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Abstract Body size is usually considered a good

indicator of trophic position in fish communities.

Indeed, the proverbial wisdom that ‘‘Big Fish Eat

Little Fish’’ is consistent with observations from

marine systems where systematic removal of the

largest individuals has occurred, with cascading effect

in the ecosystems. Trophic cascades are also well

documented in temperate lakes but may not be as

pronounced in (sub)tropical lakes due to higher degree

of fish omnivory. We analysed fish communities along

a climatic gradient and showed the classical correla-

tion between body size and relative trophic position

disappears in warmer climates where large fish appear

to be feeding systematically on the lowest trophic

levels. This concurs with experimental findings

demonstrating that omnivorous fish tend to include

more plant and less animal matter in their diet at higher

temperatures. Accordingly, the community-wide

trophic web indicators, calculated based on stable iso-

topes (d13C and d15N), showed that the average degree
of trophic diversity declined from cold to warm lakes

and that the trophic webs become more truncated

towards warmer climates. This has implications for

lake restoration approaches in warmer climates and in

temperate lakes within the context of global warming.
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Introduction

In aquatic trophic webs, most predators are not

particularly selective, and gape-size puts a limit to

the size of the prey (Cohen et al., 1993; Brose et al.,

2006; Otto et al., 2007). Indeed, the proverb ‘‘Big Fish

Eat Little Fish’’, famously depicted by the Flemish

painter Pieter Bruegel the Elder, reflects well how

food web relations are established within fish com-

munities in different ecosystems (Cohen et al., 1993;

Romanuk et al., 2011; Jennings & van der Molen,

2015). An implication is that selective fishing on the

largest individuals causes a systematic alteration of

trophic structure as the suppression of top predators

often has profound effects on the lower trophic levels

(Pauly et al., 1998; Worm & Meyers, 2003). The

biomass of small fish may increase, resulting in a

decrease of large herbivorous zooplankton but an

increase in microalgae biomass (Worm & Meyers,

2003; Frank et al., 2005; Scheffer et al., 2005). While

for marine systems debate remains over the causal

relationships behind trophic cascades, the phe-

nomenon is well elucidated for temperate lakes (Brett

& Goldman, 1996; Carpenter & Kitchell, 1996). In

fact, manipulation of fish communities is a commonly

used tool in temperate regions to reduce phytoplank-

ton biomass through the cascading effects from fish

over zooplankton to algae (Gulati et al., 1990;

Søndergaard et al., 2008; Abell et al., 2020).

How the trophic webs are functioning in subtropical

and tropical lakes is less understood. So far, results

suggest that a reduction of top predator fishes does not

have the same strong effects in warmer lakes as in

temperate lakes (Jeppesen et al., 2005; Jeppesen et al.,

2007), because of higher prevalence of herbivory and

omnivory in warm lakes (Wootton & Oemke, 1992;

Lazzaro, 1997), and alterations in food web structure

(Layman et al., 2005; Meerhoff et al., 2007, 2012;

Havens et al., 2009; Teixeira de Mello et al., 2009),

resulting in a weaker top-down response from fish to

algae (Pujoni et al., 2016) Multiple theoretical

approaches also suggest that omnivory results in a

shorter food web length and increased connection

strength of organisms within the food web (Layman

et al., 2005; Arim et al., 2007a; Post & Takimoto, 2007;

Takimoto et al., 2012). This is supported by a meta-

analysis of fish diets in freshwater, brackish andmarine

waters (González-Bergonzoni et al., 2012) as well as a

comparative analysis of nitrogen stable isotopes

between subtropical lakes in Uruguay and temperate

shallow lakes in Denmark (Iglesias et al., 2017) that

indicated a higher prevalence of omnivory and shorter

food chain lengths in warmer systems. Different causal

mechanismsmay explain the larger degree of omnivory
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of fish in warm systems (reviewed by González-

Bergonzoni et al., 2012). Fish communities in warmer

lakes tend to be more diverse, causing higher food

competition and food partitioning (González-Ber-

gonzoni et al., 2012; Schemske et al., 2009). Moreover,

metabolic rates increase with warmer temperature and

diminish the beneficial effect of digesting animal

material, while enhancing the nutritional gain obtained

from vegetal material (Behrens & Lafferty, 2007). In

this sense, aquatic ectotherms omnivores have been

shown to increase herbivory at higher temperatures, and

the analysis of a global dataset of freshwater fish species

revealed that larger tropical fish presented a signif-

icantly lower trophic position than their temperate

counterparts, suggesting a compensating mechanism

for higher energetic constraints feeding at a lower

trophic position (Dantas et al., 2019).

