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Abstract: Aim: The aim of this study was to evaluate the role of predation risk on 
the occurrence of trophic cascades in a benthic food chain, and detect if the ecological 
consequences of predation risk can reverberate in patterns observed across different 
hierarchical scales, such as prey size, prey growth efficiency and nutrient recycling patterns. 
Methods: The model system used in the present experiment consisted of a simple linear 
food chain comprising a predator, a consumer and periphyton as basal resources. For 2 
weeks, we manipulated predation risk using caged predators, incapable of killing their 
prey, across twelve outdoor mesocosms, simulating natural lagoon conditions. Results: 
Our results showed that predation risk can be responsible for the occurrence of a trophic 
cascade and the strength of the cascade is proportional to the intensity of risk. Predation 
risk can also negatively influence prey biomass and growth efficiency as well as affect 
nutrient recycling patterns by altering prey nutrient excretion rates. Through a simple 
mathematical formulation, we attempted to show that individual-level experimental 
results can be generalized to natural populations if evolutionary constraints to prey fitness 
can be reproduced in experimental conditions. Conclusions: Our results corroborate to 
integrate ecosystem dynamics with animal behavior, highlighting that not only bottom-up 
but also top-down mechanisms are responsible for determining ecosystem properties. We 
ultimately claim that prey adaptive foraging may serve to integrate ecosystem and 
evolutionary ecology, resulting in the development of a more robust and predictive theory 
of the functioning of aquatic ecosystems.

Keywords: trophic cascades, trophic interactions, coastal lagoons, behavior, benthic 
food chain.

Resumo: Objetivo: O objetivo deste estudo foi avaliar o papel do risco de predação 
na ocorrência de cascatas tróficas em cadeias bentônicas e detectar se as consequências 
ecológicas do risco de predação podem reverberar em padrões observados em diferentes 
escalas hierárquicas, como o tamanho de presas, a eficiência de crescimento de presas e 
padrões de reciclagem de nutrientes. Métodos: O sistema modelo utilizado no presente 
experimento consistiu em uma cadeia linear simples contendo um predador, um 
consumidor e perifíton como o recurso basal. Durante 2 semanas nós manipulamos o 
risco de predação utilizando predadores enjaulados, incapazes de matar suas presas, em 
doze mesocosmos independentes, simulando as condições naturais lagunares. Resultados: 
Nossos resultados mostraram que o risco de predação pode ser responsável pela ocorrência 
de cascatas tróficas e que a força da cascata é proporcional a intensidade do risco. O 
risco de predação também pode ser influenciar negativamente a biomassa e a taxa de 
crescimento de presas, bem como afetar as taxas de reciclagem de nutrientes por alterar 
as taxas de excreção de nutrientes. Através de uma formulação matemática simples, nós 
procuramos mostrar que resultados experimentais no nível de indivíduos podem ser 
generalizados para populações naturais se restrições evolutivas ao fitness de presas podem 
ser reproduzidos em condições experimentais. Conclusões: Nossos resultado corroboram 
para integrar dinâmicas ecossistêmicas ao comportamento animal, ressaltando que não 
apenas mecanismos ascendentes mas também mecanismos descendentes são responsáveis 
pela determinação de propriedades ecossistêmicas. Nós sugerimos, em última análise, que 
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1. Introduction

The ecological literature offers many examples 
of the influence of predators on the structure of 
natural communities, and the concept of trophic 
cascade, the indirect interaction between top 
predators and resources, has been the focus of many 
of these studies (Schmitz et al., 2004; Gruner et al., 
2008). In a simple food chain, which is composed 
of a predator, a prey and a primary producer, 
the trophic cascade describes the increase in the 
biomass or density of primary producers as a result 
of diminished consumer density due to predation. 
However the top interaction does not necessarily 
involve the consumption of prey: the presence of 
a predator represents a source of predation risk to 
the consumers (i.e., prey), which can modify the 
predator-prey interaction, resulting in changes in 
prey foraging behavior (Peckarsky  et  al., 2008, 
Moulton et al. 2010). This behavioral modification 

can result in the reduction of the foraging time spent 
by prey or in an alteration in diet food items (non-
consumptive predator effects), and both of these can 
favor primary producer total biomass (Figure 1).

