elliptical shape when the vessel
approaches.

the bottom depth or the vessel speed and the intensity of the
stretching behaviour of schools, more investigations are re-
quired. Moreover, environmental factorslike thethermocline
depth or the halocline depth and the chlorophyll concentra-
tion seem to have an effect on this behaviour and should
systematically be taken into account when observing
schools. Several scientists have noted that the aggregation of
schoolsin clustersis akey factor, affecting both precision of
acoustic surveys and catchability in the fishery (Fréon and
Misund, 1999; Booth, 2000; Petitgas et al., 2001). From our
point of view, the spatial dynamics of fish at a micro-scale
(e.g. at thelevel of the school), could be akey factor affecting
both precision of acoustic surveys and catchability in the
fishery, at the same level of importance than the dynamics of
clusters.
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Annex 1. List of school descriptors of the echosounder database (see Weill et al., 1993)

Descriptor Signification and unit Calculation method

(abbreviated)

H Maximum height (m)

L Maximum length (m) The beam pattern effect on length estimation was taken into account by removing 2R
tan(a/2) of themaximal horizontal length, where Risthe depth of the gravity centre of the
school; and « the beam angle (Johannesson and Losse, 1973).

Elong Elongation Ratio maximal length (L) to the maximal height (H).

Ar Area(m?) Ar = 1/2(HL) assuming that the schools have an ellipsoid shape.

RO Roughness RO = 2 In(Per/4)/(In(Ar). RO iscloseto 1 for schools having a very smooth outline shape
and closeto 2 for the very irregularly shaped schools.

Per Perimeter (m) Corrected from the beam angle error.

MinDep Minimum depth (m) Distance between the sea surface and the upper limit of the schoal.

RelDep Relative depth (m) RelDep = 100(MinDep/depth), where: MinDep is the minimum depth of the school
(distance between the water surface and the upper limit of the schoal). Depth isthe bottom
depth.

[N Integrated back-scattered energy (relativevalue) It is the sum of sguared echo amplitude computed with the samples used to define the

Volume reverberation index (dB m~=3)

school detection. Thisvalueis proportional to the total biomass of the school.
o,=UeSN.g T =1V

where e = number of samples per meter, N isthe number of pingsover theintegrated school
length, n is school sample number integrated for each ping, Sisvessel speed (ms™), Tis
ping period in seconds, V isthe integrated sampling amplitude, measured in volts.

Sv = 10log(cJA), where Aisthe school area (m?). Thisvalueis proportional to the mean
density of the school.

Annex 2. List of school descriptors of the sonar database

Descriptor Signification and unit Calculation method

H Maximum height (m)

L Maximum length (m) The maximum horizontal length of each school is the maximum dimension of the school
along the vessel path. It is estimated using parameters of image acquisition (Gerlotto et al.,
1994). The same beam correction applied on the echosounder school lengths was used

W Maximum width (m) Perpendicular to the vessel path

Elongl Elongation 1 Ratio maximum length (L) to the maximal height (H)

Elong2 Elongation 2 Ratio maximum length (L) to the maximal width (W)

Elong3 Elongation 3 Ratio maximum width (W) to the maximal height (H)

Arl Areal(m?) n/2(LH), calculated assuming and ellipsoid form of the school

Ar2 Area2 (m?) m/2(LW), cal culated assuming and ellipsoid form of the school

Ar3 Area2 (m?) m/2(WH), calculated assuming and ellipsoid form of the school

\% Volume (m®) V = 4/3n(HWL/2), calculated assuming and ellipsoid form of the school

MinDep School depth Distance between the sea surface and the upper limit of the school

RelDep Relative depth RelDep = 100(MinDep/depth)

LatDiB Latera distanceto the boat (m) Horizontal distance from the school centre to the vertical line under the boat
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Abstract

Thefisheries of Lake Victoriain East Africamust be managed effectively to ensure sustainable food supplies. This has been impossiblein
the past due to inadequate knowledge of commercially important fish stocks. Here we present the first acoustic abundance estimates of fishin
Lake Victoria. Five lakewide acoustic surveys were conducted between 1999 and 2001, using the Simrad EY 500 echo-integrator with a 120
kHz split-beam transducer. There are many species of fish in Lake Victoria, however, only limited identification of targets can be achieved by
present methods. Broad categories were distinguished by visual examination of echo-traces. The echo-integrals were partitioned between four
target groups: (1) the Nile perch (Lates niloticus), a top predator, (2) small pelagics comprising mainly the dagaa Rastrineobola argentea
together with mixed species of haplochromines, (3) the crustacean Caridina nilotica and (4) other species. Spatial and temporal differencesin
the Standing Crop were observed between north and south, and between shallow and deep water. Most fish were found inshore but the spatial
distribution varied between seasons. Mid-lake fish densities were higher in August compared to February. In August, the water column iswell
mixed while in February it is stratified with a low-oxygen layer inhospitable to fish near the bottom. There are consequent changes in the
characteristics of observed echo-traces. Over the survey series, Nile perch biomass showed a consistent decline, while the stocks of small
pelagic species increased. We emphasize the need for simple rules to identify species, and hydrographic monitoring to assist echo-trace
classification. In the absence of any other source of comprehensive biomass estimates, the value of acoustic surveying in Lake Victoriais
demonstrated.

© 2003 Editions scientifiques et médicales Elsavier SAS and |fremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Acoustic survey; Fish stock estimation; Species identification; Lake Victoria

1. Introduction prised about 90% of the fish biomass) have become extinct
from the lake due to predation by the Nile perch (Witteet al.,

Lake Victoria is the second largest lake in the world by 2000). In the 1960s, the fisheries sustained a production of
surface area, covering 68 000 km? in East Africa. It has a around 100 000 ton per year, although even then there were
mean depth of 40 m and a shoreline of 3450 km, whichiis  ggns of overexploitation (Reynolds and Greboval, 1988).
shared by the bordering states of Kenya, Tanzania and  Thefisheries now produce over 500 000 ton of fish annually.

Uganda. The lake is an important source of food, employ-  The considerableincrease after 1979 came from the develop-
ment and earni ngsfor the riparian communities through the ing Nile perch population. The present fisheries are much
exploitation of fish resources. simpler than before, being dominated by only three species:

The fisheries of Lake Victoria have undergone drastic the Nile perch, the Nile tilapia (Oreochromis niloticus) and

changes in its recent history. The introduction of the Nile the dagaa (Rastrineobola argentea). In recent years, how-
perch Lates niloticus has had major ecological consequences ever, as fishing pressure on the Nile perch intensified, there

(Goudswaard et dl., 2002). It is thought that some 200 en- have been signs of recovery in at least some of the prey
demic species of haplochromines (which previously com- species (Witte et al., 2000).

* Corresponding author. Research on the lake fisheriesis essential to support man-
E-mail address: maclennan22@aol.com (D.N. MacL ennan). agement initiatives intended to ensure sustainable food sup-

© 2003 Editions scientifiques et médicales Elsevier SAS and I fremer/IRD/InralCemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00008-1
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» Start/end each day

Fig. 1. Stratified track design with most effort applied inshore, as used in
August 1999. Fourteen-day survey from Mwanzato Jinja.

pliesin theregion. Inrecognition of this need, Phase Il of the
Lake Victoria Fisheries Research Project (LVFRP) was
implemented from 1997 until the end of 2001. Acoustic
surveying was a central component of the LVFRP pro-
gramme. Five surveys were conducted at 6-month intervals
starting in August 1999. Each survey covered the whole of
Lake Victoria. In this paper, we describe the methods used
and some of the results obtained from these surveys.

2. Materials and methods

The surveyswere done using the research vessel “Victoria
Explorer” which is a 16.5 m long stern trawler. A 120 kHz
split-beam transducer with 9° beam width between 3 dB
down points was mounted on the vessel’s hull. The trans-
ducer was connected to a Simrad EY500 echo-integrator
controlled by a Toshiba Satellite laptop computer. The echo-
integrator was calibrated twice during each survey using the
standard target method (MacLennan and Simmonds, 1992).
The reference target was initially a 23 mm copper sphere
(TS = -40.4 dB) and, for the fifth survey only, a 33.2 mm
tungsten carbide sphere (TS = —40.6 dB).

2.1. Survey design

Thesurveysweredesigned asaseries of transectscrossing
the lake, normally starting from Mwanza, Tanzania and end-
inginJinja, Uganda. Practical constraints limited
the extent to which a completely even transect design could
be achieved. There are many islands scattered throughout

Lake Victoria. The surveys were conducted primarily during
thedaylight hours, with the vessel going to anchor or lying at
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Fig. 2. Uniform design giving a more even coverage of the whole lake, as
used in February 2000 onwards. Sixteen-day survey from Mwanzato Jinja.

ajetty overnight. The transect design had to allow the vessel
to reach a suitably sheltered location at the end of each day.
The surveying speed of “Victoria Explorer” is about
10 knots. The cross-lake transects are up to 140 miles long,
thus some 30% of the longest transect had to be covered in
darkness. The behaviour of fish iswell known to depend on
the light level, and after dark there were concentrations of
plankton in the water not seen in the daytime. We were
unable to fully allow for these day-night differences. It was,
therefore, important to minimise the amount of survey track
covered at night. The logistical constraints, however, did not
allow a daytime-only survey. The first survey, in August
1999, was designed as a stratified sampling scheme, which
provided more intensive surveying of the shallow inshore
areas . The results showed that more sampling was
needed in the offshore mid-lake areas. Extrasurvey timewas,
therefore, allocated to allow additional cross-lake transects.
shows the resulting design, which was more uniform
than before. The new transect scheme was followed with
minimal modification on the second and later surveys.

2.2. Echo-trace sampling

During the first four surveys, a 3.5 x 3.5 m frame trawl
with 26 mm mesh and a5 mm liner in the codend was used to
sample the echo-traces in midwater. The frame trawl was
effectivein sampling small haplochrominesand the dagaa, R.
argentea. It caught very few of the larger Nile perch which
can easily escape from such asmall net. A bottom trawl with
22.6 m headrope, codend mesh 25 mm and avertical opening
of 3.5 m was used aternately with the frame trawl to sample
the largest fish, which were mostly found close to the lake-
bed. A pelagic trawl (codend mesh size 26 mm and 5 mm
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liner) was obtained for “Victoria Explorer” in May 2001.
During thelast survey, thisgear was used instead of theframe
and bottom trawls. The mouth opening of the pelagic trawl is
about 10 x 10 m. The pelagic trawl proved to be much more
effective at catching thelarger Nileperch. Fishupto96cmin
length were caught. After each trawl haul, the catch was
sampled to determine the species and size composition.

2.3. Data recording

The echo-integration was performed in a series of con-
secutive layers covering the whole water column from 5 m
below the transducer (changed to 3 min the 2001 surveys) to
0.5 m above the bottom. The layers were 5 m thick down to
20 m depth and 10 m thick in deeper water. Echograms and
tables showing the nautical area scattering coefficient
(NASC) for each layer were printed at 6 min intervals. This
corresponds to about 1 nautical mile (1852 km) of cruise
track. Position data (from a Garmin GPS Navigator) and the
NASC values for each 6 min interval were entered on an
Excel spreadsheet for subsequent analysis of biomass and
distribution. Additionally, the echo data (ping interval 0.5 s)
were stored on the Toshiba hard disk in real time, and later
downloaded to recordable compact disks for permanent ar-
chiving.

2.4. Partitioning the echo-integrals

The NASC isasingle measure of all the detected targets.
This needs to be partitioned among such target categories as
can be separately identified, i.e. individual speciesor species
groups. There was a limit to what could be achieved in this
respect. A complete breakdown to species level was not
practicable. Some knowledge of aguatic ecology and the
behaviour of fish as regards aggregation and vertical move-
ment was necessary to decide what level of partitioning was
reasonable.

In our surveys, the partitioning was done in two stages.
Firstly, thetotal NASC wasdivided among “ selections’. This
was based on general knowledge revealed by the trawl
catches, the appearance of characteristic echo-traces and
their depth. We adopted five selections, called Sel 1 through
5, which are defined as follows.

* Sel 1. Near-surface dagaa schools; strong, individual

marks down to 15 m depth.

» Sel 2: Mixed pelagic layer; mostly dagaa and haplo-

chromines, some Nile perch.

* Sel 3: Mixed bottom layer; mostly haplochromines and

Nile perch, some dagaa.

* Sel 4: Diffuse deep layer; mostly composed of Caridina

nilotica with some Barbus profundus.

* Sel 5: Mixture of fish and plankton; diffuse traces every-

where, only seen at night.

shovvs an example where Sel 1, Sel 2 and Sel 3
appear in the same echogram. The selections are distin-
guished by the appearance and/or the depth of the echo-
traces.

Fig. 3. Example of three of the selections used for echo-trace partitioning.
() The strong narrow marks above 15 m are dagaa schools; (b) the patchy
marks 15-20 m are the pelagic mixture—Nile perch, dagaa and Haplochro-
mines; (c) the diffuse weak echoes near the bottom are mainly Caridina
shrimp.

The first stage of partitioning was done for each integra-
tion interval, by alocating the NASC for each 5 or 10 m
depth interval to one selection. Only measurements above
15 m were relevant to the single-species Sel 1. The other
selections required further subdivision to determine useful
groupings of the target ensemble. This second stage of parti-
tioning was based on the species composition of the trawl
catches. For each integration interval, the species proportion
by weight in the nearest trawl catch, taken at an appropriate
depth, was assumed to be representative of the echo-traces.
Where trawl catches were small, two or more hauls in the
vicinity were combined to give more preci se speci es propor-
tions. If the catches were large enough to provide well-
defined size histograms, the catch proportions of each spe-
ciesor species group were averaged. If the catcheswerevery
small, the fish quantities were summed and the total was
treated as though it was one haul.

During the first four surveys, Sel 2 and Sel 3 were parti-
tioned using the catch compositions of the frame trawl and
the bottom trawl, respectively. During the fifth survey, only
the pelagic trawl was used for echo-trace sampling. No allo-
cations to Sel 3 were made in the absence of bottom trawl
data. In the fifth survey, the echo-traces previously alocated
to Sel 3 were now included in Sel 2, which was then parti-
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tioned according to the pelagic trawl catches. The change of
sampling gear has introduced some uncertainty in the parti-
tioning in the fifth survey compared to the earlier results.
However, the pelagic trawl is clearly superior to the methods
previously used for echo-trace sampling. This one gear is
capable of sampling all the stock components, which previ-
ously required two gears. The main question to be considered
for al the gears is the relative catching efficiency between
large and small fish, in particul ar, between the Nile perch and
the small pelagics i.e. dagaa and haplochromines. Conver-
sion factors were determined from catch comparison experi-
ments to ensure that the catch proportions registered by all
the gears are comparable between the five surveys. The
two-stage partitioning ended with the NASC being divided
between the following five categories: (1) dagaa; (2) haplo-
chromines; (3) Nile perch; (4) Caridina (C. nilotica) and (5)
others.

The “others’ category included all the additional species,
which could not be individually determined, notably B. pro-
fundus, Synodontis spp. and the tilapia, O. niloticus. The
acoustic and fishing data collected on our surveys did not
allow any finer discrimination of the species composition
than that indicated above.

2.5. Data analysis

To obtain total abundance estimates, we assumed the
NASC of the unobserved near-surface water would be the
same as that of the top layer. The observed NASC was
increased accordingly.

The acoustic abundances were determined from the mean
NASC multiplied by the water area of each square in a
15 x 15 nmi grid. To compare changes with latitude and
water depth, the abundances were aggregated in the four
zonesillustrated in|Fig. 4 The zonal boundaries were chosen
on convenient political and bathymetry lines. The
northern/southern divide was at the Tanzanian border (lati-
tude 01°S). The offshore/inshore zones corresponded to wa-
ter depths more or less than 40 m, respectively.

Target strength functions are required to convert the
acoustic measurements to biomass. These have the form
TS =20 log, (L) — by, where the factor b,, depends on the
species but not on the fish length L (Foote, 1987). The TS
functions relevant to Lake Victoria are not well known. We
conducted limited experimental investigationson Nile perch,
L. niloticus and dagaa, R. argentea in cages. The results
suggest the following values for b, athough their accuracy
isuncertain: L. niloticus 66 dB; R. argentea 72 dB.

In the absence of any other information, we have assumed
the same TSfunction for al the small pelagicsin thelake. In
the case of C. nilotica, we have assumed abulk TS of -49 dB
kg™, taken from the results on similar crustaceans reported
by Pieper (1979). In view of the uncertainty in these assump-
tions, it is emphasised that our biomass estimates must be
considered as indices rather than absol ute abundances.
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Fig. 4. Chart of the squares grid and the zones used in the analysis. The
zones are (1) north inshore, (2) north offshore, (3) south inshore and (4)
south offshore. The offshore/inshore divide is based on the mean water depth
in the square being more or less than 40 m.

3. Results

3.1. Biomass trends

[Fig. 5|shows the total biomass and the partitioned indices
for four of the species groups described above. The “small
pelagic” group comprises all of the dagaa and Haplochromis
speciescombined. The small pelagicswerefurther divided in
the analysis, however, the results were highly variable. A
much clearer picture of the ecological trends emerges when
the small pelagics are considered as one species group.

The mean total biomass index from all the surveys was
2.17 x 10° ton, corresponding to a Standing Crop (SC) of
31.0 ton km2, of which L. niloticus constituted 59.3%, R.
argentea 22.4%, haplochromines 15.0%, C. nilotica 1.1%
and other species 2.2%. For comparison, Moreau (1995)
found SC values around 27 ton km™ in the early 1970s,
before the Nile perch upsurge, rising to 43 ton km™ in the
mid 1980s.

The trends were investigated by linear regression of the
aggregated biomassindices against time (n = 5,. Each
index had a coefficient of variation (CV) around 25% due to
sampling error. A strong seasonal dependenceisevident. The
average hiomassindex in August is 18.6 + 0.5% higher than
that in February. The regression slope should, nevertheless,
give a good indication of the trends over the 2 years. Any
consistent seasonal effect could influence the regression in-
tercept, but not the slope.

The total biomass index did not change much over the
2 years of the acoustic survey programme. At the species
level, however, considerable changes were observed. Com-
paring the same seasons between years, our results show a
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Fig. 5. Biomass indices from acoustic surveys of Lake Victoria 1999-2001. Points are the individual survey results. Bars show standard errors. Dashed lines:

trends from linear regression of the five indices against time.

declining Nile perch stock (significance level 95%), while
the small pelagics increased substantially over the same
2-year period. This is consistent with the observation of
Witte et al. (2000) that the haplochromine population was
increasing in the late 1990s.

3.2. Bathyspatial distribution
The acoustic surveys showed how fish were distributed

through the water column and across the Iake.shows
how the mean SC changed between the four zones.

In the shallow zones the all-species SC was around twice
that in the offshore zones. Most of the variation comes from
the Nile perch, which are primarily near the bottom. When
the lake was dtratified, there were few echoes below the
oxycline.

In the case of the small pelagics, substantial quantities
were observed in the upper waters throughout the lake. The
dominant speciesin the pelagic zone were dagaa, R. argentea
in surface layers and haplochromines, which were generaly
in deeper layers. The dagaa were less abundant inshore in
August compared to February. The SC was much the samein
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Fig. 6. Distribution of the Standing Crop (means for all five surveys) between the zones of Lake Victoria—1, 2 north; 3, 4 south; 1, 3 shallow; 2, 4 deep. Bars
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Table1

Dissolved oxygen concentrations + 1 standard error (mg I™%) near the
|akebed by water depth and season. Mean results from measurements during
surveysin 2000

Season

February August
Inshore (<40 m depth) 43+0.8 6.2+ 0.6
Offshore (>40 m depth) 1.2+0.7 6.3+0.3

all zones. The small pelagics were patchily distributed in
open water, but more uniformly than the less abundant C.
nilotica, B. profundus and Synodontis species.

The consistency of the spatial distribution was investi-
gated through paired comparisons between surveys of the SC
in each 15 x 15 nmi square. Backward stepwise regression
was used to determine the Pearson moment correlation coef-
ficient. The August distributions were positively and signifi-
cantly correlated with one another, as were those of the
February surveys (P < 0.01). The cross-correlations between
the February and August surveys were much |ess consistent.

3.3. Environmental factors

During February, most of the deeper |akeis stratified with
richly oxygenated water lying above anearly anoxic layer. In
August the water is well mixed with a much higher concen-
tration of dissolved oxygen. shows the concentra-
tions recorded during the two surveys in 2000. Note that
3mg|isthecritical level of dissolved oxygen below which
most fish species are not able to survive (Chapman et al.,
1995; Wanink et al., 2001).

The inshore oxygen concentration remained high
throughout the year. The seasonal changes were much stron-
ger in the deeper water.

4. Discussion

This paper describes the first comprehensive acoustic as-
sessment of fish stocksin Lake Victoria. Due to the pioneer-
ing nature of the work, some changes in methodology were
adopted as techniques developed. The initial survey design
was more stratified than that adopted later, the survey dura-
tion was extended to allow more fishing and a higher degree
of area coverage, and a new gear was introduced to improve
echo-trace sampling. These changes could bias the observed
trends and the species proportions from echo-trace partition-
ing. The results are, nevertheless, our best estimates of the
biomass indices and the distribution of fish stocks. The expe-
rience gained should allow future surveys to be conducted
with amore consistent methodol ogy. Consistency in acoustic
surveying isimportant for reliable indication of trendsin the
biomass and its principal components.

The vertical echo-sounder cannot integrate fish in the
near-surface layer. Corrections can be made if the near-
surface aggregations are similar to those observed further
down, however, substantial coastal areas of LakeVictoriaare

less than 10 m deep. Estimates made by present techniques
are unsatisfactory in these circumstances. Horizontal sonar
might be used in future surveysasanovel way toimprovethe
coverage of the lake.

Better knowledge of thefish TSisneeded to determinethe
biomass as an absolute measure rather than an index. Our
experiments showed that the caged-fish technique workswell
for the robust Nile perch, however, they were restricted to
juvenile specimens. Further work on larger fish is required.
In the case of R. argentea, the mortality rate in the experi-
mental cage was too high to give good results. Improved
techniques are needed to maintain the captive fish in good
condition. Future TS experiments should include other spe-
cies, notably the pelagic haplochromines and the tilapia O.
niloticus. It would also be useful to determine the TS of the
lake fly larvae, Chaoborus spp., since they can produce
strong planktonic echoes at night.

In addition to oxygen, the chlorophyll-a concentration,
water temperature and salinity were measured during the
surveys. Seasonal differences in al these parameters were
observed which could further influence the fish distribution.
For example, higher fish densities were observed in warmer
water i.e. in the coastal shallows compared to the centra
areas of the lake. This suggests that the water temperatureis
also an important determinant of the spatial distribution and
variability of the fish stocks.

Understanding the behavioural ecology of fishis essentia
to the interpretation of acoustic surveys. Fish aggregation
behaviour can change with the time of day and environmen-
tal conditions. This affects the characteristics of the echo-
traces (Aglen, 1994; Misund, 1997). In Lake Victoria, the
scattering layers containing fish have different features from
time to time. Inshore, the main layer was usually near the
bottom during morning hours and in midwater during the
afternoon. In the evening, fish were scattered all over the
water column. In the open deeper part of the lake, the layer
was always in midwater.

When periods with different fish aggregation behaviour
are being compared, different criteria are needed for parti-
tioning the echo-integrals. We used simple rules to make the
partitioning as objective as possible, however, the possible
bias in the partitioned results is unknown. The reliance on
trawl catches for the species and size proportions could
introduce substantial error. The relative catch selectivity on
species as different as Nile perch and dagaais a particularly
difficult question.

Therewas asignificant (P > 0.95) decline of the L. niloti-
cus stock over the 2 years of our investigations. Fishing
pressure is a primary reason for the decline, however, envi-
ronmental changes could also be important. Oxygen deple-
tion can deny large areas of the bottom to fish. Thisisthought
to have contributed the past decline of the haplochromine
stocks (Hecky et al., 1994). Anoxia forces the demersal
population to concentrate inshore where they are more vul-
nerable to predation by L. niloticus (Witte et a., 1992,
Kudhongania and Cordone, 1974).
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Some spatial separation of the species may be maintained,
depending on the precise environmental conditions, sincethe
small haplochromines can tolerate |ow-oxygen water unsuit-
able for the large perch (Fish, 1956; van Oijen et a., 1981,
Chapman et a., 1995).

The important point here is that environmental and bio-
logical studies need to be included in the stock assessment
process. All the factors motivating change must be consid-
ered together, to determine the true risk to the long-term
future of sustainable fisheries.
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Abstract

Hydroacoustical estimation of fish abundance and distribution is performed in three reservoirs that are characterised by different levels of
eutrophication. The Biosonics 101 dual beam echosounder with a frequency of 420 kHz and the ESP software for acoustical data analyses are
used. A clear dependence between fish density and the level of eutrophication is observed. In the mesotrophic Solina reservoir, fish abundance
is over an order of magnitude lower than that in the eutrophic Dobczyce and Sulejow reservoirs. Fish length distributions have different shapes
in the three reservoirs, which indicates the changes in fish size structure due to eutrophication; however, the mean target strength of fish does
not differ significantly. These results suggest that hydroacoustically collected data may help to assess the ecological state of inland waters and
may be used together with other methods in monitoring the water quality.
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1. Introduction evaluation and classification of lakes. One of the major prob-
lems is that the trophic parameters are determined from point
Eutrophication of inland waters, which leads to fast dete- measurements, while in fact they are changing within the
rioration of water quality and to the commonly observed water body both horizontally and vertically. Thus, point mea-
phytoplankton blooms (Tarczgka et al., 2001), is a world-  surements are not always representative of the trophic state of
wide problem for the managers of water resources. If sustain-the whole ecosystem of reservoir or lake. Carlson (1977) has
able management and restoration of aquatic ecosystems is tattempted to develop a universal trophic state index for lakes
be successful, it is important to have cost-effective methodsthat could be calculated on the basis of any of several param-
for reliable, large scale monitoring of water quality. New eters, such as Secchi disk transparency, chloroployltotal
technology has an increasing role to play in the classificationphosphorus, thus, that would retain the expression of the
and management, and methodologies for classification anddiverse aspects of the trophic state, yet still could have the
evaluation of lake state should be developed (see requiresimplicity of a single parameter index. However, compara-
ments of the new Water Framework Directive). tively high fluctuations of the index, which are dependent on
Classification schemes for standing waters have been ahe parameter used for calculations, and high seasonal sensi-
subject of research for over a century. The major focus of tivity have limited its routine application.
most research has been the trophic status, which is princi- Changes in nutrient loading result in changes in commu-
pally determined by phosphorus and nitrogen. However, it is nity structure at each trophic level including fish. To quantify
well known that the concentrations of nutrients in reservoirs sych changes, numerous indices have been developed, see
undergo natural fluctuations dependent on the physical,review by Washington (1984), but their validity has been
chemical and biological characters of their watersheds. Thisquestioned, as contrasting results have been obtained for
leads to significant difficulties in sampling, measurement, relationships between species richness and trophic state.
Classification using various taxonomic groups, or assem-
"+ Corresponding author. blages from specific habitats have encountered difficulties,
E-mail addressmce-pan@mail.unicom.pl (M. Godlewska). because such indices often reflect local conditions rather than

© 2003 Hiitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00014-7
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Table1

Characteristics of the reservoirs under study

Reservoir  State of eutrophication Total phosphorus Retention time
(umg dm™3) (month)

Solina Mesotrophic 6 6

Dobczyce Eutrophic 93 4

Sulgjow Highly eutrophic 366 1

Area(ha)

Volume (10° m®)  Mean depth (m) ~ Maximum depth
(m)
2105 472 22 65
1120 127 11 35
2200 75 3 10

the quality of the water as a whole. Classification schemes
based upon phytoplankton and zooplankton, or zoobenthos,
while offering probably the most directly relevant informa-
tion to water managers asrelated to the whole water column,
have limited usefulness due to the complexity of interpreta-
tion and difficultiesin separating natural variation from those
caused by the impact of man. The classification of standing
water state using macrophytes (Melzer, 1999; Ozimek and
Kowalczewski, 1984) is aso limited by the fact that macro-
phytes may obtain their phosphorus from long accumulation
in sediments and therefore may belargely independent of the
current water column concentrations.

The existing different measures of the ecological state of
the ecosystem, based on chemical, physical and biological
parameters (Carlson, 1977; Washington 1984) are as yet not
sufficient for the effective monitoring and management of a
lake, and leave a considerable room for improvement. New
methods for eval uation and assessment of alake state should
be developed. In this respect, hydroacoustical methods de-
serve more attention than that they have been given so far. In
contrast to conventional point measurements, the hydroa-
coustical methods provide high resolution area-based synop-
tic datathat are collected on aregular basis adequate for GIS
presentation. Thus, they enable to visualise, evauate and
compare the outcome resulting from different reservairs, or
different moments in time (daily, seasonally, annually). The
digital format of remotely sensed data makes it easy to
retrieve and analyse large amounts of information at low cost
and in a short period of time.

Eutrophication leads to undesirable changes in fish spe-
cies composition, size distribution and abundance (Colby et
a., 1972; Kubecka, 1993). Salmonids characteristic of olig-
otrophic conditions are replaced by cyprinids with rapidly
decreasing share of predatory fish. The density of fish at the
beginning increases, then falls dramatically with the number
of species and their body lengths continuously decreasing
(Bachmann et al., 1996; Jeppesen et a., 20003, b). Fishery
methods can give us detailed information about the popula-
tion structure of fish, which is an important indicator of the
water quality, but to assess fish biomass these methods are
very tedious, time and labour consuming and not aways
applicable. By contrast, fish abundance can be easily esti-
mated using acoustics. The length distributions of fish popu-
lations, measured acoustically, have lower precision than
traditional fishery methods, but for comparison purposes, itis
probably sufficient. In spite of the advantages of acoustical
methods, they are as yet seldom used to study freshwater
ecosystems.

Application of hydroacoustics for ecological studies is
very promising and rapidly developing nowadays. Echo
sounding techniques can provide the basic information not
only on fish stocks, sizes and spatio-temporal distribution
patterns (Swierzowski et al., 2000), but also on zooplankton
(Stanton and Chu, 1998; Stanton et al., 2001), bottom char-
acteristics (LeBlanc et a., 1992; Anderson et al., 2002) and
macrophytes coverage (Sabol and Burczyhski, 1998). Thus,
acoustical methods can integrate several of the quality indi-
ces that have been used so far, in addition offering the scale
and accuracy not available with other methods. Knowledge
of the rel ationships between fish, macrophytes and zoopl ank-
ton that can be assessed using acoustics is of great impor-
tance for the conservation of high water quality.

The paper presentsthe preliminary results, whose aim was
to check which of the fish parameters derived from hydroa-
coustical monitoring of thereservoir can be used asindices of
its trophic state. For this purpose, the hydroacoustical data
concerning fish abundance and size distribution are com-
pared with the environmental parametersfor threereservoirs,
which differed substantially as regarding their condition and
water quality.

2. Materials and methods
2.1. Study sites

Three reservoirs with contrasting levels of eutrophication
(total phosphorus loadings in each of them differed roughly
by one order of magnitude) were studied: the montane me-
sotrophic Solina reservoir, the submontane eutrophic Dob-
czyce reservoir and the lowland highly eutrophic Sulejow
reservoir. Their principal morphometric and trophic charac-
teristics are summarised in[Table 1]

The largest reservoir, Solina, situated in the Carpathian
M ountains, comprises about 15% of the total water storagein
Poland. Due to the power station activity, the fluctuation of
the water level isup to 10 m, which leads to the absence of
littoral area. Concentrations of phosphorus and nitrogen
compounds in the reservoir correspond to mesotrophy. The
most frequent fish species are: bream (Abramis brama)
57.8%, crucian carp (Carassius carassius) 16.1%, roach
(Rutilus rutilus) 9.2%, pike-perch (Stizostedion lucioperca)
4.5% and perch (Perca fluviatilis) 4.8% (Bieniarz and Epler,
1993). Information on the physical, chemical and biological
characteristics of thereservoir isavailable (Godlewskaet al .,
2000).

The Dobczyce reservoir supplies the drinking water for
Krakow, one of the largest cities in Poland. Hence, the qual-
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ity of water isthe main concern for both the authorities and
theinhabitants. Thefish management applied in the reservoir
is based on a biomanipulation, which is directed to an in-
crease in the number of predatory fish by stocking and by
prohibition of angling, and the limitation of planktivorous
fish by regular catches. These practices ensure agood quality
of water, in spite of afairly high loading of nutrients. The
most frequent species are the same asin the Solinareservoir,
i.e. bream, roach, pikeperch and perch, but they are present in
different proportions (Jelonek and Godlewska, 2000).

The Sulgjow is a shallow lowland reservoir situated in
central Poland. Thereservoir iseutrophic dueto high nutrient
loads. Total phosphorus concentrations (TP) of about 150-
500 pg dm~3, and total nitrogen (TN) of 1500-2500 ug dm™
are maintained throughout the year (Tarczyhska, 2001). This
leads to the occurrence of toxic algal blooms during periods
of mean water temperatures exceeding 18 °C. Since the
Sulgéw reservoir is one of the important freshwater re-
sources for the city of £8dz (over one million people) the
utilisation of water may be highly dangerous.

2.2. Field measurements

Hydroacoustical records of fish distribution were obtained
along closely separated zigzag transects covering the whole
area of the reservoirs with depths exceeding 3 m. Surveys
were performed during summer seasons of 1999-2002 on day
and night bases:. three surveysin the Solinareservoir, threein
the Dobczyce reservoir and one survey in the Sulejéw reser-
voir. The echosounder used was a Biosonic 101 dua beam,
420 kHz, with a narrow beam width of 6° and a wide beam
width of 15°. To estimate fish abundance and size distribu-
tion, the echo counting method was applied withthe TV G set
to 40 log R. Due to time limitations and the fact that the
echosounder used did not allow for the simultaneous record-
ing of 20 log R and 40 log R, the echo integration was not
performed. The echo sounding results were analysed using
the ESP software system supplied by the manufacturer. The
instrument settings for data acquisition were the following:
pulse length t = 0.4 ms, single target criteria0.8 <t < 1.2,
repetition rate 0.1 or 0.5 s, threshold -65 dB (200 mV), The
parameters settings in the post-processing software were the
same for al three reservoirs The maximum half-angle for
processing targets was set to three and the beam pattern
factor > zero had threshold 3 dB. The acoustic system was
routinely calibrated with a-43.2 dB tungsten carbide sphere
before each measurement series (Foote et al., 1987).

In the Solina reservoir, water samples for the analysis of
chlorophyll a, nutrients, and zooplankton were taken at nine
stations at which temperature, oxygen concentration and
Secchi disk visibility were al'so measured. The stations were
situated in the main basin near the dam, aswell asin thetwo
branches of the reservoir; the Solinka and San supply rivers,
which were characterised by different trophic levels. For the
Dobczyce and Sulejow reservoirs, environmental data were
taken from one monitoring station during the year when

to 100
100 - 400
400- 700
700-1000

1000 - 1300

above 1300
fish-ha™!

Fig. 1. Fish spatial distribution in the Solinareservoir (Poland).

acoustical data were collected (M. Tarczyfska and E. Wilk-
Wozniak, personal communications).

3. Results

3.1. The Solina reservoir

Fish spatial distribution in the Solina reservoir (Fig. 1)
exhibitsatypical longitudinal pattern with higher concentra-
tionsin shallow areas close to the river discharge, and lower
concentrations in a deep part near the dam. The fish density
gradient corresponds to the enhancement in the productivity
of the reservoir. Patchiness in fish distribution also clearly
reveals the locations of agricultural and tourist pollution
(source of nutrients).

Acoustical fish characteristics, such as mean density and
mean target strength (TS) along the longitudinal axis
are correlated with the nutrient gradient represented by such
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Fig. 2. Fish densities and their mean TSs in four transects in the Solinka
branch of the Solina reservoir along the increasing trophic level (from the
dam towards the river discharge).
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Fig. 3. Environmental parameters at four stations along the Solinka branch
of the Solinareservoir. Secchi disk visibility and chlorophyll a concentration
aretaken asmean for the season, from May to October (T. Péttorak, personal
communications) and eutrophication index based on the Oligochaeta to
Chironomidae ratio in benthos was determined by T. Prus et a. (personal
communications).

environmental characteristics as Secchi disc visibility, chlo-
rophyll a concentration and eutrophication index based on
the Oligochaeta to Chironomidae ratio in benthos (Fig. 3).
Comparison of the[Figs. 2 and 3 shows that fish abundance
increaseswith increased eutrophication level, whilethe mean
size of fish represented by its TS decreases.

3.2. Comparison of dam reservoirs

As expected, the three reservoirs with the contrasting
levels of eutrophication also differed strongly in the levels of
fish densities and fish length distributions. Similar to the
Solinareservoir aone, fish abundancefirst increased with an
increased concentration of chlorophyll a in the Dobczyce
reservoir, then dropped in the Sulej6w reservoir, although the
chlorophyll a wasfurther increasing . Using the echo
counting method, instead of echo integration, could lead to
some underestimation of fish abundance, especially in the
shallowest Sulgjéw reservoir. This makes it impossible to
decide whether the observed drop in fish density was caused
by the bias in the acoustical fish density estimate or was the
real one and caused by eutrophication. In the Solina and
Dobczyce reservoirs, fish were fairly well dispersed at night
and the bias due to multiple targets was negligible. The
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Fig. 4. Fish density estimates (night only, threshold -65 dB) in three reser-
voirs with different levels of eutrophication. Fish density 1: the Solina
reservoir surveyed on 14 July 2000, the Dobczyce reservoir surveyed on 19
June 2000, the Sulejéw reservoir surveyed on 16 July 2002. Fish density 2:
the Solina reservoir surveyed on 23 August 2001, the Dobczyce reservoir
surveyed on 1 August 2002 (see Table 2).

seasonal and year-to-year fluctuations of fish densitieswithin
a given reservoir were much smaller than the variations
between the reservoirs (Table 2).

In the mesotrophic Solina reservoir, fish concentrations
were over one order of magnitude lower than that in the other
two eutrophic reservoirs, independently of the threshold ap-
plied for the analysis . This was true for both day
and night estimates. In the Solinareservoir, the day estimates
were regularly slightly higher than those of the night ones,
probably due to diurna vertical migrations of fish (Go-
dlewskaet al., 2000). On the other hand, in the Dobczyce and
Sulgjow reservoirs, which are shallower, night estimates
were usually higher than the estimates during the day, prob-
ably due to predominance of the horizontal over the vertical
migrations, from the littoral during the day to open water at
night (Godlewska, 2002).

The fish length distributions represented by their TS dif-
fered markedly in all three reservoirs. The distributions pre-
sented were based on all echoes considered as independent
samples dFig. Sb. Since the different number of fish was
registered in each of thereservoirs, thefrequency of every TS
class was shown as the percentage of total number of fish. In
the Solina reservoir, all but very large sizes (in dB) were
present in similar proportions. In the Dobczyce reservoir,
pressure of the predatory fish was demonstrated by a little
contribution of small specimensinto the population structure
(due to biomanipulation the predatory pike-perch and perch
made over 30% of fish population and efficiently eliminated
small specimens). In the Sulejow reservoir, the situation was
opposite, the smallest sizes dominated and larger fish were
entirely absent.

In spite of clear differences in the shape of fish length
distributions in the three reservoirs, the mean values of fish
acoustical lengthsdid not differ significantly (Table 2). It was
to be expected, as the TS values varied greatly, and in this
case the mean value was almost meaningless. To characterise
the fish size distributions, instead of the mean value, one
should rather use the percentage of fish belonging to acertain
size classes.

4, Discussion

By studying systems at the extremes of the trophic gradi-
ent (low trophy Solina reservoir and highly eutrophic Sule-
jow reservair), we hoped to obtain amore clear picture of the
relationship between lake productivity and fish parametersin
abroad spectrum of thereservoir ecosystems. Thereservoirs,
as expected, differed strongly in the levels of fish density.
Fish concentrations in the two eutrophic reservoirs were
more than an order of magnitude higher than that in the
mesotrophic reservoir. It is obvious, that for the purpose of
comparison, measurements should be taken at the sametime
of the season—preferably at the end of summer, and the same
time of day—preferably at night, when amajority of fish are
dispersed in the pelagial. The TSthreshold isvery important,
although its proper choice may be difficult at the present,
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Table 2

Fish densities and the TS for the studied reservoirs

Reservoir name Date Fish(ha®) MeanTS® SD. TSmax Mean Number Day or night

s(indB)®  offish®

Threshold 200 mV (TS =-65dB)

Solinareservoir 14 July 2000 48 -52.39 6.7 -35.8 —47.52 229 D
14 July 2000 43 -53.76 6.1 -37.0 —46.64 107 N
23 August 2001 178 —55.63 5.2 -34.3 -51.32 2287 N

Dobczyce reservoir 19 June 2000 3030 -54.34 4.8 -32.9 -51.33 5944 D
19 June 2000 5340 —-55.04 4.3 -29.0 -52.44 9200 N
13 August 2001 2610 -53.23 5.6 -30.3 —49.75 13074 D
13 August 2001 3390 -53.74 5.2 -34.4 -50.97 16 355 N
01 August 2002 5625 —55.48 5.2 -31.0 -52.10 7889 N

Sulejéw reservoir 16 July 2002 1743 -56.47 4.8 -355 -53.13 1662 N
16 July 2002 574 —56.58 5.9 -36.3 -50.38 80 D

Threshold 500 mV (TS=-57 dB)

Solinareservoir 14 July 2000 35 —49.29 42 -35.8 —-46.78 164 D
14 July 2000 23 —49.03 4.4 -37.0 —46.27 58 N
23 August 2001 43 -50.47 4.0 -34.3 —47.99 1176 N
24 September 2002 58 —47.90 49 -30.6 —44.17 733 D
24 September 2002 43 -48.84 44 -30.5 -45.91 535 N

Dobczyce reservoir 19 June 2000 1875 -50.87 33 -32.9 —49.06 3672 D
19 June 2000 2865 -51.69 2.6 -29.0 -50.12 4939 N
13 August 2001 1605 —49.34 34 -30.3 —47.70 8057 D
13 August 2001 2055 —49.98 29 -34.4 -48.97 9930 N
01 August 2002 2805 -50.67 29 -31.0 —49.24 3882 N

Sulejéw reservoir 16 July 2002 151 —-48.55 5.1 -355 —45.08 21 D
16 July 2002 618 -51.00 33 -36.3 —49.00 431 N

Threshold 1000 mV (TS=-50dB)

Solinareservoir 14 July 2000 13 —45.18 30 -35.8 —43.99 58 D
14 July 2000 8 —44.51 3.6 -37.0 -42.97 22 N
23 August 2001 10 —46.10 33 -34.3 —44.57 314 N
24 September 2002 28 —44.98 3.7 -30.6 -43.11 361 D
24 September 2002 20 —45.33 33 -30.5 -43.87 239 N

Dobczyce reservoir 19 June 2000 345 —46.26 29 -32.9 —44.95 685 D
19 June 2000 180 —46.33 39 -29.0 -43.24 321 N
13 August 2001 690 —46.58 23 -30.3 —45.54 3485 D
13 August 2001 735 -47.36 18 -34.4 —46.86 3549 N
01 August 2002 690 —47.73 2.4 -31.0 —46.42 1164 N

Sulejéw reservoir 16 July 2002 63 —44.02 4.4 -36.3 -42.01 9 D
16 July 2002 98 —45.46 32 -35.5 —43.96 70 N

2Mean TS averaged in logarithmic domain.
P Mean TS averaged in linear domain and then recal culated to dB.
¢ Number of fish taken for statistics.

with alimited knowledge of the TS of inland fishes at differ-
ent frequencies. The threshold used in this study (-65 dB)
may seem to be low as compared with other investigations
done at frequencies 120 and 200 kHz. The reason for thislow
threshold was that at frequency 420 kHz, the TS of fish is
considerably smaller than at lower frequencies. According to
Mason and Schaner (2001), who measured the TS of fish
simultaneously by afew different echosounders, the 420 kHz
system consistently had the lowest estimates of TS, witha13
dB average deviation from other systemsat -70 dB threshold,
and 17 dB at -80 dB. In our observations (not published), the
TSs of roach and perch were considerably lower than it
would be expected from the commonly used Love' s formula
(1977). The TSdistributions can be directly compared only if

they were received with the same frequencies. Observed
differencesin fish density and fish length distributions, aong
the nutrient gradient, suggest that both parameters can be
used asindices of the quality of the ecosystem.

Weare aware of thefact that fish popul ations are subject to
large fluctuations seasonally, and from year to year. These
changes may arise through fish management (fishing pres-
sure or stocking) or from natural causes, mainly affecting the
survival of juveniles. This considerably weakensthe strength
of the fish abundance as an indicator of the quality of the
ecosystem. Nevertheless, a relationship between fish densi-
tiesand the eutrophication level hasbeen demonstrated in the
literature. Jeppesen et al. (1997) observed that the total catch
of fish per net (CPUE) in multimesh gillnets placed in the
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Fig. 5. Fish length distributions in three reservoirs with different trophic
levels.

open water and thelittoral zone of 42 north temperate Danish
lakes was positively related to nutrient level. The relation-
ships between fish abundance and nutrients and fish abun-
dance and zooplankton/phytoplankton ratio and between
chlorophyll a and total phosphorus measured in 25 New
Zealand lakes (Jeppesen et al., 2000a) have largely followed
the pattern obtained for Danish lakes. A similar pattern was
observed in 65 Florida (USA) lakes, which were selected to
range from oligotrophic to hypereutrophic. The total fish
biomass per unit area was positively correlated with total
phosphorus, total nitrogen, chlorophyll a, and inversely cor-
related with Secchi disc transparency. On an average, the
standing crops increased about one order of magnitude from
the oligotrophic to the hypereutrophic (Bachmann et al.,
1996). According to these authors, there was a considerable
unexplained variance (about 75%) in these relationships, due
in part to other factors influencing fish stocks and the practi-
cal sampling problems of estimating the biomass of wild fish
populations. It isapparent, that alarge number of interlinking
ecological factors operate, especialy in shalow lakes, to
make at present only a general guidance possible in which
fish populations can be associated with lakes of different
environmental conditions. The application of acoustics may
lead to a better understanding of these linkages and a more
precise estimation of fish stocks.

The changes in fish abundance and size distribution re-
ceived in this study, using hydroacoustical methods, corre-
spond well to the resultsreceived by traditional fishery meth-
ods for other lakes, both in temperate and tropical regions.
Many factors may introduce biases in the fish density mea-
sured by acoustics (MacLennan and Simmonds, 1992), but
other methods are not free of them either. Diurnal variationin
fish behaviour affects the results of surveys, especialy the
ratio of apparent biomass measured by day and night (Go-
dlewska, 2002). Among the different biases, the majority

leads to underestimation rather than overestimation. During
the day, factors leading to underestimation include: vessel
avoidance (Olsen, 1990), the acoustic shadow in dense ag-
gregations (Appenzeller and Leggett, 1992), daily horizontal
migrations causing that fish are located in inaccessible area,
littoral zone for instance (Godlewska, 2002), the decreasein
TS associated with an increase in the tilt angle, when fish
dive below the boat (Fréon et al., 1993), and the bottom blind
area when during the day important part of the biomass is
located very close to the bottom. During the night, the major
underestimation, in measured acoustic density, is due to a
subsurface blind area dependent on the depth of the trans-
ducer and its dead zone. This problem may be solved using
additional horizontally looking transducer (Kubecka, 1996).
In spite of all these difficulties, the use of hydroacoustics to
estimate fish abundance, instead of traditional fishery meth-
ods, has many advantages, e.g. such as time and cost effec-
tiveness, coverage of large areas, high spatial resolution. If
additionally accompanied by control catches for species
composition, acoustics can providethe basisfor anintegrated
fish-oriented indicator of the ecosystem quality. The efforts
of incorporating fish into lake quality measures should be
supported because fish have both economic and aesthetic
values, and thus help to raise awareness for the necessity of
conserving aguatic habitats. Among the biological indices,
fish should be considered as key organisms because they are
present in nearly all water bodies, are indicative of habitat
quality at various spatial scales, occupy variety of trophic
levels, and play acentral rolein lake restoration and manage-
ment (Lammens, 1999).

Acoustical methods need many more investigations be-
fore they can be used as a standard monitoring tool and a
source of ecosystem quality indices, but the results so far
justify effortsapplied. A standard protocol, for the collection
and processing of acoustic data, should be done before
implementation of the new Water Framework Directive. Cur-
rently, there are at least 13 different scientific echosounders
encompassing seven models and four frequencies (70, 120,
200 and 420 kHz), which make it very difficult to compare
data between different hydroacoustic systems, lakes and in-
dividual users. The intercalibration of different acoustical
systems should be encouraged.
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Abstract

A 200-kHz split-beam echosounder (BioSonics, DT6000) with a 6° circular-beam transducer was applied in a mangrove channel in
Northern Brazil to study the migratory patterns of intertidal fish. Acoustic sampling was conducted horizontally across the channel
perpendicular to thetidal current during two lunar cyclesin the dry season 2000 and the wet season 2001. The complex acoustic environment
of the mangrove channel was characterized by small target sizes (juvenile fish), multiple targets (aggregated fish), high reverberation and
background noise levels due to sediment |oads, plankton and mangrove litter transport. Dry seasons provided less noisy acoustic conditions
resulting in clearer echo datathan wet seasons. Neap tide datawere |ess complex than spring tide data. During atidal cycle, low water provided
the clearest acoustic conditions. Mangrove |eaves generated fish-like echoes. Analysis of two dry season wax moon cycles reveal ed fish flux
maximaat low water, flood start and high water in the daytime and the night cycle. Night fish fluxes were significantly higher than at daylight.
Throughout thetidal cycles, 60% of the fish traveled with the tide and 40% against, suggesting active foraging against the tide to be amajor
component of fish movements. Resident mangrove fish entered the intertidal creeks at early flood tide, leaving at late ebb tide at fairly
shallow-water depths. Estuarine fish required a minimum water depth (about 2 m) for tidal migration. Since time delays during spring tides
between immigration of resident and estuarine fish were reduced, foraging time and habitat accessibility would be enhanced and fish catches

and fishes’ feeding success would be gresater.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction

Mangroves—the highly productive evergreen tidal
forests—are considered important nursery areas for young
fish throughout the tropical and subtropical coasts of the
world (Bell et al., 1984; Robertson and Duke, 1987; Louis et
al., 1995; Laroche et a., 1997; Barletta-Bergan et a., 2002).
Interannual, seasonal, lunar and diel changes have been ob-
served in mangrove ichtyofauna (Davis, 1988; Laegdsgaard
and Johnson, 1995; Laroche et al., 1997; Barletta, 1999).
These changes are caused by active movements of thefishin
response to variations in food availability, presence of com-
petitors, predation risk and environmental suitability (Gibson
et al., 1998) on short-, medium- and long-term scales.

Sincetidal-related short-time movements may play alarge
part in the everyday survival strategies of juvenilefish, com-

* Corresponding author.
E-mail address: uwe krumme@zmt.uni-bremen.de (U. Krumme).

prehensive information about such movements is essentia
for understanding the life of the young fish in their nursery
habitats. Optimized small-scale movements within a nursery
probably enhance growth, survival and thus recruitment suc-
Cess.

Although short-time changes in intertidal fish communi-
ties have been the focus of severa studies (Davis, 1988;
Laroche et a., 1997; Gibson et al., 1998; Krumme, own
obs.), there is a considerable lack of detailed investigations
on this particular time scale.

However, sampling in tidal habitats is often difficult to
carry out (Horn et al., 1999). Generally, high tidal dynamics
reguire high sample resolution and thus, sampling soon be-
comeslabor-intensive. Additionally, strong tides and floating
mangrove litter can considerably impede sampling with con-
ventional fishing gear. Finally, low water clarity prevailingin
many mangroves hampers visual observations of fish move-
ments.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

doi:10.1016/S0990-7440(03)00046-9
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Fig. 1. Mangrove peninsulasoutheast of the Amazon estuary, 200 km east of
Belém, North Brazil; location of the study site (Furo do Meio) in the center
of the mangrove peninsula (black square) near the city of Braganca. Black
line indicates road from Braganca to the beach.

Modern hydroacoustic equipment allows for non-
intrusive, high-resolution sampling even in shallow-water
environments. The tidally influenced fish behavior has been
commonly observed in many estuaries and tidally influenced
rivers(e.g. Levy and Cadenhead, 1995), albeit wefound only
one study which was conducted in atropical mangrove envi-
ronment (Guillard, 1998).

Within the scope of the MADAM project (Mangrove
Dynamics and Management; Berger et a., 1999) we could
apply a 200-kHz split-beam sonar (BioSonics) in a mac-
rotidal mangrove channel in Northern Brazil. Here, we
present results about the tidal-related migratory dynamics of
mangrove fish; critical phases for data acquisition in a man-
grove environment are discussed.

2. Materials and methods
2.1. Study area and site

The study area, a180 km? peninsulalocated in the second
largest mangrove areain theworld (Spalding et a., 1997), is
situated about 200 km east of Belém in the estuary of the
Caeté river Morethan 4/5 of the mangrove peninsula
is covered by mangroves, predominantly Rhizophora
mangle, Avicennia germinanson the more el evated sites, and

rarely Laguncularia racemosa. A detailed description of the
study area can be found in Krause et al. (2001).

Thetidal regimeis semidiurnal, ranging between 2.5 and
5 m at neap tides and spring tides, respectively. The region
receives about 2500 mm of rainfall per year (INMET, 1992),
mainly from January to June. Salinities (psu) can be below 5
inApril and exceed 35 in November. Air and water tempera-
tures are high year-round, ranging from 25 to 33 °C and
27-30 °C, respectively. Water clarity islow (5-30 cm, max.
100 cm Secchi depth). Dittmar and Lara (20014, b) provide
further details about the dynamics of abiotic parameters.

The study site was located in the Furo do Meio, alarge
creek in the central part of the peninsula that has
already been the sample site for several fisheries studies
(Barletta, 1999; Barletta-Bergan, 1999; Krumme, own obs,;
Leal-Florez, pers. comm.; Brenner, pers. comm.). The Furo
do Meio is a cul-de-sac channel with a length of about 4.5
km. An extensive sand bank characterizes the lower reaches
until 2.5 km upstream of the mouth. The upper reaches are
composed entirely of mud providing an acoustically absorp-
tive bottom boundary. Both the extreme upper and the entire
lower reaches of the Furo do Meio are amost completely
exposed to the air during low water (LW) (the deepest chan-
nel holds less than 5 m of water at LW). The sonar site was
situated in the upper sector of the extensive subtidal section
(1 km length) that extended to where the sand-dominated
lower reaches started. Water depth at the sample sitewas4 m
at LW and could exceed 8 m at high water (HW). The channel
width at the sonar sitewas 30 m at LW and about 50 m at HW

2.2. Tidal-related acoustic sampling

The 200-kHz split-beam sonar (Biosonics, DT6000) with
a 6° circular-beam transducer was employed horizontally
acrossthe channel perpendicular to thetidal flux with
acoustic ranges at neap tide between 14 m at LW and 23 m at
HW. The transducer was fixed to an aluminum frame (35 cm
below the water surface), which was attached on two plastic
floating bodies (130 x 25 x 25 cm each). The horizontal
position of the floating device was adapted to the changing
water levels using four different positions (P1: HW, P2 and
P3: intermediate, P4: LW). At each position, the four corners
of the floating device were moored on four wooden sticks
that determined the position. Thus, the transducer could float
within each position while the transducer’s orientation re-
mained steady (no pitch and roll).

2.3. Data acquisition

Acoustic data were collected during two successive lunar
cycles: adry season from September to November 2000, and
awet season from March to May 2001. For each lunar phase,
data were continuously acquired for 50 h, thus covering four
consecutive tidal cycles. The transmission rate of the sound
pulses was four pings per second. A narrow pulse-width of
0.2 ms was chosen to maximize the range-resolution of
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Fig. 2. Tidal-related acoustic sampling in the Furo do Meio. Aeria (above)
and cross-sectional view (below) of sonar site. Insonified portions of the
channel at different tidal stages (schematic drawing). P1: transducer high
water position, P2 and P3: intermediate positions, P4: LW position. SHW =
spring tide high water; NHW = neap tide high water; MLW = mean low
water.

individual fish and to minimize reverberation levels. Low
ambient noise (beyond —80 dB) allowed for a threshold of
—70 dB. The acquisition software (Visacq 4.0.2, BioSonics)
wasrun 5 minonand 5 min off continuously throughout 50 h.

Abiotic cycles were measured constantly during each so-
nar sampling (water level, salinity, Secchi depth, water tem-
perature, wind). We inferred current velocities from a rela
tionship established between current velocity (m s™) and
water level change (height change min™) during 16 neap tide
tidal cycles in the Furo do Meio in October and November
2002. The neap tide tidal curve was subdivided into five
different parts and five linear or polynomial regressionswere
calculated fitting best the relationship between water level
change and current velocity: (1) LW until about 1.1 m after
start of flood tide, (2) >1.1 m until HW, (3) HW until maxi-
mum ebb tide, (4) maximum ebb until about 1.1 m, (5)
<1.1 m until LW. Approximately 1.1 m above LW corre-
sponds to the topographical height where the lateral man-
grove creeks enter the main channel.

2.4. Calibration

The DT6000 was professionally calibrated by BioSonics
(Seattle, USA). Sincein situ calibration was uncorroborated
by the tidal current and in the occasionally strong wind,

calibration (tungsten carbide sphere) was performed in a
black water pool (0 psu, 28 °C) in Bragancga (Para, Brazil)
and in abrackish water mangrovelagoon (10 psu, 29 °C) near
the sample site. The mean target strength (TS) value for the
sphere of —39.8 dB (+2.59 S.E., n = 229 echoes; pool) and
—40.5 dB (£1.00 SEE., n = 1727 echoes, lagoon) corre-
sponded closely with the theoretical value of —40.0 dB (both
calibration files analyzed with VisAnal4.0.2).

2.5. Data processing

Two dry season wax moon tidal cycles (October 67 and
November 5-6) were analyzed for fish tracks using
Vtrack1.0.1 (BioSonics software). Since different acoustic
conditions occurred at different tidal stages, we adopted an
analysis strategy in which each 5-min-file was run several
times with varying parameter sets. Thus, we tried to mini-
mize the noise and maximize fish echo recognition perfor-
mance. The Vtrack software showed the track formation
results visually, and track formation parameters were se-
lected to optimizethe formation of fish tracks. Thus, different
minimum TS limits were used for different files acquired
during atidal cycle. Onesingle TSlimit would have provided
a better interfile-comparability in terms of target size. The
median Vtrack TS limits applied during tracking analysisfor
the neap tide cycles in October and November were —-52 dB
(S.D.=4, SE.=0.3, min-60 dB, max —43 dB) and -55 dB
(S.D.=4,SE.=0.3, min—-63 dB, max —43 dB), respectively.
We found a range-dependent bias in the TS measurements
between Vtrack and VisAnal (both programs BioSonics) that
followed a power function (y = 7.8906 x x 481y with high-
est bias in less than 5 m range (e.g. Vtrack TS was 6 dB
higher at 3.5 m range) and decreasing bias with increasing
range (>1 dB beyond 15 m; J. Dawson, pers. comm.). All
other parameters like range, angles or beam pattern correc-
tion values were cal cul ated the same by the two programs (J.
Dawson, pers. comm.). Given the TS difference, we decided
to leave out a detailed analysis of the TS values.

To determine the fish flux in front of the transducer, we
calculated the cross-section intercepting the movements of
the fish; dividing the number of up- and downstream fish
tracks by the cross-section area per unit time provided a
straightforward algorithm in the form number of fish m=

mint.

3. Results

3.1. Acoustic characterization

3.1.1. Season

The dry season provided better acoustic conditions than
the wet season, when terrestrial run-off in the catchment area
increased sediment loads in the entire Cageté estuary and in
the mangrove channels. In the mangrove proper, rains eroded
fine sediments from the forest floor into the channels, with
poorest acoustic conditions in the channels' upper reaches
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(increased background reverberation, decreased signal-to-
noise ratio). During wet season neap tide-LW, when the tide
was almost stagnant, the water had quasi-viscose properties
due to the high concentrations of fine sediment particles.
Sound was completely absorbed for hours (white sonar files)
until the next flood tide. This phenomenon disappeared when
therainsretreated. During rain showers, ambient noiselevels
in the water increased and occasionally completely con-
cealed targets, thus generating phases of the missing data.

3.1.2. Tide

Acoustic conditions at spring tide were by far more com-
plex and hence poorer than at neap tide. At spring flood tides,
the water level rose more than 2 min lessthan 1 h .
Extremetidal rise or fall at spring tide always correlated with
minimum Secchi readings and maximum seston transport,
thus deteriorating acoustic conditions (see above). At spring
tide HW, the mangrove floor was usually inundated. About ¥4
h after HW, the export of huge amounts of mangrove litter
(particularly buoyant leaves) started and lasted for about 1%
h. During each spring ebb tide, this phenomenon was ob-
served on the channel surface as concrete convergence-like
surface bands at the zone where the ebb current was supposed
to be strongest, and on the echogram as undulating bands
with high TS values. Common software cannot analyze the
increased structural complexity in the channel.

3.1.3. Tidal phase

The tide was asymmetric, flood and ebb tide lasting be-
tween 4 and 8 h, respectively. In the last 4 h, ebb tide was
extremely weak with an almost negligible fall in the water
level. Consequently, different acoustic conditions occurred at
different tidal stages. The best acoustic conditions prevailed
during weak ebb tide when the tidal impact wasinsignificant
(signal-to-noiseratio (SNR) at LW: ca. 15 dB).

Acoustic conditions at strong flood tide and strong ebb
tide were poorest dueto increased background reverberation.
Weak flood tide, HW and weak ebb tide provided intermedi-
ate acoustic conditions (SNR at HW: ca. 7 dB).

3.2. Abiotic parameters

Secchi disc readings at dry season-neap tide were posi-
tively correlated with water level (LW 20-30 cm; HW 70-90
cm). Extreme tidal rise or fal coincided with minimum
Secchi readings, maximum seston transport and current ve-
locity maxima. Neap tide current vel ocitieswere asymmetric.
Flood and ebb tide speeds reached maxima of almost 25 and
15 cm s, respectively upper figures). Current ve-
locities were highly dynamic, with irregular and strong
changes in speed within a few minutes. During weak flood
tide intervals, even complete changes to ebb direction oc-
curred. Salinity (psu) increased from 29 in October to 33 in
November. Salinity was negatively correlated with water
level (cycle maxima at LW, minima at HW). Oxygen and
water temperature followed a 24 h cycle, reaching highest
valuesin the late afternoon at ebb tide (9.5 mg I and 30 °C,
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Fig. 3. Meanfishflux (fishm™=2min™) + 1 S.E. and tidal curve (lower figure)
and current velocities (bars) derived from the water level change (upper
figure) at two wax moon cycles (neap tide), October 67 (above) and
November 5-6 (below), during dry season 2000, in the Furo do Meio.
Horizontal bars on top indicate night (18 h 00-5 h 45). Lower figure:
rectangles indicate fish flux peaks at daytime-LW, daytime-flood start,
daytime-HW, night-LW, night-flood start, night-HW, dawn and again
daytime-LW (from left to right). Closed circles indicate distinct fish flux
peaks at increased current velocities.

respectively). Lowest water temperatures were recorded dur-
ing the night-HW (28 °C). Lowest oxygen values were re-
corded at 7:30 (6 mg I™). Wind consistently blew in from the
northeast with stronger periods both in the afternoon and in
the night.

3.3. Fish tracking

About 30 000 fishes were detected during each neap tide
cycle. Assuming that half of the channel cross-section was
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Fig. 4. Examplesof echogramsfrom fish flux peaksin the mangrove channel Furo do Meio near Braganca, PA, North Brazil, neap tides, during dry season 2000,
at (a) daytime-LW, 7 h 54, November 5, 2000; (b) flood tide start at daytime, 9 h 13, November 5, 2000; (c) daytime-high water, 12 h 48, October 6, 2000; (d)
night-LW at sunset, 18 h 11, November 5, 2000; (€) night-high water, 1 h 14, October 7, 2000 and (f) sunrise, 5 h 40, November 6, 2000. Echogram axis, left:
echo intensity (dB; red strongest); right: rangein front of transducer (m); top: time (2 min period or about 480 pings at a ping rate of 4 pingss™); bottom: first
bottom echo. Note different scales for range and echo intensity between echograms.

insonified and considering only fish moving upstream, we
calculated a mean of 6000 and 28 000 fish immigrating into
the mangrove during the daytime and the night flood tide,
respectively.

The fish flux curves of both dry season neap tide cycles
had seven peaks: at daytime-LW, the start of daytime flood,
daytime-HW, night-LW (starting at dusk), the start of night
flood, night-HW and at dawn . The daytime-LW pesk
occurred in the morning (5-9 fish m—2 min™) with highest
values at dack low tide just before the water level started to
rise again. A unique migratory pattern was observed during
the daytime-LW peak when many targets occurred in a near-

range corridor along the southern side of the channel and
several tracks were visible in the far range At the
start of the daytime flood tide when current velocity in-
creased sharply, fish fluxes peaked to about 2 fish m= min=
showing an upsurge in activity with many multiple targets
occurring and crisscrossing throughout the range (Figs. 3 and
@. At the end of the daytime flood tide, fish flux increased
slightly to form the daytime-HW peak, albeit reaching only
about 1 fish m2 min~ (Figs. 3 and 4d). The night-LW peak
started at dusk. The fish flux remained high throughout the

night LW phase and ended when the night-flood tide started
(about 2-3 fish m= min%; [Figs. 3 and 4d). The night flood
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Fig. 5. Proportion of fish tracks going with the tide (solid circle + 15 SEE.)
and tidal cycle (solid line) for two neap tide cycles, October 6-7 (above) and
November 5-6 (below). Black bars on top indicate night (18 h 00 until 5 h
45). High S.E. is related to low sample size (number of fish tracks) since
variance was p x [(1—p) x n™%] with p = proportion of fish tracks going with
thetide.

start peak occurred at afish flux level similar to the previous
night-LW peak (about 2-3 fish m= min2). The distribution
pattern of target tracks resembled the night-LW situation;
unlike the start of daytime flood tide, night flood start lacked
multipletargets. The night-HW peak al so started at the end of
flood tide (5-10 fish m™ min2); many target tracks occurred
throughout the range (Figs. 3and 439. At dawn, fish fluxes
increased briefly (Fig. 4f]). After sunrise, fish flux was low
until the daytime-LW was formed again towards the end of
weak ebb tide. In contrast to the clear fish flux increase at
dusk, fish flux increase at dawn was weak (Figs. 3 and 4df).
Individua fish flux maxima coincided with strong flood and
ebb tide intervals (Fig. 3). Mean fish flux was 2.4 fish m2
min~*+ 2.1 S.D. Thenight fish fluxes, especially at HW were
severa times higher than those at daytime. Due to the par-
ticular flux patterns at daytime-LW, however, the LW fish
flux peak was usually higher at daytime than at night.

Target sizeswere generally small (—43+4dB, n=55727;
results from Vtrack), indicating the presence of mainly juve-
nile or small-sized fish. Larger echoes (>—30 dB) were usu-
ally only caused by multiple targets.

Throughout the tidal cycles, about 60% of the fish tracks
were directed with and about 40% against the tide ,
with higher variability in the proportions occurring during
the daytime cycle. A tidal periodicity was not apparent.

4. Discussion
4.1. Acoustic characterization

It was aclear advantage that the sampling period started in
the dry season. Thus, we became acquainted with the yet
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Fig. 6. Time delay threshold between spring tide and neap tide in mangrove
accessibility at two water levels, Eg: Estuarine fish at spring tide, Ey:
Estuarinefish at neap tide, Rg: Resident fish at spring tide, Ry: Resident fish
at neap tide.

unknown acoustic conditions in the mangrove environment
under a minimum of external influences. The poor acoustic
conditions encountered in the wet season might hold true for
turbid shallow-water environments on tropical coastsin gen-
eral. Experimentsusing vertical transducer orientation or the
use of alower frequency echosounder (120 kHz instead of
200 kHz) could be worthwhile alternatives.

When studying intertidal migration patterns of fish acous-
tically, itisvery problematic when the clearest conditionsfor
sonar application occur at weak ebb tidewhen tidal impact is
negligible. Fortunately, weak neap tide currents allowed for
sonar file analysis throughout the tidal cycles.