Here, we aim to evaluate possible variations in the

structure of food webs along a climate gradient. We

hypothesise that food webs in cooler lakes follow the

classical food chain concept with larger fish eating the

smaller, whereas in warmer lakes the high dominance

of omnivorous fish alters these relationships and

shortens the length of the food web. For this, we

analysed the relationship between body length and

relative trophic position (given by d15N signal) in fish

communities of 17 lakes, spanning over a latitudinal

gradient (from 5� S to 54� S) of climate and

temperature in South America. This relation between

d15N and fish size is expected to be steeper in classical

food webs than in more omnivorous ones (Fig. 1). We

also applied Layman’s community-widemetrics based

on d13C and d15N stable isotope signatures of fish and

other aquatic communities, to assess the characteris-

tics of the lake’s food webs. Food web characteristics

are, however, not only dependent on temperature but

may also vary with system size (Post et al., 2000; Arim

et al., 2010), productivity (e.g. Meerhoff et al., 2012;

Takimoto & Post, 2013) and macrophyte structure and

coverage (Crowder & Cooper, 1982). To avoid

potential confounding effects of these variables, and

to better segregate the role of climate in the trophic

structure of fish communities, we selected lakes within

a narrow size range, and we estimated their nutrient

concentrations and macrophyte coverage (Table S1)

The presence of exotic fish species might alter local

fish community composition through predation and

resource competition with native species (Fernando,

1991) and modify the native fish’ dietary resources

and trophic position (e.g. Mazumder et al., 2012). As

this can potentially alter the body length-trophic

position relation, we conducted all analyses using

the dataset including all lakes as well as using a subset

of lakes without exotic species.

Materials and methods

Sampling

17 lakes selected along a latitudinal gradient (5–55� S)
in South America were sampled once during summer

Fig. 1 Conceptual diagram depicting the relation between d15N
(as an indicator of trophic position) and fish size. Dots of

different colours indicate the d15N signal for each case. (1) In a

classical food chain, large fish predate on smaller fish (blue

dots), which feed on primary producers or consumers (green

dot). This relation is expected to produce a slope with the

characteristics of a1 in the d15N vs fish size graph in the panel on

the far right. (2) In a more omnivorous food web, fish forage on

different trophic levels, resulting in lower d15N signals of the

larger fish (red dots), which is expected to produce a slope (a2)
less steep than a1. (3) When large fish are herbivorous, their

d15N signal is similar to that of small fish with a similar diet,

which is expected to produce a slope 0 (a3 = 0). When

intermediate-sized fish are piscivorous or omnivorous, this

may result in a\ 0 (not shown)
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in Uruguay and Argentina or dry season in Brazil

between November 2004 and March 2006 by the same

team (Table S1). The temperature gradient corre-

sponds to the average yearly air temperature at each

lake location (Leemans & Cramer, 1991).

We collected integrated water samples at 20

random points in each lake. Two litres of each

integrated sample were gathered in a bulk sample

totalling 40 L. Filtration for various analyses was

conducted directly after collection. Total phosphorus

(TP) concentration in the water, which is an indicator

of trophic state, was determined using a continuous

flow analyser (Skalar Analytical BV) following NNI

protocols (NNI, 1986) with the exception of UV/

Persulfate destruction, which was not executed before-

hand but integrated in the system. Submerged macro-

phyte coverage was estimated based on observations

of macrophyte presence/absence at 20 random points

in the lake combined with coverage estimations of

macrophytes at 13–47 points (average 22) equally

distributed on 3–8 parallel transects. The number of

transects varied with the shape and size of the lake.

Observations were made from a boat using a grapnel

when water transparency prevented a clear view of the

bottom. The percentage of the lake’s volume filled

with submerged vegetation (PVI) was determined

analogously to classical studies (Canfield et al., 1984).

First, we calculated the PVI of the individual sampling

locations by multiplying the coverage percentage by

the average length of the macrophytes divided by the

depth. The PVI of the entire lake was then calculated

by multiplying the area of the lake covered by

macrophytes (m2) by the average height of vegetation

in the vegetated locations that were sampled (m) di-

vided by the total volume of the lake (m3).

