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Preface

This book has its origin in several ventures involving Franco-British
collaboration over the past 30 years. One main focus was African shallow
lakes, with intensive fieldwork during the late 1960s and early 1970s
within the International Biological Programme and ~ later — a pan-
African overview. Our fascination with tropical freshwater science devel-
oped from this and other experience in Africa.

We have felt, however, that regional experience and regional descrip-
tion have most reward when integrated into a generalized science. The
stage then becomes the entire tropics and the specific a special case of the
general. Such integration we have tried to provide here. The subject is
developed using comparative examples. It is founded upon a resolution
into fluxes and flux-interactions, using quantities of energy, water and
chemical elements as ‘common currencies’. Biological activities fit within,
and participate in, these circulations. We then take up the consequences
of time-variability at different frequencies and at various levels of orga-
nization. In the background is the question of tropical distinctiveness.

The book, is, therefore, organized around dynamic themes. We hope
that it will be of value to those in tropical countries with scientific and
practical interests in inland waters; also to those working at higher lati-
tudes who would like to obtain a fuller perspective of their subject. For
reference by both groups we have provided a detailed biography of the
rather scattered literature.

Our venture has received help from numerous sources. Much early
" inspiration came from co-workers in the field, including our late collea-
gues Julian Rzoska and Leonard Beadle. We are grateful to others who
have offered valuable comments and advice. They include Eddie Allison,
Mary Burgis, Rob Hart, Xavier Lazzaro, Stephen Maberly, Jean Pages,
and Ed Tipping. Most of all, we have benefited from constructive criti-
cism of the entire text by Geoffrey Fryer, Rosemary Lowe-McConnell
and Roger Pourriot. Qur two parent organizations, the Freshwater
Biological Association (FBA) at Windermere and ORSTOM at
Montpellier, have provided crucial support throughout. We are indebted
to the FBA for use of its fine library facilities; from these much of the
literature cited here can be obtained at moderate cost, under some con-
ditions (excluding entire books), by photocopies supplied by post (the
Document Delivery Service). Jack Talling is grateful to ORSTOM for
financial support that enabled him to work at Montpellier. Also impor-
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tant was assistance with typing; here we are especially indebted to Kirsty
Ross at Windermere and Marie-Christine Pascal at Montpellier. Funding
from the Royal Society, and the professional skill of Kilian McDaid,
enabled the redrawing of many text-figures. Finally the friendly help
and advice of Alan Crowden and Maria Murphy of Cambridge
University Press did much to smooth the path to final publication.

Jack F. Talling Jacques Lemoalle
Freshwater Biological Association ORSTOM
Windermere Montpellier
Cumbria France

UK
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Introduction

1.1 Scope

Tropical inland waters lie within a wide latitudinal belt in which the noon-
day sun can be vertically overhead at some time or times of the year. As
lakes and reservoirs, rivers and streams, they have an uneven distribution
over three main geographical regions — Central and South America,
Africa, and Australasia. Novelty and diversity, reinforced by local p\rac—
tical issues, have encouraged individual or regional description of water-
bodies and their inhabitants. In their scientific study broad functional
considerations have not been to the fore. Even today, generalized issues
of ecology are rarely taken up on a comparative, pan-tropical scale.

In this book the comparative and pan-tropical approach is central. We
have concentrated upon dynamic aspects of functioning for environment,
population, community and ecosystem; and here the basis of selection
needs some explanation. ‘Dynamic aspects’ are mostly founded upon
flows or fluxes, that control the magnitude and distribution of stock
quantities, and like them can be physical, chemical or biological in nat-
ure. In rivers attention is captured by the flow or flux, in lakes by the
stock quantity of water present. Both fluxes and stocks are important in
the natural water economy of a region; the same is true for the energy
economy, chemical economy and biological economy. Much environ-
mental physics, geochemistry and biogeochemistry, and population-
plus production-dynamics, are implicated. The principles involved are
outlined in Chapters 2 and 3. They have been developed mainly from
studies in the temperate zones but here are directed to tropical examples.
However, tropical material with both analytical and comparative scope is
scanty, and generalization is often insecure. Another aspect of ecological
dynamics is time-variability, which includes flux and stock quantities, and
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Fig. 1.1. Land-masses of the tropics and subtropics, with major rivers and lakes referred to in the text.
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can be illustrated, analysed and compared from a wide variety of tropical
studies. It occupies much of this book, in Chapters 4 and 5.

The tropics share with other latitudinal belts the prevalence of three
environmental cycles of fixed period — the diel, lunar and annual.
Past discussion of tropical distinctiveness has centred on the annual
(seasonal) cycle, although long ago Buschkiel (1936) — from the then
Dutch East Indies — also emphasized the diel one. Within the tropical
belt there is a potential escape from much environmental seasonality
inevitable at high latitudes, most notably the thermal correlates of a
marked radiation minimum. If this potential is realized, there are
profound implications for population ecology. If other modes of sea-
sonality intervene or — by default — cycles of other frequency, what
mechanisms and biological response-patterns are operative? If tropical
annual cycles of low amplitude are commonplace, do they tend to be
more irregular in their phases? Where they are markedly so, the term
‘seasonal’ becomes unsuitable for intra-annual events. Given two or
more interactive cycles of varying phase, are there general conse-
quences of a match-mismatch flexibility as established for some tem-
perate aquatic systems?

The sequence of topics is broadly from simpler to more complex, from
the elements of physical-chemical-biological functioning to their expres-
sion in time-variability. The latter ends with responses in compound
systems, which often integrate characteristics already discussed for indi-
vidual components. Applied issues are not separated out as such, but
man’s influences are used to help the understanding of ecological systems.
Possibilities arise, for example, with the creation of man-made lakes, with
catch-mortality in fish populations, and with species introductions. These
include undesirable or controversial impacts.

Our scope is latitudinally defined, referring to the region between the
two Tropics at 23°27" N and 23°27’ S (Fig 1.1). However, latitudinal
gradients are not always dominant. East = West gradients of climate
are numerous, often associated with a transverse mountain range (e.g.,
Andes, Ghats of India) and a transition from oceanic to continental
conditions. Altitudinal gradients are also important, with correlations
of temperature and rainfall.

The extensive range of the subject matter and its geographical deriva-
tion makes a comprehensive treatment impracticable. Nevertheless, we
hope that there is sufficient breadth and detail for reference and contem-
plation. Also, that there is some encouragement from evidence of unity
among diversity and from the comparative approach. The bibliography is
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intended to make a scattered tropical literature more accessible. Our
approach will, we hope, complement existing regional and descriptive
accounts, and help the emergence of a more generalized and functional
tropical science.

1.2 Historical background

The scientific exploration of tropical inland waters (tropical limnology) is
largely a product of the twentieth century, especially the second half.
Aspects of its early history have been surveyed by Talling (19954) and
recent developments by Melack (1996). Progress has tended to lag behind
that of temperate limnology, which by 1900 was emerging as a focused
science from the efforts of pioneers such as Forel, Apstein, Birge and
Whipple. Most early work in the tropics, before 1925, was based upon
short-term expeditions with largely taxonomic, faunistic and floristic
aims that did not greatly advance the present topic. Notable exceptions
were the systematic seasonal collections of plankton from Lake Nyasa
(Malawi) in 1899 by the Fiilleborn expedition (Fiilleborn 1900), and from
lakes in Ceylon (Sri Lanka) in 1904-5 by Bogert, that enabled Schmidle
(1902) and Apstein (1907, 1910), respectively, to make the first significant
contributions to the seasonality of tropical freshwater plankton.

However, another 20 years had to pass before physical, chemical and
biological studies were combined and interrelated, most notably in expe-
ditions to lakes in East Africa (Worthington 1930; Beadle 19325; Jenkin
1936) and Indonesia (Ruttner 19315, 1952). These and earlier expeditions
are shown chronologically in Fig. 1.2. The recording and analysis of
dynamic change advanced even more slowly; the main exceptions were
in the hydrology — the science of water fluxes — of important river systems
such as the Nile (e.g., Hurst & Philips 1938) and in intensive studies of
day-night or diel change that began in 1927 on Lake Victoria
(Worthington 1931). Rate-measurements of physiological quantities
were represented in the late 1920s and early 1930s, as in the experimental
exposures made in situ by Jenkin (1936) and Beadle (19326) on the photo-
synthesis of phytoplankton and aquatic macrophytes in East African
lakes. Their interest mainly lay in the delimitation of the photosynthetic
zone, and application of the method to assess production rates per unit
area had to wait until the early 1950s in Central America (Deevey 1955)
and Africa (Prowse & Talling 1958). The 1960s saw the beginnings of
intensive rate-measurements in studies of animal production other than
of fishes, such as those of the zooplankton of the African lakes Chad
(Gras & Saint-Jean 1969) and George (Burgis 1971, 1974).
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Fig. 1.2. Expeditions of ecological relevance for tropical limnology, arranged
chronologically for the period 1894-1940. Numbers identify the locations or
lakes involved. From Talling (1995a).

In this and later decades several world-wide developments favoured an
expansion of work on time-related and dynamic aspects. Some stemmed
from development of the subjects themselves, with exploration of the
variety of time-sequences, and recognition of the desirability of analysis
in terms of individual fluxes and rate-parameters. The expansion (mainly



6 Introduction

at higher latitudes) of the subjects of population dynamics, production
biology and biogeochemistry had obvious influence on tropical as well
as general limnology. The same is true of advances in analytical chem-
istry; spectrophotometry, for example, was first applied widely for nutri-
ent estimation in tropical waters by Ida Talling in 1960-61. Influence of
a quite different sort came from the increasing number of bases for
research on tropical freshwaters, in universities and institutes. Long-
continued recording in time thereby became easier to carry out, as
did more focused projects once a background of environmental and
biological information was available. ‘Expeditions’ of individuals or
groups could often be assimilated within indigenous institutions, to
the potential benefit of both and with the encouragement of time-
related studies. A distinctive form of expedition was possible on the
Amazon river system, up which a well-equipped oceanographic research
vessel — the Alpha Helix — first penetrated for thousands of kilometres
on several cruises in the 1970s. Earlier, in the 1950s, long research
cruises up the Nile in a smaller vessel were mounted from the
University of Khartoum. These led to the first monograph on the ecol-
ogy of a large tropical river (Rzdska 1976).

With many subjects represented, progress was inevitably uneven. Work
on the biology and ecology of fish populations has long been maintained
and indirectly has supported other research efforts, national and inter-
national. Here projects on lakes Victoria, Kariba, Malawi, Turkana and
Tanganyika are examples. Tropical swamps have attracted attention and
in recent decades research on floodplain systems has intensified. Between
1965 and 1975 there was added stimulus from the International
Biological Programme. A practical challenge, and research stimulus, fol-
lowed the creation since 1960 of very large man-made lakes. Although the
ecology of small streams and their invertebrate faunas has been relatively
neglected, that of large rivers has not — a reversal of the situation in many
temperate regions. Further, the chemical fluxes in large tropical rivers are
of considerable global and theoretical interest.

Since 1980 the comparative and generalized aspects of tropical limnol-
ogy have been developed considerably, as in the works of Serruya &
Pollingher (1983), Payne (1986) and Lewis (1987, 1995). This develop-
ment requires a sufficient background of site-specific or region-specific
studies in depth, but also the interplay of reasoning from general to
specific with that from specific to general. Here formulations made «
priori, but not ex cathedra, have their place.
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1.3 Environmental conditions influenced by tropical latitude

A tropical location makes its impact upon environmental conditions in
freshwaters along three main pathways.

Solar radiation input is a primary influence, and has important conse-
quences for the temperature regime (Chapters 2, 4). Its distinctiveness is
linked to a high solar elevation at noon, with the twin consequences of
normal (perpendicular) or near-normal ray incidence to the earth’s sur-
face (the ‘geometric factor’ of Monteith 1972) and reduced optical air
mass (= 1 at normal incidence). The natural photoperiod, daylength, is
precisely predictable (tabulations in List 1951). Its seasonal range is very
limited: minimum and maximum values, at the northern and southern
boundaries of the tropics, are 10.6 and 13.6 hours.

Geostrophic influence from the earth’s rotation, as expressed in the
concept of the Coriolis force, is minimal. This affects the motion of
large moving masses of fluids whether in the atmosphere, oceans or
lakes. For the last, a principal predictable effect is for its reduction to
allow greater effectiveness of wind-induced vertical mixing and so
enhance the depth of an upper mixed layer (Lewis 1987, 1995).

Air-mass circulation is influenced by latitudinal belts of pressure differ-
entials, that include higher pressure regions in the high-insolation areas of
the subtropics and a seasonally migrating equatorial trough and inter-
tropical convergence zone (ITCZ) of lower pressure and upwelling. There
results not only a seasonality in tropical wind patterns but also a broad
tropical belt of generally elevated and often very seasonal rainfall. This
leads to much hydrological control of tropical seasonality (Chapter 4.3),
with correlated factors-of water level, depth and djscharge.

In addition, there are more loosely associated features connected with
the chemical denudation and water-leaching of tropical land-masses.
These can be accentuated by a long history of past denudation, due to
a predominance of Pre-Cambrian formations embodied in the ancient
proto-continent of Gondwana that by disintegration and migration
gave rise — outside South East Asia — to most of the tropical land-masses
of today. There is also some influence of the modern tropical environ-
ment on chemical pathways (e.g., silicate weathering, soil laterization,
denitrification) and their chemical species (e.g., silicic acid, nitrate) that
in varying concentration enter freshwaters.

These large-scale associations with latitude underlie many details of
environmental transfers in tropical waters, now to be surveyed.

*
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Environmental transfers in space and time

We will now outline fluxes and exchanges that determine energy balance,
water balance and movement, and chemical balance in tropical inland
water environments. For each of these topics one must take into account
multiple forms of transfer, routes of transfer, controlling factors and the
sensitivity of an aquatic stock quantity to change. Although basic princi-
ples are of general application, features prominent in tropical regions are
emphasized and exarhples drawn from better known tropical situations.

The ultimate control of the processes involved can be visualized as
falling into three categories — climatic, geological and biological. These
appear in diagrammatic form, with interactions and overlaps, in Fig. 2.1.

2.1 Energy balance

Setting aside the kinetic energy associated with internal water movement
(Section 2.3), a water-body acquires and loses energy convertible to heat
(= molecular motion) by various forms and pathways. The main route is
through the atmosphere—water interface. This pathway has climate-sen-
sitive contributions that comprise: (i) several fluxes of radiant energy, (i1)
energy loss by the evaporative water flux; and (iii) exchange of heat that
can be directly sensed (‘sensible heat’) by convection—conduction down
temperature gradients.

All these components can be assessed by the energy flux density per
unit area, Q (units, e.g., ] m™2 s71), at the water surface. They are shown
diagrammatically in Fig. 2.2. The largest are usually the radiation fluxes,
whose sum is Q. Downwards there is a short-wave (largely 0.3-2 um)
and in part visible flux of solar radiation (Q;) and a long-wave (~10 pm)
non-visible flux emitted by the atmosphere (Q);). Upwards there is
another flux of long-wave radiation (Q),) emitted from the water surface.
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The downwelling fluxes Qg and Q;; suffer some fractional surface loss, as
albedo fractions ag and g, due to reflection and back-scattering, on enter-
ing the water-mass. Their penetrating flux densities Q" and Q,; are hence
(1 —ag)Qs and (1 — a))Qy;, respectively. The evaporative energy flux den-
sity Q. is governed by rate of evaporation (Section 2.2) and the large
(and slightly temperature-dependent) latent heat of vaporization for
water, ~2440 J g”'. An evaporation rate of | mm day™ has an equiva-
lence of ~2.44 MJ m™2 day™'. The convective—conductive energy flux
density Q. can involve flow from atmosphere to water (positive flux) or
water to atmosphere (negative flux) according to the temperature gra-
dient.

A second route is by the heat content of water horizontally transferred
(i.e. advected) by inflow and outflow, to which loss of the heat content of
evaporated water — a generally insignificant term — must formally be
added. A third route, quantitatively of minor importance, is by heat
transfer from water to sediments and its reverse. The sediment to water
heat flux includes persistent geothermal flux from the hot interior of the
earth, of particular interest in very deep rift lakes. [n lakes Tanganyika
and Malawi this estimated flux is very small (von Herzen & Vacquier
1967), although in Tanganyika hot vents are now known to exist
(Tiercelin er al. 1993). In Lake Kivu (within a volcanic region) it is
relatively large and accentuated by submerged hot springs, with a total
flux calculated to be of the order of 1 ] m™ s™' (Newman 1976).

Clearly the first pathway at the water surface is the primary one of
comparative importance, and if other terms can be neglected the relation-
ship between its fluxes and changes of heat content AH,, stored in the
water-body in time interval At is:

A]-I\V/AtzQsl_,-Ql,i_Qlo"Qe_chQr_Qe_Q (21)

Here all terms are referred to unit area. This energy budget provides a
means of understanding and analysing the changes with time of heat
content, and so temperature, of tropical water-bodies.

The water-emissive flux density Q), is readily estimated from surface
water absolute temperature 7 in degrees Kelvin (K = °C + 273) by the
Stefan—Boltzmann relationship:

Qo =E oT* (2.2)

where the water emissivity E ~ 0.97 (for a perfect ‘black body’ it is 1)
and the Stefan—Boltzmann constant o = 5.67 x 10~ I m™2 ™' K™*.
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Fig. 2.2. Diagrammatic summary of energy fluxes operating at the air—-water
interface. For explanation of symbols see text.

This radiant flux is an important though invisible component of the
diel energy balance. For example, at a water surface temperature of 15
°C, Q) = 32.7 MJ m~2 day™', whereas at 25 °C it has risen to 37.5 MJ
m2 day". The difference, of ~5 MJ m™ day ~! could exist between
typical warm-temperate and tropical lakes and its magnitude is about
one-quarter of the incoming solar energy Q.. In practice the two terms
for long-wave radiation are often combined as a resultant quantity net
back radiation (Q), = Qi, — Q);) that is estimated from an empirical
meteorological relationship. This includes cloud cover, which enhances
the incoming long-wave radiation Q}; and hence reduces net back radia-
tion. Conversely, net back radiation will be considerable at night under a
clear sky in arid climates — as on the Jebel Aulia reservoir near Khartoum
(Talling 1990). Here the large daytime input of solar radiation Q, and
output flux of long-wave radiation Q,, both day and night, favoured a
strong diel variation of near-surface heat storage and hence of surface
water temperature. The term for convective-conductive exchange of sen-
sible heat (Q.) is usually estimated from the ratio with latent heat trans-
fer, the Bowen ratio Q./Q., that can be expressed using the
meteorological variables of vapour pressure deficit and temperature dif-
ference between water and air. These variables, respectively, increase Q.
and Q., as does wind velocity. Influence from the atmosphere also
appears in the effects of cloud cover and atmospheric water vapour con-
tent for reducing the fluxes of incoming short-wave solar radiation and —
as already noted - net back radiation.

Surface water temperature is a controlling variable with multiple
effects, in its positive relationships with outgoing long-wave radiation
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(0O)), net back radiation (Q),), conductive-convective loss of sensible
heat (Q.), and evaporative heat flux (Q.). It is also correlated with heat
storage, such that changes in storage (AH,,) broadly compensate for
divergence between the net radiative flux Q, (Q¢+ Q) — O, Or
Q. - Q) and the summed non-radiative output fluxes (Q, + Q).
Further modification will, of course, arise if the net heat transfer in
water inflow minus outflow is appreciable.

Probably the oldest measure of ‘heat budget’ is the change of heat
storage per unit lake area between the annual minimum and maximum
values (example in Fig. 4.16), the annual heat income. It is determined by
the annual amplitude of surface temperature, the depth of a surface
mixed layer, and the depth-distribution of water volume. Of these the
first is much reduced in tropical lakes, whereas the second tends to be
increased. The net effect, however, is a lower magnitude of annual heat
income in deep tropical compared to deep temperate lakes. Typical
ranges are 5-10 kcal cm™2 in the former, as for lakes Victoria (Talling
1966, 1990), Lanao (Lewis 1973) and Valencia (Lewis 1983a), and > 25
kcal cm™2 in the latter. Although this quantity is formally a net flux over
the period (generally ~6 months) concerned, for analysis it is less useful
than component energy fluxes resolved for short periods within the diel
(24 h) and annual time-scales. Measurements or indirect estimates of
these, assembled within an overall energy budget, are not numerous for
tropical water-bodies.

The diel energy budget offers an approach by instantaneous rather
than time-averaged fluxes. Qutlines for two waters (Lake Chad, Jebel
Aulia reservoir) in the African Sahel region are given by Talling (1990)
and for the shallow reservoir of Parakrama Samudra in Sri Lanka by
Dobesch (1983). More rigorous is the study by Pouyaud (1986, 19875),
based mainly upon the Bam reservoir in Burkina Faso (Upper Volta) and
that of Sene er al. (1991) on Lake Toba in Indonesia (see Fig. 2.3).
However, both of these were centred upon evaporation—radiation rela-
tionships and did not directly evaluate heat storage. This was done by
Talling (1990) for successive diel periods at the Jebel Aulia reservoir,
where its magnitude was shown to be compatible with estimates of
other energy flux densities.

The most variable and hence most evocative component in the diel
energy budget is the solar radiant flux density, but Pouyaud (19875)
showed the diel variation of the evaporative term could also be consider-
able (> 1007 cm ™2 h‘l) in a dry climate. Balance of the budget in cycles
without longer-term carry over implies an element of negative feedback
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Fig. 2.3. Diel variation of component flux densities in the energy balance of Lake
Toba, Indonesia. Components are: O, global short-wave solar radiation; Q, net
downwelling radiation; Q., latent heat of evaporation; Q,, sensible heat loss by
conduction/convection. From Sene et al. (1991).

that can only be exerted by a flux density sensitive to surface water
temperature. The most obvious candidate, ‘sensible’ or conductive heat
transfer between water and atmosphere, would generally seem to be
insufficient; thus the other temperature-sensitive fluxes of evaporation
(via water vapour pressure deficit) and upward long-wave radiation (pro-
portional to the fourth power of absolute surface water temperature) are
also implicated. Examples discussed by Talling (1990) suggest that,
‘excluding horizontal transfers (advection), the amplitude of the diel
change of energy content stored as heat below unit area of the water-
column is 0.5 to 1.0 times the total daily input of solar radiation. Thus a
representative value of 20 MJ m™ (2 kJ cm™2 or 480 cal cm™?) for the
latter might be expected to lead to a transient diel energy storage equiva-
lent to a rise in temperature of 1.2 to 2.4 °C over a depth range of 0-2 m.
An actual example of storage of this magnitude was described for the
reservoir Parakrama Samudra in Sri Lanka by Bauer (1983), who also
evaluated the associated storage (as induced buoyancy) of potential
energy supposedly available for later conversion to kinetic energy in
water currents. However, a lower amplitude of the diel temperature
wave can be expected under windier conditions with enhanced vertical
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mixing, and also under conditions of clouding (lower solar radiation flux
density, lower flux density of net long-wave back radiation) and high
atmospheric humidity (low amplitude of evaporative flux density), con-
ditions more prevalent in the humid tropics or in rainy seasons. Examples
from a reservoir in Kenya appear in Fig. 2.4.

Representation of the within-year or annual variability of energy fluxes
1s usually based upon day-average values. It is a valuable means of ana-
lysing the annual variability of heat content, and hence of associated
temperature and stability of thermal stratification. The study of
Pouyaud (1986, 19874, b) on a small West African water-body was
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Fig. 2.4. Seasonal shifts in diel cycles of temperature, measured as continuous
records at 0.6 m depth in a reservoir (Wellcome Dam) near Nairobi, in or near the
last two days of the months indicated during 1971-2 * =short rains, **=1long
rains. Modified from Young (1975). ’
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again outstanding for technical instrumentation and direct flux measure-
ment. Here conditions in the dry and wet seasons were compared, incor-
porating diel differences. The cloudy and more humid wet season yielded
lower values for incoming solar short-wave radiation, net outgoing long-
wave radiation and latent heat transfer. For this water-body there was
the great asset of an independent measure of evaporation rate derived
from inflow—outflow—storage relationships. Its annual variation was
bimodal, with depressions in the rainy season (especially August-—
September) and cool dry season (especially December—February), corre-
sponding to the location at 13.5° N.

For continuous information over several years on large tropical lakes,
but based on partly indirect estimates of flux densities, there is notable
work on Lake Pawlo, Ethiopia (Wood et al. 1976), Lake Valencia (Lewis
1983¢), Lake Titicaca (Kittel & Richerson 1978; Carmouze, Aquize et al.
1983; Taylor & Aquize 1984; Carmouze 1992) and two reservoirs in
northern Australia (Townsend et al. 1997). At least the first three lakes
cool and mix deeply in the hemispheric ‘winter’ but the temperature of
the high altitude Lake Titicaca is relatively low. Estimates of the main
flux densities for Lake Pawlo and Lake Valencia (Fig. 2.5) suggest that
variation in evaporative loss is the largest single contribution to the sharp
annual cooling, which chiefly occurs outside the main rainy season and
with low humidity plus high vapour pressure deficit. These same condi-
tions, and little cloud cover, also promote increased net long-wave radia-
tive transfer (back radiation). In all examples one obvious link between
water and atmosphere — the exchange of sensible heat by conduction—-
convection — is not a major factor.

At the high altitude Lake Titicaca some special features occur, related
to conditions of temperature and atmospheric pressure. According to
Carmouze (1992), because of cold winds from adjacent mountains the
surface water is warmer than the air above by a mean daily difference of
3.5-5 °C. This difference raises the evaporative flux, also enhanced by low
humidity, but its magnitude appears unexceptional for tropical lakes at
4.2-5.3 mm day™'. The low atmospheric pressure reduces the Bowen
ratio of conductive—convective to evaporative loss, Q./Q.. The tempera-
ture conditions tend to increase the net long-wave radiative transfer or
back radiation, for although the outgoing flux Q,, is reduced by low
water temperature, the incoming flux from the atmosphere @ is still
further reduced. A combination of increased back radiation and reduc-
tion of solar radiation around the winter solstice in June is estimated
(Kittel & Richerson 1978; Carmouze 1992) to account for most of the
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increased seasonal loss of heat content in the lake. Long-term variability
of some estimated flux components of the energy balance is shown in Fig.
2.6; rate of change of stored heat has been described by Kittel &
Richerson (1978).

More generally, the solar radiation factor is likely to be dominant for
seasonal cooling towards the limits of the tropics, but at lower latitudes
the sensitivity of the energy fluxes associated with evaporation and back
radiation can dominate in climates with wet and dry seasons.

2.2 Water balance

Like energy balance, the water balance of a landscape is determined by
multiple fluxes that have a variety of pathways. Fluxes in the vapour state
involve transport in atmospheric turbulence and circulation; those in the
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Fig. 2.6. Lake Titicaca, Andes. Seasonal and longer-term variation in four main
components of the energy balance as monthly mean flux densities: Q, net
radiation; Q. sensible heat by conduction/convection; AH/A¢, stored heat; Q.
latent heat of evaporation. Separately r, the residual quantity required for energy
balance (encompassing errors in the above), is also shown. From Taylor & Aquize
(1984).
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liquid state are dominated by gravitational fall, in part as surface-bound
running waters. In either case height is a crucial factor. As water level is
an index of stock, flows of water are often expressed as height or level
differences over the surface area under consideration, usually of the

catchment or lake. Thus a flux of 1000 m® (= 10° g) km™2 day~' is

equivalent to | mm day™".

Because of the proximity of the equatorial trough of low pressure and
inter-tropical convergence zone (ITCZ) (see Chapter 4.3b), the equatorial
belt is largely a region of high annual rainfall (Fig. 2.7). There are prin-
cipal subcentres in Amazonia, West Africa and Indonesia that are
marked by a stronger prevalence of rising air-masses (Dhonneur 1985).
At surface-water level, relatively high tropical temperature raises the
operative saturation vapour pressure (e;) and hence the maximum possi-
ble vapour pressure deficit, from saturation, in dry air. The actual deficit,
e;—e, also determined by the prevailing partial pressure of atmospheric
water vapour e, is a principal factor controlling evaporation from open
water surfaces. Estimation of the flux is possible given other meteorolo-
gical information, including net radiation flux and wind velocity. An
equation derived by Penman, and variants summarized by Monteith
(1973) and Sene et al. (1991), are often used. Applications to tropical
lakes include Lake Volta (Penman 1956), Lake Pawlo in Ethiopia
(Wood et al. 1976) and Lake Toba in Indonesia (Sene et al. 1991).
Clearly, mean open-water evaporation rates are typically low in the
humid tropics, and high — often >8 mm day™' — in the arid tropics
and subtropics.

On a catchment scale, evapotranspiration causes losses that reduce the
specific discharge of a river system (i.e., discharge per unit drainage area:
tabulation for tropical rivers in Serruya & Pollingher 1983) below the
corresponding value for rainfall. The fractional reduction, or run-off
factor, is <0.2 in many arid tropical catchments. For the humid and
forested catchment of the Amazon it is estimated as ~0.6 (from data in
Lewis et al. 1995). In the short term it is strongly influenced by variable
storage in soils, and by alternative modes of surface and channel flow
linked to the intensity of rainfall. Thus ‘storm-flow’ and more persistent
‘base-flow’ can be distinguished, often with different solute contents that
are of ecological significance. This has been well demonstrated by Lesack
(19934, b) for a small sub-catchment of Lake Calado in the Amazon
floodplain. There, in a particularly wet year, rainfall amounted to 2870
mm, stream-flow export to 1650 mm that included 88 mm storm-flow,
subsurface seepage-out 42 mm and a year-to-year difference in soil water
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‘storage (soil recharge) of 57 mm. A residual of 1120 mm was ascribed to
evapotranspiration.

For further expositions of catchment budget and river hydrology the
reader is referred to texts of general hydrology and, for the tropics, to
Balek (1977, 1983), Fritsch (1992) and Bonell et al. (1993). The following
account 1s mainly directed to lakes and reservoirs; it considers water
stocks with flux components and their interrelations chiefly at the annual
scale. Time-variability on shorter and longer scales is taken up in Chapter
4.3 and 4.5, respectively.

The hydrology of lakes and reservoirs may be described by two main
features: the water budget and the residence time. The relative importance
of the components of the water budget mostly determines the nature of
the processes involved in the chemical or ecological regulation of the
water-body. In lakes and reservoirs the magnitude and impact of the
resulting environmental vanations is directly linked with the residence
time, which may be expressed as the quotient of water storage/outflow
flux (the inverse of the flushing rate) or, alternatively, as the quotient of
water storage/total input flux (the inverse of the water renewal rate). The
annual water budget of a water-body may be written as:

P+Ri+Gi:E+RO+GO+AV (23)

where P = direct on-lake precipitation, £ = evaporation, R; and R, =
river input and output, G; and G, = seepage input and output, and AV
= change in volume.

For coastal lagoons, two other variables should be taken into account:
seawater input and output. All these quantities can be expressed as
volumes of water or as the equivalent changes of lake surface level
(usually in mm).

Illustrations of evaluated flux components appear in Fig. 2.8 where
mean monthly values are represented for the African lakes Victoria
and Chad. In Lake Victoria, direct rainfall is the main contribution to
the inputs, with a marked seasonality. River inflow and outflow are of
comparatively small volume and are relatively constant throughout the
year. Evaporation accounts for most of the water losses, with a moderate
seasonality directly related to the mean air humidity and wind regime. In
Lake Chad, direct rainfall is restricted to three months duration and an
annual total of about 300 mm. River inflow, of which 93% is contributed
by the River Chari, is the most significant input. There is no surface
outlet, but a small net annual seepage outflow. Most of the output results
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Fig. 2.8. Monthly flux components of the water budget and resulting water level
in (¢) Lake Chad (R; and E£ predominating) and (b) Lake Victoria (P and E
predominating). ‘Outflow’ is R, for Lake Victoria and net seepage (G, — G,)
for Lake Chad. Based on Sutcliffe (1988) and Olivry et al. (1996).

from evaporation, with some seasonality due to the rainy season (August)
and the low air temperature during part of the dry season (January).

Lake Victoria is thus characterized by an atmospheric control, where
direct on-lake precipitation P and evaporation E are the main contribu-
tors to the water budget. In the endorheic Lake Chad, the surface inflow
R; and E are the most influential components, with surface outflow
R, =0 and a small net value of seepage-out G,.

During the periods for which these budgets have been determined, both
lakes have had a fairly constant mean level, with small seasonal varia-
tions resulting from imbalances in the monthly water budgets. Total
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annual input corresponded, respectively, to 2150 mm yr~' over 68 800
km? for Lake Victoria and 2175 mm yr~' over 20 000 km? for Lake Chad
(Sutcliffe 1987; Olivry et al. 1996).

Although these figures may seem similar they involve important differ-
ences. Horizontally, a localized river input to Lake Chad results in a
south-north movement of water-masses and a corresponding chemical
gradient, whereas Lake Victoria appears more homogeneous as both
main inputs and losses affect the whole lake area. Vertically, the inputs
have to be compared with the mean depth (or volume) of the lake: 39 m
in Lake Victoria and 3.5 m in Lake Chad. There results residence times as
lake volume divided by water throughput (V' /[R, + G,]) of, respectively,
70 and 20 years.

It is thus clear that the relative magnitude of the different components
of the annual water budget has to be taken into account and the impor-
tance of the total annual fluxes relative to the lake volume. A normalized
budget may be written where all the components are expressed as per-
centage fractions of the lake volume V-

(100/V)(P + R + G;) = (100/V)(E + R, + G, + AV) (2.4)

Using this presentation, several types of behaviour are described below
(see Table 2.1). ‘

In large deep basins, the residence time of water is typically several tens
of years. Although in these lakes the level may vary seasonally or in the
long term by several metres, they are strongly buffered by the large water
volume and most of their functioning is independent of seasonal or other
within-year fluctuations in the components of the water budget. An
exception lies in the marginal communities, both above and below the
surface, sensitive to level variations.

The water budget is often dominated by direct precipitation P and
evaporation E (atmospheric-control lakes) but river input R; and output
R, may also be of some relative importance. Normalized as percentages
of lake volume, the annual surface input (P + R;) and output (£ + R,)
are <10%. Examples are lakes Victoria, Malawi and Tanganyika in
Africa, Lake Titicaca in South America, and Lake Toba in Indonesia
(see Chapter 4.3).

Compared to that of deep lakes, evaporation increases in relative
importance in shallow lakes. This is the case for the shaliow and wind-
mixed Lake Chapala in Mexico, with a surface area of 1110 km® and a
mean depth of 7.2 m (Table 2.1). The water level decreased by about 3 m
from 1977 to 1983 as a result of the diversion of water from inflow rivers
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Table 2.1. Annual flux quantities in the water budgets of selected tropical
and subtropical lakes, reservoirs and floodplains, normalized to storage
volume and expressed as % of that volume. For symbols and sources of
data, see text of Section 2.2 and Chapter 4.3 (parentheses indicate some
irrigation off-take in Ry or pumped input in R;)

Volume
Water-body (km?) P R G, E R, G, AV
Open Lakes
Titicaca 900 083 095 0 1.54 0.15 0 0.09
Victoria ~ 2700 46 09 O 4.1 14 0 0
Chapala 1953-74 8.0 28 72 0 49 Sl 0 0
Chapala 1975-84 4.7 38 62 0 58 . 42 0 0
George 0.8 31 250 0 59 218 0 0
Kyoga 7.6 72 374 0 91 353 0 0
Reservoirs
Tucurui 1985-87 45 75 429 0 44 411 O 21
Floodplains
Yaérée 1968 3.5 243 91 0 301 33 0 -
Okavango Delta 4 125 275 0 385 715 1.5 -
Closed lakes
Turkana 245 <0.6 6.5 0 7.1 0 - 0
Valencia 1977-80 7 43 (45 15 103 0 0 0
Sibaya 1977 0.98 8.1 1.3 2.1 11.2 0 04 O
Naivasha 1974 0.72 158 285 59 402 (20 5.1 +3
Chad 1964-68 70 9.5 559 0 624 0 5.1 -2.1
Chilwa 1961-71  0.85 89 4] 0 130 0 0 0
Lac de Guiers 0.28 21 174 4 157 (38) 4 0

for agriculture, although modifications on the outflowing Rio Santiago
reduced annual output from the lake (Limoén ez al. 1989).

A large river outflow R, strongly reduces the consequences for change
in lake level from within-year (and between-year) variations in the other
elements of the budget. This is the case for Lake George (Uganda) where
the average flushing rate of 2.8 times per year is seasonally modulated by
a well defined bimodal river inflow (maxima in April and October), but
where the seasonal level vanation is low (+ 0.2 m) (Viner & Smith 1973).
The transit Lake Kyoga on the Victoria Nile has a similar hydraulic
regime (Burgis et al. 1987).

Reservoirs used for hydroelectric power are also often characterized by
a large outflow to volume ratio. An average residence time of 45 days has
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been computed for the large Tucurui Reservoir in northern Brazil, with a
mean volume of 45 km> and a length of 14.3 km. The corresponding large
throughput is, however, not sufficient to compensate for oxygen (O;)
depletion in the deep layers as a result of decomposition of the original
vegetation (Pereira, 1994). The amplitude of seasonal variation in level in
the reservoir, up to 14 m, does not greatly differ from the 10 to 12 m of
the natural river (Odinetz-Collart 1987).

Floodplains and temporary water-bodies

As a result of seasonal variations of river discharge, floodplains are
highly dynamic transition zones (ecotones) through which aquatic and
terrestrial systems exchange nutrients and organic material. Most of the
great floodplains nowadays occur in the tropics, mainly as a result of
human pressure which has converted those of temperate regions to agri-
cultural land. Welcomme (1979) provides a general descriptive account of
most large floodplains of the world. Large tropical examples occur on the
river courses of the Amazon, Orinoco, Nile, Niger and Mekong.
Associated lakes or lagoons may be numerous (Fig. 2.9).

Their hydraulic functioning may best be approached through their
seasonal variations in area and volume (see Chapter 4.3b). However,
their annual budget can give complementary information as shown by
the comparison between two African floodplains, the Yaére, a floodplain
of the River Logone (Northern Cameroon), and the Okavango inner
delta (Botswana) which receives the Kavango River. For both systems,
the rain period occurs before the river flood and the first phase of the
inundation is largely a result of direct rainfall. But the relative impor-
tance of the two inputs may be different. Published data for the Yaére
(Gac 1980) and the Okavango Delta (Mepham 1987) indicate a predo-
minance of direct rain in the Yaéré and of river input in the Okavango,
major losses through evaporation in both, and a very short residence
time. The mean volume of the water-bodies has been calculated here as
the annual mean of monthly values so that these figures are comparable
to those of permanent lakes (Table 2.1).

The floodplain of the central Amazon is another region in which sea-
sonal water storage is contributed both by local water run-off and river
overflow. One floodplain lake, Lake Calado, was estimated by Lesack &
Melack (1995) to export to the river about three times the volume of
water it received from that source.

The relationship between annual river inflow (R;) and outflow (R,) will
obviously depend on the degree and area of flooding. This has been
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Fig. 2.9. Permanent water-bodies (black) near the Rio Mamoré, Bolivia, in
relation to the floodplain (stippled). From Loubens et al. (1992).

treated comparatively by Sutcliffe & Parks (1989) for four African flood-
plains, including the Nile Sudd region for which the net transmission
factor was <0.5 at higher annual flows (see Fig. 4.14). Here the transmis-
sion loss is an adverse factor for water economy in the more arid regions
downstream (Hurst 1952), although the local seasonal inundation has
some beneficial consequences for a cattle-tending population (Rzobska
1974).
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Lakes without surface outflow

Lakes without surface outlet (natural R, = 0) are usually associated with
dry climates. Their budget is characterized by a relatively high evapora-
tion component E. This, with subsurface seepage-out, balances water
input in the long term. Due to human use of the water resource, especially
for irrigation, some abstraction must be integrated in the budget. This
occurs for Lake Naivasha, Kenya (Gaudet & Melack 1981: see Table
2.1), where the budget includes some seepage into the lake, an abstraction
of 2% of the lake volume (here noted as a form of surface outflow R,)
and some variation of the level.

A slightly different type of budget applies to the shallower Lac de
Guiers (Senegal), a side lake to the River Senegal (data from Gac et al.
1987) which is a man-regulated closed lake heavily used for rice and
sugarcane irrigation.

Lake Chilwa (Malawi) is a shallow natural closed lake with a highly
variable area as a result of climatic irregularities, although in a region
with higher rainfall than the two preceding examples (890 mm yr™").
Mean values for the period 1961-71, assuming a mean depth of 1 m
(data from Lancaster 1979 and Mepham 1987), lead to the components
shown in Table 2.1 with a strong dominance of atmospheric control.

A rather different budget may be calculated for the subtropical (27° S)
Lake Sibaya (South Africa), in a region receiving about 1000 mm yr~!
annual rainfall. This deeper lake (mean depth ~10 m) has also relatively
small river inputs. Its water level reflects climatic variations, with oscilla-
tions of over 4 m in a period of a few years (Mepham 1987). Based on
mean climatic data, and for a relatively high level as observed in 1977, the
normalized budget indicates a limited annual input with a predominance
of direct rain. River input dominates in preliminary estimates (Yuretich
& Cerling 1983: see Table 2.1) for the large deep endorheic Lake Turkana
(mean depth 33 m), that has a history of salinization reflected in Fig. 2.32.
In Lake Valencia, Venezuela, the dry-season inflow is sustained at a
steady level by known quantities of pumped water. This allowed for a
precise estimation of a significant annual groundwater flow, G; (Lewis
1983¢).

An extreme case of a closed system is found with Lake Magadi
(Kenya), where the dominant inflow is from groundwater, G;, which is
balanced by evaporation E. Most of the lake volume is made of sodium
carbonate-rich evaporites. Here the fate of the solute input in a closed
lake is clear; this is not always the case for some other endorheic basins
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(see Section 2.4). In Ethiopia, a wide variation in lake hydrology — with
successive lakes in areas of closed drainage — has led to an extensive
salinity series (Wood & Talling 1988). Figure 2.33 shows the hydrological
background. .

2.3 Water movements

Water movements result from three main influences: height difference of
surface level, with gravitational flow; density difference with buoyancy or
sinking; and surface wind stress with transfer of momentum (mass x
velocity) as well as energy.

Gravitational flow is most obviously expressed in river channels.
Situations of high rainfall in large drainage basins account for several
tropical rivers — including the Amazon, Zaire (Congo), Ganges and
Orinoco — yielding water fluxes or discharge in excess of 500 km® yr™',
with the Amazon far pre-eminent at ~ 6000 km® yr=' (tabulation in
Serruya & Pollingher, 1983). The largely tropical Nile,. though with a
relatively small discharge of <100 km? yr~!, is the world’s longest
river at 6695 km. Velocities of water flow relate to altitudinal gradients,
sometimes only a few metres fall per 1000 km, and in the absence of
tributaries will inversely correlate with cross-sectional area as discharge
equals this area times mean velocity. They are reduced under conditions
of high hydraulic resistance, as occur in heavily vegetated or meandering
channels. The upper limits are reached in waterfalls and rapids that have
some spectacular tropical examples. Some, such as the Murchison Falls
on the upper Nile and the Victoria Falls on the Zambezi, are notable as
zoogeographical barriers and probably as plankton-destructors.

Velocity of flow partly determines the time of travel between two points
of changes in water levels, that has received much attention from its
practical importance in long rivers such as the Nile (Hurst 1952). It,
and more especially local backwaters or ‘dead zones’ for water move-
ment, are factors favouring the development of river plankton (e.g.,
Rzéska 1976). Higher velocity of flow promotes the suspension and
transport of silt, that is often abundant in floodwater, and in deposition
can slowly alter channels and landscapes. For African river basins the
fluxes of sediment transfer have been estimated by Walling (1984) as
extending over the wide range of about 1-4000 t km™2 yr7!, although
with only limited areas of > 100 t km™2 yr~'. Sediment fluxes are typi-
cally greater than the accompanying solute fluxes (<1t km™? yr™"), as is
illustrated by estimates of both the Niger and other West African rivers
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(Enikeff, 1939; Grove, 1972). However, the reverse situation can be found
in forested catchments (e.g., Zaire). Sediment types can be specific to
distant origins, as in those contributed from the Ethiopian highlands to
sediments along the Blue Nile and Main Nile below. This system also
illustrates how heavy loads are carried during a short seasonal phase of
floodwater and, in deposition, have provided the framework for the
shallow Delta lakes of Egypt, and the recent massive accumulations of
sediment in the reservoirs of southern Lake Nubia (Entz 1976, 1978) and

Sennar in the Sudan plain.

In so-called ‘standing waters’ of lakes and reservoirs, the input-output
water flux rarely dominates internal water movements. Some of these are
generated, and all are potentially constrained, by vertical differences of
density. In most cases the vertical density differences are the conse-
quences of temperature differences, with a non-linear relationship that
causes density differences to be accentuated in the higher tropical range
of temperature. A contribution to density from dissolved solutes becomes
appreciable in waters of higher ionic content; the quantitative basis of
this is examined by MaclIntyre & Melack (1982) in relation to long-term
changes of salinity and stratification in a small Kenyan lake. Some notion
of the magnitudes involved is given by the following differences in density
expressed in mg dm™> (=mg ™' = g m™):

(1) For pure water, differences between 5 and 6°, 15 and 16°, and 25 and
26 °C are, respectively, 24, 156 and 261.

(ii) For water of an ionic composition common in East Africa, the dif-
ference between waters with electrical conductivity at 20 °C of 100
and 500 pS cm™! is 368.

The first quantitative analyses of stratification in tropical lakes were by
Ruttner (1931a, b, 1938), who applied to Indonesian lakes the formula-
tion of stability after Schmidt. Essentially a static quantity, this is a
measure of the work (as force x distance) required to transform a den-
sity-stratified to a density-unstratified state without change of heat con-
tent. A modern discussion of its formulation and calculation is provided
by Idso (1973). Ruttner showed that, because of the non-linear tempera-
ture—density relationship, values of stability (which he expressed in kg-m
per m?, or kg m % energy units, J m~2, are now preferred) could be as
high or higher in tropical than in temperate lakes. However, tropical
values are usually lower, as the effect of lessened vertical temperature
difference generally predominates over that of the accentuated density—
temperature relationship. Later notable applications to tropical lakes
have been made by Lewis (1984) in an assessment of annual changes of
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stratification for Lake Valencia (Fig. 2.10), and Kling (1988) in a com-
parative survey of stratification and susceptibility to mixing for lakes of
Cameroon (Fig. 2.11); also by Townsend 1998 for two reservoirs in
northern Australia. Stability increases when a given thermal gradient,
or thermocline, is depressed deeper. In general there is a strong relation-
ship between stability and maximum lake depth (see Fig. 2.11), and
between thermocline depth and the distance of wind travel (‘fetch’)
over the water surface (Fig. 2.12).

Partly because change in temperature is the most prevalent cause of
change in density, partly because temperature can function at depth as a
persistent or ‘conservative’ property, time-series of vertical temperature
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Fig. 2.10. Lake Valencia, Venezuela. Within-year and between-year variation of
the stability of stratification, 1977-81. Modified from Lewis (1984).
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Fig. 2.11. Double-logarithmic plot of the relationship between stability of
stratification and maximum depth for tropical lakes. From Kling (1988).
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Fig. 2.12. Relationship of thermocline depth and maximum lake feich for various
tropical lakes, including a series of small crater lakes in Cameroon. From Kling
(1988).

differences in a lake can give indirect indications of vertical water trans-
port and exchange. Evaluation of the transport of heat downwards by
water turbulence in a lake with time has been a classic approach, by
defining a coefficient of vertical diffusivity K, linking the vertical flux F
per unit area at depth z (here F and z are deemed positive downwards)
and the gradient d@ /dz of heat concentration (i.e., temperature, §) over
which it operates:

—dé

F=K, (Tf) (2.5)
The coefficient of vertical (eddy) diffusivity (units cm? s~ or m? s™') so
derived can be applied to estimates accompanying chemical fluxes along
known concentration gradients, provided that the transfers of heat and
chemical quantities are predominantly by water-eddy diffusion and not
molecular diffusion (in which they differ). The magnitude of vertical dif-
fusivity in lakes generally increases with lake surface area and wind fetch,
without any clear bias for tropical as distinct from temperate lakes. This
matter is discussed comparatively by Lewis (1982) from the background of
seasonal studies on Lake Valencia (Lewis 1983a). Another application of
vertical diffusivity coefficients, to assess reduced diffusivity during diel
cycles of stratification in Lake Titicaca, was made by Powell et al. (1984).

Examples of temperature-time series in tropical lakes appear as depth-
profiles in Fig. 2.13, and as depth-time ‘contour’ diagrams in Figs. 2.15,
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Fig. 2.13. Temperature-depth-profiles illustrating the annual cycle of thermal
stratification in lakes Malawi, N'Zilo (Katanga) and Victoria. Stippling
indicates the descent of the main thermal discontinuities. From Talling (1969).

4.7, 4.15 and 5.7 where rapid change of temperature in depth or time is
marked by the bunching of lines of equal temperature (isotherms). The
sequences shown comparatively in Fig. 2.13 demonstrate how, during
phases of cooling, the extent of a more mixed surface layer deepens
and so entrains water that was previously separated below a thermal
discontinuity or thermocline. Such water is typically richer in plant nutri-
ents than that of the surface layer. In consequence partial entrainment as
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well as complete vertical mixing is potentially a major influence in the
biological functioning of tropical lakes. If entrainment alternates with
periods of surface heating, multiple thermoclines of varying duration
may emerge, as described for Lake Lanao by Lewis (1973) (see Fig.
2.14), and Lake Pawlo by Wood et al. (1976, 1984). Frequent repetition
of entrainment, and its vertically deep operation, have been emphasized
by Lewis (1987, 1995) as a characteristic of tropical lakes that would
promote nutrient recycling or ‘turnover’. Although well developed in
some tropical climates, as at Lake Lanao in the Philippines, the supposed
contrast with temperate lakes is less marked for lakes near the limits of
the tropics (e.g., Lake Kariba) or with temperate lakes in relatively
unstable oceanic climates.

Vertical water transfers, and mixing, tend for several reasons to be
promoted following a surface loss of heat. One mechanism is penetrative
convection. This 1s frequently marked by unstable inverse near-surface
differences of temperature with cooler and denser water uppermost,
which are most evident near the end of night-time cooling. It is rela-
tively more important in the absence of wind stress and consequent
Sforced convection, as in sheltered forest-lakes of the Amazon floodplain
(Maclntyre & Melack 1988, 1995). Much day-to-day change in the
depth of a thermocline can then follow (Fig. 4.8). It is also probably
often responsible for a seasonal correlation between vertical mixing in
shallow water-bodies and the marked depression of daily minimum -
but not maximum — air temperature. Examples of this relation include
Opi1 Lake in Nigeria under the harmattan wind regime (Fig. 2.15). An
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Fig. 2.14. Lake Lanao, Philippines. Within-year changes of thermal stratification,
as indicated by the depth locations of thermal discontinuities or thermoclines of
varying magnitude and persistence and their attributed origins from breezes
(e-----¢), squalls (e+—e) and storms (e—e). Bars indicate storm periods. Based
on Lewis (1973).
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Fig. 2.15. Opi Lake, Nigeria. (¢) The annual incidence of low minimum air
temperature associated with the onset (arrowed) of the harmattan wind regime,
and associated effects on the seasonal depth-time distribution of (b) temperature
and {¢) oxygen concentration. From Hare & Carter (1984).
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importance of night-time surface cooling with resulting convection for
the penetration of dissolved oxygen under tropical swamp cover was
early postulated by Carter & Beadle (1930), Beadle (1932a) and Carter
(1934).

Another possible, though subordinate, mechanism is profile-bound
density currents. These can result from a cooler inflow moving at
depth, possibly along the bottom or at its own density level.
Examples are recorded from a number of tropical reservoirs, including
Gatun Lake of Panama (Gliwicz 1976a), Lake Kariba (Begg 1970) and
the Guma Dam of Sierra Leone (Mtada 1986). More conjectural is a
descent of water, locally cooled (e.g., at night) in a shallow region of a
lake, along the bottom to deeper regions. This would constitute profile-
bound density currents and was suggested by Talling (1963, 1969) to
originate stratification in one African rift lake, Lake Albert (see Fig.
2.16). Further evidence has been obtained from a bay and channel of
Lake Victoria (Maclntyre & Melack 1995). It may also contribute to
other examples of sloping isotherms at the southern ends of lakes
Malawi (Nyasa) and Tanganyika that appear about June-August,
near or after the winter solstice. In this season the higher-latitude south-
ern ends have cooler surface water than is present elsewhere along these
long lakes that each span 5° of latitude. This feature is well shown by

Distance (km)

Depth (M)

Fig. 2.16. Longitudinal sections of the thermal structure along two large African
rift lakes, showing upward tilting of isotherms near the southern ends in May-
August associated with wind-induced displacements and/or profile-bound density
currents. From Talling (1969).
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remote sensing (Wooster et al. 1994; Patterson & Kachinjika 1995;
Patterson et al. 1998: see cover). Another influence at work is upwelling
of deep cool water, induced by southerly winds tilting the thermocline
along the lake-axis. This is most fully documented for Lake Tanganyika
(Coulter & Spigel 1991: see Fig. 2.22); it is a basis for upward transport
of nutrients and local increase in plankton production and fisheries.

Wind stress is the most powerful agent for generating water move-
ments in lakes. It is roughly proportional to the square of wind velocity,
so that stronger winds have disproportionately more influence. Distance
of over-water travel, or fetch, is another augmenting factor. When
large, an appreciable tilting of the water surface may develop; in
Lake Chad this changed sign with the seasonal change in wind direction
from northeast (November—May) to southwest (June—October) (see Fig.
2.17). There, the diel wind effects on the level observed in 1969 were
eliminated in 1975 by the growth of macrophytes (Carmouze,
Chantraine & Lemoalle 1983).

Below the water surface induced motion can take many forms, which
Imberger (1985) discusses and summarizes diagramatically. Examples
from tropical lakes are considered below. There are very few direct
measurements of current velocity and direction. During 1972 Smith
deployed free-drifting drogues in Lake George, Uganda, and followed
directions and rates of movement at various depths (Viner & Smith
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Fig. 2.17. Lake Chad, southern basin. Time-variations of lake level at a southwest
station (Kirinowa) and a northeast station (Bol), 1971-73, under the influence of
the North East Trade Wind (November-May) and a southwest wind (June-
October). Original.
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1973). Rates decreased steeply with depth, and in this shallow lake
motion at an angle to wind direction appeared to set up anti-clockwise
patterns of horizontal circulation (Fig. 2.18). These were likely to at
least partly control other examples of concentric distributions found in
the lake (Burgis ez al. 1973), although further shore-related factors were
also involved. On a much finer scale of resolution, a hot-bead thermis-
tor flowmeter has been applied by Maclntyre (1984) in a sheltered
Kenyan water (Mennell’s lagoon, Lake Naivasha) and in the nearby
soda lakes of Sonachi and Nakuru (MaclIntyre 1981; Maclntyre &
Melack 1995). Current velocities, related to wind stress, decreased
rapidly with depth within the uppermost 0 to 0.5 m layer. The classical
flowmeter of the river-hydrologist with rotating cups is too insensitive
for most situations in lakes, but on the Nile (Rzoska 1976) and doubt-
less elsewhere has enabled measurement of the slowing down of flow
velocity in the transition from river to reservoir.

Once set in motion, the water-mass of a lake is a setting for conflict
between two tendencies. One is of buoyancy-cum-stability, favoured by
larger values of the vertical density gradient dp /dz; the other is of tur-
bulent mixing that occurs between adjacent layers of flow subject to shear
in a vertical velocity gradient du/dz. The density gradient (dp/dz) in the
thermocline region can be used as a measure of stratification either
directly or in a simple derivative that equals the square of the Brunt-
Visild frequency (NV2), where N is an upper frequency limit for energy-
rich oscillations:

YR (2.6)
po dz

where p, is a mean reference density of water, ~1000 kg m™*, and g the
acceleration due to gravity (9.81 m s™%). Remarkably, there appears to be
few applications of N? to tropical lakes. A seasonal sequence for Lake
Tanganyika has been estimated by Coulter & Spigel (1991). They found a
minimum value of N2 <1 x 10~ s™2 during September at a northeast
station when the epilimnion thickness # was deepening most rapidly
under the influence of strong southerly winds. MacIntyre (1981) and
Maclntyre & Melack (1995) have estimated and used it comparatively
with the Richardson Number (R;: see below) for the Kenyan lakes
Sonachi and Nakuru. There has also been limited application of three
other parameters that express the interaction between the two opposing
tendencies mentioned above.
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Fig. 2.18. Lake George, Uganda. Examples of (@) depth-distribution of current
velocity and temperature, and (b) the horizontal distribution of current direction,
on days when light winds were blowing, with possible consequences in concentric
distribution patterns of (¢) phytoplankton density as mg chlorophyll a m™> and
(d) density of zooplankton Crustacea as pg dry mass |~'. Modified from Viner &

Smith (1973) and Burgis et al. (1973), after Talling (1992).
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The oldest and simplest is the Richardson Number R, that expresses
the ratio between vertical density gradient (dp/dz) and horizontal velocity
shear (du/dz):

dp 2
dz N

R, :i(d,,)z =— (2.7)
Po ()" ()

The approximation of a two-layered model, with upper mixed layer of
thickness /2 and density p, above a hypolimnion of density p,, and water
shear velocity at the water surface of u,, gives:

h
Ry = pi(ﬂz —p1)> (2.8)

0

R; is non-dimensional, and values below ~0.25 indicate marked instabil-
ity. The velocity term is not easily measured, but can be roughly deduced
from wind speed. Ganf (1974d) used data from Lake George to evaluate
it and obtained a correlation with the effects of changing stratification on
vertical movements of phytoplankton. Here the diel warming could gen-
erate temperature gradients of 2.5 °C over 25 cm depth that led to esti-
mates of R, > 1. However, another such comparison, from the higher and
cooler Kenyan soda lakes of Sonachi and Nakuru, yielded no significant
correlation (Maclntyre 1981; Maclntyre & Melack 1995). A more indir-
ect assessment of R; with application to possible sedimentation of phy-
toplankton in Lake Lanao was given by Lewis (1978a).

The two further parameters are also dimensionless and take lake
dimensions — length, depth of mixed or surface layer, total depth — into
account. They are the Wedderburn Number W and Lake Number Ly,
with derivation and significance described by Imberger & Patterson
(1990) and — with reference to tropical and subtropical water-bodies —
by Allanson (1990). Like R,, they express the balance between buoyancy
and destabilizing agencies.

The definition of the Wedderburn Number (W) recognizes that the
prediction of stability or mixing from the Richardson Number can be
improved if the ratio between two lake dimensions — depth of the mixed
layer (h) and length of the basin at depth 4 along the direction of the wind
(/) — are also taken into account, as:

=
[}

1

W=Ri'h/l:;%(ﬂz—ﬂl)'7‘u (29)

* 09
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Values-of W below 1 are then associated with instability, and those above
1 with stability. Figure 2.19 shows an example-application by Patterson
& Kachinjika (1995) to Lake Malawi, in which the water shear velocity
term u? is estimated from that of mean daily wind velocity at 2 m height
(U?) multiplied by a factor (1.68 x 107%) that is the product of the den-
sity ratio of air to water (p,;r/pwaer = 0.0012) and a coefficient of drag of
0.0014. Here seasonal mixing within the upper 150 m is marked by a
minimum around October of the Wedderburn Number.

In the concept of Lake Number (Ly), account is taken of the classic
stability quantity (S), the water velocity-depth gradient or shear (du/dz),
the maximum depth of the lake basin (z,) and its area A,, and the
distances above this depth of the centre of the metalimnion (z,) and of
the centre of lake volume (z,):

2
Ly =g S(1 _Zl/zm)/[<%) . cl>/2 (1 _Zg/zm):| (2.10)

As with the definitions of R; and W, uniform units (e.g., metres for
length) must be used to set values of the quantities g, S, z, u and A,.
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Fig. 2.19. Lake Malawi. Within-year and between-year variation in the
Wedderburn Number, showing seasonal minima after the annual cooling. From
Patterson & Kachinjika (1995).
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Low values of Ly, like those of the Wedderburn Number W, are indica-
tive of susceptibility to vertical instability and mixing.

With these different formulations there is, however, scope for the sum-
marizing Numbers W and Ly to vary independently — especially when
applied to basins of different shape. Their combinations can characterize
liability to various grades of stability, mixing and entrainment, and per-
sisting internal seiches (see below). Applications to the tropical African
reservoirs of Kariba and Mcllwaine, and the lakes of Tanganyika and
Barombi Mbo (Cameroon), are briefly discussed by Allanson (1990) and
Allanson et al. (1990). For Barombi Mbo, Allanson (1990) has estimated
the decline of Ly with increasing wind velocity U; values of 1 and 0.5
appeared at velocities of >5 and >8 m s~', respectively. For Lake
Tanganyika the values of W and Ly suggest compatibility with end-
basin upwelling and large-amplitude internal waves or seiches, as are
actually found (Spigel & Coulter 1996). Seasonal change in Lake
Number has been estimated for two reservoirs in tropical north
Australia and correlated with accompanying changes in dissolved O,
(Boland & Imberger 1993) and the phytoplankton (Boland & Griffiths
1995). For example, in the relatively deep Lake Julius a predominance of
cyanophytes in near-surface water is linked to conditions of stable stra-
tification and high Ly (Fig. 2.20).

In all lakes, but especially in large lakes, much dynamic behaviour
cannot be represented by vertical, 1-dimensional characteristics at a sin-
gle ‘representative’ station. For example, strong wind stress on a stratified
lake is likely to set up a tilted thermocline that descends down-wind. Up-
wind, deeper water then rises towards the surface and such upwelling can
be influential chemically and biologically. It is illustrated for Lake
Tanganyika in Fig. 2.22. Should the wind then abate, the thermocline
tends to return to a horizontal position. In the process there may be an
initial travelling surge of returning surface water, and — more prolonged —
a periodic seesaw-like oscillation as a standing wave or internal seiche.
The fundamental mode or uninodal seiche is usually predominant, with a
period T; that is determined for a 2-layered lake by the basin length /, the
thickness of upper and lower layers 4, and 4,, and the density difference
between upper and lower layers p;, — p;:

_ distance traversed _ 2/
velocity of internal wave (o hy(p, — py)/pa(hy + hy))'7?

(2.11)

At any one station, distant from the node, the internal seiche is mani-
fested by a periodic rise and fall of isotherms constructed on a depth-time
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Fig. 2.20. Lake Julius, North East Australia. Within-year variation in Lake
Number (~) in relation to that in the % contribution of blue-greens to the
phytoplankton biomass in 0.5 m depth samples (---e---). From Boland &
Griffiths (1995).

diagram such as appears in Fig. 2.21. In large lakes of temperate latitudes
the effect of earth rotation (Coriolis force) often modifies the internal
wave motion to that of travelling waves — Kelvin waves. In these the
vertical displacement of isotherms is greatest towards the shoreline; com-
plementary high and low regions travel around the lake periphery, anti-
clockwise in the northern hemisphere and clockwise in the southern, with
a rotational period that is close to the inertial period determined by
latitude (being longer at lower latitude) for the effect of the Coriolis force.

Information on these forms of internal water movements requires long-
maintained and frequent observations of thermal structure, preferably at
several stations, that are available for few tropical lakes. The best early
tropical time-series is that obtained on Lake Victoria in 1951-3 by Fish
(1957), from which data are also replotted in a more accessible form by
Talling (19576, 1966). Oscillations in deep-water temperature, and
derived isotherms, were found at a routine offshore station and along
inshore channels. These were interpreted by Fish as evidence of a pro-
longed internal seiche offshore, whose pump-like effects were transmitted
along the stratified channels. From this and later work by Newell (1960)
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Fig. 2.21. Lake Tanganyika. Within-year variation of thermal stratification,
including internal waves and local upwelling (U) observed in different years at
three stations along the lake (inset map) and depicted as isotherm displacements
on depth-time diagrams. One interval of temperature is shown in black. Modified
from Coulter & Spigel (1991).
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and Talling (1966), there can be no doubt that major wind-induced tilting
of thermal discontinuities is frequent in the lake. In particular, southerly
winds induce downtilting from south to north that can lead to periods of
temporary isothermy at the standard northern station (Fig. 5.17). The
existence of long-continued oscillations of an internal seiche, based on
small density gradients, is more controversial: it was denied by Newell
(1960), but his own interpretation of a persistent 3-layered structure is
also open to criticism (Talling 1966).

At an appreciably higher latitude, Lake Malawi exhibits a stronger
seasonal thermocline that is undoubtedly subject to wind-induced tilting
and probably to subsequent internal seiches. Internal seiches were first
postulated by Beauchamp (1953a) from observations in 193940, that
disclosed some large vertical displacements of isotherms. There is later
evidence from 1954-55 (Harding 1963), 1960-61 (Eccles 1962, 1974),
1990-91 (Bootsma 1993b) and 1993-94 (Patterson & Kachinjika 1995).

The most advanced analysis of internal water movements is from the
neighbouring African rift lake, Tanganyika; it is summarized by Coulter
(1988), Coulter & Spigel (1991) and Spigel & Coulter (1996). In the dry
season around June-August, strong southerly winds induce a south-
north thermocline tilt that allows deeper water to upwell near the south-
ern extremity (Fig. 2.22). Afterwards a return surge is likely and, after
warming, later in the wet season (January-June) there are records of
pronounced oscillation of i1sotherms (Fig 2.21) indicative of an internal
seiche. Oscillation in the water-mass also appears to be manifest in per-
iodic chemical variation, including pH, O, and nutrients. Observations
and calculation concur in a remarkably long period of 25-30 days; the
entire lake, length 650 km, is involved. A rotational, shore-bound Kelvin
wave of similar period does not seem to be appreciably developed, as was
earlier supposed (Couiter [968), because of the low Coriolis force and the
relatively small width of the lake.

From near the southern end there is some evidence from daily obser-
vations in March 1966 (Coulter 1968) of offshore inertial waves of the
Poincaré type, involving a presumed grid of circular patches many kilo-
metres in radius, with anti-clockwise currents and undulating crests last-
ing about three days. This record is unique for a tropical lake.

In these very deep lakes of Tanganyika and Malawi, surface-derived
mixing only extends over a small part — the mixolimnion — of the total
depth. A long relative isolation of the surface and bottom water,
especially in Lake Tanganyika, is indicated by differences in the con-
centrations of several isotopes found by Craig et al. and Gonfiantini et
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Fig. 2.22. Lake Tanganyika. An interpretation of circulation patterns with south-
end upwelling in (@) May and (b) August during the south wind season. From
Coulter & Spigel (1991).

al. (1979) (see Coulter & Spigel 1991), namely tritium, deuterium and
0'8 (Fig. 2.23). Differences in total ionic concentration, and hence its
contribution to density difference, are present but small. The situation
is particularly interesting in Lake Malawi around July—August, when
the upper mixed layer (mixolimnion) reaches its thickest and coolest
state, and when its temperature difference from the deeper persistent
monimolimnion can fall to less than 0.5 °C. Halfman (1993) measured a
temperature difference across the main region of chemical gradient
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Fig. 2.23. Lake Tanganyika. Depth-concentration profiles of several stable
isotopes — tritium, deuterium (8D), oxygen-18 (80") and carbon-13 (6C"™)
sampled at a northern station in February 1973. For comparison, the less sharp
stratification of tritium in Lake Malawi in June 1976 is also shown. Based on
Craig et al. and Gonfiantini et al., modified from Coulter & Spigel (1991).

(chemocline) between 150 and 250 m of 0.39 °C, and from conductivity
estimated that the expected density difference of 91 mg dm™> would be
raised to 103 mg dm™3 by the solute contribution. Subsequently the
calculations were extended (Wiiest et al. 1996), and a non-ionic solute
— silicic acid — was shown to have a considerable influence on the deep
density-stratification. In numerous other long-stratified or meromictic
tropical lakes the chemical contribution is clearly all-important. In
these lakes a strong mid-water inversion of temperature, with cooler
water uppermost, can coexist with a stable density stratification (e.g.,
Lake Simbi: Ochumba & Kibaara 1988) (see Fig. 2.24). Elsewhere, a
deep saline layer overlain by more dilute and clear water may acquire
relatively high temperature as a result of absorbing solar radiation.
Examples occur world-wide; a tropical example near the Panama
Canal is described by Bozniak et al. (1969). Higher temperature at
depth can also result from geothermal heat flux from the earth’s inter-
ior, in combination with an entry of saline water. In Lake Kivu the
heating from below is considerable and has led to a sharply stepwise
form in the vertical temperature gradients and associated salinity gra-
dients (Newman 1976).
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Fig. 2.24. Temperature-depth profile in Lake Simbi, a saline Kenyan crater lake,
showing a temperature inversion with minimum in the 0-5 m layer where a
conductivity-depth profile indicates a salinity gradient. From Ochumba &
Kibaara (1988).

2.4 Chemical balance

(a) Input—output: pathways and fluxes

In most freshwaters the main chemical input is linked to the surface flow
plus seepage components of the water budget, and — omitting human
pollutants — is uitimately mainly derived from (i) the weathering of
rocks in the drainage basin, accompanied by (ii) organic matter and its
breakdown products derived from life in that basin. Additional fluxes are
contributed by (ii1) atmospheric precipitation, as wet and dry deposition,
that includes ‘cyclic salts’ carried via spray from the oceanic reservoir; by
(iv) exchange of gases across the atmosphere—water interface, with inter-
nal consumption of carbon dioxide (CO,), O, and nitrogen (N,) (by N-
fixation) potentially driving important inputs; and by (v) chemical
exchange at the water—sediment interface. Likewise, chemical output is
generally dominated by (vi) surface flow plus seepage-out, supplemented
‘by outward components of exchanges at (vii) the upper air—water and



Chemical balance 47

(viii) the lower sediment—water interfaces. At the lower interface, outputs
from the water-mass often involve storage in sediments, as accumulations
of inorganic and organic particulates, precipitations from solution after
evaporative concentration, ‘reverse weathering’ with formation of new
sediment minerals, and solute incorporation by burial. Within the
water-mass also, inequalities between inputs and outputs appear as
changes of chemical storage.

The boundary fluxes numbered (i) to (viii) above will now be considered
in the tropical context.

(i) Weathering

This process includes both physical erosion and chemical denudation. [t
is well known that tropical soil formation can involve some distinctive
chemical pathways and products, as in the process of forming laterite
soils (laterization) that is widespread in the tropics. The chemical trans-
formations of cation alumino-silicates tend to proceed further to simpler
products, hydroxides and oxides including aluminium-(Al-) and iron-
(Fe-)sesquioxides, than in temperate soils. In this sequence there is a
liberation of cations, especially sodium (Na*), bicarbonate and silicate,
which contributes to their often considerable concentrations found in
tropical river and lake waters. Enhanced solubility at higher temperature
is another influential factor.

However, as elsewhere, regional chemical characteristics vary with
local geological history, affecting the proportions of igneous and sedi-
mentary rocks or deposits, and their element-composition. Individual
mineral types are of variable stability; Table 2.2 gives a graded series
of those frequent in tropical soils. Most present day land-masses of the
tropics derive from the fragmentation and migration of the ancient
Palaeozoic proto-continent of Gondwana, with a legacy of long-eroded
land surfaces that are particularly evident in Africa and southern India.
Later some massive chemical sources have resulted from marine trans-
gressions (e.g., limestone, marine evaporites), tectonic rifting and volca-
nic activity. Calcareous formations like limestone are not well
represented over much of the tropics, which partly accounts for the com-
mon preponderance of Na* over calcium (Ca2+) in tropical freshwaters.
Volcanic lavas can be a ready source of dissolved silicate, and some
volcanic regions yield distinctive ionic supplies — as of potassium (K™)
and magnesium (Mg?") from the Virunga-Bufumbira volcanic field in the
African rift valley (Talling & Talling 1965; Viner 1975¢). In the same .
area, a remarkable natural output of phosphate enriches lakes Edward
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Table 2.2. Relative levels of mineral stability in tropical soils

MOST STABLE

Quartz >»

K-Feldspar, Micas >»

Na-Feldspar >

Ca-Feldspar, Amphiboles >
Pyroxenes, Chlorite >
Dolomite >
Calcite >
Gypsum, Anhydrite >
Halite

LEAST STABLE

Source: From Stallard 1985

and Albert, and injects into the upper White Nile (Talling 1957¢, 1976);
its entry flux there, estimated from concentration (~170 mg P m_3) and
water discharge (~4 X 10° m® yr™!), is ~700 t P y~'. From the same
volcanic area, but in the opposite direction, another considerable flux of
phosphorus (P) appears to be carried by the Ruzizi River (reported PO,-
P concentration 167 mg m™3, water discharge ~2 x 10’ m? yr') towards
Lake Tanganyika (Dubois 1958; Hecky 1991). In another continent, and
on a smaller scale, local volcanic sources of phosphorus clearly account
for much variation of P-content in streams draining the Caribbean slopes
of Costa Rica (Pringle et al. 1990).

Contrasting with such sites of active chemical denudation are catch-
ments where hard granitic rocks are prevalent. Stream waters of very low
ionic content, and hence electrical conductivity, can result. One example,
examined in detail by Lewis (198654) and Lewis et al. (1987), is the Caura
River drainage of the Orinoco river system. If silicate export was used as
an index of chemical weathering, a mean physical rate of 1.8 cm per 1000
yr was obtained. This value is not inconsiderable, and is influenced by a
warm wet climate; from it and information on mean rock composition the
weathering-derived flux of other elements could be estimated (Table 2.3).
For P this was appreciably larger than was exported in river discharge
from the catchment, corrected for atmospheric P deposition, implying
some overall removal (largely abiotic?) en route. Chemical denudation
in the Orinoco system as a whole has also been examined by Edmond et
al. (1995). They computed that weathering of the primary basement or
shield, lacking limestones or evaporites, was about 1.0 cm per 1000 yr; also
that weathering proceeded to the minerals kaolinite and gibbsite as
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Table 2.3. Components of mass-balance for the Caura River basin,
Venezuela, expressed in kg ha™" yr=" as the sum of dissolved and
particulate fractions

The equivalents of Si weathering (4) are estimated from the Si flux and the
element-composition of the predominant rock type (3). Deviations from discharge

output minus atmospheric deposition (5 =4 —[| — 2]) are interpreted as net
retention if positive, and as selectively faster weathering than Si if negative.

Na K Ca Mg P Si
1. basin discharge 414 195 182 752 047 152
2. atmospheric deposition 8.21 1.03 1.32 029 014 O
3. fractional rock composition  0.026 0.027 0.027 0.012 0.00!11 0.31
4. Si-weathering equivalent 12,6 1335 1315 584 054 (152)
5. relention -20.6 -5.12 =373 -139 +02] -

Source: From Lewis et al. (1987)

products, with active laterization. The mineral products of weathering,
and so the export of dissolved silicate, are influenced by climate and
especially the mean annual water runoff. From a study of river basins
in Kenya, Dunne (1978) associated low runoff with a predominance of
kaolinite, and high runoff (to 2000 mm yr™') with that of montmorillonite
and a greater proportion of silicate in the solutes exported.

Large tropical river catchments typically include subregions with very
different geology and rock-types, with differences in chemical denudation
that are both quantitative and qualitative. A strong chemical divergence
1s seen (Talling 1976) in the two main hmbs of the Upper Nile, with
cationic Ca®* dominance in the Blue Nile and Na* dominance in the
White Nile. Differences in the Amazon system are reflected in tributaries
of the types ‘black-water’ (acidic, low ionic content) and ‘white-water’
(higher ionic content) with relationships to geology that are examined
broadly by Sioli (1984) and quantitatively by Stallard & Edmond (1983,
1987). Headwaters in the Andes are in a region that bears carbonates and
evaporites, and is susceptible to relatively rapid chemical denudation —
unlike the lower shield areas of old siliceous rocks (Fig. 2.25). Carbonate
erosion has constraints from the solubility products linked to calcite
(CaC0s3) and possibly dolomite (MgCQOs»); it accounts for a correlation
between concentrations of Ca + Mg and alkalinity in river water.
Weathering of siliceous rocks yields soluble silicon (Si) correlated non-
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Fig. 2.25. Relative frequency distributions of water samples from five geographical-
drainage regions of Amazonia in relation to concentration of dissolved solutes and
estimated magnitude of denudation rate. From Stallard (1985).

linearly with Na + K concentrations (corrected for salt of marine origin),
with the possibility of stabilization of Si-bearing kaolinite and quartz by
soluble Si already produced. Also correlated with altitude are kinetic
factors, so that weathering limitation on steep slopes is succeeded by
transport limitation on shallow slopes with thick soils (Stallard 1985).
A study by Lesack (1993a) of solute export from a small forested sub-
catchment off the middle Amazon demonstrated chemical divergence
between several transport pathways — in base-flow, storm-flow and sub-
surface soil-flow, storm-flow here being (unusually) the richest in solutes.

(ii) Organic inputs
Inland waters receive from their drainage basins greater or lesser
amounts of organic matter, of terrestrial origin, in dissolved (DOM) or
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particulate form. Thus litter-fall on an Amazonian forest stream is
likely to be in the region of 77 g dry weight m~2 yr~' (McClain &
Richey 1996). Additional quantities originate internally. In large water-
bodies the DOM (expressed as carbon) is typically in the concentration
range of 2-10 mg C 17'. Much higher concentrations, to over 100 mg
C ™', can exist in detritus-rich pools such as some analysed from the
African Okavango system (Cronberg et al. 1996). Features of time-
variability are discussed in Chapter 5.le. Further computations of
fluxes have been made, especially for the river systems of the
Amazon (e.g., Hedges et al. 1986; Richey et al. 1990) and Orinoco
(e.g., Lewis & Saunders 1989). From these systems the main-river flux
of DOM per unit area of drainage basin was in the range 2-12 g C
m™2 yr~'. It was the greater part of the total organic (dissolved plus
particulate) flux.

Persistence of compounds resistant to chemical breakdown is natu-
rally favoured, yielding the broad classes of humic and fulvic acids.
More labile compounds, such as purines and vitamins, are likely to
have a considerable biological importance that is as yet almost unex-
plored in tropical waters. It is conceivable that their influence lies
behind a supposed qualitative tendency towards ‘pond-plankton’ in
tropical lakes, on which several pioneer planktologists (e.g., Schmidle
1902) commented.

