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2 Current address: Laboratoire d’Écologie Fonctionnelle, Ecolab UMR 5245, CNRS, 29 rue Jeanne Marvig, 31055 Toulouse, France
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Abstract – Difficulties to simply transfer trophic cascade theory from temperate to tropical lakes are now

well recognized. Many mechanisms trying to explain top-down divergences between these systems have been
proposed, such as lack of key species of herbivorous zooplankton, absence of seasonality in fish reproduction,
cyanobacteria development, or differences in fish foraging behaviour. Very few studies have considered
bottom-up mechanisms, in particular differences in nutrient recycling and nutrient limitation between the two

types of ecosystems. According to the ecological stoichiometry theory, fish-induced alterations of food-web
structure could modify the efficiency of consumer-driven nutrient recycling by changing the relative biomass
contribution of species in food webs. Consequently, by mostly considering top-down processes, one could

underestimate consequences on nutrient availability for phytoplankton growth. In this paper, we compared
the results of two mesocosm experiments carried out in temperate and tropical areas, each manipulating food-
web structure via the presence or absence of fish. We found trophic cascades in both experiments, but differ-

ences between fishless and fish treatments were greater in temperate than in tropical systems. In the tropical
experiment, the observed effects could not be supported by classical zooplankton community alteration or by
cyanobacteria prevalence. Our results suggest a key contribution of fish nitrogen-excretion to phytoplankton
growth in mostly nitrogen-limited tropical systems. Differences in stoichiometric response to food-web

structure alteration between temperate and tropical lakes could thus represent a major difference between the
two systems. Our study stresses the need for further studies that would allow robust generalization on the
functioning of freshwater temperate and tropical ecosystems.
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Introduction

It is now well recognized that top predators can in-
fluence the whole food-web structure and biomass, down
to the primary producers. Mechanisms of these ‘top-
down’ effects, classically referred as ‘ trophic cascades’,
have received much attention during the last two decades
in both aquatic and terrestrial systems (see Polis, 1999;

Polis et al., 2000; Schmitz et al., 2000). Polis (1999) differ-
entiated ‘species-level cascades’ and ‘community-level
cascades’. In species-level cascades, changes in predators
affect the abundance of only few species of primary pro-
ducers, while community-level cascades alter the overall
distribution of plant biomass throughout an entire system
(see also Polis et al., 2000). Yet, community-wide effects
have mainly been established for aquatic temperate eco-
systems. In particular, reduction of zooplanktivorous and
omnivorous fish often leads to decrease in phytoplankton
total biomass through fish-mediated alteration of her-
bivory pressure by zooplankton. Those effects are either
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due to a reduction of zooplankton biomass (Carpenter and
Kitchell, 1993; Brett and Goldman, 1996; Bertolo et al.,
2000), or to an alteration of the specific composition of
zooplankton communities without any change in zoo-
plankton biomass (Bertolo et al., 1999b; Okun et al.,
2008). The paradigm of trophic cascades has led to the
development of ecological techniques such as ‘biomanipu-
lations’, aimed at reducing phytoplankton biomass and
slowing down deleterious effects of eutrophication.
Variability in their efficiency might have been dependent
upon food-web complexity. Indeed, Pinel-Alloul et al.
(1998) emphasized that a complete gradient, from strong
community-level cascades to weak species-level cascades
with complex indirect effects, could be observed in both
temperate and tropical lacustrine systems.

Yet, community-level cascades might not frequently
occur in the tropics, and many difficulties remain to simply
transfer trophic cascade theory from temperate to trop-
ical lakes (Lazzaro, 1997; Jeppesen et al., 2005). Several
arguments predicting divergences between top-down ef-
fects in temperate and tropical ecosystems have been
proposed. In particular, tropical lakes might be charac-
terized by a lack of key herbivorous zooplankton species
such asDaphnia (Lazzaro, 1997), an absence of seasonality
in fish reproduction (van Leeuwen et al., 2007), a higher
frequency of blooms of inedible cyanobacteria (Rondel
et al., 2008), and a greater occurrence of fish omnivory
(Fernando, 1994). However, published experimental
studies testing ecological processes driving the strength of
trophic cascades in tropical systems remain very rare.

Besides, benefiting from the development of the eco-
logical stoichiometry theory (Elser et al., 1996; Sterner and
Elser, 2002), other indirect effects have been suggested to
contribute to the outcome of food-web manipulations.
In particular, consumer-driven nutrient recycling (Vanni
and Layne, 1997; Elser and Urabe, 1999; Vanni, 2002) has
been shown to be a significant process in determining
the total availability of inorganic resources for phyto-
plankton growth. Due to stoichiometric constraints, this
process may also alter the relative availabilities of nu-
trients. Nutrients are recycled as a function of consumer
elemental compositions. Nutrients in excess in consumer
food relatively to consumer needs are released in larger
proportion than limiting nutrients (Elser and Urabe, 1999;
Vanni, 2002; Vanni et al., 2002). Consequently, it seems
essential to consider alteration of inorganic nutrient
availability following modifications of food-web structure
as being an indirect consequence of ‘ top-down’ effects.
For example, changes in zooplanktivorous fish density
could alter quantitatively and qualitatively zooplankton
nutrient excretion by modifying the biomass and specific
composition of zooplankton communities. Moreover, fish
per se represent important sources (Schindler, 1992; Kraft,
1993; Starling et al., 2002; Figueredo and Giani, 2005;
Vanni et al., 2006) or sinks (Griffiths, 2006; Sereda et al.,
2008) of nutrients.

