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Abstract The species richness of communities should
largely depend on habitat variability and/or on habitat
state. We evaluated the ability of habitat variability and
habitat state to predict the diversity of juvenile neo-
tropical fish communities in creeks of a river floodplain.
The young-fish fauna consisted of 73 taxa, and samples
were well distributed over a wide range of relevant
temporal and spatial habitat variability. We were unable
to demonstrate clear patterns of richness in relation to
temporal and spatial habitat variability (if habitat state
variables were not included), regardless of the temporal
variability scale, the grouping of sites (up- and down-
stream sites differed in temporal variability patterns),
taxonomic units or life stages considered. Using stepwise
multiple regression, 36% of the variance in species
richness was explained for all data, and at best 47% was

.explained for all taxonomic units at upstream sites using

temporal and spatial habitat variability and habitat state
(bank length, mean width, mean water level before
fishing and/or water turbidity). Using Monte Carlo
simulations, we blindly predicted 31% (all data) and at
best 37% (all upstream taxa) of the observed variance in
species richness from these model types. This limited
precision is probably because rare species produced
most of the richness patterns in our creeks. The pre-
diction of these rare species is generally difficult for
various reasons, and may be a problem in many eco-
system types.
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Introduction

Predicting diversity or species richness of communities is
one of the central aims of much current ecological re-
search (Heywood and Watson 1995). Two elements play
a role in such predictions. Firstly, temporal habitat
variability is viewed as a measure of disturbance and
affects species richness (e.g., intermediate disturbance
hypothesis, Connell 1978). Secondly, spatial habitat
variability is viewed as a buffer against such disturbance,
providing refugia and spatial diversity (Townsend and
Hildrew 1994). In addition to habitat variability, species
richness should depend on habitat state (i.e., the mean
conditions, Resh et al. 1994). Therefore, evaluating the
ability of habitat variability and habitat state to predict
the diversity of communities is an important exercise.
This paper assesses that ability for juvenile neotropical
fish communities in creeks (small tributaries) of a river
floodplain.

In running waters, abiotic factors strongly structure
freshwater animal communities (e.g., Grossman et al.
1982; Statzner et al. 1988; Palmer and Poff 1997). The
frequency of disturbance by floods or droughts is usually
high, and competitive or predator-prey interactions are
often marginal factors in determining the composition of
lotic assemblages (Resh et al. 1988). Therefore, abiotic
factors, i.e., temporal and spatial habitat heterogeneity,
are currently considered to be of major importance
in stream ecology (e.g., Pringle et al. 1988; Townsend
1989).

Temporal variability is usually viewed as frequency
and/or severity of disturbance (Hildrew and Townsend
1987; Poff and Ward 1990), and is often described as
stream flow variability (Resh et al. 1988). Lotic fish di-
versity responds to such temporal variation of discharge
by (1) reduction of diversity if unpredictable distur-
bances through discharge increase (Horwitz 1978;
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Schlosser 1985), and (2) reduction of diversity through
biotic interactions when discharge patterns are stable
(Meffe 1984). These patterns correspond to predictions
made by the intermediate disturbance hypothesis (Con-
nell 1978). . ‘

Spatial habitat variability is often viewed as avail-
ability of physical niche space and refugia that modifies
competitive exclusion and the effect of disturbances
(Townsend 1989; Townsend and Hildrew 1994). Corre-
spondingly, the highest species richness of lotic fish oc-
curs in spatially more diverse habitats (e.g., Gorman and
Karr 1978; Mérigoux et al. 1998). These patterns of fish
diversity correspond to predictions of the patch dynamics
concept, i.e., highest species richness occurs at interme-
diate levels of temporal and at highest levels of spatial
habitat variability (Townsend 1989). Thus, evidence
from fish suggests that the patch dynamics concept can
be applied for mobile organisms (see Frid and Townsend
1989; Downes 1990 for discussion of this point).

However, the only study that has tested the patch
dynamics - concept for lotic fish failed to support it
(Persat et al. 1994). The authors suggested that separate
studies of juveniles and aduits as ontogenetic niche shifts
could explain why the patch dynamics concept predic-
tions were not supported. In addition, long-lived or-
ganisms such as fish should be disturbed by only a small
fraction of events (Townsend and Hildrew 1994).
However, we suggest that juveniles and adults respond
differently to a given event, and that young fish are
affected by shorter-term events than adults. Moreover,
Resh et al. (1994) suggested the inclusion of variables
that describe the state of habitats in studies relating
species richness to habitat variability.

A study of lotic young fish in diverse neotropical
communities on a short temporal scale (weeks) and a
small spatial scale (< 100 m?) appeared to be appropriate
for evaluating the power of habitat variability and state
in diversity predictions. Our temporal scale correspond-
ed to a large part of the life span of the young fish in the
creeks studied (Ponton and Tito de Morais 1994). Our
spatial scale corresponded well to the space used as
habitat by young fish (Schiemer et al. 1991; Schiemer and
Zalewski 1992), and was appropriate for the study of
multi-species patterns (Poizat and Pont 1996). In addi-
tion, the studied creeks of the neotropical Sinnamary
River (French Guiana) act as nurseries for fish larvae and
juveniles throughout most, if not all, of the year (Ponton
and Copp 1997; Ponton and Vauchel 1998). The upper
Sinnamary River has extreme, unpredictable natural
hydrological variations in relation to local rains, like the
majority of Guianese watercourses (Westby 1988). The
lower Sinnamary River is now under the impact of the
Petit Saut dam, which changes the natural hydrological
regime (Ponton and Vauchel 1998). In addition, the tidal
rhythm of the Atlantic affects the lower Sinnamary,
which adds hydrological variability (Ponton and Copp
1997). Habitats in the creeks should be more or less af-
fected by .that hydrological variability of the Sinnamary
according to their longitudinal distance from the main
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river. Therefore, habitats in the creeks should cover a
large range of temporal variability patterns, and hydro-
logical instability provides a measure of disturbance for
fish (Poff and Allan 1995). The morphology of the creeks
and the surrounding floodplain forest are natural, i.e.,
humans have not yet changed the spatial variability of
the creeks (which is not the case in most running waters
in temperate regions). Thus, these creeks were ideal for
studying the effect of the variability and the state of
abiotic factors on young fish species richness.