The most obvious physical property linked to dissolved organic matter
is the capacity for the strong absorption of short-wave visible and ultra-
violet radiation (Chapter 3.1a). Tts effects are especially marked in tropi-
cal rivers of the ‘black-water’ type, first distinguished in Amazonia by
Alfred Russel Wallace, such as the rivers Negro, Orinoco and Zaire.
These are of low base and total ionic content other than hydrogen ions
(H*), acidic in reaction, with only moderately high concentrations of
dissolved organic carbon, and brown in colour. The capacity for ultra-
violet absorption is also an agent of self-destruction (Chapter 3.4), and
appreciable rates of photochemical mineralization to CO, have been
detected in the Amazon system (Amon & Benner 1996).

Other physico-chemical properties include the capacity to combine
(chelate) with metals such as Fe and maintain them in solution; also to
contribute components, including H*, active in the pH-buffer system.
The last effect is likely to be particularly significant in the HCO;-poor
black-water rivers. Neither has been adequately studied from tropical
waters.
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(iii) Atmospheric precipitation
Besides water, rain provides a ‘wet’ chemical flux from the atmosphere
that is augmented by the dry deposition of solids. These two fractions
constitute ‘bulk precipitation’. Their combined quantitative significance
is poorly known for tropical freshwaters, although there are important
pioneer studies for several African lakes, Lake Valencia in Venezuela,
and the Amazon region (Table 2.4). None of these show significant per-
sistant acidification of surface waters by ‘acid rain’, probably since large-
scale industrial or urban combustions are few in the tropics — although
four regions likely to experience future acidification have been distin-
guished (Rodhe & Herrera 1988: see Fig. 2.26). However, an organic
acid component of plant origin has been reported from forested regions,
in West Africa (Lacaux et al. 1987, 1992) and Amazonia (Lesack &
Melack 1991), and occasional very acid samples (pH <4.5) appear else-
where — as early in the rainy season at Lake Valencia (Lewis 1981; Lewis
& Weibezahn 1981a). Wider interest attaches to the contribution of
major ions (Nat, K+, Mg?*, Ca?*, HCO;™, SO,*~, CI7), and of N
and P as critical plant nutrients. :
Sea-salt or ‘cyclic salt’ — detached in spray and borne in rain -~ con-
tributes to major ions, especially Na*, CI~ and Mg?*, in concentrations
that are likely to decline sharply inland. This is directly demonstrated by
the study of Stallard & Edmond (1981) on the Amazon region. Chloride
is often used as an index concentration from which other sea-derived ions
can be estimated (e.g., Gaudet & Melack 1981; Stallard & Edmond 1981;
Lewis et al. 1987; Wood & Talling 1988), using the ion-ratios character-
istic of seawater. Other chemical sources are exposed soil surfaces and, a
feature common in many tropical areas, burning vegetation (Crutzen &
Andreae 1990). Soils are particularly liable to contribute inorganic parti-
culates, that with particulates from burning vegetation are favoured by
dry-season conditions. Intermittent rainfall typically has a scrubbing-
action, with higher concentrations found early in the rainy period and
lower ones later by prior elimination and dilution. Examples are provided
by studies at Lake Chad (Lemoalle 19734), Lake Valencia (Lewis 1981;
Lewis & Weibezahn 1981a) and Lake Malawi (Bootsma et al. 1996).
The important nutrient elements N and P are contributed in both
inorganic and organic forms. Again burning vegetation may be a major
source in the tropics. The ratio of inorganic to organic forms is appar-
ently very variable, being high at Lake Malawi (Bootsma et /. 1996) and
low at Lake Valencia (Lewis 1981). The tropical analyses suggest that of



Chemical balance 53

Table 2.4. Mean chemical concentrations and annual fluxes estimated for
wet atmospheric deposition, with varying exposure to dry deposition, at five
tropical sites applicable to the adjacent lakes indicated

For Lake Calado, values for predominantly wet and dry seasons are distinguished
as W, and W, respectively.

Chad Ebrié  Malawi Valencia Calado

W, W,
A. conen.
(umol ')
NHN 38.2 15.4 5.4 5.2 13.3
NO;-N 12.9 19.6 32 2.2 9.2
Total dissolved N - 102 8.4 - -
Toral N - - 94
PO, P 1.19 3.6 0.18 0.04 0.16
Total dissolved P - - 0.10 - -
Total P - - 0.14
Na - - 29 1.9 5.1
K - - 0.6
Ca - - S 0.95 29
Mg - - 1.1 0.65 1.05
Cl - - 1.5 4.0 8.2
SO, 2.5 1.75 445
B. flux
(mmol m=2 yr~!)
NHN 247 33 4.1 17.3
NO;-N 8.7 42 24 9.1
Total N — 220 7.8 53.1
PO4P 0.77 7.4 - 1.0
Total P - - 0.16 5.4
Na - - 22 72.1
K - - 0.5 10.9
Ca - - 15 21.5
Mg - - 0.8 22.5
Cl - - 1.1 54.0
S04 - - 1.8 16.9

Source: Lake Chad: Lemoalle (19735b)
Lake Ebrié: Lemasson & Pages (1982)
Lake Malawi: Bootsma, Bootsma & Hecky (1996)
Lake Valencia: Lewis (1981)
Lake Calado, Amazonia: Lesack & Melack (1991)
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Fig. 2.26. Schematic map showing world regions (heavy rings) where present
problems of acidification arise from the combination of sensitive soils and acid
emissions, and others (broken rings) where such problems might become severe in
the future. From Rodhe, in Rodhe & Herrera (1988).

the two main forms of inorganic N, NO;-N is less often predominant
over NH4-N compared with temperate regions. The N:P ratio also may
be lower (Lewis 1981; Bootsma et al. 1996). Examples of concentrations
and estimated annual loading fluxes are given in Table 2.4. Some cur-
iously high values for P (>3 pmol 17') from Uganda are summarized by
Livingstone & Melack (1984) and Hecky (1991, 1993). However, the
sequential analyses of rainwater at Lake Chad tabulated by Lemoalle
(19736) show that much variability between samples (e.g., <0.1-6.0
nmol PO4-P 17! can exist. Another source of variability is the varying
incorporation in the analytical estimates of dry deposition, a flux that
extends beyond a rainy season and which can sometimes surpass wet
deposition — as with estimates of annual P flux for lakes Valencia
(Lewis 1981) and Malawi (Bootsma & Hecky 1993; Bootsma et al.
1996). Dry deposition, as dust carried by the local harmattan wind, is
suspected to be a major source of several ions (especially Na™) to Lake
Bosumtwi in West Africa (Turner et al. 1996).

(iv) Gaseous exchange

Net input of a gas at the air—water interface is proportional to its partial
pressure deficit between surface water and atmosphere. Flux densities are
also slightly influenced by the increase in specific diffusivity with tem-
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perature, and more strongly by turbulence in the uppermost water layer.
The last factor is widely modelled in terms of a supposed stagnant surface
film as a rate-limiting diffusive path, whose thickness (generally <1 mm)
1s an inverse correlate of wind velocity. If the partial pressure deficit
changes sign, a net output will occur under the same controls.
Examples for Amazonian waters are given by Melack & Fisher (1983)
and Richey et al. (1988); see (vi) below.
For computations the surface-film model can be expressed as:

F=(D/z).(cy — ) ’ (2.12)

where F = the gaseous flux per unit area from water to air, D = diffu-
sivity of the gas at surface water temperature, z = surface film thickness,
¢y = concentration of the gas in surface water, and ¢; = corresponding
concentration at air-equilibrium.

For compatibility of units, if £ is measured in mol m™* s™', D is
expressed in m* s~', zin m, and ¢,, and ¢s in mol m™ (mmol I7"). The
component D/z is also known as the piston velocity (units, e.g., m sh,
and is sometimes estimated empirically without postulating a stagnant
surface film or boundary layer. A film-replacement model may indeed be
physically more realistic. In any case, in flowing water the wind influence
is likely to be replaced by turbulent shear of internal origin.

Three gases — O,, CO, and N, ~ are well defined constituents of the air
and are also liable to biological consumption in freshwaters. Surface-
input (and -output) fluxes are therefore driven by deviations from the
corresponding air-equilibrium concentrations. For CO, these deviations
are indicated by the associated deviations in pH, which are illustrated by
Talling & Talling (1965) for several African waters in a series of increas-
ing alkalinity. Thus the surface water of offshore Lake Victoria could
then reach pH 8.7, and now still higher, due to the photosynthetic con-
sumption of CO,, although the air-equilibrium pH is near 8.1 at prevail-
ing temperature and pressure. Air-equilibrium concentrations of the
gases decrease with rising temperature, and are much lower for CO,
than for N, and O, because of its relatively low molar fraction and
hence partial pressure (pCO,) in the air. Consequently the CO, input
flux density is fundamentally limited by the low atmospheric pCO,,
although a chemical enhancement becomes appreciable at pH >9.

In productive and oxygenated waters there are often large, inverse, and
roughly equimolar gains and losses of O, and CO, by the processes of
photosynthesis and respiration. Magnitudes can reach ~1 mol m™
day™!, and transient storages ensue on both the diel and annual time-
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scales. On the diel scale, relations between these storages and the gener-
ating fluxes have been examined for a few tropical waters, including a
Nile reservoir (Talling 19574) and some African soda lakes (Talling et al.
1973; Melack & Kilham 1974). On the annual scale, changes in deep
accumulations of free CO, per unit area closely matched the simulta-
neous depletions of O, in the water-column of Lake Victoria during
1960-61 (Talling 1966). Such matching would not be expected in alkaline
waters above pH 8.5, as then the ionic reserves of HCO3 and CO3~
become significantly involved as CO,-sources or acceptors.

The input of atmospheric N, has been little studied from air-equili-
brium considerations, as its prime interest is through the process of bio-
logical N,-fixation. Rates of light-dependent fixation have been estimated
from exposures of phytoplankton in submerged vessels in a variety of
tropical freshwaters, including Lake George (Horne & Viner 1971; Ganf
& Horne 1975), Lake Valencia (Levine & Lewis 1984, 1986), two
Amazonian floodplain lakes (Doyle & Fisher 1994; Kern & Darwich
1997; Kern et al. 1998) and from laboratory tests for Lake Titicaca
(Wurtsbaugh et al. 1985). Diel patterns in the first two lakes are illu-
strated in Chapter 5.2. Activity largely results from the presence of het-
erocystous blue-green algae or cyanophytes. It undoubtedly does much to
compensate for the low availability of inorganic combined N, as deduced
from concentrations, in many tropical waters. In an Amazonian flood-
plain lake, Lake Calado, much N-fixation was associated with the peri-
phyton of floating macrophytes rather than the phytoplankton (Melack
& Fisher 1988; Doyle & Fisher 1994). Fixation rates were depressed by
even low concentrations of nitrate-N, <0.5 pmol I=', common in river
floodwater. For the high-altitude Lake Titicaca, it seems likely that
reduced atmospheric pressure (only 0.64 atmosphere) also has an indirect
significance for N-availability. According to Vincent et al. (1985), the low
atmospheric pO, leads to reduced oxygenation, and so more ready sea-
sonal deoxygenation of deep water — conditions under which the forma-
tion and accumulation of nitrate as N-source are impaired by
denitrification. In this lake there is experimental evidence that seasonal
N-fixation modifies the timing of the prevalent N-limitation to phyto-
plankton (Wurtsbaugh et al., 1985).

(v) Chemical input from exchange at the sediment—water interface

Inputs from this interface can be regarded as largely redistributions of
earlier inputs to the water-mass, but there is also an element of ‘new’
input from pre-existing material. This is important, for example, in the
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early nutrient enrichment of newly formed reservoirs (Chapter 5.1), such
as Mitchell (1973) describes for Lake Kariba. Very rarely submerged hot
springs (hydrothermal vents) exist, as in Lake Tanganyika where their
content of sulphide appears to sustain local mats of a prokaryote, possi-
bly Beggiatoa (Tiercelin et al. 1993). Sediment to water transfers are at
least partly responsible for the deep-water accumulation in stratified lakes
of several chemical constituents, including Fe?*, Mn**, CO,, HCO;3,
PO4-P and NH4-N. Some of these are soluble reduced species, other
products of organic decomposition.

There are very few studies from tropical waters of the dynamics and
fluxes involved. The African Lake George is a shallow and very produc-
tive lake where the rather fluid sediments could be expected to contribute,
or recycle, nutrients as products of decomposition or ‘mineralization’.
The forms of vertical profiles of water-removable NH4-N and PO4-P in
the sediment indicate losses from the 0-10 cm layer by periodic wind-
induced disturbance. The vertical extent of organic decomposition
depends upon the depth of penetration of O, (Viner 197556), whose con-
sumption has been followed experimentally in relation to nutrients gen-
erated (Golterman 1971; Ganf 1974a). Although release of NH,4-N and
PO,4-P from the undisturbed surface of isolated sediment cores has been
followed (Viner 1975¢), Viner (1975¢, 1977b) believed that most recycling
of these nutrients occurred in the plankton-rich water-column itself. Both
here and in the productive Lake Nakuru, a Kenyan soda lake, aerobic
conditions at the sediment-water interface were associated with phos-
phate uptake (Viner 1975d ; Melack & Maclntyre 1992) that was prob-
ably largely abiotic (Viner 1975¢, 1975d). Uptake was also marked in
studies of sediment—water exchange at Lake Kariba (Lindmark 1997),
but liberation could be induced under anoxic conditions.

(vi) Water-borne chemical output

In most lakes, and all rivers, this is the largest chemical output.
Dependent upon water throughput, its composition reflects water char-
acteristics in the outflow region. Where throughput is strong, and reten-
tion time short, the chemical flux in the surface outflow can approximate
that of the inflow and be borne at similar concentrations. In floodplain
lakes this can apply to the high level period, within which most boundary
flux occurs, although a later isolation can develop. Such a system is Lake
Tineo on the Orinoco River floodplain, for which estimates of chemical
inputs, outputs and retention were derived by Hamilton & Lewis (1987).
Some net depletion occurs with P, N and K, of which large amounts were
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incorporated during the growth phases of such grasses as Paspalum
repens (cf. Fig. 2.34), and some by phytoplankton after the filling
phase. Net release occurred during periods of grass decomposition. The
output from some floodplains is much reduced in particulate material.
Thus the Yaéré floodplain in northern Cameroon was estimated by Gac
(1980) to have a mean annual input of 897 000 t, mostly inorganic, but an
output of only 27 000 t.

In arid regions the water output can be much smaller than the input;
hence, if other chemical outputs are inconsiderable, the water-body will
necessarily be more saline than average input water. Saline inland waters
are widespread in the drier tropics. A particularly extensive and graded
series in Ethiopia was surveyed by Wood & Talling (1988) and Kebede et
al. (1994); the former attempted to estimate the factors of evaporative
concentration involved. That for the large Lake Turkana, once connected
to the Nile, is influenced by the loss of surface water throughput, like that
of the more recently isolated Lake Valencia in Venezuela (Lewis &
Weibezahn 19815). However, modes of solute loss to sediments (see
(vii) below), and by seepage, can determine relatively low levels of salinity
in basins without surface outflow. Lakes Naivasha, Awasa and Chad are
African examples (Beadle 1981).

Water throughput in elongate water-bodies — lakes, reservoirs and river
systems — often involves chemical modifications during passage. These can
be illustrated from a few large-scale longitudinal surveys along tropical
river systems. The White Nile was the first so investigated. Here sulphate is
largely removed in a very large swamp region, the ‘Sudd’ (Talling 1957¢,
1976) and the nutrients phosphate and nitrate are seasonally depleted by
phytoplankton development in the Jebel Aulia reservoir downstream
(Prowse & Talling 1958: see Fig. 3.21). In the nearby Blue Nile, the seasonal
nutrient depletion is now spread over two consecutive reservoirs and a
downstream stretch, as a cascade sequence (Hammerton 1972, 1976).
Along the main channel of the Amazon below Manaus heterotrophic pro-
cesses predominate, maintaining pCQO, above the atmospheric level
(Richey 1981; Wissmar ef al. 1981; Stallard & Edmond 1987: see Fig. 2.27).

(vii) Outputs from the air-water interface

Outputs from the air—water interface are gaseous. The only large and
widespread fluxes (other than of H,Q!) are of O, and CQO,, but under
some conditions hydrogen sulphide (H,S), methane (CH,) and ammonia
(NHj;) could be significant. The quantitative regulation of transfer has
already been outlined in (iii) above. The driving difference of partial
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pressure (pCO,) in water and atmosphere. From Stallard & Edmond (1987).

pressure can arise in small measure from the change in temperature and
hence saturation concentrations, but more considerably from biological
activity in productive water for O, and CO, and under anoxic conditions
for the reduced species of H,S and CH,4. For in-water CH, loss, bacterial
oxidation is also important if there is access to O,; fluxes of 2.2-8.8 mmol
m~2 yr~!' have been estimated for the deep African rift lakes of Kivu and
Tanganyika (Jannasch 1975; Rudd 1980).

Both concentrations and output fluxes often have a periodicity that is
diel (Chapter 5.1) or annual. Rare episodes can have large local impacts,
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as in the sudden liberation of stored CO, of magmatic origin from two
crater lakes of Cameroon (Kling et al 1991, and Chapters 4.5, 5.1).

Concentrations of dissolved gaseous (‘free’) CO, tend to build up
above air-equilibrium levels in waters with considerable organic input,
that include most rivers (Fig. 2.28). Most river waters, and to a lesser
degree lake waters (African examples in Cole et al. 1994), tend to have
raised pCO, levels and a net surface loss of CO,. In the Amazon this
is promoted by large imports of organic material, and has been esti-
mated by Wissmar et al. (1981) and Richey et al. (1988). The latter’s
estimate is an average of 2080 g CO, m™2 yr™' for the main-stem of
the river, with a considerable associated loss of CH,4 here and in the
flooded vdrzea region. More generally, with a net CO,-enrichment in
surface water, the exit or evasion flux of CO; is potentially large. 1t
may or may not roughly balance an invasion flux of Q,, driven into
sub-saturated surface water. Evasion of CO, has been studied inten-
sively for the Amazon (Devol et al. 1987; Richey et al. 1988) in rela-
tion to alternative carbon transport in this long river (Richey 1981,
Richey et al. 1980, 1990; Hedges et al. 1986). Two independent meth-
ods — using radon transfer and O, balance — suggested equivalence to
a surface film thickness of about 50 um (Devol et al. 1987). Mean
rates per unit area of CO, evasion, O, invasion and oxidation in situ
were of similar magnitude, around 3-8 pmol m™? s™' (Richey et al.
1990). However, the oxidation rates appeared to vary over the annual
cycle, being greatest during rising water level when there is an input of
more labile organic material to the river water (Richey et al. 1980).
The long river main-stem is a transport channel for carbon in several
forms, inorganic and organic, dissolved and particulate. The gaseous
CO, component is important in that its oxidative (respiratory) origin
accounts for most of the flux of dissolved inorganic carbon (DIC),
with mineral weathering subordinate (Richey 1981). This comparison
is supported by evidence from isotopic composition, as §'°C. Further,
CO, evasion from the river constitutes a large loss flux, that Devol et
al. (1987) estimated to be equal to approximately half of the input
DIC over a long river stretch.

Since high inputs of particulate organic carbon (POC) in swampy ter-
rain are associated with O, depletion and CH, formation, an alternative
gaseous pathway for carbon loss as CHy is often significant. This may
occur by detached bubbles (ebullition) as well as surface diffusion. Loss
by bubbles appeared to predominate in the Amazon floodplain Lake
Calado, where a detailed study over two months at falling water level
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indicated an average total surface loss of 27 mg CH, m~2 day™', a pro-

gressive accumulation rate in the water-column of ~100 mg m~2 day~',
and a diffusive escape from sediments of ~85 to 118 mg m~2 day™' (Crill
et al. 1988). For Amazon floodplain waters in general Richey et al. (1988)
estimated the mean decomposition flux of organic carbon as ~1600 g C
m~? yr~', with ~300 g C m™2 yr~! as CH4. Comparative estimates of
gaseous carbon loss as CO; and CH, have been made by Hamilton et a!.
(1995) in a range of waters within the Pantanal wetland of Brazil. Heavily
vegetated and stagnant waters yielded the highest concentrations of these
gases, and the highest emission fluxes (Figs. 2.28, 2.29). Bacterial metha-
nogenesis accounted for about 20% of the gaseous carbon efflux as CO,

+ CH,, with about 10% as CH, (Fig. 2.29).
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Fig. 2.29. Conditions affecting gaseous concentrations and fluxes (O,, CO,, CHy)
in vegetated waters of the Pantanal wetlands, Brazil. (a) Estimated diffusive fluxes
at the water surface of one vegetated site. (b) Flux routes and magnitudes
expressed as equivalent % of total C flux. From Hamilton et al. (1995).
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(viii) Qutputs through the water-sediment interface

Losses from the water-column to sediments are mainly by sedimentation
of particulates. They are not outputs from the lake basin and may or may
not be long-term outputs from the water-mass. Organic sedimentation
often relates to local biological production; it includes living and dead
plankton organisms, and other non-living detritus including sludge as
remains from floating vegetation such as Cyperus papyrus. Some chemical
features of residues from papyrus and other swamps are describéd by
Gaudet (19796) and Gaudet & Muthuri (1981¢, b). They are major
local incorporations of nutrient elements (N, P, S), but most mineral
cations are lost at an early stage. Inorganic sediment-building is partly
from products of distant erosion, partly by the mineral fraction of organ-
isms such as diatoms (diatomite, SiO,) and molluscs (CaCOs).

Generahzations for tropical waters are impracticable or at least inse-
cure. A comparison by McLachlan (1974) indicated a generally lower
organic content of sediments from tropical than from temperate lakes
and reservoirs. However, highly organic tropical lake sediments are
known - as from Lake George (Viner 1977a4), Lake Victoria (Hesse
1958a; Beauchamp 1958; Hecky 1993) and several lakes of the Rio
Doce valley in Brazil (Saijo et al. 1991). These, and the probable occur-
rence of lacustrine petroleum deposits (Fleet et a/. 1988), qualify the old
expectation (Ruttner 19315, 1952) of necessarily higher rates of organic
decomposition under the much warmer deep water conditions of most
tropical lakes. Refractory organics and exposure to O, are other variable
factors of importance.

Dry tropical climates induce varying degrees of evaporative concentra-
tion, the greater being in closed drainage basins. The major ionic com-
position of a salinity series (Fig. 2.30), from lakes in East and Central
Africa, indicates the loss by insoluble combination of Ca** and Mg**
from the resulting alkaline and saline waters. At the highest salinities
there is crystallization of white deposits of trona (Na,CO;.NaHCO;.
2H,0), and other minerals including silicate (Maglione & Maglione
1972), as in many waters where Na*, HCO;~ and CO;*~ are principal
ions. The solubility relations involved have been examined in detail for
some African soda lakes, including the commercial site of Lake Magadi
(e.g., Monnin & Schott 1984). An example of trona deposits at Lake
Nakuru in Kenya is shown in Fig. 2.31. The chemical basis for the
long-term evolution of such carbonate-rich brines is further discussed
by Eugster & Jones (1979), Gac (1980), Rippey & Wood (1985) and
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Kilham (19906); besides the elimination of Ca®* and Mg?*, the propor-
tion of CI” among anions tends to rise. The quantities of eliminated
solutes have been assessed by Carmouze (1983) for Lake Chad in relation
to its changing water storage and chemical budget.

In Lake Chad, and probably many other alkaline tropical lakes rich in
dissolved silicate, there appears to be a large-scale chemically selective
(‘incongruent’) elimination of solutes from water-mass to sediments. This
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Fig. 2.31. Lake Nakuru. An African soda lake at low level in 1961, with
precipitated deposits of trona (some blown by wind) and flamingoes.

transfer is non-biological: sometimes called ‘reverse weathering’, it
involves transformations of sediment minerals as new formation of clay
smectites, with consumption of silicate, cations and HCO; and with
production of CO, (Carmouze ¢f al. 1976: Carmouze 1983; Darragi &
Tardy 1987). There is thus a net conversion of solutes to particulate
material. It has also been invoked, mainly from considerations of mass
balance, in Ethiopian rift lakes by von Damm & Edmond (1984),
although the evidence here is probably less conclusive (Wood & Talling
1988). In Lake Turkana an appreciable long-term loss of solutes to the
sediments has probably occurred by ion-exchange and burial (Yuretich &
Cerling 1983), with a form of ‘reverse weathering’ acting to remove
Mgt

(b) Chemical budgets (mass balances)

These interrelate input, output and storage fluxes over some given period,
help an overall understanding, may provide a quantitative check, and
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indicate the relative magnitudes of component fluxes. Among the few
tropical examples, annual budgets for major ionic components have
been estimated for the shallow African lakes of Chad (Carmouze 1983)
and Naivasha (Gaudet & Melack 1981), the deeper Lake Turkana
(Yuretich & Cerling 1983), and Lake Titicaca in the Andes (Carmouze
et al. 1982). The first three lakes are exceptional in lacking surface out-
flows and none is so saline as might be expected from a history of unmi-
tigated evaporative concentration. The water and solute budgets (Tables
2.1, 2.5) indicate that seepage-out and/or net sediment-uptake mainly
account for the relatively low salinity. These loss terms have been esti-
mated in different ways between the four lakes, as from water budget
quantities (Lake Naivasha), ion exchange of sediment samples plus burial
in sediment columns (Lake Turkana), or by difference as residual quan-
tities in an ion budget, that may use presumed conservative (unreactive)
chemical species — Na* or CI~ - as a quantitative guide to seepage-out
(Lake Chad, Lake Titicaca).

A mean annual solute budget for Lake Chad (1954-72) was described
by Carmouze (1983); it is summarized, with related hydrological quan-
tities, in Table 2.5. Chloride and sulphate are not included but were in
very low concentration. Although the estimated inputs and outputs bal-
ance, this is generally not an independent check on the budget validity as
some components are estimated by difference. Sedimentation fluxes are
calculated from ionic ratios and the assumption that the sedimentation of
Na is negligible. Considerable between-year variation exists behind many
of the mean values cited (e.g., of solute concentrations).

The budget indicates how a lake of relatively low salinity can exist
without surface outlet in a tropical region with high open-water evapora-
tion. Although solute concentration in the river input (predominantly the
Chari River) is low, this would not prevent a progressive rise of salinity in
the absence of losses other than evaporation. The other important net
losses are by seepage and sedimentation. The first is unselective with
respect to solute-components, but occurs chiefly from the deeper north-
ern basin whose input is already with 1onic content increased and quali-
tatively modified from that of the main southern inflow river.
Sedimentation is partly by biological agents, with CaCO; deposition by
molluscs, Si and K incorporation by macrophytes (Carmouze et al. 1978),
and Si incorporation by diatoms (Lemoalle 1978; Carmouze 1983) all
quantitatively important. For example, Lévéque (cited by Carmouze
1983) has estimated that annual production by the rich molluscan
benthos in 1970 would remove 7 x 10° t of Ca, equal to four times the
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Table 2.5. Estimated components of the water balance and major ionic
balance of lakes Chad and Titicaca, as mean annual values for the periods
1954-72 and 1964-78 respectively

Lake Quantity Water Component
10°m?)
Na K Ca Mg HCO, SO, Cl Si(OH),
(10° mol)
Chad lake stock 72
annual flux;
river inflow 41.5 56 205 435 330 224 - - 16.1
rainfall 6.3 negligible
surface outflow 0 0
seepage-out 38" 56 165 240 195 15.6 - - 3.0
evaporation 44 0
sedimentation® - 0* 040 195 135 6.8 - - 13.1
Titicaca  lake stock 900
annual flux:
river inflow 851 139 090 823 284 11.04 6.43 1269 137
rainfall 7.47 negligible
surface outflow  0.22 1.85 0.095 0.33 0.325 0.42 0.58 1.73  0.004
seepage-oul 136 106 0.54 222 1.96 2.98 359  9.68 0.041
evaporation 13.8 0
sedimentation ™ - 0.04 0.195 538 0.295 7.25 1.79  0* 1.32

Note: x by difference from the Na™ balance
+ by difference
*  assumed
Source: From Carmouze (1983), Carmouze er af. (1981, 1982) and Roche er al. (1992)

annual river input or half the dissolved stock in the lake. Dissolution and
recycling of Ca are therefore important. Non-Biological transfer to sedi-
ments occurs on a large scale by transformations of sediment minerals (=
neoformation of clay smectites, ‘reverse weathering’) favoured by an
alkaline medium rich in soluble silicate. The latter is consumed, together
with quantities of Ca®* and Mg?*, and some HCO7 transformed to CO,.
Finally, some precipitation of calcite, CaCOj;, occurs especially in the
northern basin.

A solute budget for another lake without surface outflow, Lake
Naivasha, has been estimated by Gaudet & Melack (1981). Here also
some components (water seepage-out, sediment’ exchange of solutes)
were estimated by difference; all major ions, plus fluoride (F™), were
included. The relatively low salinity of the lake was ascribed to the
major dilute inputs of river water and direct rainfall, an appreciable
unselective loss by seepage (+ irrigation off-take), and a selective net
accumulation of solutes in sediments. Estimated by difference, in which
constituent-errors may be compounded, the absolute magnitude of the
last and especially its resolution into (? overestimated) input and output
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components must be uncertain. There is good evidence for uptake and
sedimentation of the Si stock by diatoms, but appreciable effects from
sedimentary neoformation (‘reverse weathering’) were considered unli-
kely. The study was further notable for a direct use of seepage meters
and a Cl” -based assessment of the proportion of cyclic sea-salt in the
river solute input, and so by difference the proportion of the total input
(~30%) attributable to chemical denudation. The input of some ions
(especially K™, C1~ and SO) appeared to be chiefly from the content
in rain, whereas surface weathering was dominant for Ca?" and HCO3.

For Lake Turkana, Yuretich & Cerling (1983) estimated a considerable
input of solutes to sediments. This occurred mainly by the processes of
ion-exchange and solute burial; the former was quantified for three sedi-
ment minerals, and the latter estimated from the water content and
deposition rate (here high) of sediment. The ion exchange was dominated
by Na™ uptake and Ca®* release with subsequent precipitation of Ca** as
calcite that formed about 5% of deposited sediment. The smaller, but
also near-complete, uptake of Mg** probably involved new sediment
mineral (reverse weathering) other than a carbonate species. It was cal-
culated that >40% of the present day lake input of Na* could be taken
up by ion-exchange, and that ~40% of CI~ be removed by solute burial.
For both these ions the apparent accumulation time required for current
concentrations in the lake water was thus raised to approximately 2500
years (Table 2.6), the greater part of the estimated closed basin duration
of approximately 3500 years. Later this treatment was further modelled
and used to predict and compare the long-term increase of Cl~ concen-
tration in lakes Turkana and Baringo (Barton et al. 1987: see Fig. 2.32).

The main inflow to Lake Turkana, the Omo River, is one of three large
drainage systems of Ethiopia that end in closed basins. These systems
include intermediate ‘transit’ lakes of lower salinity and one or more
terminal lakes — veritable sumps for solutes — of higher salinity. Water
fluxes and solute accumulations in the three drainage systems were sur-
veyed by von Damm & Edmond (1984) and Wood & Talling (1988);
some are illustrated in Fig. 2.33. Chloride was assumed to be an unreac-
tive or conservative chemical species that could be used to assess levels of
evaporative concentration, as between inflow and lake water, and also the
relative contributions of cyclic sea-salt and chemical denudation.

Lake Titicaca is notable for the active chemical denudation in its
Andean catchment, resulting in inflow concentrations that are generally
between S and 10 mmol 1™'. Losses by the small surface outflow are insuffi-
cient to account for the moderate salinity of the lake, ¢. 11 mmol 17"
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Table 2.6. Mass balance of Lake Turkana and the effect of cation exchange
on cation response times

Annual Fluxes Mass Response Time
1. 2. 3. 4. 5. 6. 7. 8. 9.
10° moles per year 10'2 moles years

Na 9.11 0.07 371 2.46 3.01 799 880 1460 2650
K 094 0.07 0.25 0.04 0.72 0.13 138 171 181
Ca 4.72 1.51 0.17 0.01 6.06 0.028 59 4.6 4.6
Mg 244 068 0.10 0.0l 302 0023 954 7.6 7.6
Cl 2.17 0.94 1.23 3.08 1420 2500
Tcoz 224 1.32 20.1 429 192 203
SiO, 53 0.02 53 0.081 151 15
Note:

Column:

1. river input (dissolved load)

2. load carried by clays in rivers assuming 100 meq/100 grams exchanging
mineral (smectite)

annual load removed from lake water by cation exchange

loss due to burial of water by sedimentation

net input after exchange and burial of interstitial water (1 +2 —3 —4)
mass present in lake

response time neglecting cation exchange or water burial (6 + 1)
response time after cation exchange 6 + (1 +2 —3)

response time after cation exchange and burial of interstitial water (6 + 5)
Source From Yuretich & Cerling (1983)

R R R RV

Carmouze et al. (1982) deduced, assuming an unreactive conservative
C1™ component, a larger and chemically non-selective loss by seepage
and, by difference, varying losses by biogeochemical sedimentation (see
Table 2.5). In the latter silicate, Ca®* and HCO3_/CO32_ were promi-
nent. Thus the apparent accumulation or retention time for silicate was
estimated as only 20 years for the lake as a whole, as opposed to 479
years for Na*t and CI™.

Another type of mass balance can be applied to a river, equating the
chemical flux at a single cross-section to the ultimate sources and trans-
mission factors in the catchment upstream. Table 2.7 gives estimates from
three tropical rivers. In one comprehensive study, of the Caura River in
Venezuela, Lewis et al. (1987) estimated that chemical weathering took
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Table 2.7. Estimated characteristics for the chemical mass balance of the catchments of three tropical rivers

Gambia River, inland continental basin, 1980-81 (area 42000 km?, mean rainfall 0. 94 m yr~', discharge 4 6 x 10° m® yr~', runoff factor

0.12); Malewa River, Kenya, 1973-74 (area 1730 km mean ramfall 0.773 m yr~!, discharge 0.14 & 10 m® yr~', runoff factor 0.11);
Caura River, Venezuela 1982-84 (area 47500 km? mean rainfall 4.50 m yr~' dlscharge 115 x 10° m® yr~! runoff factor 0.54).

major cations major anions major nutrients total units
Na K Ca Mg HCO; SO, Cl P Si solutes partics
1. areal discharge
Gambia 3.9 1.4 4.0 2.0 20.3 0.4 0.6 0.048 7.0 48 49 kg ha™' yr~!
Malewa 6.8 2.1 5.7 1.9 55 4.2 25 - 5.6 91 -
Caura 27.6 146 155 6.0 124 10.0 10.3  0.24 91.5 593 274
2. atmospheric deposition
Malewa 4.6 2.6 1.6 1.8 0.82 5.7 30 - - - -
Caura: collection site  10.6 1.33 1.7 0.37 - 11.0 15.1 0 - 15 kg ha™' yr~!
Caura: from ClI™ flux® 8.2 1.03 1.3 029 - 8.5 0 - -
3. surface chemical
weathering®
(as net export)
Malewa 22 —048 42 013 54 -16 -052 - - - - kg ha™! yr!
Caura 19.4 136 142 5.7 124 1.5 —-14 0.10 91.5 281 -
4. areal solute discharge/
rainfall
Gambia 4 2 4 2 22 0.4 0.6 0.05 7 51 - kg ha™'yr™!
‘ /m yr'I
Malewa 9 3 7 3 71 3 - 7 118 -

5
Caura 6 3 3 1 28 2 2 0.05 20 132 - =mg1~'x10
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Table 2.7. Continued

major cations major anions major nutrients total units
Na K Ca Mg HCO; SO, Cl P Si solutes partics
5. atmospheric fraction
of river solute discharge
Malewa 068 123 027 093 002 137 1.21 - ~ - - -
Caura 020 005 0.07 0.04 - 0.82 1.12 0.30 0 ~ -
6. marine fraction of
atmospheric deposition
Malewa® 0.52 0.03 0.04 0.22 - 1.00 - ~ ~ - -
Caura 0.79 0.23 0.19 1.00 - 1.00 0 0 - -
7. river output mean
concentration®
Gambia 34 1.17 34 1.7 17.3 0.37 0.49 0.066 6.0 41 42
Malewa .90 43 8.0 3.0 70 6.2 43 - 8.0 122 - mg 1‘3l =
g m
Caura 1.14 0.60 0.64 0.25 5.1 041 0.42 0.003 338 245 113

Note:

* as Cl areal discharge minus rock weatheri
® as areal discharge minus atmospheric deposition

¢ estimates from East African data: Wood & Talling (1988)
4 discharge-weighted values for Gambia and Caura rivers

Source: From Lesack et al. (1984), Gaudet & Melack (1981) and Lewis et al. (1987).

ng estimate, adjusted, times observed quotients to Cl in precipitation
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Fig. 2.32. Graphical model of the long-term increase, after basin closure, of Cli
concentration in two Kenyan closed-basin lakes with differing initial mean depths
(Dinitia) and inflow concentrations set at two levels. Black bars denote the range
of concentrations in lake water now observed; the initial, pre-closure,
concentrations are taken as those of the river inflows. From Barton et al. (1987).

precedence over atmospheric deposition for fluxes of most but not all
component major ions, that there was a large N-fixation, and that a
possibly abiotic interception of phosphorus occurred. The marine-
derived component of atmospheric deposition was here considerable,
especially for Mg?* and S; lower contributions of this origin were esti-
mated for more inland sectors of the Amazon (Stallard & Edmond 1981).
For the small Malewa River in Kenya, local geology also supported the
assumption of an atmospheric origin for the content and flux of Cl~, and
for a deduced major contribution to several other ions — especially K*,
Mg2+ and SO,>~. Gaudet & Melack (1981) estimated the specific fluxes of
major ions per unit area of drainage basin, as kg ha™' yr™'. If expressed
per unit annual rainfall, these were generally of magnitudes similar to
those for the tropical Caura and Gambia rivers (see Table 2.7) and for
some North American streams.

Although the Caura catchment is largely on hard siliceous rocks, the
geomorphology and high mean rainfall of 4.5 m yr~' lead to considerable
annual net discharges (solutes + particulates) of various elements. That of
Si, as a major component of both rocks and the river’s chemical discharge,
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Fig. 2.33. Diagrammatic hydrological sections along three Ethiopian lake-river
cascade systems of closed drainage, ending in the salt-accumulant lakes of Shala,
Abhé and Turkana. Shared scales are used for altitude, lake area and maximum
lake depth. Numbers in brackets indicate lake volume in km?>, and other numbers
estimated water-flows in km® yr='. Broken lines indicate past or intermittent
connections. From Wood & Talling (1988).

was used to estimate a mean weathering rate of 1.8 mm thickness per 1000
years. Those of other elements were interpreted (see Table 2.3) in terms of
weathering fluxes to be expected from the Si-weathering flux and the mean
chemical composition of the catchment rock-type, plus a catchment
‘retention flux’ that was positive for P and negative — indicating prefer-
ential weathering — for the major cation elements. However, the soluble
component of Si-discharge is in another respect a special case, its concen-
tration being known to show an atypically low responsiveness to water
discharge for reasons not well understood. Examples of this are described
and discussed for the other two tropical rivers (Malewa, Gambia) by
Gaudet & Melack (1981) and Lesack et al. (1984). Thus at high flows a
‘dilution effect’ is not well marked, indicative of large mineral reserves.
Some tropical rivers traverse sectors in which they lose much of their
discharge, with chemical consequences. African examples appear in the



74 Environmental transfers in space and time

‘Sudd’ swamp region of the Upper Nile (Talling 1957¢, 1976) and the
‘internal deltas’ of the Niger and Okavango. For the Okavango system,
comparisons of input and output indicate a water loss of ~95% but only
a roughly four-fold increase of solute concentration. Here the behaviour
of CI™ (viewed as a conservative quantity) indicated some water loss by
infiltration. Ratios with other chemical quantities suggested major losses
of other solutes, especially Mg2+, Ca’* and Si, by conversion into parti-
culates (Cronberg et al. 1996). In South America, contact of the Paraguay
River with the Pantanal wetland could lead to deep periodic anoxia (with
fish-kill) in the river, that possibly derived in part from the bacterial
oxidation of CH4. Most major ions, however, behaved conservatively
in mixing and distribution (Hamilton et al. 1997).

Budgets that summarize movements of the biologically incorporated
elements N, P and (for diatoms) Si have special ecological interest.
However, on a whole-lake scale, well-established examples appear to be
almost lacking for tropical lakes. The outstanding exception is Lake
Calado on the Amazon floodplain, for which components of input,
regeneration and output for N and P as nutrients are estimated by
Melack & Fisher (1990) and Fisher er al. (1991) (see Tables 2.8 and
3.3). Here within-lake regeneration is the predominant source of nutrients
at low water level. In another floodplain lake, Lake Camaledo, a mass
balance for N included large contributions from N-fixation and denitri-
fication (Kern & Darwich 1997; Kern et al. 1998). Incomplete annual
estimates for Lake George, that do not include some possibly important
fluxes such as denitrification and sedimentary P deposition, have been
brought together by Livingstone & Melack (1984); they are shown in
Table 2.9. These figures, and budgets involving more extensive data for
N-fixation in other tropical and some subtropical lakes (e.g., Ashton
1979, 19854), suggest that this process can be a major input of combined
N. For Lake Valencia it was estimated to provide ~23% of the N-input,
not enough to eliminate a prevailing N-deficiency (Levine & Lewis 1986).
For Lake Calado the corresponding estimate for 1989-90 was only ~8%
(Doyle & Fisher 1994).

There have been a few attempts to construct Si budgets for tropical
lakes in relation to consumption by diatoms, and occasionally also
macrophytes, often evident as much reduced surface concentrations in
deep lakes. Explicit budgets {(mass balances) exist for the shallow lakes of
Chad (Carmouze 1983) and Naivasha (Gaudet & Melack 1981), and for
the deep lakes Titicaca (Carmouze 1992) and Malawi (Hecky et al. 1996)
where the estimated net fractional retentions of input Si exceed 0.95.



Table 2.8. Lake Calado, Amazonia floodplain. Estimates of input,
sedimentation, regeneration and output of N and P, expressed as average
Sfluxes per unit area with component percentages

An average lake depth of 6 m is assumed; regeneration in the water column
assumes a 3-m deep epilimnion and little activity below in anoxic water.

flux (mmol m~2 day™") percentage
Source/component N P N P
1. inputs — total 1.44 0.045
direct rainfall 8 6
surface runoff 42 11
groundwater 8 19
adjacent lakes 8 13
Amazon River 34 51
2. particulate sedimentation 6.0 0.53
3. regeneration ~ total 213 4.36
macro-zooplankton 5 2
other water-column regn. 65 78
sediment-to-water transfer 30 20
4. outputs — total 2.25 0.11
groundwater 4 5
burial in sediment 28 31
lake outflow 68 64

Source: From Fisher et al. (1991)

Table 2.9. Phosphorus and nitrogen budgets for Lake George, Uganda in
tyr=! 1000 1t yr~! = 4 g m™? (lake area) yr~!

N P
Inputs
River discharge 1153 182
Rain 277 119
Hippopoiamus excretion, etc. 99 15-26
Fixation in lake 1280 -
Total 2809 316-327
Outputs
Effluent 3180 220
Sediment 655
Export of fish 75
Total 3910
Balance —1101

Source: From Livingstone & Melack (1984)
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Possibly more biologically relevant budgets for some nutrients, invol-
ving chemical stocks and fluxes, have been estimated for plant-productive
sectors of a lake. One is floating papyrus swamp vegetation. This has been
studied quantitatively in the form of floating stands of papyrus (Cyperus
papyrus), especially on lakes Victoria (Gaudet 1976) and Naivasha
(Gaudet 1977b, 1979b). Dense stands, of ~5 kg dry weight m ™2, incorpo-
rate large stocks of N, P and K (Gaudet 1977h; Chale 1987) that are
shown comparatively with other tropical stands in Fig. 2.34. Export of
these elements from the papyrus stands is predominantly to the layer of
decomposing ‘sludge’ deposited below. Import of N from rain and
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Fig. 2.34. Stocks per unit area of the elements K, N and P in some dense tropical
and (Swartvlei, Pongolo Pan) subtropical stands of reedswamp, floating and
submerged macrophytes, and phytoplankton of varied dry weight (D.W.).
From various authors, after Talling (1992).
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surface run-off seemed too small to maintain the larger quantity
exported, as estimated from sediment traps, and a major contribution
from Nj-fixation has been proposed (Gaudet 19794). Other indications
of N-fixation (Calder 1959; Viner 19825) involved very much smaller
fluxes, and the status of the (large) sediment trap-based estimates as net
export has been questioned (Viner 19826). However, there is now some
evidence for considerable nitrogenase activity, with N-fixation, in the
root system of papyrus (Mwaura & Widdowson 1992). Floating ‘mea-
dows’ of another highly productive plant, the grass Echinochloa polysta-
chya, are abundant on the Amazon floodplain where nutrient uptake and
release are governed by the annual cycle of rising and falling water level.
At one site this vegetation was estimated to have an annual consumption
and temporary accumulation of 37.7 gNm™, 5.1 gPm~2and 114 gK
m~? (Piedade et al. 1997). The floating-mat situation differs from the
strongly soil-rooted condition of tropical reedswamps, for which some
estimates have been made of nutrient input and output from lakes Chilwa
(Howard-Wilhams & Lenten 1975; Howard-Williams & Howard-
Williams 1978) and Naivasha (Gaudet & Muthuri 1981a, b: see Fig.
2.35). The subject is reviewed comparatively by Howard-Williams &
Gaudet (1985). Rooted reedswamps can be said to act as ‘nutrient
pumps’, in that nutrient uptake from subsurface soils eventually leads
to biomass decay with liberation to shallow water (Fig. 2.35). Such cir-
culation is probably also important for the floating meadows of grasses in
Amazonian floodplain lakes (Junk 1997).

Another productive sector, on a larger scale, is the mixing-prone upper
layer or mixolimnion of deep and indefinitely stratified (meromictic) lakes.
Two outstanding tropical examples of such lakes are Lake Tanganyika
(Fig. 2.36) and Lake Malawi (Fig. 2.37), for which Hecky (1991),
Bootsma & Hecky (1993) and Hecky et al. (1996) have made speculative
estimates of nutrient income to the respective mixolimnia (Table 2.10).
Roughly the upper 200 m is included here, within which a seasonal ther-
mocline induces further but temporary compartmentation. The estimated
inputs of P and Si are predominantly by mixing from below, whereas for
N in Tanganyika this source is held to be largely eliminated by denitri-
fication near the base of the mixolimnion. In this region notably low
concentrations of NH4-N and NO;-N have been measured (Fig. 2.36),
although possible variation with horizontal location and time is not
known. If the P-output from the mixolimnion is supposed to be mainly
by biotic incorporation and sedimentation, the accompanying N-output —
assessed from the expected N:P in biomass ~ is large compared to esti-
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Table 2.10. Speculative estimates of nutrient loading to the mixolimnion of
lakes Tanganyika and Malawi. All values given as moles m™? y=!. NM =
not measured

Lake Malawi Lake Tanganyika

Source N P Si N P Si
Rivers 0.023 0.001 0.22 0.005 0.002 0.16
Rain 0.006 0.0001 0.0 0.086 0.017 NM
Dry fallout 0.081 0.002 NM NM NM NM
Vertical mixing 0.0 0.023 1.64 0.0 0.19 6.6
Total 0.068 0.0251 1.86 0.091 0.209 6.76
N deficit 0.407 - - 32 - -

Source: From Hecky et al. (1991) and Bootsma & Hecky (1993)

mates of N-inputs from rivers and atmospheric precipitation. The defi-
ciency of input is suggested to be made up by unmeasured N,-fixation.

As already mentioned, a seasonal thermocline develops each year in the
mixolimnion of these two lakes, above which — in the epilimnion — the
main development of phytoplankton occurs. Rough estimates of the sea-
sonal nutrient income to this epilimnetic compartment have been made.
Those for Lake Tanganyika, given by Hecky (1991), assign much greater
importance to nutrient incorporation by water entrainment, as the epi-
limnion deepens, than to diffusive transfer from below estimated from
eddy diffusivity. Such diffusivity-based estimates of nutrient transfer are
rare for tropical lakes; an early example was made for Lake Mcllwaine in
Zimbabwe by Robarts & Ward (1978). In Lake Tanganyika, and to a
lesser extent in Lake Malawi, there are large regional differences linked to
seasonal cooling and upwelling of deeper water — promoted by southerly
winds around June to August — at the southern extremities. Biological
production, including both phytoplankton and fisheries, is at its greatest
here. Some upward nutrient transfer is also likely, in both lakes
Tanganyika and Malawi, to be effected by the turbulence associated
with internal seiches. This effect in Lake Malawi was considered in gen-
eral terms by Eccles (1962), in its possible relation to specific and lake-
wide maxima of blue-green algae during 1990-91 by Bootsma (19935),
and in relation to plankton production during 1992-93 by Patterson &
Kachinjika (1995).
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With these examples of nutrient input to biologically active sectors, we
reach the topic of biological production. Its quantitative expression, the
constraints of environmental resources, and sequential transfers, are
taken up in the next chapter. Looking back over purely environmental
transfers of water, materials and energy, we see the generally dominant
role of water flux in determining boundary chemical flux. The chief
exceptions are at the air-water and sediment—water interfaces. In water
balance and energy balance there is also most significant and shared
influence from the evaporative water flux, a flux highly susceptible-to
variation over arid and humid tropical climates.



3

Resource utilization and biological
production

We now pass from mainly environmental transfers to the movement of
energy and materials into assemblages of replicating living organisms.
Beyond the initial interception, the energy diverted is a very small frac-
tion of the main source-flux of solar radiation. In fact consequences other
than dissipation as heat are usually neglected in environmental energy
budgets. However, chemical uptake can consume large parts of the che-
mical source-fluxes. Here we consider, in the tropical context, fluxes of
organic production in relation to these inputs and to the active biomasses
responsible. Significant here is the relatively maintained level of solar
radiation on the annual scale and of elevated temperature as a near-
universal rate-promoting factor. Sequences of consumption operate
from primary producer to top-predator and involve the general composi-
tion of tropical aquatic communities.

3.1 Primary utilization: energy

The flux of photosynthetically available solar radiation (PAR) that pene-
trates the water surface sustains primary or photosynthetic production by
underwater communities of aquatic plants, both small (microphytes) and
large (macrophytes). The kinetics of this utilization are most readily
studied for the dispersed phytoplankton, which provides most of the
tropical information discussed here. There is also interception, above
the water surface, by emergent aquatic macrophytes (e.g., Cyperus
papyrus: Fig. 3.19a) that fringe water-bodies or dominate large tropical
swamps. For these the direct information on photosynthetic fluxes is
scanty but the general principles of energy input, interception and utiliza-
tion by tropical macro-vegetation (Monteith 1972) are applicable.

82
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General characteristics of the incoming solar radiation - including its
variation with latitude, season, diel period and atmospheric interception
— are outlined in Chapter 4. There fluxes are given in terms of their total
energy content, of which photosynthetically active radiation (PAR) is one
spectral component or wavelength band (roughly 400-700 nm, fraction
0.46) and which is also often expressed in terms of photon flux, as umol
(= ‘unEinstein’) m~2 s7'. Here 1 pmol equals 6.02 x 10" photons.
Approximate equivalences for daylight, dependent on its spectral com-
position, with absolute magnitude corresponding to a solar elevation of
45°in a clear sky, are 700 Jm~2 s~ or 1.0 cal cm™2 min~" as total energy-
flux density; alternatively, as PAR, ~320 J m~2 57! or ~1600 pmol
photons m 257! Here 1 Jm~2 s™" & 5 pmol photons m™2 s~'. With a
vertically overhead sun, the maximum flux density on a horizontal sur-
face is about 1.5 cal cm™ min™"' (total solar radiation) = 480 J m~ s~
(PAR) ~ 2400 pmol m~2 s~' (PAR).

(a) Underwater light penetration and interception

Penetration below a water surface is first subject to a ‘surface loss’ or
albedo, mean order of magnitude about 10%, by reflection and by back-
scattering with upwelling light. The reflected component is increased at
low solar elevation and calm conditions; the back-scattered component
relates to the particulate content of the water. The total loss has appar-
ently never been studied critically in tropical inland waters, although the
back-scattered component has occasionally been used to provide infor-
mation (e.g., on turbidity) by remote sensing. Examples exist for Lake
Kainji (Abiodun & Adeniji 1978) and Lake Chad (Lemoalle 19794). For
short-term assessments with high solar elevation near midday, a loss
factor of 5% has been assumed (e.g., Talling 1965a). In further penetra-
tion, the diminution —d/ of a flux density 7 over a vertical depth interval
dz can be expressed in terms of a vertical attenuation (extinction) coeffi-
cient K as:

—d/ = K.J.d:z (3.1
or in integrated form between two depths z, and z, with flux densities /,

and 12,

1
K= Zh_—Z])(ln I, —In L) (3.2)
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If the water column is optically homogeneous, the coefficient K (units
m™') is near-constant so that the flux density / decreases exponentially
and its logarithm decreases linearly with depth for any spectral (colour)
component. However K will vary for different regions of the spectrum,
with a minimum value K;, at some intermediate wavelength or colour
region.

Spectral relationships were first demonstrated in tropical freshwaters of
Guiana by Carter (1934) using photoelectric measurements with colour
filters. Variation with time was followed by Beauchamp (1953« and
unpublished) during 1939-40 in Lake Malawi. More extensive applica-
tions to the analysis of underwater photosynthesis were made in the 1950s
(e.g., Levring & Fish 1956; Talling 1957a), 1960s (e.g., Talling 1965¢;
Ganf 1974¢) and 1970s (e.g., Lemoalle 1973a, 1979a; Lewis 1974
Robarts 1979; Melack 19794, 1981). Examples that include the African
lakes Victoria and George are shown in Fig. 3.1. These lakes differ in that
attenuation is much higher in Lake George, where the spectral ‘window’
with minimum attenuation K, is displaced to the red region, as com-
pared with the green region for Lake Victoria and the blue region for
pure water. A corresponding ‘red shift’ occurs in the spectral distribution
of radiant energy at depth (Fig. 3.25).

An important link to biology is the lower limit of the euphotic zone, the
depth zone within which appreciable photosynthetic production is possi-
ble. This is by convention taken as the depth z., where the flux 7 of PAR
1s reduced to 1% of the surface-penetrating value [(;. A simple and rough
but useful guide to z,, can be obtained from transparency measured
visually, as image-loss, by Secchi disc. A multiplying factor between
two and three is generally applicable; it will vary especially with condi-
tions of light-scattering. Lemoalle (1979a) has defined values specifically
applicable to different water types in Lake Chad. If light reduction is
supposed to conform, approximately, to a single ‘average’ or ‘effective’
vertical attenuation coefficient K, then z,, = 4.6/K.. Strictly coefficients
cannot be so averaged, and a summation of spectral components gives a
slightly curvilinear relation between In / and z (Fig. 3.2¢). An alternative
is to define the euphotic zone depth z., in terms of the coefficient K,
applicable to the most penetrating spectral component. Empirical tests on
various African lakes have indicated as best relation z,, =~ 3.7/Kuyin
(Talling 1965a; Ganf 1974c¢; Belay & Wood 1984). This relation has
also been applied in several other studies of photosynthesis by phyto-
plankton in African lakes (Talling et al. 1973; Robarts, 1979). Further,
K. = 1.15to 1.3 K;, (Talling, 1965a; Ganf, 1974c; Erikson et al. 19915).
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Since about 1980 instruments to measure underwater photon flux den-
sity, as PAR, have been widely available. They bypass the time-consum-
ing measurements with multiple colour filters followed by indirect
summation, but with loss of spectral information.

Especially in rivers it is not uncommon to meet conditions of high
mineral turbidity with transparency below 0.1 m, very high values of
attenuation coefficients (e.g., White Nile: Talling 1957¢) and little oppor-
tunity for photosynthesis — that is confined to a zone a few centimetres
deep. Similar effects of river sediment load may be transmitted to a
receiving impoundment, such as Lake Dalrymple in North East
Australia (Griffiths & Faithful 1996).

Of prime biological interest is the component of the total attenuation
coefficient due to light interception by photosynthetic phytoplankton. If
biomass concentration B is assessed by chlorophyll @ concentration [chl-
a), and an index coefficient of light attenuation — K, or K.,;, — plotted
against this, a linear relationship is typically obtained if [chl-a] is more
variable than other major determinants of attenuation such as silt con-
tent. Figure 3.3 shows example plots of K., versus [chl-a] from the

20+ L. George L. Mcllwaine

0 —T
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Fig. 3.3. Linear regressions relating the spectral-minimum vertical attenuation
coefficient (Ky;,) to the chlorophyll a concentration of phytoplankton in two

African lakes. Based on Ganf & Viner (1973) and Robarts (1979), after Talling
(1992).
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African lakes George and Mcllwaine (= Chivero). The gradient of each
plot (k) is a measure of light interception (In units m™") per unit biomass
concentration (mg chl-a m~>), yielding In units of attenuance per mg chi-
am™2. Values for these lakes are, respectively, 0.016 and 0.0207 (mg chl-a
m~%)~"; they would be slightly increased (factor approximately 1.2 to 1.3)
as k; if the coefficient K fitted to mean PAR attenuation were used (as by
Hawkins & Griffiths 1986) instead of K,;,. The tropical values, including
those of Lemoalle (1983) for Lake Chad, Erikson et al. (1991b) for Lake
Xolotlan, and Chacén-Torres (1993a) for k; in Lake Patzcuaro, are con-
sistent with world-wide experience of a limited variability of &, at ~0.015
+ 0.010 (mg chl-a m~%)~". In this variability, mean particle size and
spectral effects contribute significantly. The expectation of low kg values
with large particles (the ‘package effect’) is apparently realized with the
blue-green Spirulina fusiformis (S. platensis auct.) (Melack 19795).

The absorption spectra of plant pigments are varied and distinctive. In
phytoplankton-rich waters they influence the spectral distribution of light
underwater; however, for tropical waters there is a dearth of measure-
ments in situ with spectroradiometers of suitably high resolution.
Townsend et al. (1996) describe two examples from reservoirs in northern
Australia. Laboratory measurements (Talling 1970) on plankton-rich
water from Lake George, and derived filtrate, have shown the varying
spectral attenuation of the plankton component, plus the enhanced blue
absorption of the filtrate with organic ‘yellow-substance’ (also known as
Gelbstoff, gilvin). Material of the latter type is of obvious influence in
tropical ‘black-water’ rivers such as the Rio Negro, Orinoco and Zaire, as
well as in many highly productive tropical lakes (e.g., Lake Chilwa: Moss
& Moss 1969; Lake Kilole: Talling et al. 1973).

If the euphotic zone is the significant site of photosynthetic production,
the biomass-content of that zone per unit area (X, B, e.g., as mg chl-a
m~2) is a key quantity for production dynamics. Actual contents are
equal to the product of mean concentration B and depth z,, and will
have an upper limit [, Bl.x When the biomass-associated attenuance is
equal to that defining the euphotic zone. Formulating in terms of K,:

3.7
Zoy K—m;,and Kmin = Bk_‘ (33)
3.7 3.7 3.7
50 [Zey Blax = ZeuB = = B~ B B~ = (3.4)

Thus representative values of &, the attenuance per unit biomass content,
of 0.01 and 0.02 (mg m~2)~' then correspond to maximum euphotic
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contents of approximately 370 and 185 mg chl-a m™2, respectively. Values
of this magnitude are known from several productive tropical lakes
(Talling et al. 1973; Ganf 1974c¢; Lemoalle 1981a; Melack 1981;
Erikson et al. 1991b). Lower values of & for Spirulina fusiformis appar-
ently led to much higher euphotic content, up to 665 mg chl-a m2 ina
Kenyan crater lake, Lake Simbi (Melack 19795).

(b) Depth-profiles of photosynthesis

The great variation of light penetration into tropical inland waters
implies a corresponding variation in the depth-range of photosynthetic
activity. Early tests of this variability were made in 1929 by Jenkin (1936)
on a Kenyan lake, in 1931 by Beadle (19326) and in 1953 by Levring &
Fish (1956) on various East African lakes. These studies measured oxy-
gen production by standardized samples (often net-phytoplankton)
exposed in light and dark bottles suspended over a range of depths. In
principle they were mainly bioassays of light (PAR) penetration rather
than estimates of production, although Jenkin (1936) derived some esti-
mations of specific rates per unit biomass of the blue-green Spirulina
fusiformis (then referred to Arthrospira platensis).

Work intended to assess rates of photosynthetic production in situ
began in the early 1950s with experimental exposures in two Central
American lakes (Deevey 1955) and in the upper Nile system (Talling
1957a; Prowse & Talling 1958). During the 1960s and 1970s they were
extended, including some longer time-sequences and measurements in
incubators, to many other tropical water-bodies. Examples, listed in
Table 3.1, can be drawn from Africa and South East Asia. Before 1980
various pioneer studies had also been made in Central and South
America, including Amazonia, Venezuela, Panama, Cuba and Lake
Titicaca; also small reservoirs and a forest-lake (Carioca) in southeast
and northeast Brazil. Since 1980 there have been notable studies on Lake
Titicaca, on the Central American lakes of Xolotlan and Chapala, as well
as work on numerous smaller lakes and reservoirs of Brazil, Ecuador,
Venezuela and Cuba. Also from 1980, work in Africa has included Lake
Malawi, Lake Victoria, several Ethiopian rift lakes and a Nigerian river-
lake. Overall, studies have become fewer than in previous decades. In
South East Asia recent studies are also few in number, but include
work on largely man-made water-bodies in India, Sri Lanka,
Bangladesh and Papua New Guinea.
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Table 3.1. Measurements of photosynthetic production by phytoplankton

Period Neotropics Africa Australasia
pre-1960  Central America Nile System
Deevey 1955 Talling 19574
Prowse & Talling 1958 ,
1960-80 Amazonia East Africa, Sudan, Ethiopia India
Hammer 1965 Talling 19654° Sreenivasan 1965
Schmidt 19734, &%, Ganf 1972, 1975"2 Hussainy 1967
19762, 1982 Talling er al. 1973 Ganapati & Sreenivasan
Fisher 1979 Melack & Kilham 1974 1970
Melack & Fisher 1983  Ganf & Horne 1975 Michael & Anselm 1979
Melack 19794, b, ¢, 1980, 1981, Kannan & Job 1980c'
Venezuela 1982
Gessner & Vareschi 1982"? Malaysia
Hammer 1967 Harbott 1982 Prowse 1964, 1972
Lewis & Weibezahn Belay & Wood 1984 Richardson & Jin 1975
1976
West Africa, Zaire, Chad Philippines
Central America Lemoalle 1969, 19734, 1975, 1979a', Lewis 1974'2
Gliwicz 1976b* 1981a, 1983'2
Pérez-Eiriz er al. 1976, Freson 1972?
1980 Thomas & Radcliffe 1973
Romanenko ef al. 1979' Karlman 19737, 19822
Pagés er al. 1981
Titicaca Dufour 1982
Richerson et al. 19772,  Dufour & Durand 1982
1986, 1992
Lazzaro 19812 Southern and Central Africa
Robarts 1979?
Brazilian Lakes Hecky & Fee 1981
Tundisi ef al. 1978 Degnbol & Mapila 1985
Barbosa & Tundisi 1980 Cronberg 1997
Hartman er al. 1981
1980 + Central America East Africa India

Erikson er al. 19914, b
Lind et al. 19922

Venezuela
Gonzales et al. 1991

Ecuador
Miller er al. 1984

Titicaca

Vincent et al, 1984,
19862

Richerson 1992

Brazil

Reynolds er af. 1983
Gianesella-Galvio
1985

Barbosa er al. 1989'
Forsberg et al. 1991
Tundisi er al. 1997'?

Mugidde 1993°
Mukankomeje er al. 1993
Patterson & Wilson 1995'

Ethiopia

Belay & Wood 1984

Kifle & Belay 1990°
Gebre-Mariam & Taylor 19894
Lemma 1994

West Africa
Nwadiaro & Qji, 1986

Malawi
Degnbol & Mapila 1985
Bootsma 1993a

Saha & Pandit 1987°
Durve & Rao 1987
Kundu & Jana 1994

Sri Lanka

Dokulil et al. 1983"
Silva & Davies 1986,
19872

Bangladesh

Khondker & Parveen
19932

Khondker & Kabir 1995

Papua New Guinea
Osborne 1991

Note: " with diel series

2. .
< with annual series
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Figure 3.4 shows a diversity of depth-profiles of photosynthetic activity
from East African lakes. The fluxes shown are based on O, production
during short exposures of 1-3 h, are expressed per unit water volume. As
differences from dark exposures they are interpreted as gross photosynth-
esis. The vertical extent of the profiles corresponds closely to that of light
in the most penetrating spectral band, and hence to the reciprocal 1/K,
and the euphotic zone depth z., (Talling 19654a). The horizontal extent is
mainly determined by biomass concentration and its inverse relation to

Rate of photosynthesis (mg Ozm'sh'1)
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Fig. 3.4, Photosynthesis-depth-profiles in East African lakes, showing diversity of
absolute rates and euphotic zone depths (1%). Modified from Talling (1965a).
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vertical extent is partly due to the significance of biomass-associated
attenuance (k,B) in the total attenuance (Ky;,)-

Excluding these questions of vertical and horizontal scaling, there is a
similar intrinsic shape to the profiles that includes three main regions —
near-surface light-inhibition, light-saturation and a lower light-limita-
tion. The ‘intrinsic shape’ can be i1solated by a plot of profiles on double
logarithmic scales. Tt will clearly depend on the relationship between
specific photosynthetic rate ¢ and radiation (or photon) flux density
(‘light intensity’) 7, which can be modelled quantitatively and is suscep-
tible to variation with such factors as temperature, previous light-expo-
sure and type of algae. The magnitude of the surface-penetration flux Ic',
will determine the operative extent of the ¢—17 relationship; in dull day-
light, for example, the inhibition region is likely to be absent and the
entire depth-displacement of the profile reduced.

Finally, the shape of the profile may be influenced by differences of
biomass with depth, quantitative or qualitative. Such differentiation is
small or absent in the examples of Fig. 3.4, and similar results were
obtained with homogeneous surface-derived material as with depth-
related samples. Elsewhere, in certain inshore bays of Lake Victoria,
the biomass was sometimes strongly depth-stratified and this modified
the profiles of activity per unit water volume (Talling 1965a: see Fig. 3.5).
Sedimentation of diatom biomass from near the water surface led to a
false simulation of photoinhibition.

Rate of photosynthesis (mg O, m’h') Temperature  Chl-a (mg m?)
50 100 150 O 4 8 12
0 — . — 266
g |
£
5
o -
5
J

L. Victoria

Fig. 3.5. Depth-profiles of photosynthesis per unit water volume (A4), temperature
and chlorophyll a concentration in a weakly stratified bay of Lake Victoria,
showing true near-surface inhibition of photosynthesis for O m and 7m
collected material, and additional depression due to diatom sedimentation for
material exposed in situ at the depths of collection (i.s.). Based on Talling
(19654, after Talling 1995b).
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Examples of depth-profiles from other tropical regions appear in Figs.
3.6, 3.7 and 5.49. Most are based on short exposures (<6 h) of phyto-
plankton samples within bottles in situ, with fluxes estimated either by O,
evolution or by '4C fixation. These two methods were run in parallel,
with broadly similar results, by Lewis (1974) on Lake Lanao in the
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Fig. 3.6. Vertically condensed depth-profiles of photosynthesis by dense
phytoplankton in highly absorptive lake waters on various dates: (a) two
Ethiopian crater lakes, (b) two East African soda lakes, (¢) Lake Nakuru,
Kenya, and Lake Chad. Euphotic depths are indicated by arrows in (a), and
Secchi depth by a bar in (c). Modified from Talling et al. (1973), Melack &
Kilham (1974), Vareschi (1982) and Lemoalle (1983).
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Philippines and by Ganf & Horne (1975) on the highly productive waters
of Lake George in Uganda. In Lake George, and many soda lakes of East
Africa with abundant phytoplankton (Talling et «l. 1973; Melack &
Kilham 1974; Melack 197954, 1981, 1982; Vareschi 1982), and in highly
absorptive river waters such as the White Nile (Prowse & Talling 1958)
and parts of the Orinoco system (Lewis 1988), the euphotic zone is less
than 1 m deep and photosynthesis correspondingly condensed (Figs. 3.6
and 3.7).

The situation of a dense phytoplankton with a condensed photosyn-
thetic zone can have implications of intense CO,-demand by photosynth-
esis per unit water volume. Such demand ieads to considerable CO;-
depletion, sometimes HCO;-depletion (Wood, Kannan & Saunders,
1984), and diurnally raised pH (to > 10) in waters of relatively low alka-
linity (<3 meq ]“) such as Lake George, where bicarbonate is probably
used directly as a CO,-source (Ganf 1972). The same use is likely, but
unproven, in soda lakes of high alkalinity and pH. There the strong
buffering reduces diurnal pH excursions to values that are small
(Talling et al. 1973) or imperceptible (Vareschi 1982), although a con-
tinuing CO,-depletion can exist relative to the concentration expected if
air and water were in gaseous equilibrium (Talling & Talling 1965).

(¢) Photosynthetic characteristics

Finer analysis of photosynthesis depth-profiles depends upon character-
ization of the rate of photosynthesis (4 or ¢) versus light flux (/) relation-
ship. Omitting high-light inhibition, this can be described by parameters
representing absolute and biomass-specific rates at light-saturation (4.,
bmax), the onset of light saturation ({y), and the initial gradient at low
light of the ¢—1 relationship (o = ¢nac/fk). These are illustrated in Fig.
3.7. The parameters of absolute rate per. unit water volume (A;,) oOr
biomass-specific rate (¢n.c) are available from many locations. The
others have been estimated from profiles at a few tropical sites, including
a Nile reservoir (Talling 1957a), several East African lakes (Talling
1965a; Ganf 1975; Ganf & Horne 1975), Lake Mcllwaine (= Chivero)
in Zimbabwe (Robarts, 1979), and Lake Chad (Lemoalle 19794, 1983).
An alternative approach has been to expose samples within a constant
temperature bath in which irradiance is either constant (Tundisi et al.
1978; Lemoalle 19794; Barbosa et al. 1989), set at various fractions of
incident solar radiation by calibrated filters (Fisher 1979), or held at a
series of constant values under artificial illumination (Hecky & Fee 1981;
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Neale & Richerson 1987; Lewis 1988; Forsberg et al. 1991; Bootsma
1993a).

The magnitude of parameters so derived are ultimately crucial for eco-
system function. That of the light-saturation characteristic /, is indepen-
dent of biomass, but shares the temperature dependence of rates at light-
saturation and is of the order of one-tenth of full sunlight. Its ratio with
changing values of surface-penetrating radiation ({,) determines the
depth-displacement of the profiles and their incorporation of light-satura-
tion behaviour — lessened on dull days or with low solar elevation. The
initial gradient o of the ¢—1 relationship is geometrically equal to ¢,/ /x-
It is determined by light absorption per unit biomass (related to k) and
maximum conversion efficiency. It is largely independent of temperature
and possible tropical correlates, and although influenced to some extent by
spectral region (within PAR) — reflecting algal pigmentation and photon
(quantum) yield — has a typical magnitude of 2—4 mmol O, or CO, (mg
chl-a)™' m'z)_l or, in terms of photon flux density PAR, 0.5-1.0 mmol
0, of CO, (mg chl-a)~" (mol photons m_zs"). A slightly higher value of
~1.8 mmol O, (mg chl-a)~' (mol photons m (5'2)") was estimated by
Reynolds et al. (1983) for a deep population of Lyngbya in a Brazilian
lake. The expected magnitude was used by Lewis (1988) to estimate very
roughly values of chl-a concentration in the Orinoco River from the initial
gradient of unnormalized A-I curves. Conversely, given the surface-inci-
dent light flux, the attenuation coefficient K, of most penetrating light
and the chl-a concentration, the deep light-limited ‘tail’ of a photosynth-
esis (A) — depth-profile can be roughly estimated.

Although the great range of the saturation rate parameter per unit
water volume, A4,y is chiefly due to variable biomass concentration B,
the specific rate per unit biomass ¢mn.x (Amax/B) — or photosynthetic
capacity — presents a challenging range of variation. Contributing here
are factors of algal type, including cell size, of ‘healthiness’, nutrient
supply, CO, supply and temperature. Figure 3.7 illustrates an example
from Lake George of progressive diurnal decline, accompanied by a fall
in the initial gradient parameter a. World-wide, examples of an inverse
correlation between photosynthetic capacity and population density are
often encountered. This trend is also represented in the tropics, as at Lake
George (Ganf 1972) and Lake Ebrié (Dufour 1982). A notable example
from seasonal variability is described for Lake Mcllwaine (Chivero) by
Robarts (1979). However, and possibly uniquely, tropical soda lakes can
show a combination of very high biomass concentration and above-
average values of photosynthetic capacity. Examples are described and
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Fig. 3.7. A series of photosynthesis (4)-depth-profiles measured in Lake George,
Uganda, with (below) a diurnal sequence from one date of derived specific rate ¢
versus irradiance / characteristics that show associated shifts in the parameters for
photosynthetic capacity ¢n.., light-saturation onset /i and initial gradient a.
Modified from Ganf (1975).

discussed by Talling er al. (1973), Melack (19794) and Lemoalle (19814,
1983). One favourable factor in such waters is the large reserve of CO, for
localized photosynthetic activity in condensed euphotic zones (Talling e!
al. 1973).

Various authors have commented on relatively high values of the
photosynthetic capacity ¢, obtained from tropical waters, whether
biomass is assessed in terms of cell volume (e.g., Talling 1957a) or —
more usually — chlorophyll a. Lemoalle (1981a) has compared mean



Primary utilization: energy 97

rates of gross photosynthetic production in the euphotic zones of tempe-
rate and tropical lakes (Fig. 3.14), and concluded that the generally
higher tropical rates stem mainly from higher values of photosynthetic
capacity. The explanation is probably to be sought in usually much
higher tropical temperature. Most algae show a positive relationship
between capacity and temperature in the critical range of 20-30 °C
(example in Fig. 3.9), although the temperature coefficient (Qq) is
there usually much less than in lower ranges — and for some algae
becomes negative above 25 °C (e.g., Mariazzi et al. 1983). Although
seasonal comparisons of the rates are liable to have other confounding
factors, a depression occurred during the markedly cooler season of lakes
Mcllwaine (Robarts 1979) and Chad (Lemoalle 19794, 1983).

(d) Losses: surface inhibition and respiration

The near-surface inhibition or depression of rates is a common feature of
tropical, as of temperate, profiles. It is linked to high irradiance and
sometimes also an appreciable component of ultra-violet radiation.
From Lake Kariba, with relatively clear water, there i1s evidence that
ultra-violet radiation depresses bacterial production — measured by
uptake of labelled leucine — in the 0-3 m layer (Lindell & Edling 1996).

The significance of surface-inhibition of photosynthesis for column
production has been controversial, because of dependence upon previous
light-history and hence possible over-representation in experimental
exposures maintained at fixed depths. However, an outstanding kinetic
study, on the high-altitude Lake Titicaca, has shown that an inhibition-
associated change in fluorescence characteristics is developed diurnally in
the lake itself (Fig. 3.8). There it is promoted by the daily regime of
temperature—density stratification which restricts the vertical circulation
of phytoplankton (Vincent, Neale & Richerson 1984; Neale & Richerson
1987; Vincent 1992). During darkness the effect on fluorescence decays
within a diel period, with fast or slow recovery of photosynthetic capacity
dependent on the prior light-exposure. The changing response of photo-
synthetic rate was modelled in terms of a sensitivity factor and the excess
of photon flux density (of PAR) above a threshold value /1 (Neale &
Richerson 1987). The threshold value was lower for deep than for near-
surface phytoplankton. If exceeded during a high-/ exposure, a reduced
capacity ¢ma, follows even at lower flux densities.

Respiratory fluxes accompany those of photosynthesis. Although an
essential part of growth, they constitute a loss term in a carbon budget.
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Fig. 3.8. Lake Titicaca, Andes. Depth-time representation of (&) the diel cycle of
temperature stratification, with isotherms in °C, and (4) the associated diel cycle
of the depression of an index of phytoplankton fluorescence, indicative of
photosynthetic capacity, with contours in relative units. From Vincent (1992).

Usually measured by O, consumption in dark exposures, their magnitude
relative to photosynthesis is very variable. Besides a contribution from
zooplankters, which has been studied specifically in Lake George by Ganf
& Blazka (1974), there can be a large component due to heterotrophic
bacteria in waters with considerable inputs of organic matter, as in
Amazonia (e.g., Wissmar e! al. 1981; Melack & Fisher 1983). However,
in situations dominated by phototrophs, either naturally or by experi-
mental segregation, the fractional value of respiration to light-saturated
photosynthesis is typically only about 0.05. A corresponding absolute
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specific rate is ~1 mg O, (nfg chl-a)™'h™' (e.g., Talling 1965a; Ganf
1974a; Lemoalle 1983). This rate is positively temperature-dependent
(e.g., Ganf 1972: see Fig 3.9), and — in the absence of temperature-com-
pensation behaviour — is likely to be raised by temperature levels of the
tropics. Notably high values were often found by Dokulil ez al. (1983) in
a Sri Lankan reservoir, but may have been influenced by accompanying
heterotrophs.

Rates of respiration may be influenced by light in two main ways. The
direct mechanism, photorespiration, depends upon a bifunctional enzyme
system, ribulose bisphosphate carboxylase/oxygenase, and could invali-
date the operational assumption that a gross photosynthesis rate can be
separated as the difference between O, changes in light and dark expo-
sures. However, its significance in field measurements with tropical fresh-
water phytoplankton is uncharted, and dealing only with measured net
rates (photosynthesis minus respiration) would confuse contributions
from phototrophic and heterotrophic organisms. Consequently ‘gross’
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Fig. 3.9. The temperature-dependence of rates per unit water volume for gross
photosynthesis, respiration, and their ratio from phytoplankton of Lake George,
Uganda. Modified from Ganf (1972).
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rates are still often estimated from O, fluxes. For other reasons '*C fluxes,
used in many measurements, are not easily interpreted — unequivocally — as
either gross or net rates of photosynthesis. A second effect on respiration,
from prior light exposure, is by the stimulation of growth and the produc-
tion of respirable intermediates. Itisillustrated by one outstanding tropical
study, by Ganf (1974a) on the phytoplankton of Lake George. Here a
diurnal stratification segregated the community between upper illuminated
and deeper dark regions, and between more buoyant and sedimenting
fractions. Specific, chl-a based rates of respiration, measured from short
exposures, varied in a consistent pattern with depth and time: of a range
from ~1.0-4.5 mg O, (mg chl-a)~' h™", higher rates were obtained from
regions with prior illumination (Figs. 3.10, 3.15) and related to cumulative
prior photosynthesis. A similar finding was obtained by Dokulil et al.
(1983) from the Parakrama Samudra reservoir in Sni Lanka.