Primary producers appear frequently P-limited in tem-
perate lakes (Schindler, 1977), but N-limited in tropical
regions (Ryding and Rast, 1989; Lewis, 1996; Talling and

Lemoalle, 1998; Downing et al., 1999). This latitudinal
disparity in the nature of mineral limitation should induce
stoichiometric discrepancies, such as differences in nutri-
ent recycling by zooplankton and fish between temperate
and tropical ecosystems. To our knowledge, experimental
comparisons of the roles of food-web structure and
stoichiometric constraints on trophic cascades in temperate
and tropical lakes have never been explicitly addressed.

In this article, we compared the results of two meso-
cosm experiments carried out either in temperate or in
tropical areas, each manipulating food-web structure via
the presence vs. absence of fish. We discuss top-down ef-
fects and their potential differential consequences on
nutrient recycling and phytoplankton growth in temperate
and tropical aquatic ecosystems, in the light of ecological
stoichiometry theory.

Materials and methods

Study site and experimental design

Temperate experiment

Here, we present results over the first 4 months of an
experiment that took place in Lake Créteil (48x46

0
37

00
N,

2x26
0
47

00
E), using a floating rectangular pontoon designed

for mesocosm experiments. Lake Créteil is a small (42-ha),
shallow (4-m mean depth, 6-m maximal depth) meso-
trophic (3–42 mg chl-a.Lx1 during the first four-month ex-
perimental period, mean value 17.3 mg chl-a.Lx1) sand-pit
lake situated 15 km southeast of Paris, France. Eight
enclosures, made of translucent polyethylene reinforced
with nylon mesh, were suspended inside the pontoon,
25 cm above the lake surface. Each enclosure representing
a volume of roughly 40 m3 (3r3 m, 4.5-m depth) was
completely sealed at the bottom. The enclosures were filled
with water pumped out of the lake. A 1-mm mesh was
placed at the end of the pump pipe to avoid entry of large
particles within enclosures. To minimize seston hetero-
geneity, enclosures were filled in sequential steps between
28 and 29 June 2005. At the beginning of the experiment,
phytoplankton biomass reached 5.85 mg chl-a.Lx1, and
initial zooplankton biomass represented 314 mg DW.Lx1.
To establish two different food-web structures, on 8 July
2005, we added forty 0+ roach per enclosure (Rutilus
rutilus L., Cyprinidae; 42.6¡2.7 mm SL, 0.66¡0.15 g
WW, resulting in one fish.mx3), the most common
planktivorous fish in European temperate lakes, in half
of the enclosures. Final roach biomasses (i.e., 7.3¡0.2 g
WW.mx3 or 256¡7 kg.hax1, as mean¡SE) were typical
of zooplanktivores in mesotrophic temperate lakes
(Lacroix and Lescher-Moutoué, 1991). Each fishless and
fish treatment was replicated four times. To avoid nutrient
depletion, we enriched enclosures weekly with inorganic
fertilizers. Nutrients were added as a liquid mixture
of sodium nitrate (NaNO3) and potassium phosphate
(KH2PO4) using a N:P molar ratio of 20:1, i.e., a load of
2 mM N.Lx1.dayx1, and a 0.1 mM.Lx1.dayx1. This ratio
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matches the lower end of the range of ratios observed in
Lake Créteil. Supplementary information on the exper-
iment can be found in Danger et al. (2008).

Tropical experiment

We carried out the experiment during the dry season,
starting on 24 April 2006 at the IRD-ISRA (French In-
stitute of Research for Development – Senegalese Institute
of Agronomy Research) campus in Dakar, Senegal
(14x42

0
11

00
N, 17x25

0
31

00
W). The experiment was performed

in six 8-m3 above-ground cylindrical tanks (Recolast
impermeabilizacões Ltda., Guarulhos, SP, Brazil; Ø 3.2 m,
1.0-m deep) made of a galvanized iron sheet internally
coated with a PVC liner. Tanks were filled in sequential
steps with water pumped from Dakar-Bango reservoir
(16x3