Empirical evidence has shown that non-
consumptive predator effects are as important as 
consumptive effects for the occurrence of trophic 
cascades (Guariento, 2007). The effort to connect 
these two distinct approaches has been propelled by 
the growing recognition that species interactions, 
as consequence of the traits and functional 
characteristics, can be important mediators of 
ecosystem properties and other biophysical aspects 
(Schmitz  et  al., 2008). To develop a predictive 
theory of the functioning of ecosystems we need to 
identify an essential mechanism for the functioning 
of ecosystems that is common to a great variety of 
natural systems. This is not an easy task since there 

o forrageamento adaptativo de presas pode servir para integrar a Ecologia Evolutiva e a 
Ecologia de Ecossistemas, resultando no desenvolvimento de uma teoria mais preditiva 
e robusta a respeito do funcionamento de ecossistemas aquáticos.

Palavras-chave: cascatas tróficas, interações Tróficas, lagoas costeiras, comportamento, 
cadeia trófica bentônica.

Figure 1. Topology of food webs and the indirect effects resulting from the change in herbivore (H) behavior as a 
function of predators (P). Solid lines represent direct interactions and dashed lines represent indirect interactions. 
The thickness of the lines indicates the strength of interaction. The figure outlines the possible interactions in the 
absence and presence of predators. Reduction in the rate of herbivory reduces the impact on resources (R), leading to 
a positive indirect effect of predators on resources. The alternation of the herbivore habitat leads to reduced impact 
on the preferred resource (Rp) and increased use of alternative resources (Ra), with positive and negative effects of 
predators on resources. Modified from Schmitz et al. (2004).
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as the occurrence of a trophic cascade and if this 
trophic cascade is proportional to the intensity 
of risk. In addition, our objective is test if life 
history characteristics (e.g., prey size), trophic level 
properties (e.g., growth efficiency), and ecosystem 
properties such as nutrient recycling rates can be 
affected by the predation risk gradient. We also 
developed a simple model simulation based on the 
Price equation  (Price, 1970) attempting to show 
that individual-based process can be generalized 
under specific circumstances, therefore showing 
that experimental results can be generalized to 
natural systems.

2. Methods

The model system used in this study consisted 
of a linear food chain comprising three trophic 
levels, a predator (P), a consumer (C) and 
resources (R). We used individuals of Belostoma 
flumineum (giant waterbug) as predators and 
juvenile individuals (tadpoles) of Lithobates 
catesbeianus  (American bullfrog) as consumers. The 
periphytic community was used as resources. All 
individuals of Belostoma flumineum were collected 
at Imboassica lagoon, located in the city of Macaé-
RJ, and were acclimatized in the laboratory for 
one day before the beginning of the experiment. 
All individuals of L. catesbeianus were born in the 
same mass of eggs acquired from an artificial pond. 
These individuals were also acclimatized for one day 
before the experiment. The periphytic community 
was established adding 15mg of NH4NO3 and 
2.7 mg of KH2PO4 daily in the mesocosms, which 
had been filled with water for 30 days. Although 
L. catesbeianus was introduced in tropical systems, 
both B. flumineum and L. catesbeianus co-occur 
in temperate regions, and therefore we expected 
that both species share evolutionary histories. In 
addition, prey response to predators or predator cues 
may be a strongly conserved niche characteristic 
(Tolrian et al. 1999). For example, Moulton et al. 
(2010) found that Macrobrachium shrimp have a 
very strong negative trait effect on mayfly herbivores, 
although predation of the mayflies was rare.

The experiment was conducted in outdoor 
mesocosms of 500 L, allowing the manipulation 
of all organisms in conditions close to the natural 
system. Treatments consisted of 4 levels of predation 
risk replicated 3 times, resulting in 12 mesocosms. 
Treatment levels consisted of a control treatment (K), 
with no predator addition, and the remaining levels 
consisted of the addition of 1, 2 and 4 predators 
in each mesocosm. These densities were chosen 

is great variability in both temporal and spatial 
scales in the dynamics of different systems (Levin, 
1998). In addition, mechanisms operating at a 
specific organizational level in the biological scale 
can influence the properties of higher levels. As a 
result, the relationships among different levels of 
organization can only be apparent when multiple 
levels are evaluated together (Ovadia and Schmitz, 
2002).