(e) Rates per unit area

In the tropics, as elsewhere, rates of photosynthesis per unit water volume
have often been integrated over depth to obtain corresponding estimates,
gross or net, of rates per unit surface area. It is convenient to distinguish,
as ¥ A, short-period fluxes (e.g., in units of g O, or g C m ™ h™') and, as
T A, daily fluxes. The latter are widely used as a descriptive character-
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Fig. 3.10. The prevalence of the dark sector (shaded) over depth and diel time in
Lake George, Uganda. Contours indicate the distribution of variable specific rates
of respiratory oxygen uptake referred to chlorophyll a (mg O, mgchl-a~* h™') and
measured during short dark exposures. Modified from Ganf & Viner (1973).
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istic of a water-body and with more uncertainty as a basis for estimating
or interpreting other fluxes of production.

Less frequently, area-based rates have been assessed without a com-
puted depth-integration. In productive, absorptive and vertically com-
pressed euphotic zones it is practically possible to encompass the zone
as a ‘core’ in a closed transparent cylinder of known depth. Then the
production-derived change of mean concentration of the mixed contents
can be converted into a change per unit area. Tropical applications have
been made to an Ethiopian soda lake (Kilotes = Kilole) by Talling et al.
(1973), and to the Kenyan soda lakes of Simbi (Melack 19795 ), Nakuru
(Vareschi 1982) and Elmenteita (Melack 1988). Grobbelaar (1985)
described a more detailed application to a small subtropical reservoir,
Wuras Dam, in South Africa.

Another, non-experimental, method is based on the analysis of day—
night (diel) changes of concentration in situ of a gas — generally O, —
induced by photosynthesis. It was first used in the tropics by Talling
(1957a), for a variety of water-bodies on the upper Nile and Lake
Victoria. Later applications were made to productive soda lakes in
East Africa by Talling et al. (1973), Melack & Kilham (1974) and
Melack (1981, 1982), to the newly created Lake Brokopondo in
Suriname by van der Heide (1982), and to floodplain lakes of the
Amazon by Melack & Fisher (1983). Example-sequences are illustrated
in Figs. 3.11 and 3.12. Contents of dissolved O, are assessed per unit
area, obtaining rates of change in daytime that are then corrected for the
consequences of accompanying air-water exchange and respiratory con-
sumption. A combined correction based upon mean night-time rates is a
simple but rough solution (Talling 1957a; Talling et al. 1973), or alter-
natively the air-water exchange can be separately and indirectly esti-
mated from known diffusion coefficients and wind stress (Melack 1982;
Melack & Fisher 1983). This exchange involved a large and variable
background flux in the markedly sub-saturated Amazonian lake.

Most estimates of rates of photosynthetic production per unit area of
water surface are based on the depth-integration of rates from exposed
samples, an integral equivalent to the area enclosed by the photosynthesis
(A)-depth (z) profile. Reference to Fig. 3.4 will show that similar inte-
grals, and hence areal rates, can result from profiles with very different
combinations of activity and depth range. These two components tend to
be inversely related, partly because waters of higher background attenua-
tion tend to support denser populations, partly because those popula-
tions themselves induce a higher attenuation and reduced photosynthetic
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Fig. 3.11. Examples of diel variation in oxygen content below unit surface area in
productive African lakes: Jebel Aulia reservoir, White Nile; Pilkington Bay, Lake
Victoria; crater lake Aranguadi, Ethiopia: Lake Nakuru, Kenya; Lake Sonachi,
Kenya. Modified from Talling (1957a), Talling et al. (1973), Melack & Kilham
(1974) and Melack (1982).

zone. A few very productive waters, as seen. in Lake George, some soda
lakes and Lake Xolotlan, yield gross hourly rates (£A4) in excess of 2 g O,
or ~0.7gC m~%h~" near midday (Fig. 3.13).

Daily yields (¥ A4) exceed near-midday hourly rates by a factor of
about 9 (1) in a number of tropical waters investigated by sequential
diurnal exposures. Examples are described by Talling (19574), Ganf &
Horne (1975), Lemoalle (19794, 1983), Lazzaro (1981), Vareschi (1982),
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% 3.12. Diel variation in the rates of change of column oxygen content (g m

) as a measure of gross or net photosynthetic activity, from (¢) the Jebel
Auha reservoir, White Nile (December, October) and Pilkington Bay, Lake
Victoria (April), (b) Lake Sonachi, Kenya. In («¢) accompanying experimental
gross rates are superimposed as histograms, constructed above the mean rate of
nocturnal depletion L. Shaded areas indicate time-integrals of daily areal
photosynthesis deduced from changes in situ. Modified from Talling (19574)
and Melack (1982).
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Fig. 3.13. Examples, obtained from bottle exposures, of symmetric and
asymmetric diurnal variation in rates of photosynthetic production per unit
surface area (£A4): (a) Lake Xolotlan, Nicaragua, three diurnal series, (b) Lake
Chad, two series from different regions, (¢) Lake George, Uganda, with
comparative data from “C assimilation, gross O, production and N-fixation
assessed by acetylene reduction. Modified from Erikson et al. (1991a),
Lemoalle (1983) and Ganf & Horne (1975).

Dokulil et al. (1983), and Erikson et al. (19914, b). Variability of this
factor is reduced by the limited variation of daylength but increased if
site-examples both include (e.g., Lake George, Lake Titicaca, Lake
Tanganyika) or not include (e.g., Lake Xolotlan) an afternoon change
— usually depression — of specific activity (see Fig. 3.13). If combined with
the near-upper limit of hourly rate cited above, one obtains near-maximal
daily rates of ¢. 18 g O, or ~63 g C m~2 day™'. There are but few
markedly higher estimates based upon exposures of enclosed samples
(e.g., Ganapati & Sreenivasan 1970), but possibly stronger evidence
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from analysis of diel variation in water-column content (e.g., Talling et
al., 1973; Melack, 1982). As discussed by Melack (1982), it seems likely
that the enclosure of dense phytoplankton in vessels held at fixed depths
results in some underestimation of the actual rates in situ.

Two parameters have had some success as proportionate predictors of
the integral of area-based activity ¥ 4. One is the quotient of maximum
activity in unit water volume to vertical light attenuation coefficient,
namely A.x/Kuin, OF Amax/ Ko, reflecting obvious direct relations of pro-
file area with A4,,,, and euphotic depth z.,. Close linear dependence of £ A4
on Apyax/ Kmin OF Amax/K. has been demonstrated from East African lakes
(Talling 1965a; Mukankomeje et al. 1993), Gatun and Madden lakes,
Panama (Gliwicz 1976b), Lake Mcllwaine (Robarts 1979), Lake Chad
(Lemoalie 19794, 1981b), Lake Xolotldn (Erikson et al. 1991a) and
Dhanmondi Lake, Bangladesh (Khondker & Parveen 1993). The dimen-
sionless gradient of proportionality lay between 2.0 and 2.7 (for A,/
Kiin) or 2.7 and 3.6 (for A,.,/K.) in these examples from exposures near
midday. It chiefly expresses the relative vertical displacement of the pro-
file in the euphotic zone, which is a function of the ratio between surface-
penetrating radiant flux density (/) and light-saturation characteristic
(I). This ratio, and hence the function f (/,/ly), is not dissimilar in
magnitude to values obtained at higher latitudes, as both components
I, and temperature-dependent [, are typically somewhat higher in tropi-
cal waters.

The second correlated parameter is the euphotic biomass content,
YeuB. As already seen, this incorporates the ratio of mean biomass con-
centration B to the attenuation coefficients K, or K.. Unlike the para-
meter Agae/Knin, that equals B.@mac/Kmin, it does not incorporate a
measure of photosynthetic capacity (¢m,,) and so can be expected to be
a poor predictor of areal production if such capacity is very variable. This
situation was found for Lake Mcllwaine (Robarts 1979), but not for East
African lakes (Talling 19654), Lake Chad (Lemoalle 19794, 198 1a, 1983:
see Fig. 3.14) or Lake Xolotlan (Erikson et af. 1991a, b). However,
Lemoalle (1981a) showed that a given euphotic biomass content was
correlated with markedly higher values of areal production in tropical
inland waters than in temperate ones (Fig. 3.14). The governing factor
was the generally higher values of photosynthetic capacity in the former.

Rates of respiration by phytoplankton can also be integrated over
depth to obtain areal values. However reliable estimates are few: as nor-
mally used the '*C method does not yield measures of respiration, and the
O, method does not readily distinguish between uptake due to phyto-
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Fig. 3.14. The dependence of the daily rate of photosynthesis per unit surface area
(XX A4) upon the euphotic zone biomass (X, B) assessed by chl-a: regression from
measurements on Lake Chad plus measurements (points) on other African lakes,
plus regression (— —) and 95% confidence limits (-----) from measurements on
temperate North American lakes. From Lemoalle (1981a).

plankton and other community components (heterotrophic bacteria, zoo-
plankton). Since in depth and time the combined dark sector for phyto-
plankton existence can greatly exceed the euphotic light sector (e.g., five-
fold in Lake George: see Fig. 3.10; 11.5-fold in Lake Nakuru during 1972:
Vareschi 1982; ten-fold in Lake Xolotlan: Erikson et al. 1997), net pro-
duction or carbon balance may then be either low or zero. If representa-
tive values of respiratory activity as the absolute specific rate (e.g., | mg
0, (mg chl-a)™" h™") or the relative fraction to light-saturated photo-
synthesis (e.g., 0.05) are assumed, this possibility can be demonstrated.
Lacustrine examples are those from Lake George (Ganf 1972, 1974q, c;
Ganf & Viner 1973: see Fig. 3.15), Lake Aranguadi (Talling et al. 1973),
and Lake Nakuru (Vareschi 1982). A river example is that of the Orinoco
phytoplankton as assessed by Lewis (1988). A net production of zero
suggests that nutrient-limitation of phytoplankton growth (Section
3.2d) 1s replaced by light-limitation. This circumstance has also been
deduced from low values of ‘mean light intensity’ in water-column, as
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Fig. 3.15. Estimates of respiration fluxes as O, uptake in Lake George, Uganda,
as depth-integrated fluxes per unit surface area (X R) over diel time, obtained from
exposures over depth on 26 March 1968, with comparative estimates of gross
photosynthesis (£A). Based on Ganf (1969, 1972).

with work on Lake Malawi (Guildford ef a/. in press) and on subtropical
waters of the Parana floodplain in Argentina (Carignan & Planas 1994).

Partly because of the uncertain magnitude of respiratory loss, biomass
increase in exposed samples from a few favourably dense populations has
been assessed directly by increase in dry weight (Melack 19796; Vareschi
1982) or particulate carbon (Ganf & Viner 1973; Ganf 1974b). These
changes have been approximately related to the carbon balance deduced
from exposures for gas-exchange, distributed over depth (Melack 19794)
or time in the diel cycle (Ganf & Viner 1973). In both instances the
control by radiation flux density was apparent. Some C-based estimates
of net areal photosynthesis (£2A4) have been combined with measures of
areal biomass as C to calculate g, the mean specific (or relative) growth
rate of the phytoplankton assemblage. The most notable examples con-
cern African rift lakes. For the shaliow Lake George, Ganf & Viner
(1973) showed that self-shading behaviour could reduce g to low values,
of <0.05 day™' or less, consistent with the range of +0.05 day~' for
specific increase rates of the total community estimated from periodic
census. Higher specific rates were obtained from increments of carbon
measured directly under near-optimal illumination (Ganf 19745b), but still
corresponded to a mean generation time in excess of one day. By contrast
Hecky & Fee (1981) estimated two high values of g from '*C incorpora-
tion for phytoplankton in the deep Lake Tanganyika, at 0.7 and 1.2
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day™'. These correspond to mean generation times of less than one day,
and are of especial interest in relation to other estimates of high plankti-
vore production in this lake (Section 3.5¢). Their validity depends on the
accuracy of indirect population census as C by microscopy and on the
adequate incorporation of respiratory loss. Later estimates of specific
growth rate g from Lake Malawi, by Bootsma (19934), yielded similarly
high values.

(f) Mathematical models

Factor interactions and their implications can be assessed by means of
generalized mathematical models. Only empirical or semi-empirical mod-
els (e.g., Dufour 1982) have been developed purely for tropical waters,
but two general models that describe photosynthetic production have
been applied to them. Using the previous symbolism, these models
have as basic construction:

Amux
YA _—Kf(l) (3.5)
and so relate photosynthetic production per unit area (24) to photosyn-
thetic activity per unit volume (A4,,,,), vertical light attenuation (K.) and
light flux density (7). The version of Talling (19574, 1965a) was intended
for vertically homogeneous populations, and neglects light-inhibition
behaviour. It evaluated the effective attenuation coefficient K, as
1.33Kin, and the function of irradiance f(/) as In (/5/0.51,). As already
noted, Apux = B-@max. and the initial gradient o = @y, /f. The model
has yielded values of ¥ A4 that are in general close agreement with mea-
sured (planimetric) values when tested on several tropical water-bodies.
These include a Nile reservoir (Talling 1957a), Lake Victoria (Talling
1965a), Lake George (Ganf 1975), Lake Mcliwaine (Robarts 1979),
Lake Chad (Lemoalle 19794, 1983), and Lake Nakuru (Vareschi 1982).
It has also yielded values of the factor relating hourly and daily assimila-
tion (¥ A4,XXA4: Talling 1965a) that are in accord with empirical experi-
ence (e.g., Lemoalle 1979qa; Erikson et al. 1991a, b). Further, it can be
used to derive a parameter that evaluates conditions for equality between
photosynthetic gain and respiratory loss in a water-column of specified
depth over a 24-h period. Applications to Lake George (Ganf & Viner
1973; Ganf 1974¢; Ganf & Horne 1975) have shown that in this lake the
‘column compensation point’ is quite readily approached under normal
conditions. The same conclusion can be reached from the measurements
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of Vareschi (1982) on Lake Nakuru. In these lakes, and elsewhere, it
would be misleading to directly interpret — as often done — estimates of
area daily production (SEA) from '*C exposures as net C-fixation poten-
tially available for supporting phytoplankton growth and transfer to
secondary production. This reservation holds regardless of whether
short-term '*C-fixation is considered to approximate net photosynthesis
(Lewis 1974) or gross photosynthesis (Ganf & Horne 1975), as its estima-
tion excludes respiratory losses in unsampled dark depth-time sectors.

The model version of Fee (1969, 1973a, b) has been applied to Lake
Tanganyika by Hecky & Fee (1981), and to Lake Malawi by Bootsma
(1993a) and Patterson & Kachinjika (1995). It utilizes an experimentally
determined relationship between rate of photosynthesis (4) and light-flux
density (7), and performs the integration of rate over depth by computer
summation rather than by a formal (analytical) integral. Accommodation
of varying biomass and activity in stratified populations is possible. The
method is primarily designed to calculate values of areal production from
quantities measurable from exposures in an illuminated incubator com-
bined with environmental information on solar radiation /, and under-
water light attenuation K,. The sensitivity of the output values to
variation of input factors can thereby be assessed.

(g) Efficiencies
A rate of photosynthetic production per unit surface area, gross or net,
can readily be expressed as a dimensionless conversion efficiency from the
incoming flux density of solar radiation if both input and output are
framed in terms of energy flux. Photosynthetic production of biomass
as carbohydrate implies equivalences of 1 mol O,=1 mol C=469 kJ or
112 kcal. In reality, the average composition of biomass is more reduced.
As rounded figures, often used, a more realistic equivalence between O,
and Cis 3 g O, =1 g C, corresponding to a photosynthetic quotient
(AO,/ACO,, by moles) of 1.125, and between C and energy content
10 kcal=1 g C or 502 kJ =1 mol C. As mean totals of daily solar
radiation income are not very variable within the tropics (a standard
tropical value of 400 cal cm™2 day™' has been proposed by Lewis 1974
for comparisons), these efficiencies generally reflect the absolute output
flux densities. Mechanistically of greater interest are their relationships to
upper limits of production, set by inherent limits to component factors.
This general approach, treating the overall efficiency as the product of
a multiplicative chain of efficiency factors, is well set out by Monteith
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(1972) in relation to tropical terrestrial vegetation. A fundamental com-
ponent is the maximal photochemical efficiency (e,,¢) in photosynthesis,
set by maximum quantum yield over the PAR spectral band. In the
aquatic context, other determining factors that intervene between sur-
face-incident radiant flux density /, (solar constant x geometric factor
x atmospheric transmission factor: see Monteith 1972) and net produc-
tion yield per unit area (¥4, or £XA4,) are the fractional penetration ¢,
at the water surface, the spectral fraction 5 of PAR to total solar radia-
tion, the fractional interception ¢; of PAR underwater by plant pigments,
the fractional area €, or depth-profiles of gross photosynthesis to the area
predicted in the absence of light-saturation and -inhibition behaviour,
and the fraction ¢, that the net photosynthetic (primary) yield bears to
the gross yield after deducting the respiratory cost. Thus for short expo-
sures:

LA, = Io.€p €5.€-€a-Emax Er (3.6)
and for day-periods:
LY A, = El,.6,.65.€i €4 Emax-Er (3.7

Of the six efficiency factors emay, €, €5 and ; will vary little between short
and long periods, whereas €, and ¢, are susceptible because of the varying
representation of conditioning /, values and dark depth-time sectors.
Values of ¢, and ¢ are close to 0.9 and 0.46, respectively, the former
being likely to be raised slightly at high solar elevations. The interception
factor ¢; is very variable and so influential. This influence has been quan-
tified by Lemoalle (1983) for Lake Chad and other African lakes (see Fig.
3.16), partly in relation to photosynthetic production per unit area and
partly to the total efficiency of energy conversion. The interception factor
can be evaluated as the ratio of cellular attenuation (equal to the product
Bk, or Bk.) to the total attenuation (K, or K.). Wood et al. (1979) and
Megard et al. (1979) give examples, including the Ethiopian rift lakes of
Zwai, Langano and Abijata, and Lake George. It is roughly proportional
to the euphotic content of biomass L., B, and is approximated by the
fraction which that content constitutes of the maximum euphotic content
— the latter set by the k, characteristic of cellular attenuation and typically
in the range 200-500 mg chl-a m~2,

The light-saturation factor €, is mainly set by the ratio of surface-
penetrating radiant flux density to the saturation characteristic, I:,/lk,
and for vertically uniform biomass can be calculated (Talling 19574d) as:
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Fig. 3.16. Hourly rates of photosynthesis per unit area (£4) in Lake Chad in
relation to estimates of percentage light interception by phytoplankton (p). From
Lemoalle (19794, 1983).
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(3.8)

with some additional contribution from time-dependent light inhibition.
Lower values of €, are therefore found at higher values of the surface-
incident radiant energy flux (/,). Neither saturation nor inhibition appear
to be tropically distinctive, judging from the general form of recorded
depth-profiles. A tropical trend to higher values of the surface fluxes 7,
and I; is largely balanced by another to higher values of light-saturation
onset /i, which — as ¢, /o — results from a general rise of capacity ¢,
but relative constancy of o that represents the basic photochemical con-
version. This conversion determines the maximum conversion efficiency
Emax Of absorbed radiant energy (PAR), at a magnitude of ~0.2 that is
determined by the ratio o/k;.

The €, factor that reflects respiratory cost is too poorly known for
secure comparisons. However, the probability of low values (<0.5) in
some productive tropical lakes, and the general temperature-dependence
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of respiration rate, are suggestive. If the ¢, factor is omitted by consider-
ing gross photosynthetic production, the corresponding efficiency of total
radiant energy conversion reaches values of 1-2% (e.g., Lemoalle 1983).

With some assumptions, a similar analysis of overall photosynthetic
efficiency can be applied to observed yields per. unit volume of strata
within photosynthesis depth-profiles. If radiant power consumption per
unit volume (m3) is used as the reference quantity, a dimensionless true
efficiency is obtained. In a depth-element 6z, power consumption is equal
to the product of irradiance 7,, attenuation coefficient K and 6z, less a
small and usually neglected correction for back-scattering. If the cellular
component of attenuation can be estimated, by the product B.k,, the
corresponding cellular component of power consumption can be approxi-
mated. This in turn can be used, with the 7 — z relationship, to estimate
conversion efficiencies in strata throughout the profile. Two contrasting
tropical examples, from lakes George and Victoria, are given by Talling
(1982). They include logarithmic profiles of three types of power con-
sumption, the last photosynthetic, with magnitudes conditioned by effi-
ciency factors. The depth-profiles show that higher efficiency is achieved
at deeper levels below the zone of light-saturation. This would be antici-
pated on theoretical grounds and is further illustrated by profiles of
efficiency calculated by Vareschi (1982) for Lake Nakuru.

Although a true efficiency is ideally dimensionless, and is obtained
from ratios of energy fluxes, photochemical fundamentals lead to the
expression of photosynthetic yield as mol O; (or linked C) per mol
photons (6.02 x 10% quanta). Areal yields on six East African lakes
have been measured as in the range 0.8-12.4 mmol O, (mol photons,
PAR)™', respectively (Melack 19795, 1981; Kifle & Belay 1990). These
values are far below the maximum of ~50-100 mmol (mol photons)™!
potentially possible, the difference being probably largely due to the
product of the efficiency factors ¢ and ¢, that are concerned with light-
interception and light-saturation.

(h) Non-planktonic systems: microphytobenthos and macrophytes

Other forms of photosynthetic cover are represented by surface-attached
communities of micro-algae (microphytobenthos or periphyton) and by
submerged or emergent aquatic macrophytes. Both micro- and macro-
forms of cover often achieve near-complete light (PAR) absorption, but
their respective densities of total biomass per unit area typically differ by
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several orders of magnitude. Their photosynthetic production in tropical
inland waters has not been widely investigated.

In three large African rift lakes — Turkana, Tanganyika and Malawi —
microphytobenthos on sediment (epipelic) or rock (epilithic) is well devel-
oped over some shallow margins and is an important food resource for
some browsing fishes. For each lake there have been preliminary studies of
photosynthetic production within enclosures in situ by O, or "*C based
methods (Harbott 1982; Takamura 1988; Bootsma 1993a). The rates
obtained per unit area of surface were considerable, in the range 0.2-0.7
g Cm~2day™', comparable with those estimated for the phytoplankton of
the two less productive lakes, Tanganyika and Malawi. In these, sequen-
tial exposures provided information on the diurnal pattern of areal pro-
duction (Fig. 3.17), with some evidence for within-day depression of rates.

The distinction between phytoplankton and phytobenthos is blurred in
the shallow, productive Lake George, where a partly living layer of phy-
toplankton material joins the superficial sediments after sedimentation.
Ganf (1974¢) has shown that this retains appreciable photosynthetic
capacity (see Fig. 3.18) and by resuspension can augment the density of
the dispersed phytoplankton.

Work on the microphytobenthos of the flowing River Limon in
Venezuela (Lewis & Weibezahn 1976) has shown the presence of two
coniﬁ1unities with very different rates of areal photosynthetic production.
Mats that included filamentous algae could show high rates, estimated
as >1 g C m % day~'. In contrast, the thin crusts of the red alga
Hildenbrandtia yielded only around 1% of these values — probably linked
with slow but persistent growth.
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Fig. 3.17. Photosynthesis per unit area of benthic algae, as diurnal patterns by
cover on rocks of Lake Tanganyika, for two depths at three stations. From
Takamura (1988).
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Fig. 3.18. Sedimented phytoplankton of Lake George, Uganda, showing (a)
concentrations as chl-a incorporated in the uppermost layers of sediment, with
(b) the corresponding vertical distribution of photosynthetic capacity at light-
saturation and 27 °C. From Ganf (1974c).

The areal production rates of emergent macrophytes are generally
assessed from changes in biomass as dry weight, rather than from mea-
surements of photosynthesis. Examples in dense tropical stands (reviewed
by Jones 1986) range widely; they include values of > 10 g dry weight m™2
day™' for Cyperus papyrus (Thompson, cited by Westlake 1975) and ~5 g
dry weight m™~2 day~' for the sedge Lepironia articulata in the Malaysian
swamp Tasek Bera (Ikusima and .co-workers, in Furtado & Mori 1982).
Examples of light interception in stands of these two species, and of
Typha domingensis, are described by Jones & Muthuri (1985), Jones
(1986, 1988) and Ikusima (1978). Relationships between rate of photo-
synthesis and irradiance or illuminance here indicate fairly high levels of
saturation (Ikusima 1978; Jones 1986, 1987, 1988), although that for C.
papyrus (see Fig. 3.19) is low for a supposed ‘C,’ plant (Jones & Milburn
1978). Such plants include many tropical grasses; their photosynthetic
pathway includes a four-C metabolite, with an efficient CO,-concentrat-
ing mechanism and typically high rates of photosynthesis at light-satura-
tion.

The high potential production of a C4 plant appears to be realized by
the floating grass Echinochloa polystachya on the Amazon floodplain.
Here much production is invested in the stem internodes required to
cope with the seasonal rise of 8 m in water level. Measured rates of
photosynthesis as CO, uptake per unit leaf area were high, with varia-
tions related to the diel and annual (floodpulse) cycles (Piedade et al.
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Fig. 3.19. Papyrus (Cyperus papyrus) swamp. (a) Vertical penetration of light
(PAR) measured downwards through a stand, with biomass as culms and
umbels of photosynthetic tissue illustrated, (b) relationship between rate of net
photosynthesis per unit area of bracteoles and photon flux density, PAR, with
measurements on two days distinguished by e and o. From Jones & Muthuri

(1985) and Jones (1987).
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1994). The annual net production of biomass was estimated in one stand
by Piedade et al. (1991) as 9.9 kg dry weight m™? yr™', a very high value
approximately equivalent to an average maintained rate of 12 g C m™?
day™', or 1 g C per MJ of intercepted solar radiation. Further high
estimates for other grasses in this region included 5 kg dry weight m™2
yr~! for the successive growth of three annual species and 7 kg m™2 (8
mo)~!' for the perennial Paspalum fasciculatum (Junk & Piedade 1993).

Production of tropical submerged macrophytes has been followed only
infrequently by repeated census of biomass. An example from southern
India (Haniffa & Pandian 1978) involved dense stands of Chara fragilis
and Hydrilla verticillata in a seasonally contracting pond, that were esti-
mated to have a net annual yield equivalent to 0.7% of incident solar
energy. By another approach, enclosing portions of stands in vertical
cylinders of glass or plastic, several investigations have followed O,
changes influenced by photosynthesis and respiration as well as air—
water exchange. Examples are described by Ikusima (1978, 1982) for
the Tasek Bera swamp in Malaysia, by Harbott (1982) for a gulf of
Lake Turkana and by Tkusima et al. (1983) for the Broa (Lobo)
Reservoir in Brazil. Day-night alternations of activity (Fig. 3.20) could
be followed in the first and last of these shallow-water systems, dependent
on a photosynthesis P-light flux 7 relationship that involved light-satura-
tion at relatively low radiant flux densities.

A dense cover of submerged macrophytes is present in some shallow
areas of Lake Titicaca (Andes), with a depth-zonation of major species.
The net production of several over the warmer season has been studied by
O, changes with enclosed samples in situ and by recolonization of cleared
areas (Collot et al. 1983). Despite the high altitude and relatively low
temperature, specific rates of production per unit dry weight were con-
siderable; estimated photosynthetic production per unit area was greatest
for the abundant Chara spp.

Production of abundant submerged macrophytes in the littoral (0-5 m)
of Lake Kariba has been studied (Machena et al. 1990) by a combination
of biomass survey, growth increments on individual plants and diel
records of O, changes in cylinder-enclosures. The derived net rates of
biomass increase were not especially high; an average value of 3.5 mg C (g
dry weight)™' day~! was obtained from growth at 4 m depth and less
from net O, change at 1 m depth. However, in combination with surveys
of biomass distribution, a considerable mean littoral (0—5 m) production
rate of 244 g C m™? yr~! was estimated.
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Fig. 3.20. Measurements of oxygen exchanges by a submerged plant stand
dominated by Mayaca sellowiana in Broa (=Lobo) reservoir, southern Brazil:
(a) arrangements of five enclosing transparent plastic cylinders, differing in
openness to the atmosphere or sediment and in the presence or absence of
plant material, (6) derived schematic patterns of diel variation in net rates of
oxygen change. A, oxygen production by macrophytes and their epiphytes; B,
production by algae on the sediment surface; C, production by phytoplankton; D,
loss by diffusion from water to atmosphere. Modified from ITkusima et al. (1983).

3.2 Primary utilization: nutrients

The interception and conversion of solar radiation by autotrophic com-
munities is accompanied by uptake and further assimilation of nutrients,
originally present largely in inorganic forms. In many aquatic environ-
ments, especially those with active microbial biomass, the corresponding
chemical fluxes are closely enmeshed with fluxes linked to heterotrophs.
Operationally, therefore, many studies emphasize the transition from
dissolved to particulate phases and sometimes the size-fractions, as well
as between inorganic and organic components.

Nutrient pathways in both deep and shallow tropical waters, and some
attempted mass-balances, will be discussed in Section 3.4. Few of the
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elements now known to be essential macro- or micro-nutrients have been
demonstrated in a role of controlling or hmiting factors for production.
Attention has concentrated on nitrogen and phosphorus as universal
macro-nutrients, present in inorganic and organic forms of varying avail-
ability, and to a lesser degree upon silicon as a major though less wide-
spread requirement for diatoms. Inorganic carbon is a major and
universal requirement for photosynthesis that here is treated as a nutri-
ent. Its utilization has rarely been studied in tropical freshwaters for its
intrinsic interest, but rather as a quantitative index of photosynthetic
production. The uptake of potassium and of sulphur involves quantities
that are, respectively, of similar magnitude to those of nitrogen and
phosphorus. However, these elements have generally not attracted atten-
tion as potentially limiting nutrients, because the main environmental
sources — K* and SO, — are (with Na*, Ca**, Mg?**, HCO;™ and
CI7) major ions in most natural waters and are usually supposed to be
present much in excess of requirements.

At another quantitative extreme are nutrients usually present in solu-
tion in extremely low concentrations and required in very small amounts
relative to biomass. These include trace metals, such as Fe, Mn and Mo,
and vitamins such as B, (thiamin) and B, (cobalamin) required by some
autrotrophic algae. Knowledge of their uptake or possible limiting role in
tropical inland waters is lacking or rudimentary.

Most ‘major ions’ are plant nutrients, but they aiso determine qualities
of the general ionic environment that may be favourable or unfavourable
to specific organisms. These qualities are those of salinity, pH and ionic
balance. Correlations with the distribution of tropical aquatic organisms
are most systematically developed for diatoms, notably in East Africa
(e.g., Hecky & Kilham 1973; Gasse et al. 1983). Other examples of eco-
logical importance involve bloom-forming cyanophytes such as Spirulina
fusiformis in soda lakes (e.g., Iltis 1968; Vareschi 1982; Melack 1988;
Kebede 1997). Dynamic consequences principally concern time-
sequences such as salinization, or its reverse; the latter apparently led,
in Ethiopia, to the loss of S. fusiformis from Lake Besaka (Metahara)
(Kebede et al. 1994) and of Chroococcus minutus from Lake (Hora) Kilole
(Lemma 1994).

(a) Nutrient uptake and environmental availability

As biomass is a token of past nutrient uptake, circumstances will exist
under which biomass concentration is inversely correlated with ambient
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nutrient concentration. This relationship can be expressed in horizontal,
vertical and temporal variability. Horizontal manifestation is well seen in
flowing water systems where a common nutrient background is locally
depleted in a sector where hydrological conditions like impoundment
favour biomass accumulation. Thus the inverse correlation appeared in
longitudinal sections of a Nile reservoir (Prowse & Talling 1958: Fig.
3.21), and in a broad survey over main-stems and lateral waters of the
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Fig. 3.21. Longitudinal section along a reservoir on the White Nile above
Khartoum, October 1954, showing (a) the increase of two major components
of phytoplankton towards the dam, with correlated (b) elevation of pH and (¢)
depletion of nutrients. Modified from Prowse & Talling (1958).
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Amazon system (Wissmar e! al. 1981), where other multiple correlations
involving nutrient concentrations have been distinguished (Forsberg et al.
1988). The vertical inverse correlation is ubiquitous in deeper stratified
lakes, where phytoplankton production is light-restricted to an upper
layer that has become nutrient-depleted by uptake and by sedimentation
of particulates. This situation is illustrated by nutrient distribution in the
indefinitely stratified (meromictic) lakes Tanganyika (Fig. 2.36) and
Malawi (Fig. 2.37).

The inverse correlation over time is seen in most studies of phytoplank-
ton time-variability accompanied by nutrient analyses. World-wide, it has
been a classic if unspecific approach to the analysis of phytoplankton
periodicity. Its prospects are seen best in natural analogues of batch-
culture growth based on an initial nutrient stock and least in analogues
of continuous-culture growth supported by later nutrient fluxes, as from
recycling. Natural situations in the tropics range between these extremes.
Perhaps the most intensely studied batch-culture-like analogue is that of
the reservoir on the White Nile (Prowse & Talling 1958), refilled annually
and with a succession of population maxima (Fig. 5.19); a continuous-
culture analogue is the continuously productive Lake George, Uganda
(Ganf & Viner 1973; Ganf 197454).

Lake George exemplifies the situation of a dense, photosynthetically
active biomass of phytoplankton in a medium depleted of inorganic
combined nitrogen and phosphorus. Viner (1973, 1977¢; Ganf & Viner
1973) showed that experimental additions of these nutrients (N as NO,~
or NH,") were taken up rapidly, especially if the phytoplankton cells
involved had a history of illumination and photosynthetic C assimilation.
Limitation of uptake by the natural low concentrations can be inferred,
although here information from uptake rate—concentration relationships
that can be expressed as half-saturation constants is lacking. Such infor-
mation is very sparse for tropical freshwater phytoplankton. It is con-
tributed by the work on nitrogen uptake in Lake Titicaca by Vincent,
Wurtsbaugh et al. (1984), in Amazoman waters by Fisher et al. (1988)
and in the Rio Doce Valley lakes of southern Brazil (see Fig. 3.22) by
Mitamura et al. (1995); also that of Lehman & Branstrator (1994) on P
uptake by phytoplankton of offshore Lake Victoria.

Nutrient availability deduced from concentrations of free-water solutes
will be modified if solid particulate phases are closely involved in nutrient
supply. Such a supply of P has been demonstrated from the particulate
loads carried by the Purari River, Papua New Guinea (Viner 19824) and
by the Amazon (Grobbelaar 1983; Engle & Sarnelle 1990). In Lake
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Fig. 3.22. Depth-profiles of light-influenced N uptake by phytoplankton, as rates
of uptake of three N-sources deduced from '*N-labelled additions in Lake Dom
Helvécio, Brazil, during rainy (e) and dry (o) seasons. From Mitamura et al.
(1995).

George some sedimented phytoplankton is periodically resuspended from
the bottom sediments, which may consequently act as an extended source
of nutrients presented at higher concentration. Soils and sediments are
often the primary source of nutrients (other than CO,) for rooted macro-
phytic vegetation, from which by subsequent decay an overall ‘nutrient
pump’ from solid substratum to water can operate. This feature is illu-
strated and discussed in relation to macrophyte stands of Africa by
Howard-Williams & Lenten (1975) and in Denny (1985), and to those
of the Lobo (Broa) Reservoir, Brazil, by Barbieri & Esteves (1991).

(b) Element composition of biomass

The composition of biomass is useful for assessing absolute and relative
nutrient demand, and subsequent release, and for indications of specific
nutrient deficiency (see Section 3.2.d). For these reasons there have been
some analyses of tropical phytoplankton (separated by net or, as seston,
by finer filters) and of aquatic, mostly floating or emergent, macrophytes.
For phytoplankton the earliest analyses applied to the ecology of seaso-
nal growth were those of Prowse & Talling (1958) for a Nile reservoir.
Here phosphorus and silicon concentrations estimated for peak popula-
tions were of similar magnitude to those (as inorganic forms) in water
entering the reservoir. However, the nitrogen present in peak blue-green
algal populations was considerably higher, suggestive of N-fixation.
Probably the most sustained study of the chemical composition of
tropical phytoplankton is that of Viner (1977¢) on Lake George.
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Variation over a year was limited, with the sestonic (particulate) mass
ratio C:N:P:chl-a¢ averaging 100:13:0.9:1. These proportions were used by
Talling (1992), together with a standard molar ratio proposed by Redfield
for C:N:P of 106:16:1, roughly to estimate the concentrations of the
elements likely to be incorporated in various maximal densities of phy-
toplankton recorded in African inland waters. The nomogram so derived
is reproduced in Fig. 3.23.

In later years the ‘Redfield ratio’ has had widespread use as a standard
for sestonic comparison, relative nutrient availability and nutrient defi-
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Fig. 3.23. Approximate interrelations, read horizontally across vertical
logarithmic scales over four orders of magnitude, of concentrations of two
indices of phytoplankton biomass (cell volume, chlorophyll &) as maxima
observed in nine African waters, and estimates of associated quantities of
cellular C, N and P. The interrelations are based on a chl-a content per unit
cell volume of 4 pug mm™2, C/chl-a, and C/N and C/P ratios that are either (a)
the mean values for Lake George (Uganda) recorded by Viner (1977¢), or (b) a
C/chl-a mass ratio of 40, and the generalized Redfield values for C:N:P. From
Talling (1992).
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ciency symptoms. In Lake Ebrié, West Africa, variability of the C:N:P
proportions of suspended particulates (seston) has been studied in time
and space (Dufour et al. 1981a, b). Some resuits appear in Fig. 3.29.
Hecky et al. (1993) describe an extensive comparative survey that
includes the African lakes of Malawi, Kivu, Victoria, Albert, Kyoga
and George, as well as various temperate lakes. Deviations from the
Redfield composition were common in these tropical lakes (Table 3.2),
suggestive of nutrient deficiencies that varied from lake to lake (see
Section 3.2.d). Some additional results from Lake Malawi, partly avail-
able as vertical depth-profiles, are further described and discussed by
Kilham (1990), Bootsma (1993a) and Guildford et al. (in press). Low
ratios of particulate N and P to C (a biomass measure) were especially
frequent in surface water and in the thermocline region.

Analyses of floating tropical macrophytes have particular relevance
in relation to water-borne nutrient supply and uptake. Those of the
invasive water-fern Salvinia molesta have been made in a series of
freshwaters from Papua New Guinea to Northern Australia (Room
& Thomas 1986 a, b). Low nitrogen content was often linked to
reduced growth rates, expressed seasonally or latitudinally (Fig.
5.47). Stocks of nutrients in biomass per unit area can be particularly
large in floating papyrus mats, floating grasses and in rooted reed-
swamps; examples are shown in Fig. 2.34. The chemical composition
of such tropical vegetation has received considerable study in four
regions: East Africa (Gaudet 1975, 1977h; Gaudet & Muthuri
1981b), Central southern Africa (Howard-Williams 1972, 1979¢;
Howard-Williams & Lenton 1975; Iltis & Lemoalle 1983), Amazonia
(Junk 1970; Howard-Williams & Junk 1976; Junk & Howard-Williams
1984; Junk & Furch 1991; Furch & Junk 1992; Piedade et al. 1997),
and southern Brazil (Esteves & Barbieri 1983; Barbieri et al. 1984;
Barbieri & Esteves 1991). This attention has partly been in relation
to issues of nutrient interception and release (e.g., for Lake Naivasha,
Kenya: Gaudet 1979h; Lobo (Broa) Reservoir, Brazil: Esteves &
Barbieri 1983; Barbieri et al. 1984; Barbieri & Esteves 1991;
Amazonia: Piedade ef al. 1997). It is perhaps not generally appreciated
that these plant stocks contain potassium in similar quantities (often
about 1-4% dry weight) to nitrogen, and that a not inconsiderable
silica content can lead to an appreciable consumption relative to the
inflow Si in a well-vegetated water-mass such as Lake Chad at low
level (Carmouze et al. 1978; Carmouze 1983).
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" Table 3.2. Element-composition of suspended particulate matter (seston) in
" samples (n, number) from 6 African lakes, as mean absolute concentrations
“in wmol I”' and atomic ratios

Region Lake n C N P CN CP NP

Deep  "Malawi' - 29" -16.1.7 7 1.3 0.07 . 122 257 21
(offshore) C :
Kivu 7 38.1 3.5 0.07 . 109 531 48
Victoria 16 68.3 82 064 85 110 13
Albert 11 99.7 6.8 0.76 154 175 11
Mean deep 55.6 50 04 11.8 268 23
lakes

Shallow Kyoga 4 607.8 584 .43 96 399 39
George 4160.0 210.0 7.75 198 537 27

Source: From Hecky er al. (1993)

(c) Fluxes of uptake and regeneration

With the exception of one element, fluxes of nutrients between external
medium and biomass have rarely been studied for tropical situations with
relatively fine experimental resolution. The exception is inorganic carbon,
with photosynthetic assimilation measured generally by the ¢ tracer or
by the correlate of O, evolution. Some useful physiological information
has resulted, especially on carbon flux-light relationships (Section 3.1).
However, interest has centred on use of the photosynthetic fluxes as an
accessible rate-meter of primary, autotrophic production, rather than for
chemical exchange per se.

Carbon uptake fluxes involve several problems that are significant for
tropical inland waters. It appears that the highest uptake fluxes in dense
phytoplankton, greater than ¢. 0.3 mmol I=' h™', are only likely to be
sustained in waters of high inorganic C content (e.g., soda lakes: Talling
et al. 1973). Rate-ceilings may also be set by rates of CO, hydration —
dehydration kinetics, as has been proposed for Lake George (Ganf 1972).
If the net flux of CO, entry at the atmospheric-water interface is
exceeded by the net photosynthetic uptake per unit area, and other car-
bon inputs are minor, CO,-depletion (and raised pH) will develop — as is
actually found in many productive tropical lakes. The issue of bicarbo-
nate use as a C-source then becomes important. This question has not
been taken up experimentally in any tropical water, with the possible
exception of Lake George (Ganf & Milburn 1971; Ganf 1972). In most
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instances CO, depletion has been deduced from pH-alkalinity relation-
ships, but there are a few applications of further acidometric titration
(Sreenivasan 1964; Dunn 1967) and total CO, measurement (Ganf &
Milburn 1971, Wood, Kannan & Saunders 1984), some of which indi-
cated the conversion of bicarbonate- to hydroxide-alkalinity as CO, was
assimilated.

Phosphorus uptake can be studied through removal or cellular accumu-
lation from relatively high concentrations of added phosphate, or from
movement of an added radioisotope (*2P or **P) that does not appreci-
ably alter the natural initial concentration. These approaches have been
applied to uptake by phytoplankton in a few tropical lake waters.

The very dense and persistent phytoplankton of Lake George, Uganda,
incorporates about 0.2-0.4 mg P 1™, whereas the concentrations of ambi-
ent soluble reactive P (SRP) are lower by a factor of ~107% (Viner 1977¢).
If the system is enriched to PO,-P concentrations maintained at 0.5-1.5
mg 17!, the initial net uptake flux is large at ~0.5 mg P 17! day™" (Viner
1973). However, this appears to have the character of ‘luxury consump-
tion’, as the consequent increase of cellular carbon is much less than the
original proportion of cellular C to P would suggest.

The capacity for short-term (2 h) luxury uptake of P, after enrichment,
to alter the cellular C:P ratio was tested over an annual cycle in Lake
Titicaca by Vincent, Wurtsbaugh et al. (1984). This indication of luxury
uptake potential varied with season and the offshore or bay character of
the station, but in general was less marked than the C:N shift and strong
N uptake after N-enrichment.

The isotope-tracer method has been widely applied in temperate lakes,
with which direct comparisons are possible (e.g. Kalff 1983). The esti-
mated quantity is the relative decrease rate of added soluble reactive P,
corrected for back-flux from particulates, and usually expressed as its
reciprocal or ‘turnover time’ (= pool/flux). The ‘turnover times’ so
obtained can be too short owing to unreliability of the back-flux correc-
tion under experimental conditions, with some cell-leakage (Fisher &
Lean 1992), and possible adsorption onto inorganic particles. However,
their comparative value can probably be accepted and in general corre-
lates with the original concentration of soluble reactive P. Thus, in the
original tropical work in East Africa, Peters & Maclntyre (1976) mea-
sured slow relative uptake and estimated long ‘turnover times’ in the
phosphate-richer Lake Nakuru and the converse conditions in the phos-
phate (SRP)-poorer Lake Sonachi and Lake Elmenteita. For the neigh-
bouring Lake Naivasha, Kalff (1983) found a pronounced seasonal
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variation of relative uptake rate. Fairly slow relative uptake rates have
been estimated for the moderately P-rich offshore waters of lakes
Victoria (Lehman & Branstrator 1994) and Titicaca (Vincent,
Wurtsbaugh et al. 1984). In both these lakes, however, much faster
rates were obtained from shallow inshore areas (Fig. 3.24) that were
richer in phytoplankton but with lower concentrations of soluble reactive
phosphorus. The results from offshore Lake Victoria water with graded P
additions suggested a half-saturation constant of about 1.2 pmol P 1!, a
concentration exceeded in the initial lake water.

Work on *2P uptake in the surface water of an Amazonian floodplain
lake, Lake Calado, is summarized by Fisher, Doyle & Peele (1988) and
Melack & Fisher (1990). It illustrates two features encountered elsewhere:
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Fig. 3.24. Comparison of the time-course of uptake by particulates of added (a)
3p.PO, and (b) 338-80, from offshore and nearshore surface water of Lake
Victoria. Modified from Lehman & Branstrator (1994).
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that very small organisms <3 pum, including heterotrophic bacteria, can
dominate both uptake and regeneration, and that the absolute movement
(as specific rate constant x ambient P-pool size) is much greater than the
flux of net P uptake obtained from chemical analysis of P-enriched sam-
ples. The last difference can be indicative of rapid recycling and turnover,
but could also have some contribution from an experimental artefact
involving overestimated values of the specific rate constant (Fisher &
Lean 1992). Features relevant to P-uptake, but discussed later as tests
of nutrient limitation (Section 3.2d), are phosphatase activity on organic
P-substrates and luxury accumulation of P deduced from release by heat-
treatment.

Nitrogen uptake, like phosphorus uptake, can be followed by chemical
analyses after addition of an N-source, or by isotopic means. The possi-
bilities are extended by the several N-sources potentially available. These
include ammonium-, nitrate-, nitrite and organic-N (e.g., urea); also, for
nitrogen fixers, dinitrogen (N,) itself. There is evidence for the occurrence
of hydroxylamine in at least one Ethiopian lake (Baxter et al. 1973). In
unpolluted surface waters nitrate is the only form likely to accumulate in
quantity, above 100 pmol I~'; such accumulation is however, uncommon
in warm tropical waters. Ammonium-nitrogen is generally taken up pre-
ferentially in relation to nitrate-nitrogen. This feature, plus its importance
in the regeneration of inorganic nitrogen and frequent deep accumulation
in stratified waters, has led to its use in many studies of N-enrichment and
uptake. Older work, before about 1960, was handicapped by the lack of
an effective analytical method for ammonium-N at low concentrations.

Enrichments of NO;-N, NO,-N and especially NH4-N were applied by
Viner (1973, 1977¢) at relatively high concentration (0.5-1.5 mg N 17') to
follow net uptake by the dense phytoplankton (~3 mg particulate N 17")
of Lake George. In this lake the concentrations of these N-forms were
generally below limits of detection over much of the day. Enrichment
induced high rates of N-uptake over several days (~0.5 mg N I
day™") that were promoted by light in both laboratory and lake expo-
sures, and with accompanying increase of cellular C. Some enhancement
by added phosphate was also obtained. The larger and smaller algal
forms of the phytoplankton showed considerable difference in behaviour,
a fraction of smaller forms being much more active in N-uptake.

Radioisotope technique can be applied to measure the gross rate of N-
uptake by use of an ammonium analogue, '*C-methyl-ammonium. Rates
were so measured by Vincent et al. (1984) over an annual cycle in Lake
Titicaca. Expressed per unit chlorophyll a they were very high compared
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to values measured elsewhere, suggesting a prior N-limitation. However,
rates fell after winter mixing led to replenishment of inorganic nitrogen in
surface water. Tests with graded concentrations of the methyl-ammo-
nium indicated a half-saturation value for uptake of about 1 pmol N 17",

From application of another isotopic tracer, 5N, the same half-satura-
tion value (corrected for isotopic dilution) of ~1 pmol 1I”! was estimated
for ""NH,-uptake at light-saturation in Lake Calado, an Amazonian
floodplain lake (Fisher et al. 1988; Fisher, Doyle & Peele 1988; Melack
& Fisher 1990: see Fig. 3.25). The actual NH4-N concentrations of epi-
limnetic water, after the river inflow was lost, were generally less than this
—indicating N-limitation of uptake rate. Higher rates were possible under
N-enrichment, and when expressed per unit chl-a the N-saturated rate
was ~0.01-0.04 ymol N mg chl-a™' h™'. The rates were enhanced by
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Fig. 3.25. Rates of uptake of NH4-N and NO;-N by particulates in samples of
water from Lake Calado, Amazonia: (@) in relation to solar irradiance as photon
flux density, (b) in relation to ambient concentration. From Fisher ez al. (1988).
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light, although less markedly so than rates of NO;-N uptake (Fig. 3.25),
and so in nature most N-assimilation occurred during daylight hours.
However, the predominant limitation of NH,-N uptake was by low
ambient concentrations. Uptake of NO;-N, also '°N labelled, was com-
paratively minor. Size-fractionation of the plankton showed that much
uptake and regeneration of N, like those of P, were mediated by small
cells (<3 pum) of bacterial size (Fisher, Doyle & Peele 1988) — a possible
reflection of the mainly heterotrophic metabolism of this forest-lake.

At a higher latitude in southern Brazil, rates of uptake from several N-
sources were studied in the Rio Doce Valley lakes with '*N tracer by
Mitamura et al. (1995). Ammonium- and urea-N were sources preferred
to NOs-N; all had rates subject to a light-influenced depth dependence
(Fig. 3.22), with a considerable parallelism to photosynthetic C uptake.

N,-fixation is a capacity widespread among blue-green algae (cyano-
phytes, cyanoprokaryotes) and is likely to make a considerable contribu-
tion to the N-utilization of communities in which heterocystous forms of
this group are abundant. Confirmation by direct measurements, using
N or the acetylene reduction assay, is available for a few tropical
lakes that include Lake George (Horne & Viner 1971; Ganf & Horne
1975), Lake Valencia (Lewis & Levine 1984; Levine & Lewis 1986), Lake
Titicaca (Wurtsbaugh et al. 1985) and Lake Kariba (Moyo 1991, 1997).
The light-dependence of fixation leads to a diel cycle of rates in nature
(Chapters 2.4a, 5.2), as found in Lake George (Ganf & Horne 1975) and
Lake Valencia (Fig. 3.26). As well as in the plankton, the process can be
important in littoral attached communities, such as the periphyton of
Lake Calado (Melack & Fisher 1988; Doyle & Fisher 1994) and Lake
Camaledo (Kern & Darwich 1997).

Silicon uptake, predominantly by diatoms, can induce conditions of
marked Si-depletion in some tropical waters, expressed in space (e.g.,
along a Nile reservoir: Fig. 3.21) or in time (Chapter 5.1). The kinetics
of uptake have not been studied for tropical situations, but from other
work it appears that half-saturation constants are likely to range con-
siderably between species or genera common in tropical phytoplankon,
and specifically in that of African lakes and rivers. It has been conjec-
tured that the ambient ratio of Si:P is influential for their distribution
(Kilham er al. 1987). A direct culture study has been made by Kilham of
the relationship between silicon concentration and the specific growth
rate of a clonal isolate of a widespread species, dulacoseira (Melosira)
granulata, from Lake Mulehe in Uganda. The result (Kilham 1990a: see
Fig. 3.27) indicated a half-saturation level of about 5 umol Si 1", This is
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Fig. 3.26. Lake Valencia, Venezuela. Diel variation in rates of nitrogen fixation by
planktonic cyanophytes (blue-green algae), estimated as specific rates of fixation
per unit number of heterocysts (heterocytes) in relation to light. From Levine &
Lewis (1984).

much higher than that of some other species, such as Stephanodiscus
minutus, but low relative to the concentrations of soluble reactive Si
prevalent in most tropical waters.

Sulphate-S uptake has received a single study by Lehman &
Branstrator (1993, 1994), stimulated by the unusually low concentrations
of 3-4 pmol 17! (0.15-0.22 mg SO, I"") now established for Lake Victoria
and the earlier belief that sulphate deficiency limited phytoplankton
production in this lake (Beauchamp 1953b; Fish 1956). Measurements
with tracer-labelled sulphate, ¥*SO,, yielded uptake rates of 11.5 +
2 nmol 17" h™! and relatively long turnover times in excess of ten days.
Enrichments with 5-50 pmol SO, 1™ did not significantly increase the
uptake rate, suggesting that even the low original concentrations were
well above the half-saturation constant for sulphate uptake.

Fluxes of nutrient regeneration coexist and in part support those of
nutrient uptake in any water-mass. Studies on a fine scale, other than
by mass budgets (Chapter 2.4) or seasonal time courses {Chapter 5.1),
are few for tropical waters. In the productive Lake George, decom-
position or mineralization of the organic particulate material (largely
phytoplankton) has been followed over periods of 1-3 days by loss of
organic C and N, with correlation to O, consumption {Golterman
1971; Ganf 1974a). Fractional loss rates were of the order of 0.05 to
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Fig. 3.27. Relationship to Si concentration of the specific growth rate (g) of an
African clone isolate of the diatom Aulacoseira (Melosira) granulata from Lake
Muiehe, Uganda, grown at 20°C in batch cultures. From data of S.S. Kilham,
after Kilham (1990q).

0.1 per day, but showed considerable variation. Further variability
appeared in the loss of non-particulate organic C and N ascribable
to bacterial activity.

One component of the regenerative flux is that from nutrient excretion
by animals. This has been estimated with laboratory measurements on
isolated samples of the larger zooplankton from at least three tropical
lakes — George (Ganf & Blazka 1974), Titicaca (Pawley & Alfaro 1984),
and Calado (Lenz et al. 1986). Diel variation of rates per unit water
volume could arise from variation in specific rates per animal biomass
(Lake George) or from variation in animal abundance allowing for
migrations {(Lake Calado). In lakes Titicaca and Calado the estimated
contribution from this macrozooplankton source was small relative to
estimated demand from the phytoplankton (Table 3.3). For Lake George
it was probably appreciable: from the short-term data of Ganf & Blazka
(1974), Ganf & Viner (1973) estimated mean excretion rates of 36 mg
NH,;-N m™2 day~' and 7 mg PO,4-P m~2 day™', rather greater than the
mean annual-based rates of N and P entering the lake from inflows.
Other more indirect estimates based on feeding rates and element-
composition of the phytoplankton (Viner 1977¢) are of the same order.

Nutrient excretion by benthic animals can be illustrated by a single
study, that of Kiibus & Kautsky (1996) on the littoral mussels of Lake
Kariba. Measurements of NH;-N and PQ,-P release per unit biomass
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and hour were combined with those of mollusc stocks in the lake littoral
(0-12 m), allowing for size structure. The excretion appeared to be an
important agent of nutrient regeneration in the lake; it was estimated to
be equivalent to the mineralization of ~ one-quarter of the external load
to the lake of P and ~8 times that of N.

Measurements of N-regeneration in relatively undisturbed water sam-
ples from Lake Calado were made by Morrissey & Fisher (1988) using the
technique of isotope dilution. In this '"NH,-N was added, followed by
incubation in 10-1 containers exposed for up to 12 h in the epilimnion.
The relative isotopic composition and size of the NH,-pool was assessed
at intervals, after precipitation by an Hg-reagent; an isotopic dilution
took place due to the addition of unlabelled NH,4-N as regeneration
from particulate-N. From the product of rate of change of isotopic com-
position and pool size, the rate of regeneration was calculated. Its average
magnitude in epilimnetic water, 0.86 + 0.15 pmol NH,-N 17" h™!, was
roughly in balance with uptake rate limited by low ambient concentration
of NH,4-N; it implied a short NH4-N turnover time of <1 h. Much
regeneration, like uptake, appeared to be predominantly linked to
small particles, <3 pm, that could be largely micro-heterotrophs such
as bacteria and small Protozoa (Fisher et al. 1988).

Some parallel measurements of P-regeneration rates were also made in
Lake Calado (Fisher et al. 1988), using 33P0O,-P as a tracer and calcula-
tions from isotope dilution. The rates obtained for original, unfractio-
nated samples were very variable (0.01-1.1 umol P 1™ h™'") and some
probably overestimated; any relationship with particulate size-fractions
could not be resolved.

Table 3.3 summarizes estimates from Melack & Fisher (1990) of regen-
eration fluxes of N and P in Lake Calado, expressed per unit area. These
are separated between epilimnion and hypolimnion; also for excretion by
macrozooplankton and output from the sediments.

(d) Limiting nutrients

Almost any attention to issues of primary autotrophic production at a
particular site tends to raise one question: what is the main limiting
nutrient? This question could be difficult or even unrealistic in some
circumstances, as when growth rates are overwhelmingly limited by phy-
sical factors, when multiple nutrient limitations operate, when the com-
ponents of communities have different requirements or sensitivity to
depletion and when different limitations follow in a time-sequence. All
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Table 3.3. Comparison of direct measurements of N and P regeneration in
Lake Calado. Values from various sources re-calculated per unit area

pmol m~2 h~! pmol m~2 h™!
Source ammonium production  phosphate production
Epilimnion (whole) 2600 % 260 720 £ 50
( Macrozooplankton) 26£3 33+£03
Hypolimnion (whole) 380 + 60 -
Sediments 270 £ 60 37+£19
Total 3750 £ 270

Source: From Melack & Fisher (1990)

these circumstances can be illustrated from tropical waters. However, a
number of approaches or experimental tests have been used to detect and
identify limitations.

Four main approaches are recognizable. These, respectively, focus on
ambient nutrient concentrations, in absolute magnitude, mutual ratios and
time-correlations with biological events; on the elemental composition of
biomass, especially concerning C:N:P ratios and the implications for net
nutrient uptake of observed population change; on growth response
induced experimentally by combinations of added nutrients; and on
short-period physiological responses of the original or nutrient-enriched
biomass, such as phosphatase and nitrogenase activity, rates of nutrient
uptake, and enhancement of dark uptake of '“C-labelled CO,. No general
consensus exists on their advantages and limitations (see, e.g., Hecky &
Kilham 1988), but effective application of multiple tests is well exemplified
by the work on the Ebrié lagoon and Lake Titicaca summarized below.

There is a long history of related studies on waters and phytoplankton
of lakes and reservoirs in East and Central Africa. Here early analyses of
ambient nutrient concentrations in surface water, especially of POy4-P,
NOs-N and Si, showed the frequent occurrence of relatively high values
for PO4-P and Si but low values for NO3-N and (less distinctively) NHy-
N. This information was augmented, compiled and summarized by
Talling & Talling (1965), who suggested that N-limitation rather than
P-limitation might be regionally prevalent. For this there was some con-
strued support from time-correlations of nutrient concentration and algal
population dynamics in the White and Blue Niles (Prowse & Talling
1958; Talling & Rzodska 1967) and in offshore Lake Victoria (Talling
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1966), that included biomass analysis with low percentage N content.
Early analyses, showing sulphate in Lake Victoria water at very low
concentration, <1 mg 17!, were interpreted by Beauchamp (1953b) as
indicative of sulphate limitation. Although these results were questioned
(Talling & Talling 1965; Talling 1966), three decades later the application
of an improved analytical method (ion chromatography) also yielded
very low concentrations, of 3-4 pmol (0.3-0.4 mg) SO, I”! (Lehman &
Branstrator 1993, 1994).

Potentially stronger evidence of nutrient limitations is obtainable from
growth bioassays, that also have a long history in East and Central
Africa. As applied to Lake Victoria, Fish (1956) obtained responses
with inoculated test algae that he interpreted as a major sulphate limita-
tion with some additional P- and N-limitation. Evans (1961), working
with the original phytoplankton, found positive response to added phos-
phate by an Aulacoseira (Melosira) component. All these results can be
criticized as involving unrealistically high concentrations of added nutri-
ents with resulting dense biomass and the possibility of distortion of ‘wall
effects’ (e.g., adsorption) in small glass vessels. The same reservations
apply to two series of bioassay tests in Central Africa. The earlier, by
Moss (1969), were on nine water-bodies in Malawi, including lakes
Malawi, Chilwa and Malombe. Those of Robarts & Southall (1975,
1977) utilized inoculation of a test alga (then known as Selenastrum
capricornutum) on samples from reservoirs that included lakes Kariba
and Mcllwaine (Chivero). Much later the same alga was again applied
in tests on Lake Kariba by Lindmark (1997). Another test alga,
Monoraphidium minutum, was used by Liti er al. (1991) on water from
Lake Turkana, Kenya. These various tests often, but not always, indi-
cated N as the primary limiting nutrient; those of Moss gave very clear-
cut and consistent responses, with positive response to added N (as NO3)
far predominating (Fig. 3.28c). The same can be said of the more recent
bioassays of surface water from offshore Lake Victoria (Lehman &
Branstrator 1993, 1994) with added NH4-N, PO4-P and SO4-S (see
Fig. 3.28b). Here responses were rapid, with only N stimulation, after
two days in large polyethylene bags with enrichments in low concentra-
tion. Probably the largest scale of experimentation has involved entire
fishponds such as those in Tanzania enriched by Payne (1971) with NH,4-
N and PO,4-P. On one occasion response to N, but not to P, led to a
considerable increase of chl-a concentration that was later associated
with increased rate of growth of the fish Tilapia zillii.
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Fig. 3.28. Comparative responses to various added nutrients in bioassays of water
from (a) Lake Titicaca, (b) Lake Victoria, (¢) lakes Malawi, Chilwa and
Malombe. The responses involved were as '*C fixation after separate 5-6 day
incubations (a), as concentrations of chl-a after replicate 48 h incubations (), and
as increase after several weeks in chl-a as percentage of the maximum such
increase in each separate experiment (¢; », N0 increase over control). From
Wurtsbaugh et al. (1985), Lehman & Branstrator (1994) and Moss (1969).

There is evidence for P-limitation in some adjacent tropical lakes in
East Africa, although these are relatively cool by virtue of their altitude
of around 1800 m. The best supported case is the small Lake Sonachi,
notable for water with a considerable concentration of total P (~150 pg
17y if not soluble reactive P. Here an enrichment experiment, involving
large plastic enclosures in situ, showed positive stimulation of biomass by
PO,4-P in excess of that by NH,-N addition. There was supporting evi-
dence from changes of C:N:P ratios in particulate matter (Melack et al.
1982). Overlapping work by Kalff (1983) also pointed to P-deficiency by
fast relative rates of >2P uptake here and in the nearby lakes Oloidien and
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Elmenteita; also possibly by seasonally rapid rates in Lake Naivasha.
Additional evidence sought by Kalff from release of ‘surplus’ seston-P
by boiling and from the ratio total P:total N in water samples, was,
respectively, negative in Lake Sonachi or probably biased by unutilizable
organic N.

Elsewhere in Africa, bioassays by multiple nutrient enrichment have
been applied to the coastal and slightly saline Ebrié lagoon, Ivory Coast
(Dufour et al. 1981a, b). These, and less direct evidence from C:N:P ratios
in particulate matter (seston) and relative concentrations of ambient
nutrients, suggested co-limitation by N and P, but predominantly N.
For example, increase in the biomass of unenriched phytoplankton
occurred mainly above an N/C quotient (by atoms) of 0.1 (Fig. 3.29).

In South East Asia a bioassay study was made by Anton et al. (1996)
on a large Malaysian reservoir, Pansoon. Additions of NO;-N, PO,-P
and Si were made to plastic-walled isolation columns ir situ. All showed
positive growth response above controls after two weeks, with decline
later. The largest increase was produced by addition of N; the qualitative
effect on species representation varied with the N:P ratio.

Other tropical studies have largely been in four regions of South
America. That on Lake Valencia, Venezuela, was mainly based on cor-
relative responses of the phytoplankton to concentrations and fluxes of
inorganic N and P in nature and in enriched enclosures (Lewis 19835,
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Fig. 3.29. The threshold for relative growth increments during laboratory
exposures, assessed by chil-a (left) and particulate C (right), in terms of the
initial (e) ratio of N to P in particulate matter (N/C,, by atoms) from Lake
Ebrié, West Africa. O, ratios after growth ceased. From Dufour, Lemasson &
Cremoux (1981).
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1986a), with additional information on N-fixation (Levine & Lewis 1984);
N was deduced to be the principal limiting nutrient. In Amazonia, the
floodplain lake Lake Calado has been studied intensively by enrichment
growth bioassays (Setaro & Melack 1984; Pinheiro 1985 cited by Melack
& Fisher 1990), by various short-term physiological responses (Setaro &
Melack 1984), and by comparative tracer measurements of P and espe-
cially N fluxes. Seasonal sequences related to water level were all impor-
tant, without overall limitation by a single nutrient. At a high level
neither P nor N appeared limiting, with enhancing additions, in assays;
later there was evidence of a transition from mainly P to mainly N
limitation at falling and low water levels. This could be connected with
the dissimilar main sources of these nutrient elements — river-based flux
for P input and lateral run-off for N input; also with the low N:P ratio in
products of regeneration (Fisher et al. 1991). The low level phase of
predominant N-limitation also appeared to have a parallel in another
floodplain lake, Lake Jacaretinga, where mainly growth bioassays
showed strong positive responses to N- or N + P- enrichment but little
or no significant response to P-enrichment alone (Zaret et al. 1981; Henry
et al. 1985b), or to that of humic and fulvic acids (Devol et al. 1984).

Other work in central and southern Brazil has centred on the Lago
Paranoa reservoir at Brasilia (Lindmark 1976), the Lobo (Broa) and
Barra Bonita reservoirs near Sdo Paulo (Henry & Tundisi 1982, 1983;
Henry et al. 1984; Henry et al. 19854) and two of the Rio Doce Valley
lakes (Henry et al. 1997). Growth bioassays, of 14-day duration, with chl-
a and cell numbers or biovolume as indices, showed positive responses
mainly to N- or N + P-enrichment and little to P-enrichment alone in the
Lobo Reservoir. In the larger and relatively nitrate-rich Barra Bonita
Reservoir and in the sewage-enriched Lago Paranoa, positive response
to P- and P + N-enrichment was found. The relative importance of P-
and N- responses varied with season and the stratification cycle in the Rio
Doce Valley lakes of Dom Helvécio and Carioca. Additions of Mo also
elicited a positive response in the Lobo Reservoir (Henry & Tundisi
1982), but not those of the metal-complexing agent EDTA during a single
experiment in February 1980 (Henry & Tundisi 1983).

Probably the most thoroughly investigated tropical lake for nutrient
limitations is the high-altitude Lake Titicaca. Work there is summarized
by Wurtsbaugh et al. (1992). The tests applied have included several
longer period, growth-sensitive responses to enrichment (Carney 1984;
Wurtsbaugh et al. 1985: see Fig. 3.28a) and five types of short-period
physiological assays (Vincent et al. 1984). The latter included alkaline
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phosphatase activity (low), 2p relative uptake (slow), changes of seston
composition after enrichments, uptake rates of '“C-labelled methyl
ammonium (high) and NHy-enhancement of dark ¢ fixation (pro-
nounced). All tests concurred in the prevalence of N-limitation, except
during the annual cool phase of extended vertical mixing in the main lake
(Lago Grande) when light-limitation probably replaces nutrient limita-
tion of the phytoplankton and higher concentrations of nitrate accumu-
late (see Fig. 3.30). The lake is situated in a region with high rates of
chemical denudation, which contribute to considerable levels in the lake
of total phosphorus and — outside bays — of soluble reactive phosphorus.

The replacement of nutrient hmitation by light-limitation is doubtless
frequent in many turbid tropical waters. It is probably a year-round
phenomenon in the large but shallow Lake Chapala of Mexico. Here
Dévalos et al. (1989) have explored potential nutrient limitation by
growth bioassays with both the natural phytoplankton and a test alga,
Ankistrodesmus bibraianus, using exposures in laboratory and lake.
Nitrogen limitation was strongly indicated in illuminated laboratory sam-
ples enriched with nitrate or phosphate or both, but in the lake itself
light-limitation was predominant, as was also found in studies of primary
production (Lind et al. 1992). Analogous results were obtained in some
subtropical waters of the Parana floodplain, Argentina (Carignan &
Planas 1994).

All the enrichment tests so far mentioned have centred on phytoplank-
ton. The response of periphyton has been studied by Pringle ef al. (1986)
for a lowland stream in Costa Rica, using submerged agar plates with a
nutrient-agar-sand substratum to introduce combinations of nutrients in
situ. The results suggested that, in this region of volcanic soils, there was
not a primary limitation by N or P but probably one by micro-nutrients.

To summarize, it appears that although various forms of nutrient
limitation for phytoplankton are regionally or seasonally possible, N-
limitation is particularly widespread in tropical lakes. Less extensive
work on floating macrophytes, especially Salvinia molesta in Papua
New Guinea and northern Australia (Room & Thomas 1986a), supports
this view. There is also conclusive evidence for N-limitation of Eichhornia
crassipes in the subtropical Parana floodplain (Carignan et al. 1994). As
Vincent, Neale & Richerson (1984) remark, it differs from the picture of
predominant P-limitation reached largely from studies of north-tempe-
rate glacial lakes. Whether or not the tropical-temperate difference is
generally and significantly valid is disputed (Kalff 1983, 1991) and
remains to be resolved.
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Fig. 3.30. Lake Titicaca, offshore area. Annual variation of concentrations within
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ammonium enhancement (NH4*-E) of dark '*C fixation, as a test for N-
limitation. In (c) the depth of the surface mixed layer z,, also shown. From
Vincent et al. (1984).
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3.3 Secondary utilization

Organisms dependent on pre-formed organic material for their income of
energy — supporting metabolism, growth and reproduction — are of
diverse microbial, invertebrate and vertebrate affinities. The microbial
sector, overall the most influential in ecological processing, is the least
explored in tropical freshwater environments. Some gross features are
considered in the following Section 3.4. Here the activities of invertebrate
and vertebrate consumers are discussed.

(a) Food acquisition
The mechanisms of food acquisition relate to its character as plant, ani-
mal or detrital material (with herbivores, carnivores/predators, detriti-
vores, omnivores); to the absolute and relative size of particles
(microphages, macrophages); to the degree of dispersion or compaction
(planktivores, shredders, scrapers); and to relative passivity or encounter-
activity of the consumer (filter-feeders, substratum ingesters, ambush
predators, pursuit predators). These distinctions and specialisms are gen-
eral rather than tropical in significance. However, there are some indica-
tions of tropical bias and some mechanisms have been analysed in depth
in relation to the natural economy of tropical sites at which they occur.
Over recent decades studies of temperate running waters have increas-
ingly used modes of food acquisition to subdivide faunas into functional
groups. Thus shredders, grazers, collector-gatherers, filter-feeders and
predators are distinguished. Although corresponding work on tropical
waters (e.g., Yule 1995) is scanty, Dudgeon & Bretschko (1995, 1996)
have surveyed and compared such functional representation in tropical
South East Asia and temperate Europe. One apparent difference is the
fewer vegetable shredders recorded from the tropical region, which may
be connected with a greater rate of breakdown or greater prevalence of
unpalatable leaf types — a factor discussed by Stout (1989). A connected
feature may be the deficiency of tropical amphipods and isopods, com-
pared with their abundance in many temperate streams. Throughout the
world, benthic invertebrates detached as a flowing ‘drift’ (Chapter 5.2g)
are a possible food source for fishes. A close relationship in one tropical
river, draining Mount Kenya, has been studied by Mathooko (1996).
Here the introduced Rainbow Trout, Oncorhynchus mykiss, functioned
as a natural ‘drift sampler’.
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In a very different habitat, the lake pelagial, the tropical potential for
year-long stocks of plankton can provide a food resource that is less
interrupted over time than in most temperate lakes. Probably in part-
response, there is an extensive development of planktivores at the verte-
brate level in tropical lakes. Among fishes, the cichlids and clupeids (both
originally marine groups) provide examples in many African lakes.
Instances for which food intake has been studied qualitatively and quan-
titatively include the cichlids Oreochromis niloticus and Haplochromis
nigripinnis in Lake George (Moriarty er al. 1973) and, in less detail,
Sarotherodon galilaeus in Lake Chad (Lauzanne 1978, 1983).

The Lesser Flamingo Phoeniconaias minor, abundant in some East
African soda lakes, is a unique bird planktivore. It wades in shallow
water, feeding by a rapid pumping and filtration mechanism (Jenkin
1957; Vareschi 1978). The tongue moves through a beak (lower mandible)
space of about 0.5-0.8 m! volume at around 20 cycles s~', propelling lake
water past filter-processes that catch a high proportion of the larger
phytoplankters (Fig. 3.31). For Lake Nakuru when the large phytoplank-
ter Spirulina fusiformis (S. ‘platensis’)y was dominant, Vareschi (1978)
estimated a filtration efficiency of ¢. 64-86%. This was reduced to low
levels when the large Spirulina was replaced by much smaller and less
filterable forms. Food intake per bird fell and the flamingo population
moved to other lakes. As a warm-blooded homeotherm, each bird has a
considerable energy requirement, indirectly estimated by Pennycuik &
Bartholomew (1973) as 5.8 J s~ or 500 kJ day™! for resting metabolism
and 15 J s™" or 1300 kJ day™' for normally active life plus ~1 J s~ for
pumping energetics. These estimates were compared with the energy
equivalent of practicable food assimilation (4, in J s™'), determined by
the food concentration (¢) and energy content (e), pump-space volume
(v), pumping frequency (n), filtering efficiency (¢;) and food energy utili-
zation efficiency (g(), and maximum fractional time spent feeding (f) as:

A= (ce)(vnf) er.g (3.9)

Adopting estimates of e = 20 x 10° J (g dry weight)", y=0.5%10"m?,
n=20s"",1=08,¢=08and implicitly assuming g = 1, it was shown
that a food concentration of ¢ of 125 g dry weight m™ (~125mg1™") was
required to maintain adult birds in normal activity (~1400 kJ day™"),
with some further increase at times of breeding. These high concentra-
tions only occur in exceptionally productive lakes such as the Kenyan
soda lakes.
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(a) (b)

Fig. 3.31. Processes of the filter system of the Lesser Flamingo, Phoeniconaias
minor, from Lake Nakuru, Kenya in relation to (a) the larger phytoplankter
Spirulina fusiformis, (b) various smaller phytoplankters. From Vareschi (1978).

Vareschi (1978) re-evaluated the parameters above, made additional
direct measurements of flamingo feeding rates by plankton removal, and
greatly extended the ecological relevance by application to flamingo
populations of known size and food resource in Lake Nakuru during
1972-77. The general requirement for dense phytoplankton food, > 100
g dry weight m™>, was confirmed. In 1972-73, when the lake was occu-
pied by a flamingo population averaging 915 000 birds or 0.023 birds

m™?, the estimate of mean consumption rate was 0.69 g dry weight

m~> day~'. This is approximately equivalent to 12.6 kJ m™ day™" or
031 g Cm™ day . Corresponding area-based rates are 1.6 g dry weight
m~?day™", 29 kJm~> day™' and 0.70 g C m™? day™'. These are very high
rates of herbivore consumption.

Within the same lake and period, the value of 12.6 kJ m~ day~' can be
compared with parallel estimates of mean consumption by a small plank-
tivorous cichlid fish, Oreochromis alcalicus grahami — 3.4 kJ m~> day™';

by the principal zooplankter, the calanoid copepod Lovenula africana

1
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(Paradiaptomus africanus) — 6.5 kJ m™ day™'; also by a rotifer,

Brachionus dimidiatus, feeding on both microparticulate plankton and
detritus — 12 kJ m™> day™'. The high flux of microparticulate consump-
tion by the rotifer is striking considering the relatively low rotifer biomass
involved, only about 3% of that of the flamingo. A similar emphasis on
microbial consumption rates is indicated by a later (for 1985) rough
order-of-magnitude estimate of consumption here by ciliates (Finlay et
al. 1987) —~ 3—14 g dry weight m~ day™!, a very large relative quantity.
Both these high consumption fluxes depend on the high ratio of con-
sumption to biomass (C/B) in small organisms. The estimate for ciliates
adopts a C/B value of 12 day™'. By contrast, values of C/B calculated —
from diel variation in stomach contents — for various fishes in the pelagial
of Lake Malawi were only 0.012-0.066 day~' (Allison et al. 1996).

Much lower rates of consumption than in Lake Nakuru have been
estimated for planktivores elsewhere, even in waters with dense phyto-
plankton. Lake George provides examples: largely phytoplankton con-
sumption by the two main fish consumers, Oreochromis niloticus and
Haplochromis nigripinnis, was summed at 0.034 g C m~? day™', and
that by the main zooplankter consumer Thermocyclops hyalinus esti-
mated as 0.50 g C m~? day™' (Moriarty et al. 1973). These and many
other estimates of consumption rates are based on the diel variation of
gut contents, which is often generated by visual feeding. Such variation
may include one or more peaks per day, and can be modelled by fitted
rates of consumption and evacuation. Examples for two planktivorous
fishes of Lake Malawi are given in Fig. 3.32.

