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Ecology has long been thought to influence the evolutionary process by 

determining the selection pressures that cause adaptive evolution. The reciprocal 

influence of evolution on ecological processes has received less attention, but interest in 

its potential influence is increasing with the recognition that ecological and evolutionary 

processes can occur on congruent timescales. When these two fields are combined in 

theoretical models, the results are predictions about population and community dynamics 

not obtainable when modeled alone. Despite the theoretical work on these interactions, 

there is a paucity of empirical studies testing the assumptions and predictions of this body 

of theory. 

The aim of this dissertation is to fill this gap. Chapter 1 reviews the theoretical 

literature related to how density-dependent population regulation has been incorporated 

into models of life history evolution. Additionally, I review the empirical literature on 

density-dependence with aim of finding general patterns in how populations are 

regulated. In chapter two I test whether density could potentially be important in the 

evolution of the life history of Trinidadian guppies (Poecilia reticulata). First, I 
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conducted density manipulations of natural populations of guppies and found that guppy 

populations are regulated via density-dependent compensation of the demographic rates. 

Second, using factorial mesocosms experiments, crossing guppy phenotype with density, 

I found that the phenotypic fitness (measured as phenotypic growth rates) were dependent 

on density and that high predation guppies have a significant fitness advantage at high, 

but not low, densities. In chapter 3 I tested whether divergent guppy phenotypes had 

alternative affects on the structure and function of ecosystems. Each phenotype did 

produce significantly different phenotypes and the effects were often much larger than 

density—a traditionally important ecological trait. In chapter 4, I used a combination of 

experimental and mathematical modeling to separate the effects of divergent prey 

selectivity and nutrient recycling among the different phenotypes. The results of this 

analysis show that the indirect effects of the phenotypes are larger than the direct effects 

and that the interplay between the two are important in determining the evolution of 

foraging traits and potentially the rest of the life history. 
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Introduction 

The traditional view of the relationship between ecology and evolution is that 

ecology influences the evolutionary process by creating selection pressures that cause 

evolutionary change. The reciprocal influence of evolutionary processes on ecological 

dynamics has received little attention, despite being recognized as being potentially 

important (Chitty 1960, Pimentel 1961). Likewise, beginning with modern synthesis, 

evolutionary biology has mostly been elevated out of its ecological context (Dieckmann 

and Ferriere 2004). Ecological factors have been seen as the source for creating specific 

selection pressures on the phenotype, but the ecological results of these evolutionary 

changes have not generally been viewed as being able to influence the trajectories of 

further evolutionary change.  

The traditional, unidirectional, viewpoint is the result of the long-held belief that 

significant evolutionary change happens over much longer timescales than ecological 

dynamics (Slobodkin 1961). In the last several decades, this assumption has been 

shattered by an increasing number of studies documenting significant evolutionary 

change over short time period in wild populations (Thompson 1998, Hendry and 

Kinnison 1999, Reznick and Ghalambor 2001, Reznick et al. 2004b). Among these 

examples are Trinidadian guppies (Poecilia reticulata), which are the focus of this 

dissertation. 

When ecological and evolutionary processes occur on congruent timescales 

simple perspectives of the evolutionary process (such as Wright‘s (1932) adaptive 

landscape concept, Fisher‘s fundamental theorem (1930), and Levins‘ (1962b, 1962a, 
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1968) fitness set), break down (Dieckmann and Ferriere 2004). Recently, a newer view of 

the dynamic interplay between ecology and evolutionary processes has been emerging 

(reviewed in Strauss et al. 2008, Post and Palkovacs 2009, Schoener 2011). Driven 

mostly by theoretical investigations (Metz et al. 1992, Heino et al. 1997, Metz et al. 

2008), this new field of eco-evolutionary feedbacks seeks to address the assumptions of 

the previous viewpoint and in doing so, redefine the field of evolutionary ecology (for a 

synthesis, see Dieckmann and Ferriere 2004, Dercole and Rinaldi 2008). A very general 

assumption of eco-evolutionary feedbacks is that as selection acts to change the 

phenotype of the population these changes then alter the environment in a way that alters 

the trajectory of evolution. Much of this is the result of environmental context (and not 

just the direct selection pressures) in playing a large role in phenotypic fitness. This 

means that not only does the genotype matter in determining fitness, but also how that 

phenotype affects and is affected by the surrounding environment matters for determining 

the fitness of the genotype.   

Several studies from the laboratory have documented the potential importance of 

eco-evolutionary feedbacks under simple predator prey interactions (Fussmann et al. 

2003, Yoshida et al. 2003). However, it is unclear if these interactions will remain 

important once nested within more complex natural systems. Some studies have 

documented the affects of different phenotypes on community structure and/or ecosystem 

processes using semi-natural mesocosm experiments (Palkovacs and Post 2008, Post et 

al. 2008, Harmon et al. 2009, Palkovacs and Post 2009). None of these studies, however, 



3 

 

have tested the magnitude of the evolutionary effect (phenotype) against traditional 

effects thought to be important in determining ecological dynamics, such as density. 

These studies show that the phenotypes can influence the broader environment. 

However, another assumption of the new theory is the demographic context, such as 

density, should play a large role in determining the fitness of alternative phenotypes in 

the evolving population (Metz et al. 1992, Metz et al. 1996, Heino et al. 1997, 

Dieckmann and Ferriere 2004). The integration of density into life history models has 

been a large topic of debate in the theoretical literature for many decades with little or no 

consensus in the literature (Moreau 1944, Lack 1947, 1954, MacArthur 1962, MacArthur 

and Wilson 1967, Gadgil and Bossert 1970, Charlesworth 1971, Charlesworth and Giesel 

1972, Law 1979, Michod 1979, Charlesworth 1980, Metz et al. 1992, Stearns 1992, 

Charlesworth 1994, Brommer 2000, Stearns 2000, Roff 2002, 2008). In Chapter 1, I 

review how demographic context in relation to density has played a role in the 

development of life history theory under the traditional perspective and in the emerging 

evolutionary ecology paradigm. I also present a review of the empirical literature for 

studies that may provide tests or insights into the way that density can alter the 

predictions from theory. What emerges is that density-dependence is an important 

component of natural systems, but we know little about the demographic mechanisms 

that cause it or its role in the evolutionary process.  

The goal of the remaining chapters of the dissertation is to test several critical 

assumptions of this emerging body of theory in Trinidadian guppies (Poecilia reticulata). 

Guppies are small, live-bearing fish that inhabit mountain and lowland streams on the 
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Caribbean island of Trinidad (Gilliam et al. 1993). Along this gradient are several types 

of fish communities. At one extreme (low predation communities), guppies live with a 

single other fish, Hart‘s killifish (Rivulus hartii), which may be both a competitor and 

consumer of smaller guppies (Haskins et al. 1961). At the other extreme, guppies coexist 

with numerous other fish including several species that prey upon juvenile and adult size 

classes of guppies, including the pike cichlid (Crenichla alta) and the wolfish (Hoplias 

malabaricus) (Haskins et al. 1961, Reznick and Endler 1982, Gilliam et al. 1993). 

Comparative analyses of the life history of wild-caught guppies from numerous replicate 

streams have shown that guppy life histories vary as a function of the predatory 

environment (Reznick and Endler 1982). Common garden laboratory experiments have 

confirmed that these differences are in large part due to genetically based differences 

among the population types (Reznick 1982). Introduction experiments, wherein guppies 

from high predation localities are transplanted to previously guppy free streams (and 

where predators are introduced to guppy/killifish streams) have shown that not only does 

the low predation phenotype evolve as a consequence of the change in fish community, 

but also that this change can happen on timescales congruent with ecological dynamics 

(Reznick et al. 1990, Reznick et al. 1997, Reznick et al. 2004b). Numerous other 

morphological (Liley and Seghers 1975), performance related (Ghalambor et al. 2004), 

and behavioral (Magurran et al. 1995) traits have also been documented to covary with 

the evolution of the life history of guppies.  

In chapter 1 I discuss how these results were originally pointed to as one of the 

best tests of the predictions of traditional life history models. However, several lines of 
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evidence in recent decades have shown that the picture of guppy evolution is not 

complete. First, detailed mark-recapture studies in high and low predation habitats have 

shown that the original mechanism of size-dependent mortality in natural streams is not 

what was originally assumed (Reznick et al. 1996). In fact, traditional versions of life 

history theory predict that there should be no evolution of the life history between low 

and high predation streams (Gadgil and Bossert 1970, Michod 1979, Charlesworth 1980, 

1994, Reznick et al. 1996, Reznick et al. 2002). Second, life history theory predicts that 

increased extrinsic mortality in high predation streams should promote adaptations that 

increase survival and reproduction early in life at the expense of survival and 

reproduction later in life, which should lead to earlier senescence of the high predation 

phenotype (Williams 1957, Hamilton 1966). However, common garden studies of the two 

phenotypes have shown that high predation guppies live longer and reproduce at later 

ages compared to low predation guppies (Reznick et al. 2004a). The sum of this body of 

work shows not only that the evolution of the guppy phenotype cannot be understood 

using traditional life history models and that under the simplified laboratory conditions 

the low predation phenotype should never evolve.    

In chapter 2, I test many of the ideas laid down in Chapter 1, namely that 

populations are regulated by density dependence and that the fitness of the phenotypes 

should be thought of in terms of the interaction between the genotype and the 

environment in which the phenotype is found—in this case in relation to density. I tested 

these ideas by conduction density manipulation experiments in wild populations of 

guppies, evaluating their demographic responses using inferential and population growth 
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models. The result was that unmanipulated populations of guppies do not differ from 

stasis and that perturbing the population numbers resulted in population growth estimates 

that would return the population towards stasis. I further tested whether population 

density has a significant influence on the fitness of different phenotypes of guppies by 

conducting a two by two factorial experiment (phenotype crossed with density) in 

replicate mesocosms that simulate the natural environment of the guppies. The results of 

this experiment show that while high predation guppies have higher fitness at low 

population densities, this advantage disappears under high density conditions.   

In chapter 3, I tested the assumption that different phenotypes have alternative 

influences on the structure and function of the broader ecosystem. I set up 16 replicate 

mesocosms designed to approximate the natural stream environment. Low or high 

predation guppies were placed in 12. Four did not receive guppies and were used to test 

the effects of a guppy invasion on the environment. Of the guppy treatments, half 

received low or high predation guppies at a low density and the other half received low or 

high predation guppies at a high density. The density treatments were included to first 

test for an interaction between the phenotype and their density on the stream community, 

and second to provide a metric to test the phenotype effect against. The experiment was 

conducted twice, each time using a different independent origin of the phenotype to test 

whether the effect were a general characteristic of the evolution of the phenotype or a 

random consequence of having different populations. The results of this study were that 

phenotypes have a large influence on both the structure and function of the stream 
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ecosystem and that these effects were often larger than the traditional ecological effect of 

density.   

 In chapter 4 I expand on the results of the experiments from chapter 3 by 

decomposing the effects of the guppy treatments into direct and indirect and ecological 

effects. The results from chapter 3 show that guppy phenotype is important in 

determining ecosystem structure and function, but we are unable to determine which 

organismal trait(s) are responsible for the changes. This was because numerous 

organismal traits could potentially yield the same effect on the ecosystem. Within the 

same experiment as chapter 3, I was excluded guppies from some parts of the mesocosms 

using electric exclosures. The measured effects in these guppy-free areas represent the 

indirect effects of the guppy treatments on the ecosystem. I collaborated with Dr. Regis 

Ferriere to create a dynamic ecosystem model of the mesocosms to further separate the 

numerous indirect pathways affected by the guppy phenotype. The results from the 

experimental components pointed towards the direct effect of differences in guppy prey 

selectivity as driving most of the differences between the effects of the phenotype on the 

ecosystem. However, although the dynamic ecosystem model reproduced the net 

experimental results, it pointed towards large influences of the indirect effects of guppy 

foraging divergence on nutrient cycling by their invertebrate prey.  

 The sum results of this dissertation is that feedbacks between ecology and 

evolution in Trinidadian guppies are not only possible, but they are likely important in 

promoting the evolution of the low predation phenotype from the high predation 

phenotype ancestors. Population density is an important component determining the 
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dynamics of guppy populations and phenotypic fitness is a function of density. Divergent 

phenotypes alter the ecosystem in different ways and these differences may be important 

in determining the ecological context (or direct selection pressures) for evolution. The 

impact of this body of work on the scientific community is that no longer can we consider 

ecology and evolutionary biology as related, but separate fields of biological inquiry.     
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Chapter 1 

Bridging the gap between ecology and evolution: integrating the empirical study 

of density regulation with life history evolution  

Abstract 

Early demographic models of life history evolution were formulated in a density-

independent framework and saw extrinsic sources of mortality, such as predation, as the 

primary driving force that shaped the evolution of life history traits. The evidence for 

density-dependence in nature, motivated theoreticians to build models that incorporated 

population regulation. These later generations of models acknowledge that demographic 

mechanisms of population regulation and extrinsic mortality interact with one another, 

and predict a wide variety of life-history evolutionary responses. Such ecologically 

realistic models require knowledge of the demographic traits and life-stages most 

affected by density, and their effect back on the demography. Despite the vast empirical 

literature characterizing population regulation, and a wealth of methods to analyze it, 

such mechanistic understanding is rare. Ecological experiments whereby density is 

manipulated can be a powerful tool to disentangle the life-history determinants of 

population regulation. Here we review published density-manipulation experiments and 

highlight how they can be coupled with existing analytical tools to extract the 

mechanistic information needed for evolutionary models of life histories.  

Introduction 

The concept of density dependence was fundamental to Darwin‘s formulation of 

evolution by natural selection. It was the impossibility of exponential growth when 
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resources are limited that inspired the idea of the struggle for existence, or the role of 

biotic interactions, in shaping how organisms adapt to their environment (Darwin 1859). 

In the early part of the 20
th

 century, evolutionary biologists set aside the ecological 

struggle and focused on merging population genetics and the principles of natural 

selection (Provine 2001). At the same time, ecologists began to debate whether density-

dependent or density-independent factors governed population numbers (Nicholson 1933, 

Andrewartha and Birch 1954, Lack 1954). Much of the debate centered around defining 

the necessary and sufficient conditions for regulation to occur (Turchin 1995). Today 

population regulation is recognized as the presence of a ―long-term stationary probability 

distribution of population densities‖ (Dennis and Taper 1994, Turchin 1995), which 

incorporates earlier arguments regarding the meaning of equilibrium (May 1973, Chesson 

1982, Strong 1986, Dennis and Taper 1994).  

In spite of Darwin‘s early emphasis on this link between ecology and evolution, 

we argue here that we have yet to fully and clearly integrate the disciplines of population 

ecology and evolutionary biology. We can see early phases of such integration in the 

work of David Lack (1944, 1947) or Reginald Moreau (1944), who were interested in the 

interaction between population biology, resource availability and the evolution of clutch 

size. The early formulation of life history theory as r- and K-selection also attempted a 

synthesis between population regulation and evolutionary ecology by championing 

natural selection as density-dependent (MacArthur 1962, MacArthur and Wilson 1967). 

Later development of demographic theory had the opposite effect because it defined 

fitness as the intrinsic rate of increase (r) in a population that lacked limits to population 
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growth (Cole 1954, Schaffer 1974). As demographic theory was modified to become 

more biologically realistic, it once again incorporated the ―struggle for existence‖ in the 

form of density regulation, first by simply substituting r with R0 (net reproductive rate) as 

the measure of fitness (Charlesworth and Leon 1976), then by incorporating specific 

demographic mechanisms for density regulation (Michod 1979).  

Density regulation thus has two lives in the scientific literature. One lies in the 

realm of population ecology, where there has been a vast amount of work done to 

characterize how natural populations respond to density. The second lies in the realm of 

evolutionary biology, where population regulation plays a key role in theory for the 

evolution of life histories. We see little evidence of a connection between the two in the 

empirical literature despite repeated calls for integration from theoreticians (Charlesworth 

1971, Charlesworth and Leon 1976, Michod 1979, Charlesworth 1980, Ferriere and 

Clobert 1992, Abrams 1993, Mylius and Diekmann 1995, Abrams and Rowe 1996, 

Pasztor et al. 1996). Few empirical investigators have attempted to test evolutionary 

theory that incorporates density regulation with empirical studies of life history evolution. 

Those evolutionary studies that have incorporated density have mostly focused on finding 

evidence for density-dependent selection (Mueller 1988, Bradshaw and Holzapfel 1989, 

Mueller et al. 1991).  

 This disconnect comes at a time when ecology and evolutionary biology are at an 

important crossroads. Ecological factors have long been known to influence the outcome 

of evolutionary processes. However, because evolutionary processes were thought to 

occur on longer timescales, short-term evolution was thought either to not influence 
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ecological processes or to have such a small effect that it could safely be ignored. Recent 

theoretical and empirical work has shown this assumption to be false and that evolution 

can influence ecological processes (Metz et al. 1992, Metz et al. 1996, Fussmann et al. 

2003, Yoshida et al. 2003, Dieckmann and Ferriere 2004, Hairston et al. 2005, Fussmann 

et al. 2007, Bassar et al. 2010). Many of these influences are a result of or are modified 

by effects of density and thus we see density as playing a central role in bridging ecology 

and life-history evolution.   

In this review we ask how much of what has been learned by ecologists is useful 

to evolutionary biologists who seek to use it to understand the evolution of life histories. 

More specifically, our aims are to: 1) briefly outline the way density is incorporated into 

life history evolution and integrative ecological-evolutionary theory and, in doing so, 

define the types of information on density effects that are needed to advance theory; 2) 

evaluate the extent to which existing ecological experiments can be applied to these 

bodies of theory; and (3) suggest how future experiments can be more effectively 

designed and analyzed to address the interface between ecological and evolutionary 

processes.  

Life history theory and population regulation 

 The vast majority of life history models are optimality models wherein the 

endpoints of the evolutionary process are the optimal values of traits that together 

maximize some measure of fitness (Roff 1992, Stearns 1992, Roff 2002). At the heart of 

such evolutionary arguments is the question of how to define fitness (Brommer 2000). 

Traditional measures of fitness have been derived from the Euler-Lotka equation which 
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emphasizes the numerical nature of fitness and its relation to the spread of alleles in 

population (Charlesworth 1980). These equations are the same as those used in 

population biology to characterize the growth or decline of the population. In population 

biology, these equations describe the growth of the entire population (all genotypes). 

However, when used in life history models, these equations represent a single genotype 

and do not explicitly include any information on the rest of the population. The measures 

of fitness (r or R0) thus represent the intrinsic rate of increase and the net reproductive 

rate of individual genotypes. Each metric of fitness makes assumptions about the 

population dynamic state of the populations. The choice of fitness measure can alter the 

predicted optimal life history (Benton and Grant 2000). In general, when the environment 

is constant and the population is not subject to density-dependent effects on growth, r is 

the appropriate measure of fitness. If the environment is constant and the population is at 

or near equilibrium then R0 is thought to be the appropriate measure (Stearns 1992, 

Benton and Grant 2000, Roff 2002, 2008). Other traditional measures of fitness modify r 

or R0 when the constant environment assumption is violated (Roff 2008).       

 Maximizing one of the fitness measures implies that some set of fitness 

components must be optimized. Williams (1966) developed the idea of partitioning 

Fisher‘s (1930) reproductive value into current and residual reproductive value. At the 

heart of Williams‘ argument was the insight that the total amount of energy available to 

an organism was fixed and that increased allocation towards one function like 

reproduction came at the cost of decreasing the energy allocation to others such as 

survival and maintenance. Thus there exists a trade-off between the reproduction and 
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survival. The exact shape of the trade-off depends on the relationship between the 

function in question and reproductive effort.  

Schaffer (1974) showed how by using these functions one could determine the 

optimum reproductive effort at each age in a density-independent age-structured 

population. Charlesworth and Leon (1976) extended Schaffer‘s analysis of life history 

optimization in age-structured populations under density-independent and density-

dependent conditions. For density-independent populations they assumed that r was the 

fitness parameter to be maximized and for density-dependent populations R0 was 

maximized.  They emphasized the importance of density-dependent regulation in 

determining the predictions of life history models when they stated that ―the effect on our 

conclusions of including density dependence seems to depend on the precise model of 

population regulation which is envisaged.‖ As examples, they showed that applying a 

density-dependent mortality factor to all ages should cause a decrease of reproductive 

effort with age and if this mortality factor acted only on the juvenile age classes, then this 

should cause an increase in reproductive effort with age (Fig. 1.1).  

Charlesworth and Leon argued that in the case where populations are limiting in 

their growth, R0 was the appropriate measure of fitness because the phenotype that had 

the highest R0 should dominate the population. At the same time, however, R0 for the 

broader population is assumed to be equal to 1 (not growing). In Charlesworth and Leon 

and previous models both things can hold true because that the population is assumed to 

be at equilibrium. However, there was no explicit formulation of the population dynamics 

in their models.  
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Michod (1979) extended Charlesworth and Leon‘s model by explicitly 

incorporating the effect of the density of the dominant phenotype (resident phenotype) on 

the reproductive effort and R0 of an alternative (mutant phenotype) invading at a low 

density.  In doing so, he explicitly modeled both the evolutionary and ecological 

dynamics such that the ecological dynamics could influence the outcome of the 

evolutionary model. He examined how the distribution of reproductive effort should 

change in response to changes in the mortality schedules at various ages in density-

independent and density-dependent scenarios. He found that how reproductive effort 

should change with age depends on how the mortality change is distributed across age 

groups and the age-group(s) that underlie density-dependent population regulation (Fig 

1.1).  

Demographic mechanisms that bring about density regulation are changes in the 

age-specific birth and death rates. In each of the above models, density-dependent 

population regulation is seen to be achieved by adding density-dependent terms to each 

demographic variable. These terms describe how the demographic rate changes as a 

function of density and explicitly describe how genotypes interact with the environment 

to determine performance in that environment. Thus these terms describe the plastic 

nature of the phenotype. This approach assumes these parameters respond to changes in 

density in a specific manner and also their relative importance in determining how 

populations respond to density. When this is done, an assumption is made regarding how 

age-specific vital rates respond to changes in density and their relative importance in 

determining the demographic density-dependent response. To provide generality, the 



21 

 

predictions of the models are evaluated under different conditions, often with different 

qualitative results. Understanding precisely which demographic factors respond to 

changes in density is no trivial matter but is critical to understanding the predictions for 

how life histories will evolve in response to changes in mortality.  

Density-dependent life-history models typically assume a single demographic 

parameter is responsible for demographic compensation. However, it is likely that such 

density compensation occurs through multiple demographic mechanisms. Many 

demographic traits can change in response to density, whether independently or linked 

through trade-offs. Moreover, these can respond differently in different age classes. The 

challenge is to identify which trait or traits are the most important in leading to changes 

in the population growth rate.  

Demographic compensation mechanisms describe how the population responds to 

ecological changes, but ignore the underlying ecological interactions that determine the 

response of individuals in the population. For example, predators increase the mortality 

rate of their prey, but as predators kill prey, they can also reduce prey population density 

and hence reduce density-dependent mortality. Ecological mechanisms such as resource 

availability and predation determine the density-dependent response, but is it important 

which ecological factor is responsible? Such indirect ecological effects have been widely 

investigated in ecology, however, their influence in determining the outcome of the 

evolutionary process is not well understood (Wootton 1994, Abrams and Rowe 1996). 

Abrams and Rowe (1996) used an optimality model to investigate the effects of 

increased non-size selective predation on size and age at maturity that included both the 
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direct effects of predation and the indirect effects of increased resources. They evaluated 

the models with age and size at maturity as either flexible or fixed and with a fixed or 

flexible growth effort. The predictions of the model are highly dependent upon which of 

the demographic variables are flexible, whether increased growth effort increases 

susceptibility to predation, and how predator density affects the abundance of resources 

for the prey. The general conclusion was that indirect effects of changes in mortality can 

exert strong influences on the size and age at maturity and may, depending on the 

strength of the indirect effect, override the direct effect of predation. 

Incorporating indirect effects into life history evolution is appealing because it 

explicitly considers the mechanisms of how mortality and resource variation can interact 

to produce changes in the life history. Such lower level explanations are likely to yield 

higher predictive power. Early work on life histories envisioned resources as playing a 

major role (Lack 1947, 1954) in shaping life history evolution whereas subsequent 

research emphasized the role of age-specific mortality in shaping life history evolution. 

Resources were seen as playing a role in determining the proximate adjustment of vital 

rates, but ultimately were thought to play little role in causing interspecific variation in 

life history traits (Martin 1987). Models that incorporate such indirect effects add a way 

for us to understand the ecological processes that determine phenotypic performance and 

thus nest classic evolutionary demographic models within a broader ecological context.   

New modeling approaches related to Michod‘s invasibility models, utilize and 

extend the analytical tools of evolutionary game theory (Maynard Smith 1974, 1982) by 

modeling the ability of a mutant genotype to invade a resident population (Dieckmann 
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and Ferriere 2004). While only the resident population is assumed to have demographic 

effects, successful mutant phenotypes are allowed to invade, become resident and 

consequently determine the demography. Such explicit modeling of evolution as an 

invasion process acknowledges that ecological factors and context affects evolution, but 

also that evolution changes the ecological context as evolution proceeds. The bi-

directional dependence of fitness on the environmental selection pressures and the 

phenotype on the environment has been called the ecological-evolutionary (eco-evo) 

feedback loop (Dieckmann and Ferriere 2004). In these approaches, the environment of 

the invading phenotype can be extended to include not only the resident phenotype, but 

also include broader interspecific interactions (competitive, mutualistic, parasitic, or 

predatory) which are affected by the resident (Jones et al. 2009). The explicit inclusion of 

these broader interactions represents a new framework to understand the relative 

importance of direct and indirect ecological and evolutionary effects on life history 

evolution (Jones et al. 2009). 

Deriving general predictions from this body of theory is difficult because of the 

complexity of such interactions. However, as is true for simpler models of life history 

evolution, knowing the demographic mechanisms of population regulation is crucial 

because they determine, in part, the ability of new phenotypes to invade. Density also 

plays a role in determining the dimension of the feedback loop. If all individuals are 

equally affected by density, the eco-evolutionary feedback is said to be one-dimensional. 

This is because the demographic environment is then appropriately described by a single 

parameter, which is the total number of individuals in the population. If genotypes affect 
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and are affected by the environment differently, then more parameters are necessary to 

describe the eco-evo feedback. Frequency dependence is an example of a 

multidimensional feedback. In the simplest case, for example, where just two genotypes 

are considered and each of them affects and is affected differently by density, two 

parameters (the densities of each genotype) are needed to describe the feedback (Heino et 

al. 1997). Density-dependent selection, where the effect of the environment differs as a 

function of the genotype, also represents a multi-dimensional system. If the population is 

structured (as most are) by age, size, state, etc then each of these stages may define a 

different dimension in the feedback loop. Only when the environment feedback loop is 

taken to be one-dimensional does an optimum exists that can maximize r or R0 (Heino et 

al. 1997). Otherwise, the fitness measure that is maximized depends on the specific 

nature of the environmental effect (i.e. the resident population dynamics) (Charlesworth 

1980, Metz et al. 1992, Charlesworth 1994, Mylius and Diekmann 1995, Metz et al. 

1996, Heino et al. 1997, Dieckmann and Ferriere 2004).  

 The development of life history theory started off as an attempt to understand how 

the interaction between population biology and evolutionary processes combined to cause 

variation in the life histories of organisms (Lack 1944, Moreau 1944, Lack 1947). 

Because a complete understanding of the scope of these interactions was initially too 

complex, theoreticians resorted to tackling smaller portions of the theory. In the last half 

century the field has matured to the point where the original vision of these interactions is 

within view. A central theme in these advancements has been the incorporation of the 

limits to population growth into theory. The theory reviewed above points at the 
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sensitivity of life-history predictions to the specifics of density dependence. In particular, 

it highlights the importance of three key empirical questions: (1) Which life-stages and 

demographic rates are affected by density dependence? (2) What is the dimensionality of 

the feedback evolution and the demographic environment? (3) Are the mechanisms of 

density dependence direct or indirectly expressed? With these three questions in hand, 

what can we learn from the vast ecological literature on density dependence? 

Ecological approaches 

Numerous reviews on population regulation have been written through the years. 

It is beyond the scope of this paper to review population regulation as a concept or to 

evaluate all the empirical evidence for accepting it as an ecological tenet (Murdoch 1970, 

Egerton 1973, Berryman 1987, Sinclair 1989, Hanski 1990, Murdoch 1994, Cappuccino 

and Price 1995, Berryman et al. 2002, Rohde 2005). Rather we concentrate on discussing 

the factors that are important in determining the predictions from life history theory, 

namely: which demographic parameters and which age/size classes of the population are 

the most important in regulating the population. To do so, we briefly discuss how the 

various methods used by ecologists to answer these questions can provide the information 

required by evolutionary biologists. We then present the results of a literature search with 

the goal of determining if the ecological literature provides the types of necessary 

demographic information. Finally, we highlight a few well-studied biological systems 

that can provide insights into how this ecological information can be used in the 

evolutionary study of life histories.  
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Methods of testing for regulation 

Methods in the study of population regulation have been designed to answer three 

general questions. First, do density-dependent processes regulate the population? Stated 

another way, does the population exhibit a return tendency? Second, since this return 

tendency must be achieved via changes in the demographic rates of the population, which 

of these rates are primarily responsible for driving the change in the population growth 

rate? Third, what are the underlying ecological factors (e.g. competition or predation) 

responsible for the demographic changes?  

Most studies of population regulation are either long-term observational studies, 

or mid- to short-term manipulative experiments. A review of studies on population 

regulation would likely reveal a trade-off between long-term data and mechanistic 

understanding. Long-term observational studies are well suited to determine if 

populations exhibit a return tendency over the long-term. If individuals are followed 

through time, then they can answer how the many demographic rates are correlated with 

changes in population growth rate. Changes in demographic rates that determine 

population dynamics are likely to be influenced by multiple ecological factors
62

 that may 

act additively or interact. While data from long-term individual-based observational 

studies can go a long way in evaluating how these alternative ecological factors interact 

to influence demographic rates (Coulson et al. 2001), these data sets suffer from two 

problems. First, they are slow and logistically involved to build. Second, their 

observations and low (if any) replication limits their ability to determine causality.  



