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SUMMARY

1. Trait evolution can occur in response to anthropogenic alterations to ecosystems and can occur on

timescales similar to those of ecological processes suggesting that it could alter ecosystem function.

In this study, we characterise the effects of life history evolution on nutrient recycling using the

Trinidadian guppy (Poecilia reticulata) as a model system.

2. Guppy life history traits evolve in response to predation pressure. When predation pressure is

removed, guppy population density and average body size of the population also increase. There-

fore, the evolution of guppy life histories involves changes in individual traits and demographic

characteristics, both of which can alter nutrient recycling. The relative contributions of these variables

to guppy-driven nutrient recycling are unknown.

3. We synthesise data from published experiments to disentangle how differences in individual traits,

population characteristics and environmental conditions contribute to differences in guppy excretion

rates. Individual guppies adapted to the absence of predators [low-predation (LP) guppies] have

lower nitrogen and phosphorus excretion rates than individual guppies adapted to predators [high-

predation (HP) guppies]. However, LP guppy populations excrete twice as much nitrogen as HP

populations because of their larger average body size and higher population densities.

4. We compare these findings to guppy excretion data collected from HP and LP sites in four rivers

in Trinidad. Phenotypic and population differences in excretion rates are consistent with those

observed in the experiments.

5. Our study demonstrates that life history evolution can alter nutrient recycling in freshwater eco-

systems. Characterizing the combined effects of traits and demographics is essential for understand-

ing the effects of life history evolution on ecosystem processes.
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Introduction

Animals can play important roles in the biogeochemical

cycles of aquatic ecosystems. Fish and invertebrates

excrete dissolved inorganic nutrients as metabolic waste,

which is immediately available to primary producers,

and which can support a significant fraction of primary

production (Vanni, 2002). There have been numerous

studies on the effects of fish and other consumers on

nutrient recycling in lakes and rivers (Sereda, Hudson &

Mcloughlin, 2008; Benstead et al., 2010; Johnson et al.,

2010; Sereda & Hudson, 2011). Most of these studies

seek to link differences in nutrient recycling to interspe-

cific differences in organism traits such as elemental

Correspondence: Rana W. El-Sabaawi, Department of Biology, University of Victoria, PO Box 1700, Station CSC, Victoria, BC V8W 2Y2,

Canada. E-mail: rana@uvic.ca

590 © 2014 John Wiley & Sons Ltd

Freshwater Biology (2015) 60, 590–601 doi:10.1111/fwb.12507



body composition or body size. Fewer studies examine

intraspecific variability in nutrient recycling, which has

been linked to ontogenetic variability in dietary quality,

body size or elemental composition (Pilati & Vanni,

2007).

Differences in nutrient recycling among populations

raise the possibility that microevolutionary trait differ-

ences are important determinants of nutrient recycling

rates. Trait evolution could alter excretion by changing

organismal physiology, behaviour, morphology or tissue

elemental composition. Studies show that trait evolution

frequently occurs on the short timescales formerly

thought to be the exclusive domain of ecological dynam-

ics (Reznick et al., 1997; Thompson, 1998; Hendry &

Kinnison, 1999). Such rapid contemporary evolution has

the capacity to interact dynamically with and alter the

expected outcomes of ecological processes (Palkovacs

et al., 2009; Bassar et al., 2010). Evolutionary change can

occur in response to common anthropogenic stressors

such as species invasions, species losses or habitat alter-

ations (Palkovacs et al., 2012). Characterising the effects

of evolutionary change on ecosystem function is there-

fore important for understanding the consequences of

anthropogenic stress and for crafting effective mitigation

and conservation strategies (Hendry et al., 2010).

Evolutionary changes in trait distribution might influ-

ence the response of ecosystem processes to biodiversity

losses. The loss of top predators due to habitat alteration

or exploitation threatens aquatic ecosystems globally (Es-

tes et al., 2011). Predators can have cascading effects on

ecosystem function by changing the density and biomass

of consumer populations (Pace et al., 1999). Cascading

effects of predators can also result from plastic

responses in prey behaviour metabolism, body size and

life history (Peckarsky et al., 2001; Hawlena & Schmitz,

2010). However, predators can also act as agents of natu-

ral selection causing prey life history and morphology to

evolve (Reznick & Endler, 1982). The rapid evolution of

prey traits can alter prey population dynamics and com-

munity interactions (Yoshida et al., 2003; Becks et al.,

2010). Adaptive changes in prey traits affect a range of

ecosystem processes including nutrient recycling, which

shapes emergent ecosystem responses to evolutionary

changes in prey phenotype (Palkovacs et al., 2009; Bassar

et al., 2010, 2012).