4.2. Fish tracking

Considerable numbers of fish entered the upper reaches of
the mangrove during flood tides. The high numbers can be
attributed to the high abundances of juvenile fish commonly
found in mangroves (Sasekumar et al., 1992; Laedgsgaards
and Johnson, 1995; Barletta, 1999).

The high number of target tracks, their relatively low TS
values and a mean fish size of 14 cm in the mangrove
channels (Krumme, own obs.) clearly emphasized theimpor-
tance of this habitat as afish nursery.

The hypothesis that intertidal fish behave like passive
particles can be readily rejected since a considerable propor-
tion of the tracks (about 40%) was directed against the tidal
current irrespective of flood or ebb tide. However, the high
background noise levels observed in the channel may have
added higher variability to the positional data of the split-
beam system (Kieser et a., 2000; Fleischman and Burwen,
2000) and could have led to incorrect results when assigning
the track directions. It is nevertheless clear that the fish are
not passively transported by the tides but may in fact actively
move to, and concentrate in resource-rich intertidal habitats
when accessible. Obviously, swimming against the direction
of the tide was a major component of fish movementsin the
mangrove channel at neap tide. Thus, surface and midwater
fish may take advantage of the fact that food is passively
transported towards their mouth. Colomesus psittacus (Tet-
raodontidae) was observed maintaining its relative position
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in the channel while actively swimming against the current
near the water surface. Thus, they patrolled a certain corridor
for several minutes searching for prey. This particular swim-
ming behavior of C. psittacus was reflected on the echogram
as extraordinarily long tracks. Position shifts to the left or to
theright may have caused the zick-zack tracks visible on the
echograms (Figs. 4a,f).

We assume that the fish swam and crisscrossed in the
flooding and ebbing water body to inter- and intraspecifically
increase their particular foraging areas while taking advan-
tage of thetidal transport into and out of the intertidal area.
Weak neap tide current speeds did not constrain fish to show
strong directional movements. Nevertheless did fish fluxes
noticeably increase during short intervals of increased cur-
rent speed suggesting a positive response of the fish to in-
creased tidal current speeds .

4.3. Tidal stage

LW and HW phases represented stable stages with estab-
lished fish assemblages at increased fish fluxes; unlike flood
and ebb tides that can be considered as transitiona stages
during the tidal migration of fishes. Detailed stomach analy-
sis of the catfish Cathorops sp., predominant in the upper
reaches of the channels (Barletta, 1999), revealed that flood
tide stomachs were generally empty, whereas ebb tide stom-
achs were already well filled briefly after HW (Leal-Florez,
pers. comm.). Apparently, thetidal stages before and around
HW were the principal phases for catfish feeding. This pat-
tern corresponded well with thefish flux peaksaround HW in
the channel. Although benthic catfish may not have been well
represented by horizontal beaming, their foraging pattern can
serve as a general rule for more pelagic fish species as well
since the water level likewise determines the degree of habi-
tat accessibility for other intertidal fish.

It seems contradictory that fish fluxes increased at HW
when the water volume was greatest. However, we assume
that the immigration and import of organisms from down-
stream was maximum at HW. Both nekton abundance and
species richness were significantly greater at slack high tide
than either flood or ebb tide on a temperate marsh surface
(Kneib and Wagner, 1994). HW is the short period where
insignificant current speed and maximum intertidal accessi-
bility coincide. Water transparency was highest at and after
HW. Fish that actively immigrated into the mangrove during
flood tide probably milled around at HW in the main channel,
especially during the night-HW . The increased fish
flux at HW clearly indicates that active movements in the
water column increased. We assume that negligible current
speed and high water transparency around HW favored vi-
sual focusing of pelagic prey by the fish in the mangrove
water, both at day and at night. Insignificant current speeds at
slack HW probably favored localization and oral fixing of
benthic prey in the mud.

The high fish fluxes at LW resulted from the resident
fishes' active swimming in the subtidal parts of the channel.
The population of resident mangrove fish probably achieved

successful maintenance in the channels upper reaches by
late emigration out of the intertidal mangrove creeks. Thus,
they would both achieve avoidance of undesirable down-
stream transport and optimize the time for feeding in the
intertidal creeks. Staying horizontally in distanceto the main
channel is probably linked to rather bottom-oriented move-
ments at ebb tide. Interconnected to the fish community,
similar temporal patterns with stable assemblage structures
during HW and LW can be proposed for other tidally influ-
enced nekton communities, e.g. zooplankton (Krumme and
Tsui-Hua, submitted) and phytoplankton organisms (Scho-
rieset a., unpubl.).

4.4. Migratory cycle

The course of the flux curve and the series of sonar files
suggest a schematic migratory cycle for intertidal mangrove
fish. The migratory pattern found for the two wax moon
cyclesto al appearances also applies to wane moon cycles,
thusreflecting atypical dry season neap tide pattern in 2000.

1. Resident mangrove fish were clearly concentrated in
the subtidal parts of the channel forming both the LW
peak at daytime and at night (Fig. 3.

2. As soon as the water level started to rise at the start of
flood tide, fish flux first peaked and then decreased.
Resident fish either left the channel horizontally enter-
ing the shallow (less than 50 cm) intertidal creeks, or
went down towards the channel bottom. We assume
early horizontal immigration into the mangrove creeks
since a clear upsurge in fish activity during the first 30
min after slack low tide was observed on the echograms
(Fig. 40). Cattrijsse et al. (1994), using a fyke net in a
Dutch marsh, found that most species migrate during
the first and the last hours of the tidal cycle when the
current velocities were low; gill net catches of summer
flounder in New Jersey were greatest in early flood tides
and in mid and late ebb (Rountree and Able, 1992).

3. During flood tide, distinct fish flux maxima coincided
with current speed maxima. The mangrove fish commu-
nity apparently directly responded to the tidal current
regime on avery short time scale.

4. During flood tide, the fish fluxesincreased towards HW.
Many resident mangrove fish were probably foragingin
the intertidal mangrove creeks at this time and hence
absent from the main channel. Fish fluxes in the man-
grove channel did not increase until the flood tide water
level had risen about 2 m above the previous LW level
and flood current speeds had fallen below 10 cm s
(upper figuresi n. Estuarinefish that immigrated
with the flood tide from the Caeté estuary to the upper
reaches (a distance of at least 4 km) probably contrib-
uted to the HW fish flux peak. Severa other authors
have assumed that some estuarine fish require a mini-
mum water level to enter an intertidal area (Davis,
1988; Blaber et al., 1994). Interestingly, Gibson (1973)
counted most fish in an intertidal Scottish sandy beach
when the water was 1-2 m deep. Prey search of pelagic
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Table1

Lift net catchesin main channel of the mangrove creek Furo do Meio, dry season 2000; sunrisewas at 5 h 45, sunset at 18 h 00; data from Leal-Florez (pers.
comm.)

Species Total % Day Night

Cathorops sp. 735 39 316 419

Sciaenidae 468 25 158 310

C. psittacus 229 12 192 37

Engraulidae 137 7 81 56

Others 312 17 169 143

Sum 1881 100 916 965

and benthic fish in the channel was probably facilitated
(see above) and hence resulted in increased milling in
front of the transducer around HW.

5. When the water levelsin the mangrove channel started
to fall with the receding tide, fish flux decreased again.
The decrease in fish flux during ebb tide occurred at
water depths apparently symmetrical to those at flood
tide (Fig. 3. When we assume that estuarine fish re-
turned to the start points of their tidal migration, they
covered distances of at least 8 km for each tidal cycle
between the estuary and the upper mangrove reaches.
The emigration of estuarine fish out of the mangrove
channelsduring ebb tideis exploited by local fishermen
with large fish traps (corrals) on the sand banks of the
lower reaches of the channels and in the estuary (Bar-
lettaet al., 1998; Schaub, pers. comm.). Resident man-
grove fish may have returned from the intertidal creeks
to the channel at mid or late ebb tide as observed by
Rountree and Able (1992) for summer flounder where
they stay until the next flood tide enters again. A signal
from thisemigration was not apparent in the sonar files,
possibly due to more bottom-oriented movements. The
fish flux rather showed a continuous decrease. How-
ever, like at flood tide did distinct ebb fish flux maxima
coincide with ebb current speed maxima.

6. At neap tides, twilight coincided with the semistagnant
LW phase. Especially at dusk fish flux increased signifi-
cantly whereas sunrise only produced a weak signal in
the fish flux curves. Most mangrove fish are rather noc-
turnal or show at least negative phototaxis (own obs.);
only C. psittacus is a clear diurnal species|(Table 1)\

4.5. Delay in accessibility

Theaccessibility of theintertidal areaisdetermined by the
water level, i.e. the height of the tide. Since resident and
estuarine fish apparently accessed the intertidal mangrove
area at different water levels, the time delay between the two
access levels determines the time available for mangrove
foraging. shows the extremely short-time delay be-
tween habitat accessibility for resident and estuarine fish at
spring tide and the rather marked time delay for neap tides.
Resident mangrove fish may spend more time feeding in the
mangrove than estuarine fish whose foraging activity ismore
restricted in time, especially at neap tide . The high

standing stocks of resident Cathorops sp. and Anableps an-
ableps (Barletta, 1999; Krumme, own obs.) compared to
other fish species captured in the upper reaches of the man-
grove channel at HW support this argument. For estuarine
fish, the time delay between the start of flood tide until a
minimum water depth provides access to the intertidal area,
may be acrucia parameter for intertidal migration of estua-
rine fish. Hence, the hydrodynamics at spring tide provide
excellent conditions for immigration of estuarine fish since
the mangrove becomes accessible in less than an hour after
slack LW, unlikemorethan 3 h during neap tides (Fig. 6). The
numbers of 11 fish species were greater at spring tides
(Krumme, own obs.) when both the periods available for
foraging and the habitat accessibility in the mangrove are
increased . Foraging success of A. anableps, Arius
herzbergii and Anchovia clupeoides was clearly greater at
spring than at neap tide (Brenner, pers. comm.).

4.6. Four assemblages

We assume that different fish assemblages caused each of
the fish flux peaks at LW and HW during a neap tide cycle.
Krumme (own obs.) aready found that HW assemblages of
mangrove fish at neap tide differ significantly between day
and night with the neap tide-daytime assemblage being poor-
est in both biomass and diversity. This might explain the
marked increase of fish tracks throughout the night cycle
compared to the desolated track situation during the daytime
cycle. Morrison et a. (2002) found clear differences in the
fish fauna composition between both low and high tides and
day and night samples in a temperate New Zeaand tidal
mudflat. Simultaneously to the sonar application during the
dry season 2000, Leal-Flérez (pers. comm.) caught migrat-
ing fish 500 m upstream of the sonar site in the open channel
from a bridge using lift nets. Day and night catches were
similar in terms of abundance but differed clearly in their
species composition . Cathorops sp. was constantly
present in the catches. Sciaenidae, amainly nocturnal family
(Helfman, 1993) was more abundant at night and may have
caused the high numbers of targets at night-HW. The diurnal
pufferfish C. psittacus was mainly caught during daylight.
Engraulidae tended to be more abundant at daytime as well.
These species may have contributed to the daytime-HW fish
flux peak. Unfortunately, there was no relationship between
the number of fish caught (lift nets) and the number of fish
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tracked (counting of acoustic traces). The lift net did not
produce representative catches. It suffered from severa
shortcomings: during strong spring flood and ebb tide the lift
nets flouted. They became frequently entangled in the chan-
nel bottom near the bridge, and clearing of the net might have
expelled fish from the area. LW depth at the Furo do Meio
bridge was less than 1 m, hence complicating lift net use.

Our findings suggest that different assemblages also ex-
isted for LW day and LW night during neap tide. Increasing
fish fluxes at the night-LW coincided with sunset and re-
mained high throughout the LW phase and 4d).
During the daytime LW phase, fish fluxes peaked weakly at
sunrise. This was probably caused by an activity upsurge of
C. psittacus. At dawn, lift nets again caught C. psittacus
(Leal-Florez, pers. comm.). Fish fluxes then only increased
after 7:00, peaking towards 9:00 at slack low tide. Maybe the
formation of the near-range corridor at LW, i.e. increasing
fish fluxes, was related to the increased oxygen concentra-
tions after the oxygen minimum at around 7:00 (start of
phytoplankton activity during the stable weak ebb tide).
Barletta-Bergan (1999) found at neap tide in the same man-
grove area, high densities of five fish species: early larval
stages of <10 mm of A. clupeoides (Engraulidae), Stellifer
sp. (Sciaenidae), Rhinosardinia amazonica (Clupeidag),
Archirus sp. and Guavina guavina (Eleotridae) in the morn-
ing (9:00), predominantly occurring at the surface, probably
feeding on plankton. Densities of larval and juvenile fish
were significantly lower during the night-LW (21:00) for
most taxa except for Sellifer rastrifer, which showed signifi-
cantly higher values at night (Barletta-Bergan, 1999). Fur-
thermore, [Fig. 4d| shows clearly that the horizontal distribu-
tion and movement pattern of targets was different between
thedaytime and the night LW situation. During the night-LW,
multiple targets did not occur and the near-range corridor
was absent, suggesting different assemblages to be active at
these periods. However, it remains unclear whether the near-
range band of targets at daytime-LW represented a typical
feature of the system or whether it was merely caused by an
extraordinary abundant cohort in its nursery ground. Spring
tide LW lacked any similar horizontal pattern in the target
distribution.

5. Conclusions

The observation of fish movements using shallow-water
acoustics was feasible in amangrove environment. Shallow-
water acoustics provided a reasonable approach to obtain
high-resolution samples in a dynamic environment where
conventional fishing methods have become limited. For
acoustic studies in tropical estuarine environments, we rec-
ommend sampling during the dry season and at weaker tides,
that is, at neap tide and/or during LW.

Fisheries studies conducted under meso- or macrotidal
regimes should consider theimportance of temporal changes
on the short-term scale determined by the factors “tide”,

“photoperiod” and “tidal stage” in both the survey design and
choosing a sampling method.

Thetidal-induced fish flux changes together with the con-
siderable proportion of fish tracks directed against the tide
indicate clearly that the tidal migration of fish was an active
movement to and from intertidal areas promoted by the tide.

Our data suggest that resident mangrove fish enter the
intertidal mangrove creeks at early flood tide and |eave them
at late ebb tide at fairly shallow water depths. The estuarine
fish enter and |eave the upper reaches of the mangrove chan-
nel when water level was about 2 m above the previous LW
level, thus requiring a minimum water depth for tidal migra-
tion. At HW, maximum habitat accessibility, reduced current
speeds and maximum visibility probably helped in the forag-
ing of pelagic and benthic fish in the channel and hence
resulted in high fish fluxes dueto increased milling in front of
the transducer. The time delay between immigration of resi-
dent and estuarine fish is shorter at spring than at neap tide
. Hence, the period available for foraging and the
habitat accessibility are enhanced at spring tide; both catches
of fish (Davis, 1988; Laroche et a., 1997; Krumme, own
obs.) and thefishes' feeding success are greater at spring tide
(Colombini et al., 1996; Brenner, pers. comm.).
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Abstract

A 200 kHz digital echosounder (HTI) with two split-beam transducers was aimed horizontally to monitor the upstream migration activity
of fish, from 24 April to 28 June, in Aijalansalmi channel (mean width 35 m, length 700 m, and maximum depth 5 m) from large mesotrophic
Lake Paijanne to small eutrophic Lake Jyvasjarvi. This study was part of a larger project which aims to analyse the movement of commercially
unimportant fish species and reduce the abundance of these fish in L. Jyvasjarvi. Catch samples were collected with a trap net located
immediately upstream from the acoustic beams. The most common species in the catch weRutilasiTitilug, perch Perca fluviatilig,
bream Abramis bram ruffe (Gymnocephalus cernuysand white breamAbramis bjoerkna The upstream migration of fish was
correlated with water temperatunex 0.40) with time lag of 1 d. In spring, L. Jyvéasjarvi warmed faster than L. P&ijanne, causing spawning
migration from L. P&ijanne to L. Jyvasjarvi. Clear diurnal rhythm in activity was observed. The migration rate through the channel peaked
around dawn and dusk. Catch per unit effort of the trap net suggested that the peak of the spawning migration of different species was separate.
Upstream migration was induced by the temperature difference between two lakes, and the activity of the migration was regulated by
temperature changes and light rhythm.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords:Horizontal acoustics; Migration; Temperature; Diel rhythm; Cyprinids; Percids

1. Introduction to anadromous species, but it can be ecologically important.
This study was the first attempt to assess the upstream migra-
The split-beam three-dimensional target tracking tech- tion of cyprinids and percids in a Finnish channel by using
nigue enables detection of the swimming direction and speedhydroacoustics.
of individual fish in real time. This system also permits the A few decades ago, L. Jyvasjarvi was the dumping place
study of migration changes in the short term. These systemf the city of Jyvaskyld, and its water quality was extremely
are usually used to non-intrusively count upstream migration low. A water purification plant was completed in the end of
of anadromous salmonids returning up their parent river 1970s and water quality began to improve. Currently,
(Ransom et al., 1998). Fixed location hydroacoustic methodsL. Jyvasjarvi is an important location for development,
can also be used to study the diel behaviour and movementgrowth and reproduction of many commercially unimportant
of fish on lakes and other shallow waters (Cuillard, 1998; fish species. The aim of this study was to monitor the up-
Gonzalez and Gerlotto, 1998; Kubecka and Duncan, 1998a) stream migration of the commercially unimportant fish spe-
Fish migrations can be classified as reproductive, feedingcies through the Aijalansalmi channel, and to identify the
and refuge migrations (Lucas and Baras, 2001). The timingrole of water temperature and air pressure affecting it.
of spawning migrations in freshwater is generally deter-
mined by light rhythm and temperature changes. The scale of> M aterials and methods

migrations in freshwater habitats is usuallysmall compared
2.1. Study site

* Corresponding author. Ajjalansalmi channel is located in central Finland and
E-mail addressjulija@cc.jyu.fi (3. Lilia). connects L. Jyvasjarvi to L. Paijanie (Fid. 1). The channel is

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00016-0
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Lake Jyvisjérvi

Aijalansalmi channel
Study site

Fig. 1. Map of Aijalansalmi channel, Lake Jyvasjérvi, and the northern part of Lake Paijanne. The arrows show the location of the hydroacoustic study site and

the location of the temperature measurements (Temp. 1, 2, and 3).

700 m long and 4 m deep, with awidth of about 30 m. The
channel has been dredged, hence the bottom profile is quite
similar throughout its length. The bottom substrate in the
echosounding site consists generally of mud or clay. L.
Jyvagiérvi discharges viathe channel to L. Péijanne. During
spring and earlysummer (April-June), the current is towards
L. Péijanne, and islaminar. However, the direction of current
in Aijaansalmi channel can sometimes change, especialy, in
late summer. In winter, both the lakes and the channel are
covered by ice.

L. Jyvéagéarvi is eutrophic and northern L. Péijanne is
mesotrophic . The fish population in L. Jyvésjarvi
and northern part of L. Péijanne consists mainly of roach
(Rutilus rutilus), bream (Abramis brama), white bream
(Abramis bjoerkna), perch (Perca fluviatilis) and ruffe
(Gymnocephalus cernuus). The main predator species are
pikeperch (Sander lucioperca) and pike (Esox lucius).

2.2. Hydroacoustic counting

A 200 kHz digital split-beam echosounder HTI (Hydroa
coustic Technology, Inc.) Model 243 was used at a fixed

Table1

Hydrological characteristics of Lake Jyvasjarvi and Lake Péijanne
Lake Jyvégarvi Lake Péijanne

(northern part)

Area(km?) 3.37 54

Maximum depth (m) 26 48

Total phosphorus (ug 1) 3540 15

Total nitrogen (ug I™) 850 650

Colour (Pt mg1™) 80-100 30-50

pH 6.9 6.9

location in this study. Two elliptical (4 x 10°) transducers
were mounted across the channel, one for each bank, and
once properly mounted, were kept stationary. The system
a soincluded dual -axistransducer rotators, an oscilloscope, a
printer, and a computer. The transmitter pulse length was
125 ms and a 10 kHz frequency-modulated (FM)
slide/chirped signal was used to maximize the signal-to-
noise ratio (Ehrenberg and Torkelson, 2000). The sampling
ratewas 8 pings s and a40 log RTVG (Time Varied Gain)
function was used. The sensitivity threshold value of the
detected echoes was—58 dB (52 dB at full beam) dueto the
low level of the background noise. Before and after the studly,
the echosounder system was in situ calibrated using a
tungsten-carbide standard sphere (C) = 38.1 mm). The echo-
sounder was in operation 24 h aday and each hour was split
into four sequences. Both transducers collected datain turn
for 30 min every hour. On both banks, the position scanning
was set at two vertical aiming angles, each scanning for
15 min. Therotator controllers communicated with the echo-
sounder, processor, and dual-axis rotators to automatically
scan pre-set of aiming angles. Aiming angles near the surface
could not be used, due to boat traffic in the channel. The
angles of the beams were defined by in situ beam mapping.
They were on the north bank —21.7° (seg. 1) and —12.2°
(seg. 2) and on the south bank —22.7° (seq. 3) and —13.2°
(seq. 4) (Fig. 2). Guiding netswere used to exclude fish from
swimming behind the transducers. Acoustic datawere analy-
sed by means of the analysis software HTI EchoScape. The
auto-tracking mode was used, and auto-tracking parameters
were tested with manual tracking. In all, 1567 hourly files
were analysed between 24 April and 28 June.
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Fig. 2. The cross-sectional view of Aijalansalmi channel. Two transducers with elliptical beams were aimed sloping downward. Guide nets kept the fish from
swimming behind the transducers. Acoustic data were collected at four sampling periods per hour (seg. 1-4).

2.3. Trap net catch and environmental variables

The species and length distribution of migrating fish
populations were estimated from trap net catches. The trap
net was placed 50 m towards L. Jyvasarvi from the echo-
sounding site, and was set to catch fish migrating upstream to
L. Jyvagarvi. The trap net was sampled from 26 April to 28
June. It was examined at 1-7 d intervals. The length and
species distribution of each catch were measured. The total
length of each fish was measured to the nearest mm. If the
total catch exceeded 10 kg, asamplewastaken. The catch per
unit effort (ind h™) (CPUE) was also calculated for total
catch and each species separately.

The water temperature in the epilimnion was measured
from 25 May to 28 June from L. Jyvasjarvi (Temp. 1) and
L. P&ijanne (Temp. 3) in 1-5 d intervals . The tem-
perature at the echosounding site (Temp. 2) was measured by
data logger in 3-h intervals from 26 April to the end of the
study. The air pressure at Tikkakoski (20 km from study site)
was measured four times per day by the Finnish M eteorol ogi-
cal Ingtitute.

2.4. Satistical analysis

Thedaily numbers of upstream migrating fish detected by
the echosounder, were used for the cross-correlation analy-
sis. All thetime series were first differenced (Y = X — X¢_1),
where X is the measured value at point of time t) to render
them stationary and prevent autocorrelations. Cross-
correlation functions between the fish count series and the
series of the environmental variables were estimated with a
timelagsof +5 d. The numbersof upstream migrating fish for
the same period astheinterval between the trap net examina-
tions were also calculated. Then, a Spearman rank order
correlation between the trap net CPUE and the quantity of
upstream migrating fish was cal culated.

3. Results

Altogether, about 124 000 fish were detected moving
upstream past the sample site between 24 April and 28 June
in 2001. Some upstream migrating fish were observed in-
stantly after the onset of monitoring, and clear peaks in

upstream migration activity were detected as the monitoring
progressed (Fig. 3). The first pesk was detected on 10 May,
followed by a sharp decrease in water temperature which
seemed to delay the migration. The highest daily migration
of fish was observed on 17 May, when about 11 000 fish
passed the sample site.

Temperature in L. Jyvagiérvi and in the channel was gen-
erally higher thaninL. Pé'\ijénne.A significant cross-
correlation (r = 0.40, P < 0.01) was found between the
change in the number of upstream migrating fish and the
change in temperature the day earlier (timelag 1 d) (Fig. 4
Air pressure changes had no effect on migration act|V|ty
Diurnally, migration activity was typically highest at dawn

and dusk (Fig. 5).

In al, 13 fish species were caught from Aijalansalmi
channel by the trap net during the study period. The peak of
the CPUE of thetrap net occurred in thefirst part of May, the
catch consisting mainly of perch and roach (Fig. 6). The
upstream migration of ruffe started a few days later. The
maximum CPUE of bream and white bream occurred in
June. Perch and ruffe observed in the latter part of the study
period (after Julian day 151) were small immature speci-
mens, which were probably local fish. The temporal pattern
of CPUE resembled the pattern of migration activity
and 6). The CPUE and the number of fish observed by
echosounder, however, did not correlate.
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Fig. 3. Daily summary of fish migrating upstream in Aijalansalmi channel
and temperature observations (Temp 1, 2, and 3, refer to Fig. 1).
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Fig. 4. Cross-correlation analysis between upstream migrating fish and
water temperature. Broken lines refer to statistical significance at level of P
=0.05.

The distributions of target strength (TS) and log,(fish
length, mm) of the trap net catch had similar patternsin days
when the catch was high . On 10 May, the comparison
between the peak of the TS distribution and the peak of the
fish length distribution gave the values of -43.5 dB and
135 mm, respectively. On 8 June, the TS distribution was
somewhat flatter than on 10 May, and some larger fish were
caught by trap net on this day.

4. Discussion
Spawning migrations of bream (Prignon et al., 1998;

Molls, 1999; Grift et al., 2001), perch (Craig, 1987), roach
(Vallestad and L’ Abee-Lund, 1987; Molls, 1999), ruffe (Lu-
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Fig. 6. Catch per unit effort ((n+1) h™) of trap net for different species in
Aijalansalmi channel. Julian day 113 was 23 April and 176 was 25 June.

cas and Baras, 2001) and white bream (Prignon et a., 1998;
Molls, 1999) were documented. However, an interest in mi-
gration of these speciesis low, because they are usually not
economically important. For lake ecosystems, these migra-
tions can be significant. When one considers how to improve
L. Jyvagérvi by intensive fishing for commercially unimpor-
tant species, one should consider how removed coarse fish
might be replaced by recolonisation from L. Péijanne. All the
species observed, migrating from L. Péijanne, are also found
in L. Jyvagarvi. The migrating fish are probably a subpopu-
lation which overwintersin larger L. Péijanne, but migrate to
warmer L. Jyvésiarvi to spawn.

Migrations of cyprinids and percids from L. Péijanne to
L. Jyvégérvi are triggered by the temperature difference
between these lakes. L. Jyvagyérvi istypically afew degrees
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Fig. 5. Daily distribution of the upstream migrating fish in Aijal&nsalmi channel. Weekly data pooled, solid line is sunrise and broken line i's sunset.
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Fig. 7. Target strength (TS) distribution and fish length distribution of trap
net catch for 10 May (Julian day 130) and 8 June (Julian day 159).

warmer than L. Paijanne. Temporal changes in temperature
seem to regulate the migration activity, as has also been
found by Vgllestad and L’ Abee-Lund (1987) for roach and
Craig (1987) for perch. Between Julian days 127-129, the
temperature increased to 4.5 °C, and the largest CPUE was
observed on day 130.

In our data, the maximum CPUE of roach, perch, and ruffe
in the trap net occurred when water temperature had risen up
to about 12 °C. This s higher than the 4—6 °C observed by
Vallestad and L’ Abee-Lund (1987). According to the review
by Lucasand Baras (2001), the migration temperature trigger
for roach varied between 6 and 15 °C in different studies. In
the River Angeran, the spawning migration of perch started
when the water temperature was about 10 °C (Berglund,
1978). Hokanson (1977) reported the spawning temperature
to be 5-18 °C for perch and 12-18 °C for ruffe. According to
Prignon et al. (1998), the spawning migration of white bream
and bream was triggered at 10-15 °C. Our data showed that
the maximum CPUE of these species occurred at 14-16 °C,
generaly in agreement with previous studies.

Light rhythm seems to drive the diurnal activity of fish.
Lucaset al. (1999) observed a clear diurnal rhythm for adult
male chub (Leuciscus cephalus) during their spawning mi-
gration. Many other species have a diel component to their
migration (Lucas and Baras, 2001). We observed the maxi-
mum activity near dawn and dusk. In weeks 21 and 22
(Fig. 5), the pattern is not so obvious probably due to low
number of migrating fish. In these weeks, much of the catch
consisted of non-migrating fish. According to Lucas and
Baras (2001), one reason for diurnal migration activity is
predation avoidance. Our trap net catch showed that many
fish species migrated through the Aijal ansalmi channel. Dur-
ing thefirst third of the monitoring period, thetrap net CPUE
and fish counts from echosounder were in good agreement.
The poor correlation after 17 May was due to poor and
variable catchability of thetrap net. Thiswas primarily dueto
fouling of thetrap net. The day after cleaning thetrap net, the
CPUE was usually higher than before. In addition, during the
catch peaks, gear saturation may have decreased catchability.

Moreover, different fish species swimin different parts of the
channel, avoiding the trap net. Also, decreases in water level
and velocity may change the migration route of fish.

According to Kubecka and Duncan (1998b), the relation-
ships between full-side aspect TS (dB) and standard length
(SL, mm) of roach and perchwere TS=26.7 10g,,(SL) —91.0
and TS = 2310g,,(SL) — 83 dB, respectively. In our data, the
comparison between the peak of the TS distribution and the
peak of the length distribution gives a lower relationship
between TS and fish length than the models of Kubecka and
Duncan (1998b). There are at least two potential explana-
tionsfor this difference. First, our beams were directed slop-
ing downward which decreased the TS of our fish. Second,
the fish in Aijalansami channel did not necessarily swim
perpendicular to the acoustic axis of the beam, in which case,
the observed TSwould be lower than for full-side aspect (e.g.
Love, 1977; Liljaet a., 2000).

Our results confirm that horizontal split-beam echosound-
ing is a suitable method for monitoring upstream migration
and activity of fishinasmall and slowly flowing channel. In
general, the species discrimination is impossible with echo-
sounders in waters, where multiple species are present.
Wherethe fish community is dominated by one species, or an
important fish species dominates, species discrimination is
less problematic (e.g. Horne, 2000; Romakkaniemi et a.,
2000). This study demonstrated that split-beam hydroacous-
tics gives fish migration information in real time, and allows
us to study migration changes in the short term.
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Abstract

Juvenile pelagic fishes areintegral members of many coastal river communities. Many of these systems are strongly influenced by variable
wind stress and freshwater inputs that can increase heterogeneity in estuarine habitat for fishes. We use mobile sonar surveyswithin the Neuse
River Estuary System, NC, USA to assess the distribution and behavioral patterns of juvenile anchovies, Anchoa spp. 25-65 mm TL, over a
broad range of spatial scalesin relation to diel and seasonal changes in water quality including stratification, hypoxic events and copepod
distribution. Results from our study indicate that episodic stratification-induced hypoxic events can reduce suitable habitat volume for
anchovies by more than 50%. Furthermore, our sampling suggests that hypoxia causes spatial separation between plankton and the grazing
fishes. Under stratified oxygen conditions, we observe higher densities of copepodsin hypoxic bottom water. Finally, we report that reductions
in available habitat caused anincreaseinlocal densities of fishesand may result inincreased competition for resources. These spatially explicit
dataare critical for devel oping trophic dynamic modelsthat predict the response of fish communitiesto natural and anthropogenic impacts on

the system.

© 2003 Editions scientifiques et médicales Elsevier SAS and I fremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Hydroacoustics; Estuary-dependent; Spatial structure; Hypoxia; Zooplankton; Anchoa

1. Introduction

Estuary-dependent fishes occupy spatially complex and
temporally dynamic habitats during portions of their life-
history. Juvenile stages of nhumerous commercially and eco-
logically important fish speciesrely on the estuarine habitats
asanursery for rapid growth and as a refuge from predation
(Minello, 1999). Several factors influence the spatial distri-
bution of juvenile fishes in estuaries. These factors can be
broadly categorized as abiotic factors, such as salinity, tem-
perature, pH, dissolved oxygen (DO), and benthic structure,
and biotic factors, such as prey availability and predator
abundance.

Numerous studies have documented relationships be-
tween the abundance of juvenile estuarine fishes and the
presence and complexity of physical structure such as oyster
reefs, seagrasses, and salt marshes (Minello, 1999). DOisan

* Corresponding author.
E-mail address: Chris_Taylor@ncsu.edu (J.C. Taylor).

additional abiotic factor that can structure estuarine fish
populationsin estuaries (Breitburg, 1992; Howell and Simp-
son, 1994). Several studies have focused on the effects of low
DO (hypoxia) on the distribution of demersal fishes (Pihl et
a., 1991; Howell and Simpson, 1994), but only afew studies
have been devoted to an understanding of the interactions
between hypoxia and predator-prey relationships (Pihl et al.,
1992; Keister et al., 2000). We are not aware of any studies
that have focused on the interactions of DO and prey dynam-
ics on the distribution of juvenile pelagic fishes in shallow
estuaries; however, recent work has documented relation-
ships between larval anchovies and zooplankton and bottom-
layer DO (Keister et a., 2000). Dominant pel agic fishes such
as anchovies, Anchoa spp., and menhaden, Brevoortia spp.,
comprise the majority of the fish biomass in many estuaries
of eastern North America. These species serve important
commercial (inthe case of menhaden) and ecological rolesas
prey resourcesfor commercially important piscivores. It may
be counter-intuitive to suppose that pelagic fish populations
would be impacted by hypoxic events that occur in the

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

doi:10.1016/S0990-7440(03)00012-3
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hypolimnion. As a result, previous studies examining the
distribution of pelagic fishes in US estuaries have focused
primarily on their distribution in relation to biotic factors,
and more specifically prey fields such as zooplankton patchi-
ness and phytoplankton dynamics (Peebles et al., 1996;
Friedland et al., 1989).

The pelagic environment of shallow aquatic systems pre-
sents a challenge for sampling fish communities. Previous
assessments of the distribution of estuarine fishesin relation
to habitat quality have primarily used trawls, which are
restricted to coarse spatial scales and do not adequately
sample the near surface. Fisheries hydroacoustics provides
an improved, non-invasive method of collecting information
on the distribution of fishes within aguatic habitats, over a
continuum of spatial scales throughout the water column
(MacLennan and Simmonds, 1992). Furthermore, in shallow
aquatic habitats (<10 m), depth-discrete active or passive
sampling gear has proved ineffective at determining the dis-
tribution of small fishesin the vertical dimension (Taylor and
Rand, unpublished data). Split-beam hydroacoustic technol -
ogy now gives us the ability to describe 3D distribution
patterns of estuarine fishes and to better assess the relation-
ship between fish populations and the spatially complex,
physicochemical environment.

The aim of this paper is to characterize the spatia struc-
ture of fish distribution as a function of water column strati-
fication and hypoxiain the lower water column. Understand-
ing the spatial structuring of the grazing fisheswill lead usto
better estimates of grazing impact and trophic efficienciesin
estuarine food webs impacted by adverse water quality.

2. Methods

Surveyswere conducted in the lower Neuse River Estuary
(NRE), NC, USA (Fig. 1). The Neuse River is one of two
major rivers that provide freshwater input into the Pamlico
Sound, the largest lagoon-type estuary in the eastern US. A
single transect was sampled at night on two dates. The first
date, 26 June 2001, was during a period of severe density
stratification and the hypolimnion was hypoxic (DO < 2 mg
0, ™). The second date, 2 August 2001, was during a period
when the water column was mixed and oxygen was nearly
homogeneous throughout.

The survey was conducted between 23:30 and 00:30 on
both occasions. We used a 200-kHz HTI Model 241 split-
beam echosounder coupled with an elliptical (4° x 10° nomi-
nal beam dimension) transducer and a circular (15° nominal
beam dimension) transducer to assess abundance of fish in
the vertical and horizontal dimensions from the surface to
within 0.25-m from the bottom. The elliptical transducer was
oriented perpendicular and lateral to the vessel path and
sampled the top 1.5-m of the water column from 10 to 30-m
athwart ship. The circular transducer was oriented vertically
and sampled from 1-m below the surface to within 0.25 m
from the bottom. Vessel speed was constant at about
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Fig. 1. Sample transect in the lower Neuse River Estuary, NC, USA.

1.8 m s A ping rate of 10 pulses s was multiplexed
between the two transducers, resulting in 5 pulses s~ to each
transducer. Each sampling occasion was preceded by an in
situ system calibration using a tungsten-carbide reference
sphere of known target strength placed greater than 5-m from
the transducers. Gain parameters were adjusted accordingly
based on calibration results. Returned acoustic signals were
simultaneously adjusted for spreading loss by applying 40-
log R and 20-log R time-varied gain for split-beam and
echo-integration processing, respectively. The datawere pro-
cessed in real-time for split-beam and echo-integration (HTI
DEPv. 3.53, HTI Seattle, WA, USA) and stored on alaptop
computer for later data analyses.

The acoustic survey coincided with a sampling of water
quality using adatalogger (Y Sl Model 6600) at 4-5 stations
aong the transect. The data logger recorded temperature,
salinity, and DO at 0.1-m increments through the water
column. All parameters were interpolated along the cross-
section of the river to provide a visualization of the water
quality observed during the hydroacoustic sampling. Dis-
crete zooplankton samplesweretaken at 2 or 3 depthsat each
station using a30-1 Schindler-Patalis plankton trap fitted with
a 63 um mesh net. Sampleswere preserved in 2-5% buffered
formalin, and subsamples were counted for juvenile and
adult (copepodite) stagesin the laboratory. Densities of cope-
pods were cal culated and reported in ind. m—. To verify fish
size and species composition in the surveyed area, we
sampled 18 stationsusing asurfacetrawl! (1.2 mwidth, 0.7m
height, 3.5 m length, 3.2 mm knotted mesh) that was towed
between two small boats and targeted thetop 1 m of thewater
column. Results from this survey indicated that anchovies,
Anchoa spp., comprised over 98% by number of the fishes
encountered.

Acoustic data were processed using split-beam and echo-
integration analyses. Split-beam analysis was used to deter-
mine the acoustic size (target strength) of individual fish
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targets in decibels. Using equations for clupeiform species,
target strengths were converted to approximate fish size and
to wet weight (Foote, 1986; Taylor, unpublished data). Echo-
integration provided ameasure of relative density that can be
converted to absolute density by scaling theintegrated acous-
tic signal within a cell by the average target size within the
cell. For this study, down-looking echo-integration datawere
divided into cells approximately 25-m long by 0.5-m deep
from 2.0-m below the surface to the bottom. The side-
looking integration data were divided into cells 25-m long
and 1.5-m deep and was calculated as the average voltage
return from 10 to 30-m athwart ship. Average target strength
was calculated for each cell and during each sampling occa-
sion. Only fish targets between -57 and -43 dB (ca 20-
100 mm TL) were used for the split-beam and echo-
integration analyses, representing the range of fish sizes
sampled in the surface trawl samples. All targets were as-
sumed to be Anchoa spp. based on the surface trawl samples.
Densities, measuredinno. m— and g m~3, werecalcul ated for
each cell by scaling the mean voltage returned from the
ensonified volume by the average fish size calculated from
split-beam analysis and verified using the surface trawl sur-

vey.
2.1. Data visualization and statistical analyses

Summary statistics for fish size and densities were com-
puted for each of the surveys. Echo-integration data were
analyzed for large- (trend) and small-scale (autocorrel ation)
spatial structures. We used a generalized additive model
(GAM) to characterize the spatial trend in the data for the
transect on each sampling occasion. Distance-along-transect
(in meters) and depth in the water column (in meters) were
used as covariates to explain the variability in root-
transformed  echo-integrated  density. The  root-
transformation of the echo-integration data appeared to best
normalize the data, since the data were highly skewed and
there were many zero-densities in the dataset. A stepwise
regression technique was used to optimize the degrees of
freedom used for each covariate in the smoothing functions
of the GAM. Predictions from the GAM and its residuals
were plotted to examine them for normality. Approximate
r-squares were calculated to determine the amount of vari-
ability explained by the spatial covariates. Residualsfromthe
GAMswerethen analyzed for theremaining spatial structure
by calculating the semivariance as a function of the distance
between measures (Cressie, 1993). The behavior of the em-
pirical variogram suggested that a Gaussian model would
best fit the data. The range, sill and nugget parameters were
estimated using non-linear least squares procedures to esti-
mate the spatial extent of correlation, the range parameter of
the theoretical variogram. Significant model variogram pa
rameters were compared between the two surveys to assess
differences in the spatial patterns of densities that may be
explained by the differences in habitat quality between the
two sampling occasions. All statistical analyses were per-
formed using S-plus (v. 6.0, Insightful Corporation, 2001).
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Fig. 2. Cross section of the transect sampled in June and August 2001.
Viewing direction is toward the west with the south on the left and north on
the right of each plot. Vertical and horizontal dimensions of each plot are
according to axes in top right panel. Interpolations of water quality (top
panels) are represented by salinity (broken yellow lines) and DO (color bar
at lower left). Copepod densities are represented by gray bars at sample
locations and are proportiona to the scaleinset. Echo-integrated fish density
is represented in the lower panels. Densities ranged from 0 to 8 fish m™
represented by a color spectrum (lower right).

3. Results and discussion

Patterns in water quality were quite different between the
two sampling occasions with respect to DO and salinity.

3.1. June sampling

During the night of 26 June 2001, the transect was strati-
fied with the pycnocline (12-13 ppt) and thermocline (28.0-
27.0 °C) at a depth of 3-m and >50% of the water column
under hypoxic conditions (Fig. ). Hypoxic eventsduring the
late-spring to early-fall in the Neuse River were strongly
correlated with stratification caused by spring freshwater
input, early-spring organic matter decomposition, and the
magnitude and direction of wind stress (Borsuk et al., 2001,
Paerl et al., 1998). Low wind stress before the June sampling
contributed to density stratification, which was caused pri-
marily by salinity differences between the intruding high
salinity water from the Pamlico Sound and net downstream
flow of the freshwater from the Neuse River. Copepodites
that were sampled concurrently during the hydroacoustic
survey indicated higher densities at and below the pycnocline
in DO concentrations|ethal to larval anchovies Breit-
burg, 1994). This pattern was in contrast to the observations
in the Chesapeake Bay, where copepodites avoided bottom-
layer DO <3 mg O, I (Keister et a., 2000). Large copep-
odites were the preferred prey of the anchovies (Peebles et
a., 1996) and represented the majority of the stomach con-
tents of anchovies captured during this study (Taylor and
Rand, unpublished data).

Average estimated fish size for June was 32.8 £ 0.6 mm
TL (mean + SE, and corresponded well with our
surface trawl sampling in the region, which averaged 35 + 1
mm TL. The distribution of June density values was highly
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Table 1

Summary of fish size and distribution of echo-integrated densities

Date Estimated TL Mean density Median density Min/Max Biomass (g)
(SE) (mm) (SE) (no. m™) (no. m™) density (no. m™)

26 June 2001 32.8(0.6) 0.50 (0.04) 0.04 0/8.31 809

2 August 2001 30.3(0.3) 0.66 (0.02) 0.50 0/3.42 1054

skewed and contained many zeros. Density values along the
transect averaged 0.50 fish m— (median = 0.04 fish m™) and
ranged from 0to 8.31 fishm™3 . High variability and
frequent zeros were common in the surveys of pelagic spe-
cies (Freon and Misund, 1999).

The GAM covariates of horizontal distance and depth
explained 60.5% of the variability in the density distribution
in June. There was awesak effect of horizontal distance, with
higher densities toward the middle of the river . This
pattern may be better explained by the effect of depth on the
vertical distribution, especially inthe middle of theriver. The
results from the GAM indicated a significant positive rela
tionship of fish density and depth from the surface to ap-
proximately 3-m depth (Fig. 3). Vertical density distributions
generally matched the pattern of oxygen stratification with
very few fish encountered below 3.5-m. Larval stages of
anchovies in the Chesapeake Bay were aso observed to
avoid hypoxic waters (Breitburg, 1994). Our results also
suggested that the fish were aggregating near the pycnocline.
In larger ocean and coastal systems, the evidence of changes
in vertical distribution was attributed to depleted oxygen in
the lower water column. Mathisen (1989) reported changes
in the maximum depth of anchoveta during extreme El Nino
events that resulted in an oxygen depletion closer to shore.
Further work is required to better characterize the move-
ments of pelagic fishes that may help explain this pattern.

Presence of aggregations was further supported by the
analysis of the spatial structure of the residuals of the GAM.
Small-scale spatial correlation was present in theresidualsto
an estimated range of 400 m <; High degrees of corre-
lation were especialy evident from 20 to approximately
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Fig. 3. GAM results for June 2001 fish density. Closed circles represent the
residuals. Splinefit (solid line) isbound by 95% confidence interval s (dotted
lines).

200-m lag distance. These small to medium sized patches can
be seen in the data plotted inWe were surprised to see
residual spatial structure in the data since other pelagic spe-
cies that have been studied generally show disaggregate
patterns during the night while shoaling or schooling during
the day (reviewed in Freon and Misund, 1999). Dense aggre-
gations may indicate that these fish were occupying micro-
habitats with high prey resources. Such high local densities
of grazers, however, may lead to increased competition for
resources, decreased feeding rates by individuals, and pos-
sible increases in activity costs. These mechanisms can lead
to decreased individual growth rates and lower population
production.

3.2. August sampling

Water quality sampling on 2 August 2001 showed a gen-
erally mixed water column with high DO down to approxi-
mately 5.5-m . Just prior to this period, the NRE
experienced moderate wind stress that served to mix the
water column and bring oxygenated water to the hypolim-
nion. Zooplankton abundances were higher than those ob-
served in June and were aso generally homogeneous
throughout the water column (Fig. 2).

Average estimated fish size for August was 30 = 0.3 mm
TL, and, as with sampling in June, corresponded well with
our surfacetrawl samples, which averaged 31.8+ 0.2 mm TL
(Taylor and Rand, unpublished data). The distribution of
August density values was not nearly as skewed as June
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Fig. 4. Variogram plots from analysis of spatial structure of residuals from
GAMs for June (closed circles) and August (open sguares). Data points
represent cal cul ated semivariance (gamma) at lag distances along the x-axis.
Dark lineis afitted theoretical variogram to the June data with parameters
for the Gaussian model, range: 406.32, sill: 0.05, nugget: 0.06. No signifi-
cant model was found for the August data.
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Fig. 5. GAM results for August 2001 fish density. Closed circles represent
the residuals. Spline fit (solid line) is bound by 95% confidence intervals
(dotted lines).

values and contained fewer zeros. Density values along the
transect during August averaged 0.66 fish m= (median =
0.50 fish m~3) and ranged from 0 to 3.42 fish m~ (Table 1.

The GAM model for the August density distributions
explained 48% of the variability in the data. In contrast to
June, there was a weak positive effect of distance along the
transect, with more fish present near the end of the transect
. This pattern was oppositeto thetrend in zooplankton
abundances across the transect , and may be aresult
of localized grazing effects on the plankton. Vertical distri-
bution was also quite different from the pattern observed in
June, with fish generally evenly distributed from 2-m to near
bottom (6-m). The more uniform distribution of fish in the
water column appeared to be amore typical pattern observed
with nighttime acoustic data (reviewed in Freon and Misund,
1999), and served as a stark contrast to what we observed in
June.

Unlike the results from the analysis of small-scale spatial
structurein the June sampling, there was no spatial patternin
the GAM residuals for August (Fig. 4). The empirical vari-
ogram indicated a pure nugget effect, and neither the sill nor
the range parameters of the model variogram were signifi-
cant. With evidence of only a weak trend... “with the sen-
tence” Given the prevalence of normoxia, and the overall
higher densities and more uniform distribution of zooplank-
ton prey during this sampling period we hypothesize
fish exhibit a more uniform distribution throughout the sys-
tem as a result of less restrictive limits on available oxygen
and prey resources in the system. The apparent inverse rela-
tionship between grazing fish and zooplankton densities ob-
served across the horizontal dimension may indicate how
these grazing fishes may affect copepod dynamics through
localized grazing pressure. Thislatter conclusion is specula-
tive and requires further investigation.

4. Conclusion
Hydroacoustic data analyzed with modern statistical

methods provides us with new insights into the environmen-
tal factors that structure the distribution of pelagic estuary-

dependent fish populationsin shallow systems. These results
represent the first reported efforts to quantify the spatial
structuring of pelagic fishes in response to oxygen stratifica-
tion in aperiodically stratified estuary. Under stratified con-
ditions, we found that fish form dense aggregations at night,
in conditionswhen overall prey concentrationsin the epilim-
nion were low. This suggests that fish may be depleting prey
concentrations in the epilimnion or concentrating in prey
patches that we cannot resolve with our current plankton
sampling methods and argues for an approach where we can
more closely match the scale and resolution of sampling of
both fish and plankton communities. Future hydroacoustic
sampling coupled with intense sampling of the zooplankton
community will allow us to extend the analysis to important
biotic processes, particularly with regard to better assessing
the interactions of abiotic and biotic factors in determining
the spatial distribution of pelagic fishes in estuaries. These
dataareimportant to devel op trophic modelsthat will predict
population dynamics as a function of habitat quality. Physi-
cal models suggest that anthropogenic sources of nutrients
increase the propensity of hypoxic events during periods of
low wind stress (Paerl et al., 1998; Borsuk et al., 2001).
Varying durations and severity of stratification and hypoxia
will likely result in complex interactions between the zoop-
lankton populations and the grazing fish community, the
transfer of energy between the two trophic levels, and
system-wide fish production.
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Abstract

Fisheries management now extends from the stock to the ecosystem. The foundation for fisheries management on an ecosystem basis must
lie in appropriate modelling of the ecosystems. A prerequisite for such models requires data on the two interactive components of the
ecosystem: the biotope (physical environment), and the community of living species. In this context, acoustics become essential, as this tool
can provide qualitative and quantitative data on various communities of species, and furthermore allows the seldom-attainable study of their
interactions. In fact, acoustics alow the monitoring of entire communities, from plankton to large predators, as well as certain aspects of the
physical environment, such as substratum characteristics. Acoustics have been used during the last two decades mainly to provide
fishery-independent estimates of stocks. The intention of this paper isto promote the use of acoustics for studying marine ecosystems and to
encourage the emergence of new generations of ecosystem models. As an example of integrative research based on acoustic data, we will
present the approach and the results of ascientific programme (ECOTAP) carried out to study the tuna pel agic ecosystem in French Polynesia.

We then discuss the use of acoustics as atool for ecosystem-based studies and management.
© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction

Ecosystem-based fisheries management has been widely
promoted by fisheries management agencies and non-
governmental organisations, and will soon be the preferred
mode of management (e.g. FAO Reykjavik conference on
responsible fisheries in the marine ecosystem: http://
www.refisheries2001.org/). Interactions between organisms
and their environment, and between organisms themselves,
are complex and fishing is only one of the factorsinfluencing
aquatic communities. The foundation for fisheries manage-
ment on an ecosystem-basis must lie in appropriate model-
ling of the ecosystems. Such modelling requires data on the
two components of the studied ecosystem: the biotope
(physical environment), and the community of living species,
the biocoenosis. Some models often considered to be “eco-

* Corresponding author.
E-mail address: arnaud.bertrand@ird.fr (A. Bertrand).

system models” are already available (e.g. Ecopath, Ecosim,
Ecospace; Pauly et a., 2000) but these are based mainly on
trophic relationships between components of the studied
communities. In addition, these models do not take explicitly
into account the variability of the physical environment and
the interactions between the physical environment and spe-
cies communities. The search for a quantitative understand-
ing of the dynamics of interactions between the biotic and
abiotic components of marine ecosystems, and their effects
on the dynamics of fish populations constitutes the founda-
tion of modern fisheries oceanography (Dower et al., 2000).
Furthermore, as stated by Denman (2000), “it is almost
axiomatic to state that confidence in forecast will increase
with the increased use of observations’. In other words, we
need to develop our understanding to model better ecosys-
tems. At present, the main difficulty resides in our lack of
knowledge about the true functioning of ecosystems, prima-
rily due to alack of available data. In most cases, the only
available data concern the exploited species (plus some punc-

© 2003 Editions scientifiques et médicales Elsevier SAS and I fremer/IRD/InralCemagref. All rights reserved.
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tual dataon plankton or other parameters). Asaconsequence,
most current models are based only on multi-species catch
data, without any information on other key components of
the system (micronekton for instance). These models might
be using the term “ecosystem” in an incorrect way. From our
point of view, it is of great importance to take care when
using the term “ecosystem” else there is a strong risk of it
losing its true meaning. An ecosystem approach seeks to
study the main components of an ecosystem, knowing that a
truly exhaustive study isimpossible.

To comply with such an objective, acoustic techniques
become essential. Acoustics represent the only tool allowing
the simultaneous collection of qualitative and quantitative
data on various communities of an ecosystem, from plankton
to large predators, and also on abiotic parameters, such as
substratum characteristics. Acoustic observations alow the
user to investigate ecological relationships in a direct man-
ner. Of course, other methods of observation should also be
used in order to collect complementary data.

The purpose of this paper is to promote the use of acous-
tics for studying aquatic ecosystems and to encourage the
emergence of new generations of ecosystem models. As an
example of integrative research based on acoustic data, we
will present a synthesis of the approach and results of a
scientific programme (ECOTAP: Etude du comportement
desthonidés par acoustique et par péche/study of tunabehav-
iour using acoustics and fishing) carried out to study the tuna
pelagic ecosystem in French Polynesia. We will then discuss

Acoustics
(Simrad EK500)

PN

Their prey

The Tunas

Ultrasonic
tracking

Instrumented
longline ™

the potential of acoustics asatool for ecosystem-based stud-
ies and management. It isimportant to note that our intention
isnot to provide an exhaustive review of the studiesthat have
used acoustics coupled with other observation tools to ob-
serve different communities of pelagic ecosystems (e.g. Ax-
elsen et a., 2000; Croll et al., 1998; Fiedler et al., 1998;
L ebourges-Dhaussy et a., 2000; Marchal et al., 1996; Young
et a., 2001), but rather to illustrate our approach through the
example of one integrative study.

2. Example of an ecosystem approach: the ECOTAP
programme

Theintegrative objective of the ECOTAP programme was
the direct and simultaneous observation of tuna (i.e. alba-
core, Thunnus alalunga; bigeye, Thunnus obesus and yel-
lowfin tuna, Thunnus albacares), their prey and the hydro-
logic environment using acoustics, CTD probes, ultrasonic
tracking, instrumented longline fishing, pelagic trawling and
the analysis of stomach contents (Fig. 1).

3. Materials and methods

Data were collected on-board the IRD R/V “Alis’ (28 m
long) during ECOTAP experiments carried out in the French
Polynesian exclusive economic zone. The study was con-
ducted between 4 and 20°S and 134 and 154°W, in the

The hydrology Abiotic

Stomach content

Biocoenosis

FADs Seamounts
XBT
Pelagic trawls CTD
7 A - 7
Biotope

Fig. 1. Schematic outline of the ecosystem approach used during the ECOTAP programme.
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vicinity of the Society, Tuamotu and Marquesas Archipela
gos, from October 1995 to August 1997. Acoustic data col-
lected with a SIMRAD EK500 connected to a 38 kHz split
beam transducer, were recorded to observe both tuna (by
echo counting or echo-integration) and their prey (by echo-
integration) (Bertrand et al., 1999b; Bertrand and Josse,
2000a; Josse et a., 1999). Acoustic observations were also
performed around fish aggregating devices (FADs) to study
tuna aggregations (Josse et al., 1999). Temperature, salinity
and dissolved oxygen profiles were collected using a probe
Seacat SBE 19 (Seabird Electronics, Inc.) between the sur-
face and more than 500 m in depth. A total of 80 000 hooks
were deployed during 163 fishing operations conducted us-
ing an experimental longline instrumented with hook timers
and time-depth recorders (Bach et a., 2003) in order to
estimate both time and depth of capture using amodel devel-
oped by Bach et al. (1996). Micronekton sampling was done
using a fry pelagic trawl (5 mm mesh) coupled with echo
sounding (Bertrand et al., 20024). Stomach contents of fish
caught by longline were fixed in 10% formalin, then organ-
isms were sorted and weighed at the laboratory (Bertrand et
al., 2002a). The tracking equipment we used was aVEMCO
system (Shad Bay, Nova Scotia, Canada), 50 kHz, 500 and
1000 PSI equipped with pressure sensor (Josse et al., 1998;
Dagorn et a., 2000a).

All of these observational techniques were used to study
the rel ationships between tuna and their environment (biotic
and abiotic) as shown in Fig. 1. The main results obtained
using an echosounder as the central tool and some potential
applications of theseresultsin fisheries science are presented
in Table 1.

3.1. Tuna observation

Tunahorizontal and vertical distribution was studied indi-
rectly using an instrumented longline and directly using
sonic tracking and acoustics ffable ). The smulta-
neous use of acoustic and ultrasonic tracking allowed study-
ing the fine scal e behaviour of tunas and to precisetherole of
the biotic and abiotic parameters on their horizontal and
vertical movements (Josse et al., 1998; Dagorn et a., 2000a,
b; Dagorn et a., 2001). Another application of such approach
was the measurement of the target strength (TS) of fish
individually identified, swimming free in their environment
(Bertrand et al., 1999a). An example of spin off of such study
was the demonstration that bigeye tuna was more able to
adjust the volume of its swimbladder than other physoclists
(Bertrand and Josse, 2000b). Furthermore, knowledge on
tuna TS allowed the direct observation and assessment of
adult tuna dispersed in their environment (Bertrand and
Josse, 2000a). Performing tunadirect observationisessential
asindirect methods are known to be biased particularly when
fishing gears do not sample the whole vertical habitat of
tunas. Catchability is a key parameter when using fishing
data and a comparison of acoustic tuna observations and
longline catch datathusallowed tackling theissue of longline
tuna catchability.

I Ultrasonic tracking | | A ti I I Instr

v

Echo counting

Tuna TS
measuremen!

Hook timers

Depth recorders

/*\

or
Echo integration

l

Tuna observation

Tuna catch
independent of the dependent on the fish

Tuna behaviour

catchability behaviour (catchability)

Catchability

Fig. 2. Schematic outline of tuna observation.

3.2. Tuna preyobservation

Tuna prey (i.e. micronekton) distribution was studied
through acoustics, pelagic trawls and stomach content analy-
sis 1 . Micronekton and particularly mesope-
lagic fish such asmyctophids playsamajor rolein the pelagic
ecosystems. The importance of this component was often
underestimated in the past due to alack of efficient observa-
tion methods. Actually mesopelagic fishes and squids are
very poorly sampled by direct methods. However, acoustics
alowsthedirect study of micronekton distribution and struc-
turing at large and small scales. In the Central Pacific using
acoustics and pelagic trawls data we showed that micronek-
ton distribution was different from general ideas raised in
bibliographical databut not supported bydirect observations.
Direct data allowed us to propose a schematic model of
ecosystem functioning (Bertrand et al., 1999b). Stomach
contents were then considered in order to determine (1) how
tuna forage according to a given environment, and (2)
whether stomach contents are agood indicator of prey diver-
sity and of actual diet. The comparison of pelagic trawl
catches, stomach contents and echo-integration data high-
lights a number of contradictions but each method gives
complementary data (Bertrand et al., 2002a, [Table 1)). We
could put into perspective the concept of reduced food avail-
ability for tunasin the pelagic environment. Tuna have devel -
oped physiological capacities (e.g. thermal inertiaand swim-
bladder efficiency) to dive enough during daytime to exploit
the migrant micronektonic species. Each tuna species forag-
ing in specific ecological niche defined in the vertical plan.
Finally acoustic observation of tuna prey alowed showing
that studies of tuna feeding behaviour may be biased when
carried out on tuna caught by a passive gear such aslongline.

Acoustic
(Echo integration)

Stomach
Contents

Pelagic Trawls

Sampling of structures
acoustically detected__,

Abundance, Distribution
& Structure (SSL-Aggregates)

I Comp‘%raison ,_l

Significant Differences

Specific Composition  Specific Composition

Fig. 3. Schematic outline of tuna prey observation.
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A synthesis of results obtained during the ECOTAP programme based on acoustic data. Some potential applications of these resultsin fisheries science are also
listed. (1) Bertrand et al. (1999a); (2) Bertrand and Josse (2000a); (3) Josse and Bertrand (2000); (4) Bertrand and Josse (2000b); (5) Josse et a. (1998); (6)
Dagorn et al. (2000a); (7) Dagorn et a. (2001); (8) Dagorn et al. (2000b); (9) Dagorn et al. (2000d); (10) Josse et al. (1999); (11) Josse et a. (2000); (12) Dagorn
et a. (2000c); (13) Bertrand et al. (1999b); (14) Bertrand et a. (2002a); (15) Bertrand et al. (2002b)

Topics Tools Main results Secondary results Fisheries science

application

Tunaacoustic Echosounder, First tuna TS measurements (1, 2, 3). Bigeye ahility to adjustthe  Direct acoustic tuna observation.

observation Ultrasonic tag, Preliminary tunaTSrelationshipstofish ~ volume of their swimbladder
Trolling length and swimbladder volume (3) better than might be

supposed for other
physoclistsfish (1, 4)

Tunadistribution Echosounder, Tuna observation and abundance At aregional scale, tuna Direct tuna biomass estimators,
Experimental estimation independent of commercial distribution related to prey particularly when the population is not
longline fishing activities (i.e. independent of distribution (4) fully exploited and/or the whole

catchability) (4) vertical range of vertical habitat is not
sampled by longliners.

Tunaswimming Echosounder, Role of the biotic and abiotic environment  Respectiverole of bioticand Model tuna horizontal and vertical

behaviour Ultrasonic tag, in the horizontal and vertical behaviour of  abiotic conditions swimming behaviour, e.g. (9).

CTD, Agent based tuna(5, 6, 7, 8). Modelling tuna vertical
model behaviour according to the biotic
environment (9)

Tunaaggregation  Echosounder, Typology and behaviour of tuna Size dependant behaviour of  Method for tuna aggregation studies.

behaviour Vertical longline,  aggregated around floating objects (7, 10,  fish around FADs (11) Aggregated tuna densities direct
Fuzzy logicmodel  11). Modelling tuna aggregation estimation. Data for tuna management.

behaviour according to the local Model tuna aggregative behaviour, e.g.
environment (12) (12).

Micronekton Echosounder, Direct observation and typology of Role of micronekton spatial  Predictive models of tunaforage

distribution pelagic trawl, micronekton distribution. Schematic structure in ecosystem should incorporate environmental
stomach content model of ecosystem functioning (13), functioning (13, 15) limiting factors. Necessity to takeinto
data, CTD Role of deoxygenated water and account the structure of micronekton

remineralisation process. No direct distribution (scattered vs. patchy).
relation between plankton and

micronekton distribution in the Central

Equatorial Pacific (13). Fine

characterisation of scattering structures

(19

Tunafeeding Echosounder, Determination of how tunaforage The classic concept of Studies of tuna feeding behaviour

behaviour pelagic trawl, according to a given environment, and reduced tunafood when carried out on tuna caught by
Experimental how tunadiet as ascertained from stomach availability in the tropical longlining may be biased (should be
longline, stomach  content, can be agood indicator of prey pelagic environment seems  taken into account in tropho-dynamic
content data diversity and of actual diet (14) relative (14) models).

Tunaspatial Echosounder, Definition of an index for the vertical Revisiting of therole Quantitative and qualitative data to fit

occupation pelagic trawl, volume of tuna habitat according to assigned to oxygen gradients  models on tuna behaviour, distribution,
Experimental abiotic conditions. Determination of the  on tuna distribution. New etc.
longline, CTD biotic and abiotic factorsinfluencing data on habitat limits of

bigeye, albacore and yellowfin tunaspatial tropical tuna (tolerancevs.
occupation (15) temperature and dissolved
oxygen) (15)

Tunacatchability ~ Echosounder, Determination of the biotic and abiotic Observation of a“cryptic’ Elements allowing better interpretation

with alongline pelagic trawl, factorsinfluencing tuna catchability. Role  biomass of bigeyetuna(15)  of longline CPUE (e.g. prey patch
Experimental of the scale of observation and of the prey characteristics should be taken into

longline, stomach
content data, CTD

spatial structure in the tuna catchability
with alongline (15)

account for resource management or
modelling).

3.3. Tuna-environment relationships

Knowledge on precise tuna distribution and habitat char-

acteristics alows an examination of tuna-environment rela-
tionships . We defined anindex of the vertical
volume of tunahabitat according to abiotic conditions. Inside
such “abiotic habitat”, we showed that tunas are likely to
adopt depths where prey are presents rather than depth of
preferred temperature or dissolved oxygen (DO). A spin off

of such study was anew interpretation of the role assigned to
oxygen gradient in tuna distribution (Bertrand et al., 2002b).
The relation between tunas and their environment have
strong impacts in their catchability. To interpret longline
catch data, in addition to abiotic parameters, the scale of
observation and the type of prey distribution are key factors.
On a regiona scale, tuna CPUE and prey abundance are
positively correlated. On a finer scale, when prey are abun-
dant and patchy distributed this correlation become negative
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Fig. 4. Schematic outline of tuna-environment approach.

asif tunas preferred to feed on prey rather than on dispersed
baits. Longline rates are thus higher in area with high prey-
density, but at a small scale inside such areas, very dense
patches reduced the catchability of albacore and bigeyetunas
(Bertrand et al., 2002b).

3.4. Tuna behaviour modelling

Observations of the prey of tuna distribution and structur-
ing allowed the construction of a simplified model of prey
spatial distribution and temporal dynamics. Models of tuna
behaviour based on ultrasonic and acoustic observations
werethen devel oped to reproduce tunahorizontal (near float-
ing objects, Dagorn et al., 2000c) and vertical (Dagorn et al.,
2000d) behaviour according to their environment .
Modelling applications can be much larger. Predictive mod-
els of tunaforage should incorporate environmental limiting
factors as we showed that assuming a direct relationship
between micronekton and lower trophic levelsis not always
appropriate (Bertrand et a., 1999b). Modelling tunadistribu-
tion and behaviour is a multi-parameter work. For instance,
in the vertical plan, inside their range of abiotic habitat, tuna
distribution isrelated to the distribution of prey. Prey vertical
position is controlled by irradiance (e.g. Widder and Frank,
2001; Frank and Widder, 2002), but also by the presence of
deoxygenated waters at depth or the structure of thefood web
(Bertrand et al., 1999b, 20023, b). Finally acoustics, which
was the central tool alowing the construction of such theo-
retical scheme is also needed to validate potential models on
tuna distribution according to the ecosystem structure.

4. Acoustics for ecosystem research: lessons
and per spectives

In the case of the present programme (Table 1), asin the
case of other integrative studies based on acoustics (e.g. Croll

et a., 1998; Lebourges-Dhaussy et a., 2000), such an ap-
proach led to significant scientific findings. However, as
already stated by Brandt and Mason (1994), acoustics should
be used much more often as a central tool for the study of
ecosystems and ecological modelling. Although these tech-
niques are certain to become increasingly popular, using
acoustics and interpreting data with relevance are not always
simple tasks, particularly for non-acousticians.

A research programme focusing on ecosystem function-
ing is based foremost on biology, ecology and ethology. For

Fig. 5. Drawing of the future “ideal” multibeam system for fisheries acous-
ticsand ecosystem research (Gerlotto, personal communication). (A) beams
forming the “vertical multi-beam echosounder” area (in thisarea, TS values
can be calculated using standard methods, assuming the organisms are
normally insonified on their dorsal aspect); (B) beams forming the “school
structure and biomass measurement” area (here, the background noisedueto
side | obe echoes on the bottom are not present, and the characteristics of the
schools can be measured with precision); (C) areaat distancelonger than the
depth, for shoal counting and cluster analysis; (D) combined with a 360°
long range sonar to study school behaviour.

the scientists involved, acoustics represent a tool (i.e. not a
research topic) allowing qualitative and/or quantitative, di-
rect and simultaneous observations of the main biotic and
some abiotic components of an ecosystem.

Studying ecosystems and understanding the functional
relationships connecting the various compartments of the
ecosystem at various space-time scal es often requires obser-
vations on large vertical and/or horizontal ranges. The limi-
tations of acoustics are dynamic and vary according to ambi-
ent noise levels and many other parameters (e.g. frequency,
acoustic power). For example, at 38 kHz, with the vertical
range we used during the ECOTAP programme (i.e. 500 m),
we were continuously close to the echosounder’s limits for
echo-integration and echo-counting (Josse et a., 1999). This
kind of limitation is often difficult to explain to non-
acoustians. As more and more researchers are brought to use
these techniques, it is essential that acousticians make an
effort towards non-specialists in order to promote acoustics
and to make these techniques accessible and comprehen-
sible. The acoustician must adapt tools and methods to these
new objectives. In addition, it isthe role of the acoustician to
validate and to interpret acoustic datain relation to datafrom
other observation tools.