The fish community was sampled in each lake using

a stratified random approach with multi-mesh-size

gillnets (Appelberg, 2000). Each net was 30 m long

and 1.5 m deep and consisted of 12 different mesh

sizes ranging from 5 to 55 mm (knot to knot),

randomly distributed in 2.5 m sections. We recorded

the length and weight and took a white muscle sample

for stable isotopes analysis from at least one individual

from each mesh size (if caught) for all species found. If

the fish were too small to obtain enough material

(\ 6 cm), we used the whole body minus head, tail,

skin and guts.

All samples were stored on ice immediately and

frozen within a couple of hours. All remaining fish

caught were counted, measured (total length), and

weighed. Fish abundance was estimated as the average

catch among nets and expressed as catch per unit of

effort (CPUE; individuals net-1 12 h-1). Bulk zoo-

plankton was collected with a 68 lm mesh net towed

at the water surface in at least two different points in

the lake, integrating pelagic and macrophyte-domi-

nated areas. The organisms were then transferred into

flasks with filtered lake water to allow zooplankters

evacuate their gut contents. Macroinvertebrates were

collected from the lake shore and at deeper water sites

where they adhered to submerged macrophytes, using

a hand net.

Stable isotope analysis

For the carbon and nitrogen stable isotope analysis,

fish muscle and zooplankton were freeze-dried and

powdered. Macroinvertebrates were dried in an oven

for about 48 h at 608C. To remove carbonates from the

macroinvertebrate sample, carapaces of crustaceans

and shells of big molluscs were removed manually.

Molluscs that were too small to handle manually were

ground and treated by an acid (HCl). Subsequently,

0.5–2 mg aliquots (depending on sample type) were

placed in tin capsules. The capsules were loaded into

an elemental analyser for combustion (Carlo Erba

EA). The carbon dioxide and nitrogen gas (N2)

generated from the combustion were purified in a

gas chromatographic column and passed directly to

the inlet of a gas isotope ratio mass spectrometer

(Delta Plus, Finnigan Mat). One replicate sample and

standards were analysed after every set of 10 samples.

The carbon and nitrogen isotopic ratios were

expressed as d13C and d15N in relation to Pee Dee

Belemnite and atmospheric N2 standards, respectively

(Mendonça et al., 2013).

Data analysis

The relation between average and maximum body

length with temperature and latitude was explored

using simple regression analysis. Fish length range

was calculated as the difference between the largest

and smallest fish for each lake. To explore the relative

importance of omnivory in our latitudinal gradient,

fish were divided into four functional groups accord-

ing to their diet (omnivores, detritivores, herbivores

and piscivores) based on literature (Mazzeo et al.,
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unpublished data). Non-parametric Spearman corre-

lations (rs) were applied to check relations between

yearly average temperature, fish average and maxi-

mum length, fish length range, d15N and fish abun-

dance by functional groups. To check if the presence

of exotic species affected the relationship between

body length and temperature, data were analysed

including and excluding lakes with exotic species.

To test the association between the relative trophic

position (as d15N), body length and temperature, we

compared a series of generalised linear models (GLM)

depicting linear and quadratic terms for the explana-

tory variables as well as their interactions using lake as

a covariable (Table 1). The use of lake as a covariable

allows us to compare the relative trophic positions of

fish from different lakes across a body length gradient,

independently of a d15N baseline. We then compared

the best model with other lake characteristics includ-

ing area, depth, oxygen, nutrients and macrophyte

coverage. To choose the more parsimonious model,

we compared the different models using their Akaike

Information Criteria (AIC) values and calculated their

Akaike weights. According to Burnham and Anderson

(2004), this can be interpreted as the ‘‘weight of

evidence’’ in favour of a model.

For the comparison of trophic structure between

different lakes, we applied Layman’s community-

wide metrics based on d13C and d15N stable isotope

signatures (Layman et al., 2007; Jackson et al., 2011)

to the food webs, including fish, macroinvertebrates

and zooplankton but excluding basal resources (as

data were available only for a subset of the lakes). The

metrics analysed were: (1) carbon range (d13C range,

CR), as a measure of the diversity of food sources

exploited, and nitrogen range (d15N range; NR), as a

measure of the vertical structure within each food web,

(2) mean distance to centroid (CD), as a measure of the

average degree of trophic diversity within a food web,

which is calculated as the average Euclidean distance

of each species to the d13C–d15N centroid, where the

centroid is the mean d13C and d15N value for all

species in the food web., and (3) trophic niche space

calculated as Standard Ellipse Area (SEA). SEA is

developed in a Bayesian framework, rendering this

method unbiased with respect to sample size and thus

more robust than the convex hull area-based TA

metrics (Jackson et al., 2011). Multiple stepwise

regression analysis was used to evaluate the influence

of lake characteristics including area, depth, nutrients,

macrophyte coverage, latitude, temperature, and fish

community characteristics on the community-wide

metrics.