27 

 

Long-term manipulative experiments wherein either the environment or the 

population itself is manipulated have been advocated as being ideal to address these 

questions (Sinclair 1989). When data on demographic rates are available, these datasets 

can be analyzed using the statistical techniques that decompose population growth into 

contributions from individual rates (see below). Manipulations in these experiments 

generally consist of ―press‖ manipulations wherein the manipulation is routinely imposed 

on the population. However, datasets such as these are rare and expensive to obtain and 

are thus unlikely to be good models to answer these questions except in a few rare cases. 

In addition, the responses seen to multi-generation, repeated imposition of experimental 

treatments could be attributable to the phenotypic adjustment of the demographic rates 

and/or the evolution of the population in response to the imposed treatments (Sharpe and 

Hendry 2009). It is generally not known if the demographic responses exhibited by these 

populations represent demographic compensation to altered density or to the evolution of 

alternative life histories strategies in response to altered mortality regimes or both (Law 

and Grey 1989, Law 2000).  

Short-term (one generation or less) density manipulations represent a valuable and 

under-exploited tool in evolutionary biology. If demographic data is collected during the 

course of the experiment, then methods to calculate and decompose population growth 

rates into contributions from individual rates are possible. Population size, resources, or 

predators can be manipulated directly in these experiments to determine causality 

between demographic changes and ecological factors. Because these experiments can be 

performed over short time intervals, evolution of the target population can be minimized 
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and the demographic changes will likely be dominated by phenotypic adjustments (at 

least for surviving individuals). Expense in these experiments is also reduced which 

means that many more populations/species can be manipulated and inferences about the 

generality of the responses can be made. Despite these advantages, the short-term nature 

of these experiments may not allow fully capture the density-dependent response if 

delayed responses or cross-generational effects are important. Some of the arguments in 

favor of using short-term density manipulations have been said elsewhere (Cappuccino 

and Harrison 1996).  

Analytical techniques used for these experiments vary widely. The simplest way 

to analyze demographic responses to density manipulations is to increase or decrease the 

population density of some populations and use others as controls, then test for 

differences in these treatment groups after some time period using conventional 

inferential statistical techniques such as ANOVA. Although these methods of analysis are 

common (see below) they yield little information regarding the demographic changes that 

actually influence population growth (Caswell 1989). The demographic variables that 

differ significantly between the control and experimental treatments may in fact have 

little or no impact on the population growth or individual fitness (Caswell 1989, Oli et al. 

2001). Because of these issues, there have been efforts to develop analytical techniques 

that decompose changes in population growth into contributions from each trait. The 

earliest attempt at such a decomposition was key-factor analysis (Varley and Gradwell 

1960). This method was previously popular, but because of several methodological 

problems is rarely used (Manly 1990, Royama 1996). Modern analytic techniques such as 
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matrix life table analysis (Caswell 1978, 1989, Caswell 2001) and structured accounting 

of the variance of demographic change (SDA) (Brown and Alexander 1991, Coulson et 

al. 2005) decompose population growth rates into contributions from individual 

demographic rates. The SDA approach is similar to the matrix life table analysis 

approach with two exceptions. First, matrix population models assume that the 

population age-structure is in equilibrium, whereas the SDA approach does not. Second, 

the matrix life table analysis approach is only a linear approximation of the 

decomposition of variation in population growth, whereas the SDA approach provides an 

exact decomposition. Despite these differences, however, matrix life table analysis and 

SDA approaches seem to provide similar results (Coulson et al. 2005). To illustrate how 

these analytical techniques can be used, we discuss only matrix life table analyses, 

though SDA could be used as well. 

Two types of matrix life table analyses are available that can detail how changes 

in trait values influence population growth: prospective and retrospective analysis 

(Caswell 1989, Horvitz et al. 1997, Grant 1998, Caswell 2001). Prospective analyses 

utilize life table data to look forward and determine which demographic variables can 

potentially contribute the most to population growth. Prospective analyses yield 

sensitivity and elasticity measures for each trait that can be interpreted as the sensitivity 

of population growth rate to absolute changes (sensitivity) and proportional changes 

(elasticity) in trait values (Table 1.1). However, these methods measure only what the 

potential impact of changing the vital rates would have been in the absence of any 
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covariation between traits (Caswell 2001, Coulson et al. 2005) and, thus, do not measure 

the actual influence of traits to actual changes in population growth.  

In contrast, retrospective analyses or life table response experiments (LTRE) look 

backwards at life tables that describe trait values under different population growth 

conditions and ask which vital rates contributed most to changes in observed population 

growth rate after an observed change in population growth. If life tables are constructed 

for populations that have had their densities manipulated, then they can yield the 

necessary details to characterize the demographic responses that underlie density 

regulation. The result of LTRE analysis is a matrix of contribution values for each age-

specific vital rate. These values are a first-order linear approximation of decomposition of 

the change in the population growth rate (λ) between control and manipulated population 

(Table 1.1). Values with larger absolute values contributed more to changes in population 

growth rate than changes with smaller absolute values. This method allows for the 

identification of the age-specific demographic traits that respond to the perturbation and 

permits evaluation of each trait‘s relative impact on population growth rates (Table 1.1). 

This information, in turn, can be incorporated into life history models that explicitly 

include density-dependent regulatory mechanisms. For example, if density perturbation 

experiments reveal that changes in density mostly affect juvenile survival, then 

researchers could use this information to derive specific predictions regarding the 

evolution of life histories in their particular system. These methods are not restricted to 

using lambda as a measure of population growth and other measures have been used such 
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as R0 (Levin et al. 1996) and the stochastic growth rate (Caswell 2010). Methods for 

calculating standard errors and hypothesis testing are available (Caswell 2001). 

It has been emphasized that estimates of demographic parameters and hence the 

sensitivities of population growth to changes in demographic parameters are sensitive to 

the duration of the life stage (Enright et al. 1995, Basilio de Matos and Silva Matos 

1998). Integral projection models (IPM) have been developed that describe the changes 

in demographic rates as continuous functions rather than discrete life stages to remedy 

this problem (Easterling et al. 2000, Ellner and Rees 2006). Using these methods, one 

does not obtain sensitivities for each stage, but rather a surface of sensitivities to each 

demographic rate. Although, an explicit link between these methods and LTRE analysis 

has not been covered in the literature, the institution of these IPM‘s in LTRE analysis 

should be straightforward. 

Sensitivities are typically estimated as the partial derivative of population growth 

rate (λ) with respect to the demographic parameter of interest. Because they are partial 

derivatives, they represent the effect of changing that parameter while holding other 

parameters constant. However, because demographic parameters are linked to each other 

through lower-level parameters and physiological or genetic trade-offs, change in one 

demographic parameter often causes change in other parameters. This covariance among 

demographic traits is well studied in life history theory (Roff 1992, Stearns 1992, Roff 

2002) and can potentially lead to incorrect sensitivities and resulting LTRE contributions 

if not incorporated into the analysis. To remedy this, van Tienderen (1995) introduced the 

concept of integrated sensitivities, which conceptually are a simple extension and allow 
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one to examine the direct of changes in a trait on population growth plus the added 

indirect effect of changes in that parameter on other parameters. Mathematically, this is 

equivalent to calculating the sensitivity as the ordinary derivative of population growth 

with respect to the demographic parameter (van Tienderen 1995).  

What ecological studies have revealed about demographic mechanisms? 

 To characterize how the ecological study of population regulation can inform 

evolutionary study of life histories, we surveyed the ecological literature for empirical 

studies that performed density-perturbation experiments and evaluated if these studies 

provided the necessary information on demographic responses to changes in density. We 

also included studies that indirectly altered density by altering resource availability to test 

for bottom up or top-down control of population size. We were particularly interested in 

studies wherein the density manipulation was conducted on one or multiple ages/sizes in 

the population and where the demographic response variables could be broken up into 

age/size classes. Additionally, we restricted our literature search to studies of vertebrate 

populations. Some selective review of the literature was necessary because the literature 

is so large. Additionally, since much of the support for classic demographic life history 

theory has come from comparative studies of vertebrate populations (Tinkle and 

Ballinger 1972, Vinegar 1975, Reznick 1982, Reznick and Endler 1982, Reznick and 

Bryga 1987, Hutchings 1993, Martin 1995, Reznick et al. 1996, Bertschy and Fox 1999, 

Martin et al. 2000, Ghalambor and Martin 2001, Kraus et al. 2005), understanding how 

regulation is attained in this taxa would integrate well with the empirical literature on life 

history evolution. We began our survey in the ISI Zoological Record database with the 
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keywords population regulation, density-dependence, density manipulation, density 

perturbation and various suffixes of these words in the keywords, abstracts or titles. We 

supplemented this search by including studies from the references cited sections of these 

papers that fit the criteria of our search, but may have been too old to be included in the 

ISI database. These relatively ad hoc search criteria yielded 38 studies in which density 

manipulation experiments were used to evaluate demographic regulatory mechanisms. 

Our literature survey revealed that despite the abundance of empirical studies that 

examine the demographic mechanisms of density regulation, most (36 of 38) utilized 

standard tests of statistical differences (e.g. ANOVA, regression, t-tests, goodness of fit) 

to test for significant differences of individual demographic traits between treatment and 

controls or multiple treatment groups (Table 1.2). Only two density perturbation 

experiments utilized the LTRE approach to investigate the response of demographic rates 

to density perturbations and none used SDA. The rarity of these analyses in these studies 

may be a combined result of the studies being conducted before published accounts of the 

methods and incomplete data on the full spectrum of life table variables. Of the studies 

that did not use life table methods 77.8 % (28 of 36) were published after the original 

publication of the details of the LTRE methods.(Caswell 1989) Of these 28 studies, only 

21.4% (6 of 28) collected complete life table data to conduct these analyses. Of these 6 

studies, one study was from reptiles, two were from passerine birds, and two and one 

were from small and large mammals respectively. Studies of amphibians and coral reef 

fishes were well represented, but none contained the complete data from a single study to 

evaluate which demographic parameters were responsible for adjustment of population 
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growth rate. Notably missing from these studies were characterizations of the adult 

demography including survival and fecundity (Table 1.2), due to adults and juveniles in 

these taxa occupying vastly different habitats. The parameters necessary to apply these 

methods differ slightly between taxonomic groups. For example, many organisms can 

only reproduce at discrete age units because of the seasonal nature of reproduction. Also, 

somatic growth may be important in organisms with indeterminate growth, but less so in 

those that cease or significantly slow growth after maturation. 

Of the 36 studies that did not utilize an LTRE framework, 97.2% (35 of 36) found 

a significant effect of the density manipulation on one demographic trait. Of the studies 

that measured changes in more than one demographic variable, 72.4% (21 of 29) found 

significant differences in more than one variable. For amphibians, 100.0% (9 of 9) studies 

found significant effect on somatic growth and 80% (8 of 10) found significant effects on 

age or size at maturity or metamorphosis. For coral reef fishes, only two vital rate 

categories had enough studies to calculate percentages. There were significant effects on 

juvenile survival in 83.3% (5 of 6) and significant effects on growth in 25% (1 of 4). For 

small mammals, fecundity or reproductive success showed significant effects in 100.0% 

(4 of 4) of the studies, while juvenile and adult survival showed significant effects in only 

66.7% (4 of 6) of studies. Taken together, age or size at maturity or metamorphosis was 

the most likely trait to show a significant effect (85.7%, Table 1.2). This was followed by 

fecundity or reproductive success (83.3%, Table 1.2) and somatic growth (76.2%, Table 

1.2). These studies generally conclude that increased density has a negative effect on 

traits that contribute to population growth, which leads to regulation of the population. 
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However, understanding how changes in these traits actually contribute to changes in 

population growth rate cannot generally be evaluated. There was an attempt to rank traits 

according to their influence on population growth rate in only three of these studies. In 

only one of these three studies did there appear to be complete demographic data to 

adequately weigh the contributions of each trait to changes in population growth. The 

information that can be gleaned from these studies is that density does act to significantly 

change demographic traits and that it often affects more than one demographic trait. 

However, we have learned little about the relative importance of different traits in 

contributing to population regulation. 

One study mentioned above that contained complete demographic data, but was 

not analyzed using LTRE techniques (Dobson 1995) was reanalyzed using these methods 

(Dobson and Oli 2001). Dobson manipulated food resources in populations of Columbian 

ground squirrels (Spermophilus columbianus) to test the hypothesis that food resource 

availability was responsible for regulating population size. Populations with food 

manipulations were followed for 3 years during the treatment and 3 years post treatment 

and subsequently compared to geographically paired populations that did not receive 

supplemental food. The original study found that populations of ground squirrels that 

received supplemental food dramatically increased in numbers, then the population 

declined to the original numbers when the food was removed. Demographic factors that 

were thought to have the largest effect on the growth of the population were based on 

effect sizes and included the number and survival of offspring followed by a smaller 

effect of resident adult survival.  
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Dobson and Oli (2001) reanalyzed this previous study using LTRE techniques 

and, in addition, contrasted the results with results obtained from static life table data 

from these populations. Thus, the authors used both prospective (sensitivity and 

elasticity) and retrospective (LTRE) analyses to examine which demographic potentially 

and actually had the greatest effect on population growth. Prospective analyses of the 

sensitivity of population growth rate to changes in demographic variables suggested and 

LTRE analysis confirmed that increases and decreases in population size were mostly 

caused by changes in fertility rate of females and age at maturity. In the original and later 

analyses increases in population growth were primarily caused by changes in female 

fecundity. Traits that yielded secondary and tertiary effects differed between the 

analyses—juvenile and adult survival had the next largest effects in the original analysis 

whereas age at maturity made the next largest contribution in the LTRE analysis. The 

LTRE analysis thus yields different answers from the more traditional analyses of 

variance. 

The only other paper that utilized LTRE methods to identify traits that contributed 

to differences in population growth was also a reanalysis of an earlier study. Oli et al 

(2001) reanalyzed a previously published study on a density manipulation of Uinta 

ground squirrels (Spermophilus armatus) by Slade and Balph (1974) using LTRE 

analytic techniques. The original analysis of the data, using standard inferential statistical 

techniques, showed that juvenile survival and dispersal likely played a key role in the 

regulation of the populations. However, subsequent LTRE analysis revealed that changes 

in fertility contributed most to changes in population growth rate after the density 
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manipulation. This result was obtained even though the original analysis failed to find 

statistically significant differences in fertility between treatments. This example 

highlights that demographic traits that are important to changes in population growth may 

not always exhibit statistically significant differences when analyzed using traditional 

statistical techniques, although the results of the LTRE analysis demonstrate that the 

differences are biologically significant. Furthermore relying on traditional statistical 

techniques may give the wrong answer to the question of which traits are important to the 

regulation of populations. Several of the studies in our review were conducted before 

matrix population analyses such as LTRE were available 21.5% (8 of 38). However, the 

efforts of Oli and Dobson and Oli et al. argue for the careful interpretation of these data 

and that a reanalysis of these datasets would be useful. 

  If we consider what is necessary for studies of density regulation to be of value to 

evolutionary biologists, we are left with a very small subset of the empirical literature on 

density regulation. What we can infer from our review is that demographic rates of 

populations do respond to externally imposed changes in density. Further, in those studies 

that measure more than one demographic trait, it is usually the case that more than one 

demographic rate is influenced by the manipulation. However, our review of the literature 

suggests that there is little data from which we can decompose actual changes in 

population growth into contributions from individual traits. Thus our understanding of the 

demographic mechanisms (i.e. traits) that are the most influential to changes in 

population growth is limited, at least for the vertebrate studies reviewed here. 
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Consequentially, at the present time there is no bridge between the empirical literature on 

population regulation and evolutionary life-history theory 

How to build a bridge between ecology and evolution 

Dobzhansky is famously quoted as saying ―Nothing is biology makes sense 

except in the light of evolution‖ (Dobzhansky 1973). However, as our brief review of life 

history theory should illustrate, nothing in evolution makes sense except in the context of 

ecology. With this in mind, building a bridge between ecological and evolutionary theory 

will require integrative studies that synergistically integrate traditional studies of 

population dynamics with evolutionary studies. 

The importance of understanding how these two fields interact can be illustrated 

by our own studies of life history evolution in the Trinidadian guppies (Poecilia 

reticulata). Our work on guppies has focused on understanding the ecological factors 

(e.g. predation) that have shaped the evolution of the life history and has not addressed 

the population dynamics of the populations. Guppies inhabit two distinct types of 

communities in the streams that drain the slopes of the northern mountain range in 

Trinidad, West Indies. Lower order headwater streams contain guppies and killifish 

(Rivulus hartii) and higher order, lowland streams contain the same species as headwater 

streams, but also contain fish species such as the pike cichlid (Crenicichla alta, 

Cichlidae), blue acaras (Aequidens pulcher, Cichlidae), characins (Astyanax bimaculatus, 

Hemibrycon dentatum), and the wolffish (Hoplias malabaricus) that may be predators of 

guppies. (Seghers 1973, Endler 1978, Reznick and Endler 1982) Between these extremes 

sometimes lies a gradient of communities with a reduced number of predator species 
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(Endler 1978). Predators from higher order streams are prevented from invading 

headwater streams by barrier waterfalls. Comparative studies between high and low 

predation sites across multiple, independent drainages in both field and common garden 

experiments have demonstrated that guppies from these two community types 

demonstrate genetically-based, repeatable patterns of variation in life history traits 

(Reznick 1982, Reznick and Endler 1982). Introduction experiments, wherein guppies 

from high predation locations are transplanted to low predation areas that previously 

lacked guppies have shown that the evolution of the low predation genotype evolves very 

rapidly (four years or less for some traits) (Reznick and Bryga 1987).  

We had previously assumed that guppies from lowland streams experienced 

higher adult mortality due to the presence of the C. alta and guppies from headwater 

streams experienced higher juvenile mortality due to the presence of R. hartii. We made 

these assumptions based on results from behavioral choice experiments on C. alta and R. 

hartii that show when given the choice they prey on larger and smaller size guppies, 

respectively (Seghers 1973, Liley and Seghers 1975). These differences in preference 

provided the differences in age/size specific mortality required by density-independent 

theory to cause evolutionary shifts in demographic traits (Fig 1.1). However, more recent 

empirical mark-recapture (Reznick et al. 1996) and laboratory assessment (Mattingly and 

Butler 1994) of size-specific mortality between these population types has revealed that 

the size-specific nature of mortality rates are not what was previously assumed. 

Specifically, populations that occur with a larger suite of predators exhibit an overall 

increase in mortality across all size-classes. Under density-independent demographic life 
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history theory such a change in mortality between populations should not result in 

evolutionary changes in the demography observed between these two population types 

(Coale 1957, Gadgil and Bossert 1970, Abrams 1993, Charlesworth 1994, Abrams and 

Rowe 1996) (Fig 1.1). However, these traits do evolve, so we can at least conclude that 

our understanding of how mortality shapes the evolution of these traits is 

incomplete.(Reznick et al. 1996, Reznick et al. 2002)  

Demographic adjustment of vital rates due to density-dependent population 

regulation, indirect ecological effects of predators, and eco-evo feedbacks may play a role 

in shaping how the life history evolves between these two population types. For example, 

if guppies were unregulated, a uniform increase in mortality across age classes is 

predicted to result in no evolution of age at maturity or reproductive effort (Fig 1.1d). 

However, if guppy populations are regulated through changes in juvenile survival or 

adult fecundity, a uniform change in mortality across age classes is predicted to decrease 

age at maturity and increase reproductive effort (Fig 1.1e) (Michod 1979, Charlesworth 

1980). 

Ecological studies such as the experimental manipulations of Columbian ground 

squirrels (Dobson 1995, Dobson and Oli 2001) discussed earlier can provide the answers 

about the demographic variables. In this study, food resources of two populations across 

an elevation gradient were manipulated. Populations were found to be regulated by food 

resources and demographic mechanisms of regulation were identified. Interestingly, the 

control groups of these two population types exhibited differences in adult and juvenile 

survival probabilities. The low elevation populations had lower survival probabilities for 
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both adults and juveniles. This pattern of mortality differences between populations is 

similar to what we find for guppies. In both cases, classic demographic models of life 

history evolution, which  utilize the intrinsic rate of increase as a measure of fitness, 

predict no changes in the age at maturity or reproductive effort. However, in squirrels, 

like guppies, the controls for lower elevation populations exhibited younger age at 

maturity and higher fertility rates compared to the high elevation populations. These two 

population types displayed relatively stable populations during the course of the study (λ 

≈ 1).  

The parallels between ground squirrels and guppies offers insights into how the 

studies of population regulation and life history evolution can be integrated. 

Demographic theory following Michod (1979), shows that when density regulation is 

integrated into the life history models the changes in the ground squirrels can be 

understood (Fig 1.1). In this case fecundity was the demographic parameter that showed 

the largest contribution, indicating that regulation was mostly caused by changes in 

fecundity. Currently it is unclear if regulation can explain this discrepancy, but there is 

some indication that regulation via changes in fecundity should be the same as regulation 

through juvenile survival (Charlesworth 1994). If so, then this pattern of demographic 

adjustment of the vital rates could explain the differences in life histories among these 

populations. For guppies, currently we do not know if and how guppies populations are 

regulated, though preliminary density manipulations suggest that they indeed are 

regulated (Bassar and Reznick unpublished data).   



42 

 

Alternatively, these data can inform how the indirect effects of predation 

influence the evolutionary processes. We have shown that guppy populations from low 

predation environments have high population densities, measured as biomass per unit 

area or volume of water (Reznick et al. 2001) and that their populations are dominated by 

older, larger fish, relative to populations from high predation localities. These differences 

can be attributed to the lower birth and mortality rates in low predation environments, 

which means that they are the product of a combination of the evolved differences in life 

histories and the differences in mortality risk (Rodd and Reznick 1997). The guppies 

from low predation environments also have lower somatic growth rates, which possibly 

reflects lower per capita food availability (Reznick et al. 2001). This pattern of responses 

suggests that predators may have shaped guppy life history evolution in part via their 

direct effect on guppy mortality rates and in part by their indirect effect on guppy 

population density. We have a parallel research program on Rivulus hartii that makes a 

strong argument for the evolutionary consequences of such indirect effects of predators 

on the evolution of life histories in R. hartii (Walsh and Reznick 2008).  

Conclusions 

Density-regulation has two distinct lives in the scientific literature. Its‘ first life 

was to be one side of one of the oldest debates in ecology, which addresses how the 

abundance of organisms in nature are regulated. Density regulation attained a second life 

when it was incorporated into evolutionary theory, largely to address the factors that 

shape life history evolution. Density regulation was incorporated into evolutionary theory 

to make it more realistic; it is more realistic to assume that populations cannot grow 
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forever without bound. Adding density regulation to evolutionary theory meant changing 

our definition of fitness and explicitly modeling both the ecological and evolutionary 

dynamics. Theory reveals that the demographic mechanisms that underlay density 

regulation play a critical role in defining the life history that should evolve. This 

necessity is apparent whether one is interested in defining how the life history should 

evolve in either a strictly evolutionary optimality model or in an eco-evo feedback model. 

Thus, regardless of the methodology, knowledge of the regulatory mechanisms in a 

population is critical to predicting the life history that should evolve. A direct effect of 

predators is to kill prey, but they also reduce the density of the prey and the resources of 

the remaining prey are indirectly influenced by predation. Traditional approaches address 

the direct action of the predator, but ignore other ecological changes that occur in 

conjuction with the change in mortality regime. Incorporating density regulation into 

theory incorporates the demographic effect of these indirect ecological effects. However, 

how the ecological origin of these changes (predation or resource availability) influences 

the evolution of the life history is relatively unknown (Abrams 1993, Abrams and Rowe 

1996). These indirect ecological effects are rarely studied in evolutionary biology, but 

comprise a vast literature in ecology.      

 Ultimately, our ability to tackle each of these questions depends on our 

knowledge of how variation in population density affects traits that underlay the vital 

rates of all individuals in the population. This question has traditionally been addressed 

by population ecologists who were interested in whether population regulation is density 

dependent or independent. Though much has been learned through theoretical and 
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empirical research we have found that there is actually very little experimental data that 

describes how individual life stages respond demographically to variation in density in 

natural populations. This is perhaps because few study systems offer the opportunity to 

manipulate and study such demographic changes simultaneously in all life stages in a 

single experiment. However, if we are to make progress in bridging the gap between 

empirical ecology and evolutionary theory we must advance past simple studies of 

manipulating only a subset of the population and using F-tests to assign statistical 

significance. We must instead focus on studies that inform us about how variation in the 

density of the population influences the demography of the entire population. Ecological 

studies of population dynamics and evolutionary studies of the life histories are related, 

but have proceeded largely in ignorance of each other. Future collaborations between 

population ecologists and evolutionary biologists on the same study systems could 

provide the cross-fostering needed to integrate these two fields.  
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Fig. 1.1. Predictions of changes in lifetime distribution of reproductive effort in response to changes in age  

specific mortality. Panel A represents the baseline. Panels B-D represent expected changes with no 

density-dependent regulation. Panels E-F represent expected changes when population is regulated 

via juvenile mortality (E) and via all age classes (F). Predictions are summarized in Charlesworth 

(1980) and figure is redrawn after (Reznick et al 2002)  
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Chapter 2 

Effects of density on life history evolution in Trinidadian guppies 

Abstract 

Early verbal theories of life history evolution envisioned conspecific density and 

competition as a major driving force in the evolution of life histories. With the rise in 

mathematical, demographic based models of life history evolution extrinsic sources of 

mortality in density-independent environments became seen as the primary force 

determining optimal combination of life history traits. In doing so, density dependence 

and competitive interactions among individuals of similar and divergent strategies were 

put in the background. Recently, the effect of density and competitive interactions among 

individuals are making their way back to the forefront of life history models by 

considering changes in these interactions as indirect consequences of changes in the 

mortality regime. More broadly, these effects are also considered important in adaptive 

dynamic models that envision all types of interactions between competing phenotypes 

and their interactions with other environmental conditions as critical to the evolutionary 

process. We tested whether natural populations of Trinidadian guppies (Poecilia 

reticulata) are regulated via density-dependent mechanisms using a series of density 

manipulation experiments in 10 natural low predation streams. In addition, we tested 

whether the fitness of high and low predation guppies depends on the density 

environment using common garden mesocosms experiments with high and low predation 

guppies at two levels of density. In each experiment, we tested the simple effects of 

density on each trait using standard inferential statistical techniques and using population 
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projection models to evaluate the combined effects the traits at the organismal level. We 

found that low predation guppy populations are strongly regulated by density dependent 

mechanisms and that the fitness of each phenotype depends strongly on density. These 

results point to density as a critical component of how the phenotype evolves in a system 

that has been used as one of the primary examples of life history evolution in the wild.  

Introduction 

 The demographic theory of life history evolution hypothesizes that the life history 

strategy that should evolve is primarily determined by the direct effect of changes in 

age/size-specific patterns of extrinsic mortality (Stearns 1992, Roff 2002). Most 

treatments of life history evolution implicitly assume that population growth is density-

independent. Over the past several decades, several approaches to incorporating density 

into life history models have arisen (reviewed in Bassar et al. 2010a). One of the earliest 

was to incorporate density-regulation and demographic compensation mechanisms. For 

example, if adult mortality is increased while the juvenile mortality is held constant, then 

this is predicted to cause evolutionary changes including decreased age or size at 

maturity, decreased intrinsic life span, and greater allocation of energy towards 

reproduction. The opposite pattern of trait evolution is expected to occur when the change 

in mortality is reversed (Gadgil and Bossert 1970, Michod 1979, Charlesworth 1994). 

However, if mortality is increased in an equal proportion to each age/size class, then 

under classic demographic models, this is not predicted to cause any evolutionary change 

in the age/size schedule of reproduction (Charlesworth 1994). However, if the population 

is regulated via density-dependence, then increasing mortality rates could cause 
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phenotypic adjustments of the vital rates that compensate for the altered mortality. The 

interaction between these phenotypic adjustments and the specific changes in mortality 

risk allowed a way to understand how these shifts in the mortality regime could cause the 

phenotype to evolve. For example, uniform increases in mortality rates could cause the 

phenotype to evolve if compensation altered the juvenile survival or adult fecundity 

(Charlesworth 1994). Exactly how the phenotype should evolve depended on which 

demographic rate was responsible for the compensation.  

 Traditional approaches assume that the agents of mortality (e.g. predation, 

parasitism, etc) do not indirectly influence other selective agents in the environment. A 

second way to envision how density influenced the evolution of the life history was 

envision that density could influence not only a compensatory response, but could also be 

an agent of selection. Increased population density due to decreased mortality can elevate 

competitive interactions among individuals and indirectly alter selection on traits related 

to competitive ability. Some theoretical models have shown these indirect effects can 

have larger overall effects than the direct effects of mortality changes (Abrams and Rowe 

1996, Miller and Travis 1996). However, there are few empirical examples demonstrating 

the role of indirect effects in determining phenotypic evolution (Walsh and Reznick 

2008, terHorst 2010).  

 Despite these theoretical efforts, these approaches and the importance of density 

has been somewhat ignored. This is perhaps because early theories relating to density-

dependent selection, such as r and K selection (MacArthur 1962, MacArthur and Wilson 

1967, Pianka 1970), do not fit easily within the demographic framework. Or perhaps 
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because in recent decades there has been a movement towards understanding 

evolutionary phenomena at smaller and smaller levels, while sacrificing knowledge about 

the larger ecological context wherein selection takes place. In recent years, there has been 

a movement to reinstate ecological context, beyond effects of simple mortality changes, 

back into evolutionary theory. Adaptive dynamic theories explicitly consider the 

evolution as an invasion process, wherein new phenotypes compete against resident 

phenotypes in the demographic and broader environment created by the resident 

phenotype (Dieckmann and Ferriere 2004). The population can evolve if the new 

phenotype can grow and dominate the population in the context of the resident and the 

broader environment it creates. Density is an explicit component of the population of 

resident and is a function of their life history and its interaction with the environment. 

