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Abstract

Production, biomass and productivity of the microcrustacean zooplankton popul ations of three low-land reservoirs,
Tissawewa (eutrophic), Ridiyagama (moderately eutrophic), and Muruthawela (mesotrophic) in South-east Sri
Lanka were studied. The temporal variation of zooplankton production was studied in Tissawewa on basis of
fortnightly sampling on five fixed sampling stationsfor 2 years. Zooplankton production wasrel atively high, mainly
because of high copepod production predominantly realised due to two calanoid copepods, Phyllodiaptomus annae
and Heliodiaptomus viduus. About half of the copepod production was contributed by the naupliar instar stages,
whereas the contribution of the eggs was generally much smaller (<20%). In contrast, the cladoceran production
consisted for ca 50-70% of egg production. The results of this study were compared with those from more than
twenty other tropical and subtropical waterbodies reported in the literature by deriving empirical relationships
between mean phytoplankton biomass and mean zooplankton biomass and production. Mean zooplankton biomass
and annual zooplankton production were found to be positively related to mean phytoplankton biomass, and mean
phytopl ankton biomass proved to be agood predictor of mean zooplankton biomass (r? = 0.58) and amoderate good
predictor of annual zooplankton production (r? = 0.43). However, the rel ati onshi ps between the mean phytoplankton
biomass and zooplankton P/B were not significant neither for small-bodied and large-bodied cladocerans nor for
copepods.

Introduction

Compared withthetemperateregions, limnology of the
tropicsis till in its infancy. Although a large amount
of literatureon tropical inland waters has now accumu-
lated there are few comprehensive studies which has
been carried out over a longer period of time. Even
current research is mainly directed to taxonomy and
making inventories of species. Tropica lakes differ
in at least two fundamental properties from temperate
lakes: high annual irradiance, and low daily and annual
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variationsin irradiance (Lewis, 1987). Theseresult in
alimited number of effects, of which high water tem-
perature, low variation in water temperature, and high
primary production are the most important in regard to
secondary production.

Secondary production estimates are useful indi-
cations of the functional role of invertebrates in any
ecosystem. They measure energy or organic matter
flow within communities, they are a measurement of
the success of a species in a given community or
ecosystem, and they present a link between popula-
tion and ecosystem ecology (Benke, 1993). The pub-
lished information on zooplankton production in the
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tropical region is meagre. This is because measuring
secondary productioninthetropical regionisgenerally
ahard and difficult task which needs quantitative sam-
pling, and good culture and data processing facilities.
Asthe zooplankton populationsin tropical regionsare
continuoudly recruiting and growing, the more direct,
and, therefore, more simple cohort approach cannot be
used (Rigler & Downing, 1984). Instead, apart fromthe
field data on density, population structure and fecundi-
ty, independent information on growth and recruitment
is needed. This requires culturing the animals under
conditions of food and temperature similar to those in
nature, as well as a detailed analysis of the life histo-
ry responses of the studied species (Vijverberg, 1989;
Anderson & Benke, 1994).

In thetropics, size of pelagic microcrustacean zoo-
plankton is generally smaller than in the temperate
region (see for areview in Fernando, 1980). The rea-
son for this is at present not clear. It may be due to
one or more factors, such as: the effects of high and
uniform temperatures, food limitation, and intensive
positive size selective predation by fish.

In this paper we present adetailed study of the pro-
duction biology of the microcrustacean populations
of three contrasting South-east Sri Lankan low-land
reservoirs. Tissawewa (ancient, shallow, eutrophic),
Ridiyagama (recent, shallow, moderately eutrophic),
and Muruthawela (new, deep, mesotrophic). The study
had two objectives: (1) to describein detail on aspecies
basis the temporal variations in biomass, production
and productivities of the microcrustaceansin Tissawe-
wa; and (2) to compare these with those data from
the two other Sri Lankan reservoirs, Ridiyagama and
Muruthawela, and other tropical and subtropical water-
bodies of varying trophy.

Methods
Sudy area

The three reservoirs are located in the dry-zone of Sri
Lanka. Two monsoon periods occur annually in the
southern and eastern low-lands of the country. The
major rainy season is during the north-east monsoonin
November, and aminor rainy period occurs during the
south-west monsoon in May. The low-land reservoirs
studied belong to three different river basins. Their
main functionis storage of water for irrigation purpos-
es. Tissawewa (location: 6° 18' N, 81° 17’ E) istheold-
est (35 AD) and the smallest (surface area: 250 ha) of

the three reservoirs. It is very shallow (Zmeapn=1.7 m;
Zmax =3.5 m), wind exposed, and characterized by
strong waterlevel fluctuations. The water is eutroph-
ic, mean gross primary production amounts to 9.5 g
O, m=2 d~! (Piet et al., in press). In July 1992 at
the end of the dry season, an extreme drought caused
water levels to drop drastically, making routine sam-
pling impossible. During September almost the whole
reservoir dried up, with the first NE monsoonal rains
in October it started filling up again. Therefore, it was
not sampled before November. Ridiyagama reservoir
(location: 6° 13’ N, 80° 59' E) was impounded in
1923 and is the largest (surface area of 888 ha) of the
three reservoirs. It is moderately eutrophic, shallow
(Zmean = 3.0 M; Zax =5.3 m), wind exposed, but com-
pared with Tissawewa has moderate water level fluc-
tuations. Muruthawela (location: 6° 13' N, 80° 43’ E)
was constructed in 1968, is of intermediate size (mean
surface area: 520 ha), mesotrophic, and is the deepest
(Zmean=9.1 M; Znyax =36.0 m) of the three reservoirs.
In contrast to the other two reservoirs, it hasadendritic
shape and exhibits low water level fluctuations.