Carrying out ecosystem studies often implies the need for
huge amounts of data. Acoustic data are known to be ex-
tremely voluminous, particularly if we want to be able to
re-process them with different thresholds. Finally, studieson
fish behaviour (mainly schooling and avoidance behaviour)
and also on TS, etc. should remain important research fo-
cuses, as they still constitute major biases when observing
aquatic ecosystems acoustically.

The number of acoustic tools available for ecosystem
approaches is increasing from year to year. However, no
universal tool exists. Choosing an echosounder, for example,
isnot solely limited to the choice of a manufacturer, but also
implies compromises such as choosing one or several fre-
guencies, a beam width, etc.; decisions which themselves
depend on the desired range, the studied communities, and so
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on. These choices, which can sometimes appear common-
place for an “expert” acoustician, are again often difficult to
explain to non-acousticians. Furthermore, to perform an
“ideal” ecosystem study you may actually need one or sev-
era research vessels, amultifrequency echosounder to maxi-
mise species recognition, a multibeam sonar to take full
advantage of school behaviour observation, aTAPS™ acous-
tical zooplankton sensor vertically undulating to maximise
plankton observation, high performance software for acous-
tic data processing (e.g. Movies + or Echoview), an autono-
mous underwater vehicle, aswell as CTD probes, micronek-
ton and plankton pelagic trawls (and/or purse seine, longline,
etc.), remote sensing data on SST, chlorophyll, and more. In
other words, you need something near to an armada. Of
course, such a deployment of forceis often out of reach and
sometimes inoperative due to interference and other con-
cerns.

In the near future we can reasonably hope that new inte-
grative tools will be available to study ecosystems. New
systems should be derived from recent developments in
multibeam echosounders (Gerlotto et al., 1999, 2000; Mayer
etal., 2002). An“ideal” systemfor fisheriesacoustics (Fig. 5)
could be composed of a “180° multi-beam echo sounder”
where central beams calculate TS values using standard
methods; |ateral beams are used to determine 3D structures
and perform biomass measurement; and long range lateral
beams are employed in shoal counting and cluster analysis
(Fig.5). Al of this could be combined with a360° long-range
sonar to study school behaviour. With such atool we should
obtain areal scan of the ecosystem’s composition and be able
to study fish behaviour. Acousticians and ecol ogistswill need
to collaborate in the development of such atool. Number of
“non-acousticians” still believe that acoustics are only used
for biomass estimation, since many “acousticians’ use
acoustic dataonly in thisway (see Fernandes et a., 2003 for
areview of acoustic applications in fisheries science). When
acoustically assessing a stock, much effort is devoted to
removing echoes from plankton or micronekton. This infor-
mation is considered to be pure noise and simply eliminated.
However, such information is fundamental to the study of
predator-prey relationships and more generally to understand
and model resource distribution and ecosystem functioning.
We can reasonably consider that micronekton is a key com-
ponent when modelling pelagic ecosystem. In that way
acoustics should play a magjor role when constructing theo-
retical models of ecosystem functioning but also to validate
mathematical models. Many laboratories all over the world
dispose of a huge amount of data stocked with information
about the biomass and distribution of “non-targeted species’
(predator, prey, competitor, etc.). Fisheries ecol ogists should
capitalise on these datafor the purpose of integrative studies.
This implies that researchers who may not have any knowl-
edge of acoustics should make the effort to exploit such data
in a fruitful way. In the future, estimates could be made
routinely for targeted species, and aso for other organisms.
Such efforts are unavoidable if we want to move towards

truly ecosystem-based management. This implies for in-
stance that all the frequencies available on a research vessel
should be used on a routine basis. To move further in this
direction, some projects are seeking to develop “plug on
play” echosounders and other acoustic toolsin order to make
routine observations of ecosystemsfrom moored buoys, mer-
chant ships, fishing ships (e.g. Melvin et a., 2002), and
others.

The joint application of acoustic techniques, which allow
direct monitoring of the ecosystemsat different spatiotempo-
ral scales, and powerful new modelling methods, should lead
to considerable progress in our knowledge and management
of ecosystems, but will require that acousticians, ecologists,
and modellers work hand in hand. If this challenge is under-
taken, acoustics will certainly be the most important and
commonly used observation tool of aquatic ecosystems in
coming decades.
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Abstract

Data from single and multi-frequency active acoustic surveys conducted annually in the vicinity of the South Shetland Islands, Antarctica
were re-analyzed using updated procedures for delineating volume backscattering due to Antarctic krill, adjusting for signal contamination due
to noise, and compensating for diel vertical migration of krill outside of the acoustic observation window. Intra-and inter-seasonal variations
in krill biomass density and dispersion were derived from the re-processed data set for surveys conducted in the austral summers of 1991/1992
through 2001/2002. Estimated biomass density ranged from 1 to 66,glatreasing from mid-range levels in 1991/1992 to a minimum in
1992/1993-1993/1994, increasing to a peak in 1996/1997-1997/1998, and decreasing again through 2000/2001-2001/2002. Although this
variability may be attributed to changes in the spatial distribution of krill relative to the survey area, comparisons with the proportion of
juvenile krill in simultaneous net samples suggest that the changes in biomass density are consistent with apparent changes in reproductive
success. A truncated Fourier series fit to the biomass density time series is dominated by an 8-year cycle and predicts an increase in krill
biomass density in 2002/2003 and 2003/2004. This prediction is supported by an apparent association between cycles in the extent of sea ice
cover and per-capita krill recruitment over the last 23 years and indications that ice cover in the winter of 2002 is seasonally early and extensive.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction scribed from net samples obtained in the vicinity of the
islands (Siegel and Loeb, 1995; Loeb et al., 1997; Siegel et
A series of active acoustic surveys were conducted in theal., 1998). Strong year classes appear to be auto-correlated in
vicinity of the South Shetland Islands as part of a larger effort time such that several years of poor recruitment are followed
to understand the relationships between krill and their preda-by 1 or 2 good years, describing a repeating cycle with a
tors, the influence of the environment and the potential ef- 4-5-year period. Loeb et al. (1997) suggested a link between
fects of a fishery on krill. Aggregations of krill, moving past  krill reproductive success and the extent of sea ice. Brierley
the islands with the Antarctic Circumpolar Current, are et al. (1999) suggested that the similarities in results from
preyed on by land-breeding predators who consume approxikrill surveys conducted in the South Shetland Islands and
mately 800 000 ton annually (Croll and Tershey, 1998). The near South Georgia (ca. 1000 km to the east) implied large-
krill fishery operating in this area currently takes less than scale physical influences on krill reproduction.
10% of this estimate on an annual basis (Convention on the - . :
Conservation of Antarctic Marine Living Resources, _Data descr!bmg Iong—term trends and. cycles in Antarctic
CCAMLR, 2000); however, 90% of the catch is within 80 km krill (Euphlaus.a Super ba) bloma§ s density can be useful
of the breeding colonies (Agnew, 1992). Large variations in when making inferences regarding factors that may regulate

krill recruitment success and age structure have been de:[he growth of the krill population (Loep etal., 1997) and the
spatial and temporal scales over which these factors may

operate (Brierley et al., 1999). While relative estimates of
* Corresponding author. biomass derived from a series of surveys conducted and
E-mail address: rhewitt@ucsd.edu (R.P. Hewitt). analyzed in a consistent manner have value, accurate esti-
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mates are critical to comparisons between surveys conducted
by different investigatorsin different locales (Brierley et al.,
1999). Absol ute estimates of biomass density are also impor-
tant to the development of models underpinning an ecosys-
tem approach to the management of the krill fishery (e.g.
Constable et ., 2000; Constable, 2001).

The surveys reported here were originally conducted and
analyzed following the methods described by Hewitt and
Demer (1993) and reported in a series of annua reports
available from the US Antarctic Marine Living Resources,
AMLR Program®. For these analyses, contamination by
noise was avoided by thresholding measurements of volume
backscattering beforeintegrating; bias dueto diurnal vertical
migration of krill (Demer and Hewitt, 1995) was ignored;
and delineation of backscattering due to krill was accom-
plished by visual inspection of reconstructed echograms. The
re-analyses of the surveys reported here improve accuracy
by: (1) characterizing system noise for portions of survey
transects and then subtracting it from reconstructed
echograms; (2) deleting from consideration those portions of
transects that were conducted after local sunset and before
local sunrise when an unknown portion of krill were in the
surface layers above the observation window; and (3) em-
ploying amulti-frequency techniquefor objectively delineat-
ing volume backscattering due to krill.

The time series of krill biomass densities generated from
the re-analysis of the surveys in the South Shetland Islands
are examined as they relate to variations in reproductive
success. A truncated Fourier series is also fit to the data,
following Brierley et a. (1999). The predictive value of such
amodel is dependent on the continuation of cycles apparent
intheAntarctic Peninsulaenvironment over thelast 20 years.

2. Materials and methods

Two surveys were conducted each year during mid-
January to early March. Although survey design varied be-
tween years, at least five transects were conducted in the
vicinity of Elephant Island during each survey
Table 1)). During each survey, oceanographic profiles and net
samples were obtained over a grid of regularly-spaced sta-
tions. Acoustic transects were conducted between stations.
Transects were oriented across bathymetric gradients and for
the purposes of estimating krill biomass density, transects
between a line of stations were aggregated and treated as a
single transect.

Measurements of volume backscattering strength were
obtained using a Simrad EK500 echosounder and various

1 US AMLR Program Field Season Reports, published on an annual
basis from 1989 through 2002 as SWFSC Administrative Reports (1989—
1999) and NOAA Technical Memoranda (2000—2002). See aso a series of
short papers under the general heading of US AMLR Program in the
19911997 review issues of the Antarctic Journal of the US published by the
US National Science Foundation. Copies available from US AMLR Pro-
gram, 8604 La Jolla Shores Drive, La Jolla, CA 92037, USA.

frequencies and transducer configurations. From 1992
through 1995, surveys were conducted aboard the NOAA
Ship Surveyor using a 120 kHz transducer deployed on a
towed-body (1992 and 1993) or installed in a hull blister
(1994 and 1995). From 1996 through 2002, surveys were
conducted aboard the R/V Yuhzmorgeol ogiya using 38, 120,
and 200 kHz transducers installed in a hull blister. System
calibrations using standard spheres were conducted under
ambient conditions before and after survey operations each
year.

Echograms were reconstructed from samples of volume
backscattering strength obtained at a vertical resolution of
0.5 m and a horizontal resolution of approximately 10 m,
assuming 2 sping repetition rate and nominal surveyspeed of
10 knots. Portions of the echograms corresponding to the
surface layer (0—15 m depth), bottom (5 m above the bottom
and deeper), and periods when the ship was on station were
excluded from further consideration. Various methods to
compensate for bias due to diel migration of krill into the
surface layer (Demer and Hewitt, 1995) were explored. The
additional uncertainty associated with applications of these
methods was difficult to quantify, however, and it was de-
cided to instead eliminate sampling periods between local
apparent sunset and sunrise. The effects of this decision on
sampling variance are discussed in Section 3. Post-survey
adjustments for system calibration and water density effects
on sound absorption, wavelength and two-way beam angle
were made where appropriate.

Initial measurements of noise at each frequency under
survey conditions were used to generate time-varied
echograms of only noise. These were visually compared to
echograms reconstructed from the original datausing similar
absorption coefficients and display thresholds. Noise levels
were then adjusted until the effects of noise at long ranges
appeared equal on each display; another 2 dB wasthen added
in order to arrive at a conservative adjustment for noise. The
time-varied noise echograms were subtracted from the origi-
nal datain manner similar to that described by Watkins and
Brierley (1995).

Regions of the noise-free echograms were attributed to
backscattering from krill swarmsand layers by making use of
the expected frequency-specific target strength of krill over
the sizerange of krill encountered during the survey. Volume
backscattering strength from an aggregation of krill at 38,
120 and 200 kHz was modeled by Demer (2003) using a
Distorted Wave Born Approximation model of krill target
strength (McGehee et al., 1998) and assumed distributions
for body orientation (Kils, 1981) and the density of animals
within an aggregation. The distributions of expected differ-
ences of volume backscattering strength at 120 vs. 38 kHz
(Sv;120 — Sy z8), and 200 vs. 120 kHz (S 200 — Sy120) had
modes of 11 dB (range ca. 4 dB) and —1 dB (range ca. 3 dB),
respectively (Demer, 2003). In order to account for random
variability in the sound scattering process, these ranges were
expanded to 12 and 6 dB, respectively, and were used to
construct filters. Regions of a noise-free echogram were
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Fig. 1. Study areafor the US Antarctic Marine Living Resources, AMLR Program. Solid circlesindicate oceanographic and net sampling stations, solid lines
indicate acoustic transects between stations, and stars indicate field camps where the reproductive success of land-breeding krill predators was monitored.
Survey designs varied from year to year depending on the number of stations sampled in the grid. The most consistent sampling was conducted in the Elephant
Island stratum delineated by the red rectangle.
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Fig. 2. The processing of samples of volume backscattering strength isillustrated byand example section of atransect. Echograms constructed from 38, 120 and
200 kHz dataare showninthefirst column. Anirregular layer of krill isshown above the remnants of an extensivelayer of myctophid fish and below morediffuse
aggregations of zooplankton. Re-sampled versions of these echograms are shown in the second column where each block represents the average of 500 samples.
Re-sampled noise-free echograms are shown in the third column. In the fourth column the re-sampled noise-free 120 kHz echogram is shown filtered for those
regionswhere 4 < (S,,150 — Sy 38) < 16 dB (top, where most of the backscatter attributed to myctophidsis eliminated), and for those regions where -4 < (S, 500
—S.120) 2dB (middle, where backscatter attributed to zooplankton and the remainder of backscatter due to myctophidsis eliminated). In thefinal step, volume
backscattering strength at 120 kHz is vertically integrated, averaged over 1 nautical mile intervals and converted to krill biomass density (bottom).
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Table1
USAMLR Program surveysin the vicinity of Elephant Island. CCAMLR: Convention on the Conservation of Antarctic Marine Living Resources
Austra Survey Dates Number Frequencies Mean density Coefficient Origina
summer of transects (kH2) (gm™) of variation estimate
(%) of mean density
(gm™)
1991/1992 Survey A 19 January—31 January 6 120 38.0 20.1 61.2
Survey D 29 February—10 March 9 120 79 14.3 29.6
1992/1993 Survey A 18 January—31 January 9 120 12 52.1 -
No data - - - - - -
1993/1994 Survey A 19 January—28 January 8 120 31 34.7 9.6
Survey D 26 February-5 March 9 120 21 337 7.7
1994/1995 Survey A 19 January—29 January 9 120 75 235 27.8
Survey D 16 February—23 February 9 120 13.2 28.8 355
1995/1996 Survey A 25 January—4 February 9 38, 120, 200 26.8 29.0 80.8
Survey D 25 February-5 March 9 38, 120, 200 17.0 36.0 70.1
1996/1997 Survey A 31 January-9 February 9 38, 120, 200 50.0 21.4 100.5
No data - - - - - -
1997/1998 Survey A 16 January—25 January 9 38, 120, 200 60.2 19.3 82.3
Survey D 16 February—25 February 9 38, 120, 200 20.8 16.3 47.1
1998/1999 Survey A 22 January—28 January 5 38, 120, 200 14.8 38.1
Survey D 16 February—23 February 5 38, 120, 200 134 39.8
1999/2000 CCAMLR2000 29 January—1 February 8 38, 120, 200 257 252
Survey D 26 February-5 March 9 38, 120, 200 34.6 28.6
2000/2001 Survey A 17 January—24 January 9 38, 120, 200 6.6 19.1
Survey D 17 February—25 February 9 38, 120, 200 5.6 104
2001/2002 Survey A 20 January—26 January 7 38, 120, 200 33 ~60
Survey D 28 February—6 March 7 38, 120, 200 12 31.2

attributed to krill when both of the following conditionswere
true: 4 < (S),120 — Sy ze) < 16 dB and -4 < (S, 200 — Sy,120)
< 2 dB. The effects of these decisions are discussed in
Section 3.

The multi-frequency filters were used to process survey
data collected on surveys conducted in 1996 through 2002.
Thedistribution of volume backscattering strength attributed
to krill ranged between —50 and —90 dB, with approximately
80% of the integrated energy between —50 and —70 dB. For
surveys conducted during 1992 through 1995, when data
collection was limited to 120 kHz, volume backscattering
strength wasthresholded to include values >—70 and <-50 dB
asameans of delineating regions of the echograms attributed
to backscattering from krill. Visua inspection of the
echogramsindicated that thiswas an effective, but conserva-
tive, method of eliminating backscattering due to animals
other than krill.

Comparisons of single samples of volume backscattering
strength were too variable to allow contiguous regions of the
echogram to be delineated as krill and it was judged neces-
sary to average volume backscattering strength over bins of
finitevertical and horizontal dimensions (resampl€). Binsize
was set at 5 m vertical and 50 pings horizontal (ca. 500 m).
The effects of this decision are discussed in Section 3.

Resampled, noise-free 120 kHz echograms were filtered
to include only those regions where volume backscattering
was attributed to krill. Volume backscattering coefficients
(m?> m™) were verticaly integrated and averaged over 1
nautical mile distance intervals. Integrated volume backscat-
tering area (m? m2) was converted to krill biomass density

(g m™) by applying afactor equal to theratio of theweight of
an individual krill (g) and its backscattering cross sectional
area (m?) summed over the length frequency distribution of
krill sampled in the survey area (Hewitt and Demer, 1993).

The procedures outlined above areillustrated in|Fig. 2|for
an example section of a survey transect. Mean biomass den-
sity and its sampling variance were estimated for each survey
following Jolly and Hampton (1990) where the mean density
along each transect is considered a representative sample of
the survey mean (Shotton and Bazigos, 1984). It should be
noted, however, that transect spacing was not random, and
therefore, aviolation of their requirement for aratio estimate
of sampling variance. Other investigators defend the validity
of systematic transect spacing when using this method to
estimate variance by noting that the surveyed population is
most often randomly distributed relative to transect spacing
(Williamson, 1982; Francis, 1984, 1985). In their manual for
the conduct of acoustic surveys Simmonds et al. (1992)
recommended a survey design of systematically spaced par-
allel transects for populations, exhibiting both high and low
contagion in their spatial distribution, where the distribution
can be assumed to be random with respect to transect loca-
tion. No evidenceto the contrary was discovered with respect
to the surveys reported here.

3. Results

Estimates of mean krill biomass density and coefficient of
variation are listed for each survey in The second
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surveysin 1992/1993 and 1996/1997 were compromised due
to problems with the towed-body(1993) and the ship’s pro-
pulsion system (1997); consequently, no results for these
surveys are presented. The results presented for the first
survey in 2000 were estimated from data collected in the
South Shetland Island stratum of the CCAMLR 2000 Survey
(Hewitt et al., 2002). The large error associated with the first
survey of 2001/2002 is a combined error due to sampling
error between transects plus measurement error due to equip-
ment malfunction during a portion of the survey (estimated
by processing the entire survey twice using gain settings
before and after replacement of afaulty power supply). With
the exception of 1991/1992 and 1997/1998 the first and
second surveys of each year are not significantly different
from each other. In both 1991/1992 and 1997/1998 krill
biomass density decreased sharply from the first to second
surveys and continued to decrease in subsequent years.

Survey estimates of krill biomass densities and coeffi-
cientsof variation werere-calculated using al of the dataand
compared to results where nighttime sampling was excluded.
As expected, mean density was consistently higher when
sampling during the dark hours was not considered. It should
be noted, however, that the Jolly and Hampton (1990)
method used to estimate mean density assumes that the
transect mean is a representative sample of the survey mean.
Thus a reduction in the number of intervals in a single
transect does not impose apenalty with regard to the estimate
of sampling variance between transects. The increased den-
sity estimates when only daytime sampling is considered,
however, confirms the expected negative bias when sampling
krill at night and justifies their exclusion.

The ranges for the multi-frequency filters used to delin-
eate regions of the echogram attributed to krill scattering
were initially selected based on theoretical expectations of
the frequency-specific differences in volume backscattering
strength from aggregations of krill (Demer, 2003). Selected
echograms were processed using theseinitial values and the
resulting echograms were compared against the origina
echograms. Theinitia ranges were judged to be too conser-
vative and were expanded so that more aggregations pre-
sumed to be composed of krill were included. Aggregations
were presumed to be composed of krill based on their size,
shape, intensity, edge gradient and depth as verified by di-
rected net sampling. Application of thefirst filter (4 < (S, 1,0
— S, 38) < 16 dB) captured most aggregations visually identi-
fied as krill, but also included aggregations identified as
myctophid fish and smaller zooplankton. Narrowing thefilter
range excluded the non-krill scatterers at the expense of
excluding more krill aggregations. Application of the second
filter (4 < (Sy200 — Sv.120) < 2 dB) eliminated the non-krill
scatterers while retaining most of the krill aggregations. The
multi-frequency filters used here should be considered con-
servative; that is, their application will result in an underesti-
mate of the krill biomass density.

The effect of changing the dimensions of the re-sampling
bins was investigated. It was expected that the selection of

bin size would necessitate a tradeoff: if the bins were too
small the variability between samples of volume backscatter-
ing strength would cause the continuous nature of krill
swarms and layers apparent on the original echograms to be
lost; if the bins were too large the power to distinguish krill
would be diminished because backscattering from krill and
non-krill scatterers would be averaged together. Experimen-
tation with bin size on selected echograms indicated little
change in integrated energyattributed to krill when the bin
size was larger than some nominal dimensions and smaller
than very large regions of the echograms. Bin size was
selected at 5 m vertical and 50 pings in the horizontal direc-
tion, but comparable results could have been obtained if the
bin size was half or double these dimensions.

4. Discussion

The revised estimates of krill biomass density in the El-
ephant Island area were consistently lower than the original
estimates . As noted above the filter ranges used in
the current analysis were chosen such that aggregations that
were presumed to be composed of krill wereincluded and all
else was excluded. In contrast, the visual classification pro-
cedure used in the original analyses lumped krill and non-
krill zooplankton; athough, the non-krill zooplankton com-
ponent (including other euphausiids, copepods, amphipods,
chaetognaths, pteropods, and ostracods) was estimated to
contribute less than 10% of the total volume backscattering
strength at 120 kHz (Hewitt and Demer, 1993). Not included
in this estimate were contributions from sal ps and myctophid
fish. The numerical abundance of the non-krill zooplankton
component was an order of magnitude higher in 1994/1995
and 1995/1996 than it was in 1991/1992 and 1997/1998
(V. Loeb, personal communication). The largest discrepan-
cies between the current estimates of krill biomass densities
and the original estimates also occur during 1994/1995 and
1995/1996, suggesting that the proportion of volume back-
scattering attributed to non-krill zooplankton was underesti-
mated and variable from survey to survey. Variations in the
abundance of myctophid fish (primarily Electrona antarctica
and Gymnoscopelus nicholsi) and salps (primarily Salpa
thompsoni) may have also contributed to the variationsin the
difference between the original estimates (which included a
portion of the backscatter from these taxa) and the current
estimates (which did not). Perhaps the largest and least quan-
tifiable source of variability was the subjective nature of the
visual interpretation of the original echograms.

The procedures described here provide a more objective
method for delineating backscatter from aggregations of Ant-
arctic krill. Verification of the method, however, is dependent
on an accurate and unique characterization of krill aggrega-
tions derived from a comparison of acoustic records and net
sampling. Underestimates of krill biomass density will arise
if unknown forms of krill aggregations (or mixed species
aggregations) have not been characterized and hence not
considered when comparing the performance of variousfilter
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rangesin delineating krill aggregations. Dispersed krill were
also not explicitly considered when selecting the filter
ranges, athough it was noted that ow density regions of krill
were often delineating in the vicinity of denser krill aggrega-
tions when the filters were applied. The advantages of the
method are that it can be described in specific terms, and
therefore, applied consistently to a series of surveys; the
filters can be adjusted, new ones added and analyses redone
as warranted; and it can be used in a complementary way to
other techniques for delineating krill aggregations such as
discriminate functions and neural networks (Woodd-Walker,
2003).

The coefficients of variation reported here represent sam-
pling error as distinguished from measurement error (Hewitt
and Demer, 2000). Demer (2003) analyzed the total uncer-
tainty associated with a similar survey of Antarctic krill
across the Scotia Sea. He considered errors associated with
system calibration, characterization of krill target strength,
probability of detection, and the efficiency of algorithms
used to delineate backscatter attributed tokrill. He concluded
that measurement variance was negligible relative to sam-
pling variance. Demer (2003) also noted a disparity in krill
target strength predicted by an empirical model (Greene et
a., 1991) vs. atheoretical model (McGeheeet al., 1998), and
concluded that uncertainty with regard to krill target strength
remains the largest source of potential bias. The empirical
model, where target strength is estimated as a function of
body length, is used in the current analyses to convert inte-
grated volume backscattering strength to krill biomass den-
sity. The theoretical model, where target strength is a func-
tion of body length, shape, curvature, orientation angle and
material properties, is impractical to apply under survey
conditions because so many parameters must be character-
ized. One approach is to randomize the sound scattering
process by assigning appropriate probability density func-
tions to various parameter values and estimating a range of
target strength values for various body lengths (Demer and
Conti, 2003). The results of this and similar work will be
improved estimates of krill target strength under natural
conditions and the possibility of systematic changes in esti-
mates of krill biomass density.

Assuming that the character of krill aggregationsand their
target strength are not influenced by overall abundance, the
trends apparent in the time series presented here may be
helpful when making inferences regarding factors that con-
trol the growth of the krill population. One must also assume
that a representative sample of the krill population (both
biomass densityand demographic structure) can be obtained
from sampling in the vicinityof Elephant Island.

Siegel (1988) proposed a model of spatial succession of
age groups in the vicinity of the South Shetland Islands. He
described an order of magnitude increase in krill abundance
as the austral spring progressed into summer and fall, and
then asharp decline askrill apparently left the areabeforethe
expansion of seaice into the region. The seasonal changein
abundance has a spatial component with an increase in the

numbers of juvenile krill near the islands and in the Brans-
field Strait between the islands and the Antarctic Peninsula,
and by an influx of sexually maturing adults farther offshore.
Siegel further proposed that, asthe summer progresses, post-
breeding adults move shoreward and juvenilesleavethe area.
Lascara et a. (1999) suggested that shoreward migration
could explain large differences between summer and winter
krill densities observed along the western Antarctic Penin-
sula south west of the South Shetland Islands. Results from
net sampling in the Elephant I sland area have confirmed that
this movement is a consi stent phenomenon from year to year
(V. Loeb, personal communication). The juvenile and imma-
ture component of the population is reduced from the first
survey to the second survey of each year. Over the course of
four surveys conducted in the vicinity of the South Shetland
Islandsfrom mid-December 1999 through early March 2000,
small and intermediate krill length modes were reduced, but
differencesin biomassdensity were not detectable (Gutierrez
et a., 2003). Similarly, krill biomass density, as estimated
from acoustic surveys reported here, does not describe a
consistent pattern from the first to second surveys. Only in
1991/1992 and 1997/1998 were significant differences de-
tectable between the first and second surveys.

Although krill are only seasonally abundant in the South
Shetland Islands (Siegel, 1988; Siegel et al., 1997), results
from net sampling during the early summer suggest that the
relative contribution of year classes, and their effect on popu-
lation size, can be tracked over several years (Fig. 3). The
strong 1987/1988 year class (45 mm mode following Siegel,
1987) was dtill evident in the population when the first
acoustic surveys reported here were conducted. Also evident
was another strong year class (27 mm mode) produced by
spawning in 1990/1991. Recruitment from spawning in
1991/1992 was negligible and biomass density sharply de-
clined. Weak recruitment from spawning in 1992/1993 and
1993/1994 was associated with modest increase in biomass
density. The 1994/1995 year class was very strong, followed
by moderately successful recruitment from spawning in
1995/1996 and 1996/1997, and biomass density rapidly in-
creased peaking in 1997/1998. Recruitment from spawning
in 1997/1998 was negligible and biomass density sharply
declined. The increase in biomass density in 1999/2000 was
associated with moderate reproductive success from spawn-
ing in 1998/1999 but was not sustained in 2000/2001. The
most recent surveysin 2001/2002 suggest aslight decreasein
biomass density associated with relatively good reproductive
success from spawning in 2000/2001. Reid et a. (19994, b)
also demonstrated a correl ation between krill abundance and
the length-frequency distribution of krill in the diets of krill
predators breeding at South Georgia.

Brierley et a. (1999) concluded that variations in krill
abundance were influenced by broad-scale variations in the
physical environment. They documented 2-, 3-, 4-, 5- and
8-year cyclesin the power spectra of a 15-year record of air
temperature and a 17-year record of sea-ice extent in the
Antarctic Peninsula region, and a 15-year record of sea-
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Fig. 3. Annual estimates of krill biomass density in the vicinityof Elephant Island from the first surveyof each year (filled circles). Also shown are krill length
frequency distributions corresponding to the surveys (number of net tows per survey ranged from 75 to 105; 150 krill or less measured per tow). The solid line
isatruncated Fourier seriesfit to the data, using cyclesof 2, 3, 4, 5and 8 years, which explains 98% of the variability inthetime series. Of these, the 8-year cycle
(dashed line) dominates explaining 75% of the variance; addition of a 3-year cycle explains another 9%.

surface temperatures near South Georgia. They then fit a
truncated Fourier seriesto atime series of acoustic estimates
of krill biomass density in the Elephant Island area drawn
from avariety of sources. A mgjority of the variance between
annual surveyswas explained by 5- and 8-year cycles. Simi-
lar analyses were applied to the datain considering
all of the surveys, only thefirst surveysin each year, only the
second surveysin each year and the mean of both surveysin
each year. In al cases, 3- and 8-year cycles explained the
majority of thevariancein theti meseries. Themodel
also suggests an increase in krill biomass density over the
next 2 years. This prediction isdependent on the continuation
of cyclesin the environment and associated changes in krill
reproductive success.

An association between the extent of sea ice cover and
per-capita krill recruitment is apparent in indices derived
from satellite imagery of sea ice concentrations west of the
Antarctic Peninsula and net sampling data in the vicinity of
the South Shetland Islands over the last 23 years ).
These records suggest cyclical variation, and mechanisms
have been proposed to link seaice extent and krill reproduc-
tive success (e.g. Loeb et al., 1997). However, the period is
irregular and the association is not perfect. Interestingly,

although the extent of ice cover in 2001 was low, the most
current satellite images indicate seasonally early and exten-
sive seaice cover in the Antarctic Peninsula area through the
winter and early spring of 2002 ? . Recruitment from spawn-
ing in 2000/2001 and a second good or stronger year class
from spawning in 2001/2002 could be expected to increase
krill biomass density over the next 2 years as happened
following the recruitment of the 1994/1995 year class.
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Abstract

In order to monitor the recovery of vegetation from pollution and the success of re-seeding efforts, acoustic echoes from the sea floor,
covered and uncovered by underwater vegetation, were collected in Puck Bay (southern Baltic sea) using a 208 kHz Biosonics DT 4200
scientific echo sounder. The echo envelopes were examined and several of their parameters were recommended for further analysis. The
possibility of using these parameters to distinguish between a bare sea floor and underwater meadows was tested. The parameters may be
helpful in the identification of the species composition of the meadows and in accurate biomass assessment.
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1. Introduction pollution caused the state of the meadows to deteriorate
drastically—the species diversity and their spatial extent
In many environmental applications, it is important to shrank dramatically. At present, signs of recovery have been
assess the spatial distribution and biomass of underwatepbserved, which has encouraged efforts to restore the marine
meadows and to identify their species composition. This plant population. It is important to determine the extent of
requires monitoring techniques that are sufficiently cheap, this recovery by monitoring the submersed vegetation. The
neither time-consuming nor labour-intensive, and which per- hydroacoustic method could be useful in this respect.

. of the echoes from the bare and plant-covered parts of the sea
1980; Macglna et al., 1984; Duarte, 1987; Thomas et al"floor. The parameters for which a difference between echoes
1990) and in sea vv,ater (Spratt, 1989; Miner, 1993; BOZZ"’mowas noted are presented, and the significance of the differ-
et al., 1998; Carb6 and Molero, 1997; Sabol et al., 1997, ence is analysed. The effectiveness of the cluster analysis

2002a; Sabol and _Bgrczinski, .1.998)' . approach, based on selected parameters, in distinguishing the
The paper scrutinises the utility of the hydroacoustic tech- bare and plant-covered seabed is also discussed

nigue for monitoring the buoyant, bottom-rooted, submersed .
aquatic vegetation covering the acoustically hard, sandy, Selected features of the echo envelopes may be helpful in
nearly flat bottom of Puck Bay (southern Baltic Sea). Before detécting the presence of underwater vegetation, especially
the 1970s, this bay was one of the biologically richest areas in'Where the actual bottomis undetectable. The problem of poor
southern Baltic coastal waters—multispecific underwater detection is discussed in Sabol et al. (2002b). Indeed, there
meadows covered most of the bottom, providing a refuge and"/aS & problem W|th_bottom detegtlon for the hydroacoustic
foraging conditions for various marine organisms, including data we collected in some particularly dense paiches of
economically valuable species of fish. During the 1970s, Vegetation.
The analysis may also be important as a preliminary step

" Corresponding author. in the identification of plant species and the accurate assess-

E-mail address: gorska@iopan.gda.pl (N. Gorska). ment of biomass. Identification of the brown filamentous
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agae Pilayella sp., which flourishes in the polluted,
eutrophic waters of Puck Bay, could be significant in the
accurate assessment of biomass. Clouds of these algae, satu-
rated with air bubbles trapped in the underwater meadows,
can significantly distort the echoes from rooted underwater
vegetation.

Biological observations show that the vertical structure of
the vegetation canopy depends on the plant speciesinvolved,
as this may influence the properties of the echo envelopes.
Hence, it isimportant to define the echo envel ope parameters
sensitive to this effect. The parameters investigated in the
paper could be interesting from this point of view. As a
further step, the possibility of using these parameters to
identify plant species (including Pilayella sp. algae) will be
investigated.

2. Materials and methods
2.1. Ste conditions

The data were collected in a 500 x 500 m area in the
northern part of the outer Puck Bay in May and Septem-
ber 2001. The sediments were homogeneous (sandy bottom)
throughout the area. The bathymetry exhibited relatively
little variability; the mean depth was approximately 1.7 m.

The area was colonised by submersed, vascular plants.
The buoyancy of the bladders is due to the inter-cellular
space, which is involved in the exchange of gases between
the plant and the surrounding water. The maximum height of
the vegetation canopy was around 40 cm.

The spatial distribution of the vegetation was patchy. The
species composition of most patches was complex, the domi-
nant species being Zostera marina, Zanichellia sp. and Pota-
mogeton sp. However, almost monospecific patches were
also found. The brown filamentous algae Pilayella sp., typi-
cal of eutrophic waters, was present in many patches (up to
8% of total biomass).

2.2. System description and data collection

The study was conducted from a small survey boat with
precise navigational instrumentation. The acoustic measure-
ments were performed using a downward-looking Biosonics
dual-beam echo-sounder with a working frequency of
208 kHz. The narrow, 6° width beams were used for emitting
and receiving. Thetransducer pulsed at therate of 8 pulsess™
and the signal duration was 0.1 ms. The envelope of the
received echoes was sampled at 41.7 kHz. Simultaneously
with the acoustic measurements, positional data were re-
corded using a D-Global Positioning System (DGPS)
TRIMBLE SE4000 sampled at 1 Hz. The positioning preci-
sion of this system is approximately 0.3—1 m. Both acoustic
and position data were stored on alaptop PC.

Fifty transects parallel to the local shoreline with afixed
distance between them were sampled using the echosounder
and DGPS.

Additional observations involved stationary ground truth
sampling and detailed visual inspection of the underwater
meadows, enabled by the optically transparent shallow water
conditions of Puck Bay.

The stationary ground truth samples were collected at
random locations (one in May and seven in September)
within the study area. The applied methodology closely re-
sembled that described in Sabol et a. (2002a). The data
collected were used mainly to verify the algorithm for detect-
ing the bottom and measuring the height of the vegetation
canopy (the algorithm is discussed in detail in another paper
currently in preparation). Nevertheless, the information on
the spatia distribution of the vegetation and the species
composition of the underwater meadows also contributed to
the present analysis.

Detailed visual inspection of the spatial distribution of the
meadows, together with DGPS localisations of the bound-
aries between vegetated and bare areas, was carried out over
some of the hydroacoustic transects. The visual observations
were helpful in evaluating the differences between the rel-
evant parameters for the vegetated and bare sea floor.

2.3. Data processing

The position-referenced hydroacoustic data were pro-
cessed in order: (1) to develop an algorithm for detecting the
bottom and measuring the height of the vegetation canopy;
and (2) to analyse the echo envel opes.

A signal-processing algorithm for bottom detection and
tracking, and vegetation detection was developed. A separate
paper, which discusses this algorithm and its precision in
detail isin preparation. Here we will only describeit briefly.
Analysis of the echo signal envelope has shown that, unlike
thealgorithm of Sabol et al. (20024), the depth of the sharpest
rise of the echo envelope cannot be used to localise a
vegetation-covered sea floor. The algorithm we have devel-
oped is based on the observed difference of echo levels for
the bottom and the plants. In the majority of echoes from a
vegetated bottom the highest echo level corresponds to back-
scattering from the water-bottom boundary. The algorithm
uses the locations of the maxima in the series of echo enve-
lopes to determine the bottom position. For detecting the
presence of vegetation, an acceptable level of accuracy of
this algorithm was demonstrated for a flat bottom and a
relatively sparse vegetation.

The present paper focuses on the analysis of the envelopes
of the collected echoes. The signalsreflected from abare sea
floor and underwater meadows were compared. Exampl es of
echo envelopes for plant-covered and bare sea floors are
presented i n respectively. These show that the echo
duration from a non-vegetated sandy bottom is approxi-
mately defined by the pulse width, whereas the echoes from
vegetated areas are significantly longer. Thefigure also high-
lights the difference in shape of the echo envelopes. The
envelopes are smoother for the echoes from the non-
vegetated bottom. These distinctions should be reflected in
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the values of the parameters controlled by the echo signal
width and “smoothness’.

A series of echo envelope parameters was studied. The
analysisinvolved cal cul ating the moments of different orders
(up to the fourth order) for the echo envelopes in time- and
frequency-domains and combinations of moments. The frac-
tal dimension of an echo envel ope, dependent on the variabil-
ity of the echo envelope, was also computed. Two approaches
were tested in parallel. One was based on the calculation of
this parameter as the log-og slope of the power density
spectrum (Hastings and Sugihara, 1994). It should be noted
that alarge set of echo envelope samplesisrequired for this
approach. However, this condition is not satisfied for short
echoesfrom asandy bottom, so thistechnique cannot be used
for them. Therefore, an alternative approach, free from this
limitation, was employed: this uses the wavelet transform
(Simonsen and Hansen, 1998). The calculations were done
for several classes of wavelets.

The analysis yielded three parameters whose values with
respect to a bare sea floor and underwater meadows display
the most conspicuous differences. These parameters are de-
scribed in the next section.

3. Results and discussion

The echoes from covered and uncovered bottoms were
compared with respect to the following parameters.

3.1. Description of the selected parameters

1. The normalised moment of inertia of the echo intensity,

with respect to its centre of gravity, is defined as
N
E(I - ic)2 : p|2
—i=1

M = .
zpf
i=

|
wherei isthe number of the echo sample, p; denotesthe
acoustic pressure for the ith sample, and N is the total
number of echo samples. Here, i, describes the sample
number corresponding to the position of the centre of
gravity for the echo signa intensity, which can be
expressed as

(D

i =int| =% 2

i=1

where int stands for the integer inside the brackets.
The normalised moment of inertia indicates how the
echo energy is concentrated around the centre of grav-
ity. The smaller the value of M;, the shorter the echo
pulseduration; conversely, alarger value of M, reflectsa
longer echo pulse duration, which may indicate the
presence of vegetation.

. The spectral width parameter v isexpressed as (Clough

and Penzin, 1975)

-1 (©)

wherem, (r =0, 1, 2) are spectral moments of the Oth,
1st and 2nd orders, respectively. The rth order moment
is defined as

m = [or st do @
0

where So) is the power spectral density of the echo
signal envelope and » denotesthe frequency. The mean
frequency can be givenby w =m, / m,.

The spectral width parameter is defined by the mean
frequency w and by the concentration of the spectral
power density around it. Thelarger the mean frequency,
the smaller the parameter. The spectral width parameter
islarger in aspectrum wherethe spectral energy ismore
broadly distributed among the frequencies; it is smaller
in the opposite case.

. Thefractal dimension was calculated using the wavel et

transform approach (Simonsen and Hansen, 1998), as
discussed in section 2.
The wavelet transform of asignal y(x) in adomain x for
ashifted and scaled version of amother wavelet y(x; a,
b) can be expressed by

dab) = [yoo u(52) e @

— o0
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where a and b are scale and tranglation parameters. The

wavelets can be created by choosinga=2 and b= 2/ k,

where | and k are both integers. Wavel ets are non-zero

over only small intervals of x. They are formed by

dilation and translation of the function y(x) and the
scaling function @(x), using the relationships

wl(x) =272y (2 'x - k) and pl(x) =2 "2 Tx - k).

To estimatethe fractal dimension, the use of several wave-

lets was checked. The best results were obtained for

Daubechi€e's orthonormal wavelets of order M. Their first M

moments are zero, and functions y(x) and @(x) are related to
those on the finer length scales by

L-1
P(X) :\/Ekzohmzx—k),

L-1
v () = V23 g, p(2x-K),

where L = 2M. The coefficients h, and g, are linked by the
relationship: g, = (-<1)“h,_,,, withk=0,1, .., L — 1.

The wavelet transform of the self-affine function y(x),
defined as y(x) OA™ y(Ax), where H is the Hurst exponent
(0O<H < 1) and ) isaconstant, isexpressed using theresult of
Simonsen and Hansen’s (1998) derivations

Wyxa,b = Wi- Hyixab
=" Y2 T Wy(x)](2a, 2b) (6)

Wy](Ja, 1b) = 2% “"wlyl(a,b). (7)

HereW[y(X)](a, b) isawavel et transform of the self-affine
function y(x). On averaging both parts of this expression over
the trandlation parameter b, the following expression can be
derived:

Wyl(Za) = 2 " T wlyl(a)
where

Wly](a) = (|WLy](a b)), ©)

Here, the brackets ... ), describe the averaging over the b
trangation parameter. The Hurst exponent H and the respec-
tive Hausdorff dimension (or fractal dimension) D =2 —-H
can be calculated from the slope of alog-log plot of W[y](a)
versus a using alinear regression algorithm.

The fractal dimension is defined by the variability of the
echo envelope and is smaller for smoother envel opes.

3.2. The results of calculations

The parameters described in section 3.1. were calculated
for theecho signals collected over the study area.

Theechogram for the part of the acoustic transect crossing
the central part of the study areaisshownin Thesolid
black line above the echogram indicates the presence of
vegetation as confirmed by visual inspection. Two underwa-
ter meadows almost uniformly covered by plants were visu-
ally examined. Their boundaries were localised using the
DGPS.

presents the variation in plant height along the
transect. The algorithm briefly described in section 2.3 was

used to determine the height of the vegetation. The presence
of visually confirmed vegetation isindicated in the same way
asin[Fig. 2a] There was good correlation between the under-
water meadow boundaries as indicated by the echogram and
the field observations.

The normalised moment of inertia M;, the spectral width
parameter V2, and the fractal dimension D ,; for the signals
scattered from underwater meadows and the bare sea floor
are shown (Fig. 2c-4). Thefigures demonstrate the growth of
all the parameters in the vegetated areas.

Further interesting result show the spatial
distributions of the spectral width parameter V2 (a), the nor-
malised moment of inertia M; (b) and the fractal dimension
Doy (C) calculated for the study area. The logarithmic scale
isused on the map for the normalised moment of inertia. The
scale bars are given on the plots. It is important to note the
apparent identity of the patchiness structure of the different
parameters, which the maps show up . For ex-
ample, the patch corresponding to the largest values of the
parametersis clearly visible in the central part of the investi-
gated areaon all three maps. To understand the reasons for the
correlation in the spatial distribution of the parameters, it
should be remembered that they are defined by the various
properties of the collected echoes: the moment of inertia is
influenced by the echo thickness, the fractal dimension de-
pends on the echo envelope variability, while the frequency
width parameter can be defined by both the echo thicknessand
the echo envelope “ smoothness’. The parameters are not func-
tionally dependent, and the correlation in their spatial distribu-
tionisexplained by the fact that their values differ for a sandy
bottom and underwater meadows. Indeed, the parameters can
probably be regarded asindicators of underwater meadows.

Accuracy analysis was carried out in order to assess the
significance of the differences between the parameters for a
plant-covered and a bare sea floor, and the possibility of
using them as indicators of underwater meadows. In an
attempt to classify the collected echoes reflected from a bare
and a plant-covered sea floor (“bare sea floor” and “plant”
pings, respectively), suitable thresholds were considered for
each of the parameters. The thresholds divide the parameter
variability rangeinto two parts corresponding to covered and
uncovered bottom conditions. Then, for each of the param-
eters, the pings for which the parameter is larger than the
threshold are classified as a “plant” ping. In the opposite
case, they are defined as* bare seafloor” pings. Theresults of
the classification areillustrated in Figs. 2c—e using the veg-
etation occurrence indicator—thick solid black (c) or grey
and black (d, €) lines. The black and grey lines correspond to
the various threshold values stated in the legends.

The accuracy of classification was assessed for the each
parameter. This was done by comparing the results of the
classification with the result obtained using our detection
algorithm see section 2.3). The results of the detec-
tion algorithm were selected for the comparison because it
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was sufficiently accurate to detect the presence of the vegeta- combination of visual inspection (September 2001 measure-
tion on a flat bottom. This algorithm was verified using a ments, results of which are presented in this paper) or video
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Fig. 3. The spatial distribution of the selected parametersin the study area.

filming data (later measurements made in 2002) and DGPS
to localise the boundaries of the underwater meadows. The
correlation with respect to the detection of the boundaries

positions of underwater meadows was high.
Comparing the vegetation indicators with the
indicator dFig. 23, bg, it can be concluded that using the

moment of inertiagivesthe best agreement with the results of
the detection algorithm. Agreement is poorest for the fractal
dimension parameter. A more accurate comparison demon-
strated that:

1. for the moment of inertia M; (Fig. 29, the false dlarm
and miss detection errors are, respectively, equal to 2.5
and 2.4% for the chosen threshold of 38.61.

2. for the spectral width parameter v? (Fig. 2d), the false
alarm error decreases from 8.3 to 1.9% and the miss
detection error increases from 4.8 to 14.3% for thresh-
olds from 0.52 to 0.70.

3. for thefractal dimension D, , thefalsealarm
error decreases from 14 to 1.3% and the miss detection
error grows from 16.7 to 38.1% for thresholds from
1.28to 1.44.

For the data presented in the echogram , the
selected parameters can be regarded as indicators of under-
water vegetation. However, these data were collected under
“ideal” conditions—a flat bottom of constant depth and veg-
etation patterns of comparabl e height. Seafloor conditions of
greater complexity were also examined, including variability
of bottom depth and meadows where the plant height is very
variable. Our study demonstrated that the use of just one
parameter is not sufficient to detect vegetation under such
conditions. Therefore, the possibility of cluster analysis for
detecting underwater meadows was also studied. A number
of clustering algorithms were tested for the data presented in
the echogram Fié. 2@. They differed in the number of
parameters used, the number of groups classified, and the
classifying procedure. The K-MEAN algorithm of clustering
(Spéth, 1982), applied in the three-dimensional space of the
selected parameters for three classes—"high plants’, “low
plants’ and “bare seafloor” pings, displayed better accuracy.
The classification results are comparabl e with those based on
the one-parameter approach using the moment of inertia. The
results of applying the clustering procedure are shown in
where the vegetated and non-vegetated bottom con-
ditions are indicated by the unit-and zero-values, respec-
tively.

Using this classifying procedure, a map of the vegetation
distribution along the acoustic transects was con-
structed. The vegetation specified by cluster analysis (both
groups—"high” and “low” plants) is indicated by dots,
which correspond to the geographical co-ordinates of the
respective echo signal measurements. The results of the clus-
tering analysis were verified by detailed visual inspection of
a given transect (4000 echoes were collected over this
transect). The calculated false alarm and miss detection er-
rors were found to be 3.2 and 37.7%, respectively. It was
demonstrated that cluster analysis gives better results than
just one of the selected parameters in distinguishing shorter
vegetation in cases where the height of the vegetation varies.

4. Conclusion

The paper analyses the properties of the envelope of the
echoes collected using a 208 kHz Biosonics DT 4200 scien-
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Fig. 4. Map showing the occurrence of vegetation in the study area; the map
was constructed on the basis of cluster analysis classification.

tific echo sounder in Puck Bay. Comparison of the echoes
from bare and vegetated sea floors shows that for the echo
envelope parameters—the moment of inertia, the spectral
width parameter and the fractal dimension—the differenceis
significant. Thisdifferenceisevaluated. It isthe most signifi-
cant for the moment of inertia, and this parameter can be used
to distinguish a bare sea floor from underwater meadows
wherever the bottom is flat and the vegetation patches are of
comparable height.

The effectiveness of cluster analysis (K-MEAN clustering
algorithm, applied in the three-dimensional space of the
selected parameters for three classes—"high plants’, “low
plants’ and “bare sea floor” pings) in distinguishing a veg-
etated from a non-vegetated sea bed is demonstrated. This
procedure is more effective for detecting shorter vegetation
where there is significant variability in the height of the
meadows than if onlyone of the selected parametersis used.
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Abstract

Seagrass beds play an important role in coastal ecosystems as primary producers and providers of habitat and environmental structure.
Therefore, mapping seagrass beds is indispensable in the management and conservation of sound littoral ecosystems, and in the development
of sustainable fisheries in coastal waters. Multi-beam sonar is often used to map bottom topography. We developed a mapping method to
guantify the volume of seagrass using a multi-beam sonar. Seagrass beds were scanned with the multi-beam sonar and quadrat sampled to
verify the distribution of seagrasses. We used software to discriminate seagrass signals from echoes to obtain a topographic profile of the
bottom without seagrass; this was then subtracted from the topography including the seagrass. We then mapped seagrass distribution,
calculated seagrass volume, and estimated biomass using volume and quadrat samples. We applied these methods to map a seagrass bed o
Zostera caulescensin Otsuchi Bay, on the Sanriku Coast of Japan, during the growing season of 2001. A transducer was attached to a boat (one
gross ton) equipped with a differential-GPS, a motion sensor, and a gyrocompass. The vessel completed a grid survey scanning whole seagrass
bed with an area of Blm x 156 m at bottom depths between 2 &m within about 40 min when traveling at a speed of 1.5™(8 knots).

The multi-beam sonar was able to visualize three-dimensional seagrass distribution without interpolation and easily to estimate area and
volume occupied by the seagrass using hydrography software. The results indicai2dcubascens was distributed at bottom depths of

6—7 m with a surface area of 3 62& mnd a volume of 1 368 fn The mean biomass of above- and below-ground parts of seagrass were
estimated to be 28.6 gDW Th(range 26.6-30.9) and 15.9 gDW fA(range 14.1-17.7). Our study demonstrated that multi-beam sonar is
effective for mapping and quantifying the spatial distribution of seagrass beds, and for visualizing the landscape of the seagrass canopy.

© 2003 Hlitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Seagrass; Seaweed; Mapping methods; Remote sensing; Multi-beam sonar

1. Introduction matsu and Kawai, 1986), and dissolved oxygen distribution
(Komatsu, 1989; Komatsu et al., 1990). Many commercially

Seagrass beds play an important role in marine coastaimportant species spawn in seagrass beds (e.g., sea urchins,

ecosystems. They support flora and fauna, including epi-balaos, cuttlefish); larvae and juveniles use the beds as nurs-

phytic organisms, as well as coastal fisheries (Coles et al.,ery grounds (Arasaki and Arasaki, 1978). Thus, seagrass

1993), and contribute to the marine environment by stabiliz- beds support biodiversity and are an important habitat for

ing bottom sediments and maintaining coastal water quality marine animals.

and clarity (Ward et al., 1984; Jeudy de Grissac and Boudour-

esque, 1985; Komatsu and Nakaoka, 2000; Komatsu anc1ural pollution as a result of economic development have

Yamano, 2000). Additional effects of seagrass meadows in- : .
decreased the size of large areas of seagrass beds in coastal

clude those of seaweed forests such as buffering of water . ) .
flow (Komatsu and Murakami, 1994), pH distribution (Ko- zones (e.g., Hoshino, 1972; Komatsu 1997). Since seagrass

beds are sensitive to pollution and water quality deteriora-
tion, they serve as “bio-indicators”. Altered seagrass depth
" Corresponding author. distribution in Chesapeake Bay was used as a bio-indicator

E-mail address: komatsu@ori.u-tokyo.ac.jp (T. Komatsu). when runoff impacted water quality, causing changes in light

Increased seafloor reclamation and industrial and agricul-

© 2003 Hiitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00045-7
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penetration and consequently affecting seagrass abundance
and distribution patterns (Dennison et a., 1993; Short and
Willie-Echeverria, 1996). Monitoring has also been carried
out at 24-33 survey sites aong the coast of Provence and the
French Rivierasince 1984, using thelower limit of Posidonia
oceanica as a bio-indicator (Boudouresgue et a., 2000).
Mapping of seagrassbedsisavery practical method to assess
the condition of coastal environments. Recently, it has been
stressed that preservation, restoration, and creation of sea
grass beds are necessary to recover coastal environments,
biodiversity, and bioresources for sound littoral ecosystems
and for the sustainable development of fisheries. To preserve
or conserve seagrass beds, it is very important to map and
monitor them (Lee Long et al., 1996).

The methods of mapping seagrass and seaweed beds can
be classified into two categories (Komatsu et al., 2002;
2003); one involves direct observation or measurement,
whereas the other involves indirect methods using remote
sensing equipment. The former category includes ground
surveys (walking, diving, or sampling from the surface). In
France, observations from a submarine were used to map the
lower limits of seagrass, P. oceanica, aong the French
Riviera (Meinesz and Laurent, 1978). Because they require
much time and labor, direct methods are not very efficient.
Indirect methods are classified into two groups, based on the
type of remote sensing equipment that is used: optical remote
sensing or acoustic remote sensing. Aerial photographs and
satellite imagery are efficient for mapping areas in which
dense seagrass beds can be identified on very coarse scales
(Belsher, 1989; Long et a., 1994). However, these methods
cannot always be used successfully to map seagrass biomass
or to find seagrasses at low densities, and they are not effec-
tive in waters that are too turbid or deep for optical remote
sensing.

One acoustic method that has been developed since the
1970s to map seagrass beds in the Mediterranean Sea is the
use of scanning sonar, which is more efficient than ground
surveying. With this method, swaths of the sea bottom
50-500 min width are scanned, and individual seagrass beds
can be successfully distinguished (Meinesz et al., 1981; Pas-
qualini et al., 1998; Piazzi et a., 2000). However, the major
disadvantages of this system arethat it is difficult to apply on
a small boat in shallow waters; it is impossible to measure
vertical height distributions; and it is difficult to convert
horizontal distribution data to mapping data from the posi-
tion data for the boat. Other acoustic methods use echo-
sounders to detect vertical seagrass distribution (e.g.,
Hatakeyama and Maniwa, 1978; Komatsu and Tatsukawa,
1998). The disadvantage of echosounders is that only a nar-
row area can be scanned; since seagrass is often patchily
distributed, the narrow strips deform the distribution. Thus, a
broader scan width is recommended.

Recently, narrow multi-beam sonar was developed and
used to map bottom topography in shalow waters. This
narrow multi-beam sonar can scan broad strips, as well as
provide vertical topography, making it suitable for mapping

Swath range
90°(1.5°X60)

otion sensor

Transducer

Fig. 1. Schematic view of multi-beam sonar (a) and photography of R/
Rias equipped with the multi-beam sonar, gyrocompass and motion sensor
utilized for mapping seagrass beds (b). Map of Otsuchi Bay on the Sanriku
Coast facing the Northwestern Pacific (left panel) and the study site off
Nebamain Otsuchi bay (right panel).

seagrass beds. Therefore, we aimed to develop an efficient
method of mapping seagrass beds by using multi-beam sonar
to measure their horizontal and vertical distribution.

2. Materials and methods
2.1. Multi-beam sonar

A multi-beam sonar, SeaBat 9001 (RESON Inc.) wasused
for mapping seagrass beds. The SeaBat 9001 multi-beam
echosounder measures 60 soundings in a single pass from a
lightweight and portable transducer head. The operating fre-
quency of the ultrasound is 455 kHz. Sixty sonar beams
within each swath (combined to form a 90°-wide by 1.5°-
long geometrically correct cross-section) provide simulta-
neous sonar coverage equivalent to about two times the
measured depth . Because of its small size, the
SeaBat 9001 was installed on asmall vessel (one gross ton),
the R/V Rias of the Otsuchi Marine Research Center, Ocean
Research Institute, The University of Tokyo .

A motion sensor (Model DM S2-10, TSSLtd.) and agyro-
compass (Model ADGC, KVH Inc.) were combined with
SeaBat 9001 to compensate for the motion and direction of
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Fig. 2. Echoes of multi-beam sonar reflecting from seagrass and sand
bottom.

the vessel (Fig. 1b). The position of the boat and the trans-
ducer were localized using differential-GPS (Model AgGPS
132, Trimble). Thetransducer wasfixed vertically ontheside
of the boat to scan the bottom topography. The data were
stored in a notebook computer and analyzed with hydrogra-
phy software (Hypack Max, Coastal Oceanography Inc.).

2.2. Estimation of seagrass volume and biomass

Most seagrasses, including Zostera caulescens Miki,
grow on sandy beds. If the seagrass canopy is much higher
than the sand bed, we can distinguish the seagrass from the
bottom by the multi-beam sonar.

We estimated the volume occupied by the seagrass using
the difference in depth between the above-ground part of the
seagrass and the sand bed. The procedure for this estimation
was as follows:. (1) a seagrass bed was mapped; (2) data of
bottom depth distribution were stored in the computer; (3)
using the hydrography software, the seagrass data were re-
moved from the bottom depth data to obtain the bottom
distribution of only the sand bed ; (4) the bottom
depth distribution of the sand bed was subtracted from the
dataincluding the seagrass to obtain the volume occupied by
the seagrass. In we can observe seagrass signals
sticking out upward from the base lines on the hydrography
software (Hypack Max). These signals were echo reflecting
from the leaves or stems of seagrass on the bottom of which
substratum was only sand in this area. Therefore we obtained
atopographic profile of the bottom without seagrass
by processing seagrass signals as noise on the software. We
estimated volume occupied by seagrass subtracting the topo-
graphic profile of the bottom without seagrass from that with
seagrass (canopy depth) on the software for dredging canals
and ports that can calculate the volume between two layers
with different bottom depthsin an identical area.

Seagrass biomass is estimated by the following steps. In
July and October, Z. caulescens grew two kinds of shootsin
Funakoshi Bay, which neighbors Otsuchi Bay (Sultana and
Komatsu, 2002, 2003): flowering and vegetative shoots. The
former were >80 cm and the latter were <80 cm. Since the
vegetative shoots are positioned below the flowering shoots,
their biomass depends on the aerial cover of seagrass on the
bottom.

Depth (m)

Distance (m)

Fig. 3. Bottom depth distributions including sand bottom and seagrass
sticking from the sand bed (a) and those of only the sand bed without the
seagrass dataremoved from the bottom depth data by using the hydrography
software. Bottom depth data were set along the vessel course. Single sweep
shows the bottom depth distribution with a solid line connecting data
obtained by one sweep of multi-beam sonar. The corresponding bottom
distributions are represented by the white arrows in each panel.

We can estimate vegetative shoot biomass by multiplying
the area covered by seagrass and the vegetative shoot biom-
ass per unit area obtained by quadrat sampling. If we assume
that the volume occupied by flowering shoots between the
bottom and 80 cm above the bottom isvertically constant, the
volume can be obtained by multiplying the height of 80 cm
and the area occupied by the seagrass at the level of 80 cm
above the bottom. Total volume occupied by the flowering
shoots is calculated from the sum of that from the bottom to
80 cm above the bottom and that from 80 cm above the
bottom to the canopy of seagrass above 80 cm. We can
estimate flowering shoot biomass by multiplying the volume
occupied by flowering shoots and the flowering shoot biom-
ass per unit volume obtained by quadrat sampling.

The definition of the shoot length isfrom the base of stem
to the tip of maximum leave attaching to the top of stem.
However, |eaves attaching to the top of flowering shoot stem
trail downward in situ. Since the canopy heights of Z. caule-
scens greater than 80 cm are proportional to stem length,
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Fig. 4. Map of Otsuchi Bay on the Sanriku Coast facing the Northwestern
Pacific (right panel) and the study site off Nebama in Otsuchi bay (left
panel).

flowering shoot biomass per unit volume was calculated
dividing above-ground biomass of flowering shoots by mean
stem length based on the quadrat sampling of seagrass.

2.3. Sudy area and ground-truthing survey

We selected a seagrass bed off Nebama Otsuchi Bay on
the Sanriku Coast of Japan, facing the Northwestern Pacific
. Otsuchi Bay isarias-type bay neighboring Funako-
shi Bay, where the longest seagrass on record, Z. caulescens,
is distributed (Aioi et a., 1996, 1998). The boat, equipped
with the multi-beam sonar, scanned the bottom at a speed of
3 knots (about 1.5 m s7*) from 10:22 to 11:03 on 23 October
2001.

To verify the seagrass distribution, a diver made in situ
observations and sampled two quadrats (0.5 m x 0.5 m) of
seagrassin the areawhere the acoustic survey was performed
at bottom depths of 5.1 and 6.1 m. Samples of seagrass were
preserved in plastic bags with 10% formalin seawater. Since
seagrass, Z. caulescens, is classified as a threatened species
by Division of Wildlife, the Ministry of Environment of
Japan (2000), it was necessary to limit number of quadrat
sampling that destroyed the seagrass beds of Z. caulescens
(Orth et al., 1984).

To estimate the error of depth detection by the multi-beam
system, we compared differences of bottom depth at a quad-
rat of 20 cm x 20 cm on the sand bed, which is roughly
equivalent to the foot print of each sound beam at the study
area, sounded at three times. Since surveyed area was
2 m x 2 m, we obtained 100 samples of the difference in the
bottom depth.

2.4. Seagrass biomass

Plant material was rinsed in freshwater and cleaned off
sand and shells in the laboratory. Shoot density (i.e., density
of only the above-ground foliar portions of aplant) and shoot
length (i.e., length from the bottom end of a shoot to the top

N39°19'32"

e /
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3 B
3 N39°19'2f" 3
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Fig. 5. Map of traces made by the R/V Rias, which was equipped with a
multi-beam sonar for mapping a seagrass bed of Z. caulescens in Otsuchi
Bay. Triangles show quadrat-sampling stations. Circle represents the area
(2m x 2m) to estimate the error of depth detection by the multi-beam sonar
system where three courses of bottom measurements were crossing..

of the longest blade) were measured. Samples were also
sorted into above- and below-ground parts. Epiphytic plants
and animals were removed from leaves by dipping the plants
into 5% acetic acid water. Wet weights were taken prior to
drying the seagrassin a hot-air oven (DX 300, Yamato Scien-
tific Co. Ltd) at 60 °C for 48 h. Dry weights of the samples
were then obtained and used to calculate above- and below-
ground biomass. Biomass was expressed as dry weight (g)
per unit area (i.e., gDW m), which is the most widely used
expression for biomass.

3. Results

Boat traces with the multi-beam sonar are shown in[Fig. 5]
Bottom topographic profiles with and without seagrass were
mapped with the triangulated irregular network (TIN) model
using the hydrography software (Fig. 6), and we found that
Z. caulescens formed a band-like distribution.

To estimate the error of depth detection, the differences of
bottom depth at a quadrat of 20 cm x 20 cm on the sand bed
sounded at threetimesin an areaof 2 m x 2 mwere classified
into 5 cm intervals . Mean of differences of the
bottom depth was 11.4 cm (S.D. = 5.4 cm). Therefore, the
bottom depth measured by the multi-beam system had an
error of £16.8 cm.

Longer, flowering shoots of Z. caulescens were distrib-
uted on the western part of the scanned area, where the
bottom depth was greater (Fig. 8). The northwestern part of
the scanned area was occupied by rafts used in aquaculture,
whereas the southeastern part was occupied by buoys. The
blank areas on the top and bottom of Fig. 9 correspond to
theserafts and buoys. The horizontal distribution of Z. caule-
scens suggests that it was mainly limited to a maximum
bottom depth of about 6.5 m (Fig. 9). Dense patches of
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Fig. 6. Three-dimensiona distributions of Z. caulescens on the bottom (a)
and bottom profile without seagrass (b) in Otsuchi Bay using the TIN model.
Intervals of grid lines on the East-West, North-South and depth axisare 5 m.

seagrass were observed at bottom depths between 6 and
45m.

Using the software (Hypack Max), we calculated that the
areas occupied by seagrass at 1 and 80 cm above the bottom
were 3628 and 543 m?, respectively. The reason for cutting
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Fig. 7. Frequency distribution of differences between maximum and mini-
mum bottom depths at a quadrat of 20 cm x 20 cm on the sand bed sounded
at threetimesinanareaof 2mx 2 m.

50 m

k

Fig. 8. Three-dimensional distribution of Z. caulescensin Otsuchi Bay using
the TIN model after subtracting the bottom with the seagrass from the
bottom topography including the seagrass.

seagrass at 1 cm above the bottom is to separate seagrass
from the bottom. Since three-dimensional distribution of
seagrass was extracted from the bare bottom, the aerial cover
of the sand bed was 10,205 m?. The volumes occupied by the
seagrass greater than 1 and 80 cm above the bottom were
1354 m® (610 m®) and 342 m* (+91 m®). Therefore, volume
occupied by the seagrass was 1368 m>. The mean height of
seagrass greater than 1 cm was 19.7 cm when we excluded
the area covered by shoots greater than 80 cm from the
volume and area estimates. The mean height of shoots above
80 cmwas 143.1 cm (£16.8 cm).

Shoot lengths determined by quadrat sampling were di-
vided into two categories. groups of shoots below and above
80 cm (Fig. 10). We pooled samples at depths of 5and 6 mto
calculate the mean lengths and total weights of the two
groups of shoots. The mean lengths of shoots below and
above 80 cm were 21.7 cm (£50.3 cm) and 311.4 cm
(x96.5 cm). The mean stem length of flowering shoots was
263.4 cm (£103.0 cm). The total dry weights of vegetative
and flowering shoots per unit areawere 24.3 gDW m~2 (range
23.4-25.3) and 52.7 gDW m2 (range 33.6-71.7). The dry

Seagrass and bottom
depth distribution (m)

100 m Distance

Fig. 9. Horizontal distribution of the areaoccupied by Z. caulescens, aswell
as bottom depth.
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Fig. 10. Distribution of shoot lengths of Z. caulescens sampled at bottom
depths of 5.1 and 6.1 m in Otsuchi Bay in October during the growing
Season.

weight of flowering shoot per unit volume was
20.8 gDW m3 (range 15.1-26.4). Roots attaching to vegeta-
tive and flowering shoots were classified into two categories
of roots. roots of vegetative shoots and flowering shoots.
Biomass of the former and the latter were 15.3 gDW m™
(range 13.8-16.8) and 3.5 gDW m (range 1.4-5.5).

Biomass of vegetative and flowering shoots were esti-
mated to be 88 kg (range 85-92) and 16 kg (range 12—20).
Root biomass of vegetative and flowering shoots were 56 kg
(range 50-61) and 2 kg (range 1-3). Biomass of above- and
below-ground parts were 104 kg (range 97-112) and 58 kg
(range 51-64). Biomass of above- and below-ground parts
averaged in total seagrass area were 28.6 gDW m™ (range
26.6-30.9) and 15.9 gDW m2 (range 14.1-17.7), respec-
tively. Consequently, mean seagrass biomass including
above- and below-ground parts was 44.5 gDW m™ (range
40.7-48.6).