Our objectives were to (1) examine young-fish species
richness in the framework of temporal and spatial
variability to test the patch dynamics concept predic-
tions made by Townsend (1989), i.e., that species rich-
ness will be highest at intermediate levels of temporal
and at highest levels of spatial variability; (2) evaluate
the relative importance of habitat variability and state
variables in predictions of fish species richness; and (3)
examine how this relative importance changed with
spatial location (upsiream or downstream from the
dam), taxonomic units (Characiformes and non-Char-
aciformes) and with developmental stages.

Materials and methods
Study area

The Sinnamary River is the fifth largest river of French Guiana,
with a length of approximately 260 km and a mean annual
discharge of 230 m3 ™! (Fig. 1). Its drainage basin covers about
6565 km*> and receives an annual average precipitation of
3000 mm. The upper Sinnamary River, upstream from the reser-
voir (hereafter called upstream section), crosses different forest
types ranging from terra firme arborescent to flooded and perma-
nent swamp forest. Downstream from the dam (downstream sec-
tion), the river meanders through an old flat coastal plain (see Tito
de Morais et al. 1995 for further details). Before the completion of
Petit Saut dam in 1994, the hydrological regime in these two sec-
tions depended on the alternation of two (November—February and
April-July) rainy scasons and a dry season (August-November)
(Ponton and Copp 1997).

The creeks studied drain small catchments (Fig. 1) that are
entirely covered by a natural floodplain forest. Therefore, the
creeks are well-shaded, and aquatic macrophytes and planktonic
algae are very rare. In addition, a large amount of woody debris
cover the bottom of the creeks and mud, clay, and sand predomi-
nate the bottom substrate. These creeks have generally low current
velocities. However, mean velocities can reach more than 1m s~
during floods (Ponton and Vauchel 1998).

Hydrology

A gauging station upstream from Saut Dalles rapids (Fig. 1) re-
corded upstream water levels of the Sinnamary in 1995 and 1996.
Downstream water levels were recorded for the same period at a
similar gauging station downstream from Petit Saut dam, and at a
gauging station about 25 km downstream from the dam at the
entrance of Venus Creek (Fig. 1). These gauging stations recorded
water levels every hour. In addition, we set up 19 stream gauges in
the six studied creeks where we regularly recorded the water levels
for each of the 20 sampling sites under study (Fig. 1). We used
these data to characterize temporal habitat variability in terms of
flow disturbance (see Resh et al. 1988 for rationale) prior to each
fish sample.




Fig. 1 Sampling sites in the six
tributaries (creeks 1-6) of the
Sinnamary River (French Gui-
ana, South America) studied.
Stars indicate the location of
the different gauging stations in
the Sinnamary River and the
stream gauges at each of the 20
sampling sites (a,b,¢,d). Only
one gauge was used for sites a
and b in creek 6

505

Creek # 2

Site b
Site a

0 50m
.

Site ¢

"Petit Saut"
gauging

- "Venus Creek’

gauging station

Creek # 1

station

g 5°00° N—

x 0 10km
AL TR =
A -
| t “Saut Dalles"
gauging station

W

430" Nmr

Creek # 4

Site a

Site c
Site b

Site ¢
0 50m
=~

Creek #5 0

Creek # 6

Site a

Fish sampling and spatial habitat characterisation

We regularly sampled six creeks of the Sinnamary River with ro-
tenone from March 1995 to October 1996 (ten sampling campaigns;
see Fig. 2 for the dates of sampling). We selected a mean area of
about 50 m? at random (i.e., without knowing whether fish were
present or not) in three (creeks 2—5) or four (creeks 1,6) sampling
sites at each sampling campaign. Mérigoux et al. (1998) give a
complete description of the sampling method. In summary, we
firstly measured temperature, pH, oxygen with a ICM 51000 mul-
tiparameter meter, and water turbidity with a LaMotte Model 2008
digital turbidity meter in undisturbed water. We also measured the
current velocity at the water surface by observing the time required
for a floating object to travel 1 m downstream, and assigned it to
five categories (0-6, 7-9, 10-14, 15-25, and >25 cm s™7). Prelimi-
nary measures showed that these variables varied little across the
sampling volume, so we measured them only once. We then en-
closed the sampling area with two or three stop nets (1-mm mesh),
and applied at least two subsequent doses of Predatox well mixed
with water (Predatox is a 6.6% emulsifiable solution of rotenone
extracted from Derris elliptica by Saphyr, Antibes, France). We
collected fish with dip nets (1-mm mesh), and immediately pre-
served them in 90% alcohol. After fish sampling, we recorded the
water depth (cm), the presence/absence of organic litter (5 cate-
gories: leaves, wood diameter <5 and >5 cm, roots diameter <5
and >5 cm), vegetation (3 categories: aquatic, terrestrial herba-
ceous shrubs, trees), and substrate (6 categories: mud, clay, sand,
gravel, stones, blocks) using point samples on a 1 X 1 m grid. We
recorded bank slope (5 categories: smooth, medium, stiff, vertical,
excavation) for the closest point samples to the bank. Finally, we
determined total length, total bank length, mean width, volume,

and surface of each sampling area. In total, we obtained 200
samples, 100 from ten sites and ten campaigns in each of the
studied sections of the Sinnamary River. We made no attempt to
detoxify rotenone outside the sampling area with potassium per-
manganate because: (1) our sampling volume was always small
compared to surrounding waters; (2) most fish species outside the
sampling site detected and avoided rotenone; (3) clay, common at
our sampling sites, is known to reduce rapidly the toxicity of ro-
tenone (Gilderhus 1982); (4) above 23°C the half-life of rotenone is
less than 1 day (Bettoli and Maceina 1996); and (5) we sampled
each creek from down- to upstream.