Simple regression analyses were used to evaluate

the relation between fish body length and the com-

munity-wide metrics with latitude and temperature.

Data were transformed with log x or log x ? 1 to

approach normality. All statistical analyses were

performed using SPSS for Windows v. 15.0 (SPSS

Inc., Chicago, IL, U.S.A.), except of the GLM

analyses, which were conducted in R v. 3.4.1 with

the GLM function, package ‘stats’ version 3.5.2. and

the Layman�s metrics, which were calculated using the

‘‘SIBER package’’ in R.

Results

The average and maximum body length of individual

fish in our lakes decreased towards the equator

(Fig. 2A) and with increasing temperature (Fig. 2B).

No significant Spearman correlations between fish

length range (Table S1) and latitude (rs = 0.431,

P = 0.084) or temperature (rs = - 0.438, P = 0.079)

occurred in any of the lakes. Also, in our dataset,

species with documented omnivorous diets became

relatively more abundant in warmer climates

Table 1 Summary of the

different models tested with

generalised linear model

analysis. (?) indicates the

terms included in the model

Size = fish average total

length (cm),

Temp = temperature

Models Size Size2 Temp Lake Size*Temp Size2*Temp Size*lake Size2*lake

Model 1 ? ? ?

Model 2 ? ? ? ?

Model 3 ? ? ? ?

Model 4 ? ? ? ? ? ?

Model 5 ? ? ? ? ? ?

Model 6 ? ? ? ? ? ? ? ?

Model 7 ? ? ? ? ?
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(rs = 0.499, P = 0.04 for CPUE of omnivorous fish

and temperature) (Fig. S1).

The GLMs associating d15N with fish length (Size)

and temperature (Temp) show that the inclusion of the

interaction term Size*Temp increases the variance

explained (Model 2; Table 2). The addition of a

quadratic term for fish size alone (Size2) did not

improve the model. However, the addition of the

interaction (Size2*Temp) increased the explained

variance further (Model 4; Table 2). Model 4 also

shows the lowest AIC value and the largest Akaike

weight (78%). It displays an increase of relative

trophic position with fish body length in colder

climates, changing to a less positive relationship with

a lower slope at intermediate temperatures and finally

to absent or even negative association at warmer

temperatures (Table 3; Fig. 3).

The weaker relationship between the relative

trophic position and fish body length in warmer

regions is also reflected in the Spearman correlation

coefficients of d15N versus length in the individual

lakes as the coefficient decreases and even becomes

negative at higher temperatures (Fig. S2). The inclu-

sion of different environmental variables (TP, Area,

Depth, PVI) to Model 4 did not result in a further

lowering of the AIC values (AIC = 629 for TP, Area

and Depth; AIC = 626.9 for PVI).

All community-wide Layman metrics calculated

from the d13C and d15N isotopes showed a declining

trend towards the equator and with increasing average

yearly temperature, only significantly so for the

proxies of trophic niche space (SEA) and mean

distance to centroid (CD) (Fig. 4). In a stepwise

multiple regression analysis with lake area, TP, PVI,

Fig. 2 Average log body length of individual fish in each lake

relative to: (A) latitude (R2 = 0.61, P\ 0.0001, n = 17,

regression line shown), ? sign shows maximum log fish length

(cm) for each lake (R2 = 0.63, P\ 0.0001, n = 17, regression

line shown); B average yearly temperature (R2 = 0.68,

P\ 0.0001, n = 17, regression line shown), ? sign shows

maximum log fish length (cm) for each lake (R2 = 0.56,

P\ 0.0001, n = 17, regression line shown). Bars indicate

standard deviations

Table 2 Likelihood ratio test of the generalised linear models tested

Model Residual df Residual deviance df Deviance (v2) P value AIC df Akaike weights

1 161 309 647.9 20 2.18 e-5

2 160 276 1 33.1 1.81 e-5 629.5 21 2.15 e-1 (21.5%)

3 160 305 0 -29.6 647.9 21 2.21 e-5

4 158 266 2 39.5 1.71 e-5 626.9 23 7.84 e-1 (78.4%)

5 128 229 32 76.7 0.09 659.8 53 5.8 e-8

6 127 229 31 37.2 0.92 661.8 54 2.14 e-8
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average and maximum fish length and fish species

richness (S), and average yearly temperature we found

that both temperature and TP contributed significantly

to the variation in nitrogen range as a measure for

vertical structure in the food web (NR: R2 = 0.54,

F = 7.7 P = 0.006; - 0.20Temp ? 0.64TP ?