4, Discussion

Many studies that have mapped seagrass beds using side-
scan sonar were unabl e to show three-dimensional images of
the seagrass beds, and provided only horizontal images. On
the other hand, mapping studies that relied on echosounders
produced only vertical images of seagrass beds. Our study
demonstrated that multi-beam sonar could detect seagrass
meadows precisely and visualize three-dimensional structure
on a computer display. Three-dimensional images of sea-
grass beds can be used to analyze the formation of seagrass
beds, including considerations of gap regeneration, horizon-
tal and vertical development of seagrass patches, and land-
scape ecology. By quadrat-sampling of seagrass beds, Sul-

tana and Komatsu (2002; 2003) reported that blade length
was proportional to bottom depth. We observed a similar
phenomenon when we mapped the landscape of the seagrass
canopy (Fig. §.

Colantoni et al. (1982) attempted to use a low-frequency
echosounder (3.5 kHz), which proved to be rather ineffective
in distinguishing the acoustic characters of P. oceanica beds
from those of the bottom. Although high-resolution continu-
ous seismic reflection (3.5 kHz) can distinguish P. oceanica
beds from others (Rey and Diaz del Rio, 1989), the long
wavelengths of ultrasound result in worse vertical precision
of the echosounder. Echosounderswith an ultrasonic wave of
200 kHz are more appropriate for detecting seagrass beds
(Komatsu and Tatsukawa, 1998). The multi-beam sonar
(SeaBat 9001) used 455 kHz and was reflected by the sea-
grass. Beam frequencies above 200 kHz are necessary to
detect seagrass beds.

Hatakeyama and Maniwa (1978) used echosounding to
map a Zostera bed, but they calculated only an index of
biomass, i.e., the sum of canopy heights per unit sector along
atransect scanned by the echosounder. Since it is necessary
to estimate seagrass biomass for aquantitative understanding
of the seagrass ecosystem, Komatsu and Tatsukawa (1998)
proposed a simple method using echosounder and global
positioning system to convert the shading grades of seagrass
on echograms to above-ground biomass based on quadrat
samplings. However, they did not estimate the volume occu-
pied by the seagrass. Multi-beam sonar measurement of
seagrass beds and subsequent software processing of data
allowed us to estimate the area and volume occupied by
seagrass. |ncorporating these datawith quadrat sampling, we
could then estimate the biomass of the seagrass beds.

Sabol et al. (2002) presented a technique for rapid detec-
tion of submersed aguatic vegetation (SAV) using a high-
frequency, high-resolution digital echosounder linked with
global positioning system equipment. The acoustic reflectiv-
ity of SAV alows for detection and explicit measurement of
canopy geometry using adigital signal processing algorithm.
However, it is difficult for this system to map three-
dimensional shape of seagrass patches because the echo-
sounder detects only narrow area along survey course of the
vessel equipped with the echosounder. The single beam
needs interpolation and geostatistics of data between survey
courses. Patch distribution of shoots prevents the reconstruc-
tion of seagrass canopy by using only one single beam. Thus
the multi-beam sonar ismore precisethan the single beam for
detection and explicit measurement of canopy geometry, and
estimation of the volume occupied by the seagrass.

The lower depth limit of seagrass beds is related to the
light extinction coefficient, which affects the minimum de-
gree of light required for seagrass growth (Duarte, 1991).
Thus, it can be used as an indicator of water quality. In
France, the lower depth limit of P. oceanica was monitored
by placing concrete markers (Meinesz, 1977). In this case,
theresults were very precise, but the area of observation was
limited. In contrast, multi-beam sonar can be used to define
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thevertical distribution and thelower depth limits of seagrass
beds by correcting depths measured by the echosounder to
mean sealevel. Therefore, monitoring the lower depths with
multi-beam sonar is useful for detecting the lower limits of
seagrass beds precisely over awide area.

Multi-beam sonar can scan a seagrass bed with an area of
115 m x 156 m at bottom depths between 2 and 8 m within
about 40 min when traveling at about 1.5 m s (3knots). The
survey produces bottom distributions in the entire scanned
area, except in places that the boat cannot approach. It is
therefore possibleto investigate about 500 m x 800 m per day
at bottom depths of 6 m with 60 s per turn of aboat at the end
of survey line, and under a condition of 25% overlap of width
scanned along two neighboring lines when a boat with an
echosounder travels at 1.5 m s for 10 h. In this way,
multi-beam sonar is a very useful apparatus for mapping
seagrass beds and visualizing the underwater landscape.

5. Conclusion

M apping with multi-beam sonar isasimple, labor-saving,
and efficient method to assessthe three-dimensional distribu-
tion of seagrass canopies. It can be used to estimate the
volume and area occupied by seagrass, and, in conjunction
with quadrat sampling, the biomass of seagrass beds can also
be estimated. The results of such athree-dimensional inves-
tigation can then be used to study seagrass ecology from a
landscape approach.
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Abstract

The feeding behaviour of small tuna on the mesopelagidfistiguerria nimbaria was studied in an equatorial area of the Atlantic Ocean
(10-20° W, 0-5° N). Acoustic data (from a scientific cruise) and tuna stomach content data (from the tuna purse-seine fishery) were combined.
V. nimbaria formed loose schools that occurred in clusters during daytime, and large aggregations during the night. The characteristics of the
schools and clusters were analysed. The average length, size and packing density of the day-school were estimated at 48.5 m, 24 400
individuals, and 5.8 fish i, respectively. The average length of clusters was close to 10 km. The packing density of night-school was
estimated at 1.6 fish . The preying of tuna oW. nimbaria was modelled as a stochastic process based on two Poisson processes. Daily
rations of tuna were estimated at 3.5% and 7% of the body weight. Taking into account the swimming performance of the prey and the predator,
we showed that tuna were able to feed on day-schools in a very short time, whereas feeding during the night by filtering was not competitive.
Furthermore, a cluster is able to feed a single tuna school during 2 months, proving the sustainability of the biomass of small tuna in the area
by V. nimbaria.

© 2003 Hlitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Acoustics; Feeding; Foraging behaviour; Predator-prey interactions; SchoolsVinriguerria nimbaria

1. Introduction 1968). They can shift from one food source to another,
preying upon anything they encounter (if they can capture

Fish develop a broad variety of feeding strategies (Laz- and ingest it). They thus feed on varied prey including nu-
zaro, 1987; Gerking, 1994). Two main feeding behaviours merous fish, crustaceans, squid and gelatinous organisms.
are observed among pelagic species: particulate feeding (in‘They do not always chase individual prey but commonly seek
cluding fish that eat other fish) and filter feeding. The former out schools of favoured targets (Gerking, 1994). To feed on
is distinguished from the latter by the visual detection of fast swimming epi-pelagic fish, like sardines or anchovies
prey. Both types of feeding may be sequenced in successivehat form highly dense schools on the continental shelves,
events. Faced with prey that form schools, the predation-acttuna have to track and eat them as quickly as possible. Faced
can be split into two phases: seeking out the school, and therwith small prey that form loose schools and swim slowly,
catching prey inside the school. The first phase includestuna have to adapt their capture strategy. Are tuna able to use
detection and pursuit, the second, capture by sight or filtra-some kind of filtration? Indeed, most species of tuna have
tion, according to the packing density of the school, the well developed gill rakers (Magnuson and Heitz, 1971). If
reaction of the prey, the illumination and the retention ability the tuna feed during the night, such an apparatus could
(mouth and branchial filters). prevent food loss through the operculum gap.

Tropical tuna grow rapidly and have high swimming per-
formance. They live in the pelagic ocean environment which
has been generally considered as poor in prey (Blackburn

In an equatorial area of the Atlantic Ocean (10-20° W,
0-5° N), where large purse-seine fishery occurs, the presence
'of seasonal tuna concentrations was studied within the con-
text of a research programme, PICOLO, conducted by Insti-
" Corresponding author. tut de Recherche pour le Développement (IRD) (Ménard et

E-mail address: menard@ird.fr (F. Ménard). al., 2000a). In this area, skipjacKdtsuwonus pelamis) and

© 2003 Hiitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00040-8
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juveniles of yellowfin (Thunnus albacares) and bigeye tuna
(Thunnus obesus) of the same size (average fork length 46
cm) feed mainly on small-size mesopel agic fish Vinciguerria
nimbaria (Phosichthyidae) (Ménard et al., 2000b). This for-
aging fish aggregates day and night in the top 200 m of the
sea (Marcha and Lebourges, 1996). In this context, the
feeding behaviour of the tuna and the predator-prey relation-
ships were studied based on acoustic data and tuna stomach
content data. Concentrations of V. nimbaria were observed
during the scientific sea cruise P1 that took place in January-
February 1997. This survey was conducted onboard the IRD
R/V “Antea’ in the area extending from 5° N to 0°. North
south transects along the longitude 15° W was replicated
eight times. The aim was to estimate the size of the schools,
the distances between the schools and the packing densities
of the schools. We also looked at the number of V. nimbaria
in a dataset of tuna stomach content. We estimated the aver-
age mea size and the daily consumption using a mixed
Poisson-Poisson model for a predator preying on a homoge-
neous prey (Magnusson and Aspelund, 1997). Taking into
account the swimming performance of the prey and the
predator, we then investigated the feeding behaviour of tuna
during the day vs. the night, and the sustainability of the
biomass of small tunain the area by V. nimbaria.

2. Materials and methods
2.1. Acoustics

The R/V “Antea’ was equipped with a dua-frequency
(120 and 38 kHz) hull-fixed transducer echo sounder (OS-
SIAN, trademark). Continuous recordswere made during the
entirety cruise. For thisstudy, only the 38 kHz frequency was
used. The packing density inside the aggregations, the size
and the dimension of the schools, as well as the distance
between schools have been acoustically assessed in relation
to the time of the day and the depth, using the software
Moviest (Diner et a., 1989; Weil et a., 1993). Acoustic
settings are displayed in Appendix A. Data is processed by
layer (average Sv) and by school in the depth range 10-200
m. Moviest+ provides many characteristics of each school, as
physical or acoustics properties (Scalabrin and Massg, 1993).
The data was corrected for geometry and density descriptors
(Diner, 1999). When the correction was seemed improbable
after the algorithm was applied, the school wasdiscarded. We
also applied a statistical correction to convert the average
observed length of the school into “true” diameter by afactor
of 4/m, assuming a circular horizontal section (MacLennan
and Simmonds, 1992). Packing densities were computed
from Sv values, using atarget strength (TS) of -56.7 dB for a
43 mm standard length (SL) and 0.6 g wet weight V. nim-
baria (Lebourges-Dhaussy et al., 2000). A backscatter
threshold for schools was defined as a minimum packing
density (Swartzman and Hunt, 2000). We used 1 fish m™ for
night time and 2 fish m= for daytime, i.e. -56.7 and -53.7
dB, respectively. An efficient recursive function of

S+Spatial Stats (Kaluzny et al., 1998) was used to find the
nearest neighbour distances between the day-schools. Fre-
quency distributions of the variables characterising the
schools are highly asymmetrical, and maximum values are
outliers. In our approach, the population mean is the charac-
teristic of interest. We used arobust procedure from alibrary
of SSPLUSG6tofit lognormal distributionsand to estimatethe
lognormal means and the standard errors. There is several
waysto define acluster of schools. Petitgaset al. (2001) used
adistancethreshold. Here, cluster sizewasinvestigated using
two independent methods with two datasets: the number of
recorded schools per kilometre and the integration by depth
layer per kilometre (i.e. the area backscattering strength
averaged per kilometre; MacLennan et al., 2002), assuming
that all the detected biomasswas in schools. Thefirst dataset
we collected was smoothed with a moving average of order
1: acluster was encountered when the number of schools per
kilometre was greater than the mean in the smoothed series.
In the second approach, the cluster size was estimated by the
range of the variogram of the integration by depth layer per
kilometre. This second method seems confident because it
takes into account the intensity of the detection, the depth
rangein which the day-schools occurred, and avoid the use of
a threshold. A spherical function was chosen to model the
empirical variogram.

2.2. Micronekton observation and sampling

Observations included trawl sampling with a young-fish
mid-water trawl (mouth of 10 m high and 15 m wide, 10 mm
mesh in the cod-end), equipped with a trawl echo sounder.
Trawling was targeted on school groups or scattering layers
detected by echo sounding. Hauls ranged from depths of
20-135 m, with an averaged duration of 30 min. SLs of V.
nimbaria specimens were measured and some fish were
weighed (wet) at the laboratory.

2.3. Somach content analysis

Stomachs were collected on tuna caught during daylight
hours by the purse-seine fishery operating in the area. The
length of each sampled fish was measured and the stomach
was preserved in formalin or was deep-frozen. Stomach
contents were weighed (wet) and sorted according to the
food item and the degree of digestion. Four degrees of diges-
tion similar to those used by Magnuson (1969) were assigned
to each item, according to the state of the ingested prey. The
rate of empty stomachs was very high, but a substantial
number of small size tuna had only V. nimbaria as prey (for
more details, see Ménard et a., 2000b). For these stomachs,
V. nimbaria were counted and measured (empty stomachs
were not taken into account). When identification was not
possible, an empirical method based on the degrees of diges-
tion was used for reconstructing the initial prey-weight prior
to the digestion (Bard, 2001). In this approach, a “test ani-
mal” is selected (Brama orcini for the ingested fish) in order
to compute weight loss factors of prey for each digestion
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index. These coefficients allowed us to estimate the initial
weight of the stomach content before it was digested. The
reconstructed weight wasdivided by the average weight of an
adult of V. nimbaria (0.6 g) in order to estimate the number of
V. nimbaria in the stomach.

Based on the stochastic model of Magnusson and Aspe-
lund (1997), the feeding of tuna that prey on schooling
V. nimbaria can be described by two random variables. Let X
be the number of encounters with prey per unit timeinterval
(i.e. meal frequency), and Y be the amount of food obtained
in each encounter (i.e. meal size). The former variable gives
the number of schools encountered per unit interval, and the
latter the number of prey captured in each encounter with a
school. Let T be the length of time a V. nimbaria is identifi-
ablein the stomach of atuna, the amount of food obtained in
thisinterval is

X
Z:El Y,
=

assuming that the number of prey consumed in atimeinterval
of length T is the same as the number found in the stomach,
and that ; is the number of V. nimbaria obtained in the ith
encounter. A common assumption for foraging modelsisthat
both X and Y have Poisson di stributions with parameter A and
M, respectively. Observed frequency distribution of stomach
content alows us to estimate both parameters using the
method of moments: p = $/z-1,and A = ZIu, where Z and
& arethe cal culated mean and variance of the number of prey
in the stomach, respectively. Several assumptions of inde-
pendence have to be stated. This ssmple model gives esti-
mates of the average number of meals per unit of time (1)
and the average meal size ({1) for small size tuna. These
estimates allow us to compute the mean ( CW) and variance
(séN) of the total consumption (wet weight) in the time
interval T:

Cy= /iy, and s =i(poy, + A, + A, with
i, = 0.6 and 6, = 0.21 g, the average and the standard de-
viation of the weight of V. nimbariain the area, respectively.
If an estimate of T is available, the mean daily consumption
can aso be estimated (for more details, see Magnusson and
Aspelund, 1997). Olson and Boggs (1986) gave values of T
from gastric evacuation experimentson yellowfintuna. T was
estimated at 10 h using a mixed group of prey. However, for
the small prey Solephorus purpureus (nehu) similar to
V. nimbaria, T was estimated at 5 h. We thus took these two
[imitsto compute estimates of thetotal daily consumption by
weight and per unit of body weight of atuna.

3. Results

3.1. Schools during daytime

During the daytime, V. nimbaria were schooling (Fig. 1a).
The usua depth is around 100 m. We assumed that the
schools are circular in horizontal cross-section. The results

iy,

Fig. 1. Echogram showing (a) schools of Vinciguerria nimbaria adults
during daytime, and (b) one“swarm” during the night. The distance between
each vertical lineis 1 nautical mile.

on the size of the schools are displayed in Fig. 2. The
lognormal mean of the observed length was estimated at
38.1 m (standard error = 0.8). The mean diameter of the
schools was 48.5 m after correction by afactor of (4/x). The
lognormal mean of the height was estimated at 8.3 m (stan-
dard error = 0.2). The packing densities of the day-schools
were highly variable but rather low given their small size and
weak weight (0.6 g in average). The lognormal mean was
estimated at 5.8 m™ (standard error = 0.1). The number of
fish in a school was then deducted, assuming a school in the
shape of acylinder. The observed cross-section was assumed
to be equal to the section of an equivalent cylinder whose
height was unknown. The volume of the school was com-
puted from the estimate of thelognormal mean of the section
(110.5 m?), and from the mean diameter of the schools
(48.5 m). In average, the number of fish in a school of
V. nimbaria was thus estimated at 24 400 individuals.

The distances between the day-schools were computed
from the relative coordinates in the horizontal cross-section
and the depth of the centres of gravity of each of the schools.
We selected the schools identified between 50 and 110 m
only, because (i) schools were the most abundant in this
range, (ii) we limited the bias linked to the acoustic records
(variability of the scattering volumes), (iii) and small size
tunacan diveto feed at thisdepth. Thelognormal mean of the
nearest distance between neighbouring schools was esti-
mated at 124 m (standard error = 5). This is thus a robust
estimate of the nearest distance between the gravity centres
of the day-schools inside a cluster of schools.
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Fig. 2. Histograms scaled as probability densitiesfor (&) the length and (b) the height of the day-schools of Vinciguerria nimbaria, and for the packing densities
during (c) the day and (d) the night. Robust estimates of lognormal means (standard errors) were 38.08 m (0.77), 8.29 m (0.20), 5.78 fish m™ (0.09), and 1.61

fish m™ (0.06), respectively.
3.2. Clustering

Schools of V. nimbaria occurred in clusters during day-
time. The total average number of schools per kilometre is
5.5. Thisthreshold allowed us to estimate the average size of
acluster (12.6 km), the average distance between the clusters
(11.3 km), and the average number of schools per kilometre
inside acluster (9.7 schools km™). The empirical variogram
for the area backscattering strengths averaged per kilometre
shows a plateau The range of the corresponding
spherical model was estimated at 10.4 km that was very close
to the preceding estimation of the size of a cluster. The
distance between clusters was highly variable. The clusters
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Fig. 3. Empirical variogram and fit of a spherical model for the integration
by depth layer and per kilometre (range =7, sill = 44 000, nugget = 26 000).
X-axisisexpressed in ESDU and can be converted into kilometre by afactor
of 1.482.

probably occurred in groups of clusters. But the acoustical
observations recorded during the cruise did not allow us to
precisely estimate this spatial organisation. However, the
frequency distribution of the distances between clusters
showed two patterns the main one at short distance
(2-19 km), and the other at large distance (41, 61 and 90 km).

3.3. Schools during the night

During the night, V. nimbaria were aso schooling.
Schools were localised at the bottom of the thermocline
(80—100 m) or just below (110-130 m). The shape and the
size of the schools were completely different from those
observed during daytime . The sizes we observed
were very large, around 3000 m, sometimes twice that. Since
the software Moviest is not adapted to such length of
schools, these lengths were directly read on the echograms.
The packing density was very low: the lognormal mean is

4
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Fig. 4. Frequency distribution of the distances between clusters.
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estimated at 1.6 fish m=, with a standard error of 0.1
(Fig. 2d). The average distance between these schools was
about two times their length. They were also grouped in
clusters, with very variable but sometimes long distances
between them (20 km in average). In reference to krill, we
named this type of school “swarm”.

3.4. Vinciguerria sampling

The adults of V. nimbaria (SL = 30 mm) sampled during
the day and the night had the same length distribution
(Fig. 5) |Thejuvenileswere caught in the surfacelayer during
the night only. These juveniles were not mixed with the
adults, instead they were dispersed in layers at the ther-
mocline level.

3.5. Tuna stomach contents

Nearly all of the V. nimbaria found in the stomachs of the
sampled tunawere adults: they fell into a narrow size range,
3948 cm. displays the observed frequency distribu-
tion of V. nimbaria numbers in the tuna stomachs. The
sample mean was 45.4 (variance = 1149; maximum = 150).
The average meal frequency based on the Poisson-Poisson

180
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40 -
20
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15 20 25 30 35 40 45 50 55 60
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Fig. 5. Frequency distribution of Vinciguerria nimbaria standard length,
caught night and day by trawling.

1 22 43 64 85 106 127 148 169
Class of Vinciguerria

Fig. 6. Frequency distribution of Vinciguerria nimbaria number in sto-
machs of the sampled tuna.

Table1
Estimates of average number of meals per unit time (1), meal size (1), and
average time between meals (1/A) using the method of moments

Parameter A 1] 12
Estimates 19 24.3 0.53
Table2

Average daily consumption and average daily consumption per unit of body
weight asafunction of T, the length of timeaV. nimbaria isrecognisablein
the tuna stomach

T Time between meals Daily consumption  Daily ration

) (h (gd™) (per body weight)
5 2h50 min 133 7%

10 5h 40 min 66.5 3.5%

model was estimated at 1.9 mealsper unitinterval (T),i.e. the
time a V. nimbaria is recognisable in the stomach, and the
average medl size of amost 25 individuas (Table 1)] The
average and standard deviation of consumption in time T
were estimated at 27.7 and 20.9 g, respectively. A tunawith a
fork length of 46 cm has an average weight of 1.9 kg. Using
the two limits of T (5 and 10 h) based on the gastric evacua-
tion experiments on yellowfin tuna, estimates of the daily
consumption and consumption as a percentage of body
weight were computed (Table 2).|For T equals to 5 h, the
daily rationisestimated at 7% of the tunabody weight and at
3.5% for T equalsto 10 h.

3.6. Feeding behaviours

The acoustical results and the stomach data are now com-
bined to analyse the foraging behaviour of tuna feeding on
V. nimbaria schools. Let us consider one single tuna which
encounters a cluster of V. nimbaria schools during daytime.
The feeding involves successive captures of prey with a
feeding speed that we ranged from 0.5 to 6 tuna body lengths
per second (BL s™). Equally, we considered that V. nimbaria
cannot avoid an attack of atunapredator, because of itssmall
size (no predator avoidance reaction was assumed for the
prey). We assumed that the tuna that has encountered a
school in the cluster, simply swam at the same depth and at a
regular speed, feeding on al the prey he met in front of him.
The size of the meal for the tuna was established at 100
V. nimbaria. Thisisavery conservative hypothesis regarding
our estimations (1 = 25), but it represents roughly 3.1% of
the body weight of the predator. An average packing density
of 6 fish m™ leads to an average distance between fish inside

the school of 1/\3/8 = 0.55 m. According to its speed, the
tunafilled its stomach in less than 15 min (Fig. 7a). At 6 BL
s™, the computed time to catch 100 preys was only 2 min.
Now, let us consider the same tuna encountering a swarm of
V. nimbaria during the night. Since visual detection of prey is
not possible, the tunais assumed to feed by filtration. In this
theoretical case, the time to prey on the same number of
V. nimbaria depends on the packing density, the gap of the
mouth and the speed of the fish. The mouth section was
assumed to be circular and the radius was estimated at
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Fig. 7. Computed timefor onetunato fill its stomach with 100 Vinciguerria
nimbaria as afunction of tuna speed and packing density. (a) Model for the
day; (b) model for the night.

0.025 m (unpublished data). We supposed that the tuna swam
with its mouth open. The time necessary to fill its stomach
was calculated as a function of the packing density (varying
from 1, 2 and 6 fish m™) and of thetunavelocity (Fig. 7b). At
2BL s, thetunaneeded between 3 and more than 15 h to il
its stomach, depending on the increasing values of the pack-
ing density.

Now let us consider a school of small tuna (mean indi-
vidual weight = 1.9 kg). Such a school, which weighs 38
metric tons on average (purse seine catch statistics in the
areq), has 20 000 individuals. Based on the estimated daily
rations (mean of 7% and 3.5%), 3 million V. nimbaria haveto
be fed on by tuna each day (prey biomass = 1.8 metric tons),
corresponding to 126 day-schools. Assuming that a cluster of
schools is isotropic, considering the number of schools per
kilometre inside the cluster, and the average diameter of a
cluster, the number of schoolsinside acluster is estimated at
8000. Thus, a cluster is able to feed a single tuna school
during 2 months, or 63 schools of tunaduring 1 d.

4. Discussion

The estimate of the packing density is dependent on the
TS of V. nimbaria. TS measurements of mesopel agic fish are
scarce. Bagaien et al. (2001) measured the TS of adults of
two mesopel agic fish, Maurolicus muelleri and Benthosema
glaciale (-59.3 and —58.0 dB, respectively), using a split-
beam 38 kHz. Both species are close in shape and size to

V. nimbaria. According to their data, we computed the aver-
age SL of their samples: 42.9 and 55.5 mm, respectively.
Thus, for the same size, the difference is 2.6 dB between
M. muelleri and V. nimbaria. Measurements were made in
the near-surface waters during the diel vertical migration,
following the same procedure we followed for V. nimbaria.
Bias could affect both measurements, especially if the fish
was swimming up during the experiment (Torgersen and
Kaartvedt, 2001). It is thus difficult to interpret this differ-
ence that could be related to the species. For example, the
swimbladder of V. nimbaria is well developed, probably
more than the other species (Marshall, 1960). Anyway, even
a bias of +3 dB (that doubles or divides by 2 our packing
density estimates) could not modify the conclusions with
respect to the tuna feeding pattern. The packing density we
estimated looks very low in comparison with those of true
pelagic fish. However, such low densities were al so recorded
with other mesopelagic fish in “dense” layers. In the Gulf of
Oman, trawling by the R.V. Dr. Fridtjof Nansen equipped
with akrill trawl led to acatch of 0.6-1.6 fish m~ during the
night, and 8 fish m™= during the day, of Benthosema ptero-
tum, a very common small Myctophid (Sedersdal et al.,
1999).

The thresholds and the acoustical parameter setting are
also key parameters. Moreover, the day-schools of V. nim-
baria appear to be very loose, and the night-swarms very
large. In order to compare day and night data, we set the same
signal thresholds for both aggregations, but we made differ-
ent choices for schools and layer. Indeed, the =59 dB acous-
tical value used for schools also catches other scatters during
the night. The —50 dB threshold discards most of them and
reduces dightly the integrated day-values in comparison
with the—59 dB threshold (about 10% | ess). But in this study,
the integration layer process was only used for characterisa-
tion of the clusters, and not strictly for biomass estimation.
However, the relation between the night-swarms and the
clusters should be more investigated.

The preying of tuna on V. nimbaria is modelled as a
stochastic process based on two Poisson processes. No satia-
tion effect are taken into account, and the underlying hypoth-
eses of independence are sometimes hard to hold, i.e. the
time between meals is independent of the size of the meal,
schools are assumed to be randomly distributed. Thissimple
approach can be extended using, for instance, a Poisson-
negative binomial model, as proposed by Magnisson and
Aspelund (1997). However, the aim here wasto have simple
estimates of meal size and of daily consumption of tuna
feeding on schooling V. nimbaria, using stomach content
data that were not sampled at the same time as the acoustic
data. We thus did not take into account the empty stomachs
and other prey than V. nimbaria wasignored. Especialy, the
time spent by one tunato seek a cluster of prey schools has
not been assessed. But the time for one tuna to join one
school to another inside acluster isnegligible, because of the
short average distance between them. Therefore, our daily
consumption results concern tuna who found schools of
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V. nimbaria. If empty stomachs would had been included in
the analysis (but no representing sample was available), the
overall encounter rate and the consumption estimates would
have been lower. But our results in terms of daily rations
(between 3.5% and 7%) were similar to those obtained el se-
where. Using a completely different approach based on
stomach contents, Olson and Boggs (1986) estimated the
ration of yellowfin tunaof the Eastern Tropical Pacific Ocean
at 3.9% of the fish’s body weight. Ménard et a. (2000b)
followed the same procedure and found that the daily ration
varies from 1% to 6%. Furthermore, Magnuson (1969)
quoted that the maximum capacity of the stomach of a cap-
tive skipjack tuna was about 7% of its body weight.

Tuna clearly do not always hunt individual prey but seek
out schools of favoured targets. Once a concentration is
detected (the encounter with a group of prey), the feeding
involves successive captures of individuals, given ahandling
time and a “feeding” swimming speed for tuna that in this
case fed on aquasi-static prey. Actually, skipjack tunais one
of the scombrids species with the fastest recorded cruising
speeds. But the sustained speed in scombrids is variable,
ranging from 1 to 10 BL s, whereas burst speeds can reach
12-15 BL s (Altringham and Shadwick, 2001). On the
other hand, the small size of V. nimbarialeadsto aswimming
speed of one order of magnitude less than the swimming
speed of tuna. Measurements were made with a split-beam
on asimilar species (Torgersen and Kaartvedt, 2001). These
authors found an average speed of about 30 cm s, We thus
considered that V. nimbaria cannot avoid an attack from a
tunapredator. Furthermore, this mesopel agic speciesis prob-
ably not adapted to support ahigh level of light. Thelength of
time tuna feed on V. nimbaria during daytime remains very
short. We did not take into account the handling time, and we
certainly slightly underestimated the total feeding time. But
the computed time for feeding during the night is probably
higher. Actually, the speed of a tracked skipjack tuna was
recorded in the area. This tuna swam in a cluster of schools
during daytime (Fig. 11 in Marchal et al, 1996). Its average
speed was about 2 BL s™ and itstrack was linear in direction
and depth. During the night, the same fish was swimming
more slowly. Thus, small surface tunaare ableto feed during
daytime on very loose schools of small fish in a very short
time. On the opposite, feeding during the night by filtering is
definitely not competitive in this context, and may explain
why tuna do not use this type of feeding.

Schooling behaviour is common among fish, but the char-
acteristic pattern of schooling behaviour is variable (see
Fréon and Misund, 1999). For epi-pelagic fish (e.g. an-
chovy), the schools are generdly large and their overal
packing density isvery highin comparison with V. nimbaria.
However, V. nimbaria compensate by ahigh number of small
day-schools grouped in clustersin the surface layer, whereas
such a fish normally lives at depth during daytime. In that
sense, V. nimbaria is a favourable target-prey for small size
tunain the equatorial Atlantic Ocean. The underlying smple
assumptions we used to study the foraging behaviour of tuna

feeding on schooling V. nimbaria allow us to make more
qualitative, rather than quantitative, conclusions. Simple
feeding models based on information on school density and
distances, swimming speed and detection range of the preda-
tor, combined with independent assessment of encounter rate
estimated from stomach analysis, seem a promising tool for
investigating foraging behaviour.

Appendix A

A.1l. Acoustic settings
Acquisition threshold = —65 dB.

A.2. Processing settings

Parameters Day Night
(1) Schools

Minimum signal threshold (dB) -59 -59
Maximum signal threshold (dB) -10 -10
Minimum school Sv threshold (dB) -53.7 -56.7
Minimum length (m) 10 500
Maximum length (m) 5000 5000
Minimum height (m) 2 20
Maximum height (m) 100 100
Minimum area (m?) 20 500
Maximum area (m?) 100 000 100 000
Authorized horizontal gap (ping) 2 0
Authorized vertical gap (m) 2 0
Minimum depth processed (m) 20 80
Maximum depth processed (m) 200 200
Processing distance (nautical mile) 2 10
(2) Layers

Minimum depth processed (m) 10 10
Maximum depth processed (m) 200 200
Total number of layers 10 10
Processing distance (nautical mile) 1 1
Minimum signal threshold (dB) -50 -50
Maximum signal threshold (dB) -10 -10
(3) Target strength (dB)

Vinciguerria nimbaria 43 mm SL -56.7 -56.7
References

Altringham, J.D., Shadwick, R.E., 2001. Swimming and muscle function.
In: Block, B.A., Stevens, E.D. (Eds.), Tuna. Physiology, Ecology, and
Evolution. Academic Press, San Diego, pp. 313-344.

Bagaien, E., Kaartvedt, S., Aksnes, D.L., Eiane, K., 2001. Vertical distribu-
tion and mortality of overwintering Calanus. Limnol. Oceanogr. 46,
1494-1510.

Bard, F.X., 2001. Apparent effect of stomach repletion on catchability of
large tunas to longline gear. Comparison with other fishing gears. Col-
lect. Vol. Sci. Pap. ICCAT 52, 452—465.

Blackburn, M., 1968. Micronekton of the eastern tropical Pacific Ocean:
family composition, distribution, abundance and relations to tuna. Fish.
Bull. 67, 71-115.

Diner, N., 20-22 April 1999. Corrections on school geometry and density
descriptors; use of the algorithm on school actual detection. FAST
working group, St John, Newfoundland.



238 F. Ménard, E. Marchal / Aquatic Living Resources 16 (2003) 231-238

Diner, N., Weil, A., Coail, J.Y., Coudeville, JM., 1989. INES-MOVIES: a
new acoustic data acquisition and processing system. ICES C.M.
1989/B.45.

Fréon, P, Misund, O.A., 1999. Dynamics of pelagic fish distribution and
behaviour: effects on fisheries and stock assessment. Fishing News
Books.

Gerking, S.D., 1994. Feeding Ecology of Fish. Academic Press, San Diego.

Kaluzny, SP, Vega, S.C., Cardoso, T.P, Shelly, A.A., 1998. S+Spatial Stats:
User's Manual for Windows and UNIX. Springer, New York.

Lazzaro, X., 1987. A review of planktivorousfishes: their evolution, feeding
behaviours, selectivities, and impacts. Hydrobiologia 146, 97-167.

Lebourges-Dhaussy, A., Marcha, E., Menkes, C., Champabert, G.,
Biessy, B., 2000. Vinciguerria nimbaria (Micronekton), environment
and tuna: their relationshipsin the Eastern Tropical Atlantic (ETA area).
Oceanol. Acta 23, 515-528.

MacLennan, D.N., Simmonds, E.J., 1992. Fisheries Acoustics. Chapman &
Hall, London.

MacLennan, D.N., Fernandes, PG., Dalen, J., 2002. A consistent approach
to definitions and symbols in fisheries acoustics. ICES J. Mar. Sci. 59,
365-369.

Magnuson, J.J., 1969. Digestion and food consumption by skipjack tuna
(Katsuwonus pelamis). Trans. Am. Fish. Soc. 98, 379-392.

Magnuson, J.J., Heitz, J.G., 1971. Gill raker apparatus and food selectivity
among mackerels, tunas, and dolphins. Fish. Bull. 69, 361-370.

Magnusson, K.G., Aspelund, T., 1997. A model for estimating meal fre-
guency and meal size from stomach data with an application to Atlantic
cod (Gadus morhua) feeding on capelin (Mallotusvillosus). Can. J. Fish.
Aquat. Sci. 54, 876-889.

Marchal, E., Lebourges, A., 1996. Acoustic evidence for unusual diel behav-
iour of a mesopelagic fish (Minciguerria nimbaria) exploited by tuna.
ICESJ. Mar. Sci. 53, 443-447.

Marchal, E., Josse, E., Lebourges, A., 1996. Prédateurs et proies: une
approche acoustique. Oceanis 22, 117-132.

Marshall, N.B., 1960. Swimbladder structure of deep-seafishesinrelationto
their systematics and biology. Discovery Rep. 31, 1-122.

Ménard, F., Fonteneau, A., Gaertner, D., Nordstrom, V., Stéquert, B., Mar-
chal, E., 2000. Exploitation of small tunas by a purse seine fishery with
fish aggregating devices and their feeding ecology in an eastern tropical
Atlantic ecosystem. ICES J. Mar. Sci. 57, 525-530.

Ménard, F., Stéquert, B., Rubin, A., Herrera, M., Marchal, E., 2000. Food
consumption of tuna in the Equatorial Atlantic ocean: FAD-associated
versus unassociated schools. Aquat. Living Resour. 13, 233-240.

Olson, R.J., Boggs, C.H., 1986. Apex predation by yellowfin tuna (Thunnus
albacares): independent estimates from gastric evacuation and stomach
contents, bioenergetics, and Cesium concentrations. Can. J. Fish. Aquat.
Sci. 43, 1760-1775.

Petitgas, P, Reid, D., Carrera, P, Iglesias, M., Georgakarakos, S., Lior-
zou, B., Massg, J,, 2001. On the relation between schools, clusters of
schools, and abundance in pelagic fish stocks. ICES J. Mar. Sci. 58,
1150-1160.

Sadersdal, G., Bianchi, G., Stremme, T., Venema, S.C., 1999. Dr. Fridtjof
Nansen programme 1975- 1993. Investigations of fishery resources in
development regions. History of the programme and review of results.
F.A.O. Fish. Tech. Pap., 391.

Scalabrin, C., Massé, J., 1993. Acoustic detection and the spatial and
temporal distribution of fish shoals in the Bay of Biscay. Aquat. Living
Resour. 6, 269-283.

Swartzman, G., Hunt, G., 2000. Spatial association between murres (Uria
spp.), puffins (Fratercula spp.) and fish shoals near Pribilof Islands,
Alaska. Mar. Ecol. Prog. Ser. 206, 297-309.

Torgersen, T., Kaartvedt, S., 2001. In situ swimming behaviour of individual
mesopelagic fish studied by split-beam echo target tracking. ICES J.
Mar. Sci. 58, 346-354.

Weil, A., Scalabrin, C., Diner, N., 1993. MOVIESB: an acoustic detection
description software. Application to shoa species classification. Aquat.
Living Resour. 6, 255-267.



Available online at www.sciencedirect.com

sc.“cs@n.“cr.

Aquatic
Living
Resources

www.el sevier.com/locate/aquliv

ELSEVIER Aquatic Living Resources 16 (2003) 239245

Rel ationship between abundance of small pelagic fishesand
environmental factorsin the Colombian Caribbean Sea:
an analysis based on hydroacoustic information

Jorge Paramo ®*, Renato A. Quifiones ®, Argiro Ramirez °¢, Rodrigo Wiff °

2 Instituto de Investigacion Pesguera (Inpesca), Av. Cristobal Colon 2780, Casilla 350, Talcahuano, Chile
b Departamento de Oceanografia, Universidad de Concepcion, Casilla 160-C, Concepcion, Chile
¢ Ingtituto Nacional de Pesca y Acuicultura, Apartado Aéreo 10140, Buenaventura, Colombia

Accepted 1 April 2003

Abstract

The most important pelagic artisanal fishery of the Colombian Caribbean SeaistheAtlantic thread herring (Opisthonema oglinum) and the
associated species scaled herring (Harengula jaguana), round sardinella (Sardinella aurita), and scad (Decapterus punctatus). The largest
aggregations of these small pelagics were found in the La Gugjira area, where the local oceanography is modulated by seasonal upwelling
intensity. We analysed the associations between the distribution of these small pelagic fishes and the environmental variables. A cumulative
frequency method and a Monte Carlo randomization were used to detect associations between fish density and environmental variables. The
adults of Atlantic thread herring were found in the upwelling area of La Guajira Peninsulaand were associated to waters with temperature and
salinity values higher than 25.5 and 36.7 °C, respectively. During December, anursery areawas found in the southern portion of the study area
and the juveniles of Atlantic thread herring showed preference for temperatures higher than 27.4 °C. Scaled herring was found to be associated
with temperatures (>25.7 °C) and salinities (>36.8). Scad and round sardinellawere al so associated to temperatures and salinities higher than
25 and 36.6 °C. Our results suggest that the dynamics of the upwelling area may influence the spatial distribution and abundance of small

pelagics in the Colombian Caribbean Sea.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction

The most important pelagic artisana fishery of the Co-
lombian Caribbean Seaisthe Atlantic thread herring (Opis-
thonema oglinum) and the associated species scaled herring
(Harengula jaguana), round sardinella (Sardinella aurita),
and scad (Decapterus punctatus). These fisheries are mainly
located off the La Guajira Peninsula, Ciénaga Grande de
Santa Marta, and the Magdalena River Delta. Only few
surveys have been carried out on these small pelagic fishesin
order to assess the abundance and spatial distribution using
hydroacoustic methods. The first one was conducted in 1985
(Blanco, 1986), and the other in 1988 was conducted by the
Ingtitute of Marine Research (Norway) using acoustic echo-
integration (Anon., 1989). Major concentrations of pelagic

* Corresponding author.
E-mail address: jparamo@inpesca.cl (J. Paramo).

fishes were found in the Riohacha area for the 1985 survey
and in the northern La Gugjira Peninsulafor the 1988 survey
(Fig. 3. Another two surveys were carried out by the Fishing
Program of the Instituto Nacional de Pesca y Acuicultura
(INPA-VECEP/UE) in 1997 using acoustic-geostatistical
methods | eading to abiomass estimation and spatial distribu-
tion updates for the small pelagic fishes (Paramo and Roa,
2003). These last few surveysfound that the patches of small
pelagic fishes were distributed mainly in southern LaGugjira
Peninsula (Paramo and Roa, 2003; Paramo and Viafia, 2003).
All studies conducted coincide with the fact that the largest
aggregations of small pelagics are found in the La Guagjira
area.

In the northern Colombian Caribbean, the continental
shelf is very narrow, with the 200 m isobath at a distance of
only 10 nautical miles (nmi) from the coast. To the west, the
shelf widens to amaximum of 25 nmi off Riohacha and then

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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Fig. 1. Acoustic track performed on the Colombian Caribbean during the research surveys. Small circles: elementary distance sampling units; large empty

circles: directed fishing trawls; large grey circles: oceanographic stations.

narrows again and almost disappears off the Tayrona Na-
tional Park (TNP) (Fig. 1). The Colombian Caribbean is
under the influence of the north—south displacement of the
Inter Tropical Convergence Zone (ITCZ). Whenthel TCZ is
towards the south (dry season), the high-pressure system
forces strong and constant westward trade winds. During the
same period, the Caribbean current is displaced towards the
west. When this current is near the Panama coast, it is de-
flected southward and then eastward. In this way, the
counter-current is formed. When the ITCZ is towards the
north (rain season), the trade winds relax and their direction
becomes variable due to the low-pressure system. This con-
dition promotes the extension of the counter-current in the
northwest axis. In this way, the counter-current forcing is
seasonally dependent (Pujos et a., 1986); during the dry
seasons (major summer: August—September; minor summer:
December—January), the northern zone is affected by the
Caribbean current and the upwelling of deep waters. The
upwelling magnitude is stronger at La Guagjira Peninsula,
whose effects reach the waters near the TNP (Blanco, 1986).
During the rainy seasons (major winter: September—Novem-
ber; minor winter: May—June), the counter-current reaches
even La Vela Cape in La Gugjira Peninsula (Bula-Meyer,
1990). However, Blanco (1986) considered that this counter-
current would not cross Boca de Ceniza (Magdalenariver's
mouth). On the other hand, Pujoset a. (1986) mentioned that
during dry seasons, this counter-current reaches the
Magdalena River’smouth, until it reaches amaximum off the
Guajiracoast during the most rainy period of the year (Octo-
ber—November).

The major aggregations of these small pelagic fishes
foundintheLaGuajiraarea, wherethelocal oceanography is
modulated by the seasonal upwelling intensity, suggest that
environmental conditions were important determinants of
their spatial distribution and abundance. Here, we analysed
the associations between the distribution of the small pelagic

Atlantic thread herring, scaled herring, round sardinella and
scad with environmental variables (temperature, salinity, and
oxygen) in the northern part of the Colombian Caribbean
Sea. We used data from the two surveys carried out by the
INPA-VECEP/UE Fishing Program during 1997.

2. Materials and methods
2.1. Survey designs and equipment

Two hydroacoustic surveys were carried out during
July/August and December 1997 between Gallinas Point
(12° 24' N—71° 48.69' W) and SantaMarta (11° 16' N—-74° 14'
W), of the northern area of the Colombian Caribbean Sea.
Both surveys had a similar systematic sampling design with
14 parallel transects located perpendicular to the coast cov-
ering the entire continental shelf. The inter-transect distance
was 12 nmi_and elementary distance sampling unit (EDSU)
was 1 nmi .

Nine transects were carried out from 1 to 25 nmi offshore
in the areas where the shelf was wider. Five transects were
carried out from 1 to 15 nmi offshore in the zone between
Dibullaand SantaMarta. Onthe 25 nmi transectsthe oceano-
graphic sampling stations were positioned at 1, 15, and
25 nmi from the coast, while on the 15 nmi transects, the
stations were located at 1, 5, and 15 nmi from the coast

E[). Temperature, salinity, and oxygen concentration were

measured at adepth of 5mwithaCTDO (SeaBird Electron-
ics). During the July/August survey, no oxygen data were
available because the CTDO sensor was not working appro-
priately.

Theacoustic datawere collected usingaSIMRAD EK500
echo-sounder and echo-integrator at a frequency of 38 kHz.
An equipment calibration was conducted according to SIM-
RAD specifications (SIMRAD, 1993) before the start of each
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survey. Midwater trawls were used to identify echo-traces
and to determine the species size-frequency distribution
(MacLennan and Simmonds, 1992). The target strength (TS)
was assumed from the equation suggested by Foote (1987)
for physostome fishes:

TS=20logL - 71.9 (dB) )

where L is the average length (cm) of the fish sample ob-
tained by fishing trawls.

The nautical area scattering coefficient (S,) measured in
m? nmi~ was converted to fish density (t nmi~2) using this TS
and values of echo-integration for each EDSU.

2.2. Habitat—fish density relationships

A cumulative frequency method and a Monte Carlo ran-
domization (D’ Amours, 1993; Perry and Smith, 1994) were
used to detect associations between fish density and environ-
mental variables (i.e. temperature, salinity, and oxygen).
First, the relative cumulative frequency distribution (CFD)
was calculated for each of the environmental variables. Sub-
sequently, we weighted the CFD for each environmental
variable by fish density. The comparison of the unweighted
CFD of the environmental variable with the weighted CFD of
the environmental variable provides evidence as to whether
the population is associated with the environmental variable
or not. If the population israndomly distributed in relation to
the environmental variable, the two curves will accrue simi-
larly and the two curveswill not be significantly different. In
contrast, if the population is associated with a particular
environmental variable, the slope of the weighted CFD
should be steeper than that of the unweighted environmental
variable. The opposite is valid in the case of no association
between a particular range of the environmental variable and
fish density. The CFDs for the environmental variables (i.e.
temperature, salinity, and oxygen) were calculated as fol-
lows:

f(t) =23 (x) 2
i=1
with the indicator function
Lifx <t
I(x) =
) {0, otherwise

where t represents an index ranging from the lowest to the
highest value of the habitat variable at a step size appropriate
for the desired resolution.

In order to relate the environmental variableswith the fish
density, only the EDSUs within a 2 nmi radius from each
oceanographic station were used. Then, we used the CFD of
the environmental variable multiplied by fish density:

000 = 3 100) ©

wherey; is a specific fish density variable in the set i within
the t range of the environmental variable and y is the mean
fish density.

In order to determine the statistical significance (P)
of the difference between the curves, the maximum
absolute vertical distance between g(t) and f(t) was calcu-
lated as:

%E(yT'y)lw‘ @

and its probability under the hypothesis of arandom relation
between both CFDs was evaluated by producing a Monte
Carlo frequency distribution for the statistic in Eq. (4). Thus,
after determining the maximum absol ute difference between
the two curves (s), we compare it with the distribution of the
maximum absolute differences from 2000 randomizations of
the Monte Carlo resampling for fish density and the environ-
mental variable.

max [g(t) - f(t)[ = max

3. Results

During both the July/August and December
surveys, seasurface temperature (SST) increased in
asouthwesterly direction from the area of the main source of
upwelling (north of LaVela Cape). This tendency was more
pronounced during the second survey. During thefirst survey,
warm water was retained closeinshore between Manaure and
the Palomino River, and the thermal gradient diminished
with increasing distance offshore. During the second survey,
a similar pattern was seen in the area between Camarones
and Dibulla.

Results of the statistical analysis show that during the
July/August survey, all small pelagics, except the scaled
herring, were primarily associated with the sea surface tem-
perature (SST) (P < 0.01 and P < 0.05). The only speciesthat
showed asignificant association (P < 0.05) with salinity were
the adults of the Atlantic thread herring and the round sar-
dinella (Table 1, Fig. 3). It should be noted that in this
analysis the adults and the juveniles of the Atlantic thread
herring were separated. This was possible since the identifi-
cation fishing hauls and the echo-integration records showed
amore coastal spatial distribution for the juveniles than the
adults. Off Camarones, the adults were found approximately
17 nmi offshore and between Santa Marta and Dibulla they
were closer inshore. The Atlantic thread herring adults were
associated with temperature (P < 0.01) and salinity
(P < 0.05), while the juveniles were only associated with
temperature (P < 0.01). The scaled herring showed no sig-
nificant association with either of the two oceanographic
variables. The round sardinella showed consistent associa
tion with temperature (P < 0.01) and salinity (P < 0.05),
while the scad was only associated with temperature
(P < 0.05). Atlantic thread herring were associated with
warmer temperatures while round sardinella and scad with
cooler temperatures. The patterns of salinity associations
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Fig. 2. SST: (a) during the July/August survey; (b) during the December survey.

showed that the Atlantic thread herring adults were associ-
ated with lower salinities and round sardinella with higher
salinities (Fig. 3).

Results of the randomization test of association between
fish density with environmental variables (temperature, sa-
linity, and oxygen) during the December survey (Table 1),

Table1

show significant associations mainly with temperature and
salinity for most species. When the analysis was carried out
using the data of the entire study area, a significant associa-
tion was found for the Atlantic thread herring with salinity
and oxygen, but not with temperature. However, Paramo and
Roa (2003) found two spatially separated aggregations of the

Results of the univariate randomization test of association between fish density and surface temperature, salinity and oxygen during the July/August and
December 1997 surveys. The number below each P-value is the preference range for the environmental variable

Fish species July/August, 1997 December, 1997
Temperature (°C) Salinity (psu) Temperature (°C) Salinity (psu) Oxygen (ml I7%)

Atlantic thread herring, all areas  0.00* 0.04* * 0.07 0.05* * 0.00*
(26.68-27.48) (36.50) (36.71-36.76) (3.09-3.14)

Atlantic thread herring adults 0.00* 0.04* * 0.00* 0.001 * 0.17
(26.76-27.46) (36.50) (24.44-24.54) (36.81-36.84)

Atlantic thread herring juveniles  0.002 * 0.78 0.01** 0.51 0.24
(26.70-27.50) (27.37-27.47)

Scaled herring 0.11 0.23 0.00* 0.00* 0.01*

(25.78) (36.81-36.82) (3.20)

Round sardinella 0.001 * 0.03* * 0.001 * 0.00* 0.04* *
(25.75-25.85) (36.72-36.73) (25.64-25.84) (36.68-36.70) (2.54-2.63)

Scad 0.04 * * 0.07 0.003 * 0.00* 0.17
(25.58) (25.74-25.84) (36.68-36.69)

* P<0.01

**0.01<P<0.05.
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Fig. 3. CFD of the habitat variables, temperature (Ieft) and salinity (right)
during the July/August 1997 survey; f(t): thick ling; g(t) wheret isan index:
thin line; absolute difference between g(t) and f(t): dotted line. (A) Atlantic
thread herring al area; (B) Atlantic thread herring adult; (C) Atlantic thread
herring juvenile; (D) scaled herring; (E) round sardinella; (F) scad.

Atlantic thread herring in December 1997, thelarger onewas
at the base of LaGuajiraPeninsulaand thesmaller onewasin
the south, between Buritaca River and Camarones (Fig. 1).
These two patches seemed to reflect population structure,
sinceindividuals from the south were much smaller (averag-
ing 12.1 cm tota length) than individuals from the north
(27.1 cm average total length). In this sense, we also exam-
ined these two populations separately, the northern aggrega:
tion (adults) showed significant association with temperature
and salinity (P < 0.01), while the southern aggregation (juve-
nile) was only associated with temperature (P < 0.05). The
adults and juveniles of the Atlantic thread herring showed
different association ranges with temperature. The Atlantic
thread herring adults were associated with cooler tempera-
tures whereas the juvenile with warmer temperatures. Scaled
herring, round sardinellaand scad were associated with simi-
lar temperatures . Scaled herring showed a
strong significant relationship (P < 0.01) with al three envi-
ronmental variables under study. Similarly, sardinella
showed significant relationships with temperature, salinity
(P <0.01), and oxygen (P < 0.05). However, round sardinella
preferred conditions of lower salinity and oxygen than the
scaled herring. The scad showed astrong significant relation-
ship with temperature and salinity (P < 0.01), but not with
oxygen (see[Fig. 4). Only two of the four species, scaled
herring and round sardinella, showed significant relation-

Cumulative Frequency

Temperature (°C)

Salinity (psu) Oxygen (ml ")

Fig. 4. CFD of the habitat variables, temperature, salinity, and oxygen (from
|eft to right) during the December 1997 survey; f(t): thick line; g(t): thinline;
absolute difference between g(t) and f(t): dotted line. (A) Atlantic thread
herring all area; (B) Atlantic thread herring adult; (C) Atlantic thread herring
juvenile; (D) scaled herring; (E) round sardinella; (F) scad.

shipswith oxygen (P < 0.05), the latter tolerating conditions
of lower oxygen.

4. Discussion

The main upwelling coastal ecosystems in temperate
zones are characterized by strong seasonal or permanent
equatorial winds, avertical current structure, and a persistent
wind-induced offshore drift of surface waters (Brink, 1983).
These ecosystems present high rates of primary productivity
(Roy, 1998; Mackenzie, 2000), and they usually support
large populations of pelagic fish (Pauly and Tsukuyama,
1987; Cury and Roy, 1989). Intropical environments, such as
the Colombian Caribbean Sea, these conditions are quite
different. Generally, two monsoon or trade wind seasons
replace the four seasons of temperate zones, differentiated by
wind patterns, rainfall, and currents. In addition, the concen-
tration of dissolved nutrients is lower, except in upwelling
areas (Johanes, 1978).

Our results suggest that the dynamics of the seasonal
upwelling in the northern zone of the Caribbean Colombian
Seais asignificant factor in modulating the spatial distribu-
tion of the small pelagic species. In the December 1997
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survey (i.e. the period of greater influence of seasona up-
welling), the Atlantic thread herring isnormally found in this
region, although it avoids the centre of the upwelling. This
species has a seasonal migratory behaviour towards the open
sea during periods of increased wind strength or when up-
welling intensifies. These conditions produce an increase in
the turbulence of coastal areas, forcing the Atlantic thread
herring to move towards clearer waters offshore (Valdes and
Sotolongo, 1983). In the northern area, the adults of the
Atlantic thread herring prefer lower temperatures and higher
salinity, while the juvenile aggregations are found further
south. Thiscould be of importance because the growth rate of
the individuals is affected by temperature. As shown by
Heath (1992), clupeid juveniles with adequate food supply
and within afavourable temperature range will increase their
growth rate by approximately 10% for every 1 °C. Accord-
ingly, a nursery area with higher temperatures should pro-
mote a faster development of the swimming and feeding
capacity and thus a drop of the natural mortality. Sardinella
was strongly associated with temperature in both surveys
(25.64-25.85 °C), which would indicate a preference for
relatively cold waters (Johnson and Vaught, 1986; Anon.,
1989; Cervigon, 1991). Itisalso extremely stenohalineandis
never found in waters with salinities below 35 (Longhurst
and Pauly, 1987). Thisisin linewith our results, sincein both
surveys, round sardinellawas found in areas having salinities
of 36.7 for the region off Riohacha. At the same time, envi-
ronmental preference ranges of scad were similar to those of
round Sardinella.

All studied species showed strong associations with lower
temperatures. This is typical for areas influenced by the
seasonal upwelling, which at thistime of year (mid-Decem-
ber—April) is at the maximum due to the presence of stronger
trade winds. The main centre of the upwelling isin the area
between Gallinas Point and La Vela Cape. The exception
being the juvenile aggregation of the Atlantic threads herring
which preferred higher temperaturesin the December survey.
For salinity, all species showed strong association patterns
preferring higher salinities at the upwelling influenced area.
Once again, the exception being the Atlantic threads herring
juveniles that showed no significant relationship with salin-
ity. During the December survey, the region between Cama-
rones and the Tayrona National Park was characterized by an
increase in surface temperature in an inshore direction. It is
important to note that in this region an aggregation of Atlan-
tic thread herring juveniles was found that had not reached
mature size (Lgg, = 22.8 cm) (Finucane and Vaught, 1986),
but that they were about to reach recruitment length (L, =
15.9 cm) (www.Fishbase.org). This leads to the hypothesis
that the region between Camarones and the Tayrona National
Park may be an important retention and nursery area for the
Atlantic thread herring. Manjarréset al. (1998) found that the
largest concentrations of zooplankton were found in the area
between Gallinas Point and Riohacha. This is in agreement
with our results that show that the region influenced by the

upwelling off La Gugjira Peninsula may be an appropriate
habitat for communities of small pelagic due to the increase
in productivity and the quantity of available food for these
Species.
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Abstract

The Pacific herring Clupea pallasi population in Prince William Sound (PWS), Alaska, is both a valuable commercial resource and an
important forage species for marine fish and wildlife. Historically, the herring were managed by a combination of age-structured models and
egg deposition estimates. When these methods predicted a large return for spring 1993 that failed to materialize, we began surveying with
echointegration—purse seine methods. After adecade of acoustic surveys, we show the new approach yields highly precise biomass estimates,
which are consistent with historical measures of the miles of beach spawning. When compared, we show thetraditional methods overestimated
stock biomass, which resulted in harvest rates approaching 40%. In contrast, the acoustic methods are most likely to underestimate biomass.
Since the acoustic estimates can be quickly obtained, we recommend their use to set harvest quotas for the fishery in the spring just prior to
harvest. The shift from the traditional preseason to inseason management practices for herring in PWS is consistent with the Precautionary
Principle by thefact that protection of the spawning population does not rely on the ability of scienceto predict how the populationis changing.
Furthermore, synoptic infrared measurements on our night-time acoustic surveys revealed herring to be the most important winter forage to
marine birds and wildlife in PWS, including the endangered Steller sea lion Eumetopias jubatus. Given the importance of forage to marine
birds and wildlife in the North Pacific during the extended winter conditions (October—March), the implementation of inseason management
for herring using echointegration—purse seine techniques may be the most effective method to restore depressed populations of marine birds
and mammals in the North Pacific.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction

The Pecific herring (Clupea pallasi) population in Prince
William Sound (PWS) has supported an intermittent com-
mercial fishery over the last century due to large fluctuations
in biomass (Roundsefell, 1929; Thomas et al., 1991). There
has been considerable speculation on how oil spills, disease
and climate influence stock biomass fluctuation, but over-
fishing as afactor in population declines was not well docu-
mented (Bailey et al., 1995; Brown et al., 1996; Marty et al.,
1998). However, new evidence suggeststhat overfishing may
have played arolein the recent declines of the PW'S stock.

The importance of accurate stock assessment procedures
for herring management is increased by the fact that Pacific
herring in PWS are one of the most important forage fish

* Corresponding author.
E-mail address: thorne@pwssc.gen.ak.us (R.E. Thorne).

available to marine wildlife in the winter (Thomas et al.,
1991; Thomas and Thorne, 2001). Furthermore, many pis-
civorous species in the Gulf of Alaska, including the endan-
gered Steller sea lion (Eumetopias jubatus), have experi-
enced major declines that are attributed to food limitation
(DeMaster and Atkinson, 2002).

Historically, the herring in PWS were managed by acom-
bination of age-structured models, egg deposition estimates
and test fishing. In 1993, these traditional, preseason meth-
ods predicted alarge spring return that failed to materialize.
As a consequence, the local fishers union, Cordova District
Fishermen United, secured funding for a fall 1993 acoustic
survey to ascertain the status of the herring stock.

Although this was the first acoustic survey of the PWS
herring biomass, Pacific herring stocks from Alaskato Cali-
fornia have been assessed with acoustic techniques for man-
agement purposes since the early 1970s (Thorne, 19774, b;
Trumble et a., 1982; Thorne et al., 1983; Thorne and Tho-
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mas, 1990; Thomas and Thorne, 2001). In most cases, these
acoustic estimates of biomass were part of a preseason pre-
diction for establishing harvest quotas for the following
spring. The requirements for the acoustic surveys were well
established: (1) comprehensive coverage of the population,
(2) biological information on species and size composition,
and (3) correct target strength scaling (Thorne, 1983a). Tho-
mas et al. (2002) document our research into the target
strength scaling. This paper focuses on improvements to
comprehensive coverage of the population and the collection
of biological information.

Theinitial acoustic survey in PWS confirmed that a popu-
lation collapse had occurred (DeCino et al., 1995; Thomas et
al., 1997). Subsequently, acoustic surveys of the adult her-
ring were conducted during fall in 1994 and 1995, and during
early spring since 1995. The objectives of this paper are to:
(1) describe the survey techniques that were developed to
assess this herring stock, (2) compare the acoustic estimates
with traditional herring assessment techniques, and (3) dis-
cuss the value of acoustic monitoring of herring to research,
management, the economy and the ecosystem.

2. Methods

Effective survey design beginswith aconsideration of the
objectives, which in turn leads to requirements for precision
(Thorne, 1983a). Our initial objective wasto assessthe abun-
dance of Pacific herring in PWS as input to fishery manage-
ment decisions. For precision, we looked at historic data on
the stock fluctuation and concluded that we wanted to be able
to detect an annua change in the population level of about
+20% with 95% probability.

The next step was a consideration of the sampling tools
available for assessment. We had at our disposal various net
sampling techniques, scientific (down-looking) acoustics,
commercial sonars, and aerial surveys. The paramount con-
sideration was the sampling power relative to the require-
ments for precision. Based on previous measurements, we
estimated that we needed about 5% coverage to achieve 20%
precision (Scheaffer et al., 1986). Since our scientific acous-
tic system sampled the depth ranges occupied by herring at a
rate equivalent to 6 m? s, 5% coverage would require
2.4 ship-years of effort to representatively sample the 9000
km? of PWS. Asthat level was not feasible, it was clear that
we needed either sampling tools with even higher power, a
more effective survey design, or both.

We knew from previousinvestigations that the bulk of the
adult Pacific herring population in PWS characteristically
exhibits four seasona distributions. (1) a post-spawning,
feeding migration to the ocean that usually startsin May, (2)
a post-feeding migration to protected regions of PWS for
over-wintering in October, (3) an over-wintering aggregation
behavior in protected shoreline regions from November
through March, and (4) a migration to spawning beaches in
April.

Acoustic techniques are impractical on feeding and post-
feeding migrations of herring because: (1) the population is
moving along physical and biological gradients that vary
annually, (2) the vertical distribution of the feeding fish can
vary by the diversity of available prey organisms, (3) the
herring are mixed into acomplex assembl age of plankton and
nekton making separation of targets difficult, and (4) the
population isundergoing rapid changein growth and survival
so itsbiological parameters are quite unstable. Vilhjdmsson
and Carscadden (2002) came to the same conclusion for
Icelandic capelin (Mallotus villosus) after 20 years of acous-
tically surveying. In addition, the spawning migrationsto the
beaches represent their own complexity because the fish are
moving rapidly and occupying shallow rocky and kelp in-
fested habitats that are not conducive to sampling. By elimi-
nation, we are left with the fall-winter period. In contrast to
spring-summer periods, the herring population at thistimeis
the most contagious and temporally, geographically and bio-
logicaly stable. Initial survey data suggested that the bulk of
the over-wintering herring occupy lessthan 1% of the surface
area of PWS. The scientific acoustic system could cover that
area in less than 8 days. However, those areas need to be
located.

We ultimately developed a four-stage sampling approach
(Cochran, 1977): (1) aerial and sonar reconnaissance,
(2) verification and mapping, (3) repeated echointegrations
and (4) subsampling school groups for biological informa-
tion. The goa of the first step, aerial and sonar reconnais-
sance was to locate areas suspected of holding school-
groups. Both aerial survey and sonar techniques have
extremely high sampling power. This stage was assisted by
historical information and local fishers' knowledge of the site
fidelity of over-wintering herring. From the fishers we
learned that predator assemblages (primarily Steller sea li-
ons, humpback whales, glaucus and glaucus-winged gulls,
common murres and pelagic cormorants) aggregated in her-
ring over-winter areas, which facilitated locating school
groups by aerial surveys. From fisheries and subsistence
hunters operating in the Sound during the winter, we devel-
oped a network of sentinel observersto alert us about preda-
tor or subsurface fish aggregations that were observed on
their acoustics. In general, we discovered that herring began
to aggregate in the Sound in the late October, and as winter
approached the distribution shifted to more protected areas
that were usually close to major spring spawning locations.

The second stage of the survey was conducted at night
with a dark-vessel to minimize boat avoidance and take
advantage of a more favorable vertical distribution of the
herring (Thomas et al., 1997). Its goal was to verify the
presence of herring in suspect areas and develop amap of the
areaoccupied by the school-groups using asearchlight sonar,
echosounder and GPS plotter. Again, the high sampling
power of the sonar allowed usto rapidly delineate the bound-
aries of herring concentrations.

The third stage of the survey was echointegration. Once
the boundaries of the herring distribution were established,
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an echointegration survey using scientific echosounders
(Thorne, 1983a, b, MacLennan and Simmonds, 1992) was
conducted to estimate the fish density. Echointegration esti-
mates of density were made with one to three frequencies
(38, 70 and 120 kHz) following a zigzag survey track. We
separated the zigs from the zags to create two series of
parallel transects. The searchlight sonar remained in continu-
ous operation during the echointegration measurement phase
of the survey (1) to verify absence of school avoidanceto the
vessdl, (2) to monitor the school group to end of the transect,
and (3) to avoid collision with submerged rocks and the
shoreline.

All echointegration systems were fully calibrated using
procedures documented in Foote et al. (1987). Two replicate
estimates of biomass per unit surface area were obtained
from the two sets of parallel transects in each survey, in
addition to estimates from multiple frequencies. The zig-zag
survey was then repeated multiple times to develop a suffi-
cient number of independent estimatesto achieve the desired
precision. A weighted mean estimate was cal culated for each
parallel-transect survey, with weighting by transect duration.
The mean biomass per unit surface area was extrapolated
over the area covered by the survey, which was determined
from the GPS data. The repeated survey estimates were used
to determine the precision of the biomass estimates (Scheaf-
fer et al., 1986).

The fourth and final stage of the herring surveys was to
sample the previously echointegrated, herring school-groups
for biological information using a commercial purse seine
(McClatchy et a., 2000). This step was implemented by
providing a second vessel with the coordinates of a herring
school for sampling. The purse seines used ranged in depth
from 18 to 31 m (10-17 fathoms) and had range of 1-2 cm
stretched mesh in the bunt. We used arandom sample of only
one to three seine catches to collect the biological informa-
tion due to the large size of the commercial seine used. The
species and size composition of the net catches were used to
estimate target strengths for converting backscatter to biom-
ass. The density of the herring school-groups was too high
even at night to collect reliable in situ target strengths.

Initial estimates of Pacific herring biomass from these
surveyswere based on atarget strength to length relationship
for Pacific herring of TS=26.51og L —76.4, whereL islength
in cm. This equation had evolved from many different
sourcesincluding in situ measurements of individua herring,
comparisonswith catches and comparisonswith independent
measures of abundance (Thorne, 1977a; Trumble et a.,
1982). Subsequently, we conducted ex situ experiments to
better understand the target strength characteristics (Thomas
et a., 2002). These experiments indicated that the target
strength assumption was reasonable, and corrections for the
historical survey resultswere not necessary. However, subse-
guent surveys have incorporated the changes associated with
depth that are recommended by Thomas et a. (2002).

Visual observations of predators (sea lions, other marine
mammals and birds) were integrated into the acoustic sur-
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Fig. 1. Results of acoustic biomass herring estimates in PW'S (dashed lines
are 95% confidence limits).

veys beginning in 2000 (Thomas and Thorne, 2001). Visual
observations during hours of darkness used a Texas Instru-
ments Model M100 “NightSight” (27 x 18° field of view) or
a Raytheon Model 200 “NightSight” (12 x 6° field of view).
Steller sea lions and whales were enumerated along the
acoustic transects, while major bird concentrations and ac-
tivities were logged.

3. Results
3.1. Annual biomass assessments

The initial two acoustic surveys estimated an abundance
of 16 082 metric tons(t) inthefall of 1993 and 12555t infall
1994 (Fig. 1). With a moratorium on fishing, the population
rebuilt to 23 203 and 37 498 t in the spring of 1995 and 1996,
respectively. However, after reopening the commercial fish-
ery, the acoustic surveys in the springs of 1998 and 1999
showed a decline to about 17 000 t. After test fishing in the
spring of 1999, management cancelled the fishery. The
spring survey of 2000 and 2001 showed the population to
have fallen to a new, al-time lows of 7281 and 6384 t,
respectively.

