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ABSTRACT 

 

To reduce their risk of consumption, many prey species use plastic defenses that are 

employed in situations where predators pose high risk of injury or death. By modifying prey 

traits, predators often exert strong influence on community structure and function. These 

nonconsumptive effects can be stronger than effects from prey consumption, but have only 

become the focus of study in recent decades.  Further, they are often more complicated than 

consumptive effects because they can be influenced by characteristics of the predator, the prey, 

the response type, and the environment. In order to fully understand the effects of predator 

species on prey organisms, prey responses must be fully characterized and understood in an 

ecological context.  

Eastern oysters Crassostrea virginica were selected as a model organism to investigate 

the costs, benefits, and mechanisms of predator-induced changes in prey traits. Oysters are an 

ecologically and economically valuable species, known to increase their shell weight and 

strength in response to crab predators.  In this study, oyster responses were investigated by 1) 

fully characterizing the mechanism and cost of oyster responses to predation risk, and 

determining the effect of 2) risk cue type (predator versus prey), 3) an ecological prey 

characteristic (size), 4) an ecological predator characteristic (diet), and 5) an environmental 

characteristic (food availability) on defense induction.   

In response to risk, oysters increased calcium carbonate production to rapidly reach a size 

refuge from predators.  This led to an inverse relationship between shell thickness and shell 

density.  Although not significant, there was a trend for reduced gonad investment in oysters 
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which had thick, low density shells.  As this study provides a conservative estimate of defense 

costs, this suggests oysters may experience reductions in reproduction under conditions of high 

predation risk which may be exacerbated under conditions of ocean acidification.  

Oysters responded to all tested cues indicative of risk, but responses were less intense 

when oysters were exposed to cues from injured prey organisms or to predators which were food 

deprived or fed aged oyster tissue. In addition, oyster responses were inversely related to oyster 

size. Oysters responded to predators regardless of resource availability, despite reduced shell 

metrics in response to limited food under control conditions.  

There is a diverse array of factors which influence oyster defenses and which may be 

altered by anthropogenic disturbance.  If oyster defenses reduce investment in reproduction, this 

could have important long-term consequences for oyster populations and oyster reef 

communities.  Therefore, understanding factors which influence prey responses allows us to 

understand conditions which promote or attenuate nonconsumptive predator effects.  And 

understanding the costs of these effects for organisms allows us to predict the effect of 

disturbances on community structure and function. 
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INTRODUCTION 

Predation is known to be a powerful source of pressure regulating many natural 

communities (Paine 1966, 1974).  In his seminal work on rocky intertidal communities, Connell 

(1961a, b) demonstrated the role of predator presence in transforming a rocky intertidal 

community from a monoculture to a diverse system with numerous species and interactions.  

Predator prey interactions can also transfer anthropogenic impacts throughout a community via 

trophic cascades (Paine 1966, 1974; Carpenter et al. 1985; Estes et al. 1998; Duffy et al. 2000).  

Thus, via predation, actions which impact a single species can produce unexpected results on 

seemingly unrelated species and affect entire habitats.  Such was the case when overharvesting 

of Stellar sea lions and harbor seals led to the collapse of kelp forests as killer whales were 

forced to shift predation to otters, keystone species in kelp habitats (Estes et al. 1998).  The loss 

of kelp forests in this example demonstrates the importance of fully understanding predatory 

interactions in order to understand community function and to predict the impacts of our own 

actions on natural systems.  

 Although predator-prey interactions have been studied extensively over the past half 

century, many aspects of predatory interactions remain poorly understood, such as how prey use 

information to balance costs and benefits of predator deterrence.  Nonconsumptive predator 

effects (NCEs) on prey occur when predators induce changes in prey traits, such as behavior, 

morphology, or life history.  Nonconsumptive effects can have varied and dramatic influences 

and can propagate through food webs, mimicking the effects of trophic cascades seen with 

consumption (Trussell et al. 2003; Turner and Montgomery 2003; Werner and Peacor 2013). 

These inducible defenses have been shown to strongly influence predator prey interactions, for 
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example by explaining biogeographic patterns (Large and Smee 2013) and extending predator 

influences into prey refugia (Grabowski 2004; Grabowski and Kimbro 2005).  Nonconsumptive 

effects are quite complex as the abundance of prey influenced, the means by which they detect a 

threat, and the type of response they produce can all influence their ecological significance.  

Because of their complex nature and the relatively recent focus on NCEs compared to more 

traditionally studied consumptive effects, many details regarding the role of nonconsumptive 

predator effects in community dynamics remain unknown. The goal of this project is to assess 

the relationship between predators and prey in a model system by exploring the cost and 

mechanism of predator deterrence and how different types of predator signals affect prey 

responses.   

Inducible defenses are costly and prey often limit their expression to situations where risk 

of injury or death is imminent.  Organisms must sacrifice opportunities for energy acquisition or 

mating or must reallocate energy away from growth and fecundity to produce defenses (Lively 

1986; Baldwin 1998; van Buskirk 2000; Ramos-Jiliberto 2003).  When risk is low, growth and 

reproduction are considered priorities and costs are avoided.  The ability to induce these 

responses allows organisms to tailor their phenotype to their current environment and balance the 

potential benefits with the associated costs (Lively 1986; Baldwin 1998; Relyea 2001; Pawlik et 

al. 2008).  While these costs and benefits of induced defenses are always presumed to exist in the 

studied organisms, fecundity costs associated with producing predator-resistant morphologies are 

often difficult to discern and inferred rather than quantified (Langerhans and DeWitt 2002). 

These inferences are often based on a limited understanding of mechanisms prey use to produce 

defenses and can lead to incorrect assumptions. For example, the snail Nucella lamellosa 

develops a thicker, stronger shell in response to crab predators.  But these are passive changes 
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which result because of behavioral reductions in feeding which lead to altered growth patterns of 

shell and soft tissue, rather than diversion of resources to reinforce shell structure (Bourdeau 

2010a). 

In order to accurately assess risk level and maximize the adaptiveness of defense 

induction, prey must utilize predation cues to collect information on predation risk.  Accuracy 

and reliability of cues are important in order to avoid incurring the costs of defenses when risk is 

low and other activities should be maximized.  Cues can come in many forms, but chemical cues 

are the most commonly used, especially in aquatic systems (Weissburg et al. 2002; Hay 2009).  

This is likely because predators can mask visual or mechanical cues through crypsis, but it is 

impossible for a species to completely eliminate their release of metabolites.  Chemical cues can 

come from two sources, direct and indirect, and vary in the amount and reliability of information 

they provide (Schoeppner and Relyea 2005; Hettyey et al. 2010).  Direct cues are released by 

predators and provide high amounts of very accurate information, including the confirmed 

presence of a threat as well as the size, density, proximity, and species of the predator.  However, 

these cues are often not innately recognized.  Thus, organisms often require an initial exposure to 

them in combination with innately recognized cues to perceive them as dangerous (Chivers and 

Smith 1994; Mirza and Chivers 2003).  This initial exposure could be lethal before cue 

recognition is acquired.   

Indirect cues are produced by other prey organisms when they are injured or stressed.  

They are also often, when produced by conspecifics or evolutionary relatives, innately 

recognized (Schoeppner and Relyea 2005; Large and Smee 2010).  However, these cues do not 

definitively identify the source of the injury as a predator and fail to provide the detailed 

information conveyed by direct cues.  As a result, prey responses can vary based on the 
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information carried in and detected from the predation cues they receive.  Species may utilize 

either or both of these cue sources and, when both are utilized, may vary the type and intensity of 

their induced responses to the detected cues. 

 Predator prey interactions are influenced by traits of both species involved.  Thus, prey 

receive these cues within an ecological context, in which predator characteristics alter the 

delivery and relevance of cues and the value of information they provide.  For example, northern 

pike Esox lucius are known to defecate away from their foraging grounds when feeding on 

species which respond to predator cues (Brown et al. 1996).  Thus, although prey respond to pike 

feces in the laboratory, these cues are likely less influential in natural systems than laboratory 

studies suggest.  Predator diet can also influence prey induced responses as information on 

predator diet can inform prey about predator preferences and the threat they present to particular 

species.  Changes in predator diet have been found to strongly influence prey responses in 

several systems (Lima and Dill 1990; Stabell et al. 2003; Schoeppner and Relyea 2005), but, as a 

whole, the results of studies on predator diet are equivocal about their importance for prey 

responses (Smee and Weissburg 2006b; Large and Smee 2010).  Further, laboratory studies often 

simplify predator diets or neglect dietary differences which could be important under ecological 

conditions.  For example, very few studies have investigated prey responses to diets consisting of 

multiple predators (Brown and Zachar 2002; Hoefler et al.2012) or of large scale changes in diet 

(i.e. carnivore to predator; Nolte et al.1994; Dixson et al. 2012).  Although simplification of 

complex factors is necessary to understand their foundation, results need to be investigated in a 

relevant ecological context to understand how they impact natural systems.  

 Similarly, under natural conditions, environmental gradients may alter the influence of 

predators on the inducible defenses of prey organisms by altering the priorities of one or both 



                                                
  
   

5 

 

species.  This may occur when environmental conditions favor one species involved in the 

predatory interaction and could thus alter the interaction between them.  For example, although 

blue crab foraging ability and clam predator avoidance both decrease as flow rates increase, the 

ability of clams to avoid approaching crabs decreases more quickly (Smee et al. 2010).  Thus, 

blue crab predation success is actually greatest at intermediate flows, where the difference 

between clam ability to avoid predation and their own foraging abilities is greatest, rather than 

where crabs are most efficient.  The priorities of the prey may also influence this interaction if 

the value of defending against predators is altered by the conditions experienced by the prey.  

For example, prey defenses often result, directly or indirectly, in reduced foraging and energy 

acquisition (Ovadia and Schmitz 2002; Smee and Weissburg 2006a).  However, the value of 

employing these defenses is reduced as the cost of sacrificing energy acquisition increases 

(Brown and Cowan 2000; Ferrari et al. 2010).  Thus, as food availability decreases, the 

efficiency of each foraging bout will decrease and the cost of defending will increase. 

The goal of this project was to characterize the induced defenses of a model organism, 

the Eastern oyster Crassostrea virginica, in response to its common predators, the Atlantic mud 

crab Panopeus herbstii and the blue crab Callinectes sapidus, by 1) fully characterizing the 

mechanism and cost of oyster responses to predation risk, and determining the effect of 2) risk 

cue type (predator versus injured prey), 3) an ecological prey characteristic (size), 4) an 

ecological predator characteristic (diet), and 5) an environmental characteristic (food 

availability) on defense induction.   

Oyster Reefs as a Model System 

The eastern oyster Crassostrea virginica and its common predators, the Atlantic mud 

crab Panopeus herbstii and the blue crab Callinectes sapidus, were used as a model predator-
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prey system for this study.  Oysters are economically and ecologically important organisms, 

composing a valuable habitat for a diverse assemblage of organisms and supporting a number of 

commercially valuable species, including oysters themselves (Grabowski and Peterson 2007).  

Despite their value, oyster reefs are extremely degraded, with an estimated 85% of reefs lost to 

overfishing, disease, and eutrophication (Rothschild et al. 1994; Jackson et al. 2001; Kirby 2004; 

Beck et al. 2011). 