In the laboratory, we sorted and identified all specimens of the
200 samples using keys for adults by Géry (1977), Rojas-Beltran
(1984), Kullander and Nijssen (1989), Planquette et al. (1996), and
for juveniles by D. Ponton (unpublished work). Keys for juveniles
were based on series of drawn specimens of variable size and on
meristic parameters such as number of rays on the anal fin or
position of fins. We had identification problems for a few species,
which we usually grouped at the genus level. We measured the
standard length of each specimen to the nearest 1 mm. We
separated juveniles from adults according to the minimum size at
first maturity observed for each species in the Sinnamary River
(Mérigoux and Ponton 1998; Ponton and Mérona 1998).

Data analysis

Temporal variables

We evaluated creek site water levels for the whole study period
from water levels in the creeks and in the Sinnamary River. For
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Fig. 2 Water levels recorded at 1000 -
Saut Dalles {upstream), and
Petit Saut (downstream) gaug-
ing stations, from January 1995
" to November 1996. Fish sam-
pling campaigns are indicated
by vertical arrows, and down-
stream values that would have
been observed if the dam were
not present by a dashed line,
calculated using equations in
Ponton and Vauchel (1998)
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each site, we examined the relationship between the water levels
recorded at its creek gauge and those obtained from the Saut Dalles
(upstream section) and Venus Creek (downstream section) gauging
stations of the Sinnamary. We used two types of models: linear
(i.e., linear regressions) or linear in sections (i.e., piecewise regres-
sions). The Jatter method allows the detection of a threshold below
and beyond which relations between variables are linear, but slope
and intercept are different for each piece (Wilkinson et al. 1996).
Linear-in-sections models implied that the site water level depended
on the river water level only beyond a given threshold of the
Sinnamary water level. At other periods, it was only affected by
local rains pouring over the creek catchment. For these periods, the
regression line for the first section was described as:

Y=m +¢ if WL <th

where Y is the water level at the creek site, m; is the observed mean
water level at the creek site for WL<th, e is the error term, WL is the
Sinnamary water level, and th is the threshold beyond which the
Sinnamary water level affects the creek. Beyond the threshold, water
level in the creek depended on variations of the Sinnamary water level
and the regression line for this second piece was described as:

Y=aWL+b+¢ if WL>th

We calculated the variance (temporal variability variable) and the
mean of the water level (temporal state variable) observed 5, 10, 15,
20, and 30 days before sampling for each sampling area from each
site stream gauge. We used the linear model for sites that had a
linear relationship with the water level of the Sinnamary. For sites
with linear-in-sections models, we decomposed the total variance
into inter-variance (mean variance between the two sections of
creek water levels delimited by the threshold for a given hydro-
logical period before fishing), and intra-variance (mean variance of
each piece, Sokal and Rohlf 1995) and estimated the variance for
each sampling area as:

Var = p(m; — m)2 +g(m — m)2 + pva +gv1

The two first terms define inter- and the two last the intra-variance
of creek water level for a given period (days before fishing), Var is

TIME

the total variance of creek site water level, p is the frequency of
hourly data for WL > th, m, is the predicted mean water level at the
creek site for WL >th, m is the predicted overall mean water level
at the creek site, as m = pmy + gm, g is the frequency of hourly
data for WL<th, v, is the variance of water level at the creek site for
WL > th with water level predicted from the second part of the
linear piecewise model, and v, is the observed variance of water
levels at the creek site for WL >th, taken as residuals from the
overall linear piecewise model.

Spatial variables

We calculated an index of spatial habitat variability from the
replicated measures of litter, vegetation, bottom substrate, bank
slope, and depth for each sampled area. The habitat variables
differed in their characteristics, so we treated them accordingly. We
first determined a local and a global index of variability for litter,
vegetation, and substrate applying the methods used by Cellot et al.
(1994). Each of these variables could be represented by several
categories at the same point sample. Therefore, these variables were
fuzzy coded (i.e., for each point sample we noted the proportions of
the different categories of each variable; see Chevenet et al. 1994).
‘We used the Simpson index on the proportions of the 14 categories
of the three variables as a measure of within-sample point vari-
ability (the equivalent of species a-diversity, Lande 1996) to get
local variability for each point sample. We obtained an index of
local variability for each sampling area by calculating the average
local diversity (i.e., the average of the point sample diversity). We
obtained the global variability for each sampling area using the
within-sample inertia calculated after a fuzzy correspondence
analysis on the table containing, for each local point sample, the
proportion of each category for litter, vegetation, and substrate
(Cellot et al. 1994; Chevenet et al. 1994). Bank slope differed from
the previous variables since only one category was possible at each
point sample closest to the bank. Therefore, we obtained its global
diversity by calculating the Simpson index on the proportion of
each category in each sampling area (Cellot et al. 1994). Depth
variance was used as an index of depth variability. We transformed




the four indices of habitat variability (local and global diversity of
litter, vegetation, and substrate, Simpson index of bank slope and
depth variance) for scale comparability over a range from 0 to 1 for
the 200 sampled areas. We obtained the final index of spatial
habitat variability of each sampling area as the first axis scores of a
non-centred principal component analysis performed on the four
individual spatial indices (Cellot et al. 1994). Most of the categories
considered here represented potential refuges for young fish.
Therefore, this index reflected not only the diversity of the habitat
but also the potential refuge amount of each sampling area.