Currently, we do not know the extent to which trait

evolution affects nutrient recycling, which might also

depend on population characteristics such as body size

and density (Elser & Urabe, 1999; Elser et al., 2000; Hall

et al., 2007; Benstead et al., 2010). Although trait evolution

almost invariably co-occurs with changes in demographic

variables such as population density and body size distri-

bution (Post et al., 2008; Coulson, Tuljapurkar & Childs,

2010), most studies examining the effects of trait evolu-

tion on ecosystem function have focused on the role of

individual traits. In addition, most information on eco-

evolutionary interactions comes from small-scale experi-

ments (Yoshida et al., 2003; Harmon et al., 2009; Bassar

et al., 2010). These experiments allow us to measure the

importance of specific factors and to isolate effects that

might be confounded in nature, but the benefit of these

experiments comes at a cost of realism and applicability

to real-world ecosystems. The results of these experi-

ments are rarely compared to observations from natural

ecosystems (but see Palkovacs & Post, 2009).

In this study, we ask how important are the effects of

trait evolution on nutrient recycling, particularly when

we consider that trait evolution co-occurs with changes

in demographic characteristics of populations. We first

use experimental data compiled from our recent work

on the Trinidadian guppy (Poecilia reticulata) to disentan-

gle the phenotypic (i.e. trait) and demographic effects

(density, size structure) of predators on nutrient recy-

cling. We then compare these findings against newly

collected measurements of guppy excretion from four

rivers in Trinidad. Guppies have become a model sys-

tem for studying the effects of life history evolution on

ecosystem function, but almost all guppy studies have

so far been conducted in experimental mesocosms (Pal-

kovacs et al., 2009; Bassar et al., 2010, 2012; El-Sabaawi

et al., 2015). This is the first study to explore how life

history evolution might affect nutrient recycling patterns

in nature.

Methods

The study system

On the island of Trinidad, guppy phenotypic traits

evolve in response to predator removal (Reznick &

Endler, 1982; Reznick, 1997). In sites where guppies are

found with large fish predators (e.g. Crenicichla alta,

Hoplias malabaricus), they mature early and produce

numerous, small offspring (the high-predation ‘HP’

phenotype) (Reznick & Bryga, 1996; Reznick, Rodd &

Cardenas, 1996b; Reznick et al., 1996a). In sites where

they co-exist only with a single weak predator (Rivulus

hartii), guppies mature late and produce few but large

offspring (the low-predation ‘LP’phenotype) (Reznick &

Bryga, 1996; Reznick et al., 1996a,b). Predation has been

invoked to explain a suite of guppy traits including

metabolic rates, male colour, growth, body shape and
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trophic morphology (Magurran, 2005; Burns, Di Nardo

& Rodd, 2009; Huizinga, Ghalambor & Reznick, 2009;

Palkovacs, Wasserman & Kinnison, 2011; Zandona et al.,

2011). In many cases, differences in traits observed

between HP and LP guppies in the wild persist in the

second generation of laboratory-grown fish, indicating

that trait changes are heritable and that trait evolution

has occurred in response to predation (Reznick, 1982;

Reznick & Bryga, 1996; Huizinga et al., 2009).

Rivers in the Northern Range Mountains of Trinidad

are punctuated by waterfalls that limit the upstream

movement of fish (Magurran, 2005). High-predation sites

are often found downstream of waterfalls, while LP sites

are found upstream. The evolution of guppies can be

induced experimentally by transplanting guppies from

downstream HP sites to upstream guppy-free sites, and

LP life history traits begin to evolve within 2–3 years of

introduction (Reznick, Bryga & Endler, 1990; Reznick

et al., 1997). Several demographic characteristics of

guppy populations also change as LP phenotypes evolve.

Because of their lower mortality rates, LP populations

have higher densities than HP populations (Reznick

et al., 1996a,b). Because they also mature later and have

higher survival rates, average body size in LP popula-

tions is bigger than in HP populations (Reznick &

Endler, 1982; Reznick, Butler & Rodd, 2001). There are

also differences in light availability between HP and LP

sites. High-predation sites are typically second- or third-

order streams with open canopies and relatively high

levels of primary production, whereas LP sites are smal-

ler first- to second-order streams with closed canopies

and low levels of primary production (Reznick et al.,

2001). Therefore, the evolution of guppy traits co-occurs

with changes to population demographics and environ-

mental variables. Some of these differences are shaped

by predation (density and size structure), while others

(e.g. light) are extrinsic. Density, body size and light are

all key variables for structuring ecosystem function that

have also been shown to affect consumer-mediated nutri-

ent recycling rates in freshwater ecosystems (Hall et al.,

2007; Sereda et al., 2008; Benstead et al., 2010; Moslemi

et al., 2012). However, the role of these variables in med-

iating the effects of life history evolution on nutrient

recycling has not been studied.