11.84) and SEA (R2 = 0.66, F = 12.8

P = 0.001; - 0.52Temp ? 0.44TP - 0.711).

We found non-native species in 7 lakes of our

dataset (Table S2). The exotic species usually repre-

sented less than 7% of the total CPUE (Table S2).

However, even though the presence of exotics was not

restricted to a specific climatic region or functional

group, percentages tended to be higher in the coldest

lakes (Table S2). Removing the lakes with exotic

species resulted in a dataset with a smaller latitudinal

and temperature range (Fig. S3). Analyses using the

exotic-free dataset, showed a similar trend of decrease

in body length with temperature as the full dataset,

albeit this was non-significant in the case of average

fish length. A reanalysis of the GLM Model 4 after

eliminating lakes with exotic species did not change

the AIC value (AIC = 626.95).

Discussion

The spatial patterns analysed in our study showed that

the expected classical relation between body size and

trophic position in fish communities disappeared in
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Fig. 3 Graphical representation of the generalised linear model

d15N = b0 ? b1Size ? b2(Size)
2 ? b3Temperature ? b4(-

Size*Temp) ? b4(Size
2*Temp) ? b5ilake (Model 4) for the

lowest temperatures (blue), the median (0.5 percentile, green)

and the warmest (0.95 percentile, red) temperatures. The y-axis

shows the Relative Trophic Position which is not a direct

measure of trophic level, but rather a lake-normalised relation-

ship between fish average length and d15N (achieved by using

lake as a covariable in the GLM analysis)

cFig. 4 Layman metrics with latitude (left) and average yearly

temperature (right). Linear regressions with latitude: nitrogen

range (NR R2 = 0.15, P = 0.11); carbon range (CR R2 = 0.06,

P = 0.35); Standard Ellipse Area (SEA R2 = 0.48, P = 0.002);

mean distance to centroid CD (CD R2 = 0.22, P = 0.05). Linear

regressions with temperature: NR (R2 = 0.15, P = 0.11); CR

(R2 = 0.05, P = 0.36); SEA (R2 = 0.54, P = 0.00005); CD (CD

R2 = 0.30, P = 0.02). Continuous lines indicate significant

regressions

Table 3 Results of generalised linear model 4

Parameters Estimate SE t value P value

Intercept 332.6 197.6 1.7 0.09

Size 29.8 9.3 3.2 0.001

Size2 - 9.3 3.9 - 2.4 0.02

Temp 17.1 10.4 - 1.6 0.11

Size*Temp - 1.49 0.5 - 3.2 0.002

Size2*Temp 0.49 0.2 2.4 0.02

Size = fish average total length (cm), Temp = the average

yearly air temperature at the particular lake location (�C)
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warmer lakes, where the relation between body length

and relative trophic position flipped direction along

the climatic gradient, being positive in cooler lakes

and negative in warmer lakes. This is consistent with

our hypothesis stating that large fish in cooler systems

feed on smaller fish, whereas large fish in warmer

systems would feed on lower trophic levels. The

results agree with recent studies showing that larger

freshwater fish forage lower in the food web in a

warmer tropical climate than in cooler temperate

climates (Iglesias et al., 2017; Dantas et al., 2019). The

change in the relation between the relative trophic

position and body length was, according to our results,

not caused by a change in the length range of the fish,

which did not differ along the temperature gradient.

However, both the average and the maximum length

of the fish decreased with increasing temperature (and

decreased towards the equator) (Fig. 2).These results

are in line with how temperature decreases the body

size of ectotherms in warmer environments, as indi-

cated by the significant interaction term between fish

body length and temperature in the GLM analysis

(Atkinson, 1994) and fit with earlier evidence that

small fish tend to be dominant in warm lakes (Teixeira

de Mello et al., 2009; Meerhoff et al., 2012).