Despite this, we still have few examples showing the importance of density in natural or 

semi-natural populations.  

    Underlying each of these approaches are two things. First, density should be an 

important regulator of population dynamics. Second, phenotypic performance (fitness) 

should statistically interact with density such that fitness is not a simple additive function 

of the genotype and the environment. Evidence against the first comes mostly from the 

population biology literature. Population regulation has been a hotly debated topic for 

decades with little agreement among researchers (Nicholson 1933, Andrewartha and 

Birch 1954, Lack 1954, Murdoch 1994, Cappuccino and Price 1995, Rohde 2005). For 

our purposes, we need to know only that altering the densities causes the population to 

have growth rates that tend to return it to the previously unperturbed numbers (Turchin 
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1995) and which demographic rates are mostly responsible for the return (Charlesworth 

1994). Evidence for the second mainly from lab studies where no interaction between 

resource levels and phenotypes are found for single traits (Reznick 1982). However, 

single traits (sometimes called fitness components) are not fitness. Population and 

phenotypic growth rates are generally more sensitive to changes in some or demographic 

rates than others. So, large changes in some traits may produce small effects on 

population growth even if growth is not very sensitive to variation in that trait. 

Conversely, small non-significant interactions between genotypes and environmental 

gradients may produce large interactions between the relative fitness of the genotypes if 

fitness is highly sensitive to those the trait. Moreover, because organismal responses to 

density (or any environmental gradient) represent the complex interactions between 

demographic and underlying behavioral and physiological traits, the importance of a 

particular interaction cannot be easily judged by results of inferential statistical 

techniques.   

Here we studied the ability of density to explain the evolution of the life history in 

Trinidadian guppies (Poecilia reticulata). Guppies inhabit mountain streams on the 

Caribbean island of Trinidad and live in various environments characterized by different 

predatory fish communities. At one extreme, guppies coexist only with Hart‘s Killifish 

(Rivulus hartii) and at the other extreme inhabit stream reaches that contain a variety of 

piscivorous fish predators including the pike cichlid (Crenicichla alta) and the wolfish 

(Hoplias malabaricus), low and high predation localities, respectively. Numerous lines of 

evidence, including detailed studies of wild-caught guppies (Reznick and Endler 1982), 
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guppies raised under common garden conditions (Reznick 1982), and introduction 

experiments (Reznick and Bryga 1987, Reznick et al. 1990), demonstrate that guppies 

from these two environments differ in their life history traits. These early investigations 

assumed particular types of extrinsic mortality changes between these sites were able to 

drive these changes in the life history. However, detailed mark-recapture experiments 

between these sites have shown that the assumed mechanism of mortality change was 

insufficient to explain these differences (Reznick et al. 2002). Moreover, under common 

garden conditions with guppies raised on two food levels, guppies from high predation 

locations always have higher reproductive output and live longer than guppies from low 

predation locations (Reznick 1982, Reznick et al. 2004). The sum of this body of work 

suggests that the low predation phenotype should not evolve when viewed in the context 

of demographic theory.      

Density may provide the key to understanding the evolution of the low predation 

phenotype. Due to decreased mortality rates, low predation guppies live at higher 

densities compared to high predation populations (Rodd and Reznick 1997, Reznick et al. 

2001) and there are some indications that this has caused low predation guppies to be 

more aggressive and better competitors for resources (Magurran and Seghers 1991). 

Guppy traits do not tend to show a statistical interaction between genotype and food 

resource levels (Reznick 1982). However, there was a significant interaction between 

genotype and food resources for somatic growth rates in one study (Arendt and Reznick 

2005). However, it is not clear if this interaction is enough to allow low predation 

guppies to have higher fitness than the high predation guppies at high densities.   
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We used a dual prong approach to test whether these differences in density 

influenced how guppies evolved. First, we tested whether guppies from low predation 

populations are regulated via density dependent processes by conducting a series of 

density manipulation experiments on ten wild, low predation guppy populations. Second, 

we tested whether the low predation phenotype in part represents an adaptation to living 

at increased density and lower resource levels using a mesocosm experiment wherein we 

crossed guppy phenotype with guppy density.  We subsequently measured the 

demographic rates of the fish and calculated the fitness of each phenotype under the 

different density conditions using two independent origins of the phenotype.  

Methods 

Experimental Design: Field Density Manipulations 

Between 1993 and 2009 we manipulated the density of guppies in 10 low predation 

streams in the Northern Mountain Range in Trinidad, West Indies. All manipulations were 

conducted during the dry season (February to June). At each stream, three pools were selected 

that were roughly equal in morphology and canopy cover. All guppies were removed from the 

pools using butterfly nets and placed in pool specific buckets. Each pool was fished until no 

guppies were seen in the pool for 20 minutes. Fish were taken from the sites back to the lab where 

they were sexed, measured for standard length and marked using subcutaneous colored elastomer 

implants (Northwest Marine Technologies). Guppies smaller than 10 mm were marked using 

Alizarin or Calcein (Wilson et al. 1987, Rodd and Reznick 1991).   

We used two types of marking schemes which reflect an increase over time in our ability 

to mark individual fish with unique colored marks. In early replicates (Arima, Aripo, Quare 2, 

Quare 6, Quare 7) fish were marked in size-specific cohorts corresponding to the nearest 
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millimeter. In later replicates (Campo, El Cedro, Endler, Tripp Trace, Turure), fish were 

individually marked so that individuals were identifiable based on the combination of mark 

location and colors. The use of these two schemes reflects an increase in the number of colors 

available across time and not a change due to scientific reasons.  

Pools were randomly assigned to one of four density treatments. Decreased density 

treatments received 0.5 times the number of fish that were removed from the pool. Control pools 

received the same number of fish removed from the pool. Increased 2 pools received 1.5 times the 

number of fish removed from the pool (later replicates only) and increased 1 pools received 2.0 

times the number of fish removed from the pool (early replicates only). How guppies were 

assigned to treatment pools differed between early and late replicates. In early replicates, after 

enumeration, sexing, measuring and marking, all guppies removed from pools were lumped 

together and guppies were replaced into treatments randomly. This design removed pool-specific 

carryover effects into the density treatment, but increased any adverse effects if guppies returning 

to pools that were not their native pool might have. In later replicates, all guppies were returned 

to their native pools with the exception that one-third of the guppies in the increased density 

treatment were non-native. This design was meant to minimize any effects due to returning to a 

non-natal pool, but was unable to control for any pool-specific effects on the treatments. In the 

later design, guppies in increased density treatments that were not native were not used in the 

analysis of demographic rates, but were used only to provide a treatment for native guppies. In 

each design, numbers of males and females were equally manipulated in each pool.  

After approximately 25 days post re-introduction, guppies were again removed 

from each pool using similar techniques as the original capture. Guppies were euthanized 

using an overdose of MS-222, sexed, measured for standard length, body mass and 

preserved in 5% formalin. Areas outside of the pools were searched for guppies that may 
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have escaped the treatment pools and these emigrants were used to correct the survival 

estimates (see supplemental materials). Later, each female fish was dissected to 

determine number, size and developmental stage of embryos using standard techniques 

(Reznick and Endler 1982, Reznick 1982).  

Experimental Design: Mesocosms 

To test whether guppy density plays a role in determining the relative fitness between low 

and high predation phenotypes, we crossed phenotype with density of fish (12 and 24 individuals) 

in flow-through mesocosms next to a natural stream in Trinidad. These values were chosen to 

represent the natural densities of guppies observed in high and low predation habitats (Reznick 

and Endler 1982, Reznick et al. 1996, Rodd and Reznick 1997, Bassar et al. 2010b). Sex ratios 

and size distributions in each treatment were the average between the two habitat types (Reznick 

and Endler 1982, Reznick et al. 1996, Rodd and Reznick 1997, Reznick et al. 2001). We ran the 

experiment twice, once using guppies from low and high predation habitats on the Aripo and once 

using guppies from the Guanapo River. Using two drainages gives some ability to generalize the 

effects. This design confounds drainage with time of year of the experiment, but was necessary 

due to other limitations. All guppies were measured for standard length and individually marked 

prior to placing them in the mesocosms. Each experimental trial lasted for 28 days whereafter the 

guppies were removed, identified, measured for standard length and mass, sacrificed using an 

overdose of MS-222 and preserved in formalin for later dissection in the lab for number and size 

of offspring. 

We constructed eight ~3x1 m cinder block flow-through mesocosms along a natural 

stream in the Arima Valley, Trinidad. These eight structures were longitudinally divided to yield 

16 independent mesocosms. We added a commercially available mixture of sand and gravel to a 

depth of 5 cm. After adding gravel to the mesocosms, we allowed water to fill and run through 
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the channels for one week to allow the accumulation of biofilms and detritus to colonize the 

mesocosms environment. We then added invertebrates and benthic organic material to the 

mesocosms from collections from the nearby stream. We allowed the invertebrates to acclimatize 

to the mesocosms environment for four days, after which we added guppies to the mesocosms. 

The full experiment also included four mesocosms that received no fish as part of another study 

examining the effect of the phenotype on ecosystem properties(Bassar et al. 2010b). Thus we had 

12 mesocosms with guppies.  

Inferential Statistical Analyses and Parameter Estimation 

For both experiments, we used a linear mixed models approach to estimate size-specific 

growth, offspring number and offspring size and generalized linear mixed models for estimating 

survival and the size-specific probability of reproducing. We fit survival and probability of 

reproduction models using generalized linear mixed models with a binomial distribution and logit 

link functions. We used Laplace estimation methods. For the field density manipulations, survival 

was estimated from only the fish that originally came from the pool. For the density manipulation 

experiments, density treatment was entered as a fixed ordinal effect with four levels: decreased 

(0.5x observed), control (1x observed), increased1 (1.5x observed), and increased2 (2x observed). 

Since each density treatment was not present in each stream replicate, we nested the density effect 

and all its interactions within experiment number (early or later). For the mesocosm experiment, 

we collapsed the factorial experimental design into a single treatment effect with four levels: low 

predation/low density, low predation/high density, high predation/low density, high 

predation/high density. In all analyses, initial length was entered as a fixed covariate. When 

appropriate, the square of initial length was also entered as a fixed covariate. Interactions between 

experimental treatments and covariates were also initially included in the model. For the field 

density manipulations, we also modeled the effect of stream, the interaction between stream and 
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density treatment and their interactions with the covariates as random effects. For the mesocosms 

experiment, we modeled the effects of the two independent drainages as fixed effects. This 

reduces our ability to generalize the observed effects, but gives us greater power to detect 

significant differences between drainages when they arise.  

For each of these demographic components in each experiment, our general approach 

was similar. For any given demographic rate, we first fit a loaded model including all fixed, 

random effects and a single error variance term using REML. We tested this model against 

models that incorporated the error variance terms that were a function of treatment using a log-

likelihood ratio test. We retained all random effects, even though they may not have been 

significant. In a few cases, higher order random effect interactions were non-estimable so were 

not included in the analysis. We then switched to ML-based estimation techniques and used AIC 

information criteria to decide upon the most parsimonious fixed effects models. Because there 

was often no best model, we used model averaging techniques to determine the combination of 

fixed parameter estimates that provided the best fit to the data. We used all models, weighted by 

their AIC weights, that explained a minimum of 95% of the cumulative relative likelihood among 

candidate models (Burnham and Anderson 1998). Model selection results are shown in tables 2.4-

13. 

We tested the treatment effects using linear combinations of the parameter and error 

estimates from the averaged models (planned comparisons). For the mesocosms experiment, this 

resulted in a standard factorial analysis with main effects of predation, density and their 

interaction. For the field density manipulation experiment, we constructed contrasts that 

compared the decreased and increased density treatments with the control densities. Because 

some of the density treatment effects were confounded with stream (2.0 x was used in early 

experiments and 1.5 x was used later experiments), we constructed separate contrasts for early 
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and later experiments. Contrasts were evaluated at initial length 18mm. When interactions 

between the treatment effects and initial length were included in the averaged models, we tested 

treatment differences at three locations along the initial length covariate by centering the 

covariate at small (12mm), medium (18mm) and large (24mm) sizes. When drainage by treatment 

interactions were present in the mesocosms analysis, we conducted separate contrasts for each 

drainage using partial interaction contrasts (e.g. treatment x drainage). All contrasts were 

evaluated using one-tailed t-tests which reflect the two predictions from the hypotheses on how 

density should effect population or phenotypic growth rates; altering low predation densities for 

the field study should cause changes in the demographic parameters that increase or decrease 

population growth rate and for the mesocosms study that increasing density should decrease the 

fitness difference between high and low predation phenotypes.   

Demographic Model Construction and Analysis  

Both experiments yield information on the size-specific survival, somatic growth, 

probability of reproducing, number and size of offspring of guppies in the treatments. We 

modeled the demographic responses to our density manipulations using integral 

projection methods (IPM) (Easterling et al. 2000) and analyzed the individual 

contributions of each demographic rates and lower level parameter using a retrospective 

life table response experiment (LTRE) framework(Caswell 2001). IPM‘s are similar to 

stage-classified matrix population methods with the exception that they use continuous 

functions to describe the stage specific transition and fecundity rates instead of discrete 

categories as in matrix models (Easterling et al. 2000).  Using these methods we can 

calculated the projected population growth rates by density treatments (field experiments) 

or phenotype x density (mesocosms experiments) (Caswell 2001). In the field density 
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experiments, population growth rates yields the effect of the manipulation on whole 

population response to density. In the mesocosms experiments, the projected population 

growth rates have a similar meaning in that they give the population growth rate of each 

phenotype under different environmental conditions. In addition, when the population 

growth rates of the phenotypes are compared this yields the relative fitness of the 

phenotypes at the different levels of density. Construction of the transition functions 

begins with estimating the stage-specific parameters as continuous functions of size, x, at 

time t=0 (Table 2.1). Constructing the projection surface begins with combining the 

demographic parameters to form the kernel:  

 

and the projection model for the number of individuals of size y at time t + 1 is: 




 dxtxnxyKtyn ),(),()1,(  

where the integration is over all possible sizes Ω.  

In practice, the kernel, K(y,x), is used to create a 3-dimensional projection surface of 

specified size, d, with x and y coordinates that represent the midpoints of equally spaced size 

categories of size at the beginning of the interval (x) and at the end of the interval (y). This 

surface is then a projection matrix of size d x d and is exactly the same as a stage-classified 

transition matrix (Leftkovich matrix) used in discrete stage models. The advantage is that the size 

cateagories can be made very small to reduce bin size issues. We used 100 x 100 matrices for all 

analyses. Matrices can also be created for each function describing individual demographic rates 

(g(x,y), s(x), f1(x), f2(x,y), r(x)) so that the individual contributions to each lower level parameter 

can be evaluated. The resulting projection matrix equation is: 
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Using this projection matrix, the population growth rate (λ) and its sensitivity to changes in the 

demographic parameters can be easily calculated using standard matrix population methods 

(Caswell 2001).  

We used an LTRE framework to decompose the population growth rate of each density 

and phenotype x density treatment into contributions from size specific demographic parameters. 

This method decomposes the effect on λ from imposed treatments into individual contributions of 

each demographic rate. To our knowledge, LTRE analyses have not been applied to IPM‘s; 

however, because IPMs are converted to a matrix model prior to analysis, there is no real new 

conceptual knowledge or techniques needed to apply LTRE analyses to integral models. The full 

linear model of the effect of changes in density treatment and stream for the field density 

experiments on λ is: 

 

where are the estimated effects of the decreased or increased density treatments at the mean 

across streams, is the effect of stream j. For all analyses, we used the control treatment 

across all stream replicates as our reference treatment. Thus the treatment effect of the control 

group is simply the λ value for the control treatment. For the mesocosms experiment, the linear 

model is: 

 

The estimated effect, denoted with a hat, of increasing or decreasing population densities on 

lambda can be decomposed into contributions from demographic rates by:  
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where  is a matrix of sensitivities of λ to changes in the K. The  

denotes that the sensitivities are calculated using a projection matrix that is the mean between the 

treatment and control. Analogous decomposition contributions can be calculated for each 

treatment effect in the mesocosm experiment, but are not shown.  

Each effect (α, β, αβ) in the model can further be decomposed into contributions from 

lower-level parameters (survival, growth, fecundity, offspring size, probability of reproduction). 

Contributions to changes in lambda from each demographic rate can be calculated as: 

 

where γ is one of the lower level parameters and  is the sensitivity of the K to the parameter γ, 

which can be calculated as the Jacobian matrix of matrix K with respect to the lower level 

parameter matrix γ.  

All parameters for the field and mesocosms experiments were taken directly from the 

linear mixed or generalized linear mixed models. Because we estimated the effects of stream for 

the field study and replicate number for the mesocosms study as random effects, we were able to 

calculate population growth estimates and effects of lower level parameters for each replicate of 

each experiment. This allowed us to calculate the treatment-wise errors and interactions and test 

that treatments and interactions differed from each other using bootstrapping techniques. For the 

field density manipulations, we tested whether the increased or decreased densities were 

significantly different than the control groups and whether the population growth estimate for the 

control groups differed from 1. For the mescosm experiments, we tested whether the effects of 

density, phenotype and their interactions were different than zero.  For each experiment type, a 
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separate demographic model was run for each replicate yielding a total of 24 samples for the 

mesocosms experiment and 30 samples for field experiment. Parameter estimates for each sample 

can be constructed from tables 14 and 15. 

 Results 

We found that wild low predation guppy populations were strongly regulated by 

density with lambda values for control treatments not different than 1 in either of the 

experimental designs (Table 2.2, Fig 2.1). Earlier experiments had lower overall 

population growth rates. In both experimental designs, perturbing the population densities 

resulted in changes in the population growth rates that are projected to return the 

population toward the controls (negative density dependence). Decreasing population 

density by 50% caused significant increases in population growth rates in both designs 

(Table 2.2, Fig 2.1). Likewise, increasing population densities by 50% and by 100% also 

caused a significant reduction in the population growth rates (Table 2.2, Fig 2.1).  

A life table response experiment (LTRE) analysis showed that the demographic 

rates responsible for the density effects on population growth rates were different 

between increased and decreased density treatments. In general, the smallest individuals 

had the largest total effect on population growth rates in the decreased density treatments 

(Fig 2.2). In contrast, reproductive size classes had the largest effect on decreasing 

population growth rates in the increased density treatments (Fig 2.2). Across traits, 

changes in survival usually had the largest effects, but somatic growth sometimes was 

comparable in size (Fig 2.2).  
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The demographic rates that had the largest effect on population growth rate were 

not the same as those that showed the highest statistical significance using inferential 

statistical techniques (Table 2.3). For example, survival only shows significant effects for 

the increased 2 experiment in the two largest size classes, whereas for the decrease 2 

survival is never significant, even though it had the largest effect on population growth 

rate in smallest size class.  

  Experiments in mesocosms with low and high predation populations of guppies 

at low and high densities show that at low density, high predation populations have 

higher rates of population growth (mean fitness) compared to low predation phenotypes 

(Fig 2.3). However, there was a strong interaction between phenotype and density such 

that at high densities low predation phenotype populations had near equal measures of 

population growth (Table 2.2, Fig 2.3). Low predation guppies live at higher densities 

compared to high predation guppies and these results show that at least part of adapting 

to a low predation environment also involves adaptation to higher densities. 

The smallest guppies contributed the most to the observed interaction between 

phenotype and density for both stream replicates, but the effects of other size classes 

were also non-trivial (Fig 2.4). Somatic growth of the smallest size class contributed the 

most to the interaction overall, but there was no clear separation with one demographic 

rate dominating the effect. This strong interaction was present even though, with the 

exception of growth of the smallest sizes, we failed to find a significant interaction 

between phenotype and density for any of the demographic rates at any size. This result 
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highlights that even small interactions within a given trait can be important when 

considered in the context of the whole organism. 

Discussion 

Our results show that density is an important determinant of population growth 

rates in low predation streams. Population growth rates do not differ from stasis in 

control populations, are increased under decreased densities and are decreased under high 

densities. The smallest size classes of low predation guppies are mostly responsible for 

the changes the effects on population growth in under decreased densities, whereas the 

individuals reproducing for the first or second time are mostly responsible under 

increased densities. Results from our mesocosms show that, in addition, the fitness 

(relative phenotypic growth rate) of high and low predation guppies is a function of 

density. Thus not only is density likely important in determining the numbers of guppies 

in a population, it also likely plays a key role in how they evolve from the high predation 

phenotype.   

Density is clearly an important component of how the life history evolves in 

guppies. Can we differentiate between the different ways density has been included in life 

history models? The earliest attempts envisioned that density regulation should be caused 

by specific demographic rates at specific sizes or ages. Survival of the smallest size 

classes of guppies had the largest effect on the population growth rates in decreased, but 

not increased densities where survival of the medium sizes was the most important. This 

body of theory does not deal with asymmetries in the response to decreased or increased 

densities. So all we can say it that it appears partially correct, but does not fully capture 
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the dynamics of the response. Asymmetrical responses to increased or decreased densities 

are known in at least one other system, may be a general feature of biological systems 

and will likely need to be incorporated into models.  

These results imply that both the direct effect of predation (acting directly on 

mortality schedules) and the indirect effect of mortality to increase competitive 

interactions are likely important in the evolution of the life history. Low predation 

guppies are thought to be more aggressive and we have previously shown that low and 

high predation guppies from the same mesocosms experiment consume different 

resources. Low predation guppies consume more algae and fewer invertebrates compared 

to high predation guppies. These are the types of changes in diet that one would expect if 

low predation guppies were better suited to living in highly competitive environments. 

Thus if indirect effects of mortality are important in the evolution of the low predation 

phenotype, then the highly competitive nature of the low predation phenotype should 

buffer it against changes in density (and presumably resource acquisition). Our 

mesocosms experiments show that the interaction between phenotype and density is 

caused by a shallower slope against density for the low predation phenotype, which is 

consistent with the idea that low predation guppies can buffer themselves against 

increased density. 

Newer adaptive dynamic concepts integrate both demographic compensatory 

mechanisms (phenotypic plasticity) and indirect selection pressures caused by changes in 

mortality into one, overarching theoretical framework. The overarching prediction here is 

that fitness (the ability to invade and maintain dominance in a population) should be 
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dependent upon the environmental context. These results presented here from the 

mesocosms experiments are consistent with the idea that the low predation phenotype can 

only evolve under a high density context. The types of scenarios envisioned for the 

evolution of low predation populations fits well into this theoretical framework. One or 

few high predation guppies may make it above a barrier waterfall (where there are no 

guppies) and are initially at low population densities. Owing to the high reproductive 

potential of their high predation phenotype, their populations may grow rapidly at which 

time the low predation phenotype is prevented from evolving, even though mortality rates 

have shifted to be more like the low predation condition. Over time, as this hypothetical 

population increases in density towards some limit, the low predation phenotype has 

higher fitness and can then invade and spread in the population. The very close 

population growth rates between low and high predation phenotypes observed at the high 

densities (Fig 2.3) suggests that it may actually take an overshooting of the typical low 

predation population densities for the low predation phenotype to gain a significant 

evolutionary advantage.  

This scenario and the results presented here assume only that the mortality rates 

and the density of the guppies in the population are important in providing the 

environmental context for evolution. However, other ecological changes may be caused 

by both the changes in density and phenotypes of guppies during the course of the 

invasion. For example, if increases in the density or small changes in the mean phenotype 

alter the broader environment, these changes may feedback to alter the selective regimes 

experienced by the guppy populations. Such ecological-evolutionary feedbacks have been 
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proposed as being important components of both ecological and evolutionary processes. 

Experimental studies in laboratories have shown that these types of interactions can alter 

ecological and evolutionary dynamics. However, there are as of yet, no solid empirical 

studies documenting how these interactions alter ecological or evolutionary processes in 

the wild. For guppies, it may be precisely these types of dynamic interactions that give 

the low predation phenotype the extra fitness advantage to evolve.    
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Table 2.1. Overview of model parameters. Details of the type of model (linear mixed model or 

generalized linear mixed model), the link functions, error distributions, and estimation techniques 

(maximum likelihood or laplace) used for the final models. 

  

Estimation details 

Parameter Definition Model Link Dist Method 

g(x,y) probability of growth from size x to size y LMM - - ML 

s(x)  probability of survival GLMM logit Binomial Laplace 

f1(x)  number of newborn females LMM log - ML 

f2(x,y)  

probability of parent sized x giving birth to offspring   

     sized y LMM - - ML 

r(x) probability of female size x reproducing in interval GLMM logit Binomial Laplace 

p(x,y)  g(x,y)s(x) 

    f(x,y)  s(x)f1(x)f2(x,y)r(x) 

    K(y,x) p(x,y)f(x,y)         
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Table 2.2. Effects of predation, density and their 

interaction on the estimated lambda values for the 

Guanapo and Aripo drainages. Standard errors were 

created using 1000 bootstrap replicates and 95% 

confidence intervals were created using the bias 

corrected se's. Confidence intervals that do not 

overlap with zero represent significant effects. 

   

BCa 95% CI 

Effect Value SE lower upper 

Field Experiment 

   control1 -0.08 0.067 -0.192 0.067 

control2 -0.01 0.076 -0.148 0.141 

dec1 0.14 0.016 0.102 0.165 

dec2 0.10 0.015 0.066 0.127 

inc1 -0.16 0.027 -0.212 -0.117 

inc2 -0.17 0.015 -0.207 -0.149 

Mesocosm Experiment    
Guanapo 

    Predation 0.32 0.028 0.276 0.384 

Density -0.56 0.039 -0.657 -0.511 

Predation x 

Density -0.24 0.078 -0.411 -0.13 

Aripo 

    Predation 0.34 0.041 0.267 0.394 

Density -0.62 0.035 -0.7 -0.57 

Predation x 

Density -0.33 0.049 -0.426 -0.256 

Pooled 

    Predation 0.33 0.027 0.28 0.387 

Density -0.59 0.028 -0.659 -0.541 

Predation x 

Density -0.28 0.048 -0.37 -0.188 
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Table 2.3. Test-statistic (t-value) and df (subscripts) from contrasts of fish treatment from linear mixed 

models of demographic parameters from field study. Small, centered and large indicate values of the 

covariate where treatment effects are evaluated. Contrasts for the field study were constructed such that 

positive t values indicate increases over controls and negative values indicate decreases over controls. 

Contrasts for the mesocosms experiment were constructed such that positive t values for the predation 

and density effects indicate increased values in the high predation and high density treatments. Negative 

values indicate decreased values for high predation and high density. The interaction was constructed 

such that negative t values indicate smaller differences between the phenotypes at high density 

compared to the low density treatments. When interactions between drainage and treatment were 

included in the average model for the mesocosms experiment, separate contrasts are shown for each 

drainage. Values with p<0.05 are shown in bold. 

Contrasts Growth Survival Offspring Number Offspring Size 

Prob of 

Repro 

Field Study 

      Small (12mm) 

      Decrease1 2.314 1.813 0.515 -0.214 - 

Decrease2 2.214 -0.413 1.815 0.614 - 

Increase1 -2.714 -0.813 -1.115 -2.114 - 

Increase2 -1.114 -1.613 -1.015 -0.214 - 

Centered(18mm) 

      Decrease1 0.414 -0.213 0.915 0.214 1.414 

Decrease2 2.714 -0.113 2.015 0.114 0.314 

Increase1 -3.214 -1.613 -1.115 -2.614 -2.114 

Increase2 -0.414 -2.013 -0.915 -1.414 -0.814 

Large(24mm) 

      Decrease1 -1.014 -0.313 1.015 0.414 - 

Decrease2 1.314 0.613 1.815 -1.614 - 

Increase1 -1.614 -1.513 -0.815 -1.314 - 

Increase2 0.514 -1.713 -0.515 -2.614 - 

Mesocosms Guanapo Aripo Guanapo Aripo Guanapo Aripo 

 Small (12mm) 

       Phenotype 1.419.7 -1.9271.9 -2.0271.9 - - - - 3.419.8 

Density -9.319.7 0.5271.9 0.5271.9 - - - - -2.219.8 

Phenotype 

x Density -2.419.7 -0.4271.9 -0.6271.9 - - - - -0.919.8 

Centered(18mm) 

       Phenotype 0.619.7 -2.1271.9 -2.1271.9 3.618.6 3.818.6 12.616 -17.016 3.319.8 

Density -7.619.7 0.5271.9 0.5271.9 -5.318.6 -5.018.6 -2.016 -0.816 -2.019.8 

Phenotype 

x Density -1.019.7 -0.5271.9 -0.5271.9 -0.718.6 -0.618.6 -0.316 -0.416 -0.819.8 

Large(24mm) 

       Phenotype -0.419.7 -1.9271.9 -1.8271.9 - - - - 2.819.8 

Density -2.519.7 0.5271.9 0.5271.9 - - - - -1.419.8 

Phenotype 

x Density 0.719.7 -0.6271.9 -0.4271.9 - - - - -0.619.8 
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Table 2.4. Model selection results and averaging weights for somatic growth for mesocosm study. 

Model AICc 

Δ 

AICc 

AICc 

weights 

Cumulative 

AICc 

Weight 

Length + Treatment + Length x Treatment 506.14 0.00 0.65 0.65 

Length + Drainage + Treatment + Length x Treatment 508.17 2.03 0.23 0.88 

Length + Drainage + Treatment + Length x  

       Treatment + Length x Drainage 
510.36 4.22 0.08 0.96 

Length + Drainage + Treatment + Treatment x           

       Drainage + Length x Treatment 
512.23 6.09 0.03 0.99 

Length + Drainage + Treatment + Treatment x Drainage   

       + Length x Treatment + Length x Drainage 
514.44 8.30 0.01 1.00 

Length + Drainage + Treatment + Treatment x Drainage  

       + Length x Treatment + Length x Drainage 

        + Length x Treatment x Drainage  

519.34 13.20 0.00 1.00 

Length + Treatment 519.96 13.82 0.00 1.00 

Length + Drainage + Treatment 522.04 15.90 0.00 1.00 

Length + Drainage + Treatment + Length x Drainage 524.23 18.09 0.00 1.00 

Length + Drainage + Treatment + Treatment x Drainage 526.31 20.17 0.00 1.00 

Length + Drainage + Treatment + Treatment x Drainage   

       + Length x Drainage 
528.53 22.39 0.00 1.00 
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Table 2.5. Model selection results and averaging weights for survival for mesocosm study. 