Recently, we conducted a series of artificial stream

mesocosm experiments designed to assess whether guppy

life history phenotype had significant and meaningful

effects on ecosystem function (Palkovacs et al., 2009; Bas-

sar et al., 2010; El-Sabaawi et al., 2015). In all of these

experiments, wild-caught HP and LP guppies were intro-

duced into artificial stream channels, and the response of

several ecosystem variables was measured over a month

(see Appendix S1). These experiments showed consistent

trends. Mesocosms with HP guppies had higher algal

standing stocks, higher primary production and more

ecosystem demand for N than those with LP guppies.

There were also significant differences in nutrient recy-

cling between phenotypes because HP guppies excreted

more N per fish (and per unit biomass) than LP guppies.

In each study, the guppy phenotype treatment was

crossed with a population, community or an environmen-

tal variable, and to determine whether phenotypic effects

on ecological response variables were meaningful, each of

the studies compared the effect size of the phenotype to

the effect size of the population, community or environ-

mental treatment. Bassar et al. (2010, 2012) compared the

ecosystem effects of guppy phenotype to the ecosystem

effects of doubling guppy density, using a high- and low-

density treatment that mimicked natural densities in LP

and HP populations, respectively. El-Sabaawi et al. (2015)

compared the effects of guppy phenotype under two light

treatments (high and low, c. 26 and c. 111 mmol

quanta m�2 day�1, respectively), corresponding to light

levels in HP and LP environments. These experiments

showed that guppy phenotype had a significant effect on

N excretion, which was either nearly equal to (El-Sabaawi

et al., 2015) or larger than (Bassar et al., 2010) the environ-

mental or population variable.

All of these experiments were conducted using the

same experimental stream channels and were set up and

assessed using identical methods (Appendix S1). Across

these experiments, guppy excretion rates (N-NH4 and

P-SRP) were also measured using the same method

(Appendix S1). Therefore, although the experiments

were conducted in different years and by different

investigators, they were otherwise similar. Up to this

point, there has been no systematic effort to synthesise

the findings from these experiments, or to compare them

to excretion measurements from natural stream systems.

We begin by presenting a synthesis of these experimen-

tal data, which we then use to make predictions about

how guppy-mediated nutrient recycling (i.e. excretion)

varies when we account for phenotypic (individual) as

well as population or environmental differences between

HP and LP populations. We then compare findings from

these experiments to measurements of nutrient recycling

from HP and LP populations in four rivers in Trinidad.

Synthesis of experimental data

Throughout our study, we will refer to two different

estimates of nutrient recycling: an individual excretion
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rate, which describes excretion rates of individual fish

(measured in lg N or lg P fish�1 h�1), and a population

excretion rate, which is the sum of excretion rates of all

individuals in a specified population (measured in total

lg N or lg P m�2 h�1). The phenotypic, demographic

and environmental changes that vary across predation

sites and that co-occur with guppy evolution can shape

either of these estimates. For example, previous experi-

ments have shown that in common garden conditions

HP guppies excrete more N per fish than LP guppies,

but environmental differences in light can enhance these

differences in nature because high light (typical of HP

environments) enhances N excretion, while low light

(typical of LP environments) depresses N excretion (Bas-

sar et al., 2012; El-Sabaawi et al., 2015). However, we

predict that as a population, HP guppies contribute less

recycled N than LP guppies because LP populations

occur at higher densities than HP populations and

because LP populations also have more large individuals

than HP populations (Reznick et al., 2001).

We collated individual guppy excretion rates from

previous experiments into a single data set and then

used Monte Carlo simulations to estimate population

excretion rates from these data. We focused on the

El-Sabaawi (phenotype 9 light, P9L) and Bassar (phe-

notype 9 density, P9D) experiments because they

reported individual guppy excretion rates, rather than

total excretion rates of all guppies in a single artificial

stream channel, as measured and reported in Palkovacs

et al. (2009). Details of these experiments (manipula-

tions, replicates, populations used, etc.) are in Appendix

S2. Each experiment ran for 28 days, and guppy excre-

tion rates were measured on the second-to-last day

using methods described in Appendix 1. The P9D

experiment was run at low light comparable to the low

light treatment in P9L, while P9L was run at low

guppy density comparable to the low-density treatment

in P9D (Appendix S2). Therefore, both experiments

had a low guppy density/low light treatment, which

we used to show that interexperimental differences in

observed excretion rates were small (Figure S1). The

same initial average body size distributions (c. 14 mm)

and sex ratios (1 : 1) were used in both experiments.