Due to the importance and vulnerability of oyster reefs, it is critical to understand how 

anthropogenic alterations of the environment, such as the removal of blue crabs by commercial 

fishing, impact this important habitat.  This requires an understanding of predator-prey 

interactions on oyster reefs and their influence on reef structure and function.  In my model 

system, blue crabs represent a top predator and mud crabs an intermediate predator.  Oysters 

represent a shared prey resource for both of these species.  The presence of intraguild predation 

in this system may complicate the predatory interactions between species, making a complete 

understanding of the role of these predators on oyster defenses critical to understanding the 

dynamics of this system. 

 Oysters are known to alter their shell morphology in the presence of crab predators to 

reduce their susceptibility to crushing forces (Newell et al. 2007; Lord and Whitlatch 2012).  

However, although changes in shell thickness (Newell et al. 2007; Lord and Whitlatch 2012), 

weight (Newell et al. 2007; Lord and Whitlatch 2012; Johnson and Smee 2012; Robinson et al. 

2014), and diameter (Robinson et al. 2014) have been documented, the means of changing these 

characteristics is not always clear.  For example, Robinson et al. (2014) found increases in shell 

strength in response to blue crabs which could be explained by significant increases in shell mass 

and diameter.  However, changes in shell strength in response to mud crabs saw no increase in 
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mass and only intermediate changes in diameter.  It has been suggested that internal changes in 

the shell, such as chemical composition or internal structure, may explain these differences, but 

such characteristics have never been compared between induced and un-induced oysters. 

Induced defenses are adaptive only if they provide survival benefits which are costly to 

produce when predation threat is low.  The altered shell morphology of oysters has been shown 

to provide benefits in terms of increased shell strength and survival (Robinson et al. 2014).  

However, the costs of these defenses have not been quantified.  Shell thickening is assumed to 

result in decreased soft tissue production and an associated cost in terms of fecundity.  A direct 

relationship between growth and fecundity has been demonstrated in clams (Peterson 1986) and 

assumed for other bivalve species, but has never been directly investigated for oysters.  Further, 

whether predation pressure changes the relationship between shell and tissue production in 

oysters is unknown.  Changes in oyster growth and fecundity could affect the long-term health of 

oyster populations and oyster reef ecosystems.   

 Prey who are inherently less susceptible to risk, such as prey tested in groups (Brown et 

al. 2006; Ferrari et al. 2010), individuals who have already induced alternate defenses (Chivers et 

al. 2007; Wolfe et al. 2016), or larger individuals (Marcus and Brown 2003; Scherer and Smee 

2016), often display reduced defense induction.  Oyster responses are known to be size 

dependent, with adults failing to respond to predation risk, likely because they have already 

reached a size refuge (Johnson and Smee 2012).  In this study, responses were tested across two 

size classes of young oysters to determine how responses are influenced by size within the size 

class susceptible to crab predators and it was hypothesized responses would be seen for all sizes. 
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Although little is known about the types of cues used by oysters to assess predation risk, 

other bivalve species have been shown to utilize cues from both predator and prey organisms 

(Smee and Weissburg 2006b) and to distinguish between predators fed different diets (Griffiths 

and Richardson 2006).  I tested oyster responses to both direct and indirect cues and to cues from 

predators consuming different diets.  I tested the influence of three dietary changes on prey 

responses: change in species consumed, predator hunger state, and age of consumed tissue.  The 

influence of cue age had previously not been investigated.  However, while research has shown 

prey can respond to differences in predator hunger state in a variety of ways, all previous studies 

of crab predators have found no responses to starved crabs (Yamada et al. 1998; Griffiths and 

Richardson 2006; Smee and Weissburg2006b; Large and Smee 2010), presumably because 

hungry individuals release fewer metabolites which act as cues to alert prey.  I assumed aged 

oyster tissue would similarly reduce the potency of risk cues and hypothesized oysters would 

respond most strongly to cues from predators fed fresh conspecific oysters.  Regarding species 

differences, however, it might have been valuable for oysters to respond equally to predators fed 

hard clams Mercenaria mercenaria, another bivalve species found on local oyster reefs, as crabs 

are generalist feeders.  Thus, information on previous crab diets might not have been predictive 

of future diets and responding only to conspecific diets may prove maladaptive, as suggested for 

hard clams which display ubiquitous responses to crab predators regardless of diet (Smee and 

Weissburg 2006b).  

 Stressful environmental conditions are generally thought to reduce the influence of biotic 

interactions, such as the influence of predators on prey species (Menge and Sutherland 1987).  

Similarly, low food availability often reduces prey responses to predators (Brown and Cowan 

2000; Ferrari et al. 2010) and was expected to reduce growth of defensive structures, such as 



                                                
  
   

9 

 

thicker shells in oysters.  However, several studies have demonstrated prey responses can remain 

unchanged under conditions of low food availability (Horat and Semlitsch 1994; Whitham and 

Mathis 2000; Maerz et al. 2001).  And two species of snail have been shown to intensify 

defensive morphology under conditions of low food availability.  Nucella lamellosa reduces soft 

tissue production but continues laying shell under conditions of low food availability (Appleton 

and Palmer 1988; Bourdeau 2010a).  This results in thicker shells produced as proportions of 

shell to soft tissue increase.  As the influence of food availability on responses in oysters had not 

been tested and the mechanism of shell strengthening was unknown, it was possible oysters 

would display a similar pattern of response.  
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Chapter I. : Cost and mechanism of an induced morphological defense in the 

eastern oyster Crassostrea virginica 

 

ABSTRACT 

 Inducing defenses to deter predators is a necessary process thought to cause reductions in 

growth and fecundity. Despite a rich literature studying prey reactions to predators, the effects of 

prey defenses on growth and fecundity are complex and generalizations about defense costs are 

often difficult because of the diversity of defenses and limited investigation of their mechanisms. 

Eastern oysters Crassostrea virginica were selected as a model organism to investigate prey 

defense mechanisms and costs. In a manipulative field experiment, oysters grew thicker, stronger 

shells that had significantly lower percent organic material when exposed to blue crab predators 

Callinectes sapidus. In natural populations, shell density was negatively correlated with shell 

thickness, further suggesting oysters which thicken their shells in response to predators do so by 

increasing low-density calcium carbonate.  Although no significant effect of shell traits on 

growth or reproduction were found, oyster investment in gonad tissue did show an increasingly 

negative relationship with shell characteristics.  These results likely represent a conservative 

estimate of the costs of oyster defenses which may become increasingly large under conditions 

of ocean acidification. 

INTRODUCTION 

When consumers present a threat, organisms often use defenses including morphological 

structures like spines or hard shells, distasteful chemicals, or altered behavior to reduce their risk 

of consumption (Cronin 2001; Hay 2009). Many organisms use plastic or induced defenses that 

are employed only when the injury or death are imminent (Tollrain and Harvell 1999; Ferrari et 
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al. 2010). Induced defenses are predicated on the idea that defenses are costly to produce because 

they divert energy away from growth and reproduction. As a result, the reduced costs prey incur 

when defenses are not employed outweighs their increased risk (Harvell 1990; Cronin 2001). 

Defense costs have been effectively demonstrated for various organisms (Lively 1986; Baldwin 

1998; van Buskirk 2000; Relyea 2002). For example, acorn barnacles Chthamalus anisopoma 

developing a bent morphology in response to gastropod predators experience lower rates of 

predation but also slower growth and reduced egg production compared to individuals of the 

conic morph (Lively 1986). And wild tobacco plants produce more nicotine when grazers 

abound, but incur reduced seed production (Baldwin 1998).  

Despite the aforementioned studies, fecundity costs associated with producing predator-

resistant morphologies are often difficult to discern and are inferred rather than quantified 

(Langerhans and DeWitt 2002). And these inferences are often based on a limited understanding 

of mechanisms prey use to produce defenses and can lead to incorrect assumptions. For example, 

the snail Nucella lamellosa develops a thicker, stronger shell in response to crab predators. 

However, N. lamellosa produce morphologically and functionally identical shells under 

conditions of predation risk and limited food availability (Bourdeau 2010a). Under conditions of 

predation risk, N. lamellosa reduce feeding to reduce apparency to predators, mimicking 

conditions of limited food availability. But in both scenarios, they continue to produce 

inexpensive inorganic shell material, altering their growth patterns and passively producing a 

predator-resistant morphology. Thus, under conditions of predation risk, the costs to N. lamellosa 

stem from their behavioral response (feeding reduction) and not from diverting energy resources 

to shell production.  
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However, induced defenses are highly diverse, even within taxa, and predator-resistant 

snail shell morphologies can be costly. Freshwater snails Physella virgata delay reproduction 

and grow larger to reach a size refuge in response to crayfish predators (Covich and Crowl 

1990), which may lower their lifetime reproductive potential (Langerhans and DeWitt 2002). 

Unlike the morphological changes in N. lamellosa, P. virgata life history changes result from 

resource reallocation toward growth and away from fecundity to deter predators (Covich and 

Crowl 1990). And Nucella lapillus, unlike N. lamellosa, produce different shell types with and 

without crab predator exudates even when consuming equal amounts of food in lab assays (Large 

et al. 2012; Large and Smee 2013).  

 To investigate mechanisms and costs associated with phenotypic plasticity, I selected the 

eastern oyster Crassostrea virginica as a model species. Oysters decrease their susceptibility to 

predators by growing heavier, stronger shells in response to predator exudates (Newell et al. 

2007; Johnson and Smee 2012; Lord and Whitlatch 2012; Robinson et al. 2014; Scherer et al. 

2016). Predator-induced changes in morphology may diminish growth and lower fecundity 

(Scherer and Smee 2016), thus, creating more predator-resistant oyster shells may limit soft 

tissue growth and/or fecundity (Johnson and Smee 2012; Lord and Whitlatch 2012). However, 

the mechanism by which oysters produce defended shells and the long-term costs associated with 

increased shell production are unknown.  

Oysters are a foundation species, creating reefs that provide habitat for numerous 

organisms. They also support a commercial fishery and provide numerous services, such as 

shoreline protection and water filtration. Thus, they are both ecologically and economically 

important (Grabowski and Peterson 2007). However, >85% of oyster reef habitat has been lost 

(Beck et al. 2011).  Further, calcification is expected to become increasingly expensive under 
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predicted conditions of ocean acidification, potentially altering the ability of oysters to respond 

to their predators. As a result, it is important to understand how long term relationships between 

shell and soft tissue production influence oyster fecundity to contribute to our understanding of 

oyster reef ecology under changing environmental conditions. To improve our understanding of 

their morphological defenses, I exposed oysters to predator exudates in the field and measured 

changes in shell mass, strength, and chemical composition. I then investigated the relationship of 

shell density and thickness with mass of somatic and gonad tissue.  

Field induction and amino acid analysis 

METHODS 

Oyster shells containing naturally-settled oyster spat were obtained from the Texas Parks 

and Wildlife Department (TPWD) following their 2014 trawl surveys in Copano Bay, TX, USA. 

These spat-containing shells were deployed in cages in the field from mid-April to late October 

and reared either with or without predation cues. Cages (0.5 x 0.5 x 0.25 m) were constructed 

from lumber and covered with plastic mesh (1.0 cm2 openings). In the center of each cage a 

small compartment was constructed from the same plastic mesh (10 cm diameter x 50 cm tall). 