Model QAICc 

Δ 

QAICc 

QAICc 

weights 

Cumulative 

QAICc 

Weight 

Length + Drainage + Treatment + Length x Drainage 261.10 0.00 0.78 0.78 

        Treatment 266.07 4.97 0.06 0.84 

Length + Treatment 266.26 5.17 0.06 0.90 

Length + Drainage + Treatment + Treatment x Drainage  

       + Length x Treatment + Length x Drainage 
266.31 5.22 0.06 0.96 

       Drainage + Treatment 268.30 7.20 0.02 0.98 

Length + Drainage + Treatment 268.69 7.59 0.02 1.00 

Length + Drainage + Treatment + Length x Treatment 273.51 12.41 0.00 1.00 

       Drainage + Treatment + Treatment x Drainage 274.26 13.16 0.00 1.00 

Length + Drainage + Treatment + Treatment x Drainage 275.02 13.92 0.00 1.00 

Length + Drainage + Treatment + Treatment x Drainage  

       + Length x Treatment 
280.27 19.18 0.00 1.00 

Length + Drainage + Treatment + Treatment x Drainage   

       + Length x Treatment + Length x Drainage 

       + Length x Treatment x Drainage  

284.07 22.98 0.00 1.00 



 

 

92 

 

Table 2.6. Model selection results and averaging weights for 

offspring number for mesocosm study. 

Model AICc Δ AICc 

AICc 

weights 

Cumulative 

AICc 

Weight 

Length + Drainage + Treatment 768.62 0.00 0.62 0.62 

Length + Drainage + Treatment + Length x   

      Drainage 770.82 262.65 0.21 0.83 

Length + Drainage + Treatment + Treatment x  

      Drainage 772.34 264.18 0.10 0.92 

Length + Drainage + Treatment + Treatment x  

      Drainage + Length x Drainage 774.66 266.50 0.03 0.95 

Length + Drainage + Treatment +  

       Length x Treatment 774.70 266.53 0.03 0.98 

Length + Drainage + Treatment +  

       Length x Treatment + Length x Drainage 777.00 268.84 0.01 0.99 

Length + Drainage + Treatment +  

       Treatment x Drainage + Length x Treatment 778.28 270.11 0.00 1.00 

Length + Drainage + Treatment + 

       Treatment x Drainage + Length x Treatment   

      + Length x Drainage 780.43 272.26 0.00 1.00 

Length + Treatment 780.70 272.54 0.00 1.00 

Length + Treatment + Length x Treatment 785.92 277.76 0.00 1.00 

Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Treatment   

      + Length x Drainage  

      + Length x Treatment x Drainage  786.66 278.50 0.00 1.00 
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Table 2.7. Model selection results and averaging weights for offspring size for mesocosm study. 

Model AICc Δ AICc 

AICc 

weights 

Cumulative 

AICc 

Weight 

Embryo Stage + Drainage + Treatment +  

      Drainage x Treatment 
-33.49 0.00 0.63 0.63 

Embryo Stage + Length + Drainage + Treatment  

      +Treatment x Drainage + Length x Drainage 
-31.00 2.49 0.18 0.81 

Embryo Stage + Length + Drainage + Treatment +  

      Treatment x Drainage 
-30.88 2.61 0.17 0.98 

Embryo Stage + Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Treatment 
-24.92 8.57 0.01 0.99 

Embryo Stage + Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Treatment +   

      Length x Drainage 

-24.67 8.82 0.01 1.00 

Embryo Stage + Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Treatment +  

      Length x Drainage +  

      Length x Treatment x Drainage  

-16.46 17.03 0.00 1.00 

Embryo Stage + Drainage + Treatment  -16.29 17.21 0.00 1.00 

Embryo Stage + Length + Drainage + Treatment +  

      Length x Drainage 
-14.57 18.93 0.00 1.00 

Embryo Stage + Length + Drainage + Treatment -12.84 20.65 0.00 1.00 

Embryo Stage + Length + Drainage + Treatment +  

      Length x Treatment + Length x Drainage 
-12.14 21.35 0.00 1.00 

Embryo Stage + Length + Drainage + Treatment +  

      Length x Treatment 
-8.11 25.38 0.00 1.00 

Embryo Stage + Length 7.45 40.95 0.00 1.00 

Embryo Stage + Treatment  12.43 45.92 0.00 1.00 

Embryo Stage + Length + Treatment 14.49 47.98 0.00 1.00 

Embryo Stage + Length + Treatment + Length x  

      Treatment 
18.18 51.67 0.00 1.00 
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Table 2.8. Model selection results and averaging weights for probability of reproduction for mesocosm 

study. 

Model QAICc 

Δ 

QAICc 

QAICc 

weights 

Cumulative 

QAICc 

Weight 

Length + Treatment 199.44 0.00 0.77 0.77 

Length + Drainage + Treatment 203.70 4.26 0.09 0.87 

Length + Drainage + Treatment + Length x Treatment 204.00 4.55 0.08 0.95 

Length + Drainage + Treatment + Length x Drainage 205.34 5.89 0.04 0.99 

Length + Drainage + Treatment + Treatment x  

      Drainage + Length x Drainage 
207.53 8.09 0.01 1.00 

Length + Drainage + Treatment +  

      Treatment x Drainage 
230.46 31.01 0.00 1.00 

Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Drainage 
231.71 32.27 0.00 1.00 

Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Treatment 
233.75 34.31 0.00 1.00 

Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Treatment +   

      Length x Drainage 

235.95 36.51 0.00 1.00 

Length + Drainage + Treatment +  

      Treatment x Drainage + Length x Treatment +   

      Length x Drainage +  

      Length x Treatment x Drainage  

237.53 38.09 0.00 1.00 
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Table 2.9. Model selection results and averaging weights for somatic growth for field study. All effects 

are nested within experimental design (1 or 2). 

Model AICc 

Δ 

AICc 

AICc 

weights 

Cumulative 

AICc 

Weight 

Length + Length
2
 + Density + Length x Density 1365.32 0.00 0.629 0.629 

Length +  Length
2
 + Density +  Length

2 
x Density 1368.29 2.97 0.142 0.771 

Length +  Length
2 
 + Density 1369.05 3.73 0.097 0.869 

Length +  Length
2
 + Density + Length x Density +  

Length
2 
x Density 1369.15 3.83 0.093 0.961 

Length + Density + Length x Density 1371.21 5.89 0.033 0.994 

Length + Density 1374.64 9.32 0.006 1.000 

Length
2
 + Density +  Length

2 
x Density 1509.84 144.53 0.000 1.000 
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Table 2.10. Model selection results and averaging weights for survival for field study.  

All effects are nested within experimental design (1 or 2). 

 

Model QAICc Δ QAICc 

QAICc 

weights 

Cumulative 

QAICc 

Weight 

Density 2787.18 0.00 0.296 0.296 

Length
2
+ Density + Length

2 
x Density 2787.75 0.57 0.223 0.518 

Length + Density + Length x Density 2788.44 1.26 0.157 0.676 

Length
2
+ Density 2789.25 2.06 0.105 0.781 

Length + Length
2
+ Density + Length x Density 2789.64 2.46 0.086 0.867 

Length + Length
2
+ Density + Length x Density  

      + Length
2
x Density 2790.99 3.81 0.044 0.912 

Length + Density 2791.05 3.87 0.043 0.954 

Length + Length
2
+ Density + Length

2
x Density 2791.72 4.54 0.031 0.985 

Length + Length
2
+ Density 2793.11 5.93 0.015 1.000 
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Table 2.11. Model selection results and averaging weights for offspring number for field 

study. All effects are nested within experimental design (1 or 2). 

Model AICc Δ AICc 

AICc 

weights 

Cumulative 

AICc 

Weight 

Length + Density 685.22 0.00 0.896 0.896 

Length + Density + Length x Density 689.55 -678.74 0.104 1.000 
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Table 2.12. Model selection results and averaging weights for offspring size for field study. All 

effects are nested within experimental design (1 or 2). 

Model AICc Δ AICc 

AICc 

weights 

Cumulative 

AICc 

Weight 

Embryo Stage + Length + Density -41.23 0.00 0.54 0.54 

Embryo Stage + Length + Density +  

      Length x Density 
-40.86 0.37 0.45 0.98 

Embryo Stage + Density -34.10 7.14 0.02 1.00 
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Table 2.13. Model selection results and averaging weights for probability of reproducing for field study. 

All effects are nested within experimental design (1 or 2). 

Model QAICc Δ QAICc 

QAICc 

weights 

Cumulative 

QAICc 

Weight 

Length +  Length
2
 + Density 1007.91 0.00 0.973 0.973 

Length +  Length
2
 + Density + Length x Density 1015.33 7.41 0.024 0.997 

Length +  Length
2
 + Density +  Length

2 
x Density 1019.60 11.69 0.003 1.000 

Length +  Length
2
 + Density + Length x Density +   

      Length
2 
x Density 1028.05 20.14 0.000 1.000 

Length
2
 + Density 1034.03 26.12 0.000 1.000 

Length
2
 + Density +  Length

2 
x Density 1045.10 37.18 0.000 1.000 

Length + Density 1120.07 112.16 0.000 1.000 

Length + Density + Length x Density 1125.22 117.30 0.000 1.000 
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Fig 2.1. Projected population growth rates (lambda) versus density treatments for field study. 

Panel A) is the lambda values where the two experimental designs were combined and B) shows 

the lambda values of each design separated. Error bars are 1 SE. 
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Fig 2.2. Size and parameter-specific effects of density treatments on population growth rate for 

field study. 
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Fig 2.3. Population growth rate of each phenotype under low and high density conditions in the 

mesocosms. Lambda values are divided by the mean lambda (λ*) for all treatments for A) 

Guanapo and B) Aripo drainages. Error bars are 1 SE. 
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Fig 2.4. Size and parameter-specific effects of predation, density and predation x density 

interaction on population growth rate for mesocosm study. 
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Chapter 3 

Local Adaptation in Trinidadian Guppies  

Alters Ecosystem Processes 

Abstract 

Theory suggests evolutionary change can significantly influence and act in 

tandem with ecological forces via ecological-evolutionary (eco-evo) feedbacks. This 

theory assumes that significant evolutionary change occurs over ecologically relevant 

timescales and that phenotypes have differential effects on the environment. Here we test 

the hypothesis that local adaptation causes ecosystem structure and function to diverge. 

We demonstrate that populations of guppies (Poecilia reticulata), characterized by 

differences in phenotypic and population-level traits, differ in their impact on ecosystem 

properties. We report results from a replicated, common garden mesocosm experiment 

and show that differences between guppy phenotypes result in the divergence of 

ecosystem structure (algal, invertebrate, and detrital standing stocks) and function (gross 

primary productivity, leaf decomposition rates, and nutrient flux). These phenotypic 

effects are further modified by effects of guppy density. We evaluated the generality of 

these effects by replicating the experiment using guppies derived from two independent 

origins of the phenotype. Finally, we tested the ability of multiple guppy traits to explain 

observed differences in the mesocosms. Our findings demonstrate that evolution can 

significantly affect both ecosystem structure and function. The ecosystem differences 

reported here are consistent with patterns observed across natural streams and argue that 

guppies play a significant role in shaping these ecosystems.  
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Introduction 

Ecosystem ecologists commonly view populations as homogeneous biomass 

pools in which individuals operate in identical ways to influence nutrient and energy 

flows (Hairston and Hairston 1993). Individual organisms can influence ecosystem 

processes by altering their body size (material storage), changing their consumption and 

excretion characteristics (material flux) (Vanni 2002), modifying their internal 

stoichiometry (Sterner and Elser 2002), or physically altering their habitat (Pringle et al. 

1993, Flecker 1996). Differences among individuals can, via natural selection, become 

converted into differences among populations and hence in the impact of a locally 

adapted population on the structure of its ecosystem. Furthermore, empirical evidence 

suggests the evolution of organismal traits that can affect habitat utilization happens on 

timescales similar to ecological processes (Grant and Grant 2002). One possible 

consequence of rapid evolutionary change is that it can change ecological dynamics and 

set up feedbacks between ecological and evolutionary processes (eco-evo feedbacks) 

(Yoshida et al. 2003, Hairston et al. 2005, Post and Palkovacs 2009). Central to this 

hypothesis is the assumption that phenotypic variation translates into variation in how 

individuals and populations impact their environment (Dieckmann and Ferriere 2004).  

Prior research has already established the links between ecology and evolution. 

Laboratory studies focused on a model predator-prey interaction demonstrated that 

evolution of the prey population significantly altered the nature of predator-prey cycles 

(Yoshida et al. 2003). Evidence from natural or semi-natural settings have shown that 

phenotypic differences in prey selectivity (Post et al. 2008, Harmon et al. 2009) or 
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nutrient recycling (Palkovacs et al. 2009) can alter community and ecosystem structure 

(Post et al. 2008, Harmon et al. 2009, Palkovacs et al. 2009)  and some aspects of 

ecosystem function (Harmon et al. 2009). Studies of natural populations of landlocked 

and anadromous alewives (Alosa pseudoharengus) established differences in how these 

two forms influence the structure of the zooplankton community (Post et al. 2008), then 

how the effects of landlocked alewives on the zooplankton community may have fed 

back on the subsequent evolution of the trophic morphology of alewives (Palkovacs and 

Post 2008, Post et al. 2008, Palkovacs and Post 2009). The influence of the phenotype on 

ecosystem structure has also been documented in Trinidadian guppies (Poecilia 

reticulata) (Palkovacs et al. 2009). Guppies from low predation (LP) localities co-occur 

with killifish (Rivulus hartii), an omnivore that may also prey upon juvenile guppies 

(Liley and Seghers 1975). Guppies from high predation (HP) localities co-occur with a 

diversity of adult predators including the pike cichlid (Crenicichla alta) (Liley and 

Seghers 1975, Reznick and Endler 1982, Gilliam et al. 1993). When LP and HP 

phenotypes were placed in mesocosms with killifish, mesocosms with HP guppies had 

higher algal accrual rates (Palkovacs et al. 2009). HP guppies had less chlorophyll-a in 

their guts and, at the population-level, excreted NH4 at a higher rate either of which could 

contribute to observed differences in algal accrual. However, such changes in the 

community structure do not always translate into changes in ecosystem function (Sandin 

and Solimini 2009). Harmon et al (2009) tested the idea that three-spined sticklebacks 

(Gasterosteus aculeatus) adapted to foraging on different items could cause divergent 

effects on ecosystem function. They found that stickleback morphs did influence algae 
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biomass and productivity by setting up a positive feedback between dissolved organic 

carbon (DOC) and algae productivity. The mechanisms by which sticklebacks initiate this 

effect are unknown.   

Here, we tested the ability of Trinidadian guppies from LP and HP population 

types with distinct genotypes and population characters to cause changes in ecosystem 

structure and function. Previous studies have documented that guppies from HP localities 

experience higher mortality rates and consequently exhibit phenotypic and genetic 

differences in their life history (Reznick and Endler 1982, Reznick et al. 1996), 

morphology (Liley and Seghers 1975), performance (Ghalambor et al. 2004), and 

behavior (Magurran et al. 1995) compared to LP guppies. Experiments wherein guppies 

have been transplanted from HP sites to previously guppy-free (Rivulus only) sites 

demonstrate that these traits evolve on ecologically relevant time-scales (e.g. Reznick et 

al. 1990). Combined, these results argue for a direct role of predators in shaping how 

guppies evolve. Variation in the mortality regime of guppy populations has indirect 

consequences that may also alter the way that guppies interact with their environment. 

Increased predation causes a decrease in the density and biomass of guppies and a shift to 

populations dominated by smaller individuals (Rodd and Reznick 1997, Reznick et al. 

2001). These changes are a direct consequence of predators eating larger guppies, the 

evolution of the life history towards earlier maturity and the production of more offspring 

(Rodd and Reznick 1997). All of these changes contribute to an increase in the per-capita 

food availability (Grether et al. 2001) and somatic growth rates in HP localities (Reznick 

et al. 2001). Thus, both direct and indirect effects of predation may shape how guppies 
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both adapt to their local environment and alter the influence of the individual on the 

environment.  

We report on a replicated common garden mesocosm experiment that tests the 

ability of multiple aspects of these two phenotypes and population characters to alter 

ecosystem structure and function. Mesocosms were stocked with either HP or LP fish at 

low or high densities (12 and 24 guppies, respectively). Four additional mesocosms per 

trial were setup with no guppies to evaluate the general effect of guppies on the 

ecosystem. The experiment was replicated with guppies from HP and LP sites on the 

Guanapo River and with guppies from HP and LP sites on the Aripo River. We quantified 

how guppies adapted to HP and LP environments differ in their impact on ecosystem 

structure (algal, invertebrate, and detrital standing stocks) and function (gross primary 

productivity, community respiration, leaf decomposition, and nutrient flux) after four 

weeks and tested the effects using a priori contrasts. We first evaluated general effects of 

guppies on ecosystem variables by comparing fish-less treatments with all treatments that 

contained guppies (C1). Second, we examined effects of evolved phenotypic differences 

on ecosystem processes by comparing effects of guppies from HP and LP treatments 

(C2). Third, we used density treatments to examine ecological consequences of guppy 

population density, which changes in response to predation (C3). Finally, we investigated 

the interaction between the phenotype and population density (C4). We also directly 

measured guppy interactions with their environment (feeding rate, resources consumed, 

nutrient excretion) in the mesocosms and resources consumed from wild-caught guppies 
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to identify the specific components of the phenotype that may alter ecosystem structure 

and function. 

Materials and Methods 

Mesocosm preparation and fish treatment descriptions 

We constructed flow-through mesocosms by building eight rectangular block and 

cement structures (3m x 1m) adjacent to Ramdeem stream, a natural stream in Verdant 

Vale, Trinidad. These structures were subdivided to yield 16 mesocosms. We piped water 

from a nearby spring through three settling tanks. The final tank was fitted with 16, 50-

foot ¾-inch diameter hoses to supply water to each mesocosm. We added a mixture of 

sand and gravel to a depth of ~5 cm. Water was allowed to fill the mesocosms to a depth 

of 16 cm. Water inflow was adjusted using inline valves at the head of each mesocosm 

and flowed out of the mesocosms through a fabric covered drain at the foot of each 

channel. We inoculated the mesocosms with invertebrates from a nearby stream. We 

collected invertebrates from an area of the stream equivalent to the total benthic area of 

all the mesocosms and added them in equal proportions to the mesocosms.  

The hoses running to each mesocosm were attached to the final settling tank at the 

same height to ensure that each channel received water from the tank that was the same in 

the composition of suspended material. Drains at the foot of each mesocosm were 

cleaned of organic material daily to prevent clogging. Mesocosms were allowed to sit for 

8 days after we turned on the water and before we inoculated them with invertebrates 

from a nearby stream. This allowed the accumulation of biofilms and other organic 

material to provide food for invertebrates. Invertebrates were collected by from a nearby 
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mid-predation stream by disturbing the benthic substrate and collecting the suspended 

invertebrates in 63 micron drift nets. We collected invertebrates in slow moving pool 

habitats only because these are the habitats where guppies live. Predatory invertebrate 

taxa (dragonflies, damselflies, and some mayflies larvae) were removed because their 

low frequency and their potential to depredate small guppies could create random 

artifacts in some channels. Mesocosms were allowed to sit guppy free for another 8 days 

to allow invertebrates an acclimatization period before the introduction of guppies. 

Low predation Guanapo fish were collected from the mainstem of the Guanapo 

River above a barrier waterfall that excludes predatory species. High predation Guanapo 

fish were collected from where the Guanapo River crosses the Eastern Main Road. Low 

predation Aripo fish were collected from the Naranjo River, which is a low predation 

tributary to the Aripo, upstream of the L‘Orange Estate. High predation Aripo fish were 

collected 300-400 meters downstream of Haskins Falls on the main stem of the river. The 

life histories of guppies from the low predation site on the Guanapo have not been 

previously reported, but the data herein demonstrate they correspond to the low predation 

phenotype. We determined appropriate sampling locations for the low predation Guanapo 

based on earlier fish community surveys (Gilliam et al. 1993). Guppies from the Guanapo 

drainage were introduced for the first trial (January 31, 2008 – February 27, 2008) and 

guppies from the Aripo drainage were used in the second trial (March 20, 2008 – April 

17, 2008). 

Prior to the introduction of guppies in the mesocosms, each fish was marked with 

a unique combination of colored Visible Implant Elastomer Tags (VIE) (Northwest 
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Marine Technologies, Inc., WA, USA) to allow us to identify individuals throughout the 

experiment. Elastomer marks do not influence the survival or growth rates of guppies 

(Reznick et al. 1996). 

Guppies from the Aripo drainage and the HP location on the Guanapo have 

previously been shown to have evolved genetic differences in life history characters 

(Reznick and Endler 1982, Reznick 1982). Low and high densities in the mesocosms 

reflected averages observed for LP and HP sites in prior studies these communities 

(Reznick and Endler 1982, Reznick et al. 2001). If these values are translated into the 

mesocosms, there should be 6.5 and 11.6 guppies with ranges 0.6-24 and 3-37.5 guppies, 

for low and high density treatments, respectively. Our density treatments represented a 

doubling of densities between high and low density, which is slightly larger than 

observed average differences between natural populations (Table 3.3). The absolute 

number of fish in each density treatment is higher than the means observed in HP and LP 

localities, but is well within the range of observed variation. We increased the absolute 

numbers above the means to reduce the effects of variation among individuals in each 

mesocosm replicate. In terms of biomass, natural LP populations exhibit a four-fold 

increase in biomass compared to HP populations (Reznick et al. 2001). By holding the 

size structure of the experimental populations equal, the change in biomass is 

approximately two-fold in our experiment (Table 3.3). This results in an underestimate of 

the biomass effect between population types (Reznick et al. 2001). The experiment was 

set up in a block design with one guppy density x phenotype combination per block. One 

―no fish‖ channel was setup per block except one block which received two. Treatments 
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were randomly assigned to mesocosms in each trial. Mesocosms with fish contained 

guppy populations with size distributions and sex ratios intermediate between those 

observed between LP and HP populations (Rodd and Reznick 1997, Reznick et al. 2001). 

Each experimental trial lasted for 28 days.   

Mesocosms were checked daily for dead fish and these were replaced with similar 

sized fish. In the Guanapo trial, 29 of 216 (13.4%) fish died or were not recaptured at the 

end of the experiment. High predation had higher mortality rates (Predation: F1,8 = 

12.344, P = 0.008; Density: F1,8 = 0.004, P = 0.953; Predation x Density: F1,8= 1.753, P = 

0.222). The majority (18 of 29) of these deaths came from the high density treatment. In 

the Aripo trial, 15 of 216 (7.0%) fish died or were not recaptured at the end of the 

experiment. Deaths were not related to any treatment in the Aripo trial (Predation: F1,8 = 

2.422, P = 0.158; Density: F1,8 = 0.249, P = 0.631; Predation x Density: F1,8= 1.402, P = 

0.270).  

Ecosystem Response Variables 

Benthic algae stocks were measured by placing five, unglazed ceramic tiles (5 cm 

x 5 cm) in each mesocosms. Tiles were collected at weekly intervals during the 

experiment and measured for chlorophyll-a using standard fluorometric techniques 

(Steinman et al. 2006). We collected a single tile per mesocosm for the first 3 weeks and 

two tiles on the final day, yielding a time-series of algae accrual in the mesocosms. We 

report standing stocks on the final day of sampling. Chlorophyll-a was measured by 

scrubbing the tiles with a wire brush and rinsing with filtered water. Five milliliters of the 

resulting algae/water mixture was sub-sampled using a pipette and the water removed by 
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forcing the mixture through a glass fiber filter (Pall A/E glass fiber) attached to a vacuum 

pump. The filter was frozen overnight to lyse any algal cells and then placed in 95% 

ethanol (ETOH) in the dark for 24 hours to extract the chlorophyll. We report data from 

the final standing stocks only in the paper, but provide an analysis of the treatment effects 

through time in the supplemental materials (Table 3.6). We used a linear mixed model 

approach to repeated measures analysis to examine the effect of treatment across time. 

We used this approach instead of a traditional repeated measures ANOVA because it 

allowed us to include mesocosms for which we had a few missing data points. In this 

analysis, mesocosms within drainage was used as our subject and day of the experiment 

was used as our repeated effect. We modeled the error covariance structure using 

compound symmetric covariance matrix. Block, drainage, treatment and their interactions 

were entered as fixed effects. Interactions with F values ≤ 1 were removed from the final 

model. We tested if the effect of time differed as function of levels of the treatment factor 

using planned contrasts. Contrasts were constructed in an identical fashion as those 

reported in the main manuscript. However, because we were interested in testing the 

interaction of treatment with time, each contrast included contrast coding for both the 

treatment main effect (between-subject) and the time by treatment interaction (within-

subject).  

We measured leaf decomposition by constructing bag-less leaf packs (Rosemond 

et al. 1998) and measuring their mass loss as a function of time. The percent dry mass 

remaining was natural-log transformed and regressed against the collection day for each 

mesocosms. The slope of this natural log-linear relationship was used as a measure of 
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decomposition rate (k) (Benfield 2006). Leaf packs were constructed by clipping 

approximately 3.0 g of dried blackstick (Pachystachys coccinea) leaves together using 

binder clips. We employed this type of ―bagless‖ leaf pack to allow for access to the 

leaves by invertebrates and guppies. This approach has been commonly used in studies 

designed to assess effects of macrobiota (e.g., fishes and shrimps) on decomposition 

(Rosemond et al. 2001). Five leaf packs were added to each channel. One leaf pack per 

channel was removed on day 3, 7, 14, 21, 28 of the experiment. After removal from 

mesocosms, leaf packs were dried at 50 
o
C for a minimum of 24 hours and weighed. An 

additional ten leaf packs per trial were constructed and used in the calculation of percent 

loss due to handling. These leaf packs were placed in the mesocosms on day 0, removed 

immediately and processed in the same way as those collected during the experiment. We 

regressed the natural-log of the percent mass remaining corrected for handling loss 

against the day of the experiment. Decomposition rates, measured as the slope of this 

natural log-linear relationship (k), was estimated for each channel were used as data 

points in the ANOVA model (Benfield 2006).  

 We estimated the biomass of invertebrates in the mesocosms by sampling a 

known area of the benthic area on the last day of the trials. To collect the invertebrate and 

BOM samples, an 11.1 cm diameter PVC pipe was placed over the benthos and the 

enclosed area was disturbed. The water with suspended material was removed and 

filtered through a 63 μm sieve. All material was placed in Whirl-pac
TM

 bags. Samples 

were dried, weighed and burned in a muffle furnace at 550 
 o
C for two hours to obtain the 

ash-free dry mass (AFDM). Invertebrates were separated from other organic material 
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under a dissecting microscope after staining with Rose Bengal dye for 24 hrs. 

Invertebrates were identified to the family level (Merritt and Cummins 1996), counted 

and measured for length. Biomass estimates were obtained using known length-mass 

relationships (Benke et al. 1999). The remaining benthic organic material (BOM) from 

these benthic samples were filtered through 63 and 250 μm sieves and processed to 

obtain AFDM.  

We measured GPP and CR24 in the mesocosms near the end of the experiment 

(Gaunapo: day 24; Aripo: day 25). We took hourly measurements of the O2 concentration 

(mg O2 L
-1

), temperature (
o
C), and barometric pressure (mm Hg) in the final settling tank 

and at the foot of each mesocosm starting one hour before sunrise and ending 2 hours 

after sunset using a YSI Model 556. GPP and CR24 were calculated using a two-station 

method (Bott 2006). Since the mesocosms were identical in shape, depth, and mixing of 

water, five of the 16 mesocosms were chosen to estimate reaeration coefficients for all 

the mesocosms. The coefficients were obtained by measuring these variables every 15 

minutes beginning one hour before sunset and ending four hours past sunset (Odum 

1956). Calculations for determining GPP and CR24 were performed following (Bott 

2006). Area-specific GPP was calculated as GPP dived by the area of the mesocosms and 

biomass specific GPP was calculated as area-specific GPP divided by algal standing 

stocks.  

We measured PO4, NH4, and NO3 flux rates on the final day of the experiment 

(day 28) for the Aripo trial only. We collected water from the just under the inflow and 

just inside the outflow in each mesocosm. Water was poured through a filter (Pall A/E 
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glass fiber) and analyzed for ammonium using a fluorometric method (Holmes et al. 

1999), phosphate as soluble reactive phosphorus (SRP) colorimetrically by a molybdate-

antimony analysis (Wetzel and Likens 2000) and nitrate by ion chromatography. We 

calculated the difference between the upstream and the downstream concentrations for 

phosphate, ammonium, nitrate and total inorganic nitrogen (PO4, NH4, NO3). We 

calculated flux rates for each mesocosm by multiplying the differences in concentrations 

above by the total water volume in each mesocosm and dividing by residence time and 

benthic surface area (mg N or P hr
-1

 m
-2 

). Residence time was calculated as the 

mesocosm volume divided by the hourly flow rate. Total N was calculated by adding the 

values for NH4 and NO3. 

Guppy diet, feeding behavior, nutrient excretion, and life history 

We quantified the attack rates of guppies for a minimum of four fish per 

mesocosm once a week. One medium (14-18mm) and one large (>18mm) female were 

observed per week. Fish were given five minutes to acclimate to investigator presence 

before observations. Each fish was subsequently observed for at least one minute. During 

this time we recorded the number of foraging attempts (pecks on the substrate or on 

drifting objects). We were able to identify individuals at each measurement using the 

visible elastomer marks. Thus, feeding observations for each individual were pooled. 