Both studies revealed a statistically significant pheno-

typic difference in N excretion rates between size-

matched HP and LP guppies, with individual HP

guppies excreting more N per hour than individual LP

guppies. In contrast, both studies found that phenotypic

differences in P excretion were consistently low. In both

studies, significant differences in recycling rates were

observed only for female and juvenile guppies, so we

limited our analysis of experimental data to females

and juveniles. Because male excretion rates were not

significantly different between phenotypes, and because

they were only weakly correlated with body size, we

assumed that the contributions of male guppies to

nutrient recycling would not vary between LP and HP

populations in the experiments. Because males are gen-

erally small compared to females, and because guppy

populations are female biased, the total contribution of

males to nutrient recycling is likely to be smaller than

the contributions of female guppies in nature (Rodd &

Reznick, 1997; Reznick et al., 2001).

We analysed these combined experimental data start-

ing with a linear mixed-effect model with phenotype (HP

versus LP), density (high versus low) and light (high ver-

sus low) as categorical fixed effects. Interactions between

phenotype and density, and phenotype and light were

also included. Body size (measured in wet mass) was

included as a continuous variable, and interactions

between body size and the main fixed effects were

included in initial model runs. Both body size and excre-

tion rates were natural log-transformed prior to analysis

because excretion rate scale allometrically with body size.

The numbers/identities of the experimental channel

nested within each experiment were included as categori-

cal random effects. To identify the combination of vari-

ables that best predict excretion rates, the full model

(including all described fixed effects, covariates and

interactions) was contrasted to alternative models with a

reduced subset of parameters but with the same random

effect structure. Because our goal was to specifically

address the effects of phenotype, light and density on

individual recycling rates, and to project these effects into

population estimates, we considered only model selec-

tion results that retained phenotype, light and density as

main effects and used the model selection procedure to

decide on including interactions. Model comparisons and

selection of the final model were performed using the

Akaike Information Criterion (AICc) and maximum-like-

lihood testing (Burnham & Anderson, 2002; Bolker, 2008).

We decided on including interactions only if they were

present in the top model and if their removal had effects

on model fit as illustrated by maximum-likelihood analy-

sis. We used this conservative approach to decide on

including interactions because properly assessing interac-

tions typically requires large data sets, and including

weak interactions in the predictive model would intro-

duce large errors in the parameter estimates, and in pop-

ulation estimates based on those parameters.

To calculate population excretion rates while also

accounting for estimation error, we used Monte Carlo
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simulations drawn from the coefficients generated from

the linear mixed-effects model described above to esti-

mate population excretion rates for guppy populations

that had either HP or LP population characteristics

(size distributions and densities). For each population

type, we ran 1000 simulations; each simulation drew a

random sample of coefficients of the linear mixed-

effects model from a multivariate normal distribution

using the estimated coefficient means and variance–

covariance matrix. We predicted individual excretion

values for a continuous range of sizes for two scenarios

reflecting how guppies are found in nature: HP pheno-

types at high light and low density, and LP phenotype

at low light and high density. We then integrated these

values over the known frequency distribution of size

classes and then multiplied the integrated values by

density estimates of HP and LP populations. One of

the advantages of the P9D and P9L experiments was

that they measured guppy growth and life history traits

(reproductive allotment, fecundity, etc.) from individu-

ally marked guppies and then used these values to esti-

mate a population growth rate using an internal

projection model (IPM). This approach generated a sta-

ble size distribution that is based on individually mea-

sured growth and life history traits, which we used in

our calculation of population excretion. For total guppy

density, we used six guppies per 1.2 m2 (for HP/low-

density population) and 12 guppies per 1.2 m2 (for LP/

high density population), which corresponded to low

and high density treatments across all experiments

(1.2 m2 is the benthic area of the experimental chan-

nels). These values were chosen based on a previous

survey of guppy populations (Reznick et al., 2001). For

each population, we report the mean and standard

errors of the simulation results.

Measurements from natural stream ecosystems

We measured guppy excretion rates from high- and

low-predation sections of four major rivers: the Aripo,

Guanapo, Arima and Marianne. The environmental

characteristics of these sites are reported in Table S1. We

chose these particular rivers because they had been the

focus of previous studies and were therefore well char-

acterised. The predation communities within each river

were identified by the presence or absence of major pre-

dators. Guppy life history trait differences from these

rivers were confirmed in previous studies (Reznick et al.,

1996a,b; Zandona et al., 2011). In all of these rivers, HP

sites had higher light availability (more open canopies)

than LP sites (Table S1).

