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ABSTRACT 

 Describing and understanding the interactions between environment and 

phenotype, and the resulting consequences for populations and communities, is a central 

goal of ecological and evolutionary research and theory.  In vertebrates, the endocrine 

stress response provides a mechanistic connection between environmental variation and 

organism phenotype, with resulting effects on fitness.  Using larval anurans as a model 

system, I combine field surveys, mesocosm experiments, and exogenous hormone 

manipulation to explore the complex interactions among the predator stress response, 

phenotype, and fitness, with respect to other contemporary stressors and species 

evolutionary history.  First, I developed a comprehensive understanding of the predator 

stress response over time, mapping hormone production to changes in behavior and 

morphology, and demonstrating the effects on predation survival.  I found that tadpoles 

modulate their predator stress response to maximize survival under predation risk, and 

additionally showed that the stress hormones produced during a predator response 

initiates morphological changes indistinguishable from predator-induced morphology.  

Next, I used a comparative approach to place the predator stress response into an 

evolutionary context, testing the hypothesis that species that predictably encounter high 

larval predator densities reduce the costs of chronic endocrine activation.  Across four 

anuran species arrayed in conspecific pairs, I found support for this hypothesis, showing 

that species typically under high predation risk reduce the magnitude of their stress 
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response to predator presence relative to conspecifics.  I next considered the combined 

effects of inbreeding and predator presence, and showed that inbred tadpoles also elevate 

stress hormone production, although there is no additive effect in combination with 

predator presence.  The resulting behavioral and morphological changes in inbred 

tadpoles may place them at a disadvantage under some circumstances.  Finally, I showed 

that reduced food resource availability also increases stress hormone production 

independently of predator presence.  Together, these results connect perceived predation 

risk, endocrine response, and phenotypic plasticity and place them in an ecological and 

evolutionary context.  Furthermore, this research highlights the importance of using an 

integrative approach to investigate the impacts of developmental history on organism-

environment interactions. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

 

The role of endocrine stress activity as a phenotypic response to the environment 

has been increasingly recognized and integrated into ecological thought (Creel 2001, 

Rollins-Smith 2001, Wingfield and Kitaysky 2002, Romero 2004, Sih et al. 2004, Tracy 

et al. 2006, Wikelski and Cooke 2006, Hawlena and Schmitz 2010).  Previously, the term 

“environmental stressor” has been broadly used to describe any challenging event or 

selective force that could impact fitness, but only recently have the tools of stress 

physiology been applied to ecology on a wide scale (Romero 2004, Tracy et al. 2006).  

The result has been a more rigorous definition of stress, one that measures the 

physiological responses to the environmental challenge as well as the ecological and 

evolutionary consequences.  The integration of a deeper understanding of stress 

physiology within an ecological context advances our predictive understanding of the 

mechanistic connections between environment and phenotype for organisms. 

 The influence of physiological ecology has morphed our understanding of stress 

from a descriptor of something inherently negative for the organism to an endocrine 

response that increases organismal survival during the stressful event by inducing an 

“emergency life history stage” (Wingfield et al. 1998, Wingfield and Kitaysky 2002).  In 

the face of an acute physical, psychological, or environmental challenge, vertebrates react 

by increasing circulating levels of  glucocorticoid stress hormones, leading to suppression 
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of reproduction and immune function and mobilization of energy stores (Wingfield et al. 

1997, Sapolsky et al. 2000).  Over time, however, these same effects that can improve 

initial survival eventually may become more costly than beneficial (McNamara and 

Buchanan 2005, Rich and Romero 2005, Cyr and Romero 2007).  Thus, conservation 

biologists have adopted measurements of stress hormone production as an indicator of 

population health (Creel et al. 2002, Homan et al. 2003, Tempel and Gutierrez 2003, 

Cockrem 2005, Wikelski and Cooke 2006, Teixeira et al. 2007, Cyr and Romero 2008).  

Indeed, increased circulating stress hormones and reactivity of the stress axis have been 

shown to have negative impacts on individual fitness and population dynamics in a 

number of taxa (Boonstra and Singleton 1993, Krebs et al. 1995, Hubbs and Boonstra 

1997, Boonstra et al. 1998, Rollins-Smith 2001, Romero and Wikelski 2001, Clinchy et 

al. 2004, Romero and Wikelski 2010).  Therefore, we need to not only investigate the 

causes and phenotypic effects of the glucocorticoid stress response, but also consider how 

time and individual condition modulate the ecological and evolutionary consequences. 

 In my dissertation research, I have placed the glucocorticoid stress response in an 

ecological and evolutionary context, investigating the stressors that induce this response 

in larval anurans and the consequences for individuals, populations, and species.  Larval 

anurans present an excellent system to examine the interactions between environment and 

phenotypic plasticity, since ecological and individual fitness consequences of these 

interactions have been well-studied, in particular the direct and indirect effects of 

predation and competition on tadpole phenotype and life history (e.g. Berven 1990, 

Werner and McPeek 1994, Skelly 1995, Werner and Anholt 1996, Van Buskirk and 

Yurewicz 1998, Anholt et al. 2000, Relyea 2000, Van Buskirk 2000, 2002, Werner and 
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Peacor 2003, Relyea 2004, Relyea and Auld 2005, Peacor et al. 2007).  In addition, the 

causes and consequences of the glucocorticoid stress response have been investigated in 

several larval amphibian systems (Rollins-Smith and Blair 1993, Hayes and Wu 1995, 

Rollins-Smith et al. 1997, Denver 1998, Belden and Kiesecker 2005, Belden et al. 2005, 

Crespi and Denver 2005, Belden et al. 2007, Hu et al. 2008, Denver 2009), providing the 

background and tools necessary to apply it in my research.  Throughout the following 

studies, I have considered the tadpole stress response from an ecological perspective, 

emphasizing its role as one aspect of overall phenotype while exploring interactions with 

plasticity in behavior, morphology, growth, and resulting fitness. 

 Predators have long been labeled as stressors (Scheuerlein et al. 2001, Clinchy et 

al. 2004, Adamec et al. 2006, Barcellos et al. 2007, Roseboom et al. 2007) , but temporal 

modulation of the glucocorticoid stress response, predation vulnerability, and phenotypic 

responses in prey has not previously been explored in detail.  In Chapter 2, I investigate 

the role of predator presence as a stressor in larval wood frogs (Rana sylvatica), mapping 

the shape of the hormonal stress response over time and using experimental 

manipulations to link the stress response to changes in tadpole morphology and behavior.  

My results demonstrate the role of stress hormones in mediating anti-predator defense 

phenotypes, showing that morphologies typical of predator-induction can be initiated 

through exogenous corticosterone application alone.  In addition, I demonstrate through a 

time-series analysis of the predator stress response, combined with predation survivorship 

trials, that temporal pattern of stress hormone production to predator cue exposure may 

be adapted to maximize survival in the face of both acute and chronic predation risk. 
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 Variation in predation risk across habitat gradients is an important determinant of 

anuran species habitat choice and survival success (Skelly et al. 1999).  This is in large 

part a consequence of evolved differences in the expression of phenotypic plasticity 

exhibited by each species (Werner and Anholt 1993, Skelly 1995, Smith and Van Buskirk 

1995, Anholt and Werner 1998, Anholt et al. 2000, Relyea and Werner 2000, Schiesari et 

al. 2006).  Owing to these documented differences among anuran species and the 

demonstration of the involvement of the stress axis in inducing predator defense 

phenotypes, I hypothesize in Chapter 3 that species living at either end of the predation 

risk gradient may also show predictable differences in stress reactivity to predator 

presence.  In particular, I suggest that due to the potentially damaging effects of mounting 

a strong chronic stress response, species that predictably encounter high predator 

densities in their larval environment would demonstrate a blunted predator stress 

response.  My results from a comparison of four larval anuran species raised in a 

common garden support this hypothesis, and suggest a further mechanism for species 

success along the pond-permanence gradient. 

 Predator presence is by no means the only stressor that individuals are likely to 

encounter, however, and investigations of combined stressors are becoming increasingly 

important to predicting demographic patterns in wild populations (Relyea and Mills 2001, 

Sih et al. 2004, Hayes et al. 2006, Relyea 2006).  Various stressors may co-occur with 

predators, including how the environment interacts with an individual’s own genetic 

background.  As habitats are fragmented and gene flow interrupted, increased levels of 

inbreeding are likely to become more commonplace among populations (Epps et al. 2005, 

Coulon et al. 2006, Cushman 2006, Riley et al. 2006, Vandergast et al. 2007), leading to 
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the potential for inbreeding-environment interactions to strengthen inbreeding depression 

under stressful conditions (Armbruster and Reed 2005, Fox and Reed 2011).  In Chapter 

4, I examine the potential for inbreeding to impact stress physiology, both alone and in 

combination with predator presence, in larval wood frogs.  In addition, I look for 

signatures of synergistic interactions among inbreeding and predator presence on aspects 

of tadpole morphology, behavior, and growth.  My results demonstrate that either 

inbreeding or predators alone may be sufficient to elicit a response and that there may be 

a ceiling effect on the stress response that would blunt adaptive reactions to novel 

challenges. 

 Organisms must also balance their response to predator presence with their 

investment in foraging gain.  There is a well-developed literature on the theoretical and 

empirical demonstrations of this trade-off, for which larval anurans have become a model 

system (Werner and Anholt 1993, Anholt and Werner 1998, Anholt et al. 2000, Schiesari 

et al. 2006).  In addition, both predator presence and food deprivation can induce a 

glucocorticoid stress response in various organisms (Kitaysky et al. 1999, Scheuerlein et 

al. 2001, Glennemeier and Denver 2002, Clinchy et al. 2004, Crespi and Denver 2005).  

In Chapter 5, I investigate the potential for low food resources to induce a stress response 

and interact with the predator stress response, and explore the consequences for tadpole 

growth.  My results support previous demonstrations of a glucocorticoid response to 

reduced forage availability (Glennemeier and Denver 2002, Crespi and Denver 2005) but 

only at later sampling points, suggesting that energetic reserves need to significantly 

decline before initiation of a stress response.  Tadpole growth under these conditions 
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matched a predicted pattern of reduced foraging gain in predator presence only under 

non-limiting resources (Peacor and Werner 2004). 

 In the concluding chapter, I integrate the results of the four previous chapters and 

explain the significance of my results for individual fitness and interactions between 

larval anurans and the pond community.  I also explore the potential for carry-over 

effects among stages of the complex life cycle, and how developmental environment may 

impact juvenile and adult phenotype through the action of stress hormones.  Finally, I 

discuss current research goals and suggest directions for future research. 
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CHAPTER 2 

 

COMPLEX INTERACTIONS AMONG PREDATOR PRESENCE, STRESS RESPONSE, AND 

PHENOTYPE IN LARVAL WOOD FROGS 

 

 

Introduction 

The link between environmental stressors and the expression of an organism’s 

phenotype is key to understanding the consequences of these stressors on individual 

fitness and interactions within populations and communities. In vertebrates, many 

environmental stressors lead to activation of the neuroendocrine stress axis, and the 

hormones produced are known or hypothesized to mediate behavioral, physiological and 

developmental responses to environmental change (Denver 2009). From an ecological 

perspective, it would be useful to measure an organism’s physiological response to 

stressors directly in order to generate predictions regarding non-lethal effects of 

environmental conditions; i.e., to trace the phenotypic effects “upstream” to the 

proximate mechanisms that generate the phenotype. Such proximate physiological 

responses may then serve as a proxy measure for subsequent phenotypic expression 

leading to higher order organismal and population effects. In addition, if these responses 

are experienced early in life they often can lead to long-term, stable changes in 

phenotypic expression in subsequent life history stages (Meaney et al. 2007, Denver 

2009).  

Vertebrates normally react to environmental, physiological, or psychological 

stressors by increasing circulating levels of glucocorticoid (GC) stress hormones. The 
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presence of increased GCs is presumed to direct energy expenditure away from less 

critical activities and boost survival responses in the face of an acute stressor (Sapolsky et 

al. 2000, Wingfield and Romero 2001). However, when a stressor is chronic many of 

these effects become damaging, and therefore organisms must balance responding 

adaptively to survive a stressor in the short-term and contending with the long-term 

consequences of a chronic response. Due to the negative effects of stress, stress 

physiology is an emerging proximate measure of ecologically relevant consequences, 

including behavioral and sub-lethal effects, of environmental conditions (e.g. Wasser et 

al. 1997, Creel et al. 2002).  To understand the phenotype induced by a stressful 

environment, however, requires identifying the salient stressor and how the physiological 

response is manifest in fitness correlates. 

Predation risk is a common source of stress for prey (Blanchard et al. 1998, 

Scheuerlein et al. 2001, Canoine et al. 2002, Adamec et al. 2006, Barcellos et al. 2007, 

Roseboom et al. 2007), and larval amphibians have been used as a model system for 

examining the direct and indirect effects of predator presence on individuals and their 

interactions with other species (e.g. Skelly 1994, Van Buskirk and Yurewicz 1998, 

Relyea 2000, Van Buskirk and Schmidt 2000, Relyea 2004).  Tadpoles are able to detect 

the presence of invertebrate predators using chemical cues produced by the capture of 

conspecific prey (McCollum and Leimberger 1997, Relyea 2000, Gallie et al. 2001), and 

as a result change their behavior and morphology (Van Buskirk and McCollum 2000, 

Relyea 2001b, Relyea and Auld 2005) in ways that increase fitness under high predation 

risk (Van Buskirk et al. 1997).  However, the complex interactions among predator 

presence, tadpole stress physiology, and effects on fitness correlates are not well 
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understood. 

In this study, we explored the relationship between stressors in the larval pond 

environment, primarily predator presence, and stress hormone production in wood frog 

tadpoles (Rana sylvatica), as well as the role of stress hormones in producing predator-

induced phenotypic responses. First, we surveyed natural ponds to test for correlations 

between tadpole GC activity and three potentially-interacting taxa: snails (an amphibian 

parasite vector), predators, and competitors, and confirmed the predator relationship with 

an experimental study.  We then used sequential sampling of corticosterone from groups 

of tadpoles exposed to caged feeding predators in order to track the time course of the 

neuroendocrine stress response to predator presence.  Finally, we applied stress hormone 

or GC-synthesis blocker in an experimental context with chemical cues of lethal 

predators to determine whether there is a direct causal link between stress hormones on 

tadpole behavior, predator-induced morphology, and predation trial survivorship.  These 

studies combine field data and experimental manipulation to provide important insight 

into the connections between larval pond environment, physiological response, and 

phenotypic and fitness consequences. 

 

Methods 

Study 1: Field survey 

Wood frog (Rana sylvatica) tadpoles at Gosner stages 27-30 (Gosner 1960) were 

collected from 10 natural ponds on the University of Michigan’s E.S. George Reserve 

(ESGR) in Livingston Co., MI. Data from a long-term survey enabled us to choose ponds 

that have relatively consistent wood frog populations and represent a range of pond sizes 
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and environmental characteristics (4 are closed-canopy ponds and 6 are open-canopy; 

Werner et al. 2007). Due to their small size (~100-200 mg), 2-3 tadpoles were pooled as a 

single sample to provide sufficient tissue for steroid hormone analysis. Ten samples were 

taken from each pond for baseline corticosterone measurement, and each sample was 

flash-frozen in a test tube immersed in an ethanol-dry ice bath within 3 min of capture.  