Sampling methods

Muruthawela and Ridiyagama reservoirs were sam-
pled fortnightly, from May 1988 to September 1988,
and Tissawewafrom October 1990 to December 1992.
Copepods (copepodite stages) and cladocerans were
sampled quantitatively with a 12 | Schindler volume-
sampler, and nauplii with a3 | Ruttner bottle. The sam-
pleswerefiltered through plankton gauze, 80 xm mesh
to retrieve the copepods and cladocerans and 30 um
mesh sieve to collect the nauplii, and preserved in 4—
5% formalin. Each reservoir was sampled at five fixed
stations, which were evenly distributed over the open-
water zone. In Muruthawela, at each station five sam-
ples were collected from five different relative depths:
asampleeachjust bel ow the surface (rel ative depth 0.0)
and just above the bottom (relative depth 1.0), and at
relative depths of 0.25, 0.50 and 0.75. In Ridiyagama
and Tissawewa sampling was carried out at threerela-
tive depths from each of the stations: below surface, at
intermediate depth, and above the bottom.

Quialitative sampleswere collected at one fixed sta-
tion, using plankton nets with mesh sizes of 120 and
335 um mesh. Sampleswere preservedin 98% ethanol
(final concentration 60-80%) and stored in the refrig-
erator to prevent loss of eggs.



Evaluation of samples

Quantitative samples were used to measure densi-
ties, size frequency distributions and instar distribu-
tions, while qualitative samples were used to estimate
for each species separately: size at maturity (Clado-
cera), proportion of adult females with eggs (Clado-
cera, Copepoda), number off eggs per clutch in rela
tion to the size of the female (Cladocera), and number
of eggs per female (Copepoda). L ength was measured
under the microscope with an eye-piece micrometer
to the nearest 0.025 mm. Cladocerans were measured
from the top of the head to the base of the tail spine,
and the copepoditeinstars from the anterior end of the
cephal othorax to the tip of the furcal rami.

Estimation of individual biomass

Thecarbon content of zooplankterswas measured with
a UNICARB carbon analyser (Salonen, 1979) at the
Netherlands Ingtitute of Ecology, Center for Limnol-
ogy (Nieuwerdsluis). As freeze-drying is a reasonably
good method of fixation and preservation of zooplank-
ton (Boersma & Vijverberg, 1994a), fresh living ani-
mals from Tissawewa were freeze dried at the Dept.
of Zoology of the Ruhuna University (Matara). How-
ever, the lyophilized animals were badly damaged and
were therefore not used for the determination of indi-
vidual weight in relation to size. Instead, animals from
Tissawewa, collected on 05-01-92, 31-12-92 and 10-
02-93 and preserved in 4% formalin were used.
Omori (1978) demonstrated the leaching effects of
4% formalin as preservative: a significant decline in
the dry weight of marine copepods. Salonen & Sar-
vala(1985) found that preservation with formaldehyde
resulted in arapidloss of about 35% of carbon. Schram
et al. (1981) showed that Ceriodaphnia lacustris pre-
served in 3% formalin exhibited a maximal loss of dry
weight within the first sixty days of preservation and
that additional loss after 60 days was almost zero.
Theweight losses of microcrustaceansasthe result
of preservationin 4% formalin were assessed for crus-
tacean zooplankton collected from Lake L oosdrecht in
The Netherlands. Part of the sample was analysed for
carbon content immediately after collection, the rest
preserved in 4% formalin. After 60 days animals from
the preserved samples were analysed for carbon con-
tent and compared with the carbon content of fresh,
non-preserved animals measured directly on collect-
ing. Correction factors of weight loss were cal culated,
they usually varied between 15 and 35%. These correc-
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tion factorswere applied to correct the carbon contents
of the microcrustacean species involved in the present
study.

L ength—weight relationships were calculated using
the linearized form of the relationship:

W =alb,

where W=weight of animals in mg dry weight,
a=intercept, b=dopeand L =length of animal in mm.
For copepods four length—weight relationships were
determined: for cyclopoid nauplii, cyclopoid cope-
podites, calanoid nauplii and calanoid copepodites; for
each cladoceran species such regression relationships
were determined, one each for individuals with eggs
and without eggs. The latter was used for the calcula-
tion of somatic production.

Production estimation

The growth-increment summation model (Winberg,
1971a) was used to estimate the microcrustacean zoo-
plankton production. Many workers studying zoo-
plankton populations in both temperate and tropical
regions, have used the growth-increment summation
model because of its simplicity and its applicabili-
ty to populations without cohorts (e.g. Vijverberg &
Richter, 19823, b; Leveque & Saint-Jean, 1983; Mavu-
ti, 1994; Vareschi & Jacobs, 1984). With this approach
field data on popul ation densities, popul ation structure
and fecundity can be integrated, with the laboratory
data on development- and growth rates and length—
weight relationships in order to calculate production.
Thiswas donefor the four most abundant species each
for copepods and cladocerans, which together con-
tributed >98% to the total microcrustacean biomassin
the three reservoirs.

The production of the whole population can be
regarded as the sum of the production of the differ-
ent size classes. Thisis obtained by the summing the
products of the weight increase of the individual size
classes with the respective population density. For cal-
culating the somatic production, theformulaof Pechen
and Shushkina (Winberg et al., 1971a) was used:

P= Xn:Pi = zn:AWi -N;,
i=1 i=1

where P =hiomass production of the total population
per day; P; = biomass production of the i-th size class
per day; n=the number of size classes in the popula-
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tion; AW, =weight increment per day of the i-th size
class; and, V; = population density of i-th size class.