We caught c. 12–16 guppies from each population

using dip nets and measured nitrogen (N-NH4) and

phosphorus (P-SRP) excretion rates using the same

methods used in the experiments (Appendix S1). This

subsample was dominated by females and juvenile gup-

pies, but also included some males that we were not

able to exclude during the trial. We analysed natural

log-transformed excretion rates as a linear mixed-effects

model that included predation community (HP versus

LP) as a fixed effect, natural log-transformed body mass

as a covariate and river identity as a random effect. We

compared subsets of this model using AICc and maxi-

mum-likelihood tests. We generated model coefficients

and total population excretion estimates as described for

the experimental data. We estimated densities at each

site by seining a section of stream of known dimensions

until depletion and then estimating catch per unit effort.

Using this method, average density estimates were 9.2

(�2.9 SE) guppies m�2 in LP sites and 2.2 (�0.75 SE)

guppies m�2 in HP sites (Table S1). For size distribution

of LP and HP sites, we used the size structures of HP

and LP guppies reported in Reznick et al. (2001), which

were based on mark–recapture experiments in multiple

HP-LP populations (see also Rodd & Reznick, 1997).

All statistical analyses were conducted in the R envi-

ronment using packages lmer4, car and MuMIn (Fox &

Weisberg, 2011; Bates, Maechler, Bolker & Walker, 2014;

R Development Core Team, 2012; Barto�n, 2014)

Dissecting the phenotypic, demographic and environmental

contributions to population excretion

We estimated the relative influences of phenotype,

demography and light on population excretion rates by

calculating how LP population excretion would change

if each consecutive variable were unaltered in the course

of guppy life history evolution (i.e. held at the HP

value). Using the same simulation procedures described

above, we calculated LP population excretion in four

scenarios: (i) where individual excretion rates did not

evolve (i.e. remained at HP levels) but where guppy

populations took on LP characteristics through increases

in density and average body size; (ii) where the LP gup-

pies evolved the measured different excretion rates and

population density increased, but size structure

remained HP-like (i.e. dominated by small guppies); (iii)

where LP excretion rates evolved, average size structure

increased, but population density remained at low,

HP-like levels; and (iv) where both excretion rates and

population characteristics became LP like, but light

levels remained as high as they were in HP sites. We
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compared the calculated LP population excretion rate

from each scenario with LP population excretion calcu-

lated from simulations that assume that individual

excretion rates, population demographics and environ-

mental conditions all become LP like after the removal

of predators. We conducted this analysis on N excretion

data from the experiments and natural streams.

However, because life history phenotype and light were

confounded in natural stream systems, we were not able

to tease apart their relative influences on population

excretion.

Results

The analysis of experimental data showed that two mod-

els were nearly equally good at fitting N excretion

(Table S2). Both models contained phenotype, density

and light as fixed effects, but the second model also

included the interaction between phenotype and body

size (Table S2). However, because removing this interac-

tion did not alter model fit (v2 = 1.9, d.f. = 1, P = 0.168),

we chose the first and simplest model to simulate popu-

lation excretion rates. This model showed that HP gup-

pies had larger individual N excretion rates than LP

guppies, that guppies at high light excreted more N than

guppies at low light and that density had a only a small

effect on N excretion of individual guppies (Table 1,

Fig. 1a). The net effect was that an HP guppy recycled

more N than an LP guppy of a comparable body size

(Fig. 1a). However, as a population, LP guppies were

estimated to recycle c. 29 more N than HP guppies

(Fig. 1b).

The best models for individual N excretion measured

from natural streams included body size, predation com-

munity and their interaction (Table S3). We retained the

interaction because a maximum-likelihood ratio test

showed that removing the interaction had a significant

effect on model fit (v2 = 4.1, d.f. = 1, P = 0.04). The inter-

action suggested that the slope of the relationship

between body size and N excretion was steeper for indi-

vidual HP guppies than individual LP guppies (Table 1,

Fig. 1c). However, total N excretion in LP sites was

estimated to be c. 39 more than in HP guppy sites

(Fig. 1d).

The best model describing P excretion from the exper-

iments included body size, light, phenotype, density as

well as two interactions: body size 9 phenotype and

body size 9 density (Table S4). We retained the body

size 9 density interaction because removing it had a sig-

nificant effect on model fit (v2 = 4.1, d.f. = 1, P = 0.03).

At small body sizes, an LP guppy excreted less P than

an HP guppy of the same size, and the opposite was

true for large guppies (Table 1, Fig. 2a). However, there

were no differences in mean population P excretion rates

between HP and LP guppy populations (Fig. 2b).