In this study we argue that the adaptive foraging 
of prey must be considered as a crucial mechanism 
that can be summarized and explicitly evaluated in 
any ecological community and should have a great 
impact on different properties of the ecosystem. This 
assertion is based on different arguments: First, the 
whole biotic part of an ecosystem can be represented 
as a chain of trophic interactions that themselves 
represent resources for other consumers (Lindeman, 
1942). Second, prey adaptive foraging, especially 
from herbivores, can affect primary productivity 
rates through the selective consumption of specific 
species or thought the reduction in the time spent 
on foraging effort (Schmitz  et  al., 2004). Third, 
predators can affect not just prey biomass but 
also their diversity, the efficiency in the energy 
transference among trophic levels, organic matter 
decomposition and nutrient cycling (Peckarsky 
and McIntosh, 1998, Ngai and Srivastava, 2006). 
Finally, intermediate trophic levels, in general, must 
balance the trade-off between energy maximization 
and predation-risk minimization (Guariento, 
2007); therefore, from the evolutionary point of 
view, every species subjected to predation risk must 
respond adaptively to the gains in fitness due to 
consumption and losses due to predation.

In summary, the nature of a species’ impact 
on an ecosystem may ultimately depend on 
morphological or behavioral traits that determine 
the way the ecosystem works. Emerging concepts 
of the link between functional traits and ecosystem 
function often presume that such traits are expressed 
in the same way under different environmental 
contexts (Petchey and Gaston, 2006). However, 
this assumption is not congruent with evidence 
that many traits exhibit context-dependent 
plasticity (Schmitz, 2010). Thus, deciding whether 
and how environmental context changes trait 
expression and in turn ecosystem functioning, 
remains an important frontier in the development 
of a predictive theory for ecosystem functioning 
(Schmitz, 2010). The objective of this study was 
to test if the risk of predation experienced by prey 
can cause community level consequences such 
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samples in a total carbon analyzer (TOC-Shimadzu 
5000).

Prey biomass was determinedby comparing the 
initial average prey weight of each treatment with 
the average prey weight at the end of the experiment. 
With the joint values of preriphytic biomass removal 
and prey biomass gain, we also calculated prey 
growth efficiency for each treatment: we took the 
ratio of the difference in the average prey biomass 
at the beginning and the end of the experiment and 
multiplied it by prey total density, and divided this 
by the quantity of periphyton biomass removed in 
each treatment according to the following formula:

∆ 
=   

Prey Biomass x Prey Density
Eficiency(%)   

Cosumed Periphyton Biomass 

where consumed periphyton biomass was calculated 
as the difference in periphyton biomass at the 
beginning and in the end of the experiment. During 
the experiment, we did not observe an increase in 
periphyton biomass in the tanks with no tadpoles, 
indicating a low turn-over rate of the periphyton 
biomass under experimental conditions.

Nutrient concentration in each mesocosm 
was measured periodically and kept at a constant 
ratio of 24:1 in terms of N:P concentrations. For 
the determination of tadpole excretion rates, we 
removed from each tank 3 random individuals of 
L. catesbeianus at the end of the experiment and 
placed them individually in plastic chambers with 
deionized water. After 1 hour these individuals 
were removed from the chambers and kept 
frozen for body nutrient content determination. 
Excretion rates were determined as the difference 
of the final and initial concentration of nutrients 
in each excretion chamber. Total particulate 
phosphorus from periphyton and tadpoles was 
analyzed after persulfate digestion in an autoclave 
following dissolved phosphate determination 
(Golterman et al., 1978). We expressed biomass P 
values according to sample dry weight, mg P / mg.  
Nitrogen determination was obtained by the same 
procedure but dissolved N was determined through 
a flux injection analysis (FIA). Biomass nitrogen 
content was also expressed in terms of sample dry 
weight, mg N / mg. The final concentrations of N 
and P in moles were used to determine C:N, C:P 
and N:P ratios.