Fish

We classified individual fish based on their standard length into
early life stages (about 4 to 15-20 mm SL, depending on species),
young (about 15-20 to 30-50 mm SL), and older juveniles (about
>30-50 mm SL, see Mérigoux and Ponton 1998 for the exact size
limits for each taxon). For each sample, we determined global fish
richness, richness in Characiformes and non-Characiformes (pre-
vious studies have demonstrated that young Characiformes are
especially affected by dam operations: Ponton and Copp 1997;
Ponton and Vauchel 1998), and richness in each of the three
different ontogenetic stages.

Fish richness versus habitat variability

The patch dynamics concept predicts a bell-shaped relationship
between fish richness and temporal variability and a positive
monotonic relationship between fish richness and spatial variabil-
ity. We checked for these tendencies by plotting overall taxa rich-
ness of the 200 samples against temporal and spatial variability. We
repeated this procedure considering the upstream and downstream
section of the Sinnamary, the taxonomic units (Characiformes and
non-Characiformes), and each ontogenetic group separately.

Fish richness versus habitat variability and state

We used stepwise forward regression (Wilkinson et al. 1996) to
identify significant variables describing habitat variability and
state, which explained most of the variability in fish richness. For
this purpose, we used the temporal variability variable and its log,
square, and cubic transformations (as a bell-shaped relationship is

0.70
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0.40

0.30 -

0.20

Coefficient of determination (r?)

0.10 T T T T 1
0 100 200 300 400 500

Number of predictions/observations

Fig. 3 Coefficient of determination for the regressions of observed
versus predicted fish taxon richness versus the number of predictions/
observations included (included samples were drawn at random for all
taxa and all samples, cf. Fig. 9)
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theoretically expected), the spatial variability variable and its log
transformation, and all the habitat state variables and their log
transformations.

We performed the stepwise analysis for all data (using hydro-
logical pre-sampling periods of different duration), for the up-
stream and the downstream section, for taxa Characiformes and
non-Characiformes, and for ontogenetic groups.

We tested the robustness of the models by Monte Carlo simu-
lations (Manly 1991). We modeled fish richness as a function of the
independent variables using half (selected at random) of the studied
samples for each regression model. We used this new model to
predict richness from the independent variables of the other half of
the samples. Five to ten repetitions of this procedure led to a stable
¥ of the linear regression of observed versus predicted richness
(Fig. 3). We tested whether the slope of the regression of observed
versus predicted richness was equal to one and if its constant was
equal to zero (i.e., y = x) using s-tests (Tomassone et al. 1983).

We used Systat 6.01 for Windows (Wilkinson et al. 1996),
S-PLUS 3.2. for Windows (Statistical Sciences 1995a,b,c), and
ADE 4 software (Thioulouse et al. 1997) for data analyses.

Results
Temporal habitat variability

Patterns of water level variations in the Sinnamary dif-
fered strongly between the two sections (Fig. 2). In the
upstream section, the natural flow pattern had two types
of fluctuations: (1) predictable long-term variations of
the water level due to the alternation of rainy and dry
seasons, and (2) unpredictable short-term events caused
by sudden heavy rains. Downstream from the reservoir,
dam operations significantly changed water levels from
those that would have been observed without the dam
(Wilcoxon signed-ranks test, n = 649, Z = —3.666,
P<0.001, Fig. 2). No seasonal pattern was detected in
this section, and unpredictable flow events of huge am-
plitude were prevailing. The creek water level of four
sites in the upstream and five sites in the downstream
section always depended on that of the Sinnamary River
(Fig. 4). Most of these sites were located 30-200 m up-
stream from the confluence of the creeks with the main
river (Fig. 1). The water level of all the other creek sites
varied linearly with those of the Sinnamary River only
beyond a threshold (Fig. 4, piecewise models).

Maximum temporal variability in the creeks was
higher in the downstream than in the upstream section
(Fig. 5). Mean temporal variability was significantly
higher in the downstream than in the upstream section
(t-test with: £ = 7.692, P < 0.001 and df = 29, Fig. 5).
Therefore, the frequency distributions of the temporal
variability in the 30 days preceding each fish sample also
differed among the sections (Fig. 6).

Spatial habitat variability and habitat state

Mean spatial variability did not significantly differ be-
tween the up- and downstream samples (z-test with
t=0.115, df=99 and P=0.908), and scores ranged from
04 to 1.5 (Fig. 6). The test of the patch dynamics
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concept required the synthesis of the overall variability
and abundance of refugia, so these scores were appro-
priate for our following tests. However, scores did not
demonstrate how variable the habitat were from the
perspective of a fish. Details on the frequency distribu-
tions of the values for these variables {Appendix 1)
demonstrated that the range of habitat conditions
encountered in the study was large. For instance, low
spatial variability was either due to (1) homogeneous
litter, vegetation, and substrate characteristics (e.g., 70%
of the bottom substrate points of a sampled area had

only sand or clay and neither litter nor vegetation) and/
or (2) homogeneous bank slope (e.g., 90% of the bank
slope sampling points were medium), and/or (3) homo-
geneous depth point samples (e.g., depth was between 20
and 46 cm). In contrast, high spatial variability corre-
sponded to (1) many combinations of litter, vegetation,
and substrate categories that were equally represented in
a sampled area (e.g., 39 combinations, each of them
found at 1-8% of the point samples for an area), and/or
(2) several bank slope categories that were equally rep-
resented (e.g., five bank slope categories, each of them




found at 15-25 % of the point samples), and/or (3) a
wide range of depth values (e.g., a depth ranging from 6
to 135 cm).
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water level variance for time considered (as days before fishing, DBF)
in 100 samples each from upstream and downstream creeks