In the laboratory copepods and cladocerans were
cultured individually on fresh pond water filtered
through plankton gauze (mesh 50 pm), keeping the
food constant at 10 ug (range: 8-12 mg) chlorophyll-
al~! (Amarasinghe et al., 1997). This food level is
comparable with that in Tissawewa and Ridiyagama,
but was ca 3 times higher as in Muruthawela (Ama-
rasinghe, unpubl.). Each individual copepodite instar
stage was taken as a size class for the production esti-
mates. The instar durations required for calculation of
growth rates were obtained by direct measurementsin
laboratory cultures, for one of the cyclopoid species
(Mesocyclops thermocycl opoides), and for one of the
calanoid species (Heliodiaptomus viduus) (Amaras-
inghe et a., in press). Since the other two species,
Thermocycl ops decipiensand Phyllodiaptomusannae,
were not present in the reservoir at the time the culture
experiments were carried out, the instar durations of
these species were indirectly estimated. Instar dura-
tions for T. decipiens and P. annae are based on those
of Mesocyclops thermocyclopoides and Heliodiapto-
mus viduus, respectively: by using the ratios of the
individual biomass of adult females.

The copepod growth in length increment per moult
was estimated from the mean length of the nauplii and
copepodite instars in the field population at the time.
Somatic weight of each instar was obtained from the
length—weight relationships. Total weight per instar,
and weight increments at each moult were calculat-
ed. These data enabled us to get the standing crop of
somatic biomass and production of somatic biomass
per unit of time. The biomass of individual eggs was
assumed to be equal to the biomass of individual nau-
plii in their first instar. This information was used for
the estimation of the standing crop biomass of eggs
and for egg biomass production. Egg production was
added to the somatic production to get total biomass
production, and egg biomassto the somatic biomassto
get total biomass.

Production of four cladoceran species, Ceriodaph-
nia cornuta, Moina micrura, Diaphanosoma excisum,
and Diaphanosoma modigliani was estimated. For the
calculation of production, the field data on densities,
population structure and fecundity were combined with
thelaboratory observationson length growth and dura-
tions of development of eggs and instars in relation
to food and temperature (for results on growth and
duration see Amarasinghe et al., in press). The main
difference in the method of calculating production of

cladocerans and copepods is that in the former case
size classes (Table 1) were used, whereasin latter case
instar classes were used.

Empirical relationships

For literature comparisonswe coll ected published data
on biomass of phytoplankton and zooplankton, zoo-
plankton production, and of P/B ratios of different
zooplankton species. Thesedatawerelog-log or linear-
log transformed to derive linear regressions. Mod-
e | least-squares regression analysis (Sokal & Rohlf,
1995: p. 455) was performed to test the hypothesis
whether the zooplankton biomass, production, and P/B
ratios could be predicted from the mean phytoplank-
ton biomass. The relationship between phytoplankton
biomass and zooplankton P/B was analysed both at
the zooplankton community level and at the species
level. Besides temperature, P/B is strongly related to
body-size (Banse & Mosher, 1980; Roff & Tremblay,
1984; Plante & Downing, 1989) and isgenerally lower
for copepods as compared with cladocerans (Morgan
et al., 1980). Therefore, we investigated three cate-
gories: large-bodied cladocerans, small-bodied clado-
cerans, and copepods. Generally, phytoplankton bio-
massestimatesin literature are reported as chlorophy!l-
a concentrations per unit of volume, but occasionally
also as fresh weight, cell volume, or dry weight. For
data in units other than mg dry wt m—2 we derived
the phytoplankton biomass converting chlorophyll to
dry wt using a ratio of 1:50 between them (Baily-
Wetts, 1974), and carbon to dry wt using a ratio of
1:2 between these parameters (Winberg et a., 1971b)
and fresh wt by taking aratio of 10:1 (Winberg et al.,
1971b). The mean chlorophyll concentration was mea-
sured in the epilimnion, most studies did not state
whether chlorophyll-a concentrations were corrected
for phaeopigments. Most values were based on fort-
nightly or monthly sampling for 6 to 12 months.
Zooplankton biomass and production estimates in
literature were generally expressed as mg dry wt m—3,
but in a few cases as fresh weight or carbon content.
The values were converted to mg dry wt m—2 as fol-
lows: 10gfreshwt=1gdrywt,and1gdrywt=0.5¢g
carbon (Winberg et al., 1971b). The biomass datawere
usually based on means of fortnightly or monthly sam-
pling for 6-12 months with a volume sampler. If pro-
duction estimates were based on periods of shorter
than 12 months the data were extrapolated in order
to express these values in terms of annual production
(12 months). For Tissawewa, biomass, production and



Table 1. Size classes (Sc, mm) of the cladoceran species used in the analyses of the production.
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Species Sc1l Sc2 Sc3 Sc4 Sc5 Sc6

Ceriodaphnia cornuta <025 025029 030034 035039 040044 >045
Moina micrura <0.30 0.30-0.39 040049 050059 0.60-069 >0.70
Diaphanosoma excisum <0.40 0.40-049 050059 0.60-0.69 0.70-0.79 >0.80
Diaphanosoma modigliani  <0.45 0.45-059 0.60-0.74 0.75-0.89 0.90-1.04 >1.05

productivity (P/B) were calculated for two periods:
(1) Octaober 1990 until September 1991 (12 months),
and (2) October 1991 until July 1992 (9 months). Lit-
erature values of P/B for microcrustacean spp. are
based on day, month, year, but we converted them
all to daily P/B ratios for comparisons. If for certain
lakes/reservoirs data for consecutive years were avail-
able, and if environmental conditions in these years
were roughly similar, we combined these data.