 We used linear regressions and an ANOVA, with 
the Tukey post-test, to evaluate statistical differences 
among treatments. In the linear regression model 
predator density was treated as a continuous 
variable. All tests were done using STATISTICA 
8.0. The advantage of regression analysis over 

because they comprise the natural density of these 
predators in Imboassica lagoon, and similar lagoons 
in the same geographic region, and are similar to 
densities used in previous experiments evaluating 
the consequences of predation risk (Peacor and 
Werner, 2001). In all treatments, 50 individuals 
of L. catesbeianus were added, establishing the 
beginning of the experiment. For the periphyton 
sampling, we removed from each mesocosm plastic 
tiles with a defined area (0.025 m2), which were 
previously placed along the mesocosm wall. These 
plastic tiles were placed at the surface and 60 cm 
below water surface to encompass the whole depth 
profile of periphyton development. Before the 
beginning of the experiment, a random sampling 
showed no difference between top and bottom 
average periphyton biomass and among mesocosms 
(p > 0.05 Two-Way ANOVA for both factors). The 
experiment lasted for 2 weeks and during this period 
an additional set of mesocosms, with no tadpole 
addition, was evaluated and no significant difference 
was observed for the periphyton biomass between 
the beginning and the end of the experiment 
(p > 0.05 t-test). Individuals of B. flumineum were 
kept in cages within the mesocosms, where all 
individuals were fed daily with two individuals 
of L. catesbeianus. Therefore, any predation cues 
produced by predators were released inside the 
mesocosms but predators could not attack their 
prey, resulting in a condition where only predation 
risks were present and not the actual predation. At 
the end of the experiment, we recaptured all prey 
individuals added to each mesocosm to evaluate 
background mortality rates.

To evaluate how predation risk affects the 
strength of trophic cascades and other population 
and ecosystem aspects, like prey growth rates and 
nutrient recycling, we measured the biomass of the 
periphytic community and its nutrient stoichiometry 
in terms of the proportions of carbon (C), nitrogen 
(N) and phosphorus (P). We also measured the 
variation in biomass and nutrient excretion rates 
of L. catesbeianus individuals along the predation 
risk gradient. Periphytic biomass was sampled by 
scraping the periphyton community from the plastic 
tiles used for periphyton colonization. For biomass 
determination we filtered the scraped material 
in fiberglass filters (0.7 µm pore size), previously 
incinerated at 500 °C, and dried them until they 
reach constant weight. The biomass weight was 
divided by area of the plastic tiles and expressed as 
mg/cm2. For the C content determination, we used 
the same periphyton material and processed the 
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material to be detected in the analytical procedure. 
These results suggest that prey activity was intense 
in the bottom of the mesocosms but reduced by 
predator presence in the surface, exactly where 
predator cages were located.

Prey biomass was also affected by the predation 
risk. Tadpoles biomass significantly decreased as a 
function of predation risk (p = 0.0002, R2 = 0.64, 
LR – Figure 2B). This result suggests that periphyton 
growth was negatively affected by predation risk. 
The results of growth efficiency rates suggest that 

ANOVA relies on the fact that a linear regression 
also establishes a quantitative relationship among 
response and predictor variables (Cottingham et al., 
2005) and therefore was used whenever the data 
fitted model assumptions; otherwise a ANOVA 
model was used and predator density was treated 
as a categorical factor.

2.1. Modelling

Attempting to show that individual-based process 
can be generalized under specific circumstances, we 
also developed a simple model simulation based 
on the Price equation  (Price, 1970). The Price 
Equation  is a covariance equation  that describes 
the process of evolution by natural selection, and 
can be used to explain many ecological processes 
(Fox, 2006).

Let c’i be the average amount of the characteristic 
displayed by the offspring from group i. Denote 
the amount of change in characteristic in group i 
by ∆ci defined by:

∆ = −′defc c ci i i

Now take c to be the average characteristic 
value in this population and c’ to be the average 
characteristic value in the next generation. Define 
the change in average characteristic by ∆c so that it 
can be described as follows:

defc c c∆ = −′

also take w to be the average fitness of this 
population. The Price equation can be described as:

( ) ( )w c cov w ,c E w , ci i i i∆ = + ∆

Where cov stands for covariance function and 
E the expected mean. The second term of this 
equation can be abstracted in the simplified version 
of the Price Equation when the term ci does not 
differ from the parent generation.