3.2. Comparison with historical techniques

Historical information on the abundance of Pacific herring
in PWS consists of commercial catch records, aerial esti-
mates of the length (mile-days) of spawn (milt) patchesaong
beaches and herring spawn (egg) deposition surveys (Biggs
et al., 1992; Donaldson et a., 1992; Funk, 1994). The com-
mercial catch records date back to 1969, whereas the mile-
days of spawn date to the early 1970s. Egg deposition sur-
veys were conducted in 1981-1982, 1988-1992, and 1994—
1997. In addition, the Alaska Department of Fish and Game
(management) has used various sources of information to
make forecasts of run biomass using an age-structured as-
sessment model since 1980 (Baker et al., 1991; Sharp et al.,
1996; Quinn et a., 2001).

The Alaska Department of Fish and Game continues to
measure mile-days of spawn, asit hassince 1974. Asthiswas
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Fig. 2. The relationship between acoustic biomass estimates and the miles-
of-spawn indice (Y = 697X, r2 = 0.75) for herring in PWS, 1993-2002.

the most compl ete data record, we compared the estimates of
the mile-days of spawn and acoustic estimates of biomass
between 1993 and 2002 and found a positive correlation with
acoefficient of 0.75 .

The mile-days of spawn index was used as a relative
abundance indicator. However, since it correlated well with
the acoustic estimates, we used the correlation to convert
mile-days of spawn to an absolute estimate of biomass, and
hind-cast herring abundance back to 1973. The hind-cast
indicates that the population showed a general increase to a
peak in 1988 of about 100 000 t, followed by arapid decline
after the Exxon Valdez il spill in 1989

The egg deposition estimates were in general agreement
with this hind-cast except for 1990-1992. During this time,
the hind-cast estimates indicated a population in decline,
whilethe egg deposition estimatesindicated amajor increase
in population abundance. Similarly, the age-structured analy-
sis produced estimates that increased from 108 671 t in 1988
to 120 658 t in 1992, at a time when the mile-days of spawn
were decreasing (Sharp et a., 1996).

It is apparent that the harvest quotas were driven by the
estimates from the egg deposition surveys and age-structured
analysis. During the 1990-1992 interval when the hind-cast
estimates indicate that the biomass was decreasing, the har-
vests were increasing. In fact, in 1991 and 1992, the exploi-
tation rates were 0.35 and 0.39, respectively, based on the
hind-cast estimates. Between 1990 and 1992, 40 000 t were
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Fig. 3. Comparison of estimates from the age-structured model, egg depo-
sition and mile-days of milt converted to absolute values.

removed from a population that the hind-cast estimated at
61 000t in 1989.

With the collapse of herring, management placed a mora-
torium on fishing from 1994 to 1996. The population experi-
enced favorable recruitment in 1994 and 1996 to reach a
biomass of between 30 000 and 40 000t (Kirsch and Thomas,
1997). Since this biomass exceeding the management thresh-
old for spawning biomass (22 000 t) commercial fishing was
resumed in spring 1997. The harvest quota was placed at
5000 t. Unfortunately, the next spring after this fishery the
acoustic survey estimated that the population dropped to
15 029 + 4150 t, which was below the management thresh-
old. However, the age-structure model did not reflect this
decline . Consequently, management opened another
fishery for spring 1998 with a quota of 5000 t. Subsequently,
the acoustic estimates of the population declined to only
7281 t by 2000 (Thorne, 2000). The mile-days of spawn
reflected the increase between 1995 and 1997 as well as a
decrease between 1997 and 1998, and subsequent decreases
between 1998 and 2001. By 1999, it was obvious to al
estimators that the population had fallen below threshold,
and a fishing moratorium was again imposed that remainsin
effect to this date. However, post-mortem indicates that the
exploitation rate on the declining population in 1998 was
about 33%.

3.3. Predator aggregations

Our initial objective was to develop an effective assess-
ment tool for herring management. In pursuit of that goal, we
observed that herring were the target of many predators. Our
observations of the coincidence of herring and Steller sea
lions led to our discovery of night-time foraging by Steller
sea lions on herring (Thomas and Thorne, 2001). Over a
3-year period, we found strong correlations (r? = 0.88-0.98)
between our acoustic estimates of biomass and synoptic
counts of Steller sea lions at various locations of over-
wintering herring (Thorne and Thomas, 2002). Subsequent
comparisons between our annual estimates of herring in
PWS and the long-term census data on Steller sealion abun-
dance in PWS taken at The Needle, which is the major
haul-out within PWS (Kruse et al., 2000; Sease et al., 2001)
also show avery strong correlation. The herring population
declined by 88% between 1989 and 2000, while the Steller
sea lion count declined 86% . Further, the Steller
count in 1973 was 25% of the peak count in 1990, while the
herring miles of spawn the first year it was measured, 1974
was 22% of its peak value measured in 1988. Steller sealion
counts also declined after 1989 at sites adjacent to PWS. The
average decline between 1989 and 2000 for the three major
adjacent sites, Wooded | sland, Seal Rocks and Point Elhring-
ton, was 72%. This substantial decline contrasts with the
overal trend in the Eastern Gulf of Alaska, which was a
minor decline.

The combination of acoustics and infrared sensors aso
showed close associations between herring and marine bird
foraging activity at night. The seabird assemblage was domi-
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Fig. 4. Comparison of Steller sea lion counts and herring abundance in
PWS, 1989-2000. Steller sealion countsarefrom NMFS/ADF& G census at
The Needle.

nated by two species, glaucous gulls and pelagic cormorants,
but murres were also common. While all three species were
highly correlated with the herring abundance, the glaucous
gulls were also closely associated with the Steller sealions.
The foraging behavior of the Steller sealions in most cases
consisted of stunning the herring, then feeding on the stunned
fish at the surface. That behavior apparently facilitated feed-
ing by the gulls.

4. Discussion

The estimates of the PWS herring population from the
acoustic techniques correlated well with the mile-days of
spawn index. That result aloneisnot astrong verification. All
techniques are subject to sources of variability and bias.
However, when the relationship is used to hind-cast the
population trends, the result reveals a very logical and ratio-
nal basisfor the historical population changes. It appearsthat
the herring population from 1973 to 1988 was relatively
stable and dightly increasing. However, the hind-cast esti-
mates clearly show a sharp decline subsequent to the Exxon
Valdez ail spill in 1989 that included impacts of recruitment
fallure and disease. Unfortunately, that decline was not de-
tected because the egg deposition and age-structured models
were suggesting a substantial increase from 1989 to 1993
(Sharp et al., 1996) when our evidence indicates the popula-
tion was actually declining. As a result, harvest rates ap-
proached 40% during 1991 and 1992. These relatively high
harvest rates on a declining population clearly accelerated
the decline. The subsequent collapse argues against the accu-
racy of the estimates from the egg deposition surveys and
age-structured analysis. An increasing mortality following
the oil spill could be at least a partial explanation for failure
of the age-structured analysis, since an assumption of con-
stant natural mortality isimplicit in the approach. Thefailure
of the egg deposition method may reflect the problem of large
extrapolations.

We used the regression model that forced the relationship
between the acoustic biomass estimates and the mile-days of
spawn index through the origin because of the theoretical

relationship between the two parameters. The slope of the
relationship would be about 10% higher using the general
regression equation. However, the same conclusion would be
reached with both regression models.

In contrast to the overestimation problem that appears to
have resulted from both the egg deposition and age-
structured methods during the 1989-1992 period, the acous-
tic surveysof herring only overestimateif non-herring targets
are counted, incorrect TS is used to convert backscatter to
biomass, or calibration is erroneous. We have isolated sur-
veysto times when the herring are in single species aggrega-
tions of adults. We verify species and age composition. We
have verified the TS function for use with herring. Our
calibration procedures are meticul ous and consi stent. Conse-
quently, we do not see overestimation as a problem. Under-
estimation by truncating fish schools or missing concentra-
tions can still occur and not be detected, but considerable
evidence from various survey experiments suggests such
errors are minor (Thomas et a., 1997). In addition, minor
underestimation is acceptable since it adheres to the Precau-
tionary Principle (O'Riordan, 1992; Dovers and Handmer,
1995). An additional consideration isthat the variance of our
acoustic estimates is based on variability among complete
surveys, rather than a measure of internal variability asisthe
casewith egg deposition surveys. It isinteresting that the best
fit occurs between the acoustics and the miles of spawn. Both
are based on techniques with very high sampling power.

The strong correlation between our estimates of herring
biomass and the NMFS/ADF& G census counts of Steller sea
lions provides additional support for the accuracy of the
herring biomass estimates. We have established that Steller
sea lions extensively and almost exclusively target herring
during the extended Alaskan winter period (Thomas and
Thorne, 2001; Thorne and Thomas, 2002). Consequently, it
is not surprising to see similar trends in abundance. Con-
versely, the correlation with herring demonstrates that it is
important to accurately assess major forage stocksin order to
understand population fluctuations of important, and often
endangered, predators.

While the acoustic estimates correlated well with the
mile-days of spawn, it isimportant to note that the mile-days
of spawn measurement occurs too late to impact the fishery
for that year. In contrast, the spring acoustic surveys can be
conducted immediately prior to afishery opening. If acoustic
surveys had been in place as the primary management tool,
the overfishing that took placein 1991, 1992 and 1998 most
likely would not have occurred. The economic and ecologi-
cal consequences of incorrect management are substantial.
Thefishery remains closed to thisdate, and many piscivorous
species suffered substantial declines.

5. Conclusion

This study points out two major advantages of acoustic
techniques (1) direct assessments can be made immediately
prior to a harvest, (2) the most likely direction of error is



252 G.L. Thomas, RE. Thorne/ Aquatic Living Resources 16 (2003) 247—253

toward underestimation. In contrast, both the egg deposition
surveys and the age-structured analysis are indirect and both
depend on assumptions of constant natural mortality over the
subsequent year. It is clear in this case that erroneous deter-
ministic and indirect measures of herring biomass were
harmful to herring stocks and the fisheries and wildlife that
depended upon them.

While error toward underestimation is preferable to over-
estimation, the error can be minimized by a well-considered
survey design. Our experience shows that a thorough under-
standing of the distributional characteristics of the target
population isacritical factor for accurate assessment.

Animportant additional benefit of accurate and consistent
long-term monitoring of a major forage species such as
herring is an improved understanding of the auxiliary popu-
lations that depend upon the abundance of that forage. Such
information is critical to improved understanding of ecosys-
tem health and function.
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Abstract

The power of modern research vessels using diesel engines means significant levels of noise may be radiated underwater. At low
frequencies a surveying vessel must not cause fish avoidance behaviour when it is using trawl or acoustic assessment methods. All the main
mechanisms that form the essential propulsion system are described and discussed in terms of underwater radiated noise. Diesel engines,
generators and propul sion motors contribute significantly to thelow frequency spectrum and anillustration is given of underwater noise when
an unsuitable propulsion system is used. Avoidance behaviour by a herring school is shown due to a noisy vessel, by contrast there is an
example of no reaction of herring to a noise-reduced vessel. Propellers are major sources of both low and high frequency noise. The latter
should not reduce echo sounder detection range, nor contaminate echo integrator recordings. Underwater noise levels from four vessels with
different machinery and propulsion characteristics are seen in relation to ambient noise levelsat 18 kHz. Fish detection isexamined in relation
to sea background noise and vessel self-noise. Calculated detection ranges for fish target strength classes from —30 to —60 dB at 38 kHz are
shown for six vessels travelling at 11 knots, based on self-noise measurements. Echo sounder noise levels from several vessels at 120 and
200 kHz are tabulated. Beyond 100 kHz the effect of vessel-radiated noise is usually insignificant; levels up to that frequency are proposed in

the International Council for the Exploration of the Sea (ICES) Cooperative Research Report No. 209 of 1995.
© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Vessel noise; Vessel avoidance; Fish detection

1. Introduction

Fisheries management requires unbiased estimates of the
stocks. Currently, the estimates are made mostly by trawl and
acoustic surveys whose accuracy depends on sampling an
undisturbed natural distribution of the populations. A survey
vessel should ideally not affect the behaviour of fish in its
vicinity and should be capable of using its scientific echo
sounder and sonar systems to their maximum capabilities. A
low underwater radiated noise signature isthe key to success
in these matters and this was recognised by the International
Council for the Exploration of the Sea (ICES) with the
publication of Cooperative Research Report No. 209 (CRR
209, Mitson, 1995). This document was the first in which a
limiting noise level recommendation was made on the basis
of available scientific evidence. In 1999 a guidance note on
machinery characteristics, http://www.ices.dk/pubs/crr/
guide209.htm, was issued to advise that a noise reduced

* Corresponding author.
E-mail address. acoustec@acoustec.co.uk (R.B. Mitson).

vessel should always be in this state when running at, or
under, a speed of 11 knots. It is unacceptable for a vessel to
have a specia ‘survey’ mode.

A few noise-reduced fisheries research vessels were built
more than 30 years ago but these fail to meet current noise
recommendations by a significant margin. Although their
machinery configuration was similar to more recent vessels,
improvements in all aspects of the important technologies
mean that it is now feasible to achieve low levels of under-
water radiated noise as recommended by CRR 209. Prior to
this report, FRV “Corystes’ came into service in 1988, hav-
ing been built to a stringent underwater noise specification
set by the owners. A good result was reported by Kay et al.
(1991) after modifications during the latter part of construc-
tion. This gave confidence when FRV “Scotia” was designed
and built to a similar engineering specification where meet-
ing the CRR 209 recommendations formed part of the build-
ing contract. Important lessons learned from FRV's
“Corystes’ and “Thalassa’ led to a satisfactory outcome
when noise measurements were made in 1998.

© 2003 Editions scientifiques et médicales Elsevier SAS and I fremer/IRD/InralCemagref. All rights reserved.

doi:10.1016/S0990-7440(03)00021-4
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Fig. 1. This shows the maximum underwater radiated noise levels recom-
mended by the ICES CRR 209 (1995) “Underwater Noise of Research
Vessels: Review and Recommendations” at vessel speeds up to and inclu-
ding 11 knots. Thisreport is referred to throughout the text as CRR 209.

2. Method

We examine matters relating to the implementation of
noise reduction measures necessary to achieve the levels
recommended in CRR 209, shown in |Fig. 1l Precautions
must be taken on many aspects of vessel design to meet these
levels, which should not be exceeded at any vessel speed up
to and including 11 knots over the frequency spectrum of
10 Hz to 100 kHz. To put the matter of underwater radiated
noise and its potential to cause fish avoi dance behaviour into
perspective fish hearing is briefly mentioned.

The main machinery for running and propulsion of the
vessel is examined in general terms with some details of
successful and unsuccessful arrangements being identified.
When a vessel has been constructed to meet the CRR 209
levels, proof of compliance has to be obtained and recom-
mended measurement procedures are described.

Details from two separate experiments to determine the
effects of a noisy vessel on herring concentrations are de-
scribed and one experiment, also on herring, using a noise-
reduced vessel. We consider the other important factor, the
effect of high frequency underwater radiated noise on the
detection capabilities of scientific echo sounders. Measure-
ments from several vessels at 18, 120 and 200 kHz are
compared. At 38 kHz the detection depths of six vessels are
shown for arange of fish target strengths.

This paper aims to provide details of ambient sea noise
and the origins and/or levels of vessel radiated and self-noise
that can reduce the accuracy and effectiveness of acoustic
and trawl surveys.

3. Results

3.1. Fish hearing in relation to vessel noise

It is appropriate to start by referring to fish hearing be-
cause of the importance of a survey vessel being able to
sample by acoustics or trawl anatural fish distribution undis-
turbed by radiated noise. At frequencies below about 2 kHz,

the CRR 209 graph represents a level above which fish are
likely to show avoidance behaviour. Although most commer-
cial fish have ahearing capability extending from afew hertz
(Sand and Karlsen, 1986) to possibly tens of kilohertz (As-
trup and Mghl, 1993; Dunning et a., 1992) the lower and
upper extremes have limited sensitivity. The lowest hearing
threshold is 75 dB re 1 pPaat 150 Hz with a6 dB bandwidth
of about 220 Hz for cod (Chapman and Hawkins, 1973).
Herring have the same sensitivity but a much greater band-
width to about 1.5 kHz (Enger, 1967; Blaxter et a., 1981).
Both cod and herring are important commercial species so
the potential effect of vessel noiseishbased on their sensitivity
and hearing bandwidth. For some other species the possible
distances for avoidance behaviour are shown by Mitson
(2000).

3.2. Machinery configuration

Much of the necessary machinery to drive and operate a
ship produces vibration, within the frequency range of 10 Hz
to 1.5 kHz, with the consequence of radiation in the form of
pressure waves from the hull. For economic and practical
purposes, adistance limit has to be set beyond which no fish
avoidance behaviour should occur and in CRR 209 thisis set
at 20 mfrom the vessel. To aim for alimit closer to the vessel
would increase costs significantly and make the task of noise
reduction more difficult.

Currently, the only proven method to produce alow noise
vessel suitable for fisheries research is by use of diesel-
electric propulsion. This arrangement has several advan-
tages, including relative ease of isolating the main generators
from the hull because no mechanical connection isneeded to
the electric propulsion motor. A successful arrangement has
proved to be a ‘generating set’ (genset) comprising a diesel
engine, coupled to an alternator, both of which are mounted
on a rigid frame sometimes called a raft. Two stages of
isolation by special mounts are arranged for the engine,
typically alowing a reduction of vibration of more than
40 dB to be achieved between the engine base and its seating
in the hull. To stiffen the raft the alternator is often bolted
directly down with a flexible coupling driving it from the
engine. Vibration from the alternator caused by magnetic
forces has to be taken into account. A particular problem,
which must be avoided is due to a form of alternator con-
struction where straight ‘ slots' are used to accommodate the
windings. This causes the generation of a “slot-passing”
frequency, £, = (number of slots x the engine rpm/60), with
a subsequent high vibration level transmitted to the hull via
the mountings which can occur in the range of fish hearing.
Instead, it is necessary to use herringbone or skewed slot
construction techniques to minimise this effect.

The size and number of gensetsis chosen according to the
power requirements of the vessel and varies between two and
four setsfor existing vessel designs. Construction of the hull
seating for the gensets must aim to achieve maximum stiff-
ness for the purpose of further reducing the transmission of
vibration and the subsequent radiation of noiseinto thewater.
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Fig. 2. Showing the measured vibration characteristics of acombined diesel

engine and generator set (genset) on 85% load before and after itsinstalla-
tioninavessel.

An impression can be gained of the importance of this pro-
cessin showing the change of levels that occurred
between factory testing and subsequent installation in the
vessel. In this figure note the significant reduction in vibra-
tion below 10 Hz but an increase above 600 Hz. For herring,
theincrease between about 600 Hz and 1.5 kHz showninthis
figure could be important. Such an example illustrates the
attention to detail that has to accompany the design and
construction of all noise reduced vessels and the installed
machinery.

The convenience of aternating current (AC) as an electri-
cal power supply isthat the voltage supplied from the genset
alternators can easily be transformed to different voltages to
supply all the vessel s requirements. But a propulsion system,
known asAC/AC, isnow proven to be unsatisfactory because
it uses an AC motor where vibration, hence noise levels, are
inherently high and this arrangement should not be used. An
example of the underwater noise from such asystem is seen
in[Fig. dwhen the vessel was moving at 10 knots. Such high
levels of the noise peaks are unsatisfactory. The situation is
made worse because a characteristic of this type of propul-
sion means that the frequency of these peaks varies as the
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Fig. 3. Underwater radiated noise from FRV “Thalassa” at 10 knots. The
peaks are associated with vibration of the propulsion motor due to the AC
electrical drive used. Dueto the excellent propeller design avery low level of
propeller cavitation is evident above 300 Hz.

vessel speed changes, moving them across the frequency
range of fish hearing.

For a low noise vessel, AC must be converted to direct
current (DC), to provide asmooth drive with speed control to
the propulsion motor. This system isknown asAC/DC and is
specified for all vessels currently building to meet the CRR
209 recommendation.

The DC propulsion motor is coupled directly to the pro-
peller and handlesthefull power needed to drivethe vessel so
it is “hard-mounted’ to the hull and must, therefore, have a
very low level of vibration. For this reason its construction
must use a herringbone or skewed slot design technique as
stated above for the alternators. From 0, to perhaps 150 or
180 rpm, the motor drives the propeller, which produces a
broad frequency spectrum of noise but for the present, we
consider only the low frequency aspects. As the number of
propeller blades increases, the pressure per blade is less and
the risk of the phenomenon of cavitation is reduced. How-
ever, the overal efficiency is also reduced and a satisfactory
compromise has been accepted for most vesselswith the use
of five blades. FRV “Thalassa’ is an exception with six
blades and she has an excellent performance at high frequen-
cies but any low frequency benefit is lost due to the AC
propulsion.

3.3. essel noise signatures

In addition to broad band propeller noise there is a phe-
nomenon known as ‘singing’ where a discrete tone is pro-
duced by the propeller, usually due to physical excitation of
the trailing edges of the blades. Despite this well-known
effect, manufacturers often fail to provide an adequate anti-
singing trailing edge on their propellers with the result that
very high tone levels can occur in the frequency range of fish
hearing.

Often the most prominent features in the low frequency
signature of a noise reduced vessel are the propeller blade
rate and twicethisrate. Bladerateisthefrequency f at which
the blades pass the closest section of the hull, where f,,, =
(number of blades x propeller shaft rpm)/60. The level of
these ‘tones’ can vary dightly according to the trim of the
vessel. Another feature might be the propeller shaft rate.
Bandwidths as narrow as 0.375 Hz are used to obtain mea-
surementsfor identification of the major individual contribu-
tions to the signature. Two peaks might be due to a five-
bladed propeller where the blade rate at 130 rpm is at 10.8
and 21.6 Hz at twice the rate. From the diesel engine, the
cylinder firing rate x2 and the crankshaft rate x1 can usually
be identified, with their harmonics blending into many other
noises at higher frequencies. The running speed of the engine
is fu, = (rpm/60), typical engine speeds for noise reduced
vesselsare 750 or 1000 rpm. It is expected that the quality of
machinery selected for vessels, plus associated isolation
measures, will mean that transmission of line frequencies
(tones) will be minimised.

The overall signature of a vessel comprises noise from
many machinery sources. Pumps in particular are often sig-
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nificant producers of noise from vibration and at higher
frequencies from turbulent flow. Sharp angles and high flow
rates in pipework can also cause cavitation and even small
items of machinery might produce quite highlevels. Asnoise
and vibration levels of the main machinery itemsis reduced,
theimportance of smaller objectsincreases. For example, the
ringing of a telephone hard-mounted on an engine room
bulkhead, has been detected underwater at a distance of
about 1 km.

3.4. Determining the vessel noise signature

I nvestigation of anoise signature involves two operations.
A ‘static’ ranging with the vessel held securely between
moorings. This provides an opportunity to identify the fre-
guency spectrum and levels from particular pieces of ma-
chinery. A typical exercise of this sort involved 187 opera-
tions, with different items being switched on and off and
results recorded from each of them. The main dynamic noise
ranging operation involvesaseriesof runsat specified speeds
through a noise range. This comprises hydrophones about
100 m on either side of the vessel track for port and starboard
(beam) measurements, preferably placed 30 m or more me-
tres deep. The slant ranges between the centre point of the
vessel and the hydrophones are corrected to 1 m. There are
usually one or more hydrophones under the line of the ves-
sel's passage for keel aspect noise measurements. Noise
ranges are normally operated for naval purposesand fisheries
research vessels are recommended to use these amenities.
Thisis because of the experienced staff with a high standard
of facilities and procedures available, which are based on
appendicesA, B and C of NATO STANAG 1136. The NATO
procedures do not require an allowance for Lloyd’s mirror
effect. In some limited circumstances the use of a portable
noise range described by Enoch and M cGowan (1997) might
be suitable for noise ranging FRV's.

For any vessel, there are angular differences in radiated
noise emanating from sections of the hull. Historically, the
normal series of measurements made during noise ranging
have been taken separately but simultaneously from the port
and starboard sides. These often show differencesin levelsas
aresult of the layout of machinery within the hull. The third
octave band measurements are reduced to a 1 Hz band then
averaged to give a simplified picture of the noise signature.
Simultaneously, narrow band measurements are made to
determine if significant levels of line frequencies (tones) are
present. Keel aspect noise levels can be important for a
fisheries vessel because the directivity of the hull at low
frequenciesis greatest in that aspect. On one vessel, thiswas
measured as 6 dB greater than the beam measurements at
frequencies below 100 Hz. It is relatively recently that keel
aspect noise levels have been specified but it is clear that
knowledge of theselevelsisanecessary requirement. Whena
vessel runs over the top of a schoal, fish are suddenly sub-
jected to ahigher noiselevel, which may cause asharp diving
reaction as seen by Olsen et al. (1983).

Signatures of three noise-reduced vessels
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Fig. 4. Underwater radiated noise signatures of three noise-reduced vessels,
FRV’s “Corystes’ “Scotia’, “Celtic Explorer” shown for vessel speeds of
11 knotsin relation to the CRR 209 levels.

Signatures of three noise-reduced vessels, whose mea-
surements were carried out to the NATO standard, are com-
pared in|Fig. 4 to the CRR 209 recommended levels. These
vesselswererunning at 11 knots and have similar configura-
tions of machinery although the manufacturers are not the
same for all items. FRV “Corystes’ was built 7 years before
CRR 209 was published. For her, the blade rate and twice the
rate are seen to cross the line slightly but thereafter a signifi-
cant margin exists. A more diffuse low frequency deviationis
seen in the signature of FRV “Scotia’ which is partly dueto
the blade rate and aflow induced resonance. The latest vessel
is FRV “Cedltic Explorer” whose blade rate level barely
touchestheline and at frequencies above 3kHz thelevelsare
very low, giving the potential for agood fish detection capa-
bility.

3.5. Observed effects of vessel low-frequency noise

There are many reports of fish avoidance caused by re-
search vessels, e.g. Buerkle (1977), Olsen (1979), Diner and
Massé (1987), Goncharov et al. (1989), Misund (1993), Soria
et al. (1996), Arrhenius et al. (2000) and Vabg et al. (2002).
The latter authors studied vessel avoidance behaviour of
wintering spring-spawning herring during an acoustic abun-
dance estimation survey being carried out by FRV “Johan
Hjort”. Observations of echo energy from schoolswere made
from a downward-looking echo sounder transducer sub-
merged at 12 m when the survey vessel approached and
passed the surface marker at closerange. Thereisadifficulty
in associating avoidance behaviour with the speed of this
vessel because of the highly variable levels of noise that
occur, primarily due to changes of propeller pitch. No details
are given of the pitch settings used during the experiments
but, for example, there are also two available propeller shaft
speeds of 100 and 125 rpm, each of which can produce a
vessel speed of 8 knots by different pitch settings. At this
speed it can be seen from|Fig. Jthat noise levels of either 164
or 144 dB occur. These trandate into possible fish reaction
ranges of 790 and 79 m, respectively.
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Fig. 5. Variation of underwater radiated noise with speed of FRV “Johan
Hjort” resulting from changes of propeller pitch and the optional propeller
shaft rpm of 100 or 125. These noise levels occur at a frequency of about
100 Hz.

FRV “Johan Hjort” was also used in 2002 for alarge scale
systematic investigation of how vessel avoidance by herring
may affect abundance estimation. Data from one of about
50 passes made during the experiment are shown in
illustrating the reaction of a herring layer to the approach
of thevessel and the effect on the received echo energy. A full
data analysis is in preparation for publication by Ona et .
The recordings were made from a stationary EK 60, 38 kHz
echo sounder, mounted in afloating buoy system, described
by Godg and Totland (1999) and Godget a. (1999), when the
research vessel passed close by. It seems clear from the
recordings that the high power pulse transmission from the
echo sounder had no effect on the fish aggregation. During
the experiment, the 38 kHz echo sounder of FRV “Johan
Hjort” wasturned off so asnot to disturb the buoy recordings,
18 kHz was used instead.

[ n, the effects on the echo recording from the layer
of herring are caused by FRV “Johan Hjort” running at a
nominal 10 knots from a distance 1.2 km up to and passing
alongside the buoy to within 8-10 m at 0 min, then receding.
hel ps to quantify the results of the avoidance behav-
iour by showing how the mean depth of the echo energy
changed as the vessel approached and passed the buoy. The
radiated level of noise from the vessel appearsto start affect-
ing the fish aggregation at about 1.75 min prior to the closest
approach when a downward trend begins in the depth of the
echo.

This corresponds to a distance of 540 m. FRV “Johan
Hjort” wasusing apropeller shaft speed of 125 rpm, giving a
radiated noise level sufficient to cause fish avoidance behav-
iour at 560 m distance when travelling at 9 knots but it
reducesto 355 m at 10 knots. showsthat large changes
in noise level occur for asmall change in speed. _Fié. 6A, EI
indicate a relatively quick recovery after the vessel’s closest
point of approach. The nature of the curve that follows
suggests abnormal fish activity continuesfor sometime asthe
vessel travels away from the buoy.

Effects of vessel avoidance
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Fig. 6. (A) The time depth record was taken from a buoy mounted echo
sounder and shows a herring school exhibiting vessel avoidance behaviour
during a passage of the FRV “Johan Hjort” from about 1200 m to within
8-10 m of the recording buoy. (B) This shows the change in mean depth of
the recorded echo energy due to the passage of FRV “Johan Hjort”.

Variability in the response of fish to nearby vessels has
been reported and more observations are needed to investi-
gate this matter. It might be due to the physiological state of
the fish at different seasons of the year, or local environmen-
tal factorssuch as salinity, temperature or water transparency.
Thermal gradients in the sea can cause radiated noise to be
directed either upwards or downwards depending on the
gradient. These may reduce or even prevent noise reaching
the fish, the so-called ‘ afternoon effect’ due to heating in the
upper layers of water.

3.6. Low-noise research vessel survey

Fish avoidance behaviour experiments, using research
vessels, can be expensive but it is hoped that effort will be
directed towards such work as the number of noise-reduced
vessels increases. Evidence is available from an example
reported by Fernandes et al. (2000) to show that a vessel
noise-reduced to the CRR 209 recommendation does not
induce avoidance behaviour by fish. A herring survey in the
North Seawas conducted during July 1999 by FRV “ Scotia”
during part of which an autonomous underwater vehicle
(AUV) known as Autosub was used for comparative mea-
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Fig. 7. Results from a herring survey made by FRV “Scotid’ and the AUV
Autosub, showing significant correlation (r = 0.935, P < 0.001) of the strata
averaged biomass estimates from these vessels; after Fernandeset al. (2000).
Thisindicates that the noise-reduced FRV “Scotia’ did not cause any vessel
avoidance behaviour to be exhibited.

surements on a large aggregation. This vehicle has an ex-
tremely low level of radiated noise, Griffiths et al. (2001),
typically between 20 and 40 dB less than FRV “ Scotia’, by
reason of being a small, battery powered device, with mini-
mum moving parts. Autosub has a limited speed of about
4 knots, which had to be matched by FRV “Scotia’ for this
experiment. It was reasonable to assume that the results
would bevalid for the normal survey speed because the noise
signature of FRV “Scotia’ is amost identical at 4 and
11 knots up to 1 kHz. Autosub was deployed 200-800 m
ahead of the FRV on eight transects in water 60—180 m deep
using the same scientific echo sounder asthe FRV. It passed
very close indeed to the herring school but caused no more
than alocalised compression, typical of aclose approach by a
predator in visual range. If the FRV radiated noise was at a
level to cause areaction from these fish, it was expected that
it would detect asmaller quantity than Autosub. The correla-
tion between thetwo vesselsisseen in, which indicates
that no avoidance behaviour took place.

3.7. Noise at echo sounder frequencies

If avessel is sufficiently quiet that it does not disturb fish
in its vicinity it also needs the capability to detect them,
determine their target strength (size) distributions and assess
the population distribution and density (MacLennan and
Simmonds, 1992). Very sensitive scientific echo sounders
operating at frequencies above 10 kHz are used for these
purposes (Mitson, 1983) and there are two main sources of
noisethat can restrict their capabilities, the ambient noise due
to natural forces and vessel self-noise.

3.8. Underwater ambient noise

Ambient noise in the sea, due to sea-state, shows great
variability as a result of the many sources from which it
arises, so any levels quoted are averages from a number of
situations (Ross, 1987). Wind blowing on the surface is a

significant cause (Urick, 1983) but as frequency increases,
typically above 100 kHz, thermal (molecular agitation) noise
begins to increase and become more important (Mellen,
1952). In this paper, wewill use metres per second, ms™, for
the wind speed. For unusual local circumstances, such as
heavy rain, noise can rise by about 20 dB for awind speed of
1.5 m s when rainfall increases from 1 to 7 mm h™=
(Scrimger et al., 1989). Below 1 kHz, ambient noise is not
likely to affect fisheries acoustic surveys, athough fish be-
haviour may be modified if the level is high enough to mask
their hearing.

3.9. Fish detection

The ultimate theoretical limit, to detection of fish echoes,
is the level of ambient noise in the sea. Echo sounders,
operating at the lower frequencies, are most vulnerable to
this noise because above 1 kHz it decreases by about 20 dB
per decade. The lowest frequency normally used for fish
detection and assessment purposes is 18 kHz, and at this
frequency, atypical echo sounder might expect to receive a
signal of 76 dB re 1 pPafrom a single fish of —40 dB target
strength (TS) at 600 m depth. Ambient noise is about 22 dB
re1lpPafor awind speed of 1.5ms™, andat 20 m s thishas
increased to 48 dB. When corrected for echo sounder band-
width these levels become 49 and 76 dB re 1 yPa, respec-
tively, so for the higher wind speed this fish would not be
detected. Thereislittle to be done about high ambient noise
levels other than reduce the echo sounder receiver bandwidth
which is usualy linked to the transmitted pulse duration, so
has other implications.

If weather conditions are good, fish detection is mainly
limited by the self-noise of the vessel. Thisrefers essentially
to noise generated on, or by the vessel, which is received by
the echo sounders and sonars, a major source being the
propeller. It isnoise due to the presence of the vessel and not
to the surrounding medium. Mechanisms which cause self-
noise are also capable of radiating noiseinto theseabut itis
important to keep a clear distinction between self and radi-
ated noise. Echo sounders and sonars are normallysituated
within the near-field of these sources and the noise they
receive is different from that in the radiated far-field. At
18 kHz, the wind-induced noise is likely to be dominant but
frequencies above 70-100 kHz are more prone to limitation
by thermal noise. compares the self-noise levels at
18 kHz of four research vessels running at speeds from 3 to
12 knots. Ambient noise levels related to wind speeds from
3t0 20 m s areincluded.

This figure shows that for FRV’s“G.O. Sars’ and “Johan
Hjort” self-noise exceeds sea-state noise for wind speeds
below 5 m s, whilst for FRV “Bjarni Saemundsson” self-
noise rises sharply with vessel speed from alow level below
ambient noise due to awind of 3 m s almost reaching the
level from a20 m s wind at 11 knots. For FRV “Thalassa’
the ambient noise at 3 m s wind speed is only dlightly
greater than vessel self-noise over much of her speed range.
Thisis dueto an exceptionally low noise propeller.
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Noise due to wind and vessel speed at 18 kHz
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Fig. 8. A comparison of the self noise measured on four vessels at a
frequency of 18 kHz when travelling at speeds between 3 and 12 knots.
Ambient noise levelsin the sea due to wind speed are also shown.

At echo sounder frequencies, the propeller is the most
significant source of self-noise, athough orificesin the hull,
projections, and rough surfaces, can aso play a part. This
noise becomes severe when one or more of the common
types of propeller cavitation, tip, blade, sheet, hub is fully
established. The use of controllable pitch (CP) propellersin
vessels means that alteration of the blade pitch angle, some-
times combined with changes of propeller shaft speed, re-
sultsinahighly variable generation of noise asseeninfFig. 5
Another example of thisis FRV “G.O. Sars’ in This
type of propeller is discredited for vessels used in fisheries
research. For present day purposes, attention is given to the
design of fixed pitch propellerswhere high frequency noiseis
more directly related to shaft speed as seen for FRV
“Thalassa” in Such designs must adequately meet the
criteria of low noise, whilst being capable of achieving suf-
ficient pulling power for trawls and the desired maximum
free-running speed. The approximate rate of reduction in
propeller noise is 20 dB per decade. In ICES CRR 209, the
aim above 1 kHz was to achieve a maximum limit of 130-22
log fi, @ vessel speeds up to, and including, 11 knots. In
choosing amaximum of 11 knotsfor the low noise condition,
the ICES Study Group took into account the fact that few of
the vessels existing at that time were capable of exceeding
such a speed without risking corruption of the echo integra-
tion process due to self-noise. Difficulties in realising a
propeller design to meet the three conflicting criteria above
were also recognised. Progress is being made in this respect
with FRV “Thalassa’ being one example and arecent design
for FRV “Celtic Explorer” has achieved very low levels of
noise, particularly at high frequencies.

Detecting individual fish is a demanding task, depending
on the actual target strength and range from the transducer.
Taking these factorsinto consideration, as rangeincreases so
the received signal grows weaker until it is ultimately at the
same level as the noise and cannot be detected. At lower
frequencies, athough absorption losses are less, wind in-

Fish detection capability at 38 kHz
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Fig. 9. Thefish detection depth capability of six vessels at 38 kHz is shown
for four classes of fish target strength. Calculated from self noise and
radiated noise measurements.

duced noiseis higher, so this carries the risk of reducing the
detection range of the echo sounder. Noise levels for three
wind speeds at 18 kHz are shownin but results are not
available from vessels built to the ICES CRR 209 recom-
mended levels at this frequency.

When thewind speed is high it also induces motion of the
vessel, causing turbulence and air bubbles beneath the hull.
This has a deleterious effect on the performance of transduc-
ers mounted there through attenuation and signal blocking.
In the past this has meant restricting the speed of the vessel.
Now, the problem has been reduced in some vessels by the
use of a‘drop keel’ or ‘centreboard’ projecting to about 3 m
below the hull with transducers fitted at the bottom surface,
an ideaintroduced by Onaand Traynor (1990). Asaresult of
thisinnovation thereis greatly improved performancein bad
weather and thelimiting factor to surveying may no longer be
noise from turbulence, or from signal blocking, but safety to
engagein taskssuch astrawling or other overboard activities.
[Fig. Qshows the fish detection predictions for six vessels
at 38 kHz, related to their noise levels when operating at
11 knots. Thesignal to noiseratio used was 10 dB and thefish
target strengths are from —30 to —60 dB. A bandwidth of
976 Hz was assumed. The same source level was used for
each vessdl calculation. For reference purposes the detection
limit due to ambient noise is shown for the wind blowing at
20 m s™. It isinteresting to note the difference in detection
range of the vessels, which is directly related to the perfor-
mance of their propellers. Those for FRV's “Corystes’,
“Thalassa’ and “Miller Freeman” were optimised for low
noise and consequently these vessels have the better fish
detection capabilities. FRV “Thalassa’ has an excellent six-
bladed propeller but those on FRV’s “Corystes’, “Scotia’
and “Miller Freeman” are five-bladed. The latter has a new
design of highly skewed propeller provided at a recent refit.
FRV “Scotia’ noise measurements were taken with the drop-
keel down at 3 m. When it was at 0 m, with the transducer
faceflushto the hull, the 38 kHz noiselevel was2 dB greater.
This vessel does not have an optimised propeller so her
detection capability is dightly less than that should be. Both
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Table1
Self noise levels (dB re 1 pPa) relative to vessel speed measured at 120 and (200) kHz
Vessel Speed (knots)

2 4 8 10 11
B. Saemundsson 75.5 75.5 75.5 75.5 75.5 75.5
G.O. Sars 67 (78) 67 (78) 67 (78) 67 (78) 67 (78) 67 (78)
Johan Hjort 74 (95) 74 (95) 74 (95) 74(92) 74(92) 74 (94)
Scotia 62 (62.5) 62 (63.8) 63.5(64.8) 64 (64.8)
Thalassa 66.5 66.5 66.5 66.5 67 67
Miller Freeman 63.6 63.6 64.2 63.7 63.7 64.1

the FRV's “G.O. Sars’ and “Johan Hjort” have controllable
pitch, four-blade propellers.

Higher frequencies of 120 and 200 kHz are used in some
surveys and it can be seen from the measured self-noise
levels inthat vessel speed has little effect, except
perhapsin the case of FRV’s* Scotia” and “ Thalassa’, where
there is a dight increasing trend at 120 kHz. FRV “Miller
Freeman” uses a CP propeller for speed control and a small
variability is seen but the flat response from the other vessels
could be due to detection of thermal noiselevel inthe sea. At
120 kHz, thisis about 26 dB re 1 yPa, resulting in 61 dB for
a bandwidth of 3096 Hz. In some instances internal receiver
noise or electrical interference can be significant at these
frequencies. At 200 kHz, the thermal level isabout 30 dB, so
in abandwidth of 1953 Hz thereceiver level would be 63 dB.
At this frequency, there is little indication of vessel speed
affecting results, apart from FRV “Johan Hjort” where some
variationis seen but her level s are much higher than the other
vessels, probably due to receiver noise.

4. Discussion

The effects of vessel radiated noise on fish and on their
detection by echo sounder have been well recognised and
documented in many papers and reports. Here we have at-
tempted to expand details in some of the important areas to
explain causes and possible effects of such noise on surveys
of fish abundance. Firstly, vessel mechanisms that produce
low frequency noise within the hearing frequencies of fish.
We then draw attention to aspects of high-frequency under-
water noise, including vessel self-noise and ambient levelsin
the sea with comparison of their effects where appropriate.
The most significant effect on fish abundance estimation is
likely to bethat of low-frequency noise causing vessel avoid-
ance behaviour by fish which can bias acoustic and trawl
survey results. Problems may be compounded when results
are needed from the combination of acoustic data with bot-
tom trawl data, asis the case for pelagic and semi-demersal
species. Fish may be driven out of the path of the vessel
wherethey will be missed by the echo sounder, or, into or out
of the path of a trawl. Some reports show that fish may be
driven into the path of a net which otherwise would not have
been caught (Saetersdal, 1969; Onaand Godg, 1990; Dorch-
enkov, 1986) thereby distorting the natural distribution esti-
mates.

At echo sounding frequencies the noise levels for several
vessels have been taken as the basis for calculating detection

depths of several target strength classesin Consider-
able differences are seen between the vessels, thereby em-
phasising the need for low noise propellers to obtain maxi-
mum performance from the echo sounders. In the case of
older fixed pitch propellers, where noise is a problem, a
palliative is reduction of speed. For vessels with CP propel-
lers this remedy is not effective because of the extreme
variability of radiated noise with change of blade pitch,
hence speed.

Ambient noise levels in the sea are unlikely to have a
major effect on acoustic or trawl surveys unless conditions
are exceptional, or when working in deep water with fish
recorded as single targets (Reynisson, 1996). At frequencies
greater than 100 kHz the performance restrictions may be
due to limitations of the echo sounder receivers rather than
thermal noiseinthe sea, or possibly to electrical interference
on the vessels. Turbulence and bubble sweep down under the
hull will remain a problem where vessels are not fitted with a
drop keel, or do not use a towed transducer.

Is there an alternative to the type of noise reduced vessel
outlined in this paper? For a full capability in fisheries and
oceanography research the answer appears to be no. How-
ever, AUV’s have apotential for very low noise levels shown
by measurements on Autosub and the experiment to survey a
herring aggregation in conjunction with FRV “Scotia” was
reported above. Such a vehicle might be usefully employed
where circumstances are favourable, e.g. using it when con-
trolled from a noisy vessel. This use would require careful
planning in regard to the distance at which the AUV could
‘safely’ be deployed (relative to the noise of the parent
vessel). When used from a noise-reduced vessel an extended
survey area could prove an advantage but obtaining a repre-
sentative trawl sample from the recorded fish would be a
drawback.

Fisheries research vessels will continue to be designed
and built. Dueto the long time interval between the building
of avessel and its subsequent replacement, to say nothing of
the cost, it is vital that lessons learned in the building and
construction process of each vessel are carefully assessed
and appropriate action taken to benefit from them. It is
suggested that the ICES community should take steps to
publish details of their vessels design and performance
achieved because of the need to not only set suitable stan-
dards but to minimise the cost of these projects.

The major engineering design problems appear to have
been solved by:
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« careful attention to detail in the selection of high quality,
low vibration diesel enginesand alternatorsfor themain
generating sets. These items must be adequately isolated
and the composite assemblies installed on stiff seatings
in the hull. Associated pipe work has to be isolated to
reduce transmission of vibration.
Use of a DC propulsion motor with a low level of
vibration when running from an electrical drive with a
minimum of 24-pulses (the so-called AC/DC system).
This motor must be firmly seated in the hull. Four new
vessels including FRV’s “Celtic Explorer”, “CEFAS
Endeavour”, the replacement “G.O. Sars’ and the “Os-
car Dyson” use AC/DC propulsion. Investigations show
there are no significant differences between theinstalled
costs of AC/DC and AC/AC propulsion systems. Since
high power electronic control systems are used for pro-
pulsion there is a need to ensure that electromagnetic
compatibility (EMC) is carefully specified to reduce the
effects of electrical interference on the scientific echo
sounders and other instruments.

e Having specially designed, noise-reduced, multi-

bladed, fixed-pitch propellerswith anti-singing features.

The new fisheries research vessels for Ireland, the UK,
Norway and the USA, built to conform to the |ICES CRR 209
(Mitson, 1995) recommendation will be coming into service
during the next year and it is hoped that information on their
design and performance will be made available to add to
current knowledge on the subject of underwater radiated
noise and its effect on fish abundance estimation.
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Abstract

The reaction of fish induced by a trawling vessel was measured using the Bergen Acoustic Buoy. Itis a free-floating buoy with a split beam
echo sounder system. Individual fish trajectories were obtained by target tracking methods, and average swimming velocities as a function of
depth and time before and after passage of the vessel was calculated. A measure for the change in behaviour was applied, showing a significant
response during and after propeller passage. The change in horizontal displacement speed is significant at all depths, while the change in
vertical displacement velocity is significant at all but one layer of depth. The horizontal reaction seems to occur a bit later than the diving
reaction. After the main response, a slightly higher mean horizontal displacement speed was observed for the deepest layers. This indicates a
change in the fish state after being exposed to the vessel/gear.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Cod avoidance; Target tracking; Abundance estimates; Acoustic buoy; Bottom trawl

1. Introduction In swept area indices, the effective fishing height of the
trawl is taken to be constant between hauls. But as shown by
) ~Aglenetal. (1999), this is not always the case. In response to
When assessing the abundance of cod and haddock in thgessel and gear, fish in the pelagic zone may swim towards
Barents Sea, the bottom trawl survey and the acoustic meathe pottom. The bottom trawl will thus catch fish that were
surements produce two independent estimates. In order tQyiginally higher in the water column than the height of the
combmethese estimates, gnd.arnvelalt an absolute abundangg, opening. Vertical herding might be dependent on the
estimate of the stock, the fishing efficiency of the trawl and gjze of the fish and their vertical distribution patterns. Effec-
the reaction of the fish relative to the vessel and gear must bg;,e fishing heights of 30 m for large fish @@ m for small
known (Ona and Godg, 1990; Aglen etal., 1999). This paperfis were used for estimating the amount of fish unavailable
presents a quantitative methodology for measuring indi- {5 the bottom trawl in Aglen et al. (1999).
vidual response of fish to a trayvling vessel, as oppos.ed' 0 This paper shows that by using a free-floating buoy with a
changes in density. The method is also capable of quantifyingspit heam echo sounder system, the actual response of single
the change in behaviour as the vessel passes. individuals can be measured, not only responses measured as
Fish avoidance of a vessel has been reported both i“changes in water colum8, values. The method used here
acoustic surveys (Olsen, 1971; Olsen et al., 1983; Olsen iso makes it possible to measure the mean displacement of
1990), and in trawl surveys (Ona, 1988; Ona and Godg, 1990;individual fish in both the horizontal and vertical direction,
Nunnallee, 1991). It has been reported that cod react as earlyq to compare the two. To our knowledge, this has not been

as 200 min front of the vessel propeller (Ona, 1988), and thatgone pefore, and it is an important step towards estimating
this reaction occurs between the surface and 200 m depthine effective fishing volume of the bottom trawl.

Buerkle (1977) reported that Atlantic Cod is able to detect a

trawling vessel at a range of at least 2.5 km.
2. Materials and method

* Corresponding author. The experiment was conducted with “R/V G.O. Sars” off
E-mail address: nilsolav@imr.no (N.O. Handegard). the coast of Finnmark (72°N 25°E) from 12 to

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00020-2
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Fig. 1. Overview of the experimental set-up. Note that the figure is schema-
tic and that the scale is not real. Numbers (1) to (6) designate the acoustic
buoy. (1) is the transducer with the compass, (2) is the buoy with PC, GPS,
Simrad EK60 echo sounder and communication systems. (3 and 4) are the
floatsand (5) istheweight for stabilising the transducer movement. (6) isthe
acoustic beam of the EK60 buoy echo sounder. (7) is the beam of the on
board mounted echo sounder (operated only at 18 kHz), (8) is the trawl
warps, (9) is the trawl doors, (10) is the trawl and (11) is the “R/V G.O.
sars’.

21 March 2001. The data were collected using the Bergen
Acoustic Buoy (Godg et al., 1999). The buoy is free floating
and contains a Simrad EK60 split beam echo sounder, a
computer, various communication instruments, GPS and a
battery package. Communication to the vessel is maintained
through a spread spectrum radio connection with a data
transfer rate of 115.2 KB s. Thisallowsfor continuous update
of echogram, compass data, buoy GPS position and remote
control. The transducer is mounted in a stainless steel rig,
which is equipped with a compass for continuous recording
of transducer direction. Therig is balanced with floaters and
weights to stabilise it during operation, and to reduce the

effect of surfacewaves, cf.[Fig. 1] Thedepth of the transducer
can be regulated by the placement of the floaters and coun-
terweights on the cables. The transducer depth varied be-
tween 37 and 47 m with a median of 44 m.

The changein fish behaviour was measured by passing the
buoy 16 times during bottom trawling (Campelen, 1800).
The buoy was passed as close as possible. The distance
measured by the GPS between the centreline of the vessel
and the buoy GPS varied from 48 to 53 m with a median of
53 m. The buoy drift was monitored by the buoy GPS system
and the trawl position was monitored by the Simrad ITI
system. This information was used to ensure that the trawl
passed within the beam of the buoy. The horizontal distance
from the trawl to the buoy, measured by the ITI system and
the buoy GPS, varied from 42 to 257 m with a median of 45
m. Two times the buoy was passed with a pelagic trawl.
These hauls were used only to identify the species distribu-
tion higher up inthe water column. giv&san overview
of the catches from the trawl hauls.

2.1. Target tracking

The EK60's single target detection agorithm was used to
obtain single targets of fish within the echo beam. As shown
by Brede et al. (1990), it is possible to connect the detected
singletargetsto tracks. A target-tracking algorithm similar to
the Wintracker algorithm (Ona and Hansen, 1991; Ona,
1994) was used, i.e. atrack gate box around the last detection
in the track is used to search for the next candidate for the
track. The size of thisbox is given in In addition, if
the track contains more than five pings, a regression is ap-

Table1
Bottom trawl catches in weight (kg) by species. Tows conducted during daytime are denoted by D, and tows conducted during night time by N
Date Time Day/Night Catch weight (kg)
Cod Haddock Saithe Redfish Total
14-March-2002 02:50 N 376 14 3 4 398
07:572 D 350 22 78 24 475
14:04 D 468 35 212 12 727
16:43 N 535 40 10 5 590
19:06° N 0 0 0 0 0
20:50 N 119 8 0 6 132
22:10 N 58 0 2 3 63
15-March-2002 00:30 N 103 12 14 8 137
02:24 N 116 22 21 2 162
19:45 N 150 32 17 4 204
21:20 N 101 21 20 5 147
16-March-2002 19:03° N 0 0 0 0 0
21:10° N 0 0 0 0 0
23:36% N 1050 22 3 2 1077
17-March-2002 10:37° D 0 0 0 0 0
18:07 N 247 26 5 4 282
21:53 N 328 15 59 7 408
22:12 N 229 23 23 18 293
Total 4494 316 567 112 5489
Proportion 82% 6% 10% 2% 100%

2 Pelagic stations (no buoy measurements).
P Stations where the traw! net was open.
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Table2
Parameters used in the target detection algorithm and the target-tracking
agorithm

Description Value
EK60 settings

Min. echo length 0.8
Max. echo length 18
Max. phase dev. 8.0
Max. gain comp. 6.0

Target tracking parameters

Max. ping skip 5#ping
Max. depth difference 0.5(m)
Max. XY difference 15 (m)
Min. regression limit 5#ping
Max. regression limit 10#ping

plied up to the last 10 pings of the track. This is used to
predict the position of the next detection. Then the prediction
will be the centre of the track gate instead of the last ping in
the track. Five successive missing pings are allowed in the
tracking process. When an assignment conflict occurs, the
track is terminated. Only tracks of six pings and more are
used in the analysis.

The warps produce signals that could easily be mistaken
asfish echoes. To avoid any interference with the analysis of
fish behaviour, registrations that could be interpreted as
warps were manually removed in every passing.

After initial tracking, a constant velocity track,

X(t)=a+v(t-t)
isfitted. Here X(t, ) isthe estimated three-dimensional posi-
tion in the echo beam at timet, and v and a are parametersto
be estimated. Thefitting is by least squares, i.e. by minimis-
ing
$S= 7 [I%(t) - k() [1?
k

where X(t, ) istheinitial track from the tracking process and
|I-|| isthe Euclidean normwith || X | =33, >g.2for X = [Xq, Xgy
X3]. An exampleis given in

The estimated velocity, ¥, is called the displacement ve-
locity. This may be different from the swimming velocity if
the fish swimsin acurved line, or if the current variesin the
water column. The mean depth, the mean time and the esti-
mated constant velocity for each track were combined into a
dataset containing all tracks from all passings.

2.2. Behavioural indicators

The estimated displacement velocities are binned into
groupsreferred to asrunning mean (RM) windows, cf.
We let j be the index for the depth bin and i for the time bin.
The binning is based on the mean depth and mean time for
each track. Inside each RM window the mean horizontal
displacement speed, H; ;, and the mean vertical displacement
velocity, V, ;, are calculated with standard error. The vertical
components of each ¥ for each track inside the RM window

18P
16}

14

Distance (m)

12

101

Distance (m)

Fig. 2. The dashed line is the measured track, X(t, ), and the straight lineis
the mean displacement vector, X(t, ). The distance between each data point,
the dotted line, is minimised in a least square sense. The figure shows the
projection on the xy-plane.

are used to calculate V;;, and the absolute values of the
horizontal components are used to calculate H; ;. Positive
vertical axis in the coordinate system is pointing from the
bottom to the surface, and diving is, therefore, negative. Note

that H; ; is not avelocity since it has no direction.

2.3. Satistical analysis

Since the RM windows have identical time steps, H; ; and
V; ; @ each depth j comprise atime series, { y;} . The response
interms of H; ; and V;; seems to start during vessel passing,
riseto amaximum and then fall off again, cf. Fig. 4. A second
order polynomial in time could model such an effect, but
could not detect any non-symmetric effects, i.e. a steeper
incline or decline. Therefore, a third order polynomia was
chosen. The polynomial is fitted to parts of the time series,
from ty to t;, wheret, is theinitial time point of the polyno-
mial fitting and t, is the end point, cf. Fig. 4. Outside this
interval, thefitted curve, ¥, cf. Eq. (1), isset toy,, wherey, is
the mean of the time series where the fish is assumed to be

Az
At
- Il T e "\/(?sselI
time e
| Az
................. -
RM Window jj

Fig. 3. The behavioural indicators are calculated within each RM window.
The size of the RM window is set to Az=50 m and At = 60 s. At 3 knots, 60
s corresponds to 90 m. Note that negative time is before vessel passing.
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Fig. 4. Yellow curves show 10 realisations of the simulated series under {yI }, red curves show the time series{y;} plotted with standard error and blue curves
show the fitted line, {y.}, for each time series. Thefirst panel column shows the mean vertical displacement velocity, H; ;, and the second panel column show

horizontal displacement speed, V; ;. Panels (a) and (b) show depths from —75 to ~125 m, panels (c) and (d) from —125 to 175 m, panels () and (f) from —-175
to—225 m and panels (g) and (h) depths from —225 to —275 m. Negative time is before vessel passing, and positive time is after vessel passing (transducer).

undisturbed, i.e. from the start of the seriesuntil 5 min before
vessel passing, so that

3

t"t € [t t
=t Lon

Yo O [tyt]

)

In addition, the polynomial is forced to have only one
maximum, and y is forced to be continuous, thus leaving
three or four parametersto be estimated. All combinations of
to and ty, such that ty < t,, aretried, and the combination with
thelowest squareerror ischosen. Asanindicator for reaction,
the maximum or the minimum value for the fitted curve,

ext

B min (y), for thetime series based on Vi
max (), for thetime series based on H;

is used. Since we would like to test for a diving reaction, the
minimum value is used for seriesbased on V; ;.

Under the null hypothesis, H,, of no response, we expect
that y,,, =Y, We assume no dependence of autocorrelation
type in the time series under H,,. The standard error of each
behavioural indicator in each RM window gives an estimate
of the precision of the behavioural indicator. This informa-
tionisused to simulate the time seriesunder H,,. Independent

bootstrap type samples, {y }, are drawn according to
yf: N( Y, ), wherepisdravnfrom1, ..., n. Herenisthe
length of the undisturbed time series and s, is the standard
error for the pth value of the time series. Standard errors for
autocorrelation estimates under H, are obtained from the
simulated time series. This is compared to autocorrelation
estimates for the observed time series. No indication of
dependence is found in the undisturbed part of the time
series. This supports our assumption of independence in the
time series under H,,.

The time series are simulated 5000 times, and a distribu-
tion for y,, under H, is obtained for both behavioura indi-
cators for al bins of depth. One-sided confidence intervals,
cf. are obtained by taking the empirical percentiles
from this distribution, with the level of a=0.05. If y,,, for the
original non-simulated datais|ocated outside this confidence
interval, it means that a significant vel ocity change has taken
place.

After being exposed to the vessel and gear, the fish may be
in another state, i.e. higher alertness. Thisisinvestigated by
testing the difference in the mean for the behavioural indica-
tors, between the undisturbed situation and the situation after
the main response. To simplify, we have used an ordinary
t-test even though this is not quite correct in view of the
variable standard error from one RM window to another.
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Table3

269

Theresults from the analysis where H/V is the behavioural indicator, depth is the depth range for the RM window, t, is the start time of the polynomial, t. is
the time where the polynomial hasits maximal value, t, isthe time for the end point of the polynomial, SSisthe sum of squaresfor thefitted line and y,,; isthe
max/min point of the polynomial. Conf. is the confidence interval for y,, under Hy

HIV Depth (m) to () text ty SS Vext Conf. o =0.05 Significant
Vi [-75t0-125] -7.0 22 8.0 0.0137 -0.0370 [-0.035, 1) Y

Vio [-125t0-175] -10.0 0.8 8.0 0.0046 -0.0174 [-0.029, 1) N

Via [-175to—225] -7.0 42 10.0 0.0025 -0.0263 [-0.025, 1) Y

Via [-225t0-275] -3.0 0.3 20 0.0162 -0.0671 [-0.034, 1) Y

Hi . [-75t0-125] 3.0 6.2 9.0 0.4007 0.648 (-1, 0.5530] Y

Hi [-125t0-175] 2.0 5.2 8.0 0.6600 1.139 (-1, 0.7251] Y

His [-175to—225] -20 42 15.0 1.1551 1.035 (-1, 0.8269] Y

Hi4 [-225 to-275] -1.0 53 9.0 2.5361 1.326 (-1, 1.0159] Y

3. Results 4. Discussion

Thetrawl catches consisted of cod (Gadus morhua), had-
dock (Melanogrammus aeglefinus), saithe (Pollachius vi-
rens) and redfish (Sebastes). Cod dominated the catchesat all
times, cf. Throughout the sampling period, the
catchesvaried considerably in weight, especially for cod, but
no significant trend over the experimental period was found.
The number of trawl stations during daytime was too few to
make any conclusion about diel differences.

By trawling at 3 knotsthetrawl will, at these depths, arrive
8-10 min after thevessel passing. Thevessel passing,t=0, is
when the vessel mounted transducer passes the buoy.

Thetimeseries, {y,;}, thefitted curves, {yi and asampleof
simulated series under {y. }, are given in[Fig. 4 The fish
reacts to the gear/vessel both by diving and by horizontal
movements. The diving, particularly in the upper channels of
depths, seemsto start earlier than the horizontal reaction and
the horizontal reaction seems to be closer to the warps, cf.
columns 2-5 and By comparing columns 7
and 8 of itisseen that the changein H;; for eachj is
significant in al layers of depth, and the change in V;; for
eachjissignificantinall but one channel of depth. Moreover,
the change in H; ; seems to be more pronounced than in V; ;.
The number of registrations is lower in the upper depth
channels.

The change in H;; for each j between the undisturbed
situation and the situation after the “main response” is sig-
nificant for some of the depths, cf. [Table 4} This is also
evident by inspecting |Fig. 4 f,Ij. There seems to be no such
effect for the diving velocity.

Table4

The target-tracking algorithm connects the single targets
from the EK60’s single target detection algorithm. However,
there may be cases where it fails. If fish dive tilted down-
wards, or swim fast, some echoes may be lost, and the target
will not be tracked as one single individual. However, the
maximum vertical movement (0.5 ms™ at apingrateat 1)
and the maximum horizontal movement (15ms™ at ping rate
at 1) isset well above the detected vertical and horizontal
movement (i.e. 0.06 and 1.32 m s7%). Missing pings are also
allowed inthe agorithm, cf. Table 2. If the fish density istoo
high, the fish will not be resolved into single targets by the
EK60's single target detection algorithm. If the behaviour is
different at these densities, this behaviour will not be de-
tected. If the target-tracking algorithm fails to connect two
parts of a track, the data will not be independent, i.e. one
individual will count astwo. The buoy transducer isnot fixed,
and cyclic movement in the transducer may lead to errorsin
the tracking process. By fitting a constant velocity lineto the
tracks, and by avoiding short tracks, this problem will be
reduced. If one would like to analyse more detailed fish
behaviour, this problem needs to be addressed. Improve-
ments of the tracking algorithm may include a filter to esti-
mate the transducer tilt and roll and methods to take into
account the measurement error (work in progress).

The observed change in H; ; seems to occur closer to the
warps than the change in V; ;, at least in the upper layers of
depth, cf. It seemsto be a stronger diving response to
the vessel/propeller, and a stronger horizontal movement
towards the warps. The warps are believed to produce a low
frequency sound with amaximum intensity at =7 Hz (unpub-

Comparing the horizontal displacement speeds from the undisturbed situation with the swimming speeds after the main response. Significantly higher speeds
were found at depths from —175 to —275 using at-test. Estimation of the sample variance is based on both groups (pooled). No significant difference was found

for the vertical velocity

Depth (m) Method Var. DF t-value Pr>|t| Significant
[75-125] Pooled Equal 40 -0.80 0.4278 N
[125-175] Pooled Equal 40 -1.73 0.0914 N
[175-225] Pooled Equal 40 -3.99 0.0003 Y
[225-275] Pooled Equal 40 -5.62 <0.0001 Y




270 N.O. Handegard et al. / Aquatic Living Resources 16 (2003) 265-270

lished data), and the fish may react to low frequency sound
(Sand and Karlsen, 1986).

The higher H; ; after the main response indicates that the
fish are more aert after being stimulated by the vessel and
gear. In future experiments, the time series should be ex-
tended to assess when the null situation is restored. Even
though measures have been taken to reduce the effect of
transducer tilt and roll, transducer movement due to turbu-
lence from the vessel could also explain this effect. It is,
therefore, important to improve the method to filter out the
transducer tilt/roll effect.

Fish may respond to several stimuli from the vessel/gear
(Wardle, 1993). These stimuli could for instance be the noise
at different frequencies measured at different depths, visually
detectable stimuli, etc. If the fish reacts to the visual stimuli
from the warps, the distance to the warp, corrected for light
levels, could be correlated with the change in behaviour. The
reaction could also be correlated to the different noise levels
at different frequencies. This may tell whether the fish reacts
to the visual stimuli or noise stimuli, and from which source
these stimuli originate.

When more data is obtained, the binning of the displace-
ment velocities for each track could be extended to three
spatial dimensions instead of time and depth only, resulting
in a three dimensional field for the displacement velocity.
The positioning of the track in relation to the vessel could be
measured with GPS data from the buoy and the vessel. This
velocity field could be used in a model to predict the distri-
bution of fish at any given time, starting from afixed position
in time and space. This could give us some indication of the
fishing height of the bottom trawl, and also of the horizontal
displacement, from the time the vessel passes to the trawl
doors appear. Knowledge of thisisimportant to combine the
bottom-trawl- and the acoustic-index into one value, and
ultimately to undertake absolute abundance estimation of
cod and haddock in the Barents Sea.
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Abstract

In the herring Clupea harengus), the swim bladder is connected to both the alimentary canal and the anal opening. The anterior duct is used
for filling the swim bladder with air. Gas release from the anal opening is often observed when the fish is scared or during ascent and descent.
Here, the sounds produced by such a gas release are studied. The fish was kept in a low-pressure chamber. As the ambient pressure was reduced
the gas in the swim bladder expanded and was emitted through the anal opening. Herring sounds were also recorded in a fish trap and in the
field. The characteristic sound made by herring during gas release is denoted as the pulsed chirp. This pulsed chirp is 32—-1R34)ong (
and consists of a series of 7-90€ 11) transient pulses with a continuous reduction of the frequency emphasis (centroid frequency of first
pulse 4.1 kHz and of last pulse 3.0 kH¢= 11). The source level of the chirp i8 % 8 dB re 1 pPa rm&oot mean squarefda m (N = 19).
The pulsed chirp is not known to be produced by any other marine animal and may be a good fingerprint for identifying schools of clupeid fish
by natural predators, fishery scientists and fishermen. A model for the generation of the pulsed chirp is presented and tested on existing data.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction inner ear

The herring Clupea harengus) is quantitatively the most & B e
important fish species of northern Europe. During decades of " TN & M@M &5
intense research, we have learned about its migratory, diurna b B S A
and foraging behavior, and about its role in the marine food
web (Klinkhardt, 1996). In spite of this, little is known about ~ lateral line stomach
herring sound production and communication. In this study, aels Akplaas presmals

we focus on acoustic S|gnals prOdUCEd by hemng' Fig. 1. The airways of herring@lupea harengus). Redrawn from Klink-

C‘?mpar?q,to most other fish species, h?mng has exce!lenhardt (1996). The assumed path of air (see text) is indicated with gray circles
hearing abilities (Enger, 1967). In clupeid fish, the swim ang arrows.

bladder connects to the inner ear, which facilitates the per-

ception of sound. This hydro-acoustic detection system is in0P€ning [(Fig. 1; Bennett, 1879-1880). Herring does not

close contact to the lateral line canal system on the head off€em to produce gas in the swim bladder as many other fish

the fish (Blaxter et al., 1981) and works well for the percep- SPecies do (Fahlén, 1967; Blaxter and Batty, 1984). Air is

tion of both acoustic pressure as well as hydrodynamic dis-inhaled at the surface, swallowed and transported into the

placement signals. swim bladder through a small canalyuctus pneumaticus
Another feature of the herring anatomy is the connection (Klinkhardt, 1996/ Fig. [1).

between swim bladder both to the stomach and to the anal Itis wellknown among fishermen that herring schools can
release air, producing clouds of bubbles that may be observed

— : at the surface (Muus and Dahlstrgm, 1974; Thorne and Tho-
* Corresponding author. )
E-mail address: magnus.wahlberg@biology.au.dk (M. Wahlberg). mas, 1990; Nzttestad,_1998). Bubbles are usua_lly released
1 Present address: Center for Sound Communication, Department ofthroUh the anal opening, connected to the swim bladder

Zoophysiology, University of Aarhus, C. F. Mgllers Allé Building 131, 8000 (Fig. 1). Sometime§, bubbles are released thr.Ol.Jgh the mOU.th
Aarhus C, Denmark. (personal observation). Such bubbles may originate from air

anal opening

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00017-2
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that has not yet been transferred to the swim bladder. Gas
may be released both during ascent and decent and as a
response to distress (Ngttestad, 1998). It has been suggested
that the air release may work as an optic and acoustic screen
that confuses predators (Nettestad, 1998).

Herring is known to produce sounds (Murray, 1831; Mar-
shall, 1962; Hering, 1964; Fish and Mowbray, 1970; Freytag,
1971; Schwarz and Greer, 1984). Previous studies performed
to investigate sound production have, to our knowledge, not
reported the source level of such sounds, nor have they
suggested how the sounds are produced. Both these pieces of
information areimportant to eval uate the possi bl e function of
the sound.