The best model for P excretion from natural streams

included body size, predation community and their

interaction (Table S5). We did not retain the interaction

because removing it did not affect model fit (v2 = 0.7,

d.f. = 1, P = 0.40). According to this model, HP guppies

excreted more P per fish than LP guppies, and body size

was positively correlated with P excretion in both phe-

notypes (Table 1, Fig. 2c). However, as observed in the

experimental data, differences in P recycling between

HP and LP populations were relatively small (Fig. 2d).

Excretion rates in natural streams were lower

(between 50 and 20%) than excretion rates measured in

the experiments. The median of per capita N excretion

rates was c. 4.2 lg N fish�1 h�1 in natural streams com-

pared to c. 6.6 lg N fish�1 h�1 in the experiments. Simi-

larly, the median P excretion rate was 0.4 lg P fish�1

h�1 in natural streams and c. 2.2 lg P fish�1 h�1 in the

experiments.

Table 1 Models and parameter estimates for nitrogen (N-NH4)

excretion and phosphorus (P-SRP) excretion based on experimental

data and measurements from natural streams

Model Variable Estimate SE

t

value

a. N (experiments)

Intercept 3.97 0.19 20.54

Body size 0.73 0.08 9.31

Phenotype (LP) �0.14 0.09 �1.63

Light (Low) �0.29 0.11 �2.73

Density (Low)

0.02

0.11 0.20

b. N (natural

streams)

Intercept 3.15 0.27 11.61

Body size 0.58 0.08 7.09

Predation community

(LP)

�0.92 0.37 �2.48

Predation community

(LP) 9 Body size

�0.24 0.12 �2.04

c. P (experiments)

Intercept 1.45 0.67 2.15

Body Size 0.14 0.24 0.57

Phenotype (LP) �0.93 0.42 �2.21

Light (Low) �0.78 0.30 �2.56

Density (Low) 1.25 0.62 2.01

Body size 9 Phenotype

(LP)

�0.43 0.18 �2.40

Body size 9 Density (Low) 0.51 0.25 1.99

d. P (natural

streams)

Intercept 0.22 0.35 0.63

Body size 0.18 0.09 2.06

Predation community

(LP)

�1.03 0.21 �5.04

All parameter estimates are for body size = 0.
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Although individual HP guppies excreted more N per

fish than LP guppies, they contributed less as a popula-

tion because of their relatively low densities and low

average body size (Table 2, Fig. 1b,d). The analysis of N

excretion from the experiments suggested that demo-

graphic changes had a larger effect on population excre-

tion than changes in individual excretion rates (Table 2).

Changes in density and average size structure from HP
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Fig. 1 Nitrogen (NH4-N) excretion rates

estimated from experiments (a, b) and

from natural streams (c, d). Panels a and

c represent individual excretion rates

(and SEs). High-predation (HP) guppies

are shown using dashed lines, and low-

predation guppies (LP) using solid lines.

Panels (b) and (d) represent estimated

total N-NH4 excretion of all individuals

in HP and LP populations (means and

SEs).
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Fig. 2 Phosphorus (SRP-P) excretion

rates estimated from experiments (a, b)

and from natural streams (c, d). Panels a

and c represent individual excretion rates

(and SEs). High-predation (HP) guppies

are shown using dashed lines, and low-

predation (LP) guppies using solid lines.

Panels (b) and (d) represent estimated

total P-SRP excretion of all individuals in

HP and LP populations (means and SEs).
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to LP populations increased the N recycled by c. 35–

50%. Excretion differences among HP-LP individuals

were still important, causing c. 36% change in popula-

tion excretion rates. Light availability affected N

recycling, because low light conditions caused LP popu-

lations to contribute c. 20% less than they would have

under high light conditions (Table 2). In the analysis of

N excretion from natural streams, density and size struc-

ture had similar effects on population excretion as they

did in the experiments, but individual excretion rate

was more important than they were in the experiments.

Because light and life history traits were confounded in

natural systems (Table S1), it was not possible to tease

apart their influences on individual recycling rates. Shift-

ing individual excretion rates from LP to HP levels

increased the amount of N recycled by natural stream

LP populations by c. 43%. This amount was comparable

to the combined effects of phenotype and light on popu-

lation N excretion observed in the analysis of experi-

mental data (c. 53%). We caution that this analysis

would be sensitive to the selection of model parameters

and should therefore be sensitive to changes in model

selection criteria.