Within the same week, ponds were sampled for amphibian larvae, their 

invertebrate and vertebrate predators, and snails as part of an annual survey program (for 

methods see Werner et al. 2007). Tadpoles were identified to species, measured, and 

length-weight regressions employed to estimate biomass, which was then used as a 

measure of potential competitive pressure. Biomass of potential tadpole predators in these 

ponds (adult newts, adult and larval dytiscids, larval hydrophylids, adult belostomatids, 

and larval aeshnids) was used as a measure of predator pressure. Finally, snail biomass 

was also assessed because snails may be a potential source of trematode parasites or 

competition for tadpoles. 

Study 2: Experimental mesocosm experiment 

Experimental mesocosms were set up as described in (Relyea 2001a) using tanks 

filled with 1000 L of well water, 200 g of leaves (primarily Quercus) for substrate, a 4 L 

aliquot of pond water for zooplankton and periphyton colonization, and 15 g of rabbit 

chow as an initial food source. Six wood frog egg masses were collected from Cattail 

Marsh on the ESGR, pooled, and allowed to hatch in outdoor tanks. Once hatchlings 

were free-swimming, 40 were haphazardly chosen and placed in each of the experimental 

mesocosms. Each mesocosm was then randomly assigned to one of two treatments, non-

lethal predator presence or no-predator, each replicated 10 times. Predator treatment 
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tanks received three cages each containing one late-instar dragonfly larva (Anax sp.); no-

predator treatments received empty cages. Predators were fed approximately 0.3 g of live 

wood frog tadpoles three times per week to produce chemical cues of predator presence 

(McCollum and Leimberger 1997).   

On day 25 of the experiment, 4 tadpoles (between Gosner stages 28-29) were 

collected from each tank, pooled into 2 samples, and immediately flash-frozen for later 

estimation of baseline whole-body corticosterone content.  As the remaining tadpoles 

reached metamorphosis, individuals with tail stubs at or less than 50% of their snout-vent 

length were collected from mesocosm tanks and placed into plastic containers maintained 

in the lab to complete metamorphosis.  Once metamorphosis was complete (tail stub 

completely resorbed, 2-3 days following removal from tank), 2 juveniles originating from 

each tank were pooled and immediately flash-frozen for baseline corticosterone analysis. 

A further 2 juveniles from each tank were subjected to a confinement stressor (enclosure 

in a 16.5 cm x 15 cm plastic zip-top bag) for 90 min, after which they were pooled by 

tank and flash-frozen.   

Study 3: Shape of the stress response over time 

Wood frog tadpoles for this experiment came from 15 partial egg masses 

collected from a private pond in Southeast Michigan and allowed to hatch in outdoor 

pools.   Experimental outdoor wading pools (200 L) were filled with well water and 

covered with shade cloth to prevent colonization by other organisms.  Ten pools received 

a caged later-instar Anax (non-lethal predator treatment) while the remaining 10 pools 

received an empty cage (control treatment).  At approximately Gosner stage 27, groups of 

5 tadpoles were each placed into 1.5-L plastic containers, topped by a screen mesh to 
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allow water to flow though, and containing 3-4 g of rabbit chow to provide sufficient 

food for the 8-day experimental period.  Containers were then haphazardly assigned to 

the two treatments: non-lethal predator and control.  Each outdoor pool received 5 

containers; just before addition of the containers to the pools, the caged Anax larvae in 

the non-lethal predator treatment were fed 3 live tadpoles to produce chemical cue and 

were fed every day thereafter to maintain a near-constant level of cue in the water 

throughout the experiment (cages in control tanks were similarly manipulated to simulate 

any disturbance).  Samples were removed and tadpoles pooled and flash-frozen at 4 hr, 

24 hr, 2 d, 4 d, and 8 d following initiation of the experiment.  Tadpoles intended for 

different sample timepoints were housed in separate containers throughout this 

experiment to minimize disturbance: sequential removals of containers from a pool was 

determined to pose less disturbance than haphazardly hand-netting free tadpoles.  

However the samples at the 2 d timepoint were lost and results are therefore not reported 

here. 

Study 4: Morphology and behavior experiment 

Wood frog tadpoles for this experiment were collected as eggs from a privately-

owned pond in Livingston County, Michigan: 10 partial egg masses were removed from 

the pond shortly after laying and allowed to hatch in outdoor wading pools.  Once 

tadpoles had developed to approximately Gosner stage 26, mixed-family groups of 12 

were haphazardly chosen and transferred to 10-L plastic tanks in the lab filled with 8-L of 

aged well water and maintained on a 14:10 light:dark cycle.  Treatments consisted of 

application of predator cue (Pred; see below), predator cue + GC-synthesis blocker 

metyrapone (Pred+MTP), corticosterone (CORT), or control; each was replicated 16 
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times and boxes were randomly assigned to treatment.  All treatments were administered 

via the tank water.  To produce predator cue, 12-18 late-instar Anax were each fed 2-3 

live wood frog tadpoles and given 2-3 hours to consume the tadpoles.  A 50-ml aliquot of 

the resulting “cue water” was then added to each of the treatment boxes.  CORT was 

dissolved in ethanol and added to the appropriate treatment boxes to produce a final 

concentration of 130 nM (Glennemeier and Denver 2002b).  MTP was also dissolved in 

ethanol and added to the appropriate treatments for a final concentration of 110 uM 

(Glennemeier and Denver 2002b).  Control tanks received a 50 ml aliquot of vehicle 

control with 0.0005% ethanol (to match final concentrations in hormone treatments).  

Water changes were performed every other day, after which the above treatments were 

added to the water and the tadpoles were fed ad lib rabbit chow.  Treatment continued for 

14 days. 

On the third day of treatment, behavioral observations were taken 1 hour after the 

administration of the treatments described above.  The number of active tadpoles in each 

box was recorded every 10 minutes for 1 hour.  At the termination of the experiment, four 

tadpoles from each box were haphazardly chosen for morphological analysis and 

preserved in formalin.  A second haphazard sample of six tadpoles was flash-frozen for 

hormone analysis.  Very low mortality was observed: only two tadpoles died during the 

course of the experiment, one from the Pred+MTP treatment and one from the Pred 

treatment.  These tadpoles were not replaced. 

Formalin-preserved tadpoles were digitally photographed for morphological 

measurements.  Body length (BL), body width (BW), tail length (TL), and tail width 

(TW) were measured using Image J 1.36b (National Institutes of Health, Bethesda, MD) 
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using the landmarks provided by Relyea (2000).  Morphological measurements were 

plotted against body mass and the residuals were used in statistical analyses to remove 

effects of tadpole size.  To further explore one particular morphological pattern, tail depth 

was regressed on body length and the residuals analyzed. 

Study 5: Survivorship study 

Survivorship with a lethal predator was assessed under two conditions: short- and 

long-term exposure to CORT or MTP.  Wood frog tadpoles for the short-term exposure 

experiment came from the same 10-family pool described in the morphology-behavior 

study above.  At approximately Gosner stage 28, 3 groups of 80 tadpoles were 

haphazardly assigned to tanks housed in the lab and pre-treated for 3 hours with either 

CORT, MTP, or an ethanol vehicle control (CORT and MTP were at doses used in the 

behavior-morphology study above, and ethanol to match the 0.0005% solution present in 

the treatment tanks).  

Earlier the same day, 60 10-L tanks were filled with aged well water, stocked with 

one late-instar Anax, and randomly assigned to one of the above tadpole treatments.  A 

strip of vinyl screen approximately 4 cm wide by 40-50 cm long was added to each tank 

to provide structure. Once the 3-hour pre-treatment period was complete, four tadpoles 

were added to each tank according to the assigned treatment (producing 20 tanks with 

CORT-treated tadpoles, 20 with MTP-treated tadpoles, and 20 with control tadpoles).  It 

is important to note that no CORT or MTP was present in the water of the tank 

containing the Anax predator.  The number of remaining tadpoles in each tank was then 

counted every 30 min for 5 hours. 
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Tadpoles for the long-term exposure experiment came from 15 egg masses 

collected from Southeast Marsh on the ESGR and allowed to hatch in outdoor wading 

pools.  At approximately Gosner stage 26, tadpoles were haphazardly assigned 10-L 

tanks in the lab that had been filled with 8-L of aged well water.  CORT, MTP, and 

ethanol control treatments (at the same doses used in the short-term survivorship study) 

were each randomly assigned to 16 replicate tanks and treatment was continued for 12 

days.  As in the behavior-morphology study, water changes and treatment application 

occurred every other day and tadpoles were fed ad lib rabbit chow.  Following the 12-day 

treatment period, tadpoles were transferred to tanks containing aged well water, screen, 

and a late-instar Anax predator.  The remaining tadpoles were counted every 30 min for 5 

hours. 

Corticosterone analysis 

 Whole-tadpoles were extracted for corticosterone analysis as described in Denver 

(1998) and analyzed by radioimmunoassay (RIA) as described by Licht et al. (1983). The 

anti-corticosterone serum was purchased from MP Biomedicals (Irvine, CA, USA). 

Samples from a single study were assayed in either a single RIA or multiple RIAs 

conducted on the same day. Potency estimates from the RIA were corrected for 

recoveries, which ranged from 20 to 40%. Inter- and intra-assay coefficients of variation 

were calculated using a quality control standard, and averaged 13% and 8-12%, 

respectively, for each study.   

Statistics 

In Study 1, a multiple regression was performed using corticosterone 

concentration as the dependent variable and predator biomass, tadpole competitor 
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biomass, and snail biomass as predictors, and pond was used as the experimental unit. In 

the remaining experiments, experimental or rearing tank were used as the experimental 

unit in all analyses.  In Study 2, the mesocosm experiment, independent-samples t-tests 

were employed to determine whether there was an effect of predator treatment on larval 

baseline stress hormone production and BW at metamorphosis. To determine whether 

larval treatment and stress measure (baseline or response to a novel stressor) produced 

differences in corticosterone concentration among juveniles, a one-way ANOVA was 

computed using corticosterone as the dependent variable and larval treatment and stress 

measure as fixed factors.  

In Study 3, ANOVA was used to assess differences between the two treatment 

groups across the sample time periods.  In Study 4, the behavior and morphology study, a 

repeated-measures ANOVA was used to analyze differences among treatment groups.  

Morphological measurements from tadpoles housed in the same box were averaged and 

the resulting replicate mean was used as the experimental unit.  In three tadpoles, damage 

to the tail during preservation made accurate measurement impossible and those data 

were discarded.  ANOVA was used to assess differences among treatments with regard to 

tail depth, tail length, body depth, and body length.  Unless otherwise noted, all above 

analyses were conducted using SPSS 14.0 (SPSS Inc., Chicago, IL, USA).  In Study 5, 

survivorship analyses were conducted in JMP (SAS Institute Inc, Cary, NC, USA) to 

determine whether experimental treatments increased or decreased the latency to first 

tadpole caught by the predator relative to the control treatment.  
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Results 

Study 1: Field survey 

 In the field experiment, tadpole stress hormone levels increased in the presence of 

predators and snails.  Whole-body corticosterone content was positively associated with 

predator (t = 2.777, p = 0.032) and snail (t = 3.195, p = 0.019) biomass in ponds, but not 

with tadpole competitor biomass (t = -0.194, p = 0.379; whole model: F3,9 = 6.035, R
2 

= 

0.751, p = 0.030; Fig 2.1). 

Study 2: Mesocosm experiment 

 In mesocosms, the presence of caged predators also increased stress hormone 

content in tadpoles and recently metamorphosed juveniles, confirming the causal 

relationship suggested by Study 1.  Tadpoles reared in tanks containing caged Anax 

predators exhibited significantly greater whole-body corticosterone content than controls 

(t9 = 2.387, p = 0.041; Fig 2.2). There was a significant effect of predator treatment on 

corticosterone content of juveniles (F1,38 = 1.462, p = 0.049), a nonsignificant effect of the 

stress measure (F1,38 = 2.813, p = 0.102), and a significant treatment x stress measure 

interaction (F1,38 = 4.882, p = 0.034). With regards to the interaction effect, juveniles that 

emerged from tanks with caged predators exhibited increased whole-body corticosterone 

content compared to control juveniles (see Fig 2.2). The significant treatment x stressor 

interaction demonstrates that juveniles emerging from no-predator mesocosms responded 

to confinement by increasing corticosterone production above baseline, but juveniles 

emerging from mesocosms with caged predators exhibited no stress response (see Fig 

2.2).  Mass at metamorphosis was not significantly affected by larval treatment, although 

there was a slight trend towards smaller juveniles emerging from predator tanks (t68 = -
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1.209, p = 0.231). 

Study 3: Time course of the predator-induced stress response 

 Sample time (F = 8.382, p < 0.001) and treatment (F = 6.795, p = 0.011) both had 

significant effects on corticosterone content in tadpoles.  In addition, the time x treatment 

interaction was also significant (F = 9.415, p < 0.001), demonstrating that response to 

predation cue changed over time (Fig. 2.3). 

Study 4: Morphology and behavior experiment 

 Exogenous corticosterone application increased tadpole activity at 3 days, and 

increased tail depth and decreased body length similar to predator cue-exposed tadpoles 

at 14 days.  Application of MTP (CORT-synthesis blocker) with predator cues, on the 

other hand, reversed the predator-induced effects.   

Tadpole behavior was significantly different among treatments (F3,60 = 40.823, p 

< 0.0001; Fig 2.4), and CORT-treated tadpoles were significantly more active than all 

other treatments (CORT vs. Control: p = 0.031, CORT vs. Pred and Pred+MTP p < 

0.0001), and predator and predator + MTP treatments significantly less active than 

control and CORT treatments (p < 0.0001 in both cases).  Predator cue and predator cue 

+ MTP treatments did not significantly differ from one another (p = 0.824).  

 Tadpole tail depth (F3,60 = 7.310, p = 0.003) and body length (F3,60 = 9.406, p < 

0.0001; Fig 2.5) responded to treatments, such that CORT-treated and predator-cue 

tadpoles both developed relatively deeper tails (Pred: p = 0.0003; CORT: p = 0.019) and 

shorter bodies (Pred: p = 0.0001; CORT nonsignificant trend: p = 0.101) relative to 

controls.  CORT and Pred tadpoles did not significantly differ from one another in either 

measure (tail depth: p = 0.998; body length: p = 0.171).  Pred+MTP tadpoles had 
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shallower tails (p = 0.033) and longer bodies (p = 0.0004) than predator-cue tadpoles, 

although there was no significant difference with CORT tadpoles (tail depth: p = 0.792; 

body length: p = 0.248).  Tail length (F3,60 = 1.430, p = 0.243) and body width (F3,60 = 

0.469, p = 0.705) showed no significant differences among groups.  To further explore 

the relationship between tail depth (TD) and body length (BL), residuals of a regression 

of TD on BL were compared among groups (Fig 2.6), showing that Pred and CORT 

tadpoles do not differ (p > 0.9) and Control and Pred + MTP tadpoles do not differ (p = 

0.202), but the two treatment pairs significantly differ from one another (p < 0.0001). 