Results
Length-weight relationships

Conversion factors were established between the car-
bon content of fresh and preserved zooplankton for
cladocerans, cyclopoid copepods and calanoid cope-
pods (Table 2). In case of cyclopoid copepods mean
weight with and without preservation could be direct-
ly calculated because individuals of almost the same
size were used for the analysis. cyclopoid copepod
fresh 0.49+0.04 mm, and cyclopoid copepod for-
malin 0.49+ 0.03 mm (mean length + SD). In case
of cladocerans and calanoid copepods first a length—
weight regression was calculated, and using this rela-
tionship the mean weight for a specific length (= grand
mean length) was computed (Table 2). Thefour regres-
sionswere highly significant: calanoid copepods fresh
(N =28; r>=0.80; P< 0.001), calanoid copepodsfor-
malin (IV =53; r>=0.90; P<0.001), cladoceransfresh
(N =47, r?>=0.75; P<0.001), and cladoceransforma-
lin (N =60; r>=0.89; P< 0.001). The carbon lost due
to preservation was very similar for the calanoid and
cyclopoid copepods (18-19 %), but the cladocerans
increased dlightly in weight (ca 3%).

The length—weight relationships for cladocerans
and copepods, corrected for carbon loss or gain dueto
formalin preservation, are given in Table 3. Slopes of
regression lines of the cladoceranswith eggsand with-
out eggswere specieswise compared and tested for par-
allelism using asub-routineof the ANOVA-MANOVA

routine of Statistica (Statsoft, 1992). In the anaysis
we used individualswith and without eggs as the inde-
pendent variable, weight as the dependent variable,
and length asthe co-variable. The sl opes of the length—
carbon relationships of the cladocerans with eggs and
without eggs differed only significantly for C. cornu-
ta, being steeper for the animals with eggs (£ = 36.5;
df =1,53; P<0.001). Non-significant different slopes
were observed for M. micrura (F'=1.5; df=1,62;
P =0.23), D. excisum (F'=3.1; df =1,34; P =0.088),
and D. modigliani (F'=1.1; df =1,45; P =0.30).

Biomass, production, and P/B estimates for the
zooplankton in Tissawewa

The daily production estimates of the four cladoceran
species ranged from almost zeroto 50 mg C 1=t d-1
for C. cornuta in November and December of 1992
(Figure 1). The P/B ratios, however, were more stable,
with some exceptionsfor C. cornuta: averaged around
0.25 for both the Diaphanosoma spp. But for the two
smaller cladocerans values generally ranged between
0.25and 1.0, and for C. cornutaevenratios > 1.0 were
encountered during some periods of the year. The rel-
ative contributions of the different size classes of the
cladoceran species to production differed (Figure 2).
The production of the smallest cladoceran C. cornuta
could be mainly attributed to the eggs (70%), where-
as for the three larger species the contribution of the
egos to the total production was somewhat less (mean
ca 50%). The temporal variation in the egg produc-
tion as proportion of the total production is high. All
four species showed periodswith zero egg production;
especialy for D. excisumlonger periodswere observed
with low egg production. Just after the drought in 1992
the proportion of egg-productionto thetotal production
was relatively high for all the three cladoceran species
present. Thetotal production of the cladoceransranged
from about 2 mg C 1= d—1 in early 1991 to ca 15 mg
C 171 d1 in early 1992. Just after the drought in
December 1992 the densities and hence production of
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Table 2. Mean Carbon lost per individual of mean length, absolute (ug C) and as
perecentage of fresh carbon weight, as the result of formalin preservation. Also given,
mean length (Lmean, mm), number of observations (V), and mean weight (W, ug C).

Taxa Fresh Formalin Clost

Lmean W N W N pgC %
Mesocyclops leuckarti  0.49 172 21 138 43 0.34 +19.8
Eurytemora affinis 0.70 037 28 030 53 0.07 +18.2
Daphnia galeata 133 089 47 093 60 -004 -31

Table 3. The length—weight relationships for cladocerans and copepods, corrected for
carbon loss or gain due to formalin. W = aL® (W = carbon content in pg C; L = length
in mm). Adult cladocerans wit eggs and juveniles without eggs.

Species/Taxa N a b r2 P
Ceriodaphnia cornuta with eggs 20 6132 487 0.68 <0.001
without eggs 37 093 121 085 <0.001
Moina micrura with eggs 33 273 298 091 <0.001
without eggs 33 121 270 091 <0.001
Diaphanosoma excisum with eggs 21 125 171 0.83 <0.001
without eggs 17 071 134 091 <0.001
Diaphanosoma modigliani  with eggs 25 116 163 0.90 <0.001
without eggs 24 047 145 086 <0.001
calanoid nauplii 36 0.76 058 094 <0.001
calanoid copepodites 7 336 169 095 <0.001
cyclopoid nauplii 44 079 130 0.88 <0.001
cyclopoid copepodites 49 150 185 0.89 <0.001
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Figure 1. Daily production (mg C 1= d—1) and daily P/B ratios of four cladoceran species in Tissawewa over the period October 1990 until
December 1992: (a) Ceriodaphnia cornuta, (b) Moina micrura, (c) Diaphanosoma excisum, (d) Diaphanosoma modigliani. ‘Dry’ indicates
drought period. Note the different scales for production.
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Figure 2. Relative contribution to the total production of different size classes and eggs of (a) Ceriodaphnia cornuta, (b) Moina micrura,
(c) Diaphanosoma excisum, (d) Diaphanosoma modigliani, in Tissawewa over the period October 1990 until December 1992. Size classes are

defined in Table 1. 'Dry’ indicates drought period.

C. cornutareached exceptionally high values, whereas
D. modigliani had disappeared.

The calanoid species, Phyllodiaptomus annae and
Heliodiaptomus viduus, showed high daily production
values(Figure 3). In contrast to the rel atively high con-
tribution of egg productionto total productionin clado-
cerans, in copepods egg production is relatively unim-
portant (compare Figures 2 and 4). For most copepod
species, amost 50% of the production can be attributed
to the naupliar stages (Figure 4). Thisis predominant-
ly because of their relatively high productivity, mean
naupliar P/B =0.38 versus a mean P/B of 0.10 for the
copepoditeinstars. Generally, the calanoids contribute
more than the cyclopoidsto the total copepod produc-
tion. Although copepodsgenerally showed alower P/B
than cladocerans(compare Figures 1 and 3), asaresult
of the generally higher biomass stock of the copepods,
total copepod production was generally higher than
cladoceran production in the course of the two years,
except in December 1992, just after the drought, when
C. cornuta was responsiblefor 80% of the total micro-
crustacean production. Annually, ca two-thirds of the

total microcrustacean production was realised by the
copepods.