Shells containing oyster spat were placed along the outer edges of each cage to a depth of 

approximately half the cage. The inner compartment either contained a single adult blue crab 

(Callinectes sapidus, 10-13 cm carapace width, predator treatment, 8 replicates) or were left 

empty (controls, 9 replicates). Although blue crabs are naturally present in this location, they are 

transient predators that move between and around reef habitat, making their presence variable; 

therefore, the constant presence of a blue crab in control cages elevated predation risk in predator 

present treatments.  Control and predator cages were placed haphazardly along the leeward edge 

of an oyster reef in Saint Charles Bay, TX, USA and each separated from each other by at least 2 
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m. Cages were checked weekly and were cleaned of drift algae and repaired if necessary. Blue 

crabs were fed 1 market-size oyster (~5 cm in length, collected from adjacent natural reefs) per 

week and dead crabs were replaced as needed. 

 In October, all cages were retrieved and 15 spat (mean shell diameter = 16.0 ± 0.36 mm, 

range = 8.3-26.4 mm) were obtained from each cage for data collection. Shell metrics were 

measured using destructive techniques and, therefore, 5 oysters were measured for each metric 

(weight, strength, composition). Oysters are known to grow heavier, stronger shells in response 

to predator exudates under laboratory conditions, and these morphological changes effectively 

reduce predation risk (Robinson et al. 2014; Scherer et al. 2016). Therefore, I measured shell 

weight and strength as metrics of oyster responses to caged crabs. Shell weight was measured on 

the right valve, cleaned of soft tissue and fouling organisms. Shells were dried at 38° C for 48 hr 

and weighed using a high precision electronic balance to the nearest 0.001 g. Shell crushing 

force is a measure of shell strength (Zuschin and Stanton 2001) and a proxy for the force 

required by predators to crush the shell. Crushing force was measured using a Kistler 5995 

charge amplifier and Kistler 9222 force sensor (sensu Robinson et al. 2014). The settings for the 

charge amplifier were sensitivity 19 and range 2000. The force sensor was used to crush the shell 

by applying constant pressure to the center of the articulated right valve until structural failure. 

The maximum force exerted is then measured and output by the charge amplifier. 

The final 5 oysters from each cage underwent amino acid analysis (conducted by the Liu 

lab at University of Texas at Austin Marine Science Institute following the protocol found in Liu 

et al. 2008). Dried shell samples were ground with a mortar and pestle and stored in a desiccator 

until analysis. Ground samples were hydrolyzed in 10 mL centrifuge tubes with 1 mL 6 M HCl 

while nitrogen gas was blown gently into tubes to prevent oxidation. The sealed tubes filled with 
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nitrogen gas were placed in a Pierce Heating Module at 110°C for 20 hours. Large, 

unhydrolyzable particles were filtered out with a 0.2 mm filter. The acid solution was heated and 

evaporated under nitrogen gas. Residual material was dissolved in 1.0 mL DI water. Large 

particles were again filtered through a 0.2 mm filter before high performance liquid 

chromatography (HPLC) analysis. Total hydrolysable amino acids were measured using HPLC 

with fluorescence detection after pre-column o-phthaldialdehyde (OPA) derivatization (Liu et al. 

2008). Briefly, amino acid derivatives are separated on a 25cm x 5µm Alltech Alltima C18 

column with a mobile phase flow rate of 1 mL min-1. A binary gradient of 0.05 M sodium acetate 

(pH 7.5) and 5% THF (eluant A) and methanol (eluant B) was used, ramping from 20% B to 

50% B in 40 min, then to 100% B in 20 minutes. OPA-derivatized amino acids are detected by 

fluorescence and identified by retention time as compared with authentic Pierce standards. 

Duplicate analyses generally agreed within 10%. 

All statistical data analysis was performed in R 3.0.1 (R Core Team 2013). Shell weight 

and crushing force were compared between treatments using one-way ANOVAs. The 

significance of cage as a random factor was tested to ensure nonsignificance and removed from 

the final models. The total proportion amino acid content was compared using a t-test. 

Assumptions for analysis of variance were assessed using diagnostic plots as well as the Shapiro-

Wilkes test for normality and the Browne-Forsythe-Levene test for homoscedasticity. Data met 

all assumptions. 

RESULTS 

 Shell weight was not significantly different between treatments at α = 0.05, although it 

was significant at α = 0.1, consistent with previous research showing heavier shells when oysters 

are exposed to predator exudates (mean control = 0.18±0.01 g, mean predator = 0.23±0.03 g, F1,1 
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= 3.17, p = 0.079; Figure 0-1a). Crushing force was significantly higher for oysters in predator 

cages than in control cages (mean control = 29.0±1.15 g, mean predator = 30.5±1.80 g, F1,1 = 

8.54, p = 0.0045; Figure 0-1b). 

 Shells reared in predator treatments contained significantly less amino acid content per 

unit of shell material than shells reared in control treatments (mean control = 0.09±0.007 µg/mg, 

mean predator = 0.07±0.003 µg/mg, t11.6 = 2.74, p = 0.0018; Figure 0-1c). Additionally, 15 

individual amino acids were detected in tested oyster shells and all but one (gamma-

Aminobutyric acid) of these showed greater mean mass in control treatments (Table 0-1).  
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Figure 0-1. Shell metrics of oyster spat reared under field conditions. 

Mean + sd for a) shell weight, b) shell compression force, and c) shell amino acid content for 

oyster spat raised under field conditions in either predator present or control conditions.  

Significance at α = 0.05 is denoted with ** and at α = 0.1 with *. 

Table 0-1. Amino acids detected in oyster shells. 

Individual amino acids identified in the shells of oysters reared under field conditions and their 

mean relative amounts in control and predator cages. 

Amino acid Control cages (µg/mg) Predator cages (µg/mg) 

Aspartic acid 0.0893 0.0680 
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Relationship between Shell Thickness and Fecundity 

METHODS 

 Adult oysters were also acquired from TPWD from trawl surveys within Copano Bay. I 

held oysters without food for 3 weeks prior to data collection to allow oysters to expel digestive 

waste because digestive tissue cannot be effectively separated from gonad tissue, and gut 

material could influence gonad tissue weight. Prior to data collection, oysters were shucked 

without penetrating the soft tissue mass and the gonad tissue was classified as either intact 

(Figure 0-2) or partially released (i.e. gamete release previously initiated; Figure 0-3). Oysters 

with less than 75% of intact gonad mass were rejected as neither gonad mass nor soft tissue mass 

could be reliably determined. Soft tissue was then separated from the shell and transferred to a 

weigh tin. Gonad tissue was cut away from somatic tissue and placed in a separate weigh tin. 

Both tissue samples were dried at 38° C for 48 hr and weighed using a high precision electronic 

balance to the nearest 0.001 g. Then I calculated an index for gonad tissue, hereafter termed 

gonad index, by dividing gonad tissue weight by somatic tissue weight.  

Glutamic acid 0.0893 0.0680 

Histidine 0.0893 0.0680 

Serine 0.0893 0.0680 

Arginine 0.0893 0.0680 

Glycine 0.0226 0.0148 

Threonine 0.0028 0.0021 

Alanine 0.0091 0.0680 

Tyrosine 0.0045 0.0032 

gamma-Aminobutyric acid 0.0000 0.0000 

Methionine 0.0005 0.0003 

Valine 0.0036 0.0029 

Phenylalanine 0.0025 0.0021 

Isoleucine 0.0022 0.0019 

Leucine 0.0039 0.0032 
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Figure 0-2. Intact oyster gonad. 

Intact gonad tissue, indicated by the smooth, rounded lower edge of the opaque gonad tissue. 
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Figure 0-3. Partially released oyster gonad. 

Partially released gonad, indicated by the ragged lower edge of the opaque gonad tissue which 

does not form a smooth, rounded edge. 

 Shell metrics were measured on the right valve of the oyster shell as left valves are 

cemented to the substrate and cannot be effectively cleaned of associated material. Shells were 

first cleaned of such fouling material and measured for volume using water displacement. Photos 

of the inner and outer shell surfaces were taken and assessed for cross sectional area using the 

freehand tool in ImageJ (Lord and Whitlatch 2012; Schneider et al. 2012). Two researchers 

analyzed each photo twice and an average was calculated for each oyster. Shells were dried and 

weighed as described for the soft tissue masses. Shell thickness was then calculated as shell 

volume over cross sectional area and shell density as shell weight over volume.  

 All analysis was completed using R 3.0.1 (R Core Team 2013) and to ensure any 

potential costs of defenses were detected, results were considered significant at α = 0.1. I 
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calculated the Pearson’s correlation between shell thickness and shell density using data from all 

81 oysters measured. I then ran regression analyses predicting absolute somatic tissue weight and 

gonad index using shell thickness and density. The analysis for somatic index included data from 

all oysters measured. A positive linear relationship was detected between somatic tissue weight 

and shell cross sectional area (a proxy for oyster size; R2 = 0.33). As a result, to test for size-

independent relationships, all data were standardized to the mean surface area using the linear 

relationship and residuals for somatic tissue predicted by cross sectional area.  

The same regression analysis was performed for gonad index using a subset of 33 oysters 

for which the gonad mass was completely intact. Unlike for somatic tissue, no relationship was 

detected for gonad index and cross sectional area (R2 = 0.016) and standardizing the data had no 

effect on the results of the regression model. Therefore, the unstandardized model is presented 

here. To ensure any potential costs of defenses were detected, a significance level of α = 0.1 was 

used.  This model was not found to be significant overall, but a significant interaction was 

detected between the shell characteristics (thickness and density) for this model, indicating the 

relationship between shell thickness and gonad index varied according to shell density. As a 

result, significant relationships in some portion of this plane may be hidden in the overall model 

by nonsignificant relationships in other portions of this plane. To assess this, I calculated the 

relationship between shell thickness and gonad index for five values (mean, mean ± sd, mean ± 

2sd) of shell density.  The significance of these relationship was assessed using 95% confidence 

intervals. 

RESULTS 

Shell characteristics (density and thickness) were significantly negatively correlated (r = -

0.65, t = -7.68, p < 0.001; Figure 0-4). There was no significant influence of shell characteristics 
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on somatic tissue weight (F2,78 = 1.09, p = 0.34). The final model for gonad index included shell 

thickness, shell density, and their interaction (Table 0-2). Although the overall model was not 

significant (p = 0.154), the interaction was significant at α = 0.1 (p = 0.077). The relationship 

between shell thickness and gonad index became increasingly negative as shell density decreased 

(Table 0-3), but this relationship was not significant at any of the tested values according to 95% 

confidence intervals. 

 

Figure 0-4. Correlation of shell characteristics. 

Correlation between shell thickness and density; r = -0.65, t = -7.68, p < 0.001. 

Table 0-2. Regression table for field collected oysters. 

Summary table for gonad index model. Statistics for the full model are listed below statistics on 

individual factors within the model. Significance at α = 0.05 is denoted with ** and at α = 0.1 

with *. 

 Estimate Standard error t-value p-value 

Intercept 109.851 23.305 4.714 5.62e-05 

Thickness -11.470    5.404 -2.123 0.0424** 

Density -19.925 9.347 -2.132 0.0416** 
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Interaction 4.272 2.326   1.836 0.0766* 

Residual 

standard error 

R2 F-statistic Df p-value 

5.316 0.1632 1.885 3/29 0.1542 

 

Table 0-3. Relationship between shell thickness and gonad index. 

Slope estimates for the relationship between shell thickness and gonad index at different values 

of shell density and their 95% confidence intervals. 