Limitation by size is clearly an important general factor for food con-
sumption. It may operate at a pre-ingestion stage, as in filter-feeders,
other particle collectors and larger predators; also at the ingestion
stage, as in mouth gape-limited feeders. Applications to planktivorous
fishes are considered in detail by Lazzaro (1987). On a much smaller
scale, Haney & Trout (1985) showed from feeding experiments with
4C-labelled food that zooplankton components of Lake Titicaca had
varied preferences for particles above and below a size of 10 pm. Diel
variability of intake is another widespread factor, illustrated in Fig. 5.54.
Although this is ultimately related to the light—dark cycle, additional
influences on quantity and quality of food appear when zooplankters
migrate diurnally in a stratified water-column. Lewis (1977) described
an example for Chaoborus in Lake Lanao, where a changing prey selec-
tivity, and vertical distributions of prey and predator, interact.
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Fig. 3.32. Diel variation of stomach contents (with 95% confidence limits) in two
planktivorous fishes of Lake Malawi (a) feeding upon pupae and then larvae of
the lakefly Chaoborus edulis, (b) feeding mainly upon planktonic Crustacea. Line
fits are in (a) as two feeding periods with constant ingestion rate, in () as one
feeding period with constant ingestion rate; constant exponential evacuation rates
apply to both. From Allison et af. (1996).
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Consumption by filter-feeding populations generally can be formulated
in terms of the population density, the water volume (v) processed or
‘swept clear’ by an individual in unit time and the retention efficiency. An
example has already been given for the Lesser Flamingo; the large value
of v here, about 50 1 h™' (Vareschi 1978), can be contrasted with an
estimate of 70 pl day~' for the rotifer Brachionus plicatilis (Vareschi &
Jacobs 1984). Intermediate values (e.g., 5-30 ml day™") have been attrib-
uted to members of the important groups of planktonic Cladocera and
Copepoda, although directly obtained estimates of volume filtered or
‘swept clear’ are rare for tropical waters. One of these is the notably
high upper value of 28 ml day™' for the main planktonic herbivore, the
calanoid Tropodiaptomus cunningtoni, of Lake Malawi (Hart et al. 1995).
For Lake Kariba a well-developed benthic community of lamellibranch
molluscs (Machena & Kautsky 1988) appeared to be capable of proces-
sing the volume of the lake per year (Kiibus & Kautsky 1996; Kautsky &
Kiibus 1997). For small individuals of Aspatharia wahlbergi the filtration
rate per unit dry shell-free biomass was ~500 ml g~ h™!.

The quantitative impact of a consumer on its food source will depend
on the specific rate of consumption, or volumetric clearance, per unit of
consumer biomass and on that biomass concentration. Impact may be
tested experimentally, using either natural or enhanced concentrations of
the consumer. Thus the feeding of Lake Victoria zooplankton has been
studied after pre-concentration by transfer of radioisotope from labelled
phytoplankton in 15 minute exposures and at natural densities from
chlorophyll a change after 48 h exposures. In both cases the grazing
rate appeared small (Branstrator et al. 1996).

Much debate and speculation has surrounded evolutionary and ecolo-
gical aspects of predation in tropical rivers and lakes. Issues include its
possible role in the speciation of fishes (Fryer 1965), in selection favour-
ing diel migrations of zooplankton (Zaret & Suffern 1976) and in the
prevalence of a smaller size in many representatives of tropical zooplank-
ton (reviewed by Fernando 1980q, b). Large top-predators include ani-
mals of partly or mainly non-aquatic habits such as the Nile Crocodile
and the African Fish Eagle Haliaeetus vocifer. In many African waters,
species of the Tigerfish Hydrocynus are major piscivores. Effects of these
and other fish piscivores (e.g., Lates) on fish stocks and fisheries are
surveyed in D. Lewis (1988). Over tropical standing waters generally,
larvae of the dipteran genus Chaoborus are influential planktivores;
they are transparent with minimal visibility and apparently an exception-
ally low energy cost for maintenance (Cressa & Lewis 1986). Evidence for
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appreciable, sometimes dominant quantitative impact on their prey
populations is provided by Lewis (1975, 1979) for Lake Lanao,
Saunders & Lewis (19884, b) for Lake Valencia and Twombly & Lewis
(1987, 1989) for a Venezuelan floodplain lake (Fig. 5.25). In Lake
Valencia the evidence included a comparison, for various prey herbi-
vores, of the estimated magnitude of specific predation rates and specific
growth rates.

For any consuming species, flexibility or its converse regarding types of
food intake appear in several ways. Evidence from behaviour and gut
contents can indicate greater or lesser selectivity, as measured for exam-
ple by Ivlev’s index of electivity in organisms of lakes George (Moriarty
et al. 1973) and Chad (Lauzanne 1983). Ontogenetic development is
usually correlated with change, notably in animals with a multi-stage
life history (e.g., copepods) or with extended development (e.g., crocodile:
Cott 1954). Thus shifts between herbivore and carnivore habits, or
between plankton and benthos as food, occur quite often. Further,
some species are relative omnivores, taking food of diverse character.
These, and detritivores, include some of the tropical fishes most success-
ful in aquaculture or reservoir introductions, such as Oreochromis niloti-
cus and O. mossambicus. In the long term, evolutionary radiation into
diverse feeding habits may characterize a particular group such as lacus-
trine cichlids (Fryer & Iles 1972). Other members of lacustrine fish faunas
are generally adapted from river-inhabiting ancestors; the adaptation
involves food and feeding habits, as described by Corbet (1961) for the
non-cichlid fishes of Lake Victoria.

A component of non-living detritus may be a functional part of the diet
especially in bottom-feeders. In detritivores it becomes the dominant and
often relatively invariant source of food. This is extensively developed in
many benthic animals and in the fish fauna of the Amazon (Bowen 1984),
where large components of the external input of decaying plant material
are not necessarily much used (see Section 3.5f). The balance between
sources of utilized detritus from within and without the water-body can
change with time, as in the African lakes Kariba and Chilwa (McLachlan
1977). In Lake Chad, detritivory supports much fish production, along-
side herbivory and zooplanktivory (Lauzanne 1983: see Fig. 3.40).

(b) Food assimilation and use

Besides its capture, effective utilization of a food source depends upon
chemical processing between ingestion/consumption (C) and assimilation
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(A). This challenge tends to be greatest for detritivores and herbivores,
which typically have long guts compared with those of carnivores and
omnivores (Fig. 3.33), and for which food material is often abundant.
For example, high densities of phytoplankton in productive tropical lakes
are usually derived from blue-greens (cyanophytes) — organisms that have
acquired a reputation as unfavourable food material for both zooplank-
ton and fishes, including tropical examples (e.g., Fish 1955).
Nevertheless, work on several tropical lakes has shown that high levels
of secondary production can be based on an effective utilization of plank-
tonic blue-greens. The most detailed and now classic studies are those of
D.J.W. Moriarty and his co-workers on the two principal herbivorous
fishes — Oreochromis niloticus and Haplochromis nigripinnis — of Lake
George, Uganda. These are described by Moriarty (1973) and Moriarty
& Moriarty (19734, b), and summarized in Moriarty et al. (1973).
Digestion depends upon the exposure of ingested food to pH values of
below 2.0 in the stomach. This pH sensitivity was demonstrable in vitro
using "*C-labelled food. In nature both food ingestion and acid secretion
follow diel cycles, with feeding over before sunset when the lowest pH
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Fig. 3.33. Frequency distribution of three groups of fishes in Lake Tanganyika
and its affluents, in relation to the ratio of gut length to fish length. From Fryer &
lles (1972).
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values of 1.4 were reached in the fundus of the stomach. This sequence,
and a reconstructed time-course of carbon assimilation in the intestine, is
shown in Fig. 3.34. The percentage efficiency (4/C x 100) of carbon
assimilation from the ingested blue-greens most abundant in the lake,
Microcystis and Anabaena spp., could reach maximal values of 70—
80%, but average values over a 24-h day were about 43% for O. niloticus
and 66% for H. nigripinnis.

The same phytoplankton also supported a considerable population of
the copepod Thermocyclops hyalinus (= Th. crassus), a raptorial (grasp-
ing) feeder that can eat larger blue-greens such as Microcystis. In Lake
Chad Th. neglectus similarly ingests large Anabaena spp. (Gras et al.
1971; Titis & Saint-Jean 1983). Work with '*C-labelled food on Th. hya-
linus by Tevhin (in Moriarty et al. 1973) included measurements for car-
bon of ingestion, defaecation and efficiency of assimilation. Values for
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Fig. 3.34. The role of acidity in digestion and assimilation of blue-green algae by
the cichlid fish Oreochromis niloticus: the distribution of pH in the stomach with
time of day and food intake, in relation to the estimated cumulative assimilation
efficiency for carbon. From Moriarty et al. (1973).
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the latter were about 35% for copepodids and adults, and about 58% for
nauplii. Finally, information on ingestion rate and population density
was combined to obtain estimates of herbivore food intake per unit
area. These total 0.54 g C m~2 day™', exclusive of plankton-derived
input to the zoobenthos that is partly detrital.

The crucial role in assimilation of exceptionally low values of stomach
pH (<2.0) is also indicated by measurements on the planktivorous fish
Oreochromis alcalicus grahami of Lake Nakuru (Vareschi & Jacobs 1984).
Again a dense population can be supported by blue-green phytoplank-
ters. There is no specialized filter mechanism, and elsewhere — at the
parent Lake Magadi - the fishes feed on blue-greens that grow on stones
(Coe 1966). Remarkably, the acid secretion involved must initially elim-
inate the high ambient alkalinity of these saline soda lakes.

Non-living detrital material is generally viewed as low-value food, for
which a low efficiency of utilization is anticipated. However, it is often
combined with living material on the surface of sediments and other
substrata. One such combination, a ‘periphytic detrital aggregate’ on
the bottom of Lake Valencia, was studied by Bowen (1979, 1980, 1981)
for chemical composition and utilization. It supported the main consti-
tuent of the fish biomass, the introduced detritus-feeder Oreochromis
mossambicus of African origin. Digestion and assimilation of organic
matter again showed high efficiency, estimated as ¢. 60-80%, in this
species, with stomach pH known to fall below 2.0 (Bowen 1976). In
Lake Valencia the detritus content of non-protein amino acids was
deemed all-important for growth (Bowen 1980).

Aquatic macrophytes also present a potential food source not often
grazed extensively by herbivores. Even when heavily grazed, as observed
in diel feeding of the fish Puntius filamentosus on Ceratophyllum, the
energy derived may be too little for daily requirements (Hofer &
Schiemer 1983). However, the situation is different in the African cichlid
fish Tilapia zillii, for which non-cellulosic components have been mea-
sured to have assimilation efficiencies of >50% (Buddington 1979).
Another cichlid, Tilapia rendalli, can exploit the semi-aquatic grass
Panicum repens that is commonly found in periodically flooded habitats
in southern Africa. Daily ingestion at Lake Kariba has been estimated by
Caulton (1977) from the diel cycle of gut content. Its energy content,
~0.34 kJ g_' fish biomass day_', was compared with that in palatable
material on unit area of flooded grassland (~8.43 x 10* kJ ha™'). The
conclusion was reached that food quantity was not a limiting factor for
the population densities of fishes observed.
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For all secondary producers, use of the quantity of assimilate (4) can
be attributed to growth by biomass increment (AB) and to respiratory
metabolism (R). Thus, if excreta (faeces + urine) are denoted by E and
consumption by C:

C=A+E=AB+R+E (3.10)

The quantities involved can be expressed in terms of dry weight, carbon
content or energy content. The (dimensionless) efficiency of assimilation,
A/C, has already been illustrated. First and second order efficiencies of
growth (classically denoted by K, and K,, here by €, and ¢,) can also be
defined as AB/C and AB/A, respectively, with interrelation as an effi-
ciency chain (cf. primary production): .

AB/C = ABJ/A.A/C (3.11)

Empirical estimates of AB/C exist for some tropical populations,
although they are largely unaccompanied by independent estimates of
A/C. Variation with the character and digestibility of food can be
expected. Considering phytoplanktivorous fishes, Lauzanne (1978,
1983) obtained from field data first-order efficiency or AB/C values for
Sarotherodon galilaeus in Lake Chad of up to 5.5% (dry weight basis) or
19% (energy basis). A corresponding value for Oreochromis alcalicus
grahami in laboratory experiments at Lake Nakuru, from Vareschi &
Jacobs (1984), is 41% (dry weight basis). Lauzanne (1983) has surveyed
estimates from a range of cold-water and warm-water fishes and noted a
tendency to higher values in the warm-water species. For two tropical
predators, the small planktivorous Alestes baremoze and the large pisci-
vorous Lates niloticus, he obtained values of 45 and 27%, respectively.
The work at Lake Nakuru also yields estimates for the dominant zoo-
plankter, Lovenula africana, of 15-32% (dry weight basis).

When food consumption (C) and assimilation (4) are largely devoted
to supporting respiration so that R >> AB, the growth efficiency factors
AB/C and AB/A will be low. An extreme instance, approaching 0, is
provided at Lake Nakuru by the population of Lesser Flamingoes.
Breeding and therefore young do not occur at this lake, but at Lake
Natron, and the maintenance of homeothermy involves a relatively
high respiratory cost. An opposite extreme, with very low respiratory
cost, is apparently shown by the widespread aquatic larvae of the phan-
tom midge Chaoborus. Work by Cressa & Lewis (1986) over one year on
C. brasiliensis at Lake Valencia yielded a very high growth efficiency
(AB/A, dry weight basis, 0.59-0.76) for the instars II-IV. This suggested
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a low maintenance cost, in concordance with measured rates of respira-
tion that were low for organisms of this body size. Compatible but more
indirect estimates were obtained for Chaoborus edulis in Lake Malawi
(Allison et al. 1995). Near-neutral buoyancy of larvae is conferred by
air sacs and low visibility of the ‘phantom’ enables successful ambush-
predation without much active swimming movement. A contrary empha-
sis on high energetic costs at an elevated temperature for growth and
respiration of early stages (e.g., instar I) was made by Halat & Lehman
(1996), from their indirect approach by modelling.

The energetics of tropical zoobenthos are known mainly from two
studies on communities dominated by relatively large sedentary molluscs.
The first was from Lake Chad (Lévéque 1973h). Measured rates of
respiration and biomass increment were combined with previous popula-
tion studies (Lévéque 1973«) and transformed, using bomb calorimetry,
into population estimates of production (P), respiration (R) and assim-
ilation (4 = P + R) in units of kcal m™2 day™' or yr™'. One long series of
estimates for the species Cleopatra bulimoides is shown in Fig. 3.35, with-
out indication of regular seasonality. The relative contribution of assimi-
lated food (A4) to production (P = AB) is expressed by the production to
assimilation quotient P/A4, with which there is positive correlation of
estimates of annual P/B (see Section 3.3¢) and to relative (instantaneous)
rates of growth, g (Fig. 3.36). The annual mean values of P/A derived for
four species of molluscs at various stations ranged from 0.089 to 0.325;
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Fig. 3.35. Lake Chad, zoobenthos. A time-series at one station of estimates per
unit area for the mollusc Clecpatra bulimoides, based upon components of its
energy budget, comprising biomass (B), daily rates of production (P) and
respiration (R), and the efficiency of production to assimilation (P/4). From
Lévéque (1973b).
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Fig. 3.36. Lake Chad, zoobenthos. Relationships to the estimated ratio of annual
production to assimilation (P/A4) of (a) the instantaneous growth rate g of the
mollusc Cleopatra bulimoides, logarithmic scales, (b) the annual P/B ratio for four
molluscs. From Lévéque (19735).

thus much the greater part of assimilation was expended in respiration.
Respiration was also measured directly in the second study (Kiibus &
Kautsky 1996; Kautsky & Kiibus 1997) on the benthos of Lake Kariba.
However, the estimates of biomass production there depended heavily
upon P/B values obtained from the literature.

A study by Hart (1980, 1981) of the energetics and production of a
largely tropical shrimp or prawn, the decapod Caridina nilotica from the
subtropical Lake Sibaya in South Africa, is also of relevance. This linked
features of bioenergetics, production and population dynamics at littoral
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sites. Besides providing estimates of the efficiencies AB/C and AB/A,
Hart & Allanson (1981) suggested that at temperature values above 24 °C
there was evidence for homeostasis or temperature compensation in
respiratory expenditure, reducing the energy requirement otherwise
anticipated at higher temperature. Later Ignatow et al. (1996) combined
the experimental rate relationships of Hart with population data from
Lake Victoria to model the energetics and production of C. nilotica in the
plankton of that lake.

(c) Production—-biomass relationships

Whether at the level of individual or population, a supporting biomass
(B) must determine further production. Considering production as bio-
mass increment dB in time element d¢, the simplest relationship 1s:

dB =g Bdt (3.12)

where g is the specific or instantaneous growth rate, with dimension
time™'. If maintained unchanged over an extended period (¢, — ¢;), with-
out an opposing specific loss or mortality rate m, increase in B from B; to
B, is exponential and defined by the equation:

B, = B8l (3.13)
or
In(B,/B) = g(t — 1) (3.14)

If the number N of organisms can be taken to represent biomass, then the
specific rate g can be evaluated from an exponential population increase
from N; to N,. This is especially useful for microbial organisms with
short generation times. With long generation times and a complex (e.g.,
multi-stage) life history, g varies between stages of development (exam-
ples in Fig. 3.37) and a composite of values determines expression —
assuming stable age distribution, zero mortality and density-independent
growth — in the overall specific rates of population increase, now gener-
ally known as intrinsic rates of population increase (ry,).

In the real world the above three conditions are often not met and
specific rates of population increase (r) are often lower than r,. In parti-
cular, specific rates of mortality (m) are likely to operate unequally over
different stages of the life history. Further, sets of individuals that origi-
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developmental stages of three components of the zooplankton of Lake Lanao,
Philippines. Symbols distinguish estimates from different cohorts. From Lewis
(1979).
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nate at a particular time and constitute an age-class or cohort, may or
may not overlap in time with other such cohorts. On the annual time-
scale, cohorts may be single (univoltine) or multiple (multivoltine); the
cohort production interval(s) may leave an unfavourable portion of the
year unoccupied, so proportionately reducing potential annual produc-
tion. o :

For a population or community, the relation of production to biomass
involves integrating both quantities over a chosen time interval, from
which the integral production P and mean biomass B can be expressed
as the P/B ratio. Both daily and annual values are often used. In tropical
examples, as elsewhere, P has been estimated by at least three mathema-
tical procedures, compatible with various sets of assumptions especially
with respect to the incidence of mortality (Rigler & Downing 1984). The
‘egg ratio method’ for estimating birth rate from egg numbers and devel-
opment time, and hence deriving demographic turnover, may involve
unwarranted assumptions; it is most applicable to the short life histories
of parthenogenetically reproducing rotifers and, with adaptation, to
parthenogenetic reproduction of Cladocera. African site-examples
include Lake George for a copepod (Burgis 1971, 1974; also Rigler &
Downing 1984), Lake Chad for Cladocera (Gras & Saint-Jean 1978,
1983; Lévéque & Saint Jean 1983) and Lake Nakuru for rotifers
(Vareschi & Jacobs 1984). With larger organisms and multi-stage life
histories (e.g., copepods) the mass increments in successive stages of
known abundance are best calculated separately by linear or exponential
fits and converted into rates by reference to stage-durations. The latter
have been estimated from the times for transition from stage to stage
observed in natural cohort sequences (e.g., Lewis 1979; Saunders & Lewis
1988a) or from experimental samples in the field or laboratory (e.g.,
Lévéque 1973a; Ferguson 1982; Gras & Saint-Jean 1981, 1983;
Vareschi & Jacobs 1984; Saunders & Lewis 1988a; Mengestou &
Fernando 1991b; Mavuti 1994; Irvine 1995a).

For organisms in general, the overall relation of production to biomass
is dominantly influenced by individual body size (Peters 1983). This
applies whether the production index adopted is the intrinsic rate of
population increase (r,,) or the P/B ratio, the former setting, for any
organism, an upper limit to the latter. Their correlative relationships
with body mass have been expressed by Fenchel (1974) and Banse &
Mosher (1980), respectively, as illustrated in Fig. 3.38. Against this back-
ground values obtained for tropical aquatic animals can be compared, as
is shown by the inserted examples from Lake Nakuru. Components of
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Fig. 3.38. Regression relationships for the annual P/B ratio to individual mass at
maturity in major groups of organisms. An approximate interconversion of 1 g
dry weight ~ 4.5 kcal is assumed and five data points are added from estimates
made by Vareschi and co-workers on Lake Nakuru, 1972-73. Sf, Spirulina
Susiformis (cyanophyte); Bd, Brachionus dimidiatus (rotifer); La, Lovenula
africana  (copepod); Ld, Leptochironomus deribae (chironomid); Og,
Oreochromis alcalicus grahami (cichlid fish). Modified from Banse & Mosher
(1980) and Vareschi & Jacobs (1985).

zooplankton, zoobenthos and fish populations are represented, forming a
community-series with increasing body mass that broadly accounts for
decreasing values of r,, and P/B.

Of direct tropical relevance is the sensitivity of both these production
parameters to temperature. For r,, an excellent example is the study by
Pourriot & Rougier (1975) of growth in culture of the rotifer Brachionus
dimidiatus isolated from a Chad soda lake. Rates increased in the range
20 to 30 °C, and at 30 °C — the optimal temperature — and with good
nutrition on Spirulina were over 1.0 (In units) day~'. At this temperature
both embryonic and post-embryonic development times were short, and
the minimum time between parthenogenetic generations (1.e., egg to egg)
was only ~30 h. The decline of stage-duration times, including that of
eggs, with temperatures in the ecological range (e.g., 15-30 °C) has also
been shown by various other studies of tropical zooplankton Crustacea
(Gras & Saint-Jean 1969, 1976, 1978; Burgis 1978; Ferguson 1982,
Mengestou & Fernando 1991b; Mavuti 1994; Saint-Jean & Bonou
1994) and Rotifera (Duncan 1983). For high rates of relative growth
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(g), population increase (rp,) and production (P/E) attained around 30
°C, the parthogenetic cladoceran Moina micrura is outstanding.
Respective values of >1 day™' (young stages), 0.9 day™' and ~1 day™"
were reported from populations in Lake Chad (Gras & Saint-Jean 1978,
1983) and fish ponds of the Ivory Coast (Saint-Jean & Bonou 1994). In
both places the estimated P/B values were markedly depressed in the
cooler season (~20 or ~26 °C, respectively) — a depression that at Lake
Chad extended to the zooplankton as a whole (Fig. 5.53). For this com-
munity there have been long-term studies by Gras & Saint-Jean of growth
and production, summarized in Gras & Saint-Jean (1983) and Lévéque &
Saint-Jean (1983). In Cladocera the life cycle, egg to egg, could be as
short as 52-81 h at 30 °C, with values of P/B >0.5 day_'. With the
Copepoda, representative values of P/B were much lower, around 0.2
day™' for cyclopoids and 0.04 day™' for calanoids.

The work on Brachionus dimidiatus and Moina micrura also provided
direct (experimental) and indirect (observational) evidence of the regula-
tion of r and P/B by the quantitative and qualitative adequacy of food
supply. For values from natural conditions without nutrient limitation,
other estimates for herbivores from two shallow, equatorial and highly
productive waters in East Africa — lakes George and Nakuru - deserve
attention. In Lake George the dominant copepod Thermocyclops hyalinus,
a raptorial (grasping) feeder when adult, was considered by Burgis (1971)
to have an excess of available food as relatively large and digestible blue-
green algae. Burgis (1974) estimated the mean value of P/Bas0.078 day™!
or 28.5 yr~'; another method of calculation for P used later by Rigler &
Downing (1984), better in principle but with limited input data, yields 0.14
day™' (51 yr™") for P/B. Both sets of P/B values are similar to those
derived from work on temperate zooplankton (e.g., Morgan et al. 1980).

At Lake Nakuru, Vareschi & Jacobs (1984) obtained during 1972-73
estimates of P/B for five principal producers, representing zooplankton
(the rotifers Brachionus dimidiatus and B. plicatilis, and calanoid copepod
Lovenula  africana), zoobenthos (larvae of the chironomid
Leptochironomus deribae) and fishes (Oreochromis alcalicus grahami). Of
these the copepod and fish fed largely on the large and very abundant
blue-green alga Spirulina fusiformis (S. ‘platensis’); the rotifers probably
also utilized an indeterminable food proportion as bacteria and the chir-
onomid was mainly a detritus feeder. For all, food was probably available
in excess, except possibly for the rotifer whose population maxima may
have correlated with increased bacterial abundance. Mean 1972-73 esti-
mates for biomass, production and consumption are given in Table 3.4,
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Table 3.4. Lake Nakuru, Kenya, 1972-73. Separately ranked estimates of
biomass, production and consumption by six groups of consumers, expressed
in energy units

Biomass (kJ m™3 ).
Lesser Flamingoes'  fishes copepods chironomids pelicans rotifers
128 51 32 9 5 4

Production

(kJ m™ day™")

Rotifers copepods chironomids fishes pelicans Lesser Flamingoes
1.7 1.5 0.7 0.4 0.03 < 0.0l

Consumption

(kJ m= day™")

Lesser Flamingoes  rotifers  copepods chironomids fishes pelicans
12.6 12 6.5 34 3.4 0.4

Source: From Vareschi & Jacobs (1984)

using units of energy content per unit water volume for the three quan-
tities. The different ranking of producers when based on biomass and on
production is striking. The rotifer is again an outstandingly efficient pro-
ducer, with high P/B; the P/B values for chironomid, copepod and fishes
are rather high but not exceptional for the groups involved (cf. Fig. 3.38).
The planktivorous Lesser Flamingo has a negligibly low production at the
lake because of the absence there of breeding and young birds.
Contrasting with presumed situations of excess food in these productive
shallow lakes, work on the deep and relatively unproductive Lake Malawi
has yielded an apparent case of anomalously inadequate food availability
in the pelagial. Here the food dependency of development times for stages
of a dominant copepod, Tropodiaptomus cunningtoni, was studied by Hart
et al. (1995). Controlled doses of phytoplankton food from algal cultures
were used. Whereas the duration of naupliar stages was insensitive to food
availability, possibly due to utilization of lipid reserves, the metabolic
maintenance demand of adult females in relation to measured clearance
rates (up to 28 ml indiv™' day™') seemed to require higher concentrations
of food than were available in near-surface water of the lake. However, the
higher concentrations of phytoplankton often present at depth may have
been utilized through vertical movements of the copepod. Other experi-
mental studies of growth limitation at low food concentrations are rare for
tropical zooplankters. With the calanoid Phyllodiaptomus annae isolated in
culture from a Sri Lankan reservoir, growth rates declined rapidly at food
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concentrations below 50 pg C 1" (Piyasiri 1985). Also in Sri Lanka, further
estimates have been made of the natural variability of production rates of
this and other zooplankters, assessed per unit water volume. When com-
bined with other tropical estimates, production rate P — but not the ratio
P/B - showed moderate positive correlation with phytoplankton abun-
dance (Amarasinghe et al. 1997).

Further widening of scope for production-biomass relationships is
obtained from three more studies on African lakes. In Lake Chad, mol-
luscs are abundant and relatively large components of the zoobenthos,
whose production biology was studied during 1967-72 by Lévéque
(1973a, b; Lévéque & Saint-Jean, 1983). The animals were amenable to
experimental manipulation with enclosures, from which cohorts could be
distinguished, with size progression and survival in time. In the eight
main species, instantaneous growth rates fell either more or less rapidly
over the life span of 1-3 years, with an inverse relationship to individual
mass. The magnitude of P/B values was 2-6 yr™'; it showed positive
correlation with the ratio of production to assimilation (P/A4) (see Fig.
3.36) and a pronounced negative correlation with longevity (Lévéque et
al. 1977). In the same zoobenthos, larval insect components were of
shorter longevity (down to 13 days, egg to adult, for Chironomus pulcher
in laboratory cultures at 30 °C: Dejoux 1971) and probably a higher P/B
relationship. The P/B magnitude of around 3 yr~! for the molluscan
component is also typical of much temperate-zone zoobenthos, but
may be influenced in opposite directions by relatively large individual
size and by continuous year-round production and recruitment.

A second production study, by Mengestou & Fernando (19915), con-
cerns the crustacean zooplankton of Lake Awasa, a rift lake in Ethiopia.
Because of its altitude of 1708 m, the water temperature (21-24 °C) did
not reach the high values of ~30 °C at which the exceptionally high
values of » and P/B were derived from Lake Chad and a pond in West
Africa. However, the highest P/B value of 221 yr™' (0.61 day™') was
again for a cladoceran, Diaphanosoma excisum. The aggregate value for
the dominant Crustacea was 56 yr~' (0.15 day™"), rather high, though
equalled by some records from temperate lakes.

A third study, exemplifying fish production biology of economic rele-
vance, is that of Coulter (1981) on the pelagic clupeids of Lake
Tanganyika. These fishes, and especially Stolothrissa tanganicae, are
small planktivores with a life span of about one year. Recruitment and
production are continuous; the main population check is mortality due to
predation by large endemic centropomid fishes, relatives of the Nile
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Perch. Cohort P/B was estimated, by the Allen curve method, as 3.9, and
a value of about 3.5 yr~' is probably a good estimate of annual P/B.
Allowing for the size factor and life span, this is not dissimilar to tempe-
rate values.

Tropical equivalents of the numerous temperate studies of P-B rela-
tionships in stream zoobenthos are almost non-existent. For ten insect
species in the small Bovo river on Bougainville Island, Papua New
Guinea, Marchant & Yule (1996) have estimated the ratio between
cohort production and annual production, and used it as a guide to larval
life span or ‘cohort production interval’.

These examples support the conclusion that, relative to biomass, pro-
duction rates of tropical populations tend to be somewhat high but not
consistently so. Probably only a few species exploit high temperature
(e.g., 30 °C) to achieve outstandingly high values of daily r and P/B -
a feature also known in microbial ecology, including that of phytoplank-
ton (Eppley 1972). Besides temperature, several other factors could con-
tribute to a trend towards higher tropical values of annual P/B. These
include a potential year-long duration of continuous growth and recruit-
ment with active biomass — although multivoltine life cycles are possibly a
correlate rather than a determinant (Rigler & Downing 1984). Another
factor is possibly high mortality rates, which tend to increase P/B by
reducing the representation of older biomass with lower relative growth
rate (g). The improbability of simple effective generalization, especially
for temperature, is suggested by the survey of invertebrate production in
non-tropical streams by Benke (1993). This showed that although some
remarkably high values of annual P/B were obtained for insect compo-
nents of subtropical streams that seasonally reached 30 °C, correlative
relationships of P/B with temperature could be both positive and nega-
tive according to taxonomic group. Another recent survey, by Brown
(1994) on African snail populations that included the much-investigated
schistosome vector Bulinus globosus, demonstrated that r can correlate
both positively and negatively with temperature. Temperature-compen-
sation behaviour (Bullock 1955), with downward adjustment of rate at
higher temperature, may also be widespread.

(d) Rates of production per unit area

Table 3.5 lists absolute rates of secondary production for components of
zooplankton, zoobenthos and fish communities in eight tropical lakes.
All were estimates obtained mainly by relatively direct methods, based on
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Table 3.5. Estimates of annual rates of secondary production, as g C m™*

yr=!, in eight tropical lakes. Conversions from values in original

publications assumed 1 g C ~ 2 g dry weight >~ 10 kcal ~ 42 kJ

George Chad Nakuru Awasa  Valencia Lanao  Malawi Tanganyika

mean depth (m) 24 3-4 1.5-2.5 1 19 60 290 570

phyloplankton high high high mod. high mod. low low
density

ZOOPLANKTON
(a) major herbivore
Thermocyclops
hyalinus' 7.2
Tropodiaptomus
cunningtoni® 20.6
Lovenula
africana® 29.6
(b) mixed
herbivores® 39.1 273
() total
Crustacea®® 22 25 30.5
(d) main rotifer
(herbivore-
bacterivore)
Brachionus
dimidiarus® 335
B. plicatilis®
(1974) 202
(¢) major predator
Mesocyclops
aequatorialis
aequatorialis™® 23
Chaoborus
edulis® 2.1

ZOOBENTHOS

(a) part-detritivores
molluscs’ 7.2
Leptochironomus
deribae® 15.8

FISHES
(a) major herbivore
Oreochromis
alealicus
grahami® 79
(b) major
planklivores
Stolothrissa
tanganicae® 5.6
Engraulicypris
sardella® 1.0

Source;

Burgis 1974

Irvine 19954

Vareschi & Jacobs 1984

Lewis 1979; Saunders & Lewis 1988«

Lévéque & Saint-Jean 1983; Mengestou & Fernando 19914
Irvine 1995h

Lévéque & Saint-Jean 1983

Coulter 1981

Allison et al. 1995

Moo DD —
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variants of the egg ratio/recruitment rate/turnover or growth increment
summation procedures, rather than on expected P/B values. Table 3.5
also shows that three of the lakes are shallow with mean depth <5 m,
and rich in phytoplankton; two are of intermediate depth but also with a
considerable phytoplankton concentration; and three are deep lakes with
low phytoplankton concentrations per unit volume.

Despite this background diversity, seven of the eight lakes yielded pro-
duction rates for crustacean zooplankton dominants or assemblages, that
were largely or entirely herbivorous, within the range 2040 g C m~2yr!
For such areal rates the increased vertical dimension in deep lakes will be a
compensating factor. In Lake George the corresponding low estimate may
possibly reflect high mortality of naupli (Burgis 1971); its magnitude was
slightly increased by an alternative mode of calculation (Rigler & Downing
1984). For Lake Tanganyika there is no direct estimate, but a tentative
indirect one — based on measured zooplankton biomass and expected
P/B values — was high, at 50-60 g C m™ yr™' (Burgis 1984, 1986).

Production rates that are probably largely sustained by bacterivory or
detritivory also appear for lakes Nakuru and Chad. In Lake Nakuru two
species of the rotifer genus Brachionus yielded exceptionally high produc-
tion rates during periods of decline and decomposition of dense phyto-
plankton. Rates for a benthic chironomid were lower but still high
compared with temperate zone equivalents. The same applies to the rate
estimate for the very different mollusc community of Lake Chad, with
larger individuals, higher longevity and a lower P/B value of ~3 yr~'. If
P/B values of similar magnitude apply to the mollusc-dominated littoral
biomass of Lake Kariba, a mean estimate of production for the 0—-12 m zone
is ~11 g shell-free dry weight or ~5 g Cm ™% yr~! (Kiibus & Kautsky 1996).

For invertebrate planktonic predators, consumption and production
have been studied in species of the insect genus Chaoborus in several lakes
(Lewis 1979; Cressa & Lewis 1986; Saunders & Lewis 19884, b; Irvine
1995b). At Lake Valencia the mean annual biomass of Chaoborus could
exceed that of accompanying herbivores, whose abundance it then
appeared to control, with a large consumption flux and efficient conver-
sion. At Lake Malawi, where aerial clouds of emerged adult ‘lakeflies’ are
a frequent feature of the landscape, the estimate for mean production rate
of the aquatic larval instars and pupae during 1992-93 was 2.1 g C m™?
yr~'. Another important invertebrate predator of the Malawi zooplank-
ton was the copepod Mesocyclops aequatorialis aequatorialis, with an
estimated production of the same magnitude (Irvine & Waya 1993;
Irvine 19954; Allison et al. 1995).
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Table 3.5 also includes three estimates for production rates of plankti-
vorous, in part mainly herbivorous, fishes. The highest is for a small
specialized cichlid, Oreochromis alcalicus grahami, in the soda lake
Nakuru. Here algal food was abundant and probably usually in excess.
The dominant examples from the very different deep lakes of Malawi and
Tanganyika are chiefly reliant upon zooplankton Crustacea as food, pre-
sent in lower concentration. Although these production rates are lower,
they are very considerable within any global comparison. The higher
value of 5.6 g C m™2 yr~' from Lake Tanganyika is equivalent, using
previous conversion factors, to ¢. 560 kg fresh weight ha™' yr='. Most
estimates for fish production in temperate freshwaters are well below this
level; higher production of 1000-2000 kg ha™' yr™', and economic yield,
are realized mainly in fishponds with artificially enhanced food supply. In
addition, a single very high and less established estimate of 1224 kg ha™'
yr™! from the early phase of Lake Kariba (Mahon & Balon 1977) can be
mentioned. Nevertheless, the Tanganyika estimate could be indicative of
an unusually efficient food chain (see Section 3.5), as well as representing
a fish with small size, early maturation, year-round growth and high
mortality, all favouring a relatively high P/B ratio.

Using examples already discussed, a broad survey of P—B relationships
is presented in Fig. 3.39. Although mean biomass per unit area (B) is the
most obvious supporting variable for P, for dynamic range, its influence is
often not more significant than that of P/B, a measure of effective specific
activity. High extensions of this activity can be gauged from the maximum
instantaneous rates of increase (~| day™") of a few small Metazoa (e.g.,
Brachionus dimidiatus, Moina micrura) at 30 °C; further increase will occur
in the microbial world of heterotrophic Protozoa and bacteria. According
to M. Bouvy (personal communication), recent work on bacterioplankton
of small reservoirs of the Ivory Coast, West Africa, has given estimates of
mean microbial doubling time of the order of 1-2 h; this compares with
estimates from temperate lakes, obtained from the same method based on
uptake of labelled thymidine or leucine, of the order of a day or week.
Similar work on the productive Lake Xolotian (Nicaragua), however,
indicated a mean doubling time of ~1 week (Bell et al. 1991).

3.4 Decomposition and recycling

Continued availability of primary nutrient resources often depends on the
decomposition of pre-formed biomass. This process is largely carried out
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Fig. 3.39. NAKURU 1973 or* 1974: 1. Brachionus dimidiatus; 2. Brachionus
plicatilis*; 3. Lovenula africana; 4. Leptochironomus deribae; 5. Sarotherodon
alcalicus grahami.

CHAD Eastern Archipelago or *Baga Kawa sta.: 6. Thermocyclops hyalinus; 7.
Moina micrura; 8. Diaphanosoma excisum; 9. Cyclopoids; 10. Calanoids; 11.
Melania tuberculata*; 12. Cleopatra bulimoides®; 13. Bellumya unicolor*; 14.
Corbicula africana. )

AWASA: 6. Thermodiaptomus oblongatus; |71. Diaphanosoma excisum; 18.
Thermocyclops consimilis; 19. Mesocyclops aequatorialis similis.

MALAWTI: 20. Mesocyclops aequatorialis aeq.; 21. Tropodiaptomus cunningtoni,
22. Chaoborus edulis; 23. Engraulicypris sardella (larvae).

TANGANYIKA: 24. Stolothrissa tanganicae.

Double logarithmic plot of production (P) — mean biomass (B) relationships from
five tropical African lakes. Symbols distinguish zooplankton (e), zoobenthos (m)
and fishes (A). Based on data in Vareschi & Jacobs (1984), Lévéque & Saint-Jean
(1983), Mengestou & Fernando (19915), Irvine (19954, b), Allison et al. (1995)
and Coulter (1981).
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by microbial decomposers, although some autolysis and animal digestion
plus excretion will also contribute. The mineralized products in part
sustain further production by recycling, given a re-contact with active
biomass. This re-utilization of old resources is sometimes called ‘regen-
erated production’, as contrasted with ‘new production’ dependent upon
entry of new nutrient resources. Intergrades are of course possible.

An entirely different mode of breakdown of dissolved organic matter
(DOM) is photodecomposition in sunlight. It is associated mainly with
the ultra-violet component and is largely uncharted for tropical inland
waters. The only detailed study has been on the Amazon system (Amon
& Benner 1996), where for the Rio Negro the rates in illuminated surface
water (~4 pmol 17" h™') exceeded those for bacterial decomposition —
although rates for the entire water-column were less. There is also pre-
liminary evidence of a photochemical loss of ‘colour’ in the clear surface
water of Lake Tanganyika (Sarvala & Salonen 19935) and indirect evi-
dence of such loss from water-bodies in northern Australia (Townsend e¢
al. 1996).

More generally, rates of decomposition can be assessed from the asso-
ciated gas exchange (-0, + CO,), from the decrease in mass of parent
stock or from the appearance of products in the medium. Only rarely are
these followed simultaneously and cross-referenced. Measurements on
tropical waters, which are not numerous, relate to four main types of
sub-system.

Open water contains stocks of organic material that are particulate
(POM) and dissolved (DOM). Their decomposition (mineralization)
under microbial action, and respiration of intact organisms that comprise
phytoplankton and zooplankton, are accompanied by oxygen uptake.
The aggregate uptake is often measured under standardized but arbitrary
conditions of temperature and duration — involving bacterial multiplica-
tion — as an index of organic decomposition: biological oxygen demand
(BOD). This measure is not easily related to actual fluxes in situ. A
correlative relationship may however be useful, as in general surveys.

In one productive equatorial lake, Lake George, high concentrations of
particulate organic carbon (~18 mg C 17!) and dissolved organic carbon
(~10 mg C 1”'y are combined with considerable rates of dark uptake of
O,. There is evidence, from chemical inhibitors and size fractionation,
that an appreciable part of the uptake is by heterotrophic bacteria
(Golterman 1971; Ganf 1974a ). Loss rates of total (i.e., dissolved +
particulate) organic carbon and nitrogen by mineralization, measurable
in dark incubations of one or two days, were of a magnitude equivalent



166 Resource utilization and biological production

to that expected from cellular composition and rates of O, consumption
(Ganf 19744). As the particulate concentrations, largely phytoplankton,
did not vary strongly with time, and as mineralized or inorganic nitrogen
did not accumulate, the collective measurements are evidence for an
active recycling.

More specific measurements of N regeneration rates have been made
(Fisher et al. 1988; Morrissey & Fisher 1988) on Lake Calado, an
Amazonian floodplain lake. These involved short incubations after the
addition of ""N-NH," and the determination of its isotope dilution in
total recovered NH4-N by regenerated "N. With a mean value of 0.86
umol NH,-N I7' h™' the regeneration activity at 28-32 °C was somewhat
higher than most values from temperate waters. The regeneration flux
was in near-balance to the uptake flux estimated for natural concentra-
tions of NH4-N in the lake.

Sediments receive and incorporate organic material whose mineraliza-
tion depends on many factors. It might be expected to have most ecolo-
gical influence in shallow waters because of the greater ratio of sediment
area to water volume and opportunities for vertical transport. However,
shallow waters can also be very productive, with intense metabolism —
including mineralization — within the water-mass. For Lake Valencia,
Lewis et al. (1986) believed, from indirect calculations based on bacterial
abundance, that such mineralization would fall short of net phytoplank-
ton production and would leave an organic residue for potential incor-
poration in the sediments. The example of Lake George has already been
mentioned; here Viner (1975b, ¢, 1977b) believed that decomposition
within the sediments was subordinate to that above them and was con-
trolled mainly by the limited penetration of O,. Periodic disturbance of
the surface sediment by wind action was one factor (Viner 19774).
Release of NH4-N and PO,4-P from relatively undisturbed sediment
cores could nevertheless be measured (Viner 1975¢), although absorption
of PO4-P — probably by non-biological mechanisms — was substantial
(Viner 1975d).

Much earlier, Beauchamp (1958, 1964) drew attention to the apparent
resistance to breakdown of sediment from mainly shallow areas of Lake
Victoria, unless pretreated by heating or drying. For this Hesse {19584)
described measurements by respirometry. From personal observation, it
is possible that particularly refractive algal remains were involved, such
as of the genus Botryococcus. Bradley (1966) has given examples from
elsewhere. For Lake Victoria there was a particular interest in the dis-
tribution of SO4-S, a nutrient in exceptionally low concentration in the
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lake water. The belief that there was much unmineralized organic-S in the
sediment (Hesse 1958b) has not been supported (Blomfield et al. 1970).

Although also affected by input quantity, the proportion of organic
material (or C) in Jake sediment will be influenced by rates of mineraliza-
tion (diagenesis). If these rates are generally higher in tropical than in
temperate lakes, a tendency to low levels of organic content could be
anticipated. In practice there seems to be a wide range of values, both
relatively low (McLachlan 1974) and relatively high (Saijo et al. 1991,
Hecky 1993), preventing generalization. The topic has economic interest
in relation to the possible accumulation of petroleum precursors — kero-
gens — in tropical lake sediments (Fleet et al. 1988).

The variation of organic-C with depth in the sediment is also partly
dependent on rates of mineralization. Profiles from two Amazonian
floodplain lakes, with cores dated by 2'°Pb, were used by Devol, Zaret
& Forsberg (1984) to model the depth-distribution of rates and hence
deduce, by integration, average rates of C oxidation per unit area.

As decomposition in sediments is primarily by bacterial activity, inde-
pendent measures of such activity are of comparative value. Ahlgren et
al. (1997) assessed bacterial production by incorporation of added ’H-
thymidine, and compared this in two Swedish lakes (at 10 °C) and two
Nicaraguan lakes (at 30 °C). Rates in the 0—10 cm layer were of similar
magnitude (about 30-80 mg C m~2 day™!) in the two sets. Values from
the Nicaraguan lakes were much smaller fractions of the corresponding
phytoplankton production and of estimated pelagic bacterial production.
Despite the higher temperature they yielded lower estimates of mean
specific growth rate. It was suggested that the activity was temperature-
limited in the temperate lakes and substrate-limited in the tropical lakes.
In part these intensity and capacity aspects must coexist and operate
interactively.

Macrophytes introduce organic material with subsequent decomposi-
tion that is important in many shallow waters, as the parent biomass
density is high. The nature of the material aids its standardization and
the subsequent measurements. ‘Litter bags’ are often used, but are open
to several artefacts (Robarts 1987). World-wide comparisons as well as
inter-tropical ones are available (e.g., Howard-Williams & Davies 1979;
Howard-Williams & Junk 1976; Furtado & Verghese 1981; Gaudet &
Muthuri 1981a, b; Esteves & Barbieri 1983; Petersen 1984; Polunin
1984; Pearson et al. 1989; Junk & Furch 1991; Furch & Junk 1992;
Leguizamon et al. 1992; Gupta et al. 1996). As the decay of biomass is
often approximately exponential with time, although frequently diphasic
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with a rapid initial phase of ionic leaching (Howard-Williams & Howard-
Williams 1978), the time taken to reduce the initial biomass (as dry
weight) to half has been used as a comparative parameter (Howard-
Williams & Davies 1979). Values, with temperatures, include 100, 12
and 10 days for Salvinia auriculata, Paspalum repens and Eichhornia
crassipes, respectively, Central Amazonia, 25-34 °C; 93 days for Typha
domingensis, Lake Chilwa, 26 °C; and 35 days for Potamogeton pectina-
tus, Swartvlel (temperate South Africa), 15-26 °C. There is clearly an
overwhelming influence from the more or less refractory character of
the initial matenal, also reflected in associated respiratory activity
(Olah et al. 1987), and some influence from coexisting invertebrates
(Petersen 1984), but also a trend to shorter times (i.e., higher specific
rates of decay) in warmer tropical conditions. Decomposition can be
held up by a microbial need for elements other than C, and which -
like N — may be immobilized in the microbial biomass itself.

Inputs to freshwaters of terrestrial plant material occur world-wide,
especially as leaf-fall. They are particularly significant for forest lakes,
and in most streams and rivers. Tropical situations are affected by the
altered, and often much reduced, periodicity of leaf-fall. This is illustrated
in the comparison of Dudgeon & Bretschko (1995, 1996) between flowing
waters of Central Europe and South East Asia. In the latter region there
are some estimations of early breakdown products as coarse and fine
particulate organic matter (CPOM, FPOM), important as food for
some collector-species of the zoobenthos.

Further decomposition can accentuate O, depletion in both standing
and running waters, and augment primary nutrients. This has occurred
on a large scale in the early flooding phase — with drowned vegetation — of
tropical man-made lakes that include Kariba in Africa (Fig. 5.32) and
Brokopondo in South America (Fig. 5.6). For one Amazonian reservoir,
Tucurui, decomposition of the plant material has been modelled with a
distinction of three fractions of differing biodegradability (Pereira et al.
1994). Fungi, rather than bacteria, may be principal decomposers, espe-
cially in waters with low pH. Padgett (1976) substantiated their role in a
rainforest stream of Costa Rica, where exposed leaf discs were attacked
and often lost half their dry weight in ~12-16 days. There are intergrades
between detrital inputs from terrestrial plants and those from swamp
vegetation. Examples of the latter are inputs from the areas of Typha
domingensis that surround and influence Lake Chilwa (Howard-Williams
1979¢), and from the marginal drawdown region dominated by Cyperus
immensus at Lake Naivasha (Gaudet & Muthuri 19814, b).
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Animal excretion is another source of mineralized products, especially
NH,4-N and PO4-P. Three studies of their production in pelagic environ-
ments by zooplankton have been considered in Section 3.2. This source
was estimated to be quantitatively minor in lakes Titicaca and Calado,
but highly significant in Lake George. Some animals are a means of
transfer to water of products derived from terrestrial plant production.
Examples that have been studied quantitatively in Africa are the hippo-
potamus at Lake George (Viner 1975¢; Chapter 5.2i) and herbivorous
ungulates at Lake Kariba (McLachlan 1971). The occurrence of the
excretory product urea, and its relation to phytoplankton activity, have
been followed by Mitamura et al. (1995, 1997) in some Brazilian lakes.
There uptake and decomposition of urea appeared to be mainly by phy-
toplankton rather than bacteria and led to estimated turnover times as
short as two days in the dry season. Excretion of organic material by
migrating zooplankton may increase microbial activity during the night,
measured by thymidine uptake, in the Ebrié lagoon (Torréton et al.
1994). Another and more drastic form of migration, the emergence of
adult insects through the water surface (e.g., in clouds of lakeflies), con-
stitutes an export of biomass and nutrients.

Recycled products may be taken up rapidly, or accumulate locally
before use. Accumulant regions include most hypolimnia (examples in
Fig. 2.36) and the interstitial fluid of sediments. In deeper lakes, re-use
from deep accumulations is favoured by transport in vertical mixing.
Lewis (1987, 1995) has suggested that a greater frequency of partial
mixing (atelomixis) in deep tropical lakes will increase the effectiveness
of recycling and hence primary production.

A tropical condition of ‘endless summer’, i.e., indefinitely long growing
season, was considered by Kilham & Kilham (1989) to imply that
recycling was more continuous and preponderant in tropical than in
temperate lakes. In other terminology, ‘new production’ from externally
introduced nutrients was relatively less important than ‘regenerated pro-
duction’ based- on recycled nutrients. This generalization would be
further supported if the available nutrient stock (e.g., the elements N
and P) were more bound up as biomass in tropical waters that have
fewer physical limitations to seasonal growth. However, the factors of
hydrological input and water throughput with reduced retention time,
and growth limitation in turbid waters, would locally negate the sup-
posed relationship.

Specific rates of respiration and of microbially mediated decomposi-
tion are positively temperature-dependent, and given an adequate capa-
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city factor of available substrate are likely to be high in most tropical
freshwaters. This supposition can be quantitatively developed by project-
ing rate—temperature relationships based on the van’t Hoff (Qq) or
Arrhenius formulations to relationships between temperature regime
and latitude. In this way, Lewis (1987, 1995) employed a Qo factor of
2.0 to estimate how, assuming excess substrate, rates of deep-water
(hypolimnetic) O, depletion and nutrient regeneration might be trans-
formed in the lowland tropics. Long ago, Ruttner (19315) drew attention
to the implications, for deep anoxia, of accelerated rates of decomposi-
tion and O, uptake in tropical lakes. More recently, the unexpected
development of hypolimnetic anoxia in an unproductive but warm tro-
pical Australian reservoir was used by Townsend (1995) to illustrate
relationships between temperature, rate of O, depletion and inception
of seasonal anoxia.

~ 3.5 Food webs
(a) Food chains and food webs

Extended possibilities for the transfer of material and energy arise from
sequential linkages of individual trophic transfers, autotrophic and het-
erotrophic. Such systems of linkage are most easily characterized if they
are linear and unbranched food chains, each supported by an autotrophic
base of primary production, followed by primary, secondary, tertiary
(etc.) consumers in a hierarchy of trophic levels. Flow of material and,
more irreversibly, energy between levels could then be assessed (after
Lindeman) by transfer efficiencies for species-populations and total com-
munity.

This approach based on assigned trophic levels is often incapable of
operational application to complex natural communities. One reason is
flexible feeding habits. For example, plankton-eaters may consume both
algae and zooplankton; a predator like the Nile Perch in Lake Chad (Fig.
3.43) consumes prey fishes that are mainly herbivorous (e.g.,
Sarotherodon galilaeus) or mainly zooplanktivorous (e.g., Alestes bare-
moze); and successive stages in the development of the Tigerfish,
Hydrocynus, shift in diet from zooplankton to insects to fishes
(Lauzanne 1983). Such multiple linkages convert, or incorporate, a linear
food chain into a food web and the ‘trophic level’ of a component
depends on the average character of its food. Thus intermediate, frac-
tional, values can be assigned (e.g., Fig. 3.45).
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For several reasons, including the mechanics of ingestion, average
individual size tends to increase along a food chain. However, several
successive transfers can occur within the microbial size range (e.g., bac-
terium — heterotrophic flagellate — ciliate), from which transfer to lar-
ger animals may not be appreciable. This ‘microbial loop’ has recently
attracted much attention in aquatic science, but intensive quantitative
studies on tropical lakes and rivers seem to be lacking. Finlay et al.
(1987) established its significance in the Kenyan soda lakes of Nakuru
and Simbi; they measured high concentrations of organisms and indir-
ectly estimated large trophic fluxes per unit volume. Among very large
and very deep tropical lakes, Lake Tanganyika is notable for the frequent
abundance of ciliates, especially Strombidium, in the plankton (Hecky &
Kling 1981, 1987). Some also bear pigmented symbiotic algae, or possibly
adopted (sequestered) plastids, so blurring the traditional distinction
between primary and secondary producers. In another African rift
lake, Lake Malawi, the abundance of ciliates in the plankton was variable
or disputed (Hecky & Kling 1987; Bootsma 1993a, b; Patterson &
Kachinjika 1995), in Lake Victoria vorticellids and tintinnids were
often conspicuous (Talling 1966 and unpublished).

The combined availability of solar radiation and hydrogen sulphide
can lead to depth-strata with abundant photosynthetic sulphur bacteria.
These, rather than algae or higher plants, may then function as food
sources to zooplankton. Caumette et al. (1983) describe one example
from a bay of the Ebrié lagoon in West Africa.

Lake Chad exemplifies a large tropical lake with quantitatively abun-
dant and qualitatively diverse communities of plankton, macrophytes,
zoobenthos and fishes, in which the food web has been much studied.
A summary for one lake subregion by Lauzanne (1983) is shown in Fig.
3.40. Here feeding links in the fish fauna have two main bases, in detri-
tivory and planktivory. Detritivores are mainly bottom-feeders, some of
which also utilize the rich zoobenthos of insects and molluscs.
Planktivores diverge between mainly phytoplankton consumers (espe-
cially Sarotherodon galilaeus) and mainly zooplankton consumers (espe-
cially Alestes baremoze). As already mentioned, an intermediate fish
predator is Hydrocynus forskalii and a top-predator Lates niloticus.

The general character of some other food webs can be seen from Figs.
3.41, 3.44 and 3.45, which illustrate quantitative studies of biomass and
trophic transfers in other tropical lakes. Recent work has also examined
the food-web structure in a Sri Lankan reservoir (Piet et af. 1994 and in
press), and the impact on such structure of the African cichlid fishes now
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widely introduced in South East Asia (Moreau in press). Webs are some-
times comparatively simple with few major species-components. In Lake
Nakuru an extreme chemical environment is restrictive, in Lake George a
fluid bottom substratum; in Lake Tanganyika and Lake Malawi the great
depths and deep anoxia separate the pelagic webs illustrated from the
benthic components. One variable is the incidence of detritivory, reduced
in the deep-lake pelagial. Another is the presence or absence of major
invertebrate predators. A third is the significance of macrophyte con-
sumption. This is generally minor considering the large biomasses often
present, especially in shallow waters, but studied examples of appreciable
consumption include that of the snail Pila globosa in an Indian pond
(Haniffa 1977; Haniffa & Pandian 1978).

Probably the most influential of predators in the tropical freshwater
plankton are larval instars of the dipteran genus Chaoborus, whose food
consumption and production has been estimated in lakes Lanao (Lewis
1979), Valencia (Saunders & Lewis 198856) and Malawi (Irvine 19955).
Chaoborus i1s absent from the pelagial of Lake Tanganyika but abundant
in that of Lake Malawi. There it was once suspected to cause a large-scale
diversion of plankton-food resources from the support of pelagic fish
production, a view not supported by later work (Allison et al. 1995,
1996) that showed Chaoborus to be a significant food resource for
some fishes (see Fig. 3.45). Besides Chaoborus, many tropical plankton
communities have much predation by at least one copepod. In Lake
Malawi this is Mesocyclops aequatorialis aequatorialis, whose feeding
impact and production biology have been studied by Irvine & Waya
(1993) and Irvine (19954). Another example is that of the various species
related to Mesocyclops leuckarti. Predatory cladocerans are little repre-
sented in tropical lakes; the common species Leptodora kindti is largely
extra-tropical in distribution, although there is the neotropical L. ama-
zonicum.

The component of ‘predation from above’, of birds on fishes, has
attracted detailed attention in several tropical lakes, including
Bangweulu and Mweru (Bowmaker 1963), Chad (Dejoux 1983b),
Nakuru (Vareschi 1979; Vareschi & Jacobs 1984, 1985), Kariba (Hustler
& Marshall 1990; Hustler 1997) and Malawi (Linn & Campbell 1992).
Its consequences in Lake Nakuru were particularly dramatic, as the intro-
duction of a salt-tolerant fish, Oreochromis alcalicus grahami, in the 1950s
and its subsequent abundance led to a novel abundance of fish-eating
birds, especially Pelecanus onocrotalus. Vareschi & Jacobs (1984)
estimated that they took an annual fish yield, of approximately
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650-2400 kg (fresh weight) ha~! yr™!, that would rank among the highest
yields by commercial fisheries from natural lakes.

Compared to lakes, tropical rivers and streams have rarely been stu-
died for quantitative food-web relationships. The extended and highly
seasonal links in floodplains are illustrated qualitatively by Junk (1984)
for the Amazon.

More abstract properties of food webs, such as the relation between
species number and trophic ‘connectance’, are taken up in a study of
tropical ponds in West Bengal (Deb 1995).

(b) ‘Pyramids’ of biomass

The continued flow of material and energy to higher trophic levels
involves a partial harvesting (interception) of energy and biomass, plus
a replacement of the removed biomass by production. For both these
aspects the biomass density per unit area of habitat is influential. If this is
capable of estimation for entire trophic levels, and compared over suc-
cessive levels in the sequence, a ‘pyramid of biomass’ is conventionally
obtained with a broad base of primary producers — or detrital input from
multiple origins.

Difficulties in assigning biomass to discrete trophic levels, and estimat-
ing densities in spatially heterogeneous communities, have reduced and
qualified the examples available from tropical inland waters. A selection
is illustrated in Fig. 3.41. The highly productive shallow lakes George and
Nakuru have an obvious broad primary base of autotrophic phytoplank-
ton, with much reduced areal biomass at higher levels of secondary pro-
ducers. In Lake Tanganyika the phytoplankton is at low absolute density
and its biomass is similar to that of all subsequent levels of secondary
consumers in the pelagial.

In Lake Chad, and the pelagial of Lake Tanganyika, the phytoplank-
ton is apparently not quantitatively predominant. It is far exceeded in
biomass by emergent macrophytes, with associated periphyton, in Lake
Chad - especially at low water level. This alternative stock of primary
producers will there contribute to higher trophic levels, including detri-
tus-based pathways. For the pelagial of Lake Tanganyika there is no
significant alternative to photosynthetic production. Recent studies
(Salonen & Sarvala 1994) suggest that this goes deeper than was pre-
viously believed. A more radical alternative production, suggested by
Hecky (1984), is that of bacteria based upon stores of reduced substances
accumulated at depth from earlier epochs. However, the evidence for this
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novel trophic support is fragmentary. More probably (Hecky 1991) the
considerable biomass densities of primary and secondary consumers are
achieved by an unusually efficient pathway of more normal feeding rela-
tionships, in combination with reduction in the P/B and C/B parameters
as body size increases along the food chain. For a contrary view, based
on comparison with Lake Kariba, see Machena & Fair (1986). However,
although unusual, the non-pyramidal shape of the estimated biomass —
trophic level profile is not intrinsically impossible.

Since body size and trophic level are related, the distribution of bio-
mass density with increasing body size is relevant for that of biomass
density with trophic level. Especially in pelagic — including oceanic —
systems, there are theoretical and observational reasons for supposing
a fairly non-skewed distribution of biomass density over successive loga-
rithmic increments of body size. An application of this size-distribution
theory has been made by Allison (1996) to the pelagial of Lake Malawi.
Results are expressed graphically in Fig. 3.42, which shows the position
of biomass peaks (per unit band width) contributed by various groups of
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Fig. 3.42. Size-spectrum of biomass abundance (as wet weight WW) in the
pelagial of Lake Malawi. PH, phytoplankton; PH/ZN, phytoplankton +
zooplankton nauplii; ZO, zooplankton; CH/ES, Chaoborus + larvae of
Engraulicypris sardella; PLF, planktivore fishes; PSF, piscivore fishes. From
Allison (1996).
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organisms over an extensive logarithmically scaled spectrum of individual
size.

(c¢) Fluxes in simpler food chains

Quantitative aspects of a relatively simple food chain can ideally be
founded upon parameters defining production (P), consumption (C),
assimilation (A4), biomass (B) and components of mortality (M) in popu-
lations that make up individual trophic levels. At least two energy con-
version steps will be involved, each including efficiency factors (e.g., 4/C,
P/A, P/C) already discussed for individual steps of primary and second-
ary production.

An illustration of calculated potential transmission over two or three
conversion steps can be taken from the work of Lauzanne (1983) on
fishes of Lake Chad. The Nile Perch, Lates niloticus, was considered as
a higher level consumer that could accumulate energy originating in
phytoplankton by two pathways: one via the herbivore and primary
consumer Sarotherodon galilaeus, and one via zooplankton (primary con-
sumer) and the zooplanktivore Alestes baremoze (secondary consumer).
Thus either one or two intermediate trophic levels were involved (see Fig.
3.43). For each consumer a determined assimilation to consumption ratio
(A4/C) was employed to estimate the maximum relative transmission of
biomass energy in the two pathways. This amounted to 5.2% for the
shorter route, but only 1.7% for the longer route.

In natural communities at steady state more interest is attached to the
ratio of production achieved at successive trophic levels 1, 2, 3..., namely,
P,/ P\, P3/P,. Realistic evaluations are few anywhere and especially for
tropical lakes and rivers. The best opportunities are provided by simpli-
fied communities in often extreme habitats and in semi-isolated sectors of
larger water-bodies, such as the pelagial of deep lakes. For tropical
waters there are some intensive quantitative studies of an African soda
lake (Nakuru), and on major components in the pelagial of lakes
Tanganyika and Malawi.

The simplified food web of Lake Nakuru during 1972-73 is summar-
ized in Fig. 3.44. Besides biomass of the individual species-populations,
fluxes of estimated consumption and production are included, all given in
units of energy and referred to unit water volume. The food web com-
prised: (1) an abundant phytoplanktonic primary producer; (i) five sig-
nificant primary consumers of which two (benthic chironomid and
planktonic rotifer) combine consumption of phytoplankton with that
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Fig. 3.43. Lake Chad. Two alternative food chains culminating in the Nile Perch,
Lates niloticus. Numbers indicate estimates of maximum energy transfer,
determined by assimilation efficiency (4/C), as percentages from that in the
primary producers eaten. From Lauzanne (1983).

of detritus plus bacteria in unknown proportions; and (iii) two significant
secondary consumers, both birds. The estimated flux relationships
between these three levels are instructive but in part unusual: the aggre-
gate of primary consumption was ~50% of net photosynthetic produc-
tion, with a resulting production (P;) ~10% of net primary production
(P)). The latter value is probably an overestimate as it neglects support
from the detrital pathway. The secondary consumers, mainly pelican and
Greater Flamingo, had a negligible local production due to young being
reared elsewhere plus high respiratory costs. However, their consumption
was quantitatively important, that of the pelican being estimated to
nearly equal production of the prey fishes.
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Fig. 3.44. Lake Nakuru, 1972-73. Food web expressed by biomass of main
component organisms, rates of production and energy fluxes (arrowed)
consumed at three trophic levels. Arrows with broken outline indicate fluxes of
uncertain size. The bottom bar represents unquantified decomposers plus detritus.
Component species are, sequentially, Spirulina fusiformis as primary producer;
the Lesser Flamingo Phoeniconaias minor, cichlid fish Sarotherodon alcalicus
grahami, copepod Lovenula africana, chironomid larva Leptochironomus
deribae, rotifer Brachionus dimidiatus, corixid Micronecta jenkinae as primary
consumers with some detritivory; and the African Fish Eagle Haliaeetus vocifer,
pelicans Pelecanus spp., Greater Flamingo Phoenicopierus ruber, and the water
bug Anisops varia as secondary consumers. From Vareschi & Jacobs (1985).

The value of ~10% cited above for P,/ P, is also that often quoted as
typical for a production ratio between two adjacent trophic levels.
However, in this case about half the primary consumption is by locally
unproductive adult flamingoes, so that for the remaining primary con-
sumers the figure would be roughly doubled, less an allowance for detrital
support. There is evidence from other aquatic systems, marine and fresh-
water, for ratios of about 15% or more (Blazka et a/. 1980; Hecky 1984),
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making the generalization of ~10% no longer tenable for the most effi-
cient food chains, although otherwise it may still be representative (e.g.,
Pauly & Christensen 1999).

Food webs in the pelagial of lakes Tanganyika and Malawi also sug-
gest high efficiencies for P,/P, and/or P;/P,. For Lake Tanganyika the
evidence centres on the high yields and implied production (P3) of zoo-
planktivorous clupeid fishes, relative to that likely to be achieved by the
phytoplankton (P,) and zooplankton (P,). Unfortunately, the last two
quantities, and especially P, (Burgis 1984, 1986; Hecky 1984, 1991), are
not well known. However Hecky (1991) believed that the ratio of produc-
tion rates between planktivorous fishes and the precursor zooplankton
(i.e., P3/P,) must be ~15% or more. For Lake Malawi there has been
more extended study of P, (Degnbol & Mapila 1985; Bootsma 1993g;
Patterson & Kachinjika 1995) and P, (Irvine 19954), together with that of
fish production at trophic levels P; to Ps. The interrelations have been
modelled quantitatively as a food web (see Fig. 3.45 and Section 3.5d). In
essence the web embodies four or five trophic levels, with upward transfer
from herbivorous zooplankton (especially Thermocyclops cunningtoni)
being partly by planktivorous fishes (especially Engraulicypris sardella)
and subsequent tertiary + levels of predatory fishes, and partly by inver-
tebrate predators (mainly Mesocyclops aequatorialis aequatorialis and
Chaoborus edulis) and subsequent planktivorous fishes and their later
fish predators. The number of levels is sufficiently great to prevent a
markedly high ratio between aggregated fish production and aggregated
zooplankton production. However, the high value of 23.9% was esti-
mated for the ratio of tertiary to secondary (herbivore) production.
The absolute fluxes involved are much restrained by the relatively low
densities of phytoplankton and zooplankton.

Less documented food webs, with some important transfers unquanti-
fied or very indirectly estimated, have been described from other tropical
lakes. Hecky (1984) gives a comparative, and in parts speculative, survey
that includes lakes George, Chad and Lanao, as well as Tanganyika and
Malawi. The first three illustrate the relevant and varying base of biomass
distributions, but do not obviously raise issues of high efficiencies as
production ratios.

(d) Quantitative models of food webs

A food web can be modelled as a network of biomass stocks linked by
fluxes of production and consumption, with contributions to detritus
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(some re-utilized) and respiratory costs. The fewer the species-stock com-
ponents, the more realistic this exercise becomes. As virtually all fluxes
are determined by the biomass-stocks, many input parameters are
expressed per unit biomass. Examples are specific rates of photosynthesis
(¢) and respiration (R), and ratios of production to mean biomass (P/B),
consumption to mean biomass (C/B) and production to consumption
(P/C). Unit area of habitat is usually adopted for estimates of biomass
and fluxes; these estimates can be expressed in units of mass (e.g., dry
weight, fresh weight, carbon) or energy.

A single computerized model, ECOPATH II, has recently been applied
to several tropical lakes — including Malawi, Tanganyika, Chad, George,
Kariba and Turkana (Christensen & Pauly 1993; Allison et al. 1995).
Aspects of transmission to higher trophic levels are emphasized, with
top-down controls incorporating measures of ‘ecotrophic efficiency’ —
the proportion of production by a component that is utilized by further
consumers. Trophic level is assigned according to the proportions of food
from different sources; heterogeneous aggregates like ‘zooplankton’ —
that can be very misleading — are sometimes adopted by default. As
steady-state conditions are assumed, the network of fluxes must be
inter-compatible.

Two applications have been made to the pelagial of Lake Malawi. The
later one, by Allison et al. (1995), based on unusually full data from a
multidisciplinary survey, is illustrated in Fig. 3.45. Of note are the central
role of herbivorous zooplankton, the division of the next trophic level
between one fish and two invertebrate zooplanktivores, and the multiple
food sources used by most subsequent predators. A special study was
made of food consumption per unit mean biomass (C/B) and per unit
area for the main component fishes and their aggregate (Allison et al.
1996). It was calculated that only about 3% of production by the crus-
tacean zooplankton was directly consumed by the fish community, but
that consumption rose to >80% of production of late instars of
Chaoborus larvae and of young of the planktivorous fish Engraulicypris
sardella.

An application of the model to Lake Kariba (Machena et al. 1993;
Moreau et al. 1997) involves a wider range of organisms, including sub-
merged macrophytes and mussels, and both pelagic and benthic commu-
nities. The web diagram depicts a large consumption by mussels,
involving both phytoplankton and detritus, three primary to secondary
fish consumers that include cichlids and the introduced clupeid
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Fig. 3.45. ECOPATH quantitative model of the food web in the pelagial of Lake
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From Allison et al. (1995).

Limnothrissa miodon, and the piscivore Hydrocynus vittatus as a top-
predator.

Both these flow representations are idealized from inevitably incom-
plete data, but do bring interrelationships of biomass stocks and fluxes
into focus.

One component flux is the yield to fisheries, denoted by m, as a com-
ponent of total specific mortality m (units time™") of the species-stock in
question. In an intensely exploited fishery m is an appreciable fraction of
m with — at steady state — an upper fractional limit of 0.5. Actual values
are lower, and though arguable are probably often above 0.1. The esti-
mation of this fraction is obviously of practical importance. A notable
early study was that of Garrod (1963) on a population of the cichlid
Oreochromis esculentus (now very rare) in northern Lake Victoria. In



Food webs 183

this area an extensive use of gill nets introduced a large catch mortality
m, for intermediate age-groups, which could be distinguished by a read-
ing of scale-rings. If absolute mortality in a cohort or age-group is expo-
nential with time, the specific mortality rate can be estimated as the slope
of a plot of log numerical abundance per unit age class against age.
Examples for Limnothrissa miodon from Lake Kariba appear in Fig.
3.46. Here, for 1983, the estimate of total specific mortality was 1.15
month™' and its natural component 0.7 month™' (Marshall 1987).

(e) Fish yield related to primary production

Various attempts have been made to correlate commercial fish yields with
biological and environmental factors on a world-wide scale. Among these
factors, daily rates of photosynthetic production per unit area by phyto-
plankton have been widely considered. The foundation study for the
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Fig. 3.46. Catch-age relationships over successive years for the clupeid fish
Limnothrissa miodon in Lake Kariba. Age was calculated from successive 3
mm-incremental length classes; catch is calculated as numbers per unit age
interval, N/At, and plotted logarithmically. For the solid points, with age-
classes most reliably sampled, linear fitted gradients were used as estimates of
total mortality m (month™"). Modified from Marshalt (1987).
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tropics is by Melack (1976), who combined information from Africa and
India. The result (Fig. 3.47) was a strong positive relationship. Here the
logarithm of fish yield increases linearly with gross photosynthetic pro-

duction, implying that the yield (now based upon exceptionally high
" values from waters near Madras) rose sharply at higher levels of primary
production. Viewed in relation to photosynthetic biomass, these levels
would be restrained by self-shading behaviour and the derived net pro-
duction by increased respiratory loss. Prowse (1964) demonstrated these
two restraints in fertilized fishponds at Malacca, Malaysia and evaluated
fish production (largely tilapiine) as 1.0-1.8% of net photosynthetic pro-
duction when based upon energy content.

Later correlation studies have partly considered further tropical situa-
tions (e.g., Lake Bangweulu: Toews & Griffin 1979; Lake Tanganyika:
Hecky et al. 1981) and partly a wider range of lakes from high to low
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Fig. 3.47. Relationship between annual fish yield (fresh weight, logarithmic scale )
and gross photosynthetic production by phytoplankton in tropical lakes and
reservoirs of Africa (a) and of India near Madras (e). Regression lines are
inserted. From Melack (1976).
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latitudes (Downing et al. 1990; Downing & Plante 1993). The
Tanganyika data pointed to an exceptionally high ratio of fish yield to
photosynthetic production as already discussed (Section 3.5¢). World-
wide the correlation of yield (FY, units kg wet weight ha~' yr™') and
photosynthetic production (PP, units g C m~2 yr~' — interpreted as net
rates) had a greater scatter because of other climatic variables, but could
be summarized by a log/log regression:

log, FY = 0.600 + 0.575 log,, PP (3.15)

that differs from the log-linear relationship of Melack.

As a predictive guide, the relationship to planktonic photosynthetic
production will be weakened if other sources of primary production are
heavily involved. Examples could be aquatic macrophytes that are con-
sumed directly or contribute detritus that sustains invertebrate or fish
detritivores.

The previous positive relationships generally suggest a predominant
control by ‘bottom-up’ relationships. The opposite possibility of control
by ‘top-down’ grazing relationships cannot be excluded in specific cases.
Experimental enclosures in Brazilian reservoirs with and without plankti-
vorous fish have provided some evidence, albeit scanty (Northcote et al.
1990; Starling & Rocha 1990). Enforced exclusion of fishes can thus reduce
phytoplankton through enhanced grazing by zooplankton. The latter effect
can also be obtained by manipulating concentrations of zooplankton, asin
the field experiments by Weers & Zaret (1975) in Gatun Lake, Panama.

(f) Chemical tracers

The sources of food to consumers cannot always be recognized visually
and distinctive chemical features can provide useful evidence. Among
these rank the relative depletion or enrichment in the heavy isotopes
BC and N, expressed as 8'°C and 8'°N in parts per thousand.
Applications have been made to potential foodstuffs and animals in the
Amazon and-Orinoco rivers and in two African lakes.

Both rivers bear abundant stands of macrophytes, especially as float-
ings mats, that have distinctive and varied levels of 8"*C according to
whether C, or C; photosynthetic metabolism is involved. This vegetation
will contribute substantially to organic detritus. In the Amazon, detriti-
vorous fishes are strongly represented, but the 8'3C values of one major
group — the Characiformes — points to a predominance of micro-algae
rather than macrophytes as the ultimate C-source (Araujo-Lima et al.
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1986). The same conclusion was reached on still stronger isotopic evi-
dence from the Orinoco (Hamilton et al. 1992), involving both 8'3C and
8'"°N values and a wider range of animals, invertebrate and vertebrate.
Correspondence and non-correspondence in isotopic composition are
shown in Fig. 3.48; some allowance is required for a small metabolic
elevation of 8'°N that occurs during N-assimilation by consumers.
Later work on the Amazon floodplain (Forsberg et al. 1995) has
shown, however, that both C; and C4 macrophytes can contribute con-
siderably to the carbon of invertebrate and fish consumers — although the
contribution from C, grasses was small relative to their abundance.
However, this source. of carbon appeared to provide the major part
(mean §9%) of that metabolized by planktonic heterotrophic bacteria
in an Amazonian floodplain lake (Waichman 1996). The application of
isotope analysis to Lake Malawi has demonstrated, or confirmed, the
importance of benthic plant and animal production for the feeding of
nearshore fishes (Hecky & Hesslein 1995; Bootsma ef al. 1996). Diffusive
limitations of CO, fluxes by unstirred boundary layers, and bulk deple-
tion by photosynthesis, might increase the relative incorporation and
hence later transfer of the heavier '*C isotope, here and in Lake Kyoga.

A quite different isotope, radioactive 2p, was used by Walker et al.
(1991) to label vegetable litter with fungal decomposers in a backwater
river of the Amazon system. A transfer was followed to invertebrate
consumers, including decapod shrimps and fishes; their movements
from the source of input were limited. Lastly, there has been transmission
and unwelcome persistence in food webs of chlorinated hydrocarbons
(e.g., the insecticide DDT) introduced by man. Accumulation occurred
especially in the tissues of top consumers, such as the African Fish Eagle
(Haliaeetus vocifer) in the ecosystem of Lake Kariba, where concentra-
tions and fluxes have received detailed study (Berg 1995).

In such ways, chemical tracers can provide a direct indication of mate-
rial flow along food webs. The webs themselves are a summary of qua-
litative relationships (e.g. Fig. 5.36) and potentially an integration of
compatible quantitative (flux) relationships (e.g., Fig. 3.45). The latter,
rarely available, would ideally resolve the relative importance of ‘bottom-
up’ (or nutrient-regulated) versus ‘top-down’ (or predation + grazing
regulated) control. These two controls can be separately illustrated by
tropical situations of considerable economic interest — as in the linkage of
primary production and fish-yield characteristics, and the impact of the
introduced predator Lates niloticus on its cichlid prey in Lake Victoria.
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Patterns of environmental change with time

Here we examine time-variability at various levels in tropical inland
waters, and explore the proposition that a tropical location can confer
distinctive possibilities for such variability. We seek to provide a general
survey of ecosystem variability over a broad spectrum of time scales, with
reference to environmental driving variables and to innate characteristics
of biological response. Most ecological studies have included some
account of time-relations at individual sites. More generalized treatments
of tropical time-variability are scanty. In them are represented general
freshwater seasonality (Payne 1986); population-time relationships over
wide geographical regions for phytoplankton (Melack 1979«; Ashton
1985a; Talling 1986), macrophytes (Mitchell & Rogers 1985), inverte-
brates (Hart 1985) and fishes (Lowe-MéConnell 1975, 1987); and the
latitudinal control of environmental seasonality in lakes (Talling 1969,
1992; Lewis 1987, 1995).