Study 5: Survivorship study 

 Survival probability of CORT-treated tadpoles showed opposite patterns when 

hormone exposure was short (3 hr) versus long (8 d).  In the short-term hormone 

exposure (3 hr) survivorship study, the CORT-treated tadpoles were more likely to be 

eaten than the MTP-treated and control tadpoles (Wilcoxon X
2
 = 8.299, p = 0.016), but 

MTP-treated and control tadpoles did not significantly differ (Wilcoxon X
2
 = 1.224, p = 

0.268).  In the long-term hormone exposure (8 d) survivorship study, however, the 

CORT-treated tadpoles trended towards being less likely to be eaten than both MTP-

treated and control tadpoles (Wilcoxon X
2
 = 4.751, p = 0.093), while the MTP-treated 

and control tadpoles did not differ (Wilcoxon X
2
 = 0.981, p = 0.322). 

 

Discussion 

Here we show for the first time, to our knowledge, the time course and phenotypic 

consequences of the predator stress response in larval anurans, using a combination of 

field surveys, mesocosm experiments, and laboratory manipulations.  We first showed 
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that natural ponds with high predator and snail biomass produce tadpoles with high 

baseline stress hormone levels, and the mesocosm exposure demonstrated this 

relationship is causal in the case of predators. The same mesocosm study showed that 

predator-exposed tadpoles metamorphose into juveniles that retain a high baseline 

corticosterone level and do not mount a stress response to a novel stressor. Next, we 

extended our investigation beyond a single measure of stress hormone content and 

performed a time series analysis of the predator stress response.  We found that when 

tadpoles are exposed to predator cue, endogenous CORT content is initially reduced, but 

between 24 hours and 4 days of exposure CORT production is increased and maintained 

at level above no-predator controls, matching the results seen under long-term exposure 

in ponds and mesocosms.   

We then focused on determining the phenotypic consequences of increased 

corticosterone production, using exogenous hormone application.  Our results show that 

tadpoles that exposed to exogenous CORT increase activity relative to other treatments, 

but over a two-week treatment time develop morphology similar to predator-cue exposed 

tadpoles.  In addition, treatment with MTP blocks this predator-induced morphology.  

Finally, we investigated the potential for the glucocorticoid axis to impact fitness through 

predation survival, and showed that while short-term CORT treatment decreases 

survivorship with lethal predators, long-term CORT treatment has a trend towards 

increasing survivorship.  As a whole, these results demonstrate the complexity of the 

interaction between predator presence, tadpole physiological and morphological 

response, and fitness effects. 

The non-lethal effects of predators on tadpoles have been well-studied (e.g. 
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McCollum and Leimberger 1997, Relyea 2001b), and predators have been shown to 

reduce tadpole activity and growth and alter morphology (Van Buskirk and Yurewicz 

1998, Relyea 2001b, Peacor 2002).  These trait responses in turn can cause important 

trait-mediated indirect interactions (TMIIs, Abrams et al. 1996) in ecological 

communities (Werner and Peacor 2003).  Wood frogs are an excellent system for 

demonstrating the mechanistic underpinnings of phenotypic plasticity to predators, since 

populations of wood frogs inhabit a range of pond types and associated predation risks 

(Werner et al. 2007), and therefore tadpoles exhibit a high degree of both behavioral and 

morphological plasticity that is locally adapted to their larval environment (Relyea 2002, 

2004).  The results presented here demonstrate that some of the phenotypic effects 

induced by predators may be mediated through the stress axis, and furthermore that the 

tadpole stress response may follow a temporal pattern that maximizes survival by 

increasing hormone production in the long-term to induce anti-predator morphology.   

In this study, tadpoles initially reduce endogenous stress hormone levels in 

response to threat of predation (Study 3), which is consistent with results from a similar 

tadpole-predator system (Fraker et al. 2009).  This initial reduction in CORT production 

and resulting behavioral quiescence is likely an adaptive response that increases 

survivorship: treatment with exogenous CORT causes increased activity (Study 4), which 

increases predator encounter rate and may lead to the decreased survivorship 

demonstrated after brief CORT exposure in Study 5.  However, the field and mesocosm 

data (Studies 1 and 2) show that chronic predator presence is directly linked to long-term 

increases in CORT production, which Study 3 shows happens within the first week of 

continuous exposure to predator cues.  Furthermore, the resulting high CORT levels play 
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an important role in the development of morphological changes (Study 4) that increase 

survival probability under lethal predation (Study 5, Van Buskirk et al. 1997).  Thus, the 

results presented here show that the predator-induced response of the neuroendocrine 

stress axis in tadpoles appears to be timed to trigger both adaptive behavioral and 

morphological changes.  In addition, as CORT is involved in feeding behavior, the rise in 

CORT production following several days of predator exposure, and resulting behavioral 

quiescence, may stimulate appetite while inducing morphology that reduces predation 

efficiency.  These results highlight the importance of considering the time scale over 

which a response is measured, as well as the potentially competing demands that shape 

that response.    

Our results develop a more complete understanding of the tadpole response to 

predator stress than has been, to our knowledge, demonstrated previously.  Our results are 

consistent with previous studies, and help serve to coalesce what has been found in other 

systems.  As mentioned earlier, Fraker et al. (2009) showed that CORT content of Rana 

clamitans decreases during the first 4 hours following predator cue exposure, during 

which time behavioral quiescence also occurs, and we have confirmed this finding in 

wood frogs here.  In addition, it has been shown previously that CORT may be part of the 

mechanism responsible for inducing morphology associated with predators: Hossie 

(2010) showed that Rana pipiens tadpoles whose CORT synthesis was inhibited with 

MTP exhibited shallow tails compared to predator-cue tadpoles, and Glennemeier and 

Denver (2002) also saw changes in tail shape following CORT application, both of which 

we also show here.  However, this study goes beyond previous work by demonstrating 

the full temporal pattern of the stress response, namely that tadpoles exposed to predator 
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cue continuously, as would likely occur in ponds colonized by invertebrate predators, 

eventually produce chronically high levels of CORT, and that this response is measurable 

in field populations.  In addition, we investigated the fitness effects of this stress response 

using survivorship analysis, showing that an initial reduction in CORT may be beneficial 

by allowing reduced activity, whereas long-term increased production induces adaptive 

morphology.  However, a chronic stress response may have lasting effects on phenotype 

and fitness, the investigation of which may require study over the entire life cycle. 

We have focused our investigation on the interaction between tadpoles and their 

predators, but the field survey also generated some intriguing results regarding other 

potential stressors: the survey also showed an association between CORT content and 

snail biomass.  Although this association remains correlative without further 

experimentation, there are several potential mechanisms through which snails may 

directly affect tadpole performance. First, snails also consume periphyton and therefore 

could be resource competitors with tadpoles; however, this explanation seems unlikely, 

given that tadpole competitors were not a significant stressor and yet were found at 

biomasses up to an order of magnitude higher than snails (see Fig 1). A second possible 

explanation is the potential presence of trematode parasites in ponds where snails are 

abundant: snails are the first intermediate host of trematodes, and mature cercariae shed 

from the infected snails subsequently infect tadpoles (Najarian 1953). One of the most 

abundant snail species sampled in this study was Stagnicola elodes, which is known to 

carry a tadpole-infecting echinostome, Echinostoma revolutum (Schell 1970, Marino and 

Holland pers. comm.) which leads to lower growth and high rates of mortality in infected 

tadpoles (Holland et al. 2007). Tadpoles of other species have been shown to detect 
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infected snails and cercariae (Rohr et al. 2009) so it is possible that the presence of 

parasites or infected snails might induce a stress response. Such a reaction would have 

potentially interesting implications: prolonged elevation of GCs generally has negative 

effects on immune function (Sapolsky et al. 2000), and therefore it may be that predator-

stressed tadpoles also become more prone to micro- and macro-parasites (Belden and 

Kiesecker 2005). This could have important implications for tadpoles in natural ponds, 

where predators and parasites co-exist. Furthermore, the adaptive value of producing an 

acute stress response to parasite presence may differ from a response to the more chronic 

condition of parasite infection. 

In contrast to predators and snails, tadpole competitor biomass was not a 

significant predictor of tadpole stress hormone levels in the field. Belden et al. (2007) 

conducted a similar field survey of six wood frog populations found at different densities, 

and reported that tadpole corticosterone levels varied among ponds but was not 

associated with tadpole density. Density-dependent growth and developmental rates have 

been studied extensively in amphibian larvae (e.g. Wilbur 1977, Berven 1990, Van 

Buskirk and Smith 1991, Loman 2004), but both this study (above) and Belden et al. 

(2007) suggest that corticosterone is not necessarily associated with the reduced growth 

of tadpoles developing at high densities in the field.  Given a number of examples of 

stress hormone involvement in consumption and growth (e.g. Hayes et al. 1993, 

Glennemeier and Denver 2002a, Hossie et al. 2010), however, this result does not 

necessarily imply that competition in all amphibian larval communities does not involve 

mediation by stress hormones. 

 As we map out the causes and effects of environmental stress in the larval stage, it 
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is also important to consider the potential for hormone-mediated long-term impacts on 

the phenotype expressed in the terrestrial juvenile stage. Most studies of such “carry-over 

effects” in amphibians have focused on the influence of pond conditions on age and size 

at metamorphosis (e.g. Wilbur and Collins 1973), but other aspects of phenotype may 

also similarly carry over to the adult stage and affect fitness (e.g. Relyea 2001a, Benard 

and Fordyce 2003, Scott et al. 2007). These “carry-over effects” are especially interesting 

in species that exhibit a complex life cycle, where life stages are ecologically distinct and 

thus early developmental experiences are unlikely to be predictive of future 

environmental conditions (Wilbur 1980).  Thus, the effects of early environment may 

potentially impact interactions in very different communities through carry-over effects 

from larval (aquatic) environments on subsequent (terrestrial) life history stages. In the 

present study, individuals that experienced cues of predator presence during the larval 

period continued to show elevated basal corticosterone levels after metamorphosis. 

Moreover, when presented with a novel confinement stressor, predator-treatment 

juveniles were unable to further elevate their corticosterone levels to produce a stress 

response, suggesting that they were already at maximal hormone production.  Since these 

measurements were taken just after completion of metamorphosis, we cannot rule out the 

possibility that we were measuring residual hormones from the larval period.  However, a 

hormonal carry-over effect is a plausible explanation given the results of previous 

research; Hu et al. (2008) demonstrated a reduced stress response in Xenopus juveniles as 

long as 3 months after larval stress.  A similar pattern has been documented in other 

species as well: laboratory experiments in birds and rodents have shown that stressed 

juveniles develop into adults that exhibit altered stress activity, either through increasing 
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reactivity to stressful stimuli or failure to mount a normal stress response (Anisman et al. 

1998, Meaney 1999, Hayward and Wingfield 2004, Parfitt et al. 2004).   

Therefore, potential for larval stress to affect juvenile and adult stress response in our 

system deserves further consideration.  Since the physiological stress response is 

considered adaptive for escaping or surviving difficult and/or unpredictable situations 

(Wingfield and Kitaysky 2002), the inability to produce a stress response is likely costly. 

In addition, chronic elevation of stress hormones becomes harmful to the organism due to 

such effects as suppression of immune function, reduced growth rate, and neuronal cell 

death (Sapolsky et al. 2000, Wingfield and Romero 2001). Hu et al. (2008) also found 

that early life exposure to elevated GCs caused decreased GC receptor expression in 

regions of the juvenile frog brain involved in behavioral stress responses, suggesting that 

anxiogenic and predator avoidance behaviors could be altered in these animals.   

 The results presented here also have important implications for studies that 

measure basal GC levels in the field as a measure of the “health” of a population or 

response to an environmental perturbation (e.g. Wasser et al. 1997, Creel et al. 2002). If 

early experiences have a “programming” effect on the stress axis (e.g. Hu et al. 2008), 

then the stress activity exhibited by individuals in a population are a function of previous 

experience and may or may not reflect current conditions.  Indeed, previously-stressed 

individuals in this study did not mount a response to a novel stressor, meaning that a 

physiological reaction to an environmental perturbation later in life may not be detectable 

in organisms that experienced a high-stress ontogeny.  

 In addition, and perhaps more importantly, our results demonstrate that 

environmental “stress” does not always manifest itself with high stress hormone 
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production, but rather that the action of the stress hormone on phenotype, and the time 

period over which those changes occur, may differ based on the context and fitness 

consequences of a given response.  Therefore, stress hormone measurements from wild 

populations should be interpreted carefully, and consideration should be given to the 

possibility that previous experiences and/or context-dependent physiological responses 

may be shaping the current measurement. In addition, populations that differ in their 

exposure to stressors, even early in development, may exhibit correlated differences in 

growth rates, dispersal probabilities, immunity, or reproductive strategies due to the 

widespread effects of stress on phenotype (Sapolsky et al. 2000, Wingfield and Romero 

2001). Taken as a whole, this emphasizes the utility and importance of understanding 

physiological mechanisms to assess how environment can impact ecological interactions 

and long-term fitness. 
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Figure 2.1.  Relationships between tadpole corticosterone content and predator, snail, 

and competitor biomass in the field survey.  Points represent pond means with +/- 2 S.E.  

Whole-body corticosterone content was positively associated with predator (t = 2.777, p 



45 
 

= 0.032) and snail (t = 3.195, p = 0.019) biomass in ponds, but not with tadpole 

competitor biomass (t = -0.194, p = 0.379; whole model: F3,9 = 6.035, R
2 

= 0.751, p = 

0.030). 
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Figure 2.2. Whole-body corticosterone content from tadpoles and juveniles in the 

mesocosm experiment.  Tadpole CORT content significantly differed among predator 

and no-predator treatments (t9 = 2.387, p = 0.041).  Juveniles showed a similar pattern in 

baseline measures but when exposed to confinement stress, treatments did not differ 

(significant treatment x stress measure interaction; F1,38 = 4.882, p = 0.034).  Gray bars 

represent no predator treatments while black show predator treatments; error bars 

represent 2 S.E. 
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Figure 2.3.  Time series of the tadpole predator stress response.  Sample time (F = 8.382, 

p < 0.001) and treatment (F = 6.795, p = 0.011) both had significant effects on 

corticosterone content in tadpoles.  In addition, the time x treatment interaction was also 

significant (F = 9.415, p < 0.001), demonstrating that response to predation cue changed 

over time.  Open symbols represent no predator treatments, filled represent predator; 

points are sample time means with 2 S.E. 
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Figure 2.4.  Tadpole activity in the hormone manipulation experiment (Study 4).  Prior to 

observation, tadpoles had been treated for 3 days with exogenous corticosterone (CORT), 

predator cue (Pred), predator cue plus a glucocorticoid-synthesis blocker metyrapone 

(Pred + MTP), or given a vehicle control (Control).  CORT tadpoles were more active 

than Control (p = 0.031), Pred (p < 0.0001), and Pred+MTP (p < 0.0001).  Pred and Pred 

+ MTP treatments did not significantly differ from one another (p = 0.824), and were 

significantly less active than both control and CORT treatments (p < 0.0001). 
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Figure 2.5. Tadpole morphology in the hormone manipulation experiment (Study 4).  