Fig. 6 Frequency of the tem-
poral (log) and the spatial vari-
ability habitat scores in 100
samples each from upstream
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For habitat state, water temperature (°C,
mean=24.4, SD=0.7), and pH (mean=4.7, SD=0.4)
varied little and were excluded from further analyses.
We also omitted water current velocity, as 83% of the
samples had a velocity <6 cm 5™}, Homogeneity for that
variable among samples was due to the generally low
velocity encountered in the creeks, and to sampling
constraints (fishing with rotenone requires limited cur-
rent velocities to achieve maximum efficiency). However,
homogeneity for water velocity at the time we fished did
not imply homogeneity of flow or water level variance in
the days before fishing (i.e., our measure of disturbance).
The remaining state variables included in the analyses
were mean water level (cm, mean=67.1, SD=60.7),
oxygen concentration of the water (mg 1”1, mean=5.2,
SD=1.2), water turbidity Nephelometric turbidity units
(NTU), mean=54, SD=6.4), bank length (m,
mean=25.4, SD=94), mean width (m, mean=44,
SD=1.7), mean depth (cm, mean=46.2, SD=17.3),
total length (m, mean=12.0, SD =4.4), sampled volume
(m3, mean=227, SD=13.8), and surface (m?
mean = 52.6, SD=19.2).

Fish community characteristics

We collected 34,790 young individuals representing 73
taxa (69 distinct species) from 25 families and 6 orders
(Table 1). Among these 73 taxa many were rare on the
scale of all 200 samples (Fig. 7). Considering the scale of
each sample, about 20% of the collected individuals
contributed half of the species richness in more than 80%
of the samples. Globally, the Characiformes and the
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Table 1 Sample characteristics and fish composition in the up-
stream and downstream creeks, and in the total samples (ELS early
life stages, YJ young juveniles, OJ old juveniles)

Up Down  Total

stream  stream
No. samples 100 100 200
Sampled volume (m®) 1622 2914 4536
Sampled area (m?) 4649 5865 10514
No. orders 6 6 6
No. families 20 22 25
No. individuals 18234 16556 34790
No. taxa 59 60 73
No. Characiformes taxa 32 31 39
No. non-Characiformes taxa 27 29 34
No. ELS taxa 46 52 57
No. YJ taxa 50 54 60
No. OJ taxa 44 38 53
Mean no. taxa per sample 15.7 13.7 14.7
Mean no. individuals per sample 182.3 165.6 174.0
Mean no. Characiformes ELS 4.6 3.2 3.9

taxa per sample
Mean no. Characiformes YJ 6.0 4.6 5.3
taxa per sample

Mean no. Characiformes OF 3.6 2.7 3.2

taxa per sample
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Fig. 7 Rank frequency diagram of the 73 taxa collected in the 200
samples

Perciformes accounted for about 66% and 26% of the
total individuals, respectively. However, Characiformes
accounted for 82% and Perciformes for 11% of the total
individuals in upstream creeks, whereas they accounted
for 49% and 43% in downstream creeks. The mean
number of individuals per sample did not differ signifi-
cantly between upstream and downstream sites (z-test
with #=0.528, df=99 and P=10.599). However, mean
number of fish taxa per sample was significantly higher in
the upstream section (¢=2.462, df=99 and P=0.016).

Richness versus habitat variability

The aspects of temporal and spatial habitat variability
investigated here were poor descriptors of fish taxon
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Fig. 8 A typical example of fish taxon richness versus habitat
variability, showing all 200 samples for a hydrological period of
30 days before fishing (using other hydrological periods or separating
sections, taxonomic units, and ontogenetic stages did not produce
clearer patterns). Richness was positively related to spatial variability:
y=6.486(=+2.767)+9.051x(%2.998) (95% confidence limits in paren-
theses), r“=0.044, and P=0.0003

richness in the framework of the patch dynamics con-
cept, whichever data set was considered (five different
hydrological periods, all data, different sections, taxo-
nomic units, or ontogenetic groups). We never observed
a peak of fish richness at intermediate levels of temporal
variability (see Fig. 8 for one example). Fish richness
increased with spatial variability, but the proportion
of the variance in richness explained by this habitat
parameter was very low (e.g., 4% in the complete data
set, cf. Fig. 8).

Richness versus habitat variability and state
Depending on the hydrological pre-sampling period in-

cluded, 32-36% of the overall variance in fish taxon
richness was explained when habitat variability and state




were considered together (Table 2). Overall fish richness
was positively related to bank length, mean width, mean
water level, and spatial variability, and negatively re-
lated to water turbidity, whatever the duration of the
hydrological period before fishing included. Temporal
variability significantly explained fish richness oaly if we
described it for periods of 20 or 30 days before fishing.
For these periods species richness increased slightly with
Jow values of temporal variability and decreased with
higher temporal variability. Using the significant vari-
ables of the model, including data for 30 days before
fishing in Monte Carlo simulations produced predictions
with considerable scatter around the observations
(Fig. 9). The model predicted 31% of the observed
variability in species richness accurately (its constant did
not significantly differ from zero, and its slope did not
significantly differ from 1, Table 3).

Separate analyses of up- and downstream data,
Characiformes and non-Characiformes, and/or the dif-
ferent ontogenetic stages showed the same tendencies
whatever the hydrological period considered. Results
including data for 30 days before fishing were the most
significant in most of these separate analyses. Therefore,
we only present results that take into account this period
in further analyses.