Density value Density (mgml3) Estimate Lower bound Upper bound 

Mean - 2sd 1.36218354 -5.6509 -11.8207 0.5188 

Mean - sd 1.79401882 -3.8062 -8.0734 0.4610 

Mean 2.2258541 -1.9615 -5.2895 1.3665 

Mean + sd 2.65768939 -0.1167 -4.1990 3.9655 

Mean + 2sd 3.08952467 1.7280 -4.1861 7.6422 

DISCUSSION 

Consistent with earlier lab studies (Newell et al. 2007; Lord and Whitlatch 2012, 

Robinson et al. 2014; Scherer et al. 2016), oysters reared under field conditions responded to 

predators by producing shells that were heavier and stronger. Oyster shells in predator treatments 

also contained relatively less organic material, indicating oysters increased the production of 

inorganic calcium carbonate under conditions of predation risk. This result seems surprising as 

the organic component of mollusc shells, although it composes ≤ 5% of shell weight (Currey and 

Taylor 1974), confers much of the shell strength (Taylor and Kennedy 1969; Zuschin and 

Stanton 2001; Avery and Etter 2006; Lee et al. 2011) through increased shell pliability (Newell 

et al. 2007), shearing, energy absorption, and prevention of crack propagation (Currey and 

Taylor 1974). However, this organic component is generated slowly and is expensive to produce 

(2.1 J/mg versus 1.1 J/mg CaCO3; Lee et al. 2016 and Frieder et al. 2016 respectively).  

Although calcium carbonate shell material is weaker than the organic shell material 

(Currey and Taylor 1974), it contributes somewhat to shell strength (Avery and Etter 2006; 

Lombardi et al. 2013). This inorganic shell material also contains chalky deposits that have high 
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force absorption and are very brittle, allowing layers of shell to be sacrificed during predator 

encounters without harm to the internal tissues (Lee et al. 2011). Most importantly, this material 

is energetically inexpensive to produce (1.1 J/mg; Frieder et al. 2016) and, under conditions 

favorable for calcification, can be laid quickly to increase shell volume (Carter 1980; Lee et al. 

2011). Avery and Etter (2006) found the same increases in shell strength and inorganic content in 

Nucella lapillus and suggested it was more adaptive for Nucella to escape predators by quickly 

reaching a size refuge than to deter them by maximizing shell strength. This theory is also 

supported by previous data (Scherer et al. unpublished), which found defended oyster shells have 

stronger absolute shell strength, but are weaker per unit of shell material (i.e. are composed of 

weaker material).  

Our results contrast with those of Newell et al. (2007), who found oysters exposed to 

mud crabs Rhithropanopeus harrisii significantly increased organic shell content while those 

exposed to blue crabs did not alter the relative make-up of organic to inorganic material in their 

shells. Unrecognized differences in methodology, such as the effect of food availability 

(Bourdeau 2010a) or the influence of differences in water chemistry on the construction of 

calcium carbonate (Barton et al. 2012, 2015), may contribute to these differences.  However, 

different findings in this study showing oysters increase inorganic shell material in response to 

blue crabs may be explained by Newell et al.’s (2007) use of the less accurate weight-loss-upon-

ignition method, which is known to overestimate organic content (Goulletquer and Wolowicz 

1989). Additionally, different predator species may trigger different responses in prey (Bourdeau 

2009). Newell et al. (2007) found that oysters increase organic shell content in response to mud 

crab predators, which I did not test in this study although small individuals were present near the 
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cages. However, Robinson et al. (2014) found that oysters exposed to mud crab exudates 

produce shells that were significantly stronger without significant increases in shell weight.  

I was surprised to find an inverse relationship between shell density and thickness as both 

traits are known to contribute positively to shell strength (Figure 0-4; Zuschin and Stanton 2001; 

Newell et al. 2007; Lombardi et al. 2013). However, calcium carbonate has low density and this 

shell material contains pore space and low density chalky deposits. It is unknown whether the 

relative amount of these two aspects of the inorganic shell material changes under conditions of 

predation risk, but the proportion of the inorganic material they comprise may increase if they 

allow this material to be laid more quickly.  Thus, as individual oysters increase the proportion of 

their shells which consist of calcium carbonate, their shells would become thicker but relatively 

less dense.   

Given this strong inverse relationship between thickness and density, I was able to 

demonstrate a trend for an increasingly negative relationship between shell characteristics and 

gonad index as shell density decreased (and thickness increased; Table 1-3). As I was not able to 

establish significance for any of these relationships and found no evidence for a relationship 

between shell characteristics and somatic tissue weight, my results suggest inexpensive increases 

in shell calcium carbonate incur little, if any cost, for oysters in terms of growth or reproduction.  

However, I was hesitant to assume these defenses incur no costs for oysters as it is then 

unclear what force maintains plasticity in shell morphology and as these results likely represent a 

conservative estimate of defense costs in oysters for a number of reasons. Firstly, my sample size 

was small and few oysters were found with extreme density values, which limited my statistical 

power when testing stronger relationships with gonad tissue in this region. Secondly, the small 
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energy demand to produce calcium carbonate may make the costs of defenses small and difficult 

to detect, especially if the cost is shared between multiple processes. Other potential costs, such 

as limitations on body volume (Lively 1986; Trussel and Nicklin 2002; Avery and Etter 2006) or 

immune responses (Kroecker et al. 2014; McCauley 2016), may share or suffer 

disproportionately greater costs if oysters prioritize and preserve growth and reproduction. 

Finally, adult oysters do not respond to predation risk (market size, > 5 cm; Johnson and Smee 

2012) and there is uncertainty regarding how strongly induction is maintained as oysters grow. 

Thus, costs may not be as apparent in the adult oysters (65.5 ± 0.89 mm) I used to ascertain 

relationships between shell thickness, density, and fecundity and may be more apparent in 

younger oysters, which are known to produce less soft tissue under conditions of risk (Johnson 

and Smee 2012). Additional studies assessing shell and tissue growth relationships among 

oysters of different ages and exposed to various levels of predation risk are needed to fully 

address this relationship. 

Further, costs which are small or nonsignificant under current conditions may not remain 

so.  Baseline studies that establish an understanding of relationships between shell characteristics 

and predation risk will become increasingly important in the face of ocean acidification, which 

will likely alter the costs of shell production and maintenance. Decreasing ocean pH will provide 

great challenges for calcifying organisms by making the formation and maintenance of shells 

more expensive (Kroecker et al. 2014). Several species are known to reduce calcification under 

conditions of ocean acidification (Bibby et al. 2007; Gazeau et al. 2007; Gaylord et al. 2011; 

Melatunan et al. 2013; Coleman et al. 2014; Mackenzie et al. 2014) in ways which can alter prey 

defenses and species interactions (Bibby et al. 2007). In particular, conditions of ocean 

acidification have been shown to reduce calcification (Gazeaur et al. 2007; Amaral et al. 2012; 
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Waldbusser et al. 2014), growth and larval production (Barton et al. 2012, 2015) in oysters in 

ways which can increase oyster consumption by predators (Amaral et al. 2012). Thus, costs 

which are small or nonexistent under current conditions may become larger and more difficult to 

pay as conditions change. However, not all organisms will be influenced equally by these 

changes (Coleman et al. 2014), and predator prey interactions will become increasingly difficult 

to predict if the factors of importance are poorly understood under current conditions (Kroeker et 

al. 2014).  
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 Chapter II. : A review of predator diet effects on prey defensive responses 

 

ABSTRACT 

Numerous studies have examined how predator diets influence prey responses to 

predation risk, but the role predator diet plays in prey responses remains equivocal. I reviewed 

405 predator-prey studies in 109 published articles that investigated changes in prey responses 

when predators consumed different prey items. In 54% of reviewed studies, prey responses were 

influenced by predator diet. The value of responding based on a predator’s recent diet increased 

when predators specialized more strongly on particular prey species, which may create patterns 

in diet cue use among prey depending upon whether they are preyed upon by generalist or 

specialist predators. Further, prey can alleviate costs or accrue greater benefits by using diet cues 

as secondary sources of information to fine tune responses to predators and to learn novel risk 

cues from exotic predators or alarm cues from sympatric prey species. However, the ability to 

draw broad conclusions regarding use of predator diet cues by prey is limited by a lack of 

research identifying molecular structures of the chemicals that mediate these interactions. 

Conclusions are also limited by a narrow research focus. Seventy percent of reviewed studies 

were performed in freshwater systems, with a limited range of model predator-prey systems, and 

98% of reviewed studies were performed in laboratory settings. Besides identifying the 

molecules prey use to detect predators, future studies should strive to manipulate different 

aspects of prey responses to predator diet across a broader range of predator-prey species, 

particularly in marine and terrestrial systems, and to expand studies into the field.  
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INTRODUCTION 

 Prey possess a variety of characteristics that allow them to survive among potential 

consumers. Although some prey possess fixed traits to deter consumers (e.g., spines, armor), 

most prey use plastic responses including changes in behavior, morphology, or life history that 

are initiated or modified in situations where risk of injury of death is imminent (Kats and Dill 

1998). Behavioral responses by prey to predation risk include reducing activity (Persons et al. 

2001; Large et al. 2011), altering foraging behavior (Relyea 2002), and/or moving to a different 

location (Flynn and Smee 2010) to reduce predatory encounters. Some prey alter their 

morphology to make it more difficult for predators to eat them (Schoeppner and Relyea 2005) or 

manufacture higher levels of chemical defenses to deter potential consumers (Baldwin 1998; Hay 

2009). Life history changes, such as reproductive timing, can change with predation risk, and 

prey may accelerate or delay reproduction depending upon context (Covich and Crowl 1990; 

Fraser and Gilliam 1992; Li and Jackson 2005). Reducing predation risk may involve 

combinations of strategies across different temporal scales. For example, prey may react to 

predation risk with immediate behavioral responses and by initiating morphological changes 

which take longer to develop and reduce prey risk (Schoeppner and Relyea 2005). In other 

situations, prey may react only by changing their behavior or morphology but not both (Smee 

and Weissburg 2006b; Robinson et al. 2014), or may incur a change in morphology caused by 

repeated behavioral alterations and not in direct response to predators (Bordeau 2010a). 

Prey must balance conflicting demands of predator avoidance with critical activities such 

as energy acquisition, growth, and reproduction. Predator avoidance or deterrence often incurs 

costs stemming from lost foraging opportunities or a diversion of resources away from growth 

and fecundity. To minimize these costs, risk assessment is essential, so that predator avoidance 
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or deterrence is implemented in situations posing significant risk of injury or death. The most 

effective systems of risk analysis should integrate the most valuable information available 

regarding local predation risk on the detecting prey species, and prey may use visual, 

mechanical, or chemical cues alone or in combination to gauge predatory threats (Munoz and 

Blumstein 2012).  

Chemical cues are commonly used to gather information regarding predation risk by 

many taxa ranging from microbes to vertebrates (Hay 2009), even among organisms that rely 

heavily on other sensory modalities such as vision (Weissburg et al. 2014). This is perhaps 

because chemical cues often provide accurate, accessible information regarding the proximity 

and intentions of other organisms as predators may be cryptic and lie motionless to minimize 

visual, auditory, or mechanical cues. However, they cannot completely avoid releasing 

metabolites through waste products and body secretions (Brown et al. 2000a). Prey often 

evaluate the degree of predation risk from predator exudates, and cues in different concentrations 

and combinations allow for an unlimited degree of potential threat recognition (Weissburg et al. 

2014).  