0
26

00
N, 16x27

0
20

00
W), a shallow mesotrophic tropical

reservoir (0.8 km2, c.a. 3.2 Mm3, 4-m mean depth, 5.5-m
maximum depth, 14–36 mg chl-a.Lx1 during the exper-
imental period, mean value 22 mg chl-a.Lx1), near
Saint Louis (300 km North), and transported using a tank
truck. To stimulate the development of the zooplankton
population damaged during pumping and transportation,
tow-netted reservoir zooplankton was inoculated at natural
community density into each tank before fish stocking. At
the beginning of the experiment, phytoplankton biomass
reached 13.6 mg chl-a.Lx1. To prevent anoxia events in such
shallow enclosures, the surface water of each tank
was circulated daily during four 30-min periods, using a
submersible electropump. To avoid nutrient depletion, we
enriched tanks every second day by adding a liquid
mixture of sodium nitrate (NH4NO3) and potassium
phosphate (KH2PO4) using a N:P molar ratio of 10:1,
quite typical of Dakar-Bango reservoir (Kâ, 2006), i.e., a
load of 2 mM N.Lx1.dayx1 and 0.2 mM P.Lx1.dayx1.
On April 25, we added six 0+ Nile tilapia (Oreochromis
niloticus L., Cichlidae; 40.6¡2.2 g WW) in half of the
tanks (<1 fish.mx3), resulting in an initial biomass
of 31.6¡0.3 g.mx3 or 228¡2 kg.hax1 that remained
roughly constant throughout the experiment. This cichlid
species is considered as a model of filter-feeding omnivor-
ous fish, widespread in freshwater systems of Senegal.
Note that fish biomasses per unit volume were more than 4-
times higher in the tropical than in the temperate exper-
iment, which is quite representative of commonly observed
differences between the two types of ecosystems (Jeppesen
et al., 2005). Differences in foraging behaviour between
the two model-fish chosen in our experiments are also
considered as representative of fish communities in the two
types of media, as previously underlined by Fernando
(1994) and more recently by Jeppesen et al. (2005).

Sampling and analyses

Water parameters

To yield comparable data in both experiments, we
measured the same parameters using similar protocols.

Phytoplankton biomasses were assessed in situ as the
mean of two vertical profiles using an in vivo auto-
fluorescence BBE-Moldaenke submersible spectrofluoro-
meter (Kronshagen, Germany). This probe segregates the
biomasses of four major phytoplankton groups (Chloro-
phytes, Cyanobacteria, Diatoms plus Dinophytes, and
Cryptophytes), assessed in equivalent mg chl-a.Lx1. To
evaluate nutrient availability, pooled water samples from
each enclosure were filtered onto GF/F filters, and dis-
solved inorganic phosphorus and nitrogen were measured
using classical colorimetric methods.

Zooplankton and seston

Zooplankton samples were collected monthly in tem-
perate enclosures using a 2-L Friedinger bottle. On each
sampling date, a total volume of 32 L was collected from
each enclosure, pooling samples from several depths and
positions in the water column. The samples were filtered
onto 50-mm filters and zooplankton was preserved in 4%
formalin-sucrose. Zooplankton individuals from the eight
enclosures were identified and counted under a stereo-
microscope on subsamples at different appropriate di-
lutions, using Dolfuss chambers. For specific composition
analyses, density data for each taxonomic group were
converted into dry biomasses from mean body weights of
organisms assessed from Bertolo et al.’s (1999b) data. In
tropical tanks, zooplankton was sampled on two dates
(days 24 and 30) at night-time (20:00–22:00) using two
vertical tows (side, center) of a conical 63-mm mesh net
(Ø 30 cm). Biomasses of taxonomic groups were computed
from specific length-dry weight relationships, established
by M. Pagano and S. Kâ (unpublished data) on Dakar-
Bango reservoir and Lake Guiers. Composite samples
were preserved in 5% sucrose-formalin, and counted
under a stereomicroscope.

In temperate enclosures, zooplankton biomass and
elemental composition were determined monthly by sam-
pling 96 litres of water at different depths and positions in
each enclosure with a 2-L Friedinger bottle. In tropical
tanks, zooplankton was sampled twice (on days 24 and 30)
during the experiment using two vertical tows (side,
center) of the conical 63-mm mesh net described above.
The zooplankton of all samples was gently concentrated
onto a 50-mm filter, placed on a pre-weighted GF/A filter,
and dried at 60 xC for 12 hours. Dry zooplankton was then
grinded, before being analysed for its stoichiometric com-
position. To determine seston concentration and elemental
composition in both experiments, water samples were
taken from the whole column in each enclosure. Samples
were pre-filtered through 50-mm filters to eliminate
zooplankton, filtered on pre-weighted GF/F glass-fibre
filters (nominal cut-off: 0.7 mm), and then dehydrated for
12 hours in an oven at 60 xC. Dry filters were re-weighted
to determine seston mass, and stored in dry conditions
until analyses.