Time-variability involves two components, relating to period/
frequency and to amplitude or range. Analyses of the latter are normally
framed in absolute units, as of energy flux or stock density, but for
comparative purposes relative ratios or derived logarithmic units (e.g.,
Talling 1986) can be more useful. Frequency is important in two ways: its
absolute magnitude determines whether or not processes with circum-
scribed response times will be involved (e.g., the limnological spectrum
lustrated by Harris 1986), and its high or low variability distinguishes
between near-random or regular cyclic behaviour. Either of these short-
term behaviour patterns can be compatible with progressive or longer-
term change; the latter can also arise from unique, singular events such as
the creation of a reservoir or a biological introduction.

The treatment of time-variability begins here with primary environ-
mental causes and their expression on various time scales. Responses
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are then considered, that are expressed in chemical, biological and system
variability. Besides response, biological innovation must also be taken
into account.

It is often useful to distinguish between immediate or proximate, and
ultimate, causes and factors. This is straightforward in relatively simple
environmental systems of variability, such as for lake level and preceding
rainfall as determinants of an outflow discharge. More complex cases
arise in biological systems involving higher organisms, wherein co-ordi-
nations of sensory responses allow a normally reliable (i.e., well corre-
lated) proximate factor to act as cue or ‘trigger’ for subsequent
behaviour, often in reproduction. Examples in tropical freshwaters
have been discussed by Chutter (1985) and Payne (1986).

4.1 Quantitative characterizations of time-variability

Although the analysis of time-series is now a well-established discipline
(e.g., Chatfield 1984) with ecological applications (e.g., Platt & Denman
1975), there have been few applications to tropical freshwater ecology
other than in the purely hydrological background. For the latter, refer-
ence can be made to the books of Balek (1977, 1983) and Bonell et al.
(1993). Tropical records exist of up to 100 years for rainfall, and river and
lake levels. Issues of wide concern include long-term trends, periodicities
by spectral analysis, coherence between records at widely separated sites
and the probability for specified values.

Examples of the time-variability of lake- and river-levels appear in
Chapters 2.2 and 4.3b. Balek (1983) considered that evidence of period-
ism 1in river discharge with periods > 1 year increases towards the equa-
tor.

In tropical freshwater biology, data sets for long-term series ( > 5 years)
are mainly represented by fish-catch statistics and palaeolimnological
studies. Although the former are generally of low accuracy, some have
been used to derive parameters of population change, including long-
term changes of mortality components (e.g., Garrod 1963).

Some intensive studies have been made of quantitative interrelation-
ships within pelagic lake environments sampled for one or a few years.
Thus various annual environmental and planktonic sequences in Lake
Titicaca were examined by Richerson et al. (1986, 1992) and Richerson &
Carney (1988) for auto-correlations (i.e., tendency to repeat similar
values) given time lags of 0—-12 months. Some results are illustrated in
Fig. 4.1. Year-to-year differences in the time-variation of phytoplankton
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biomass were high and the corresponding auto-correlation low. The out-
standing auto-correlations were positive for solar radiation income and
vertical temperature difference at a lag of 12 months, implying a predo-
minant role of the former in the annual stratification cycle. In contrast,
the auto-correlation between radiation and rates of primary (photosyn-
thetic) production was low, unlike the situation in some temperate lakes
similarly analysed. Later data from the more frequently mixed Puno Bay
of Lake Titicaca (Vincent et al. 1986) also indicated a minor relationship
between mean monthly variances of primary production rates and solar
radiation, unlike the stronger relationship from the temperate lakes that
were compared.

Records for phytoplankton of one or a few years duration have been
treated to derive various quantitative measures of species-succession rate.
Data for the tropical lakes Victoria, Lanao and Titicaca have been so
used. Limited comparisons with north temperate lakes indicated lower
values of overall succession rate in Victoria and Titicaca (Williams &
Goldman 1975; Richerson & Carney 1988). In Lanao, and probably else-
where, the index of succession rate is clearly correlated with rates of
absolute change in biomass (Lewis 1978b). Lewis (1978a, 1986a) has
also analysed records of up to five years to obtain trends of successional
sequence, following vertical mixing, of diatoms — green algae — blue-
green algae — dinofiagellates that he considered to be of probable wide
application among tropical lakes. For African waters, the sequence dia-
toms — blue-green algae is widely recognizable (Talling 1986); under
some circumstances relatively invariant green algae might — passively —
form an intermediate stage.

4.2 The diel (24 hour) cycle: radiation control and environmental
consequences

The diel 24-h cycle is established by the predictable variations of solar
elevation and photoperiod (daylength), that of the latter being minimal at
the equator (£ 1 min). The diel regularity of the solar radiant flux density
is naturally greatest under clear-sky conditions. The highest value, and
hence diel amplitude, of the solar radiant flux density at perpendicular
incidence is approximately 1.09 kJ m™2s~' (= 1.09 kW m~2 or 1.56 cal
cm™2 min~"), assuming a transmission factor per unit air mass of 0.8 and
mean solar constant of 1.36 kJ m™2 s™! (1.95 cal cm™2 min~h).

For tropical freshwaters, the most widespread and generally influen-
tial correlate of the diel radiation cycle is the diel temperature cycle. It
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was first given limnological study in Africa by Worthington (1930) and
has been a component of virtually all later diel work. The relationship
between the diel radiation and water-temperature cycles is complex,
although gross correlations that may include a time-lag of temperature
are often recorded. Temperature is related to a ‘stock’ quantity of heat
content per unit area, changes in which are the resultant or residual
from energy flux densities that also include long-wave radiative
exchange upwards and downwards (resultant = net ‘back-radiation’),
the conductive + convective transfer of sensible heat down an air—
water temperature gradient and the latent heat of evaporation. A com-
prehensive diel energy budget that includes all these terms has rarely
been attempted for tropical freshwaters. The information available is
summarized in Chapter 2.1.

Except in completely mixed shallow water-bodies, the diel temperature
cycle is liable to evoke a diel cycle of density stratification near the water
surface, with a diel reduction of vertical eddy diffusivity — quantified for
Lake Titicaca by Powell er al. (1984). For a given heat storage, such
stratification is enhanced by the more rapid changes of water density
with temperature at high tropical temperatures. If the modifying weather
factors listed above change, corresponding differences between successive
stratification cycles will result (examples in Talling 1957a; Melack &
Kilham 1974; Montenegro-Guillén 1991). Of these modifying factors,
wind especially is liable to its own diel cycles that may differ from, and
interact with, the radiation cycle. Thus the strongest wind action usually
occurred in mornings at Lake Chad (Carmouze, Chantraine & Lemoalle
1983), late afternoon at Lake George (Viner & Smith 1973) and Lake
Nakuru (Vareschi 1982), and by night at the Jebel Aulia reservoir
(Talling 1957a). Otherwise, in wind-sheltered situations that include cra-
ter lakes (example in Fig. 4.2) and forest lakes, stratification is enhanced
and nocturnal mixing reduced. Results for one Amazonian forest lake,
Lake Calado ‘suggested that penetrative convection [induced by surface
cooling and of widespread significance: see Chapter 2.3] makes a major
contribution to the diurnal mixing cycle’ (MacIntyre & Melack 1988).

In most tropical lakes of moderate depth, the stratification of diel period
is superimposed upon another of annual period. Interrelations between the
two are exemplified by the systematic observations of Kannan & Job
(1980b) on a reservoir in southern India. Thus night-time mixing can
destroy a diel thermocline but leave a deeper seasonal thermocline. In
some well-studied crater lakes the diel stratification is superimposed
upon a persistent, possibly inter-annual; density stratification that is
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Fig. 4.2. Depth-time variation of (a) temperature and (b) dissolved oxygen (con-
tours) in the crater lake Aranguadi, Ethiopia, 30 October—1 November, 1964,
under conditions of diurnal thermal stratification. From Talling et a/. (1973).

stabilized by increased solute concentration at depth. Examples are lakes
Sonachi (Melack 1981; Maclntyre & Melack 1982) and Simbi (Melack
1979h; Ochumba & Kibaara 1988) in Kenya, and the subtropical
Pretoria Salt Pan (Ashton & Schoeman 1983, 1988) in South Africa.

4.3 The annual cycle: control by radiation, water and wind regimes

The annual cycle, now of period 365.24 days (but varying over geological
time), is ultimately derived from earth—sun relationships. These operate
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through incident radiation as the ultimate agent of intra-annual change
or seasonality. However, proximate control of tropical freshwater envir-
onments can be conveniently divided between more direct effects of solar
radiation (e.g., temperature) and more indirect effects associated with air-
mass circulation and water-balance.

(a) Radiation regime dominance

The world-wide seasonality of solar radiation input as a function of
latitude can be precisely calculated for a horizontal plane above the
atmosphere (e.g., List 1951). It is only slightly modified below clear-sky
conditions, which can be approximately represented (neglecting spectral
variation) by a transmission coefficient per unit air-mass of 0.8; resulting
contours for daily radiation income related to latitude and season are
shown in Fig. 4.3. Here the seasonal patterns for the Northern and
Southern Hemispheres are not exactly symmetrical, and the seasonal
range of monthly mean radiation is least not at the equator but about
latitude 3.4° N (Linacre 1969). Even at 20° N, near the limit of the
tropics, the seasonal range of daily radiation income is low, indicated
by a ratio between maxima and minima of 1.73:1 (cf. 10.7:1 at 50° N),
the corresponding difference in daylength is 2.4 h. The seasonal maxima
and minima of daily solar radiation differ in their relations to latitude.
The maxima are relatively insensitive to latitude, whereas the minima
decrease markedly with increasing latitude.

Under actual tropical conditions, seasonal and irregular variations in
the interception of solar radiation by cloud and also dust (Monteith 1972
gives African examples) can greatly modify the ideal latitude-dependence.
In Fig. 4.4, a latitudinal series of recorded seasonal changes in monthly
means of daily radiation income is shown, from sites in Africa. Reduced
values at the times of cloudy-rainy seasons (marked by * in Fig. 4.4) are
widespread. These may accentuate latitudinal ‘winter’ minima or — more
often — introduce new minima at other seasons, as occurs around June
(summer solstice) near Addis Ababa, Ethiopia and in the southern Sudan
(Griffiths 19724).

As in the diel cycle, higher radiant flux density generally leads to a
positive energy balance of a water-body and hence, with some time-lag,
higher water temperature. The correlation between seasonal cycles of
radiation income and surface water temperature is considerable over
wide latitudinal ranges that include the subtropics; an example for
Africa is shown in Fig. 4.4. This, with other latitudinal sequences of
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Fig. 4.3. Distribution with latitude and season of flux densities (in cal cm~2 day)
of solar radiation under clear-sky conditions, calculated for an atmospheric trans-
mission factor of 0.8 per unit air-mass. SD, solar declination; EQ, equinox; SOL,
solstice. From Deacon (1969).

temperature from the neotropics and Australasia (Fig. 4.5), show the
inevitable inversion of seasonal pattern in the Southern Hemisphere.
Within the tropics the seasonal amplitude of temperature change is
reduced and the relationship with solar radiation income more uncertain.
For example, Wood et al. (1976) recorded the annual minimum tempera-
ture in some Ethiopian crater lakes during a season of maximum solar
radiation but low humidity and suggested that increased evaporation was
an important factor for the cooling. Regular seasonal cooling can be
associated with dry cool winds. One is the North East harmattan blowing
near the winter solstice from semi-desert regions of West Africa, which
led to a sudden fall of daily minimum air temperature and mixing in a
small Nigerian savanna lake (Hare & Carter 1984: see Fig. 2.14). By
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Fig. 4.4. Annual variation of surface water temperature (left) and solar radiation
(right) for lakes and reservoirs of differing latitude in Africa. *denotes marked
reduction during the rainy season. From Talling (1990).

contrast, in the humid tropics — where net back-radiation is reduced — the
amplitude of seasonal temperature variation in surface water is typically
less. In the drier tropics, a cloudy-rainy season will reduce both incoming
solar radiation and outgoing net back-radiation, so that the seasonal
pattern of surface water temperature 1s likely to vary more regularly
with latitude than does solar radiation (Figs. 4.4, 4.5). However, mon-
soonal wet seasons can lead to a regular depression of surface water
temperature, as in the Indian reservoir illustrated in Fig. 4.5. There are
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Fig. 4.5. Annual variation of surface or near-surface water temperature in lakes of
differing latitude in (@) Central and South America, (b) Australasia. Data from
Laiz et al. (1993b), Lewis (1983a), Richerson (1992), Tundisi et al. (1978), Henry
(1993); Hodgkiss (1974), Sreenivasan (1974), Lewis (1973), Fatimah M. Yusoff
(personal communication), Osborne & Totome (1992), Hawkins (1985). The years
selected were, respectively, 1989, 1977, 1973, 1975, 1988-9; 1969, 1962, 1970-1,
1992, 1988-9, 1982. For Lake Kutubu vertical bars indicate diel ranges.
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then two minima of temperature over the annual cycle, corresponding to
the hemispheric winter and to the wet (e.g. monsoon) season. These are
analysed in terms of surface energy fluxes by Townsend et al. (1997) for
two reservoirs in northern Australia; where the second minimum may be
lacking in years when the monsoon period is brief. In equatorial regions,
this depression may be the lowest of the entire year, as in Cameroon lakes
of West Africa where vertical mixing is favoured in a season remote from
the hemispheric winter solstice (Kling 1987).

The solar radiation—temperature relationship is open to further mod-
ification when the spectrum of oceanic to continental climates is consid-
ered, as well as the rather regular and now much discussed relationship
(Fig. 4.6) between deep-water temperature and altitude (Léffler 19684, b;
Lewis 1973, 1987; Talling 1990, 1992; Kling et al. 1991). Figure 4.6 shows
the decline of deep-water temperature with altitude, both in deep lakes
world-wide and in a series of shallow African lakes. In deeper tropical
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Fig. 4.6. Decrease with altitude of near-bottom temperature measured in (a)
tropical lakes exceeding 10 m depth, (b) various shallow tropical African water-
bodies. Bars indicate annual ranges. Data in ¢ from various authors, b from
Talling (1992).
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lakes, the corresponding temperature in bottom-water tends to be lower,
because of longer isolation. Seasonal changes of temperature and strati-
fication have rarely been followed in tropical lakes at very high altitude
(>4000 m); Banderas Tarabay et al. (1991) describe an example from
Mexico subject to surface cooling in winter and complicated by a volcanic
heat source at depth. Miihlhauser ef al. (1995) describe another from
northern Chile. In general, the amplitude of seasonal change in tempera-
ture increases towards the centre of a continent (‘continentality’). In the
tropics, this is less marked than at higher latitudes, especially (Ratisbona
1976) in the humid Amazon basin. Increases in altitude can lead to con-
siderable amplitudes of temperature change, especially on a diel basis,
about lowered mean levels that are otherwise atypical of tropical fresh-
waters. Lake Titicaca is the most studied example. Here the temperature
of surface water, ranging between ¢. 11.5 and 16 °C, has a regular sea-
sonality (see Fig. 4.7) influenced by wet and dry seasons and a wind
regime, with net back-radiation and evaporative loss as major and sea-
sonally variable components of the energy balance (Carmouze 1992).
Just as the net access of thermal energy to a water-column by day can
lead to a diel temperature/density cycle of stratification, so can net access
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Fig. 4.7. Lake Titicaca, Andes. Depth-time diagram, with isotherms in °C, show-
ing successive annual cycles of thermal stratification in the upper part of the lake
during 1973-76. From Taylor & Aquize (1984).
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over longer periods (as the summed residuals of diel balances) lead to
seasonally persistent stratification. The last is not likely to develop in
most very shallow lakes, which mix frequently under the influence of
wind stress and convection. However, it is inevitable in all sufficiently
deep water-columns and favoured in climatic regimes of low wind stress
or marked local shelter (e.g., forest lakes, sunken crater lakes). Thus
exposure to occasional strong winds, with long over-water action or
‘fetch’, is probably mainly responsible for the limited development of
thermal stratification in the African rift lakes Albert (Talling 1963;
Evans 1997) and Turkana (Hopson 1982; Liti et al. 1991) of mean
depth >20 m. Conversely, seasonally persistent thermal stratification is
possible in small shallow lakes, of mean depth sometimes <6 m (e.g., Opi
Lake, Nigeria: Hare & Carter 1984), that include sheltered crater lakes in
Africa (e.g., Melack 1978) and forest lakes in Brazil (e.g., Barbosa &
Tundisi 1980, 1989; Maclntyre & Melack 1988). Thermocline depth
then varies from day to day under the influence of preceding meteorolo-
gical conditions; Maclntyre & Melack (1988) provide a detailed two-year
study for one Amazonian floodplain lake (Fig. 4.8).
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Fig. 4.8. Lago Calado, Amazonian floodplain, November 1983-November 1984.
Time-variability in the depth measured at ¢. 06.30 h of the thermocline, shown in
relation to the maximum depth of the lake — discontinuous line. Points super-
imposed on the latter indicate a vertically mixed state. From MaclIntyre & Melack
(1988).
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The origin of the relatively cool deep water is usually traceable back to
a preceding overall cool state with more complete vertical mixing (e.g.,
Lake Victoria: Talling 1966; Lake Titicaca: Richerson 1992). However, in
some examples (represented in Fig. 2.16) it has been suggested that local
cooling in shallow areas might lead to profile-bound density currents that
descend and originate or enhance a deep colder layer (Talling 1963, 1969;
Eccles 1974; Coulter & Spigel 1991; Patterson et al. 1998). In lakes or
reservoirs with inflows that are large and often very seasonal, laterally
derived (advected) water may, if cool, contribute to deep stratification at
a suitable density level (e.g., Begg 1970; Gliwicz 1976a), or otherwise — as
in the uppermost basin of Lake Kariba (Coche 1974) — destabilize a pre-
existing stratification.

The seasonal incidence of thermal stratification in tropical lakes is
illustrated in Fig. 4.9, using the divergence in temperature between sur-
face and deep water. This incorporates the latitudinally related variation
of surface temperature, already discussed and illustrated (Figs. 4.4, 4.5),
with seasonal range (A4,) that is a potential determinant of vertical tem-
perature difference (A6,) and hence the stability of stratification.
Towards the limits of the tropics values of Af, reach 5-10 °C (e.g.,
lakes Kariba, Malawi, Chad in Africa, and reservoirs in Cuba (Laiz et
al. 1993a, b, ¢, 1994: example in Fig. 5.7) and those of Af, a similar
magnitude in deep lakes (e.g., Kariba, Malawi) but lesser in shallower
lakes more susceptible to wind-mixing (e.g., Lake Kilole, Ethiopia). Near
the equator both A8, and A, are generally <S5 °C if the near-surface
amplitude of diel cycles is discounted, with <3 °C in some examples (e.g.,
Lake Albert: Talling 1963; Evans 1997) that approach ‘constant-tempera-
ture baths’. Least variation is found in the lowland humid tropics with
equatorial climates, where the seasonal variation of air temperature is
also low. At the high altitude Lake Titicaca (Fig. 4.7) A8, is ~S and the
maxima of Ag, ~5.5 °C, both values not atypical for the latitude of 16-
17° S. Lewis (1987, 1995) has summarized graphically and by regression
equations the trends of variation with latitude (referred to as a ‘meteor-
ological equator’ of minimal annual variation in irradiance at 3.4° N) for
deeper lakes in maximum §,, bottom temperature and surface or mixed-
layer temperature.

In duration, the seasonal stratified phase occupies more than 70% of
the year in most deep monomictic tropical lakes, that have one period of
complete vertical mixing in the annual cycle. Intervals of de-stratification
after surface cooling, with complete or near-complete vertical mixing, are
then correspondingly short. A typical example is the Brazilian lake of
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Fig. 4.9. Annual variation of the temperature difference between surface and deep
water (depths indicated) in a north to south series of lakes in Africa. From Talling
(1969).

Dom Helvécio (Tundisi et al. 1981). De-stratification tends to occur in
the hemispheric ‘winter’, around the timing of minimum surface water
temperature that tends to change abruptly near the equator (Fig. 4.10).
Interception of radiation by cloud-cover can modify this timing (e.g.,
Cameroon lakes: Kling 1988) as can change of air-mass and wind regime.
Thus the South East Trade Winds — part of a monsoon system — are
probably a synchronizing influence over a series of East and Central
African lakes (Talling 1969). However, periods or episodes of entrain-
ment or partial mixing (atelomixis of Lewis 1973), with enlargement of



The annual cycle: control by radiation, water and wind regimes 203

N 24te
Aswan
20 —
16 1~ Chad
12 Valencia (5 yr)
o Pawlo
84 ALanao  Latitude of Minimal
e Parakrama / Irradiance Range
o
a 4F Samudra ---%----mmmmm oo
3 . Albert
T oF . Victoria ee Edward
3 Kivu @
s 4 ® Tanganyika
35 .
8-
N'Zilo
12 - Bangweulu ® Malawi
16 R a Titicaca
Solomon. , Kariba
20 — "
Carioca
s 24 B Y N N N SR R N Y B |
JFMAMIJ J ASOND
Months

Fig. 4.10. Timing of the annual minimum of surface temperature in a latitudinal
series of lakes over the tropics. Symbols indicate different sources of data. From

Lewis (1995).

the upper mixed layer, are more frequent and more unpredictable. They
also occur in permanently stratified lakes (e.g., Tanganyika, Malawi) and
can be ecologically influential, affecting the depth of the upper mixed
layer and nutrient return thereto. Irregular incidence of partial or com-
plete mixing is more likely in tropical areas with travelling cyclones as in
the Philippines, Indonesia and the Caribbean or with travelling cold polar
fronts as in Brazil (Brinkman & Santos 1973; Froehlich & Arcifa 1984,
Arcifa et al. 1990; Domingos & Carmouze 1995), Bolivia (Ronchail 1989)
and North West Africa (Leroux 1983); also when the temperature ranges
Af, and Af, are low.

In a hydrographically complex lake like Lake Victoria, deeper offshore
and shallower gulf regions are characterized by stratification cycles of
markedly different timing (Fish 1957: see Fig. 5.17) although they share
almost the same overall temperature cycle (Talling 1966). In Lake Kariba,
a more linear but multi-basin lake, successive basins differ in the timing of
stratification and de-stratification by virtue of another factor, the input
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and downstream travel of floodwater (Coche 1974). Inputs of cooler water
can also descend and create stratification, as in the Gatan lake system of
Panama (Gliwicz 1976a), the Lagartijo reservoir of Venezuela (Lewis &
Weibezahn 1976) and the Guma Dam of Sierra Leone (Mtada 1986).
Another possibility is local cooling at one extremity of an elongate tropi-
cal lake that spans a wide range of latitude. The outstanding example, now
well-documented, in Lake Malawi (9.5-14.5° S), where about the winter
solstice cooler water develops near the southern tip (see cover) and pos-
sibly contributes to descending density currents (Talling 1969; Eccles
1974; Patterson & Kachinjika 1995; Patterson et al. 1998).

In such ways an annual stratification cycle can be modified both tem-
porally and spatially. Its wider environmental significance lies in the
direct physical impact of vertical mixing for the suspension of particu-
lates, including plankton, and the vertical redistribution of chemical
quantities that include dissolved O, and plant nutrients. Links to biolo-
gical cycles are considered in Chapter 5.2.

(b) Water regime dominance

Reference has already been made (Chapter 2) to distinctive features of the
latitudinal and temporal distribution of rainfall in tropical regions.
Amplification can be found in text-books of tropical meteorology
(Riehl 1979; Dhonneur 1985) and in volumes of the World Survey of
Climatology edited by Landsberg (1972-81). The equatorial belt is largely
a region of high annual rainfall (Fig. 2.7), with principal subcentres in
Amazonia, West Africa and Indonesia that are marked by a stronger
prevalence of rising air-masses (Dhonneur 1985) — although this is subject
to seasonal change, especially in Africa. The wet equatorial climate in the
strict sense has no extended dry season, so that there are <3 months of
less than 50 mm rainfall month™'. However, most of the tropics has
markedly seasonal rainfall influenced by the seasonal latitudinal move-
ment of the equatorial low-pressure trough and inter-tropical conver-
gence zone (ITCZ), that over land-masses typically lags by about two
months behind the sun’s zenithal position. There are, however, many
local modifications — some associated with mountainous regions, as in
the Horn of Africa. The movement is illustrated world-wide for the
months of January and August in Fig. 4.11a. An example from eastern
Africa, showing other correlated variables of solar zenithal timing (decli-
nation) and seasonal rainfall, appears in Fig. 4.11b. Wide areas are sub-
ject to a monsoon-type climate (details in Ramage 1971; Nieuwohlt 1981)
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Fig. 4.11. Latitudinal distribution and seasonal movement of the inter-tropical
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itude 32° E, with associated shifts over latitude of solar zenithal position (declina-
tion) and distribution of rainfall. Modified from Dhonneur (1985) and Griffiths
(1972a).
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with seasonal alternation of wind regimes allied with a cycle of precipita-
tion — with one or sometimes two maxima each year — of oceanic origin.
Further, there is a linked seasonal cycle of atmospheric humidity that
affects both radiative and evaporative components of the limnological
energy budget, and the fractional run-off factor (run-off/precipitation)
from land to water-bodies. Variation in the run-off factor, as well as in
the rainfall itself, contributes to the marked seasonal variation of dis-
charge in most tropical rivers. If the net balance between precipitation
and evaporation is computed on a global basis and plotted against lati-
tude (Dhonneur 1985), the positive peak of equatorial regions is flanked
by negative peaks of the often arid subtropics.

Latitudinal sections down the three main tropical regions give some
sampling of the seasonal distribution of monthly rates of precipitation
and evaporation. One-peaked (unimodal) rainfall patterns are generally
found, with ‘dry season’ minima tending to become more prolonged at
the higher tropical latitudes. They are also extensive in a few lower-lati-
tude regions in the shadow of atmospheric upwelling areas, as in North
East Brazil and Somalia. Bimodal rainfall can be expected near the equa-
tor from well-separated crossings of the equatorial low-pressure trough
and ITCZ (Fig. 4.12), but local modifications by highlands are frequent.
A bimodal pattern occurs in equatorial East Africa where there are
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Fig. 4.12. Seasonal-latitudinal changes showing the expected distribution of rainy
seasons deduced from the solar zenithal position (declination) and its theoretical
lag by the equatorial low-pressure trough or ITCZ. From Dhonneur (1985).
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numerous important and relatively well-studied lakes. Evaporation rates
(from the meteorological literature, usually based on pan-evaporation)
are generally inversely related to rainfall with the humidity correlate.
They may be raised by the cooler seasonal winds (e.g., South East
Trades in Central and East Africa, North East Trade or harmattan in
West Africa) that are hydrodynamically important for lake stratification-
mixing cycles. These cycles can then be influenced by heat loss linked with
additional evaporation, as postulated by Talling (1966) for Lake Victoria
and more directly indicated by the analysis of Lewis (1983a) for Lake
Valencia (Figs. 2.5, 4.17). Pouyaud (1986, 19874) has analysed, in terms
of the energy budget of a small West African lake, the difference of
evaporation under a marked alternation of wet and dry seasons.

However, water input related to rainfall, rather than water loss related
to evapotranspiration, is typically the most variable factor determining
the hydrological seasonality of tropical water-bodies. Water budgets are
the key to understanding, and have been presented on an annual basis in
Chapter 2.2. Some aspects of their seasonal variations are analysed here.

The seasonal discharge of rivers and streams reflects the rain regime on
the watershed, especially for the smaller ones which typically show more
day-to-day varnability. Two non-dimensional indices may be used to
compare different regimes (Frécaut 1982). The monthly discharge coeffi-
cient (C) is the ratio of the discharge for a given month to the mean
annual monthly discharge. The ratio (R) of the extreme (largest/smallest)
monthly discharge coefficients, hence also of the extreme monthly dis-
charges themselves, is a relative measure of the annual range. It will be
used here to present examples of the main types of seasonal variations in
discharge. These can be described as:

true equatorial regime, with two maxima (bimodal)

altered equatorial regime, with one maximum (unimodal)

humid tropical, with one strong maximum

complex regime of large rivers fed with tributaries of different types.

The following discussion relates mainly to African examples. Others from
South America and South East Asia are provided by Lewis et al. (1995)
and Dudgeon (1995), respectively.

Bimodal regimes, as a direct image of rainfall seasonality, are charac-
teristic of the equatorial region, but are more frequent in Africa than in
Indonesia or equatorial America. The R ratio is usually between 2 and 6.
An example is the River Ogoué at Lambaréné in Gabon (West Central
Africa) (Fig. 4.13). The bimodal regime of the lower Niger, with ‘white’
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Fig. 4.13. Within-year variation of the monthly discharge coefficient C (monthly
discharge/mean annual monthly discharge) in four tropical rivers. Based on data
in Frécaut (1982).

and ‘black’ floods, results from the different timing of rainfall and flood
levels in the two main upstream drainage systems (Grove 1985). An
altered unimodal equatorial regime may result either from specific soil
and drainage conditions, or from local modifications of the rain distribu-
tion: thus a greater permeability of both soil and basement rock (sand-
stone) smooths the first flood peak of the River Lobaye, also in West
Central Africa. Although near-equatorial by its situation, the River
Maroni (French Guiana) has a unimodal regime as a result of local
rain distribution (Hiez & Dubreuil 1984), as has the Rupununi District
of nearby Guyana (Lowe-McConnell 1964).

Unimodal tropical regimes are widely distributed in the humid tropics.
They are usually characterized by a higher R ratio: 9 for the River
Oubangui (Central Africa), 22 for the Upper Niger at Koulikoro
(Mali), 18.5 for the River Chari {Chad) and up to 132 for the River
Senegal at Dagana (Senegal). The last has a very low minimum discharge
and may be considered as dry tropical, with less than 1000 mm yr™'
rainfall on most of its watershed.

These closely associated regimes of rainfall and discharge are no longer
apparent for large watersheds and rivers in which different affluents
experience different climates, or when the river course is hydrologically
damped. This happens for the Amazon (R = 2.8) and the Congo (R =
2.4) which have major tributaries from both hemispheres, for the
Zambezi (upstream of Maramba) with its internal delta, or for the
River Ganges where glacier and snow-melt upstream contribute to R
= 18.7, lower than it would be for a purely monsoon-fed tropical
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river. The White Nile regime (R = 1.6 at Mongalla) is largely smoothed
by lakes Victoria and Albert, and then by the Sudd swamps. The influ-
ence of the other Ethiopian tributaries and of the Blue Nile, which is little
damped by major lakes and is more directly dependent upon strongly
seasonal rainfall, resulted in R = 11.7 at Aswan before the High Dam
construction in 1962. Below this point, the resulting large reservoir now
much reduces seasonal variations in the lower Nile (Table 4.1).

The most extreme influence of seasonality in rainfall and river dis-
charge occurs with temporary water-bodies as in floodplains, oxbow
lakes or rainpools. In these, the input components of the water budget
expressed relatively (normalized) to water storage have large numerical
values.

Fringing floodplains often contain a number of depressions, including
oxbows and Australian billabongs, which are usually permanent water-
bodies with a seasonality closely linked with that of the river, and a
chemically and biologically active transition zone (ecotone) between
aquatic and terrestrial vegetation (Loubens ef al. 1992: see Fig. 2.9).
Various classifications of these water-bodies, according to the importance
and the timing of their relation with the river, have been proposed (Junk
1982, 1997; Junk et al. 1989; Drago 1989). The proportion of permanent
to seasonal flooded areas is also an ecologically significant variable. On
one extreme, the Sudd (Nile Basin) and the Okavango (Botswana) have a
permanent to seasonal ratio of 0.6:]1. These are extensive permanent
marshes of seasonally variable area (Bullock 1993). A ratio of 6:1 was
given for the floodplains of the rivers Niger and Senegal before dam
constructions (Fig. 4.14), and much greater values apply for those of
the Yaéré (Chari-Logone Basin, Chad and Cameroon) or the Orinoco
(Vasquez 1992).

Discrepancies of estimates on the extent of floodplains arise from their
hydraulic functioning. In a number of situations there is a close coinci-
dence between the rainy season and the river-overspill season so that
direct rainfall on large flat areas with poor drainage may result in flood-
plain-like situations. This is the case in the Orinoco—Apure internal flood-
plain where the standing water in contact with the river is given as 4920
km? (Lewis 1988) whereas the whole flooded area amounts to 70 000 km?
(Welcomme 1979; Vasquez 1992). The Yaéré (Chari-Logone) and the
Llanos de Mojos (Rio Mamoré, Upper Amazon: Fig. 2.9) also receive
direct rainfall just before the river overspill through channels in the nat-
ural levées. Their respective maximal extent is 12 500 and 150 000 km?,
with an inter-annual variability linked to both rainfall and river flood.
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Table 4.1. Mean annual discharge, and index (R ratio) of its within-year
variation, at locations on various tropical rivers

River Gauge Catchment Mean discharge Period R ratio
Location area 10° km? m™ s~
Qgoué Lambaréneé 203 000 4730 1929-65 37
Lobaye M’Bata 30 000 336 1950-66 1.7
Oubangui Bangui 131 500 4400 1910-66 9
Chari N’Djamena 600 000 1270 1936-66 18.5
Senegal  Dagana 268 000 1687 1903-66 143
Amazon  Obidos 5 000 000 157 000 1928-46 2.8
Zambezi Maramba 1 236 000 730 1908-65 6.8
Ganges Harding 770 000 11650 1934-62 18.7
Bridge
White Nile Khartoum 1 759 000 2500 1912-27 2.5
Zaire Brazzaville 3 380 000 38 900 1987-88 24

Source: Data from Frécaut (1982) and Moukolo et al. (1990)

A particular example of a side-lake connected by a channel to the
main river is that of the Grand Lac (Cambodia) which is linked to the
River Mekong by the Tonle Sap channel and acts as a regulation
storage. During the flood there is a net inflow towards the Grand
Lac and a reversal as the Mekong recedes. The water level variation
is about 8 m and the seasonal area change from 3000 to 16 000 km?.
Direct tributaries, flooding from July to October, bring about 24 km?
yr~' to the lake, while 48 km?® yr~' are fed through the Tonle Sap.
Direct precipitation on the lake is roughly equal to the evaporation
(Carbonnel & Guiscafré 1965).

In the Amazon basin, ‘white-water’ rivers have developed large fring-
ing floodplains known as vdrzea (Sioli 1984), whereas black-water rivers,
with lower pH, ionic and nutrient contents, inundate a corresponding
igapo. Floodplains of the white-water rivers are the most densely colo-
nized areas in the whole Amazon basin (Junk 1982, 1984).

The huge area of the Amazon floodplain (180 000 km?) results from
the combination of a very strong seasonality in the river water level and a
very flat landscape. In Manaus, the water level of the Amazon rises for 6—
8 weeks after the end of the local rainy season. The flood peak always
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Fig. 4.14. Seasonal changes in the extent of four African floodplains. Modified
from Sutcliffe & Parks (1989).

happens at the end of June or the beginning of July, whereas the lower
levels occur at some more irregular dates, between September and
December. The yearly fluctuation of water level may reach 11 m. Such
a flood height results in a very large flooded area, as the Amazon, after
descending from the Andes, traverses some 5000 km over a vast low lying
depression, with an average slope of only 15 mm per km for the last 1500
km. The vegetation cover of the floodplain depends on the periodicity of
flooding, and ranges from herbaceous annuals or semi-perennial grasses
like Paspalum and Echinochloa to tall permanent floodplain forests.
Contrasting with temporary systems, large deep lakes are characterized
by small numerical values of the com'ponents of their volume-normalized
water budget (Table 2.1). Although a strong seasonality may occur in the
water iriputs, this does not significantly alter the aquatic environment.
A well known example of a large lake with atmospheric control, where
the main contributors to water input and output are, respectively, rain and
evaporation, is Lake Victoria (see Fig. 2.8). On a monthly basis, with
rather low and relatively invariable surface inflows and outflows, the
water level depends very much on the rainfall seasonality. A maximum
develops at the end of April and a minimum in September, the total
amplitude being about 0.4 m (Kite 1981, 1982). Inter-annual variations
in rainfall have also resulted in long-term changes of level (see Section 4.5).
Also similar is the regime of Lake Tanganyika, with inflow R; as 37%
and precipitation P as 63% of input, and where output is dominated by
evaporation E at 94%, in a relatively small catchment area. Lake Malawi
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presents similar characteristics in its annual budget, although with a
much longer residence time of the water.

Another large lake with important atmospheric exchange is the high-
altitude Andean Lake Titicaca. Its maximum level is generally centred on
April, at the end of the rainy season (47% of total inputs are by direct
rainfall) and the period of high river inputs (53% of total). Evaporation,
about 1630 mm yr~', constitutes 91% of the annual losses, while riverine
output via the Desaguadero accounts for only 9% (period 1956-89: Roche
et al. 1992). The minimum level usually occurs in December, just before
the start of the rains, the mean annual range of level being 0.6 m.

In all these deep lakes, the seasonality resulting from the hydrological
regime applies mainly to a small fraction of the water-body, the immedi-
ate shoreline, whereas radiation and/or wind regimes are the main control
variables for the structure of the water-mass.

As these large lakes have long residence times, an equilibrium has been
reached between solute input and output, and the total dissolved concen-
tration is httle affected by the input seasonality. The situation is quite
different in shallower water-bodies, which also have shorter residence
times and thus higher numerical values in their volume-normalized
water budget. In these waters, the annual input volume may be of the
same order of magnitude as the lake volume; the seasonality in inputs
creates a significant seasonality in relative water level, in ionic concentra-
tions, in suspended matter as a result of susceptibility to bottom turbu-
lence and more generally in the aquatic environment. Also, in shallow
lakes, a moderate seasonal variation in water level implies a large relative
variation in area with its associated changes in flora and fauna.

This applies also to some endorheic lakes, with no surface outflow, such
as lakes Chad, Chilwa, Naivasha, Nakuru and Turkana in Africa. The
difference between direct precipitation (P) or surface inflow (R;) as domi-
nant fluxes of input is here often reflected in horizontal gradients in
concentrations of ionic or suspended matter, as a result of variable inflow
from the rivers.

(c¢) Interaction between the radiation, water and wind regimes

Some interactions between the radiation and water regimes, already
noted in part, influence the seasonal variation of environmental features
controlled by both. In the atmosphere, water vapour and hydrosols inter-
cept short-wave and long-wave radiation; at the water surface, the energy
budget and hence water temperature is sensitive to a large evaporation
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term; in the water-mass, light penetration and chemical concentrations
are influenced by water-borne inputs and indigenous biotic responses to
these two resources. There is therefore some wider significance in the
relative time-phasing of seasonal cycles of the two factor regimes.

Interesting interactions between the two regimes have been studied on
man-made lakes near the southern margin of the tropics in North to
North East Australia (Farrell er al. 1979; Finlayson er al. 1980; Walker
& Tyler 1984; Hawkins 1985; Boland & Imberger 1994; Townsend 1998).
Here the short and monsoon-related rainy season occurs in the warmer
season near the summer solstice (Fig. 4.15). At this time water input can
greatly modify, or in a shallow lake destroy, the seasonal stratification
that would otherwise be then most developed (Fig. 4.15d). A further
interaction occurs between the chemical consequences of inflow and of
the vertical stratification/mixing sequence.

At many sites in the tropics, especially at lower latitudes, the two domi-
nant seasonal variables of solar radiation input and precipitation input are
+inversely related. At higher tropical and subtropical latitudes the stronger
annual radiation minimum is less sensitive to cloud-rain conditions, and
the main rains may be near the winter solstice (e.g., North Africa) or —
more usually — the summer solstice (e.g., North Australia). Some of the
most important effects of the two inputs — solar radiation on water tem-
perature, rainfall on river discharge and water levels — follow cumulatively
with time-lags. In both the main regimes, loss or output fluxes exist that
are generally less seasonal than the main input fluxes. These output fluxes
may be positively related to the main input factor of the other regime (e.g.,
evaporative water loss to insolation), so further modify the interaction
between regimes. In the example of the Ethiopian crater lake Pawlo, as
interpreted by Wood et a/. (1976), the cloudy-humid conditions of the
rainy season reduced both solar-radiation input and evaporative energy
loss (probably also net back-radiation); there was a combined effect upon
water temperature and heat content whose seasonal cycle reached a max-
imum that was displaced in time from that of radiation input (Fig. 4.16).
Evaporative energy loss was also shown by Lewis (19834) to be a major
variable factor affecting the heat content and seasonal loss of stratification
in Lake Valencia, Venezuela (Figs. 2.5, 4.17).

Wind seasonality is a further interacting factor that has no simple
relation to either radiation or water regime at a given site. However,
there is a strong latitudinal differentiation; easterly winds are predomi-
nant at low latitudes beyond the equatorial belt, including the North East
and South East Trade Winds that alternate seasonally (as in many mon-



214 , Patterns of environmental change with time

MJL 1

Rainfall (cm)

ol |\n.‘ = ‘II M

(b)

Temperature (°C)

{c)

Solar radiation

(d)

Depth (m})

T FMAMI JASONDIJFMAMIIASOND
1981 1982

Fig. 4.15. Townsville region, latitude 19°S, tropical North East Australia, 1981-
82. Seasonal variability in () rainfall, () maximum and minimum air tempera-
ture, (¢) monthly-average daily solar radiation, (d) temperature stratification
(contours in °C) in the Solomon Dam reservoir. From Hawkins (1985).

soon climates — although the South West monsoon is important in India).
Their strength, greatest in the hemispheric winter, and regularity are
important for cycles of stratification in non-equatorial tropical lakes.
Here direct energy transfer is by kinetic movement, with water currents
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Fig. 4.16. Lake Pawlo, Ethiopia, 1964-66. Annual variation of four meteorolo-
gical variables in relation to that of heat content in the lake. Besides the measured
income of solar radiation (histograms, centre), its variability estimated for clear-
sky conditions (transmission coefficient 0.8 per unit air-mass) at the latitude
concerned is also shown (broken line). From Wood et al. (1976).

and turbulence. In addition, surface fluxes that involve transfers of sen-
sible heat and latent heat (evaporation) are also affected. The limnologi-
cal effects are non-linearly related to wind velocity, with higher velocities
more strongly influential; they interact most strongly with those of radia-
tion regime, influencing temperature distribution in depth (lake stratifica-
tion) and in time. Examples, discussed in other sections, include the
seasonal effects of the harmattan winds on Opi Lake and Lake Asejire,
Nigeria, and of the South East Trade Winds on lakes Malawi (Fig. 4.18),
Tanganyika and Victoria. There are also effects upon suspended parti-
culate material, both living and non-living, and so upon turbidity. Such
effects are especially marked in shallow turbid lakes, exemplified by Lake
Xolotlan in Nicaragua (Hooker et al. 1991; Montenegro-Guillén 1993)
and Lake Chapala in Mexico (Lind et al. 1992).
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Fig. 4.17. Lake Valencia, Venezuela. Annual variation of five meteorological
variables in relation to, top, the annual variation of surface water temperature.
Inserted lines indicate running means of three weeks. From Lewis (1983a).
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Fig. 4.18. Example of a strongly seasonal wind regime, from a location on Lake
Malawi. A time-series for mean weekly wind speed is plotted on a square-law
scale, roughly indicative of stress on a water surface. From Patterson &
Kachinjika (1995).

(d) Approach to the aseasonal aquatic environment

The aseasonal aquatic environment can be approached in two ways, by
the reduction in amplitude of intra-annual variation (conceivably to
below diel amplitude) and by the irregularity of factor-variations.
Although gradations exist, the absolute state is possibly never completely
realized even in the equatorial tropics — as was concluded during a sym-
posium (Chutter 1985) on seasonality/aseasonality in freshwaters of the
Southern Hemisphere.

A near-equatorial location for aseasonality is favoured by the potential
occurrence there of considerable year-round rainfall and small variation
of the seasonal solar elevation (geometric) factor for radiation income.
The most investigated freshwater site is the equatorial Lake George in
Western Uganda, summarized in Greenwood & Lund (1973), Burgis
(1978) and Talling (1992). Because of its shallowness a prolonged
(> diel) stratification cycle is absent; the records of solar radiation income
indicate a relative annual range of <2:1 as monthly means; rainfall is
moderately bimodal but inflow is locally augmented by rain on nearby
mountains; and lake level is buffered by an outflow channel of consider-
able size. Local hydrological factors are therefore of importance for low
amplitudes of variation, which also extend to bottom-water temperature,
and most major and minor solutes.

There are apparently few described examples of tropical rivers that
approach such a state of minimal environmental seasonality, which
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might be sought in the outflow from a large equatorial lake. However, the
best described examples are from the zoobenthos of running waters on
Pacific islands. A largely aseasonal stream on the Palau Islands had an
invertebrate community with all growth stages present at all times; how-
ever, two dominant species showed some seasonality, possibly related to
rainfall, in their population densities (Bright 1982). An apparent comple-
tely aseasonal pattern is described by Yule (1995) and Yule & Pearson
(1996) from the short Bovo River and Konaiano Creek on Bougainville
Island, Papua New Guinea. Some seasonality seems to appear in deep
lakes with persistent thermal stratification, which invariably changes in
some systematic way throughout the year, partly in relation to the almost
ubiquitous seasonal wind regimes. Some independence from the conse-
quences of a seasonal rainfall is possible in very large lakes of long
retention time such as Lake Victoria, although these generally do not
escape the variability from thermal stratification. Hydrological near-con-
stancy of water level can be preserved within large lakes by shallow bays
and gulfs that also lack persistent stratification, such as the Nyanza
{(Winam, Kavirondo) Gulf of Lake Victoria, or have frequent mixing
such as the two major bays of Lake Titicaca (Lazzaro 1981; Vincent et
al. 1986).

Tropical aseasonality that incorporates oscillations of wide amplitude
but irregular timing does not seem to be established for lakes, but irre-
gular spates of flow probably so qualify in the two running water sites of
Bougainville Island (Yule 1995; Yule & Pearson 1996). In some regions,
but not all, the thermal stratification of lakes can suffer large changes of
irregular timing (e.g., Lake Lanao, Philippines: Lewis 1973; Lake Nyos,
West Africa: Kling et al. 1987; Kling 1988) but an annual cycle is still
recognizable. Exceptions with substantial aseasonality may yet be found
in lakes of Indonesia and Papua New Guinea, where episodic mixing with
fish-kill is known (Green et al. 1976, Osborne & Totome 1992;
Lehmusluoto e al. 1995); also with shallow saline pans or rainpools in
regions of low and irregular rainfall.

4.4 Cycles with other periodicities

Other environmental cycles of well-defined period exist but their influence
in freshwaters is more limited. ’

Lunar cycles (period 28 days) can operate via gravitational or light-
related influences. Of the former, tidal levels — that also include periods of
12.4 and 24.8 h — govern the entry or retreat of seawater into numerous
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coastal lagoons and estuaries of intermediate salinity. Tropical examples
are the much-studied Ebrié lagoon (Ivory Coast, Africa: e.g., Durand &
Chantraine 1982) and the Saquarema lagoon (Brazil: Costa-Moreira &
Carmouze 1991). Here the lunar-tidal cycles interact with longer-period
cycles of freshwater discharge to determine the extent of influence by
seawater (Fig. 5.2). Far from the sea, in Lake Kariba, semi-diurnal
tides of low amplitude (see Fig. 4.19b) have been traced by Ward
(1979). Their period is 12.4 h and amplitude 3—-6 cm, the last being greater
at the west end of this elongate basin and also near phases of the new and
full moon, especially at the spring and autumn equinoxes.

Light-related lunar cycles of biological importance are more distinc-
tive of tropical freshwaters. Their role as a cue or proximate factor for
the emergence of many aquatic insects has been established in various
tropical regions since the original description from Uganda by
Hartland-Rowe (1955, 1958). An example for chaoborids in the West
African Lake Opi was described by Hare & Carter (1986). Here there
was also some evidence that a lunar rhythm of abundance could be
impressed~upon the crustacean prey of the chaoborids (Hare & Carter
1987). One main period of emergence per lunar month is usual (e.g.,
MacDonald 1956; Corbet 1958; Fryer 1959; Fukahara et al. 1997), but
two — at first and last quarters — were recorded by Tjonneland (1962)
for one species of chironomid at Lake Victoria. A different influence is
that upon visual predation by zooplanktivorous fishes and associated
vertical migration in the pelagial of lakes, demonstrated for a clupeid
fish and zooplankton by Gliwicz (1986a, b) in Lake Cahora Bassa,
Mozambique. In this lake the lunar influence via fish predation could
be recognized in the abundance of Copepoda, Cladocera and Rotifera
(Fig. 4.20), and even the varying density of other particulate matter
subject to ingestion (Gliwicz 1986b).

Seiches and internal waves (Chapter 2.3), of various types, are set up as
oscillations in lakes after wind stress, with periods determined by travel-
mode and basin dimensions. The longest periods, of several weeks or
more, can be expected in the largest lakes. Latitude can have an influence
on internal waves via earth-rotational (geostrophic) effects, but these are
minimal at the equator. Internal seiches or waves are propagated in the
water-mass on density-temperature boundaries. The best known, from
Lake Tanganyika, is the predominantly unimodal longitudinal seiche. In
this lake (Coulter 1988; Coulter & Spigel 1991) it is set up by the seasonal
south wind and is prominent during the season of maximal stability of
stratification, approximately November to May. The amplitude of 30-40
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Fig. 4.19. Lake Kariba, Zimbabwe-Zambia, Africa. Time-variations of water level
at four stations A—D along the axis of the lake (@) associated with a surface seiche
(b) semi-diurnal tides (¢) From Ward (1979).

m, period of 25-30 days and operative duration of c. six months are
apparently larger than established in any other lake. The oscillations
have significance for both horizontal and vertical exchanges in the
water-mass. In the neighbouring rift lake of Malawi there is less complete
evidence for internal waves of large amplitude (Beauchamp 1953a; Eccles
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Fig. 4.20. Lunar periodicity in the population density per unit area of seven
zooplankters in Lake Cahora Bassa, Mozambique. Dates of full moon are
marked by vertical broken lines. From Gliwicz (1986a).

1962, 1974; Patterson & Kachinjika 1995), that are likely to contribute to
upwelling of nutrients and hence to lake fertility.

Less regular oscillations of the deeper isotherms occur in offshore
Lake Victoria (Fish 1957; Talling 1966), and for 1951-2 were inter-
preted by Fish as indicative of a unimodal internal seiche with a
period of about 40 days. This interpretation is insecure in view of
the difficulty of distinguishing direct wind-displacements from later
oscillations, but its rejection by Newell (1960) is also open to criticism
(Talling 1966). Whatever their status, the offshore movements transmit
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their effects to some inshore waters that are seasonally stratified, as
in the Buvuma and Rosebery Channels studied intensively during
1952-53 by Fish (1957).

Direct wind-displacements of surface water level are a common form of
time-varnability and may set up surface seiches of much shorter period
than the internal seiches. The amplitudes involved are small in deep lakes,
usually of the order of a few centimetres. Surface seiches in Lake
Tanganyika have been analysed mathematically by Servais (1957). In
Lake Kariba (Fig. 4.19) the first mode of seiche oscillation, of period
9.7 £ 0.4 h and amplitude 10-30 ¢cm, can approach near-resonance with
the smaller semi-diurnal lunar tide (Ward 1979). In the large shallow
Lake Chad examples of wind set-ups of ~40 cm are known. Here they
could be damped by stands of macrophytes (Carmouze, Chantraine &
Lemoalle 1983).

Solar (sun-spot) cycles (period ¢. 11 years) were formerly correlated
with a similar periodicity in recorded lake levels of major African lakes
(Hurst 1952; Pike 1965), but the correlation broke down after the 1920s.
Nevertheless, the long-term variation of these lake levels (Fig. 4.22)
shows at least some repeated oscillations, as well as coherence between
lakes resulting from shared climatic change (see Section 4.5).

4.5 Long-term and aperiodic environmental change

Non-periodic environmental change has many origins, in which chance
plays a large part. There may be large irregularities between successive
oscillations, long-term trends superimposed on some short-term annual
variations, or unpredictable perturbations of short duration with either
short- or long-term effects.

The very long-term includes a thousand-year + time scale and implies
climatic and environmental changes which resulted in the present day
tropical conditions. They are also accompanied by evolutionary change
(Chapter 5.4). Very long-term changes have been recognized from geo-
logical surveys and study of the record preserved in lake sediments
(palaeolimnology). Examples are available for a number of tropical
lakes among which are Lake Valencia (Bradbury et al. 1981; Binford
1982) and Lake Titicaca (Wirrmann et al. 1992: Ybert 1992) in South
America, Lake Victoria (Kendall 1969), Lake Naivasha (Richardson &
Richardson 1971), Lake Chad (Maley 1981; Servant & Servant 1983)
and the Ethiopian Rift lakes (Gasse et al. 1980) in Africa, and the
highland lakes of Papua New Guinea (Oldfield et «l. 1980) in
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Australasia. At the time of writing there are active and promising, on-
going investigations of the larger African Rift lakes (Johnson & Odada
1996).

In these tropical regions, the major long-term changes are more read-
ily connected with changes in rainfall and related hydrology than to
those in temperature that predominate at higher latitudes. For African
lakes, alternations between wetter and drier conditions have been wide-
spread over the last 15 000 years (reviewed by Livingstone 1975). These
can be recognized in corresponding sediment horizons in cores from a
number of lakes and in reconstructions of changing lake level (Street &
Grove 1979). There is no consensus as to the geophysical origin of these
alternations, but hypotheses include earth orbit-related changes in solar
radiation income (Milankovitch fluctuations: Kutzbach & Street-Perrott
1985) and in Atlantic Ocean circulation (Street-Perrott & Perrott 1990;
Lamb et al. 1995).

We shall focus here on shorter time-spans, with different time scales
depending on the duration of the oscillations which are considered.

A predisposition towards more irregular oscillations in the tropics
might be expected to follow from the much reduced amplitude of the
annual radiation and temperature cycles. Small irregular changes -
e.g., of heat income — could then exert considerable overall effects.
This expectation was modelled by Lewis (1987) in relation to the
stability of lake stratification and was borne out by observed thermal
cycles in tropical lakes such as Lake Lanao. However, some qualifica-
tion may be needed. Irregular change in tropical freshwaters can also
be favoured by some atmospheric patterns. These include unpredict-
able cyclones and the irregularly periodic (¢. 2-7 yr) El Nifio—Southern
Oscillation (ENSO) phenomenon. The latter involves changes in atmo-
spheric circulation that (as the Walker circulation) forms a tropical
series of west—east cells, the strongest between Indonesia (upwelling)
and the Eastern Pacific (downwelling), with widespread consequences
for surface sea temperature and climate — including rainfall — in the
southern tropics. Some ENSO-related effect seems to exist in long-term
records (1903-85) of the Amazon discharge, on the between-year
variability that mainly appears at a 2-3 year time scale (Richey et
al. 1989). Also relevant is the reduced magnitude of the Coriolis
force in tropical atmospheric circulation, which lessens the likelihood
of travelling fronts and favours more persistent weather patterns of
wind and rainfall.
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(a) Climate and hydrological balance

Environment changes related to some modification in the elements of the
water budget are generally results of climatic change or of human activ-
ity. The usual hydrological balance is based on an annual period. Hence,
irregularities apply to between-year differences and trends extend over
several to many years.

Large departures from the mean annual rainfall are a common feature
for wide tropical areas and mean values over a moving time-span of
several years may indicate the occurrence of a dry or wet period.
However, auto-correlations in time-series (Section 4.1) seem a particular
feature of the Sahelo-Sudanian region of Africa: dry or wet years often
occur not interspersed but as a series of successive years, as shown in Fig.
4.21 (from Olivry et al. 1993). No comparable persistent trends or series
have been observed since 1900 in other tropical regions such as India
(Fontaine 1991), eastern or southwestern Africa (Hulme 1992) or North
East Brazil (Hastenrath et al. 1984).

As a result of an annual rainfall deficit since 1968, total river input to
the Atlantic Ocean by West African rivers from the Congo (Zaire) to
Senegal has decreased, when compared to a 40-year mean (1951-90)
which was estimated as 2585 km’ yr—'. This total input was 2395 km?®
yr~! during 1971-80 and 2155 km? yr~' during 1981-90, that are, respec-
tively, 93 and 83% of the long-term average (Olivry e al. 1993). When
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Fig. 4.21. Variation of relative annual rainfall, as % deviation from the long-term
mean, in dry tropical West Africa. Based on Nicholson er al. (1988) updated by
Olivry et al. (1993).
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the component Sahelo-Sudanian region only is considered, these propor-
tions are 87 and 73%, respectively, for the two periods.

The effects on river discharge of departures from the mean for rainfall
are accentuated in regions of high evaporation or evapotranspiration
losses. In the total catchment budget, these losses are approximately
constant and large compared to rain inputs, so that the remaining
water for river discharge is highly variable: in the River Niger, at
Koulikoro, a + 15% change in annual rainfall results in 4+ 33% varia-
tions in annual discharge (Grove 1985).

The fact that dry and wet groups of years alternate has led to the
question of long-term periodicity. But, although there may be pluri-
annual periodicities in some tropical aquatic features, it seems that the
direct time-series of data available are generally too short to allow for
significant determination of such periods. This is particularly true for
hydrological variables such as river flow or lake level. Indirect time-series
can sometimes be deduced from a long sedimentary record. Thus fine-
resolution of change in §'°C and magnetic susceptibility in cores from
Lake Turkana has suggested periodicites at 11, 16, 18.6, 22 and 32 years
in the river inflow. The first four periods have reported equivalents else-
where (Halfman et al. 1994).

The Senegal River discharge from 1903 to 1979 was used by Faure &
Gac (1981) to illustrate a return period of about 30 years. This has not
been corroborated since, due to the persistence of below-average rainfall
over most of the sahelian region. On a shorter time-span (1896-1922)
there appeared to be some correlation between the sunspot number and
the level of Lake Victoria, with a period of about 11.5 years. The correla-
tion, however, did not hold for the period 1923-50, as discussed by Hurst
(1952). Other hydrological correlations with the solar cycle have been
proposed and debated (Section 4.4).

Two main tropical rivers are included in an analysis of periodicity by
Andel & Balek (1971): the Nile and the Niger. The 1871-1954 data for the
Nile reveal periods of 84, 22.6 and 7.3 years, and for the Niger (1906-
1957) a ‘highly significant’ period ranging from 20.4 to 34.2 years was
found. When comparing the length of the data records and of the periods
computed, the inference is that the calculated periods are accidental. The
term pseudo-periodicity was purposely used by Dyer (1979) for the level
of Lake Chilwa.

Variations in rainfall have direct effects on lakes where surface or
seepage outflow is a small component of the water budget compared to
a relatively constant evaporation. Seasonal variations of direct rain input
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have been shown to be responsible for within-year variations of level in a
number of lakes, such as Lake Victoria or Lake Titicaca in which river
outflow accounts, respectively, for 24 and 9% of the losses. Between-year
variations of level occur in these lakes as a result of one or more years of
abnormal rainfall.

A decrease of 5 m has been observed in Lake Titicaca (Roche et al.
1992) between 1933 and 1943, and an increase of 2 m occurred between
1961 and 1964 in Lake Victoria (Piper et al. 1986) (Fig. 4.22). This last
increase of level had considerable downstream effects along the Upper
Nile (Sutcliffe 1988). It was related to two above-normal rainy years
(1961 and 1963) in East Africa, where other large lakes also increased
in level: Lake Albert (Mobutu) by 1.7 m, Lake Tanganyika by 1.5 m and
Lake Malawi by 0.8 m (Kite 1981, 1982) (Fig. 4.23). The causes of
increase in Lake Malawi have been shown to be, in decreasing order:
rainfall in the catchment, catchment runoff and rainfall on the lake.
For the same lake, Drayton (1984) showed that man-made changes in
runoff and outflow have been comparatively unimportant for the level
increase over the period 1976-80. A similar analysis has been made for
Lake Toba, which covers an area of 1120 km? within a volcanic caldera in
a rather small basin of 3650 km? among the northern rountains of
Sumatra (Bullock 1993), and which has undergone a fall in level during
the 1980s (Fig. 4.22).

Lake Malawi also underwent large changes of level at the beginning of
the twentieth century. As a result of 15 years of below-normal rainfall,
the water level steadily fell by about 1.7 m until 1915. By that time the
outflow, the River Shire, had dried up and sand bars and vegetation
growth had notably increased the sill height. With more normal climatic
conditions, it took about 20 years before the lake reached a new equil-
brium level about 3 m higher than the former one (Beadle 1981: see Fig.
4.22).

An extrinsic shift towards a drier climate, with its effects magnified by
human activity and water use, has resulted in a change in the regime of
Lake Valencia, Venezuela. This lake was last reported to have reached its
outlet in the early eighteenth century. It has since been a closed (endor-
heic) basin, and steadily contracting for more than 200 years, with an
associated increase in salinity and change in phytoplankton and other
communities (Bradbury et al. 1981; Binford 1982).

Lake Titicaca, and large African lakes such as Victoria, Malawi,
Tanganyika and Kivu, have in common a long residence time and a
relatively large proportion of their inputs through direct rainfall. As a
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Fig. 4.23. The synchronous increase in level of some East African lakes as a result
of increased rainfall in the region. Beginning-of-the-year levels are given on an
arbitrary common scale. Modified from Kite (1981).

result, changes in water level of a few metres are not accompanied by
other significant changes in water chemistry or other environmental vari-
ables. The situation is quite different for lakes of short residence time
with small or no outflow, and shallow depth. Such lakes respond to
changes in inputs by environmental, chemical and level fluctuations
which are large relative to their volume or mean depth, although the
correlated change in inundated area often serves to dampen the level
variation.

Most tropical lakes with little or no outflow, and usually shallow, are
found in arid areas and are particularly sensitive to changing water bal-
ance. They have been described as amplifier lakes by Street (1981).
Documented examples for Africa are those of lakes Turkana, Chilwa,
Chad, Naivasha and Nakuru, and a number of other saline lakes wide-
spread in the arid tropics.

Lake Chad, lying in a largely closed (endorheic) basin, depends mainly
on the River Chari for water input (87%) which is compensated for by
evaporative loss {(92%) and seepage-out through the sandy northeastern
shores (8%). The lake level (or area) is a good descriptor of regional
climatic fluctuations. [t has varied greatly during the past century, with
periods of very low level in 1904-17, around 1940 and from 1973
onwards. The ‘Normal Chad’, as it was in the late 1960s, had an area
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of about 19 000 km? and a surface altitude of 281.5 m. As a result of
rainfall deficits since 1968 (see Fig. 4.21) the level decreased rapidly to less
than 279.5 m, at which the lake split into several basins in April 1973.
Since then, the northern basin of the lake has only been fed intermittently
by overspills from the southern basin which is fed by the River Chari.
This state of the lake has been named ‘Lesser Chad’ (Carmouze,
Chantraine & Lemoalle 1983) (Fig. 4.24). Significant overspills to the
northern basin occur only when the inflow of the Chari exceeds 15 km®
yr~!, and the whole basin is temporarily inundated if the inflow reaches
28 km® yr~'. This has occurred only once (1988~9) between 1976 and
1996. The northern basin thus behaved as a seasonal lake with a size
changing both seasonally and annually (Lemoalle 1991).

(b) Climate and stratification regime

Aperiodic climatic events may modify the heat content of the upper layer
and thus the vertical structure of a lake.

Strong winds, gales or typhoons are obvious destabilizing events, but
there seem to be few documented direct observations on tropical deep
lakes. An exception is that of Lake Valencia, at the end of November
1977, when an increase in wind velocity was associated with a rapid and
complete vertical mixing of this 36-m-deep lake, and with a fish-kill (see
Fig. 5.41).
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Fig. 4.24. Co-variation in the maximum annual level at Bol, Lake Chad Southern
Basin (squares, in m above sea level) and annual input by the River Chari (bars,
km3). From 1973 onwards, the lake behaved as a ‘Lesser Chad’. Based on Olivry
et al. (1996).
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Heavy storms, occurring in a period of lower stability, may also induce
partial mixing and sudden stirring up of sufficiently anoxic water to cause
mass fish-kills in the equatorial African lakes Nkugute and Bunyoni
(Denny 1972). For shallow lakes, an account of selective fish-kills linked
with bottom stirring during storms is given by Bénech et al. (1976) for
Lake Chad. The South American cold spells of Antarctic air, which may
suddenly lower the air temperature by about 10 °C, are also aperiodic
stimuli that suddenly induce vertical mixing and fish-kills in Brazilian
lakes (see Chapter 5.2h).

Further, a short series of a few climatically peculiar days may strongly
modify the diurnal stratification regime of shallow lakes. Anoxia may
thus develop in shallow eutrophic lakes when nocturnal cooling is les-
sened by a strong cloud cover (which reduces back-radiation) associated
with low wind. A lack of nocturnal mixing resulting in mass fish-kills has
occurred in Lake George (Ganf & Viner 1973) and in the Ebrié Lagoon
(Dufour et al. 1994). On all these occasions, a sequence of 2-3 days was
responsible for the fish mortality. Such short-term events, although with
long-lasting effects, would not be detected through consideration of the
mean monthly rainfall or wind-run; continuous recording or intensive
monitoring is needed in accordance with the time scale of these rapid
phenomena.

On an inter-annual time scale, there may be a tendency to infrequent
complete mixing (oligomictic behaviour) in deep tropical lakes (Lewis
1987). Ecuadorian lakes, which lie close to zero latitude and experience
little seasonal variation in irradiance, provide an example (Steinitz-
Kannan et al. 1983). A

Climatic trends, or atypical years, may alter the stability of lakes and
increase their mixing depth. Although long-maintained records of tem-
perature profiles are scarce for tropical lakes, a number of other indica-
tors may be used.

Massive CO, release from crater lakes in Cameroon have been
described for Lake Monoun (15 August 1984) and especially Lake
Nyos (21 August 1986, causing the death of 1700 people) (Kling et al.
1987). In these lakes, the hypolimnion was strongly enriched with CQO, of
magmatic origin. Stable stratification prevented mixing and had allowed
gas accumulation to a concentration close to the local in-depth saturation
such that any upward displacement of hypolimnetic water would gener-
ate oversaturation and CO, gas bubbles. According to one theory (Kling
et al. 1987), a predictable seasonal interval of reduced stability may have
been enhanced by recent trends of decreasing air temperatures and inso-
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lation relative to long-term means. Another theory favours a tectonic
triggering of the degassing (Freeth & Kay 1987). Oral tradition indicates
that the possibility of degassing is known by populations living close to
the crater lakes, although not reaching the amplitude of the Nyos cata-
strophe. There is thus a clear indication of aperiodic occurrence of de-
stratification in these crater lakes.

Between-year differences in the vertical circulation of lakes usually
result from either more or less pronounced cooling seasons, although
differences in wind stress or deep water salinity can also be involved.
The factor of variable salinity is well illustrated by a long-term study
of Lake Sonachi, a Kenyan crater lake (Maclntyre & Melack 1982).
The difference between three successive stratification cycles in Lake
Titicaca from 1980 to 1982 has been described through the vertical dis-
tribution of O,, NH; and NOj . The deep anoxic hypolimnion decreased
in thickness from 1980 to 1981 and was completely eliminated during
deep-mixing only in 1982 (Vincent et al. 1985).

(c) Other trends and singular changes

More examples of these types, together with related changes in other lake
characteristics, are described in later sections. Progressive long-term
trends can be manifest in salinization (Chapter 5.1a) and in nutrient
enrichment or eutrophication (Chapter 5.5b). Unique events that set
off long-term changes are reservoir creation and biotic introductions or
invasions (Chapter 5.5b).

Looking back at the patterns of differing period, it is a truism to say
that the shorter coexist with — and are ‘nested’ within — the longer. The
diel is always regular in length, as it is linked to the dependable factor of
solar elevation. Its further possibilities depend on superimposed environ-
mental cycles (e.g., of wind) with different diel phasing and the presence
of biological systems of sufficiently rapid response. The long-term are the
least regular, with aspects of water balance and of singular events most
strongly represented in the tropics. The intermediate lunar period has
impact limited by the weak forces or energy fluxes involved, although
it is a cue of considerable influence in tropical aquatic biology. The
annual period is, overall, less muted in tropical freshwaters than might
be anticipated from the reduced amplitude of variation in the main driv-
ing variable, daily solar radiation income. It is particularly liable to be
influenced by hydrological events of water input.



5

Reactive components of time-variability

So far our survey of tropical time-variability has centred upon primary
controls by physical factors and the resulting spectrum of periodic beha-
viour. We now turn to responsive or entrained components that are che-
mical and biological in nature. Especially in biological communities,
many new response mechanisms are initiated. Over very long periods
there is evolutionary change. Components are first considered individu-
ally, later as making up systems of interactive behaviour.

5.1 Chemical components

The time-variations of chemical components are variously imposed by
the radiation and hydrological factor-complexes, plus the effects of
changing biological activity. All these can generate cycles of chemical
flux and concentration, whose timing and amplitude may be set by dis-
tinctive tropical circumstances. Thus a physical stratification cycle, reg-
ular or irregular in occurrence, typically leads to a vertical chemical
layering and its periodic destruction. Pronounced cycles of net water
input and water loss, that often relate to rainy and dry seasons, are
unevenly accompanied by cycles of solutes and particulates. These cycles
are especially pronounced in rivers.

Chemical variability is usually known from time-series of concentra-
tions in unit water volume; such provide most of the examples illustrated
below. However, interpretation may be better served in lakes by consid-
ering contents per unit area, as of a water-column with sediment or sur-
face-related inputs (e.g., photosynthesis: Talling 1957a; Talling et al.
1973), or of a complete water-body (e.g., Lake Pawlo, Ethiopia: Wood,
Baxter & Prosser 1984) for which budget-terms may be required (e.g.,
Lake Chad: Carmouze 1983; Lake Turkana: Yuretich & Cerling 1983). A
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budget-scale understanding requires knowledge of chemical fluxes, at
least as boundary inputs and outputs.

Time-variability in concentrations will reflect that of boundary
chemical transfers (inflow—outflow, air—-water, sediment—water), internal
transfers (e.g., nutrient uptake or release) and the changing extent of
compartment zones (e.g., hypolimnia). All these, and especially the
first, can be altered by change in the regional water balance. There
may be passive effects of water balance independently of chemical fluxes:
dilution by flood water input and evaporative concentration. Time-
change of temperature also has implications for rates of chemical reac-
tions and of constituent concentrations linked by equilibria, as in the
CO,-system.

For purposes of general survey, it is convenient to distinguish between
major ionic constituents (normally Na™, K*, Ca?*, Mg®>~; HCO3, CI~,
SO%'), major plant nutrients that are available forms of the elements N, P
and Si; and the metabolically involved gases O, and CO,. These three
categories typically form a series with increasing susceptibility to short-
term biological modification of environmental concentrations. In peri-
odic reducing environments, also generally induced by biological activity,
a further group of reduced chemical species can accumulate (e.g., Fe?™,
Mn?*, CH,, H,S). Finally, as a product of biological activity, there is
added organic matter in dissolved and particulate forms.

(a) Major ionic constituents

Listed above, these may show no significant within-year variation of
concentration in the surface water of a lake with long retention time.
This can also be favoured by a similarity between amounts of evaporative
loss and on-lake rainfall, as for offshore water of Lake Victoria, where
variation with depth is also minimal (Talling & Talling 1965; Talling
1966). Even with more prolonged stratification, and significant depth-
differences, the within-year variation in surface water can remain small
(e.g., Lake Tanganyika: Coulter 1991a). However, it can become consid-
erable in lakes with high and seasonal net loss of water by evaporation
(e.g., Lake Thotry, Madagascar: Moreau 1982), and in those of relatively
short retention and with a seasonally large inflow of dissimilar (usually
lower) concentration. Examples are provided by some floodplain lakes of
the Amazon (Schmidt 1972, 1973qa; Furch 1982, 1984; Furch et al. 1983)
and Orinoco (Hamilton & Lewis 1987, 1990); that of Lago Camaledo is
shown in Fig. 5.1. Such seasonal impact is greater if the lake water has
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Fig. 5.1. Lago Camaledo, Amazonia, 1981-2. Seasonal variability in the summed
content of major cations in relation to corresponding variability in the adjacent
Rio Solimdes (Amazon) and to water level. From Furch (1984).

had a history of evaporative concentration, as in the large African lakes
of Chad (Gac 1980; Carmouze, Chantraine & Lemoalle 1983) and
Turkana (Ferguson & Harbott 1982). In both these lakes the seasonal
floodwater input leads to changing horizontal patterns of ionic concen-
tration.

More generally, shallow lakes of the semi-arid tropics show bulk-con-
centration changes in time, within and between years, that are induced by
periods of greater evaporative concentration alternating with those of
greater water income. The ranges of concentration, and the biological
consequences, are particularly large in closed saline lakes such as Nakuru
(Fig. 5.21), Elmenteita and Bogoria in the Rift Valley of East Africa
(Tuite 1981; Vareschi 1982; Melack 1988). A similar alternation with
concentration changes can occur in floodplain lakes and pools that are
isolated at low level. Examples are the savanna ‘pans’ of changing alka-
linity in southern Africa (Weir 1968), and water-bodies in floodplains
such as Lake Murray in Papua New Guinea (Osborne et ¢l 1987) and
wetlands of the Pantanal, Brazil (Heckman 1994). In some lakes, such as
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the large but shallow Lake Chapala in Mexico, removal of water for
irrigation is a major factor (Limén et al. 1989). In coastal lakes with
marine connection (e.g., Lake Maracaibo, Venezuela: Gessner 1956;
Redfield & Doe 1964; Lake Songkla, Thailand: Limpadanai &
Brahamanonda 1978; Ebrié, Ivory Coast: Fig. 5.2) a varying salinity
can develop in relation to tidal and mean sea levels on one side and to
varying land runoff on the other. Exceptionally, evaporative concentra-
tion can also lead to periodic conditions of high salinity, even above that
of seawater, in a river where marine ingress is involved. Seasonal exam-
ples have been described from the Casamance and Saloum rivers in West-
Africa (Pages et al. 1987; Pagés & Debenay 1987; Pagés & Citeau 1990),
where a maximum of salinity developed further upstream and changed
position with season.

Flowing waters with rapid renewal are more fikely than lakes to show
short-period fluctuations of ionic (and silt) content. Strong seasonal
changes follow marked seasonal rainfall in many tropical regions.
Other well-studied examples include the Amazon (Stallard & Edmond
1981; Furch 1982; Devol et al. 19995), Orinoco (Lewis & Saunders 1989),
Caura (Lewis et al. 1987) and Gambia (Lesack et al. 1984) rivers and — on
a smaller scale of discharge — tributaries of the Rio Tempisque in Costa
Rica (Newbold ef al. 1995). High flows after rain are usually marked by
reduction of total ionic content (and hence conductivity) plus increase in
silt content (and turbidity). These features are illustrated by a four-year
record with fine daily resolution for a small river in Kenya (van Someren
1962), subject to two rainy seasons each year; also by seasonal studies of
the mouth of the Mwenda River into Lake Kariba (King & Lee 1974
Bowmaker 1976; King & Thomas 1985). Time-variability is increased in
sectors below the confluence of chemically dissimilar tributaries with
variable discharge and reduced in sectors fed predominantly from a
large lake or reservoir. Exceptionally, a variable lake contribution may
result from changes of flow between inflow and outflow when these are
close together. Thus on the upper White Nile below the salt-rich Lake
Albert there is evidence for travelling short-term pulses of water of higher
conductivity (Beauchamp 1956; Talling 1957¢; Prosser 1987).

(b) Major plant nutrients

These supply the elements C, N, P and (for diatoms) Si, and are influ-
enced by phases of net biological depletion followed by net replenishment
in tropical lakes and rivers — although few locations have been studied in
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detail. The time scale is mainly annual, although in productive lakes the
high fluxes of carbon, nitrogen and phosphorus combined with diel cycles
of stratification plus physiological activity can lead to diel fluctuations of
concentrations. Increases of inorganic N and P after nocturnal mixing are
known from Lake George in Uganda (Viner 1973) and, for P, increases
with phosphatase activity during the afternoon in the lake Parakrama
Samudra in Sri Lanka (Gunatilaka & Senaratna 1981; Gunatilaka 1983,
1984). Also relevant is a seasonality in the contributions of nutrients from
atmospheric precipitation, wet and dry, that is likely to be pronounced in
many tropical localities (as for Lake Valencia: Lewis 1981); and the
possible role of forested catchments as ‘buffers’ in reducing the variability
of nutrient (N, P) concentrations that are susceptible to short-term
change of discharge (Lewis 198654).

Examples of Si depletion with abundance of the main abstractors,
diatoms, are described from the White Nile (Prowse & Talling 1958),
Lake Victoria (Talling 1966), Lake Kainji (Adeniji 1977) and Lake
Chad (Lemoalle 1978: see Fig. 5.3). For Lake Victoria there is also recent
evidence for a long-term depletion over the last two decades, accompany-
ing increased phytoplankton production (Hecky 1993: see Fig. 5.59).
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Fig. 5.3. Lake Chad. Large depletion of soluble reactive silicon (expressed as
Si0,) from lake water during an episode of diatom growth (Nitzschia spiculum)
at the station Bol. From Lemoalle (1978).
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The circumstances controlling the depletion of nitrate are generally
difficult to delimit in tropical freshwaters. Compared to most temperate
freshwaters, prevalent concentrations are usually low. Plant growth may
mainly utilize the alternative source of ammonium-nitrogen (e.g., Fisher
et al. 1988; Morrissey & Fisher 1988) or even Nj-fixation whose season-
ality is linked to that of heterocystous blue-green algae (Wurtsbaugh et
al. 1985; Moyo 1991, 1997). Bacterial denitrification is probably influen-
tial (Viner 1982b; Vincent et al. 1985; Kern et al. 1996) as well as nitri-
fication. Perhaps the most conspicuous pulses of nitrate occur in river
floodwater, as illustrated by seasonal or spatial studies of the Blue Nile
(Talling & Rzbéska 1967; Sinada & Abdel Karim 1984a), the Ganges
(Lakshminarayana 19654), a floodplain tributary of the Amazon
(Lesack 1993a) and a tributary of the Parand River (Pedrozo &
Bonetto 1987). However, mainstem regions of the Orinoco and
Amazon (Solimdes) showed lower concentrations at higher discharge
(Lewis & Saunders 1989; Devol et al. 1995). Phased transfer from sur-
rounding soils will be promoted by the increase of nitrate content widely
found in tropical savanna soils early in a rainy season. There can also be
a nitrate-flush from re-wetted marginal soils of swamps or lakes after a
dry phase (e.g., at Lake Chilwa: Howard-Williams 1972, 1979a). In at
least some stratifying tropical lakes (e.g., Lake Valencia: Lewis 1986q;
Lake Titicaca: Vincent ez al. 1984, 1985) nitrate increased in surface water
during and following phases of vertical mixing (Fig. 5.4). 1ts derivation
may then be from accumulations previously built up in deep- or mid-
water, or by transformations of ammonium-nitrogen similarly accumu-
lated. In Lake Victoria and Lake Malawi the supply of inorganic nitrogen
from below was probably critical for the production of phytoplankton,
but rapid uptake apparently led to a state of almost year-long depletion
in the upper and more populated zone (Talling 1966; Patterson &
Kachinjika 1993, 1995: see Fig. 2.37). In Lake Titicaca nitrate depletion
after re-stratification was related to a well-established limitation of phy-
toplankton growth by inorganic nitrogen (Vincent et al. 1984
Wurtsbaugh et al. 1985), a feature often suspected from less rigorous
evidence in other tropical freshwaters (see Chapter 3.2).