In this study, we report on the sound production during
herring gas release. We estimate source level of herring
sounds and investigate a potential sound-production mecha
nism.

2. Materials and methods

Herring sound production was studied with controlled
experiments and field observations. The recording system
consisted of aBK 8101 (sensitivity —184 dB re 1 V/pPa) and
anAtlantic Research LC32 hydrophone (202 dB re 1 V/pPa)
connected via a custom-built amplifier to a Sony TCD-D7
DAT recorder (recording band width 0.1-22 kHz). Datawere
digitally transferred to the computer viaa U2A digital inter-
face (Egosys Inc.) and subsequently analyzed using Matlab
(MathWorks, Inc.) and Cool Edit 2000 (Syntrillium Inc.)
software. Visual observations were made using underwater
video cameras.

2.1. Low-pressure chamber (LPC)

Herring were caught live in nets on the Swedish west
coast. The fish were carefully removed from the nets and
transported to shorein 20 | buckets. The fish were submerged
into atransparent water-filled plexi glass cylinder connected
to a vacuum pump and a manometer. A hydrophone was
mounted on an aluminum rig together with the fish container.
The distance from the anal opening of the fish to the hydro-
phone was 8 cm. The hydrophone was located on the right-
hand side of the fish, 90° from the sagittal plane. A custom-
built housing with an underwater video camera (Bischke)
monitored the rear end of the fish from the opposite side of
the hydrophone. The rig was lowered into the harbor to a
depth of 2 m (the seafloor being at more than 5 m depth). As
the pressure in the fish container was decreased (down to a
minimum of 0.1 bar), the air inside the swim bladder of the
fish expanded and the fish was forced to release air through
the anal opening. This experiment permitted sound record-
ings of live herring in an almost free acoustic field. Addi-
tional measurements with the pressure chamber were made
in Harsfjarden and Soderhamn on the Swedish Baltic Sea
coast. A total of 20 fish were tested with the LPC. The fork
length of thefishwas19.8+ 1.6 cm (mean+ 1 S.D., N=17;
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Fig. 2. The pulsed chirp of aherring, recorded in the Swedish archipel ago of
the Bothnean Bay during the spawning season in June. Top: Spectrogram
(filter bandwidth 1.5 kHz). Bottom: Oscillogram, synchronized with the

spectrogram.

the length of three fish was not measured). The acoustic
impedance of plexi glass is close to that of water, so that
sound attenuation through the walls of the cylinder could be
neglected.

2.2. Recordings at herring trap net

Theonly Swedish herring trap is situated closeto thetown
of Séderhamn in the Gulf of Bothnia. This trap resembles
Danish herring pond nets (von Brandt, 1964): a leader net
directs the fish into a series of funnel-formed net gates that
endina5 x 3 x 3mbag. At thetime of recording, about 4 tons
of live herring were circling inside the trap. A hydrophone
was lowered into the bag of the trap, together with an under-
water video camera. An extra hydrophone was kept about 15
m outside the net enclosure as a control. Recordings were
made in flat calm weather for two days and nights in June
1997. About 10 h of recordings were made.

2.3. Field recordings in a spawning bay

Half a kilometer from the fish trap in Soderhamn (see
above), thereisa 10 x 30 m bay with amaximum water depth
of 2-3 m. Thisbay isknown to be a spawning site of herring.
During the spawning season in early June 1997, we deployed
two hydrophonesfrom asmall rowing boat late at night in flat
calm weather. The hydrophone depths were 1 and 2 m, the
hydrophones were located vertically one above the other.
Two hours of recordings were made.

3. Results

During therecordingswith the LPC, inthefishtrapandin
the spawning bay, sounds were recorded from the herring.
The most prominent signal consisted of a series of pulses,
where each pulse had a lower frequency emphasis than the
previous one . This sound, we call the pulsed chirp.

In the LPC experiments, 19 out of 20 herrings produced
sounds that could be analyzed. The source level of the chirps
ranged from 55 to 90 dB re 1 pParms (root mean square) at
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1m(73+8dB, mean+ 1 SD.; N=19). The rms intensity
was calculated over the length of the signal within the—-3 dB
points of the signal envelope function. Sounds were first
heard at an ambient pressure of 0.2 £ 0.1 bar (N = 19),
corresponding to afive-fold increase of the swim bladder air
volume.

Each pulsed chirp lasted 0.9-16.2s(4.2+4.8s5;N=10) in
the LPC experiments, and 32-133ms (83 + 28 ms; N=11) in
the field recordings from the spawning bay. Each chirp con-
tained 7-50 (17 + 13; N = 11) pulsesin the field recordings.
In the LPC experiments, there were up to hundreds of pulses
within asingle chirp.

Eleven chirps from the spawning bay were chosen for
more detailed measurements of signal properties. The cen-
troid frequency (the frequency splitting the spectrainto two
halves of equal energy; Au, 1993) ranged from 3.0t0 5.1 kHz
(4.1+ 0.8kHz; N =11) for thefirst pulse of achirp, and from
2.2t04.6 kHz (3.0 + 0.9 kHz, N = 11) for the last pulse. The
mean-square bandwidth (the S.D. of the spectrum; Au, 1993)
was 1.2-3.9 kHz (2.4 £ 0.7 kHz; N = 11) for the first pulse,
and 1.6-4.9kHz (2.9 + 1.0 kHz; N = 11) for the last pulse of
the chirp. The interval between pulses ranged from 1.2 to
128 ms (5.7 + 3.1 ms; N =9) at the start, and from 0.8 to 7.1
ms (4.5+ 1.9 ms; N = 9) at the end of the chirp.

During the LPC experiments, chirps were only heard
when air was emitted from the anal opening of thefish. From
visual observations of the video recordings, it was estimated
that each bubble detaching from the herring had a radius of
about 0.5-1.5 mm. In the herring trap recordings, no bubbles
were released from the fish observed with the video camera.
The hydrophone inside the trap recorded large amounts of
pulsed chirps, whereas these sounds were barely detectable
on the hydrophone outside the trap. This made us confident
that the sounds were produced inside the trap. During the
field recordings, the visibility was not sufficient to observe
whether the fish released bubbles or not, but herring was
regularly observed to gulp air at the surface.

4. Discussion

4.1. The biological significance of the pulsed chirp

The pulsed chirp has previously been observed in
recordings of herring (Schwarz and Greer, 1984). To our
knowledge, there have been no reports of any other marine
anima producing this kind of sound. Eels (Anguilla an-
guilla; J. P, Lagardére, persona communication) and some
other fish species (e.g. weakfish, Cynoscion regalis; Spra-
gue, 2000; see Fish and Mowbray, 1970 for other examples)
are known to produce transient sounds of similar frequency
content asthe herring pulses, but these sounds do not seemto
have the frequency decay between consecutive pulses char-
acteristic for the pulsed chirp. However, some other members
of the Clupeid family, such as Sprattus sprattus and Sardina
also have acanal from the swim bladder to the anal opening.
Even though recordings of these species are unknown to us,

one may predict that they produce sounds similar to herring.
The pulsed chirp may serve as a fingerprint to detect and
identify Clupeid fish schools by using passive acoustics. The
time-band width product (Au, 1993) of the signal islarge, in
the order of 100—1000, so that they are feasible for automatic
detection as well as localization techniques using cross-
correlation and matched filtering. Astheratio of the acoustic
wavelength and the source size is much larger than one
(around 400), we expect the sound to radiate almost omni-
directionally around the fish. This also facilitates automated
detection.

It is not clear as to why herring release bubbles. If the
swim bladder produced gas at depth, this gas would expand
as the fish ascends. Instead of absorbing the gas (as most
teleosts do), it would be convenient for the herring to release
the superfluous gas through the anal opening. However, ex-
periments have shown that the herring swim bladder may not
produce any gas (Fahlén 1967, Blaxter and Batty, 1984). If
gas only enters the swim bladder through inhalation at the
surface, there is no physical reason why gas has to be re-
leased during ascent. Also, herring gas release has been
observed both by ascending and descending schools (Ngttes-
tad, 1998). In our study, pulsed chirps were heard from fish
caught in atrap and in ashallow spawning bay, where ascent
and descent was restricted to a few meters. These observa-
tions indicate that gas release, rather than being a physical
response, is abehavioral response (such as stress or predator
avoidance; see Ngttestad, 1998). It has been suggested that
the bubble release could be away for the herring to distract
predators, such as killer whales (Ngttestad, 1998; see also
Simila and Ugarte, 1993).

It may be inferred from the audiogram of the herring
(Enger, 1967) that they can hear the bubble release from
other fish at a distance up to around a meter. Thisis larger
than the typical distance between individual fish in aherring
school (Radakov, 1973; Domenici et al., 2000). Therefore,
the individual herring can probably hear the bubble release
from their nearest neighbors within a school. Whether or not
these sounds have any meaning for the fish has to await
further acoustic and behavioral observations. It is aso pos-
sible that predators, such askiller whales (Orcinus orca) and
harbor porpoises (Phocoena phocoena) can detect herring
from listening to the sounds of schools releasing bubbles.
Herring reacts on the echolocation sounds made by killer
whales (Wilson and Dill, 2002). Thus, the pulsed chirp may
be acuefor the predator to find the school without disclosing
its presence with sonar.

4.2. A model for pulsed chirp generation

A possible mechanism for the sound production of the
pulsed chirp is air bubble oscillations, which are known to
produce sound efficiently under water (Longuet-Higgins,
1989). When small quantities of air are pressed through the
anal opening of the fish, pulses could be produced as the
external bubble oscillates while attached to the anal opening
by surface tension. For every portion of air added, the at-
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Fig. 3. Visualization of the proposed model of herring chirp generation (for
details seetext): theair bubbleisattached to the anal opening and isfilled by
air parcels of constant volume from the anal duct. Each air parcel causesthe
bubble to resonate and thereby produces a pulse. For the consecutive pulse,
the bubble has grown, and the frequency emphasis is lower. The expected
spectrogram of a pulsed chirp from this model is shown. The time scaeis
arbitrary.

tached bubble is given an impulse to oscillate and generate
sound at its resonance frequency, which is determined by its
size and the ambient pressure (Plessett and Prosperetti,
1977). When the attached bubble grows large enough, it will
detach and ascend towards the surface.

We propose that the mechanism behind the generation of
each chirp is the formation and release of a single bubble
from the anal opening. This explains the decay of the cen-
troid frequency throughout the pulses within a chirp, as the
resonance frequency of the attached bubble decreases when
it gets larger (Plessett and Prosperetti, 1977). In the
spectrogram of apulsed chirpisdepicted, model ed according
to the sound production mechanism proposed here. The
simulated chirp is similar to the temporal and the frequency
structure of a pulsed chirp when a series of air portions of
equal volume is added to the bubble. More detailed simulta-
neous hydrophone and video studies of the sound generation
process would clarify whether this sound production model
isredlistic.

Thismodel may also explain why thefrequency content of
the pulses varies as a function of the ambient pressure
(Fig. 4). The black lines in show the resonance fre-
guency of air bubblesof radii 0.5 and 1.5 mm asafunction of
the ambient pressure. The bubble resonance frequencies cir-
cumscribe the measured centroid frequency of the last pulse
within a chirp, both for the LPC and the spawning bay
recordings. Thismay indicate that the released bubble sizeis
between 0.5 and 1.5 mm radius, which is aso what was
estimated from visua inspection of the video uptakes from
the experiments with the LPC. predicts that the fre-
guency content of the chirps would increase with depth.
Further recordings of herring at different known depths are
necessary to test this prediction. The conjecture is corrobo-
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Fig. 4. The centroid frequency of the last pulse of herring chirps and the
ambient pressure. ‘+' data are from LPC experiments, and ‘0’ data are from
field recordings of spawning herring. The lines correspond to the resonance
frequency of air bubbles of radius 0.5 and 1.5 mm. The arrows indicate the
ambient pressure at the sea surface and at a depth of 50 m. For details and
definitions, seetext.

rated qualitatively by observations from submarines record-
ing herring schools at depths down to 50 m.

During LPC experiments, sound was only heard while air
was released from the anal opening. During the fish trap
recordings, no bubble release was observed in synchrony
with the recorded pulsed chirps. One reason for this could be
that thevisibility of thewater waslimited to afew metersand
that the gasrelease was sporadic in time and space; therefore,
fish outside visual detection range may have released the air
and produced the sound. Another explanation is that herring
may produce sound without releasing air. A possible sound
production mechanism in such casesistheinternal transpor-
tation of air within the alimentary—swim bladder canals.
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Abstract

Acoustic surveys of aquatic organisms are notorious for large data sets. Density distribution results from these surveys are traditionally
graphed as two-dimensional plots. Increasing information content through wider acoustic frequency ranges or multiple angular perspectives
has increased the amount and complexity of acoustic data. As humans are visualy oriented, our ability to assimilate and understand
information is limited until it is displayed. Computer visualization has extended acoustic data presentation beyond two dimensions but an
ongoing challenge is to coherently summarize complex data. Our goal is to develop visualizations that portray frequency- and behavior-
dependent backscatter of individual fish within aggregations. Incorporating individual fish behavior illustrates group dynamics and provides
insight on the resulting acoustic backscatter. Object-oriented applications are used to visualize fish bodies and swimbladders, predicted
Kirchhoff-ray mode (KRM) backscatter amplitudes, and fish swimming trajectories in three spatial dimensions over time. Through the
visualization of empirical and simulated data, our goal isto understand how fish anatomy and behavior influence acoustic backscatter and to

incorporate thisinformation in acoustic data analyses.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction

Fisheries acoustic surveys collect large data sets. A com-
mon challenge when presenting any large data set is to
parsimoniously represent data characteristics (e.g. ampli-
tudes, ranges, variances), while maximizing the amount of
information portrayed. Acoustic data contain quantitative
information on density and size distributions of backscatter-
ing organisms. An important analytic task is to partition the
backscattered energy into categories representing size
classes, species, or species groups. Classification of acoustic
backscatter utilizes echo amplitude or echo envelope metrics
when targets can be resolved, or patterns of backscatter from
aggregations when targets are not resolvable. Fluctuationsin
backscatter amplitudes from an individual impede consistent
and accurate classification of single targets. Variability in the
amount of sound reflected by an aguatic organism is caused
by the transmission of sound through water and by a suite of
biological factorsincluding anatomy, physiology, and behav-
ior.

* Corresponding author.
E-mail address: rtowler@u.washington.edu (R.H. Towler).

Simultaneously measuring the influence of al biological
factors on backscatter amplitudes is not yet possible. As an
aternative, numeric and analytic models estimate backscat-
ter as afunction of biological or physical factors of interest.
Backscatter models augment experimental measures by pre-
dicting echo amplitudes from individuals under known con-
ditions. To illustrate by example, Kirchhoff-ray mode
(KRM) backscatter models (Clay and Horne, 1994) have
been used to characterize frequency- and behavior-
dependent backscatter of individual and aggregations of fish
(Horne and Jech, 1999; Jech and Horne, 2001). Visualization
of resultsinclude backscatter response surfaces over adesig-
nated range of aspect angles, lengths, and carrier frequencies
(Fig. 6, Horne and Jech 1999; Fig. 5, Horne et al., 2000) and
in interactive representations of fish bodies, swimbladders,
and the corresponding acoustic backscatter ambits (Jech and
Horne, 2001, Fish3d www.acoustics.washington.edu).

One approach used to examine how biological factors
influence echo amplitudes integrates modeling of organism
behavior with acoustic measurements of fish distributionsin
computer visualizations. These visualizations should present
large data sets in a coherent and comprehensive manner;
reveal severa levels of detail within data sets; avoid distor-

© 2003 Editions scientifiques et médicales Elsevier SAS and I fremer/IRD/InralCemagref. All rights reserved.

doi:10.1016/S0990-7440(03)00011-1
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tion of measurements; prompt the viewer to think about
mechanisms that cause observed patterns; and encourage
comparisons among data sets (Tufte, 1983). This paper was
motivated by an interest in visualizing three-dimensional
swimming behavior and the resulting effects on acoustic
backscatter. Simulations of adult walleye pollock (Theragra
chalcogramma) and capelin (Mallotus villosus) dynamics
are integrated with backscatter models to visualize the influ-
ence of fish anatomy, orientation, and kinematics on acoustic
measurements. We believe that visualization enhances the
understanding of backscatter variability and can be used to
improve conversions of acoustic datato biological meaning-
ful numbers such as fish length, density, and abundance.

2. Materials and methods

Our goal is to integrate echosounder properties with fish
anatomy, backscatter model predictions, and fish trajectories
tovisualizefactorsthat influence patternsin backscatter data.
Three autonomous visualizations are integrated into asingle
computer application. First, digitized walleye pollock and
capelin anatomy are visualized with the corresponding
frequency-dependent acoustic backscatter. Second, the
movements of fish within schools are visualized from the
perspective of atransducer or amember of the school. Third,
these two components are integrated to visualize the effect of
fish orientation and movement on echo amplitude. Interac-
tion among the three components is facilitated using object-
oriented programming.

Object-oriented programming is a ubiquitous feature of
computer applications from games to scientific simulations.
An object-oriented approach improves efficiency and flex-
ibility of computer programming by coupling data and a set
of actions within an object class. An object class defines the
data that are stored in an object and the actions that can be
performed on the object. Objects are derived from classes.
Each object is an instance of a class with its' own unique set
of datathat can be queried, manipulated, and visualized. The
three classes used in this application correspond to the echo-
sounder, fish anatomy and associated backscatter, and fish
behavior. The echosounder class includes transducer proper-
ties; the echofish class includes acoustical, anatomical, and
behavioral characteristics of individual fish; the trgjectory
class defines fish movements in a shoaling and schooling
simulator .

The echosounder class contains all properties of the echo-
sounder and transducers used in the application: location,
orientation, beam width, and frequency. The echosounder
tabulates backscatter by determining which targets arein the
beam, calculating the incident angle relative to the target’'s
local axes, and then querying each target for a backscatter
value. Backscatter amplitudesincorporate target orientations
(i.e. tilt and roll) within the beam but are not corrected for
transducer beam patterns. Echo amplitudes are equivalent to
on axistargets at a variety of tilt and roll angles.
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Fig. 1. Schematic diagram showing the relationship between the visualiza-
tion classes, objects, and data.

The echofish class combines individua fish anatomical
and acoustic data with behavioral and physical properties.
The echofish class defines the location in space, velocity, and
the orientation as physical properties of echofish objects. The
anatomical datastored in an echofish object are used to create
a three-dimensional model of the fish used in the display.
Acoustic backscatter data, either modeled or empirical, can
be queried at specified tilt and roll orientations of an echofish
object. Because the echofish was designed to interact with
any number of behavior simulators, specific behaviora pa-
rameters are not defined in this class. The echofish class can
read and write behavioral parameters so that behavior simu-
lators can define and modify parameters at any time. This
permits simulators with varying parameter requirements to
interact with echofish through a common interface and per-
mits each echofish to be parameterized independently if
needed.

Fish behavior is simulated by the trgjectory class. Fish
velocities are calculated using a three-dimensional shoaling
and schooling model. The formation and maintenance of fish
aggregations is based on opposing forces of attraction and
repulsion among individuals (Parr, 1927; Breder, 1954,
Horne, 1995). Magnitudes of attraction and repulsion forces
are afunction of the distance between individual s, canceling
at the mean distance between individuals. Parameter values
of the behavioral model are based on experimental or empiri-
cal observations adapted to approximate walleye pollock and
capelin kinematics. In our simulations, all fish are acousti-
cally resolved at any frequency. One walleye pollock is
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chosen asthe“lead” fish among the 20 echofish objectsinthe
simulation. This pollock follows a specified trajectory
through the acoustic beam six times at a depth of approxi-
mately 100 m. The force of attraction between the lead and
follow fish is 10 times greater than that among follow fish.
Trajectories of the 19 “follow” fish generally followed the
lead fish and included a random force to add individual
behavior. Locations and orientations of the “follow” fish
were recorded at 0.1 s intervals for approximately 5 min.
Attraction and repulsion forces among group members are
calculated at each time interval and arandom force is added
as an additional behavioral component. All forces are
summed and new location, orientation, and velocity values
are updated for each fish.

Acoustic backscatter data for walleye pollock and capelin
are generated using a KRM model (Clay and Horne, 1994).
Anatomical dataused in model calculations are generated by
digitizing dorsal and lateral radiographs of walleye pollock
and capelin bodies and swimbladders. Three-dimensional
grids used to display fish bodies and swimbladders are gen-
erated from anatomical measurements (Jech and Horne,
2002). Grid points between the dorsal and lateral planes are
elliptically interpolated at 2° intervals. In the KRM model,
thefish body is represented by aset of contiguousfluid-filled
cylinders that surround a set of contiguous gas-filled cylin-
ders representing the swimbladder. Backscatter from each
cylinder in the body and the swimbladder is computed and
then added coherently to estimate total backscatter asafunc-
tion of fish length, orientation (i.e. tilt and roll), and acoustic
wavelength. Valuesfor the speed of sound through water, fish
body, and swimbladder are set at 1470, 1575 and 345 m s
Densities of the fish and surrounding medium are set at 1070
kg m™ for the fish body, 1.24 kg m™ for the fish swimblad-
der, and 1030 kg m™3 for seawater. Full details of the model
can be found in Clay and Horne (1994), Jech et al. (1995), or
the appendix in Horne and Jech (1999). KRM models are
used to predict backscatter within 30° of normal incidence.
For the visualizations, we calculated backscatter at 38 and
120 kHz at a resolution of 2° in both tilt and roll planes.
These backscatter values are assumed to incorporate all
echosounder gains.

The simulation data enabled real-time comparisons of
target strength variability within or among individual wall-
eyepollock and capelin. Each fish in the aggregation traveled
in the same genera direction, while being influenced by
surrounding fish and its own behavior. Location, orientation,
and backscatter data are recorded for each fish at 38 and
120 kHz as they passed through the beam. Simulation trans-
ducers with beam widths of 10° are placed at the surface in
the center of the domain.

3. Results

A three-dimensiona surface (i.e. backscatter ambit, cf.
Jech and Horne, 2002) visualizes the effects of fish anatomy
and orientation on echoamplitude . The amplitude of

each point in the backscatter matrix is represented in the
ambit by color (purple = low, red = high) and by the distance
from the surface to intersection of the x, y, and z axes. The
dominant feature of all ambitsis the high amplitude band of
backscatter near the vertical axis. Maximum backscatter oc-
curs at an angle corresponding to the angle of the swimblad-
der relative to the sagittal axis of the fish body. Among
gadoids, the swimbladder isgenerally tilted 5-10° toward the
posterior. The backscatter ambits indicate that the walleye
pollock swimbladder {Fig. 2a,b) deviates more from horizon-
tal (9°) than the swimbladder (2°) of the capelin (Fig. 2c,d).
For this walleye pollock, peak dorsal backscatter amplitude
occurs when the fish swims head down at an angle of 81°.
Typica of al teleosts, backscatter amplitudes decrease as
incident angles approach the head or tail of the fish in
dorsal/ventral and lateral planes. Echo amplitudes are more
sengitive to tilt and roll at higher fish length (L) to acoustic
wavelength (L) ratios. As L/ increases, the directionality of
the backscatter increases and the number of “ridges’ and
“folds’ in backscattering ambits increases. As an example,
compare the ‘ roughness’ of the ambitsat 120 kHz (Fig. 2b,d)
to that at 38 kHz.

A view of afish aggregation from a 120 kHz transducer’s
perspective dFig. 39 shows the orientation and target
strength of individual fish as they pass through the beam at
approximately 100 m depth. Fish in the walleye pollock
aggregation are shallower than the capelin on theright side of
the panel. The backscatter amplitude of each fish is color-
coded using the same 256 color scheme used in the backscat-
ter ambit displays . Target strengths range from near
minimum to near maximum for fish of the same species
within the school. We can also view the same school by using

the perspective of afish within the aggregation ( p). Tilt
and roll angles differ among individuals, but the coordinated
motion of the aggregation is evident. When the applicationis
running, orientations and corresponding backscatter ampli-
tudes of any fish can be queried in the display.

To illustrate the effect of behavior on frequency-
dependent target strengths, orientations and apparent lengths
of awalleye pollock and a capelin are plotted as they pass
through the transducer beams. Target strengths of thewalleye
pollock are consistently greater than that of the capelin at
both frequencies (Fig. 48). In the time segment shown, target
strengths of walleye pollock at 120 kHz fluctuate by as much
as 15 dB between successive measurements. Similar fluctua-
tions, although not as large, occur at 38 kHz. Fluctuationsin
target strength for both species correspond to large changes
intilt angles . Negative changesin tilt angles repre-
sent head downttiltsrelativeto horizontal . Positive changesin
roll angle correspond toroll angleson theright half of thefish
relative to dorsal incidence. Large changes in target strength
do not always correspond to large changes in roll angle.
Higher roll values can also correspond to higher off-axis
angles relative to the transducer.

The apparent length of thewalleye pollock and capelin are
tracked at each time step. We used published target strength-
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Fig. 2. Acoustic backscatter ambits of a 425 mm walleye pollock (Theragra chalcogramma) at (a) 38 kHz and (b) 120 kHz and a 134 mm capelin (Mallotus
villosus) at (c) 38 kHz and (d) 120 kHz. Backscatter amplitudeisrepresented as distance from the center of the axes and color-coded using red for high amplitude
and blue for low amplitude. Target strengths are resolved at 2° in the tilt plane and 2° in the roll plane. Maximum amplitude occurs when the swimbladder is
orthogonal to the incident wave front. Note that the color scale minimum and maximum values differ among panels.

Fig. 3. Snapshots of theWalleye pollock (Theragra chal cogramma) and capelin (Mallotusvillosus) visualization from (a) 2120 kHz transducer’sand (b) afish’s
perspective of the aggregation. The dark circle in the echosounder perspective delineates the 10° beamwidth of the transducer. Each fish is color-coded
depending on the KRM backscatter model prediction of target strength (dB). Color codes range from dark purple (low) to red (high) depending on tilt and roll.
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Fig. 4. Tracking of aWalleye pollock (Theragra chalcogramma) and cape-
lin (Mallotus villosus) (a) predicted target strengths (dB) at 38 kHz (black)
and 120 kHz (gray), and (b) orientation: tilt (degrees, positive head up,
black), roll (degrees, positive right side, gray) relative to the sagittal and
vertical axesof thefish. (c) Apparent length (cm, gray) of each fishistracked
over time using TS = 20 log(L,,)-66 (Traynor and Williamson, 1983) for
pollock and TS = 20 log(L,)-73.1 (Rose, 1998) for capelin. Dashed lines
are the true length of each fish. Black lines are the running mean of each
fish’s apparent length.

length regression equations for pollock (Traynor and Will-
iamson, 1983) and capelin (Rose, 1998) to translate KRM-
predicted target strength to fish lengths (Fig. 4d). Variability
inthe apparent length of walleye pollock ismuch greater than
that observed in capelin. This is expected, as the range of
target strengths predicted for the walleye pollock is larger
than that for the capelin. The actual length of each fish is
plotted as a dashed line for reference. Apparent length as a
running average is plotted for each fish. As the number of
echoesincreased, accuracy of the length estimation does not
aways increase.

4. Discussion

Scientific visualization continues to expand its role in
fishery research and management. This expansion is due in
part to concomitant increases in data volume and in accessto
computer-based visualization tools. Fisheries acoustic re-
search and management applications are no exception. Visu-
alization facilitates the display and initial analysis of spa-
tially or temporally indexed data and is used to convey
technical information to scientists, managers, and other deci-
sion makers. Following the lead of other scientific visualiza-
tion efforts (e.g. Kemp and Meaden, 2002), our goad is to
facilitate the discovery and extraction of spatial and temporal
patterns from complex data. Our design objectives for this
project were:

* to provide dynamic visualizations (Andrienko et a.,

2001) that incorporate data exploration;
« toview patternin dataand to view processin simulation;
« toincorporate change or evolution of variables (DiBiase
eta., 1992);

« to manage data independent of visualization;

« to interactively manipulate visualization attributes.

Our simulations use a known population of animals with
specified behaviors. Simulating fish trajectories provides the
advantage of knowing the position and orientation of each
individual at every time step. KRM backscatter models are
used to predict target strengths for any individual within the
acoustic beam based on the orientation (pitch, yaw, roll) at
each time step (i.e. echosounder received pulse). This ana-
lytic visualization integrates three-dimensional movement
with numeric backscatter modeling over time, fulfills the
need to integrate data from several sources (Kemp and
Meaden, 2002; Stanley et al., 2002), and enablesthe analysis
of derived data sets (Musick and Critchlow, 1999; Lucas,
2000). Two unique features of this application distinguish it
from other analytic methods: visual comparison of individual
target strengths over time instead of areal or volumetric
backscatter summaries and the potential to generate and
visualize data for target discrimination among fish sizes or
Species.

The object-oriented design of the simulation provides a
flexible environment to create additional objects or applica-
tions. Object classes created for this visualization can be
assigned additional attributes and be used in ways not origi-
nally conceived during initial development. The use of object
classes also eases collaboration and group participation in
application development. Objects contain both routines and
data that represent an identifiable item with a well-defined
role in the application (Smith and Tockey, 1988). Objects
appeal to human cognition, are more resilient to change than
non-object-oriented programs and allow for faster applica-
tion development (Booch, 1994).

In our simulation, individual behavior influenced group
dynamics and backscatter amplitudes of any fish within an
aggregation. The field study by MacLennan et al. (1990) is
one of the first investigations to quantify individual and
group behaviors while measuring fish target strengths. Tilt-
dependent target strengths have been reported for caged (e.g.
Edwards and Armstrong, 1983) and tethered (e.g. Nakken
and Olsen, 1977; Foote and Nakken, 1978) fish. Fluctuations
in target strengths influence accuracy of acoustic size to
organism size conversions. Simulating fish trajectories pro-
vides the advantage of knowing the position and orientation
of each individual within our virtual school. Foote (1980a, b)
advocates including fish orientation distributions when es-
tablishing relationships between acoustic size and fish
length. Combining the ability to track the influence of indi-
vidual or group behavior on target strength and simulta-
neously tabulating echo amplitude frequency distributions
provides an additional tool when analyzing the causes of
backscatter variability. A logical next step would use Bool-
ean operators to combine backscatter amplitudes into target
discriminatory metrics.

Thevisua dominance of human perception posesinterest-
ing chalenges when analyzing multidimensional data.
Graphing one or two variables is easily done in black and
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white. Graphing multiple variables in multiple dimensions
requires creative thinking. The use of color expands our
capability to present echo amplitude predictions from both
individual and aggregations of fish. Our challenge was to
design avisualization that coherently portrayed relationships
among frequency, backscatter amplitude, fish species, orien-
tation, and behavior. The use of multiple images with differ-
ent characteristics (i.e. fish size and orientation) allows and
encourages comparison among images in real time (Tufte,
1990). We hope that the results of this work will directly
increase the understanding of fish ensemble structure and
dynamics, improve accuracy of acoustic target recognition,
and enhance the collection and visualization of acoustic data.
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Abstract

We analysed Baltic Sea pelagic fish (herring and sprat) spatial and temporal distribution, size distribution at different depths and time of the
day and diel feeding pattern. In 1995 the study area was investigated by acoustic survey for 3 d, 3, 4 and 11 October, to investigate spatial and
temporal distribution of pelagic fish. The area was divided in four different transects forming a survey quadrate of 15 nautical miles of side. The
survey quadrate was ensonified each day four times in the 24 h. In 1997 the acoustic survey was conducted in the same area and in the same
week of the year to analyse the diel feeding cycle of herring and sprat and their size distribution by depth and time of the day using pelagic
trawls. Fish abundance, from 1995 survey, was statistically different among days and survey quadrates. However, from our data it is not clear
whether the variation stems from random dispersion or directed movements occurring at the temporal small-scale. Pelagic fish were dispersed
during the night at the surface and aggregated during the day at the bottom. They aggregated at dawn and dispersed at dusk at the surface. For
herring this distribution pattern coincided with peaks of stomach fullness analysed in the 1997 survey, while sprat seemed to continue feeding
during the whole day time. Larger herring were deeper in the water column than smaller individuals. Diel vertical migrations (DVM) of pelagic
fish likely mirrored zooplankton diel vertical movements and it was reasonably in response to optimal predation conditions in the sea and
possibly intertwined with predation avoidance and bioenergetic optimisation.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction are highly dispersed at night and aggregated during the day
(Blaxter and Holliday, 1969; Hansson, 1993; Fréon et al.,
Schooling behaviour is dependent on different environ- 1996). Azzali et al. (1985) defined a model to describe the
mental and physiological factors among which feeding and distribution of pelagic fish during dawn and dusk, arguing
anti-predation risk represent crucial cues (Ona, 1990; seethat fish disperse rapidly at dusk and aggregate slowly at
Pitcher, 1993 for a review). However, although spatial and dawn. This general result has been challenged by Fréon et al.
temporal dynamics of fish school structure have been widely (1996) who observed an opposite pattern analysing data from
investigated in the past, most of the studies referred to tank oracoustic survey in the Mediterranean Sea.

aquaria experiment (see Pitcher, 1993 for a review) while el yertical migration (DVM) is behaviour common to
analyses in the field are limited (Hansson, 1993; Fréon etal.,p i invertebrate and vertebrate aquatic organisms (e.g.

1993, 1996; Torgesen et al., 1997; Orlowski, 1998, 1999, 5 mnert 1989: Levy, 1990a, b; 1991; Steinhart and Wurts-
2000; Stokesbury et al.,, 2000). In the last 30 years, thep,gn 1999). Three major hypotheses (foraging, bioenerget-
increased use of hydroacoustic surveys for stock assessmeqts and predator avoidance) explain the adaptive significance
(MacLennan and Simmonds, 1992) has widened the possit py\ in pelagic fish. They predict that either they would

bility of spatial and temporal structure investigation of pé- iror prey daily movements (i.e. foraging), select water
lagic fish in the open sea. The general view is that pelagic fishye mperature (i.e. bioenergetics) in order to maximise their
growth rate (Levy, 1990a, b; Wurtsbaugh and Neverman,
~ = Corresponding author, 1988; Neverman and Wurtsbaugh, 1994) or reduce to a mini-
E-mail address: massimiliano.cardinale@fiskeriverket.se mum the exposure to predators (i.e. predator avoidance)
(M. Cardinale). (Levy, 1987, 1990b; Clark and Levy, 1988). However, stud-

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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ies on the vertical and horizontal structure of pelagic fish
schools over the 24-h relating DVM with feeding behaviour
in the marine environment are, to our knowledge, scarce in
the literature (e.g. Blaxter, 1985), limited to tank experiment
(Sogard and Olla, 1996) and lacking for the Baltic Sea.

Nevertheless, inferenceson DVM of pelagicfishrelated to
foraging may be done from lakes where DVM by zooplank-
ton has been extensively studied (Levy, 1990a, b, 1991; De
Stasio, 1993; Allison et a., 1996; Steinhart and Wurtsbaugh,
1999). Allison et al. (1996) showed peaks in feeding activity
of pelagic fish (cichlids) at dawn and dusk in the Lake
Maawi related to the DVM of their prey, i.e. zooplankton.
Levy (1990b) and Stockwell and Johnson (1999) evaluated
the relative importance of different factors explaining DVM
of salmon in lakes arguing that a multifactor hypothesis
(foraging, bioenergetics and predator avoidance) provided
the most realistic explanation of the adaptive significance of
DVM in pelagic fish.

The Baltic Sea pelagic ecosystem is constituted by the
top-piscivores cod (Gadus morhua) and the major pelagic
planktivores, herring (Clupea harengus) and sprat (Sprattus
sprattus). Nektobenthos is represented essentially by Mysis
sp. while zooplankton is dominated by calanoid copepods,
but cladocerans and rotifers can be abundant (Rudstam et al .,
1994). Hansson et a. (1990) investigated DV M of zooplank-
ton (occupying the deeper and darker water during the day
and the upper water column in the night) in the Baltic Sea
arguing that this phenomenon was essentially explainable by
anti-predation behaviour.

In this paper we investigated pelagic fish (herring and
sprat) (a) horizontal movements at the temporal small-scale
(datafrom 1995 survey), (b) DVM and degree of aggregation
(datafrom 1995 survey) and (c) size distribution at different
depth and time of the day and diel feeding pattern (datafrom
1997 survey).

2. Materials and methods

2.1. Surveys design and collection of data

2.1.1. Survey 1995

In October 1995 an acoustic survey was conducted on-
board the Swedish research vessel “Argos’ in an area south
of the Bornholm depth in the southern part of the Baltic Sea
(Fig. 1). The 1995 survey was used to estimate the diel spatial
distribution of pelagic fish. Recordings of acoustic data of
fish were made by SIMRAD EK400 and EK500 38 kHz
split-beam echo-sounders. These data were supplemented
with geographical position from Global Positioning System
in terms of geographical co-ordinates (latitude and longi-
tude). The echo integrator data were collected from 10 m
below the sea surface (transducer at 8 m depth) to 1 m above
the seabed. Data were recorded using the Simrad BI1500
software package on a SUN Sparc IPC computer and stored
on DAT tapes. The echo sounder provides a mean integrated
value for each 0.1 nautical mile (nm; 1 nm = 1.852 km).
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Fig. 1. Study area and sampling design during the 1995 survey. The survey
quadrate, constituted by four transects (A-D), was ensonified four times
each day (3, 4 and 11 Octaber).

The areainvestigated was divided in four transects form-
ing a survey quadrate of 15 nm per side (Fig. 1). The survey
quadrate was ensonified four times during the 24-h (0-6,
6-12, 12-18, 18-24 h) with a standard vessel speed of 10
knots. The survey was conducted for 3 d on the 3, 4 and 11
October. During the experiment weather conditions were
good with a stable high-pressure and variable wind, sunrise
was at 05:00 UT (Universal Time) and sunset at 16:30 UT.
All the hours mentioned in this study refer to UT. The moon
was in its first increasing quarter. The area was chosen be-
cause of a high concentration of fish as estimated by the
acoustic device. Profiles of water temperature (°C), salinity
(psu) and oxygen (ml 1) content were recorded at 0, 2.5, 5,
10, 15, 20, 30, 40, 50, 60, 70 and 80 m depth using a CTD
(Conductivity Temperature Depth) probe.

2.1.2. Survey 1997

In the 1997 an acoustic survey was conducted onboard the
Swedish research vessel “Argos’ in the same areaand in the
same period of the year as in the 1995 survey (Fig. 1). The
1997 survey was conducted to estimate the diel feeding cycle
of pelagic fish (herring and sprat) and analyse their species
and sizedistribution by depth and time of the day. Individuals
of herring and sprat were collected during the 24-h in 3 d
using a pelagic trawl net. Fishing was performed with two
different pelagic trawls (14-17 m vertical opening; 21 mm
stretched mesh size in the cod-end). Size-selectivity of the
two trawls used was not statistical different (Bethke et al.,
1999). Standard fishing speed was 3-4.5 knots and hauls
lasted for approximately 30 min (Bethke et al., 1999).
Catches were sorted at species level and a sub-sample of
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300 herring and 200 sprat individuals for each haul was
measured (total length) to the nearest 0.5 cm for length-
frequency distribution analysis. Individual fish were imme-
diately frozen onboard and then processed in the laboratory.
A random sample of about 100 herring and 50 sprat for each
haul was collected for feeding analysis. In the laboratory,
each fish collected was measured (total length) to the nearest
0.5 cm and weighed to the nearest 0.1 g and the stomachs
investigated for fullness. A simple approach to calculate
feeding cyclein the field isto estimate the proportion of fish
with food in the stomach during the 24-h. It simply requires
an estimate of the percentage of empty stomachs randomly
collected. The effort to collect the datais irrelevant in com-
parison with other models, particularly when dealing with
big sample areas such as the marine environment (Bromley,
1994).

3. Statistical analysis

3.1. Survey 1995. Spatial distribution of fishes during
the 24-h

Processed S, values were used as an index of fish abun-
dancein the sea. In the southern Baltic Sea, herring and sprat
constitutes more than 97% of the pelagic fish biomass (Or-
lowski, 2001). Therefore, the estimated S, values were as-
sumed to reflect essentially the biomass of herring and sprat
and were used asanindex of pelagicfishdensity inthesea. S,
values were transformed (Ln S, valves + 1) to conform to
assumptions of homogeneous variance, hormality and linear-
ity (Sokal and Rohlf, 1995). Data were divided into four
depth strata (10-20, 2140, 41-60, 61-80 m) and fish abun-
dance at the different depth strata during the 24-h was com-
pared using Variance Components Analysis and Factorial
ANOVA in Statistica computer package (Statistica, 1995).
HSD post-hoc tests (Sokal and Rohlf, 1995) were used for
mean comparisons. To define changes in degrees of fish
aggregation among different hours and depth strata we used
the coefficient of variation (CV %) among point estimates of
fish abundance as an index (Hilborn and Mangel, 1997). We
assumed that when fish are dispersed the variance should be
the lowest and when fish are highly aggregate the largest.

3.2. Survey 1997. Diel feeding cycle and species/size
distribution of pelagic fish

We estimated the length—frequency distributions of her-
ring and sprat and the proportion of the two species in the
catch during the day (05:30-16:30) and night (17:30-04:30)
at the surface (1040 m) and at the bottom (41-80 m).
Kolmogorov-Smirnov tests (K-S test) (Sokal and Rohlf,
1995) were used to compare length—frequency distributions.
Thesignificance level was set at 5% for all the statistical tests
used in the analyses.
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Fig. 2. Depth profiles of temperature, salinity and oxygen content in the
study area during the 1995 survey.

4. Results

4.1. Survey 1995. Spatial distribution of fishes during
the 24-h

Profiles of water temperature (°C), salinity (psu) and oxy-
gen (ml 1Y) content are shown in Fig. 2. A thermocline
occurred between 30 and 50 m, salinity was between 5-6 psu
down to 40 m and increased to 13 at 80 m depth. Oxygen
val ues were comprised between 6 and 7 ml I within 0-40m
decreasing to O ml I™* at 70 m depth. Overall, distinct vari-
ability was observed in both the horizontal and vertical dis-
tribution of fish abundancein space and time. Variables‘ day’
and ‘survey quadrate’ and their first interaction term signifi-
cantly contributed whilevariable‘transect’ did not contribute
to explain the total variance of fish abundance during the
experiment (Table 1). Fish abundance was significantly dif-
ferent among days (HSD-test), athough without a defined
pattern (Fig. 3). An increase in fish abundance occurred
between thefirst (October 3) and the second day (October 4)
followed by asignificant decrease (HSD test; P < 0.05) inthe
third day (October 11) in all the different transects except in
D. Here the difference between the second and third day was
not significant (HSD test; P > 0.05). Fish abundance differed
significantly (Table 1) also between different survey quad-
rates among days and transects but without a well-defined
trend during the 24-h (Fig. 3).

The contribution of thevariable‘time' to thetotal variance
was not significant for any of the 3 d while ‘depth’ and
‘depth x time' interaction term contributed significantly to
thetotal variance (Table 1). Therefore, we used the 24-h asa
single transect testing for diel differences in fish abundance
at the different depth strata. Differences in fish abundance
occurred among different depth strata during the 24-h (Table
1). Fishes were most abundant between 41 and 80 m (i.e. the
deeper part of the thermocline) during the day (HSD test;
P < 0.01). During the afternoon they migrated to the upper
layer (1040 m) and reached the largest values at the surface
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Tablel

Results of Variance ComponentsAnalysis and Factorial ANOVA of the 1995 acoustic survey data. d.f. = degrees of freedom; M'S = mean square; P = probability
level, ns (not significant) = P > 0.05. { n} -{ n,} is the interaction factor between the different variables tested

All days d.f. effect MS effect d.f. error MSerror F P
{1} day 2 54.9 8.0 10.3 5.34 <0.05
{2} survey quadrate 3 17.4 9.2 45 3.86 <0.05
{3} transect 3 53 8.0 10.0 0.53 ns
{1} {2} 6 29 18.6 10 2.81 <0.05
{1} {3} 6 84 18.0 1.0 8.39 <0.01
{2} {3} 9 2.6 18.0 1.0 2.64 <0.05
{1} {2} {3} 18 10 6979.0 0.2 6.57 <0.01
October 3

{1}time 23 255 79.6 106.6 0.24 ns
{2} depth 4 407.0 78.8 724 5.62 <0.01
{13 {2 79 69.0 12038.0 21 33.58 <0.01
October 4

{1}time 23 37.0 80.1 1229 0.30 ns
{2} depth 5 711.1 78.9 70.7 10.06 <0.01
{1} {2} 78 86.0 12797.0 21 40.72 <0.01
October 11

{1} time 23.0 123 81.7 20.9 0.59 ns
{2} depth 5.0 210.7 78.1 14.4 14.63 <0.01
{1} {2} 78.0 14.6 11232.0 0.4 38.22 <0.01

(10-20 m) (i.e. above the thermocline), during the night (Fig.
4). Fish abundancein the upper stratum (10-20 m) waslarger
during the night when compared with deeper strata (HSD
test; P < 0.01) except in October 3.

The coefficient of variation (CV %, considered as an index
of fish aggregation) among point estimates of fish abundance
increased sharply at dawn reaching the highest values during

the day. The CV % decreased after 14 h reaching the mini-
mum values at night. This trend was common to all 3 d
examined (Fig. 5). CV % wasalwayslarger in the upper layer
(1040 m) compared to the deeper layer (41-80 m) (ANOVA;
P < 0.05) while no significant differences were detected
within the upper (10-20 vs. 21-40 m) and the deeper (41-60
vs 61-80 m) layers (ANOVA; P > 0.05) (Fig. 5).
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Fig. 3. Log transformed S.-values estimated for the four transects (A—D) constituting the survey quadrate. The survey quadrate was ensonified four timesduring

the 24 h (0-6, 6-12, 12-18, 18-24 h) for 3 d during the 1995 survey.
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Fig. 4. Log transformed S,-values (divided in four depth strata) estimated
for 3 d over the 24 h during the 1995 survey.

Fig. 6 showsthe degree of fish aggregation and dispersion
as visualised by the echograms at dawn (a), during the day
(b), at dusk (c) and during the night (d).

We aso calculated the rates of change (increase or de-
crease) of CV % during the 4-h preceding (4-7 h) and
following (16-19 h) the peaks of maximum aggregation (7
and 16 h, respectively). The rate of change (8) of the CV %
was calculated as:

ov. Vs

5= 1 B
. ' Vst
wherecvlstisthefirst hour of thedawn (4 h) and dusk (16 h),

and cv4th isthe last hour of dawn (7 h) and dusk (19 h).

The results of this analysis showed that & was always
larger (ANOVA; P < 0.05) at dawn compared to dusk in all
days analysed (Fig. 7).
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Fig. 5. Coefficient of variation (%) of log transformed S-values (divided in
four depth strata) estimated over the 24 h for 3 d during the 1995 survey.
High and low coefficient of variation (%) indicate fish aggregation and fish
dispersion, respectively.

4.2. Survey 1997. Diel feeding cycle and species/size
distribution of pelagic fish

The analysis of echograms showed in 1997 the same
DVM pattern of pelagic fish as described for the 1995 survey
(see section above) (datanot shown). This patterniscommon
toall theother surveys conducted in the study areasince 1979
(Nils H&kansson, pers. comm.).

Traw! stations dataand percentages of herring and sprat in
the catches are presented in Table 2. When comparing
length—frequency distributions of herring and sprat during
day and night at two different depths, herring length—fre-
quency distributions were statistically different both during
day and night. Larger herring individuals were more abun-
dant at the bottom compared to smaller individuals (K-Stest;
P <0.05) (Fig. 8a). On the other hand, sprat did not show any
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fish transmission line
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Fig. 6. Echograms of fish vertical distribution recorded during the 1995
survey at different time of the day: (a) dawn, (b) day, (c) dusk and (d) night.
The colour scale on theright side of the echograms indicates the strength of
the echoes. Red and blue colours indicate strong and weak echoes, respec-
tively. The transmission line corresponds to the depth of the transducer
(8 m).

statistical difference in length—frequency distribution at dif-
ferent depth either during the day or night (Fig. 8b).
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Fig. 7. Changes in the coefficient of variation (%) of log transformed
Svaluesestimated during the 4h preceding (4—7) and following (16-19) the
peaks of maximum aggregation estimated during the 1995 survey. High and
low rate of change (8) indicate rapid and slow fish aggregation (dispersion),
respectively.

There was no statistical difference in the proportion of
herring in the pelagic catch at different depth (surface and
bottom) during either the day (one-sided test; n,, = 20;
P = 0.46; % herring = 26.31 and 28.36 at the surface and
bottom, respectively) or night (one-sided test; n,, = 12; P =
0.21; % herring = 29.26 and 54.58 at the surface and bottom,
respectively). However, a larger proportion of herring was
always present at the bottom both during the day and night.

Fig. 9 shows the proportion of herring and sprat individu-
aswith food in the stomach during the 24-h. There were two
peaksfor herring, at dawn (~95%) (between 5and 7 h) and at
dusk (~60%) (between 16 and 18 h). The largest proportion
of herring with empty stomachs was between 11 and 13 h.
The data for sprat showed a peak during the morning (be-
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Table2

289

Summary of the 1997 trawl stations data. Only herring and sprat were considered in the catch analysis

Haul Wind Trawl data Proportion in the catch
Date uT Latitude Longitude Bottom Direction Strenght ~ Mean Duration Speed Herring Sprat
Depth depth
(m) (ms™) (m) (min)  (knot) (Wet weight)

970930 1526 633 N 56°28' E 16°45' 58 N 4 42 29 39 0.27 0.73
970930 1721 634 N 56°27" E 16°45' 58 N 9 45 19 4.0 0.07 0.93
970930 1948 635 N 56°22' E 16°45' 60 NNW 7 35 14 39 0.20 0.80
970930 2103 636 N 56°22' E 16°45' 60 NW 7 33 15 41 0.51 0.49
971001 1015 644 N 55°56' E 17°03 46 E 4 36 29 4.0 0.12 0.88
971001 1224 645 N 55°55' E 17°09° 47 Var. 2 37 29 4.0 0.17 0.83
971001 1628 646 N 55°48' E 16°31' 57 SW 4 37 30 338 0.31 0.69
971001 1753 647 N 55°47" E 16°27' 57 SW 6 48 30 38 0.44 0.56
971002 1053 648 N 55°40' E 14°29' 50 WNW 6 40 30 41 0.52 0.48
971002 1224 649 N 55°40' E 14°29' 50 WNW 16 40 31 4.0 0.47 0.53
971002 1442 650 N 55°35' E 14°36' 70 NW 15 53 30 38 0.76 0.24
971002 1619 651 N 55°35' E 14°36' 70 NW 16 55 31 38 0.79 0.21
971002 2332 652 N 55°57" E 15°24° 47 N 13 34 30 39 0.37 0.63
971003 0104 653 N 55°58' E 15°24° 47 N 13 35 30 39 0.23 0.77
971006 1422 654 N 55°57" E 15°23 47 SSW 3 39 31 3.7 0.03 0.97
971006 1620 655 N 55°57" E 15°22° 47 SSW 3 40 30 4.0 0.04 0.96
971006 2201 657 N 55°33 E 15°03' 84 SW 4 37 30 338 0.17 0.83
971006 2326 658 N 55°33 E 15°03' 84 SW 2 34 31 38 0.15 0.85
971007 0758 659 N 55°23 E 15°20' 90 SSE 6 64 30 38 0.36 0.64
971007 0933 660 N 55°23 E 15°21' 90 SE 7 71 30 3.7 0.26 0.74
971007 1111 661 N 55°21' E 15°25' 92 SSE 7 64 30 35 0.13 0.87
971007 1233 662 N 55°21' E 15°25' 92 SSE 7 66 30 34 0.24 0.76
971007 1855 664 N 55°28' E 15°04' 75 SSE 5 57 30 45 0.05 0.95
971008 1855 665 N 55°36' E 14°44 75 w 7 22 30 3.6 0.10 0.90
971008 1106 666 N 55°36' E 15°10' 75 WSswW 10 60 30 3.7 0.29 0.71
971008 1331 667 N 55°35' E 15°10' 75 WSwW 7 54 30 3.7 0.26 0.74
971008 1854 668 N 55°30' E 15°03' 76 SW 6 36 30 3.8 0.09 091
971009 0554 669 N 55°29' E 15°02' 85 SW 8 61 30 35 0.12 0.88
971009 1801 670 N 55°28' E 15°05' 75 SwW 11 58 30 3.6 0.14 0.86

tween 8 and 10 h) and a minimum during the night. Differ-
ently from herring, a large proportion of sprat stomachs
contained preysduring the day-time. The proportions of sprat
full stomachs were point estimates; therefore standard errors
were not available.

5. Discussion

Acoustic techniques represent a powerful method to de-
tect and estimate the abundance of fish in the sea (MacLen-
nan and Simmonds, 1992). However, they present a number
of important limitations to acknowledge when discussing
results from acoustic surveys. One important problem isthat
when fish occurs in dense concentrations, non-linear effects
may bias the accuracy of abundance estimates (MacL ennan
and Simmonds, 1992; Fréon et al., 1996; Orlowski, 2000).
Differences between night and day estimates have been re-
ported (e.g. Aglen, 1983; Unger and Brandt, 1989; Amin and
Nugroho, 1990; Schalk et a., 1990) and they were plausibly
dueto the high degree of patchiness of pelagic fish during the
day (Orlowski, 1999, 2000). Usually, in order to exclude or
reduce the contribution of horizontal migration to the varia-
tion of fish abundance, the surveyed areaislimitedto asingle

transect and the experimental time to some days. Hansson
(1993) has shown, in a limited study area, that total fish
abundances estimated with acoustic survey indicated no
large-scale immigration or emigration between the study
area and the surroundings. Our data showed that pelagic fish
abundance was significantly different for different survey
quadrates and days (temporal small-scale) but not for differ-
ent transects (spatial small-scale). Moreover, no defined
trend in pelagic fish abundance was present among days.
Therefore, from our datait is not clear whether the variation
stems from random dispersion or directed movements occur-
ring at the temporal small-scale. Differences in fish abun-
dance among survey quadrates could be dueto biasinthe S,
estimates caused probably by the non-linearity effect at dif-
ferent degrees of fish aggregation or by depth dependence of
S, estimates (Onaet a., 2001).

Hence, the lower values of fish abundance occurring dur-
ing the day-time in some of the days and transects may be
partially due to the high degree of fish aggregation as con-
firmed by the trend of the coefficient of variation among
points estimates (a proxy for fish aggregation). On the other
hand, when analysing the diel variation of pelagic fish abun-
dance at the different depth strata, the contribution of the
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Fig. 8. Length—frequency distribution of herring (a) and sprat (b) during the
day and night at the bottom and surface during the 1997 survey.

variable ‘time’ to the total variance was not significant for
any of the 3 d. Therefore, although being aware of technical
problems behind S, values estimates, we assumed that diel

100
SEE
2
2
g 50
]
2 25 —+— Herring
—O— Sprat
0
0 4 8 12 16 20 24

Time (hours)

Fig. 9. Daily patterns of full stomachs (%) of herring and sprat sampled
during the 1997 survey. Standard errors (bars) were not available for sprat.

trends of fish abundance at different depth were correctly
described by S, estimates. Thus, they reflected essentially the
process of vertical migration of fish at the different depth
strata during the 24-h and, in a minor extent, horizontal
migration or immigration and bias in the acoustic estimates.

Defining school patchiness or aggregation is aso a diffi-
cult task (Fréon et al., 1996). In this paper, we used the
coefficient of variation between point estimates of fish abun-
dance to elucidate diel patterns in pelagic fish patchiness at
different depths. The results showed that fish aggregated fast
at dawn at the upper layer (1040 m). After the sunrise they
migrated deeper forming denser schools and remained in the
deepest layer (41-80 m) during the day. Nevertheless, the
degree of fish aggregation was higher for fish stationed at the
upper layer (1040 m), this being possibly explainable as a
fish anti-predation behaviour (e.g. Pitcher, 1993). Our results
confirmed previous studies describing pelagic fish aggrega
tion during the 24-h (e.g. Blaxter and Holliday, 1969; Fréon
etal., 1996). Fréon et al. (1996) suggested that aggregation at
dawn is fast due to visual cues and that fish actively swim
together forming schools. Conversely, the model of Azzali et
al. (1985) predicted that at dusk fish disaggregate fast while
at dawn the reforming of the school takes longer. Our data
agree with Fréon et al. (1996) showing on the surface a fast
(likely to be mainly active) aggregation at dawn and a slower
(likely to be mainly passive) dispersion at dusk. To better
understand the observed patterns, we have chosen to discuss
results from the 1995 acoustic survey with stomachs and
length data of herring and sprat collected from the same area
and period during the 1997 acoustic survey. We remind that
the DVM pattern of pelagic fish, asindicated by the acoustic
device, was the same for the two surveys and for al the
surveys conducted in the study area since 1979. Stomachs
analysis showed that the fast aggregation at dawn on the
surfacewater well correlated to the highest val ues of stomach
fullnessin herring individuals. Zooplankton in the Baltic Sea
perform large DVM moving to the surface during the night
and to the bottom during the day plausibly to avoid zooplank-
tivorous fish visual predation (Hansson et al., 1990). This
implies that zooplankton catchability is reasonably highest,
due to fish optimal visual conditions, at the dawn and dusk
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when zooplankton is distributed at the surface. This may
explain why pelagic fish aggregate for feeding on the surface
water at dawn, predating on zooplankton before it starts to
migrate to deeper strata. The same pattern occurs at dusk
when fish migrates to the surface from the deeper strata
Again, zooplankton is migrating from the bottom towardsthe
surface at that time of the day and is again predated by
pelagic fish as showed by herring stomach fullness index. A
two-time feeding cycle (dawn-dusk) has been previously
showed for young-of-the-year herring in the northern Baltic
Sea (Arrhenius and Hansson, 19944, b) and for cichlids in
lake Malawi (Allison et al., 1996). Sprat, however, reached
its peak in feeding activity later than herring and continued
feeding during the day time. This could be explained by the
different feeding preferences of the two species. Sprat feed
exclusively upon zooplankton (Starodub et al., 1992) while
herring (particularly large individual s) feed also upon nekto-
bethos (Arrhenius and Hansson, 1994a, b). Nektobethos,
compared to zooplankton, perform limited DVM and is
closer associated to the dark bottom (Hansson et al., 1990).
Since both herring and sprat are highly selective visual feed-
ers (Blaxter and Hunter, 1982; Arrhenius, 1998; Viitasalo et
al., 2001), the time available for herring for feeding could be
lessthan for sprat and restricted only to dawn and dusk when
nektobenthosis in the water column and visible to them. On
the other hand, sprat may possibly have more time available
for feeding before zooplankton reach, during the day, the
darkest layer of the water column. The proposed explana-
tions could reflect in the different diel patterns of stomach
fullness observed in this study. During the night, fish were
dispersed in the upper water stratum (10-20 m) as well as
zooplankton (Hansson et al., 1990) but they were not actively
feeding.

According to our data, DVM of pelagic fish in the Baltic
Seaiswell explained in terms of trade-offs between the three
major adaptive hypotheses (L evy, 19903, b; Wurtsbaugh and
Neverman, 1988; Neverman and Wurtsbaugh, 1994). During
the day, pelagic fishes appeared at the surface for a short
time, likely feeding at dawn and dusk on aggregating zoop-
lankton before it moves down to the bottom, since the avail-
ability of plankton organismsin the upper layersisevidently
higher and light condition reasonably optimal (Orlowski,
2000). On the contrary, fish spend most of the day-time at
deeper areas probably to avoid predation by predatory fish
and sea birds. During the night, when predation risk by sea
birds is minimised, pelagic fishes were found at the surface
water presumably selecting warmer water to maximise their
growth rate (Levy, 1990a, b; Wurtsbaugh and Neverman,
1988; Neverman and Wurtsbaugh, 1994; Orlowski, 2000).

Interestingly, our data showed a statistical difference in
length—frequency distribution of herring both during the day
and night at different depths, with larger herring more abun-
dant at the bottom than smaller individuals. The same trend
was not true for sprat. Such differencesin size distribution of
the two species may again be explained by differences in
their feeding habits (see above). As stated above, sprat and

smaller herring feed upon zooplankton (Starodub et
a., 1992) while larger herring prefer nektobenthos (Arrhe-
nius and Hansson, 19944, b). Therefore, larger herring indi-
viduals were found to be more abundant close to the bottom
compared to smaller herring probably because feeding on
nektobenthos.

Concluding, results from this study showed that variabil-
ity of fish distribution and abundance islarge at the temporal
small-scale although from our datait is not clear whether the
variation stems from random dispersion or directed move-
ments occurring at the temporal small scale. DVM of pelagic
fish in the Baltic Sea is a well-defined process and it is
correlated with their feeding behaviour including differences
in diet habits among individuals of different size. Neverthe-
less, patterns of vertical diel migration of pelagic fish de-
scribed in this study represent a more general ecological
phenomenon. Fish vertical migrations mirrored in zooplank-
ton diel movementsin the water column likely in responseto
optimal predation conditions in the sea and plausibly inter-
twined with predation avoidance and bioenergetic optimisa-
tion.
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Abstract

A scattering layer consisting mainly of krilMeganyctiphanes norvegica) was studied with a submersible transducer, to assess the
behaviour of individual organisms in situ by means of split-beam target tracking. Individuals were resolved and tracked, but a rapid increase
in average swimming speeds with depth suggested that inaccuracies in the angular estimates affected the estimates. Attempts were made to
smooth the tracks during post-processing. Smoothed speeds suggested that most (>78%) invertebrates swam at speeds be{owd& cm s
~4 cm s1), with components of speed larger in the horizontal plane than in the vertical.
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1. Introduction studies of individual behaviour due to large sampling vol-
umes, low signal-to-noise ratio (SNR) and low spatial reso-

Knowledge of natural behaviour is needed in order to get |ution. In this study, we explore the possibility of using a
sensible results from models for predator-prey encounter andsubmerged transducer to unveil the behaviour of individual
individual somatic growth (Gerritsen and Strickler, 1977; macrozooplankton (mainly krill, Meganyctiphanes nor-
Torres and Childress, 1983). However, little is known about vegica), at depth.
the swimming behaviour of individual euphausiids in situ
(Jaffe et al., 1999), and until recently no non-intrusive
method has been available.

Split-beam target tracking (TT) is a relatively new ap-
proach for studying individual behaviour (Brede et al., 1990), ) _
and the method has so far mainly been aimed at fish (for The study was conducted in the Oslofjord, Norway, at
instance: Huse and Ona, 1996; Torgersen and KaartvedtPOSition (59°48'N, 10°34'E) in the period between 15 and 17
2001). TT has the capability to measure swimming speed March 2009. This partlc_ular statlon_ was chqsen because the
independently of visibility, with a minimum of disturbance cglm conditions of the inner Oslofjo_rd facilitated manoeu-
(Arrhenius et al., 2000). The main disadvantages are that the/"ing and deployment of a free-hanging transducer, and also
true identity of the studied organisms can only be inferred because the pelagic community at this 120 m deep location
(MacLennan and Simmonds, 1992), and that the accuracwasl beeq descrlbeq through several previous studies, est'ab—
and precision of the measurements are variable (EhrenberdShing krill as a major component of the fauna and acoustic

2. Materials and methods

and Torkelson, 1996; Mulligan and Chen, 2000). targets at 120 kHz (Onsrud and Kaartvedt, 1998; Baggien et
Rostad (2000) used a hull-mounted 120 kHz transducer to?l-» 2000; Kaartvedt et al., 2002).
track individual krill in shallow water during nighttime. Backscattering data were collected at 38 and 120 kHz with

However, for krill in the deep-scattering layer, the ranges a Simrad EK500 split-beam echo sounder (software version
involved preclude the use of hull-mounted transducers for 5.3) from the RV “Trygve Braarud”. The ship used three
anchors to avoid drift. From the hull-mounted transducers,

* Corresponding author. a scattering layer starting at ~75 m was observed at 120
E-mail address t.a.klevjer@bio.uio.no (T.A. Klevier). but not at 38 kHz.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00013-5
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Fig. 1. (A) Echogram from hull-mounted 120 kHz transducer, S,-threshold = —77 dB, showing the situation shortly after the submersible transducer was raised.
The area bounded by horizontal red lines shows the depth-range covered by the printouts from the submersible transducer. (B) Echogram-printout from
submersible transducer with 10 m range, showing the depth range of the scattering layer with greater resolution. (B) was printed during daytime on 15th March
2000. (C) Tracking and smoothing performed on targetsfound within circlein B. The target wastracked for 135 echoes, average smoothed speed was~8 cms™,
and average TS—74.1dB. XY Z-scalesin meters. Horizontal planein figure correspondsto thereal horizontal plane. (D) Track recorded simultaneouly with track
in (C); totally 125 echoes, average smoothed speed ~3 cm s, average TS—68.2 dB.

For this particular study, ground-truthing was performed
within and above the observed scattering layer with apelagic
trawl. The trawl had an aperture of about 100 m?, mesh size
near the opening was 20 cm, declining to 1 cm near the cod
end, and was towed horizontally at two knots for about
30 min. All the fish and subsamples of krill were frozen from
thecatch, for later species determination and length measure-

ment (for fish tail-fork length, for krill telson-rostrum length,
Sameoto et al., 1993) in the lab.

A downward-looking, submersible 120 kHz transducer
was deployed at ~66 m to alow close inspection of the
scattering layer and resol ution of individual targets.
Their swimming trajectorieswere established using specially
made software for split-beam TT (Ona and Hansen, 1992),
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and datawereimported into Matlab for presentation of three-
dimensional (3D) swimming tracks and target strengths (TS)
(Fig. 1C,D). The submersible transducer was connected to
the echo sounder via 100 m of cable. Due to logistic prob-
lems, the transducer was not calibrated prior to the deploy-
ment.

The transducer had a vertical resolution of 3 cm, whilethe
angular resolution was 0.13°. Pulse duration was set at
0.3 ms, while the average ping rate was ~2.3 s™.

Echo data interpreted by the EK500 as originating from a
single source and with TS (uncalibrated value) higher than
—83 dB, were collected from this transducer in the period
from 14 h 52 on the 15th to 09 h 23 on the 16th (local time),
most of the tracks were therefore recorded during nighttime.
The settings used required a minimum of 10 returned echoes
to define atrack, allowing for one missing echo (except for
the illustrations presented in Fig. 1C,D) and a (arbitrary)
maximal vertical excursion of 10 cm between echoes.

Registrations of single individuals were easily identified
from printouts with high vertical resolution, showing the
depth range 10-20 m from the transducer (Fig. 1B). This
allowed a manual check of whether wave-movement cor-
rupted the estimated swimming speeds. Also tracks recorded
deeper than this were accepted. Swimming speeds were
calculated by dividing the sum of movements in atrack by
the track duration.

Comparisons between day and night relative invertebrate
numbers were made from counts of individual traces on
echogram-printouts, the traces were identified as inverte-
brates on the basis of trace-colour on the 40LogR paper-
prints. These numbers were then converted to numerical
densities.

Since a free-hanging transducer was used, the swimming
speeds estimated through the TT-procedure were subjec-
tively examined for the effect of wave-motion generated by
passing ships. Tracks recorded in periods with the passing
shipswerediscarded. Since three anchors moored the vessel,
the drift was assumed to be minimal. The potential influence
of currents at depth was not accounted for.

Bias against fast swimmers may be introduced by requir-
ing aminimum of 10 echoesto define atrack (Torgersen and
Kaartvedt, 2001). Errors are also introduced through the
systemsfinite resolution (Brede et a., 1990), and by errone-
ous angle measurement (Mulligan and Chen, 2000), both
factors expected to increase ping-to-ping swimming speeds.
Since the resolution is inversely proportional to depth, and
the angular error increase with decreasing SNR (Ehrenberg
and Torkelson, 1996), it was expected that the average of
estimated swimming speeds would increase with depth.