Since multiple individuals of a given size class were measured per channel we analyzed 

this data using a linear mixed model approach. Size classes were originally analyzed 

together with size class as a fixed effect, but were subsequently analyzed separately 

because of significant interactions between size class and other main effects. 
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We quantified guppy nitrogen and phosphorus excretion by removing fish from 

the mesocosm and placing each in a sealable plastic bag filled with 100 ml of filtered 

stream water. We sampled water from the bags before the introduction of the guppy and 

after 20 minutes of incubation. Water samples were analyzed for ammonium using 

fluorometry (Holmes et al. 1999) and for phosphate, as soluble reactive phosphorus 

(SRP), colorimetrically by a molybdate-antimony method (Wetzel and Likens 2000). 

SRP was measured for each trial, but samples from the Guanapo trial were contaminated 

and we subsequently present only data from the Aripo trial. One individual per bag was 

used for large females and males, while three fish were per bag were used for the 

medium-sized female. Each bag was incubated in a larger container of water by the 

channel for 20 minutes. All samples consisted of 60 ml of water filtered using a syringe 

and in-line filter (Pall™ A/E glass fiber filter). We calculated the difference between 

bags incubated with and without fish. We divided this difference by the product of 

incubation time and the number of fish in each bag (μg N or P fish
-1

 hr
-1

). The mean body 

mass of the fish in each bag was used as a covariate in the analyses if it explained 

significant amount of variation in excretion rates. We calculated the population-level 

excretion rates by using these observed data to derive the allometric relationship between 

excretion rates and body mass for each treatment and drainage of origin using the 

allometric equation: log10 excretion rate = log10(b) + m log10 (body mass). We then 

applied this formula to the observed mass distributions for each mesocosms on the final 

experimental day of the each trial.  
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Fish were removed from the mesocosms on day 28 and euthanized using an 

overdose of MS-222. Each fish was measured for standard length to the nearest 

hundredth of a millimeter and wet mass to the nearest thousandth of a gram. 

Gastrointenstinal tissues were removed and preserved in 5% formalin. Offspring number 

was measured as the count of developing embryos carried by the female at the time of 

dissection. Reproductive allocation was calculated as the proportion of the total female 

dry mass attributed to developing embryo and reproductive tissue mass. Embryo stage of 

development was used as a covariate in analyses of reproductive allocation. Gut contents 

in the esophagus, stomach, and proximal portion of the intestine were measured from 

four fish per mesocosm per trial. Food categories were quantified as invertebrates, 

detritus, and diatoms. Wild guppies were removed the streams and immediately 

euthanized using an overdose of MS-222 and preserved in 5% formalin. Laboratory 

processing and analyses of the data were identical to those for the guppies from the 

mesocosm experiments. All fish were taken from the Aripo and Naranjo rivers in the 

same locations as the fish used in the mesocosm experiment.  

For the gut content measurements, gut parts were placed onto a gridded 

microscope slide (231 mm
2
) and the gut wall removed for identification of the contents. 

The distal part of the intestine was not used for the analyses because food items were too 

digested for identification. Invertebrates (mainly insect larvae) were identified at the 

lowest possible taxonomic level (usually family) (Merritt and Cummins 1996) and their 

length and head width were measured. Subsequently, 10 cells were randomly chosen 

among the 64 in the gridded slide and observed under a compound microscope for 
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quantification of food items. Plant matter, inorganic material, and other algae were not 

included because their occurrence and proportion was very low (<0.001%). The 

proportions of both invertebrates and detritus were determined by estimating the area 

they covered in each of the 10 cells. The total invertebrate and the total detritus areas 

were estimated by multiplying their proportion by the whole grid area. Diatoms were 

individually counted in each of the 10 cells. To calculate their total coverage area in the 

whole grid, diatoms were assigned to one of three size classes, small (15 x 2 m), 

medium (30 x 4 m), or large (50 x 5 m) (Wehr and Sheat 2003). The area covered by 

each food category was used in the analyses. Of the identifiable invertebrates in the guts 

of both phenotypes, 50.0 % were chironomids, 31.0% were other Diptera and the 

remaining fraction was a mix of mayflies (Ephemeroptera), caddisflies (Trichoptera) and 

other meiofauna. 

Statistical Analyses 

We tested for significant differences using a priori contrasts in an ANOVA 

framework with one factor (―treatment‖) and five levels—No guppies (None); Low 

Predation, Low Density (LPLD); Low Predation, High Density (LPHD); High Predation, 

Low Density (HPLD); High Predation, High Density (HPHD). Contrasts were designed 

to test specific hypotheses in the appropriate subsets of the data (C1 (Fish): None vs. 

LPLD, LPHD, HPLD, HPHD; C2 (Phenotype): LPLD, LPHD vs. HPLD, HPHD; C3 

(Density): LPLD, HPLD vs. LPHD, HPHD; C4 (Phenotype x Density) LPLD, HPHD vs. 

LPHD, HPLD). In this and all subsequent analyses, treatment, drainage, and block were 

entered as fixed effects. We included ambient light levels as a covariate when it 
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explained a significant amount of variation in the dependent variable. We removed 

covariates, block, drainage and interactions from the main model when the F-ratio ≤ 1 for 

each effect. We interpreted main effects when the interaction did not influence the rank 

order of the main effects (i.e. ordinal).  

We used a linear mixed model to test for differences in guppy feeding and 

excretion rates. We treated the mesocosm as our unit of replication, but measured traits 

on multiple fish per mesocosm. Therefore, we included mesocosm as a random effect and 

modeled the variance to remove any statistical non-independence within mesocosms and 

to avoid over inflating our degrees of freedom. The models were fit by restricted 

maximum likelihood (REML) to avoid biases in the estimates of within- and between-

mesocosm variances. In summary, the full model included block, drainage, phenotype, 

density their interactions as fixed effects and mesocosm as a random effect. Males and 

females were analyzed separately because they were known a priori to differ in their 

traits. Gut contents were analyzed using MANOVA and subsequent univariate ANOVAs. 

Life history variables were analyzed using an ANOVA framework. For these analyses, 

trait values were the average across guppies within a mesocosm. Block, drainage, and 

interactions with phenotype and density that had an F-ratio ≤ 1were removed from the 

models. Body size was included as a covariate when appropriate. Dependent variables 

were log or arcsin square-root transformed when appropriate to conform to the model 

assumptions. Data from the low density treatments only were analyzed for confirmation 

of the phenotypes. 
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Results 

Guppies used in these experiments showed similar patterns of life history 

differences between phenotypes observed in previous studies (Reznick and Endler 1982, 

Reznick 1982). HP guppies carried more developing embryos (ANOVA: Phenotype, F1,8 

= 17.03, P = 0.003; Tables 3.4,3.8) and allocated a higher proportion of their body mass 

to reproduction (ANOVA: Phenotype, F1,5 = 24.62, P = 0.004; Tables 3.4,3.8). These 

differences in life history traits were consistent across the two experimental trials and 

support the validity of the phenotype treatments (Table 3.4).  

The presence of guppies in the mesocosms caused a significant reduction in algal 

standing stocks (Tables 3.1, 3.5;  Fig 3.1) and a concomitant decline in area-specific 

primary productivity (area-specific GPP) (Tables 3.1, 3.5; Fig 3.1) and community 

respiration (CR24) (Tables 3.1, 3.5). However, guppies increased biomass-specific GPP 

(Table 3.1, 3.5; Fig 3.1). Guppies significantly depressed total invertebrate biomass 

(Tables 3.1, 3.5; Fig 3.1), especially chironomids, which were the dominant invertebrate 

taxon (Table 3.5).  

An increase in the guppy population density, regardless of phenotype, caused a 

further reduction in algal standing stocks (Tables 3.1, 3.5; Fig 3.1) and a decrease in area-

specific GPP (Tables 3.1, 3.5; Fig 3.1), but caused an increase in biomass-specific GPP 

(Tables 3.1, 3.5; Fig 3.1). Increased guppy density was also associated with an increase in 

the ash-free dry mass (AFDM) of benthic organic matter (BOM) between 63 and 250 μm 

(Tables 3.1, 3.5; Fig 3.1).  
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Guppy phenotype had an impact on standing stocks and ecosystem processes 

independent of density. Mesocosms with HP guppies had higher algal standing stocks 

(Tables 3.1, 3.5; Fig 3.1), but lower biomass-specific GPP (Tables 3.1, 3.5; Fig 3.1) than 

those with LP guppies. HP mesocosms had a marginally significant lower total 

invertebrate biomass (Tables 3.1, 3.5; Fig 3.1) and significantly lower chironomid 

biomass (Tables 3.1, 3.5) than those with LP guppies. At the same time, HP guppies 

caused a significant decrease in the rate of leaf decomposition (Tables 3.1, 3.5; Fig 3.1) 

and a marginally significant decrease in standing stocks of BOM greater than 250 μm 

(Tables 3.1, 3.5).  

There were also significant interactions between guppy phenotype and population 

density for some ecosystem variables. Area-specific GPP of mesocosms with HP guppies 

was higher than those with LP guppies, but only at low population densities (Tables 3.1, 

3.5; Fig 3.1). Flux of PO4 showed a marginally significant non-ordinal interaction with 

higher net production in LP low-density and HP high-density treatments (Tables 3.1, 3.5; 

Fig 3.1). Total N (NH4 + NO3) flux showed a non-ordinal interaction with little or no 

effect of density for LP, but decreased net production for HP low-density treatments and 

increased net production for HP high-density treatments (Tables 3.1, 3.5). 

There were significant river of origin (drainage) effects for 9 of the 13 ecosystem 

variables measured. However, there was never a significant interaction between treatment 

and drainage (Table 3.5), so differences between guppies derived from HP versus LP 

environments were repeatable across rivers of origin.  
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The presence of guppies in the mesocosms (C1) had the largest effect on 6 of the 

13 measures of ecosystem structure and function (Fig 3.2). Guppy phenotype (C2) had a 

larger impact than density (C3) on CR24, two measures of invertebrate biomass, leaf 

decomposition rates, BOM (> 250 μm) and PO4 flux. Density had a larger impact than 

phenotype on algal standing stocks, area-specific GPP, biomass-specific GPP, BOM (63-

250 μm), and three measures of N flux (Fig 3.2).  

Analysis of gut contents showed that LP and HP fish from the experiment 

consumed different resources (Tables 3.2, 3.7; Fig 3.3). HP guppies had marginally more 

invertebrates and significantly less diatoms and detritus (Tables 3.2, 3.7; Fig 3.3) in their 

guts compared to LP guppies. Identical analyses on guppies taken from natural streams 

show these same phenotype differences in resource consumption (MANOVA: 

Phenotype: F3,10 = 13.65, P = 0.001, Table 3.7, Fig 3.3), and confirm that patterns of 

resource consumption by guppies in the mesocosms reflect those in the wild. Differences 

in diet between the two guppy phenotypes were not associated with differences in feeding 

rates, since both phenotypes pecked at the substrate at an equal rate (Tables 3.2, 3.7). 

Individual female and juvenile guppies from HP environments excreted NH4 at higher 

rates than their LP counterparts (Tables 3.2, 3.7; Fig 3.4), but only in the low-density 

treatment. At the population-level, HP populations excreted NH4 at marginally significant 

higher rates than LP populations, but only in the low-density treatments (Tables 3.2, 3.7; 

Fig 3.4).  
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Discussion 

Mesocosms with HP guppies had higher algal standing stocks, higher area-

specific GPP, lower biomass-specific primary production, lower invertebrate standing 

stocks and lower leaf decomposition rates when compared to mesocosms with LP 

phenotypes. If we consider the effects of phenotype and density within the context of the 

natural densities in which these phenotypes are found (LP fish in higher densities), then 

differences in the ecosystem effects between populations often become more pronounced 

(Fig 3.1). High predation guppies display greater food selectivity, consuming more 

invertebrates and less diatoms and detritus. At the same time, individual and populations 

of HP guppies exhibited higher rates of NH4 excretion at low, but not high densities. 

These results thus argue that there are substantial differences among guppy phenotypes in 

their impact on ecosystem structure. We consider here three possible mechanisms for 

these differences—nitrogen excretion, dietary preference and trophic cascades.   

Palkovacs et al (2009) report that individual HP guppies contained less 

chlorophyll-a in their guts and, at the population-level, excrete NH4 at a higher rates. 

They suggested that HP guppies may increase algal accrual rates by excreting NH4 at a 

higher rate, via differential consumption of algae or some combination of both. Increased 

nutrient excretion could cause changes in algal standing stocks by increasing primary 

production (measured as GPP). At the same time, decreased guppy grazing can reduce 

the rate of loss of algae. Thus changes in nutrient excretion or grazing could act 

independently or synergistically to produce the observed changes in algal standing stocks. 

We found that individual HP guppies do have higher rates of NH4 excretion, but only at 
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low densities. When scaled up to the population-level, the patterns of NH4 excretion 

mirrored those found at the individual level (Fig 3.4). We found that HP guppies 

consumed less diatoms and detritus, but more benthic invertebrates compared to LP 

guppies in both the mesocosms and in samples of guts from wild-caught guppies (Table 

3.2, Fig 3.3). These differences in gut contents act in opposition to the patterns of 

resource availability in the mesocosms—HP mesocosms have fewer invertebrates and 

more algae, but there are more invertebrates and less algae in their guts. The observed 

patterns in algal standing stocks (higher stocks in HP mesocosms at both densities) are 

consistent with decreased HP guppy grazing as the major factor driving the differences 

between HP and LP mesocosms. At the same time, the observed pattern of nutrient 

excretion between the phenotypes is consistent with differences in measurements of area-

specific GPP—higher area-specific GPP in HP mesocosms at low, but not high density 

(Fig 3.1a).  However, when area-specific GPP is standardized by the amount of 

chlorophyll-a in each mesocosm (biomass-specific GPP—an index of individual 

production), LP mesocosms exhibit higher biomass-specific rates of production (Fig 

3.1c). Lower area-specific GPP coupled with higher biomass-specific GPP has been 

interpreted as evidence for grazers keeping producers in a rapid population growth phase 

(McIntyre et al. 2006).  

Higher algal standing stocks in mesocosms with HP guppies could also arise from 

a trophic cascade, wherein HP guppies feed preferentially on invertebrates that graze on 

algae. Higher selectivity for invertebrates by HP phenotypes caused a larger reduction in 

invertebrate biomass, but these differences did not result in the expected pattern in algal 
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stocks. Specifically, if HP guppies caused stronger trophic cascades then we should 

observe an increasing trend of algal standing stocks with guppy density and an interaction 

between phenotype and density with the largest differences between HP and LP at low 

densities (compare Figs 3.1b and 3.1d), but this was not the case.  

We found a role for guppy phenotype in causing cascading effects in leaf 

decomposition rates, which would in turn cause differences in the rate nutrients in leaves 

are released into the aquatic ecosystem. The higher consumption rate of invertebrates by 

HP guppies was associated with lower rates of leaf decomposition. The previous 

mesocosm study with guppies found no association between guppy phenotype and 

invertebrate biomass or leaf decomposition rates (Palkovacs et al. 2009). The lack of an 

observed effect in the previous study may have been caused by the use of mesh leaf pack 

bags, which can exclude some invertebrate grazers (Rosemond et al. 1998). We 

employed a bag-less leaf pack design that allows full access to the leaf by stream biota. 

The dominant invertebrate taxa in mesocosms and in guppy guts were Chironomidae, 

which are typically classified as collector-gatherers (Merritt and Cummins 1996). 

However, chironomids occupy diverse trophic niches and it is probable that taxa in our 

mesocosms feed on both autotrophs and microbial heterotrophs associated with leaves. 

Preferential predation on chironomids by guppies derived from HP environments could 

cause a reduction in the rate of nutrient input from terrestrial sources.   

 Ecosystem differences between HP and LP mesocosms often become more 

dramatic when phenotypes are viewed in the context of their natural population densities 

(Fig 3.1); in natural populations, HP guppies are found at low population densities while 
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LP guppies are found at high population densities. For example, mesocosms with LP 

guppies had lower final algal standing stocks and algal standing stocks decreased with 

increasing guppy density for both phenotypes (Fig 3.1b). In these cases, we see an 

additive role for both direct and indirect effects of guppy predators changing how guppies 

alter ecosystem structure and function. In other cases, the effect of guppy density acted to 

obscure the effect of the phenotypes. For example, invertebrate biomass decreased with 

increasing density of LP guppies, but remained nearly constant with increasing density of 

HP guppies (Fig 3.1d). These cases highlight the need to consider the population-level 

context when testing the effects of the phenotype on the environment.   

Diet preferences between LP and HP guppies could be driven by differences in 

the population density and resource availability in their natural environment. LP 

environments have higher guppy population densities (Rodd and Reznick 1997, Reznick 

et al. 2001), which should depress per-capita food availability. In fact, LP habitats have 

consistently lower algal standing crops and lower primary productivity and consequently 

guppies have lower growth rates, relative to what is seen in HP environments (Rodd and 

Reznick 1997, Reznick et al. 2001). Here we found that guppies from LP environments 

are less selective in their foraging, consuming invertebrates, diatoms and organic matter. 

Under higher per-capita resource availability, typical of HP localities, guppies are instead 

more selective and consume a higher proportion of invertebrates. Diet differences may 

thus reflect the evolution of differences in selectivity under low versus high resource 

conditions.  
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Differences in the morphology of guppies from HP and LP environments have 

been interpreted as the result of varying selective pressures on swimming performance 

and escape from predation (Langerhans and DeWitt 2004), yet differences in head shape 

are also suggestive of differences in trophic ecology reminiscent of those seen among 

benthic and limnetic sticklebacks that consume different resources (McPhail 1993). One 

consequence of these morphological differences is that benthic and limnetic sticklebacks 

differentially influence some measures of their ecosystem, as evaluated in replicate 

mesocosms (Harmon et al. 2009). Our results lend support to the hypothesis that 

differences in the morphology of guppies are at least partially related to differences in 

trophic ecology.  

Diet selectivity in alewives causes divergence of zooplankton communities, which 

can then subsequently feedback to alter the type of selection pressures experienced by the 

alewives (Palkovacs and Post 2008, Post et al. 2008). We found similar effects of diet 

selectivity with guppies adapted to HP and LP environments and illuminate a potentially 

common theme in characterizing the effects of local adaptation on ecosystem structure 

and function. Because the differences in resource utilization of guppies affect multiple 

facets of ecosystem structure (i.e., algal, invertebrate, benthic organic material standing 

stocks) and function (i.e., GPP, leaf decomposition rates, nutrient flux) the results 

presented here expand the breadth of the possible effects of local adaptation beyond 

simple food chain dynamics. 
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Conclusions 

Ecology traditionally ignores any effect that evolution may have on ecological 

interactions because evolution is assumed to happen on a much slower time scale than 

ecology. Recent studies, including our experimental studies of evolution in guppies in 

natural streams, show that significant evolution can indeed occur on ecological time-

scales (Reznick et al. 1997, Hairston et al. 2005). We take a significant step in 

characterizing how the evolution of one member of a community can alter ecosystem 

structure and function by showing that guppies adapted to different environments 

differentially utilize resources and cause significant changes to their ecosystem in a 

matter of weeks. Our data suggest that the different impacts of LP and HP guppies are 

primarily a consequence of differences in diet between the phenotypes. We further 

demonstrate these effects are repeatable across two independent origins of the LP 

phenotype.   

If the effects of phenotype and density are considered within the context of the 

natural densities in which these phenotypes are found (LP fish in higher densities), then 

differences in ecosystem effects between phenotype treatments often become more 

pronounced. For example, both phenotype and density contributed to differences in algal 

standing stocks. Surveys of HP and LP environments have shown higher algal standing 

stocks and higher productivity in HP localities (Grether et al. 2001, Reznick et al. 2001). 

These convergences between the mesocosms and natural streams suggest that ecosystem 

differences seen in natural streams are the combined product of local adaptation by 

guppies and the indirect effect of predators on guppy population density.  
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Table 3.1. Ecosystem effects. Codes indicate treatment with the highest mean for the contrast (- = no trend, 

N = no guppies, F = guppies, LP = low predation, HP = high predation, LD = low density, HD = high 

density). Interactions are shown as ordinal (Ord) or non-ordinal (Non). A-GPP = Area-specific GPP and B-

GPP = Biomass-specific GPP. 

Effect Algae A-GPP CR24 B-GPP 

Leaf 

Decom

p 

Total 

Invert 

Chiron

o Invert 

BOM 

63-250 

BOM

>250 

PO4 

Flux 

NH4 

Flux 

NO3 

Flux 

Total 

N 

Flux 

Fish (C1) N* N* N‡ F* - N‡ N‡ - F - - - - 

Phenotype (C2) HP‡ HP HP LP‡ LP‡ LP† LP‡ - LP† - - - - 

Density (C3) LD‡ LD‡ - HD§ - LD - HD‡ - - HD 

HD 

‡ HD ‡ 

Phenotype x 

Density (C4) - Non†  - - - Ord Ord† - - 

Non

† - 

Non

‡ Non‡ 

†P < 0.10, ‡P < 0.05, §P < 0.01, *P < 0.001 
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Table 3.2. Guppy mechanisms. Codes indicate treatment with the highest mean (- = no trend, LP = low 

predation, HP = high predation, LD = low density, HD = high density). Interactions are shown as ordinal 

(Ord) or non-ordinal (Non-ord). 

 
Feeding Rates 

Female 

Excretion 

   Male 

Excretion 

Pop 

Excretion 
Diet 

Effect 
14-18 

mm 

>18m

m 
NH4 PO4 NH4 PO4 NH4 Invert 

Diato

m 

Detritu

s 

Phenotype LP - HP‡ - LP LP HP† HP† LP§ LP‡ 

Density LD LD§ - HD‡ - HD HD* LD HD‡ HD 

Phenotype x 

Density 
- - Ord‡ - Ord Ord Non-ord* - - - 

†P < 0.10, ‡P < 0.05, §P < 0.01, *P < 0.001 
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Table 3.3. Number and biomass (mean ± s.e.) of  

guppies at the beginning, all guppies at the end  

and offspring born in the mesocosms. 

 
Beginning End 

 
all guppies all guppies offspring 

Treatm

ent 
n g n g n g 

LPLD 12 
1.46 

(0.05) 

26.8 

(1.9) 

2.61 

(0.20) 

15.5 

(2.0) 

0.40 

(0.08) 

LPHD 24 
2.88 

(0.08) 

50.2 

(4.5) 

4.04 

(0.17) 

27.0 

(4.2) 

0.36 

(0.06) 

HPLD 12 
1.49 

(0.02) 

47.3 

(5.2) 

2.61 

(0.15) 

36.7 

(5.0) 

0.67 

(0.14) 

HPHD 24 
2.93 

(0.07) 

86.3 

(7.9) 

3.80 

(0.10) 

64.3 

(8.0) 

0.71 

(0.12) 

LPLD: low predation, low density; LPHD: low predation, 

high density; HPLD: high predation, low density; HPHD: 

high predation, high density 
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Table 3.4. Life history characters of high and low predation guppies from the low density 

treatments.  

ANOVA 

Source SS df MS F-ratio p-value 

Embryo Number      

Drainage 14.827 1 14.827 10.960 0.011 

Phenotype 23.034 1 23.034 17.026 0.003 

Final Size Class 5.587 1 5.587 4.130 0.077 

Error 10.823 8 1.353   

      

Reproductive Allocation      

Block 0.011 2 0.006 41.731 0.001 

Embryo Stage 0.003 1 0.003 24.620 0.004 

Drainage 0.003 1 0.003 21.381 0.006 

Phenotype 0.008 1 0.008 57.552 0.001 

Drainage x Phenotype 0.001 1 0.001 3.991 0.102 

Error 0.001 5 0.0002     
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Table 3.5. Effects of guppies on ecosystem parameters. 

ANOVA 

Effect df SS MS F-ratio p-value 

Algal Standing Stock, Primary Productivity and Community 

Respiration    

Algal Standing Stocks      

Block 2 0.704 0.352 2.59 0.096 

Treatment 4 15.743 3.936 29.00 < 0.001 

C1 (Fish) 1 14.031 14.031 103.40 < 0.001 

C2 (Phenotype) 1 0.708 0.708 5.22 0.032 

C3 (Density) 1 0.891 0.891 6.57 0.017 

C4 (Phenotype x Density) 1 0.063 0.063 0.47 0.502 

Error 23 3.121 0.136   

      

GPP      

Light 1 0.395 0.395 37.62 < 0.001 

Block 2 0.817 0.408 38.87 < 0.001 

Drainage 1 4.125 4.125 392.60 < 0.001 

Treatment 4 1.403 0.351 33.39 < 0.001 

C1 (Fish) 1 1.287 1.287 122.49 < 0.001 

C2 (Phenotype) 1 0.013 0.013 1.26 0.275 

C3 (Density) 1 0.060 0.060 5.75 0.026 

C4 (Phenotype x Density) 1 0.044 0.044 4.19 0.054 

Error 20 0.210 0.011   

      

CR24      

Block 2 9734.726 4867.363 0.18 0.839 

Drainage 1 575929.017 575929.017 20.94 <0.001 

Treatment 4 189825.641 47456.410 1.73 0.180 

C1 (Fish) 1 128860.449 128860.449 4.68 0.042 

C2 (Phenotype) 1 27948.411 27948.411 1.02 0.324 

C3 (Density) 1 872.212 872.212 0.03 0.860 

C4 (Phenotype x Density) 1 27242.815 27242.815 0.99 0.330 

Error 22 605110.384 27505.017   

      

Biomass-specific  

Productivity 
     

Light 1 1490.956 1490.956 6.853 0.017 

Block 2 4257.805 2128.903 9.785 0.001 
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Drainage 1 20850.760 20850.760 95.833 <0.001 

Treatment 4 14011.090 3502.773 16.099 <0.001 

C1 (Fish) 1 9531.217 9531.217 43.81 <0.001 

C2 (Phenotype) 1 1168.03 1168.03 5.37 0.031 

C3 (Density) 1 2758.07 2758.07 12.68 0.002 

C4 (Phenotype x Density) 1 9.03 9.03 0.04 0.841 

Error 20 4351.460 217.573   

      

Total Biomass      

Block 2 0.548 0.274 1.54 0.241 

Drainage 1 0.354 0.354 1.99 0.175 

Treatment 4 2.505 0.626 3.52 0.026 

C1 (Fish) 1 1.416 1.416 7.95 0.011 

C2 (Phenotype) 1 0.670 0.670 3.76 0.067 

C3 (Density) 1 0.226 0.226 1.27 0.274 

C4 (Phenotype x Density) 1 0.192 0.192 1.08 0.313 

Treatment x Drainage 4 1.113 0.278 1.56 0.225 

Error 19 3.384 0.178   

      

CG biomass      

Block 2 1.275 0.638 2.75 0.089 

Drainage 1 2.129 2.129 9.19 0.007 

Treatment 4 3.897 0.974 4.21 0.013 

C1 (Fish) 1 1.897 1.897 8.19 0.010 

C2 (Phenotype) 1 1.153 1.153 4.98 0.038 

C3 (Density) 1 0.165 0.165 0.71 0.410 

C4 (Phenotype x Density) 1 0.682 0.682 2.95 0.102 

Treatment x Drainage 4 1.953 0.488 2.11 0.120 

Error 19 4.400 0.232   

      

Chironomids      

Block 2 1.153 0.576 2.43 0.115 

Drainage 1 1.641 1.641 6.93 0.016 

Treatment 4 3.731 0.933 3.94 0.017 

C1 (Fish) 1 1.790 1.790 7.56 0.013 

C2 (Phenotype) 1 1.047 1.047 4.42 0.049 

C3 (Density) 1 0.137 0.137 0.58 0.456 

C4 (Phenotype x Density) 1 0.756 0.756 3.19 0.090 

Treatment x Drainage 4 2.291 0.573 2.42 0.084 

Error 19 4.502 0.237   
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Leaf Decomposition Rates      

slope of exponential decay rate     

Block 2 0.008 0.004 3.17 0.062 

Drainage 1 0.026 0.026 20.76 <0.001 

Treatment 4 0.008 0.002 1.52 0.230 

C1 (Fish) 1 0.000 0.000 0.36 0.554 

C2 (Phenotype) 1 0.006 0.006 4.60 0.043 

C3 (Density) 1 0.000 0.000 0.01 0.913 

C4 (Phenotype x Density) 1 0.001 0.001 0.90 0.354 

Error 22 0.027 0.001   

      

Benthic Organic Material      

63-250 microns      

Block 2 0.585 0.292 3.91 0.035 

Drainage 1 1.378 1.378 18.43 <0.001 

Treatment 4 0.584 0.146 1.95 0.137 

C1 (Fish) 1 0.045 0.045 0.61 0.444 

C2 (Phenotype) 1 0.020 0.020 0.27 0.608 

C3 (Density) 1 0.502 0.502 6.71 0.017 

C4 (Phenotype x Density) 1 0.001 0.001 0.01 0.907 

Error 22 1.645 0.075   

      

>250 microns      

Block 2 0.906 0.453 3.07 0.071 

Drainage 1 0.018 0.018 0.12 0.730 

Treatment 4 0.914 0.228 1.55 0.230 

C1 (Fish) 1 0.172 0.172 1.17 0.295 

C2 (Phenotype) 1 0.645 0.645 4.38 0.051 

C3 (Density) 1 0.051 0.051 0.34 0.565 

C4 (Phenotype x Density) 1 0.003 0.003 0.02 0.897 

Treatment x Drainage 4 0.927 0.232 1.57 0.225 

Error 18 2.653 0.147   

      

Nutrient Flux (Aripo only)     

PO4      

Block 2 0.582 0.291 1.72 0.240 

Treatment 4 0.904 0.226 1.33 0.337 
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C1 (Fish) 1 0.070 0.070 0.41 0.539 

C2 (Phenotype) 1 0.019 0.019 0.11 0.749 

C3 (Density) 1 0.003 0.003 0.02 0.904 

C4 (Phenotype x Density) 1 0.852 0.852 5.02 0.055 

Error 8 1.357 0.170   

      

NH4      

Treatment 4 0.009 0.002 0.71 0.600 

C1 (Fish) 1 0.001 0.001 0.40 0.540 

C2 (Phenotype) 1 0.002 0.002 0.53 0.480 

C3 (Density) 1 0.006 0.006 1.84 0.202 

C4 (Phenotype x Density) 1 0.000 0.000 0.08 0.785 

Error 11 0.035 0.003   

      

NO3      

Block 2 7.282 3.641 6.20 0.024 

Treatment 4 8.020 2.005 3.42 0.066 

C1 (Fish) 1 0.121 0.121 0.21 0.661 

C2 (Phenotype) 1 0.234 0.234 0.40 0.546 

C3 (Density) 1 4.567 4.567 7.78 0.024 

C4 (Phenotype x Density) 1 4.510 4.510 7.68 0.024 

Error 8 4.696 0.587   

      

Total N      

Block 2 7.871 3.935 7.29 0.016 

Treatment 4 8.575 2.144 3.970 0.046 

C1 (Fish) 1 0.145 0.145 0.27 0.618 

C2 (Phenotype) 1 0.224 0.224 0.41 0.538 

C3 (Density) 1 5.002 5.002 9.26 0.016 

C4 (Phenotype x Density) 1 4.694 4.694 8.69 0.018 

Error 8 4.320 0.540   
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Table 3.6. Accrual of chlorophyll-a on tiles.  