In the water-column of Lake Tanganyika, as interpreted by Edmond et
al. (1993), the ultimate supply of N from above is currently in balance
with that of P from below, although this balance would be sensitive to
climatic change. However, a significant atmospheric source of phos-
phorus cannot be generally discounted (Lewis 1981; Lewis et al. 1987,
1990); even such a low concentration as 10 pug1~" could locally dominate
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input (Lewis et al. 1995). The existence of internal waves of large ampli-
tude in lakes Tanganyika and Malawi probably ensures a discontinuous
or ‘pulsed’ transfer of nutrients from below (Bootsma 19934, b; Plisnier et
al. 1995).

The time-courses of phytoplankton abundance and concentrations of
soluble reactive phosphorus are often (as elsewhere) inversely related, and
may reflect a redistribution of the element. Within such redistribution, a-
unidirectional time-course from solution to particulates has been fol-
lowed by radio-tracer additions to water samples from some Kenyan
lakes (Peters & Maclntyre 1976; Kalff 1983) and Lake Titicaca
(Wurtsbaugh et al. 1992). Analyses of total phosphorus content are
highly desirable; few existed before the work of Ida Talling in 1960-61
(Talling & Talling 1965). Like nitrate-nitrogen, concentrations of phos-
phate are often relatively high in river floodwater; appreciable quantities
may be carried adsorbed on suspended silt (Viner 1982a; Grobbelaar
1983). Floodplains, such as those of the Amazon and Orinoco rivers,
can show an annual cycle within which much phosphorus and nitrogen
are transferred from the river at a high level by overspill to lateral stand-
ing waters within which plant growth induces progressive nutrient strip-
ping (Fisher 1979; Fisher & Parsley 1979; Hamilton & Lewis 1987; Furch
& Junk 1993). Within a river channel itself, the concentrations of differ-
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ent chemical components typically bear varied relationships to discharge
(e.g., Saunders & Lewis 1988d, 1989¢«, for a Venezuelan river) and to
rising or falling levels. Thus negative, positive and near-neutral relation-
ships to discharge can be distinguished. Time-courses may have rising
levels with bias towards high concentrations (‘clockwise hysteresis loop”
e.g., particulates), or falling levels with such positive bias (‘anti-clockwise
hysteresis loop”: e.g., dissolved organic carbon). These were well-marked
in an annual study of the Gambia River, West Africa, by Lesack et al.
(1984) (see Fig. 5.5). Differing time-courses can be expected in rivers with
differing degrees of inundation in the drainage basis (Saunders & Lewis
19884).
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Fig. 5.5. Gambia River, West Africa. Dependence upon water discharge of (a)
conductivity, (b) dissolved organic carbon, with time relation as anti-clockwise

hysteresis loop, (¢) particulate phosphorus, with clockwise hysteresis loop.
Modified from Lesack et al. (1984). :
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Increased nutrient inputs over long periods lead to trends of enrich-
ment or eutrophication; there are few well-studied examples from the
tropics (Section 5.5b).

(c) The gases O; and CO,

These undergo variations of concentration with time that have some
unique characteristics. Involvement in photosynthetic metabolism leads
to light-induced diel cycles that entrain other components of the CO,-
system ~ concentrations of HCO3 and CO3~, and pH. There is also
interaction with diel and annual cycles of temperature/density stratifica-
tion, leading to phases of vertical compartmentation.

The amplitude of such diel O, cycles in warm tropical waters rich in
phytoplankton of high photosynthetic capacity, and subject to diel tem-
perature/density stratification, such as the African crater lakes of
Aranguadi (Talling et al. 1973; see Fig. 4.2) and Simbi (Melack 19795),
is rarely if ever surpassed in other natural waters, weed-beds excepted.
Strong diel changes (and the sampling time) should be borne in mind when
interpreting less frequent sampling of supposed seasonal changes. Diel
cycles can include complete or near-complete nocturnal anoxia (Baxter
et al. 1965; Talling et al. 1973; see Fig. 4.2), an uncommon condition that
also developed from decaying organic matter in the newly forming
Brokopondo Reservoir of Suriname (van der Heide 1978; see Fig. 5.6).

1964 1965

T

Depth (m)

Fig. 5.6. Lake Brokopondo, Surinam. Depth-time distribution of dissolved oxy-
gen during successive early years after filling, indicated by contours in mgi™'
Open circles show the depth of the illuminated, euphotic zone. From van der
Heide (1982).
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Less extreme but strong diel cycles are described by Marzolf & Saunders
(1984) from ponds in southern India. Further analyses of rates of gaseous
change per unit area can give estimates of photosynthetic production per
unit area (Chapter 3.1e).

The sensitivity of rates of O, consumption (respiration, decomposition)
to temperature, with the tropical characteristic of warm hypolimnia, pro-
motes the development of deep O, depletion in productive waters well
supplied with organic substrates. Examples with seasonal anoxia have
been described from water-bodies over a range of latitudes. We can
instance the Higuanojo Reservoir in Cuba, 22°N (Fig. 5.7); Lake
Pawlo, Ethiopia, 9°N (Wood, Baxter & Prosser 1984); Lake Awasa,
Ethiopia, 7°N (Gebre-Mariam & Taylor 1989a); Lake Kariba,
Zimbabwe-Zambia, 17°S (Fig. 5.32); Solomon Dam, Australia, 19°S
(Hawkins 1985). In older records from Lake Victoria (Fish 1957;
Talling 1966), anoxia was of limited deep occurrence in offshore water.
At a northern station the vertical distribution of O, concentration
showed a sequence of three seasonal phases, which were conditioned
by corresponding phases of the temperature/density stratification and
correlated with patterns of the CO,-controlled pH stratification.

The organic substrate may be partly of external terrestrial origin, as in
Amazonian floodplain lakes that develop a seasonal deep anoxia during
the phase of higher water level (Schmidt 1972, 19734; Rai & Hill 19825b;
Melack & Fisher 1983, 1990; Tundisi et al. 1984; Maclrityre & Melack
1988). The rates of consumption may show trends with time on the diel,
annual and inter-annual time scales. In the shallow Lake George, for
example, Ganf (19744) found that specific rates per unit quantity of
phytoplankton varied systematically with diel time and depth (Fig.
3.10). In the long-term records from Lake Kariba (Fig. 5.32), seasonal
anoxia of deep water developed most rapidly and completely during the
earlier years when plankton was most abundant and flooded terrestrial
vegetation (see in Fig. 5.13) was newly available for decomposition
(Harding 1964; Coche 1974). Similar long-term trends have been
observed in other tropical man-made lakes (e.g., Lake Volta in Ghana,
Lake Brokopondo in Suriname, Samuel Reservoir in Brazil) after first
filling (McLachlan 1974; van der Heide 1978, 1982; see Fig. 5.6;
Matsumura-Tundisi et al. 1991).

Although the depletion of O, in deep water occurs in a regular seasonal
manner in some tropical lakes, depletions of apparently irregular inci-
dence are not uncommon and contribute to the phenomenon of ‘fish-kills’
(Section 5.2h). Their causes are varied, but probably include the excep-
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Fig. 5.7. The annual cycle of stratification in Higuanojo Reservoir, Cuba, as
depth-time diagrams over two years that show (a) temperature, contours in °C,
(b) dissolved oxygen, contours in mgl"'. Cooler conditions around the winter
solstice do not preclude some residual stratification. From Laiz er al. (19935).

tional extension of daytime stratification under prolonged calm weather
(e.g., Lake George: Ganf & Viner 1973), the lateral transfer (advection)
of pre-existing deoxygenated water at depth (e.g, Lake Albert: Eccles
1976), vertical mixing with upward transport of O,-depleted but H,S-
rich water (e.g., Lake Valencia: Infante et «l. 1979) and decomposition
associated with periodic phytoplankton blooms (e.g., Lake Victoria:
Ochumba & Kibaara 1989). Still poorly documented are the possible
biological implications of CO; accumulated in deep layers or of elevated
pH in surface layers induced by photosynthetic consumption of CO,.
Dunn (1967) noted that a varied zooplankton survived diurnal episodes
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of a surface pH rise of two units in fishponds at Malacca bearing dense
phytoplankton, but not a later mass death of the bloom. As mentioned in
Chapter 4.5, an exceptionally large accumulation of CO, of deep-seated
(magmatic) and non-biological origin in the crater lake Nyos (Cameroon)
was followed by catastrophic de-gassing on 21 August 1986 and mortality
in human settlements nearby. Although pre-existing information is inade-
quate, the interruption of a long-persistent density stratification can be
deduced (Kling 1982, 1988; Kling et al. 1987, 1989), completed by energy
from buoyancy resulting from the de-gassing.

(d) Reduced chemical species

Oxygen.depletion, periodic or aperiodic, is universally influential for the
formation and accumulation of reduced chemical species such as CH,
(see Chapter 2.4a vii), H,S, NH,*, Fe** and Mn?* ions. In lakes, deep
accumulations typically mark prolonged temperature/density stratifica-
tion. They are likely to be dispersed or oxidatively eliminated by extensive
vertical mixing, so that an annual periodicity of stratification — common
in tropical lakes — is likely to be imposed on the reduced species. There
are relatively few tropical examples described with depth-time resolution
over several years, although shorter series are not uncommon (e.g., for
Lake Victoria: Talling 1966). One two-year and another 2.5-year series
from reservoirs in tropical Australia illustrates the seasonal accumulation
of Fe** in the O,-depleted hypolimnion (Hawkins 1985; Townsend
19935). Two long series from Africa that include H,S (or sulphide) are
especially notable. That from Lake Kariba (see Harding 1964; Coche
1974; McLachlan 1974) showed a strong accumulation of sulphide in
the deep hypolimnion of the early productive phase (with incidental cor-
rosion of turbine metal at the dam), accompanied by CHy, but lessening
in later years (Fig. 5.32). The other and uniquely intensive study is from
Lake Pawlo, a crater lake in Ethiopia (Wood, Baxter & Prosser 1984).
Here the annual occurrence of sulphide was somewhat variable, corre-
sponding to the varying extent of annual mixing and thermocline forma-
tion. In Amazon floodplain lakes a seasonal stratification, linked to
changes in water level, is often accompanied by deep oxygenation with
accumulation of H»S, as in the example from Lago do Castanho (Santos
1973) shown in Fig. 5.8.

Numerous tropical lakes are indefinitely stratified or meromictic. Their
anaerobic lower layers are typically rich in the reduced species listed
above, with a vertical extent that is governed by changes in the depths



Chemical components 245

-
m O, 2mg|
B Hso02mg !

Height above bottom (m)

14, 2.2, 182, 183 15.4, 155, 288. 15.7 278 110, 22,10,

1971

Fig. 5.8. Lago do Castanho, Amazonia. Vertical profiles of concentrations of
oxygen and hydrogen sulphide in relation to the seasonal rise and fall of water
level and of temperature stratification. From Santos (1973).

of the upper mixed layer and lower persistent layer or monimolimnion.
Examples include the African lakes of Tanganyika (Hecky et al. 1991)
and Sonachi (Maclntyre & Melack 1982).

Reducing conditions are also widespread in waters below swamp vege-
tation. Here within-year changes are likely to depend mainly on local
hydrological conditions, as described by Gaudet (197956) for a swamp
fringing Lake Naivasha in Kenya.

(e) Organic matter

Dissolved organic matter, usually reported as dissolved organic carbon
(DOCQ), is universally present in freshwaters, generally at carbon concen-
trations in the range 2-10mg|™' (Chapter 2.4a ii). Its time-variability is
not well known for tropical lakes, but has attracted attention for some
large tropical rivers — including the Amazon (Richey et al. 1980, 1990)
and in other rivers of the ‘black-water’ type of low ionic content draining
forested catchments, such as the Rio Negro, Orinoco and Zaire. The
variation of concentration with time relates to that of discharge, often
with a time-lag and suggestive of purging, as described for the rivers
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Orinoco (Saunders & Lewis 1988d; Lewis & Saunders 1989; Paolini 1991,
1994) and Gambia (Lesack et al. 1984). However, the amplitude of varia-
bility is typically not large considering the strong environmental changes
involved, indicating a degree of stabilization with respect to runoff
(Schlesinger & Melack 1981).

5.2 Biological components
(a) General

The compatibility of particular modes of biological response to environ-
mental variability depends upon the innate response time compared to
the frequency of the external change. Vegetative or somatic growth is a
fundamental characteristic, that in organisms which are microbial or with
repeated structural units (modular) can produce relatively rapid response
which is directly expressed in demographic change of population num-
bers. In most higher organisms the generation length or duration of a life
history sets lower time-limits for demographic response. Here the adverse
growth or survival prospects of the higher-latitude winter make the dis-
tinction between a generation length of more or less than one year impor-
tant, as are various strategies for reproduction and feeding involving
diapause, resistant reproductive bodies, and migrations. Tropical equiva-
lents of this stoppage or low-survival season, if present, generally have
other environmental origins; further, the prevalence of temperature as
a master-factor for potential growth rate and stage-duration opens pos-
sibilities for higher frequencies of cyclic response. At all latitudes
possibilities of rapid response are generally high for mobile behaviour
patterns, as exemplified in diel feeding behaviour, and vertical migration
of zooplankton and fishes. There are further possibilities for endogenous
rhythms of biological activity, mainly around daily (circadian) or annual
(circannual) periodicities.

Another type of biological variability concerns the changing frequen-
cies of different structural forms in a population. This feature is repre-
sented in the zooplankton Cladocera, as with the seasonal occurrence of
parthenogenetic and sexual females, and of form-variations (e.g., helmet
form) that constitute cyclomorphosis. The latter phenomenon, possibly
induced by predation, is apparently infrequent and little recorded from
tropical freshwaters even though helmet-dimorphism is known (e.g., in
Ceriodaphnia and Daphnia: Rzbska 1956; Green 1967, Robinson &
Robinson 1971; Zaret 1969; 1972a, b; Infante 1982). There is a report
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by Arcifa-Zago (1976) of cyclomorphosis from a Brazilian reservoir;
Egborge & Ogbekene (1986) provide another for a rotifer in a Nigerian
reservoir (Fig. 5.9). An expression that involved seasonal variation of
animal size is described by Masundire (1991) for the cladoceran
Bosmina longirostris in Lake Kariba.

If biological variation is analysed in terms of a stock or population
quantity subject to inputs and outputs (losses), treatment can be mainly
demographic (as population dynamics) or biogeochemical (as chemical
dynamics). Linkage between the two aspects has been explored in only a
few tropical freshwater systems; examples appear below in relation to the
macrophyte papyrus (Zaire), phytoplankton (lakes George, Chad,
Victoria and Titicaca), zooplankton (Lake George, Lake Chad) and zoo-
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Fig. 5.9. Seasonal variation in three measures of form (cyclomorphosis) for the
rotifer Keratella tropica in Lake Asejire, Nigeria. The dimensions, in pm, were
lengths of (@) lorica, (b) right posterior spine, (¢) left posterior spine. Modified
from Egborge & Ogbekene (1986).
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benthos (Lake Chad). Stock inputs are dominated by nutrient/food
incorporation and demographic recruitment; outputs by biological inter-
changes (grazing, predation, competition) and mortality from environ-
mental stress, of regular or irregular incidence. The environmental
distribution of a population, rather than its size, can vary cyclically in
time as a result of passive transport or volumetric dilution (e.g., plank-
ton), active migration (e.g., zooplankton, fishes), water/air phase alter-
nation (insect emergence) and social aggregation patterns.

In natural communities, many time-relationships are determined by
interactions between the component organisms as well as by direct
responses to the abiotic environment. The interaction can minimize com-
petition, as between related species that occupy niches which differ with
respect to diel or seasonal time; it can also result from prey-predator
relationships that involve time-dependent exposures to predation.

Ilustrative examples can be drawn from the relatively well-studied
behaviour of freshwater fishes. Niche differences between numerous
closely related species of endemic haplochromine cichlids in Lake
Victoria can involve spawning times and depth/time aspects of foraging
for zooplankton prey (Goldschmidt & Witte 1990; Goldschmidt et al.
1990). Although some haplochromine species in both lakes Victoria
and Malawi breed continuously, there is a gradation to breeding season-
ality at discrete and different times for others in these lakes (D.S.C. Lewis
1981). There are uses of space and hiding places to escape larger preda-
tors that hunt at different times of day or night. During the wave of
migration in seasonal rivers and floodplains, a sorting out of species in
time-succession often occurs (Welcomme 1985), typically linked to time-
differences in spawning and juvenile stages.

In temperate freshwaters there is normally periodic interruption of
recruitment to animal and plant populations, so that discrete cohorts
or year-classes can be recognized in population structure. This is also
true of markedly seasonal tropical freshwaters. Most described examples
are from fish populations repeatedly sampled for length-frequency dis-
tribution, as from the El Beid River near Lake Chad (Fig. 5.10), Lake
Malawi (Fig. 5.33) and Lake Valencia (Fig. 5.36). Benthic invertebrates
provide other instances, especially larval stages of insects with recruit-
ment determined by phased oviposition, as in the lunar cycles of Lake
Victoria (MacDonald 1956; see Fig. 5.11) and the seasonal cycles in a
West African stream (Hynes 19754).

For the less seasonal tropics a potential for continuous, unphased
reproduction and survival might be anticipated, yielding a population
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Fig. 5.10. Development over time of one (1977) or two (1975) cohorts — indicated
by length-frequency distributions — of the fish Siluranodon auriius according to
flood magnitude of the El Beid River inflow near Lake Chad. Cohorts are framed
by dashed or dotted lines. From Bénech & Quensiére (1985).

structure without pronounced discontinuities of age-frequency. This was
apparently true of the zooplankton (Burgis 1971), zoobenthos
(McGowan 1974; Darlington 1977) and some cichhid fishes (Gwahaba
1978) of the equatorial Lake George. For planktonic copepods world-
wide, an almost unchanging or ‘stationary’ age-frequency distribution of
developmental stages has been very rarely recorded in freshwaters;
Wyngaard et al. (1982) cite only examples from Lake George and the
subtropical lakes of Kinneret (Israel) and Thonotosassa (Florida).
Continuous reproduction is also shown by a minority of fishes in some
large tropical lakes that stratify seasonally but where the within-year
ranges of water level and temperature are low. Examples include some
cichlids of Lake Victoria and clupeids of Lake Tanganyika (Lowe-
McConnell 1987), and the cyprinodont Orestias agassii of Lake
Titicaca (Loubens & Sarmiento 1985). In a rare analysis of age structure
for a species of tropical swamp vegetation, Thompson et al. (1979)
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showed that this varied considerably for stands of papyrus (Cyperus
papyrus) in African sites of differing seasonality, even though the resul-
tant biomass density was virtually identical.

If discontinuous and phased reproduction and recruitment is combined
with high fecundity or propagule formation, time-oscillations of popula-
tion size will follow for non-environmental reasons. As high fecundity is
one of the supposed characteristics of species with r-selected reproductive
strategy (Ssentongo 1988 gives examples for African fishes), and survival
at high density a characteristic of K-selected species, the r—K spectrum of
‘strategy’ has some relationship to the amplitude of temporal population
change.

The long-term stability of fluctuating populations implies some degree
of tolerable density-dependent, negative feedback at high densities and
some assurance of recovery — rather than extinction — from low densities.
Unfortunately most population-time studies on tropical freshwaters do
not resolve the periodic minima, nor enable the relative or logarithmic
range (Talling 1986; Kebede & Belay 1994) to be assessed. The recovery
phase may owe much to resting stages or immigration — including insect
oviposition and water-borne transfer (advection) of plankton — as well as
the re-growth and reproduction of surviving individuals.

As is widely recognized, adaptation during evolution has allowed com-
munities to survive and cyclically re-establish after environmental
changes of great magnitude but regular incidence. Those of irregular
incidence can be more damaging. Examples are provided, respectively,
by the floodpulse of the central Amazon, level range approximately 10 m,
and the de-stratification with fish-kill in varzea lakes of the same region
induced by travelling cold fronts.

Some features of the time-variability of populations relate to forms of
life history. Successive stages in a lengthy and differentiated life history
often have different environmental requirements and tolerances.
Compatibility of the stage-succession with environmental (abiotic +
biotic) time-sequences is particularly important in variable environments;
tropical floodplains provide examples. Aids to such compatibility include
a response to well-correlated proximate factors as ‘cues’, insertion of a
resting stage (diapause), differentiation of storage organs or stages and
restriction of most active growth to specific stages. In insects with aquatic
larvae and flying adults, the emergence event is often synchronized
between individuals on the diel and — sometimes — lunar time scales,
and may induce a synchrony of origin for the next generation or cohort.
An example for benthic chaoborids of Lake Victoria appears in Fig. 5.11.



Biological components 251

O ¢ 0O @ O e O e 0'®e O @ O o
Chaoborus species B ' Chaoborus anomalus

PPy

FRRES TR0 Y00

Length (mm)

017 31 13 30 13 2 15 ® 12 BT s
Oct Nov  Dec Jan Feb Mar Apr
1951 1952
Fig. 5.11. Growth in length of larvae of two Chaoborus spp. collected periodically
from the benthos of Ekunu Bay, Lake Victoria. Lines indicate trends of cohort

development. Different symbols (e, +) differentiate coexisting cohorts of each
species. Lunar phases are aiso shown. From MacDonald (1956).

In terrestrial environments, the predominadt function of diapause
changes from a cold- or winter-resistant stage in temperate regions to a
drought-resistant stage in the subtropics and tropics. However, in persis-
tent tropical freshwaters drought-resistance may be irrelevant and the
diapause stage can bridge other unfavourable periods. These include
adverse conditions for growth during seasonal stratification of lakes.
Here one might recall the summer encystment of the dominant dino-
flagellate in the subtropical Lake Kinneret, Israel (Pollingher 1986).

In some groups of freshwater organisms, notably algae, protozoa,
Rotifera, Cladocera and macrophytes, there is a potential for both sexual
and asexual modes of reproduction. The latter include vegetative and
parthenogenetic increase, and can enable rapid rates of increase of popu-
lation biomass under favourable conditions. In temperate waters the two
modes of reproduction can be at least partly linked to season. In the
tropics such linkage to season is apparently not well known, and in the
Upper Nile was not evident for Rotifera and Cladocera of the zooplank-
ton (Rzoska 1976). However, at Lake Chilwa in Malawi there was a
conspicuous appearance of male cladocerans and then resting eggs on
the first major fall in level during a drying sequence (Kalk 1979q), as
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shown in Fig. 5.26. Among planktonic algae, episodes of sexual
reproduction and auxospore-formation are known for the diatoms of
many temperate waters and have recently been described by Jewson et
al. (1993) for one tropical and subtropical species, Aulacoseira herzogii, in
Bangladesh. Here the time-sequence of auxospore-formation was related
to a check to population growth and probably to reduced solar radiation
in the cloudy monsoon climate.

Especially for smaller (including micro-) organisms, present knowledge
in tropical freshwater ecology is limited by the scarcity of supporting
studies with cultured populations. The contrast with temperate situations
is obvious in work with bacteria, protozoa, rotifers and especially algae.
Among common tropical representatives of the last, perhaps only the
blue-green Spirulina ‘platensis’ (in part S. fusiformis) has received close
attention regarding light utilization (e.g., Kebede & Ahlgren 1996),
sodium tolerance (Kebede 1997) and nutrient requirements relevant to
ecology. A rare example for a plankton diatom appears in Fig. 3.27.

(b) Heterotrophic bacteria

No general account is possible of the time-variability of bacteria (exclud-
ing cyanoprokaryotes or Cyanobacteria) in tropical freshwaters. There
are few studies of total numbers by reliable methods of direct counting;
components are difficult to distinguish, the classical quantitative plate
counts being of very limited value; indices of cellular activity only spor-
adically investigated over time; and micro-environments are of great sig-
nificance. Below examples are given from some sustained investigations
of bacterial variability, mostly for several types of standing and flowing
waters in South America with considerable inputs of organic matter.
Seasonality in the Amazonian floodplain is ensured by the annual
floodpulse, but considerable differences in bacterial concentrations exist
between organic-rich ‘black’ and ‘white’ river waters, and between them
and floodplain lakes (Schmidt 1970; Rai 1979). Much in the longitudinal
downstream flux of organic material is refractory and persistent (Richey
et al. 1980, 1990; Hedges et al. 1986; Ertel et al. 1986), and the highest
concentration of bacterial numbers (Rai & Hill 1981, 1984) and activity
with added glucose (Rai 1979; Rai & Hill 19824, 1984) showed some
correlation with time-changes of phytoplankton abundance and photo-
synthetic production. Highest values of these characteristics were reached
towards the low-level phase in lakes of the floodplain, such as Lago Tupé,
from which the main river channel can be enriched. Thus at high level
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and discharge Benner er al. (1995) found in the river relatively low
bacterial numbers but maximum growth rates, as deduced from the
uptake of tritiated thymidine and leucine.

In Lake Valencia, not in a floodplain but highly productive, the varia-
tion in concentrations of planktonic bacteria has been studied with depth
and time over five years (Lewis et a/. 1986). Time-variability in both near-
surface and deep water was more related to changes in vertical stratifi-
cation than to those of phytoplankton abundance. During prolonged
periods of stratification bacterial numbers declined in both upper and
lower layers, with increases during entrainments to upper layers and
transfers of O,-bearing water to lower layers. By indirect calculation, it
was estimated that in this lake bacterial activity was not large enough to
process a major part of the products of primary production by phyto-
plankton. Seasonally, in a lake of the Amazonian floodplain where
heterotrophy appears to dominate over autotrophy (Melack & Fisher
1990), size-fractionation experiments by Fisher er al. (1988) suggested
the opposite conclusion for nutrient (N, P) regeneration.

Lewis et al. (1986) point out that in very shallow tropical lakes, such as
Lake Nakuru in Africa that is recorded as supporting exceptionally high
bacterial concentrations (Kilham 1981), planktonic bacteria may be
partly derived by resuspension of sediments. There may also be a bias
towards higher bacterial concentrations in saline lakes, and especially
soda lakes, such as those in Ethiopia examined by Zinabu & Taylor
(1997). Numbers may also respond to irregular phytoplankton mortal-
ities as indirect evidence from rotifer abundance in Lake Nakuru suggests
(Vareschi & Jacobs 1985). Measurements of bacterial numbers and cell-
ular growth on the diel and seasonal scales are available for only a few
tropical lakes including Lake Awasa, Ethiopia (Gebre-Mariam & Taylor
19894, b). Here specific growth rates were estimated by three methods:
incorporation of tritiated thymidine, frequency of dividing cells and
increase in cell numbers during bottle incubations. These generally
agreed, with a range of 0.006-0.026h~' and mean ~0.013h~"'
Estimates of opposing grazing rates, probably chiefly from ciliates,
were of similar magnitude. Diel variations were also found to be signifi-
cant in the Ebrié coastal lagoon of West Africa (Torréton et al. 1994),
and in Lake Xolotlan, Nicaragua (Vammen er al. 1991). For the former,
the variation may be due to the resuspension of sediment by stronger
winds with a diel incidence, bearing bacteria of larger size attached to
particles (Bouvy et al. 1994; Arfi & Bouvy 1995). A similar influence of
particulate resuspension on bacterial numbers and size has been found in
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the shallow Lake Chapala, Mexico (Lind & Davalos-Lind 1991). Time-
variability in total bacterial numbers over one year was followed by
Freitas & Godhino-Orlandi (1991) for the surface sediment of an
oxbow lake in southern Brazil. Concentrations, expressed per g dry
weight of sediment, were strongly seasonal and hydrologically influenced.
They ranged from 1.26 x 10" cells g~! dry weight in the dry season to
8.6 x 10" cells g~! in the rainy season during which the main decom-
position of allochthonous material occurred.

In some tropical waters, as elsewhere, photosynthetic sulphur bacteria
are known to occupy a water stratum immediately above a sulphide-
containing hypolimnion, where sufficient light is available. Examples
are described from Borneo (Brunei Darussalam) by Booth & Choy
(1995) and Papua New Guinea by Vyverman & Tyler (1995). The latter
. relate short-term changes in these communities to those of density
stratification linked to incursions of seawater.

(c) Aquatic macrophytes

These plants are very varied in their relations to the phase boundaries
of air—water and water—sediment, to which their communities have an
overall depth-zonation. Consequently, besides responses as primary
producers to changes in the radiation/temperature regimes affecting
atmosphere and water, they are generally susceptible to tropical hydro-
logical regimes that produce marked changes in water level. Further, as
most are higher plants, they tend to show internal controls of time-related
events of life cycle such as flowering (phenology). Their large biomass in
many shallow freshwaters makes their time-variations important as envir-
onmental characteristics for smaller organisms, independently of trophic
links. These time-variations can be very different for various parts of the
same plant, such as leaves, erect shoots and rhizomes.

Relevant studies-in-depth from the tropics, which are not numerous,
mainly concern major distributional expansions of a few species (e.g.,
Eichhornia crassipes, Salvinia molesta) and effects of seasonal or long-
term change in water level. Wider comparative surveys of note are the
book edited by Denny (1985) on the ecology of African freshwater
macrophytes and the review of low-latitude seasonality/aseasonality by
Mitchell & Rogers (1985).

Free floating plants are richly developed in tropical freshwaters. The
combination of extensive asexual vegetative reproduction, potentially
exponential population increase and horizontal mobility has enabled
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some spectacular range-extensions in nutrient-rich waters. The originally
South American species of Eichhornia crassipes and Salvinia molesta have
become pan-tropical, like the earlier-established and comparatively
innocuous Pistia stratiotes, and expanded to pest-proportions in various
man-made lakes (Little 1966; Gaudet 1979a; Mitchell & Gopal 1991),
some natural lakes and in river-systems. Examples are the expansion of
Salvinia molesta in the early and more nutrient-rich phase of Lake Kariba
(Mitchell 1969) followed by later decline (Marshall & Junor 1981: Figs.
5.12, 5.13); the corresponding but lesser expansion followed by decline of
Pistia stratiotes in Lake Volta (Okali & Hall 1974; Hall & Okali 1974);
and the invasion of Eichhornia crassipes in the river-systems of the Zaire
(Congo) (Berg 1959, 1961) and, later, the Nile (Gay 1960; Obeid 1975;
Batanouny & El-Fiky 1975).
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Fig. 5.12. Lake Kariba. Physical, chemical and biological changes after dam-
completion in 1958, including (@) annual change of water level, (b) concentration
of nitrate-nitrogen and conductivity of surface water, (c) percentage of lake area
covered by the floating: plant Salvinia molesta. From Marshall & Junor (1981).
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Fig. 5.13. Lake Kariba. A shoreline in October 1983, with dead flooded trees and
an accumulation of the floating water-fern Salvinia molesta.

Here the intrinsic rates of increase (= relative or specific or instanta-
neous growth rates, g: Chapter 3.3, Section 5.3) are of obvious impor-
tance. They have been studied for the species of Sa/vinia (Mitchell & Tur
1975; Bond & Roberts 1978; Room & Thomas 1986a), Eichhornia (Obeid
1975; Bond & Roberts 1978; Junk & Howard-Williams 1984; Gopal
1987) and Pistia (Hall & Okali 1974; Junk & Howard-Williams 1984).
Doubling times under near-optimal conditions can be as low as 3.4-5.3
days (Salvinia molesta: Gaudet 1973; Mitchell & Tur 1975; Sale et al.
1985), but in situ generally lie in the range 8—15 days under favourable
conditions. Crowding, via local nutrient release after decay, can stimulate
as well as retard growth rates (Mitchell & Tur 1975). Rates were also
recorded as lower in the cooler season for S. molesta at Lake Kariba and
for Eichhornia crassipes in a reservoir at 23°N in northern India (Sen
et al. 1990). Besides temperature, the nitrogen status of S. molesta
was found by Room & Thomas (1986a) to be an important factor in
the seasonal variation of relative growth rate (Fig. 5.48), which they
modelled for latitudes between 0° and 50°S.

Changes of water level may lead to marginal stranding but are not
generally of major significance. Decrease in the shade from pre-existing
forest occurred during the newly flooded phase of Lake Brokopondo in
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Suriname. Afterwards, with leafless trees, expansion by Eichhornia cras-
sipes was favoured, but not that of shade-plants which included the sub-
merged water-fern Ceratopteris pteroides — or of the duckweeds Lemna
valdiviana and Spirodela biperforata (van Donselaar 1968).

Completely submerged plants have rarely been studied for time-varia-
tion in the tropics. In temporary waters a seasonal dry phase can produce
near-complete vegetative destruction by desiccation or preceding eleva-
tion of salinity, with survival by seeds or turions, as described for
Potamogeton crispus in a subtropical (27°8S) floodplain pan of South
Africa by Rogers & Breen (1980). However, in an equatorial Malaysian
swamp, without desiccation, the dry seasons were the main periods of
vegetative growth of the bladderwort Utricularia flexuosa, contrasting
with two periods of wash-away during the South West and North East
monsoonal rains (Lim & Furtado 1975). For the principal species in Lake
Titicaca, Schoenoplectus tatoram, there was an increase of biomass cover
during the warmer season (October—March), around the summer solstice,
but not for the still more abundant species of Chara (Collot et al. 1983).

Emergent reedswamp plants are exposed to atmospheric factors such as
air temperature and also to variation in water level. Stock density and
composition may vary seasonally in relation to phasing in the generations
(e.g., annual) of shoots, as is conspicuous in temperate regions. A tropical
example is provided by the sedge Eleocharis interstincta in a Venezuelan
lagoon (Gordon Coldn & Velasquez 1989), where the seasonal cycle was
pronounced and involved a maximum of biomass and culm height in
November at the transition from the rainy to dry season. Near the
edges of the tropics growth may largely cease in the coolest ‘winter’
season, as for Typha angustata at latitude 26°49' N in northern India
(Sharma & Pradhan 1983). In Africa the well-studied Typha domingensis
of the swamps of Lake Chilwa is a near-constant perennial, as at another
tropical site in Cuba (Plasencia & Kvét 1993), but its growth rate —
Judged from experimental cutting — varied with season with a correlation
to water level (Howard-Williams 19795). Its resistance to high ionic con-
centrations (e.g., up to ~44mmol Na™ 17') was a factor in its survival, if
not growth (Howard-Williams 1975), through annual or long-term
increases of salinity during low water levels. Long-term changes of
water level in Lake Chad, that also involved salinity change, altered
the relative abundance and spatial distribution of major reedswamp spe-
cies (lltis & Lemoalle 1983). In a newly created African lake of variable
level, Lake Mcllwaine, the small emergent Polygonum senegalense was
outstandingly successful in littoral colonization; contributing factors
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were its abundant production of seeds suited to germination on wet mud,
rapid vegetative growth, structural adaptability to changing water level
and wide tolerance of chemical conditions (Jarvis et al. 1982).

Long-term littoral colonization with transition from lake to swamp
constitutes the classic Aydrosere. Osborne & Polunin (1986) describe an
apparently ‘reversed hydrosere’ from Waigani Lake in Papua New
Guinea, where the transition of emergent swamp — floating-leaved
species — open water was apparently caused by a combination of
water level change and nutrient enrichment by urban effluents.

Attached or semi-attached floating plants are typified by grasses that are
attached to the sediments but bear subaerial shoots from a ramified
floating mass. Such ‘floating meadows’ are a major feature of the season-
ally inundated vdrzea region of the Amazonian floodplain. Notable spe-
cies here are Paspalum fasciculatum and FEchinochloa polystachya,
Echinochloa stagnina and Vossia cuspidata are common species in
African floodplains. Sites on the Amazonian floodplain may have a sea-
sonal amplitude of 11 m in water level, such as Lago do Castanho where
the seasonal development of a stand of Paspalum fasciculatum was stud-
ied in 1974-5 (Junk & Howard-Williams 1984: see Fig. 5.14). In this time
three annual generations of shoots could be distinguished, each with a
growth—senescence cycle. After seed germination on the sediment at low
level, very rapid extension growth (e.g., 20 cm per day) normally allowed
vegetative development to keep up with rising water level, with maximum
biomass near maximum flood level.

Another form of floating vegetation is that of papyrus (Cyperus
papyrus) which consists of mats of interlaced rhizomes bearing erect
culms. Culm growth can be continuous, with the replacement of growth
stages in time, at equatorial locations (e.g., Thornton 1957; Thompson e!
al. 1979), but with a marked minimum of growth rate during the cool
season at subtropical locations (e.g., Breen & Stormanns 1991). The mats
can accommodate smaller amplitudes of level variation, as at the equa-
torial African Lake Naivasha where small falls can extend the community
(Gaudet 1977a) although larger long-term changes to high level are un-
favourable (Harper 1984, 1992). Detached mats of this and other species
form ‘sudds’ that encroach on open water at rates much faster than
reedswamp in the traditional hydrosere. Floating examples in the
Okavango Delta, Botswana, varied in number seasonally by a unique
mechanism probably linked to seasonal gas production - predominant
sinking in the cooler season, predominant rise in the warmer season
(Ellery et al. 1990).
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Fig. 5.14. Seasonal biomass, as fresh weight, of successive generations of the grass
Paspalum fasciculaturn in the Amazonian lake, Lago do Castanho, in relation to
changes of water level. From Junk & Howard-Williams (1984).

An adverse reaction to media of markedly low or high ionic content
has consequences in some time-series involving evaporative concentra-
tion, and was prevalent during phases of falling level at Lake Chilwa
(Howard-Williams 19794) and Lake Chad (Iltis & Lemoalle 1983).

Rock-encrusting plants include the unique tropical Podostemaceae that
inhabit swiftly running waters, with a life cycle in which flowering and
seed formation are triggered by falling water level (Payne 1986).

(d) Phytomicrobenthos

Phytomicrobenthos (or periphyton, Aufwuchs in part) develops as algal
growth on submerged surfaces, of stone (epilithic), sediment (epipelic) or



260 Reactive components of time-variability

plants (epiphytic). It may be a competitor with phytoplankton and
submerged macrophytes for nutrients and light. Its study in tropical
freshwaters has been minimal, although it serves as food for many inver-
tebrates and — as in lakes Malawi and Tanganyika ~ rock-frequenting
cichlid fishes. In general its biomass density per unit area is determined by
availability of substratum, light and nutrients, by dispersal losses from
currents and turbulence, and by animal consumption.

Influences from all these factors are illustrated in the study by Engle &
Melack (1990) of epiphytic material on floating meadows of an
Amazonian floodplain lake, Lake Calado. Here recovery after distur-
bance was rapid (<7 days). The seasonal pattern of abundance per
unit area was related to the hydrological cycle, with high values during
the phase of high-level, nutrient-rich, turbid water conditions that was
unfavourable for plankton development. Seasonal increase was conspic-
uous in several rock-attached (epilithic) components — Cladophora,
Calothrix, diatoms - in southern Lake Malawi during the cool season,
when vertical exchange probably increased the availability of nutrients
(Haberyan & Mhone 1991). Seasonal change of biomass was established
for a community attached to submerged macrophytes in a temporary
water-body of flooded savanna in Venezuela (Cruz & Salazar 1989).
Here the biomass maximum (August) was phased before that of the
host plant, from which an unfavourable shading might result. The
reverse, an unfavourable shading of the host plant, is also possible.
Seasonal change was also marked for the periphyton attached to the
trunks of submerged trees in the Volta Lake of Ghana (Obeng-Asamoa
et al. 1980), where change in water level — by as much as Sm during the
year — was a dominant factor. This could be eliminated by following
sequences on wooden blocks suspended at fixed depths (John et al.
1981). In both cases diatoms were the main primary colonizers, with
green filamentous algae following later.

The time required for recolonization can also vary with season. In
experiments of Fernandes & Esteves (1996) with immersed leaves of
Typha domingensis in a Brazilian coastal lagoon, maximum biomass
was reached in 14 days during the warmer season (~28°C) and in 21
or 28 days during the cooler season (~21 °C). Other experimental expo-
sures were used to follow seasonal changes in the colonization of artificial
substrata by Ho (1976) in a Malaysian stream and by Iltis (1982) in two
West African rivers. Colonization was generally heaviest near the end of
low-water periods, due to adverse scouring effects in high-level periods
after rains.
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Longer-term changes have rarely been followed quantitatively. In very
shallow waters a fall of water level, and evaporative concentration, may
promote a rich flora of benthic diatoms — as described for Lake Chilwa in
Malawi by Moss & Moss (1969), and for several Kenyan soda lakes by
Tuite (1981) and especially Melack (1988). The last study extended over
two years (1973-75) on Lake Elmenteita, where reduced rainfall caused
mean depth to decrease from 1.1 to 0.65 m, and conductivity to rise above
21 mScm™'. Possibly related to the salinity change, populations of major
phytoplankters fell abruptly whereas those of several bottom-living
diatoms rose.

(e) Phytoplankton

As a community of primary producers in the form of dispersed cell
suspensions, phytoplankton is inherently susceptible to change in both
the radiation/temperature and water balance complexes of environmental
factors. Its own reactions upon the physical and especially the chemical
environment can also be profound, and often cyclic in time. Biotic inter-
actions that include grazing can introduce further temporal change.

Diel variability originates at several levels. The day-night cycle of
photosynthetically available radiation will induce cycles of relative car-
bohydrate content in algal cells. These have apparently not been studied
in the tropics. Diel cycles of photosynthetic activity have been followed
very widely with varying degrees of time-resolution (Chapter 3.1, Section
5.3). A corresponding cycle of light-dependent nitrogen fixation by blue-
greens has been measured in Lake George (Ganf & Horne 1975) and in
Lake Valencia (Levine & Lewis 1984: see Fig. 3.26). The diel period is too
short for cycles of population growth to be recognized; effects on a cycle
of frequency of dividing cells can be anticipated but do not appear to
have been investigated in tropical freshwaters for phytoplankton (unlike
bacteria: Gebre-Mariam & Taylor 19895). There is, however, evidence for
bursts of cell division at longer intervals for the diatom Aulacoseira
(formerly Melosira) italica in a Brazilian reservoir (Nakamoto et al.
1976).

The diel cycle of temperature/density stratification can have large
effects on the vertical distribution of biue-green algae (cyanobacteria)
with varying positive or negative buoyancy. In the most intensive tropical
studies, a predominant rise during the day was found in the Jebel Aulia
reservoir on the Nile (Talling 19574) and a predominant sinking in Lake
George (Ganf 19745h, d). This varying behaviour can be encompassed by
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known mechanisms of buoyancy regulation in these organisms, but appli-
cations must be speculative pending more measurements for the situa-
tions concerned (Ganf 1974d). Vertical near-uniformity was restored
during nocturnal mixing, sometimes aided by diel wind cycles as well
as nocturnal cooling. Day-to-day variation of wind speed was positively
related, through turbulence and resuspension, to the abundance of the
diatom Aulacoseira italica in a shallow Brazilian reservoir (de Lima et al.
1983). Sectors of a population isolated for a time above a diel thermocline
can show increased effects of a near-surface light-inhibition of photo-
synthesis (Vincent, Neale & Richerson 1984: see Fig. 3.8). Conversely,
at depth in darkness, reduced rates of respiration per unit biomass have
been demonstrated in Lake George (Ganf 1974a: see Fig. 3.10).

Vertical redistribution of populations with diel cycles can also result
from active migrations of flagellates. Although largely unexplored in the
tropics, an outstanding example of large amplitude (to 18 m) by Volvox is
described by Sommer & Gliwicz (1986) from an African man-made lake,
Cahora Bassa.

Within-year (annual) variability, seasonal or aseasonal, provides most
examples of temporal variability for phytoplankton. Population
dynamics and productivity have been central themes, and wide-ranging
studies are accumulating from an increasing — although still very limited —
number of tropical sites. A sampling is contained in Munawar & Talling
(1986); others appear in the survey of Serruya & Pollingher (1983).

General surveys of the extent of annual variability with latitude,
including the tropics, have been made by Melack (19794) and Ashton
(1985b), using as index the coefficient of variation (= standard deviation/
mean) applied to rates of photosynthetic production per unit area or
concentrations of chl-a. Results relating to photosynthetic production,
which partly reflect biomass concentration, are shown in Fig. 5.15.
Although there is a trend towards minimum variability at the equator,
the scatter there is wide and will be influenced by hydrological variability.
The coefficient of variation is loosely related to relative annual range, a
parameter which was used by Talling (1986), Kalff & Watson (1986) and
Kebede & Belay (1994) to compare variations of surface concentrations
of total biomass in three series of African lakes. This range was much less
than that of most component species, indicating a degree of species-
replacement. It was also lower in the shallower lakes — a feature corre-
lated by Kalff & Watson (1986) with more extensive contact between the
upper mixed layer and sediments. Later Lewis (1990) made a further
comparison of seasonal variability of biomass as chl-¢ concentration in
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Fig. 5.15. Scatter diagram showing coefficients of variation for within-year varia-
bility of phytoplankton photosynthesis rates per unit area in relation to latitude.
Based on Melack (19794) and Ashton (1985b).

stratifying lakes, five tropical and 15 temperate, in which seasonal range
was taken between the 5 and 95 percentiles, and maximum concen-
trations were taken in ratios with both annual and seasonal mean con-
centrations. These ratios differ in their sensitivity to the period-duration
of biomass limitation. On the annual basis, the mean concentration was a
much higher fraction of the maximum in the tropical than the temperate
lakes, whereas on the seasonal basis it was less different. These features
can be interpreted as suggesting that minima in the tropical lakes are
relatively less depressed and that support might derive from more exten-
sive recycling of nutrients there.

Figure 5.16 shows examples of time-variability for phytoplankton
abundance in a series of tropical lakes, arranged by latitude. Periods of
reduced stratification and greater vertical mixing are indicated. Many
deeper tropical lakes, such as Victoria, Lanao, Valencia, Tanganyika,
Malawi and Titicaca, have an annual cycle of thermal stratification
that includes a short phase of extensive, sometimes near-complete, ver-
tical mixing. This phase is often accompanied or immediately followed by
a peak of algal abundance, to which diatoms make a major contribution.
However, a decline of phytoplankton density on mixing is not
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uncommon, especially where the euphotic zone becomes only a small
fraction of the total mixed depth, as in lakes Titicaca (Vincent et al.
1984), Lanao (Lewis 1978a) and Valencia (Lewis 1986a). In Lake
Lanao a negative response for the total phytoplankton biomass was
compatible with a positive response by some diatom (Aulacoseira) com-
ponents. In several lakes, such as Victoria and Lanao, and probably
Awasa (Kebede & Belay 1994), multiple partial mixings occur with
some phytoplankton response. A second major peak may develop after
re-stratification and is often dominated by blue-greens; examples have
been described from lakes Tanganyika (Symoens 1956; Hecky & Kling
1981) and Victoria (Talling 1966). Such cycles, one- or two-peaked, seem
to be primarily determined by changes of hydrographic structure in the
water-mass related to the radiation/temperature and wind complexes of
environmental change. In large lakes some effective changes of hydro-
graphic structure can be local. Examples include responses to upwelling
at the southern ends of lakes Tanganyika (Coulter 1963, 1968, 19914) and
Malawi (Eccles 1974; Bootsma 1993b), and the differentiation seen
between bays and ‘open lake’ environments of lakes Victoria (Fish
1957; Talling 1966, 1987, Akiyama et al. 1977: see Fig. 5.17) and
Titicaca (Lazzaro 1981; Vincent et al. 1986).

Especially in shallow lakes that lack a cycle with prolonged stratifica-
tion, and in rivers such as the Nile (Talling & Rzobska 1967), Orinoco
(Lewis 1988; Carvajal-Chitty 1993) and Ganges (Lakshminarayana
1965b; Singh et al. 1983), there is more opportunity for response to
major, usually seasonal, water inputs (i.e., the hydrological complex).
Examples for lakes and reservoirs in Africa are surveyed by Talling
(1986) and in the Southern Hemisphere generally by Ashton (19855).
The water input may influence phytoplankton by deepening the water-
column, by reducing light penetration through introduced silt, by wash-
out effects in basins of short retention time, and — more favourably — by
injecting nutrients. These influences are seen seasonally and spatially,
especially near inflows, in the large African lakes or reservoirs of
Turkana (with a pervasive North-South polarization: Ferguson &
Harbott 1982; Harbott 1982; Ferguson 1982), Albert (Evans 1997),
Volta, Kariba, Nubia and Chad; also in smaller reservoirs and ponds
of India and Bangladesh where a plankton minimum can be character-
istic during wash-out and raised turbidity in the wet monsoon season
(e.g., Sugunan 1980; Kannan & Job 1980a; Zafar 1986; Khondker &
Parveen 1993). This or other influence of seasonal hydrology is recorded
for lakes and reservoirs of Malaysia (Fatimah et a/. 1984) and of Sri
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Fig. 5.17. Lake Victoria. Diagrammatic representation of a seasonal sequence of
stratification and vertical mixing, showing differences of timing between bays,
inshore channel and open lake areas that influence their respective populations
of two species of the planktonic diatom Aulacoseira. Based on Fish (1957) and
Talling (1966).

Lanka, where studies of plankton seasonality have a long history
(Apstein 1907, 1910; Holsinger 1955; Schiemer 1983). However, a mini-
mum in Sri Lanka during the wet North East monsoon, affecting photo-
synthetic production, appears to be not simply explicable from wash-out
effects (Silva & Davies 1987).
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In Central and South America a seasonal water-input influence on
phytoplankton is described for the large lakes of Xolotlan, Nicaragua
(Hooker et al. 1991) and Chapala, Mexico (Limén et al. 1989; Lind
et al. 1992), and numerous small reservoirs of which those in South
East Brazil are surveyed by Tundisi (1983, 1994). That at Brasilia
(Paranoa Reservoir) is heavily enriched by urban effluents and the dry
season corresponds with a seasonal minimum of the dense phytoplankton
dominated by the cyanophyte Cylindrospermopsis raciborskii (Branco &
Senna 1994, 1996). Especially notable are small lakes of the Amazon
floodplain (reviewed by Melack & Fisher 1990) that are seasonally
refilled. Lago Jacaretinga and Lake Calado are well-studied examples
of a class where the flooding river channel contributes to the lake with
nutrient-richer water that in subsequent months deposits silt, develops a
dense phytoplankton and is progressively stripped of soluble inorganic
nitrogen and phosphorus (Fisher & Parsley 1979; Forsberg et al. 1988).
Low penetration of light in floodwater is an important seasonal limita-
tion (less so for the accompanying emergent macrophytes: Forsberg
1984). It also retarded the seasonal growth of phytoplankton in the
Biue Nile during a phase when measured major nutrients were most
abundant (Talling & Rzéska 1967). For this reservoir-river system, the
seasonal increase of retention time by dam closure and also ponding-back
near Khartoum at low level (Rzoska ef af. 1955; Talling & Rzdska 1967,
Hammerton 1972) was decisive for determining a two-peaked annual
cycle of algal abundance. Further downstream the phytoplankton in
the upper reaches of the elongate High Aswan Dam reservoir, Lake
Nasser-Nubia, has shown large increases during July-August that were
lacking from the lower reaches near the dam (Habib & Aruga 1988) and
were probably responses to the input of nutrients in seasonal floodwater.

There remains a few studied equatorial lakes in which strong seasonal
inputs of floodwater are not marked and which are too shallow to
develop a long-maintained thermal stratification. Lake George, with
local hydrological buffering, has already been mentioned (Chapter
4.3d); here low amplitudes of environmental factors are matched by
low amplhitudes of annual change in phytoplankton abundance and com-
position (Burgis et al. 1973; Ganf 19745, see Fig. 5.21). A small positive
response to seasonal rainfall is discernable. The Kenyan Lake Naivasha
shows greater seasonal change in the phytoplankton (Kalff & Watson
1986) that may be influenced by variable resuspension of sediment, with
nutrient exchange, induced by the wind regime (Kalff & Brumelis 1993).
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There is here a possibility of buffering against seasonal nutrient inputs by
interception in marginal swamps, investigated by Gaudet (19795).

Environmental seasonality in West African freshwaters related to
another wind regime, the harmattan (Chapter 4.3c), is apparently con-
nected with one of two seasonal phases of major changes in the phyto-
plankton of Lake Volta (Biswas 1972a; Talling 1986). Also of wide
influence in East and Central Africa are the South East Trade Winds
(part of a monsoon system), which promote seasonal mixing in lakes
that include Tanganyika, Malawi and Victoria. In these lakes, and in
the man-made Lake Kariba (Ramberg 1987; Cronberg 1997), this mixing
elicits positive growth response from the diatom components of the phy-
toplankton. It is an essential factor in the annual cycle of sedimentation
and resuspension that is known for Aulacoseira (Melosira) nyassensis var.
victoriae in Lake Victonia during the years 1950-52 (Fish 1957), 1956
(Talling 1957b) and 1960-61 (Talling 1966: see Fig. 5.18).

The annual variation of component species is rarely known for more
than two years in tropical water-bodies, so the regularity or otherwise of
annual cycles is not well established. A considerable degree of seasonal
regularity was found for stretches of the White and Blue Niles near
Khartoum (Prowse & Talling 1958: see Fig. 5.19; Talling & Rzdska
1967, Hammerton 1972; Sinada & Abdel Karim 1984b), Lake Lanao,
Philippines (Lewis 1978a), Lake Valencia (Lewis 1986a), and the ‘normal’
phase of Lake Chad (Compere & lltis 1983; Lemoalle 1983). In Lake
Victoria the changes in population density of many species, resolved
over one year, fell into three main categories characterized by positive
response to vertical mixing (diatoms), negative response (most blue-
greens), and fluctuations of low amplitude (green algae) (Fig. 5.20). A
corresponding resolution of species changes in Lake George (Ganf
1974b) showed mainly fluctuations of low amplitude, excepting the
blue-green Anabaena flos-aquae with the large relative range of > 10°:1.

Temporal changes in species-populations that differ by time-shifts,
growth and loss rates, and inoculum levels give rise to patterns of species
succession. Generalized sequences of algal classes or morphotypes, and of
predominant factors, have been proposed with application to stratifying
tropical lakes as discussed by Lewis (19784, 1986a) and Ashton (19855).
Much depends upon the different responses of diatoms and blue-greens
to mixing and stratification, illustrated from Lake Victoria in Fig. 5.20,
but the patterns shown by other algal groups (e.g., greens, dinoflagellates)
are more variable between lakes, as is the succession of smaller- and
larger-celled species.
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Fig. 5.18. Lake Victoria. Depth-time diagrams with contours of algal concentra-
tion in cells mi~', showing the complementary patterns of occurrence of two
principal phytoplankters, (a) diatom and (b) blue-green, over an annual cycle
of stratification. Stippled blocks indicate onset of extended vertical mixing.
From Talling (1966).

Growth cycles or fluctuations of phytoplankton often induce corre-
sponding cycles or fluctuations of nutrient concentrations subject to
depletion. Perhaps the best established examples are of diatom-Si rela-
tionships as described by Adeniji (1977) for Lake Kainji and Lemoalle
(1978) for Lake Chad (Fig. 5.3). Depletions are often countered or
obscured by recycling and horizontal transfers (advection), especially of
the elements nitrogen and phosphorus.

Depletions in time of the populations themselves occur by various
processes, including sedimentation as well as grazing by zooplankton
and some planktivorous fishes. The quantitative role of grazing is vir-
tually unexplored for tropical freshwater phytoplankton. However,
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Gliwicz (1976b), working on lakes in Panama, obtained an index of
grazing rate (in % day~') from the removal of plastic micro-beads.
Some idea of bounds to grazing possibilities can be obtained from general
experience with specific filtration or consumption rates. Thus Lewis
(19784, 1985) applied an upper bound of 2000 ml per mg zooplankton
dry weight and day to Lake Lanao, and a consumption rate of 30% of
body weight per hour to estimates of protozoan biomass in lakes Lanao
and Valencia. In all these cases the impact upon phytoplankton was
judged to be small. Fungal parasitism and ingestion by protozoa are,
however, little known from direct observations; examples are illustrated
by Talling (1987) and Finlay et al. (1987), respectively. Possible seasonal
increase by excystment or germination of resting stages is largely
unknown; this can be of great importance in the subtropical Lake
Kinneret, Israel (Serruya & Pollingher 1983).

Few examples of time-vanability in tropical phytoplankton have been
analysed in terms of absolute or specific (relative) rates of population
change that are the resultant of corresponding rates of gain and loss as
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by grazing and sedimentation. One has been attempted for Lake Malawi
(Bootsma 19934). In another, involving a short-term sequence in a West
African fishpond (Arfi & Guiral 1994), one large loss component was
from grazing by protozoa and rotifers, and a second by sedimentation
after the depletion of ammonium-nitrogen.

Long-term (or inter-annual) variability has been documented only spor-
adically in the tropics. Year-to-year variability is likely to be pronounced
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in shallow water-bodies susceptible to occasional drought, such as the
two ponds in India where depression of photosynthetic productivity dur-
ing a drought year was studied by Kundu & Jana (1994). In deeper waters
one of the best examples of large year-to-year (and within-year) differ-
ences in abundance is that of the major diatom Aulacoseira (formerly
Melosira) nyassensis in Lake Malawi, where they are shown by historical
records (Hecky & Kling 1987) and by sediment stratigraphy (Owen et al.
1990; Pilskaln & Johnson 1991; Owen & Crossley 1992). However, the
abundance of accompanying Nitzschia spp. is much under represented in
the sediments (Haberyan 1990), due to dissolution in the water-column.
Sedimentary remains of diatoms have indicated changing water level and
climate in the remote past from various tropical lakes, including Lake
Victoria (Kendall 1969; Stager et al. 1997), Lake Abhé, Ethiopia (Gasse
1977; Gasse & Street 1978), Lake Chad (Servant & Servant 1983; Gasse
1987), Lake Naivasha (Richardson & Richardson 1971; Richardson &
Dussinger 1986), Lake George (Haworth 1977), Lake Rukwa (Haberyan
1987), Lake Texcoco (Bradbury 1971) and Lake Valencia (Bradbury ez al.
1981). Thus in tropical Africa an alternation of wetter and drier periods
has been extensive over the last 15000 years. Stratigraphic correlations
between African lakes are illustrated by Beadle (1981).

Long-term changes in phytoplankton can be expected in closed basin,
saline lakes with fluctuating water level. In the African lakes Nakuru
(Tuite 1981; Vareschi 1982), Elmenteita (Melack 1988), Chilwa (Moss
& Moss 1969; Kalk er al. 1979) and Chad (litis & Lemoalle 1983) they
can partly be correlated with trends, or rates of change (Melack 1988), of
salinity (see Fig. 5.21). Changes in the quantity and species composition
also occur in tropical lakes with long-term enrichment (eutrophication),
such as Lake Mcllwaine, although few are well documented. It is now
established that phytoplankton concentrations have increased consider-
ably in Lake Victoria during recent decades, together with chemical evi-
dence of eutrophication, although the cause(s) remains speculative
(Hecky 1993; Mugidde 1993; Lehman 1996). Species-sequences are to
be expected during the early development of man-made lakes; examples
are recorded for Lake Volta in Ghana (Biswas 1969, 1972b, 1975), Lake
Brokopondo in Suriname (van der Heide 1973), Lake Asejire in Nigeria
(Egborge 1974, 1979) and Lake Kariba (Cronberg 1997).

There are a few records of rapid spread of a prominent species in a
river system, attributable to accidental introduction or environmental
change. Hammerton (1972) has described the downstream spread of a
new dominant, the blue-green Microcystis flos-agquae, below a new
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reservoir on the Blue Nile. In the same river, and in Lake Nubia below,
there was a rise to abundance in the 1970s of a previously unrecorded
dinoflagellate, Ceratium hirundinella (A.1. Moghraby, personal commu-
nication).

(f) Zooplankton

This community comprises secondary producers, often predominantly
herbivores, in a range of complexity that includes flagellate and ciliate
Protozoa, Rotifera, Crustacea — Copepoda, Cladocera plus a few
Decapoda — and some insect larvae, notably chaoborids that are faculta-
tively benthic and important predators in many tropical zooplankton
assemblages (e.g., Lake Lanao: Lewis 1975, 1979; Lake Malawi: Irvine
1995h, Allison et al. 1995). Most ecological studies have concentrated on
the crustacean components, which account for most of the behaviour
described below. Least well known are the protozoa, chiefly flagellates
and ciliates: variations in their gross abundance with time has been fol-
lowed in lakes Tanganyika (Hecky & Kling 1981), Turkana (Ferguson
1982), Lanao and Valencia (Lewis 1985), and in a small Brazilian reser-
voir (Barbieri & Godhino-Orlandi 1989). Among these were distinctive
features of community composition. In Tanganyika the ciliate
Strombidium sp(p). contained symbiotic algae or possibly sequestered
plastids and as biomass could exceed the accompanying phytoplankton;
in Lanao and Valencia the protozoans were chiefly represented by small
flagellates and ciliates, respectively.

Reproductive rates of zooplankters are influenced by developmental
sequences of varying length; the rates of rotifers and cladocerans can be
high during prevalent phases of asexual reproduction that often generate
population maxima. The usual strong positive dependence of specific
growth rates (and, inversely, of stage-duration) upon temperature has
been widely studied and is relevant to tropical dynamics (Chapter 3.3).
However, a general trend to reduced individual size in tropical forms
tends to be correlated with reduced fecundity. Community patchiness
and vertical migrations are often pronounced and reduce the accuracy
of stock census. Relationships to phytoplankton abundance and compo-
sition are complicated by size-selectivity of food intake, occasional antag-
onistic effects, alternative food sources (e.g., bacteria) and predation.

Diel variability is most conspicuous in vertical diel migrations that are
widespread at all latitudes, especially with the Crustacea and chaoborid
larvae. Typically there is descent to deeper levels by day and ascent to
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nearer the surface by night. Quantitative tropical studies began in 1927
with that of Worthington (1931) on Lake Victoria (Fig. 5.22). Later work
from Africa included varied lakes in Uganda and Kenya (Worthington &
Ricardo 1936; Ferguson 1982; Mavuti 1992), a Nile reservoir (Rzoska
1968), Lake Kainji in West Africa (Adeniji 1978, 1981), Lake Kariba in.
Central Africa (Begg 1976) and the downstream Cahora Bassa reservoir
in Mozambique (Gliwicz 1986a: Fig. 5.23). From Central America there
are studies on Gatin Lake (Zaret & Suffern 1976); from South America
on Brazilian lakes (Fisher et al. 1983; Matsumura-Tundisi e/ al. 1984,
1997) and a reservoir (Arcifa-Zago 1978); from the Indo-Pacific work on
a crater lake (Ranu Lamongan) in Java (Ruttner 1943) and Lake Lanao
(Lewis 1975). Vertical migration is not marked in shallow turbid waters
readily mixed by wind action, such as the Nile reservoir. In Lake Calado,
on the Amazonian floodplain, it was probably restrained by anoxia below
3m depth. A diel wind regime on Lake Turkana, Kenya, clearly affected
vertical migration of the dominant zooplankter, Tropodiaptomus banfor-
anus (Ferguson 1982). This movement usually appeared — as in earlier
work of Worthington & Ricardo (1936) — as a reversed migration, with
ascent during relatively calm afternoons and descent during windy late-
night periods. In some other deep stratified waters the centre of gravity of
species-populations could shift vertically by about 30 m (Cahora Bassa)
or 25m (Lake Lanao).

Diel cycles of food intake and of excretion are probably widespread in
tropical zooplankton; they have been established quantitatively for the
copepod Thermocyclops hyalinus (= crassus) in Lake George (Ganf &
Blazka 1974). Saunders (1980) has shown that in Lake Valencia there is a
diel reproductive pattern in rotifers that affects egg release.

Annual variability probably often involves a regular, seasonal, compo-
nent. Annual patterns for tropical (and Southern Hemisphere) water-
bodies are reviewed by Hart (1985), from whom the summary in Fig.
5.24 is taken. The series of deep water-bodies (Fig. 5.24a) involves
stratified waters subject to periods of de-stratification followed by re-
stratification, as indicated. There is no consistent general relationship
between these and the maxima or minima of gross zooplankton abun-
dance, although a relationship is not excluded for individual lakes and
species components.

For example, in Lake Malawi Twombly (1983) and Irvine (1995a)
found an initial positive reaction to de-stratification, whereas in Lake
Valencia the initial response could be negative perhaps as a result of an
adverse chemical admixture from below (Infante 1982; Saunders & Lewis
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Fig. 5.23. Diel vertical migration of zooplankters in Lake Cahora Bassa,
Mozambique: (4) changes in the relative depth-distribution of three species
between 16.00 and 22.00 hours (shaded), post-full moon, (b) details of the evening
rise of a Mesocyclops sp. on 25 February 1983. Modified from Gliwicz (19864).

19884). There was evidence of an annually recurrent bimodal pattern,
with one of the minima possibly induced by a seasonal abundance of
planktivorous fish fry (Infante 1982) and/or Chaoborus larvae
(Saunders & Lewis 1988a). A brief annual phase of vertical mixing was
believed by Matsumura-Tundisi & Okano (1983) to be the predominant
influence behind the seasonality of zooplankton in the small lake Dom
Helvécio of South East Brazil, one of a group of forest lakes in which
hydrological (water balance) seasonality is minimal (Tundisi [983).
Although a seasonal stratification-mixing cycle is well developed in the
high altitude Lake Titicaca, it does not seem to be closely related to the
changes in zooplankton populations, which show much irregularity
(Pawley & Richerson 1992).
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Predation losses to larvae of Chaoborus spp. are probably influential in
many of the lakes illustrated (e.g., Lake Lanao: Lewis 1975, 1979; Lake
Valencia: Saunders & Lewis 1988a, 4) and contribute to the seasonal
variability in numbers of herbivores. Such variability in Lake Valencia
1s unusually great (range > 10/1) for a large tropical lake. In a floodplain
lake of the Orinoco River, Venezuela, predation probably strongly influ-
ences the seasonal succession (Twombly & Lewis 1987, 1989), as of the
cladocerans shown in Fig. 5.25. General issues of planktonic predation
by fishes in tropical water-bodies are discussed by Lazzaro (1987). One of
particular interest concerns the differential impact of a predator upon
different forms of a polymorphic prey species. This situation has been
deduced for the horned and non-horned forms of the cladoceran
Ceriodaphnia rigaudi (= C. cornuta: Rzoska 1956) and helmeted and
non-helmeted forms of Daphnia lumholtzi. The less vulnerable helmeted
and horned forms appeared stable or relatively favoured under fish pre-
dation in lakes Albert (Green 1967) and Gatun (Zaret 1969). Finally,
there is the special case of lunar cycles in the Cahora Bassa reservoir
(Gliwicz 19864), induced by fish predation (Chapter 4.4).

Sequential and causal relationships between the abundance of zoo-
plankton and that of phytoplankton have often been postulated for
tropical waters, but regulating aspects such as size-compatibility for
ingestion have received less attention. For Lake Valencia, Infante &
Riehl (1984) obtained evidence of a strongly antagonistic influence of
filamentous blue-greens upon zooplankton — as did Hawkins (1988) for
the blue-green Cylindrospermopsis raciborskii in Solomon Dam, a tropi-
cal Australian reservoir. In a fishpond at Malacca the zooplankton coex-
isted with very dense blooms of Cylindrospermopsis (Anabaenopsis)
philippinensis, but not with the mass death and decay of the bloom;
later recovery is described by Dunn (1970). Other phytoplankton-zoo-
plankton interactions may involve the ‘microbial loop’. For example, in
Lake Nakuru the irregular mortality of a dense phytoplankton appeared
to be correlated with increases in planktonic rotifers, possibly via an
induced abundance of bacteria that served as food for the rotifers
(Vareschi & Jacobs 1985).

Most lakes in the second series of Fig. 5.24b are shallow and, though
lacking a long-persistent thermal stratification, are more likely to show
time-changes related to the water budget. The hydrologically buffered
Lake George is an exception, in which the amplitude of annual change
in zooplankton density is low and reproduction is continuous (Burgis
1971, 1973). Changes of large amplitude and hydrological determination,
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related to water level, discharge and retention time, are well known from
the middle reaches of the Nile and Amazon rivers, and from the lower
Orinoco. However, evidence of population decline by wash-out is not
reliably shown by population density alone, owing to dilution effects
and the influence of water discharge on population transport and recruit-
ment from backwaters and floodplain in a flowing system (e.g., Saunders
& Lewis 1988¢). Such recruitment on rising levels is the main factor for
varying density in the Caura River within the Orinoco system (Saunders
& Lewis 1988¢). On the two Niles near Khartoum dense populations of
rotifers, copepods and cladocerans generally built up, together with phy-
toplankton, in annual cycles that corresponded to the filling and reten-
tion of reservoirs (Rzoska et al. 1953; Brook & Rzoska 1954; Talling &
Rzoska 1967) — although some instances of increase under purely run-
ning-water conditions were also recorded (Rzoska 1976). Stages in dia-
pause may possibly aid or enable recolonization after a seasonal phase of
turbid floodwaters as occurs in the Blue Nile (Moghraby 1977).

The Amazon floodplain includes numerous lakes filled by seasonal
overspill, such as Lago Jacaretinga and Lago Camaledo in which the
seasonal peak of total zooplankton is developed at low water before
levels begin to rise (Brandorff & Andrade 1978; Hardy et al. 1984).
During the rising phase of February—April in Lago Camaledo, a well
marked succession of four cladocerans occurs (Hardy 1993). In another
lake, Lago Grande, highest populations of a principal zooplankter
(Daphnia gessneri) were developed earlier under high-level and relatively
clear water conditions, but were apparently then successively reduced
from predation by a planktivorous fish and the unfavourable effect of
very high turbidity occasioned by wind disturbance of sediments at low
water level (Carvalho 1984). Further examples of population cycles and
species succession are known from three floodplain lakes of the Orinoco
River (Twombly & Lewis 1987, 1989: see Fig. 5.25; Hamilton ez al. 1990).
Again the overall hydrological control was clearly shown, with interac-
tion between lake retention time and the durations of species develop-
ment (egg to egg) that broadly increase in the series rotifers—cladocerans—
copepods. There was also evidence for an early contribution from dia-
pause-stages and later losses from predation by Chaoborus; also for other
losses by interception from flow across mats of macrophytes. It was
shown that dilution effects could produce a decline in population density
even at times of increase in population size.

At tropical latitudes of 10° or more, an annual cycle of surface tem-
perature that exceeds 8°C in range is often combined with a strong



Biological components 281

Fil Drain
T Moina minuta
20 4
10
0 1 T T T L 1
104 X
Bosmina
w 5
©
]
k=t
>
E 0 Al T T 1
K= Diaphanosoma brevireme
Z 10 W & D. birgei
N
o 5
c
o
g O
3
S Ceriodaphnia cornuta
a 101 (rigaudi)
5 -
0 ) ¥ T T ) 1
1.5 Chaoborus
1.0 4
0.5 1
0 T T T 1 1 1
Jul Aug Sept Oct Nov Dec

1984

Fig. 5.25. Laguna la Orsinera, Orinoco system floodplain, Venezuela. Changes in
the estimated total population size of four cladoceran components and of the
insect predator Chaoborus associated with phases of lake fill and drain. From
Twombly & Lewis (1987).

hydrological influence in shallow water-bodies of varying levels. Lake
Chad is an example in which at ‘normal’ high level the seasonal abun-
dance of the total larger zooplankton was bimodal near the southern
inflow (Gras & Saint-Jean 1983; Saint-Jean 1983) and probably also in
the more distant northern basin (Robinson & Robinson 1971) — where,
however, there were some relatively invariable species like Thermocyclops
neglectus with continuous reproduction. Saint-Jean (1983) considered
that the main determining seasonal factors in Lake Chad were turbidity
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related to wind disturbance, floodwater injection, water level, tempera-
ture (for Cladocera) and possibly zooplanktivorous fishes. Lake Chilwa,
at 15°8S, is another example in which these factors influence seasonal
change in the zooplankton. As at Lake Chad, abundance of Daphnia
barbata is regularly associated with the cool season (Kalk 1979¢, b). In
reservoirs of southern Brazil there i1s also evidence that water level and
retention influence the temporal variation of zooplankton (Rocha et al.
1982).

At lower latitudes three shallow lakes in the Eastern Rift of Africa —
Naivasha in Kenya, Abijata and Langano in Ethiopia — show consider-
able annual variation in the abundance and composition of the zooplank-
ton (Mavuti & Litterick 1981, Wodajo & Belay 1984, Mengestou &
Fernando 1991a, b; Mengestou et «l. 1991). In Naivasha, maxima
occurred in the two rainy seasons but with different dominant species;
in Awasa, the seasonal incidence of stratification was a principal influ-
ence. A strong link between zooplankton changes and rainfall, acting via
available food, was also suspected in the Central American lake of
Xolotlan (Cisneros & Mangas 1991) and for rotifer populations in two
Ugandan crater lakes (Kizito & Nauwerck 1995, 1996).

As with phytoplankton, the annual patterns of abundance in large
lakes often differ considerably between offshore and shallow inshore
regions. An example, for the cladoceran Ceriodaphnia rigaudi (= C.
cornuta) in Lake Kariba, was described by Masundire (1994). However,
there was, at least in the lowermost basin of this lake, a generally positive
response of crustacean zooplankton density to the seasonal de-stratifica-
tion, and probably to inputs of river water (Masundire 1997).

A still more extreme situation of hydrological controls is provided
by temporary rainpools bearing often dense populations of phyllopod
Crustacea. Tropical examples at Khartoum, studied by Rzdska (1958,
1984), formed in the rainy season with a duration typically of about
1-3 weeks. The crustacean populations developed rapidly from resting
stages that survived in hot dry soil for most of the year.

Long-term changes are chiefly documented for the zooplankton of
hydrologically unstable shallow lakes in closed basins subject to inter-
annual change of water level and area. The African lakes of Chad (Saint-
Jean 1983) and Chilwa (Kalk 1979q, b) are the major examples, in which
there were influences at low level from higher salinity as well as desicca-
tion. At Lake Chilwa the open water dried up completely during 196768,
but the original main zooplankton components were re-established after
‘the refilling during 1969 (see Fig. 5.26). Contributing to this were the



Biological components 283

survival in diapause of resting eggs and probably of copepodids of an
early recolonist Mesocyclops sp. (Kalk & Schulten-Senden 1977; Kalk
1979a). In the 1970s evaporative concentration to much higher levels of
salinity led to a disappearance of the copepod Paradiaptomus africanus
(= Lovenula africana) from Lake Elmenteita (Melack 1988) and its
decline in Lake Nakuru (Vareschi & Vareschi 1984). Populations
of various species of rotifers may also change considerably with
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Fig. 5.26. («) Relative abundance of zooplankters in a western bay during the
decline and recovery of Lake Chilwa, 1966-71. A, critical months of the ‘pre-
drying period’; B, ‘drying period’; C, dilute months of the ‘filling period’; D, ‘post-
filling period’. Arrows indicate the first appearance of resting eggs. Organisms are
listed in ranked order with the dominant species above. (b) Total adult zooplank-
ton estimated from horizontal net hauls (1966-67) or vertical hauls (1969-71).
Modified from Kalk & Schulten-Senden (1977).
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natural increases of salinity, as in Lake Nakuru (Nogrady 1983; Vareschi
& Vareschi 1984) and the Kanem soda lakes, Chad (Iitis & Riou-Duwat
1971).

The closed-basin Lake Valencia in Venezuela has shown large year-to-
year differences in the occurrence of Cladocera, that have been ascribed
to interference from filamentous blue-green algae of intermittent abun-
dance (Infante 1982; Infante & Riehl 1984).

Few hydrologically stable tropical lakes have been studied over periods
of decades. Similarity of early and more recent records of faunistic com-
position is exemplified by Ranu Lamongan, Indonesia (1928 and 1974
Green et al. 1976), but Green (1976) encountered considerable differences
of species between collections of 1962 and 1975 from Lake Mutanda, and
of 1931 and 1962 from Lake Bunyoni, in western Uganda. Mavuti (1990)
commented on the apparent similarity of the zooplankton assemblages
found in Lake Naivasha, Kenya, in 1929-31 and 1978-80. Another simi-
larity is recognizable in the records from Lake Victoria since 1953, despite
a major eutrophication there (Branstrator et al. 1996). However, a
correlated entry, or rise to detectable numbers, may have been that of
Daphnia lumholtzi var. monacha.

(g) Zoobenthos

As the community of animals closely related to a bottom substratum,
zoobenthos is recruited from diverse groups of invertebrates with oligo-
chaetes, molluscs and insect larvae generally the most prominent. In lakes
and reservoirs, littoral, sub-littoral and profundal communities can be
distinguished. These often differ with respect to type of substratum and
the likelithood of deoxygenation that is a widespread restrictive factor.
Quantitative time-studies in the tropics are not numerous, the most
notable being from African lakes that include Kariba, Mcliwaine,
Chilwa, George, Chad and Volta. An early landmark was set by the
work of MacDonald (1956) on Lake Victoria. Similar quantitative stu-
dies of tropical stream and river benthos are even fewer.

The differing mobility of the benthic components — some with an aernial
stage in their life history — influences patterns of variation in time. The
often rich but complex communities in fringing submersed vegetation are
not considered here in any detail. Their time-variability is greatly influ-
enced by that of the vegetation they inhabit, often in consequence of .
varying water level — as in the hydrologically unstable Lake Chilwa
(McLachlan 1975) and Lake Chad (Dejoux 1983a), the Amazonian
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floodplain (Junk 1980), and the billabongs of northern Australia
(Marchant 1982). In Lake Chad the seasonal patterns of species abun-
dance were varied, reflecting the diversity of the animal groups involved.