Both zooplankton and seston dried-samples were then
used to quantify the percentages of carbon and nitrogen
contained in organic matter using a CHN elementary
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analyser (NA 1500 Series 2, Fisons, Manchester, UK).
Organic P content was determined after oxidation with
sodium persulfate. All C:N:P ratios were expressed as
molar ratios.

Nutrient limitation tests

In both tropical and temperate experiments, we ex-
perimentally determined the nature of the mineral limi-
tation of phytoplankton communities. Limitation tests
permit to determine which mineral element limits the
whole phytoplankton community growth by comparing
community biomass after different nutrient additions to
unenriched controls (for more details on community level
limitations, see Arrigo, 2005). In temperate enclosures,
limitation tests were carried out on 29 July, one month
after the beginning of the experiment. Water pooled from
the whole water column was collected from each enclos-
ure, filtered through a 50-mm mesh net to remove zoo-
plankton, and distributed into four 1-L glass bottles.
Bottles were allocated to four treatments: C (control
without enrichment), N (enrichment at 100 mM N.Lx1

with 1 mL of a NaNO3 solution), P (enrichment at 5 mM
P.Lx1 with 1 mL of a KH2PO4 solution), and N+P
(enrichment with 1 mL of the combined solutions). Bottles
were suspended at 50-cm depth in each enclosure and
incubated for four days. Similarly, on 24 May (day 29),
20 L of water were collected in each tropical tank. After
gentle mixing and previous filtering through a 60-mmmesh
net to remove zooplankton, 4 L of water were split up into
four transparent plastic cans. Cans were allocated to four
treatments: C (control without enrichment), N (enrich-
ment at 5 mM N.Lx1 with 1 mL of a NH4NO3 solution),
P (enrichment at 0.5 mM P.Lx1 with 1 mL of a KH2PO4

solution), and N+P (enrichment with 1 mL of the com-
bined solutions). The four cans, the openings of which
were covered with a mosquito mesh to avoid colonization
by insects, were then hanged at the surface of tank water
and incubated in sub-surface for two days.

In both temperate and tropical experiments, phyto-
plankton biomass responses to the enrichment treatments
were assessed using in vivo auto-fluorescence measure-
ments by pouring ca. 0.5 L of water, previously gently
mixed, into a PVC pipe containing the BBE fluroroprobe
without its external shield. The standardized percentage
difference between the total chlorophyll-a concentrations
in bottles with nutrient enrichment (E, with E as N, P,
or N+P) and control bottles (C) were computed as
(ExC)*100/C for each enclosure.

Statistical analyses

For both experiments, we tested for differences be-
tween the mean fishless and fish treatments by using one-
way repeated-measures ANOVAs (n=4 and 3 replicates
for temperate and tropical experiments, respectively) with
a time trial factor (4 and 2 sampling dates, i.e., days 30, 60,

90, and 120, and days 24 and 30, respectively). Statistical
tests were performed using SuperANOVA v.1.11 (Abacus
Concepts 1991, Berkeley, CA, USA) on non-transformed
data. To test for differences in specific composition of
phytoplankton and zooplankton communities, we carried
out one-way ANOVAs (fish presence or absence) on the
mean proportions of representative groups. To analyse the
results of the limitation tests we performed two-way
ANOVAs (fish presence/absence and three nutrient levels:
N, P, and N+P; n=4 and 3 replicates for temperate and
tropical experiments, respectively). Yet, we performed
Tukey post-hoc tests to compare differential responses of
phytoplankton to N, P, and N+P additions. We also
carried out comparisons between means and zero to test
for the effects of nutrient additions on phytoplankton
biomass as compared to control values. We chose a
threshold significance level of a=0.05, and showed mean
values¡SE.

Results

Fish effects on food-web structure

On an areal basis, final fish biomasses were similar be-
tween the temperate and tropical experiments (25.6¡0.7
and 22.8¡0.2 g WW.mx2, respectively). However, due to
difference in the depth of the experimental units (4.5 m for
enclosures vs. 1.0 m for tanks), plus rapid growth of
juvenile roach as compared to the nearly null growth of
Nile tilapia fingerlings, on a volumetric basis, final fish
biomasses resulted only 3-fold higher in tropical than in
temperate experiments (Fig. 1a). Fish had no significant
effect on zooplankton biomass in either temperate or trop-
ical system, but zooplankton biomass was roughly 6-fold
higher in temperate than in tropical mesocosms (Fig. 1b).
Specific composition of zooplankton communities was
altered by fish presence in both experiments (Fig. 2). In the
temperate experiment, the proportions of calanoids,
cyclopoids, small herbivores (rotifers and nauplii), and
small cladocerans did not differ significantly between treat-
ments. By contrast, large cladocerans, such as Daphnia
andDiaphanosoma, were 15-fold more abundant in fishless
than in fish enclosures (P=0.005). In the tropical exper-
iment, we solely found 3 major groups of zooplankton.
Large cladocerans were nearly missing in all enclosures
(less than 0.1% of zooplankton community biomass), and
calanoids were scarce. Due to high variability, there was
no significant effect of fish on the cyclopoid proportion
(P=0.14) in the overall zooplankton biomass. Neverthe-
less, there was a significantly higher proportion of rotifers
and small cladocerans in fishless than in fish tanks
(P=0.04 and P=0.009, respectively).