Discussion

Our study provides novel insight into the role of life his-

tory evolution in nutrient recycling in stream ecosystems

by: (i) scaling previous experimental findings to provide

estimates of total population excretion, (ii) comparing

these findings to guppy excretion rates measured in nat-

ural stream ecosystems and (iii) dissecting the relative

influences of phenotypic, demographic and environmen-

tal variables on the contributions of fish populations to

nutrient recycling. To the best of our knowledge, this is

the first integrative analysis of how individual life his-

tory traits, demographics and environmental conditions

influence the contribution of consumers to nutrient recy-

cling in freshwater ecosystems, and the first attempt to

scale the effects of life history evolution on ecosystem

function from small-scale experiments to natural ecosys-

tems.

Our study shows that the overall contribution of

guppy populations to N recycling is influenced by the

phenotypic and demographic responses to predator

removal. Individual HP and LP guppies excrete N at

different rates, with LP guppies recycling less nutrients

per individual than HP guppies. However, as a popula-

tion, LP guppy populations recycle more N than HP

guppies because their populations contain more large

individuals and because they have higher densities than

HP guppy populations. Therefore, as guppy populations

respond phenotypically and demographically to preda-

tor release, their overall contribution to nutrient recy-

cling is likely to increase, even as individual-level

excretion rates evolve to decrease. Our analysis indicates

that demographic differences in density and body size

distribution can affect population nutrient recycling

more than the individual-level phenotypic effects,

although the latter are relatively important (Table 2).

Previous studies have shown that body size is an

important predictor of individual recycling rates in aqua-

tic consumers (Sereda et al., 2008) and that density affects

the overall contribution of consumers to nutrient recy-

cling (Benstead et al., 2010). Given that the contribution

of guppies to nutrient recycling is heavily influenced by

body size and density, two variables whose importance

is widely known to aquatic ecologists, does knowing the

evolutionary history of the target species improve our

understanding of nutrient recycling? Clearly, individual

excretion rates are important for determining the total

contribution of the population N recycling (Table 2).

However, the answer to the question also depends on

whether density and body size distribution differences

Table 2 The results of an analysis that assesses the relative influences of the phenotypic and ecological correlates of guppy life history

evolution on the total N-NH4 recycled by the guppy population. ‘Change’ is defined as the relative change of total population N-NH4

excretion by low-predation (LP) guppies when ‘parameter manipulated’ is assumed to not vary with guppy life history evolution. This

means that the parameter is held at the high-predation (HP) value in model simulation. Change is calculated relative to total population

N-NH4 excretion estimated when all parameters are held at LP values. A negative value in the change column indicates a reduction in LP

total population excretion in response to variable manipulation, and a positive value indicates an increase

Data Parameter manipulated Simulation scenario Change (%)

Experiments Phenotype Phenotype = HP; Density, Light, and Size structure = LP 36

Size structure Size structure = HP; Phenotype, Density, and Light = LP �35

Density Density = HP; Phenotype, Light, and Size structure = LP �49

Light Light = HP; Phenotype, Density, and Size structure = LP 17

Natural streams Individual Excretion Rate Individual excretion rates = HP; Size structure and Density = LP 43

Size structure Size structure = HP; Individuals and Density = LP �21

Density Density = HP; Individuals and size structure = LP �76
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between HP and LP populations are simply a numerical

(non-evolutionary) effect of predator removal, or whether

they are also affected by the evolution of life history

phenotypes.

Although research in this area is continuously grow-

ing, it is increasingly evident that guppy population

density and body size distribution are not simply

numeric consequences of predator removal, but are also

driven by evolutionary changes in individual traits (Rez-

nick et al., 1996; Reznick et al., 2012; Bassar et al., 2013).

Removing a population from predators is likely to

increase its density, regardless of its life history pheno-

type. However, LP adapted life histories are less sensi-

tive to the negative effects of density dependence than

predator-adapted life history, which can influence equi-

librium densities in LP and HP guppy populations (Bas-

sar et al., 2013). Studies also show that there are no

differences in the size specificity of mortality between

HP and LP guppy populations in nature, suggesting that

the size distribution observed in these populations is the

product of life history traits (HP guppies producing

more numerous but smaller offspring more frequently

than LP guppies), in addition to changes in predator-

mediated mortality rates (Reznick et al., 1996a,b, 2001).

Clearly, a better understanding of the effects of life his-

tory evolution on population demographics and size

structure is critical, but it is also clear that density and

size structure are significantly influenced by the

evolution of individual traits and that trait evolution is

therefore an important driver of nutrient recycling.