Interpolation of position by using adjacent echoes may
increase the precision of the measurements (Fleischman and
Burwen, 2000). We tried to remove the effect of the finite
resolution and erroneous angle measurements by assuming
that small, rapid fluctuations in positions were caused en-
tirely by these error sources. Thiswas done by further post-
processing the tracks with a simple three-step routine, effec-

Number of tracks

TS (dB)

Fig. 2. TS-distribution of tracked organisms; black interpreted as inverte-
brate, dark grey asfish, light grey not included in any group.

tively forming a filter against short, rapid movements. The
first step was aimed at reducing the effect of the discrete
resolution, and gave echo (n), the same position as echo
(n—1) if echo (n — 1) had the same position as either of
echoesn + 1to n + 3. The second step was aimed at reducing
the effect of erroneous measurements, and interpolated the
position of echo (n) if the position was not between positions
(n—1) and (n + 1). Thelast step fitted a3 (5 point for vertical
data) point running mean to the data, further smoothing the
effect of theresolution. Inall steps, thefirst and last measure-
ments of a track were kept unchanged, and the corrections
were performed separately on both of the angular measure-
ments (and steps 1 and 3 on the depth-data).

Swimming speeds were then recalculated on the basis of
these estimated positions.

3. Results

The system had the capability to resolve individual plank-
ton scatterers at their daytime depth, enabling the study of
behaviour of individuals (Fig. 1C,D). A largely bi-modal
TS-distribution of tracked individuals (Fig. 2) suggested that
fish could be separated from invertebrates on the basis of
average TS. Conservatively, tracks with average TS lessthan
—68 dB were ascribed to invertebrates, and tracks above —-60
dB tofish. A total of 2253 tracks passed the criteria, of which
359 were interpreted as originating from invertebrates. Fish
tracks were mostly obtained at night. Only four invertebrate
tracks were observed beyond 20 m from the transducer.
Invertebrate tracks lasted from 3.7 to 82.1 s, with an average
track duration of 10.4 s.

The invertebrates of the daytime trawl-catches from the
depth of the scattering layer were dominated by the krill M.
norvegica, with some ctenophores present in the catch
(Table 1). Thetrawl-catches also contained fish (Table 1), but
no fish larvae were found. Average daytime densities of
invertebrates in the depth interval of 76-86 m were 0.30
individuals m™ (S.D. = 0.15, N = 62), while nighttime den-
sities were 0.09 individuals m= (S.D. = 0.05, N = 80).
Roughly 70% of the invertebrates therefore performed diel
migration.
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Tablel

Total trawl catch. Maximum depth is the average depth of the bottom rope of the trawl. Trawling distance refers to the horizontal distance the trawl covered at
the designated depth. Small gobieswere not discerned among thekrill in haul 2, but they may have been present. The presence of gelatinous plankterswas noted
in both hauls, but these organisms were destroyed beyond recognition or enumeration. Krill volumes were measured with 0.251 jars

Species Number caught Mean length Range
Haul 1 Maximum depth
Trawl distance ~0.675 nmi ~77m
Sprat (Sprattus sprattus) 10 9.8cm 7.3-11.2cm
Crystal goby (Crystallogobius linearis) >50 3.0cm 3.4-3.7cm
Krill (Meganycthiphanes norvegica) 0.251 b b
Haul 2 Maximum depth
Trawl distance ~0.8 nmi ~89m
Sprat (Sprattus sprattus) 5 9.0cm 55-11.0cm
Crystal goby (Crystallogobius linearis) a b o
Mueller's pearlside (Maurolicus muelleri) 6 5.3cm 2.6-6.2cm
Whiting (Merlangitus merlangus) 2 b 33-39.5cm
Krill (Meganycthiphanes norvegica) 9.751 3.1lcm 2-4cm

2 Probably present, but could not be separated from the krill.

P Not measured or not applicable. 0o

- ]

The average uncorrected horizontal component of the = £ 8: =N J
swimming speed in average increased rapidly with range Eg06 - o
(Fig. 3A), though variations between tracks were large. The gg0° -
filtered (corrected) estimates also increased with depth, a- * go::a —
beit at amuch lower rate. The effect of the smoothing proce- So2["
dure on two simultaneous tracks isillustrated in. “ho 15 o % 40

Thedistributions of corrected swimming speeds showed a
mode around 4 cm s (Fig. 4) for the invertebrate tracks and
amodearound 12 cm s for thefish, both distributions being
positively skewed with means 9 and 21 cm s>, Most inverte-
brates only had small vertical velocities, and the vertical
components of swimming speed were below 1.6 cm s? in
more than 90% of the tracks, with an average vertical com-
ponent of 0.9 cm s™(Fig. 4). The fish showed more vertical
mobility, the average vertical component was 2.9 cm s,
there behaviourswere confirmed by visual inspections of the
echogram-printouts.

4. Discussion

Theresults showed the possibility of describing thein situ
behaviour of individual macrozooplankton with existing
technology. Based on the trawling and the results from pre-
vious investigations at the sampling site (Onsrud and
Kaartvedt, 1998; Kaartvedt et al., 2002), the tracks ascribed
to invertebrates were probably dominated by krill. However,
some of the tracks showed very low swimming speeds
coupled with systematic changes in TS. Though also these
observations may have been of krill, they could aternatively
be explained by ctenophores or jellyfish slowly changing
their orientation while swimming through the beam
(cf. . The gelatinous invertebrates were not sampled
quantitatively with the gear used, and their relative impor-
tanceistherefore uncertain. Since nighttime trawling was not
performed, the identity of the non-migrating proportion re-
mains uncertain.
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Fig. 3. (A) Regression of horizontal speed component vs. average range to
track, al data (except periods of wave-action). Grey line: Unsmoothed
estimates: y = 0.0212x — 0.002, R? = 0.0588. Black line: Smoothed estima-
tes: y = 0.0062x + 0.0526, R? = 0.0611. N = 2253, (B) and (C) depict the
effect of the smoothing on two simultaneous tracks, track (B) is an inverte-
brate and C isafish. Only the horizontal projections are shown, with scales
in degrees, smoothed tracks (marked by +) offset from the original positions
(marked by diamonds). (B) Range 16 m, average TS—71.0 dB, track consists
of 177 echoesrecorded during 82.07 s, average speed without smoothing 8.4
cm s, with smoothing 2.5 cm s, (C) Range 19 m, average TS —45.1 dB,
track consists of 63 echoes recorded during the first 28.73 s of track in (B),
average speed without smoothing 13.7 cm s, with smoothing 11.0 cm s™.
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Fig. 4. (A) Distributions of horizontal component of swimming speed for
the invertebrate group, |eft (grey) uncorrected average speeds, right (black)
smoothed estimates. (B) The same distributions for the vertical component.

The uncalibrated peak TS-values obtained for inverte-
brates seemed relatively high compared to values measured
for Antarctickrill (Footeet a., 1990), but werein accordance
with previous calibrated measurements of M. norvegica at
the same location (Rastad, 2000). Regardless of the absolute
accuracy of the measurements, the bi-modal distribution of
TS suggested that there was little possibility of misinterpret-
ing fish asinvertebrate.

4.1. Validity of single-echoes and tracks

Due to physical limitations of the single-echo detection-
filtersin the EK500, an unknown proportion of the accepted
echoes stemsfrom noise and multiple scattering (Souleet al .,
1997). Since the probability of accepting such falseregistra-
tionsin consecutive pingsislow, TT iscommonly employed
to sort out the echoes created by valid single sources (Ehren-
berg and Torkelson, 1996). The relatively strict settings used
for the TT procedure and the relatively low densities ob-
served made us believe that fal se registrations of echoeswere
not amajor problem within our tracks.

There was a restricted range of observation for the weak
targets, effectively 10-18 m, probably related to the strict
settings used in the single-echo detection-filters (Souleet al .,
1997) and decreasing SNR. During day, this restricted range
was also influenced by higher numerical densities, but even
at night, when the numbers of organisms were lower, few
invertebrate tracks were recorded beyond 20 m.

Ping-to-ping velocities estimated directly from the posi-
tions given by the echo sounder are biased high, and as long
as there is measurement error this will always be the case
(Mulligan and Chen, 2000). A lower estimate can be gained
by calculating the speed between the first and the last posi-
tionsin the track (Arrhenius et a., 2000), but since many of
the tracks sampled in situ are bound to have some curvature,
this method tends to underestimate the real speeds. Mulligan
and Chen (2000) suggested that a better estimate could be
obtained by fitting a smoothed trgjectory to the data, and
suggested that further post-processing of the positional data
was needed when describing the swimming behaviour of
organisms using acoustic data.

The smoothing procedure used made the estimated swim-
ming speeds less dependent on range (Fig. 3A). A certain
increase in average estimated speeds with depth was ex-
pected, due to the increasing proportion of fish tracks with
range, aswell asbias against fast swimming fish closer to the
transducer, dueto the narrowing beam. However, it may have
introduced artefacts in the tracks by filtering out small scale
and rapid within-track behaviour, asthereisapossibility that
some of the perceived errors in the positions are in fact
caused by actual behaviour, though we believe that this
generally was not the case (Fig. 3B,C).

The measured swimming speeds ascribed to krill seem to
be reasonable. Assuming alength corresponding to the mode
of the observed length distribution (3.5 cm), the mean and
modal swimming speed were ~2 and ~1.1 body-lengths (BL)
s, respectively. All observed swimming speeds for inverte-
brates were within the bounds of the swimming capabilities
of krill (up to 11 BL s™; Kils, 1982). Jaffe et al. (1999)
recorded a swimming speed of 0.5-1 BL s™ for the krill E.
pacifica in Saanich Inlet.
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Abstract

Diel variations in schooling patterns and spatial dynamics during spawning were studied in Norwegian spring-spawnin@hgreag (
harengus) off south-western Norway by acoustic surveying, diel cycle experiments and school tracking by sonar, and bottom gilinet sampling.
Herring formed horizontally extensive, loosely packed demersal layers shortly after darkness. At night, the fish disappeared in the acoustic
dead zone, but lifted off the bottom early in the following mornings. At daytime the herring reorganised into dense pelagic schools. The
evening descent to the spawning habitat was considered as part of a precautionary strategy towards visual predators, as the bottom is a high-risk
zone for archetypal pelagic fish like herring. Large numbers of gadoids, which are potential herring predators, were present in the area. Herring
not ready to spawn dominated the bottom samples in 4 out of 5 days, suggesting that pre-spawning herring followed the descent of ripe herring.
The herring spawning layers shifted in a south-easterly direction from day to day in diel spawning waves.

© 2003 Hlitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction densely packed, and swim fast and deep (Ngttestad et al.,
1996), hence increasing the efficiency of synchronised es-
Herring Clupea harengusL.) have a pelagic lifestyle, but  cape manoeuvres and decreasing the risk of detection by
spawn demersally (Runnstram, 1941; Stacey and Hourstonpredators (Pitcher and Parrish, 1993). After spawning, feed-
1982; Aneer et al., 1983). They spawn over a relatively shorting becomes more important, and herring form smaller, more
period annually (Blaxter and Hunter, 1982), and up to 10-15 |oosely packed schools near the surface (Stacey and Hour-
times during a lifespan (Blaxter and Hunter, 1982; Slotte, ston, 1982; Ngttestad et al., 1996).
1999). The population of Norwegian spring-spawning her- . )
ring spawns along the coast from Lofoten to Lista For_a successf_ul reproduction, eggs and milt must be
(Runnstrgm, 1941; Dragesund et al., 1997) during ear|ydepos.|ted on a suitable bottom supstraite (Runnstrgm, 1941;
spring. Rajasilta et al., 1997). The spawning is not fully synchro-
Herring is a schooling species (Blaxter and Hunter, 1982; Nised and herring remain at the spawning site for 3-5 days
Pitcher, 1983; Fernd et al., 1998), that forms highly synchro- (Ngttestad et al., 1996; Axelsen et al., 2000). The maturity
nised and polarised groups (Breder, 1976; Pitcher, 1983).States of individuals differ amongst and within schools at the
Predator protection is the primary function of schooling Same site (Ngttestad et al.,, 1996; Axelsen et al., 2000),
(Pitcher and Parrish, 1993), and there is evidence that herrinde@ding to a highly dynamic, and poorly understood school-
trade off predation risk for reproduction, which ultimately N9 behaviour (Ngttestad et al., 1996). Generally, schools of
affects the size, shape, density and vertical distribution of theNorwegian - spring-spawning herring on the spawning
schools (Misund, 1993; Ngttestad et al., 1996; Axelsen et al., grounds are observed as horizontally elongated demersal
2000). Before spawning, herring become risk-averse tolayers within a few meters off bottom (Runnstrem, 1941;
maximise the likelihood of completing reproduction. Johannessen et al., 1995). However, pelagic schools with
Schools immigrating to the Spawning location are |arge' hlgh packing densities above demersal Iayers were observed
by Ngttestad et al. (1996), and Axelsen et al. (2000) observed
"+ Corresponding author. a single spawning school split into a pelagic and a demersal
E-mail address: leif.nottestad@imr.no (L. Ngttestad). component staying in continuous contact. Herring staying

© 2003 Hiitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00006-8
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pelagically presumably reduce predation risk, as staying near
the bottom is associated with high risk due to the reduced
number of potential escape directions (Axelsen et al., 2000).
Large gadoids feed on herring and herring eggs during the
spawning season (Toresen, 1991; Hagineset a., 1995; Hagines
and Bergstad, 1999). Gadoids are visual predators and the
predation risk for spawning herring should, therefore, be
higher in daylight than in darkness.

Herring is one of the worlds most studied species (Blaxter
and Hunter, 1982). Despite this, only a few studies have
investigated schooling behaviour right before and during
spawning (Ngttestad et al., 1996; Mackinson, 1999; Axelsen
et al., 2000), and these studies did not explore possible diel
variations. Our main goa was, therefore, to investigate diel
variation in school patterns and spatial dynamics during
spawning in relation to the maturation state of the fish and
external factors like predation.

2. Materials and methods
2.1. Sudy area

The study was carried out off Karmgy (59°15'N, 5°05'E),
on the west coast of Norway, from 29 March to 3 April 2000.
During the study period, the time of sunrise changed from
05:12 to 05:00 h and the time of sunset from 18:13to 18:22 h.
Two research vessals; the “Hakon Mosby” and the “Hans
Brattstrem” were utilised in the study. A known spawning
location extending about 2 nmi? with high densities of her-
ring was selected in order to map the schooling dynamics
during the spawning process. The bottom depth ranged from
30 to 40 m. The weather was generally cloudy with light
north-westerly winds not exceeding 10 m s™ during the
study period, although the wind speed increased towards the
end of the study.

2.2. Experimental design

Two exploratory mini-surveys were conducted in order to
map the distribution of the fish in the area. Based on the fish
distributions, two survey grids were fixed for the school
dynamic study, one designed to cover the horizontal extent of
the spawning layer (zigzag) and one to estimate the fish
density inthe adjacent spawning area (parallel) . The
two surveyswere repeated three and four times, respectively.
In order to map the vertical movements of fish over time, two
24 hdiel cycle experimentswere conducted on 2 and 3 April.
During these experiment the ship was positioned immedi-
ately above the demersal spawning layers, continuously re-
cording the vertical distribution and fish density using the
echosounder. The Dynamic Positioning System (DPS) of
“Hékon Moshy” was utilised in order to keep the vessel at a
fixed location (within an area of 25 m?) during the experi-
ments. Unfortunately, relatively rough weather conditions
caused some formation of air bubbles in the surface layer,
effectively reducing the usable materials from the diel cycle
experimentsto 14 and 8 hfor diel cycle 1 and 2, respectively.

2.3. Acoustic recordings

Both research vessel swere equipped with Simrad EK 500
echo sounders running 38 kHz transducers, while “Hans
Brattstrem” operated an additional Simrad EQ 55 (49 kHz)
echo sounder used for mapping of the spawning layer on the
bottom. Acoustic recordings were scrutinized according to
catch composition and signal characteristics. The acoustic
diel cycle data from the EK 500 were post-processed using
Bergen Echo Integrator system (BEI) (Knudsen, 1990), aver-
aging the nautical area scattering coefficient s, (m? nmi—)
(MacLennan et al., 2002) over 10 min intervals. Sonardata
Echoview v.2.10 © software was used to analyse the school
dynamic parameters, including depth (m) and vertical extent
(m), volume density S, (dB re 1 m?) and s, (M? nmi—2). A
total of 246 herring aggregations (schools, layers) were
analysed. The range resol ution was about 10 cm (500 binson
50 m operational range). The fish densities of the spawning
layers recorded using the EK 500 unit were estimated ac-
cording to (Foote et a., 1997):

TS=20log,,(L) - 719
where L isthe mean total fish length in cm obtained from the
gill net samples. The total biomass of the spawners was
estimated using the horizontal area of the demersal layer. The
packing densities of the schools p,, were calculated accord-
ing to:

Sa

© 1852%(c,)Az

where s, is the nautical area scattering coefficient of the
school, (og,) is the mean spherical scattering cross section
(m?) (MacLennan et al., 2002), and Az is the depth over
which the acoustic data were integrated, i.e. the vertica
extension of the school EV g,o (M).

Thediel cycle observationswere divided in eight 3-h time
periods starting at 24 UTC (local time = UTC + 2 h). The
vertical school extension EV . (M), the distance from the
school midpoint to the bottom BDgy,o, (M) and the linear
mean volume backscattering (mm?), corresponding to Vs,
intheterminology adopted by MacL ennan et al. (2002), were
averaged for all time periods.

A Kaijo Denkij KCH 1827 multi-beam scanning sonar on
the “Hans Brattstrem” was used to check for pelagic schools
migrating in and out of the spawning area (Ngttestad et a.,
1996). The horizontal area, and swimming speed and direc-
tion of recorded schools were estimated (Axelsen et a.,
2000). Subsequent to the tracking, the schools were recorded
using the EK 500 unit in order to estimate the vertical exten-
sion, depth and acoustic density of the schools.

Py

2.4. School categories

The herring aggregations were categorised according to
their position in the water column: Pelagic schools: >90% of
the herring located above the bottom layer (>10 m off the
bottom); Demersal layers: >90% located within the bottom
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Fig. 1. (a) Distribution of demersal layers based on acoustic recordings with different shadings for each day. Thered, parallel track indicates the spawning area
survey (repeated four times), the green zig-zag track the distribution survey for demersal layers repeated three times, and the black adaptive localisation and
mapping surveys. (b) S, echogram at 38 kHz of ademersal layer of herring. (c) Eggs deposited on a boulder at the studied spawning site.

layer; and Transition schools: 10-90% located within the
bottom layer and 10-90% above the bottom layer.

2.5. Biological sampling

Herring samples were obtained daily from 30 March to
3 April using 25 m long by 4 m high gillnets (mesh size:
37 mmwhen @ 5 kg) set on the seabed overnight. Thismesh
size is selective towards adult herring above 20 cm total
length, but is inefficient towards juveniles. The influence of
juvenile fish at the spawning grounds of Norwegian spring-
spawning herring is, however, negligible (Johannessen et &l .,
1995). Totd fish length, total wet weight and gonad maturity
index Gl (1-8) (Anonymous, 1962) were determined for all
sampled fish. Two predator samples were obtained using
25 m long by 4 m high gill nets (90 mm meshes), and one
sample using a Super Campelen demersal shrimp trawl.

3. Results

shows an S, echogram at 38 kHz of a demersal
layer of spawning herring. The spawning substrate was
closely examined using the Remotely Operated Vehicle
(ROV) “Aglantha” and consisted mostly of boulders, rocks
and gravel, with herring eggs deposited in thick layers on the
bottom (Fig. 1d). The seawater temperature and salinity, as
recorded during daily CTD-profiling, ranged from 5to 6 °C
and from 33 to 34%o, respectively.

3.1. Horizontal dynamics

The demersal layers of spawning herring moved in a
south-easterly direction from day to day, with atotal horizon-
tal displacement of about 0.8 nmi during the study period
(Fig. 1d), with overlapping distributions between the first
2 days and between the third and fourth day, otherwise not.
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Tablel

Multi-beam sonar tracking. Linear fish density correspondsto SV (dB re 1 m™) in the linear domain (* the last school was not successfully integrated)

Time Track duration  Swimming Direction Linear fish Biomass (tons)  EV g0 (M) Agnool (M) BD oo (M)
(min) speed (ms™) density (mm?)

12:34 27 0.11 W 430+ 160 16 195+ 3.7 841+ 40 143+ 34

17:27 96 0.15 SE 600 + 740 15 142+ 3.0 491+ 95 9.2+34

14:12 78 * W * * 20 1708 + 142 13

The biomass of the two spawning layers observed on 29 and
30 March was estimated to be 30 and 42 tons, respectively.
The herring were too patchy distributed the remaining days
to obtain reliable estimates. Altogether three schools were
identified and tracked using the multi-beam sonar, and two of
these successfully integrated using the EK 500 system
{Table1).

3.2. Vertical dynamics

Demersal spawning layers were usually recorded in the
evening. The proportion of demersal layers relative to other
school categories, was highest between 18:00 and 24:00 h
(>80%). Little herring was recorded between 24:00 and
03:00 h, and only in one of the diel cycle experiments.
Pelagic schools and transition schools dominated at daytime
(>70%) and the demersal layers recorded were small.

Schools were distributed shallower during the day than at
night (General Linear Model (GLM ANOVA, P < 0.001))
and were closer to the bottom between 21:00 and
24:00 h than in all time intervals between 06:00 and 18:00 h
(Tukey'srangetest (HSD), a. = 0.05). Also the vertical school
extension changed with time (GLM ANOVA, P < 0.001)
(Fig. 2b): from 18:00 to 24:00 h the vertical school extension
was lower thanin all daytimeintervalsfrom 09:00to 18:00 h
(HSD, o = 0.05).

Little herring was recorded at nighttime during the diel
cycle experiments, which is reflected in the low acoustic
densitiesfor herring (s, <1000 m? nmi—2) between 21:00 and
04:00 h . The densities increased rapidly around
04:00 in both experiments, as the herring layerslifted off the
bottom. Between 21:00 and 04:00 h most of the fish (>80%)
were located in the bottom channel, while 40-100% of the

herring was pelagic (>10 m over the bottom) between 04:00
and 12:00 h

3.3. Packing densities

The school packing density changed over time (GLM
ANOVA, P=0.001) , and was higher between 15:00

and 18:00 h than in all other periods (HSD, o = 0.05). The
packing density also differed between school categories
(GLM ANOVA, P = 0.002) . Transition schools
(3.0 N,y m™) and pelagic schools (1.9 N, o, m™) were on
average moretightly packed than demersal layers (<0.8 Ny s
m~3), but only the difference between transition schools and
demersal layers was significant in our test (HSD, a = 0.05).

3.4. Fish size and maturity state

A total of 423 individuals were sampled. The total fish
lengthsranged from 16 to 38 cm (mean33.2+1.9cm[S.D.]),
and total wet weights from 27 to 500 g (301.3 + 54.7 @),
varying little between samples. The catches were dominated
by 8-years-olds (67.5%). The majority of the herring (92.1%)
had empty stomachs, and only one individual was caught
with a full stomach. The stomach contents consisted of cal-
anoid copepods and copepodites, or of herring eggs (Skaret
et a., 2002). An increase in the prevalence of running and
spent individuals and a decrease of pre-spawning individuals

20
16

12

Distance above bottom (m)

00-03 06-09 12-15 18-21
03-06 09-12 15-18 21-24

Time (UTC)

Vertical school extension (m)

00-03 06-09 12-15 18-21
03-06 09-12 15-18 21-24

Time (UTC)

Fig. 2. (a) Mean school distance above bottom (BDgy,.o) +2 Standard error
(S.E.) (m), measured from the vertical midpoint of the school. (b) Mean
vertical school extension (EV g o0) ¥2 S.E. ().
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were observed from the first to the final observation day
(Fig. 5. The samples from the middle of the period (1 and
2 April) contained more pre-spawning fish than the first two
samples (30 and 31 March), but the sample sizes in the
former two were small and may not be representative for the
popul ation.

3.5. Predators

Potential fish predators caught in gillnet and bottom trawl
samples are shown in Both of the saithe from the

gillnet sample had stomachs that were filled with herring
eggs. Only one pollock from the bottom trawl sample had
been feeding on herring eggs, but a large proportion (73—
78%) of the cod, haddock and saithe had consumed herring
eggs. No predators with remnants of herring were caught.

4. Discussion
4.1. Distribution and individual state of the herring
Demersal layers of herring were located at shallow depths

(3040 m) on gravel and stone bottom in bank water with
salinities between 33 and 34 and temperatures of 56 °C

240
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0

Packing density (N,e;m™)

Pelagic school Demersal layer
Transition school

Fig. 4. (@ Linear fish density (mm?), or S, (dB re 1 m™) in the linear
domain (MacLennan et al., 2002) of herring +2 S.E. during the diel cycle. (b)
Mean packing density (N, M) of herring 2 S.E. for the different school
categories.

(Runnstrgm, 1941). There were several indications that most
of the herring schools remained at the study site throughout
the study period. No immigrating schools, characterized by
large size, high packing density and fast and deep swimming
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Fig. 5. Distribution of gonad maturity indexes (Gl) from day to day in the

gillnet samples (N: number of herring sampled; Gl 4,5: pre-spawning; Gl 6:
running; Gl 7: spent) (Anonymous, 1962).
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Table2
Numbers and size ranges of potential fish predators caught in the trawl and
gillnet samples

Predator species Sample Sizerange n
gear (cm)

Pollack Pollachius pollachius Trawl 33-62 98

Cod Gadus morhua Trawl 29-53 42

Haddock Melanogrammus aeglefinus Trawl 17-49 23

Saithe Pollachius virens Trawl 37-59 4
Gillnet 33-35 2

(Nattestad et al., 1996) were recorded, and only one school
emigrating from the spawning ground was observed. Thisis
consistent with the similar estimated biomasses of the dem-
ersal layersduring thefirst two study days, the similar length
and age distributions of the samples, and the increase in the
proportion of running and spent individuals in the demersal
layers from the first (<30%) to the last (>70%) day of the
study, suggesting progressive spawning (Axelsen et a.,
2000). Herring may have different motivations to remain at
the spawning ground. Spent herring may stay at the spawning
ground to feed on zooplankton (Ngttestad et al., 1996; Ax-
elsen et al., 2000) and herring eggs (Skaret et a., 2002), or
await for other herring to complete spawning and reduce
predation risk by leaving the area in larger groups (Pitcher
and Parrish, 1993; Axelsen et al., 2000). According to the
maturation index, most sampled herring were, however, pre-
spawners, assumingly remaining at the spawning ground to
complete spawning.

4.2. Diel schooling pattern

The observed schooling behaviour throughout the 24-h

clefrom the acoustic recordsis schematically illustrated in
After dark (18:00-24:00 h) herring concentrated close
to the bottom in horizontally extended demersal layers,
with few herring observed outside layers. At nighttime
(24:00-03:00 h), only a few small patches of herring were
observed close to the bottom. Fish may have avoided the
vessel, but no avoidance manoeuvres were observed, and
herring have high reaction thresholds during spawning

o N~

[ @, Pelagic schools

(~2 ind. m¥)

: Transition school
20 (~3 ind. m )

> Demersal layers
== (~0.5 ind. m )

Depth (m)

30

18-24 24-03 03-06 06-18
Time (UTC)
Fig. 6. Generdised schematic illustration of the observed diel pattern in

vertical distribution, school shape and packing density of the spawning
herring.

(Mohr, 1971; Misund, 1990). Fish schools may disaggregate
in darkness (Shaw, 1961; Welsby et al., 1964), but very low
light intensities are required for herring to school and spawn
(Craig and Priestley, 1960; Kjarsvik et al., 1990; Johannes-
sen et al., 1995). The low recordings at night are thus as-
sumed to be herring staying close to the bottom, where fish
echoes and bottom echoes cannot be distinguished (Onaand
Mitson, 1996). Spawning herring staying within the acoustic
dead zone have been reported before (Johannessen et al.,
1995). Our diel cycle observationsal so showed that nearly all
herring recorded at night were located within 10 m from the
bottom, and that demersal layers seemed to lift from the
bottom around dawn.

During daytime (06:00-18:00 h) pelagic schools, transi-
tion schools and small demersal layers were observed indi-
cating a reorganisation of schools. Some transition schools
may represent a transition between demersal layers and pe-
lagic schools, whereas others are presumably searching
schools. The two “transition” schools being tracked swam
deep and had low net swimming speed, characteristic for
searching schools (Ngttestad et al., 1996). Slow-swimming
transition schools may have visible contact with the bottom
to search for suitable spawning substrate, while maintaining
group integrity in the pelagic zone for predator avoidance
(Axelsen et al., 2000, 2001).

4.3. Timing of spawning

Blaxter and Hunter (1982) suggested that herring depend
on light to spawn, but spawning has been reported to take
place in darkness (Kjarsvik et a., 1990; Johannessen et al.,
1995). Herring may thus adjust spawning time in order to
optimise survival and reproduction. As herring adopt low-
risk behavioural strategies (Vabg and Ngttestad, 1997; Fernt
et al., 1998; Axelsen et a., 2000, 2001), the formation of
demersal layers in the evening could be a precautionary
behaviour towards predators. The predation pressure at
Karmgy is high during the spawning season (Toresen, 1991;
Hgines et al., 1995, Hgines and Bergstad, 1999), and even
though none of the sampled gadoidsin this study had herring
in their stomachs, their size makes them potential predators
(Hagines et a., 1995). An archetypal pelagic fish like herring
is vulnerable when staying on the bottom due to the reduced
number of escape directions (Pitcher and Parrish, 1993; Ax-
elsen et a., 2000, 2001). Staying on the bottom should,
therefore, be lessrisky in darkness, sincevisual predatorsare
less active at low light levels (L gkkeborg and Fernd, 1999).

Earlier studies have shown that the timing of spawning
may differ from the one observed here (Johannessen et al.,
1995; Ngttestad et al., 1996; Slotte, 1998). This is to be
expected taking into account the dynamic trade-off between
survival and reproduction changing with prevailing condi-
tions (Magurran, 1993). The present study was conducted at
the end of the spawning season (Johannessen et al., 1995;
Skaret et al., 2001), with low herring densities compared to
the peak of spawning (Johannessen et a., 1995; Slotte and
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Dommasnes, 2000). Predation risk decreaseswith increasing
school size due to the dilution effect (Magurran et al., 1985;
Milinski, 1993; Axelsen et a., 2001), and the reaction to
predators should hence be stronger at the end of the spawning
season than at the peak of spawning. I ntra-specific competi-
tion for a successful deposition of spawn may also influence
spawning behaviour (Rajasilta et a., 1997). High competi-
tion at the spawning peak may compel herring to spawn
during the day even though predation risk is high.

4.4, Spatial dynamics and spawning time of individual
herring

The school packing density was high during the day, and
mean school packing densities of ~3.0 N,,,, m™ for transi-
tion schools is high compared to packing densities for her-
ring schools at different times and areas along the Norwegian
coast (1.3-1.9 Ny, m™) (Misund, 1993). High packing den-
sities of pre-spawning herring at the spawning location have
been reported before (Misund, 1993; Ngttestad et al., 1996;
Tremorrow and Claytor, 1998; Axelsen et a., 2000), and
herring in the pre-spawning phase may reduce the distance to
school neighbours as a precautionary behaviour towards
predators. Aggregation prior to spawning should also facili-
tate the exchange of olfactory stimuli. The low packing
density (0.8 N,y m™) of demersal |layers could be connected
to the low predation risk at night.

Directional spawning has earlier been reported in North
Sea herring (Stratoudakis et a., 1998) and the movement
direction has been related to current patterns (Lacoste et al.,
2001). The occurrence of directional spawning could be
connected to the thickness of the egg mats as thick layers
may induce high egg mortalities (Runnstrem, 1941; Taylor,
1971). The shift of spawning site from day to day demon-
stratesthat the search for suitable spawning substrate contin-
ues throughout the spawning period.

Interestingly, pre-spawning herring dominated over ripe
herring at the bottom in four of five gillnet samples, indicat-
ing that herring are present in the demersal layersirrespective
of their maturation state, and that they repeat the diel school-
ing pattern at least once before spawning. It might be argued
that pre-spawning fish could have spawned during the night if
they had not been caught. However, our biological data
indicate that the same herring stayed at the spawning ground
for several days and no herring with partly emptied gonads
were found, suggesting that spawning took place in one
batch.

Why do herring then stay in ahigh-risk zoneif they arenot
ready to spawn? The determined behaviour of ripe individu-
als heading for the bottom may influence pre-spawning indi-
vidualsto follow in connection with the coll ective behaviour
of schools (Fernd et a., 1998; Axelsen et a., 2000; Huse et
a., 2002). The ripening process of pre-spawning herring
could also be accelerated by staying in close contact with
ripening individuals near the bottom in a low-risk period
during the night. The release of olfactory stimuli triggers the
deposition of milt in males (Ware and Tanasichuk, 1989),

which is needed to induce spawning in both sexes (Stacey
and Hourston, 1982; Sherwood et al., 1991).

In conclusion, the horizontal shift of spawning site from
day to day demonstratesthat the search for suitable spawning
substrate continues throughout the spawning period. The
pronounced vertical migration is presumably a functional
response to predation combined with the fact that herring
have to spawn at the bottom. The absence of herring outside
the demersal layers at night and the domination of pre-
spawning individuals on the bottom indicate that herring
performed spawning waves moving in asouth-easterly direc-
tion from day to day.
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Abstract

This study investigates whether pelagic fish schools of different species or groupings (e.g. herring, “surface herring”, “gadoids’, mackerel,
sprat and sandeels) were positively or negatively associated with each other in time and space. To do this, statistical models were fitted to
pre-processed acoustic fisheries data to reveal how pelagic school prevalence varied with respect to spatial (latitude and longitude) and
temporal (time of day) information. The model outputs, which take the form of probabilitiesfitted to the presence or absence of schools, were
then used to calculate correlation coefficients, which are useful for measuring association between pairs of variables. Results depended upon
the specific species pairs under investigation. Herring and “surface herring” were, for example, very generally sympatrically associated with
each other in both space and time, while herring and gadoid schools, on the other hand, had allopatric distributions.
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1. Introduction “At any specific point in space, and at any time of day,
do schools of species group A avoid, or tend to congre-

The Marine Laboratory, Aberdeen conducts annual acous- gate with, schools of species group B?”

tic surveysof the Orkney/Shetland areaduring July each year
(Bailey et al., 1998). The principal objective of the surveysis
to estimate the total biomass of herring (Clupea harengus
for use as an index in the annual assessment of the stock
(Anonymous, 2001), although the datahave al so been used to
answer questions relating to various aspects of herring biol-
ogy (Bailey et al., 1998; Maravelias and Reid, 1995, 1997,
Maravelias et al., 1996; Reid and Maravelias, 2001). How-
ever, data relating to the abundance of other schooling spe-
cies, also collected during the surveys, have not been analy-
sed until now. In this paper, we address the shortfall by
demonstrating how statistical models can be used to expose
how school prevalence among different pelagic species
groups varies with respect to spatial (latitude, longitude) and
temporal (time of day) information (Beare et al., 2002). The
baseline data output by these statistical models are then
incorporated into an assessment of whether the schools of
different species groups are positively, or negatively, associ-
ated with each other in space and time. The specific hypoth-
esis addressed by this study can be summarised as follows:

* Corresponding author.
E-mail addressd.beare@marlab.ac.uk (D.J. Beare).

2. Materials and methods
2.1. Acoustic data

The investigation used acoustic survey data collected dur-
ing six surveys carried out by the FRS Marine Laboratory,
Aberdeen during July in 1991 and 1993-1997 The
datawere collected by a Simrad EK500 38-kHz echosounder
and stored using the B1500 format, which were then trans-
formed into matrices, each number corresponding to anindi-
vidual calibrated back-scattering strength sample from a
single echosounder transmission. Data summarising the
school characteristics were then extracted using image-
processing software (ImagePro Plus, Media Cybernetics),
combining image filtering algorithms with interactive deci-
sionsby the operator (Reid and Simmonds, 1993). The detec-
tion threshold for schools was set at -60 dB, providing the
best effective beam angle for the school volume backscatter
(Sv) of the schoolsretained (Reid et al., 2000). After thresh-
olding, a single morphological filter pass eliminated small
objectsand clarified larger ones. Remaining objects detected
were classified as schools, and then separated into species
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Fig. 1. July acoustic survey data northwest of Scotland. The solid black line represents the survey track; the dots, positive recordings of herring (red), surface
herring (green), gadoids (blue), mackerel (turquoise), sandeel (pink), and sprats (yellow) (NB, random noise was added to each observation in both the x and y

dimensions to reflect sample density).

groups. The following taxonomic groups were identified:
herring, “surface herring”, “gadoids’, mackerel, sandeels
and sprats. School classification to taxonomic group was
carried out according to the standard procedure used for the
ICES International Surveys (Simmonds et al., 1992). The
allocation of schools to species principally involves the use
of ground truth data from pelagic trawling. During the course
of an average survey 20-50 trawl stations will be carried out
opportunistically on the largest echotraces. During subse-
guent analyses, the results of these trawl hauls, and the
experience of the operator will be used to assign each
echotrace to ataxonomic group. The processis subjective to
some degree, athough it has been shown to be relatively
robust and reasonably operator independent (Reid et al.,
1998). It was generaly possible during these surveys to
identify schools of pelagic fish, e.g. herring, mackerel
(Scomber scombrus), sandeel (Ammodytes sp.) and sprats
(Sprattus sprattus). Most such schools sampled were mono-
specific, or occasionally mixtures of herring and sprat, or
herring and mackerel. Herring schools were generally found,
either as small, sharp echotraces near the surface (<20 m), or
as relatively high energy marks within 50 m of the seabed.

Mackerel schools were identified as large, mid water traces
with aweaker backscatter than similar sized herring schools,
and they also tended to have a higher backscatter at high
frequencies (120 and 200 kHz). Sandeel schools were large
and irregular in shape. Sprat schools were similar to the
deeper type of herring schooals, but could be separated using
the trawl data. The “gadoid” category represents a species
assemblage made up of Norway pout (Trisopterus esmarkii),
whiting (Merlangius merlangus), haddock (Melanogram-
mus aeglefinus) or saithe (Pollachius virens), with smaller
numbers of other gadoid species. The fish are usually young
(1-2 years), small (maximum 20 cm) and found in discrete
schools close to the seabed.

2.2. Satistical analyses

The acoustic data were collected continually along each
transect during the surveys . The transects were then
divided into one nautical mile elementary distance sampling
units (EDSUSs), which minimises the degree of spatial auto-
correlation between successive samples (Simmonds et al.,
1992). Three species pairs were then selected, based on the
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amount of available data (e.g. herring and surface herring;
herring and gadoids; gadoids and surface herring). For con-
venience, the species from each pair were denoted as A and
B. We then categorised each EDSU with respect to each
schooling pair (A, B) as follows: (the corresponding prob-
ability is aso shown in each case)

 Category O: neither species A nor B recorded in the

EDSU (Poo);

* Category 1: only speciesA recorded inthe EDSU (P4o);

* Category 2: only species B recorded inthe EDSU (Pgp);

 Category 3: both A and B recorded in the EDSU (Pyg)-

(Note: mackerel, sandeels and sprats could not be exam-
ined in such detail due to data-sparsity, and for these groups
we noted only whether or not they were recorded in each
EDSU with no attention paid to whether other species were
present).

For each pair (A, B), the observed EDSUs are a sample
from a multinomial distribution such that the probability of
observing n; occurrences of category i fori =0, 1,2, 3inan
EDSU isgiven by

POOno I:’AO " PBOn2 I:)ABn3 (1)
Thefour probabilities are modelled asfunctions of predic-
tive variables known for each EDSU. In this case, these are
latitude, longitude and time of day. We write the vector of
these values for the kth observed EDSU as z . Modelling a
multinomial distribution can be achieved in various ways
(Cox, 1989) but one simple approach involves rewriting Eq.
(1) abovein terms of nested conditional events. In this case,
we obtain

3
Il p "(1=p)® 7t @

where p; = Pag, P2 = Pgo/(1 - Pag) and py = Pao/(1 - Pag -
Pgo)- Thus, we have reduced the multinomial probability to
three binomial probabilities, which can be modelled sepa-
rately, i.e. we can estimate each of (p,, p,, Ps) as functions of
the predictor variables z .. Here, we use generalised additive
models (GAMs) for each binomia (Hastie and Tibshirani,
1990). It is straightforward then to recover the original prob-
abilities (Ppg, Paos Pros Pag) as functions of the predictor
variables.

Specific details of model selection protocols are described
elsewherein theliterature (Augustin et al., 1998; Borchers et
al., 1997a,b). Once a GAM was selected for each survey,
spatial grids at approximately a 10th of adegree latitude and
5th of a degree longitude for nine different times of day
(04:00, 06:00, 08:00, 10:00, 12:00, 14:00, 16:00, 18:00,
21:00 h) were constructed. Parametersfrom thefitted models
werethen used to interpolate over the grids producing spatio-
temporally (time of day in this context) resolved surfaces,
together with the appropriate standard errors.

2.3. Measuring association

The probability values, output by the statistical models
(GAMys) were then used to calculate correlation coefficients

between each possible pair of speciesgroupsaccording to the
following expression:

P (PyPy)
\VP.(1-P,) P(1-Py)

where P, (or Pg), for example, equals the probability of
recording pelagic species group A (or B) within each EDSU
whether or not the other species is aso recorded, i.e. math-
ematically, Py = Pag + Pag, and similarly, Pg = Pgg + Pag.
All of the probabilities were estimated, for specific locations
and times of day, using the GAMs described above. The
correlation coefficient was used here as a measure of the
‘association’ in time and space between the schools of differ-
ent species; ahigh positive value indicating positive associa-
tion, i.e. atendency for the two speciesto be present or absent
simultaneously. Negative association or a high negative cor-
relation coefficient is, therefore, a tendency for only one
species to be present in an EDSU at a particular time and
location.

Note that for binary data, as here, the lower limit of the
correlation coefficient r is given, not by -1, but by the greater
of - \/PA Pg/(1-P,) (1-Pgy) and its reciprocal (Cox,
1989). Thus, since P, and Pg are functions of location and
time we have divided the negative correlations by the magni-
tude of the appropriate lower limit so that the output may be
interpreted in the usual way.

3

3. Results

3.1. Prevalence of schoolsin relation to location and time
of day

The data for positive recordings of each species group
indicate that their spatial distributions have varied
considerably between the survey years (July 1991, 1993-
1997 (Beare et al., 2002)). Herring schools, for example,
were more concentrated around Shetland in 1991, but much
more sparsely distributed throughout the survey areain 1993
. Similarly, gadoid schools were recorded predomi-
nantly in the shallow areas between Orkney and Shetland,
and around their coastsin 1991 and 1995 , whereasin
1994 gadoids were more commonly observed in the east of
the study area .

GAMs were fitted to estimate the probabilities as smooth
functions of latitude, longitude and hour of day. As an ex-
ample, the most appropriate model for the 1991 herring data
had the functional form: Lo(longitude, latitude) + Lo(time of
day), where Lo denotes a localy weighted regression
smoother, LOWESS (Cleveland and Devlin, 1988). In scien-
tific terms, the selection of thismodel impliesthe assumption
that the shape, and not just the level, of herring school
prevalence from east to west (longitude) depended crucially
on the distance north or south (latitude). Similarly, the selec-
tion of time of day independently from the locational infor-
mation (latitude and longitude), indicates that herring school
prevalence has the same shape of diel aggregation/dis-
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Fig. 2. Prevalence of herring (column 1), surface herring (column 2), ga-
doids (column 3), mackerel (column 4), sandeel (column 5), and sprats
(column 6) estimated for each survey at 10:00 h (July 1991 and 1993-1997)
using GAMSs.

aggregation behaviour (Pitcher, 1993) across the study re-
gion (Fig. 1), and only the overall level (corresponding to

abundance) changes according to location. After similar ex-
ploration and experimentation, the same, or at least very
similar, model formulationswere selected to describe the data
for the other species groupings and survey combinations.

The spatial patterns output by the selected GAMsfor each
Species grouping and survey year combination are plotted in
. Thefirst column of representsthe probability of
recording a herring school given there were no surface her-
ring, during each survey. Herring spatial distributions were
fairly similar between years, and high probabilities of occur-
rence were typical west of Orkney and Shetland, along the
continental shelf edge, and also in the Fair Isle Channel area
to the southeast of Shetland. Herring were alwaysrare (1991,
1993-1997) over the relatively shallow ridge between
Orkney and Shetland .

In spite of the evidence for adegree of inter-annual stabil-
ity in spatial distribution, there were a so notable differences
between the six surveys. In 1991, for example, the chance of
recording herring schoolswas high west of Shetland, but low
in the same area between 1994 and 1996 . Herring
schoolsrecorded on, or very near the surface, were compara
tively rare, but most likely to be encountered to the north and

west of Shetland. The spatia distribution of gadoids was
highly variable between surveys, in terms of both shape and
level {Fig. 2. In July 1991 and 1993, for example, gadoids
were most common over therelatively shallow ridge between
Orkney and Shetland, whereas by 1994 they were more
abundant east of Shetland (Fig. 2). Mackerel schools were
seen west of Shetland during July 1993 and 1994, although
they arerarely recorded on acoustic survey, because of alow
target strength caused by their lack of a swimbladder (Foote
et a., 1987). Sandeel and sprat schools were also compara-
tively unusual (Fig. 9, but characteristic of the shallower
areas around Orkney, Shetland, and mainland Scotland.

Since the effect of time of day on school prevalence was
estimated independently from the spatial information (see
Table 1), its shape is the same across the entire study area,
only the overall level being ableto change with location. The
chance of recording herring schools was highest during the
day between 05:00 and 19:00 h in al 6 years surveyed.
Gadoid schools were also most commonly recorded during
daylight, although they varied in detail between surveys.
Mackerel, sandeel and sprat schools were recorded rarely
throughout the surveys, and probabilities were correspond-
ingly low. Mackerel and sprat were morelikely to be detected
inthe afternoon, while sandeel schoolswere more commonly
observed in the morning between 06:00 and 10:00 h.

3.2. Ypatial associations for a fixed time of day

In order to examine the association between the different
species groups, correlation coefficients, r, were calculated
using probabilities output by the GAMs described above.
Since there was a clear inter-annual, or between survey,
effect in the data (see Figs. 1 and 2) correlations were exam-
ined separately for each year. Unfortunately mackerel, sand-
edl and sprat were omitted from this part of the study because
of data sparsity caused, either by their failure to be detected
by the echosounder, or by their actua relative rarity (e.g.
Fig. 2) in the survey area.

Correlation coefficients at 10:00 h, between herring and
surface herring for al six surveys are plotted in the first
column of followed by the association between her-
ring and gadoids (column 2, , and finaly between
surface herring and gadoids (column 3, . Correlations
were of mixed sign between herring and surface herring.
There were positive associations along the continental shelf
north of Shetland, where herring abundance is usualy high
, and generally negative associations in the shallow
areaswherethe gadoids are most prevalent. Therewerelarge,
negative correlations in space between herring and gadoid
schools around Orkney and Shetland, although there was
some evidence of positive association between herring and
gadoids at the periphery of the study region . The
association between surface herring and gadoids was also
generally negative in space and varied considerably between

surveys (Fig. 3).



D.J. Beare et al. / Aquatic Living Resources 16 (2003) 307-312 311

Her & Sfc Her *91 Her & Gad *91

Sfc Her & Gad "91

Sfc Her & Gad *93

G
jﬁ

Sfc Her & Gad *94

e 2

Her & Sfc Her ’94

o
. %
?‘:‘.M v
—"7
Her & Sfc Her "95 Her & Gad ’95
(=3

) ya 3 ]

Her & Sfc Her *96 Her & Gad "96 Sfc Her & Gad ’96

Sfc Her & Gad "97

Her & Sfc Her "97

]

Corrn Coeff

-1.0 0.5

Fig. 3. Spatial variation in association between three species pairs (e.g.
herring, surface herring and gadoids) at 10:00 h for each of the six July
acoustic surveys. Units are correlation coefficients cal culated using Eg. (3).

3.3. Temporal (time of day) associations for a fixed location

Correlation coefficients calculated for the 1991 survey are
displayed as a function of time of day, for an arbitrarily
selected location west of Shetland, in The horizontal
line isazero correlation, below which association is
negative and vice versa. The correl ation coefficient estimated
between herring and surface herring remained negative
throughout the day, suggesting fairly stable negative associa-
tions . Herring and gadoids, however, were much
more strongly, negatively associated with each other (e.g.
. There was a pronounced time of day effect with the
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Fig. 4. Daily variation in association between the three species pairs (e.g.
herring and surface herring; herring and gadoids; surface herring and ga-
doids) at an arbitrary location west of Shetland during the 1991 survey. Units
are correlation coefficients computed using Eq. (3).

herring and gadoid schools least negatively associated with
each other at noon.

4, Discussion

During the study, we have demonstrated the potentia
value of acoustic data for exploring the spatial interactions
between fish assemblages according to their taxonomic
groupings. The use of statistical models has further enabled
us to summarise spatial and temporal (time of day) distribu-
tions of the various schooling groups. In addition, the prob-
ability of positive observations for pairs (e.g. herring and
gadoids) of species groups both being recorded, within each
EDSU at the same time of day, could be modelled, allowing
unusually detailed examination of relative associations be-
tween the groups in space/time contexts.

The usual approach to such problemsisto calculate Pear-
son rank correlation coefficient between abundances of, say,
species A and species B. But for these data, however, that
approach could not be taken because thereis only one obser-
vation available in each EDSU, i.e. one count of species
group A and one of species group B. Binary or
presence/absence model swere used because most of the data
(>80%) are actually zero, i.e. any particular EDSU is most
likely to have no schools present at al. Therefore, any costs
due to the binary simplification, in terms of lost information
at higher levels of school abundance, are compensated for by
a statistically robust protocol for dealing with zeros, which
ultimately allows reasonable model selection to take place.
Moreover, the four probabilities, estimated at each EDSU,
aso then enable an estimation of ‘association’ (spatio-
temporally resolved correlation coefficients), which would
not be possible otherwise because of the data-sparsity al-
luded to above. A further advantage of our method is that
correlation or association is examined at amuch higher level
of detail than could be achieved using more conventional
methodologies. The chance of finding only species A in an
EDSU, only species B, both species A and B together, and
neither species A or B can be estimated here, and there are
thus four different possibilities for correlation between any
species pair instead of two.

The schools of most of the species groups studied here
were most likely to be recorded by echosounder during the
daytime period. This may not be because there are necessar-
ily more fish present, but because of regular diel transitions
between densely packed school formations in daylight, and
individual, or small groups of, fish in darkness. Schooling is
believed to be, primarily, a predator avoidance behaviour
(Pitcher, 1993) in that an individual fish isless likely to be
eaten in a large aggregation than when alone. Schools are
often depicted as breaking up at night as the behaviour is
largely in responseto visual cues. Interestingly, in this study,
sprat schools were most abundant in the evening, which is
contrary to typical behaviour evidenced, for example, by
herring. It should be noted, however, that sprats are not
particularly common in most of the survey area.
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The mainly positive associations observed (Fig. 3) be-
tween the two categories of herring schools along the conti-
nental shelf edge was contrary to expectations. In a previous
study, Reid and Maravelias (2001) showed that, over short
spatial scales, herring schools related differently to topogra-
phy and substrate depending on their relative position in the
water column. Schools close to the seabed showed good
correlation with particular substrates and bottom features,
while no such relationship could be seen for the surface
schools. The finding of the present work indicates that the
two herring school categories are positively associated with
each other where herring numbers are high, and for the
purposes of stock estimation, could be handled together,
using the same biological data (e.g. length frequency and
weight-length relationships).

Herring and gadoid schools were more strongly, nega-
tively associated with each other than herring and surface
herring suggesting that herring and gadoids
occupy different environmental niches. An alternative possi-
bility is that the adult herring may be actively predating on
the small gadoids, which make up this assemblage. Again,
fromasurvey analytical perspective, the negative association
between the herring and the gadoids is useful, as it suggests
that they tend not to be co-located, and so echotraces are less
likely to bewrongly allocated. A problem in interpreting this
observation is that the “gadoid” category comprises a num-
ber of species (predominantly whiting, haddock, Norway
pout and saithe, but including others). Additionaly, these
schools or aggregations would vary in terms of species com-
position across the survey area. Unfortunately, the survey is
not designed to differentiate gadoid species, and this would
be difficult to achieve retrospectively, as the trawls were
principally conducted to identify pelagic species and differ-
entiate those from the gadoid assemblage.

In conclusion, the present study has shown that the school
distribution of apelagic species such as herring can be shown
to have a relationship with the distribution of other fish
species, occupying the same general area. In this case, the
associationswere mostly negative and rather weakly positive

dFigs 3 and Z|) suggesting that the schools of pelagic fish
occupy space (Fig. 3 and time of day in different
ways. Thisinformation can be added to the corpus of dataon
other biotic and abiotic correlates with herring distribution
presented in previous papers (Bailey et al., 1998; Maravelias
and Reid, 1995, 1997; Maravelias et a., 1996). The com-
bined picture from all these studies is one of a complex
interaction between the spatial distribution of the herring and
many aspects of their environment. In addition, the study has
shown that the different types of herring school—surface and
deep—are positively associated in space and time of day, and
can be analysed as a single population.
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Abstract

A hydroacoustic monitoring technique to quantify and assess the ecological requirements for migration of the anadromous clupeid, Alosa
fallax fallax (twaite shad) was devel oped, and its effectiveness studied, on the River Wye in Wales. The acoustic monitoring technique was a
side aspect application, with two transducersfixed permanently to theriverbank and the acoustic beam from each aimed horizontally acrossthe
river towards the opposite bank, perpendicular to flow. Two split-beam echo sounders and transducers were deployed, each operating at
different frequencies (200 and 420 kHz). Using a combination of these two frequenciesit was possible to demonstrate that shad show strong
avoidance behaviour to sound transmitted at 200 kHz and would not pass the monitoring site when sound was transmitted at this frequency.
They remained unaffected by sound transmitted at 420 kHz and were observed migrating upstream in large, loosely aggregated shoals. From
visual observations above and below the water, shoals were estimated to comprise of many hundreds of individuals, covering a size range of
between 30 and 45 cm. Only afew individual s could be resolved by the acoustic system operating at 420 kHz, and it wastherefore, not possible
to obtain acount of fish by “target tracking” single shad. However, by transmitting 200 kHz sound pul ses on a50% duty cycle the seasonal and

daily patterns of shad migration were derived from the analysis of data gathered by the acoustic system operating at 420 kHz.
© 2003 Editions scientifiques et médicales Elsevier SAS and |fremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction

Itisclear from research into the sensitivity of fish to sound
that some species of clupeiforms are unique amongst fish in
being able to detect high frequencies.

Published sensitivities for other teleost fish range from
10Hzto 1 kHz (Popper, 2000) with the odd exception likethe
Atlantic cod (Gadus morhua) demonstrating sensitivity up to
38 kHz (Astrup and Mghl, 1993). However, most fish detect a
much lower range of frequencies, as typified by the anadro-
mous Atlantic Salmon (Salmo salar) which has been found
to detect frequencies within the 10-380 Hz range (Hawkins
and Johnstone, 1978).

Studies conducted on the Alewife, Alosa pseudoharengus
(Dunning et a., 1992; Ross et a., 1996), Blueback herring,
Alosa aesivalis (Nestler et a., 2002) and American shad,

* Corresponding author.
E-mail address: jim.gregory @environment-agency.gov.uk (J. Gregory).

Alosa sapidissima (Popper and Carlson, 1998) showed
avoidance responses to sound at frequencies over 120 kHz.
The highest frequency to solicit a response was 180 kHz for
American shad.

More recent research has indicated that this ability to
detect ultrasound may be limited to the alosids. Mann et al.
(2001) used auditory brainstem response to show that the
aosid gulf menhaden (Brevoortia patronus), detected fre-
guencies over 100 kHz but the bay anchovy(Anchoa mitch-
illi), scaled sardine (Harengula jaguana) and Spanish sardine
(Sardinella aurita) did not respond to frequencies over 4 kHz.

This study describes observations on the behaviour of a
speciesof clupeid, thetwaite shad (Alosa fallax fallax), when
subjected to two frequencies of pulsed ultrasound, 200 and
420 kHz, as they migrate up the River Wye along the border
between England and Wales. It discusses a potential tech-
niquethat utilisesthis behaviour to discriminate and enumer-
ate shoals of shad and assess the ecological requirements for
the migration of twaite shad as they pass an acoustic fish

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

doi:10.1016/S0990-7440(03)00024-X
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counter deployed primarily to count salmon passage. The
twaite shad is an anadromous species that enters freshwater
to spawn between April and June.

This study is different from previous studies in that it
describes empirical observations of fish behaviour to sound
inanatural river environment rather than at an impoundment
or ameasured brainstem response. It isastudy on aEuropean
species of anadromous fish and demonstrates an avoidance
reaction to a higher frequency of sound (200 kHz) than
previously published for any fish species.

It also illustrates a method of utilising this behaviour to
discriminate al osid speciesfrom others and assessfish migra-
tion using afixed location acoustic counter.

2. Methods

An acoustic echo sounder (HTI model 243) has been
deployed on the lower reaches of the River Wye to monitor
salmon migration since 1995. The split-beam transducer is
aimed horizontally to the river bed and perpendicular to the
river flow across the 30-m width. A second acoustic system
and transducer operating at a frequency of 420 kHz was
deployed next to the 200 kHz transducer, aimed in the same
way.

The 420 kHz system was operated continuously from
April to July to cover the migration period for twaite shad
into the River Wye. Data from the acoustic systems were
collected and analysed during this period. The 200 kHz
system was operated for 30 min every hour and deactivated
for 30 min. Data were collected and analysed for the 30 min
of operation each hour.

Observations on fish behaviour as they approached the
acoustic beams were recorded on video cameras deployed
from the bank in air and from underwater cameras deployed
at various ranges across 26 m of the 30 m river width.
Maximum water depth was around 2.5 m. The water clarity
in the Wye enabled shoals of shad to be clearly identified
from bank side observations as they swam upstream.

Observations on fish behaviour were made:

* During continuous operation of the 200 kHz system.

« Immediately following the disabling of the 200 kHz
system.

« During the continuous operation of the 420 kHz system,
with the 200 kHz system deactivated for 30 min of every
hour.

Acoustic data were collected and analysed for al three

periods.

2.1. Technical specifications of the two acoustic systems

The acoustic parameters of the sound pulse generated by
the 200 and 420 kHz systems were standardised as much as

possible. The major parameter settings used are shown in
_.

Table1
Pulse transmission details for the two frequencies used
Parameter Setting

420 kHz 200 kHz
Frequency (kHz) 420 200
Maximum processing range (m) 26 20
Sourcelevel (referencepressure 202 dB 2218dB
1pPaat 1 m)
Ping rate (s™) 20 20
FM dlide or CW pulse CW CW
Transmit pulse width (ms) 0.2 0.2
Transmit power (dB W) 18 24
Nominal transducer beamwidth ~ 2.8° vertical x 2.8° vertical x

(in degrees off axis of the—3 dB 10° horizontal 10° horizontal

points of the beam)

3. Results

3.1. Shad behaviour under constant operation
of the 200 kHz system

Shoals of shad migrating upstream were seen to abruptly
reverse direction when they came within 5 m of the acoustic
beam axis as it pointed towards the opposite river bank.
Every shoal that approached the beam demonstrated this
behaviour and returned downstream. It was not possible to
tell how many different shoal s approached the acoustic beam
or how many approaches each shoal made. However, after
several daysunder thisoperating regime, avery large“ super”
shoal of shad containing what looked like many thousands of
individuals had formed downstream of the acoustic beam.
This shoal circulated about 30 m downstream and made
repeated approaches to the acoustic beam without passing
through it. The underwater cameras recorded just two fish
breaking away from the main shoal and passing through the
acoustic beam.

During this operating regime, two changes to the transmit
parameters of the acoustic system were made and the results
observed. The parameters changed were transmit power and
ping rate. Changing the transmitted pulse rate from 20 s
down to 1 s made no observable difference to shoal behav-
iour. After lowering the transmit power to give asource level
of 185 dB, the shad would swim much further upstream, and
closer to the acoustic beam, before turning away and swim-
ming downstream as before.

3.2. Shad behaviour on deactivation

On the deactivation of the 200 kHz system, approaching
shad shoal s passed upstream through the previously ensoni-
fied area without any apparent hesitation. If the 200 kHz
system was activated when a shoal was within the beam of its
transducer, the individual fish demonstrated an immediate
“C” body shape startle response and scattered in different
directions.
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Fig. 1. Echogram display of shad shoals passing through the acoustic beam
of the 420 kHz system. The horizontal lines are 5 m range intervals,
representing a range of 0-25 from top to bottom. The echogram represents
4 min of data collection.

3.3. Shad behaviour during 60 min duty cycle
of the 200 kHz system

During the 30 min each hour the 200 kHz system was
deactivated, all shad shoa approaches observed resulted in
unhindered passage. Estimations of the number of individual
fish in the shoals ranged from 10 to many hundreds. The
lengths of individual fish were estimated to range from 30 to
45 cm. All shad shoa approaches made during the 30 min of
200 kHz activation resulted in afailure to pass upstream.

4. Acoustic data results

The large aggregations of echoes on the echogram shown
incamefrom shoals of shad moving upstream. It was
assumed that these are shad shoals because a corresponding
echo pattern was not detected during activation of the
200 kHz system. These shoals were aso confirmed by the
underwater video camera array.

The fish were travelling too close to each other to resolve
individual targets and it was not possible to obtain a count of
fish by “target tracking” single shad. The fish migrated in
large shoals from which only avery few individual s could be
resolved by the acoustic system. However, shoals of shad
could clearly be identified from the echogram and criteria
developed to distinguish individual shoals so that the spatial
and temporal migration patterns could be derived for shoal
migration. A direction of travel for each shoal could be
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Fig. 2. Distribution of shoal passage within each hour for a2-week periodin
May 2000. The 200 kHz system is active from 45 to 15 min.

assigned by examining the average position of echoesin the
horizontal plane. The changein average position over timeas
the shoal passed through the beam was used to determine
positive (upstream) movement or negative (downstream)
movement.

The avoidance response of shad shoals to 200 kHz is
clearly demonstrated inThe datadisplayed arefroma
2-week sub-sample during the early part of the shad migra-
tion period. The 200 kHz system was active for half an hour
from 45 min past each hour. All shoals passed the site when
the 200 kHz system was deactivated, with one exception.
This one exception passed upstream when the 200 kHz sys-
tem was briefly shut down for maintenance.

The upstream spawning migration of twaite shad during
2000 is shown in|Fig. 3 together with the subsequent down-
stream migration of post-spawning shoals. The river flow in
cubic metres per second is also displayed.

shows the diel distribution of upstream and down-
stream migrating shad shoals for 2000. Movement past the
counter was much reduced from 21:00 to 03:00, with a peak
in activity around dawn. Thisisasimilar distribution to that
found for allis shad (Alosa alosa) on the Dordogne in South
West France by Travade et al. (1998).
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Fig. 3. The number of upstream and downstream migrating shad shoals
detected by the 420 kHz acoustic system during 2000, in relation to river
flow.
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5. Discussion

Twaite shad demonstrate avery strong avoidance reaction
to a sound pulse transmitted at 200 kHz and would not pass
upstream of atransducer aimed across a 30-m width of river.
This behaviour remained unchanged on the variation of the
ping rate. A lowering of the transmit power appeared to
reduce the fishes sensitivity to the transmitted pulse. Only
two fish were observed on the underwater video array to
leave ashoal and pass upstream through the beam. It was not
possible to tell from the video images whether these “ break-
away” fish were Twaite shad that may have become acclima-
tised to the sound or were the less abundant Allis shad, A.
alosa, which are thought to be present in the Wye. Guillard
and Colon (2000) monitored twaite shad with a 70 kHz
acoustic system on the River Rhéne in France with no re-
ported avoidance reaction.

Twaite shad behaviour on the River Wye appeared unaf-
fected by a sound pulse with similar characteristics transmit-
ted at 420 kHz. Shoals of shad were observed passing
through the acoustic beam without hesitation. This allowed
them to be detected and enumerated by the acoustic system.

Although it was not possible to obtain a count of fish by
“target tracking” single shad, shoals could be counted and
spatial and temporal distribution patterns derived. On theWye
therewere no other fish species shoaling at thistime of year so
species apportionment of these shoalswas not an issue. How-
ever, it would be possible to apportion acoustic shoal or
individual countsaseither clupeid or not clupeid based on the
difference in the number of events counted when the 200 kHz
system was activated compared to periods of deactivation. In
this way, the dua frequency technique could be used to
distinguish and enumerate clupeids sensitive to ultrasound in
situations where other shoaling fish species are present.

Although two shoals of shad werefirst recorded migrating
upstream in early April, the main run did not begin until the
10th May when flows had dropped to 50 m* s™. When river
flows increased to over 100 m*® s?, there was a marked
decrease in upstream migration. Although water tempera-
tures were not recorded, they would have been rising during
May as the river flow dropped. Boisneau et a. (1985) and
Guillard and Colon (2000) have reported positive correlation
of shad migration with water temperature for A. alosa.

Downstream migration was first recorded on 1st June, with
thelast shoal being detected on 4th July. Upstream migrating
shoals continued to be detected into early July.

Very little upstream migration occurred during the hours of
darkness (22:00-03:00), although the peak in downstream
movement corresponded to decreasing light levels in the
evening. Similar patterns of movement have been reported for
the American shad, A. sapidissima, from observations made
by underwater video cameras (Haro and Kynard, 1997).

Echo integration, as used in the marine environment to
estimate shoal densities, was not considered applicable to
data collected from a shallow river using a horizontally
aimed transducer as many of the key assumptions required
for the echo integration technique do not appear to hold true
under these circumstances. However, enumeration of shoals
and assessment of their run timing characteristicsis possible.
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Abstract

In populations of herring@lupea harengus) or sprat Sorattus sprattus), one typically observes a pattern of schools forming at dawn and
dispersing at dusk, usually combined with vertical migration. This behaviour influences interactions with other species; hence a better
understanding of the processes could contribute to deeper insight into ecosystem dynamics. This paper reports field measurements of the
dispersal at dusk and examines two hypotheses through statistical modelling: that the vertical migration and the dissolution of schools is
determined by decrease in light intensity, and that the dissolution of schools can be modelled by diffusion, i.e. active repulsion is not required.
The field measurements were obtained during 3 days in March at one location in the Baltic Sea and included continuous hydroacoustical
monitoring, trawl samples, and hydrographical CTD data. Echogram patterns were analysed using the school detection module i Echoview
and local light intensities were calculated using a model for surface illuminance. The data and the analysis support that schools migrate
upwards during dusk, possibly trying to remain aggregated by keeping the local light intensities above a critical threshold, that schools initiate
their dissolution when ambient light intensity drops below this critical threshold, and that fish subsequently swim in an uncorrelated random
walk pattern.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Random walk; Dispersion of schools; Light; Clupeids; Baltic

1. Introduction cations that both herring and sprat, and their main predator,

cod, are feeding during dusk and dawn (Blaxter and Parrish,

When collecting hydroacoustic data in the Baltic, one 1965; Adlerstein and Welleman, 2000) and consequently

commonly sees a fast change in the echogram structure athese periods could be very important for the population

dawn and dusk. The day situation is often characterized bydynamics. This motivates an investigation of the spatial
aggregations of clupeids close to the bottom, whereas therestructure and how it changes during dusk and dawn.

are disperse targets in the whole water column during the  The dominant species of fish in the Baltic Proper are sprat
night. The pattern is similar to that of herring inthe North Sea (Sgrattus sprattus), herring C| upea harengus), cod @adus
(Blaxter and Parrish, 1965; Blaxter, 1985), however, in the morhua), and flounderRlatichtys flesus). Due to the relative
Baltic, a large proportion of the schools do not migrate scarcity of species, especially among schooling fishes, the
vertically—they disperse in the initial phase of the transition Baltic is a well-suited study area for the transition between
close to the bottom. It is possible that most of the predator—schooling and dispersed state in clupeids, since it is relatively
prey interactions take place during the twilight period (Ma- easy to know what species one is studying and since the

jor, 1977; Clark and Levy, 1988); the swift changes seen on possible number of interactions between different species is
the echograms may be an indication of this. There are indi-feyy.

While there is some consistency as to where and when
* Corresponding author. schools can be found, it remains much less clear why and
E-mail address: afn@imm.dtu.dk (L.A.F. Nilsson). how the transitions occur. One specific question is if school-

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00039-1
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ing fish actively spread out at dusk, or if schools ssimply
diffuse astheir members cease to maintain the structure. This
article approaches this question by estimating the time con-
stant of dissolution, assuming passive diffusion, and compar-
ing with observed transition times. Another open question is
how directly the dispersal is related to the decrease in light.
We examine this issue by estimating the local light intensity
at the position of observed schools.