Moreover, the larger fish showed reduced d15N signals

with increasing temperatures, as shown by the transi-

tion from a positive to an absent or even negative

association between d15N and fish length near the

equator. As revealed in other studies (e.g. Iglesias

et al., 2017), the d15N range (NR) also tended to

decrease towards the equator and with temperature,

though the relationship was rather weak and not

significant. Instead, NR increased significantly with

TP in our study, perhaps because the relaxation of

competition when food is abundant gives space for a

higher degree of carnivory (Arim et al., 2007b). All

other food web metrics also tended to decline from

cold to warm lakes, but only significantly so for the

mean distance to centroid (CD), which is a measure of

the average degree of trophic diversity within a food

web, and the trophic niche space calculated as SEA.

Lower CD and SEA in the warm lakes may reflect that

the species in our study, as well as the majority of

subtropical and tropical fish species are omnivores and

have a strong degree of feeding niche overlap (Arim

et al., 2007a, b; Post and Takimoto, 2007). However,

SEA also increased with TP, which might indicate

more resource availability. The predominance of

omnivore fish affects the functioning of aquatic

trophic webs at lower latitudes, particularly regarding

the magnitude of their cascading trophic interactions.

Studies have found that depending on their feeding

mode (i.e. filter feeder or visual particulate feeder,

Lazzaro, 1987) or biomass, omnivore fish can either

control or promote algae growth, through complex

direct and indirect feeding interactions (Lazzaro et el.,

1992; Boveri & Quirós, 2007; Attayde & Menezes,

2008; Attayde et al., 2010), but the overall strength of

the cascading effects is rather weak (Attayde &

Menezes, 2008; Pujoni et al., 2016).

The introduction of exotic fish species is common

in many aquatic systems and our lakes are no

exception (Menezes et al., 2012). The analysis of the

exotic-free dataset decreased the number of lakes and

the temperature range to analyse, which made difficult

to separate this effect from a possible exotic fish effect

on the trophic web of each lake. Hence a larger dataset

is needed to further study the possible effect of exotic

fish introduction in warmer lakes. Despite this, we

found no differences in the GLM selected, with this

data subset. This suggests that the systematic rela-

tionship between trophic size structure and climate is

not a result of variation in exotics along the climate

gradient.

The key question remains: which factors explain

the systematic change in size and trophic structure of

freshwater fish communities with climate? One

hypothesis is that energetic limitations play an

increasingly important role at higher temperatures.

Larger animals have higher energetic demands

(McNab, 2002). Food availability decreases as we go

up the food web due to the limited efficiency with

which energy is transferred from one trophic level to

the next, implying that the energetic demands of large

animals are more easily met at lower trophic levels

(Elton, 1927; Arim et al., 2007a). Since gape limita-

tion tends to result in larger carnivores, energy

limitation is expected to promote the opposite pattern

(Arim et al., 2007a). In ectothermic animals such as

fish, energy demands rise steeply with increasing

temperature (Atkinson, 1994). Therefore, energy lim-

itation is expected to rise with increasing temperature

(at similar productivity), potentially explaining why in

warmer lakes average and maximum body sizes are

smaller and why omnivores that are potential preda-

tors prefer foraging on lower trophic levels in warm

lakes. Another potential explanation is that plant
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material may be more easily assimilated by fish at

warmer temperatures, as suggested by an experimental

study were adding animal matter to the diet of an

omnivorous fish promoted performance at low but not

at high temperatures (Behrens & Lafferty, 2007).

Additionally, fish can consume a higher proportion of

plant material in summer than in winter (González-

Bergonzoni et al., 2016).

Our results thus indicate that the classical percep-

tion of the big fish eat the small does not hold for lakes

in warm climates. Although this finding cannot be

considered an absolute proof due to the number of

lakes included in this study, it does suggest that the

top-down control of small fish is likely to be substan-

tially weaker in warmer than temperate conditions,

which is further corroborated by the high numbers of

small omnivorous fish recorded in warmer lakes

compared with cooler lakes (Kosten et al., 2009;

Teixeira de Mello et al., 2009). As a consequence,

small fish may well exert a higher predation pressure

on zooplankton, resulting in reduced top-down control

on phytoplankton in warm climates (Jeppesen et al.,

2009; Kosten et al., 2009). This shift in trophic

structure is of more than academic interest as manag-

ing the trophic cascade in lakes is an important part of

combating excessive phytoplankton growth (Jeppesen

et al., 2012).
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Arim, M., F. Bozinovic & P. A. Marquet, 2007a. On the rela-

tionship between trophic position, body mass and tem-

perature: reformulating the energy limitation hypothesis.