It is also evident from our experiment that environ-

mental variability is important for determining nutrient

recycling rates (Tables 1 and 2). Increased variability in

light levels can affect the contributions of LP popula-

tions to nutrient recycling (Table 2). Because light levels

can potentially vary among and within LP sites (Grether

et al., 2001), and because light can also affect the nutrient

uptake by stream primary producers (Moslemi et al.,

2012), it will likely also determine how important

guppy-mediated nutrient recycling is in stream ecosys-

tems. However, despite the effect of light, differences in

light among HP and LP environments do not on their

own explain differences in total population N recycling

(Figs 2b and 2d). Using the general linear model (a) in

Table 1, we would estimate that simply moving an HP

population from a high light (HP-like environment) to a

low light (LP-like environment) without changing phe-

notypic or demographic characteristics would actually

decrease the overall N recycling of the population by

c. 30%. Light therefore is important in concert with pheno-

typic and demographic characteristics of the population.

Experimental findings and natural stream observations

generally produced comparable individual and popula-

tion patterns in N excretion (Fig. 1), but not in P excretion

(Fig. 2). El-Sabaawi et al. (2012) predicted that LP guppies

would recycle less P per guppy because their diets are

generally poor in P compared to HP guppies. High-pre-

dation guppies are thought to select for high quality diet

items (e.g. insects), whereas LP guppies are generalist

feeders with poor quality diets containing large amounts

of algae and detritus (Zandona et al., 2011). Although

phenotypic differences in diet persist in experiments

(Bassar et al., 2010), they do not appear to produce large

differences in P excretion among HP-LP individuals or

populations (Fig. 2b). One potential explanation is that

the quality (i.e. %N and %P) of algae and invertebrates is

higher in mesocosms than in natural streams (R. El-Sab-

aawi, unpubl. data). Differences in food quality between

mesocosms and natural streams might also explain why

N and P excretion rates are generally higher per capita in

the experiments than the natural stream survey.

Our study focuses on dissecting the ways in which life

history evolution influence nutrient recycling of individ-

uals and populations. Ultimately, for fish-mediated

nutrient recycling to be important to the ecosystem, fish

have to supply a significant proportion of nutrient

demand by primary producers and microbes. Guppies

reach high densities, especially in LP sites, and are likely

to supply large concentrations of ammonium and SRP,

both of which can limit primary production in Trinida-

dian streams (Moslemi et al., 2012). Preliminary findings

indicate that guppies in upstream locations can supply

up to 30% of total ammonium demand within 1 year of

their introduction into guppy-free locations (M.C. Mar-

shall, unpubl. data). It is important to note that guppies

can also influence ecosystem demand through their for-

aging activities and diet selectivity, which vary between

life history phenotypes (Palkovacs et al., 2009; Bassar

et al., 2010). The effects of guppies on nutrient recycling

are likely to change in complex ways during the course

of evolution as their traits, population characteristics

and foraging activities change.

An interesting question is whether guppy elemental

composition (organismal stoichiometry), which was not

measured in this study, affects nutrient recycling pat-

terns. Guppy organismal stoichiometry varies widely

among rivers in Trinidad, but does not correlate strongly

with predation phenotype (El-Sabaawi et al., 2012). How-

ever, we currently do not know how organismal stoichi-

ometry, diet elemental composition or metabolic

demand shape guppy nutrient recycling, although

studies about this topic are in progress. Finally, studies
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of nutrient recycling rarely comment on the role of eges-

tion, likely because egestion needs to be broken down to

be immediately available to primary consumers. How-

ever, nutrient levels in egested waste might vary with

guppy diet or life history phenotype, and egested waste

might be an important source of dissolved nutrients in

the long term (Halvorson et al., 2015).

Freshwater ecosystems are currently suffering from a

myriad of anthropogenic threats. Because of the capacity

of aquatic consumers to evolve rapidly in response to

these perturbations, it is important to consider evolution-

ary as well as ecological responses to anthropogenic

impacts. The vast majority of studies that have assessed

the ecological consequences of evolution and intraspecific

diversity have focused on population dynamics and com-

munity dynamics (Bailey et al., 2009; Travis, Leips &

Rodd, 2013). Studies on ecosystem processes are less

common (Post et al., 2008; Harmon et al., 2009; Palkovacs

et al., 2009; Bassar et al., 2010). In addition, almost all eco-

evolutionary studies involve small-scale experiments

without no reference to natural ecosystems (but see Pal-

kovacs & Post, 2009). Our study shows for the first time

that the effects of fish life history evolution on nutrient

recycling observed in experiments are also evident in nat-

ural ecosystems. These effects are influenced by differ-

ences in excretion rates between life history phenotypes,

differences in demographics and differences in environ-

mental condition. Our study therefore calls for a better

integration between evolutionary biology and ecosystem

science in freshwater ecosystems, and a more integrated

understanding of interactions between ecological and

evolutionary processes that spans from small-scale exper-

iments to natural ecosystems.
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