 
Linear Mixed Model 

 Effect Num df Den df F p 

 Block 2 22.956 6.497 0.006 

 Drainage 1 22.951 14.524 0.001 

 Treatment 4 22.881 19.926 <0.001 

 Time 3 69.137 147.572 <0.001 

 Time x Treatment 12 68.970 9.014 <0.001 

 Time x Drainage 3 68.653 19.522 <0.001 

 
Planned Contrasts (Time x Treatment) 

Effect Estimate SE df t p 

C1 (Fish) 4.385 0.526 22.262 8.334 <0.001 

C2 (Predation) 0.536 0.251 23.142 2.131 0.044 

C3 (Density) -0.500 0.251 23.155 -1.990 0.059 

C4 (Predation x Density) -.337 0.251 23.084 -1.341 0.193 
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Table 3.7. Guppy mechanisms. 

Linear Mixed Model   

Effect Num df Den df F p 

 
Guppy Feeding Rates (pecks  min

-1
)     

 Females 14-18mm 

     Block 2 12.662 3.354 0.068 

 Drainage 1 11.721 22.599 0.001 

 Phenotype 1 12.971 1.013 0.333 

 Density 1 12.79 1.058 0.323 

 Phenotype x Density 1 14.263 0.044 0.836 

 

      Females >18mm 

     Block 2 14.579 2.489 0.117 

 Drainage 1 12.878 10.941 0.006 

 Phenotype 1 13.436 0.763 0.398 

 Density 1 14.226 10.962 0.005 

 Phenotype x Density 1 13.987 0.949 0.347 

 

      Guppy Excretion 

     
Individual NH4 (μg NH4 fish

-1
 hr

-1
) 

    Females     

 Body Mass 1 23.038 110.210 <0.001 

 Drainage 1 17.463 231.674 <0.001 

 Phenotype 1 17.049 7.256 0.015 

 Density 1 17.075 4.123 0.058 

 Phenotype x Density 1 17.165 4.510 0.049 

 

      Males 

     Block 2 17 2.333 0.127 

 Drainage 1 17 84.012 <0.001 

 Phenotype 1 17 1.343 0.263 

 Density 1 17 1.114 0.306 

 Phenotype x Density 1 17 1.191 0.290 

 

      
Inidividual PO4 (μg PO4 fish

-1
 hr

-1
) 

    Females  

     Phenotype 1 7.81 0.865 0.380 

 Density 1 7.81 6.874 0.031 

 Phenotype x Density 1 7.81 0.425 0.533 
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Males 

     Phenotype 1 8 2.880 0.128 

 Density 1 8 3.595 0.095  

Phenotype x Density 1 8 2.924 0.126 

 

         
Population-level NH4 (μg NH4 hr

-1
) 

      Univariate ANOVA 

Effect SS df MS F p 

Block 1468 2 734 2.385 0.128 

Drainage 118157 1 118157 384.130 <0.001 

Predation   1199 1 1199 3.900 0.068 

Density 19571 1 19571 63.625 <0.001 

Predation x Density 2387 1 2387 7.759 0.015 

Drainage x Predation 2 1 2 0.006 0.940 

Drainage x Density 6487 1 6487 21.089 <0.001 

Drainage x Predation x 

Density 
158 1 158 0.515 0.485 

Error 4306 14 308 
   

 
        

Guppy Gut Contents 

     

Mesocosms 

MANOVA 

Effect Wilk‘s Lambda F Hypo df Error df p 

Block 0.623 0.980 6 22 0.462 

Drainage 0.442 4.630 3 11 0.025 

Phenotype 0.422 5.016 3 11 0.020 

Density 0.678 1.743 3 11 0.216 

Phenotype x Density 0.922 0.312 3 11 0.816 

Drainage x Phenotype 0.732 1.344 3 11 0.310 

Drainage x Density 0.798 0.926 3 11 0.460 

Drainage x Phenotype x 

Density 0.825 0.779 3 11 0.530 

      

Univariate ANOVA 

Effect SS df MS F p 

Invertebrates   

 

    

 Block 1.049 2 0.524 0.467 0.637 

Drainage 0.007 1 0.007 0.006 0.938 

Phenotype 4.420 1 4.420 3.936 0.069 

Density 1.240 1 1.240 1.104 0.312 

Phenotype x Density 0.012 1 0.012 0.011 0.920 
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Drainage x Phenotype 1.681 1 1.681 1.497 0.243 

Drainage x Density 1.512 1 1.512 1.347 0.267 

Drainage x Phenotype x 

Density 2.375 1 2.375 2.115 0.170 

Error 14.597 13 1.123 

  

      Diatoms 

     Block 0.462 2 0.231 1.965 0.175 

Drainage 0.473 1 0.473 4.021 0.063 

Phenotype 1.724 1 1.724 14.666 0.002 

Density 0.607 1 0.607 5.165 0.038 

Phenotype x Density 0.080 1 0.080 0.681 0.422 

Drainage x Phenotype 0.566 1 0.566 4.817 0.044 

Error 1.763 15 0.118 

  

      Detritus 

 

    

Block 0.347 2 0.173 2.571 0.110 

Drainage 0.916 1 0.916 13.586 0.002 

Phenotype 0.375 1 0.375 5.562 0.032 

Density 0.136 1 0.136 2.018 0.176 

Phenotype x Density 0.046 1 0.046 0.677 0.423 

Drainage x Density 0.214 1 0.214 3.175 0.095 

Error 1.011 15 0.067 

  

      Wild-caught        

MANOVA 

Effect 

Wilk's 

Lambda F Hypo df Error df p 

Phenotype 0.196 13.653 3 10 0.001 

Body Length 0.557 2.655 3 10 0.106 

      Univariate ANOVA 

Effect SS df MS F p 

Invertebrates   

 

    

Phenotype 3.575 1 3.575 5.604 0.036 

Body Length 2.219 1 2.219 3.478 0.087 

Error 7.656 12 0.638 

  

      Diatoms 

     Phenotype 0.069 1 0.069 2.966 0.111 

Body Length 0.080 1 0.080 3.422 0.089 
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Error 0.279 12 0.023 

  

      Detritus 

     Phenotype 11.889 1 11.889 45.668 <0.001 

Body Length 0.625 1 0.625 2.402 0.147 

Error 3.124 12 0.260     
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Table 3.8. Estimated marginal means and ± 1 standard error for female guppy life history 

traits. 

Trait Transformation LP LD HP LD 

Embryo Number None 5.3 (0.49) 8.3 (0.49) 

    

Reproductive Allocation Arcsin Square Root 38.7 (0.50) 43.9 (0.50) 
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Table 3.10. Estimated marginal means and ± 1 standard error for guppy mechanisms from 

mesocosm guppies. 

Variable  Transformation LP LD LP HD HP LD HP HD 

Feeding Rate (Pecks min
-1

)     

14-18 mm Natural log 2.6 (0.23) 2.4 (0.19) 2.4 (0.25) 2.2 (0.20) 

> 18mm Natural log 2.9 (0.14) 2.6 (0.13) 3.2 (0.14) 2.6 (0.13) 

      

Individual NH4 Excretion (μg fish
-1

 hr
-1

)    

Females Log10 0.48 (0.036) 0.63 (0.033) 0.65 (0.038) 0.65 (0.034) 

Males Log10 0.56 (0.056) 0.57 (0.057) 0.56 (0.056) 0.44 (0.056) 

      

Individual PO4 Excretion (μg fish
-1

 hr
-1

)    

Females Log10* 1.03 (0.011) 1.06 (0.011) 1.03 (0.011) 1.05 (0.011) 

Males Log10* 1.04 (0.008) 1.07 (0.008) 1.04 (0.008) 1.04 (0.008) 

      

Population-level NH4 Excretion (μg mesocosm
-1

 hr
-1

)   

Guanapo None 
36.3   

(10.13) 

75.3   

(10.13) 

64.7   

(10.13) 

74.1   

(10.13) 

Aripo None 
138.0 

(10.13) 

253.1 

(10.13) 

177.8 

(10.13) 

242.7 

(10.13) 

      

Gut Content (mm
2
)     

Invertebrates Natural log 1.02 (0.433) 0.51 (0.491) 1.86 (0.433) 1.44 (0.433) 

Diatoms Natural log 0.86 (0.140) 1.31 (0.156) 0.43 (0.140) 0.64 (0.140) 

Detritus Natural log 3.80 (0.106) 3.86 (0.118) 3.45 (0.106) 3.70 (0.106) 

*The number 10 was added to raw values prior to analysis to correct for some slightly negative numbers. 
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Table 3.11. Estimated marginal means and ± 1 standard error for guppy gut 

contents from wild-caught fish. 

Variable  Transformation Low Predation High Predation 

Invertebrates Natural log 1.27 (0.344) 2.36 (0.276) 

Diatoms Natural log 0.25 (0.066) 0.10 (0.053) 

Detritus Natural log 2.90 (0.220) 0.92 (0.176) 
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Fig 3.1. Estimated marginal means (± 1 se) of guppy effects on a) area-specific GPP, b) 

algal standing stocks, c) biomass-specific GPP, d) invertebrate biomass, e) total N flux, f) 

PO4 flux, g) BOM, and h) leaf decomposition rate. No guppy (circles), LP guppy 

(squares), and HP guppy (triangles). Circled values are LP and HP phenotypes at their 

natural relative densities.  
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Fig 3.2. Effect sizes (Cohen‘s d) from planned contrasts on ecosystem effects. 
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Fig 3.3. Estimated marginal means (± 1 se) of gut contents from LP and Hp guppies from 

the mesocosms and the wild.  
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Fig 3.4. Estimated marginal means (± 1 se) of LP (squares) and HP (triangles) of a) 

individual-level NH4 excretion rates, b) population-level NH4 excretion rates. Circled 

values are LP and HP phenotypes at their natural relative densities.  
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Chapter 4 

Direct and indirect ecosystem effects of  

consumer evolutionary divergence 

Abstract       

There is growing evidence that ecological and evolutionary processes may interact on the 

same timescale, but we are just beginning to understand how. While several studies have 

examined the direct effects of adaptive evolution of a target species on its community, as 

yet we do not know if the ecological effects of adaptive evolution are confined to direct 

interactions or if they may propagate further through indirect ecological pathways and 

have more profound and global impact on ecosystem function. We address this issue by 

using a combination of mesocosm experiments and ecosystem modeling to evaluate the 

ecological effects of adaptive phenotypic divergence in Trinidadian guppies (Poecilia 

reticulata). The experiments show that guppies adapted to life with and without predators 

have distinct direct effects on the ecosystem caused by differences in diet. All direct 

effects of phenotypic divergence between locally adapted populations are as strong as, 

and some are much stronger than the effect of density differences between these 

populations. There is a significant indirect effect of the guppies‘ phenotypic divergence 

on primary production, but it is small and contrary to the expectations formed from 

standard ecological hypotheses about trophic or nutrient cascades. The ecosystem model 

reveals that this small cumulative effect is likely a combination of large indirect effects 

that are much stronger than direct effects, act in opposing directions, and almost cancel. 

The model further suggests that these indirect effects can revert the direction of selection 



 

 

166 

 

that direct effects alone would exert back on phenotypic variation. We conclude that 

phenotypic divergence can have major effects deep in the web of indirect ecological 

interactions, and that reciprocally, indirect ecosystem effects, even if their cumulative 

size is small, can radically change the dynamics of adaptation. Thus, understanding the 

full spectrum of direct and indirect effects is crucial for predicting the impact of adaptive 

change on the ecosystem and closing the eco-evolutionary feedback loop. 

Introduction 

Ecological processes and evolutionary processes have traditionally been studied 

separately, on the basis of the assumption that their characteristic timescales are distinct 

(Slobodkin 1961). Ecological research most often treat organisms as evolutionarily 

constant because evolution is assumed to be so much slower than changes wrought by 

ecological interactions. However, there is growing evidence that evolutionary responses 

to ecological change can be measured over observable time (Hendry and Kinnison 1999, 

Fussmann et al. 2007). A well-known example is found in work on the Galapagos ground 

finch Geospiza fortis evolving in response to fluctuating rainfall and correlated changes 

in available (Grant and Grant 2002). In their review Reznick and Ghalambor (2001) 

found 47 studies demonstrating or implying rapid evolution for a variety of traits—

morphological, physiological, phenological, behavioral and life-history related. 

The realization that evolution can be rapid enough to happen in ecological time 

opens the door to the possibility that ecology and evolution are processes interlocked 

with one another in a dynamic feedback loop; (Metz et al. 1992, Heino et al. 1998, 

Dieckmann and Ferriere 2004, Dercole and Rinaldi 2008), a notion tracing back to 
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Pimentel (1961) and Chitty‘s (1960) ideas of genetic feedback and cycling selection. 

Theory and laboratory experiments on simple ecological systems suggest that the 

interplay of ecology and evolution on a common time scale generates ecological patterns 

that are not predicted when the evolutionary dynamics are ignored (Loeuille et al. 2002, 

Yoshida et al. 2003, Dieckmann and Ferriere 2004, Dercole and Rinaldi 2008). While 

understanding the selective action of ecological factors has long been a focus of 

evolutionary biology, there is now a pressing need for integrative studies to quantifying 

the effect of adaptive trait evolution on community and ecosystem dynamics, 

understanding the paths through which such effects are manifested, and exploring the 

subsequent feedback to a new selective milieu (Hendry and Kinnison 1999, Fussmann et 

al. 2007). 

Several field (or in situ mesocosm) experimental studies have shown that 

adaptation in a target species can have ecological effects on its surrounding community 

or ecosystem (Post et al. 2008, Harmon et al. 2009, Palkovacs et al. 2009, Bassar et al. 

2010). None of these studies, however, has evaluated the ecological pathways through 

which these effects were generated. The ecological effects of adaptation may be mediated 

by direct pathways that involve the physical interaction of the target species with another 

species as in predation, parasitism, or interference competition. The ecological effects of 

adaptation may also be mediated by indirect pathways and thus represent ‗second or 

higher order‘ effects through which the target species interact with other community 

members via a shared resource as in exploitative competition, a common predator or 

mutualist that influences all of them, or through an induced change in the physical 



 

 

168 

 

environment (Wootton 1994, Werner and Peacor 2003). Are ecological effects of 

evolutionary change in a target species restricted to direct pathways, hence having limited 

scope on community members and ecosystem processes? Or can they propagate further 

through the web of indirect ecological interactions and have more profound and global 

effects on community dynamics and ecosystem function? As it stands, we do not know. 

This is a pressing issue because indirect effects triggered by ecological (non 

evolutionary) factors can have considerable impact on community organization and 

ecosystem processes (Strauss 1991, Wootton 1994, Schmitz 2009). In some cases, 

multiple indirect effects can swamp the influence of direct ecological effects (Stone and 

Roberts 1991, Miller 1994). Given their ecological importance, indirect effects are 

expected to have a significant influence on how species evolve in a community context. 

Miller and Travis (1996) further predicted that direct and indirect ecological effects could 

generate very different selective pressures on a given species, a prediction that terHorst‘s 

(2010) experiments recently backed up. Applying Miller and Travis‘ (1996) conceptual 

framework and terHorst‘s (terHorst 2010) result to the case where it is adaptive variation 

in a species‘ phenotype that causes these ecological effects, suggests that indirect 

ecological pathways might radically alter how ecological changes driven by evolution 

feed back onto evolution. 

The goal of this study is to integrate mesocosm experiments and mathematical 

modeling in order to decouple and evaluate the direct and indirect ecological effects of 

adaptive phenotypic divergence in a focal species, the Trinidadian guppy, Poecilia 

reticulata. The guppy functions as a primary and secondary consumer in its ecosystem. 
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We employ different phenotypes of the guppy that represent the outcome of genetic 

adaptation to different predatory environments. While direct ecological effects can be 

measured relatively easily, experimentally documenting indirect effects in complex webs 

of species interactions is more challenging. Theoretical and empirical studies indicate that 

predicting the sign and magnitude of indirect effects in an ecosystem from knowledge of 

direct effects alone is non-trivial (Leroux and Loreau 2010). The problem is exacerbated 

in communities with a significant number of omnivores that exploit several trophic levels 

(Polis and Strong 1996). Because indirect effects represent, by definition, two or more 

links (second order or higher effects) they are often not observable through simple 

observational studies. When there are two or more possible indirect pathways between 

two ecosystem components, experimental studies that document indirect effects measure 

the total effect of all possible indirect links in the system. If two or more separate indirect 

links have an opposing influence then this may show up as a small, and possibly non-

significant, total indirect effect even though the effect of each individual pathway may be 

very large. Moreover, because ecological systems are dynamic and do not always 

produce observable effects on standing stocks, analytical tools that do not incorporate 

these dynamics (e.g. path analysis) are not appropriate and may lead to erroneous 

conclusions about the relative strength of each pathway. 

Our study overcomes these difficulties by combining controlled experiments with 

the numerical analysis of a mechanistic model of ecosystem dynamics. Our approach 

involves a factorial experimental design in mesocosms where we manipulate fish 

presence, phenotype and densities; electric exclosures that prevent direct effects of 
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guppies, but allow for the measurement of the total indirect effect of guppy treatments; 

and the parameterization of the ecosystem model to evaluate the contributions of each 

indirect ecological pathways to the cumulative indirect effect of the phenotypic 

difference. This three-pronged approach allows us to estimate the direct ecological effect 

of phenotypic divergence while controlling for the effect mediated by the difference in 

population density between phenotypes; and to compute the indirect ecological effects of 

phenotypic divergence and compare them to the direct ecological effect. We use the 

results to discuss the potential for indirect ecological effects to feed back on guppy 

adaptive evolution and thus close the eco-evolutionary feedback loop. 

Methods  

In guppies, phenotypic divergence is associated with environments that differ in 

fish community composition and risk of predation. Guppies from low predation (LP) 

communities coexist with the killifish (Rivulus hartii), which may prey upon smaller size 

classes of guppies (Haskins et al. 1961). Guppies from high predation communities (HP) 

coexist with a variety of predatory fish species, including the pike cichlid (Crenichla 

alta) and the wolf fish (Hoplias malabaricus), that prey upon adult size classes of 

guppies (Haskins et al. 1961, Reznick and Endler 1982).  

LP and HP guppies differ genetically in their life-history adaptations to these 

divergent predation regimes (Reznick 1982). Guppies from HP communities mature at a 

younger age and a smaller size than their LP counterparts (Reznick and Endler 1982, 

Reznick 1982). HP guppies also have more, smaller offspring than LP fish and overall 

invest more resources in reproduction (Reznick and Endler 1982, Reznick 1982). The 
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higher death and birth rates in HP environments combine to cause lower overall 

population densities and populations dominated by small young fish in comparison to LP 

environments (Reznick et al. 1996, Rodd and Reznick 1997, Reznick et al. 2001). 

Moreover, many of the adaptive genetic differences  between high and low predation 

guppies will evolve on ecologically relevant timescales (Reznick et al. 1990).  

Guppies in high versus low predation environments can differ in their impact on 

the ecosystem because of their differences in population density or size structure, or their 

evolved differences in how they utilize their environment, such as diet, or other 

differences in phenotype, such as the excretion of nutrients. In a replicated common 

garden mesocosm experiment, mesocosms stocked with LP guppies had lower standing 

stocks of algae and more invertebrates compared to mesocosms stocked with HP guppies 

(Bassar et al. 2010). Gut content analysis from guppies in the mesocosms and from the 

wild showed that LP guppies consume more algae and fewer invertebrates than HP 

guppies (Bassar et al. 2010). Not surprisingly given their respective diets, LP guppies had 

lower nitrogen excretion rates than HP guppies.  

These differences between LP and HP phenotypes in ecosystem effects could 

simply be the result of differences in dietary preference (direct, first-order effect). 

However, because HP guppies also consume more invertebrates than LP guppies, they 

may strengthen a trophic cascade that can lead to increased algal stocks (second-order, 

consumptive indirect effect). Also, increased algal stocks could result from the increased 

nutrient recycling rates seen in HP guppies (second-order non-consumptive indirect 

effect). Higher order indirect effects of guppy phenotype could also control ecosystem 
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processes. This would be the case if higher invertebrate consumption by HP guppies 

would weaken the nutrient recycling pathway of invertebrate excretion—a third-order 

effect resulting from the combination of a direct consumptive effect and an indirect non-

consumptive effect. 

Experimental setting 

We used sixteen ~3×0.5 m flow-through mesocosms near a natural stream in the 

Arima Valley on the island of Trinidad. Details of their construction can be found in 

Bassar et al. (2010), which describes a different set of results from this experiment. Here 

we summarize their key features. The benthic substrate consisted of a mixture of sand 

and gravel set to a depth of ca. 5 cm. Water came from a nearby fish-free spring and was 

set to an average depth of 16 cm. We allowed the mesocosms to sit with running water 

for eight days to allow the buildup of epilithon and detritus. After this period, we 

inoculated the mesocosms with samples of the stream invertebrate community collected 

from slow sections of a nearby mid-predation stream. We collected invertebrates from an 

area comparable to the total benthic area of all 16 mesocosms.  We removed large 

predatory taxa (primarily odonates) from these collections to avoid artifacts due to 

unevenly distributing rare predators that could have unpredictable affects on the 

individual mesocosms.  

We ran this experiment twice, first using guppies from HP and LP localities from 

the Guanapo drainage and then from the Aripo drainage. In each trial, guppies were 

added eight days after invertebrates to allow the latter to acclimate and disperse within 

the mesocosms. Each mesocosm received one of five guppy treatments. Four mesocosms 
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received no guppies (No Fish) and the remaining mesocosms received one of four 

crossed phenotype by density factors (low predation-low density: LPLD; low predation-

high density: LPHD; high predation-low density: HPLD; high predation-high density: 

HPHD). Treatments were arranged in three spatial blocks with one treatment replicate per 

block except one block that received 2 no fish treatments. High (24 individuals) and low 

(12 individuals) density treatments were chosen to reflect the natural densities for HP and 

LP localities based on previous surveys of these communities (Reznick and Endler 1982, 

Rodd and Reznick 1997, Reznick et al. 2001); the sex ratios and size structure of the fish 

populations in each treatment was the mean of the size distributions across HP and LP 

sites (Reznick and Endler 1982, Reznick et al. 2001). Details of initial and final densities 

and biomass of guppies in each fish treatment are reported in Bassar et al (2010). 

Twenty-eight days after the guppy introduction, we measured the responses of the 

ecosystem to the different guppy treatments.  

We were able to partition the net effects of each fish effect (fish presence, 

phenotype and density) into first-order and higher-order components by excluding fish 

from a small portion (4%) of each mesocosm using electrified exclosures (Pringle and 

Blake 1994, Connelly et al. 2008). Exclosure plots consisted of 12x50 cm copper frames 

attached to electric fence chargers delivering 1J every 2 seconds (for details, see Pringle 

and Blake 1994, Connelly et al. 2008). Non-electrified plots consisted of an identical, 

non-electrified copper wire frame. Weekly observations confirmed that, while guppies 

frequented the non-electrified plots, they never entered the electrified exclosures.  
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We measured chlorophyll-a accrual in each exclosure by placing five ceramic 

tiles (5x5 cm) as substrate and collected them at weekly intervals. On the final sampling 

(day 28) we collected two tiles per exclosure. Tiles were scrubbed and chlorophyll-a 

measured using standard fluorometric techniques (Steinman et al. 2006). We measured 

leaf decomposition rate by placing five leaf packs in each plot, removing and drying one 

leaf pack weekly and regressing the natural-log transformed percent remaining against 

time. The slope of this regression was used as a measure of the decay rate (k) (Benfield 

2006). Leaf packs were constructed by attaching 3.0 g of dried blackstick leaves 

(Pachystachys coccinea) by their petioles using binder clips. On the final day of the 

experiment (day 28), we sampled the benthic invertebrate community and benthic organic 

matter (BOM) by sealing off a circular area of the benthos with an 11.75 cm diameter 

PVC pipe and collecting all the material inside it. Samples were stained with Rose 

Bengal for 24 hours and invertebrates were separated from the BOM under a dissecting 

scope. Invertebrates were identified to family or genus level, counted and measured for 

length. Biomass estimates were obtained using known length-mass regression equations 

(Feller and Warwick 1988, Benke et al. 1999, Baumgärtner and Rothhaupt 2003). We 

present analyses of biomass estimates for non-predatory taxa. We also report analyses of 

the mean size and count for the most common of these taxa (Chironomidae) to examine 

which of these factors were responsible for changes in biomass. The BOM was filtered 

through 63 µm sieves, dried and ashed in a muffle furnace to obtain ash-free dry mass 

(AFDM).  
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Statistical Analyses 

 We analyzed final biomass of ecosystem compartments using linear mixed 

models. We included fish treatment type as a fixed effect with five levels (No Fish, 

LPLD, LPHD, HPLD, HPHD) and plot type as a fixed effect with 2 levels (electrified 

and non-electrified). We treated mesocosm identity as a random effect nested within fish 

treatment to estimate the proper error for the treatment effect (Kutner et al. 2005). We 

included drainage of origin as a main fixed effect and its interactions with other factors. 

Spatial block was also included as a fixed main effect. We used separate error variances 

for the exclosure or treatment effects if supported by a likelihood ratio test. We fit the 

complete fixed effects model with alternative error structures using restricted maximum 

likelihood. Once the most parsimonious error structure was chosen, we used maximum 

likelihood to decide the removal of fixed effects. Models were selected using a ΔAICc of 

4. The best model was then rerun using REML.  

 We used a series of planned, partial interaction contrasts to separate and test the 

direction and magnitude of ecosystem effects of guppy presence, phenotype and density. 

All contrasts included both the treatment main effect and the treatment by exclosure-type 

interaction. We calculated three contrasts for each fish treatment main effect: net contrast, 

direct contrast and indirect contrast. The net contrast between two treatments was 

constructed to represent the difference between non-electrified plots of the treatments of 

interest. Indirect contrasts were constructed to calculate the difference between the 

electrified plots of the treatments of interest. We calculated the direct contrast by 

subtracting the indirect contrast from the net contrast.  
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Mechanistic Model 

We built a mathematical model of ecosystem dynamics to estimate the indirect 

effects of phenotypic divergence that are mediated by one or more ecosystem variables 

between fish and algae. The model is a system of continuous-time, ordinary differential 

equations.  

 

(1)  

 

(2)

 

(3)  

 

(4)  

 

 (5)  

 

(6)  
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(7)  

 

(8) . 

 

 Using the Crowley-Martin functional response (Crowley and Martin 1989), the 

feeding rate of fish stage J upon prey type Z  (among D, P, I) is 

 

(9)  

 

and the feeding rate of fish stages Y = K or L upon prey type X is 

 

(10) . 

 

 Attack rates on invertebrates vary between phenotypes (LP vs. HP) and with size 

between stages according to 

 

(11)  

 

where pheno stands for LP or HP, and Y denotes stage J, K or L. Numerically, a0 = 11.38, 

a1 = 0.70, a2 = 0.034, 1pheno = 1 for LP and 0 for HP,  is length allometrically 
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equivalent to mean mass in the corresponding stage (  with  denoting 

mean mass in stage Y, and empirically estimated κ = 6.18). Rates of attack on periphyton 

and detritus are equal. We use proportional values for rates of attack on periphyton and 

detritus, on which fish peck at equal rates; the proportionality constant, or ‗degree of 

herbivory‘, differ between phenotypes to reflect the known difference in diet preference 

between them, and are the same for all stages. Handling times of vertebrates also are 

phenotype- and size-dependent, according to 

 

(12)  

 

with t0 = 0.35, t1 = 0.0014, t2 = 0.0077. The handling times for periphyton and detritus are 

equal, and shorter than the invertebrate handling time. 

 The net biomass production per unit biomass for juvenile, small adult and large 

adult females, bY, are given by 

 

(13) , 

 

and . Following Van Kooten et al. (2007) and de Roos et al. (2008), the 

maturation function a and the adult female growth function b are given by: 
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(14) . 

 

(15)  

 

The ecosystem variables are the (bio)mass of nutrients, benthic organic material (BOM), 

leaves in leaf packs, primary producers, invertebrates, and fish (Fig 4.1). We 

parameterized and initialized the model with data from the experimental no-fish 

treatment and other independent data sets (Table 4.1). The model was calibrated on the 

net effects of fish presence, fish density and fish phenotype, as reported in Bassar et al. 