Many studies have demonstrated predator exudates can trigger different responses in prey 

depending upon a predator’s recent foraging activity.  Prey may interpret changes in predator 

diet to be indicative of changes in predation risk, particularly when a predator’s foraging activity 

reflects the immediate risk level and is predictive of future predation events (Sih 1980, 1984; 

Lima and Dill 1990). For instance, a predator consuming or having recently consumed 

conspecifics may be treated more cautiously by prey as they likely pose an immediate danger 

(Hews 1988; Madison et al. 1999; Hoefler et al. 2012). Yet, evidence for the importance of 

predator diet in modulating prey defensive decisions is equivocal. Diet cues can be an important 



                                                
  
   

31 

 

source of information, sometimes necessary to induce prey responses to predators at all 

(Bronmark and Pettersson 1994; Stabell et al. 2003). In contrast, many prey species react to 

predators regardless of what species the predator has consumed recently (Smee and Weissburg 

2006b; Large and Smee 2010). These differences may reflect the degree to which predator diet 

predicts future predation events or the availability of risk cues and prey ability to detect them. 

Here, I sought to develop a better understanding of how a predator’s diet affects responses of 

potential prey organisms by reviewing and compiling studies that examined the role of predator 

diet in modulating prey responses to predation risk. 

Methods and terminology 

In this review, I summarized studies from terrestrial, freshwater, and marine 

environments that examined how predator diet influenced the induction of plastic defenses in 

prey. I performed literature searches on ISI Web of Science and Google Scholar using the key 

words “predator diet” and “prey defenses.” I then expanded my search for studies by identifying 

references from the literature cited sections of papers found in the initial literature search that 

were cited as being relevant to the topic but for which predator diet was not explicitly listed in 

the title, key words, or abstract. The result of this search was 109 primary publications and 5 

reviews that are referenced in this article. Although many of these studies also included 

investigations of the role of alarm cues (e.g., injured conspecific) as an important source of 

information regarding predation risk, I focused solely on the responses of prey to either active 

predation (predators consuming prey) or digestive cues released by predators post consumption 

to determine the role of predator diet. 

The primary research articles are cataloged in the Supplementary Table 2-1 

(supplementary materials), with publications given an entry for each independent experiment 
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performed, each difference in diet studied, and each prey response type (i.e. behavioral, 

morphological, etc.) measured. This resulted in 203 investigations of differences in predator diet 

which were used to calculate the values in Table 2-6. Studies of predator diet can be highly 

complex, with the reviewed publications including variation in dietary differences studied (see 

Dietary Differences in Predator Cues section), number and types of diet treatments tested, the 

extent of pairwise comparisons between treatments, study systems, the number of predator and 

prey species tested, the number and type of responses measured, and investigations of other uses 

of diet cue discussed below. In many cases, complicated response patterns resulted in prey 

responses to some but not all combinations of these factors. In order to incorporate all this 

complexity, including contrasting or interacting results, the investigations were broken down into 

405 studies of prey responses to predators reared on different diets. For example, a publication 

which investigated activity level and refuge use in two prey species would be counted as four 

separate studies, one for each combination of prey species and response variable. This approach 

ensured responses were not over-generalized if, for example, prey species responded differently 

or if diet cues induced responses in one measured variable (e.g., activity) but not in another (e.g., 

refuge use). As some publications focused narrowly and some included large amounts of 

variation in these factors, this approach allowed us to consider the relative amount of information 

provided by each study. For each study, I recorded the following information in Supplementary 

Table 2-2: study system, experiment type (laboratory or field), and response types measured 

(e.g., changes in behavior or morphology). I also report whether prey produced responses 

different from controls to the following 4 basic diet treatments: predators fed conspecifics, 

predators fed prey phylogenetically related to or living in the same habitat as the tested species, 

predators fed prey unrelated to the tested species, and predators which had been starved. This 
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table also includes a description of how diet cues are used by prey relating to predator labeling 

and learning (discussed below). If diet cues significantly changed prey reactions from control 

treatments or if responses to tested diets were significantly different from controls and from one 

another, I counted this study as a positive finding for the role of predator diet in modulating prey 

responses. Please see Supplementary Table 2-2 for greater detail. This table was used to calculate 

the values in Tables 2-1, 2-2, 2-3, 2-4, and 2-7. The information on diet response was further 

summarized in Supplementary Table 2-3, where studies are organized by the types of cues tested 

by each study and the types and number of cues which produced responses. Supplementary 

Table 2-3 was used to calculate the values in Table 2-5.  

 Many studies which investigated the role of predator diet cues, either explicitly or 

implicitly, did not take steps to avoid prey exposure to undigested prey alarm cues. Thus, it was 

difficult to ascertain if prey were reacting to predators because those predators were excreting 

cues after digesting prey or if cues from consumed prey remained on the predators following an 

attack. The 405 studies reviewed here include exposures of prey to predators that were actively 

consuming prey as well as to cues released by predators having previously consumed various 

diets. For clarity, I define the terms I use to describe these situations here. I defined alarm cues 

as cues produced by prey organisms that induce a response in other prey organisms (sensu Kats 

and Dill 1998 among others). Active predation was defined as the presence of both predator and 

prey cues as a result of prey exposure to a predator actively feeding during experiments. I 

defined digestive cues as cues to which prey were exposed that were produced by the predator 

post consumption, with any alarm cues present only as a result of passage through the predator’s 

digestive system. Diet cues refer collectively to exposure to active predation and to digestive 

cues alone, but not to injured prey cues only.  
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Below I summarize the costs and benefits of prey responses to predator diet cues, the 

dietary differences to which prey respond, what (little) is known about the chemical nature of 

predator diet cues, and some potential avenues for future research.  

Table 2-1. Studies of predator diet cues by response type. 

Values are calculated from Supplementary Table 2-2.  The first two columns indicate the total 

number of studies which measured each response type and the percentage of studies which 

measured each response type out of 405 studies. The middle two columns define the number of 

studies and percentage of studies that found a response of that type to predator diet cues. Not all 

studies tested all possible cue types (predators fed conspecific prey, related or heterospecific 

prey, unrelated prey, or starved). To account for this variation between articles, I calculated for 

each study the proportion of tested treatments that induced a response different from control 

treatments (for example 2 diet treatments tested and 1 response equals 0.5 points earned, 3 

treatments tested and 2 responses equals 0.66). The last two columns list the proportion of tested 

treatments (out of the total tested for each response type) which produced a response different 

from control treatments, and the percentage of tested treatments (out of the total for each 

response type) which saw a response different from control treatments (for details on the 

definitions of possible cue types and how numbers were calculated, see Supplementary Table 2-

2). The term study is used, rather than publication, as many articles investigated multiple 

predator-prey interactions. Thus, the total number of predator diet studies (405) is greater than 

the total number of publications (109).  

Response 

type 

Total 

(405) 

Percentage Responded 

to diet 

cues? 

Percentage Responses 

out of 

possible to 

4 

treatments  

Percentage  

Behavior 299 73.8 161 53.8 186.6 62.4 

Physiology 8 2.0 5 62.5 3.67 45.8 

Morphology 77 19.0 41 53.2 39.9 51.8 

Life history 8 2.0 4 50 4.17 52.1 

Survival 13 3.2 8 61.5 6.42 49.4 

 

Table 2-2. Studies of predator diet cues by system. 

Values are calculated from Supplementary Table 2-2.  The first two columns indicate the total 

number of studies in each system and the percentage of studies in each system (out of 405). The 

middle two columns define the number of studies and percentage of studies that found a response 

to predator diet cues in each system. Not all studies tested all possible cue types (predators fed 

conspecific prey, related or heterospecific prey, unrelated prey, or starved). To account for this 

variation between articles, I calculated for each study the proportion of tested treatments that 

induced a response different from control treatments (for example 2 diet treatments tested and 1 

response equals 0.5 points earned, 3 treatments tested and 2 responses equals 0.66). The last two 

columns list the proportion of tested treatments (out of the total tested for each response type) 
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which produced a response different from control treatments, and the percentage of tested 

treatments (out of the total for each response type) which saw a response different from control 

treatments (for details on the definitions of possible cue types and how numbers were calculated, 

see Supplementary Table 2-2). The term study is used, rather than publication, as many articles 

investigated multiple predator-prey interactions. Thus, the total number of predator diet studies 

(405) is greater than the total number of publications (109). 

System Total 

(405) 

Percentage Responded 

to diet 

cues? 

Percentage Responses 

out of 

possible to 

4 

treatments 

Percentage 

Freshwater 282 69.6 140 49.6 161.4167 57.2 

Marine 50 12.3 42 84.0 33.25 66.5 

Terrestrial 73 18.0 38 52.1 46.08333 63.1 

 

Table 2-3. Studies of predator diet cues by experiment type. 

Values are calculated from Supplementary Table 2-2.  The first two columns indicate the total 

number of studies in the laboratory or field and the percentage of studies of each type out of 405. 

The middle two columns define the number of studies of each type which found a response to 

predator diet cues and the percentage of studies (out of the total number for each experiment 

type) which found a response to predator diet cues. Not all studies tested all possible cue types 

(predators fed conspecific prey, related or heterospecific prey, unrelated prey, or starved). To 

account for this variation between articles, I calculated for each study the proportion of tested 

treatments that induced a response different from control treatments (for example 2 diet 

treatments tested and 1 response equals 0.5 points earned, 3 treatments tested and 2 responses 

equals 0.66). The last two columns list the proportion of tested treatments (out of the total tested 

for each response type) which produced a response different from control treatments, and the 

percentage of tested treatments (out of the total for each response type) which saw a response 

different from control treatments (for details on the definitions of possible cue types and how 

numbers were calculated, see Supplementary Table 2-2). The term study is used, rather than 

publication, as many articles investigated multiple predator-prey interactions. Thus, the total 

number of predator diet studies (405) is greater than the total number of publications (109). 

Study type Total (405) Percentage Responded 

to diet 

cues? 

Percentage Responses 

out of 

possible to 

4 

treatments 

Percentage 

Field 8 1.98 5 62.5 5.8 72.9 

Laboratory 397 98.0 215 54.2 234.9 59.2 

 

Table 2-4. Studies of predator diet cues assessing predator labelling and learning. 

Values are calculated from Supplementary Table 2-2.  Columns indicate (from left to right) the 

total number of studies which tested for predator labeling, prey learning, and whether learning 

was required to see prey responses; the number of studies which found the tested use of predator 
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diet cues occurred; the percentage of studies (out of the total number for each use) which found 

the use occurred. The term study is used, rather than publication, as many articles investigated 

multiple predator-prey interactions. Thus, the total number of predator diet studies (405) is 

greater than the total number of publications (109). 

 Total Yes Percentage 

Labeling 342 226 66.1 

Learning 34 31 91.2 

Learning required? 27 24 88.9 

 

Table 2-5. Prey responses to predator diet treatments. 

Values are calculated from Supplementary Table 2-3. Columns indicate (from left to right) the 

total number of investigations in which the diet treatment was studied, the number of 

investigations which found prey respond to the treatment, and the percentage of investigations 

(out of the total for each diet treatment) in which prey responded to the treatment out of the 

number which tested it.  The term study is used, rather than publication, as many articles 

investigated multiple predator-prey interactions. Thus, the total number of predator diet studies 

(405) is greater than the total number of publications (109). 

Cue Tested Total Responded Percentage 

Conspecific 373 282 76 

Similar 138 83 60 

Different 224 81 36 

Starved 124 33 27 

 

Table 2-6. Diet studies by diet differences. 