Oikos 116: 1524–1530.

Arim, M., P. A. Marquet & F. M. Jaksic, 2007b. On the rela-

tionship between productivity and food chain length at

different ecological levels. The American Naturalist 169:

62–72.

Arim, M., S. R. Abades, G. Laufer, M. Loureiro & P. A. Mar-

quet, 2010. Food web structure and body size: trophic

position and resource acquisition. Oikos 119: 147–153.

Attayde, J. L., G. Corso & A. Araujo, 2010. Omnivory by

planktivores stabilizes plankton dynamics, but may either

123

3886 Hydrobiologia (2022) 849:3877–3888

http://www.mars-project.eu
https://doi.org/10.1080/10643389.2020.1854564
https://doi.org/10.1080/10643389.2020.1854564


promote or reduce algal biomass, 2010. Ecosystems 13:

410–420.

Atkinson, D., 1994. Temperature and organism size: a biologi-

cal law for ectotherms? Advances in Ecological Research

25: 1–58.

Behrens, M. D. & K. D. Lafferty, 2007. Temperature and diet

effects on omnivorous fish performance: implications for

the latitudinal diversity gradient in herbivorous fishes.

Canadian Journal of Fisheries & Aquatic Sciences 64:

867–873.

Boveri, M. B. & R. Quirós, 2007. Cascading trophic effects in

pampean shallow lakes: results of a mesocosm experiment

using two coexisting fish species with different feeding

strategies. Hydrobiologia 584: 215–222.

Burnham, K. P. & D. R. Anderson, 2004. Multimodel inference:

understanding AIC and BIC in model selection. Socio-

logical Methods & Research 33: 261–304.

Brett, M. T. & C. R. Goldman, 1996. A meta-analysis of the

freshwater trophic cascade. Proceedings of the National

Academy of Science USA 93: 7723–7726.

Brose, U., T. Jonsson, E. L. Berlow, P. Warren, C. Banasek-

Richter, L.-F. LixBersier, J. L. Blanchard, T. Brey, S.

R. Carpenter, M.-F. CattinBlandenier, L. Cushing, H.

A. Dawah, T. Dell, F. Edwards, S. Harper-Smith, U. Jacob,

M. E. Ledger, N. D.Martinez, J. Memmott, K. Mintenbeck,

J. K. Pinnegar, B. C. Rall, T. S. Rayner, D. C. Reuman, L.

Ruess, W. Ulrich, R. J. Williams, G. Woodward & J.

E. Cohen, 2006. Consumer–resource body-size relation-

ships in natural food webs. Ecology 87: 2411–2417.

Canfield, D. E., Jr., J. V. Shireman, D. E. Colle, W. T. Haller, C.

E. Watkins & M. J. Maceina, 1984. Prediction of chloro-

phyll-a concentrations in Florida lakes: importance of

aquatic macrophytes. Canadian Journal of Fisheries &

Aquatic Sciences 41: 497–501.

Carpenter, S. R. & J. F. Kitchell (eds), 1996. The Trophic

Cascade in Lakes. Cambridge University Press,

Cambridge.

Cohen, J. E., S. L. Pimm, P. Yodzis & J. Saldaña, 1993. Body

sizes of animal predators and animal prey in food webs.

Journal of Animal Ecology 62: 67–78.

Crowder, L. B. & W. E. Cooper, 1982. Habitat structural com-

plexity and the interaction between bluegills and their prey.

Ecology 63: 1802–1813.

Dantas, D. D. F., A. Caliman, R. D. Guariento, R. Angelini, L.

S. Carneiro, S. M. Q. Lima, P. A. Martinez & J. L. Attayde,

2019. Climate effects on fish body size-trophic position

relationship depend on ecosystem type. Ecography 42:

1579–1586.

Elton, C., 1927. Animal Ecology, University of Chicago Press,

Chicago:

Fernando, C. H., 1991. Impacts of fish introductions in tropical

Asia and America. Canadian Journal of Fisheries and

Aquatic Science 48(1): 24–32.

Frank, K. T., B. Petrie, J. S. Choi & W. C. Leggett, 2005.

Trophic cascades in a formerly cod-dominated ecosystem.

Science 308: 1621–1623.
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