Diel variability is most prominent in three types of movements. Active
vertical migration in the water-column can be sporadic and lead to
adventitious occurrence, but is systematic and of 24-h periodicity with
the predatory larvae of chaoborid flies that are especially common in
tropical lakes. These typically rise at night as a planktonic component
after a deeper, sometimes benthic, existence during the day (Fig. 5.27).
Descriptions of these diel cycles include Worthington & Ricardo (1936)
and McGowan (1974). Second, the last aquatic instars of these and other
insects, notably chironomids, often give rise by synchronous emergence
to swarms of aerial adults with a diel rhythm (e.g., Corbet 1964; Elouard
& Forge 1978). Third, in running waters a small fraction of benthic
individuals often detach and are found as a drift component with a diel
rhythm, numbers being generally larger at night (e.g., Bishop 1973;
Hynes 1975b6; Elouard & Lévéque 1977, Statzner er al. 1984, 1985a, b;
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Fig. 5.27. Diel abundances of («) planktonic and (b) benthic individuals of three
species of Chaoborus in Opi Lake A, Nigeria, on 27-28 January 1979. From Hare
& Carter (1986).
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Barnes & ShioZzawa 1985; Benson & Pearson 1987) but not always so
(Turcotte & Harper 1982). There are implications of drift for fish feeding
(Chapter 3.3a), downstream dispersal and the possible existence of a
compensating upstream movement. The last two features appeared as
quantitatively minor in a study by Benson & Pearson (1987) of a stream
in North East Australia — although incidence varied strongly between wet
and dry seasons.

Annual variability can be induced by various factors of the radiation—
temperature and hydrological complexes. There may, in lakes, also be
periodic disturbance by wind of shallow-water sediments and phases of
renewed supply of food by sedimentation of detritus. Temperature can
control not only growth rates but, in deeper lakes, the seasonal incidence
of stratification that often involves O, depletion in deep water. For the
shallow Opi.Lake, Nigeria, depletion is relatively mild and is survived by
a zoobenthos dominated by chaoborid larvae that, as we have seen,
migrate diurnally (Fig. 5.27). More severe anoxia with corresponding
depth-restriction of zoobenthos is illustrated in the early phase of three
African man-made lakes, Kariba (McLachlan 1970a, 1974: see Fig. 5.32),
Mcllwaine (Marshall 1978, 19824¢) and Volta (Petr 1972).
Simultaneously, all these lakes were subject to considerable changes of
level, both short- and long-term, by varying water input-output. A recent
rise in level created a habitat extension that was rapidly colonized by
insects, notably chironomids, with flying and egg-laying adults.

In the shallower Lake Chad at ‘normal’ higher water level, a lake-wide
seasonal variation of zoobenthic biomass could be recognized (Lévéque
et al. 1983). Of the three main components, oligochaetes and chironomids
showed highest biomass during the coolest season with higher water level
(Fig. 5.28), whereas. the biomass of most molluscs was not seasonally
variable. In .the similarly shallow but hydrologically stable Lake
George, the very limited zoobenthos (other than Chaoborus) of fluid
sediments was of near-constant and non-seasonal biomass, and showed
continuous reproduction (Darlington 1977). These and other examples
of annual variation in African lakes of varying latitude are reviewed
comparatively by Hart (1985).

Reproduction by caridean (decapod) shrimps can be continuous and
year-round in some tropical regions, but elsewhere can be synchronized
by the monsoon or seasonally delimited by periods of low temperature
near the edge of the tropics (e.g., Hong Kong: Dudgeon 1985: see Fig.
5.30). For Lake Zwai, Ethiopia, marked seasonal change is shown by the
abundance of benthic ostracods; there is a correlation with hydrological
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Fig. 5.28. Seasonal variation in mean density of benthic chironomids and oligo-
chaetes for eastern Lake Chad during 1967, in relation to water temperature and
water level on the Bol gauge. From Dejoux er al., after Lévéque et al. (1983).

seasonality, numbers being reduced after the onset of the long and short
rains (Martens & Tudorancea 1991). More widely in Africa, breeding
incidence and numbers of freshwater snails often vary considerably in
strongly seasonal higher-latitude environments but not in more equable
ones. The difference is seen, for example, from studies of Bulinus globosus
in Zimbabwe and Zaire (Brown 1994).

For seasonally filled lakes in the Amazon floodplain, deoxygenation is
a principal restriction on the development of zoobenthos. In rivers and
streams here the floodpulse dominates and induces lateral extensions of
range, as of abundant species of shrimps (Walker & Ferreira 1985). In the
vertical dimension the level change is coped with by the vertical migration
of some species and by the association of others with surface-bound
vegetation (Reiss 1976, 1977). However, the populations of many. less
mobile species are reduced to low numbers, from which recovery is
enabled by high reproductive rates (Junk 1984).

In contrast to the large river with a regular annual floodpulse, smaller
streams often experience short irregular spates of high flow after rain-
storms, that are disturbances to the populations of benthic animals.
Consequent reduction in numbers, and later recovery, have been analysed
by Flecker & Feifarek (1994) for two Andean streams. In a Brazilian
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stream of very variable flow, the abundance of mayfly nymphs on floating
litter was responsive to spates in the rainy season; it also showed tem-
porary decline on the transition from rainy to dry and dry to rainy
seasons when considerable change occurred in the species-composition
(Nolte et al. 1997). The general feature of seasonal abundance of larval
blackflies (Simuliidae) in a Venezuelan stream was a maximum near the
end of the rainy, high flow, season (Grillet & Barrera 1997). However, the
consequences of variable flow are also influenced by the local stream
gradients, as illustrated by aquatic Hemiptera in two Costa Rican
streams (Stout 1982). There can be further interaction by modification
of fish predation on the zoobenthos, as found in a stream by Hong Kong
(Dudgeon 1993). High flows may also wash away detritus of significance
as food, as in a river of South India during the monsoon (Arunachalam et
al. 1991). The ‘drift’ component of living organisms, a flux recruited from
the zoobenthos, i1s generally likely to increase with discharge. Examples
have been described from the Naro Moru River on Mount Kenya
(Mathooko & Mavuti 1992, 1994; Mathooko 1996).

For the zoobenthos of many lakes and streams dominated by insects,
the number of generations per year (i.e., voltinism) is an important factor
of intra-annual change. Its value is likely to increase, above the usual
temperate univoltine state, in tropical waters of higher temperature and
shorter developmental times. However, at the edge of the tropics, a
stream near Hong Kong contained two Ephemera species that were uni-
voltine (Dudgeon 1996). Of the few sites studied at lower latitude, a
mountain stream in Central Africa contained species of Trichoptera
with generation times between two and four months (Statzner 1976). A
stream in Ghana yielded examples of complete growth of aquatic stages
of insects in about 2.5 months (Hynes 1975«). Here seasonal faunal
change was related to water flow and development of a vegetational
substratum of mosses and algae. After a dry phase faunal renewal was
probably mainly by eggs laid by flying adult insects rather than by a
drought-survival strategy of a resting stage. Both strategies of renewal
appear in other temporary streams (e.g., Harrison 1966) and are shown
by the insects that colonize temporary pools, often of brief duration (cf.
zooplankton Crustacea, Section 5.2f). Thus larvae of Polypedilum van-
derplanki can survive in a dehydrated state, whereas those of its frequent
regional associate Chironomus imicola cannot but are associated with re-
invasion from eggs and a larval development time that can be as short as
12 days (McLachlan & Cantrell 1980; McLachlan 1983). Cohort
succession in these species is illustrated in Fig. 5.29 for pools in Malawi.
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McLachlan (1983).

Streams by Hong Kong, especially the Lam Tsuen River studied by
Dudgeon (1992), illustrate a range of seasonality in components of the
zoobenthos at the northern edge of the tropics. Here there is a relatively
‘cool ‘winter’, with a water temperature of 15-20 °C and a monsoon per-
iod of heavier rainfall. Breeding of pulmonate snails and the prosobranch
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snail Melanoides tuberculata is interrupted by the cooler season, unlike
the year-long continuity found for the latter species in Malaysia by Berry
& Kadri (1974). A similar temperature control in freshwater decapod
shrimps (Fig. 5.30) has already been mentioned. Aquatic insects such
as Odonata, Trichoptera and Ephemeroptera vary in their voltinism,
and emergence can be seasonally synchronized or substantially aseasonal
— although often timed to precede the summer monsoon during which
sharp spates of flow may reduce population densities. The fauna is
recruited from both tropical and north-temperate forms, and this is rele-
vant for temperature responses in seasonality. Comparison can be made
with a lower-latitude stream of central Malaysia, 3° N, where temperature
seasonality and monsoonal impact are smalil (Bishop 1973). There the
reproduction of invertebrates was largely continuous and aseasonal;
changes in population numbers were primarily caused by instability of
the substratum during spates and not to the consequences of synchrony
in life cycles. In a Malaysian swamp, instability of the substratum — here
the macrophyte Utricularia flexuosa — occurred during two monsoonal
rainy seasons with accentuation by an annual senescence of endogenous
origin. It caused a seasonal depression in the abundance of the associated
macro- and micro-fauna (Lim & Furtado 1975).

In bivalve molluscs, intermittent checks to growth can often be recog-
nized from rings induced in the shells (cf. scale-rings of fishes: Section
5.3h). A tropical example from the Nile near Khartoum is described by
Moghraby & Adam (1984). Rings on Corbicula consobrina corresponded
to a resting state during the flood season, when growth was arrested by an
unfavourably high silt content.

Collections of the flying adults of aquatic insects by light-traps have
also been used to assess seasonal activity and abundance, although cer-
tain biases are possible. In some cases a lunar periodicity has been found
(e.g., Corbet 1958, 1964), as is illustrated in Fig. 5.31. Results of
McElravy et al. (1982) for Trichoptera, from a relatively non-seasonal
environment in Panama, showed statistically significant seasonal changes
but with active seasons longer and seasonal peaks less sharp than in
temperate regions. An emergence trap above a Central African hill
stream in Zaire showed year-round emergence of various insect groups
with little influence of rain or water level (Bottger 1975), although emer-
gence rates of component species could vary cyclically due to the varying
reproductive success of antecedent generations (Statzner 1976).

Long-term variability has been most studied in relation to hydrological
change, affecting level and depth, in deep man-made lakes (e.g., Kariba,
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Fig. 5.31. Lake Victoria at Jinja, Uganda. Three examples of lunar phase-related
emergence of aquatic insects, based on night catches in light traps: (a) Povilla
adusta (Ephemeroptera), (b) Clinotanypus claripennis (Chironomidae), (¢)
Tanytarsus balteatus (Chironomidae). NM, new moon. From Corbet (1964).

Volta, Mcllwaine) and shallow unstable lakes (e.g., Chad, Chilwa). As
during annual change, various animal components differed in their
response to long-term changes of level/depth. A new substratum
appeared in the form of submerged trees and bushes (Fig. 5.13), that
were colonized by surface-living and - especially after death — by
wood-boring animals such as the mayfly Povilla adusta (McLachlan
19706, 1975; Petr 1970). Chironomids often rose to abundance at the
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mud-water interface; the flying adults appeared in pest-like numbers at
some localities on the Nile after the creation or extension of reservoirs
either nearby or even far upstream (D.J. Lewis 1956; Rzoska 1964). Some
species are rapid colonizers of newly flooded shallow areas and in depth-
distribution also readjust to falling levels, as at lakes Kariba (McLachlan
1970a, 1974), Volta (Petr 1972, 1974), Mcliwaine (Marshall 19824) and
Chilwa (McLachlan 1974; Cantrell 1988). In the Central African lakes the
principal pioneer species, Chironomus transvaalensis, was only tempora-
rily abundant during the phase of refilling.

The deeper populations of molluscs were less tolerant of level change in
Lake Mcllwaine, where severe drops in level during 1968-69 and 1972-73
decimated the mussel population (Marshall 19824). Nevertheless in Lake
Kariba abundant and ecologically influential bivalve populations have
developed in the littoral despite considerable changes of level (Machena
& Kautsky 1988). Molluscan components in the hydrologically unstable
lakes Chad (Lévéque et al. 1983) and Chilwa (McLachlan 1979) were
much reduced by low-level phases of the 1970s. Elsewhere bivalves suf-
fered from the deep deoxygenation that occurred after the Aswan reser-
voir on the Nile was extended to over-year storage in the 1960s (Entz
1976). The early post-filling phase of the Volta and Kariba lakes was
marked by deep deoxygenation that later lessened (Fig. 5.32), but was
originally inimical to a development of deep-water zoobenthos (Petr
1972, 1974; McLachlan 1974).
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Fig. 5.32. Lake Kariba, Zimbabwe-Zambia. Diagrammatic representation of
changes in the early years after dam-closure, including the conductivity (k) of
surface water. The development of oxygen depletion with or without H,S in deep
water below the seasonal thermocline (t) is represented by successive depth-time
diagrams. Arrow, end of primary filling. From McLachlan (1974).
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In temperate water-bodies, long-term enrichment or eutrophication
often has considerable effects on the abundance and composition of
the zoobenthos, especially in the profundal of lakes, but long-term studies
in the tropics are rare. One of the best-studied examples is Lake
Mcllwaine (Lake Chivero), Zimbabwe (Thornton 1982), but here the
effects of enrichment upon the zoobenthos — that probably included an
increase in the oligochaete Limnodrilus hoffmeisteri — were overshadowed
by the effects of changing water level (Marshall 1978, 1982a).
Comparison between surveys in 1973 and 1992-3 showed a bronounced
increase in prosobranch snails, which may have been aided by a three-
fold increase in Ca’* concentration to 2mmol 17" (Marshall 1995). The
apparent enrichment of the largest tropical lake, Lake Victoria, in the
1970s and 1980s was probably accompanied by more extensive deep
deoxygenation (Ochumba & Kibaara 1989; Hecky 1993; Hecky et al.
1994) that would be unfavourable to the profundal zoobenthos. In rivers
and streams also, the zoobenthos is susceptible to organic and nutrient
enrichment. This was seen in an organical‘ly polluted river at Hong Kong,
studied during 1976—7 by Dudgeon (1984), where the most polluted zone
shifted upstream or downstream according to rainfall and combined loss
of diversity with increased numbers of some species.

(h) Fishes

Fishes are distinctive as the subjects of much work on populations and
behaviour, being mostly long-lived organisms for which cohorts (age-
classes) and growth checks can often be distingished (Figs. 5.33, 5.36).
Their time-variability is frequently influenced by seasonal migrations and
reproductive phases. These temporal aspects of their ecology in tropical
freshwaters are outlined briefly by Payne (1986), in more detail by Lowe-
McConnell (1975, 1979, 1987), and — for Africa — by Lévéque et al. (1988)
and Lévéque (1997).

Of the two main factor-complexes, the hydrological is most prominent
for this group. Most tropical fishes inhabit rivers of seasonally variable
discharge, and even for lacustrine species the majority — other than cichlid
species flocks of African lakes — retain some features of riverine ancestors
by seasonal migration and spawning in inflow streams. Nevertheless, the
radiation/temperature complex has its effects on diel variability and on
annual variability of growth and reproduction especially at latitudes
> 15°. At low latitudes there is less potential for control by photoperiod.
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Fig. 5.33. Shift with time, 1976-77, of relative length-frequency distribution in a
cohort of the fish Engraulicypris sardella collected at Monkey Bay, Lake Malawi.
From Thompson et al. (1995).

In the tropics there 1s a prominent development of fishes adapted to
feed on lower trophic-level food, as detritivores (Bowen 1984) and fiiter-
feeding planktivores (Lazzaro 1987). Feeding over long periods is then
usually possible on this low-quality food, providing sustained nutrition
that is reflected in within-year patterns of growth.

Diel variability is often prominent in behavioural traits associated with
feeding. For this a refuge may be vacated. Many species specialize as
daytime or night-time, or dawn or dusk, feeders and perform diel move-
ments accordingly. These movements may be correlated with correspond-
ing movement of prey, as in the vertical migration patterns described by
Begg (1976) that involve nocturnal ascent of the cladoceran Bosmina
longirostris and its predator clupeid fish Limnothrissa miodon in Lake
Kariba. Comparable, linked, vertical migrations of prey and predator
are known, involving planktivorous fishes, in lakes Cahora Bassa
(Gliwicz 1986a) and Tanganyika (Hecky 1991; Coulter 19915). Even
when migrations are absent, ingestion and digestion by planktivores
can follow a marked diel rhythm. This has been quantified from stomach
contents for the cichlids Oreochromis niloticus and Haplochromis nigri-
pinnis in Lake George (Moriarty & Moriarty 1973a: see Fig. 5.54), with
daytime feeding. A general account of diel feeding patterns in African
fishes is given by Lévéque (1997).

It is not uncommon for some tropical lake fishes, and notably cichlids,
to alternate between deep and shallow water in a day-night rhythm. This
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may possibly reduce loss by predation, but additionally the temperature
changes involved may have implications for consumption and metabo-
lism that lead to enhanced growth rates. Such implications were modelled
by Caulton (1978) from experimental data on Tilapia rendalli.

Lunar cycles of behaviour are well known as endogenous rhythms in
fishes generally (Leatherland et al. 1992) but not for tropical freshwater
species. The lunar spawning synchronicity of some cichlids in Lake
Tanganyika (Nakai et al. 1990; Rossiter 1991) is a rare example, shown
in Fig. 5.34. Lunar phase is also known to influence the timing of spawn-
ing migration by some fishes; tropical examples are known from the
Mekong and Niger rivers (Welcomme 1985). In the Mekong River fishes
move downstream in a definite order and are caught during only part of
each lunar month, mainly between the first quarter and full moon from
October to February. The largest fishes migrate down in the first lunar
period (October), the siluroids travelling by night, the large cyprinids by
day. The migration builds up to a maximum of species in the third lunar
period (December) (Blache & Goosens 1954). Directly light-controlled
(and so exogenous) periodicity of grazing on zooplankton by pelagic
clupeids in Lake Cahora Bassa has already been described (Chapter
4.4). Prey availability, and hence intake, may also depend upon the
phase of the moon (see Fig. 5.35).

40

[
(o]

Frequency (%)
N
[}

o

0 5 10 15 20 25
[ O [
Age of moon (days)
Fig. 5.34. Spawning in Lake Tanganyika of the cichlid fish Lepidiolamprologus

elongatus in relation to lunar phase, as percentage frequency of sampling occa-
sions. From Nakai et al. (1990).
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Fig. 5.35. Lunar periodicity of feeding, over one lunar cycle, in a pelagic fish,
Alestes jacksoni, in Lake Victoria. Feeding is indicated by the percentage occur-
rence (various scales) of five foods in the gut contents. A, chironomid pupae
(main contents); B, pupal exuviae; C, chironomid adults; D, Povilla adults.
From Corbet (1961).

Annual, usually seasonal, variability is abundantly represented in the
feeding, growth, migration, reproduction and age-structure of tropical
fish populations. The expression here of the hydrological factor complex
1s partly related to its general influence on environmental variability
(Chapter 4.2), for which there 1s a graded sequence from lakes of long
retention and stable level, lakes of short retention or unstable level, rivers
of small to large amplitude for discharge, seasonal floodplains, and
temporary waters.

In equatorial examples of the first group, such as lakes Victoria and
George, are found some cichlid species with year-round breeding and
populations of relatively continuous age-structure. Nevertheless sources
of annual variability in the fish populations are not lacking. Year-round
breeding can vary in intensity according to the incidence of rainy and
drier seasons, as reported by Gwahaba (1978) for the cichlid Oreochromis
niloticus in Lake George. Variable food supply is exemplified by plank-
tonic diatoms under a hydrographic {mixing) control, whose cichlid con-
sumer Oreochromis esculentus in Lake Victoria appeared to show one o1
two main breeding seasons in relation to differences in the frequency
of mixing between northern and southern areas of the lake (Lowe-
McConnell 1956, 1987). A single annual phase of mixing also seems to
determine the seasonal period of greater abundance of rotifers in Lake
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Valencia, Venezuela, and then, with a lag of about two months, the
timing of abundance of the consuming fish planktivore — the youngest
stages of the pelagic Xenomelaniris venezuelae (Unger & Lewis 1991: see
Fig. 5.36). In the Jebel Aulia reservoir on the White Nile an annual
drawdown leads to a phase of low zooplankton abundance in which
some zooplanktivorous fishes (e.g., Alestes baremoze) switch to alterna-
tive food (detritus, macrophytes) or migrate (Hanna & Schiemer 1993). A
continuous availability of prey for a predator, involving a mormyrid fish
and chaoborids of the zoobenthos with lunar regulation of emergence,
has been studied in Lake Victornia by MacDonald (1956); it depends upon
the ratio between the duration of aquatic life history of the prey and the
lunar period (Fig. 5.11). For the same lake, several abundant fishes (e.g.,
Labeo victorianus) return to inflow streams to spawn at higher discharges
that occur twice per year because of a bimodal pattern of annual rainfall
(Lowe-McConnell 1975, 1987).

In many other tropical lakes such reproductive migration occurs once
per year in relation to unimodal patterns of rainfall and stream discharge.
This is true, for example, of one group of fishes (e.g., Alestes dentex) in
Lake Chad that shows a relatively brief season of gonad activity (Bénech
& Quensiere 1985). However, the extent of seasonal migration by fishes of
Lake Chad is very variable (Bénech & Quensiére 19834, 19835, 1989),
with some species (e.g., Alestes baremoze) moving well up the inflowing
Chari and El Beid rivers and accumulating seasonal reserves of lipid.
Others, such as the tilapiines, show little or no migration and their repro-
ductive strategy involves a long period of gonad activity and later par-
ental care after hatching. In Oreochromis niloticus cohorts are clearly
distinguishable with timing related to the seasonal maximum of lake
level (Bénech & Quensiére 1983b; cf. Fig. 5.10). The overall wave of
seasonal migration towards Lake Chad by young fishes involves over-
lapping successions of species, and is also responsive to lunar and diel
cycles (Bénech & Quensiere 1983a).

Among tropical river faunas many species make annual migrations of
varying extent with timing related to discharge, level and flow rate. In
most instances high water is the main feeding and growing time, although
for some predators the physical dispersal of prey may be disadvantageous
and the prey of zooplankton-feeders would normally increase more read-
ily at the lower water levels. Rarely, obligate dry-season spawning is
recorded (Harikumar et al. 1994). According to Kramer (1978), repro-
ductive seasonality is likely to be less marked in many forest streams than
in those of the more highly seasonal savanna environments.
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Fig. 5.36. Lake Valencia, Venezuela. (¢) Changes in the total density of plank-
tonic Rotifera over two years, with (b) the relative frequency of five weight classes
of the pelagic fish Xenomelaniris venezuelae, indicating the origin of successive
year-classes (arrowed) after periods of higher rotifer abundance at the loss of
thermal stratification. Modified from Unger & Lewis (1991).
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Where high river levels are combined with extensive lateral overspill, as
in tropical floodplains, there develops a cycle, normally seasonal from
seasonal rainfall, in which the greater opportunities for dispersal and
feeding of fishes at higher water levels are central features. These, and
other correlates with the cycle of rising and falling level, have been sum-
marized by Welcomme (1979, 1985), Lowe-McConnell (1987: see Fig.
5.37) and Junk er al. (1989). There is, for many fishes, a sudden access
to food supplies of terrestrial origin that is reflected in higher growth
rates. Goulding (1980) provides dramatic illustration for Amazonian for-
ests. For detritivores, changes in growth rate are not marked (Bayley
1988). However, a phase of higher mortality may follow as levels fall
and as areas of water become small and often isolated. Such mortality,
and its contributing factors, have been studied quantitatively by
Chapman & Kramer (1991) for Poecilia gillii in a Costa Rican stream.
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Fig. 5.37. Seasonal cycle of events in a floodplain river related to the biology of
fishes. From Lowe-McConnell (1987).
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Predation by fishes is typically more intense at low water levels, with
reciprocal disadvantage and advantage for prey and predator. It is also
seen, independently of river overspill, in the concentration phase of pools
in flooded Venezuelan savanna studied by Prejs & Prejs (1987, 1992). For
most floodplain fishes the hydrological, feeding and reproductive cycles
are interconnected, with spawning early under rising levels and conse-
quent opportunities for the feeding of young during high levels. Gonad
activity must therefore begin before the main hydrological events.
Overall, total biomass production is increased in years with greater extent
and duration of flooding (Welcomme 1979).

Between the flood periods there is an unfavourable dry season in many
tropical river systems and small water-bodies, over which survival of
some cyprinodontids in South America and Africa is by resting eggs
buried in the bottom mud (‘annual fishes’: Lowe-McConnell 1987).
Here there is an embryonic or pre-embryonic stage of diapause, followed
by rapid growth (e.g., Bailey 1972). In rivers where flow ceases, the bed
may bear isolated pools in which fishes persist. An extensive series in the
River Sokoto, Nigeria, was studied by Holden (1963). Here it appears
(Chapman & Chapman 1993) that there is year-to-year regularity as
regards the species present, but much variability in their relative propor-
tions — perhaps partly due to chance factors.

Fish response to the radiation/temperature complex of within-year
variability is likely to be most marked at the higher tropical latitudes,
where the environmental amplitude is greatest. The Nile Perch, Lates
niloticus, of wide distribution in the northern half of Africa, provides
an example from the variable indication of growth checks as rings on
its scales. In Lake Chad (13-14°N) these are relatively well defined and
correspond to the period of seasonal low temperature (Hopson 1968,
1972; Loubens 1974), whereas in more equatorial African lakes such as
Lake Albert they are ill defined or irregular. The colder season at Lake
Chad also appears to reduce growth rates and induce scale-rings in
Alestes baremoze (Hopson 1972), and to inhibit reproductive activity in
a variety of fishes. Such inhibition may also occur in the Okavango
internal delta, latitude 19-20°S, where the flood arrives at the coldest
season; here breeding of fishes is related not to it but to the warmer
season (Lowe-McConnell 1987). Elsewhere a dry season can be the
equivalent of a ‘physiological winter’, with checks in breeding activity
and in growth, the latter with visible scale-rings, as in a marshy savanna
region of Guyana in Central America (Lowe-McConnell 1964). Another
situation is provided by the annual scale-rings of an introduced salmonid,
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Rainbow Trout, in elevated equatorial regions of East Africa. These are
not related to environmental temperature or food supply, but to the
maturation of gonads (van Someren 1950).

In deeper lakes the annual radiation—-temperature cycle often induces a
stratification cycle (Chapter 4.3a), and sometimes local upwelling, that in
turn may govern the abundance of phytoplankton and zooplankton
(Section 5.2e—f). Thus the food intake and growth of planktivorous fishes
may respond to this complex of environmental factors. A contributing
influence lies in the more ready digestibility of diatoms, the phytoplank-
ton component that typically reacts most positively to cooling with ver-
tical mixing. Probable examples for African fishes are described for
cichlids in lakes Victoria (Lowe-McConnell 1956) and Malawi (Eccles
1974) and for a clupeid (sardine) in Lake Tanganyika (Chapman & van
Well 1978; Coulter 1970, 19915). Spawning of the latter occurs in the
northern end of the lake some months later than in the southern end,
‘probably adapted to timing of wind induced nutrient enrichment and
plankton production’, so that young fry recruits are synchronized or
‘matched’ to the plankton maximum. This is a special case relevant for
the match-mismatch hypothesis of Cushing, the possible application of
which to freshwaters is discussed by Harris (1986).

Long-term variability has been most studied in four contexts.

(i) Quantitative changes with time in the fish populations of water-
bodies subject to maintained fishing pressure. For the tropics an un-
usually long record is available for Lake Victoria, where gill nets have
had an exceptionally long use. Their later use, with progressively smaller
mesh sizes that took younger fishes, has been related to the decline of a
major indigenous species, Oreochromis esculentus (Fryer 1973; Craig
1992: see Fig. 5.38). After 1965 bottom trawling extended fishing methods
and caused a reduction in the abundance of haplochromines. In Lake
Tanganyika both sides of a predator (perch)-prey (sardine) system have
come under fishing pressures, but in the 1960s that on the predators
reduced their numbers and led to an increased abundance of sardines
(Fig. 5.39a). One species of sardine, Limnothrissa miodon, has been intro-
duced to Lake Kariba, for which Fig. 5.39b shows rising long-term
records of catch that also include a marked seasonality.

(ii) Sequences following introduction of alien species. These have
altered the fish communities of many tropical lakes throughout the
world, especially since about 1930. Regional surveys are available for
Africa (Moreau et al. 1988; Craig 1992; Pitcher & Hart 1995) and
South West Asia (Fernando 1991); for Central to South America exam-
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Fig. 5.38. The decline of the fishery for the native tilapia Oreochromis esculentus in
Kenyan waters of Lake Victoria, in relation to fishing methods and the timing of
introductions. Based on Fryer (1973), from Lowe-McConnell (1987).

ples from Gatan Lake, Panama (Zaret & Paine 1973) and Lake Titicaca
(Loubens and Osario, in Dejoux & Iltis 1992) may be cited. In Africa,
transfers from the planktivorous clupeid (‘sardine’) populations of Lake
Tanganyika have led to new pelagic fisheries in lakes Kariba (Fig. 5.39b)
and Kivu. Another outstanding but controversial example is the intro-
duction and spread of Lates niloticus in Lake Victoria. This led to a
considerable increase, two decades later, in the total fish catch, but
with near-complete elimination of many prey species that included ende-
mic cichlids and haplochromines (Barel et al. 1985; Hughes 1986; Ogutu-
Ohwayo 1988, 1990a, b, 1992; Witte et al. 1992; Kaufman 1992;
Goldschmidt ef al. 1993; Gophen et al. 1993). These changes are reflected
in the long-term fishery statistics (Fig. 5.40) and in food webs (Fig. 5.56).
Examples of geographically widespread and generally additive changes in
fish fauna are provided by the introductions of temperate salmonids (e.g.,
Rainbow Trout) to high altitude, cool tropical lakes such as Titicaca
(South America), and — on a larger scale — of the African lacustrine
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Fig. 5.39. Long-term records of monthly commercial catches of pelagic clupeid
fishes (sardines): (¢} in southern Lake Tanganyika, 1964-68, showing evidence of
rising abundance (line c—c) in relation to a declining abundance of centropomid
predators (line p—p); (b) in Lake Kariba, 1974-835, following the clupeid introduc-
tion in 1967-68. Modified from Coulter (1970) and Marshall (1988).
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Fig. 5.40. Long-term changes in annual commercial catches of fishes from the
Kenyan waters of Lake Victoria, 1968-1991, accompanying the increase in num-
bers of Nile Perch, Lates niloticus. From Gophen et al. (1995).

cichlids Oreochromis niloticus and O. mossambicus into small artificial
water-bodies of South East Asia. In both cases under-exploited feeding
niches were occupied (Piet et al. 1994).

(1)) Changes conditioned by altered chemical composition of the water.
Nutrient enrichment (eutrophication) is a widespread cause, with effects
upon food availability and oxygenation, and consequences in species
representation and biomass. In dry tropical climates sequences of salini-
zation have also affected fish faunas, as the long-term record for Lake
Chilwa (Kalk et al. 1979) has demonstrated. Drought can lead to a
greater penetration of seawater into coastal lagoons with effects on
their fish fauna. In a West African lagoon studied between 1962 and
1982, a relatively stable group of about 20 species could be recognized
(Albaret & Ecoutin 1990).

(iv) Developing populations in man-made lakes. These are essentially
consequences of local hydrological revolutions whose environmental con-
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sequences have already been outlined. Impacts upon the ecology of fishes
are reviewed by Lowe-McConnell (1987) and, for the African Great
Lakes, by Craig (1992). The widespread early-phase upsurge of produc-
tivity, influenced by nutrient inputs of terrestrial origin, involves species
of the original riverine fauna that are capable of adapting to lake condi-
tions, though not necessarily for reproduction therein or for feeding on a
newly developed plankton. This upsurge and its trophic support is a
parallel with that occurring seasonally in floodplains, although the time
scale is longer and the consequences for population increase more spe-
cies-selective. Of great importance is the changing availability of varied
types of food, among which Petr (1975) emphasizes the development of
periphyton or Aufwuchs on submerged terrestrial vegetation. During the
development of Lake Kainji (Nigeria) the mormyrids declined with the
loss of the original chironomid-dominated zoobenthos, the detritivore
Citharinus citharus increased strongly but briefly, the piscivore
Hydrocynus forskalii became more abundant as clupeid prey increased,
as did the food-opportunist Alestes baremoze (D.S.C. Lewis 1974). Fishes
that are especially successful in lake conditions include cichlids and clu-
peids, with reproductive phases that are extended in duration and not
dependent on inflowing streams. Thus, in West Africa, cichlids like
Oreochromis niloticus and Sarotherodon galilaeus rose to prominence
within a few years of the impoundments of Lake Volta (Petr 1967,
1968b) and Lake Kainji (Blake 1977). In Lake Volta the most successful
clupeid Pellonula afzeliusi has adopted a relaxed and seasonally extended
breeding pattern (Reynolds 1974); it can be traced to the antecedent river
fauna (Lowe-McConnell 1987), but the species in lakes Kariba and
Cahora Bassa — Limnothrissa miodon — was introduced by man from
Lake Tanganyika. Year-to-year differences in its catches from Lake
Kariba appear to be influenced by the antecedent river flow with pre-
sumed nutrient replacement for phytoplankton (Marshall 19825, 1988).
The assessment of the time-period involved for attaining a measure of
faunistic and ecological maturity is somewhat subjective (McLachlan
1974), but seems to be considerably shorter (possibly ten years or less)
than for Northern Hemisphere man-made lakes of latitude 50° or more.
Delay may be introduced by such special features as submerged woody
vegetation.

A sequence of colonization can also arise from irregular natural causes,
as when an exceptionally high lake level induces or extends a series of
marginal lagoons. Such extension occurred on Lake Victoria during the
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high levels of the 1960s (Fig. 4.22), when the new habitats were colonized
by several species of introduced cichlids (Welcomme 1970).

There 1s also a class of irregular and episodic events known as ‘fish-
kills’. Although preceding environmental conditions are rarely well docu-
mented, the onset of O, deficiency in space or time is usually suspected.
This ill-characterized phenomenon is widespread in tropical freshwaters.
For the equatorial Lake George it is suggested (Ganf & Viner 1973) that
over prolonged periods of calm weather the O, depletion of deeper water
1s less offset by nocturnal mixing, and the normally stable conditions of
the diel cycle give way to phytoplankton increase and more extensive
deoxygenation below. These last features were also associated with
greater incidence of fish-kills in North East Lake Victoria during the
1980s (Ochumba 1987; Ochumba & Kibaara 1989). In Lake Albert
(Uganda—Zaire) a deep-water deoxygenation that is variable in horizon-
tal and vertical extent (Talling 1963) appears to be responsible (Eccles
1976). A rare instance of intensive study of limnological conditions over
some period (21 days) after a fish-kill exists for the Indonesian crater lake
of Ranu Lamongan (Green et al. 1976). The onset of wind-induced mix-
ing with deoxygenation has been linked to fish-kill at a location in Lake
Chad (Bénech er al. 1976), in the Nyanza Gulf of Lake Victoria
(Ochumba 1990), and in Lake Valencia (Infante et al. 1979: Fig. 541)
where the mixing formed part of a normal seasonal sequence during
November—December. In 1977, however, it was preceded by an unusually
prolonged calm period during which accentuated deep anoxia was
accompanied by accumulation of toxic hydrogen sulphide. Upward
movements of this gas, with extended anoxia, also lie behind heavy
fish-kills in lakes of the Central Amazonian floodplain. These occur spor-
adically when cold fronts or ‘friagems’ travel to the region from southern
Brazil and destroy pre-existing stratifications (Brinkmann & Santos 1973,
1974).

Low-0O, conditions need not be involved in fish-kills within acid water-
systems, where toxic aluminium concentrations can be high — as in some
tropical waters of northern Australia (Fig. 5.42) during the transition
from dry to wet seasons (Morley et al. 1985; Brown et al. 1985
Townsend 1994).

(i) Air-breathing vertebrates

Although often neglected by limnologists, many air-breathing vertebrates
— reptiles, amphibians, birds and mammals — are associated with fresh-
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Fig. 5.41. Lake Valencia, Venezuela, 1977. The occurrence of a fish-kill in relation
to increased wind velocity and evidence of de-stratification with vertical mixing
from the distribution of dissolved oxygen and temperature. From Infante et af.
(1979).

waters for support, food or shelter, can be important in food webs and
have distinctive tropical representation. Their out-of-water mobility
influences their distributions on several time scales. Breeding behaviour
has opportunity for extended occurrence over time in the less seasonal
tropics, a feature illustrated by Baker (1938) for birds in general (Fig.
5.43). However, the potential for year-round breeding in equatorial
regions may be opposed by other factors, as Marshall & Roberts
(1959) describe for African cormorants whose nests were damaged by
seasonal winds. For physiological reasons, very large reptiles are predo-
minantly tropical. Three distinctive tropical species — a reptile, a bird and
a mammal — are taken as case-examples below.

The Nile Crocodile (Crocodylus niloticus) exemplifies the large reptiles,
that also include the alligators and caymans of regions other than Africa
(e.g., Amazonia: Best 1984). As a poikilotherm (‘cold-blooded’), it
responds to temperature on both diel and seasonal scales. The latter is
illustrated by Hutton (1987) from the seasonal climate of Zimbabwe,
where young animals showed growth in the hot season only, so that a
three-year record of increase in length was stepped. The maintenance of



Biological components 309

---------- Leichhardt Billabong
— — — - Island Billabong
Ja Ja Billabong

»* Maijor fish kill

pH

150

100 +

Conductivity (uS cm™)

wn
o
1

1979 1980 1981 1982

Fig. 5.42. Billabongs, Northern Australia. Within- and between-year changes in
chemical characteristics of water, showing extreme values of pH and salinity (as
conductivity) reached near the end of the dry season. (October—December), and
the association with fish-kills. From Brown e al. (1985).

body temperature within a favourable range is often achieved by a diel
rhythm of water-to-air movements with basking ashore. This frequently
involves two maxima of animals ashore, in morning and afternoon with
avoidance of too high midday temperature (Cott 1963; Hutton 1987: see
Fig. 5.44); at Khartoum, the water-to-air movements were observed
mostly when the air temperature was near 24 °C (Cloudsley-Thompson
1964). Foraging for food is linked with these diel cycles. Breeding is
seasonal, with local timing determined by water level (Cott 1963). Eggs



310 Reactive components of time-variability
J FMAMUJUJ ASONDJFMAM
| i 1 1 ] 1 1 1 1 1 1 1 | 1 1 1 1 [ i

6oo 700N T |
- VI = e ——
so-soN  _  mmiEm ____ mulliem
30°-40°N o N T

el

10° - 20°N
0° - 10°N
0°-10°S

20° - 30°N — R —
e

10° - 20°S  ——

20° - 30°S

R A —
40° - 50°S s

50° - 60°S M — e el
I

|

T Tr—Trr T T T 71T 71 T 1T T 1
J FMAMJJASONDUJIFMAMUJ

Fig. 5.43. The distribution with latitude of breeding seasons in birds: the number
of times each month occurs in the records of egg-seasons in each 10° interval of
latitude. From Baker (1938).

are laid at low level, with hatching just after increased seasonal rainfall
begins with subsequent rise in level. In much of tropical Africa this results
in one breeding season per year, but in the equatorial climate of northern
Lake Victoria the two seasonal maxima of rainfall are linked with two
breeding seasons (Fig. 5.45). On the long time scale, many African popu-
lations have been greatly reduced by man during the twentieth century
(Cott 1954, 1963).

The Lesser Flamingo (Phoeniconaias minor) reaches high densities on
some shallow productive tropical lakes, such as those (e.g. Lake Nakuru:
Fig. 2.31) along the Rift Valley of East Africa. It, and a few relatives in
other continents, are rare instances of filter-feeding birds, utilizing plank-
tonic algae large enough to be compatible with a unique pharyngeal
filtration mechanism (Fig. 3.31). Of this, Jenkin (1957) and Vareschi
(1978) give details. Vareschi also calculated (see Chapter 3.3, 3.5) that
the food removed daily from a highly productive lake (Nakuru) could
amount to the larger part of the known primary production. The require-
ment for year-round abundant phytoplankton would be incompatible
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with the large seasonal changesdanevitable at high latitudes; thus, as with
fishes, the tropical location encourages planktivory. Even in Lake
Nakuru, the quantitative and qualitative availability of suitable food
can be interrupted by long-term changes of water level and salinity
(Section 5.1b), during which the flamingoes migrate to other lakes of
the region (Vareschi 1978: Fig. 5.46). This mobility, combined with
that associated with breeding behaviour centred upon one lake (Brown
& Root 1971), produces a varying representation, seasonally and year-to-
year, of populations in the East African series of shallow soda lakes
(Tuite 1979).

The hippopotamus (Hippopotamus amphibius), by contrast, is a large
herbivorous mammal that obtains its food by grazing on land beside its
habitat of rivers and lakes. This grazing is mainly by night, so that a diel
rhythm of movement occurs. As the animal is locally abundant, and will
defaecate in water by day, it is an agent for significant transfers of nutri-
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Fig. 5.45. Seasonal distribution of the two breeding seasons of Crocodylus niloti-
cus in northern Lake Victoria, in relation to (centre) the bimodal equatorial
pattern of rainfall as monthly averages (in inches) over 55 years. From Cott
(1963).

ents from land to water (examples in Viner 19754; Kilham 1982). The
timing of reproductive phases can be influenced by seasonality of climate.
On the equator in Uganda, breeding was year-round but conceptions and
births showed two peak periods, those of births corresponding to the two
seasonal maxima of rainfall. As a result a better quality, protein-rich
herbage was available at a critical time (Laws & Clough 1966).

5.3 Rates of biological production

Rates of change in biomass are of significance for time-variability in two
respects: as relating biomass quantities separated by a time interval, and
as variables subject to time-variability themselves. In nature they are
fundamentally divisible (Appendix C) into absolute rates (e.g., gm™2
day™") and relative or specific or instantaneous rates that can have the
dimensions of time only (e.g., day™"). The latter are most familiar in
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Fig. 5.46. Lake Nakuru, Kenya, 1972-74. Long-term changes in the estimated
numbers of flamingoes (histograms), in relation to the abundance of phytoplank-
ton in g dry weight per m~2 and to the conductivity of the lake water as an index
of salinity. Modified from Vareschi (1978).

biology as specific rates of growth (g), mortality (m) or other loss; exam-
ples are discussed in several earlier sections.

For practical reasons, there are few sustained studies of seasonal var-
iation in the specific growth rates of tropical freshwater organisms. Free-
floating macrophytes such as Salvinia, Pistia and Eichhornia spp. (Section
5.2c) are perhaps the most easily studied. Common representatives of
these three genera were studied comparatively, using confinement in
floating cages, in an Amazonian floodplain lake by Junk & Howard-
Williams (1984). Seasonal change in specific growth rate was marked,
and correlated with the changing water level (Fig. 5.47). For Salvinia
molesta the seasonal vanability increased with latitude in the region of
Papua New Guinea and northern Australia, with reduced rates associated
with seasonal lower values of temperature and nitrogen status deduced
from the plant’s percentage N content (Room & Thomas 1986a: see Fig.
5.48). The same factors also appeared to be rate-limiting in an earlier
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Fig. 5.47. Comparison of yearly and seasonal changes in the specific (or relative)
growth rate of two species of free-floating aquatic plants, maintained in floating
cages with and without protection above, on a floodplain lake of the Amazon
near Manaus. Annual cycles of water level are also shown. From Junk &
Howard-Williams (1984).

study of the same species in Lake Kariba (Mitchell & Tur 1975). Records
of seasonal fluctuations in absolute growth rates are more numerous. One
example has been noted in connection with an attached grass in the
Amazonian floodplain (Section 5.2, Fig. 5.14), and there are many others
from the length—weight—time relationships observed in tropical fish popu-
lations (Section 5.2h).

The time-variability of population or community production rates
(e.g., as ng_2 day™') has been studied in a number of tropical fresh-
waters. Variability within the diel scale is mainly known for the photo-
synthetic production of phytoplankton. Example-studies are marked in
Table 3.1. A well-resolved example appears in Fig. 5.49. Diel changes are
primarily conditioned by solar radiation flux density, but — as already
noted (Chapter 3.1) — can be skewed relative to solar noon by changing
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Fig. 5.48. Seasonal changes in the specific (or relative) growth rate g of the free-
floating aquatic plant Salvinia molesta, based on leaf numbers of uncrowded
plants, at sites of varying latitude in (¢) Papua New Guinea, 4°04'S, (b) northern
Australia, 26°40’S. At each site the concomittent changes of maximum and
minimum air temperature, and nitrogen content of the plant (indicative of N-
status), are also shown. Modified from Room & Thomas (1986a).

vertical distribution of biomass or the accentuated effects of photoinhibi-
tion later in the day (Fig. 3.13). In only one example, from Lake George,
has the diel course of net C-assimilation been followed by direct analyses
of phytoplankton-C, and expressed as sequential changes of carbon-
based specific growth rate (Ganf & Viner 1973). The diel cycle of CO,-
fixation may be accompanied by the similarly light-dependent cycle of
N,-fixation given the presence of heterocyst (= heterocyte) bearing blue-
green algae (cyanobacteria). The diel variation of rates of N-fixation has
been measured in lakes George (Ganf & Horne 1975) and Valencia
(Levine & Lewis 1984: see Fig. 3.26). In the Nj-fixation a diel variability
of heterocyst abundance can be a subordinate factor, as demonstrated by
the study of Levine & Lewis (1984) on Lake Valencia.
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Fig. 549. Lake Lanao, Philippines. A diurnal sequence of depth-profiles of
photosynthesis by phytoplankton, in mgCm™>, measured over periods related
to the variation of surface-incident solar radiation (/p). Modified from Lewis
(1974).

Annual variability of primary, photosynthetic production is documen-
ted from studies on various tropical lakes (also marked in Table 3.1). The
amplitude of within-year variation generally relates to that of euphotic
biomass; responses of both to major episodes of vertical mixing can be
positive (e.g., Lake Victoria, 1960—1) or negative (e.g., Lake Lanao).
Variation of photosynthetic capacity, expressed as a specific activity
per unit biomass, is then limited, unlike the seasonal situation in most
lakes of higher latitude. Thus, in Lake Titicaca, absolute rates (Fig. 5.50)
reflect biomass. An instructive exception is Lake Mcllwaine, Zimbabwe,
where the photosynthetic production rates per unit area measured by
Robarts (1979) during 1975-6 were greatest within the warmest season
around December—January when phytoplankton abundance (chlorophyll
a) was low, light penetration increased and photosynthetic capacity high.
Another instance of high photosynthetic capacity during a seasonal (here
monsoonal) low abundance of phytoplankton is described by Khondker
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Fig. 5.50. Lake Titicaca, Andes. Within-year and between-year variation of (a)
estimated daily rates of photosynthesis per unit area by the phytoplankton, in
relation to corresponding variation in the temperature of near-surface (4m)
water, monthly average incoming radiation and (b) maximum rates of photo-
synthesis per unit volume down the water column (4g,,). From Vincent er al.
(1986).

& Parveen (1993) from a lake in Bangladesh. Such a combination tends
to reduce the seasonal range of absolute photosynthetic activity.

In tropical, as opposed to temperate, lakes the linkage of within-year
variability of areal production rates with that of solar radiation income is
shight (Vincent et al. 1986; France 1992). However, the influence of vari-
able light penetration underwater can be strong. The overall variability
tends to decrease with the shift from temperate to tropical latitudes as
assessed by the coefficient of variation (standard deviation/mean)
(Melack 1979a: see Fig. 5.15) and by time-courses showing averaged
deviations from annual mean rates in temperate and tropical lakes
(Alvarez Cobelas & Rojo 1994: see Fig. 5.51). Within-year variability is
notably low in the shallow equatorial lakes George and Naivasha.
Conversely, it becomes high in reservoirs of short retention time, as
Jebel Aulia, Sudan (Prowse & Talling 1958), Lubumbashi, Zaire
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Fig. 5.51. Within-year variation of areal photosynthetic production by phyto-
plankton in two sets of temperate and tropical lakes, for each expressed as the
mean percentage difference from annual mean values. Time is measured from the
summer solstice. From Alvarez Cobelas & Rojo (1994).

(Freson 1972), and reservoirs in India and Sri Lanka during the wet
monsoon (e.g., Kannan & Job 1980¢; Saha & Pandit 1987; Silva &
Davies 1987) where increased turbidity and an annual wash-out of the
phytoplankton can occur.

Annual variation in rates of secondary production is more difficult to
estimate (Downing & Rigler 1984). The few year-long examples available,
some illustrated in Figs. 5.52 and 5.53, include the zooplankton of lakes
Lanao (Lewis 1979), Valencia (Saunders & Lewis 19884), Chad (Gras &
Saint-Jean 1983; Lévéque & Saint-Jean 1983) and George (Burgis 1971,
1974), and the molluscan zoobenthos of Lake Chad (Lévéque 1973¢;
Lévéque & Saint-Jean 1983). Variability of biomass density is generally
a major source of time-variability in community or group production
rate, as shown for the zooplankton of Lake Chad (Fig. 5.53). In these,
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daily rates of production, as mg dry weight m~3 day™!, of four component group$
of zooplankton. From Lewis (1979).

as in other patterns, the equatorial Lake George shows the least varia-
bility. There the recruitment rate of the main copepod was found to be
higher at the beginnings of the two rainy seasons, although total copepod
numbers decreased during those seasons. Some relation of production
parameters for zooplankton to rainy seasons also seemed likely from a
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one-year study of another shallow equatorial lake, Naivasha (Mavuti
1994).

At higher tropical latitudes the temperature factor is typically respon-
sible for a marked seasonal reduction of specific growth rate and increase
of stage-duration in the cooler season. This is true, for example, at Lake
Chad for both zooplankters and molluscs. In all cases the biomass den-
sity per unit area is a principal factor for areal production rates, and was
most variable for zooplankton in Lake Chad (seasonal inflow, wider
temperature range) and lakes Valencia and Lanao (marked stratification
cycle). In Lake Chad, central archipelago region, estimates of the produc-
tion to biomass quotient (P/B) for zooplankton followed the seasonal
temperature—time curve (Fig. 5.53) but not production rate per unit area
as this was affected by a maximum of biomass in the cool season (Gras &
Saint-Jean 1983). At the high temperature of 30°C typical of the hot
season, specific growth rates of copepod nauplii reached values of 0.79
day™" (Thermocyclops) and 0.87 day™" (Mesocyclops), with similar high
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Fig. 5.53. Lake Chad. Annual variation in water temperature and three produc-
tion-related characteristics of the micro-crustacean zooplankton: biomass per unit
water volume (B); production in dry weight per unit water volume and day (P);
and production per unit biomass and day (P/B). From Gras & Saint-Jean (1983).
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maxima in the cladoceran Moina micrura (Gras & Saint-Jean 1981, 1983).
These values exceed a doubling per day (i.e., In 2 or 0.69 day™") and are
of a magnitude common among the much smaller planktonic algae. In
the deep Lake Malawi temperature seems to influence seasonal produc-
tion rates of zooplankton and a principal planktivorous fish mainly
through its connection with vertical mixing, nutrient entrainment and
phytoplankton production (Allison et a/. 1995).

A reduction of growth rate during the cool season is often found in
tropical fish populations; the Nile Perch, Lates niloticus, and Alestes
baremoze provide examples from Lake Chad (Section 5.2h).
Conversely, increased growth rates of fishes in floodplains are often
found in the hydrological phase of rising water level — a feature discussed
quantitatively by Bayley (1988). Detritivores show much less response
than omnivores. However, mean growth rates of fishes in natural popu-
lations in Africa are apparently not higher than those common in tem-
perate regions (de Merona et al. 1988), although the very high crop yields
per unit area from densely stocked tropical fish ponds are outstanding
(e.g., Delince 1992).

5.4 Biological diversity

Further perspectives of biological change emerge when species diversity —
rather than abundance or activity — is the focus and very long time
periods are considered. Higher levels of biological diversity in the tropics
have attracted attention in terrestrial faunas and floras, but for inland
waters are less evident and the generalization even denied (Lewis 1987,
1995). Also questionable (as by Serruya & Pollingher 1983) is the concept
of equable tropical conditions allowing relatively uninterrupted long-
term accumulation of biological novelty. The combination of localized
evolutionary origins with barriers to dispersal have led to some distinctive
patterns of distribution of freshwater organisms in the tropics. These
range in scale from entire continents to single lakes.

In the geological past, tropical conditions prevailed in land-masses
whose derivatives are now remote from the equator and which once
bore very different biota. Some large-scale patterns of distribution have
resulted from continential separation and drift during the Mesozoic and
Tertiary eras. Over these periods some major groups of freshwater fishes
evolved, with subsequent distributions that reflected the barriers between
separated land-masses (see Lowe-McConnell 1975). South America and
Asia differ radically, for example, in the natural absence of characoids
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from the latter and of cyprinids from the former. In Africa both coexist.
Adaptive radiation is seen in various animal groups at this continental
scale down to that of individual drainage basins and lakes. Fryer (1969)
has surveyed examples from Africa.

The outstanding smali-scale feature is the presence of numerous ende-
mic species — mostly animals — in some ancient tropical lakes of tectonic
(crustal) origin. Of these the African lakes Tanganyika, Malawi and
Victoria are pre-eminent. Their respective origins — although not in the
present forms — were approximately 20, 2 and 0.5-1.5 million years ago;
past.work has indicated the presence of > 500 endemic species in each of
these lakes (Coulter 1991a; Martens et al. 1994). These endemics are
clearly. associated with the lakes and not with communicating waters in
their drainage basins, as pointed out by Coulter (1991¢) for Lake
Tanganyika. Their number alone, as species, is an incomplete measure
of the biological diversity involved: all species are different, but some are
more different than others. Cichlid fishes are major components in all
three lakes, and.number between ~200 and > 600 species — but are prob-
ably now reduced in Lake Victoria by recent extinctions from predation
by the introduced Nile Perch. In each of the lakes Malawi and Victoria
most if not all form a species flock of numerous related species with a
common (monophyletic) origin; in Lake Tanganyika at least seven older
lineages have been distinguished (Meyer et a/. 1994). Within the last and
particularly ancient lake endemics are numerous in several other groups
of fishes and also invertebrates, most notably the gastropod molluscs
(Coulter 19914a). No other tropical lake approaches the three above in
number or diversity of endemics. An example in the Phillippines, Lake
Lanao, has been recorded to contain about 25 endemic fishes, mainly
cyprinids of the genus Barbus (Lowe-McConnell 1975).

The association of endemic species or species-groups with ancient lakes
serves to emphasize the time-dimension in cumulative evolutionary
change. However, complexities arise from the variable rate of speciation,
for which there are strong indications from tropical lakes. Rapid recent
speciation seems to have taken place in the cichlid species flock of Lake
Victoria. Five locally endemic species have been found in a shallow mar-
ginal water, Lake Nabugabo, that was probably isolated from the main
lake only ~4000 years ago. Recently evidence has extended to the entire
species flock, as work on the deepest sediments has been interpreted as
indicating that the entire lake dried up in the late Pleistocene (Johnson et
al. 1996). Reflooding was dated to ~12400 years ago, so allowing a
remarkably short time for the species flock to develop - a scientific
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dilemma (Fryer 1997), unless one invokes survival of earlier stocks in
marginal water-bodies. Rapid speciation is consistent with evidence of
but slight divergence from biochemistry (isozymes, electrophoresis) and
molecular genetics (mitochondrial DNA sequences) between these
cichlids within lakes Victoria and Malawi (Meyer et al. 1994, 1996).

It is conceivable that short periods with rapid rates of evolutionary
change might alternate with long periods of little change or ‘stasis’. A
general application has been much discussed, as the theory of ‘punctu-
ated equilibria’, for which supporting evidence has been described from a
tropical African lake, Lake Turkana. Here fossil shells of gastropods
(many still extant) are well preserved in unconsolidated lake sediments,
with characteristics in dated sequences that Williamson (1981) studied by
biometrical and statistical methods. However, his deduction, that there
was ‘long term stasis in lineages punctuated by rapid episodes of major
phenotypic change’, is probably not firmly established in view of likely
discontinuity in environmental conditions that could affect fossil preser-
vation in the record and possible morphological responses of non-genetic
origin — a feature well known in the animal group concerned (Fryer et al.
1983).

Evolutionary and environmental changes are interconnected in many
ways, some possibly influenced by latitude. For example, tropical
sequences of variable water balance and level change have led to at
least local extinctions. This can be illustrated by the paucity or lack of
endemic species in Lake Chad, once one of the largest of tropical lakes,
compared to the refugia for endemics offered by the river systems of
Zaire and Amazon in the humid tropics. However, extensive past river-
connections of the Chad basin, with consequent dispersal, are also
involved.

Although extreme catastrophic events are clearly unfavourable, smaller
variations in the hydrological environment can favour speciation. Thus
new habitats may be created for colonization, or a single population may
be split into several non-interbreeding derivatives by geographical or
ecological barriers. In the big African rift lakes of Tanganyika, Malawi
and Turkana, with predominantly atmospheric control of water balance
(Chapter 2.2), level changes well in excess of 100 m have occurred. There
have been corresponding changes in both littoral and pelagic regions, and
subdivision of a lake at low level into separate basins. The latter would
enhance opportunities for speciation in spatially separated regions (allo-
patric speciation), otherwise also possible on a locally varied shoreline;
Fryer & lles (1972) give examples for cichlid fishes in Lake Malawi.
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Subdivision of Lake Victoria at low level has been a favoured influence
for the origin of the species flock of cichlids there, but is not easily
compatible with the recently suggested total drying up mentioned above.

Loss of species diversity after major environmental change can have
origins other than by desiccation. It can constitute total extinction if the
change impacts the whole distribution-range of a species or species-
group, including a water-body with endemics. The outstanding recent
example of the latter situation is Lake Victoria, where introduction of a
fish (Lates niloticus) led to predation that has probably extinguished
many — possibly hundreds — of endemic cichlids. On a smaller scale
and more problematic is the apparent loss of Orestias cuvieri from
Lake Titicaca after the introduction of the North American Rainbow
Trout, Onchorhynchus mykiss, formerly Salmo gairdneri (Loubens 1992).

Local loss of diversity, but generally not overall extinction, has accom-
panied several other system changes summarized in Section 5.5b. World-
wide, eutrophication usually involves the replacement of diverse biota of
low abundance by those of fewer species at higher abundance. The end-
products are widespread in the tropics, although the documentation of
change is rarely available. Examples are seen in numerous enriched
‘tanks’ or reservoirs of India that bear dense blooms of Microcystis
spp-; also in the Paranoa reservoir at Brasilia that was enriched by sewage
and came to bear a dense phytoplankton dominated by the blue-green
Cylindrospermopsis raciborskii (Branco & Senna 1994, 1996).

Salinization is another chemically based sequence that is marked by
loss of diversity, with resulting biota of a few specialists that may be in
high abundance (e.g., many soda lakes) or may not (e.g., Lake Abhé,
Ethiopia). For some tropical salt lakes a dated reconstruction of histor-
ical change has been made from the sedimentary record — as for the
diatom flora of Lake Abhé (Gasse 1977), showing loss of an original
low-salinity (oligohaline) flora. Also chemically based, pollution involves
a heterogeneous array of human inputs, some persistent, that usually lead
to loss of biological diversity. The reverse is probably true of reservoir
creation and development, with local transition from riverine to lacustrine
biota. Here some extensive studies of time-sequences exist, as for the
plankton of the South American Brokopondo Reservoir (van der
Heide 1982), and the zoobenthos and fish fauna of the West African
Volta Lake (see Section 5.2). Lastly, there is harvest by man, that chiefly
influences the composition of fish communities. One pronounced example
is the decline of the highly edible cichlid Oreochromis esculentus with gill-
netting in Lake Victoria (Fig. 5.38).
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In summary, prevalent levels of biological diversity represent a
dynamic balance between gain and loss rates, on the long (evolutionary)
and short (ecological) time scales.

5.5 Systems

The environmental basis of time-variability in tropical freshwaters has
been interpreted in terms of three major factor-systems (regimes of radia-
tion balance, water balance, wind), with interactions (Chapter 4.3). These
interactions can modify cyclic responses of various frequencies, notably
the diel and the annual. Examples of modification are discussed below on
a broader and comparative basis, having regard to the aspects of ampli-
tude and timing of successive phases and the interrelation of physical,
chemical and biological cycles. A following section discusses individual
sub-systems of associated and cross-linked time-changes that are trace-
able to certain major environmental events.

(a) Interactions of cyclic systems in time

Physical = physical interactions are fundamental, as the three major
factor-systems are physical in nature. Cycles of thermal (density) strati-
fication in lakes provide examples at diel and annual levels, as discussed
in Chapter 4.2, 4.3. At both periods the divergence of temperature
between surface and deeper levels often follows, with some lag, an
increase of solar radiation. Conversely, convergence with surface cooling
and vertical mixing usually occurs during periods of reduced radiation
input. However, the coupling between cycles of radiation and stratifica-
tion can be modified or even lost under the influence of other factors such
as wind, air temperature and humidity. Cycles of these factors often
occur on both the diel and annual scales, and their effects may either
reinforce or oppose those of a radiation cycle. Their predominance is
particularly likely in equatorial regions where the annual cycle of radia-
tion input is of low amplitude. Reference may be made to the differing
diel wind cycles of lakes George and Chad, the seasonal harmattan wind
of West Africa, and the presumed uncoupling of the radiation and stra-
tification cycles for the Ethiopian Bishoftu lakes under a seasonal regime
of variable humidity and evaporation (Wood et al. 1976). Disturbance of
seasonal stratification can also have an origin from inflowing floodwater.
In two West African reservoir lakes, Volta in Ghana and Asejire in
Nigeria, this and the harmattan wind influence combine to produce
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two seasonal events of salient change in the water-mass (Biswas 1972q4;
Egborge 1978).

Other physical-physical interactions follow from the influence of a
primary cycle upon a dependent one. Thus in many tropical rivers
(e.g., Amazon, Nile) and floodplains the annual cycle of water level
and discharge is directly linked to a cycle of sediment load with reduced
light penetration.

Physical = chemical interactions generally follow the relationship of a
primary (physical) with a secondary (chemical) cycle. Again the stratifi-
cation cycles of lakes, diel or annual, provide clear examples. Various
chemical accumulations below a thermal/density discontinuity, with
depletion of O,, necessarily accompany the stratified phase. Upward
transfers from these accumulations can generate pulses of concentration
in surface water that share the periodicity of the vertical mixing. The
amplitude of concentration changes depends on many factors; these
include the relative volumes of upper and lower layers, the input of
organic matter available for decomposition and the duration of the stra-
tification. The last is short within diel cycles and this typically limits the
amplitude for N- and P-nutrients to levels below detection, although it
was measurable in the very productive, warm, shallow waters of Lake
George (Uganda) and Parakrama Samudra (Sri Lanka) (Section 5.1b).
Respiration and decomposition, and photosynthesis, can induce very
large diel changes of O, and CO; content in such productive waters
(Section 5.1¢c). Thus two consequences of the diel radiation cycle deter-
mine dependent chemical cycles of these gases.

The physical phenomena of a variable hydrological balance are also
typically cyclic (often annual) and induce dependent chemical cycles.
Since, during changing flow, the ratio between solute release and volu-
metric dilution varies widely between chemical species, and hydrological
paths of water flow can be multiple (cf. loodplains), the concentration—
time relationships are also varied and usually skewed relative to the
parent discharge—time relationship. Examples are provided by the
Gambia River, West Africa (Lesack et al. 1984: see Fig. 5.5) and the
Apure River, Venezuela (Saunders & Lewis 19894). Other influences of
water flow upon chemical characteristics are more indirect. High river
flows are often associated with much turbidity that can eliminate the
possibility of nutrient depletion by phytoplankton; longer water reten-
tion, as in reservoirs, can increase this possibility. Closed-basin lakes with
relatively dilute inflows often show cyclic variation of salinity in relation
to variable rainfall, on annual and longer time scales, with additional
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chemical modifications at very low water level (e.g., Lake Chilwa: Kalk et
al. 1979).

Rarely, a physical cycle may be induced or modified by chemical fac-
tors. An example could be the variation in light absorption within a
black-water river that follows variable seasonal inputs of dispersed
humic substances. Deep solute accumulations also modify the variable
extent of vertical mixing in meromictic (long-stratified) lakes. Lake
Sonachi (Kenya) is a well-studied example (Maclntyre & Melack 1982),
where over the period 1971-79 stability increased in years with more
rainfall and consequent reduction of salinity and density in the upper
layer.

Environmental = biological interactions on diel, lunar and annual
cycles have already been abundantly illustrated for planktonic, benthic
and fish communities. The ultimate cyclic controls are physical and lie in
the regimes of radiation income, water balance and wind. Numerous
secondary controlling cycles exist that include important chemical factors
such as the concentrations of major ions, nutrients, dissolved O, and
reduction products such as H,S (Section 5.1). Excepting major ions,
most such chemical cycles have a strong component of biological activity
that is often mainly microbial, by bacteria and algae.

Coupling between biological and environmental cycles can arise in four
main ways. An environmental trigger or cue may be recognized; a direct
regulating influence may operate; a quantity transfer may induce deple-
tion on one side and accumulation on the other; and the cycles may not
relate directly but share relations with another master cycle.

At the diel period, biological cycles involve short-term physiology and
behaviour, possibly with population redistribution but not significant
amplitude of population size — unless, conceivably, there is a source of
strong diel mortality or of diel recruitment. In unicellular organisms,
especially algae, diel cycles of phased cell division are widely known,
but examples in tropical freshwaters do not seem to have been investi-
gated. The diel cycle of photosynthetic activity is clearly governed by that
of radiant flux density (e.g., Fig. 3.13), but its time-course may be skewed
relative to that of diel radiation by factors that include vertical redistri-
bution of population (e.g., Talling 1957a) and photoinhibition behaviour
(Chapter 3.1). The outstanding tropical study of photoinhibition is that
of Vincent, Neale & Richerson (1984) and Neale & Richerson (1987) on
the phytoplankton of Lake Titicaca. Here it is accentuated in near-
surface water during the afternoon by the set-up of a diel temperature/
density stratification that reduces cell dispersal. This feature is illustrated
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in Fig. 3.8, together with the depth-time distribution of a fluorescence
change that is an index of photoinhibition. Thus two effects of the diel
radiation cycle interact and partially reinforce.

Light-avoiding or photofuge behaviour plays a large part in the diel
cycles of vertical distribution exhibited by some motile phytoflagellates,
zooplankton and benthic invertebrates. Other physiological processes
which regulate the volume of gas vesicles, together with reduced mixing
during diel stratification, are responsible for the variable diel distribution
cycles that are a feature of many blue-green algae in the tropical phyto-
plankton. Both daytime rise (Talling 1957a) or sinking (Ganf 1974b) may
be predominant. In animals various combinations of behavioural and
physiological diel cycles are widespread, as seen in the diel feeding cycles
of zooplankton and a fish in Lake George (Fig. 5.54). In many examples
the daily photoperiod has a direct effect, but the independent existence of
endogenous and free-running circadian rhythms must also be recognized.
Other indirect evocation, by environmental factor ‘cues’ with selective
advantage, is of course important at longer, especially annual, time
scales.

Lunar-biological cycles (e.g., of insect emergence, planktonic preda-
tion) are remarkable for the biological response to extremely low levels
of irradiance, of the order 107> to 107° of sunlight.

Environmentally induced cycles of annual period involve more avail-
able time, as for extensive chemical transformations (input—biomass
increment—decay), phenological succession (e.g., reproductive stages)
and population dynamics. There is also opportunity for larger change
of the inducing factors such as radiation, temperature and rainfall. The
amplitude of many biological cycles is governed by the degree to which
input and output processes operate continuously or are phased discon-
tinuously in time.

Given such discontinuity, chemical transfers — as of nutrients in pri-
mary production — can potentially lead to environmental and biological
stocks that are in antiphase cycles. One example is the depletion of solu-
ble Si by diatoms in Lake Chad (Fig. 5.3); another, the depletion of
soluble reactive phosphorus in the While Nile (Prowse & Talling 1958:
see Fig. 3.21). However, a continuity of nutrient regeneration and resup-
ply may often sustain a population pulse of abundance without a marked
inverse cycle of nutrient stock.

Biological = biological interactions are classically capable of generating
linked cyclic patterns of species abundance in time through piant-herbi-
vore, prey-predator, host—parasite and competing species relationships.
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Fig. 5.54. Lake George, Uganda. Comparative examples of diel cycles, including
solar radiation, fixation of C and N with evolution of O, by phytoplankton, and
ingestion of food by a zooplankter and by two species of fish as stomach weight.

From Burgis (1978).
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Very few examples are established for tropical freshwaters. Thus,
although there is much evidence (e.g., Lewis 1979; Saunders & Lewis
1988«) that predation by Chaoborus larvae can be important in the plank-
ton, this activity rarely appears to be clearly shown as responsible for
regular time-patterns of abundance. One possible instance is the late-
season decline of Cladocera as Chaoborus larvae became abundant in a
Venezuelan floodplain lake (Twombly & Lewis 1989). Predation by
water-mites (Hydracarina) possibly may be responsible for a minimum
of the dominant Cladocera in the rainy season at Gatun Lake, Panama
(Gliwicz & Besiadka 1975). As already described (Chapter 4.4), variable
predation by a pelagic sardine in Lake Cahora Bassa can mediate cyclic
changes in the abundance of zooplankton that are controlled by visibility
in moonlight and hence by the lunar cycle. Similarly, intense predation
during the final low-level phase of a floodplain cycle will widen the
amplitude of cyclic abundance of prey species, but the period of the
cycle is set by the hydrology and not the biology. However, predator—
prey fluctuations may exist in northern Lake Tanganyika, where the
predator Lates stappersii and its prey Stolothrissa tanganicae appear to
have alternate cyclical abundance with periods of 6-8 years (Coulter
19915; Roest 1992).

It is common, world-wide, for successful expansions by an aquatic
invader to be followed by some decline. Given dominance and high den-
sities, this sequence is likely to induce related changes — negative or
positive — among the accompanying populations. Examples are known
from invasions of floating plants such as Eichhornia crassipes, Salvinia
molesta and Pistia stratiotes. Outstanding invasions of lakes — notably
Lake Victoria — in East Africa by the Nile Perch, Lates niloticus, have
brought some prey species to presumed extinction. However, decline of
the invader was progressively averted or delayed by switches to alterna-
tive prey, including (unstably) the young of Lates itself (Ogutu-Ohwayo
19904).

(b) Systems of associated time-courses

Certain widespread events in tropical freshwaters have far-reaching
effects upon components of environment and biota. They generate asso-
ciations of individual, interacting time-courses, each association being
related to one major generating event. Here eight such events are distin-
guished. Individual consequences have generally been considered in ear-



Systems 331

lier sections; the present object is to give some overview of their associa-
tion and interaction.

The diel radiation-pulse leads immediately to heat storage, raised sur-
face-temperature and, often, to a temperature- and density-stratification
(Chapter 4.2). This stratification is liable to incorporate — especially in
productive waters ~ other components in dynamic flux, such as gases (O,
CO5: Section 5.1c) and sinking or buoyant particles that include phyto-
plankton (Section 5.2e). Simultaneously, photosynthesis operates with
organic production, and, not infrequently, photoinhibition; contents of
O, increase in the upper layers and those of CO, decrease. Nitrogen-
fixation may also be activated, given the presence of heterocystous
blue-green algae (Section 5.3). Other light-reactions, often photofuge,
affect the movements and vertical distribution of zooplankton, and pos-
sibly some motile phytoplankters (Section 5.2e, f), some littoral zoo-
benthos, and fishes (Section 5.2h). For the zoobenthos of streams this
alters relative representation in the invertebrates carried in the flowing
water ‘drift’ (Section 5.2g). Light-dependent predation on some zoo-
plankters may also increase if the depth-distributions of predator and
prey are compatible. Here there can be interaction with lunar cycles of
predation intensity (Chapter 4.4, Section 5.2f). A day—night variation of
food intake, and excretion, also exists for many herbivores, from cope-
pods to hippopotamus (Section 5.2f, 1).

The seasonal floodpulse embodies the runoff from heavy seasonal rain-
fall, carried at high-water-discharge and level along the course of a river
(Chapter 4.3). The Amazon and the Orinoco are well-studied examples
(Sioli 1984; Lewis et al. 1990, 1995; Junk 1997) and exemplify the con-
sequence of seasonal overspill to create or enlarge water-bodies (e.g.,
varzea-lakes) on a surrounding floodplain. Junk et al. (1989) have empha-
sized the distinctive character of the floodpulse as a drastic yet seasonally
stable event, giving rise to many biological adaptations, to intermingling
of terrestrial and aquatic biota, and to extensive transfers of organic food
materials of terrestrial origin. There are limited parallels with the flooding
of terrestrial areas on reservoir creation (see below): one is the incidence
of wood-boring mayfly larvae in the Amazonian floodplain (Asthenopus
curtus) and in African man-made lakes (Povilla adusta). However, there
are transitions to floodpulses that are carried largely within the river
channel (e.g., the Blue Nile) and those which-exert an on-lake influence
by a terminal discharge (e.g., River Chari — Lake Chad; River Omo —
Lake Turkana).
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Floodplain lakes supplied mainly by lateral river overspill from a
strong floodpulse (reviewed by Melack & Fisher 1990; Tundisi 1994;
Junk 1997) vary in depth with season. Cycles of temperature/density
stratification may coexist on the diel and seasonal time scales; the latter
is eliminated at low water level, and sometimes broken during cold spells
with adverse biological consequences, especially on fishes (Section 5.2h) if
anoxic and H,S-rich deeper water is involved. Entering river water and
local runoff can introduce substantial quantities of plant nutrients, that
are later depleted by denser phytoplankton and macrophytes that adjust
to changing water level. However, nutrient regeneration within the lake
can also be intense, as demonstrated for Lake Calado in Amazonia
(Melack 1996: Chapter 3.2c¢). The same time-sequence is marked by a
succession of zooplankton (Section 5.2f) and of zoobenthos (Section
5.2g) for which the O,-conditions are critical.

Correlated and adapted with the floodpulse are many features of fish
biology: development and maturation of gonads, lateral and longitudinal
migrations, spawning, and feeding that may exploit terrestrial sources of
living food as well as detritivory and brief episodes of intense aquatic
predation (Section 5.2h).

Despite the opportunities of habitats and food resources that are cre-
ated laterally, the floodpulse of the main channel typically blocks the
development there of phytoplankton and zooplankton by virtue of turbid
water and wash-out. This is conspicuously true of the Blue Nile (Rzoska
et al. 1955; Talling and Rzdska 1967, Hammerton 1972, 1976).

Lewis ez al. (1990) interpreted the floodplain system as an ecosystem
complex, comprising individual linked ecosystems and transmission
channels. They distinguished between these two components according
to whether their chemical boundary fluxes for C, N and P (omitting those
driven metabolically) are less or greater than their internal fluxes asso-
ciated with primary and secondary organic production plus heterotrophic
decomposition. The quantification was provided from studies on the
Orinoco river system. The floodpulse has the role of a synchronizing,
‘setpoint’, event.

De-stratification marks the transition to increased vertical circulation
in the water-column of a lake, and the loss of much pre-existing layering
of physical, chemical and biological components. Of these, the vertical
differences of density associated with temperature differences are crucial.
De-stratification can occur with regularity on a diel or seasonal time
scale, or irregularly at long or short intervals. Predisposing factors are
a net loss of heat and increased wind stress at the water surface.
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Complete de-stratification is typically a rather abrupt event, but often
is less ecologically influential than the preceding and longer extension
downwards of the upper mixed layer. This extension also occurs in
some (meromictic) lakes that preserve some stratification indefinitely. It
entrains deep water, usually with upward transfer of plant nutrients that
can evoke increased production of phytoplankton in the illuminated sur-
face zone (examples, Lake Victoria: Fig. 5.20; Lake Tanganyika: Coulter
1963, 1968; Lake Malawi: Patterson & Kachinjika 1993, 1995; Bootsma
1993a, b). Conversely, a depression of this production is also possible
(example, Lake Lanao: Lewis 1974); an oft-advanced reason is the
reduced exposure to light of deep-circulating algal cells when the ratio
of euphotic zone to mixed zone is low. At few tropical sites, however,
these alternative mechanisms have been examined in detail. They are
likely to coexist in mixed communities of diatoms and blue-green algae;
in these groups contrasts of buoyancy and sinking will influence the
vertical transport of cells during vertical mixing (Fig. S5.18). Previous
deep accumulations of diatoms (e.g., Aulacoseira spp.) may be trans-
ported into upper regions, as followed in detail in Lake Victoria (Fish
1957; Talling 1966, 1969, 1986).

As with the phytoplankton, the response of zooplankton population
density to de-stratification can also be positive or negative (Section 5.2f,
and survey by Hart 1985). One reason is likely to be direct feeding links
to phytoplankton fractions of different response to mixing. The usually
positive response of diatom species is here relevant. In some examples
there is likely to be an effect of upward transfer of toxic material, such as
H,S, from an anoxic hypolimnion (e.g., Lake Valencia: Infante et al.
1979), with simultaneous depression of O, concentration in surface
water. These toxic influences can also induce fish-kills (Section 5.2h).
However, there may also be positive correlations between fish production
and vertical mixing that are probably based upon the stimulation of
planktonic production and feeding linkages that can include the benthos.

Eutrophication is centred upon the long-term increase of nutrient input
to, and content in, water-bodies. Of tropical examples (surveyed by
Thornton 19875h), few are well characterized. Lake Mcllwaine (Lake
Chivero) in Zimbabwe, an impoundment that was enriched by sewage
loading (later diverted), i1s a notable example with long-term records
(Marshall & Falconer 1973; Thornton 1982). Another is the elongate
coastal lagoon of Ebrié in West Africa, with sewage loading and nutrient
enrichment varying with distance from the city of Abidjan (Dufour &
Lemasson 1985). A third is the similarly enriched and highly productive
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Paranod Reservoir at Brasilia (Branco & Senna 1994). There are also
some much studied sites in the subtropics like Lake Mariut (Egypt)
and Hartbeespoort Dam (South Africa). The nutrient elements usually
involved are phosphorus and nitrogen, but others such as carbon, iron
and sulphur are not excluded. There are few estimates of external loading
per unit area of tropical lakes. One of the highest for large lakes —
331gPm™2yr~' - was obtained by Lewis & Weibezahn (1983) for
Lake Valencia and is more than ten times the estimated natural back-
ground before sewage input. Loading rates to Lake Mcllwaine decreased
34 fold after the reduction of sewage input between 1967 and 1977
(Thornton 1982), but since then have risen again (Moyo 1997). The
apparent predominance of phosphorus in the man-induced eutrophica-
tion of temperate lakes is not necessarily matched in the tropics where
natural P:N concentration ratios are often higher (Chapter 3.2).