Total fish richness in upstream creeks was better ex-
plained by habitat variability and state than that in
downstream creeks (Table 4). Total fish richness in
downstream creeks was less easy to model (Table 4) and
thus was not presented further in detail. In upstream
creeks, fish richness was positively related to bank
length, mean width, mean water level, and temporal and
spatial variability (Table 4). The accuracy of the model
was high, as the regression of observations on predic-
tions corresponded closely to y = x (Table 3). The model
predicted 37% of the observed variability in taxon
richness.

We obtained similar results to those in the previous
upstream example if Characiformes and non-Char-
aciformes in the upstream creecks were separated

Table 2 Stepwise multiple regressions of taxon richness in all 200
samples versus habitat variability and state variables for five hy-
drological periods (5, 10, 15, 20 and 30 days before fishing, DBF)
(2 coefficient of determination, F value of the F ratio, P associated
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(Tables 3,5). However, non-Characiformes richness was
only positively related to bank length, mean water level,
and spatial variability. Separating Characiformes and
non-Characiformes in downstream creeks yielded clearly
less powerful models compared to upstream creeks.
Upstream creek models for the three ontogenetic stages
predicted only 10-24% of the observed variability in
taxon richness (Table 3). In addition, these models were
very unstable, and often did not give accurate predictions,
as in two cases the constant differed significantly from 0
and the slope differed significantly from 1 (Table 3).

Discussion
Richness versus habitat variability

The predictions of the patch dynamics concept were not
supported by our data even though the study was
appropriately designed to test it. The young-fish fauna of
the creeks was very diverse. The samples were well dis-
tributed over a wide range of temporal and spatial habitat
variability. Moreover, the scales included were appro-
priate for young fish (Poizat and Pont 1996). In spite of
this, we were unable to demonstrate any pattern of rich-
ness in relation to temporal variability (if habitat state
variables were not included), regardless of the period
before fishing, or the grouping of sites, taxonomic units
or life stages considered. In addition, species richness was
only weakly related to spatial habitat variability.

We could argue that this failure to support the patch
dynamics concept was related to patterns of species
richness produced by interfering biological phenomena
that were not controlled by disturbance. For example,
water level variability in a creek during a period of rising
discharge of the Sinnamary could have caused adults to
migrate into the creek to reproduce there or in the as-
sociated floodplain. Most Characiformes are known to
reproduce during the rainy season as water levels in-
crease (Munro 1990; Lowe-McConnell 1987). This type

probability for the entire model). For each variable and DBF value,
whether a variable was log transformed is indicated in parentheses,
and its sign and associated probability are given

Statistical values and variables  Sign DBF (days)

5 10 15 20 30
P 0.317 0.321 0.316 0.351 0.355
F 18.015 18.378 17.951 14.838 15.107

<0.001 <0.001 <0.001 <0.001 <0.001
Constant - NS NS NS NS NS
Water turbidity (log) - 0.000 0.000 0.000 0.000 0.000
Bank length + 0.000 0.000 0.000 0.000 0.000
Mean width (log) + 0.000 0.000 0.001 0.000 0.001
Mean water level + 0.000 0.000 0.000 0.001 0.000
Spatial variability (log) + 0.000 0.000 0.000 0.000 0.000
Temporal variability - NS NS NS 0.000 0.000
Temporal variability (log) + NS NS NS 0.006 0.002

NS P>0.05
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of reproduction could have affected patterns of young-
fish species richness observed by us. However, the total
number of taxa observed in the upstream creeks (i.e., in
natural seasonal hydrological conditions) appeared to be
independent of hydrological events in 1995 and quite
stable in 1996 (Figs. 2,10). Thus, seasonal reproduction
did not affect the potential number of young fish taxa in
our creeks.

Only 2 of the more rigorous tests of the patch
dynamics concept or related concepts supported its
species richness hypotheses for lotic animals (Richoux
1994; Townsend et al. 1997b), while 11 tests rejected these
hiypotheses (ours, and 10 others summarised in Statzner
et al. 1997). Thus, we suggest that the species richness
hypotheses of the patch dynamics concept are only
rarely relevant to lotic animals according to this weight
of evidence. An underlying assumption of the patch
dynamics concept that produces the predicted patterns
in species richness is that interspecific competition
increases from intermediate to low levels of temporal,
and, for lower temporal variability, from high to low
levels of spatial variability (Townsend 1989). In many
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Fig. 9 Observed fish taxon richness versus “blind” predictions of
taxon richness (from Monte Carlo simulations, for #=2500), using the
variables for DBF=30 from Table 2, and the whole data set:
»=0.894(=0.120)x (95% confidence limits in parentheses), ¥*=0.305,
and P<0.001

Table 3 Robustness of richness predictions (# = 500) from dif-
ferent types of models on richness versus habitat variables. We
regressed observations on predictions (see Fig. 10 for one example)
tP obtain 72 (coefficient of determination), P (associated prob-

streams, however, the physical conditions are perma-
nently or periodically so harsh that biotic interactions
among animals are often unimportant (e.g., Ferminella
and Resh 1990; Peckarsky et al. 1990)..In addition, rare
species usually dominate patterns of species richness of
lotic animals (e.g., Statzner and Resh 1993). In our case,
about 20% of the individuals collected contributed half
of the species richness in the majority of the samples. In
our view, it is quite improbable that biotic interactions
produce the richness patterns of these rare species, and
thus the overall species richness as predicted by the
patch dynamics concept.