Discussion
Length—weight relationships

The variation among the length—weight regression
lines, reported in the literature is high (Figure 5),
which may be partly caused by temporal fluctuations
in the condition (i.e. dry weight in relation to size)
because of changesin the extent of food limitation. In
microcrustaceansinhabiting the temperateregions, the
seasona variations in length-specific weight content
may be high (e.g. Duncan, 1985; Boersma & Vijver-
berg, 1994b). The latter authors reported differences
of afactor 3 for two Daphnia spp. and its hybrid in
a eutrophic lake. Although the extent of the variation
in the dry weight content of tropical crustaceansis not
known the temporal changes in fecundity suggest that
at least some seasonal changesin food availability do
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Figure 3. Daily production (mg C I—1 d—1) and daily P/B ratios of four copepod species in Tissawewa over the period October 1990 until
December 1992: (a) Phyllodiaptomus annae, (b) Heliodiaptomus viduus, (c) Mesocyclops thermocyclopoides, (d) Thermocyclops decipiens.

‘Dry’ indicates drought period. Note the different scales for production.
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Figure4. Relative contribution to the total production of nauplii, copepodites and eggs of (a) P. annae, (b) H. viduus, (c) M. thermocyclopoides,
(d) T. decipiens, in Tissawewa over the period October 1990 until December 1992. ‘Dry’ indicates drought period.
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occur. Hence changes in the carbon contents are also
to be expected.

Most length—weight relationships reported in the
literature were derived from animals preserved in for-
malin, and this preservation method is known to cause
losses in the carbon content of animals (e.g. Salo-
nen & Sarvala, 1985). In this study we corrected
for these losses, one would expect that the carbon
content of the animals in our study to be higher. Of
the published length—weight relationships relevant for
this study only three out of the ten studies used non-
preserved zooplankton (i.e. Persson & Ekbohm, 1980;
Pace & Orcutt, 1981; Jayatunga& Duncan, 1990) (see
legend Figure 5). The results of Jayatunga & Dun-
can (1990) are of specia interest becausethey concern
the same cladoceran species, and are from the same
region (Sri Lanka), as the cladocerans of the present
study. We compared the zooplankton length—weight
relationships of the present study with those given in
the literature, taxon by taxon (Figure 5). For Cerio-
daphniawe concludethat the relationship we calcul at-
ed for C. cornuta is similar to the relationships given
in the literature, there is only one exception (Rosen,
1981). Therelationship given by Jayatunga& Duncan
(1990) is dmost the same for what we observed for
adults with eggs, but the juveniles differ. For Moina
our observation for M. micrura fallsin the same range
astheresultspublishedintheliterature, the slope of the
regression line given by Jayatunga & Duncan (1990)
seems steeper than our regression for the same species.
For Diaphanosoma our observationsfor D. modigliani
and D. excisuma agree well with most other observa-
tions, the results of Culver et al. (1985) for D. leucht-
enbergianum are the only exception. The sope of
the regression of Jayatunga & Duncan (1990) seems
steeper than the dopes of the other regressions lines.
For copepod nauplii our length—weight relationship for
cyclopoid copepodsis very similar to the relationship
givenby Culver et al. (1985) for the sametaxon, but our
length—weight relationship for calanoid nauplii is dif-
ferent. For cyclopoid copepodites our length—weight
relationship for Mesocyclops thermocyclopoides and
Thermocyclops decipiensis similar to what isreported
in the literature, there is only one exception (Rosen,
1981). For calanoid copepodites our length—weight
relationship is quite different from what was observed
by others, sincehalf of the published rel ationshipswere
based on non-preserved copepods thisis probably the
result of the morphology of the two speciesused in the
present study (Heliodiaptomus viduus, Phyllodiapto-
mus annae).

Biomass, production, and P/B estimates for the
zooplankton in Tissawewa

Of the eight zooplankton speciesin Tissawewasix had
an P/B ratio well above those predicted by Banse &
Mosher (1980: Egn 10) on the basis of body mass
at maturity, whereas only two species (Di. modigliani
and M. ther mocycl opoides) had ratioswhich weresim-
ilar to those predicted by the Banse and Mosher mod-
el. For the cladoceran species we found a good cor-
respondence between log P/B and the log of aver-
age adult mass at maturity (r>=0.91, slope=—1.01,
N =4), whilst this relationship was weak for the cope-
pod species (r2=0.29, slope=—0.12, N =4). Banse
and Mosher (1980) based their predictionson aregres-
sion model for which they used published data for
invertebrates which were collected over a large geo-
graphical area, with an estimated mean temperature
in the range of 5-20 °C. On basis of these data these
authorsfailed to find a significant correlation between
mass-scaled P/B and temperature. This is surprising
because it iswell known from the literature that under
conditionsof no, or only moderatefood limitation size-
specific growth rate and temperature are strongly pos-
itive related (e.g. Vijverberg, 1980). Since the annu-
al temperature range in Tissawewa was 24.7-31.8 °C
(Amarasingheunpubl.), the higher P/B ratios observed
in our study may well have been caused by the higher
temperatures. The steep slope of the regression line
between log P/B with the log body mass at maturity
for the cladoceransin this study strongly suggests only
amoderate food limitation of growth and production,
this in contrast with the copepods for which the poor
correspondence between P/B and adult mass at maturi-
ty indicates severe food limitation. In contrast with the
present study, Saunders & Lewis (1988) observed for
all zooplankton speciesin hypertrophic Lake Valencia
P/B ratios well below those predicted by the Banse &
Mosher (1980) equation. Furthermore, they found no
correspondence between P/B and average adult mass
at maturity, which suggest that these populationswere
all severely food limited.