After 14 days of treatment, tadpoles were preserved and morphological measurements 
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were regressed onto body mass.  Tadpole tail depth (F3,60 = 7.310, p = 0.003) and body 

length (F3,60 = 9.406, p < 0.0001) responded to treatments, such that CORT-treated and 

predator-cue tadpoles both developed relatively deeper tails (Pred: p = 0.0003; CORT: p 

= 0.019) and shorter bodies (Pred: p = 0.0001; CORT nonsignificant trend: p = 0.101) 

relative to Controls.  CORT and Pred tadpoles did not significantly differ from one 

another in either measure (tail depth: p = 0.998; body length: p = 0.171).  Pred+MTP 

tadpoles had shallower tails (p = 0.033) and longer bodies (p = 0.0004) than Pred 

tadpoles, although there was no significant difference with CORT tadpoles (tail depth: p 

= 0.792; body length: p = 0.248). 
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Figure 2.6. Tail depth as a function of body length.  To further illustrate the relationship 

between morphological traits, tail depth was regressed on body length and the residuals 

plotted here.  Pred and CORT tadpoles do not differ (p > 0.9) and Control and Pred + 

MTP tadpoles do not differ (p = 0.202), but the two treatment pairs significantly differ 

from one another (p < 0.0001).  Points represent treatment means with +/- 2 S.E. 
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CHAPTER 3 

 

PREDATOR STRESS RESPONSE AND MAGNITUDE OF RISK IN LARVAL ANURANS 

 

 

 

Introduction 

Environmental variation in ecological pressures, such as predation, can be an 

important driver of evolution of phenotypic response among populations and species. 

Predators impose selective pressure on traits that influence prey survivorship, but such 

defensive traits often come at a cost (Van Buskirk et al. 1997, Van Buskirk and Relyea 

1998, Relyea 2000).  Therefore, when environments differ in the risk of predation, 

organisms should be selected for different magnitudes of defense phenotype expression, 

in order to maximize the benefit/cost relationship of maintaining plasticity in that trait 

(West-Eberhard 1989).    

One important phenotypic reaction to predation threat is the initiation of a stress 

response (Boonstra et al. 1998, Scheuerlein et al. 2001, Clinchy et al. 2004, Barcellos et 

al. 2007, Roseboom et al. 2007), which usually increases circulating levels of 

glucocorticoid (GC) stress hormones in a chronic response (Chapter 2).  Increased 

production of GCs is presumed to direct energy expenditure away from unnecessary 

activities and boost survival responses in the face of an acute stressor such as predation 

risk (Sapolsky et al. 2000, Wingfield and Romero 2001). Although the GC stress 

response may be adaptive in emergency situations (Wingfield et al. 1998), prolonged 



53 
 

expression of GCs comes at a physiological cost, including reductions in growth, 

immunocompetence, and reproductive activity (Sapolsky et al. 2000, Wingfield and 

Romero 2001).   

From a mechanistic viewpoint, an “optimal” stress response, i.e. allowing the 

organism to respond to the immediate challenge while avoiding the negative effects of 

sustained GC elevation, would appear to be a combination of low GC baseline, fast 

elevation, and rapid induction of negative feedback (Breuner et al. 2008).  Realistically, 

however, stressors such as predation risk are often prolonged or repeated events that do 

not allow for a rapid recovery of low baseline, and thus the mechanistic optimum is not 

always achievable.  The magnitude and duration of an organism’s GC response to a 

stressor thus may be an important determinant of fitness, and yet the fitness consequences 

of a particular response to a stressor appear to be highly context-dependent (Bonier et al. 

2009).  Therefore, it is likely that the magnitude and frequency of a stressor in turn 

imposes selection on the organism’s response to that stressful event; for example, 

organisms that experience a chronic and/or predictable stressor may alter their response 

to that event in such a way that avoids the costs of prolonged GC elevation. 

The larval stage of pond-breeding amphibians has been a model system for 

investigating predator-prey interactions, in part because larvae exhibit a number of 

adaptive behavioral and morphological responses to predation risk (Van Buskirk et al. 

1997, Van Buskirk and Relyea 1998).  This system also lends itself to comparative study, 

since pond-breeding species face a gradient of habitat types that vary in level and type of 

predation risk: from ephemeral ponds whose invertebrate predator populations must 

recolonize each spring, to permanent ponds with stable populations of invertebrate and 
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fish predators (Wellborn et al. 1996).  Species that distribute themselves differently along 

this gradient thus face a different set of selective pressures on such aspects of life history 

as reproductive phenology, developmental timing, and investment in predator defense 

strategies.  For example, among species that utilize different pond types, there is evidence 

of both differing degrees of morphological plasticity to predator presence (Van Buskirk 

2002) as well as local adaptation among populations (Van Buskirk and Relyea 1998, 

Relyea 2002).  Thus, it seems plausible that species living along a predation risk gradient 

may exhibit differing degrees of response to that predictable stressor, and subsequently 

adaptively reduce the cost of the chronic GC response.  The aim of this experiment was 

to use a comparative method to determine whether the magnitude of stress response can 

be adaptively managed by species living under chronically or predictably predator-rich 

environments.    

In this study, I chose four anuran species that are arrayed along the hydrological 

period gradient, employing survey data to determine each species’ “typical” habitat.  As a 

result, these species also differ in the level of predation risk they normally encounter, 

which I also verified using survey data.  The focal species represented two pairs of 

congeners, with one member of each pair tending to develop in relatively high-predator 

ponds and the other experiencing relatively low levels of predators.  The decision to use 

congener pairs was made in order to control for any phylogenetic effects on physiology, 

and the choice of one high-predator and one low-predator species within each pair 

allowed me to focus on those differences in species-typical habitat.  I raised tadpoles in a 

common garden and exposed each species to both nonlethal predator presence and no 

predator treatments, and measured the relative glucocorticoid (specifically corticosterone, 
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CORT) response to predation risk.  I then compared the magnitude of response within 

congener pairs to assess any potentially adaptive pattern between physiology and species-

typical habitat type, specifically to test whether species under chronic stress are able to 

manage their stress response in such a way to reduce the costs of prolonged GC exposure. 

 

Methods 

Experimental species and determination of species habitat type 

 To identify appropriate species for this comparative experiment, data were used 

from a long-term annual survey of amphibian larvae and their vertebrate and invertebrate 

predators in ponds on the University of Michigan’s Edwin S. George Reserve (ESGR; for 

detailed methods see Werner et al. 2007).  Biomass of potential tadpole predators in 

breeding ponds (adult newts, adult and larval dytiscids, larval hydrophylids, adult 

belostomatids, and larval aeshnids) was used as a measure of predator pressure.  Twelve 

years (1996-2008) of tadpole occupancy and predator biomass data were available for 

each of four selected species: Pseudacris triseriata, P. crucifer, Rana sylvatica, and R. 

pipiens.  Predator biomass for each pond-year in which tadpoles of the same congener 

pair did not co-occur (P. triseriata n = 30, P. crucifer n = 111, R. sylvatica n = 252, R. 

pipiens n = 19) was compared using independent-samples t-tests. 

Egg collection 

Individuals of the four anuran species were collected as eggs from breeding ponds 

(or breeding pairs removed from ponds) in southeast Michigan during early spring.  On 8 

April 2008, 6 P. triseriata egg masses were collected from Dreadful Swamp on the 

ESGR.  On the same day, several pairs of adult P. triseriata were also collected from 
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Dreadful Swamp and allowed to lay eggs in breeding boxes in the lab. All resulting 

hatchling P. triseriata were mixed and pooled into 2 outdoor holding tanks.  Adult P. 

crucifer were collected from Star Pond and West Marsh #6 on the ESGR between 7-12 

April 2008, paired in breeding buckets, and left along the pond margin overnight to lay 

eggs.  Seven of these pairings resulted in fertilized eggs.  Hatchling P. crucifer were 

mixed and pooled into 2 outdoor holding tanks.  On 9 April 2008, 10 partial R. sylvatica 

egg masses were collected from a privately-owned pond near Gregory, MI.  Hatchling R. 

sylvatica were mixed and placed in 6 outdoor holding tanks.  On 10 April 2008, 5 R. 

pipiens egg masses were collected from a privately-owned pond near Pinckney, MI.  

Hatchling R. pipiens were mixed and placed into 4 outdoor holding tanks. 

Experimental treatments 

On 18 April, 2008, 40 200 L wading-pool mesocosms were set up with leaf litter, 

an aliquot of pond water for colonization of zooplankton and phytoplankton, and 5 g of 

rabbit chow.  Mesocosms were covered with a shade-cloth lid to prevent colonization of 

aquatic insects and other amphibians.  Six days later, tadpoles of R. sylvatica, R. pipiens, 

P. crucifer, and P. triseriata were introduced into their assigned mesocosms.  For the pair 

of ranids, 50 tadpoles were placed into each of 10 mesocosms per species.  For the pair of 

Pseudacris species (which are smaller-bodied), 70 tadpoles were placed into each of 10 

mesocosms per species.  Tadpoles received 5 g supplementary rabbit chow every four 

days.   

On 25 April, 2008, predator and no-predator treatments were initiated.  In 

predator-treatment mesocosms (5 of the 10 mesocosms for each species), a single late-

instar larval odonate (genus Anax) was caged and placed in each mesocosm.  Predators 
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were fed approximately 200 mg of conspecific tadpoles every three days to produce cues 

of lethal predator presence (McCollum and Leimberger 1997).  No-predator mesocosms 

received an empty cage, which was disturbed every three days to control for the effects of 

predator feedings. 

On 11 May 2008, tadpoles of R. sylvatica, R. pipiens, and P. triseriata were 

collected for hormone analysis.  Tadpoles of P. crucifer were collected on 27 May due to 

their slower developmental rate.  All tadpoles were between Gosner 28-29 at time of 

sampling, to control for effects of ontogeny on hormone content.  Samples for 

corticosterone content analysis were collected from each mesocosm by immediately 

flash-freezing tadpoles after capture.  To procure enough tissue for hormone extraction, a 

single sample contained multiple individuals collected from the mesocosm: 6-8 tadpoles 

of the larger ranids or 10-12 of the smaller hylids.  Samples were maintained on dry ice 

until return to the laboratory, where they were stored at -20 C until hormone extraction 

and radioimmunoassay. 

Corticosterone analysis 

Whole-body tadpole samples were extracted as described in Denver (1998).  In 

short, tissue was homogenized in ethyl acetate, centrifuged, and the supernatant dried. 

Extracts were then fractionated using thin-layer chromatography (TLC) on silica plates; 

ethyl ether was used to extract the CORT from the silica after fractionation.  After drying 

under nitrogen, the extract was resuspended in PBS-gelatin (0.02 M, pH 7.3) for 

corticosterone radioimmunoassay (RIA).  The RIA protocol followed that of Licht et al. 

(1983).  Anti-corticosterone was purchased from MP Biomedicals (Irvine, CA, USA).  

Samples from a single species pair were assayed in multiple RIAs conducted on the same 
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day.  Inter- and intra-assay coefficients of variation were calculated using a quality 

control standard, and ranged between 10-15%.   

Statistical Analysis 

To test the hypothesis that a species’ predation risk exposure (based on typical 

predator biomass in ponds) modifies its physiological response to predator presence, a 

generalized linear model (GLM) of the data was analyzed in R 2.8.1 (R Core 

Development Team 2008).  Whole-body corticosterone concentration was used as the 

response variable, and predator treatment, species predation risk exposure, congener pair, 

and species were included as fixed effects.  Mesocosm was used as the experimental unit.  

To specifically test the question posed here, an interaction effect between predator 

treatment and species-typical habitat was also included in the model.  

 

Results 

Determination of species predation risk exposure 

 The survey data showed significant differences in the predation risk typically 

encountered by each species within a congener pair.  Within the Rana species pair, R. 

pipiens occupies ponds with significantly higher predator biomass than does R. sylvatica 

(corrected for unequal variances: t18 = 2.953, p = 0.0085; Fig 3.1).  Within the Pseudacris 

species pair, P. crucifer regularly occupies ponds with a significantly higher predator 

biomass than P. triseriata (corrected for unequal variances: t115 = 4.133, p = 0.0001; Fig 

3.1). 

Experiment 
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Predator treatment (F4,6 8= 30.1821, p < 0.0001), congener pair (F4,68 = 18.8456, p 

< 0.0001), and species (F4,68 = 25.8693, p < 0.0001) had significant main effects on 

corticosterone content in tadpoles.   Species-typical habitat had a marginally significant 

effect (F4,68 = 3.3588, p = 0.0713).  However, the question posed by this study is 

concerned with whether species that typically encounter high predation risk also 

differentially respond to predator presence (e.g. with a reduced corticosterone stress 

response) compared to a congener.  This question is addressed by the species-typical 

habitat x treatment interaction, which was significant (F4,68 = 6.0254, p = 0.0167; Fig 

3.2).   

 

Discussion 

To my knowledge, this is the first comparative study that shows a predictable 

pattern between stress response phenotype and a species’ environment.  Results support 

the hypothesis tested here, that species that inhabit predictably high-predator 

environments have adapted to reduce their stress response to predators.  Specifically, a 

significant interaction between species-typical habitat and predator treatment indicates 

that the predator level that species normally encounter influences their response to the 

presence of predators in a common garden (Fig 3.1).  Predator treatment, congener pair, 

and species identity also had significant main effects on corticosterone concentration in 

experimental tadpoles.  The effect of predator treatment indicates that the presence of 

predators reliably causes increased stress hormone production across species, compared 

to tadpoles in control (no predator) mesocosms.  In Chapter 2, this effect was 

demonstrated only in wood frogs.   
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Significant effects of congeneric pair and species identity are unsurprising, but 

demonstrate the validity of the experimental design.  Species were arranged in pairs of 

congeners in order to control for any phylogenetic effects on physiology and to focus on 

the differences in species predation risk normally encountered in the field.  The 

significant effect of congener pair on stress hormone production suggests that 

phylogenetic effects do indeed exist, and therefore this design was necessary.  In 

addition, the significant effect of species identity suggests that physiology differs among 

species and raw corticosterone concentrations are not necessarily directly comparable 

across taxa.  For this reason, multi-species comparisons in stress ecology should include 

measurements of not only the stress response but also baseline hormone level for 

calibration purposes.  Furthermore, it is important to know the experiential background of 

experimental animals: stress physiology is primarily a plastic system in which baseline 

hormone levels show some degree of heritability, but are also a product of the organism’s 

previous experiences (Fride et al. 1986, Cooper et al. 2003, Knuth and Etgen 2007, 

Spencer and Verhulst 2007).  In the present study, the common garden approach served 

to reduce the impact of previous experience on stress physiology, and rather focus on 

differences in plasticity and magnitude of response among species from different 

environments. 