Richness versus habitat variability and state

Our results demonstrated the need to consider the hab-
itat variability and state together to explain and to
predict young-fish richness in our study area. Taking
them together, we accurately predicted 31% of the
observed variance in species richness for all data. Species
richness increased slightly with low values of temporal
variability and decreased at higher temporal variability.
This pattern was caused by a positive relationship
between diversity and temporal variability in upstream
creeks (see Table 4), and greater temporal variability
and lower diversity (than upsiream samples) in the
downstream creek samples.

We explained and predicted more of the fish richness
for the natural upstream creeks than for the downstream
ones that were disturbed by the dam operations at Petit
Saut. Therefore, we focused our discussion on patterns
found in the upstream creeks. Taxon richness increased
with temporal variability (when habitat state was
included in the model). This result differed from others
showing that elevated temporal variability of discharge
has negative effects on fish diversity (Horwitz 1978), and
especially on early life stages (Schlosser 1985; Finger and
Stewart 1987). However, all these studies only consid-
ered discharge variability, and did not simultaneously
consider other environmental parameters that may
potentially act as buffers against temporal variability,
For example, in upstream creeks, species richness
increased  with  higher spatial  heterogeneity.
Correspondingly, a positive relationship was found

ability), Const (constant if significantly different from 0 at
P < 0.05), S (slope), and 95% confidence limits (in parentheses),
and ¢ value for testing if § = 1, with § = 1if 1 < 1.965

‘ érouping P P Const S t

Total taxa 0.305 <0.001 NS 0.894 (£0.120)  1.767
Upstream taxa 0.370 <0.001 NS 0.963 (£0.112) 0.661
Upstream Characiformes 0.314 <0.001 NS 0.930 (£0.138) 1.014
Upstream non-Characiformes 0.343 <0.001 NS 0.927 (£0.114)  1.043
Upstream ELS Characiformes 0.104 <0.001 NS 0.873 (£0.256)  0.992
Upstream YJ Characiformes 0.227 <0.001 1.203 0.851 (+£0.140)  2.129
Upstream OJ Characiformes 0.238 <0.001 0.592 0.864 (£0.138) 1971




Table 4 Stepwise multiple regressions of taxon richness in the
upstream and downstream creeks versus habitat variability and
state variables (for temporal variability and mean water level,
30 DBF). See Table 2 for further details

Statistical values
and variables

Up stream Down stream

Sign Statistics  Sign Statistics

? 0.473 0.237
F 16.864 15.097
P <0.001 <0.001
Constant NS + 0.000
Water turbidity (log) NS - 0.005
Bank length + 0.000 + 0.000
Mean width (log) =+ 0.037 NS
Mean water level + 0.001 NS
Spatial variability (log) + 0.001 NS
Temporal variability (log) + 0.007 NS

Table 5 Stepwise multiple regressions of taxon richness of Char-
aciformes and non-Characiformes in upstream creeks, versus
habitat variability and state variables for 30 DBF. See Tables 2
and 4 for further details

Statistical values Characiformes Non-Characiformes

and variables

Sign Statistics  Sign Statistic

P 0.415 0.442
F 13.320 25.307
P <0.001 <0.001
Constant - 0.026 - 0.031
Water turbidity (log) NS NS

Bank length + 0.000 + 0.000
Mean width (log) + 0.002 NS

Mean water level + 0.021 + 0.000
Spatial variability (log) + 0.004 + 0.006
Temporal variability (log) + 0.005 NS

between fish species richness and habitat diversity in
Panamanian streams (Gorman and Karr 1978), in the
Niger River (Hugueny 1990), and in two Guianese
coastal streams (Mérigoux et al. 1998). Indeed, patchy
habitats should provide refuges and decrease the impact
of discharge disturbances on fish (Townsend and Hil-
drew 1994). This point has been demonstrated in North
American river systems where complex habitats pro-
vided refuges for fish during flood events (Pearsons et al.
1992). Moreover, the positive relation of fish richness
with bank length reflected the relative importance of
the riparian zones (relative to the aquatic habitat) in
providing fish with shelter and diversified food. This
importance has been demonstrated for temperate
(Schiemer and Zalewski 1992) and tropical (Tito de
Morais et al. 1995) rivers. We also observed higher
species richness at higher mean water level. It is obvious
that the surface of flooded areas adjacent to our creeks
increased as the waters of the Sinnamary River rose. It is
well known that floodplains are essential components of
large rivers (Lowe-McConnell 1987). Flood pulses are
the driving force for river-floodpiain systems (Junk et al.
1989), which provide diverse habitats where fish find
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food, shelter, and spawning sites (Bonetto et al. 1989;
Junk and Da Silva 1995).

In the upstream creeks, Characiformes richness was
related to habitat variables in a similar way to taxa. In
contrast, non-Characiformes richness was independent
of temporal habitat variability. Most Siluriformes,
Gymnotiformes, and Perciformes have reproductive
habits that are relatively independent of habitat varia-
tions. For instance, all the Cichlids present in the
Sinnamary River are nest spawners (Breder and Rosen
1966; Ponton and Tito de Morais 1994). We found no
ontogenetic habitat shifts in the Characiformes of the
upstream creeks that could improve the species richness
predictions for different age classes. This point probably
reflected the low taxon number found per ontogenetic
group in each sample (Table 1). However, such onto-
genetic changes should have existed in our creeks, as
they exist in temperate streams (e.g., Schiemer et al.
1991; Sagnes et al. 1997), and as fish sensitivity to abiotic
factors decreases with increasing size and mobility
(Harvey 1987; Schlosser 1987).

We did not find clear fish richness patterns in the
creeks downstream from the dam, There, a lower mean
number of taxa per sample occurred compared to the
upstream creeks, probably because of the dam. Dam
operations strongly modified the flow pattern in the
downstream creeks, especially by keeping the mean
water level low during the rainy seasons (Fig. 2).
Moreover, they produced short periods of artificial ex-
treme high water during the dry season. Such alterations
of the timing, frequency, magnitude or duration of flood
patterns strongly affect aquatic biota (Bain et al. 1988;
Bonetto et al. 1989). Thus, abrupt water releases at the
dam like the one that raised the water level 5 m over
2 days in August 1995 could have reduced fish diversity.