The production of the microcrustacean community
of the eutrophic Tissawewa was primarily due to two
calanoid copepods, Phyllodiaptomusannaeand Helio-
diaptomus viduus. A zooplankton community per-
manently dominated by copepods, either cyclopoids
or calanoids, is characteritic for aimost al tropi-
cal and subtropical lakes and reservoirs (e.g. Burgis,
1974; Lewis, 1979; Leveque & Saint-Jean, 1983; Bur-
gis, 1984; Vareschi & Vareschi, 1984; Hart, 1987,



Mengestou & Fernando, 1991, Mavuti, 1994). This
is in contrast with what is generaly known from
eutrophiclakesand reservoirsinthenortherntemperate
regions, which are generally dominated by cladocerans
during the warmer period of the year and by cyclopoid
copepods during the colder period of the year (see
review by Morgan et a., 1980). A relatively high con-
tribution of eggs to total net production for cladocer-
ans (>60%) has been earlier reported by Vijverberg &
Richter (1982a), Taylor (1985), Lynch (1989, 1992)
and Anderson & Benke (1994) if food conditions are
non-limiting, eveninlarge-bodied Daphnia spp. gonad
production will contribute >60% to total production,
and smaller species tend to invest till more. In the
small-bodied species, Ceriodaphnia dubia, cultured
on natural seston, egg production measured over the
entire lifespan accounted for 85-88% of the total pro-
duction at water temperatures >20 °C (Anderson &
Benke, 1994). The relative low contribution of egg
production to total production in copepods is to be
expected, as copepodsin contrast to cladoceransrepro-
duceonly at thefinal adult size. Similar low proportion
of egg production to total production for copepodsin
tropical lakes was reported by Lewis (1979) for Lake
Lanao in Philippines, by Gras & Saint-Jean (1983) for
L akeChad, by Mengestou & Fernando (1991) for Lake
Awasa in Ethiopia, and Vijverberg & Richter (1982b)
observed similar low proportionsfor two cyclopoidsin
Tjeukemeer, a northern temperate lake. On the other
hand Vareschi & Jacobs(1984) did report an exception-
al high value (>50%) for the calanoid copepod Paradi-
aptomusafricanain LakeNakuru (Kenya). Inour study
the low contribution of egg production was compen-
sated by the high (ca40-70%) contribution of naupliar
somatic productiontothetotal copepod net production.
This is high compared with the ca 30% contribution
reported by Mengestou & Fernando (1991) for two
cyclopoid copepod species in Lake Awasa, but very
similar to the values observed by Vijverberg & Richter
(1982b) for two cyclopoidsin lake Tjeukemeer.

Comparisonswith ‘other’ tropical and subtropical
lakes and reservoirs

Zooplankton biomass

Based on the production ecology of microcrustacean
zooplankton from more than twenty tropical and sub-
tropical lakes and reservoirs of varying morphome-
try and trophy including our reservoirs (Tables 4 and
5), we investigated the relationship between phyto-
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Table4. Limnological classification of trophic status of lakes
and reservoirs, dightly modified from Lee et a. (1981).

Classification Average phytoplankton
biomass (mg dry wt m—3)

Oligotrophic <100
Oligotrophic-mesotrophic 100-149

Mesotrophic 150-349

M esotrophic-eutrophic 350499

Eutrophic 500-999

Hypertrophic >1000

plankton biomass and zooplankton biomass and plot-
ted regression relationships (Figure 6). We observed
a strong positive (dope=0.45; r?>=0.58) and signifi-
cant (P<0.001) relationship between phytoplankton
biomass and microcrustacean zooplankton biomass
(Table 6), as observed by several other authors for
temperate lakes, McCauley & Kalff (1981) for sev-
enteen northern temperate lakes, Mills & Schavione
(1982) for thirteen New York lakes, Hanson & Peters
(1984) for forty-seven northern temperate lakes and
two African lakes; Rognerud & Kjelberg (1990) for
eighteen Norwegian lakes; and Malthus & Mitchell
(1990) for nineteen New Zealand lakes. In contrast,
three studies failed to find a significant relationship or
showed aweak correlation (P>0.05; r2<0.2) between
phytoplankton biomass and microcrustacean biomass:
Yan & Strus (1980) for twenty-one lakes in Ontario
(Canada), Campbell & Knoechel (1988) for seventeen
lakes on the Avalon Peninsula (New Foundland, Cana-
da) and Bays& Crisman (1983) for thirty-nine subtrop-
ical lakesin Florida. Thus, such biomass comparisons
of awiderange of lakes over large geographical aress,
generally reveal significant and strong correlations, for
both tropical lakes and reservoirs (this study) and tem-
perate lakes and reservoirs (McCauley & Kalff, 1981;
Hanson & Peters, 1984; Malthus & Mitchell, 1990).
In contrast, regional models based on waterbodies in
a restricted geographical region, with similar climat-
ic, geological and biological conditions, often do not
indicate such a relationship. These waterbodies are
likely to show a narrower range of trophic conditions,
and, therefore, differencesin zooplankton biomass are
probably affected less by the relative small disparities
in resource availability, and more by differences in
predation pressure exerted by fish or invertebrates, but
effects of these factors are not included in the regres-
sion models employed in these studies.