Fish had positive effects on phytoplankton biomass in
both temperate and tropical experiments (Fig. 1c). In the
temperate experiment, phytoplankton biomass was more
than eight-fold higher in fish than in fishless enclosures. In
the tropical experiment, fish only increased phytoplankton
biomass by less than twofold as compared to control
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tanks. Regardless of the treatment, phytoplankton bio-
mass was much higher in tropical than in temperate ex-
periments, with values of tropical control tanks reaching
fivefold that of temperate fish enclosures. In both exper-
iments, green algae dominated the biomass of phytoplank-
ton communities (more than 60%, Fig. 3) regardless of
treatment. They were significantly less abundant in the
control than in the fish tanks in the tropical experiment
(P=0.009) but not in the temperate experiment (P=0.20).
Cyanobacteria never appeared as a dominant group
throughout the experiments. However, cyanobacteria were
significantly more abundant in the control of the tem-
perate experiment (P=0.04) and in the fish treatment of

the tropical experiment (P=0.01). In the tropical exper-
iment, diatoms represented greater proportions of phyto-
plankton biomass in fishless than in fish enclosures (P=
0.001) but not in temperate enclosures (P=0.45). Crypto-
phytes always represented small proportions of phyto-
plankton communities (<5%) in both temperate and
tropical experiments and were significantly higher in fish
than in control tanks of the tropical experiment (P=
0.0003) but did not differ between treatments in temperate
experiment (P=0.43).

Fig. 1. Mean¡SE biomasses of (a) fish dry weight, (b)

zooplankton dry weight, and (c) phytoplankton as chlorophyll-a
concentration, on a comparable volumetric basis, in the fishless
and fish treatments of the temperate and tropical experiments.
Phytoplankton and zooplankton data correspond to the mean

values of 4 and 2 sampling dates in temperate and tropical
experiments, respectively. Molar N:P ratios of fish (based on
Dantas and Attayde, 2007), zooplankton, and seston are shown

on the top of corresponding graphs.

Fig. 2. Mean biomass composition of zooplankton communities
in the temperate and tropical experiments, as percents of major
taxonomic groups.

Fig. 3. Mean biomass composition of phytoplankton

communities in the temperate and tropical experiments, as
percents of equivalent chlorophyll-a concentrations for major
taxonomic groups identified by the BBE-Moldaenke spectro-

fluorometer.
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Phytoplankton nutrient limitation

In both temperate and tropical experiments, fish had
no significant effect on the nature of the limiting nutrient
for phytoplankton (P=0.61 and P=0.96, respectively;
Fig. 4). However, significant effects of nutrient additions
(P=0.03 and P=0.002, in temperate and tropical exper-
iments, respectively) revealed differences in the nature of
the limiting nutrient between temperate and tropical sys-
tems. In temperate enclosures, phosphorus addition (alone
and in combination with nitrogen) led to significant in-
crease in phytoplankton biomass (i.e. significantly differ-
ent from zero, P=0.03 for P-addition, and P=0.02 for
N+P addition). By contrast, phytoplankton biomass was
stimulated by the addition of nitrogen in tropical tanks
(P=0.02 for N-addition, and P=0.03 for N+P ad-
dition). In tropical limitation tests, we also observed a
significant decrease in phytoplankton biomass as com-
pared to control when adding phosphorus (P=0.02).

Organism elemental compositions

Elemental compositions were measured for seston and
zooplankton communities in both experiments (see Fig. 1).
In the temperate experiment, zooplankton N:P ratios were
significantly lower in fishless than in fish enclosures (P=
0.004). We found no difference in zooplankton N:P ratios
between treatments of the tropical experiment (P=0.56),
but N:P ratios tended to be higher in the tropical than

in the temperate experiment. Seston N:P ratios seemed
unaffected by fish presence in both experiments (P=0.57
and P=0.45 in temperate and tropical experiments, re-
spectively), but exhibited slightly higher values in tem-
perate than in tropical systems. Values of N:P ratios
shown on Fig. 1 for roach and tilapia were derived from
the literature (Dantas and Attayde, 2007). Both fish, and
especially tilapia, were P-rich and had relatively low N:P
ratios.