3. Results

Periphytic biomass increased throughout the 
predation risk gradient, therefore, it was positively 
affected by predation risk (p = 0.0003, R2 = 0.62, 
Linear Regression (LR)  –  Figure  2A). However, 
even in the treatment with greatest predator density 
(i.e., 4 individuals), prey was able to remove 60% 
of initial periphyton biomass, approximately 
6  mg/cm2. In treatments with no predators this 
removal was approximately 80%. These results are 
for the periphyton sampled in the surface of the 
mesocosms, bottom samples did not have enough 

Figure  2. Periphyton biomass (A), Tadpoles Biomass 
(B) and Prey Growth Efficiency (C) along treatments K 
(control), 1P (1 predator added), 2P (addition of 2 preda-
tors) and 4P (addition of 4 predators). R2 and P values 
are depicted from the linear regression model (n = 4).
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was basically driven by changes in prey foraging 
behavior, since herbivory rates were reduced at the 
top of the mesocosm, where predators were located. 
These results corroborate the results of previous 
studies from aquatic ecosystems (McIntosh and 
Peckarsky, 1996, Moulton  et  al. 2010) or even 
terrestrial ones (Beckerman  et  al., 1997), which 
shows that prey avoid foraging close to areas 
where predators or predation cues are present. It 
is important to note that any density effect on 
prey population can be excluded for the present 
experiment because all predators were incapable 
of killing their prey, and no background mortality 
was observed. However, even in treatments with the 
greatest density of predators there was a reduction in 
60% of periphytic biomass, while in treatments with 
no predator this reduction was of 80%, showing 
that even though the strength of the trophic 
cascade is positively affected by predation risk this 
effect is generally weak. One of the explanations 
for this pattern is the fact that we used very young 
individuals of L. catesbeianus in the experiment. 
In terms of energy reserves, young individuals in 

the negative effect of predation risk on tadpole 
biomass increased as the number of predators 
increased (p = 0.0003, R2 = 0.65, LR – Figure 2C). 
Therefore the reduction in the growth rate was even 
more pronounced in high predation risk conditions.

Prey excretion of NH3+ was not affected by the 
predation risk (p = 0.2, ANOVA – Figure 3A). We 
also did not observed a significant effect of predation 
risk on prey PO4- excretion rates (p = 0.48, ANOVA), 
however a strong trend of reduction of excretion 
rates could be observed through a linear regression 
analysis (p  =  0.01, R2  =  0.97, LR  –  Figure  3B). 
However, this regression was significant only when 
mean values of each treatment are considered. 
The divergence between the ANOVA and the 
regression analysis relies on the huge variability 
within treatments of PO4- excretion samples, but 
the results suggest a negative relationship between 
P excretion rates and predation risk.

Periphytic biomass nutrient stoichiometry 
(C:N:P) was close to 201:28:1, which in terms 
of N:P ratio is close to the ratio of nutrient of the 
water column. The prey body nutrient content of 
C, N and P was not different along the predation 
risk gradient (p > 0.05, ANOVA – Figure 4), even 
though some results were marginally significant (e.g., 
P body content). The same pattern of no significant 
statistical difference was observed for C:N, C:P and 
N:P ratios (p > 0.05, ANOVA – Figure 4).

4. Discussion

The distinction between predation risk and 
actual predation is well established in theoretical 
and empirical studies of predator-prey interactions, 
but some classical examples may not follow 
this rule (Peckarsky  et  al., 2008). However, the 
implications of this distinction to the dynamics 
and structure of communities and ecosystems 
remains vastly neglected (Creel and Christianson, 
2008). We observed in this study that trophic 
cascades can be mediated by predation risk and the 
strength of trophic cascades is proportional to the 
intensity of predation risk. The results show that 
the consequences from the risks induced by the 
predator was responsible for reducing prey growth 
rates, growth rate efficiency and prey nutrient 
recycling patterns. These results are evidences that 
consequences of predator-induced risk are not 
restricted to the individual level, and may have 
multiple consequences for ecosystem functioning, 
ranging from population to ecosystem level patterns.