The significant interaction between species-typical habitat and predator treatment, 

the main result from this study, suggests that maintaining a strong physiological stress 

response to a predictable stressor is costly, and that species mitigate this cost by 

adaptively reducing the magnitude of the hormonal response to commonly-encountered 

stressors compared to species that encounter the stressor to a lesser extent.  Although a 
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brief, strong stress response to an environmental challenge is considered beneficial for an 

organism, (Sapolsky 1992, Wingfield et al. 1998), chronically high stress hormone levels 

are known to become damaging due to the costly effects of glucocorticoids on necessary 

functions such as energy storage, growth, immune response, and breeding activity 

(Sapolsky et al. 2000, Wingfield and Romero 2001).  It is clear from work both in the lab 

and field that long-term stress hormone elevation can damage health, survival, and 

reproductive success (e.g. Lee and McDonald 1985, Schoech et al. 1991, Boonstra and 

Singleton 1993, Creel 2001, Belden and Kiesecker 2005, Spencer et al. 2005, Cyr and 

Romero 2007) and thus exposure and subsequent response to chronic stress is likely 

costly to an animal.  Therefore, we expect that animals would adaptively balance the 

benefits of an acute adrenocortical response with the costs of exhibiting a chronic stress 

response, and thus down-regulate the stress response to common or predictable stressors 

in their environment.  Results from the present experiment support this prediction, and 

suggest that species living across a gradient of predation risk adaptively manage their 

response to predator presence in order to minimize the costs of chronic activation of the 

stress axis.  

These results are supported by data in other systems that demonstrate differences 

in stress hormone production among populations within a species that experience 

different levels of a stressor.  For example, a population of Belding’s ground squirrels 

(Spermophilus beldingi) living under higher predation risk (reduced visibility) exhibited 

greater vigilance and antipredator behavior but lower fecal cortisol levels (Mateo 2007).  

Populations of fish from high-predator environments have also been shown to exhibit a 

reduced stress response, measured by opercular beat rate, which the authors suggest may 
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be an adaptation to reduce energy expenditure (Brown et al. 2005).  In addition, 

populations of European blackbirds (Turdus merula) that have adapted to an urban 

lifestyle also exhibit reduced stress response to handling, despite being raised in a 

common garden (Partecke et al. 2006).  These data suggest that stress physiology is under 

ongoing natural selection, and populations may adapt in order to differentially respond to 

stressors based on their predictability in the local environment.  The results presented in 

the current study, however, show how a “calibrated” measure of the stress response to 

predator presence can be used to demonstrate an adaptive pattern among different 

species.  In addition, this study joins a wealth of knowledge regarding the larval anuran 

system, adding a further layer of mechanistic understanding to the patterns in behavior, 

morphology, growth, and habitat use already observed in these species (Skelly 1995, 

Smith and Van Buskirk 1995, Relyea 2000, Werner et al. 2009). 

The existence of a species-level trade-off between high and low stress response to 

predator presence in the larval environment has a number of implications for the ability to 

respond to novel stressors, the evolution of phenotypic plasticity, and species habitat 

occupancy.  First, the results of this study raise the question of whether down-regulation 

of the stress response to predators is confined to predator-stress only, or may also be 

reflected in the response to other stressors.  Individuals encounter a variety of stressors, 

ranging from predators (Blanchard et al. 1998, Scheuerlein et al. 2001, Brown et al. 2005, 

Barcellos et al. 2007) to social conflicts (Sapolsky 1992, Creel 2001) to anthropogenic 

activity (Wasser et al. 1997, Creel et al. 2002), and it is important that they respond 

appropriately to each stressor in order to maximize fitness (Wingfield et al. 1998, 

Wingfield and Kitaysky 2002, Cohen et al. 2006).  However, the magnitude of an 
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organism’s hormonal stress response may differ for each stressor encountered (Canoine 

et al. 2002), so it is possible that species are able to adaptively modulate their stress 

response to predators independently of the response to other environmental perturbations 

and therefore allow a customized response to each stressor or set of related stressors.  If 

this is not the case, however, and the action of the stress response is correlated across 

stressors, then adaptation to a common stressor may come at the cost of an appropriate 

response to a novel stressor. 

The species of tadpoles used in this study have also been demonstrated to have 

morphological and behavioral plasticity that responds to predator presence in the pond 

environment (Skelly 1995, Van Buskirk et al. 1997, Relyea 2000).  Since corticosterone 

is involved in mediating aspects of behavioral and morphological change (Chapter 2), it 

is possible that the range of stress response observed in this study correlates with the 

degree of predator-induced phenotypic plasticity demonstrated by these species.  In the 

case of the Pseudacris species pair, such a difference in plasticity has already been 

demonstrated: P. triseriata exhibit greater behavioral and morphological plasticity than 

their congener P. crucifer (Skelly 1995, Smith and Van Buskirk 1995).  This pattern is 

thought to emerge because P. triseriata tadpoles encounter predators less often and 

therefore the cost of increased activity has not narrowed the range of plasticity in those 

traits (Skelly 1995), and therefore the variation in larval habitat determines the expression 

of phenotypic plasticity (Smith and Van Buskirk 1995).  A similar, perhaps even related, 

mechanism may explain the difference in hormonal stress response in these two species.  

In addition, as both Skelly (1995) and Smith and Van Buskirk (1995) show, the 

difference in range of plasticity exhibited by the two congeners strongly determines each 
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species’ success along the pond-permanence, and resulting predator-density, gradient, 

and plays a large part in determining habitat occupancy on the landscape (Werner et al. 

2009). 

Within the Rana species pair, comparisons of morphological plasticity are not as 

clear-cut as the Pseudacris example.  Both R. pipiens and R. sylvatica induce changes in 

tail and body shape when confronted with predation risk, but it is unclear whether R. 

sylvatica is consistently more plastic across all traits measured (Relyea and Werner 

2000).  However, similar to the Pseudacris species, the two Rana species have adapted 

the direction and range of their phenotypic plasticity to fit the relative strength of 

predation in their respective larval environments.  Like P. triseriata, R. sylvatica exhibits 

phenotypic traits such as greater activity that increase its competitive success when no 

predators are present, whereas R. pipiens, like P. crucifer, exhibits phenotypic traits such 

as increased growth rate that fare relatively better under predator presence (Relyea 2000). 

Systems where we can compare phenotypes that have evolved under contrasting 

environmental pressures are essential to achieving the goal of matching phenotype to 

fitness outcome.  Just as we can use differences in growth rate or behavior among 

populations as evidence for evolution on an ecologically-relevant scale (Cooch et al. 

2002, Carlson et al. 2004, Peacor et al. 2007), we can also examine variation in 

mechanistic physiological responses, such as corticosterone production, that may impact 

a range of life-history traits.  Environmentally-induced stress is an important agent of 

selection on phenotypes, and tracing the potential adaptability of the hormonal response 

to common stressors augments our understanding of, and may even explain, the observed 

range of other stress-induced phenotypic traits. 
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Figure 3.1. Predator biomass found in ponds containing the four study species: Rana 

pipiens, R. sylvatica, Pseudacris crucifer, and P. triseriata.  Darker bars indicate the 

species within each congener pair that occupies significantly more predator-dense ponds 

(Rana pair: p = 0.0085, Pseudacris pair: p = 0.0001).  Error bars represent +/- 2 S.E. 
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Figure 3.2.  Comparison of stress hormone content between treatments and within 

species pairs.  Within the Pseudacris species pair, P. crucifer normally inhabits high-

predator ponds, and likewise fits the prediction of a reduced physiological response to the 

presence of predators.  Within the Rana species pair, R. pipiens normally inhabits high-

predator ponds, and also has a lower response magnitude to predators (significant 

species-typical habitat x treatment interaction: F4,68 = 6.0254, p = 0.0167).  Dashed line 

represents no stress response to predators (no difference between predator treatment and 

no-predator treatment).  Corticosterone content is expressed in pg/mg body weight. 
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CHAPTER 4 

 

COMBINED EFFECTS OF INBREEDING AND PREDATOR PRESENCE ON STRESS 

PHYSIOLOGY, BEHAVIOR, AND MORPHOLOGY IN LARVAL AND POST-

METAMORPHIC WOOD FROGS 

 

 

Introduction 

Inbreeding increases genomic similarity within populations, and commonly 

results in a loss of fitness presumed due to increased expression of deleterious recessive 

alleles (Charlesworth and Charlesworth 1987, Husband and Schemske 1996).  The 

resulting inbreeding depression has been implicated as a cause for reduced viability of 

populations leading to the decline and extinction of species, particularly those species 

without prior history of extensive inbreeding (Frankham 2005).  In addition, the 

magnitude and expression of inbreeding depression is highly dependent on the level of 

environmental stress in which is it measured, due to genotype x environment interactions 

(GxE, Armbruster and Reed 2005).  Inbreeding x environment interactions, a subtype of 

GxE, may become apparent under environmental stress, and provide the conditions 

necessary for inbreeding to negatively affect population growth (Bijlsma et al. 1999, 

Coltman et al. 1999, Crnokrak and Roff 1999, Reed 2007).   

Since inbreeding depression produces individuals that struggle to thrive in their 

environment, we might expect inbred individuals to respond as if stressed in order to 

cope with the perceived environmental challenges (Wingfield et al. 1998, Wingfield and 
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Kitaysky 2002).  Such an observation is likely to become more commonplace as levels of 

inbreeding increase due to loss and fragmentation of habitats and associated declines in 

population sizes and genetic connectivity (Epps et al. 2005, Coulon et al. 2006, Cushman 

2006, Riley et al. 2006, Vandergast et al. 2007). As inbred populations become more 

common, they will often intersect with other natural stressors, such as predation risk.  

Due to the increasing likelihood that individuals will encounter multiple stressors 

concurrently in their environment, the potential for synergistic effects is receiving 

increasing attention (for a review, see Sih et al. 2004).  However, the connection between 

inbreeding and stress remains unclear: although numerous researchers have suggested 

that inbreeding depression should increase with stress, experimental results 

demonstrating it have been inconsistent (e.g. Armbruster and Reed 2005, Marr et al. 

2006, Reed et al. 2007, Szulkin and Sheldon 2007, Kristensen et al. 2008, Waller et al. 

2008, Fox and Reed 2011).   

Amphibians in particular represent a system in which the effects of multiple 

stressors may reduce fitness in a nonadditive way and produce potential for population 

decline (e.g. Relyea and Mills 2001, Kiesecker 2002, Blaustein et al. 2003, Johnson et al. 

2006, Davidson et al. 2007, Jones et al. 2011).  In this study, we used the wood frog 

(Rana sylvatica) to investigate the relationship between inbreeding and the physiological 

stress response, using common-garden mesocosms to first remove the effects of 

environment, and in a second study, to manipulate the presence of predation risk along a 

gradient of relatively outbred to inbred populations.  We have shown previously that 

predator presence is a salient stressor to wood frog tadpoles, causing a chronic hormonal 

stress response when predators are maintained in the environment (Chapters 2 and 3).  
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Here, we begin by looking for an association between inbreeding coefficient (FIS) and 

tadpole corticosterone content in a common garden experiment (Study 1).  We next 

consider the combined effects of inbreeding and predator presence in a factorial 

experiment measuring tadpole stress hormone response, behavior, morphology, and post-

metamorphic phenotype (Study 2). 

 

Methods 

Study I: Inbreeding and stress hormone production 

Samples for this study came from a larger common-garden experiment developed 

by Amanda Zellmer.  In this experiment, tadpoles from 16 populations in S. E. Michigan 

whose inbreeding coefficients were known (Zellmer and Knowles 2009) were raised in 

an outdoor common-garden in order to assess differences among populations that are not 

attributable to environmental effects.  To populate the experiment, 100 eggs were 

collected from each of 10 egg masses from each population (in the case of one pond 

(Cassidy 1) approximately 15 amplectant pairs were instead caught and returned to the 

lab to breed, from which 10 masses (laid within 24 hours of collection) were kept for this 

study).  All eggs were placed in outdoor wading pools covered by shade cloth until 

hatching. 

Common-garden mesocosms (1000 L tanks) were filled with aged well water, 

inoculated with zooplankton and approximately 6 L of filtered pond water to initiate 

phytoplankton growth, supplemented with approximately 300 g of leaves, and covered 

with 60% shade cloth to prevent colonization by aquatic insects and other anurans. Each 

tank was supplemented with approximately 30g of rabbit chow.  Tanks were arranged in 
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4 replicate blocks, and populations randomly assigned within each block for a total of 64 

tanks.  Each tank received 100 tadpoles from its assigned population.  When tadpoles had 

developed to Gosner stages 28-29 (18 days after the experiment had been initiated), a 

single sample of 6 tadpoles was removed from each tank and immediately flash-frozen 

for baseline corticosterone analysis. 

Study II: Combined effects of inbreeding and predator presence on phenotype 

This study (also in collaboration with A. Zellmer) used a subset of the populations 

from Study I: three relatively inbred and three relatively outbred populations.  Ten partial 

R. sylvatica egg masses were collected within 24 hr of breeding from each of the six 

ponds, and hatchings were cultured in small wading pools and fed rabbit chow ad lib 

until the experiment began.  Experimental tanks were 48 100-L wading pools filled with 

aged well water, ~100 g of oak leaves for substrate, a 1-L aliquot of phytoplankton and 

zooplankton, and 5 g of rabbit chow as an initial food source.  Tanks were covered with 

shade cloth to prevent colonization of other aquatic organisms.   

Once hatchlings were free-swimming, 50 tadpoles from a single population 

(pond-of-origin) were added to each of eight experimental tanks, half of which were 

assigned to a predator treatment and the other half assigned to a no-predator treatment.  

Predator treatment tanks contained a single caged (nonlethal) dragonfly (Anax sp.) larva, 

and no-predator tanks contained an empty cage.  Predators were fed approximately 200 

mg of live R. sylvatica tadpoles every 3 days to produce chemical cues of predation 

(cages in no-predator tanks were removed and replaced to produce the same level of 

disturbance).  These two treatments were applied to the six populations to produce a 2 x 6 
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factorial design, replicated across 4 blocks.  A supplement of 5 g of rabbit chow was 

added each week to maintain normal tadpole growth in experimental tanks. 

Approximately 3.5 weeks into the experiment, tadpole behavioral measurements 

were taken at the same time over two consecutive days: every ten minutes for one hour, a 

trained observer noted the number of tadpoles active in the water column. Following the 

behavioral observation, a haphazard sample of 6 tadpoles from each tank was collected 

and immediately flash-frozen for baseline corticosterone analysis.  Another 6 tadpoles 

were placed in approximately 30 ml of water and occasionally gently agitated for 90 

minutes to produce a confinement stress response; these tadpoles were flash-frozen 

together following the 90-min stressor.  Later that week, a haphazard sample of 10 

tadpoles per tank was collected and preserved in 10% formalin for morphological 

analysis.  The remaining tadpoles were allowed to develop to metamorphosis, at which 

time a haphazard sample of 6 metamorphs per tank were collected and preserved in 10% 

formalin.   