Discussion

Community-level patterns

Temperate and tropical systems were characterized by
inverse plankton biomass patterns. High biomasses of
zooplankton and low biomasses of phytoplankton oc-
curred in temperate enclosures, and conversely in tropical
tanks. The low depth of our tropical tanks could not ex-
plain the low zooplankton biomass per unit of volume, as
an inverse pattern was typically found in nature or in
experimental systems (see Bertolo et al., 1999a). Kâ (2006)
also pointed out the low total biomasses of zooplankton in
Dakar-Bango reservoir (8–103 mg DW.Lx1) and Lake
Guiers (10–57 mg DW.Lx1) (data obtained assuming
that C=45% of zooplankton dry weight, Talling and
Lemoalle, 1998). In their syntheses, Nilssen (1984) and
Fernando (1994) had already underlined that the zoo-
plankton to phytoplankton biomass ratio should be lower
in the tropics. The very high level of chlorophyll-a in our
tropical tanks strongly suggests that primary producers
were not controlled by herbivory. This weak global top-
down control of phytoplankton might be typical of
tropical ecosystems, and related to the presence of large
poorly edible phytoplankton (Lazzaro et al., 2003; Rondel
et al., 2008), to the small body-size of zooplankton
(Gliwicz, 1994) and scarcity of large cladocera (Gillooly
and Dodson, 2000), and to the low total biomass of zoo-
plankton (Kâ, 2006). Conversely, dominance of small
algal cells (unpublished data) and higher zooplankton
biomass should have favoured stronger top-down control
in our temperate enclosures.

Our results demonstrate the existence of trophic
cascades from fish to planktonic primary producers at
both latitudes. In both experiments, trophic cascades were
never mediated by a reduction of zooplankton biomass, in
contrast to Brett and Goldman’s (1996) meta-analysis, but
in accordance with the results of Bertolo et al. (1999b)
with roach and Okun et al. (2008) with Nile tilapia, in
temperate and tropical experiments, respectively. More-
over, relative difference in phytoplankton biomass be-
tween fishless and fish enclosures was greater in temperate
than in tropical systems, as underlined by Okun et al.
(2008). The final fish biomasses in these two experiments
are rather conservative for omnivorous fish such as
cyprinids (Lacroix and Lescher-Moutoué, 1991) and es-
pecially tilapia (Fernando, 1994). Note that when compar-
ing initial and final fish biomass, fish growth rates were

Fig. 4. Mean¡SE phytoplankton responses to the limitation
tests for the temperate and tropical experiments, measured using
the BBE-Moldaenke spectrofluorometer. Abbreviations: N=
nitrogen enrichment; P=phosphorus enrichment; N+P=ni-
trogen and phosphorus enrichment. For each enrichment (E),
response is computed as percent increase (positive) or decrease

(negative) in relation to the non-enriched control level (C), i.e.,
(ExC)*100/C. Limiting factors are revealed by significant
positive increases. Difference in quantitative responses between

nutrient additions are indicated by a letter, based on Tukey post-
hoc tests. Significant positive and negative responses (i.e., dif-
ferences with the zero value) are indicated by an asterisk.
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higher in temperate than in tropical enclosures. This
can probably be related to the differences in initial mean
size of the two species. Roach were initially introduced in
temperate enclosures as neonates, characterized by im-
portant exponential growth rates. Tilapias were bigger at
the beginning of the tropical experiment, and had certainly
already reached a lower growth rate.

Shift in plankton species

In the temperate experiment, fish treatment clearly
induced changes in the specific composition of zooplank-
ton communities, as found in previous experiments with
roach (Bertolo et al., 1999b). Roach significantly reduced
the biomass of large cladocerans, did not modify the
biomass of small herbivores (nauplii, rotifers, and small
cladocerans), and tended to increase the biomass of
copepods that better escape cyprinid predation (Lacroix
et al., 1996). Bertolo et al. (1999b) demonstrated that
similar shifts in zooplankton community structure were
sufficient to induce a two-fold increase in filtration rates by
the total zooplankton community in the fishless as com-
pared to the roach enclosures. Thus, it is highly probable
that primary producers were strongly controlled by herbi-
vorous zooplankton in fishless enclosures.

In contrast, the presence of Nile tilapia fingerlings sig-
nificantly reduced the relative importance of small zoo-
plankton (rotifers, nauplii, and small cladocerans) within
the tropical zooplankton communities. Nile tilapia finger-
lings are able to feed on microphytoplankton (i20 mm)
and detritus from bottom sediment, plus, incidentally, on
small poorly evasive zooplankton (Batjakas et al., 1997).
Nile tilapia might only have a significant effect on larger
zooplankton at their youngest fry and juvenile stages
(Rondel et al., 2008), when they also visually feed on
zooplankton. Although the fish effect was not significant,
copepods (particularly cyclopoids) tended to be more
abundant in presence than in absence of Nile tilapia. This
unexpected result might not only be related to the poor
capture ability of fast moving copepods by filtering tilapia,
but also to the high abundance of larvae of odonates and
Chaoborus, Notonectidae and water mites observed in our
fishless tropical tanks. This suggests that large zooplankton
might have been partly controlled by these carnivorous
macroinvertebrates. Due to their terrestrial surroundings,
our shallow above-ground tropical tanks were very
accessible to various macroinvertebrates, in particular
insects, and tended to mimic littoral conditions. Thus,
these characteristics did not necessarily reflect typical dif-
ferences between temperate and tropical lakes. Yet, as
previously underlined, differences in zooplankton com-
munity structure cannot explain trophic cascades in our
tropical systems, due to low grazing abilities and very low
biomasses of dominant zooplankton taxa. Moreover,
zooplankton tended to be even smaller and dominated by
less efficient grazers in absence of fish than in tilapia en-
closures. In contrast, Okun et al. (2008) showed that
omnivorous tilapia significantly decreased the abundance