Values are calculated from Supplementary Table 2-1, which characterizes each of the 109 

reviewed publications by the aspects of predator diet which were studied resulting in a total of 

203 investigations. The first 8 rows refer to dietary differences identified in the associated 

section of the text.  The remaining entries refer to investigations of other aspects of predator diet 

cues also discussed below.  For details of how studies were broken down, please refer to the 

methods section or to the caption of Supplementary Table 2-1, and for discussion of specific 

dietary differences, refer to the relevant sections of text below. Columns indicate (from left to 

right) the total number of investigations of a given dietary difference, the number of 

investigations which found prey responses differed between cues of the given difference, the 

number which found prey did not differentiate between the diet differences (reverse of previous 

column), and the percentage of interactions in which the given difference in predator diet was 

found to influence prey responses.  * indicates categories which include the study by Nunes et al. 

2013, which found response differences in some of the studied prey species and not in others. 

Therefore, this study is counted as both a yes and a no and the total number of studies (204) 

reflects this finding. 

Diet differences Total Yes No Percent yes of study type 

Hunger state* 36 33 4 91.7% 

Dietary classification 31 28 3 90.3% 

Relationship (Evo) 42 40 2 95.2% 



                                                
  
   

37 

 

Relationship (Eco) 19 17 2 89.5% 

Life history 1 1 0 100.0% 

Prey morphology 1 1 0 100.0% 

Density (of prey eaten) 4 3 1 75.0% 

Cannibalism 6 3 3 50.0% 

Diet specialization 3 3 0 100.0% 

Learning and labeling 5 5 0 100.0% 

Mixed diet 9 9 0 100.0% 

Consumption 3 3 0 100.0% 

Conspecific 43 31 12 72.1% 

Total 204 177 27 86.8% 

 

COSTS AND BENEFITS OF USING PREDATOR DIET CUES 

The benefits of responding to predator diets cues will depend on the value of information 

provided by those cues in predicting future predator foraging behavior. That is, do cues in a 

predator’s diet reflect a difference in degree of risk posed by that predator? Using diet cues to 

scale responses to predators would allow prey to prioritize non-defensive processes, such as 

growth and reproduction, when predation risk is low, such as when a predator’s future diet is 

likely to consist of other species. The use of diet cues can also reduce the costs of prey defenses 

and/or extend their benefits if prey utilize them for learning or labeling of predators.   

Prey survival 

Prey survival, the most obvious benefit of inducible defenses, may increase after prior 

exposure to predators, and this positive effect can be strongly influenced by a predator’s diet. 

Thirteen studies were reviewed that examined if predator diet affected prey survival in future 

interactions with predators, and 8 found diet cues to significantly increase prey survival in future 

encounters (Table 2-1). For example, juvenile brook charr Salvelinus fontinalis exposed to cues 

from adult yellow perch Perca flavescens fed charr or rainbow trout Oncorhynchus mykiss had 

higher rates of survival in ensuing encounters with predators as compared to those exposed to 
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predators fed stickleback Culaea inconstans (Mirza and Chivers 2003). Prior exposure to 

predators fed conspecifics also increased survival in goldfish Carassius carassius in subsequent 

predatory encounters with pike Esox lucius, as opposed to those exposed to pike fed swordtails 

Xiphophorus helleri (Zhao et al. 2006).  

 In contrast to these results, defensive responses of the wolf spider Pardosa milvina 

increase significantly with exposure to its predator, another wolf spider Hogna helluo, but do not 

impact survival in laboratory conditions (Persons et al. 2001). Similar results were seen for P. 

milvina exposed to hungry or satiated H. helluo, with hungry predators inducing stronger 

responses that did not translate into increased survival (Bell et al. 2006). Hungry spiders were 

more dangerous predators, suggesting that Pardosa milvina increased their responses to hungry 

H. helluo in order to maintain the same level of survival as the latter become more efficient or 

determined predators (Bell et al. 2006). Thus, maintaining a constant level of survival against a 

more dangerous predator might actually indicate an increased benefit from diet cues, even 

though these studies concluded no benefit to survival in laboratory settings in my analysis.   

Generalist versus specialist 

The value of predator diet cues lies in the ability of prey to predict future predation risk 

based on prior predation events. Thus, prey will receive benefits from responding more strongly 

to predators consuming “dangerous” diets if predators are likely to consume similar diets in the 

future. For example, specialist predators prey upon a narrow range of species, although they may 

switch prey targets seasonally. Diet cues would be invaluable by indicating to non-target 

organisms that risk is low and by indicating to potential target organisms when their risk is high.  

This is the case for the predatory wolf spider H. helluo that shows a stronger preference 

for paper exposed to its prey, another wolf spider P. milvina, when it has recently consumed P. 
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milvina, suggesting H. helluo pose a greater risk to prey they have recently consumed (Persons 

and Rypstra 2000). Predictably, P. milvina hatch earlier and at smaller sizes in the presence of H. 

helluo that have recently consumed conspecifics, decreasing time spent in the vulnerable egg 

state (Li and Jackson 2005). Predator-naïve fall field crickets Gryllus pennsylvanica responded 

with increased speeds to H. helluo and to two other species of predatory wolf spider which had 

consumed crickets (Storm and Lima 2008). Results from both studies suggest this preference 

may be found with other prey species.  

However, if predators are equally likely to consume a variety of species regardless of 

their previous diet, there is little additional value in diet cues beyond identifying predator 

presence. Prey that only react to predators consuming conspecifics would be at great risk when 

predators consume other species but still pose a threat to them. This would be the case for 

generalist predators which are more opportunistic and consume a wider variety of prey than 

specialists (Meng et al. 2006). Diet cues would then provide little additional information 

regarding the threat posed by generalist predators, since their last meal would have little 

influence on what they might eat next. 

Three studies were reviewed that specifically compared prey responses between 

generalist and specialist predators. All three found responses were always present and strong for 

specialists but were weaker or absent to generalists (Ferrari et al. 2007; Crawford et al. 2012; 

Osburn and Cramer 2013; Table 2-6).  For example, fathead minnows P. promelas responded 

stronger to feces of northern pike E. lucius, a piscivorous predator, than to cues of a more 

generalist predator, brook trout S. fontinalis (Ferrari et al. 2007). Porcupines reacted stronger to 

scent from the fisher Martes pennanti, a specialist on porcupines, than to coyote Canis latrans 

urine (a generalist), while hares Lepus americanus reacted similarly to different predator scents 
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(Osburn and Cramer 2013). These studies suggest that diet cues provide more valuable 

information to prey when released by specialist predators, because their previous diet provides 

accurate information about future risk. However, prey may react more strongly to generalist 

predators when they consume conspecifics if diet cues from those predators contain higher 

amounts of ‘risk’ cues, such as combinations of predator and alarm cues. Generalists may also 

provide avenues for alternate use of diet cues, such as cue learning.  For example, fathead 

minnows can learn the alarm cues of consumed heterospecifics when they are consumed with 

fathead minnows by the generalist yellow perch P. flavescens (Mirza and Chivers 2001b), Such 

overlap of known and novel cues would be unlikely in the diet of specialist predators and may 

provide selective pressure for responses to diet cues in generalist predators. 

Within a population of generalist predators, individuals may actually specialize on a few 

prey types, and thus diet cues would provide an indication to potential prey about the threat an 

individual predator poses. For example, although cobras H. haemachatus are generalist 

predators, individual snakes show strong preferences for only one or two prey species 

(Alexander 1996; Greene 1997). Consequently, striped mice R. pumilio responded more strongly 

to feces from H. haemachatus fed conspecifics than to those that had eaten house mice M. 

musculus (Pillay et al. 2003). Laboratory and field studies of three trout species found individual 

trout often specialize on a few prey types (Bryan and Larkin 1972). Although generally short-

lived, trout feeding preferences could last up to six months. Further studies of visual (Jackson 

and Li 2004) and chemical (Melcer and Chiszar 1989) search image formation in spiders and 

rattlesnakes, respectively, suggest the process results in a tradeoff between the efficiency of 

capture for one prey species with the ability to recognize other prey species, suggesting 
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specialization may occur at the individual level in a number of species considered to be 

generalist predators at the species level. 

 For this review, I encountered great difficulty determining whether species were 

classified as generalist or specialist foragers since predators classified as generalist do often have 

individuals that specialized on a few prey types. I therefore only used studies which explicitly 

investigated the role of predator specialization to compare responses of generalist and specialist 

predators, relying on the labels utilized by the authors to make distinctions between the two 

predator groups. I did not attempt to quantify differences in prey responses to generalist versus 

specialist predators and the role of predator diet for the remaining studies, although this topic 

would be a fruitful area for future research endeavors given the limited number of studies 

explicitly testing this dietary difference. 

Marine versus freshwater 

Freshwater and marine systems differ in degree of isolation and allopatric division of 

populations, which has led to greater specialization of predator prey systems in freshwater 

environments (Wellborn et al. 1996). In freshwater systems where specialists are common and 

diet cues valuable in predicting risk, there is likely greater selective pressure on prey to respond 

to predators that are consuming conspecifics because these predators pose the greatest risk. In 

contrast, marine systems experience high connectivity with few barriers between habitats and 

have generalist predators feeding on a vast array of species. Therefore, in marine systems 

selection may favor general mechanisms of predator recognition, such as responses to predator 

exudates regardless of recent foraging history and reacting to injured con- and heterospecifics. If 

use of diet cues by prey is common in marine systems, cues relating to dietary classification (i.e. 

carnivore, herbivore, etc.), such as those investigated by Dixson et al. (2012), that reveal a 
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particular habitat contains high numbers of predators, are likely to be more useful and are 

possibly more prevalent. Of the 405 studies reviewed, 332 (>80%) of those focused on aquatic 

systems (including studies of larval amphibians and aquatic larval insects), and 282 (70%) were 

in freshwater systems (if studies of organisms which are transitional between marine and 

freshwater, such as salmon, are considered marine; Table 2-2). Forty-two of the 50 studies (85%) 

reviewed in marine systems found predator diet to have some effect on prey responses, a greater 

percentage than what is observed in freshwater and terrestrial systems (~57%; Table 2-2). 

However, there is a dearth of research in marine (and terrestrial) systems, which prevents 

accurate comparisons regarding the role of predator diet cues in prey evaluation or risk. For 

example, studies of differences in diet based on prey relationships generally see high usage of 

diet cues (80-100%, Supplementary Table 2-4) but are poorly tested in marine and terrestrial 

environments. Even in freshwater systems, testing prey responses to predators consuming 

phylogenetically-related species accounted for the majority of studies and was tested twice as 

often as all other aspects of diet cues combined. This, in combination with recognized 

publication bias in favor of significant results, limits my ability to determine the relative role of 

predator diet in different systems. More research of all types of dietary differences will be 

necessary to test the extent of diet cue effects on prey responses, and these studies are especially 

needed in terrestrial and marine systems.  