156

Table5. List of tropical lakesand reservoirsfor which secondary production datawere obtained with characteristics
and authority. Trophic status is based upon the average phytoplankton biomass, according to the modified
classification of Lee et a. (1981) (see Table 4). Abbreviations used: oligo=oligotrophic; om= oligotrophic-
mesotrophic; meso=mesotrophic; me= mesotrophic-eutrophic; eu=eutrophic; hyper=hypertrophic. Generaly, for
depth the mean depth (Zmean) is given, when this information was not available the maximum depth is given
instead (Zmax, *)

Waterbody Latitude Altitude MeanZ  Trophic Reference
(m) (m) status
1. Awasa 7° N 10.0 Hyper Mengestou & Fernando (1991)
2. Chad 13° N 282 35 Hyper Carmouze et al. (1983);
Leveque & Saint-Jean (1983)
3. Cote d'lvoire 5°N 1.0 Hyper Saint-Jean & Bonou (1994)
ponds
4. George 0° N/S 913 24 Hyper Burgis (1974,1978)
5. Kariba 17° S 29 Oligo Machena et a. (1993)
6. Kinneret 32° N 24 Meso Walline et a. (1993)
7. Kenyir 5° N 36.9 Meso Jamaludin (1993)
8. Lanao 8° N 60.3 Meso Lewis (1979)
9. Le Roux 30° S 15.0 Meso Hart (1987)
10. LugunadeBay  15° N 2.8 Hyper Delos Reyes (1993)
11. Malawi 1°S 290 Oligo Degnbol (1993)
12. Muruthawela 6° N 9.1 Me This study
13. Naivasha 1°s 1890 5.0 Hyper Mavuti (1994)
14. Nakuru 0° N/S 23 Hyper Vareschi & Jacobs (1984);
Vareschi & Vareschi (1984)
15. Ridiyagama 6° N 3.0 Eu This study
16. Sibaya 27° S 13 Meso Hart & Allanson (1975);
Allanson (1979)
17. Tanganyika 7S 570 Oligo Hecky (1984); Moreauet et al. (1993b)
18. Tissawewa 6° N 17 Eu This study
19. Titicaca 16° S 3800 280* Oligo Widmer et . (1975)
20. Turkana 3°N 312 Oligo Kolding (1993)
21. Videncia 10° N 18 Hyper Saunders & Lewis (1988)
22. Vdi 8° N 2.0 Hyper Aravindan (1993)
23. Victoria 0° S 93 Oligo Moreau et a. (19933)

Table 6. Model parameters for regression of logg transformed mean zoo-
plankton biomass (Bzoopl), annual zooplankton production (Pzoopl), and
untransformed daily P/B ratios for total zooplankton, large-bodied cladocer-
ans, small-bodied cladocerans, and copepods as the dependent variables and
logio mean phytoplankton biomass (Bphyto) as the independent variable.

Dependent variable (V) Slope Intercept 2 pP<
Bzoopl 0.451 0.801 058 0.001
Pzoopl 0.447 23% 043 0.001
P/Bzoopl —2.721 55.33 002 014
P/B large-bodied cladocerans 0.132 -0.169 0.25 0.097
P/B small-bodied cladocerans 0.177 —-0.118 019 015

P/B copepods —0.032 0237 012 011
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Figure 6. Relation between log;p mean phytoplankton biomass
(mg dry wt m—23) and logip mean zooplankton biomass (mg dry
wt m~3) in tropical and subtropical lakes and reservoirs, showing
the position of Muruthawela, Ridiyagama, and Tissawewa (open
symbols) and the other lakes (closed symbols). The dotted lines are
95% confidence limits about predicted values outside the regres-
sion model. Numbers next to the data points refer to waterbodies,
for name of waterbody and authority see Table 5. Observations
on waterbodies in different years: 9a=Le Roux 1981-82; 9b=Le
Roux 1982-83; 18a=Tissawewa 1990-91; 18b = Tissawewa 1991~
92; 20a= Turkana 1973; 20b = Turkana 1987. For equation and sum-
mary statistics see Table 6.

The dope of the regression line which describes
the relationship between mean phytoplankton biomass
and mean zooplankton biomass for twenty-three trop-
ical and subtropical lakesis significantly smaller than
1.0 (P<0.05) (Figure 6), which indicates that the
ratio of zooplankton biomass to phytoplankton bio-
mass decreaseswith increasing trophy. That is, as phy-
toplankton biomass increases, zooplankton biomass
increases at a much smaller rate across the range of
waterbodies examined. A similar trend was observed
by McCauley & Kalff (1981) for seventeen northern-
temperate lakes. Both observations are in agreement
with the hypothesisformulated by Hillbricht-11kowska
et al. (1972) which suggested that ecological trans-
fer efficiency from phytoplankton towards microcrus-
tacean zooplankton decreaseswith increasing trophy as
the consequence of the increasing proportion of large
and inedible algae in the more eutrophic waters. Gulati
et al. (1985) who compared the relative assimilation
rates of zooplankton with the seston concentrationsfor
six lakes in The Netherlands also observed a signifi-
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cant decrease in food utilization rates with increasing
seston concentrations.

Zooplankton production

The correlation between mean phytoplankton biomass
and mean zooplankton production is highly significant
(P<0.001) and the correlation (r?>=0.43) explains a
fair amount of the observed variation in zooplankton
production (Table 6). A positiverelationship is expect-
ed since amost al zooplankton organisms included
in this study are herbivorous, excepting the advanced
copepodite instars of the less abundant cyclopoids
(M. thermocyclopoides and T. decipiens). The exact
feeding behaviour of the cyclopoid copepods in our
study is not known but, based on what is known about
the diets of other cyclopoid copepods, the advanced
copepodite instars of these species are probably either
carnivorous or omnivorous (Toth & Zankai, 1985;
Irvine & Waya, 1993; Santer, 1993). Taking into con-
sideration the trophic status of the reservoirs studied
(i.e. eutrophic and mesotrophic), total zooplankton
production is relatively high compared with the oth-
er tropical and subtropical waterbodies (Figure 7). For
Muruthawela we might have overestimated the zoo-
plankton production because we applied growth and
development rates based on laboratory cultures, which
had food concentrations which ca 3 times higher than
inthe reservoir. However, in general, when production
values are compared over a large geographical area,
mean phytoplankton biomass is a moderately good
predictor of thetotal microcrustacean zooplankton pro-
duction, explaining 43% of the observed variance.