Conclusion and perspectives

We have demonstrated the need to consider separately
areas with very different environmental conditions, and
taxonomic units with different biology, for a better un-
derstanding of fish richness patterns. In the Sinnamary
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Basin, the creeks in the floodplain act as nurseries for
early life stages, and the discharge in the main channel
strongly influenced their water level (at least during
floods). However, further studies on the relative im-
portance of flow regimes in the main river and the creeks
are needed to understand the relative importance of
direct (on fish displacement) and indirect (on fish
reproduction) hydrological effects. Moreover, future
investigations should focus on the most abundant spe-
cies to improve knowledge of ontogenetic habitat
changes.

Although we have demonstrated that abiotic factors
affect species richness of young fish, biotic factors
probably also affected the assemblages. For example, the
reduction of species richness with decreasing temporal
variability in the upstream creeks (Table 4) could have
been the result of such biotic interactions. Predation
upon young fish would have occurred during the dry
season, when fish densities in the creeks increased with
decreasing water levels. Piscivores are known to modify
the young fish assemblage structure by culling the most
vulnerable prey species during low water in floodplain
lakes of the Orinoco river (Rodriguez and Lewis 1997).
In the Sinnamary Basin, some fish species are specialised
in preying upon fish at very early stages (Mérigoux and
Ponton 1998). In addition, young fish of many species in
the Sinnamary creeks feed on the same food items (small
crustaceans, larvae, and adults of insects, Meérigoux
and Ponton 1998). However, it is difficult to speculate
whether competition for food was high in our young fish
communities.

Evidently, potential biotic interactions among fish of
the Sinnamary creeks were not strong enough to pro-
duce species richness patterns as predicted by the patch
dynamics concept. Habitat variability alone, as mea-
sured in this study, did not explain fish richness, and had
to be combined with habitat state variables for this
purpose. Even then, the models explained at best 47% of
the observed variance in fish richness. In terms of pre-
dictive power, the models “blindly” predicted at most

Appendix 1 Spatial habitat characteristics expressed as synthesis of
all point samples (depth) or proportions of variable categories
found in all of the 100 sampled areas in the up- and downstream

37% of the observed variance in species richness. This
limited precision is probably because rare species pro-
duced most of the richness patterns in our creeks. It will
be generally difficult to predict species richness of lotic
animal communities on the scale of habitats or stream
reaches (cf. Minshall 1988), as rare species typically
produce most of the richness in lotic animal communi-
ties (e.g., Modukhai-Boltovskoi 1978; Edwards and
Brooker 1982; Statzner and Resh 1993). Habitat or
stream reach is the spatial scale primarily examined by
stream ecologists (Minshall 1988; Statzner et al. 1997)
and primarily considered in stream management (Gore
1985; Statzner and Sperling 1993). Consequently, stream
ecologists have to face the fact that it will be difficult
to predict animal species richness on a spatial scale
appropriate to both theoretical and applied consider-
ations. Solution of this general problem is urgent in the
context of the current global efforts to assess and
maintain biodiversity (Heywood and Watson 1995).
Rare species also often dominate species richness in
other ecosystem types (e.g., Gaston 1994), so the prob-
lems of predicting biodiversity are not limited to running
waters. Thus, what we need are metrics of biodiversity
that are easier to predict than species richness, or di-
versity indices that are closely related to species richness
(Washington 1984).

There is growing evidence that species traits such as
longevity, mobility, and reproduction are significantly
related to habitat characteristics (Statzner et al. 1997,
Townsend et al. 1997a). Therefore, such traits could serve
to create metrics of functional community diversity.
Consequently, our next task will be to use our data from
the Sinnamary to test the hypothesis that fluctuating
environments, such as those in the downstream creeks,
should comtain weakly interactive opportunists with
generalised strategies (Poff and Ward 1990; Poff and
Allan 1995). The results of this test should enable us to
develop metrics for the functional diversity of the fish
communities in the Sinnamary Basin that are easier to
predict than species richness.

creeks (litter, vegetation, substrate, and bank slope). See text for
the variable categories

Depth (cm) Litter (%)

Vegetation (%)

Substrate (%) Bank slope (%)

Upstream

1 2 3 4 5 1 2
Minimum 0 0 0 0 0 0 0 0
Maximum 126 100 57 47 100 12 0 76
Median 35 42 19 11 34 0 0 11
Mean 40 46 22 14 39 1 0 17
SD 23 23 12 11 24 2 0 18
Downstream
Minimum o 0 0 1 0 0 0 0
Maximum 150 88 65 62 100 11 96 48
Median 51 31 24 24 17 © 0 0
Mean 54 35 28 25 2 0 1 3
SD 27 17 16 12 20 2 10 8

3 1 2 3 4 5 6 1 2 3 4 5
0 0 o0 0 0 0 O 6 0 o0 0 o0
27 82 100 100 0 6 45 100 88 100 50 50O
0 9 38 57 0 0 0 19 25 14 10 11
2 17 41 49 0 0 1 28 26 17 14 14
6 21 23 30 0 1 6 28 17 16 13 15
0 ¢c o0 0 0 0 O 0o 0 0 0 o0
21 100 100 8 15 1 42 8 87 75 75 6l
0 21 38 3 0 0 0 11 25 23 21 O
1 29 41 22 1 0 1 16 27 26 22 9
4 27 23 27 3 0 7 17 15 16 16 16
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