of large cladocerans, increased the abundance of small
algae and decreased water transparency in tropical meso-
cosms, as predicted by trophic cascade theory. However,
prevalent large phytoplankton did not significantly re-
spond, and thus community-level trophic cascades were
not observed in their experiment.

Fish treatments did not appear to have induced drastic
changes in the community structure of primary producers,
neither in temperate enclosures nor in tropical tanks. In
both experiments, the relative importance of major algal
groups was rather similar. Cyanobacteria remained always
rare in our experiments. Thus, discrepancies between tem-
perate and tropical experiments were totally independent
of these organisms, which can bloom rather independently
from zooplankton control and can totally inhibit the
cascading fish effects (Rondel et al., 2008).

Limitation patterns in temperate and tropical systems

The results of the limitation tests show opposite pat-
terns in temperate and tropical experiments. This is quite
representative of the classical limitation patterns found
along latitudinal gradients, phytoplankton being mainly
limited by phosphorus in temperate systems, and by
nitrogen in tropical lakes (Downing et al., 1999; Lewis,
2002). These opposite limitation patterns are consistent
with the values of the dissolved nitrogen to soluble reactive
phosphorus ratios (DIN:SRP) measured in our temperate
(100.0¡11.7) and tropical (13.6¡2.1) systems (unpub-
lished data). Two explanations to these functionally
important divergences can be put forward. First, tropical
lakes could receive less nitrogen supply than temperate
lakes. Second, nitrogen internal loss could be higher in
tropical than in temperate lakes. Recent studies (Lewis,
2002; Schaefer and Alber, 2007) suggest that the second
explanation is the most probable, denitrification increas-
ing with temperature and being a major factor of N-loss in
tropical watersheds. We also observed a significant nega-
tive effect of P-addition in tropical limitation test. This
could be explained by rapid immobilization of dissolved
nutrients by bacteria, which are better competitors for
phosphorus than phytoplankton (Danger et al., 2007a). By
using the supplied phosphorus, bacteria have also uptaken
nitrogen, thus increasing further N-limitation for phyto-
plankton.

Organism stoichiometry

At first hand, the lower N:P ratios of seston in our
tropical systems were consistent with phytoplankton
N-limitation, and conversely for our temperate P-limited
systems. Primary producers are not homeostatic and their
composition partly reflects nutrient limitation (Danger
et al., 2007b): algal cells tend to accumulate nutrients in
excess (‘ luxury consumption’ sensuRhee, 1978). However,
differences between temperate and tropical systems
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were weak. Seston N:P ratio was rather low in temperate
enclosures when considering the low SRP concentrations,
typical of Lake Créteil during summer (Lacroix et al.,
1989). Elrifi and Turpin (1985) showed that cellular
requirements increase more quickly for P than for N with
growth rate, thus diminishing the N:P ratio of algal cells
(see also Agren, 2004). Zooplankton grazing rate, and thus
algal turnover, were probably greater in temperate en-
closures than in tropical tanks (see above), thus decreasing
algal N:P ratio below expectation.

Globally, the zooplankton N:P ratio in temperate
enclosures was rather low, probably in relation with the
greater importance of cladocerans in such systems (Sterner
and Elser, 2002). In contrast, the zooplankton N:P ratio
was high in tropical systems, which might have resulted
from the observed higher copepods to large cladocerans
ratio (Sterner and Elser, 2002). However, species-level
data on zooplankton stoichiometry are too scarce to infer
robust conclusions. As different zooplankton groups have
specific elemental compositions (Andersen and Hessen,
1991), alterations in community structure should induce
changes in their nutrient mean N:P ratios. In agreement
with Elser et al.’s (2000) results in biomanipulated lakes,
we observed that the zooplankton N:P ratio was signifi-
cantly smaller in absence of roach, probably due to higher
importance of cladocerans. We cannot draw definitive
conclusions from the absence of fish effect on zooplankton
N:P ratio in tropical systems owing to the very prelimi-
nary nature of our data.