We observed that prey reduced their herbivory 
rates when predators were present. This reduction 

Figure 3. Excretion rates of amonium (A) and ortho-
phosphate (B) along treatments K (control), 1P (1 preda-
tor added), 2P (addition of 2 predators) and 4P (addition 
of 4 predators). R2 and P values are depicted from the 
linear regression model.
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The classical view of trophic structure, 
determined by the energy transference among 
trophic levels, assumes that a constant fraction of 
energy that is consumed is consistently converted 
into biomass based on the ability of the consumer 
to incorporate resources, independent of the 
environmental context.  This perspective implies 
that species in an ecosystem have fairly constant 
efficiencies (May, 1983). This study, however, 
showed that predation risk may change prey 
conversion efficiencies and biomass production, and 
thus can have great influence on the trophic structure 
and energy transference of food webs. We observed 
that biomass uptake by tadpoles, estimated from 
rates of periphytic biomass removal, declines more 
slowly than the biomass growth rates of tadpoles 

general are near to starvation limits (Luttbeg et al., 
2003) and, therefore, energy build-up is required. 
As a result, predators would exert little or no effect 
on prey foraging behavior. For example, if we 
compare the results from Beckerman et al. (1997) 
and Schmitz et al. (1997) in which both worked 
with grasshopper nymphs of the same species but 
at different ages, we can observe that the strength 
of behavioral mediated trophic cascades were 
greater for older nymphs. Another factor that 
supports these results is the fact that behavioral 
trophic cascades are weaker when resources are 
scarce (Werner and Anholt, 1993), or when intra-
specific competition is high (Peacor and Werner, 
2001); both factors constrain food acquisition and 
consequently increase their demand.

Figure 4. Concentration of carbon (C), nitrogen (N) and phosphorus (P) in tadpole biomass per grams of dry weight 
and their stoichiometric ratios C:N, CP and N:P along treatments K (control), 1P (1 predator added), 2P (addition 
of 2 predators) and 4P (addition of 4 predators). No statistical significant effects was found.
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metabolic pathways other than growth.  There is 
evidence that an increase in the metabolic cost 
related to high stress in response to predation 
risk may lead to reduced growth efficiencies. For 
example, mollusks (Mytilus edulis) exposed to the 
presence of a predator (Nucella sp.)  dramatically 
increase their heartbeat (Rovero  et  al., 1999), 
which is directly linked to respiration rates.  The 
stress-mediated predation risk can also lead to 
production of specific proteins, such as heat-
shock proteins, which compromises the organism 
energy budget with the production of molecules 
unassociated with biomass production (Steinberg, 
2011). Additionally, it was shown that predation 
risk can cause various morphological changes in prey 
(Relyea, 2001). In amphibians, such changes can 
result in reduced length of the intestinal tract, which 
in turn can decrease the rates of food absorption 
(Steiner, 2007).

The current knowledge about the relationship 
between nutrient limitation and consumer biomass 
suggest that C (carbon) is in excess, while N 
(nitrogen) and P (phosphorus) are the most 
limiting elements for herbivores (Hawlena and 
Schmitz, 2010). This conclusion is obtained from 
observations of the imbalance in the content of C 
relative to N and P between herbivores and primary 
producers. In coastal lagoons, P is generally one of 
the most limiting nutrients to primary productivity 
(Sundareshwar  et  al., 2003) and even secondary 
productivity (Guariento et al., 2011). Our results 
showed that the ortho-phosphate excretion by 
tadpoles decreased with increased predation 
risk, however there was no effect observed for the 
excretion of ammonium (i.e., nitrogen).  These 
results can be explained by the limiting nature of P 
in these ecosystems. The values of the N: P ratio of 
the periphytic biomass was 28:1 and the N: P ratios 
for the body of the tadpoles were approximately 
22:1, which shows that N is in excess when 
compared to P in the diet, corroborating the fact 
that P is a limiting factor for these consumers. Thus, 
the decrease in excretion rates of P with increased 
risk may reflect a decrease in the rate of acquisition 
of resources with increasing predation by decreasing 
the intake of a limiting element. In addition, the 
stress associated with predation may increase the 
organism´s demand for phosphorus due to an 
increased production of ribosomes to produce 
proteins related to stress (e.g., heat-shock proteins) 
(Makino  et  al., 2003).  However, no significant 
differences were observed in the phosphorus 
biomass content of tadpoles along the predation-