Samples for corticosterone analysis from both studies were stored, extracted, and 

underwent radioimmunoassay (RIA) as described in Chapter 2.  Tadpole morphology was 

also measured as described in Chapter 2.  Four morphological measurements were taken 

from preserved metamorphs: head width (HW), snout-vent length (SVL), and both right 

and left leg length (LL).  In addition, a fifth measurement, the difference in the two leg 

lengths, was computed to look for patterns of right-left asymmetry.  Measurements were 

taken using Image J 1.36b (National Institutes of Health, Bethesda, MD), regressed on 

body weight, and the residuals were used in all subsequent analyses. 

Statistical Analysis 
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In Study I, a regression analysis using tank as the experimental unit was employed 

to assess the relationship between FIS and CORT content in tadpoles.  In Study II, all 

analyses (with the exception of activity data) used an ANCOVA model with predator 

treatment as a fixed factor, FIS as a covariate, and block as a random factor, and the 

interaction between predator treatment and inbreeding was included along with the main 

effects listed above.  The morphological measurements produced multiple data points 

from a single tank, so to prevent pseudoreplication individual measurements within a 

tank were averaged and the tank mean was used as the experimental unit. Activity data 

over the observation period was also averaged to create a tank mean, and input into a 

least squares regression model with “day” as a random factor.  Analyses were done in 

SPSS 16.0 (SPSS Inc., Chicago, IL, USA) and JMP 9.0 (SAS Institute Inc, Cary, NC, 

USA). 

 

Results 

In the common-garden (Study 1), corticosterone levels increased with population 

level of inbreeding (R
2
 = 0.348, p = 0.016; Fig. 4.1).  In Study 2, baseline corticosterone 

(Fig 4.2A) was significantly affected by predator presence (F = 8.266, p = 0.006) and 

inbreeding (F = 7.243, p = 0.010), and there was a nonsignificant trend towards an 

inbreeding x predator presence interaction (F = 2.916, p = 0.095).  Block had no effect (F 

= 1.736, p = 0.175).  However, when response to a novel confinement stressor was tested 

(Fig 4.2B), tadpole corticosterone content did not differ with respect to predator treatment 

(F = 0.937, p = 0.339), FIS (F = 0.635, p = 0.430), or predator x FIS (F = 0.028, p = 

0.869), and block had no significant effect (F = 1.708, p = 0.180). 
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Activity of tadpoles in the water column (Fig 4.3) was decreased in predator 

treatments (t = 5.08, p < 0.0001) and there was a similar nonsignificant trend among FIS 

values (t = -1.84, p = 0.069).  The interaction between predators and inbreeding was 

significant (t = -2.21, p = 0.029).  Tadpole mass (Fig 4.4) was significantly increased in 

inbred tadpoles (F = 8.835, p = 0.005) but was not affected by predator treatment (F = 

2.206, p = 0.145), block (F = 2.055, p = 0.122), or the interaction (F = 1.974, p = 0.168).   

Morphological traits showed different patterns depending on the trait measured 

(Fig 4.5).  Tail depth (Fig 4.5A) was significantly larger in predator treatments (F = 

24.692, p < 0.0001) and increased with inbreeding (F = 4.608, p = 0.038).  The 

interaction effect was not significant (F = 2.248, p = 0.141) and there was no significant 

block effect (F = 2.062, p = 0.12).  Tail length (Fig 4.5B) showed a nonsignificant trend 

to increase with inbreeding (F = 2.497, p = 0.122) but there was no predator effect (F = 

1.287, p = 0.263) and no interaction effect (F = 1.185, p = 0.283).  Body depth was not 

significant across predator treatments (F = 0.224, p = 0.639), populations (F = 0.183, p = 

0.671), and there was no interaction effect (F = 0.005, p = 0.944).  Predator-exposed 

tadpoles had significantly shorter bodies across populations (F = 26.713, p < 0.0001; Fig 

4.5C), but there was no significant effect of population (F = 0.221, p = 0.641), block (F = 

0.776, p = 0.514), and no interaction effect (F = 0.429, p = 0.516) on body length. 

Metamorph mass did not differ across predator treatments (F = 2.702, p = 0.108), 

FIS values (F = 0.367, p = 0.548), block (F = 1.615, p = 0.201), and there was no predator 

treatment x FIS interaction (F = 0.585, p = 0.449).  There were also no significant trends 

across populations or treatments with regards to morphological measurements.  

Metamorph SVL was not affected by predator treatment (F = 2.132, p = 0.152), level of 
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inbreeding (F = 0.016, p = 0.899), block (F = 1.328, p = 0.279), or the predator treatment 

x inbreeding interaction (F = 0.559, p = 0.459).  Head width was similarly unaffected by 

predator treatment (F = 1.161, p = 0.211), level of inbreeding (F = 0.926, p = 0.342), 

block (F = 0.416, p = 0.743), or the interaction (F = 2.462, p = 0.125).  Metamorph leg 

length was not significantly affected by predator treatment (F = 0.489, p = 0.489), FIS (F 

= 0.444, p = 0.509), or the interaction (F = 1.128, p = 0.294), but there was a marginally 

nonsignificant block effect (F = 2.693, p = 0.059).  There was also no detectable 

asymmetry in leg length associated with predator treatments (F = 0.055, p = 0.816), FIS (F 

= 0.375, p = 0.544), block (F = 2.134, p = 0.112), or the predator treatment x inbreeding 

interaction (F = 0.001, p = 0.972). 

 

Discussion 

In Study 1, we have shown that inbred populations express higher stress hormone 

levels in a common garden environment.  Although we cannot say that inbreeding 

directly causes this stress response, this finding is consistent with the hypothesis that 

inbred individuals perceive a common environment as more stressful than do their 

outbred conspecifics.  This association between inbreeding and stress hormone 

production has not, to our knowledge, been demonstrated previously.  However, the 

potential for inbreeding x environment interactions to produce relatively stressed animals 

has been suggested by other authors (Fox and Reed 2011), with the capacity for 

overwhelming the organism’s ability to respond to environmental perturbations 

(Kristensen et al. 2006) and thus causing increased inbreeding depression under stressful 

environmental conditions.   
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An alternative mechanism for our results may be provided by maternal effects.  It 

has been demonstrated in other taxa that egg-laying mothers can pass on stress hormones 

to their offspring through yolk contents (Hayward and Wingfield 2004).  In such as case, 

we would expect to see this pattern if mothers also have higher stress hormone levels.  

However, since wood frogs tend to breed in their natal pond (Vasconcelos and Calhoun 

2004) and genetic connectivity is reduced in inbred populations, mothers in inbred 

populations would also likely be inbred themselves.  Thus, a maternal effects mechanism 

would also support the original hypothesis, that inbreeding x environment interactions 

cause inbred individuals to perceive an environment as more stressful than their outbred 

counterparts, if the pattern we observed in the tadpoles was indirectly mediated through 

the mother.  Further research should consider the possibility of generational effects on 

stress reactivity in this system, and include measurement of post-metamorphic phenotype 

and fitness. 

When predator presence and inbreeding were examined in combination (Study 2), 

a number of interesting phenotypic patterns emerged.  First, baseline tadpole 

corticosterone content was high in predator-exposed tadpoles across all populations, but 

increased in no-predator tadpoles as FIS increased (a marginally significant predator 

treatment x inbreeding interaction).  Interestingly, there was no difference in CORT 

levels between predator and no-predator tadpoles in the most inbred population, i.e., the 

combination of inbreeding and predator presence did not additively increase CORT 

production.  In addition, the novel confinement stress response showed no differences 

among populations or treatments, and did not raise corticosterone levels above those seen 

in predator treatments or highly inbred populations.  Together, these results suggest that 
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there is a ceiling on stress hormone production, and either inbreeding or predation risk 

independently can cause a tadpole to reach that response ceiling.  Once the ceiling is 

reached, there is no additional response to further stressors.  Such a ceiling has important 

implications for the ability of individuals to respond adaptively to a novel stressor, since 

the acute stress response would be blunted or nonexistent in inbred populations or in 

individuals already under stress (Wingfield et al. 1998, Breuner et al. 2008). 

Tadpole morphology also demonstrated some interesting patterns in this 

experiment, responding to both predator presence and inbreeding but lacking interactive 

effects with the combined stressors.  Tail depth and body length responded to predator 

presence in directions that have been demonstrated previously in predator-cue treatments 

(e.g. Relyea 2004).  However, in the case of tail depth and, to some extent, tail length, 

there was a trend towards an interaction between predator treatment and inbreeding (Fig 

4.5), although this trend was not significant.  In particular, tail depth increased in inbred 

tadpoles to the point of matching the morphology of predator-exposed tadpoles.  The 

mechanism of that phenotypic change may be CORT-induced, as demonstrated in 

Chapter 2.  Deeper tails are adaptive in response to predator presence (Van Buskirk et al. 

1997), but it is unclear whether there would be any functionality to morphological change 

in inbred tadpoles.  In fact, such a morphological change may come at a cost to inbred 

tadpoles in populations without large predator communities (Van Buskirk 2000, Relyea 

and Auld 2005), potentially manifesting even after metamorphosis (Benard and Fordyce 

2003). 

Similarly, measurement of tadpole activity in this experiment showed responses 

to both inbreeding and predator presence.  Tadpoles exhibited a decrease in activity in 
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predator-exposed treatments, which is not unexpected: tadpoles of vulnerable size are 

often found to reduce activity upon detection of predator chemical cue, and this 

behavioral quiescence reduces encounter rate with a sit-and-wait predator (Van Buskirk 

and McCollum 2000).  In addition, we observed a marginal increase in activity among the 

most inbred population, possibly reflecting increased foraging in this group (Bridges 

2002, Fraker 2008) consistent with the result that tadpoles were also larger in the inbred 

treatment.  It is possible that the larger size of inbred tadpoles may also be due to density 

effects, since the most-inbred population experienced reduced survivorship to 

metamorphosis (Zellmer 2010).  However, a density-mediated growth explanation does 

not fit all of the data, since Zellmer (2010) also demonstrated lower survivorship in the 

most outbred populations, and outbred tadpoles did not grow larger in this experiment.  

Increased activity among inbred tadpoles may also be costly in environments with 

predators, since tadpoles would fall prey to predators at a higher rate (Van Buskirk and 

McCollum 2000). 

No differences in metamorph morphological measurements were detected among 

groups.  In particular, we looked for signs of fluctuating asymmetry in leg length, since 

asymmetry is often implicated to be a function of poor developmental conditions and 

environmental stress (Kristensen et al. 2003a, Bize et al. 2004, Wells et al. 2006, 

Soderman et al. 2007, Vogt et al. 2008).  The lack of detectable asymmetry in metamorph 

leg length, however, is not entirely unsurprising, since asymmetry is expected to manifest 

more often in non-functional traits (such as ornaments) than in functional morphology 

(Moller and Hoglund 1991, Moller 1992).  Further analysis of the potential for 
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fluctuating asymmetry in this system should focus on non-functional traits such as color 

patterning. 

One of the main goals of this study (particularly Study 2) was to investigate the 

potential for synergistic interactions among environmental stressors.  It is commonly 

argued that the fitness consequences of exposure to environmental stressors should vary 

with inbreeding level and, reciprocally, that the magnitude of inbreeding depression 

should be greater in stressful environments.  Supporting this prediction, inbreeding 

depression has been demonstrated to be stronger under stressful conditions in a variety of 

taxa (Fox and Reed 2011).  However, despite demonstrating that inbreeding itself is 

associated with higher stress hormone content, we did not find any strong synergistic 

effects of combining inbreeding and predator presence on fitness correlates.  The only 

apparent exception is the nonsignificant trend towards an interaction effect on baseline 

corticosterone production: the glucocorticoid activity induced by inbreeding and by 

predator presence alone each had the same maximum effect on phenotype as the two in 

combination.  As mentioned earlier, the potential for a maximal response ceiling is 

suggested by the lack of further corticosterone response to a novel confinement stress 

test.  Although this hypothesis requires further testing, reduction of stress reactivity could 

endanger inbred or predator-exposed individuals if a strong adrenocortical response is 

necessary to survive a novel environmental perturbation (Wingfield et al. 1998, 

Wingfield and Kitaysky 2002).  It has recently been shown that the ability to down-

regulate the stress response, presumably in preparation for the new stressor, is a strong 

predictor of survival in marine iguanas (Romero and Wikelski 2010).  In addition, 

chronic activation of the neuroendocrine stress axis has a number of negative 
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consequences, such as reproductive and immune suppression (Sapolsky et al. 2000, 

Wingfield and Romero 2001).  Thus, the long-term maintenance of a maximal 

glucocorticoid response is likely detrimental to fitness.   

However, it is also possible that the lack of strong interaction effects in Study 2 is 

due to our choice of populations and rearing environment.  Recent work has supported 

the prediction that there should be greater potential for inbreeding-environmental stress 

interactions under novel environmental conditions, to which the organism is not adapted 

or acclimated (Kristensen et al. 2003b).  In our study, tadpoles all came from open-

canopy ponds, which tend to support a denser predator community (Werner et al. 2007) 

and the mesocosm environment more closely resembles an open-canopy pond 

environment in terms of temperature and food availability (personal observation).  Since 

wood frogs have been shown to be locally adapted to natal pond environment along the 

open-closed canopy gradient (Relyea 2002), the experimental conditions were potentially 

not novel enough to elicit a strong inbreeding-environmental stress interaction in many of 

the traits measured.  Future work should test this hypothesis to determine whether novel 

stressors may increase the likelihood of synergistic effects or whether a ceiling exists on 

maximal stress activity, possibly imposing constraints on further responses and therefore 

impacting survival.   