2. Materials and methods
2.1. Data sampling and analysis

Datawere collected during asurvey with R/V Dana12-14
March 2002. Two Simrad EY 500 split-beam echosounders
were continuously recording at 38 and 120 kHz, respectively.
The hydroacoustical data were stored electronically. The
transducers were hull mounted, and the echosounders were
calibrated using standard procedures (Foote et al., 1986).
Fish were collected using a TV 3-trawl; it was used as a
bottom trawl except for night haulson March 14, when it was
used for pelagic hauls. Hydrographical data were collected
several times a day with a Seabird SBE911PLUS CTD
equipped with a light sensor (Biospherical/Licor) that mea-
sures the photosynthetically active radiation (PAR). The col-
lection of fish was performed during both day and night on
approximately the same site.

The location at approximately 16° 20' E, 55° 45' N was
chosen to be representative of the Bornholm basin with
respect to species composition and depth range; the depth at
this location was 55-65 m. The fish caught were minced and
afterwards discarded into the sea at a dumping site 5 nmi
away downstream in order to avoid disturbancesto the study
site. Steaming speed to and from the dumping site was
12 knots, otherwise the ship was operated at approximately
3 knots in order to make the acoustical data independent of
whether the ship was trawling or not. The current direction
was registered using an acoustic Doppler current profiler.

The hydroacoustical data were analysed using the Echo-
view software, version 2.20. The lower threshold for accep-
tance of volume backscattering values, S, was set to —60 dB
for echo-integration and school-detection procedures. The
school detection parameters were set heuristically and the
distances were based on GPS positions. The settings for the
38 kHz sounder were (120 kHz settings within parentheses):
minimum school length 2 (1.20) m, minimum school height
2 (1.20) m, minimum connected height 1.5 (0.6) m, maximal
vertical linking distance 3 (2) m, maximal horizontal linking
distance 3 (7) m.

Both the EY 500 and the Echoview software have algo-
rithmsfor detecting the bottom. However, due to bad weather
with high swell on March 14, the bottom identification did
not perform well. Improved bottom values for pings were
identified using a Matlab program searching for the maxi-
mum increase of echo level between samples near the ex-
pected depth obtained from nearby pings. Furthermore, to

Depth(m)

Fig. 1. Detail of echogram from March 14. Bottom isunsmoothed in the | eft
panel, smoothed in the right.

compensate for ship movements due to the swell, a C++
program was used to produce new raw data files in which
datain relevant telegramswere shifted up or downin order to
get bottom points aligned with a smoothed bottom line ob-
tained by a moving average with Gaussian weights. The end
result was a smoother bottom (see Fig. 1) and echogram
patterns more comparable with the days with calm weather.
We did not correct for bubbles under the ship. Regions that
evidently were affected by this phenomenon were excluded
from the analysis. Data from 0.5 m above bottom to 15 m
below surface were included in the echo-integration and
school-detection procedures. The upper limit was chosen
since observed fish densities were very low above this depth
and in order to exclude bubble noise on March 14.

The ship isequipped with aLicor PAR light sensor placed
on the top of the ship, but its sensitivity was insufficient for
measuring light intensities at dawn and dusk. Instead the
light variations for twilight were estimated using a model by
Janiczek and De Young (1987), which gives surface illumi-
nance given time, date, geographical position and cloudiness.
The cloudinessis given as four factors, corresponding to:

a Average clear sky, less than 70% of the sky covered by
(scattered) clouds; the direct rays of the Sun or Moon are
unobstructed relative to the location of interest.

b The Sun or Moon is easily visible but direct rays are
obstructed by thin clouds.

¢ The direct rays of the Sun or Moon are obstructed by
average clouds.

d Dark stratus clouds cover the entire sky (rare).

In the computer program, these conditions a—d correspond

to dividing the calculated illuminance with a factor 1, 2, 3,
10, respectively. The model is quite crude (see Fig. 2). Since
the sky was clear for most of the time, we have chosen to use
the factor 1 or condition a

The attenuation of light by water was estimated from the
Seabird PAR data using a linear regression of the logarithm
of light intensity on depth:

In1(z) =In1(0) - Kz (1)

where 1(2), 1(0) are the light intensities at z and 0 m depth,
respectively, and K isthe attenuation coefficient. K wasfound
to vary between 0.131 and 0.167 m™. We chose to proceed
with a value of 0.16 m™, which is higher than the average
value for the layer of interest, arguing that the rays of light
during dusk comefrom amore or less horizontal light source.
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Fig. 2. Plot of logarithmic light intensities In(umol quantas™ m=). The dots
arethe measurements from the quantum light meter on R/V Dana. The black
lines correspond to the four different cloud situations in the model for
illumination (uppermost—clear, lowest—sky covered with stratus clouds).
Horizontal scaleis hours.

The attenuation is somewhat higher in the layer 0-10 m but
we do not take this into account, since the relative effect of
thisis the same for all days and since only data below 15 m
were analysed.

The surface illuminance from the model is given in lux,
but the attenuation constant is based on PAR. We choose to
use the factor 0.01953 pmol quanta s m= lux™ (Brock,
1981) to convert illuminance to surface PAR irradiance,
assuming a standard daylight spectral distribution.

2.2. Migration process in relation to light levels

For every ping, the depth at which the local light intensi-
ties would correspond to 0.01, 0.1, 1 lux, respectively, were

calculated using the daylight model and the attenuation coef-
ficient. These light levels were chosen a priori since it has
been reported that schooling ceased in thisinterval (Blaxter
and Parrish, 1965; lidaand Mukai, 1996). The datawerethen
displayed in the echograms as lines of equal irradiance. The
schools followed the lines (see Fig. 3). With the Echoview
school -detection module, we obtained the mean depth of a
school and the time at which the school was recorded. In the
same way as above, time was used to calculate the light
intensity at the mean depth of the school. For datawell within
the transition period (17.25-18 UMT), we tested the model:

Yi = o+ X gy 2

where Y;; isthe natural logarithm of the light intensity at the
depth of the centre of the jth school at the ith day, «;, f; are
constants for day i, and X;; is the depth of the jth school on
day i, and €; are independent and identically distributed
normal variables with zero mean and variance 6. The log-
transformation was necessary to meet the standard assump-

tionsfor linear regression.

2.3. Modelling the dissolution of schools by diffusion

This section constructsamodel of the diffusion of schools
and proposes three different time constants describing the
duration of the process. With all three approaches, the num-
ber of fish in a typical school is Poisson distributed with
mean N and the sizes of different schools are stochastically
independent. At the starting point (dusk), all fishin the school
are positioned at a single point in the plane. Then, instantly,
all social forces are removed and each fish performs an
independent random walk. The difference between the mod-
els is in how schools are placed at the starting point, and
which criterion is used for the schools to have dissolved.
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Fig. 3. The vertical migration of schools and dissolution at dusk on March 13. The three green parallel lines that rise from left to right are lines of equal light
intensity. The step in the lines (left, top) is due to sunset. Distance between horizontal lines are 10 m and 0.5 nmi between vertical lines.
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2.3.1. Dispersion from regularly spaced schools

Attimet = 0 (dusk), aschool islocated at each nodein a
regular two-dimensional grid with grid length L. At times
t > 0, each individual fish performs a random walk in two
dimensions with intensity 2. The expected time until an
individual fish has displaced itself a distance Ax from its
starting point is (e.g. Berg, 1992).

g @

If we insert L/2 for Ax, then we obtain roughly the time
until the individua is halfway between two school centres;
hence we cannot determine from which school theindividual
originated. Based on this argument, we would find that the
time to dissolution of the schoolsis

1L°
8,2 (4)
Although thisargument is somewhat sketchy, we shall see
below that more elaborate modelling leads to similar an-
swers.

2.3.2. Satistical detection of school structure
Using the same model as above, theindividual fish consti-

tute a Poisson point process (Stoyan et a., 1995) which is
fully specified by itsdensity p(x,y,t). Thisdensity satisfiesthe
partial differential equation (e.g. Berg, 1992):

ap(x Yy, t

POV L5y @
and can be expressed in terms of its Fourier series (Farlow,
1983):

Xy, 1) = E E At exp( 22 W) (g)

Here, the coefficients A, (t) are determined by the initial
conditions, and are equal to:

A =S ew(-3 A e +1) @

The shape of the solution is quickly dominated by the
smallest non-zero eigenvalue, =1/ 262 (2 L)?, obtained with
wave numbers k% + 12 = 1.

At time T, we hypothetically sample two square regions,
each of areaL?/4. Onearea, A, is centred around (x,y) = (0,0)
so that theinitial position of the school isin the dead centre.
The other, B, is centred at (x,y) = (L/2,L/2) i.e. the point in
space furthest away from the schools.

The number of fish found in region A, N,, isthen Poisson
distributed with mean EN4:

BN, = [ o xay =S ARG ©

where

HA(k,I):J. exp( 27 BEY) ax ay = (k) 1(1) (9)
A
and

f(k) =JL/4 exp( 271 %) ax (10)

-L/4

We havethat f(k) isequa to L/2 when k is zero, otherwise
itis 5o |k ( exp(% ik) - exp( - % ik) ) The latter expres-
sion |sequal to Owhen kiseven and non-zero. When kisodd,
we have f(k) = L/(nk), if k= ..., =11, -7, -3, 1,5, 9,..., and
f(k) =—L/(nk), if k=...,—9,-5,-1, 3, 7, 11,.... Now, focusing
on the long-term behaviour, we consider only the lowest
eigenvalue obtained with k% + 12 = 1. Then

2 2
EN, = 5 Aoo(T) + 5 (Au(T) + A(T) A, (T)

+A 10(T))_—+ﬂex|o(——(2—|f) T) (11)

Correspondi ngly,
Np = 4A00(T) 2 (A(,l(T)+A10(T)+A0 «(T)

A ) =5 -2Nep(-Z (2)'1) 12

The criterion for the schools to have dissolved is that the
Ng > N, with a certain probability P = 1/2 —«. Approximat-
ing the Poisson distributions with Gaussi ans, wefind

Ng - N, ~ N(4N DY) g

And Pisthe probability of N ;—N , > 0which can then be
approximated as
F(E)
(14

where @ is the standard Gaussan distribution function.
Equivalently,

P=3-a ( M_

L? n 1
_angzln(4\/mq(§+a)) (15)
where q(1/2+«) isthe (1/2+«a)-quantile of the standard Gaus-
sian distribution.

According to this expression for T, the natural time scale
of the dissolution processis L?/c2. In this time unit, we may
plot T asafunction of o for different valuesof N. Thisisdone
in Fig. 4. The most striking feature of the plot is the plateau,
implying afairly rapid transition from high levels of aggre-
gation (o = 0.4) to low levels of aggregation (.= 0.1). Thisis
comforting since it implies that the estimated transition time
is not very sensitive to the exact choice of a, i.e. the critical
level of aggregation. With this approach, the dependence on
INnN is also quite natural; more fish in the school makes it
easier to detect differences when they exist.

T=

2.3.3. Dispersion from randomly placed schools
Thismodel isaPoisson cluster model, using the terminol -
ogy of stochastic geometry (Stoyan et al., 1995): schools are
placed randomly in the plane according to a Poisson point
processin 2D with intensity A. To obtain the same density as
in the previous model, we must have A2 = 1. As before,
school sizes are independent and identically Poisson distrib-
uted with mean N, all fish within a school are co-located at
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Fig. 4. Time against level of aggregation.

the school centre at timet = 0, and for time t > 0, each
individual performs an independent Brownian motion with
intensity 2.

At some later time t, the stochastic geometry becomes a
Cox process, i.e. a conditional Poisson point process. To be
specific, given the school centres, the density of the fish
originating from the particular school isa Gauss bell, and the
total density is the superposition of all these Gauss bells.

For a Poisson process, we can define the entropy as
I=-ElInp(xy)

i.e. minus the logarithmic density at a“typical point”.

If only one school is present at position (x,y) = (0,0), then
at time t, individual fish will be distributed according to a
Poisson process with density

(16)

pX Y, 1) = a_tﬁ (17)

2na t
leading to an entropy
l=1+In2z+Ing’t-InN (18)

where 62 t isthe variance in the 2D Gauss bell at timet. For
low values of t, the schools do not interact and the same
expression holds for the Poisson cluster model. Ast grows,

the entropy will gradually approach its limit in which the
density is constant

P = N (19
which leads to an entropy of — In  NA_. One way of assess-
ing the time duration of the transition is to assume that the
initial growth of entropy continues and then report the time
where this entropy reaches the steady-state value. We find:

1+In2z+Ing’t-InN=-In_—-InN (20)
or

1
t=——— 21
2n e)vsaz 21)

2.4. Estimation of parameters

The inter-school distance was obtained with Echoview’s
school-detection module. Mean target strength was calcu-
lated from the TS relation (Foote, 1987) for clupeids and the
length-distribution of caught herring and sprat. Thiswas used
to calculate the number of fish per school, assuming that
schools could be described as vertical cylinders. The mean

school areais (MacL ennan and Simmonds, 1992) A = 3n Eé,
where Eé is the mean of squared length of schools.

3. Results

For the bottom and pelagic hauls, the catch consisted of
more than 70% and 97% of clupeids, respectively (see Table
1). The size distributions were the same for bottom and
pelagic haulsfor sprat and herring (Fig. 5); the schoolson the
echograms are most likely sprat and herring.

The model for the relation between depth of school cen-
tres and local light conditions was significantly better at
describing datathan Y;; = ;, i.e. that thelogarithm of the light
was independent of depth (P < 0.002). The model could be
reduced to amodel with acommon slope; al f5; areequal (see
Fig. 6). The model could not be reduced more, e.g. to zero
slope or a common intercept. The residual plots did not
indicate that the model was inappropriate. Since the error
variance was high, the part of the variation that could be
explained by the model was rather low, 0.22.

The distance between schools was found to be 70-200 m,
the number of clupeids per school was 400-900, and the
mean areawas in the range 120220 m?.

Table 1
The weight and percentage of the species caught in the bottom hauls
Species Common name Fraction in bottom hauls Fraction in pelagic hauls
Sprattus sprattus Sprat 0.636 0.798
Clupea harengus Herring 0.094 0.177
Platichtys flesus Flounder 0.011 0
Gadus morhua Cod 0.257 0.025
Other species 0.002 <0.001
Total weight (kg) 4387 914
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Comparing the three suggested time constants of the tran-
sition, only the second time constant is based on statistical
identification of school structures and hence grows with the
number of fishin atypical school. Except for this difference,
thetime constants scaleidentically. Furthermore, for aschool
size between 10 and 10 000 fish, the estimated time constants
are all of the same order of magnitude, i.e. between 0.05 and
0.3, measured in the time unit L%¢2. In summary, a useful
time constant of the dissolution process is about 0.1 L%¢?
and after 0.3 L%/o?, itisfair to say that the process has ceased.

To estimate L2, we note that the average distance between
schools during the daytime is 70200 m. Since the width of
the transect at the bottom is 7-8 m (7° beam width), this
implies aschool density of maximum one school per 490 m?
and minimum one school per 1600 m?.

To obtain arough estimate of the diffusivity, we assume a
swimming speed of one body length per second and a body
length of 0.1 m, and arelaxation time (time between turns) of
the swimming direction of 1;) s. Thisyieldso? = 0.1 m? s
(Berg, 1992). The fraction L—2
(o2
4900 and 16,000 s. Multiplying the former with 0.1 and the
|atter with 0.3, we obtain that the time for schoolsto dissolve
isin the range between 8 and 80 min.

These models all assume that the fish in a school at time
t = 0 are located at the same point. In redlity, the size of a
school is measurable compared to the typical distance
between schools and thus the time constants should be seen
as upper bounds.

isthen in the interval between

4, Discussion

Some authors (Weston and Andrews, 1990; Fréon et al.,
1996) have proposed that the dissolution, or expansion of
schools may be due to a diffusion process, but not specified
the underlying mechanism. In this paper, a simple model for
the dissolution of schools is proposed, where the fish in a
school disperse as uncorrelated random walkers. The models
presented are based on few parameters and should be easy to
use to compare with datain different regions. The estimated
transition times are comparabl e to those observed, indicating
that active dispersal is not required to explain the observed
changeinthe pattern. lidaand Mukai (1995) obtained similar
values for the dispersion of Kokkanee schools, 50 min;
whereas Fréon et al. (1996) showed that, in Senegalese wa-
ters, thetransition took several hours, but the expected values
depend on the local conditions.

Theresults given by Orlowski (2001) suggest that thereis
aslower transition in the Baltic at dusk for herring and sprat
that takes approximately 4 h; however that result is based on
S, per 30 min, not school identification. The slower transition
could be explained with planktonic prey emerging from the
bottom at dusk and that the fish dispersing closeto the bottom
are hungry enough to risk feeding and dispersing where the
predation risk probably isvery high since cod are close to the
bottom. If the planktonic prey are rising slowly, then may be
the dispersed fish closeto the bottom follow their prey toward
the surface, which would give rise to a slower transition
phenomenon. This leads to an anisotropy that may give
different time scales depending on whether the solution is
determined in the horizontal or in the vertical plane. In a
similar approach to Orlowski (2001), Giannoulaki et a.
(1999) obtained a transition for sardines in the northern
Aegean Seathat took several hours; it may be that the aver-
aging done using S, and the modelling of the vertical migra-
tionwith relatively low order trigonometric polynomiasgive
longer dispersion times.

Schools follow roughly the lines of equal light intensity,
but with high variation. The fact that the schools rise faster
than the lines of equal irradiance (i.e. f < 0) is difficult to
explain. However, it should be noted that the differences
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between the light intensities at the end points of the fitted
lines are very small and perhaps the estimated slope ff is an
artefact of the methodology. In any case, the slope f being
significantly different from 0 in the statistical sense should
not overshadow the observation that schools appear to re-
main at similar light levels. It is encouraging that the models
catch this feature despite the simplicity in their assumptions
and the uncertainty on the parameters. The log-
transformation of the light data makes biological sense, since
the response of eyesis approximately logarithmic.

Thefact that the model could not be reduced to acommon
intercept may be dueto real differences between days or that
the cloudiness factor in the model for thelight illuminanceis
the same for the different days, while the light levels seem to
differ between days (see Fig. 2).

The high variation in the results is partly due to few
measurements. However, diurnal vertical migration ishighly
variable (e.g. Blaxter and Parrish, 1965; Appenzeller and
Legget, 1995); it can vary over season, and is probably
dependent on tides, the physiological statusof thefish aswell
as predators (Blaxter and Parrish, 1965).

Appenzeller and Leggett (1995) showed that the modus
and the upper 95 percentile of the biomass distribution of
rainbow smelt (Osmerus mordax) closely follow the lines of
constant local light intensities, whereas the lower 95 percen-
tile did so to alesser extent. The range of the vertical distri-
bution was narrower during day than night. They also noted
that the smelt formed dense schools during day, which dis-
persed during night. Based on our results, it is possible that
the widening of the distribution is due to schools dissolving,
and that the upper parts that followed light levels more
closely were schoolsrising.

Future work should be aimed at describing the internal
and external state of the schooling fish in the Baltic. Is the
crepuscular period the time at which the clupeids are eating,
being eaten, neither or both? Stomach data of both clupeids
and cod with high temporal resolution could help to answer
that question. If the dispersion pattern of a school were
studied with sonar, this could possibly give the local swim-
ming speeds of the fish, and a better overview of the process.
In addition, it would be interesting to follow the individual
fish during the dispersal of schoolsin laboratory tanks, such
as was done by Blaxter and Parrish (1965). With modern
tracking techniques, it should be able to obtain more infor-
mation about the behaviour and motion of the individual
fishes, and it might be important and informative to incorpo-
rate the predatory behaviour of cod in relation to clupeids,
since predation is not a static risk but a dynamic process
dependent on prey behaviour (Lima, 2002).

5. Conclusion

Schools of herring and sprat tend to follow lines of equal
light intensity when they migrate towards the surface at dusk
in the Baltic, whereas this is not the case for the dispersing
fish. In contrast to other studies showing the phenomenon

that migrating fish follow lines of equal light intensity, we
have found that a large part of the schooling fish dispersed
close to the bottom. This causes a widening of the depth
distribution, which may be attributed to differencesin hunger
or some other internal factor. Three different measuresfor the
time until schools are dispersed are presented, these agree
quitewell with the time-scal esviewed on the echograms. The
times depend on few parameters and should be useful in
comparisons.

Acknowledgements

We wish to thank the crew of the R/V Danafor excellent
work and the DIFRES personnel for processing thefish. The
research was supported by the SLIP research school under
the Danish Network for Fisheries and Aquaculture Research
(www.fishnet.dk) financed by the Danish Ministry for Food,
Agriculture and Fisheries and the Danish Agricultural and
Veterinary Research Council. The work is part of a larger
project ‘Development of improved models of fisheries im-
pact on marinefish stocksand ecosystems' also funded by the
Danish Ministry for Food, Agriculture and Fisheries.

References

Adlerstein, SA., Welleman, H.C., 2000. Diel variation of stomach contents
of North Sea cod (Gadus morhua) during a 24-h fishing survey: an
analysis using generalized additive models. Can. J. Fish. Aquat. Sci. 57,
2363-2367.

Appenzeller, A.R., Leggett, W.C., 1995. An evaluation of light-mediated
vertical migration of fish based on hydroacoustic analysis of the diel
vertical movement of rainbow smelt (Osmerus mordax). Can. J. Fish.
Aquat. Sci. 52, 504-511.

Berg, H.C., 1992. Random Walks in Biology. 2d ed., Princeton Universtity
Press, Princeton.

Blaxter, JH.S., 1985. The herring: asuccessful species? Can. J. Fish. Aquat.
Sci. 42 (Suppl. 1), 21-30.

Blaxter, JH.S., Parrish, B.B., 1965. The importance of light in shoaling,
avoidance of nets and vertical migration by herring. J. Cons. Perm. Int.
Explor. Mer 30, 40-57.

Brock, T.D., 1981. Calculating solar radiation for ecological studies. Ecol.
Model. 14, 1-19.

Clark, C.W., Levy, D.A., 1988. Diel vertical migrations by juvenile sockeye
salmon and the antipredation window. Am. Nat. 131, 271-290.

Farlow, S.J., 1983. Partial Differential Equations for Scientists and Engi-
neers. John Wiley & Sons, New York (Reprinted by Dover, 1992).

Foote, K.G., 1987. Fish target strengths for use in echointegrator surveys.
J. Acoust. Soc. Am. 82, 981-987.

Foote, K.G., Aglen, A., Nakken, O., 1986. Measurements of fish target
strength with a split-beam echosounder. J. Acoust. Soc. Am. 80,
612-621.

Fréon, P, Gerlotto, F., Soria, M., 1996. Diel variability of school structure
with special reference to transition periods. ICES J. Mar. Sci. 53,
459-464.

Giannoulaki, M., Machias, A., Tsimenides, N., 1999. Ambient luminance
and vertical migration of the sardine Sardina pilchardus. Mar. Ecol.
Prog. Ser. 178, 29-38.



324 L.A.F. Nilsson et al. / Aquatic Living Resources 16 (2003) 317-324

lida, K., Mukai, T., 1995. Behavior of Kokanee Oncorhynchusnerkain Lake
Kuttara observed by echo sounder. Fish. Sci. 61, 641-646.

Janiczek, PM.J., De Young, J.A., 1987. Computer programs of Sun and
Moon illuminance with contingent tables and diagram. Circ. US Nav.
Obs. 171, 1-131.

Lima, S.L., 2002. Putting predators back into behavioural predator—prey
interactions. Trends Ecol. Evol. 17, 70-71.

MacLennan, D.N., Smmonds, E.J., 1992. Fisheries Acoustics. Chapman
and Hall, London.

Major, PF., 1977. Predator—prey interactions in schooling fishes during
periods of twilight: a study of the Silverside Pranesus insularum in
Hawaii. Fish. Bull. 75 (2), 415-426.

Orlowski, A., 2001. Behavioural and physical effect on acoustic measure-
ments of Baltic fish with adiel cycle. ICES J. Mar. Sci. 58, 1174-1183.

Stoyan, D., Kendall, W.S., Mecke, J., 1995. Stochastic Geometry and its
Applications. 2d ed. Wiley, New York.

Weston, D.E., Andrews, H.W., 1990. Seasonal sonar observation of the
diurnal schooling times of fish. J. Acoust. Soc. Am. 87, 673-680.



Available online at www.sciencedirect.com ]
Aquatic

ScIENCE@DIRECT’ Living

ELEVIER Aquatic Living Resources 16 (2003) 325-331 Resources

www.elsevier.com/locate/aquliv

Acoustic study of fish and invertebrate behavior
in a tropical reservoir

Marie Prchalov&* ', Vladislav Drastik®®, Jan Kub&ka? Boonsong Sricharoendh&in
Fritz Schiemef, Jacobus Vijverberg

2 Hydrobiological Institute AS CR, Na Sadkach 7, 370 @GSk& Budevice, Czech Republic
b Faculty of Biological Sciences, University of South Bohemia, 370 &€ Butjevice, Czech Republic
¢ National Inland Fisheries Institute, Bangkok, Thailand
4 Department of Limnology, University of Vienna, Austria
¢ NIOO-KNAW Centre for Limnology, The Netherlands

Accepted 11 March 2003

Abstract

The fish and invertebrate behavior of the Ubol Ratana Reservoir, Thailand, were monitored using up- and downlooking split beam sonar
located at a fixed location. In the same area and period, ichthyoplankton nets and multimesh gillnets were used. The bulk of targets, recorded
by acoustics and direct capture, consisted both of fish 3—4 cm long and insect larvae 0.2-1 cm long. Diurnal patterns of behavior were very
distinct: during the daytime, invertebrates were hidden in the bottom and most fish stayed in compact shoals. Time course of acoustic fish
biomass and abundance was very variable due to shoaling. Only the largest fish were recorded as solitary targets. At night, the whole acoustic
range was filled with targets and the time course of fish biomass (515 Kgamal abundance (20-45 thousand individuai$haere more
constant. The biomass increased mostly at surface layers. Fish appeared in the evening in the watérlcelnier and stayed there in the
morning 1 h longer than invertebrates. Dawn and dusk are good periods for studying fish before invertebrates outnumber them. Apart from fish,
according to the target strength, swimming speed and depth distribution, at least four groups of water invertebrates were distinguished
acoustically, some with extremely fast vertical movement (7—9 ¢estical speed). Comparison of up- and downlooking observations gave
comparable results in midwater layer outside the near-field of the transducer. The uplooking approach can be more suitable for night records;
downlooking for the day.

© 2003 Hlitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords:Acoustics; Echospecies; Target strength; Acoustic tracking and identification; Behavioral pattern

1. Introduction potential limitations, fish size distribution and diurnal cycle
of animal behavior in the reservoir.
Acoustic surveys of tropical lakes and reservoirs are much
less numerous than similar surveys of temperate waters
(Guillard, 1998; Schiemer et al., 2001; Tumwebaze et al., 2. Materials and methods
2002). The main reason is smaller research intensity in devel-
oping countries. Another important reason may be the much2.1. Study area
more complex animal community, which is less known and .
may complicate interpretation of echosounder records. This _The reservoir Ubol Ratana (16° 30'-16° 55" N; 102° 20'-
paper represents a part of an attempt to estimate fish commul02° 40’ E) in Thailand, Khon-Kaen Province, belongs to the

nity of a large and relatively shallow reservoir in Thailand. belt of tropical monsoon climate. The year of impoundment
The aim of this study was to establish acoustic conditions, Was 1965. The water surface area is 416 kmmaximal depth

is 19.5 m and average depth is 6.2 m (Pholprasith and Vira-

pat, 1995; Simon et al., 2001). In 2000, ichthyofauna con-

" *Corresponding author. Fax: +420-38-5300248. sisted of 67 species from 18 families. Most species are from
E-mail addressmarie.prchalova@bf.jcu.cz (M. Prchalova). families Cyprinidae, Cobitidae and Bargidae. Majority of

© 2003 Hiitions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
doi:10.1016/S0990-7440(03)00047-0
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Table1
Parameters of sonar system

Smrad EY 500—split beam

echosounder

Operating frequency 120 kHz
Transmission power 63 W
Smrad ES 20-7 G—circular beam
transducer

Nominal 3 dB beam angle 7°
Face diameter 11cm
Transceiver

Pulse duration 0.1ms
Frequency bandwidth 12 kHz
Pulse repetition rate 10Hz

Sngle echo detector
Min. and max. returned pulsewidth  0.6- to 1.8-fold transmitted pulse

duration
Max. off axis distance 6dB
Max. phase deviation 10 phase steps
TSthreshold for 40lo g RTVG -79dB
S, threshold for 20log RTVG —65dB
total fish biomass is represented by family

Cyprinidae—90%, and then Clupeidae—5-10% (Pholpra-
sith and Sirimongkonthaworn, 1999). Small clupeids are
very abundant in the open water. The fixed location acoustic
study was done at the sampling station 5 (Simon et a ., 2001),
which is located in the dam region with depth of 10 m. The
distance from the shore was more than 3 km, the Secchi-disc
transparency 1 m, dissolved oxygen concentration 7.1 mg 1™,
temperature 23.5 °C (no thermal stratification). The station
was chosen due to good representativeness for the lacustrine
part of the reservoir and good access.

2.2. Field survey

The Ubol Ratana Reservoir was studied during 9-11 Feb-
ruary 2000 by the sonar system set as described in[Table 1}
According to the manufacturer, the safe start of thefar-fieldis
located 1 m from the transducer. This was verified by the in
situ experiments with the standard target insonified at 10 cm
distances from the transducer. From the distance of 90 cm
onwards, the echo intensity from the standard target re-
mained constant (40 log R time-varied-gain, TVG). The
sonar system was calibrated with atungsten-carbide standard
target (32 mm; MacL ennan and Simmonds, 1992). The echo-
sounder was driven by apersonal computer and all datawere
immediately stored on the hard disc of the PC. An accumu-
lator 12 V battery powered whole sonar system and the
compuiter.

The first 24 h run of records (12:30 9 February—2:30 10
February) was recorded with the uplooking position of the
beam with the transducer mounted on the bottom facing
verticaly to the surface. Upward-looking vertical position
was ensured by the heavy counterbal ancing weight mounted
to the cable socket of loosely held transducer. The second

DOWNLOOGKING

Om
K transducer
Y | S —

UPLOOKING

124 m

Fig. 1. Designs of up- and downlooking surveys with dividing of water
column into depth layers and with diameters of acoustic beams in the
furthest distance from the transducer. Uplooking transducer had slightly
shorter range due to the holding frame and shallower site.

24 h run (13:15 10 February—12:00 11 February) was re-
corded with downlooking vertical beaming with the trans-
ducer mounted closely to the rectangle float. During calm
weather of our survey, this setup ensured vertical orientation
of the acoustic beam. Recording sites for two approaches
were nearly the same, but due to some microhabitat differ-
ences, the uplooking site was dlightly shallower than the
downlooking site . Recording range was also short-
ened due to the height of transducer holding frame (60 cm).
The transducer had 130 m long cable and the sonar system
was placed on anchored floating platform 100 m away from
thetransducer. Blind zone by the phase boundarieswas about
15 cm thick.

The open water of the reservoir near the acoustic station
was sampled by 5 min tows by an ichthyoplankton tow-net
and multimesh gillnets. The parametersfor theichthyoplank-
ton net were 1 m in diameter, mesh size 1.5 mm and design
was similar as described in Wanzenbock et a. (1997). Gill-
netswere of bar mesh sizesb, 6.25, 8,12.5, 15.5, 19.5, 24, 29,
35, 43 and 55 mm set for whole 24 h period, emptied every
4 h. Total length (mm) of all captured animalswas measured.

2.3. Post processing

Sizesof all acoustically detected single targets were iden-
tified using Love's equation (Love, 1977) for 120 kHz for
simplicity. Majority of fish have swimbladder and many of
the invertebrates have gas inclusions. There is no direct
information on target strength TS of local animals available.
The biomass of fish was calculated with the length—weight
relationship for Sri Lankan fish provided by Dr. U. Amaras-
inghefrom the Kelaniya University, Sri Lanka. The margina
length for distinguishing between two main categories of
targets—'fish’ and ‘invertebrates—was set at average TS
value—60.5 dB, which corresponds approximately to 15 mm
(Love, 1977). This threshold corresponds to low frequency
groups of both targets and captured animals as shown at
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Table 2

Four diurnal periodsin up looking and downlooking

Period Uplooking Downlooking

Daytime 12:30-17:30 13:15-17:45
7:00-12:30 6:45-11:45

Dusk 17:30-18:45 17:45-19:00

Night 18:45-5:45 19:00-5:45

Dawn 5:45-7:00 5:45-6:45

‘Large fish’ were defined as longer than 270 mm
(~36.5dB inTS). Simrad EP 500 post-processing software
was used for biomass and abundance estimation. The el-
ementary sampling unit for thisanalysiswasrecording of one
5MB".dg" file (Simrad EY 500 software), which took 16-18
min. The records were processed by scaling total integrated
volume backscattering coefficient S, by average backscatter-
ing cross-section g, (MacLennan et al., 2002) of aparticular
layer producing this volume density. This abundance was
then proportionally distributed into 3 dB TS frequency
groups according to TS frequency distribution. For fish and
invertebrate tracking (connecting neighboring hits into one
animal record), we used Sonar 5 software (Balk and Lindem,
2002; mostly manua tracking with maximum ping gap of
1 ping and minimum 5 echoesin atrack). Attention was paid
to tortuosity of the targets, only targets with the smooth
trajectory through the beam were accepted.

Uplooking records were divided into seven depth layers
from the surface (0—7.8 m). Downlooking records were di-
vided into nine depth layers from 1 to 9.9 m. The data from
the first 1 m from the transducer were not used due to the
near-field. Each layer was 1 m thick except the shallowest
one, which was in uplooking 1.8 m and the deepest one in
downlooking 0.9 m thick . In presentation of results,
the layers are given from the true surface of the reservoir for
both up- and downlooking. The records were divided into
four diurnal periods—daytime, night, dusk and dawn

[Table?).

3. Results

3.1. Comparison of up looking and downlooking
approaches

The values of total fish biomass, abundance and average
weight attained comparable levels in most time intervals

Table3

(Table 3). Fish recorded by uplooking had usually larger
average weight and non-significantly smaller abundance.
Theonly significant difference wasfound for night, when the
layer 1-2 m contained extremely abundant targets in down-
looking. Daytime records showed the largest differences and
variability because of very distinct aggregating behavior.
Uplooking records contained significantly less dense shoals.
Invertebrates dominated size distribution of both records, but
the downlooking records had slightly larger proportion of

fish with asmaller modal length (Fig. 5).

3.2. Diurnal development of fish and invertebrate
communities

During the daytime, most fish followed general tendency
for forming shoals or staying near the bottom. Single fish
targetsrarely appeared. Invertebrates were not visible acous-
tically and were most likely hidden in the bottom. For most of
the time, the daytime echogram was empty. During early
dusk (17:28), shoals disintegrated and single fish appeared
mostly in deeper layers. Invertebrates started to rise from the
bottom 1 h later than fish (18:30). At night, the entire water
column was filled with organisms. Most fish moved then
gradually to the upper part of the water column (0-5 m) and
stayed there throughout the night. Dawn sequence of events
was opposite to the dusk: invertebrates were disappearing
approximately 1 h earlier than fish (6:15 ~ last recorded
invertebrate targets). At about 5:50, single fish started to
descend to deeper waters and gradually disappeared from
most of echograms (at about 7:00).

The phenomenon of earlier fish rising from the bottom can
be a so shown on the diurnal development of the share of fish
on total abundance of all targets . Night pattern was
characterized by lower share of fish (5-10%) within deeper
layers (5-8 m) and higher fish proportion in the upper layers
(0-5 m; 15-25%). Invertebrates represent the rest to 100%.
During dusk and dawn, the fish showed two peaks in target
composition inthe open water. They stayed in the open water
as single targets longer than invertebrates. During both day
and night, invertebrate targets prevailed. During the daytime,
the sizing of targetsis much less reliable due to aggregation
and the proportion of fish fluctuated vigorously. During the
night, enormous amounts of invertebrates emerged from the
bottom and outnumbered fish, which were present as single
targets as well.

Differencein total average fish biomass (B) and abundance (A) between uplooking (Up) and downlooking (Down) from the same depth layers (1-8 m); one way

ANOVA, P-level of 0.001. Average weight was calculated as B/A

Period Biomass (kg ha™) Abundance (individuals ha™) Average weight (g)
Up Down P Up Down P Up Down
Mean SD. Mean SD. Mean SD. Mean SD. Mean Mean
Daytime 2.3 6.3 7.8 18.9 0.145 5800 19400 34400 86 400 0.087 0.40 0.23
Dusk 15.4 9.8 10.5 8.6 0.478 20000 12 200 23700 20300 0.765 0.77 0.44
Night 6.4 2.8 6.7 33 0.687 26500 7600 34700 9100 <0.001 0.24 0.19
Dawn 25 14 6.8 3.6 0.519 16 800 5100 29 300 16 200 0.189 0.32 0.23
24h 52 5.8 73 11.8 0.175 17100 16 700 33700 52 500 0.012 0.30 0.22
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Fig. 2. Relative proportion of fish in total number of all recorded targetsin
two different parts of the water column; uplooking.

3.3. Biomass, abundance and average weight of fish

These three characteristics were calculated only for fish
targets, TS > — 60.5 dB. Biomass, abundance and average
weight of fish followed a typical diurnal development. Ap-
pearance of fish shoal's during the daytime caused extensive
variation of fish biomass (Fig. 3] [Table 3). During the night,
the biomass stabilized on the level of 5-10 kg ha™* and the
hectaric abundance ranged between 20 and 45 thousand
individuals, both showed less fluctuations and probably are
more representative than the variable daytime data. The
smallest average weight of fish was recorded at night.
Slightly larger fish dominated single target popul ation during
the dusk while tiny fish were still in numerous small shoals.

Vertical distribution of fish biomass changed during the
diurnal cycle (Fig. 4). During the day, the bottom layer
(9-9.9 m) in downlooking contained high values of biomass.
This peak consisted of bigger fish (average weight of 1.76 g,
~50 mm, ~50.5 dB), which did not seem to join the shoals.
These fish seem to belong to the genus Puntioplites accord-
ing to gillnets sampling. Another pesk in daytime vertical
distribution of fish biomass was recorded in upper layers
especialy by downlooking. Shoaling fish mostly composed
this biomass. Night distribution of fish biomass was more
even and more similar when recorded by different transducer
deployments. The biomass was higher in upper layers; near-
bottom peak of biomass was missing.

104
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Fig. 3. The development of total fish biomass at al depth layers from up-
and downlooking.
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Fig. 4. Comparison of the vertical development of fish biomass during the
daytime and the night in up- and downlooking. Thick line—day, thin line—
night.

Occurrence of larger fish (=27 cm, ~275 g, ~36.5 dB)
was extremely sporadic. The longest detected target corre-
sponded to 37 cm. The greatest frequency of larger fish was
in the bottom layer in downlooking, but only with a density
of 0.5 individual ha™. Low density of larger fish could be
influenced by relatively small sampling volume.

3.4. Categories of acoustic targets

gives the comparison between reconstructed target
size by up-and downlooking acousticswith the direct capture
by ichthyoplankton nets (the same depth layers, nighttime).
Both approaches showed two peaks of two main groups of
organisms; thefirst peak belongsto invertebrates with modal
values from 3.5t0 5.1 mm (~—72.5 t0 —69.5 dB). The second
peak belongsto fish with valuesfrom 31 to 44 mm (~-54.5to
-51.5 dB). After recalculating the acoustic length-frequency
structure only for fish (>15 mm), the mgjority of fish indi-
viduals (70% in uplooking, 75% in downlooking, the same
depth layers, nighttime) was represented by targets 22—
44 mm long. According to direct catches, this peak consisted
mostly of genus Clupeichthys, which was the most abundant
fish from ichthyoplankton nets and also from gillnets. This
genus covered length range from 22 to 44 mm of total length
in catches from ichthyoplankton nets and range 30-58 mm
from gillnets, with the most abundant size class 35-37 mm.
In both acoustic and direct capture results, the invertebrate
peak outnumbered the fish peak. The only exception was the
bottom layer in downlooking, where frequencies in peaks
werenearly equal. Modal length of small fish observed by the
uplooking appeared slightly longer compared to downl ook-
ing.According to target strength, swimming and vertical
speed, we were able to distinguish at least six categories of
acoustic targets (acoustic species, echospecies), which are
presented in[Table4 and are shown on echogram (Fig. ). The
pattern of echogram appearance (TS, duration-in-beam and
change-in-range) was the initial criterion for discrimination
of individual tracks into groups. Acoustic targets were ana-
lyzed from dusk and dawn in up- and downlooking. These
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Definition of categories of acoustic targets analyzed from dusk and dawn in uplooking and downlooking. The total length was calculated according to Love's

general equation (1977)

- P = - o
azt;gk;);y ;ft:toel:js::r gt’zg)ets Total length (mm)  Target strength (dB) Swimming speed (cms™) Vertical speed (cms™)
Mean Mean SD. Mean SD. Mean SD. ’
Fish (160) 42 -52.1 1.96 a 105 0.8 k 17 0.2 X
Slow targets (80) 3 -72.3 0.45 b 16 0.3 | 0.1 0.0 y
Ascending targets (40) 15 -60.5 0.71 c 24 0.1 | 16 0.2 X
Extreme targets (71) 10 —64.4 0.73 d 75 14 m 6.9 13 z
Standing targets (20) 13 -61.8 227 c 25 1.0 | 0.2 0.3 y
Subsurface liv. particles <16 <79 - - - - - - - -

swim.speed = \/sz + Vy2 +VZ .\, velocity in x, y and zdirection, respectively, between first and last echo; Vz, vertical speed (all speed calculationsdone

according to Balk and Lindem, 2002).

periods were appropriate for this kind of observation due to
presence of single fish and invertebrates, which were spread-
ing to the water column from the bottom. One way ANOVA
rejected the hypothesis of homogeneity of parameters (TS,
swimming and vertical speed) of echospecies (P-level
< 0.001). Echospecies labeled with different letters in col-
umn’ ofwerefound significantly different in selected
parameters (P-level < 0.05; Tukey HSD test).

4. Discussion
4.1. Patterns of open water community

Short survey of arelatively shallow reservoir reveaed the
potential of vertical acoustic application in a complex sys-
tem. Up- and downlooking approach usually provided com-
parable results. Uplooking can be more suitable for night
recording, because more fish were in the upper part of the
water column wherethereisthelargest sampling volume. On
the other hand, downlooking was more effectivein recording

420

400

80

60

40

Total number of individuals

20

0
Length 0
(mm)

Target
strength (dB)

fish during daytime, when single larger fish tended to stay at
the bottom layer. Both approaches have shown very distinct
diurnal patterns of behavior like shoaling (Fréon et al., 1996;
Helfman, 1993; MacL ennan and Simmonds, 1992; Schiemer
et al., 2001) during the day and shoal disintegration during
the night and invertebrate emergence during the night.
Acoustic study and direct sampling (Sricharoendham, per-
sonal communication) confirmed previous findings (Schi-
emer et al., 2001) that the fish community of a tropical
reservoir is usualy represented by huge numbers of tiny
forage fish (average weight less than 1 g). This is very
different compared to similar studies of temperate lakes and
reservoirs where the weight of fish is 1-2 orders higher
(Arrhenius et al., 2000; Cech and Kubetka, 2002).

4.2. Interpretation of echospecies

If we combine results from direct catch (IFig. a) with
categories of acoustic targets (I!able iIID, we can attempt to
interpret some echospecies as reservoir animals. The combi-
nation is based on comparison of reconstructed total length

Heteroptera 50
L Chaoborus Pupae 45
Il Chaoboridae
I Chironomidae Pupae 40
Caridina
I Gobiidae 35
I Clupeichthyes
EE Ambassis 30
I Puntioplites =
25
Uplooking 20

Downlooking

10
5
0
40 50 60 70
-52 -50.5 -49 -47.5

Fig. 5. Illustrativefigure of size structure of invertebrates, i chthyoplankton and fish from night direct catch of ichthyoplankton nets (left x-axiswith total number
of individuals) and night acoustic length frequency structure in up- and downlooking (right y-axiswith %). Values of TS corresponding to the length classes are

given below x-axis.
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Fig. 6. Echogram image of six categories of echospecies—all categories are shown on this echogram were recorded during the dusk by downl ooking transducer
except category of standing targets, which was pasted from dawn record by uplooking transducer. Numbers of acoustic targets correspond to numbersin Table

4. X-axis corresponds to time (approximately 16 min) and y-axis is depth.

and swimming speed of organisms and one has to be aware
that much more information about a complex system would
be necessary for sound comparison. Also the application of
general relationship of Love (1977) to all targetsmay beabig
approximation, but it gives at least some idea about animal
physical sizeswhen direct observations are absent. The latest
larval fish studies (Rudstam et al., 2002) show that Love's
equations (1977) are suitable for early juveniles (7—40 mm).

The first category is undoubtedly fish. They were swim-
ming actively through whole acoustic beam. With average
reconstructed total length of 42 mm, they were likely to
belong to the genus Clupeichthys, which represented most
fish in the catch of ichthyoplankton nets and smallmesh
gillnets.

The second category (slow targets, reconstructed length of
about 3 mm) is likely to consist of Chaoborus larvae and
pupae. This echospecies represented the majority of inverte-
brate targets recorded in the open water and most of the catch
of towed ichthyoplankton nets. They were present in all
layers without any apparent swimming. This rather plank-
tonic behavior distinguishes them from more nektonic echo-
species of categories 3 and 4.

The third category (ascending targets, reconstructed
length of about 15 mm) contained relatively fast rising organ-
isms but with slow horizontal moving. They occurred during
dusk and mainly in the lower part of the water column.
Rarely they were also swimming down. Many of these tar-
gets exhibited fine oscillating movement while rising as
shown inWith their averagelength, they match only to
fish from family Gobiidae, but this is unlikely due to their
patterns of movement. This pattern could correspond with
behavior of pupae or maybe shrimps of genus Caridina.

Thefourth category (extremetargets, reconstructed length
of about 10 mm) had very expressive patterns of fast vertical
movement, which does not agree with any pattern of move-
ment of other organisms, shown in The range of
vertical speed was from 6 to 9 cm s™. Their movement was
both ascending and descending. They appeared on records
relatively scarcely (oneindividual per 2—4 min of record), but
were present during all night and twilight observations. The
patterns could represent some water Coleoptera or Het-
eroptera. Small Heteroptera have similar TS in temperate
waters (Kubetka et al., 2000).

Thefifth category of standing targets with average recon-
structed length of about 13 mm appeared only duringdawnin
uplooking for arelatively short time (20 min) and only under
the surface (up to 2 m). According to reconstructed length,
they correspond to Gobiidae or Caridina but the swimming
pattern does not resembl e nekton. These targets created very
long subsurface tracks while standing in a beam for a long
time. Their temporal occurrence under the surface with
nearly no moving in horizontal direction could indicate their
affiliation with pupae of Chironomidae (10 mm; .

The last group was subsurface living particles present all
night and during the twilight. These targets were too small
for singletarget analysiswith respect to the recording thresh-
old. The size was smaller than —79 dB and they can only be
observed in lower threshold echograms. They formed rela-
tively compact belt under the surface down to 2 m of depth.
They could be formed by the aggregations of zooplankton or
algae. Dominant phytoplankton species, filamentous blue—
green aga Cylindrospermopsis raciborski (Cyanophyta/
Cyanobacteria), contained aerotopes, gasfilled vesicles,
which allow floatation (Rott et al., 2002).
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5. Conclusion

Open water of a tropical reservoir was found to be a
comfortable environment for acoustic study of animal behav-
ior. Both approaches of fixed location acoustic study—up-
and downlooking—of the Ubol Ratana gave comparable
resultsin all main characteristics of observed community.

Apparent circadian pattern of community behavior was
found. Daytime records fluctuated significantly dueto occur-
rence of fish shoals. Shoals varied in size and appeared with
no apparent regularity. Single fish were during daytime
mostly close to the bottom. Night records showed many
hours of relatively stable behavioral pattern with much more
equal dispersion of single targets. During dark, we also
observed invertebrates, which were rising from the bottom
during dusk. At dawn, fish and invertebrates were going
down to the bottom and disappeared from the water column
assingletargets. Both small fish and invertebrates seemed to
rely on darkness as a protective period for colonizing open
water, this period started 1 h earlier and lasted 1 h longer for
the fish. In most depth layers, except the deepest, inverte-
brates outhumbered the fish.

Dueto more stable dispersion of community during night,
thetime course of biomass, abundance and average weight of
fish was relatively regular. Vertical development of fish bio-
mass showed that fish were at daytime on the bottom and
surface layers and over night they were mainly in the upper
part of the water column. Vertical devel opment of abundance
and average weight indicated that larger fish were in the
bottom layer.

According to target strength, speed pattern of moving,
depth and diurnal distribution, we are able to distinguish six
acoustic species. The results show the potential of acoustic
tracking for non-intrusive observation of behavior of indi-
vidual echospecies even in a complex and diverse tropical
ecosystem.
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Abstract

The development of acoustics tools and methods for monitoring anthropized ecosystems represents a new field for the application of
acoustics. Monitoring such an environment was not possible with single vertical echo sounders, due to the fact that the artificial structures and
the natural targets were not distinguishable. Monitoring data were collected along the French Mediterranean coastline, during five short
surveys of mussel culture longline areas. BothReson Seabat 6012 multibeam sonar (455 kHz) and tisemrad SR 240 omnidirectional
sonar (23.75 kHz) were used for target detection. The former tools allow accurate allocation of the different types of echoes to artefacts, fish
schools and scattered fish. The school characteristics collected included morphological, geographical (GPS, school location), and behavioural
(connections with the longlines). An acoustic survey undertaken with the same hardware near the study area allowed the comparison of fish
schools and the TS distribution of individual fish in the open sea and in the mussel area. These data permitted us to evaluate the ecological
impact of a mussel culture on the ecosystem, in a context of predation behaviour of fish on these longlines. Finally, the acoustic data revealed
the configuration of each concession and the level of charge of each line. We discuss the applicability of this technology for in situ real time
monitoring for joint management of such ecosystems. The information can allow littoral cooperative management or incorporating it into an
ecosystem approach.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.

Keywords: Multibeam sonar; Monitoring; Fish school; Mussel longline; Artificial reef; Ecosystem

1. Introduction opments have induced several changes in the ecosystem. In
1996, new and heavy predation on mussels by Sparids was
The conflicts engendered by the multiple uses of coastalreported illustrating the need for exploited anthropized eco-
ecosystems (fisheries, tourism, aquaculture, etc.) are becomsystems to be monitored. Currently, acoustic observations
ing a major challenge for the environmental friendly devel- are usually the only applicable monitoring method, as the
opment and exploitation of these areas. Since 1988, theareais too wide and turbid for routine visual observations and
development and management of several artificial reefs (Lacishing gears cannot be deployed because of the great number
roix et al., 2002) and mussel culture fields in open sea alongof the artefacts present in the area. However, in such an-
the French Mediterranean coastline have become a majokhropized ecosystems, a scientific echo sounder alone may
economical activity (Loste and Cazin, 1993). First experi- not permit the definition of specific targets because of these
mented in 1976 near Seéte (the most important fisheries harsybmerged artefact§ (Fig] 1). In the mussel aquaculture
bour along the French Mediterranean coastline), these develyround (MG), the echoes of longline structures cannot be
distinguished from the echoes of fish and schig. 2).

"~ Corresponding author. This paper wants to demonstrate how the adaptation of

E-mail address: brehmer@ird.r (P. Brehmer). acoustic methods with multibeam sonar makes it possible to
1 |nstitut National de Recherche Agronomique, CARRTEL, BP 511, Monitor such a complex environment. Some illustrative pre-
74203, Thonon les Bains, France. liminary results are presented.
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Fig. 1. Structure of the mussel ground, in open sea; channel access; the
mussel production area(a) constituted by two longlines each; channel access
(b) the mussel longlines are fixed by ground mooring and hung with buoy
(c), the mussel ropes are hooked on the hawser, the main horizontal rope
(after Lost and Cazin, 1993).
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Fig. 2. A vertical echogram obtained with a Biosonics DT 5000 in the
mussel ground (MG). It is impossible to discriminate the fish school (cir-
cled) from the mussel longline structure on the vertical echosounder (VES)
records without information delivered by the multibeam side scan sonar
(MBS).

2. Materials and methods
2.1. Acoustic devices and mussel culture grounds

Data were collected from five surveys during the summer
of 2000 and 2001 using small boats adapted to manoeuvre
inside the aquaculture field. In 2001, a set of observations
were recorded aboard the 30 m R/V “I’ Europe” out and near
the MG using a portable echo sounder (VES) (either Smrad
EY500 or Biosonics DT 5000, previously calibrated (Foote,
1987)) and a mutibeam side scan sonar Reson Seabat 6012
(MBS) . The latter was set on a vertical plane
perpendicular to the vessel route, with the main axis either
vertical (i.e. observing from 45° port to 45° starboard below
the boat) or lateral (directed 45°, observing from 0° to 90°

below the boat). Aboard the R/V “I’ Europe’, a long-range
multibeam omnidirectional sonar (LOS) was employed fol-
lowing the methodol ogy devel oped by Brehmer and Gerlotto
(2000) to test the applicability of such tools in shallow
waters. The total MG area, prohibited to navigation, covers
2754 ha (Fig. 19). Each concession (3 haeach) contained two
mussel longlines of 250 m length, usually at 5 m depth from
the surface and, between 20 and 30 m deep (Fig. 1d). The
longline structure was standard, where the hawser (main
rope) was suspended horizontally by buoys and fixed to the
bottom by secondary ropes each 50 m, hooked by ground
mooring concrete blocks . The mussel ropes were
hung vertically below the hawser.

2.2. Sampling methods

M orphometric and spatial datawere collected on atotal of
191 fish schools (140 inside the mussel area and 51 outside)
with the MBS. A total of 7457 target strength (TS) values
were processed on scattered fish using the VES: 1455 TS
values outside the MG (night); 3467 inside (night); 605
inside (night with artificial light); 1527 inside (day).

The MBS and VES data were recorded simultaneously.
TheMBSvideoimagesallow clear discrimination of fish and
artefact echoes . Once the discrimination has been
completed, the corresponding vertical echogram can be eas-
ily cleaned . Then the biological target analysis, from
VES and digital MBS, is performed and the main school
parameters are measured (Gerlotto et al., 1999, 2001). The
MBS images from the longline structure allow for three-
dimensional reconstruction. Two sets of images were col-
lected, those obtained with the vessel crossing the longline
and those with the vessel parallel to the longline
Three levels of mussel abundance on the mussel ropes were
defined according to the MBS imagery: full, medium (in
growth), and empty.

The same measurements on schools and scattered fish
were performed outside the MG area (5 nautical miles far
from the MG on the same isobaths) with the same acoustic
devices and boat. No artificial reef and structure were en-
countered in this area. In the 2000 survey (IRD, Ifremer,
SRCM) “lamparo” experiments (lighting 500 W) 2 m above
the sea surface (Nédélec and Prado, 1990) were conducted
during which TS values were collected.

3. Results

Thefish, school and mussel 1ong line can be discriminated
separately by acoustic methods. The results displayed here
are methodological, and give some information on the kind
of information a multibeam sonar can provide in such an-
thropized ecosystems, by the way of some examples. The
three most important points that concern the observation are
description of fish schoals, the analysis of individuals (and
specidly fish TS), and the representation of the artificial
structures such as the mussel longline present in the area.
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Main characteristics and settings of the acoustic devices: the multibeam sonar (MBS), the vertical echosounder (VES) and the long-range multibeam
omnidirectional sonar (LOS) used during the surveys 2000 and 2001

Type Reson Seabat 6012 Biosonics DT5000 Smrad EY500 Smrad SR 240
Acronym MBS VES VES LOS

Surveys 07/2000;04-05/2001* 07/2000 07/2001;04-05/2001 10/2001
Periods Day/night (day)* Day/night Day/night Day
Frequency (kHz) 455 129 70 23.75

Nb. beams 60 1 dual beam 1 split beam 32

Beam shape 1.5°%22° 11° x 11° 11° x 11° 11.5° x 11.25°
TVG 20logR 40log R 20and401log R 30logR
Power 7-8 - - Full

Gain 4-5 - - 9

Ping rate s Auto Auto Auto

Pulse duration (ms) 0.06 0.4 0.3 8

Range (m) 50 (50/100)* Auto Auto 800

Beam position Vertical (45°)* Vertical Vertical Tilt—2° to-5°
Sound celerity (ms™) 1500 1485 1505 -

Recording Video + digital (video)* Digital Digital Digital

Zoom 1 - - -

Scale Linear - - -

Smoothing Off - - On

Software Shiviewer 5.01 DT analyser Movies+ 3.3a Infobancs 3.0

* During surveysin 2002

Fig. 3. Multibeam sonar display in lateral view (vertical transducer). Shoal
around the mussel rope (a), 30 m-deep from surface (top) to bottom; fish
schools near amussel rope, M.R (b and c).

3.1. Fish schools

No school was detected during night surveys. The
191 schools recorded (Fig. 5) were on average 6.9 m in
width, 3.4 m in height and 13.7 m in length (the maximal
value was 120 m recorded outside the MG). The average
distance from the bottom (altitude) was 5.1 m and their
distance from the boat was 26.5 m (the minimum distance
recorded was 2 m and occurred outside the MG). When the
schools were observed simultaneously with a longline
(n=79; Fig. 3), their average distance to the structure was
15.3 m. Two phenomena that let us suspect that the schools
could be attracted by the structure are: (i) no or very few

schools were recorded in the access channel during the sur-
veys, and (ii) due to the limited range and the directivity of
the sonar beam, it was not aways possible to record, on a
single frame, the schools and the structure. Therefore, most
of the 191 observed schools were actually close to the lon-
gline (unlikethelimited number of 79 recordingswith school
and longline may suggest). The vertical distribution of fish
schools was predominantly close to the bottom (0-8 m alti-
tude) but inside the MG the fish school was detected in the
whole water column (Brehmer, 2001), except during rough
weather (above 5 m or below 18 m). Horizontally, the fish
schools were distributed over al the MG with alow density
inthe access channel except that they were more abundant on
the open seaside of the MG during rough weather. The fish
school characteristics were highly variable inside the MG
(standard deviation: length, 6.7 m; height, 2.0 m; width,
3.4 m and atitude 4.3 m) and varied according to the time of
the day (Brehmer, 2001). The biggest schools were recorded
at midday (from 1 %2 h before to 1 Y2 h after the zenith) and
close to the bottom. The fish school morphometrics and
position inside and outside the MG were significantly differ-
ent (MANOVA, P < 0.05) (Fig. 5); that is, schools were
smaller, shallower and farther from the boat (avoidance)

Fig. 4. Three-dimensional view of amussel long line (a) and an enlargement of afish school (b: zoom) from multibeam side scan sonar (MBS) processed data.
The software allowsidentifying and measuring separately all theindividual structures; b: the fish school (inyellow), the mussel rope (in green), the hawser and

buoy (in grey), bottom (in red).
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Fig. 5. Comparison of the fish school sonar descriptors, obtained inside and
outside the mussel culture ground.

inside the MG. There were no significant correlations
between the fish school descriptors (correlation matrix,
P <0.05).

Fish school abundance, calculated as number per kilome-
tre of transect, was higher inside the MG (2.3 school km™)
than outside (1.9 school km™), but the volume (length x
width x height) was six timeshigher outsidethe M G. Limited
visual observations by divers (inside, summer 2000) and by
trawl operation (outside, summer 2001) indicated the pres-
ence of the same dominant species: Sardina pilchardus,
Engraulis encrasicholus, Boops boops and Trachurus tra-
churus.

3.2. Individual fish (Target Strength)

As expected, the overview of the echograms showed the
usual pattern of fish in schools during the day and scattered
during the night (Freon et a., 1996). Comparison of all the
TS values by non-parametric tests (Kruskal-Wallis) showed
no differences (P < 0.05) amongst the four TS distributions
. Nevertheless, the TS distributions indicate the pres-
ence of a higher percentage of small fishes inside the MG
than outside , yet the maximum TS values were
collected inside the MG. On average, the TS values were
higher outside the MG. During the “lamparo” experiments,
there was a shift towards large targets compared with the
night TSvaluesinsidethe MG (Fig. 6). However, on average,
thereisno real change.

3.3. Mussel longline structure

Our results show that, using MBS, technology it was
possible to:
« locate and count (GPS, vertical position) the mussel
longlines in each concession,;
« evaluate the mussel charge by segment (50 m) into the
three categories described above and acoustically docu-

owt— = .

== Inside MG Day
—4_ Inside MG Night
--- Inside MG Lamparo

(&)}

S e Outside MG Night

Frequencies (%)
=

60 55 50 45 40 35 30 25 20
Target Strength (dB)

Fig. 6. Comparison of TS (in dB) obtained outside and inside the mussel
cultureground (MG), at asame depth (20-30 m): during the day, and during
the night, with and without the “lamparo” light attraction experiment.

ment directly the disappearance of mussel ropes due to
predation;

 observe the vertical behaviour of mussel rope in the

water column andB);

« note the existence of lost or clandestine longlines, and

record the bottom relief;

 document and monitor the interaction of fish and fish

schoolsin the MG.

Digital MBS data processing via Sbiviewer software (Ger-
lotto et a., 1999) and MBS video recordings also alow
reconstructing the longlines in three dimensions and the
characterization of the longlines . It takes less than
10 min to record a longline exhaustively. Consequently, the
total areaof 2754 hawith 242 mussel longlinesdistributed on
171 concessions can be fully recorded in 1 week.

The behavioural ecology of schools relative to the lon-
glinewas explored (e.g. attraction effect as described above).
shows the three-dimensional reconstruction of a
school close to the part of the longline where the mussel
charge is the most abundant. This kind of three-dimensional
imagery allows an accurate evaluation of the influence of the
longline features on school distribution and behaviour. LOS
observations were undertaken with a Smrad SR240 (filter:
Reverberation Control Gain/strong, Ping to Ping/strong,
Auto Gain Control/off) on the MG (Table 1). The data show
that the fixed longline can be discriminated from the mobile
biological target. This provides information on the time of
residence of fish schools and their horizontal swimming
behaviour around the mussel longline structure.

4. Discussion

The objective of this project was to discriminate fish
schools from non-biological targets. The objective has been
successful. Our results confirmed that the combined use of
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VES and MBS digital and analogical video data allows an
accurate discrimination of thefish echoes, individualsaswell
as in schools, from the non-biological target in a complex
environment (mussel longline structure). These results have
to be supplemented by systematic species recognition using
fishing, underwater observation or acoustic identification
(multifrequencies, school shape, etc.). However, shoal mea-
surement (Pitcher, 1983) and the definition of mussel charge
require specific tests (i.e., standardization by direct in situ
observation).

Detection of predators was not achieved.

Simultaneous use of multibeam sonar and classical echo
sounder allowed discriminating artefact echoes from
schools. For thiswork, we used aMOVIES+ function (Weill
etal., 1993; Berger et al., 2001) to zoom on each “false echo”
and delete them before a complete process of VES (echo
integration, TS measurement, fish school discrimination). A
similar procedure could be used to discriminatetreesand fish
in non-deforested dams (Cardenas et al., 1988).

The local managers have planed to restructure the area.
The MBS can provide useful information on the under water
structures and 3D topography for such purposes. Our meth-
odology allowsrecording al the mussel longlines and detec-
tion of clandestine or lost longlines, even those unseen from
the surface. An exhaustive mapping of the MG productionis
made possible. It is possible to locate, count, observe the
state of the mussel longlines in the MG, and to deliver data
for a global management of the area. All these data are
complementary and are of great interest to the local admin-
istrative managers and fisheries or aquaculture scientists.

Theinformation provided by our study can help in evalu-
ating the catchability coefficient of fish and schools by dif-
ferent fishing techniques. Fishing with light appears to be
efficient on certain targets, and samples inside the channel
may not provide any useful information (weak abundance)
(Brehmer, 2001).

The TS valuesindicate the presence of big fish, suspected
to be Sparids as described by the professionals (Moran, pers.
comm.), inside the MG in night time. Small fish are four
times more abundant inside the MG than outside .
This could be due to the refuge effect of the structures
(reduced current and area prohibited to navigation), with the
presence of higher taxonomic composition (fauna and flora)
of the suspended mussel rope unit due to their interaction
with the environment (Mazouni et al., 2001; Deslous-Peoli et
al., 1998). The mussel aquaculture can play a central rolein
nitrogen renewal in the water column (Mazouni et al., 1998)
and shellfish farming nutrient transformation increases eco-
system productivity even if thefiltration pressure keeps phy-
toplankton biomass at low level (Deslous-Paoli et al., 1998).
A concept of “mussel ropeforest” is defended in the book of
Lacroix et al. (2002), for increasing the potentia of artificial
reef attraction. [Fig. 5 shows the opposite for schools inside
and outsidethe MG. Conversely, the TS data show no signifi-
cant differences in the distribution inside/outside; the pre-
dominant species are the same. Since the species are the

same, the school morphological variation must be related to
different behavioural motivationsinside and outsidethe MG.

We were unable to draw any conclusion on the effect of
such structures as artificial reefs (fish biomass attraction
and/or production) but we pointed out the differencesin fish
behaviour inside and outside the MG. Attraction seems evi-
dent, if measured in terms of biodiversity, but the mecha
nisms have not been quantified or identified. The sampling
survey design must be adapted to investigate the potential
attraction of such “artificial reefs’. The comparison of fish
school spatial structure with aspatial point process approach
(Petitgas et al., 1996) and biomass assessment could be a
good indicator of the “reef effect” on the fish resources
coupled with species richness study (Bayley and Peterson,
2001). Productivity needsamultiyear study (fish assessment,
evaluation of biomass and diversity on the mussel longline
fauna and flora) with at least, bi-annual surveys to take into
consideration the species seasonality (water temperature
variations). The methodology we developed provides infor-
mation for a rational management of the coastline, such as
inventory of mussel culture, effect of artificial reefs, and fish
behaviour. A regularly use of this methodology will insure an
evaluation of the evolution of pelagic fish population around
the MG according to the MG activities. A comparative ap-
proach at annual or seasonal scale (temperature and salinity
variation observed seasonal change of the taxonomic rich-
ness of biofouling (Souchu et al., 1997; Mazouni et al.,
2001)) should provide information for fisheries scientist and
local manager. The methodol ogy can be applied on natural or
artificial reef as plane sand bottom under Fish Aggregation
Devices (Hunter and Mitchel, 1967).

An optimized methodology could be added with informa-
tion obtained by LOS, to use MBS with ping sector of 180°
(Gerlotto et a., 1999; Mayer et a., 2002), Radio-Acoustic
Positioning and Telemetry (O’'Dor et a., 2000) and Ultra-
sonic Telemetry (Bolden, 2000) for an exhaustive view of
fish behaviour.

5. Conclusion

The integration of observations into three dimensions al-
lows several exploratory options and an overview of the fish
behaviour. Fish structure, fish aggregation dynamics, swim-
ming behaviour, time of residence, catchability, spatial occu-
pancy, diel variations, interaction with the mussel rope, etc.
and a complete fish school database can be built with the
three devices VES, MBS and LOS (Brehmer et a., 2002).
Automation of digital sonar data acquisition and analysis
software would provide more reliable information on school
characteristics.

The aim of our work, to observe fish in a shallow water
ecosystem, was successfully achieved. However, an impor-
tant unexpected result was the demonstration of the capacity
of modern acoustic systems to monitor such areas, at several
levels. The results of this study clearly demonstrate that the
MBS technology can be used for the discrimination between
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the non-biological targets like the mussel longline and bio-
logical echoes such as shoals and fish schools. In addition,
the technology permits the evaluation of lost and/or clandes-
tine gears, evaluation of the global impact of aguaculture
structures on the whole ecosystem, as well as changes and
shiftsin thetrophic levels of the area. Although some techni-
cal and methodological improvements have to be designed, a
wide field of activitiesis open to underwater acoustics, and
the methods may be available to managers to monitor their
activitiesin detail. If the management of human activitiesand
exploitation must be considered in an ecosystem-based ap-
proach, being ableto describein detail and in aqualitative as
well as quantitative way, the whole system becomes critical.
Acoustic methods, such asthe onewe presented in this paper,
seem to be able to provide this kind of information on the
different parameters of the ecosystem. It seems clear that an
integrated approach of the mussel culture ground, gathering
in a synoptic data base: the artificial structure, the aquacul-
ture status of the mussels and the fish behaviour and abun-
dance, will be of great help to evaluate the potential of an
area, and the ecological health of an anthropized ecosystem.
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