along the predation risk gradient. Thus, trophic 
efficiency was affected by reduced growth efficiency. 
By reducing both the amount of embodied energy 
and biomass converting rates, predators effectively 
and directly reduce the energy available to the next 
lower trophic level without that level being actually 
consumed. As a consequence, predation risk can 
affect the size of food webs by restricting the flow 
of energy (Trussell  et  al., 2006). This hypothesis 
has been used to explain, for example, why trophic 
chains in rocky shores are so short, since behavioral 
responses to predation is an ubiquitous feature in 
these communities (Dalziel and Boulding, 2005). 
Coastal lagoons and shallow lakes generally have 
short food chains (Scheffer  et  al., 2006) which 
may be due to low productivity (Karlsson  et  al., 
2009) or even due to indirect effects of the size of 
these ecosystems. Post et al. (2000) argues that one 
explanation for the lower number of trophic levels 
in aquatic environments is the absence of prey 
refuges due to its small size. However, Post et al. 
(2000) presents a perspective focused primarily 
on the effects mediated by density to support 
his argument. The lowest number of refugees in 
a small environment can increase the chances of 
encountering between predator and prey, making it 
less possible for the prey to escape predation, a factor 
that increases the actual perception of predation 
risk by prey. Therefore, a hypothesis that can be 
explored in future studies is that the lowest number 
of trophic levels in small systems (e.g. coastal or 
temporary lakes) may be a result of higher predation 
risk experienced by prey in these habitats.

Previous studies of the trade-off between 
foraging and predation risk of stoneflies revealed 
that differences between species growth rates could 
not be explained by differences in the amount of 
food consumed (McPeek et al., 2001). For instance, 
Eastern Forktail (Ischnura verticalis) grew faster 
in the presence of predators than Azure Bluet 
(Enallagma aspersum) because the former was more 
efficient in converting food into biomass.  This 
increased conversion rate is explained by the fact 
E. aspersum displays a reduced concentration of 
important molecules such as proteins, triglycerides, 
when subjected to predation, and I. verticalis had 
no such deficit (Stoks et al., 2005). Although our 
study cannot provide a mechanistic explanation 
of how predation risk affects growth efficiency, 
some hypotheses can be provided.  The trophic 
efficiency may have been reduced by predation due 
to reduction in assimilation efficiency, increased 
respiration rates or the need for investments in 
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due to higher food acquisition. Individual fitness wi 
by the model equation is given by:
w xb zbi i i= − +

where bi is a measure of foraging effort, the xbi term 
is the decrease in fitness due to increased predation 
probability and zbi is the increase in fitness due to 
increased food acquisition. Let us assume that both 
x and z are greater than zero. From the simplified 
version of the Price Equation, the amount of change 
of the behavioral trait (b) among generations can 
be given by:

( )w b cov w ,bi i∆ =

( )b cov w w ,bi i∆ =

( ) ( )b z x var bi∆ = −

where var(bi) is the variance of (bi), which is the 
covariance of bi with itself.

( ) ( ) ( )def 22var b E b E bi ii→ −

It can be seen from this simple model that the 
foraging effort will change among generations until 
it becomes uniform among individuals. If bi is not 
uniform, this value would increase if (z-x) is positive, 
the fitness gain from food acquisition is greater than 
the fitness loss from predation, or decrease if (z-x) 
is negative, the fitness gain from food acquisition is 
lower than the fitness loss from predation. In other 
words, If there are individuals with different efforts 
in the population (i.e.,var(bi) not equal to zero) the 
average effort would decrease to the lowest if (z-x) is 
negative or increase to the largest if (z-x) is positive.