We did not make direct measurements of fish N:P
ratios. Hendrixson et al. (2007) showed that stoichiometric
variations are greater across than within fish species, and
that C:N:P stoichiometry is species-dependent, P content
being derived almost entirely from skeletal investment.
Moreover, they showed that body phosphorus content
depend significantly upon feeding mode (%P planktivores
<%P omnivores). Based on Dantas and Attayde’s (2007)
results, roach N:P ratio (10.9) should be almost twofold
that of Nile tilapia (6.2).

Nutrient excretion by zooplankton and fish

For the last two decades, zooplankton and fish have
been recognized as particularly important in the nutrient
cycling of freshwater ecosystems. Via their excretion, ani-
mals can supply nutrients at rates comparable to major
lake nutrient sources and consequently deeply affect pri-
mary producer growth (e.g. Vanni, 2002). Theoretical and
experimental works have shown that N:P release ratios
are primarily a function of resources N:P ratios and
secondarily a function of consumer N:P ratios (Elser and
Urabe, 1999; Torres and Vanni, 2007). In our temperate
experiment, zooplankton represented roughly 20% of fish
biomass. Attayde and Hansson (1999) showed that, as
predicted by allometry, intrinsic excretion rate of Daphnia
was roughly an order of magnitude greater than intrinsic
excretion rate of roach. Consequently, by compensation of
biomass and excretion ratios, both fish and zooplankton

are likely to play a great role in the nutrient recycling in
temperate systems. Sarnelle and Knapp (2005) suggested
that zooplankton was even more important than fish in
consumer-driven nutrient recycling. By contrast, in our
tropical tanks, we found relatively low zooplankton bio-
mass, and zooplankton represented less than 1% of fish
biomass in fish enclosures. Therefore, zooplankton con-
tribution to recycling should have been much lower than
that of fish.

The N:P ratio of temperate roach was relatively similar
to that of their potential food (zooplankton and seston, see
Fig. 1). Conversely, the N:P ratio of tropical tilapia was
clearly smaller than that of their food. Owing to stoichio-
metric constraints (Elser and Urabe, 1999), fish excretion
N:P ratio should have been greater in tropical tanks than
in temperate enclosures. Results of preliminary measure-
ments of fish excretion rates in both experiments are in
agreement with this hypothesis. Roach excretion N:P
ratio was 14.6¡0.9. Tilapia excretion N:P ratio was very
high, phosphorus being excreted at very low levels (near or
under detection limit) and nitrogen excretion representing
up to 11.7% of the daily nitrogen enrichment. Such a fish-
mediated nitrogen internal loading probably constituted a
major mechanism that induced phytoplankton increase in
our N-limited tropical systems.

Alternative explanations

Our temperate experimental enclosures were 4-m deep,
while our tropical tanks were 1-m deep. Due to tank
shallowness, tilapia might have promoted sediment resus-
pension, as suggested by Starling et al. (2002) and Okun
et al. (2008). From an enclosure experiment with common
carp, Cyprinus carpio L., Roozen et al. (2007) suggested
that direct resuspension of settled algae might be a factor
as important as either nutrient release or possible trophic
cascade interactions to explain the increase in phytoplank-
ton biomass in presence of fish. In our tropical tanks,
surface water was circulated with submersible pumps four
times a day. We verified that water mixing at the surface
induced water turbulence in the water column and
strongly reduced phytoplankton settling (unpublished re-
sults). Moreover, diatom absolute and relative biomasses
were smaller in presence than absence of fish. Our results
contrast with Roozen et al.’s (2007) where diatoms, which
are characterized by a high sedimentation velocity, only
increased in density in presence of benthivorous carp. This
suggests that algal resuspension by tilapia was probably
not the main mechanism explaining the increase in algal
biomass in our tropical systems.

Conclusion

In both temperate and tropical ecosystems, many fac-
tors concur in generating trophic cascades, e.g., control of
herbivory, consumer-driven differential nutrient recycling,
or phytoplankton and sediment resuspension. Our results
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suggest that the relative importance of these factors greatly
differs between the two types of ecosystems. Temperate
trophic cascades seem mainly driven by fish alterations of
zooplankton communities, and resulting modifications of
herbivory pressure. In tropical systems, top-down control
of phytoplankton by zooplankton communities appears as
relatively minor. Our tropical experiment supports that
stoichiometric constraints lead to important fish-mediated
nitrogen internal loading that could, at least partly,
explain the positive effect of fish on N-limited phytoplank-
ton. Divergences in the relative importance of zooplank-
ton and fish excretion and in the nature of nutrient
limitation between both systems could represent major
differences between temperate and tropical lakes, which
have rarely been considered in previous studies. Up to
now, only a few tropical studies bring the appropriate
data, in particular on stoichiometry of food webs, which
would allow robust generalization on the functioning
of freshwater temperate and tropical ecosystems. Owing
to rapid eutrophication and fish community alterations
in tropical lakes, further studies are clearly needed to
test the generality of trophic-cascade principles, and
furthermore provide theoretical grounds for successful
restoration programs based on ecological engineering
principles.
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