(2010). Note that LP and HP fish phenotypes differ in size at birth, size at maturity, 

asymptotic size, reproductive allocation, mortality rates, attack rates and handling times, 

preference for invertebrate prey, and respiration rate. The model assumes no plastic or 

evolutionary response of traits to experimental treatment 

For each guppy treatment, the model can be integrated by using appropriate initial 

values for the state variables. Initial values are determined by mimicking the preparation 

of experimental mesocosms (see Appendix). To simulate the dynamics of periphyton 

within electric exclosures, we used eq. 3 as a sub-model in which (i) N and I are 

externally forced by the N(t) and I(t) trajectories that the full model generates, and (ii) 

consumption by fish (eq. 15) is set to zero. 

Analysis of direct and indirect effects 
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Net effects are measured as changes in ecosystem state variables, which can be 

partitioned into contributions from changes in ecosystem fluxes from one variable to 

another.. The estimation of a component may be done by controlling for the feedback 

effect on the flux of the change in the response variable. All components are measured in 

grams of nutrient, N, per square meter per day, and therefore can be compared among 

themselves, or added up to estimate partial effects on an another state variable of interest. 

Since we explicitly modeled the mechanisms contributing to the fluxes of 

ecosystem compartments, we were able to evaluate the contribution of all direct or 

indirect pathways to the resulting effects of guppy phenotype. To evaluate direct and 

indirect effects, standard theory uses computational methods related to perturbation 

analysis, which assume ecological equilibrium (Bolker et al. 2003). These methods do 

not apply straightforwardly here since direct and indirect effects are evaluated on a 

dynamical ecosystem–a context that is actually more realistic for direct/indirect effect 

analysis in general. Our approach combines perturbation analysis techniques as used in 

equilibrium theory with numerical simulations of ecosystem dynamics. The 

corresponding derivation of direct and indirect effects is summarized in the Appendix. 

From the algal growth rate given by eq. 3 we derive 

 

 (16)  

 

where DP is the net phenotype effect on periphyton biomass;  is the 

phenotype effect on the flux from periphyton to fish (fish predation) (‗direct effect‘); 
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 is the phenotype effect on the flux from periphyton to invertebrates 

(invertebrate predation); and  is the phenotype effect on the flux from 

nutrient to periphyton (i.e. production). All terms are evaluated at the experiment endtime 

(day = 28). The second and third components add up to yield the ‗indirect effect‘ 

measured in the experiment.  

 These effects can be partitioned into two components (up to first order), which 

measure the contribution of the changes at each ‗end‘ of the flux. For the flux driven by 

invertebrate predation: 

 

 (17a) , 

 

and for the flux driven by algal uptake of nutrient: 

 

(17b)

 

. 

 

In these equations, the first term in the right-hand side measures the response of the flux 

to the treatment while controlling for the ‗feedback effect‘ (second term) on the flux of 

the change in periphyton biomass that the treatment begets.  

 Finally, equation 1 can be used to partition the effect mediated by nutrient 

concentration, , as the sum of the effects on the three fluxes that contribute to 
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N, i.e. decomposition, , fish excretion, , and invertebrate 

excretion, : 

 

(18) . 

 

When applied to the mesocosm ecosystem (Fig 4.1), the method yields the four 

indirect effects of phenotype difference on primary production; two are second-order 

effects (i.e. the ecological pathway goes through one intermediate link): indirect effects 

mediated by invertebrate predation on algae (trophic cascade, Fig 4.1 IF and PI)  and by 

uptake of nutrient from fish excretion (Fig 4.1 FN and NP);  two are higher order (two or 

more intermediate links): indirect effects mediated by uptake of nutrient from 

invertebrate excretion (Fig 4.1 IF, IN and NP) and by uptake of nutrient from 

decomposition (Fig 4.1 FD, IF, ID, DN, NP). The robustness of the results with respect to 

the model parameter values is tested by local and global sensitivity analyses. Local 

sensitivity analysis quantifies how the estimates of direct and indirect effects change in 

response to varying one parameter at a time. Global sensitivity analysis recalculates the 

direct and indirect effects for many combinations of parameter values that are randomly 

drawn around the nominal values.    

Results 

Experimental results: net, direct and cumulative indirect effects 

The net effect of adding guppies and doubling their density was to decrease algal 

biomass, a result driven by a large negative direct effect (Fig 4.2A; Tables 4.2, 4.3). The 
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indirect effect of guppies in the mesocosms was also negative, which is contrary to the 

expectations of a trophic cascade or nutrient enrichment by guppies (Fig 4.2A; Tables 

4.2, 4.3). This was the case even though the net and direct effect of adding guppies on the 

biomass of invertebrates was also strongly negative (Fig 4.2B; Tables 4.2, 4.4), indicating 

that guppies were able to reduce the biomass of invertebrates in the system.   

HP guppies consumed fewer diatoms than LP guppies (Bassar et al. 2010) and 

caused positive net and direct effects on primary producer stocks measured as 

chlorophyll-a (Fig 4.2A; Tables 4.2, 4.3). Either increased consumption of invertebrates 

or increased nutrient excretion rates of HP guppies should yield positive indirect effects 

of the phenotype if either of these pathways were important. However, we found that the 

indirect effects of the HP phenotype were to decrease the amount of chlorophyll-a in the 

mesocosms (Fig 4.2A; Tables 4.2, 4.3). This is the case even though HP guppies directly 

decreased the biomass of invertebrates (Fig 4.2B; Tables 4.2, 4.4) and excreted nitrogen 

at a higher rate than LP guppies (Bassar et al. 2010).  

 Adding guppies to the mesocosms decreased invertebrate biomass via direct 

effects (Fig 4.2B; Tables 4.2, 4.4). High predation guppies further decreased invertebrate 

biomass, again mostly through a direct effect (Fig 4.2B; Tables 4.2, 4.4). However, this 

effect was opposed by a small, non-significant indirect effect (Fig 4.2B; Tables 4.2, 4.4). 

There were no significant effects of guppy density on invertebrate biomass (Fig 4.2B; 

Tables 4.2, 4.4). The superficially similar effects of adding guppies and exchanging LP 

with HP guppies on invertebrate biomass were actually caused by different mechanisms. 

The decrease in invertebrate biomass caused by adding guppies to mesocosms arose from 
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a decrease in the average individual mass of invertebrates (Tables 4.2, 4.5). In contrast, 

exchanging HP guppies for LP guppies produced no change in the average size of 

individual chironomids but, instead, decreased the total number of chironomids (Tables 

4.2, 4.6). 

Adding guppies to the mesocosms had a significant positive indirect effect on 

BOM (Fig 4.2C; Tables 4.2, 4.7). There was a marginally significant negative direct 

effect (Fig 4.2C; Tables 4.2, 4.7) and a marginally significant positive indirect effect of 

the HP phenotype on BOM (Fig 4.2C; Tables 4.2, 4.7). Exchanging HP guppies for LP 

guppies decreased the rate at which leaves decomposed (Tables 4.2, 4.8) in the 

mesocosms as a function of both direct and indirect effects (Fig 4.2D; Tables 4.2, 4.8). 

Model analysis: Estimating indirect effects of phenotype on algal stock 

First we used the model to repeat the experiment ‗in silico‘ and compute the 

outcome of fish exclusion by electric exclosures for each fish treatment. We assumed that 

nitrogen, BOM and invertebrates were well mixed though the entire system, including 

both exclosures; and that the consumption of leaf packs by invertebrate detritivores had a 

global impact on mesocosm dynamics through BOM variation. Thus, periphyton 

dynamics in both types of exclosures were driven by the global mesocosm dynamics of 

nitrogen, BOM, invertebrates and fish, and the model predicted the effect of fish 

exclusion on algal growth and stock. Indirect and direct contrasts were measured via the 

same contrast matrix used for the experimental analysis. The results show a net positive 

effect of HP compared to LP on algal standing stock; this net positive effect is the sum of 

larger (in magnitude) direct and total indirect effects, the total indirect effect being 
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negative and the direct effect being positive and largest in magnitude (Fig 4.2E 

―Phenotype‖). These results are fully consistent with the experiment (Fig 4.2A 

―Phenotype‖). 

Although the total indirect effect is relatively small compared to net and direct 

effects (Fig 4.2A, E), the model reveals that the effect of reduced invertebrate grazing of 

algae and the subsequent changes in the nutrient uptake regime may be larger in 

magnitude than the direct effect itself (―PI‖ and ―All Nutr.‖ in Fig 4.2F). However, 

because these effects oppose each other in direction, they almost cancel. Controlling for 

the feedback effect of the response variable (i.e. the increase in primary producer 

biomass) shows that the effect of reduced invertebrate grazing on algae in HP treatments 

may increase the algal stocks more than 50% over the direct effect of reduced fish 

grazing in HP relative to LP channels (Fig 4.2F). The greater attack rate of HP fish on 

invertebrates is critical for generating this effect. The total effect of HP guppies on algal 

stocks includes the loss of nutrient input by invertebrates and hence reduces the growth 

rate of algal stocks. The consequences of this reduction may be 25% larger than the 

trophic cascade effect of predators reducing the rate of invertebrate grazing on algae, and 

thus almost 75% larger than the direct effect (Fig 4.2F). These differences are even more 

dramatic if we control for the feedback of the response variable (i.e. discounting the 

increase in primary producer biomass that contributes to the larger N-to-P flow): holding 

everything else constant, the decrease in nutrient availability would cause an effect on 

primary producer biomass that is more than three times greater in magnitude than the 

direct effect (Fig 4.2F).  
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HP guppies excrete nutrients at higher rates than LP guppies in mesocosm 

experiments (Palkovacs et al. 2009, Bassar et al. 2010), which implies that HP guppies 

should produce positive effects on nutrient uptake. We found here that the total influence 

of HP fish on nutrient dynamics was negative (―All Nutr.‖ in Fig 4.2F). When these 

effects are partitioned among their ecological pathways, we found that indeed the effect 

of HP fish was to increase the flux of nutrients into the nutrient pool and enhance algal 

growth (―FN‖ in Fig 4.2F); however, this effect was overshadowed by a much larger 

decrease in nutrient recycling due to the consumption of invertebrates by HP guppies, and 

consequently their nutrient recycling, in the system (―IN‖ in Fig 4.2F). Local and global 

sensitivity analyses of the model show that all these results are robust to parameter errors. 

Discussion 

In a previous article we showed that guppies modify community structure and 

ecosystem processes as a function of their phenotype and density (Bassar et al. 2010). 

However, because guppy phenotypes differ in both the food resources consumed and in 

rates of nutrient excretion, we were unable to distinguish these separate contributions to 

the ecosystem effects. Here we combine experimental and modeling approaches to 

partition these effects into direct and indirect pathways shaped by trophic links and the 

nutrient cycle.  

The experimental results show that omnivorous guppies primarily influence the 

stream communities and ecosystem processes by directly consuming invertebrates and 

periphyton, but that indirect processes modulate the magnitude of the overall net effect. 

Further, we show that all net, direct and total indirect effects of phenotype difference are 
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as strong as or stronger than the corresponding net, direct and total indirect effects of 

doubling the density of fish. The ecosystem model allowed us to evaluate the contribution 

of four indirect pathways to the effect of guppy phenotype on primary production: trophic 

cascade, guppy nutrient excretion, invertebrate nutrient excretion, and decomposition 

(Fig 2E,F). The model outputs suggest that at least the first three of these effects are 

much larger than the direct effect of guppies consuming algae, but because they act in 

opposition to one another, they combine to produce a small total indirect effect of the 

phenotype. HP guppies caused a trophic cascade and increased nutrient cycling through 

their own excretion. However, these effects were overwhelmed by an even larger 

negative indirect effect of HP guppies on algal stocks through a reduction in the 

magnitude of nutrient cycling by invertebrates. Consuming invertebrates not only 

releases predation pressure on algae, it also decreases fertilization by invertebrate 

excretion (or decomposition).  

Direct vs indirect ecological effects of evolution 

Understanding the interactions among species in communities is important 

because ―Without them, predictions and insights into the nature and dynamics of complex 

food webs or communities are crude at best‖ (Laska and Wootton 1998). To this end, 

community ecologists have long struggled with determining the relative role of direct and 

indirect interactions among organisms in structuring and determining the stability of 

communities. One key problem has been generalizing the results from simple one 

predator and two prey systems to more complex communities. When more than two 

functional groups are present in the system, the number of possible indirect links 
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increases in a combinatorial fashion. This increases the likelihood that indirect effects 

will become more important in determining the dynamics of the system, but it is 

generally unclear if the dynamics would be determined by many indirect effects, each of 

small size, or by a few of large size. Empirically measuring the direction and magnitude 

of these links has been elusive in most systems. Answering this question requires a 

combination of experimental manipulations and mathematical modeling of the 

interactions among community members as we have done here (Laska and Wootton 

1998).  

While community interactions that are a function of numerical dynamics between 

species are well-studied (Wootton 1994), we know far less about how interactions change 

in response to local adaptation by members of the community (Fussmann et al. 2007, 

Haloin and Strauss 2008). We have shown with regard to guppies that such phenotype-

mediated effects can often be larger than numerical effects. However, often numerical 

and phenotype-mediated effects are confounded in nature (Strauss et al. 2008). For 

example, LP guppies live at higher densities than HP guppies in natural streams. There 

are readily observable differences in the ecosystem parameters between upstream (where 

LP guppies reside) and downstream (where HP guppies reside) locations; the associations 

of those differences with substantial differences in guppy density could lead to the 

interpretation that the differences in guppy density would be likely responsible for the 

ecosystem distinctions. However, we have shown here that there are substantially 

different effects of each phenotype on the ecosystem, effects often as strong or stronger 

than the effects of doubling density. Thus, exchanging LP for HP guppies create 
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qualitatively different effects on the ecosystem than simply doubling the density of a 

hypothetical ―average‖ guppy phenotype. As a result, accurately assessing the role of 

guppies in these ecosystems requires separating the effects of phenotype from those of 

density. If our results represent a more general phenomenon in adaptation, they may add 

to the call for a heavier component of evolutionary biology in community and ecosystem 

ecology (Ferriere et al. 2004, Johnson and Stinchcombe 2007, Haloin and Strauss 2008, 

Loreau 2010, Schoener 2011). 

Our mechanistic model suggests that the largest ecological effects caused by 

phenotypic change in one member of the community are actually the indirect effects 

(second order or higher order effects). These effects can only be detected by combining 

experimental manipulations of organismal characters and mechanistic modeling of 

ecosystem dynamics. Without a mechanistic model, we would have concluded that the 

largest effect of the guppy phenotype is the direct effect of the difference in guppy diet on 

algal biomass and that the (total) indirect effect is relatively small and in opposite 

direction to a trophic or nutrient cascade. Using a mechanistic model reveals that the 

relatively small total indirect effect is the sum of large indirect effects which are in the 

direction predicted by observed differences in guppy diet and nutrient excretion patterns, 

but almost cancel. Thus, empirical studies comparing the relative magnitudes of net 

effects and direct effects in ecological webs may erroneously conclude that indirect 

pathways are unimportant.   

The various effects of the phenotype on the ecosystem are determined by 

differences in dietary preference and nutrient excretion rates. Nutrient-recycling 
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consequences of trophic cascades are rarely considered in studies of indirect effects, but 

may be important when nutrient cycling is fast or when the diet of the consumer is 

omnivorous (Leroux and Loreau 2010). This may be particularly important when the 

primary invertebrate prey are detritivores that do not eat algae (Leroux and Loreau 2010), 

as in our mesocosms, where the most abundant invertebrates are chironomids. Because 

our model does not distinguish between fine and coarse detrital matter, with chironomids 

playing a key role in the transition from the latter to the former, the contribution of 

decomposition to the indirect pathway through invertebrates and nutrient may even have 

been underestimated. 

Differences in the dietary preference cause the changes in the consumptive effects 

of guppies and their invertebrate prey. However, it is unclear if the differences in guppy 

excretion rates are themselves driven by the dietary preference as well. HP guppies 

consume more invertebrates and excrete nitrogen at higher rates than LP guppies. If 

consuming invertebrates leads to higher rates of nutrient excretion, then the indirect 

effect of guppy nutrient excretion could itself be explained by adaptations related to 

dietary preference. Alternatively, higher excretion rates in HP guppies could be 

independent from diet and may reflect broader physiological adaptations (e.g. metabolic 

rate) to living in high resource and high mortality risk environments (Ricklefs and 

Wikelski 2002).    

It has been suggested that consumer foraging behavior is a pivotal trait that has 

much potential to link evolutionary and ecological processes in a wide range of 

ecosystem types (Abrams 1992, Schmitz et al. 2008). This claim was supported originally 
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by direct experimental evidence that phenotypic plasticity in consumer foraging behavior 

could influence important ecosystem properties and functions (see Schmitz et al. 2008 for 

a review). Our study of the Trinidadian guppy and its ecosystem extends this claim to 

genetically-based adaptive variation in consumer foraging behavior. Indirect ecological 

effect of fish consumers may also explain the ecological effect of adaptive divergence in 

sticklebacks on primary production (Harmon et al. 2009). Limnetic sticklebacks that 

diverged from a generalist phenotype consume more zooplankton, yet the algal stock in 

their ecosystem is reduced, contrary to what is expected from a trophic cascade. Evidence 

for ecosystem engineering hints at indirect effects mediated by leaf litter decomposition 

(Harmon et al. 2009); resolving the exact pathways will require additional experiments 

coupled with mechanistic ecosystem modeling, as done here. In the lake ecosystem of 

alewives (Post et al. 2008), fish consume zooplankton but not phytoplankton, which 

simplifies the network of possible indirect effects. The direction of the effect of 

evolutionary divergence between anadromous and landlocked alewives on (edible) algal 

biomass is consistent with a trophic cascade (Post et al. 2008), but the magnitude of the 

effect may still be influenced by indirect effects via the nutrient flow and perhaps 

decomposition. Additional observations (e.g. comparing decomposition rates between 

lakes) could shed light on indirect effects, but as for the stickleback system, only 

experiments coupled with ecosystem modeling could ultimately identify the mechanisms 

of the algal stock response. Indirect effects may also be mediated by upper levels in the 

food chain. For example, discrete breeding populations of salmon may be subject to 

divergent selection pressures on body size (Quinn et al. 2001), and bears feeding on 
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salmon can be size-selective (Gende et al. 2001, Gende et al. 2004); thus salmon size 

divergence might have some impact on the ecosystem through the indirect effect of size-

selective predation by bears. 

Evolutionary feedback  

As the phenotypic state of a population evolves, its ecological state (e.g. density) 

and more generally its environment change. As the environment, thus broadly defined, 

changes, selective pressures on the phenotype may change, resulting in an evolutionary 

feedback of ecological dynamics on trait evolution. The reciprocal interplay of ecological 

and evolutionary dynamics has been analysed in mathematical models (Mylius and 

Diekmann 1995, Metz et al. 2008, Jones et al. 2009) and demonstrated in the laboratory 

(Yoshida et al. 2003). There are a few experimental studies in the wild (or in in situ 

mesocoms) that suggest that the coupling of ecological and evolutionary dynamics may 

play an important role in jointly shaping adaptation and ecosystem function (Post et al. 

2008, Harmon et al. 2009, Palkovacs et al. 2009, Bassar et al. 2010). But there is not a 

single system where the evidence of dynamic feedbacks is without gaps.  

With the guppy system we can take a step closer to predicting the eco-

evolutionary dynamics driven by the full eco-evolutionary feedback loop. The 

mechanistic model can be used to predict how much the direct and indirect ecological 

effects of phenotype difference can feed back evolutionarily and contribute to the 

evolution of that divergence. A comprehensive analysis is beyond the scope of this paper, 

but preliminary insights can be gained by assuming that, all else being equal, reduced 

algal stock selects against herbivory and increased algal stock selects for herbivory; and 
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that the degree of herbivory can evolve independently of other adaptive traits that are 

known to differ between LP and HP phenotypes. Then, to predict the direction of 

selection on LP and HP herbivory, we examine how the difference in algal stock between 

phenotypes changes if LP becomes more herbivorous or HP becomes less herbivorous. 

This is achieved by computing the derivatives of the net ecological effect to a small 

increase of LP herbivory or a small decrease of HP herbivory (Fig 4.3). 

The derivative of the net ecological effect is the sum of derivatives of the direct 

and indirect effects. Over a broad range of LP and HP degrees of herbivory, including 

current values and all values in between, we find that the derivative of the indirect effect 

to either higher LP herbivory or lower HP herbivory is always negative, and about twice 

as large in magnitude as the positive derivative of the direct effect (Fig 4.3). As a 

consequence, the derivatives of the net ecological effect remain negative and roughly 

constant. This means that more herbivory in LP or less herbivory in HP reduces the 

difference in algal stock. Therefore, algal stock in the LP population increases and algal 

stock in the HP population decreases, which may select for even more herbivory in LP 

and even less herbivory in HP—the evolutionary feedback promotes phenotypic 

divergence. Should we have neglected the indirect ecological effect and equate the net 

effect with the direct effect, we would have made the exact opposite prediction: 

derivatives of the direct effect are always positive, which means that under the direct 

effect alone more herbivory in LP would cause smaller algal stock and would be selected 

against; likewise, less herbivory in HP would cause larger algal stock and would also be 

selected against. 
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The general lesson from this computational exercise is that although the total 

indirect ecological effect may be small in magnitude, its derivative with respect to 

phenotype can be large—and it is the derivative, not the raw value, that determines the 

contribution to the evolutionary feedback. In the mathematical model of our system, the 

derivative of the total indirect effect is large because several indirect effects are large and 

vary stronly with respect to phenotype (Fig 4.3). This underscores the importance for the 

correct assessment of evolutionary feedbacks of extending the analysis of the total 

indirect effect to its mechanistic components along each ecological pathway. Future 

studies also need to investigate how indirect ecological effects feed back evolutionarily 

on genetic variation in fish traits other than foraging behavior. 

Conclusion 

Eco-evolutionary feedbacks involve complex direct and indirect interactions between 

organisms and their environment. This experiment shows that the direct ecosystem 

effects of adaptive phenotypic divergence are often much stronger than the effects of the 

ecological difference in density between locally adapted populations. The model suggests 

that the indirect effects of adaptive phenotypic differences on the ecosystem can be much 

larger than the direct effects of these differences, in spite of the total indirect effects being 

small compared to the direct effects. Although direct mechanisms dominate observed 

experimental differences in the ecological effects of alternative phenotypes, indirect 

mechanisms are likely to play a key role in the eco-evolutionary dynamics. This is 

because even small indirect ecological effects can have large derivatives with respect to 

phenotype, and hence can generate strong selective pressures on phenotypic variation. 
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Our results thus point to the critical importance of indirect ecological pathways in our 

understanding of the direction, rate, and endpoint of adaptive evolution. 

Appendix: Mathematical ecosystem model 

Mathematical ecosystem model 

Ecosystem model development and analysis is aimed at partitioning the indirect 

effect of fish phenotype on primary production (algal biomass) into its two components: 

invertebrate predation and nutrient cycling. The latter is decomposed further into its three 

components: fish excretion, invertebrate excretion, and detritus decomposition. To this 

end, the first step is to specify the model structure in order to match the mesocosm 

experimental setup (see Model development section below). The specifications are 

translated mathematically (Model equations section). Parameter values are gathered from 

independent data sets and literature sources and initial values for ecosystem state 

variables are estimated from the experimental design (Parameter values and initial 

conditions section). Functionally important parameters for which empirical estimation is 

poor or nonexistent are obtained through model calibration (Model calibration section). 

The calibrated model is then validated (Model validation section). By simulating the 

temporal dynamics of ecosystem variables, the model allows us to gain insights into the 

mechanisms that shape direct and indirect effects (Simulation of ecosystem dynamics 

section). This mechanistic understanding is used to inform the mathematical derivation of 

indirect effect components (Mathematical analysis of direct and indirect effects section). 

The analysis is completed with a sensitivity analysis of the estimated indirect effect 

components with respect to critical parameters.   
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Model development 

 Primary producers are restricted to periphyton and are possibly limited by 

nitrogen (N). Predation, egestion, excretion, death and microbial processes 

(immobilization, mineralization and fixation) altogether cycle nitrogen through the 

ecosystem. The detrital pool is split into BOM and leaf packs. Water flow can move 

nitrogen and BOM in and out of the mesocosms. The weekly removal of leaf packs is 

modeled, for computational convenience, as a continuous process with a constant rate of 

leaf loss. 

 Invertebrates include grazers and detritivores that feed on periphyton, BOM and 

leaves, but no carnivores. Different feeding rates on periphyton, BOM and leaf packs per 

unit invertebrate biomass reflect the greater proportion of detritivores (chironomids) in 

our mesocosms.The loss of invertebrate biomass through ‗mortality‘ implies two possible 

processes: death, which directly returns biomass to the detrital pool; or metamorphosis 

and loss from the system.  

 The food chain is topped by the guppy population, which is structured by size into 

three physiologically distinct classes: juveniles (they grow and don‘t reproduce), small 

adults (they can grow and reproduce) and large adults (they reproduce but don‘t grow). 

Guppies feed on invertebrates, periphyton, and BOM, but not on leaf packs. Assimilated 

resources are used for respiration and growth by juveniles; respiration, growth and 

reproduction by small adults; respiration and reproduction (no growth) by large adults. 

We modeled within- and between-stage interference competition for food, reflected as 

stage-specific Crowley-Martin functional responses (Crowley and Martin 1989). Only 
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energy in excess of respiration expenditure, the rate of which is size-specific, can be 

allocated to growth and/or reproduction. Male and female fish biomass are pooled and 

biomass accrual due to reproduction assumes a constant and even sex ratio at birth. Fish 

mortality is very low in the mesocosms (Bassar et al. 2010) and dead fish were removed 

promptly and replaced with similar-size fish. Hence, there is a negligible contribution of 

fish mortality to the detrital pool. 

 Initially high and low density treatments have identical stage structures. LP and 

HP fish phenotypes differ in mass at birth, mass at maturity, asymptotic mass, 

reproductive effort, excretion (respiration) rate, and dietary preference in accordance with 

previous findings. LP fish eat more periphyton and BOM and less invertebrates (Bassar et 

al. 2010). Degree of herbivory and handling times differ between prey types; 

allometrically between stages for a given prey type; and between phenotypes for each 

fish stage and prey type.   

Model equations 

The ecosystem structure is shown in Fig. 4.1. All parameters and initial conditions are 

listed, commented, and numerically valuated in Table 4.1. The ecosystem is described by 

a total of 8 state variables and the model is formed by eight ordinary differential 

equations: 

 

(A1) 



dN

dt
 N0  jNN  qD(N) g

(1 ekP )N

h  N
 I I  cF FY (1 xY )Y

Y J ,K ,L
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(A2)



dD

dt
 D0  jDDqD(N) mPP  mIeI I  ID f IDD(I cI ) cDFD fYD Y (1 xY )

Y J ,K ,L


          (1 IV ) f IVV (I cI ) (1 IP ) f IP P(I cI ) (1FX )cX fYX Y (1 xY )XP ,I
Y J ,K ,L


 

(A3) 



dV

dt
  jVV  fIVV (I cI ) 

 

(A4) 



dP

dt
 g

(1 ekP )N

h  N
  f IP P(I cI )mPP  cP fYPY(1 xY )

Y J ,K ,L
  

 

 (A5) 



dI

dt
 ( ID fID D IV f IV V  IP f IP P)(I cI ) cI fYIY(1 xY )

Y J ,K ,L
  I I mI I  

 

(A6) 



dJ

dt
(1 xJ )1 v rKK  rLL bJ J J mJ  

 

(A7) 



dK

dt
J  bKK  v rK )K K mK  

 

(A8) 



dL

dt
 K  bLL  rLL mL. 

 

 In eqs. A1 and A2, decomposers represent a constant fraction of the benthic 

detritus biomass. They drive mineralization and immobilization at constant rates. In eqs. 

A1 and A4, algal growth assumes nutrient limitation and light limitation. Nutrient-limited 
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growth is modeled using a Monod function. The model of light limitation assumes that as 

the density or biomass increases, the rate of photosynthesis approaches a maximum 

(assuming constant level of available nutrient), because eventually all available light is 

captured. In eqs. A2-A5, all functional responses of invertebrates feeding on benthic 

detritus, leaves in leaf packs and periphyton are Holling type I. 

 The fish population is modeled with three size classes: juveniles (population 

biomass denoted by J), from mass at birth to mass at maturity; small adults (K), up to 

asymptotic size; large adults (L), at asymptotic size. State variables J, K, L measure the 

biomass of the female population, while the ecosystem processes are influenced by the 

total (female and male) fish biomass. The male-to-female biomass ratio at birth is 

denoted by xJ. For simplicity we neglect variation of sex ratio between adult stages (xK = 

xL) and assume constant values. 

 Based on complementary experiments, fish predation is best described by 

Crowley-Martin functional responses. Degree of herbivory and handling times are 

generically denoted by a and t. Competition between fish occurs within stage, and 

between juveniles and adults with an intensity equal to within-stage times a constant 

factor. Using the Crowley-Martin functional response, the feeding rate of fish stage J 

upon prey type Z  (among D, P, I) is 

 

(A9) 



fJZ  aJZ (Z cZ ) 1 aJX JX (X cX )
XD,P ,I

 1 sJ (1 xJ )J sJ (1 x)(K  L)  
1
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and the feeding rate of fish stages Y = K or L upon prey type Z is 

 

(A10) 



fYZ  aYZ (Z cZ ) 1 aYXYX (X cX )
XD,P,I

 1 sY (1 x)(K  L)sY (1 xJ )J  
1

. 