Primary and secondary information 

The extent to which prey rely on predator diet cues to determine response induction may 

reflect the costs and benefits of such cues. Several studies have found prey to rely on predator 

diet cues as a primary or sole source of information, meaning they respond only when predators 

eat conspecifics or closely related species but not to alarm cues from injured prey, to predators 
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consuming other diets, or to starved predators (Brown and Godin 1999; Murray and Jenkins 

1999; Stabell et al. 2003; Jacobsen and Stabell 2004; Griffiths and Richardson 2006; Dixson et 

al. 2012). For example, Daphnia (spp.) produced morphological defenses in response to cues 

from predators fed conspecifics but not to predators fed earthworms or starved. They do not 

respond to alarm cues alone even when paired with predator cues (Stabell et al. 2003), indicating 

that consumption of conspecifics by predators is necessary to induce responses in this system 

(Stabell et al. 2003). Primary dependence on predator diet cues could be an effective way for 

prey to mitigate costs associated with predator avoidance or deterrence when certain diets 

indicate low risk, as with specialist predators discussed above. However, by limiting responses to 

predators in this manner, prey may leave themselves vulnerable to predators that have been 

foraging on other species or that have not recently eaten (and are likely more motivated and 

dangerous). Thirty-seven percent (142 of 385) of reviewed studies which tested a conspecific 

diet found prey to limit predator responses to situations when predators are consuming 

conspecifics and not to any other tested diet treatments. Of these 142 studies, 37 also tested prey 

responses to conspecific alarm cues, and 17 found no response to alarm cues, evidence for strict, 

primary usage of diet cues as the sole trigger for responding. Thus, it seems rare for organisms to 

fully limit responses to primary use of predator diet cues, suggesting it may be maladaptive for 

prey to completely ignore all other risk cues. Failure to detect potential predators likely causes 

injury or death, and thus there is stronger selective pressure on prey to avoid predators than on 

predators to consume prey (i.e. life-dinner principle, Dawkins and Krebs 1979). This suggests 

prey should be selected to play it safe and may explain why severe limitation of prey responses 

solely to predators consuming conspecifics appears to be a rare occurrence. 
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In contrast, prey may rely on predator diet cues as a secondary source of information.  In 

such cases, use of diet cues may function analogously to integration of multiple sensory 

modalities. Integration between multiple sensory modalities, such as vision and chemoreception, 

can provide more accurate assessment of risk than either sensory modality in isolation (Munoz 

and Blumstein 2012). In much the same way, many prey use diet cues to more accurately detect 

risk and fine tune their responses to it (Jones and Paszkowski 1997; Brown et al. 2000a; Brodin 

et al. 2006; Bourdeau 2010b). In this scenario, prey react to predators regardless of diet but react 

more strongly to diets which indicate increased risk. For example, grey tree frog tadpoles H. 

versicolor responded to alarm cues from crushed prey, but reacted more strongly to consumed 

prey, with graded responses proportional to phylogenetic distances between the consumed and 

responding prey species (Schoeppner and Relyea 2005). This suggests tadpoles interpret crushed 

conspecifics as an indication of predation risk, but consumed conspecifics as a more reliable cue 

because the source of prey mortality can be definitively attributed to predators. In addition, the 

degree of similarity between the current meal and the responding prey presumably reflects the 

current preference for the responding prey indicating increased risk. Using diet cues as a 

secondary source of information may represent a compromise by prey which allows them to gain 

benefits from more fine-tuned anti-predator responses without suffering the costs of failing to 

respond to dangerous predators which have not consumed a particular diet. 

Some species use diet cues as primary information required before reacting to predators 

under some circumstances but then use diet cues as a secondary information source to fine tune 

responses to predators in other circumstances. For example, the red-backed salamander P. 

cinereus forages at night to reduce exposure to its predators that are primarily active during the 

day. At night, when predator avoidance incurs the greatest costs via loss of time spent foraging, 
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it uses dietary cues as a primary source of information and does not react to predators unless they 

have eaten conspecifics. During the day, when the salamanders are typically less active and 

predators most active, they use diet cues as a secondary source of information (Madison et al. 

1999). As a second example, a number of species that use chemical labeling to learn novel 

predator cues (see Learning and predator labeling section) initially respond only to cues from 

predators consuming conspecifics but learn to respond to predators eating other prey after they 

have been exposed to these predators eating conspecifics and identified them as dangerous 

(Mathis and Smith 1993b; Mirza and Chivers 2001b; Cai et al. 2011). These examples further 

represent a compromise by species which allows them to maximize benefits and minimize costs 

of responding to predator diet cues. 

Types of prey responses to predator diet cues 

Inducible defenses can include any changes in prey response which decrease their chance 

of consumption by predators, including changes in prey behavior, morphology, physiology, and 

life history. Response types often vary in lag times, reversibility, and cue sensitivity. Prey may 

require more reliable cues or cues that indicate a greater level of risk, such as cues from 

predators eating conspecifics, to produce responses which are more difficult to reverse or which 

represent a greater energy investment.  For example, grey treefrog tadpoles Hyla versicolor 

produced behavioral responses but not morphological responses to crushed prey cues. However, 

they produced stronger behavioral responses and altered their morphology when exposed to 

predators that had consumed related prey (Schoeppner and Relyea 2005).   

Morphological changes in response to predation risk are often more costly to prey and are 

harder to reverse than are behavioral responses. I hypothesized that more reliable cues, such as 

those from a predator’s diet, would be required to trigger morphological as opposed to 
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behavioral reactions by prey. Fourteen of the 109 publications reviewed studied both behavioral 

and morphological responses of prey to predators (Supplementary Table 2-2).  In these studies, 

behavioral responses, which have short lag times and are easy to reverse, were induced by 

predator diet cues >70% of the time and morphological responses, which are more expensive and 

difficult to reverse, were induced only 40% of the time.  When considering all the reviewed 

studies (405), diet cues influenced >60% of tested behavioral responses and 50% of 

morphological responses (Table 2-1), suggesting morphological responses are induced by a more 

limited range of predator diet cues. However, as with comparing diet cue use between systems, 

there is not sufficient data to test this difference statistically. For organisms which produce both 

types of responses, more sensitive behavioral responses may be reduced after morphological 

responses are turned on to prevent redundancy of defenses. For example, when goldfish 

Carassius auratus change to a deep-bodied morph to defend against gape-limited predators, they 

displayed significantly weaker behavioral responses than shallow-bodied morphs (Chivers et al. 

2007). This may reduce the prevalence of behavioral responses and mask the greater sensitivity 

to various diets. Thus, the small difference in response sensitivity here and the great difference in 

sensitivity for studies which tested both types of responses suggest use of diet cues may provide 

a means for prey to ensure more expensive or less flexible responses are produced only when 

risk is high. 

It bears consideration, however, that the literature on predator diet cues strongly focuses 

on behavioral responses, with 75% (299) of my 405 studies measuring behavior (Table 2-1).  

The next most commonly studied response type, morphological, is only studied in <20% (77) of 

these interactions and physiological and life history changes are each the focus of 2% (8) of these 

interactions (the remaining 13 interactions examined survival responses, discussed above).  Thus, 
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there is limited ability to statistically test the differences noted here and comparisons between 

responses types, as between systems, are influenced strongly by unbalanced data and publication 

bias. Additional work is needed regarding these other response types before the value of predator 

diet cues in inducing these responses or the use of diet cues for secondary induction of more 

expensive response types can be truly investigated. 

Learning and predator labeling 

The immediate value of predator diets cues is to label or identify riskier predators  

(Chivers and Smith 1998).  But the value of responding to diet cues can be extended outside the 

initial predator encounter if prey use them to learn novel risk cues and respond to these risk cues 

in subsequent encounters. The cues which label predators are often alarm substances produced 

by conspecifics that are innately recognized (Batabyal et al. 2014; Manek et al. 2014). Many 

prey species possess the ability to learn novel cues as dangerous when they are paired with 

innately-recognized alarm cues (e.g., injured conspecific). Prey can learn to recognize cues 

released by predators (Magurran 1989; Brown and Smith 1996), heterospecifics  (Chivers et al. 

1995), and even habitats (Mathis and Unger 2012) that are indicative of predation risk. Thus, use 

of predator diet cues can be valuable for its potential to label current as well as future risk. 

 Predator labeling was examined in 342 studies and found to occur in 226 of them (65%, 

Table 2-4). For example, fathead minnows P. promelas did not respond to unknown predatory 

pike E. lucius fed swordtails X. helleri, but did respond when pike were fed conspecific minnows 

(Mathis and Smith 1993b). Similarly, naïve damselflies Enallagma spp. responded to pike fed 

damselflies or fathead minnows but not to predators fed mealworms Tenebrio molitor (Chivers et 

al. 1996). Thirty-four studies directly tested predator diet as a mechanism for learning novel 

cues, and 31 (>90%, Table 2-4) of them found diet to be a significant factor used by prey for 
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learning predator cues. Additionally, 24 (~90%) of 27 studies found learning via diet cues was 

necessary for prey to produce any responses at all to predator cues in the absence of alarm cues. 

For example, minnows and damselflies respond to swordtail and mealworm diets respectively 

only when they have previously experienced predators fed “dangerous” diets containing 

conspecifics (Chivers et al. 1996).  

Some prey can learn the alarm cues of heterospecifics when they are present in the diet of 

predators along with those of conspecifics or when the predator has previously been labeled as 

dangerous. Minnows responded to the alarm cue of brook sticklebacks C. inconstans, a 

heterospecific prey, after exposure to perch fed minnows and sticklebacks but not when perch 

had been fed sticklebacks and swordtails (Mirza and Chivers 2001b; Chivers et al. 2002). 

Learning of heterospecific alarm cues may provide value for responses to diet cues produced by 

generalist predators. Although the immediate labeling of the predator may not provide 

information about the risk it presents, overlap between conspecific and heterospecific cues is 

unlikely in the diets of specialist predators. Thus, it may be valuable for prey to respond to 

generalist predator diets if it allows prey to learn novel heterospecific alarm cues and identify a 

larger range of dangerous situations in the future. 

Biotic gradients 

Inducible defenses represent a balance of defensive cost against survival benefits. This 

balance occurs against a backdrop of ecological factors which influence the relative costs and 

benefits prey experience when determining when to produce defenses. The value of cues, such as 

predator diet cues, and their use are often influenced by alteration of defense costs and benefits. 

Generally speaking, prey should make use of diet cues at intermediate risk levels, when risk is 

great enough to justify reaction to predation cues (Laurila et al. 1997, 1998) but is not so high as 
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to justify strong responses to all risk cues ( Jacobsen and Stabell 1999; Madison et al. 1999; 

Vilhunen and Hirvonen 2003; Ferrari et al. 2010). Limited work has examined the role of 

predator diet cues in relation to other pressures on prey such as variation in resources, 

competition, abiotic conditions, and temporal variation in predation risk.  

Prey susceptibility to predation influences the cost:benefit ratio of inducible defenses as 

well as the use of diet cues for risk assessment. Species that possess alternate defenses make less 

use of predator diet cues because they have reduced sensitivity to predation cues in general 

(Laurila et al. 1997, 1998; Chivers et al. 2007). Increased use of diet cues occurs among smaller 

individuals that are more susceptible to predators (Bronmark and Pettersson 1994; Levri 1998). 

Greater abundances of individuals can also decrease predation risk through the dilution effect, 

resulting in increased vigilance and decreased individual risk (Foster and Treherne 1981; Turner 

and Pitcher 1986).  For example, Artic charr S. alpinus tested in schools were found to respond 

to brown trout S. trutta only when trout were fed charr (Hirvonen et al. 2000), but to respond to 

trout regardless of diet when tested as solitary individuals (Vilhunen and Hirvonen 2003). 

 Resource availability can alter the value of energy allocated to defenses, causing prey 

responses to predator diet cues to wane as prey hunger level increases (Laurila et al. 1998; 

Brown and Cowan 2000; Bell et al. 2006). Competition may also alter resource availability and 

prey responses to predator diet cues. Some organisms can evaluate the potential risk from 

predators and competitors and adjust their behavior and morphology so as to react to the greatest 

threat (Relyea 2000). Toad tadpoles B. bufo react significantly less to predation risk than R. 

temporaria tadpoles, and Laurila et al. (1997) attributed this finding to high natural densities of 

toads resulting in intense competition for resources at this life stage. In contrast, Kiesecker et al. 