The main conclusion from this mathematical 
formulation is that if we consider the behavioral 
trait that governs prey foraging effort, or any other 
foraging feature, as determinant to prey fitness, 
the population in equilibrium should evolve to 
have a similar trait value, assuming stability of 
environmental conditions. Therefore, although 
prey individuals would have different responses to 
predator presence, the results obtained from small-
scale experiments, using only a subset of the total 
population, can be generalized to the ecosystem if 
the same evolutionary constraints are conserved 
among experimental and natural conditions, such as 
the trade-off between energy uptake and predation 
risk. Actually, the most important feature is whether 
the trade-off between foraging and predation risk 
is truly an important selective pressure for prey 
populations. We argue that this is a very plausible 

risk gradient, even though previous studies have 
indicated changes in the stoichiometry of the body 
of animals subject to predation risk (Hawlena 
and Schmitz, 2010). Although the notion that 
consumers are strictly homeostatic, i.e., they do 
not vary regardless of their nutritional content, has 
been contested (Guariento  et  al., 2011), there is 
a very large phylogenetic variation in the level of 
homeostasis observed in each taxon. Most studies 
that have looked at the effects of predation risk 
on the stoichiometry of prey have mostly used 
invertebrates as intermediate consumers. Indeed, 
invertebrates in general have a much larger 
variation in body stoichiometry due to nutritional 
or other physiological restrictions (Persson et  al., 
2010). Hawlena and Schmitz (2010) showed that 
predation risk reduced by 6% the N content of 
grasshoppers which led to an increase in C: N ratio 
of the body and a concomitant increase of 7% in 
the C: N ratio of fecal debris entering the detritus 
chain. Our results show that predation risk can have 
an important effect on nutrient flow and nutrient 
recycling patterns within ecosystems, however the 
effect on prey body stoichiometry may depend on 
prey phylogeny, especially that which is associated 
with prey overall homeostasis, which is more evident 
in vertebrates such as amphibians.

We have shown up until this point that 
individual processes, such as prey behavioral 
changes, can be linked to higher-order patterns, 
such as trophic cascades and nutrient recycling 
rates, but should all individuals in a population 
behave the same, or at least respond in the same 
way to a common interference? Can we generalize 
these experimental finding to natural populations 
in natural systems? Individuals within a population 
are not equal, they have personalities, genetic and 
epigenetic differences, and all these differences could 
make individuals respond differently to a common 
interference (Wolf and Weissing, 2012). To address 
this problem, we attempt to show, through a 
very simple and straightforward mathematical 
formulation based on the Price equation, that in 
equilibrium all individuals should behave the same 
in a homogeneous selective scenario.

To exemplify this question we will assume the 
situation where a prey must choose a strategy that 
balances the energy uptake and predation risk. 
The behavioral trait bi will be defined as a genetic 
predisposition to have a specific amount of effort 
dedicated to foraging that decreases fitness due to 
increased predation probability and increases fitness 
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and that they may play an important role in 
overall ecosystem functioning.  The mechanisms 
behind trophic cascades and other indirect predator 
effects have profound implications on the types of 
mathematical models of dynamic communities 
currently used to generate predictions about the 
dynamics of food webs. However, the predictability 
of the dynamics of food webs is based primarily on 
assumptions of density-mediated effects (Yodzis, 
1996), which therefore, according to our results, 
weakens its power of generalization and accuracy. 
Overall, community ecologists accept the idea that 
trophic interactions are controlled by the interaction 
of bottom-up (nutrient availability) and top-down 
(predation) mechanisms.  However, ecosystem 
ecologists are more reluctant to accept this 
formalization, preferring the dominance of bottom-
up mechanisms in the regulation of ecosystem 
processes, such as nutrient cycling (Shurin et al., 
2006).  This study shows that prey behavioral 
responses to the risk imposed by predators can 
restrict the flow of energy and nutrients along the 
food chain and reduce the removal of autotrophic 
biomass. Therefore the risk of being killed can have 
several consequences to prey and consequently to 
the ecosystems, not being restricted to a narrow set 
(i.e. population level) of responses. These findings 
can help integrate ecosystem dynamics and animal 
behavior, highlighting that not only bottom-up 
but also top-down mechanisms are responsible 
for determining ecosystem properties. At last, this 
study provides evidence that prey adaptive foraging 
may serve to integrate ecosystem and evolutionary 
ecology, resulting in the development of a more 
robust and predictive theory of the functioning of 
aquatic ecosystems.
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