 

 Degree of insectivory have been estimated experimentally on terrestrial 

invertebrates (de Villemereuil and Lopez-Sepulcre in review). They were found to vary 

between phenotypes (LP vs. HP) and with size between stages according to 

 

(A11) 



aYT

pheno a0  a11pheno a2l Y  

 

where pheno stands for LP or HP, and Y denotes stage J, K or L. Numerically, a0 = 11.38, 

a1 = 0.70, a2 = 0.034, 1pheno = 1 for LP and 0 for HP, 



l Y  is length allometrically 

equivalent to mean mass in the corresponding stage (



l Y  w
Y

1/ 3
 with 



w
Y

 denoting 

mean mass in stage Y, and empirically estimated k = 6.18). We assume that these rates 

apply to fish feeding on aquatic invertebrates as well, i.e. 



aYI

pheno aYT

pheno. We use 

proportional values for rates of attack on periphyton and detritus, on which fish peck at 

equal rates; proportionality constants differ between phenotypes to reflect the known 

difference in diet preference between them, and are the same for all stages. Estimated 

handling times of terrestrial vertebrates also are phenotype- and size-dependent, 

according to 
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(A12) 



 pheno,Y  0  11pheno 2l Y  

 

with t0 = 0.35, t1 = 0.0014, t2 = 0.0077. Like for degree of herbivory, we use this model 

for handling times of aquatic invertebrates as well, and assume a different, shorter 

handling time for periphyton and detritus, with a reduction factor which is independent of 

phenotype and life-history stage. 

 Fish use assimilated nutrients for respiration, growth, and reproduction. The net 

biomass production per unit biomass for juvenile, small adult and large adult females, 

denoted by bY (Y = J, K, L), respectively, equals the balance between assimilation and 

respiration: 

 

(A13)  



bY 
1

cF

FX cX fYX
XD,P ,I

  Y , 

 

where the nutrient content of fish is independent of stage and phenotype. When food 

intake is insufficient to cover maintenance requirements (i.e. respiration), no growth or 

reproduction takes place, and instead individuals suffer starvation mortality. If the 

assimilation-respiration balance is positive, juvenile females use their net-biomass 

production 



rY max 0, bY , with Y = J, entirely for growth. Following Van Kooten et al. 

(2007) and de Roos et al. (2008), the maturation function a is given by 

 

(A14) 



 
rJ mJ

1 (w0 /w)1m J rJ
. 
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 Small adult females allocate a fraction v of their positive net-biomass production  



rY max 0, bY , with Y = K, to reproductive effort; hence the fraction (1 – v) allocated to 

body growth. The adult female growth function is given by: 

 

(A15) 



 
(1 v)rK mK

1 (w /wmax )1mK (1v)rK

 

 

(Van Kooten et al. 2007, de Roos et al. 2008). Large adult females do not grow. They 

allocate all their positive net biomass production 



rY max 0, bY , with Y = L, to 

reproductive effort. A fraction 



(1 x)1 is juvenile female body mass and thus contributes 

to biomass J.  

Parameter values and initial conditions 

Parameter values are listed with their units in Table 4.1. Parameter values were obtained 

from independent data sets in natural streams (unpublished data; Rana El-Sabaawi, 

Alexander Flecker, Steven Thomas, Eugenia Zandona, personal communication), from 

side experiments (de Villemereuil and Lopez-Sepulcre in revision) and from other 

literature sources (Table 4.1). 

 For each density  phenotype treatment, the model can be integrated by using 

appropriate initial values for the state variables. Initial values are determined by 

mimicking the preparation of experimental mesocosms. First, a mesocosm is filled with 

water containing inorganic nutrient and suspended organic material; this takes 0.0375 day 
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and sets ‗pre-initial‘ values of N, D and P. N and D can be calculated from the water flow 

characteristics, but the algal biomass P is unknown. It is likely to be at least one order of 

magnitude smaller than P biomass at the end of the experiment in the No-Fish treatment, 

which is estimated to be of the order of 0.1 g(N) m
-2

. We thus used P = 0.01 as pre-initial 

value. 

 Then the mesocosm is allowed to sit for 8 days. This is modeled by projecting 

variables N, D, P forward while assuming no inflow or outflow of nutrient (N0 = 0, jN = 

0) and detritus (D0 = 0, jD = 0), and negligible loss of periphyton (mP = 0). 

 At the end of this first 8-day period, invertebrates are introduced from a 

midpredation stream. The corresponding biomass can be estimated by modifying the 

model to match the characteristics of LP and HP stream ecosystems. This involves five 

main alterations to the mesocosm model: (i) fish undergo the natural mortalities which 

correspond to LP and HP environments; (ii) carnivorous invertebrates are included; (iii) 

terrestrial invertebrates contribute to the fish diet; (iv) inflow and outflow of nutrient and 

detritus occur at natural rates; (v) there is no ‗leaf packs‘ compartment. We integrate the 

natural stream model numerically by using measurements of ecosystem state variables in 

LP and HP streams. Over the ranges of measured or realistic values of the model 

parameters, the equilibrium value for invertebrates lies between 0.01 and 0.07 g(N) m
-2

, 

with non-carnivorous invertebrates representing of the order of 50% of the invertebrates 

biomass. We thus take I = 0.03 g(N) m
-2

 as invertebrate initial value in the mesocosm 

model.  



 

 

204 

 

 After introducing invertebrates, mesocosms are allowed to sit guppy-free for 

another 8 days to allow invertebrates an acclimation period. We use the model to 

compute the change in N, D and P occurring during that period, assuming that 

invertebrates biomass remains constant. The resulting figures provide the nutrient, 

detritus and periphyton initial values for modeling the mesocosm dynamics after fish 

introduction. 

Model calibration 

Algal biomass is under the direct control of predation by fish and predation by 

invertebrates. This implies that the relative attack rates of fish on periphyton and 

invertebrates (degree of herbivory) and the feeding rate of invertebrates on periphyton are 

key parameters of the dynamics of algal standing stock. For these parameters, empirical 

estimation is poor or nonexistent, and therefore we calibrated the model by determining 

ranges of these parameters over which model predictions qualitatively match the net 

effects of phenotype and density on periphyton, invertebrates and fish biomass, as 

reported in Bassar et al. (2010). These qualitative net effects can be summarized as 

follow: (1) In the course of the experiment, fish biomass increases, irrespective of 

phenotype or initial density, and LP fish biomass in the high-density treatment remains 

greater than HP fish biomass in the low-density treatment. (2) At the end of the 

experiment (day 28), the density factor (i.e. initial fish biomass) has a negative effect on 

invertebrate biomass, and invertebrate biomass is greater in Low-Predation than in High-

Predation, irrespective of density. (3) At the end of the experiment (day 28), the density 
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factor has a negative effect on algal biomass, and at each density level, algal biomass is 

greater in High-Predation. 

We assessed the corresponding numerical criteria along ecosystem trajectories 

across time. Figure 4.6 provides a graphical illustration of a result sample, where the 

criteria are shown over the time period day 15 to day 50. Each combination of parameters 

can yield one of three outcomes: (i) all criteria are satisfied at day 28 or within a small 

time window around that date; (ii) all criteria are satisfied simultaneously at some other 

time; (iii) the criteria are never met all simultaneously. The results show that although the 

criteria relative to fish biomass are always satisfied, the relative biomass of invertebrates 

and algal stock in each treatment vary greatly with time and across our range of 

parameter values; when all criteria are satisfied at once, the model predicts for how long. 

In order to identify a ‗reference‘ combination of parameter values for which the model-

experiment match is more robust, we searched for the invertebrate feeding rate that 

maximizes the range of degree of herbivory factors for which outcome (i) occurs; then we 

calculated the mean of degree of herbivory factors leading to the 50% longest periods 

encompassing day 28 over which all criteria are met. This numerical selection process 

lead to fIP = 0.10, degree of herbivory = 0.375 for LP and degree of herbivory = 0.24 for 

HP.  

Model validation 

After calibration, the model is validated by checking the direct and indirect effects of 

phenotype against the effects measured in the experiment. To simulate the dynamics on 

the two experimental exclosures, electric and non-electric, we assume perfect exclusion 
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of fish from the electric exclosure, but not the non-electrified exclosure. Since each 

exclosure represents a small fraction (4%) of the mesocosm surface area in the 

experiment, we neglect the effect of fish exclusion on global mesocosm dynamics. By 

contrast, all leaf packs are concentrated within the exclosures and their consumption by 

invertebrate detritivores has a global impact on mesocosm dynamics through BOM 

variation. By default we assume that nitrogen, BOM and invertebrates are well mixed 

though the entire system, including both exclosures. The model monitors periphyton, 

BOM and leaf mass in both types of exclosures, as externally driven by the global 

mesocosm dynamics of nitrogen, invertebrates and fish. Technically, the dynamics of 

periphyton within electric exclosures were simulated by using eq. A3 as a sub-model in 

which (i) N and I are externally forced by the N(t) and I(t) trajectories that the full 

mesocosm model generates, and (ii) consumption by fish (eq. A15) is set to zero.  

Simulation of ecosystem dynamics 

We use the validated model to simulate the full dynamics of ecosystem variables over the 

course of the experiment. By doing so, we can understand the mechanisms that are 

responsible for the indirect effect of fish phenotype detected by electric exclosures. The 

simulations also shed light on numerical properties of the model that we use to design the 

mathematical analysis of direct and indirect effects (see next section). 

 Model simulations reveal that during the first two weeks, HP mesocosms have 

higher algal biomass than LP, a pattern that reverses by day 20, leading to greater algal 

biomass in LP channels at both densities. Invertebrates are more abundant in LP 

treatments during the entire four weeks and hence invertebrate predation on algae is 
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stronger in LP than HP, as expected from a trophic cascade caused by guppy diet 

differences. Therefore, the larger algal growth in LP electric exclosures must be due to a 

much larger nitrogen availability, which more than compensates for the larger loss due to 

invertebrate grazing in LP mesocosms. Indeed the model shows that within a few days 

after the start of the experimental period, and throughout, the nitrogen concentration is 

higher in LP treatments. 

 The persistence of higher nutrient concentration in LP mesocosms over the 

experimental period is due to an episode of faster increase in nitrogen concentrations in 

LP treatments between days 2-5, followed by near-zero growth of nitrogen after day 5. 

To explain this pattern, first we recall that, according to Fig 4.1 and eq. (A1), nitrogen 

concentration is influenced by water flow, detrital decomposition, nutrient uptake by 

algae, invertebrate excretion, and fish excretion. Water flow plays no role since it does 

not vary between treatments. Variation in decomposition rates has a minor influence on N 

rate of increase, which is, in turn, controlled primarily by production and consumer 

excretion. The magnitude of these effects on nutrient and algal densities is shown in. 

Total fish excretion is always higher in HP treatments, even if these treatments 

consistently host a lower fish biomass—the higher excretion rate of HP guppies more 

than compensate for their lower abundance. Early on (days 2-5), a higher rate of increase 

of nitrogen in the LP treatments is due to the combined effects of lower production of 

algae and higher invertebrate excretion, which together contribute positively to the 

difference in nutrient growth between LP and HP more than the difference in fish 

excretion contributes negatively. The subsequent near-zero LP-HP difference in nutrient 
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growth is entirely due to invertebrate excretion, which is so much higher in LP that it 

overrides higher production and lower fish excretion altogether (Fig. 4.8B). 

 The higher excretion by invertebrates in LP mesocosms is due to higher 

invertebrate biomass, and this in turn is due to consistently higher, positive invertebrate 

growth rate over the first three weeks. This can only be due to a difference in 

consumption by guppies, which depends on guppy density and degree of herbivory on 

invertebrates. Since guppy density is consistently lower in HP treatments, the difference 

in degree of herbivory (i.e. preference) on invertebrates between HP and LP is critical to 

explain the higher growth rate of invertebrates in LP mesocosms.  

 In conclusion, the dietary preference of HP guppies for invertebrates causes 

greater invertebrates population growth and biomass in LP guppies, hence greater total 

excretion in spite of lower LP guppy excretion rate. This results in persistently higher 

nutrient concentration in LP mesocosms and consequently algal growth is faster in the LP 

electric exclosures. In the LP electric exclosures, the indirect effect on algal production of 

increased invertebrate excretion overrides both the negative effect of increased 

invertebrate grazing and the negative effect of decreased fish excretion. 

Mathematical analysis of direct and indirect effects 

The evaluation of direct and indirect effects typically utilizes computational methods 

related to sensitivity analysis, which assume ecological equilibrium (Bolker et al. 2003). 

These standard methods do not apply straightfowardly here since direct and indirect 

effects are evaluated on a dynamical ecosystem – a context that is actually more realistic 

for direct/indirect effect analysis in ecology in general. Our approach combines 
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perturbation analysis techniques that are used in equilibrium theory with numerical 

simulations. We focus on quantifying direct and indirect effects on periphyton biomass 

(algal stock) of changing phenotype from LP to HP. The virtue of a model is, by 

construction, to explicitly represent all pathways that affect any state variable. Thus, our 

model complements the experiment by providing (1) a direct evaluation of the direct 

effect mediated by fish predation; (2) a decomposition of the indirect effect into all its 

underlying components. Our goal eventually is to compare the magnitude of these effects. 

 To analyze the phenotype effects on algal stock, we examine the algal growth rate 

given by eq. A3. Since the system is dynamical, this growth rate is not zero and varies 

with time. Thus, at any point in time, the algal growth rate is different between fish 

phenotypes. However, numerical simulations show that this difference is minimal and 

very close to zero around day 30. As a consequence, we have from eq. A3: 

 

(A16) 



(PN)(P I)(PF)(PD) 0 

 

where 



(PN) is the phenotype effect on the flux from nutrient to periphyton (i.e. 

production); 



(P  I)  is the phenotype effect on the flux from periphyton to 

invertebrates (invertebrate predation); 



(P F)  is the phenotype effect on the flux 

from periphyton to fish (fish predation); and 



(P D)  is the phenotype effect on the 

flux from periphyton to detritus (algal mortality). The decomposition of the phenotype 

effect on periphyton biomass follows: 
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(A17) 



mPP (P F)(P  I)(PN)  

 

where all terms are evaluated at the experiment endtime (day = 28). 

 Thus, the change in periphyton biomass measured at the end of the experiment 

has three components: the effect on fish predation on algae, the effect on invertebrate 

predation on algae, and the effect on nutrient uptake by algae. The first component is the 

fish phenotype ‗direct effect‘. The second and third components add up to yield the 

‗indirect effect‘ measured in the experiment. The sum of all three terms is proportional 

(up to the mortality factor and some small correction factor generated by our 

approximation eq. A16) to the ‗net effect‘ measured in the experiment. Note, all effects 

result from the difference in fish traits (and density) and thus qualify as ‗trait-generated‘; 

because the model does not consider plasticity (or further evolutionary change) in the 

traits of the species involved in the system, all effects are ‗density-mediated‘. 

 Each of the three effects can be decomposed into two components (up to first 

order), which measure the contribution of the changes at each ‗end‘ of the flux: 

 

(A17a) 



(P F)  (PLP FHP )(PLP FLP)  (PHP FLP)(PLP FLP ) , 

(A17b) 



(P  I)  (PLP  IHP )(PLP  ILP)  (PHP  ILP)(PLP  ILP ) , 

(A17c)

 



(PN)  (PLP NHP )(PLP NLP)  (PHP NLP)(PLP NLP ) . 

 



 

 

211 

 

In eq. A17a, the first term in the right-hand side measures the response of the flux to the 

treatment while keeping periphyton biomass constant. In other words, the response of the 

flux is controlled for the ‗feedback effect‘ on the flux of the change in periphyton 

biomass that the treatment begets. Equations A17b and c can be interpreted similarly.  

 We further analyse the effect mediated by nutrient concentration, 



(PN), by 

decomposing the change in nutrient concentration responsible for the controlled-response 

term in eq. A17c. Numerical simulations show that after transient variation over the short 

period day 0-7, the difference in nutrient growth between fish phenotypes is small and 

approaches zero over the experimental period. Thus, eq. A1 gives 

 

(A18) 



(PN) (ND)(NF)(N I) 

 

where 



(ND)  measures the effect on the mineralization-immobilization flux (i.e. 

decomposition), 



(N F)  is the effect on the influx of nutrient from fish excretion, 

and 



(N I)  is the effect on the influx of nutrient from invertebrate excretion. 
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Table 4.3. Results of linear mixed model of producer standing stocks 

measured as chlorophyll-a 

Fixed Effect Num df Den df F p 

Block 2 25 6.313 0.006 

Treatment  4 23 15.368 <0.001 

Exclosure 1 25 104.668 <0.001 

Treatment x Exclosure 4 25 10.222 <0.001 

     

Contrasts     

Net     

Fish 1 25 105.604 <0.001 

Phenotype 1 25 5.175 0.032 

Density 1 25 6.891 0.015 

     

Direct     

Fish 1 25 25.109 <0.001 

Phenotype 1 25 7.097 0.013 

Density 1 25 7.687 0.010 

     

Indirect     

Fish 1 25 3.623 0.069 

Phenotype 1 25 2.398 0.134 

Density 1 25 1.974 0.172 
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Table 4.4. Results of linear mixed model of non-predator invertebrate 

biomass. 

Effect Num df Den df F p 

Block 2 22 0.338 0.717 

Treatment 4 25 1.927 0.137 

Exclosure  1 22 3.502 0.075 

Treatment x Exclosure 4 22 2.806 0.051 

     

Contrasts     

Net     

Fish 1 22 6.138 0.021 

Phenotype 1 22 3.178 0.088 

Density 1 22 0.931 0.345 

     

Direct     

Fish 1 22 6.515 0.018 

Phenotype 1 22 4.591 0.043 

Density 1 22 0.044 0.836 

     

Indirect     

Fish 1 22 0.503 0.486 

Phenotype 1 22 1.292 0.268 

Density 1 22 1.269 0.272 
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Table 4.5. Results of linear mixed model of Chironomid mean mass. 

Effect Num df Den df F p 

Origin 1 24 17.754 < 0.001 

Exclosure  1 24 0.106 0.748 

Treatment   4 26 0.547 0.703 

Treatment x Exclosure 4 24 2.029 0.122 

Origin x Exclosure 1 24 11.269 0.003 

     

Contrasts     

Net     

Fish 1 24 5.680 0.025 

Phenotype 1 24 0.000 0.993 

Density 1 24 0.543 0.468 

     

Direct     

Fish 1 24 6.636 0.017 

Phenotype 1 24 0.924 0.346 

Density 1 24 1.708 0.204 

     

Indirect     

Fish 1 24 1.480 0.236 

Phenotype 1 24 1.736 0.200 

Density 1 24 1.170 0.290 
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Table 4.6. Results of linear mixed model of Chironomid counts. 

Effect Num df Den df F p 

Origin 1 22 12.736 0.002 

Exclosure  1 22 2.864 0.105 

Treatment   4 26 3.023 0.036 

Treatment x Exclosure 4 22 3.147 0.034 

     

Contrasts     

Net     

Fish 1 22 2.866 0.105 

Phenotype 1 22 9.002 0.007 

Density 1 22 2.591 0.122 

     

Direct     

Fish 1 22 1.377 0.253 

Phenotype 1 22 3.299 0.083 

Density 1 22 1.230 0.279 

     

Indirect     

Fish 1 22 0.020 0.889 

Phenotype 1 22 0.123 0.729 

Density 1 22 0.001 0.982 
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Table 4.7. Results of linear mixed model of benthic organic matter 

standing stocks. 

Effect Num df Den df F p 

Origin 1 25 16.011 <0.001 

Treatment  4 25 1.020 0.416 

Exclosure 1 25 23.534 <0.001 

Treatment x Exclosure 4 25 1.606 0.204 

     

Contrasts     

Net     

Fish 1 25 0.006 0.940 

Phenotype 1 25 2.849 0.104 

Density 1 25 4.989 0.035 

     

Direct     

Fish 1 25 2.201 0.150 

Phenotype 1 25 4.491 0.044 

Density 1 25 0.835 0.370 

     

Indirect     

Fish 1 25 3.416 0.076 

Phenotype 1 25 2.264 0.145 

Density 1 25 0.022 0.884 
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Table 4.8. Results of linear mixed model of leaf decomposition rates 

Effect Num df Den df F p 

Block 2 25 2.479 0.104 

Origin 1 25 30.649 <0.001 

Treatment  4 22 0.990 0.433 

Exclosure 1 25 21.210 <0.001 

Treatment x Exclosure 4 25 1.273 0.307 
     

Contrasts     

Net     

Fish 1 25 0.418 0.524 

Phenotype 1 25 5.346 0.029 

Density 1 25 0.000 0.987 

     

Direct     

Fish 1 25 1.662 0.209 

Phenotype 1 25 1.607 0.217 

Density 1 25 0.036 0.852 

     

Indirect     

Fish 1 25 0.744 0.397 

Phenotype 1 25 0.678 0.418 

Density 1 25 0.057 0.814 
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Fig 4.1. Structure of the ecosystem model. Primary producers are restricted to periphyton 

(P) and are possibly limited by nitrogen (N). Other ecosystem state variables are detritus 

as benthic organic matter (D), leaves in leaf packs (V), invertebrates (I), and fish (F). The 

fish population is structured by size into three physiologically distinct classes (concentric 

circles): juveniles (they grow and don‘t reproduce), small adults (they can grow and 

reproduce) and large adults (they can reproduce but don‘t grow). Given fixed mesocosm 

depth (mean = 160 mm), N is measured as a concentration per unit area; D, V, P, I as g N 

per g dry weight per unit area; F as g dry weight per unit area. Nutrient fixation by 

primary producers and prey-to-predator trophic fluxes are indicated with plain arrows 

(NP, PI, VI, DI, PF, DF, IF). Fish return detritus by egestion (FD) and nitrogen by 

excretion (FN). Invertebrates return detritus by egestion and death (ID) and nitrogen by 

excretion (IN). Water flow moves nutrient (N+, N-) and detritus (D+, D-) in and out of 

the system. Leaf packs are artificially removed from the system at a constant rate (V-), 

equivalent to one leaf pack in each exclosure per week. Invertebrates may leave the 

system permanently after metamorphosis (I-). Dead fish that have not been replaced are 

lost from the system (F-). The corresponding mathematical equations are in the 

Appendix. Parameter values and initial conditions are given in Table 4.1. 
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Fig 4.2. (A-D) Contrast estimates (± 1 SE) for planned comparisons of Fish, Phenotype, 

Density, and mean difference estimates for phenotypes at natural density for A) primary 

producer chlorophyll-a, B) invertebrate biomass, C) benthic organic matter (BOM), and 

D) leaf decomposition rates. Contrasts are constructed as Fish: fish-no fish; phenotype: 
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HP-LP; density: high density-low density; natural: HP at low density-LP at high density. 

Positive contrasts estimates reflect higher means for mesocosms with guppies, HP, high 

density, and HP at low density. Natural represents the contributions of the combined 

density- and trait-mediated effects as the difference between HP phenotype at low 

densities (HPLD) and LP phenotype at high densities (LPHD) (HPLD – LPHD). These 

differences represent the combined effects that would be seen in natural populations of 

these phenotypes, and hence represent the combination of ecological and evolutionary 

effects. (E) Decomposition of net effects of guppies, phenotype and density on algal 

biomass from model. (F) Decomposition of guppy phenotype total indirect effect on 

primary producer biomass. The two components of the indirect effect: change in algal 

predation by invertebrates (PI), and change in algal nutrient uptake (All Nutrient). Each 

component can be corrected (gray bar, left) for the feedback effect (gray bar, right) of the 

change in algal biomass due to fish phenotype. The three components of the effect on 

algal nutrient uptake (black bars): change in fish excretion (FN), change in invertebrate 

excretion (IN), and change in decomposition (DN). See Appendix for mathematical 

definition and derivation of indirect effects, and details about the model. *** p<0.001, ** 

p<0.01, * p<0.05, † p<0.10. 
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Fig 4.3. Derivatives of the direct and indirect effects of phenotype on algal biomass with 

respect to guppy dietary preference (degree of herbivory). In the experimental system, the 

degree of herbivory is 0.24 for HP and 0.375 for LP. Solid lines and dashed lines show 

derivatives as functions of HP and LP degree of herbivory, respectively. Derivatives are 

computed as responses to small decrease in herbivory in HP and small increase in 

herbivory in LP, and thus measure the intensity of selection for less herbivory in HP and 

more herbivory in LP. The upper panel shows the derivatives of the direct effects 

(positive, meaning that any phenotypic divergence promotes more algae in HP treatments 

through direct effects), while the lower panel shows the derivatives of the indirect effects 

(negative, meaning that any phenotypic divergence promotes more algae in LP treatments 

through indirect effects). The derivatives of the net effects (not shown) obtain by 

summing derivatives of direct and indirect effects. 
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Fig 4.4. Model analysis. The model functional form is derived from the assumed 

ecosystem structure (Fig 4.1). Parameters are estimated from independent data sets and 

literature sources (Table 4.1). Model calibration: Critical parameters for which empirical 

estimation is poor or nonexistent are estimated by using the model to predict the net 

effects of fish phenotype and density on periphyton and invertebrates biomass, and 

matching the results to the net effects reported from the experiment (Bassar et al. 2010). 

Model validation: The calibrated model is used to predict the effect of fish phenotype and 

density on periphyton biomass in electric exclosures; the results are confronted with the 

effect measured experimentally (indirect effect in Fig 4.2). Once validated, the model is 

used to partition the indirect effect into components that are mediated by fish biomass 

(fish excretion), invertebrate biomass (invertebrate predation and excretion), and detritus 

biomass (decomposition). Finally, the robustness of the predicted partition is assessed by 

performing a sensitivity analysis with respect to the target parameters of model 

calibration. 
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Concluding Remarks 

 Ecological and evolutionary processes are thought to dynamically interact on 

congruent timescales. This dynamic interaction can produce ecological and evolutionary 

dynamics not possible when each is considered alone. Despite this, few empirical studies 

have documented the necessary conditions for these interactions in natural or semi-

natural settings.  

 In chapter 1, I reviewed the theoretical literature on life history evolution in 

relation to density-dependence. Additionally, I reviewed the empirical literature of 

population regulation to tell if there are general themes of how populations are regulated 

that we can use to integrate with theory. I found that at the present time, there is a wealth 

of theory that incorporates density into life history theory. The most promising of these 

are newer theories that envision evolution as an invasion process. This solves many of the 

earlier arguments over how to incorporate limitations to population growth in theoretical 

models. This is because these types of models, explicitly model the dynamics of the 

population as a whole and not just the separate dynamics of multiple populations of 

clones. However, such approaches have not reached wide-spread acceptance in the 

theoretical literature. Despite this body of theory, there are also few connections that can 

be made between the empirical study of density regulation and the way that density is 

incorporated into models of life history evolution. 

 In chapter 2 I tested the assumptions of the models presented in chapter 1. 

Namely, that wild populations are subject to density-dependent regulation, that 

demographic mechanisms that cause the regulatory response are the result of changes in 
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the demographic rates of certain size classes of the population, and that the fitness of 

alternative phenotypes is dependent upon density. Wild low predation guppy populations 

were strongly regulated by density. Populations that had their densities increased showed 

decreased projected population growth rates, those that were not manipulated showed 

stasis, and those that had their populations decreased showed demographic responses that 

increased the population growth rates. The size-specific nature of the responses, however, 

was not simple. Increased population growth rates in decreased density treatments was 

mostly caused by changes in the smallest size classes of guppies; decreased population 

growth rates in increased density treatments were caused mostly by changes in the middle 

size classes. Simple demographic models do not incorporate such asymmetries in 

response and so it is unknown how these results affect the predictions of demographic life 

history theory. Finally, using a series of mesocosms experiments I show that fitness 

(measured as demographic performance) is a function of density and that low and high 

predation guppies show a different response to increased density. Phenotypic growth 

rates of low predation populations were less affected by density leading to a strong 

interaction between the phenotype and density. These results potential solve how the low 

predation phenotype can evolve in the face of generally poorer reproductive performance. 

 In chapter 3 I tested the assumption of eco-evolutionary feedback models that 

divergent phenotypes have alternative effects on ecosystem structure and processes. I 

tested this using mesocosms experiments with low and predation guppies at two 

densities. I found that low and high predation guppies caused ecosystem structure and 

processes to diverge. Mesocosms with low predation guppies had less algae, lower areal-
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specific gross primary production, more invertebrates and higher rates of leaf 

decomposition. Differences observed between the phenotypes were often much larger 

than those observed between the density treatments. Behavioral observations, 

examination of gut contents, and measurements of excretion rates showed that low 

predation guppies consumed more algae, less invertebrates and excreted nitrogen at lower 

rates compared to high predation guppies. There were no differences in the rates at which 

the two phenotypes fed. The differences observed in the ecosystems could be caused by 

any of these differences between the phenotypes.   

 In chapter 4 I dissected the ecosystem effects of the phenotype and density into 

their constituent direct and indirect pathways. Theory suggests that how a phenotype 

influences each of these pathways will, in part, determine the organization of the 

community and the evolution of each of the community members. In addition, from 

chapter 3, we know that guppy phenotypes cause the ecosystems to diverge, but we do 

not know which traits are responsible. I used a combination of experimental and, in 

collaboration with Dr. Regis Ferriere, ecosystem modeling to separate and test the 

relative magnitudes and direction of each direct and indirect effect of guppies in the food 

web. The experimental results point towards an overwhelming larger effect of direct 

effects (guppy feeding preferences) in causing the observed differences in algal standing 

stocks between the phenotypes. There was a very small cumulative indirect effect. 

However, the results of the ecosystem modeling, which was used to decompose the 

cumulative indirect effect into higher order effects, shows that the individual indirect 

effects are actually much larger than direct effects, but because they oppose each other, 
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mostly cancel out. This larger effect of the constituent indirect effects, while not 

producing observable differences in the standing stocks, may be important for the 

evolution of foraging preferences among the phenotypes.   

 The sum of this body of work suggests that feedbacks between ecology and 

evolution in guppies are not only probable, but that they are likely important in 

structuring stream communities in Trinidad and play a significant role in guppy 

evolution. Future studies that expand on these themes to incorporate other aspects of the 

community (such as interactions between killifish and guppies) and dependence of 

phenotypic fitness on other background components of the population (such as 

frequency-dependence) will provide more useful information on testing these interactions 

in this system. If each of the prove important as well, then this would suggest a need for a 

redefinition of the studies of evolution and ecology to more fully incorporate interactions 

between these two related, but as of now, separate fields of inquiry.  

 