In addition, the potential for individual history and genotype to set a maximal 

response threshold has important implications for using stress hormone measurements as 

an indicator of environmental quality or population “health” (Creel et al. 2002, Homan et 

al. 2003).  As habitats are fragmented and gene flow among populations interrupted, 

increased levels of inbreeding are likely to become more commonplace (Epps et al. 2005, 
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Coulon et al. 2006, Cushman 2006, Riley et al. 2006, Vandergast et al. 2007).  In 

addition, due to the causes of habitat loss and fragmentation, many such populations 

would be found near human activity whose effects on populations would be of interest to 

conservation biologists using endocrine tools in the field.  Given the effects of inbreeding 

on stress physiology, however, individuals from these populations may not only be less 

likely to successfully respond to and survive an environmental challenge, but single-

measurement studies of stress hormone levels will also be less able to capture the result 

of contemporary stressors.  Therefore, careful consideration of individual history and 

population genetic connectivity will become increasingly necessary for the successful 

employment of endocrine techniques in conservation biology in the near future. 
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Figure 4.1.  Baseline corticosterone content of tadpoles from 16 populations raised in a 

common garden in Study 1.  Points represent population means and error bars +/-2 

standard errors.  Corticosterone content significantly increased with population 

inbreeding coefficient (FIS; R
2
 = 0.348, p = 0.016). 
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Figure 4.2.  Baseline and stressed corticosterone production in tadpoles from 6 

populations in Study 2.  Each point represents one mesocosm. A. Baseline corticosterone 

was significantly affected by predator presence (F = 8.266, p = 0.006) and population 

inbreeding coefficient (FIS; F = 7.243, p = 0.010), and the predator x FIS interaction was 

marginally nonsignificant (F = 2.916, p = 0.095).  B. When subjected to a novel 

confinement stressor, corticosterone content did not differ with respect to predator 

treatment (F = 0.937, p = 0.339), FIS (F = 0.635, p = 0.430), or the predator x FIS 

interaction (F = 0.028, p = 0.869).  
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Figure 4.3.  Number of tadpoles active in Study 2.  To present data from both 

observation dates in the same figure, total number of active tadpoles was adjusted by 

calculating the daily mean number of active tadpoles and then subtracting that mean from 

the number of tadpoles active in each mesocosm.  Therefore, points below 0 represent 

mesocosms with less-than-average tadpole activity, and points above 0 represents 

mesocosms with more-than-average activity within each observation day.  Predator 

treatment significant decreased tadpole activity across populations (t = 5.08, p < 0.0001) 

and inbred tadpoles of both treatments showed low activity (predator x FIS; t = -2.21, p = 

0.029).   
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Figure 4.4.  Tadpole mass in Study 2.  Points represent mesocosm means.  Mass of 

tadpoles significantly increased with population inbreeding coefficient (FIS; F = 8.835, p 

= 0.005) but was not affected by predator treatment (F = 2.206, p = 0.145) nor was there 

an interaction effect (F = 1.974, p = 0.168). 
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Figure 4.5. Tadpole morphological measurements in Study 2.  Points represent 

mesocosm means.  A. Tadpole tails were significantly deeper in predator treatments (F = 

24.692, p < 0.0001) and also increased with population inbreeding coefficient (FIS; F = 

4.608, p = 0.038), but the interaction term was not significant (F = 2.248, p = 0.141).  B. 

Tail length showed a nonsignificant trend to increase with inbreeding (F = 2.497, p = 

0.122) but there was no predator effect (F = 1.287, p = 0.263) and no interaction effect (F 

= 1.185, p = 0.283).  C. Predator-exposed tadpoles had significantly shorter bodies across 

populations (F = 26.713, p < 0.0001; Fig 4.5C), but there was no significant effect of FIS 

(F = 0.221, p = 0.641) and no interaction effect (F = 0.429, p = 0.516) on body length. 
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CHAPTER 5 

 

THE COMBINED EFFECTS OF PREDATION RISK AND FOOD RESOURCES ON THE 

STRESS RESPONSE AND GROWTH IN LARVAL WOOD FROGS 

 

 

 

Introduction 

The trade-off between foraging for food and avoiding predators is arguably one of 

the most prevalent in nature, and has been investigated in a wide variety of taxa (e.g. 

Lima and Dill 1990, Anholt and Werner 1998, Anholt et al. 2000, Clinchy et al. 2004, 

McPeek 2004, Schiesari et al. 2006, Grol et al. 2011, Strobbe et al. 2011).  In general, 

theory predicts that the strength of the anti-predator response should decrease as food 

resources or energetic reserves decline (Houston et al. 1993, Werner and Anholt 1993, 

McNamara and Houston 1994) and a number of studies have demonstrated this finding 

empirically (Dill and Fraser 1984, Horat and Semlitsch 1994, Anholt and Werner 1998, 

Hazlett 2003, Holker and Stief 2005, Fraker 2008).  However, predator presence (Chapter 

2, Scheuerlein et al. 2001, Clinchy et al. 2004) and low food availability (Kitaysky et al. 

1999, Glennemeier and Denver 2002) are also both potential stressors that may trigger an 

increase in circulating glucocorticoid stress hormones.  For example, in song sparrows 

(Melospiza melodia), birds at sites with high predator pressure and without artificial food 

supplementation showed an additive effect of each stressor on corticosterone (CORT) 

production (Clinchy et al. 2004).   
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When individuals must trade off acquiring food resources and avoiding predation, 

it is possible that the stress response to predators may manifest differently as individuals 

lose energy reserves and starvation becomes imminent.  Additionally, individuals may 

respond to low food availability as an added or competing stressor, and modify their 

stress response accordingly.  In this experiment, I capitalized on the well-developed 

model system of larval anurans, specifically wood frog tadpoles (Rana sylvatica) to 

investigate the combined consequences of food availability and predator presence on both 

CORT production and growth.  I wished to determine whether 1) wood frog tadpoles 

respond to reduced food availability with increased stress hormone production, and if so 

2) whether there is an additive response when low food is combined with predator 

presence.  Furthermore, I asked whether 3) tadpoles reduce their stress response to 

predators when energetic reserves have declined (a trade-off), and 4) the various 

interaction effects above influence tadpole growth.  The results demonstrate how tadpoles 

respond to predator presence and food availability alone and in combination. 

 

Methods 

 Wood frog tadpoles for this experiment were collected as ten egg masses from 

Southeast Marsh in the University of Michigan’s E. S. George Reserve.  Eggs were 

hatched in outdoor wading pools and the resulting tadpoles were fed rabbit chow ad 

libitum.  Approximately three weeks after hatching, when tadpoles had reached Gosner 

stage 27, eight tadpoles were haphazardly counted out, weighed, and placed into each of 

80 plastic tanks filled with 8-L of aged well water and set up in a randomized pattern on 

shelves in the lab.  Tanks were then assigned to treatments in a 2 x 2 factorial design of 
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high (HF) or low food (LF) and predator cue (P) or no predator cue (NP), in which each 

combination of food and predator treatment was replicated 20 times.  Tadpole food was 

prepared by pulverizing a 3:1 mixture of rabbit chow and fish flakes; HF treatments 

received food at a daily rate of 20% of original body mass, and LF treatments received 

2% of original body mass (based on previous work by (Anholt et al. 2000, Schiesari 

2004).   

 Predator cue was produced by providing individually-housed penultimate instar 

dragonfly larvae (Anax spp.) with three wood frog tadpoles and leaving them for 2-3 

hours to feed.  Water was then poured off from the containers of Anax who had fed, and 

combined to make a cue solution from which each P tank received an approximately 200 

ml aliquot; NP tanks received a similar-sized aliquot of well water as a control.  Food and 

predator treatments were administered daily following a partial water change to remove 

uneaten food and waste matter.  To compare the effects of treatments over time, half of 

the replicates were assigned to be sampled at 30 hrs after the experiment was initiated, 

and the other half at 8 days.  At the assigned time, all tadpoles were quickly netted from 

their tank, pooled, and flash-frozen for corticosterone analysis. Tadpole mass was also 

measured for assessment of growth. 

Analysis 

 Samples for corticosterone analysis were extracted and assayed as described in 

previous chapters.  To determine whether treatments and sample time affected tadpole 

growth and CORT content, full-factorial ANOVAs were used with tank as the 

experimental unit and sample time, predator treatment, and food level as fixed effects.  

Analyses were done in PASW 18.0 (SPSS Inc., Chicago, IL, USA). 
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Results 

 No mortality occurred over the course of the experiment.  Tadpole growth, as 

measured by group mass at sampling time, occurred in all treatments over the 8-day time 

period, amounting to approximately 7.5% of body mass per day in both low food 

treatments, 16.5% per day in the high food-predator treatment, and 24% of body mass per 

day in the high food-no predator treatment (Fig 5.1).  Thus food level (F = 74.104, p < 

0.0001), predator treatment (F = 8.525, p = 0.005), and time sampled (F = 347.592, p < 

0.0001) all had significant main effects on growth.  The two-way interactions, food level 

x time sampled (F = 74.489, p < 0.0001) and predator treatment x time sampled (F = 

6.117, p = 0.016), were also significant, while there was a nonsignificant trend towards a 

predator treatment x food level interaction (F = 3.284, p = 0.075).  The three-way 

interaction, food level x predator treatment x time sampled, also had a significant effect 

on growth (F = 7.316, p = 0.009). 

 Tadpole corticosterone content differed among some treatments and showed 

trends towards interaction effects over time (Fig 5.2).  Predator treatment significantly 

increased CORT (F = 55.618, p < 0.001), but food level (F = 0.002, p = 0.968) and time 

sampled (F = 0.054, p = 0.817) did not have any effect.  The food level x predator 

treatment interaction, however, was significant (F = 4.237, p = 0.044), although the other 

two-way interactions, predator treatment x time sampled (F = 0.089, p = 0.776) and food 

level x time sampled (F = 0.003, p = 0.958) had no effect.  There was a nonsignificant 

trend towards a three-way interaction (food level x predator treatment x time sampled) on 

CORT content (F = 2.771, p = 0.101).  Due to the trend in the three-way interaction, 
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separate ANOVA analyses were performed on the two data sets from different time 

periods in order to better elucidate the patterns among food and predator treatments 

across time.  In this analysis, only predator treatment had significant effects at the 30 hr 

sample time (F = 24.341, p < 0.0001), but at 8 days both predator treatment (F = 35.32, p 

< 0.0001) and the food level x predator treatment interaction (F = 9.552, p = 0.004) 

showed significant effects on CORT production. 

 

Discussion 

Results from this study support the role of food availability on governing 

corticosterone production and a food availability-predator presence trade-off effect on 

growth rate in wood frog tadpoles.  Specifically, although growth occurred in all 

treatments, predator presence had a significantly negative impact on growth after 8 days, 

as evidenced by the three-way interaction effect (Fig 5.1).  Tadpoles that were fed at a 

high rate of 20% of body mass daily gained weight at only 16.5% daily when exposed to 

predator cue, whereas unexposed tadpoles gained 24% body mass per day.  Reduction of 

feeding rate, and resulting growth, under predation risk is predicted by theory (Houston et 

al. 1993, Werner and Anholt 1993) and has been shown empirically in this and other 

systems (Anholt et al. 2000, Schiesari et al. 2006, Strobbe et al. 2011).  In addition, 

tadpoles from both predator and no-predator treatments fed a low level of food did not 

differ in growth after 8 days, suggesting that tadpoles at low resource levels may be able 

to forage at the same efficiency even under predation risk and subsequent reduced 

activity (McPeek 2004, Peacor and Werner 2004).  It is also possible that hungry tadpoles 

are ignoring predator cues to remain at no-predator activity level and foraging rate 
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(Fraker 2008).  Under either mechanism, however, it is clear that a foraging gain-

predation risk trade-off affects growth rate at high resource levels but erodes when 

resources are scarce, likely due either to increased foraging efficiency or reduction in 

anti-predator behavior. 

Analysis of corticosterone production across treatments showed a robust increase 

in CORT content in tadpoles exposed to predator cues over both time periods.  This 

supports earlier demonstrations of a similar pattern in chronic predator exposure (see 

previous chapters).  We did not see a significant overall increase in CORT production in 

tadpoles fed low food, although the significant predator treatment x food level interaction 

in the 8-day samples suggest a trend in that direction (see Fig 5.2).  The fact that this 

result does not appear until 8 days into the experiment is important, and suggests that 

there is a temporal component to the development of the stress response to reduced 

resource levels.  Specifically, it appears as though low food availability may only become 

stressful once energetic reserves have had time to decline.  The induction of a stress 

response to reduced food availability has been demonstrated in other larval anuran 

systems as well.  Glennemeier and Denver (2002) showed an increase in CORT under 

either high tadpole density or low food availability in Rana pipiens, and suggested that 

CORT may mediate the growth suppression seen when organisms are under competition. 

Similarly, Crespi and Denver (2005) showed that Spea hammondii tadpoles increased 

CORT under food deprivation, while juveniles decreased CORT production, presumably 

to save energy under low resource conditions.   

In this study, a low-resource effect on endocrine response may take time to 

develop particularly due to the species and feeding rate employed.  Wood frogs are the 
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only anuran species in my study location that can consistently and successfully utilize, 

and even attain some of its highest densities in, low-productivity closed-canopy ponds 

(Skelly et al. 1999), and as our results show, can still show considerable growth over the 

8 days of being fed only 2% of their body weight (see Fig 5.1).  In addition, when 

choosing feeding levels for this experiment, I specifically did not want to induce 

mortality in low-food treatments since cannibalism of corpses would make interpretation 

of actual food availability in each tank difficult.  The daily feeding rate of 2% of body 

weight provides enough energy for maintenance and growth in wood frogs, but 

significantly stunts potential growth rate (Schiesari 2004).  Previously mentioned studies 

in larval anurans have shown an increase in CORT production in response to complete 

food deprivation or feeding rates at a maintenance level only (Glennemeier and Denver 

2002, Crespi and Denver 2005).   To produce a comparable feeding rate, which may be 

necessary to elicit the stronger stress response shown in those studies, we would have 

needed to feed less than 0.5% of body weight daily (Schiesari 2004).   

However, the trend in the three-way interaction in the full analysis and the 

significant predator treatment x food level interaction at 8 days indicates that tadpoles 

may be responding to a lack of energy stores even at a feeding rate that allows for 

growth, particularly after an extended time with low food.  Tadpole growth rate 

determines size at metamorphosis, which has strong effects on dispersal capability, 

juvenile survival, and adult reproductive success (Berven 1988, Newman and Dunham 

1994, Scott 1994, Altwegg and Reyer 2003, Chelgren et al. 2006).  Due to the pressure to 

metamorphose at a large size before the larval pond dries, wood frog tadpoles may 
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experience food stress even when growth rate is just reduced, rather than completely 

arrested, but only after a time lag during which stored energy reserves are depleted. 

Although there was a strong effect of predator presence on CORT production, the 

trend towards increasing CORT under low food conditions removed the potential for a 

trade-off between hormonal response to predation risk and food availability.  Previous 

demonstrations of the interaction between predation risk and foraging gain have focused 

on trade-offs mediated through activity.  Tadpoles of several species have been 

demonstrated to have a blunted anti-predator behavioral response when food is scarce 

(Horat and Semlitsch 1994, Anholt et al. 2000) and increased hunger causes tadpoles to 

return to no-predator activity levels more quickly following detection of a predation event 

(Fraker 2008).  Since CORT is involved in the mobilization of stored fuels (Sapolsky et 

al. 2000), tadpoles for whom foraging activity is risky (due to predators) and resources 

are scarce may increase CORT production in order to better take advantage of stored 

energy reserves, and therefore maintain a positive growth rate even under increased 

predation risk.   