The biological utilization of the increased nutrient income or stock
typically leads to altered species representation and increased densities
of biomass per unit area or volume for various communities; conse-
quently also to increased modifications of the water-medium by their
chemical activity and organic products. Of these modifications, O, deple-
tion — especially in deep water — has numerous further effects, chemical
and biological, and its extent has been used as an index of trends to
eutrophy. In the tropics, as elsewhere, it increases with gross organic
pollution, but for the deeper water of small stratified lakes appears to
be developed at lower levels of other indicators of eutrophy than would
be expected from experience of temperate lakes. Thus there was, histori-
cally, a divergence of indications of eutrophy between the chemical and
some biological observations of the 1928-9 German Sunda Expedition
(Ruttner 19315; Thienemann 1932), that might result from accelerated
rates of organic decomposition and hence O, consumption in the tropical
waters (Chapter 3.4). Further evidence for the temperature factor in
deoxygenation has been obtained more recently by Townsend (1995)
from an unproductive lake in the Australian tropics. Here hypolimnetic
anoxia typically develops around the summer solstice at temperature
values of 26-28 °C, for a duration of eight weeks or more. This would
be eliminated if one assumed an operating temperature of <13.5°C
(usual in the hypolimnia of temperate lakes) and a temperature-sensitivity
of O, depletion rate expressed by a Qo value (rate-increase factor follow-
ing a temperature rise of 10°C) of 2.0.

At the present time the most outstanding example of tropical eutro-
phication, that of Lake Victoria (Hecky 1993; Lehman 1996; Bugenyi &
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Magumba 1996), remains enigmatic regarding its cause. Suspected pos-
sibilities are nutrient inputs induced by aitered land-use, nutrient inputs
from atmospheric precipitation and marginal swamps flooded after 1961,
and ‘top-down’ effects from introduced changes in the fish populations.
The last were discounted by Lehman (1996) for reasons of timing. The
eutrophication is diverse in its apparent consequences. These include
increased N (especially NO5-N) concentrations, much denser phyto-
plankton of altered composition, higher photosynthetic production
(Mugidde 1993), reduced transparency, increased deoxygenation at
depth and altered elemental composition of the sediments. Although
there has been a decline of diatoms (especially Aulacoseira spp.) in the
plankton, surface water has become strongly depleted in soluble reactive
Si. Some of these changes, expressed in depth-profiles of concentration,
are shown in Fig. 5.55. There are also implications of the greater O,
depletion for the distribution of the deeper zoobenthos and fish commu-
nity (Hecky et al. 1994).

Some studies of nutrient-rich and productive tropical waters have
invoked a past eutrophication not recorded directly in time. Natural
examples include lakes with fluxes of P from volcanic regions, as in
East Africa (Golterman 1973) and Lake Patzcuaro in Mexico (Planas
& Moreau 1990). In the latter human influences by erosion and sewage
now dominate the P-input (Chacon-Torres 19934). Another instance of
eutrophication by sewage and urban runoff is the Waigani Lake near
Port Moresby in Papua New Guinea (Osborne 1991).

A cool phase in the annual cycle is quite pronounced towards the edges
of the tropics (Chapter 4.3). Lewis (1987, 1995) illustrates the broad
latitudinal dependence of minimum water temperature that has numer-
ous environmental and biological consequences. Many are similar quali-
tatively, if not quantitatively, to effects of winter at higher latitudes. The
seasonal cooling around the winter solstice (Figs. 4.4, 4.5) induces one
annual phase of complete or extended vertical mixing (i.e., monomictic
regime) in many lakes, with minimal vertical differences in temperature
(Fig. 4.9) and density. This mixing can, in turn, produce chemical and
biological responses as outlined above. More directly, lowered tempera-
ture is often correlated with the seasonal maxima of nitrate concentra-
tion, probably through the balance between nitrification and
denitrification (Section 5.1). The temperature-dependent rates of growth,
and — inversely — the duration time of developmental stages, are also
modified. Good examples are available from the zooplankton, zoo-
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benthos and fishes of Lake Chad (Section 5.2), where the seasonal depres-
sion of water temperature is ~10°C (30 — 20°C).

The cool phase often influences, usually by avoidance, the timing of
critical phases in a life history. Examples include insect emergence
(Section 5.2g) and the spawning season of fishes (Section 5.2h). Among
algae, there may be a direct induction of some resting stages; for example,
resting spores (akinetes) of planktonic blue-greens are uncommon in
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equatorial Africa but a feature of the cooler season in the Nile near
Khartoum (Talling, unpublished).

Lowered temperature also affects the character of diel patterns of stra-
tification during the cool phase, by virtue of a reduced sensitivity of water
density to change in temperature. This was directly demonstrated (Talling
1957a) in comparative records made for the Jebel Aulia reservoir of the
Nile under temperature ranges near 20°C and 30°C, respectively.
Another influence lies in the greater opportunity for penetrative convec-
tion (Chapter 2.3).

More rarely, cool phases of brief duration can arrive irregularly as
travelling disturbances from higher latitudes (e.g., ‘friagems’ of South
America: Chapter 4.3).

A drying phase can sometimes dominate conditions in shallow tropical
water-bodies, either within-years as during an extended dry season
(Chapter 4.3b) or over a longer term with net water deficit (Chapter
4.5a). In rivers continuity of flow can be lost and the water-course
reduced to isolated pools, often rich in life. One good example is the
River Sokoto in Nigeria, studied by Holden & Green (1960) and
Holden (1963); another, the River Dinder in Sudan (Rzéska 1976); yet
another, streams in tropical northern Australia (Smith & Pearson 1987;
Pearson 1994). Whether in river, lake or temporary pool, there is a time-
sequence involving decreasing depth, increasing lonic concentration,
sometimes salt precipitation and enforced concentration of larger aquatic
organisms such as fish. The last condition often accentuates predation
(e.g., Prejs & Prejs 1992).

River floodplain lakes are a special example, much studied in
Amazonia, and already described in relation to hydrological stratification
and plankton development (Chapter 4.3; Sections 5.2e, 5.2f), and fish
biology (Section 5.2h). Fall of water level here relates mainly to river
level rather than to a local dry season, but there can be an appreciable
rise 1n total ionic concentration (Fig. 5.1).

Another special case is temporary rainpools (Chapter 4.3), with a short
existence but an often rich, specialized fauna (Sections 5.2f, 5.2g; also
review by Williams 1985). There are requirements for rapid development
and a capacity to either survive desiccation by resistant stages or be re-
introduced by oviposition from aerial adults bred elsewhere.

At the opposite extreme of time scale, long inter-annual periods of net
water loss from lakes can induce large contractions in area and depth
(Chapter 4.5) with salinity increase (Section 5.1), possible salt precipita-
tion and modification of biological communities towards a more
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restricted composition with often abundant halophilic or salt-tolerant
species. Vulnerable lakes are generally shallow and in semi-arid climates.
They are especially numerous in sub-Saharan Africa, for which sequences
and factors have been discussed comparatively by Talling (1992) and
Dumont (1992). The outstanding and well-studied examples are lakes
Chad (Carmouze, Durand & Lévéque 1983) and Chilwa (Kalk et al.
1979).

The decrease of level in Lake Chad has been associated with a number
of environmental changes as well as reactions of the whole biota. The first
observed changes involved water transparency, conductivity and ionic
composition of the water, and were directly related to evaporation and
depth decrease. Water transparency in this large lake was mainly deter-
mined by inorganic solids (clay) resuspended by wind-induced bottom
stirring. Only at the end of the drying period did the phytoplankton take
a significant part in light attenuation (Lemoalle 1979a; Carmouze,
Chantraine & Lemoalle 1983). The Secchi transparency thus decreased
with decreasing level until October 1973 in the eastern archipelago (Bol
station) and until December 1975 in the northern basin (Kidjeria station).
Afterwards, an extended marsh vegetation filtered new water inputs and
reduced the wind fetch on small open water areas.

Reservoir creation involves much physical novelty, from which cheml-
cal and biological sequences develop in the long-term, and cycles of
seasonal and lesser scales are modified. Water retention increases
depth, extends area and reduces longitudinal (gravity-fed) currents to
generally negligible values. It is usually indefinite and inter-annual, but
if intra-annual its variation is generally influenced and often much
increased by human regulation of the outflow as well as climatic season-
ality. The direct replacement of within-year by long-term storage is
uncommon, but occurred after 1964 on the Nile above Aswan with fun-
damental ecological changes (Entz 1976; Latif 1984). At the other
extreme, there was little or no effect on Lake Victoria after the building
of a dam that regulated its outflow. General surveys of this variety of
ecological response are given by Baxter (1977) for reservoirs in general,
by Petr (1978) for tropical reservoirs, and by McLachlan (1974), Davies
(1980) and Obeng (1981) for African reservoirs or ‘man-made lakes’.

Derived features of the river — lake conversion include the sedimenta-
tion of abiotic particulate material with consequent increase of light
penetration; the build up — enabled mainly by longer retention — of a
denser and qualitatively different phytoplankton (Section 5.2¢); a corre-
sponding increase of zooplankton; and possibilities for the development
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of populations of planktivorous fishes (Section 5.2h). Except in the shal-
lowest reservoirs, greater depth and reduced turbulence promote the
occurrence of temperature/density stratification, with accompanying che-
mical and biological modifications on the seasonal and diel time scales.
Chemical modification includes a deep deoxygenation that is seasonal in
many tropical reservoirs (Fig. 5.7), and continual in some (e.g., Lake
Brokopondo: Fig. 5.6) often with accumulations of ammonium ions
and H,S. These features restrict colonization or redistribution of benthic
animals (Section 5.2g). They are likely to be accentuated during the early
years of a reservoir, when recent flooding incorporates terrestrial pro-
ducts (as during the floodpulse of floodplains) and the nutrient ‘upsurge’
(Fig. 5.12) favours a temporary phase of increased biological productivity
that ranges from phytoplankton and macrophytes (Section 5.2c, 5.2e;
Fig. 5.12¢) to fishes (Section 5.2h).

A reservoir, like a natural lake, typically acts as a buffer which evens
out over time the sharper fluctuations that might otherwise be trans-
mitted down a river-system (Chapter 2.2, 2.3). If such fluctuations include
a major seasonal floodpulse, the retained water-mass can be modified
throughout the reservoir or in its higher reaches for features such as
turbidity, ionic dilution and de-stratification. Stratification tends to be
most persistent towards the dam that is usually distant from inflows and
where the water is deeper. Examples of variable scale-effects in the
absorption, over time and space, of floodpulse effects are well seen in
the Nile reservoirs (small, at Roseires and Sennar: Hammerton 1972;
large, above Aswan: Entz 1976; Latif 1984; Elewa 1985) and at Lake
Kariba (Coche 1974; Lindmark 1997) where a chain of basins that are
influenced consecutively can be distinguished (Fig. 4.19). At the Kainji
Reservoir on the Niger an isotopic index — deuterium content — of the
floodwater has been used (Zimmerman et al. 1976). This index is raised
by evaporation in the ‘internal delta’ region upstream, with a seasonal
variation that lags in the reservoir outflow over the inflow. It indicated
variable degrees of horizontal mixing over the reservoir, the least being
prevalent at low level.

On a very shallow scale, temporarily impounded and flooded rice fields
are widespread in the tropics of South East Asia and have distinctive
time-relations in their aquatic ecology (Whitton & Rother 1988; Ali
1990; Fernando 1993, 1995). Also common in some regions are fishponds
that are discontinuously stocked and sometimes drained. A sequence of
redevelopment after lime-sterilization and refilling has been followed with
close-interval sampling for a pond in West Africa (Arfier al. 1991; Arfi &
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Guiral 1994; Guiral et al. 1994). This natural recolonization was first
dominated by heterotrophic microbial assemblages of bacteria, flagellates
and ciliates based on nutrient carry-over, later phytoplankton with nutri-
ent depletion, and finally grazing with rotifer, copepod and chironomid
consumers.

Invasive introductions alter the composition of animal or plant commu-
nities and often their environments as well. Floating plants include the
conspicuous tropical invaders Salvinia molesta, Eichhornia crassipes and
Pistia stratiotes (Section 5.2¢) that produce, in dense stands, a closed
canopy as a raft near the water surface. This excludes much light from
the water-column below and reduces gaseous transfer, notably of O,, at
the air—water interface. Other chemical changes are likely to follow from
the absorption of nutrients and the shedding of organic material,
although for neither do they seem to be well documented. Dense, extend-
ing covers have often appeared in waters that had a high nutrient loading,
as by the early nutrient ‘upsurge’ in recently created reservoirs like lakes
Brokopondo (van Donselaar 1968), Kariba (Mitchell 1973; Marshall &
Junor 1981), Cahora Bassa (Bond & Roberts 1978) and Volta (Obeng
1981) and in a polluted small water-body in Nigeria (Sharma & Sridhar

'1981). Effects on other aquatic communities have been described for
Lake Kariba (MclLachlan 1969) and a dam basin on the White Nile
(Abu-Gideiri & Yousif 1974). In the latter it was believed that plankton
density had actually increased, with favourable consequences for plank-
tivorous fishes. In Lake Kariba the early chironomid-dominated zoo-
benthos was suppressed under dense mats of Salvinia molesta. Fishing
activity by man and other animals is impeded, as is navigation. The
floating mats themselves harbour a distinctive fauna, in which changes
with time are partly related to the growth-phase of the host plant. Petr
(1968a) describes such changes for the invertebrates living on Pistia in
Lake Volta. On the Upper White Nile after 1960 Pistia was largely
replaced by invading Eichhornia, also a host for macro-invertebrates
(Bailey & Litterick 1993) but ones that are qualitatively different from
those of Pistia (Mitchell & Gopal 1991). A further invasion of Lake
Victoria, probably via the Kagera River inflow, occurred in the 1980s
with great expansion in the early 1990s.

The most ecologically influential animal introductions have been of
fishes, although those of some larger Crustacea are also notable. They
include the crayfish Procambarus clarkii that for some years almost elimi-
nated submerged macrophytes from Lake Naivasha, Kenya (Harper
1992) — a lake that has seen a series of introductions of plants (Salvinia
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molesta), invertebrates and fishes (Harper ef al. 1990). In the nearby soda
lake of Nakuru, an introduction about 1960 of the fish Oreochromis
alcalicus grahami led to a dense population that supported a new diversity
of fish-eating birds, dominated by the Great White Pelican (Vareschi
1979). Transfers of the clupeid (sardine) Limnothrissa miodon from
Lake Tanganyika to Lake Kariba (Section 5.2h) led to a successful fish-
ery (Fig. 5.39). There was also enhancement of predation upon zooplank-
ton that greatly reduced Chaoborus and larger Crustacea (Marshall 1997)
and, in a range-extension downstream at Lake Cahora Bassa, led to a
lunar periodicity of Cladocera (Chapter 4.4; Section 5.2f) and apparently
even a secondary impact on the concentration of suspended clay (Gliwicz
19865).

At another size-extreme, predation by the introduced large piscivore
Lates niloticus (Nile Perch) had very large effects in reducing or eliminat-
ing other, largely cichlid and endemic, fish stocks in Lake Victoria after c.
1980 (Section 5.2h). There have been wide repercussions on food webs in
this lake (Fig. 5.56). It is, however, still conjectural whether there is
another causal relation to the pronounced ‘eutrophication’ of the lake
witnessed over the same period (Chapter 3.2; Section 5.4), by some form
of ‘top-down’ effect that involved increase of phytoplankton.

The evidence advanced by Fryer (1991) strongly suggests that tropical
freshwater communities are at least as susceptible to invasion as tem-
perate ones.
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Concluding: tropical distinctiveness

Previously considered from a diversity of viewpoints, evidence for the
proposition of tropical distinctiveness may now be assessed.

Tropical conditions are related to environmental dynamics in several
ways. First, purely local fluxes — as of solar energy — may determine
conditions at a particular place. Second, variable circulation patterns
between higher and lower latitudes may be involved. Examples are seen
in global circulations in the atmosphere (e.g., Hadley cells) and oceans
(e.g., Atlantic currents). Shorter-term incursions from higher latitudes
appear in travelling polar fronts. Lastly, some tropical features are the
legacy of changes in the remote past, such as continental drift and the
evolution of regional faunas.

Distinctiveness can be sought in three main areas: in absolute magni-
tudes of environmental factors, in their time-variability and in the
responses of biota. For all these, comparisons between tropical and
non-tropical regions are implied. Some authors have based the compar-
ison upon a few intensively studied sites. Examples include: the stability
of stratification in some Indonesian and Austrian lakes (Ruttner 1938);
environments and phytoplankton production in lakes . Victoria and
Windermere (Talling 19655); zooplankton production in lakes George
and Leven (Burgis & Walker 1972; Burgis 1974); production at multiple
levels in lakes George, Leven and the River Thames (Burgis & Dunn
1978); temperature—-time changes in an English and a Kenyan pond
(Young 1975); seasonality of nutrients and phytoplankton production
in an English and a Papuan lake (Osborne 1991); bacterial production
in some Nicaraguan and Swedish lakes (Ahlgren et al.. 1997); and the
relative significances of N-, P- and light-limitation for phytoplankton in
lakes Malawi and Superior (Guildford et al. in press). Here there is the
possibility of relatively spurious differences of local origin.
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Comparisons with a broader base are exemplified by the works of Kalff
& Watson (1986) and Lewis (1990) on phytoplankton dynamics, abun-
dance and composition, and of Dudgeon & Bretschko (1996) on the
characteristics and invertebrate ecology of streams in South East Asia
and Central Europe. The question of correlation with latitude in a very
wide range of limnological characteristics has also been taken up. Lewis
(1987, 1995) and Talling (1969, 1990, 1992) have shown strong correla-
tions related to radiation income, and especially the annual minimum in
this income. Kalff (1991), however, emphasized that latitude was a poor
predictor of many lake characteristics, especially those expressing or
dependent upon chemical concentrations.

Regarding absolute magnitudes, two correlations with latitude are
indisputable. One is the maximum possible instantaneous flux of solar
radiation, enhanced under a vertical sun with normal incidence. For
many purposes, however, the daily totals of solar radiation are of more
consequence. These are otherwise curtailed in the tropics by a relatively
low upper limit to daylength and reach somewhat higher values in sub-
tropical regions (e.g., Lewis 1995). The second latitudinal correlate is the
earth-rotational (geostrophic) effect, the Coriolis force, that is minimal at
the equator. Clear demonstration of its consequence for water motion in
tropical lakes has yet to be made, although Lewis (1987, 1995) has given
relative estimates for vertical mixing.

High temperature is by far the most familiar tropical correlate, that is
even more pronounced in the depths of stratified lakes (hypolimnia) than
in surface water. The connection must be qualified by remembering the
universal depression with altitude (Fig. 4.6); also the variable importance
of other terms in the energy budget that relates heat storage to energy
income. The significance of high temperature for environmental processes
and features is all-pervasive. Examples that have been treated include
density stratification, potential evaporation and salinization, lakes with
water budgets under atmospheric control, denitrification and lowered
nitrate concentration, and aspects of chemical weathering including soil
laterization.

Entry to the tropical zone at latitudes of 23°27' N and S is generally in
regions of low rainfall, but with exceptions in southern Brazil, northern
India and the maritime areas of the Caribbean and South East Asia. The
subtropical-tropical transition therefore includes a diversity of climates,
in which the generally very seasonal and often scant rainfall affects time-
variability in lakes and rivers. Here also the amplitude of annual tem-
perature variation is considerable, although the highest amplitudes ar¢
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typically found in the subtropics. These and other latitudinal gradients
are further illustrated by Serruya & Pollingher (1983) and Lewis (1987,
1995).

Tropical freshwaters at high altitudes provide the unique combination
of relatively low temperature with low amplitude of annual variation of
solar radiation. The former appears to eliminate most faunistic and flor-
istic features of typical tropical waters (e.g., Loffler 1964, 1968a, b;
Carney et al. 1987, Pollingher & Berman 1991; Green 1995), but the latter
leads to the tropical characteristic of a subordinate role of seasonal
variability in radiation for primary production (Vincent et al. 1986).

A low annual amplitude of variation for any environmental factor or
condition is likely, when subject to given absolute modifications, to
increase the liability to irregular time-variability. Thus tropical time-var-
iations of low amplitude might be inherently disposed to irregularity.
This expectation was quantitatively modelled by Lewis (1987) for the
stability of thermal stratification of a model lake at higher and lower
latitudes, supposed subject to irregular episodic losses of 250 cal cm™2.
The relative stability of stratification in the equatorial lake was much
more sensitive to decrease under such circumstances than was that of a
lake at higher latitudes (>10°). At the fringes of the tropics, latitude
range 20-25°, the difference in sensitivity from temperate lakes was slight.

Contrary to the expectation above, a number of tropical lakes of lati-
tude <20° show relatively regular cycles of stratification over many years
that nevertheless are of low amplitude (<6 °C). Examples include lakes
Victoria (Talling 1966), Malawi (Talling 1969; Eccles 1974), Valencia
(Lewis 1983a, 1984) and Titicaca (Dejoux & Iltis 1992). A circumstance
contributing to annual regularity in many tropical areas is the relation-
ship of seasonal climate to the movements of the inter-tropical conver-
gence zone (ITCZ) linked to solar declination (cf. Fig. 4.11). This
contrasts, for example, with the movements of travelling cyclones or
depressions which contribute short-term climatic irregularity to maritime
areas of both tropical and temperate regions. They are important, for
example, for the stratification sequence in Lake Lanao, Philippines, that
has been used as a model for tropical lakes (Lewis 1973).

In the tropics, it is probably not uncommon for a sequence of annual
cycles of lake stratification to preserve a regular seasonal phasing of net
gain and loss of heat, yet differ markedly from year to year in the vertical
extent of seasonal mixing. Examples from Lake Pawlo, an Ethiopian
crater lake and Lake Titicaca have led to emphasis (Wood et al. 1976;
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Wood, Baxter & Prosser 1984; Vincent et al. 1985) on this source of year-
to-year variability in tropical lakes.

Biologically, correlations that involve minima of solar radiation and
temperature around the winter solstice are responsible for widespread
restriction of growing season at high latitudes that disappears in the
tropics. As a consequence, less wastage of resources over time in the
tropics has been postulated by Lewis (1974). There, however, replacing
restrictions are possible, notably of reduced seasonal water supply in
rivers and shallow lakes of the less humid tropics. At intermediate lati-
tudes a moderate seasonal depression of temperature often has conse-
quences for reduced growth rate (e.g., Fig. 5.48). At the levels of
temperature found in water-bodies at various latitudes, positive relation-
ships to specific growth rate are predominant for most groups of poiki-
lothermic organisms. In consequence tropical waters of low to moderate
elevation provide many notable examples of high specific growth rate,
high photosynthetic capacity and short stage-duration in a phased life
history. Nevertheless an opposing temperature compensation is also
possible (Bullock 1955), as is lethal temperature influence where the
temperature-optima are low (e.g., the planktonic diatom Asterionella
Sformosa, salmonid fishes).

If a prevalence of high developmental rates related to temperature
regime exists in tropical freshwaters, there is potential for completing
cycles of unusually short duration. The selective advantage of these is
obvious in short-lived habitats such as rainpools or floodplain extensions.
Related here may be the distinctive exploitation of the relatively short
lunar cycles by some invertebrates. Diel (24-h) cycles are — as at higher
latitudes — rich in behavioural linkages, but are too short for much
involvement in population growth. Their tropical prominence is best
illustrated by the linkage to cycles of density stratification and its corre-
lates, influenced by the accentuated change of water density with tem-
perature in warm waters. In the lake plankton, demographic population
cycles do not seem to be recognizably biased towards responses of higher
frequency compared to temperate zone behaviour. However, if environ-
mental changes that are construed as interruptions are more frequent, a
tropical sequence may include a larger number of species-successions, as
proposed by Lewis (1978a) for phytoplankton in Lake Lanao. In tropical
waters, as elsewhere, the complementary growth ‘strategies’ of r- and K-
selected species are likely to exist and be correlated respectively with
rapidly changing and more persistent population levels.
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Other traits are inevitably influenced by the pervasive biological differ-
entiation between temperate and tropical floras and - especially — faunas.
One could instance the relative tropical success of the free-floating vege-
tation, of large predators such as reptiles, and the relative failure of
freshwater amphipods and isopods. Persistent incursions from the higher
latitudes — a biological analogue to travelling fronts of polar air — are,
however, made by the more mobile of water birds, sometimes with
remarkable crossings of subtropical desert like the Sahara (Moreau
1967, 1972).

In Chapter 4, cycles of factor complexes associated with solar radiation
income, water balance (hydrology) and wind regime were recognized as
the predominant sources of time-variability in tropical freshwaters. In
these waters the hydrological factor-complex often played a major role
on the annual time scale, within which the amplitude of factors more
directly related to radiation was reduced. However, for latitudinal differ-
entiation the fundamental distinction is between geostrophic (earth-rota-
tional) factors and solar radiation—energy balance factors, with the set up
of the ITCZ and tropical rainfall regimes as more indirect consequences
of radiation balance. Wind regime, as a third environmental component,
combines some directional influence that is geostrophic with generative
influences related to pressure distribution patterns and traceable to the
complex of solar radiation—energy balance. For time-variability this com-
plex is, therefore, the main basis of tropical distinctiveness.



Appendix A

Sources of regional information

Comparison and generalization are ultimately founded upon information
from individual tropical water-bodies and regional groupings. Useful
sources of descriptive information are listed in Table A.l.

348



Appendix A ' 349

Table A.1. Extended sources of regional information on tropical lakes and
rivers

A. General Serruya & Pollingher (1983) world-wide, with most
subtropics
Gopal & Wetzel (1995+) country-based surveys
Welcomme (1979, 1985) floodplain rivers

B. Regional
Central America:  Cole (1979) general
Zaret (1984) lakes, esp. Gatun
South America: Tundisi (1994) general
Africa: Beadle (1981) general
Symoens et al. (1981) general ‘
Burgis & Symoens (1987)  shallow lakes, wetlands
~ Talling (1992) shallow lakes
Dumont (1992) shallow lakes
Johnson & Odada (1996)  East African lakes
John (1986) West Africa
Livingstone & Melack (1984) subsaharan lakes
Lévéque (1995b) North West Africa,
rivers and streams
Harrison (1995) North East Africa,
rivers and streams
Wood & Talling (1988) Ethiopian lakes
Allanson et al. (1990) Southern Africa
South East Asia Fernando (1984) lakes and rivers
Dudgeon (1995, in press)  rivers and streams
C. Individual rivers  Bishop (1973) Sungai Gombak (Malaya)
Rzoska (1976) Nile
Davies & Walker (1986) Nile, Niger, Volta, Zaire,
Zambezi, Amazon, Mekong
Grove (1985) Niger, Volta, Senegal
Sioli (1984) Amazon
Junk (1997) Amazon
Goulding et al. (1988) Rio Negro
Lewis et al. (1995) Amazon, Orinoco
Petr (1983) Purari (Papua New Guinea)
Dudgeon (1992) Hong Kong streams
D. Individual lakes  Greenwood & Lund (1973) George
Balon & Coche (1974) Kariba
Moreau (1997) Kariba
Kalk et al. (1979) Chilwa
Thornton (1982) Mcllwaine = Chivero
Hopson (1982) Turkana
Carmouze, Durand Chad
& Leévéque (1983)
Latif (1984) Nubia-Nasser
Coulter (1991) Tanganyika
Coulter et al. (in press) Tanganyika
Crul (1993, 1995) Victoria, Tanganyika, Malawi
Dejoux & Titis (1992) Titicaca
Menz (1995) Malawi

Tundisi & Saijo (1997) Rio Doce Valley lakes




Appendix B

Name changes and synonymy

Information on a number of ecologically important species has been
published under.several taxonomic names for the same entity.
Equivalences and preferred nomenclature are given in Table A.2.

Alternative names also exist for some much-studied water-bodies, as
indicated.
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Table A.2. Name changes and synonymy
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(a) Organisms

Group Preferred name Alternative usage
Cyanophyta Spirulina fusiformis Spirulina platensis
(blue-green algae, Voron. (in African Arthrospira platensis
cyanoprokaryotes, tropics) Arthrospira fusiformis
cyanobacteria) Cylindrospermopsis Anabaenopsis raciborskii

raciborskii (Wolosz.) Cylindrospermopsis
Seen. stagnale
Bacillariophyta Aulacoseira spp. Melosira (most freshwater
(diatoms) species)
Copepoda Thermocyclops hyalinus ~ Thermocyclops crassus
Rehberg
Mesocyclops leuckarti Mesocyclops leuckarti
group (a non-tropical species)
Lovenula africana Daday Paradiaptomus africanus
‘Cladocera’ Ceriodaphnia rigaudi Ceriodaphnia cornuta

(a heterogeneous group:

Fryer 1987) includes
Anomopoda

Cichlidae (cichlids)

Richard
Moina micrura Kurz

QOreochromis niloticus
(Linn.)

Oreochromis esculentus
(Graham)

Oreochromis mossambicus
(Peters)

Oreochromis alcalicus
grahami (Boulenger)

Moina dubia

Tilapia nilotica
Sarotherodon niloticus
Tilapia esculenta

Tilapia mossambica
Sarotherodon mossambicus
Tilapia grahami
Sarotherodon alcalicus
grahami

(b) Water-bodies
Region

Central America
South America
West-Central Africa
East Africa

Southern Africa

Preferred name

Xolotlan

Lobo Reservoir
Zaire River
Turkana

Albert

Malawi
Mcllwaine

Alternative usage

Managua

Broa Reservoir
Congo River
Rudolf

Mobutu Sese Seko
Nyasa

Chivero
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Quantities, units and conversion factors

The quantities used here have the fundamental dimensions of length
(L), mass (M) and time (T). The corresponding fundamental units are
metre (m), kilogram (kg) and second (s). These constitute the MKS sys-
tem, as opposed to the older CGS system of centimetre-gram-second
which is still often used or implied. Energy, with the unit Joule (J), is
related to mass in several ways (kinetic, chemical, nuclear); here the
thermochemical link as ‘heat of combustion’ is especially relevant.
Although chemical quantities are often given terms of mass (‘weight’)
as in gm™> =mgdm™> = mgl~', interpretation is generally easier in
terms of moles (mol), as (mass in g)/(molecular weight), or (mass in g)/
(atomic weight) for elements. For ions the former chemical measure of
equivalent or its derivatives (meq, peq) is often used; 1 eq = (mass in g)/
(equivalent weight) = (mass in g)/(atomic or ion molecular weight + ion

charge). Thus for nitrate (NO3), Imolm™ = Immoll~' = 1 meql™’
=62mgNO5 1! = 14mgNO;-N 17", For calcium (Ca®") the corre-
sponding series is Imolm™ = Immoll™'=2meql™" = 40.1mg
Ca?* 17",

In water-bodies ‘stock’ quantities are often expressed per unit volume
(e.g., gm~>) or per unit area (e.g., gm~2). The linking dimension of depth
(in m) may refer to the mean depth (2) of the habitat, or to another depth
interval such as the epilimnion.

Fluxes naturally incorporate the time dimension T~', but unfortu-
nately the corresponding units widely used - s (fundamental), min, h,
day, yr — are not in simple multiples. Fluxes can involve a flow quantity
being expressed (or ‘normalized’) per unit stock quantity, giving a specific
rate, e.g., of growth. If the stock shares the same measure (e.g., carbon) as
the flux, then the specific rate has the dimension of T~! only. Alternative
usages exist, such as % day™' and mg mg™' day~'. A specific rate (r)
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often expresses an exponential or logarithmic relationship between stock
{(S) and time (¢), when its calculation from quantities S| and S, at times
1, and 1, involves a logarithmic transformation:

r=[In(S/S)/(t, — 11)

It can then be interpreted as an instantaneous rate (= dS/S.d¢) over an
element of time d¢. Tts reciprocal I/r is sometimes adopted as the ‘turnover
time’, although this can have vague associations.

Interconversions between quantities and units often used are given in
Table A.3. Some are precise equivalents, others are rough estimates from
experience and subject to ‘biological variation.
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Quantities, units and conversion factors

Table A.3. Units, interconversions and some rough equivalences

Quantity

Common units

Other measures

water volume

energy

energy flux

photon flux

chemical amount
chemical concn.

biomass index

m}

Joule (J)

Tm™2s™!

pmol m~2 s~

mole (mol)
mol m™® =
mmol 17!

g organic dry
weight

litre (I) = dm3[1 m® = 10° ]

calorie (cal) [1 cal = 4.18 J}

x 1: Wm™2 = kerg em™2 57!

x (60/4.18) x 1073 cal cm™2 min™'
approx. equnvalence, PAR quantities:
1] m™2s~' ~ 5 ymol photons

m™2 s_'

gram (g), equivalent (eq)
x Atomlc Weight gelement*)

=mgl™ =gm
X Mo]ecular Wenght (moleculet)
=mgl™ =gm"~

x charge (ion) = mequivalents (meq) 17

*Na* = 23.0,K* = 39.0, Ca®* = 40.1,
Mg?* = 248

C=120,ClI” = 355,8 = 32.1,Si =
28.1, N = 14.0, P

=310
T02—320 COZ= 40 5102—601

rough equivalences of 1 g (see also Fig.

3.23):
~5 g fresh weight (FW)
~0.45gC

~20 mg chloroph¥ll a gphytop]ankton)
~5cm 5 x 102 um®) cell volume
(phytoplankton)

~4.5 kcal or 19 kJ




Appendix D
Symbols used in the text

For ready reference, the meanings of symbols used in this book are
assembled below. Some multiple meanings have been unavoidable.

example units
a;  albedo, relative upward loss from water
surface, of solar radiation by reflection

and scattering dimensionless
a;  albedo of long-wave radiation dimensionless
¢;  concentration of a gas in water at

air-equilibrium molm™ = mmol 1~
¢y concentration of a gas in water molm™ = mmol ™'

e, cefficiency factor: photosynthetic
production per unit area as a fraction
of that predicted in the absence of

light-saturation dimensionless
g  efficiency factor: fractional light
interception by a photosynthetic cover dimensionless

Emax efficiency factor: maximum fractional
efficiency of energy conversion in

photosynthesis dimensionless
g, efficiency factor: fractional net penetration

of light through the water surface dimensionless
e.  efficiency factor: ratio of net to gross

photosynthetic production dimensionless

e, efficiency factor: fraction of photo-

synthetically available radiation (PAR)

in the total solar radiant energy flux dimensionless
g efficiency factor in filter feeding retention  dimensionless
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g  efficiency factor: animal biomass increment

AB to consumption (C) " dimensionless
g,  efficiency factor: animal biomass increment

(AB) to assimilation (A4) dimensionless
g . specific or relative or instantaneous growth

rate; acceleration of gravity day™'; ms2
h depth of upper mixed layer m
h;  depth of upper layer of two-layer model of

a stratified lake m
h,  depth of lower layer of two-layer model of

a stratified lake m

ks specific attenuation coefficient per unit
concentration of biomass, based on

increment in the spectral minimum m'(mgm)~! =
coefficient K, mg~' m?
k{ the same, based on increment in the
effective ‘mean’ coefficient K, mg~' m™2
/ length of lake basin m
m  specific or instantaneous mortality rate day™'
m, catch component of specific mortality rate day™"
r instantaneous or specific rate of population
increase day™'
rm intrinsic rate of population increase day™'
l time s, h, day, yr
At interval of time s, h, day
u water flow velocity ms™'
z depth in water-column m
z,  vertical distance, above maximum depth,
of centre of lake volume m
z, maximum depth m
z,  vertical distance, above maximum depth,
of centre of metalimnion or thermocline m
z mean depth m
A  rate of photosynthesis per unit water mgm~>h7";
volume; animal assimilation g day™
Anax maximum, light-saturated rate of photo-
synthesis per unit water volume mg m~—>h™'

YA hourly rate of photosynthesis per unit area g O, m~2h~!
EY.A4 daily rate of photosynthesis per unit area g O, m~2 day~
A, area of lake m?
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H,

o

~QQapm

o™

Qc

Q.
le
Qi

biomass or index of biomass

mean biomass over period of time
increment of biomass

biomass per unit surface area in euphotic
zone

consumption as food intake

diffusivity (in water)

emissivity of radiation; evaporation;
excretion loss

chemical flux per unit area

increment of heat storage in water-mass
seepage input

seepage output

radiant flux density, light flux

solar radiant flux density, incident on water
surface

the same, penetrating water surface
radiant flux density for onset of light-
saturation of photosynthesis

vertical attenuation coefficient of radiation
in water

effective or ‘mean’ vertical attenuation
coefficient

minimum value over spectrum of vertical
attenuation coefficient

vertical eddy diffusivity in water at depth z
Lake Number in hydrodynamics

mortality

oscillation frequency used in measure (N?)
of lake stratification or mixing

production of biomass; precipitation
(rainfall) flux

energy flux by heat conduction and
convection

energy flux by evaporation

energy flux by net long-wave back radiation
energy flux by surface-incident incoming
long-wave radiation

357

mg
mg
mg, J

2
|

mg m~
g day”
m?s™!
dimensionless;
m> m~% day™' =
m day™'; g day”
pmol m=2 s~

J, cal
m’ yro
m? yr-

J (or pmol) m~2 ™!

IJm™2s

m?s™!

dimensionless
g

S—l

mg; mm day~' =
10° m® km™2 day™!
Jm™? s

IJm2s7!
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Qi
Qlo

X

=
S

R.3bxao~nw
<

P

P2

Symbols used in the text

energy flux by surface-penetrating long-wave
radiation

energy flux by outgoing long-wave radiation
energy flux by sum of radiation flux

energy flux by solar radiation incident on
water surface

energy flux by solar radiation penetrating
water surface

rate of respiration per unit water volume,
respiration loss

rate of respiration per unit biomass
Richardson Number in lake hydrodynamics;
river input

river output

lake stability

period of seiche

wind velocity

volume of water-body

change in water volume

Wedderburn Number in lake hydrodynamics
initial gradient of the relationship between
photosynthetic rate (¢) and light flux
density (1)

density of water

reference density of water (~10%)

density of water in upper layer of tWo-layer
model of a stratified lake

the same in lower layer of two-layer model
of a stratified lake

Stefan—Boltzmann constant governing
emission of radiant energy

rate of photosynthesis per unit biomass

(or biomass index)

light-saturated rate of photosynthesis per
unit biomass

temperature

annual range of temperature in near-surface
water

range of temperature with depth in a lake

-2 -1

Jm™~s

Jm2s™!
Tm™2s™!
Jm2s7!
TJm™2s7!

mol m™ h™'; mg
umol mg~' h™!
dimensionless;
m® day™!

m® day”
Jm™?
h, day

ms™!

m3

m3

dimensionless

mmol mg~'(Jm™)~!

kg m™

kg m™>

mg mg~' h™!
mg mg~' h™!
°C, K

°C

°C
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Floodplains

Amazon, 24, 77, 114, 175, 210, 239
Mamore, 25, 109

Niger, 211

Okavango, 23-4, 211

Orinoco, 209, 239

Parana, 107, 138

Sudd, 209, 211

Yaére, 23-4

Lakes and reservoirs (R)

Abaya (Ethiopia), 73

Abhé (Ethiopia), 73, 272, 324

Abijata (Ethiopia), 73, 110, 282

Albert (Uganda—Zaire), 34, 48, 91, 123,
196, 200, 209, 226, 228, 235, 243,
265, 279, 307, 351

Amazonian floodplain lakes, 242, 252,
253, 267, 280, 287, 307, 31314, 332,
337; see also Calado, Camaledo,
Castanho, Dom Helveécio,
Jacaretinga, Tupé

Aranguadi (Ethiopia), 85, 93, 102, 106,
193, 241

Asejire R (Nigeria), 215, 247, 272, 325

Austrahan reservoirs R, 15, 165, 198,
213

Aswan R (Egypt), 196, 293, 338; see
also Nasser

Bam R (Burkina Faso), 12

Bangweulu (Zambia), 173, 184, 196

Baringo (Kenya), 68, 72

Barombi Mbo (Cameroon), 40

Barra Bonita R (Brazil), 137

Besaka (Ethiopia), 118

Bhavansagar R (India), 197

Blue Nile reservoirs R (Sudan), 58, 267,
272, 274, 280, 293, 339

Bogoria (Kenya), 234

Bosumtwi (Ghana), 54

Brazilian reservoirs R, 137, 247, 261-2,
267, 275, 282

Broa, see Lobo R (Brazil)

Brokopondo R (Suriname), 101, 168,
241, 242, 256, 272, 324, 339, 340

Bunyoni (Uganda), 91, 230, 284

Cahora Bassa R (Mozambique), 219,
221,262, 275,277,279, 295, 330, 340

Calado (Brazil), 19, 24, 53, 56, 74-5,
128-9, 131-3, 137, 166, 169, 192,
200, 260, 267, 275, 332

Camaledo (Brazil), 74, 129, 2334

Cameroon lakes, 29-30, 198, 202

Carioca (Brazil), 89

Castanho (Brazil), 244-5, 258-9
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Chad (Chad-Nigeria), 5, 12, 20-3, 35,
53-4, 58, 64, 67, 74-5, 834, 88,
93-4, 97, 104-6, 108, 111, 141, 146,
148, 150-2, 155-7, 159, 1612, 164,
170, 172-5, 177-8, 180-1, 192, 196,
212, 222, 228-30, 232, 234, 237,
247-8, 257, 259, 268-9, 272-3, 278,
281-2, 285-7, 292, 298, 301, 307,
318, 320-1, 323, 325, 328, 331, 336,
338

Chapala (Mexico), 22-3, 89, 138, 235,
254, 267

Chilwa (Malawi), 23, 26, 77, 88, 134-5,
146, 168, 196, 212, 228, 238, 251,
257, 259, 261, 272, 278, 2824,

292-3, 305, 327, 338 /

Dalrymple R (Australia), 87
Dhanmondi R (Bangladesh), 105
Dom Helvécio (Brazil), 121, 201, 277-8

Ebri¢ (Ivory Coast), 53, 95, 133, 136,

169, 171, 196, 219, 230, 235-6, 253,
333

Elmenteita (Kenya), 93, 101, 125, 136,
234, 261, 272, 283

Florida R (South Africa), 196

Gatiun R (Panama), 34, 105, 185, 204,
270, 275, 279, 303

Grand Lac (Cambodia), 210

Grande (Brazil), 280

George (Uganda), 5, 23, 35, 37, 56-17,
63, 74-5, 84-8, 91, 94-6, 98-100,
102, 104, 106-8, 110, 112-14,
120-5, 127, 129-31, 141, 143, 146-8,
155, 157, 161-2, 165-6, 169, 173,
175, 180-1, 190, 192, 196, 217, 230,
237, 243, 247, 249, 261-2, 267,
272-3, 275, 278-9, 284, 286, 297,
307, 315, 317-19, 325-6, 328-9

Guma Dam R (Sierra Leone), 34, 204

Lakes and reservoirs (R)

Hartbeespoort Dam R (South Africa),
334
Higuanojo R (Cuba), 197, 242-3

Ichkeul (Tunisia), 196
lhotry (Madagascar), 233

Jacaretinga (Brazil), 137, 267

Jebel (Gebel) Aulia R (Sudan), 11-12,
58, 94, 102-3, 108, 119-21, 129, 192,
261, 270, 275, 298, 317, 337

Julius R (Australia), 40-1

Kainji R (Nigeria), 83, 237, 269, 275,
306, 339

Kariba R (Zimbabwe—Zambia), 32, 34,
40, 57, 97, 116, 129, 131, 134, 145-6,
149, 152, 162, 168-9, 173, 176, 181,
183, 196, 201-3, 219-20, 222, 235,
244, 247, 255-6, 265, 268, 272, 275,
278, 282, 284, 286, 290, 293, 295,
302, 304, 306, 314, 339, 340

Kenyir R (Malaysia), 197

Kilole (Ethiopia), 85, 88, 93, 101, 118,
201

Kinneret (Israel), 249, 251, 270

Kivu (Zaire—Burundi), 9, 45, 59, 123,
196, 226, 278, 303

Kyoga (Uganda), 23, 123, 187

Kutubu (Papua New Guinea), 197

Lac de Guiers (Senegal), 23, 26

Lagartijo R (Venezuela), 204

Laguna la Orsinera (Venezuela), 146,
2801

Lanao (Philippines), 12, 32, 38, 93, 143,
146, 154, 161, 173, 180, 191, 197,
218, 223, 263-4, 268, 274, 278-9,
316, 318-19, 322, 333, 345-6

Langano (Ethiopia), 73, 110, 282

Leven (Scotland), 190, 343

Lobo R (Brazil), 116-17, 121, 197, 261,
351
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Lubumbashi R (Zaire), 317

Madden R (Panama), 105

Madras reservoirs R (/ndia), 184

Magadi (Kenya), 26, 63, 149

Malawi (Nyasa) (Malawi—
Mozambique), 9,22, 31, 34, 39, 43-5,
534, 74, 77, 79-80, 84, 89, 107-8,
113, 120, 123, 134-5, 143-5, 151,
158, 161-2, 164, 171, 173, 176,
180-2, 187, 196, 201-3, 211, 215,
217, 220, 226-8, 238-9, 248, 260,
263-4, 268, 271-2, 274-5, 278, 299,
302, 321-3, 333, 343, 345, 351

Malombe (Mdalawi), 134-5

Manyera (Tanzania), 93

Maracaibo (Venezuela), 235

Mcllwaine (Chivero) R (Zimbabwe),
40, 79, 85, 87-8, 94-5, 105, 108, 134,
257, 272, 286, 292-3, 316, 333, 35l

Mariut (Egypt), 334

Monoun (Cameroon), 230

Mulehe (Uganda), 91, 129, 131

Murray (Papua New Guinea), 234

Mutanda (Uganda), 284

Mweru (Zambia—Zaire), 173

Nabugabo (Uganda), 32

Naivasha (Kenya), 23, 26, 36, 58, 66-7,
76, 78, 123, 125, 136, 168, 212, 222,
227-8, 245, 258, 267, 272, 278, 282,
284, 340

Nakuru (Kenya), 36, 38, 57, 63, 65, 93,
101-2, 106, 108, 112, 125, 141-2,
149-50, 155-8, 161-2, 164, 171, 173,
177, 192, 196, 212, 227-8, 234, 253,
272-3, 279, 283, 310, 313, 342

Nasser-Nubia R (Egypt—Sudan), 264,
267, 274, 339

Natron (Tanzania), 150

Nkugute (Uganda), 230

Nubia R (Sudan), 28, 274

Nyos (Cameroon), 218, 230, 244
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N’Zilo R (Zaire), 31, 196, 202-3

Oloidien (Kenya), 135
Opi (Nigeria), 32-3, 195, 200, 215, 219,
285, 286

Pansoon R (Malaysia), 136

Parakrama Samudra R (Sri Lanka),
13, 100, 237, 326

Paranoa R (Brazil), 137, 267, 324, 334

Patzcuaro (Mexico), 88, 335

Pawlo (Ethiopia), 15, 32, 196, 202-3,
213, 215, 232, 244, 345

Plover Cove R (Hong Kong), 197

Pretoria Salt Pan (South Africa), 193

Ranu Lamongan (/ndonesia), 28, 284,
307

Rio Doce Valley lakes (Brazil), 120-1,
129, 137

Rukwa (Tanzania), 272

Samuel R (Brazil), 242

Saquarema lagoon (Brazil), 219

Sennar R (Sudan), 28

Shala (Ethiopia), 73

Sibaya (South Africa), 23, 26, 152

Simbi (Kenya), 45-6, 89, 101, 171, 193,
241

Solomon Dam R (Australia), 197, 214,
242, 264, 279

Sonachi (Kenya), 36, 38, 102, 125, 135,
193, 231, 245, 327

Songkla (Thailand), 235

Superior (Canada-USA), 343

Swartvlet (South Africa), 76, 168, 196

Tanganyika (Tanzania—Zaire—
Burundi), 9, 22, 35-6, 40, 42-5, 48,
57, 59, 77-9, 104, 107, 113, 120, 147,
159, 161-2, 164-5, 171, 173-5,
180-1, 184, 196, 202-3, 211, 215,
219, 222, 226, 228, 233, 238-9, 245,
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Tanganyika (Tanzania—Zaire—Burundy)
(continued)
249, 268, 274, 278, 295-6, 3024,
306, 322-3, 330, 333

Texcoco (Mexico), 272

Thonotosassa (Florida), 249

Tineo (Venezuela), 57

Titicaca (Peru—Bolivia), 15, 17, 22-3,
30, 56, 66-8, 74, 89, 97-8, 104, 116,
120, 125, 127, 129, 131, 133, 135,
137, 139, 143, 169, 190-2, 197, 199,
212, 218, 222, 226-7, 231, 238-9,
247, 249, 257, 263-4, 278, 303, 324

Toba (Indonesia), 12—-13, 19, 22, 226-7

Tucurui R (Brazil), 23-4, 168

Tupé (Brazil), 252

Turkana (Kenya), 23, 66, 68-9, 72-3,
113, 134, 181, 200, 212, 228, 232,
265, 275, 323, 331

Valencia (Venezuela), 12, 15-16, 23, 26,
29-30, 53-4, 56, 58, 74, 129-30, 146,
149-50, 161-2, 166, 173, 197, 207,
213, 216, 226, 229, 237-9, 243, 248,
253, 261, 2634, 268, 270, 274,
278-9, 284, 298-9, 307-8

Victoria (Uganda—Kenya-Tanzania),
12, 20-1, 23, 31, 41, 55, 63, 76, 84-5,
89, 91-2, 101-2, 108, 112, 120,
122-3, 126, 130, 133-5, 145-6, 153,
166, 171, 182, 187, 191, 196, 201-3,
207, 209, 211, 215, 222-3, 225-8,
237, 243-4, 247, 249-51, 263-4, 266,
268-9, 271-2, 275-6, 284, 292, 294,
297-8, 302-3, 305-7, 310, 312, 316,
322, 324, 330, 333-4, 336, 338, 340-2

Volta R (Ghana), 19, 242, 255, 260,
265, 268, 272, 284, 292-3, 306, 325,
340

Waigani (Papua New Guinea), 258, 335
Windermere (England), 343
Wuras Dam R (South Africa), 101

Rivers

Xolotlan' (Nicaragua), 88-9, 102,
104-5, 163, 215, 253, 267, 282, 351

Zwai (Ethiopia), 73, 110, 286

Rivers

Amazon (Brazil), 6, 19, 24, 27, 49-50,
59-60, 72, 75, 120, 165, 185, 187,
208, 210, 233, 238-9, 245, 252-3, 326

Apure (Venezuela), 240, 326

Awash (Ethiopia), 73

Bovo (Bougainville Isl.), 160, 218

Casamance (Senegal), 235

Caura (Venezuela), 48-9, 69-70, 235

Chari (Chad), 20, 67, 208, 228-9, 298,
331

Congo, see Zaire

Desaguadero (Bolivia), 212
Dinder (Sudan), 337

El Beid (Chad), 249, 298

Gambia (Gambia), 70, 72-3, 235, 240,
246, 326
Ganges (India), 27, 208, 210, 238, 265

Kagera (Tanzania—Rwanda), 340
Kavango (Botswana), 24

Limon (Venezuela), 113
Lobaye (Central African Rep.), 208
Longone (Cameroon), 24

Malewa (Kenya), 70, 72

Mamoré (Bolivia), 25

Maroni (French Guiana), 208
Mekong (Cambodia), 24, 210, 296
Mwenda (Zimbabwe), 235
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Negro (Brazil), 88, 165

Niger (Mali~Niger—Nigeria), 24, 207-8,
225, 296

Nile (Uganda—Ethiopia—Sudan—Egypt),
4, 6, 24, 27-8, 48, 58, 89, 94, 225,
255, 290, 293, 326
Blue (Ethiopia—Sudan), 49, 58, 133,
209, 238, 267-8, 274, 280, 331
White (Uganda—Sudan), 48-9, S8, 74,
87, 94, 133, 209, 226, 235, 237, 268,
270, 280

Ogoué (Gabon), 208

Omo (Ethiopia), 68, 73, 331

Orinoco (Venezuela), 24, 27, 48, 51, 88,
95, 106, 185-7, 233, 238, 245, 331

Oubangui (Central African Rep.), 208

Paraguay (Brazil-Paraguay), 74
Parana (Brazil-Argentina), 238
Purari (Papua New Guinea), 120

Ruzizi (Zaire—Rwanda—Burund), 48

Saloum (Senegal), 235

Santiago (Mexico), 23

Senegal (Mali-Senegal), 26, 208, 225
Shire (Malawi), 226

Sokoto (Nigeria), 301, 337

Tempisque (Costa Rica), 235
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Thames (England), 343

Zaire (= Congo), 27, 88, 351
Zambezi (Zimbabwe-Mozambique), 27,
208

Streams

Andes, 287

Australia, 337

Bougainville Isl., 218

Brazil, 287-8

Central Africa, 288

Costa Rica, 48, 138, 168, 235, 288, 300
Hong Kong, 288-9, 291, 294
Mt Kenya, 140, 288

Pajau Isl., 218

Venezuela, 288

West Africa, 248, 260, 288
Zaire, 51, 245, 255, 290
Zimbabwe, 288

Swamps

Okavango (Botswana), 74, 258
Malaysian, 257, 290

Naivasha (Kenya), 245, 267
Pantanal (Brazil), 61-2, 74, 234
Sudd (Sudan), S8, 74, 209
Tasek Bera (Malaysia), 114, 116



General index

advection, 9, 13, 201, 269
African Fish Eagle, see Haliaeetus
vocifer
air—water interface
gaseous exchange, 54, 58-62
long-wave emission, 8-11
reflective loss, 9, 83
albedo fraction, 9, 83
Alestes baremoze (baremose), 150, 171-
2, 177, 298, 301, 306, 321
Alestes dentex, 298
Alestes jacksoni, 297
alkalinity, 125
altitude
species occurrence, 345
temperature effect, 198-9
aluminium toxicity, 307
ammonium-N, 54, 57, 77-8, 80, 120,
127-9, 131-4, 238
Anabaena, 148
Anabaena flos-aquae, 268-70
animal production, areal, 160-3
Ankistrodesmus bibraianus, 138
annual cycle, environmental, 194-215
anoxia, diel, 241
seasonal, 170, 244, 334
aseasonal environments, 217-18
asexual reproduction, 251, 254
Aspatharia wahlbergi, 145
assimilation, animal (4), 146-52
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ratio with consumption (4/C), 150

Asterionella formosa, 346

Asthenopus curtus, 52

atmospheric chemical precipitation,
52-4

atelomixis, 202

attenuation coefficient, 83
spectral variation, 84
phytoplankton component, 87-8

Aufwuchs, 259, 306

Aulacoseira (Melosira), 134, 265, 333,
335, 351

Aulacoseira ambigua, 266

Aulacoseira granulata, 129, 131

Aulacoseira italica, 261-2

Aulacoseira nyassensis, 266, 268, 269,
271, 272

auto-correlation, 189-91, 224

auxospore formation, 252

back-scattering, 9, 83

bacteria
food for rotifers, 279
growth rates, 163, 253
photosynthetic sulphur, 171, 254
seasonal changes, 252-4
sediment-related, 2534

Barbus, 322

Beggiatoa, 57

bicarbonate, 233



General index

as carbon source, 124
billabongs, 209, 285, 309
bioassays, 134-8
biomass

element composition, 1214

macrophyte cover, 76-7, 116, 123

pyramid of, 175
birds

breeding seasons, 310-11

fish-eating, 173, 342

migration, 347
black-water rivers, 51, 210, 327
blue-green algae, see cyanophytes
Bosmina, 221, 277, 281
Bosmina longirostris, 247, 295
Brachionus dimidiatus, 143, 156-7,

1614
Brachionus plicatilis, 145, 157, 161,

1634
Brunt-Visdld frequency (N), 36
budget

chemical, 65-81

energy, 9-12

water, 20-2
Bulinus globosus, 160, 287
buoyancy

cyanophytes, 261-2

water, 36

C, grasses, 187
plants, 114
calcium, 233
abstraction by molluscs, 66
carbonate erosion, 49
carbonate precipitation, 63, 67
ratio with sodium, 47
Calothrix, 260
carbon
content in biomass, 122
dissolved organic (DOC), 50-1
inorganic sources, 124
isotope B¢C, 45, 185-7
19C, 124, 127
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particulate organic (POC), 1224
uptake, 124
carbonate, 63
as trona, 63, 65
erosion, 49
Caridina nilotica, 152-3
Ceratium hirundinella, 274
Ceratophyllum, 149
Ceratopteris pteroides, 257
Ceriodaphnia, 246, 277, 283
Ceriodaphnia rigaudi (cornuta), 279,
281-2, 351
chaoborids, 219, 274, 285
Chaoborus, 143, 145, 174-5, 251, 279,
281, 285, 319, 330
Chaoborus anomalus, 251
Chaoborus brasiliensis, 150
Chaoborus ceratopogones, 285

Chaoborus edulis, 144, 151, 161, 180-2,

285
Chara fragilis, 116
Chara spp., 116
chlorophyll-a content
annual variation, 2624
fluorescence, 97
light attenuation, 87-8
nutrient ratios, 122
photosynthetic capacity, 95-7
chemical stocks
lake water, 67, 69
macrophytes, 76, 78
sediments, 57, 68, 78
chemical tracers
food chains, 185-7
nutrient exchange, 125-30, 132
water mixing, 43-5, 339
chironomids, 219, 285, 287, 292-3
Chironomus imicola, 288, 289
Chironomus pulcher, 159
Chironomus transvaalensis, 293
chloride, 68-9, 72, 233

as conservative ion, 52, 66, 68-9, 74

Chroococcus minutus, 118



434

ciliates, 143, 171, 253, 274, 340
Citharinus citharus, 306
Cladocera, 157, 159, 274, 279, 281-4,
321, 330
Cladophaora, 260
Cleopatra bulimoides, 151-2
climate, change, 2234
continental, 198-9
monsoon, 196, 204, 213-14
radiation, 194-6
rainfall, 2046
wind, 213-17
clupeid fishes, 219, 302, 306
carbon dioxide
photosynthetic depletion, 94, 124
release from Amazon, 60
from crater lake, 60, 230-1, 244
n swamps, 60-2
colonization
artificial substrata, 260
fishpond, 339-40
pools, 288
reservoirs, 292-3, 305-6, 338-9
cohorts, 155, 248-9, 251
consumption (C)
ratio to biomass (C/B), 143, 270
continental drift, 7, 321
convection, 9, 32
penetrative, 32, 192
cool phase, 335-7
Copepoda, 143, 145, 149, 157-38,
161-2, 274, 277, 280, 283, 320
Corbicula consobrina, 290
Coriolis force, 7, 43, 223
Crocodylus niloticus, 146, 308-12
cyanophytes
and stratification, 265, 268-9, 271
as food, 147
heterocystous, 238, 315
cycles
annual, 193-218
long-term, 225
lunar, 218-19

General index

solar (sun spot), 222
cyclic salt, 46, 52, 68
cyclomorphosis, 246-7
Cylindrospermopsis raciborskii, 267,
279, 324, 351
Cylindrospermopsis philippinensis, 279
Cyperus immensus, 168
Cyperus papyrus, 63, 76, 82, 114, 250,
258

Daphnia, 246, 283
Daphnia barbata, 282
Daphnia gessneri, 280
Daphnia lumholtzi, 279, 284
DDT, in food web, 78
decomposition, 163-70
fungal, 168
photodecomposition, 51, 165
denitrification, 56, 238
denudation, chemical, 7, 68
density
currents, 34, 201, 204
depth gradients, 36, 38
solute contribution, 28, 44-5
water, 28, 36, 38
desiccation, 337
detritivory, 140, 146, 171
deuterium *H tracer, 41, 45, 339
diapause, 251, 280, 283, 288
Diaphanosoma, 277, 281, 283
Diaphanosoma excisum, 159
diatoms, 237
as colonizers, 260
benthic, 261
silicon relationships, 66, 237, 269
and vertical mixing, 268, 271, 302,
333
diel change, 12, 101, 147, 191-2, 327-8
evaporation, 12
fish behaviour, 295
gases, 241
nitrogen fixation, 315
photosynthesis, 101, 104, 314-15



General index

phytoplankton, 261-2

radiation pulse, 331

vertical migration by plankton, 262,

274-7

wind, 192
diffusivity, eddy, 30, 192

gaseous, 55
diversity, biological, 321-5
dividing cells, frequency, 253, 261
drift, invertebrate, 140, 2856, 288
dry deposition, 54
drying phase, 229, 234, 282-3, 337

Echinochloa polystachya, 77, 114, 258

Echinochloa stagnina, 258

efficiency, ecotrophic, 181
filtration, 141-2
food assimilation, 141, 146-9
photosynthetic production, 109-12
secondary production, 177-80

FEichhornia crassipes, 138, 168, 254-7,
312, 314, 340

FEleocharis interstincta, 257

El Nifio—Southern Oscillation (ENSO),
223

endemics, 322

endorheic lakes, 26, 212

energy, back radiation, 11, 14-16
budget, 9, 12
conductive—convective flux, 9-13
evaporative flux, 9-13, 15-17
sediment fluxes, 9
solar radiation flux, 8, 109

energy content, biomass, 141, 149, 354
heat, 12-13

Engraulicypris sardella, 161, 176,
1801, 295

entrainment, 31, 79, 202

Ephemera, 288

euphotic zone, 84, 88, 93, 336
biomass, 105, 110

eutrophication, 272, 324, 333, 335

evaporation
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energy flux, 9, 11, 13
latent heat, 9
water flux, 19-23, 27
evaporative concentration, 63, 66, 68,
72
evapotranspiration, 19
evolutionary change, 322-3
expeditions, historical, 4-5

feeding types, (40, 146-7
detritivores, 146, 149, 171
herbivores, 147
omnivores, 146-7

fetch, wind, 30, 35

filtration, efficiency, 141-2
rate, 142

fishes, annual, 301
annual vanability, 297-302
breeding, 248, 297-8
cohorts, 248-9, 294-5
colonization of reservoirs, 305-6
diel movements, 295
in floodplains, 300
introductions, 302-5
kills, 74, 218, 230, 242, 250, 307

fishing effort, 302-5, 324

fishponds, 134, 184, 244, 279, 321, 339

Flamingo, Lesser, see Phoeniconaias
minor
Greater, see Phoenicopterus ruber

floating macrophytes, 254-7, 313, 340
meadows, 32, 258, 260

floodplains, 24-5, 209-11
see also Index to water-bodies

floodpulse, 210-1, 250, 252, 287,
331-2, 339

fluoride, 67

food, acquisition, 140-1
assimilation, 146-53
change during life history 146
consumption, 142-6
selectivity, 146

food chains, 170-1
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food webs, 171-5
change in Lake Victoria, 341-2
chemical tracers, 185-7
ECOPATH model, 181-2

fronts, travelling cold, 203, 230, 307

fungi, decomposers, 168
phytoplankton parasites, 270

geostrophic influence, 7, 41, 347
geothermal heat flux, 45, 199
generation time, 153, 156-7
Gondwana, 7, 47
grazing, of macrophytes, 149

of phytoplankton, 141-5, 269-70
green algae, 191, 268, 271
gut, content cycles, 147-8

relative length, 147

Haliaeetus vocifer, 145, 179, 187
half-saturation constants, 126, 128-30
haplochromines, 248, 341
Haplochromis nigripinnis, 141, 143,
147-8, 295, 329
heat, geothermal, 9, 45, 199
storage, 9-13
Hexarthra, 221
high-altitude lakes, 15, 198-9, 303, 345
Hildenbrandtia, 113
Hippopotamus amphibius, 169, 311-12
history, tropical limnology, 4-6
Hydrilla verticillata, 116
Hydrocynus, 145
Hydrocynus forskalii, 171, 306
Hydrocynus vittatus, 182
hydrogen sulphide, 244, 254, 307
hydrosere, 258
hydroxylamine, 127
hypolimnion, iron accumulation, 244
nutrient accumulation, 120
oxygen depletion, 242-3

infra-red (long-wave) radiation, 8-11,
16

General index

International Biological Programme,
viii, 6

inter-tropical convergence zone
(ITC2), 7, 204-6, 345, 347

introductions, 302-5, 340, 342

invasions, 255, 340, 342

iron, accumulation in hypolimnion,
244

isotope tracers
food webs, 185-7
nutrient exchange, 125-30, 132
photosynthesis, 93, 109, 113, 124
water exchange, 43-5, 339

Kelvin waves, 43
Keratella, 221
Keratella tropica, 247

Labeo victorianus, 298

Lake Number, 39-40

lakes/lagoons, coastal, 20, 219, 235,
260, 305

laterization in soils, 47

Lates, 145

Lates niloticus, 150, 171, 177, 301, 303,
321, 324, 330

Lates stappersii, 330

Lepidiolamprologus elongatus, 296

Lepironia articulata, 114

Leptochironomus deribae, 157

Leptodora amazonicum, 173

Leptodora kindti, 173

light, see solar radiation

Limnodrilus hofmeisteri, 294

Limnothrissa miodon, 182, 295, 303,
306

Lovenula africana, 142, 150, 157, 161,
283, 351

lunar cycles, 218-19, 250, 279, 290, 296

Lyngbya, 95

Lyngbya (Planktolyngbya) limnetica,
270



General index

macrophytes, 254-60
and cool season, 256-8
desiccation, 257
floodpulse, 258
salinity, 257, 259
warm season, 257
consumption of, 149, 173
biomass production, 114, 116
decomposition, 163, 165-70
seasonality, 256-9
specific growth rate, 256
magnesium, 47, 68, 74, 233
major ions, 118
time-variability, 233-5
man-made lakes, 338-9
colonization, 305-6
mass balance, see budget, chemical
match-mismatch hypothesis, 302
Melanoides tuberculata, 290
Melosira, see Aulacoseira
meromixis, 45, 244
Mesocyclops, 283, 320
Mesocyclops aequatorialis
aequatorialis, 161-2, 173, 180
Mesocyclops leuckarti, 173, 351
methane, 58, 60-2, 244
bacterial oxidation, 59, 74
microbial loop, 171, 279
Microcystis spp., 148, 324
Microcystis flos-aquae, 272
mixolimnion, 44, 77
Moina, 283
Moina micrura, 157, 163-4, 321, 351
Moina minuta, 281
molluscs, 286, 293
molybdenum, 118, 137
monimolimnion, 44, 245
Monoraphidium minutum, 134
monsoon system, 202, 204, 213-4, 268
moonlight, 219, 328
mortality, specific rate, 153, 182-3

Neocaridina serrata, 291
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Nile Crocodile, 146, 307-12

Nile Perch, see Lates niloticus

nitrate, 54, 77-8, 80, 127, 136, 138-9,
238

nitrite, 127

nitrogen, content in biomass, 122-3,
134, 256, 313
fixation, 56, 74, 129, 261, 315
isotope '°N, 128-9, 132, 185, 187
limitation, 133-8
uptake, 127-9

Nitzschia spp., 272

Nitzschia acicularis, 271

nutrients, 117-18
excretion products, 131-2, 169
limiting, 132-9
regeneration, 132, 166-70
time-variability, 235-41
uptake, 118-20, 124-30, 237-9

oligochaetes, 284, 287, 294

oligomixis, 230

Onchorhynchus mykiss, 140, 324

Oreochromis alcalicus grahami, 142,
149-50, 157, 161, 163, 173, 342, 351

Oreochromis esculentus, 182, 297, 303,
324, 351

Oreochromis mossambicus, 149, 305,
351

Oreochromis niloticus, 141, 143, 146-7,
295, 297, 305-6, 329, 351

Orestias agassii, 249

Orestias cuvieri, 324

organic matter, 50-1, 63, 165, 167
decomposition, 163-8
dissolved (DOM), 165, 245
particulate (POM), 165, 168
photodecomposition, 165

ostracods, 286

oxygen, dissolved, 55, 78, 101-2,
241-3, 286-7, 307-8
from photosynthesis, 102, 116-17
isotope 80, 45
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palaeolimnology, 222, 272
Papyrus, see Cyperus papyrus
Panicum repens, 149
pans, 234, 257
Paradiaptomus africanus, 143, 351
Paspalum fasciculatum, 116, 258, 259
Paspalum repens, 58, 168
pCO,, 55, 59, 60
Pelecanus onocrotalis, 173, 179, 342
Pellonula afzeliusi, 306
penetrative convection, 32, 192
periphyton, 259, 306
pH, 241
and aluminium toxicity, 307, 309
and CO, accumulation, 242
and CO, removal, 94, 243
Phoeniconaias minor, 141, 158, 179,
310, 313
Phoenicopterus ruber, 178-9
phosphorus, content in biomass, 76-7,
125, 135-6
in rain, 524
isotope 32p 126
3P, 126
loading, 334-5
sediment release, 57
uptake, 57, 125~7, 239
photosynthesis, phytoplankton
depth-profiles, 89-94
exposures in situ, 4, 89-94
parameters, 94, 312
per unit area, 100-5
surface inhibition, 92, 97, 327-8
photosynthesis, macrophytes, 11417
microphytobenthos, 113
photosynthetic capacity, 94-7, 105, 316
photosynthetically available radiation
(PAR), 82-3, 354
Phyllodiaptomus annae, 158
phytomicrobenthos, 112-13, 259-61
phytoplankton, 82, 261-74
annual cycles, 263-71
diel cycles, 261-2

General index

element composition, 121-3
grazing, 269-70
long-term changes, 2714
migrations, 262
photosynthesis, 89-112, 316
respiration, 97-100, 105-7
resuspension, 113, 268
sedimentation, 113, 268, 271
succession, 191, 268
Pistia stratiotes, 255, 313, 340
Podostemaceae, 259
Poecilia gillii, 300
Poincaré waves, 43
pollution, 187, 294, 333-4
Polygonum senegalense, 257
Polypedilum vanderplanki, 288-9
ponds, India, 116, 175, 242
Potamogeton crispus, 257
Potamogeton pectinatus, 168
potassium, 47, 233
in plant biomass, 76, 123
Povilla adusta, 292, 331
predation, 145
by Chaoborus, 145-6, 151, 162, 279,
330
Nile Perch, 145, 171, 172, 177, 303,
341, 342
piscivorous birds, 173
water-mites, 330
Procambarus clarkii, 340
production, areal, animal, 1603
macrophytes, 114, 116
phytoplankton, 100-7
to biomass (P/8B), 155-60
rates, 312-21
protozoa, food intake, 143, 270
variable abundance, 274
proximate factors, 189, 250
Puntius filamentosus, 149

Q) factor, 97, 170, 334

r—K spectrum, 250



General index

rain, acid, 52
and inter-tropical convergence zone,
204-6
nutrients in, 52—4
rainfall, annual cycle, 206-7
geographic distribution, 18-19
rainpools, 337
crustaceans, 282
insect larvae, 288-9
ratio, assimilation/consumption
(4/C), 148-9
consumption/biomass (C/B), 143
production/assimilation
(AB/A, P/A), 150, 159
production/consumption
(AB/C, P/C), 150
production/biomass (P/B), 155-60,
162-3
Redfield, 122
reflection, water surface, 9, 83
remote sensing, 83
reservoirs
biological succession, 107, 114, 126
development, 101, 126, 338-40
see also Index to water-bodies
resting stages, 251, 270, 283
rice fields, 339
Richardson Number, 38
river discharge, 27, 207-8
chemical correlations, 233, 235, 240
specific discharge, 19
rivers
Ethiopian closed drainage, 68, 73
mineral turbidity, 87, 235
see also Index 1o water-bodies:
Rivers, Streams
Rotifera, 143, 145, 155-6, 158, 161-2,
164, 274, 279, 283, 284
runoff factor, 19, 206

salinization, 27, 234, 324
salmonids, 303, 346
Salmo gairdneri, 324
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Salvinia auriculata, 168, 314
Salvinia molesta, 123, 138, 2546, 313,
315, 340
Sarotherodon galilaeus, 141, 150, 170,
177, 306
scattered light, 9, 83
Schoenoplectus tatorum, 257
seasonality, environmental, 193-218
hydrological, 201, 204-12
radiation, 194-6
sediments, historical guide, 223
ion exchange, 67
lake, 63
mineralization, 166-7
resuspension, 253
reverse weathering, 65
river, 27
sedimentation, biological, 66
calcite, 67
phytoplankton, 113, 268
silt, 27-8
solute burial, 65
seiches, surface, 220, 222
internal, 40-3, 219-21
Selenastrum capricornutum, 134
sewage nutrient loading, 258, 333-4
shrimps (prawns), 187, 287, 290-1
silica, in diatoms, 235
silicates, weathering, 47-9
silicon, abstraction by macrophytes, 66
depletion by diatoms, 66, 237
uptake, 129
weathering index, 48-9
Siluranodon auritus, 249
snails, 173, 287, 294, 323
sodium, 233
as conservative ion, 66
soil minerals, 47-8
solar radiation, 8, 194-6
back-scattering, 83
photosynthetically active radiation,
83
penetration underwater, 83-9
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reflection, 83
units, 83
spates, 218, 288, 290
speciation, 322
species flock, 322
species succession, 191, 280
specific rates, basis, 352
growth, 153, 312-14
mortality, 153, 182-3
photosynthesis, 94-5, 316
population increase, 153, 155-7
water discharge, 19
Spirodela biperforara, 257
Spirulina fusiformis, 88-9, 118, 157,
252, 351
Spirulina platensis, see Spirulina
Susiformis
stability, lake, 28-9
stage-duration, animal, 155-6
Stefan—-Boltzmann relationship, 9
Stephanodiscus minutus, 130
Stolothrissa tanganicae, 159, 161, 304,
330
stomach acidity, 147-8, 149
contents, 148
Strombidium, 171, 274
stratification
between-year differences, 231
dynamic measures, 36, 3840
relation to plankton periodicity,
263-5, 275-7
stability, 28-9
sulphate, concentration, 130, 134
sulphur, isotope *°S, 126, 130
organic, 167
uptake as sulphate, 130
swamps, 6, 34, 62, 245
see also Index to water-bodies
symbols, 355-8
systems, 325
associated time-courses, 330-42
interactions, 325-30

General index

temperature
and altitude, 198-9
inverse stratification, 32, 45
metabolic compensation, 160, 346
rate factor, 97, 233, 320
seasonal range, 199, 201
vertical difference, 28, 201, 202
water density factor, 28
temperature-depth-profiles, 30-1
test algae
Ankistrodesmus bibraianus, 138
Monoraphidium minutum, 134
Selenastrum capricornutum, 134
thermocline, 31, 32, 79
Thermocyclops, 320
Thermocyclops hyalinus, 143, 148, 157,
161, 275, 329
Thermocyclops neglectus, 148, 281
tides, in Lake Kariba, 219-20
time of travel, river, 27
time-series analysis, 189
Tilapia rendalli, 149, 296
Tilapia zillii, 134, 149
top-down relationships, 185, 342
transparency, 84
changes in Lake Chad, 338
tritium *H, 44-5, 167
trona, 63, 65
trophic relationships, see food webs
tropical distinctiveness, 6—7, 343-7
Tropodiaptomus, 283
Tropodiaptomus banforanus, 275
Tropodiaptomus cunningtoni, 145, 158
turbidity, 87, 138, 215, 235, 265, 332
Typha angustata, 257
Typha domingensis, 114, 168, 257, 260

ultra-violet absorption, 51
upwelling, 35, 40, 42-3, 79

urea, uptake as nitrogen source, 129
Utricularia flexuosa, 257, 290

vapour pressure, water



General index

deficit, 19
saturation, 19

varzea, 60, 210, 258

vertical migration
planktivorous fishes, 295
Volvox, 262
zooplankton, 143, 274-5, 276

volcanic chemical input, 48, 230-1, 244

voltinism, 155, 288

Vossia cuspidata, 258

water budget, catchment, 19-20
lake, 20-3, 26, 67

waterfalls, 27

water flux
evaporation, 19-23
river discharge, 27, 207-8, 210
seepage-out, 20, 66, 67

Water Hyacinth, see Eichhornia
crassipes

water pathways, 19

water surface
gas exchange, 54-6, 58-62
macrophyte cover, 255, 258, 340
reflection, 9, 83
seiche, 222
tilt, 35

weathering, chemical, 7, 46-50
physical, 47, 48
reverse, 65

Wedderburn Number, 38-9
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wind, fetch, 35, 200

harmattan, 32, 54, 195, 207, 268, 325

seasonality, 213-14

South East Trade, 202, 215
shelter, 200

stress, 35

Xenomelaniris venezuelae, 298

yield, fishing, 183-5

zoobenthos, 284-94
and deoxygenation, 286, 293
and nutrient enrichment, 294
annual variability, 286-90
diel movements, 285
drift, 285-6
light traps, 290
long-term variability, 290—4
production, 159-61
voltinism, 288

zooplankton, 274-84
annual variability, 275-82
diel feeding, 275
diel migration, 274-5
long-term composition, 2834
predation impact, 279, 280
production, 155-9, 160-2, 318-20
stage-duration, 156



Ecological Dynamics of Tropical Inland Waters

Lakes and rivers of the tropics are rich with variety
and human relevance, yet do not figure prominently
in surveys of general freshwater biology and lim-
nology. The fruits of their scientific exploration are
largely embodied in regional and specialist descrip-
tions and analyses. In this book the authors take a
generalized view, on a world-wide scale, that is
dynamic and quantitative in outlook. They set out to
integrate events and processes under tropical
conditions, not only geographically but also within a
continuum of physics, chemistry and biology. The
volume contains numerous illustrations and detailed
documentation of literature. Together the two authors
have gathered experience from several tropical
countries over three to four decades. They provide a
foundation that will be of value to all who work with
tropical inland waters, with interests ranging from
water quality to fisheries. The volume will also have
an appeal to those researchers, teachers and students
in limnology and freshwater biology everywhere
who are curious about the tropical implication and
application of their subject.
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