P/B ratios

The zooplankton production per unit of biomass was
not significantly related to the mean phytopl ankton bio-
mass. This seems surprising since both zooplankton
production and zooplankton biomass are significantly
related to phytoplankton biomass. Nevertheless, P/B
of the herbivorous zooplankton will depend not only
on concentration of the resource (phytoplankton) but
also on the quality of the resource. The latter gen-
erally decreases with increase in resource concentra-
tion (Hillbricht-llkowska et al., 1972; Gulati et al.,
1985), but is probably also highly variable among
lakes with similar phytoplankton biomass because it
will depend on the species composition of the phyto-
plankton present that in turn depends on a number of
biotic and abiotic factors. The mean P/B ratios for the
three categories were, as expected, high for the small-
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Figure 7. Relation between log;g mean phytoplankton biomass (mg
dry wt m—3) and logyo annual zooplankton production (mg dry wt
m~3 yr—1) in tropical and subtropical lakes and reservoirs, show-
ing the position of Muruthawela, Ridiyagama, and Tissawewa (open
symbols) and the other lakes (closed symbols). The dotted lines are
95% confidence limits about predicted values outside the regres-
sion model. Numbers next to the data points refer to waterbodies,
for name of waterbody and authority see Table 5. Observations on
waterbodies in different years: 9a=Le Roux 1981-82; 9b=LeRoux
1982-83; 18a= Tissawewa1990-91; 18b = Tissawewa1991-92. For
equation and summary statistics see Table 6.

bodied cladocerans(mean 0.41; range 0.12-0.95) (Fig-
ure 8), intermediate for the large-bodies cladocerans
(mean 0.21; range 0.05-0.62) (Figure 9), and rela-
tively low for the copepods (mean 0.14; 0.03-0.30)
(Figure 10), but the variation within each category was
very high. Thisis probably caused by the varying food
conditionsin the waterbodieswhere these specieslive.
The P/B ratiosfor the cladoceran and copepod species
of Tissawewa reservoir are generally well within the
literature range for tropical and subtropical lakes and
reservoirs. Only in three occasions fell the observed
ratios outside the usual range. Thiswasthe casefor the
two copepod species, T. decipiens (both years), and
P. annae (second year), which both showed relative
high P/B values.

General conclusions

In the three Sri Lankan reservoirs studied the micro-
crustacean zooplankton biomass and production rela-
tive to the phytoplankton biomass present is relative-
ly high, especialy for the copepods. Both zooplank-
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Figure 8. Relation between log;p mean phytoplankton biomass
(mg dry wt m—23) and the daily P/B of small-bodied (max. length
ca 1.0 mm) cladoceran spp. in tropical and subtropical lakes and
reservoirs, showing the position of Tissawewa (open symbols) and
theother lakes(closed symbols). For authoritiessee Table 5, numbers
next to the data points refer to species and waterbody: 1. Bosmina
fontalis (Lanao); 2. B. longirostris (Chad); 3. Ceriodaphnia cornuta
(Tissawewa 1990-91); 4. C. cornuta (Tissawewa 1991); 5. C. cornu-
ta (Chad); 6. Moina micrura (Tissawewa 1990-91); 7. M. micrura
(Tissawewa 1991-92); 8. M. micrura(Lanao); 9. M. micrura (Chad);
10. M. micrura (Cote d'lvoire pond); 11. M. brachiata (Le Roux
1981-82); 12. M. brachiata (Le Roux 1982-83).

ton biomass and zooplankton production are positively
related to phytoplankton biomassin twenty-two tropi-
cal lakes and reservoirs, mean phytoplankton biomass
was a good predictor of mean zooplankton biomass
and a moderate good predictor for annual zooplank-
ton production. That a significant positive relationship
was found is not surprising since there is a function-
al relationship between phytoplankton and zooplank-
ton, however, therelatively high proportion of variance
explained by the regression lines (58% and 43%) was
not expected. The establishment of such relationships
no doubtisastep forwardin the better understanding of
the dynamics of pelagic food websin general but espe-
cialy inthetropical region. Biomass size distributions
provide a useful tool for ecosystem and community
analysis owing to tight relationships between an indi-
vidual’s body mass, ensuing metabolic pathways (e.g.
somatic growth rate, reproductive output, ingestion
rate) and related ecological processes (e.g. success of
predator avoidance) (Sprules et al., 1991). Therefore,
the next step will be to compare zooplanktonin tropics
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Figure 9. Relation between log;p mean phytoplankton biomass
(mg dry wt m—3) and the daily P/B of large-bodied (max. length
>1.0 mm) cladoceran spp. in tropical and subtropical lakes and
reservoirs, showing the position of Tissawewa (open symbols)
and the other lakes (closed symbols). For authorities see Table 5,
numbers next to the data points refer to species and waterbody:
1. Daphnia barbarata and D. lumholtzi (Chad); 2. D. barbarata
(Le Roux 1982-83); 3. D. gibba (Le Roux 1981-82); 4. D. gibba
(Le Roux 1981-82); S Diaphanosoma excisum (Tissawewa 1990—
91); 6. Dia. excisum (Tissawewa (1991-92); 7. Dia. modigliani
(Tissawewa 1990-91); 8. Dia. modigliani (Tissawewa 1991-92);
9. Dia. modigliani (Lanao); 10. Dia. excisum (Awasa); 11. Dia.
excisum (Chad); 12. Dia. excisum (Naivasha).

versustemperate region, and theinclusion of body-size
spectrain the predictive models.
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