In summary, I have shown here that tadpoles respond to both predation risk and 

food availability with changes in growth rate and endocrine activity.  When facing with 

the conflicting demands of predation survival and food acquisition, tadpoles appear to 

protect their growth potential as best as possible, potentially modifying their predator 

response and using hormonal mediation of metabolism to achieve a positive growth rate 

even under limiting resources.  However, when predation risk and low resources coincide 

for long periods of time, the effects of chronic stress may have long-term detrimental 
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consequences to individual fitness and population demography (Krebs et al. 1995, Hubbs 

and Boonstra 1997, Karels et al. 2000, Zanette et al. 2006). 
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Figure 5.1.  Growth in tadpoles over 30 hours (open circles, gray bars) and 8 days 

(closed circles, black bars) of treatment.  Treatment combinations refer to food levels and 

predator cue exposure: high food (HF), which corresponded to a feeding rate of 20% 

body mass, versus low food (LF), which corresponded to a feeding rate of 2% of body 

mass, and predator cue (P) versus no predator cue (NP).   Food level (F = 74.104, p < 

0.0001), predator treatment (F = 8.525, p = 0.005), and time sampled (F = 347.592, p < 

0.0001) all had significant main effects on growth.  The two-way interactions, food level 

x time sampled (F = 74.489, p < 0.0001) and predator treatment x time sampled (F = 

6.117, p = 0.016), were also significant, while there was a nonsignificant trend towards a 

predator treatment x food level interaction (F = 3.284, p = 0.075).  The three-way 

interaction, food level x predator treatment x time sampled, also had a significant effect 

on growth (F = 7.316, p = 0.009).  Bars represent +/- 2 SE. 
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Figure 5.2.  Tadpole corticosterone content at 30 hours (A) and 8 days (B).  Treatment 

combinations refer to food levels and predator cue exposure: high food (HF), which 

corresponded to a feeding rate of 20% body mass, versus low food (LF), which 

corresponded to a feeding rate of 2% of body mass, and predator cue (P) versus no 

A. 

B. 
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predator cue (NP).  A. Corticosterone content after 30 hours was affected only by 

predator treatment (F = 24.341, p < 0.0001).  B. After 8 days, predator treatment 

significantly affected CORT (F = 35.32, p < 0.0001) and the food level x predator 

treatment interaction was also significant (F = 9.552, p = 0.004).  Error bars represent +/- 

2 SE. 
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CHAPTER 6 

 

CONCLUSION 

 

 

 

 Describing and understanding the interactions between environment and 

phenotype, and the resulting consequences for populations and communities, is a central 

goal of ecological and evolutionary research and theory.  The field of environmental 

endocrinology has recently made important advancements in describing how the pattern 

and reactivity of the stress response confer individual fitness and influence population 

demography (Boonstra et al. 1998, Creel 2001, Romero and Wikelski 2001, Hawlena and 

Schmitz 2010, Romero and Wikelski 2010).  In addition, simultaneous co-occurrence of 

stressors, a situation often faced by wild populations, has been shown to have 

unpredictable and non-additive effects on phenotype and survival (Relyea and Mills 

2001, Sih et al. 2004, Hayes et al. 2006).  These contributions have been possible due to 

the incorporation of physiological concepts and tools in an ecological context (Romero 

2004, Tracy et al. 2006, Wikelski and Cooke 2006, Teixeira et al. 2007).  The research 

presented in this dissertation capitalized on this approach, treating the glucocorticoid 

stress response in tadpoles as a response variable that is both influenced by the 

environment and induces phenotypic changes with fitness effects. 

 Using an integrative approach that combined field surveys, mesocosm 

experiments, and exogenous hormone manipulations, I explored the complex interactions 
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among the predator stress response, behavior, morphology, growth, and fitness, with 

respect to other contemporary stressors and species evolutionary history.  Overall, my 

research demonstrates that larval anurans respond robustly to predator presence, the 

hormonal consequence of which initiates the development of defense phenotypes but is 

also modulated by evolutionary history and genetic background.  Below I review the 

results and implications of each chapter and then integrate those results in a discussion of 

the broader conclusions from my dissertation research and directions for future research. 

 Predators are clearly an important source of stress for many wild populations 

(Scheuerlein et al. 2001, Clinchy et al. 2004, Adamec et al. 2005, Barcellos et al. 2007, 

Mateo 2007, Roseboom et al. 2007), but the mechanistic connections between predator 

stress and phenotypic plasticity in larval anurans are not well understood.  In Chapter 2, I 

address this gap by mapping the relationship between the predator stress response, 

phenotype, and fitness in wood frog tadpoles.  In addition to demonstrating the predator 

presence induces an endocrine response, I also show a temporal pattern in the predator 

stress response which exhibits an initial down-regulation of corticosterone (CORT) 

production that reverses course within 48 hrs of predator exposure to produce the high 

levels of CORT observed in predator-rich ponds and mesocosms.  This response pattern 

appears to improve tadpole survivorship, allowing for behavioral quiescence immediately 

following detection of predator presence (e.g. Fraker et al. 2009) while initiating long-

term investment in predator defense morphology (Chapter 2).  Thus, my research shows 

that tadpoles can adaptively modulate their stress response to predators, and provides a 

mechanistic understanding of phenotypic plasticity displayed by larval wood frogs. 
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 Wood frog tadpoles sampled in natural ponds and mesocosms maintained high 

CORT production when co-occurring with high predator densities (Chapter 2), but such a 

chronic response could become damaging over time (Sapolsky et al. 2000, Rollins-Smith 

2001).  In a comparative study, I showed that anuran species that predictably experience 

high predator risk may mitigate the costs of maintaining a chronic glucocorticoid 

response by reducing the magnitude of the predator stress response (Chapter 3).  These 

results support previous comparisons of the same species demonstrating similar patterns 

in expression of phenotypic plasticity in morphology and behavior (Skelly 1995, Relyea 

and Werner 2000).  The next step in this line of research should determine whether this 

species-level modulation of stress activity is restricted to only the predator response, and 

whether it reduces the fitness costs of chronic activation of the stress axis while 

maintaining reactivity to novel stressors (Romero and Wikelski 2010). 

 Wild populations often experience more than one environmental stress in 

combination, from predator presence to low resource levels to gene x environment 

interactions imposed by differing individual genetic backgrounds.  My research shows 

that both inbreeding and low food availability can cause wood frog tadpoles to respond 

with increased CORT production (Chapters 4 and 5), although the lack of additive effects 

or response to a novel stressor suggest the presence of a maximal response ceiling that 

could reduce survivorship during an acute environmental challenge (Wingfield and 

Kitaysky 2002, Romero and Wikelski 2010).  In addition, I observed that some of the 

phenotypes exhibited by inbred individuals could be detrimental: under no-predator 

conditions, inbred tadpoles were less active than outbred individuals and produced 
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morphology similar to those induced by predators (Chapter 4).  Both of these responses 

could pose a cost to tadpoles when predators are not a threat. 

 As a whole, my research demonstrates that larval anurans adaptively modulate 

their stress response to predators both within and among species.  In addition, reduced 

genetic quality or resource levels also induce an endocrine response whose consequences 

may depend upon the presence of other environmental perturbations.  I show that tadpole 

stress response modifies behavior, morphology, and predation survival, lending a 

mechanistic understanding of the ecological and evolutionary relevance of these traits in 

larval anurans (Skelly 1994, Peacor and Werner 1997, Van Buskirk et al. 1997, Relyea 

and Werner 2000, Relyea 2002, 2004).  My research also demonstrates the utility of 

applying endocrine concepts and tools within an ecological context and considering the 

potential for the role of individual and evolutionary history in shaping hormone 

responses.  By considering the glucocorticoid stress response as an important phenotypic 

mediator of organism-environment interactions, and then using experimental 

manipulations to determine the causative relationships between stress hormones and 

adaptive phenotypes, I present a comprehensive understanding of the relationships 

between environment, stress physiology, phenotypic plasticity, and fitness in larval 

anurans.  This work contributes to a rapidly developing body of research that brings new 

and exciting insights to the ecological and evolutionary outcomes of organism-

environment interactions. 

Future Research Directions 

 The integration of environmental endocrinology into existing ecological and 

evolutionary conceptual models of organism-environment interactions opens new 
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windows to our understanding of phenotypic and life history responses to environmental 

perturbations.  As this field progresses, studies should increasingly consider the effects of 

individual history, and thus individual variation, on an organism’s response to 

environmental conditions.  An individual’s response to its environmental is based on not 

only evolutionary history and genetic background, but is often plastic over the 

individual’s lifetime due to the effects of developmental history and physical condition 

(Tibbetts and Izzo 2009).  Thus, the analysis of relationships between environmental 

input and organism response output would benefit from focusing on the effects of 

variation in individual sensitivity to environmental perturbations and the consequences of 

developmental history on the relationship between the endocrine stress response and 

fitness. 

 An organism’s response to its environment depends on a combination of internal 

and external factors that trade-off or accumulate to determine the magnitude of the 

response (Astheimer et al. 1995, Wingfield et al. 1995).  Sensitivity to a stressful event is 

governed in part by evolutionary history and ecological constraints (as demonstrated in 

Chapter 3), which may differ among individuals or populations.  For example, when 

organisms initiate an endocrine stress response, the result is investment in self-

maintenance strategies at the expense of non-essential but often fitness-enhancing 

activities such as reproduction (Sapolsky et al. 2000, Wingfield and Sapolsky 2003).  

Therefore, in inherently challenging environments, individuals may develop or 

populations may evolve decreased sensitivity to stress in order to prevent fitness loss 

from chronic stress activity; this concept was tested in Chapter 3 and had been 

demonstrated in systems such as Arctic-breeding birds (Wingfield et al. 1995).   
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However, we are far from understanding the entire cost/benefit analysis that determines 

such a plastic or adaptive outcome.  Furthermore, as human-induced climate changes 

cause organisms to increasingly experience mismatches between their life history and the 

environment, individual perception and response to the environment will fall under 

renewed selection pressure. 

Differences in reactivity set-points not only vary among groups occupying 

different habitats or across seasons, but individual condition and life history demands 

also change optimal sensitivity and magnitude of the stress response.  For example, fat 

reserves or breeding investment may change how an individual reacts to an 

environmental perturbation (Astheimer et al. 1995, Sorato and Kotrschal 2006).  

Therefore, future research should focus on understanding the internal and external inputs 

that determine an appropriate endocrine response in individuals, as well as follow the 

ability of individuals to successfully meet those conflicting demands through responses in 

hormone production, receptor density, or thresholds for inducing phenotypic change.  

These data may then be integrated with conceptual models of allostasis or homeostasis, 

and over-load of those systems, to improve our predictions regarding the cost and 

benefits of the glucocorticoid stress response (McEwen and Wingfield 2003, Romero et 

al. 2009, McEwen and Wingfield 2010) and consequences for fitness (Bonier et al. 2009, 

Angelier et al. 2010). 

 Some aspects of individual variation, unlike body condition or reproductive 

status, are not reversible and instead accumulate over the lifetime.  In particular, the 

effects of developmental history deserve a strong research focus, in order to determine 

how environmental perturbations compound and interact throughout an individual’s life.  
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The consequences of stressful events during early life are not only relevant to phenotype 

and fitness of developing individuals, but also may continue to manifest long after the 

stressor is removed, a phenomenon known as “developmental programming” (Matthews 

2002, Hu et al. 2008, Denver and Middlemis Maher 2010).  For example, laboratory 

experiments in birds and rodents have shown that stressed juveniles develop into adults 

that exhibit altered stress activity, either through increasing reactivity to stressful stimuli 

or failure to mount a normal stress response (Anisman et al. 1998, Meaney 1999, 

Hayward and Wingfield 2004, Parfitt et al. 2004).  In anurans, exposure to elevated 

glucocorticoids during the tadpole stage can lead to long-term changes in behavior, life 

history, and gene expression in juvenile frogs (Hu et al. 2008).  Therefore, the 

relationship between glucorticoid activity and fitness (Blas et al. 2007, Bonier et al. 2009, 

Angelier et al. 2010) may be mediated through developmental history.  

Furthermore, the endocrine stress response is not the only phenotype to 

demonstrate “carry-over effects” across stages of the life cycle.  Carry-over has been 

observed in phenotypic responses among wide range of organisms: arachnids (Hebets 

2003), lepidopterans (Mevi-Schutz and Erhardt 2003, Bauerfeind and Fischer 2005, 

Boggs and Freeman 2005), marine invertebrates (Pechenik et al. 1998, Phillips 2002, Hg 

and Keough 2003, Gimenez et al. 2004), dipterans (Ray 1999), odonates (De Block and 

Stoks 2005), rodents (Anisman et al. 1998, Meaney 1999, Parfitt et al. 2004), birds 

(Hayward and Wingfield 2004, Naguib and Gil 2005, Blas et al. 2007), and of course 

anurans (Berven 1990, Goater 1994, Scott 1994, Beck and Congdon 2000, Alvarez and 

Nicieza 2002, Altwegg and Reyer 2003, Relyea and Hoverman 2003, Chelgren et al. 

2006, Niehaus et al. 2006), with consequences on morphology, behavior, physiological 
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performance, and ultimately reproductive fitness.  Humans are also not immune to the 

programming effects of prenatal environment, including changes in risk of diabetes and 

heart disease (Barker 1995, Ellison 2005, McMillen and Robinson 2005, Plagemann 

2005, Reyes and Manalich 2005).  Endocrine responses may mediate many of these 

carry-over effects; in particular, calibration of hormonal responses acquired during 

development likely help match individual phenotype to the environment, with the 

consequence of reduced fitness when mismatches occur (Monaghan 2008).   

The consequences of carry-over effects are especially interesting in species that 

exhibit a complex life cycle, where life stages are ecologically distinct and thus early 

developmental experiences are unlikely to be predictive of future environmental 

conditions (Wilbur 1980).  As a result, the adaptive value of many documented carry-

over effects in species with complex life cycles is uncertain.  On the one hand, some 

carry-over traits may prove adaptive for dispersing to better habitats before reproducing; 

for example, predator presence during development induces longer thoraces, which are 

typical of species that move longer distances, in three Libellula dragonfly species 

(McCauley 2005).  Often, though, the fitness outcome appears to be context-dependent; 

for example, in western toads (Bufo borealis), juveniles that developed under larval 

predation risk produced a higher concentration of toxic bufadienolides, but at the cost of 

reduced handling time by a toxin-resistant predator (Benard and Fordyce 2003).  The 

diversity in causes and consequences of carry-over effects in complex life cycles requires 

further research in order to develop a predictive understanding of how individual 

developmental history can shape phenotype and fitness.  Since carry-over among stages 

of a life cycle may be mediated through the diverse actions of glucocorticoids (Denver 
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2009), tracing the interactions between environmental perturbations and phenotypic 

response will elucidate how developmental conditions may impact fitness under varying 

environmental contexts.   

To progress our understanding of the connection between glucocorticoid 

expression and fitness (Bonier et al. 2009, Angelier et al. 2010), future work should focus 

on the complex relationships among developmental environment and individual reactivity 

variation in organism-environment interactions, as well as diversity of responses 

individuals may employ to maximize fitness.  To that end, my research and the future 

directions that I have outlined here emphasize the utility and increasing importance of 

integrative approaches to biological questions.  By developing collaborative teams with a 

shared goal, we can investigate a problem from molecular mechanisms to community and 

ecosystem outcomes.  Combining the tools and concepts of field ecology, physiology, 

and evolutionary biology allows us to develop a much deeper and richer understanding of 

how organisms interact with their environments, and should be the focal approach of 

future research.   
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