(2002) suggest red-legged tadpoles R. aurora use diet cues and alter their life history only in 
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response to conspecific diet treatments because consumption of heterospecifics indicates reduced 

predation risk and competition. 

 The benefits of defending, and the costs prey are willing to incur to achieve them, are 

altered by the degree of risk a predator presents. Prey species utilize diet cues when predators are 

less aggressive or at times when they are less active, even when they respond equally to all 

predation cues under riskier conditions (Jacobsen and Stabell 1999; Madison et al. 1999; 

Vilhunen and Hirvonen 2003; Ferrari et al. 2010). Additionally, R. dalmatina tadpoles respond 

more strongly to newts T. vulgaris which have consumed greater densities of prey, possibly due 

to greater quantities of cue produced, suggesting newts pose a risk proportional to tadpole 

consumption (Hettyey et al. 2010). Ambient predation pressure is also known to influence prey 

use of predation cues generally (Large and Smee 2012) and likely influences use of diet cues in a 

similar manner, with less selective responses seen when pressure is greater. Investigating the 

relationships between ambient predation pressure and prey use of predator diet cues requires 

further investigation.   

Evolutionary history and invasive species 

Using predator diet cues to learn novel cues can be especially beneficial under conditions 

of shifting predator landscapes, such as the presence of invasive or exotic predators (Grostal and 

Dicke 2000; Cai et al. 2011; Roberts and de Leaniz 2011). For innate recognition of predation 

cues to occur, a shared history between the predator and prey species is needed to allow time for 

the recognition to develop through selection (Mathis et al. 1993; Chivers et al. 1995; Chivers and 

Mirza 2001b; Schoeppner and Relyea 2009).  Local predators may be recognized as dangerous 

regardless of diet, whereas prey may respond to novel species only when diet cues indicate they 

are a threat (Mathis and Smith 1993b; Stabell et al. 2003; Marquis et al. 2004; Dixson et al. 



                                                
  
   

51 

 

2012; Rosell et al. 2013; but see Brown et al. 2013). For example, when nine species of tadpole 

were tested for responses to predator diet cues of native dragonfly Aeshna spp. and invasive 

crayfish P. clarkii predators, eight species responded to dragonflies regardless of their diet 

whereas five of nine responded to crayfish only when crayfish consumed prey conspecifics 

(Nunes et al. 2013). However, novel cues in general are often treated with caution (Crawford et 

al. 2012; Brown et al. 2013), and this response is likely to be heightened by the presence of diet 

cues recognized as dangerous (Brown et al. 2000a). Such a response to predator diet cues would 

be adaptive for species and communities faced with species invasion (Cai et al. 2011).  

Conversely, exotic prey species may benefit and be able to successfully colonize new habitats if 

they can recognize new predatory threats in their invasive range. Evolutionary history may 

diminish in importance for responses to diet cues over the course of an invasion as prey are 

selected for the ability to detect the new predator or learn to do so. In some cases, prey may even 

react more strongly to the invasive species over time if it poses a greater threat than native 

predators (Large and Smee 2010; Large et al. 2012). 

DIETARY DIFFERENCES IN PREDATOR CUES 

 In addition to studies assessing whether prey could distinguish between predators eating 

conspecifics versus an alternate diet, three other aspects of changes in prey responses to predator 

diet were reviewed. These three areas for diet cue investigations determined: 1) if diet reflected 

the hunger state of a predator and indicated if a predator was more or less dangerous; 2) if prey 

could generally distinguish between the type of consumer (e.g., carnivore vs. herbivore), and 3) 

if related prey in a predators diet yield stronger reactions and reflected greater risk (Table 2-6).  
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Hunger state of predators 

A hungry predator may pose a greater threat than one that has recently eaten, but often, 

prey are less responsive or do not respond at all to cues from predators that are starved. In some 

instances, prey can distinguish between satiated and starved predators or demonstrated a graded 

response based upon both the content of a predator’s last meal and the time since it last ate. I 

found four scenarios regarding prey reactions to predators based upon hunger state: 1) prey do 

not differentiate between fed and starved predators, reacting similarly to both (Saglio and 

Mandrillon 2006; Nunes et al. 2013); 2) prey react stronger to starved predators (Licht 1989; Bell 

et al. 2006; Shin et al. 2009; Nunes et al. 2013); 3) prey react to both starved and satiated 

predators but react more strongly to predators that had eaten conspecifics (Brown et al. 2000a; 

Brown and Schwarzbauer 2001; Vilhunen and Hirvonen 2003; Schoeppner and Relyea 2005); 

and 4) prey do not react to starved predators (Jachner 1997; Yamada et al. 1998; Madison et al. 

1999, 2002; Brown et al. 2001; van Buskirk and Arioli 2002; Marquis et al. 2004; Saglio and 

Mandrillon 2006; Griffiths and Richardson 2006; Smee and Weissburg 2006b; Mortensen and 

Richardson 2008; Kesavaraju and Juliano 2010; Large and Smee 2010; Morishita and Barreto 

2011; Mogali et al. 2012; Nunes et al. 2013).  

Hungry predators are often more motivated and dangerous (Jachner 1997; Bell et al. 

2006). Presumably, prey that can differentiate between satiated and hungry predators benefit by 

responding more strongly to more dangerous hungry predators. However, 36 studies investigated 

predator hunger and its effects on prey responses, and 16 of these contained at least one prey 

species that failed to react to a starved predator (Table 2-6). This finding may seem counter 

intuitive, but it likely results from an inability of prey to detect starved predators because they 

release fewer exudates than those recently fed (Large and Smee 2010). For predators, decreased 
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cue production could increase their success as their need to find a meal increases. Under these 

circumstances, responses to injured prey cues may be an effective strategy for prey in allowing 

nearby conspecifics to detect the hungry foragers despite their reduced cue production, but only 

after it has succeeded in acquiring a meal (Smee and Weissburg 2006b; Morishita and Barreto 

2011). 

Dietary classifications 

Most studies of predator diet investigate changes in predator diet from species X to 

species Y, but 31 tested changes in diet at a larger scale (i.e. changes in dietary classification, 

such as from carnivore to herbivore) (Table 2-6). Utilizing such diet cues could allow prey to 

identify potential predators by their general dietary classification (i.e. carnivorous, piscivorous, 

insectivorous), without the need to recognize unique compounds for each predator or to have 

prior experience with a novel predator. Two publications investigated the ability of mammals to 

recognize carnivorous predators when they were consuming a diet lacking meat. Four species of 

rodents fed significantly more from bowls marked with urine of coyotes Cavia latrans fed 

cantaloupe than from coyotes fed meat (Nolte et al. 1994). Chemical analysis suggested rodents 

reacted to sulfurous compounds resulting from the consumption of meat and that sulfurous 

compounds may be a general diet cue utilized by a number of species to identify carnivorous 

predators (Nolte et al. 1994). Similarly, predator-naïve mouse lemurs Microcebus murinus 

avoided areas at which they were conditioned to expect a reward when the area was marked with 

the feces of native or introduced predators but not when the feces were of a non-predator, 

indicating an innate ability of mouse lemurs to recognize metabolites resulting from the digestion 

of meat (Sundermann et al. 2008).  
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 Habitat selection by prey may also be affected by the presence of predator diet cues. 

Juvenile anemonefish A. percula responded to naturally non-piscivorous fish fed a piscivorous 

diet but not an invertebrate diet (Dixson et al. 2012). In the field, coral reefs manipulated to 

release piscivorous diet cues saw significantly fewer fish recruits compared to those releasing 

cues from invertebrate-fed fish and un-manipulated control patches. These results indicate that 

reef fish use large scale diet cues to quickly recognize new predators after settlement on the reef. 

Such large scale cues may be especially valuable in habitats, such as coral reefs, where the 

predator base is too diverse to learn individual predator cues and where prey must quickly learn 

to recognize predators, as reef fish must in the post settlement stage when mortality is very high 

(Dixson et al. 2012).  

 These findings are not universal however as C. carassius altered their morphology only 

when predators were consuming prey conspecifics and not simply to a piscivorous diet (Stabell 

and Lwin 1997). This result may be explained by the higher costs of altered morphology 

(compared to behavioral changes), which can require a more accurate indication of predation risk 

(see section on Types of prey responses). Regardless, general diet cues may provide an important 

source of information on predation risk in many systems, but this has not been thoroughly 

investigated. In addition, many studies which are not necessarily focused on general diet cues but 

which choose vastly unrelated diets for the predators producing the cues may inadvertently 

provide information on the use of general diet cues by prey species (Hirvonen et al. 2000; Van 

Buskirk and Arioli 2002). 

Relationship 

The relationship between prey consumed by the predator (the consumed prey) and other 

prey organisms detecting the predator (the responding prey) often influences how predator diet 
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affects prey responses. Relationships between prey organisms can be through relatedness via 

shared evolutionary history or an ecological relationship in which prey live in the same habitat 

and are preyed upon by the same predator(s). Evolutionary relationships depend on prey 

responding more strongly to the consumption of other prey when phylogenetic distances between 

the two organisms are shorter. Prey that are more closely related may produce similar alarm cues 

or cause similar compounds to be present in predator excretions, which can lead to effects of 

predator diet on prey responses (Chivers and Smith 1998). This is commonly seen within the 

superorder ostariophysi. The alarm cue for this group, an unknown compound or group of 

compounds referred to as Schreckstoff, appears to be highly conserved (Brown et al. 2000b, 

2003). For this reason, species in this superorder are often used for investigations of diet cues 

with swordtails, a non-ostariophysan species, as a control diet. The level of evolutionary 

relationship prey can detect varies between systems, and some prey can differentiate between 

predators eating the same species from different populations, such as the salamander P. cinereus 

(Sullivan et al. 2005). 

It may also be valuable to know if an evolutionarily unrelated but sympatric organism has 

been eaten by a shared predator. Selection for the ability of prey to detect consumption of 

ecologically related species (i.e. in the same habitat and are vulnerable to the same predator(s)) 

depends on the value of responding to the consumption of other organisms with which prey share 

a habitat, a predator, and/or a trophic level. Such value can be influenced by factors such as 

species density, overlap in ontogeny, and competitive interactions (Laurila et al. 1997; Huryn 

and Chivers 1999). Fewer studies tested ecological relationships as compared to evolutionary 

relationships, but 19 investigations were found that tested prey responses to predators consuming 

unrelated but co-occurring species, and in 17 (89.5%) prey reactions to predators were stronger 
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when predators consumed co-occurring species compared to control and unrelated diet 

treatments (Table 2-6). For example, red-backed salamanders P. cinereus and dusky salamanders 

Desmognathus ochorphaeus both share habitat with the two-lined salamander Eurycea 

bislineata, but do not overlap each other anywhere in their ranges. Both red-backed and dusky 

salamanders responded to garter snakes T. sirtalis fed conspecifics or sympatric two-lined 

salamanders but not to snakes fed the third, allopatric salamander species (Sullivan et al. 2004, 

2005). And predatory mites N. cucumeris responded to the heteropteran bug O. laevigatus only 

when O. laevigatus have been consuming a shared prey, the western flower thrip Frankiniella 

occidentalis (Magalhaes et al. 2004). The authors suggest responses are seen to the consumption 

of thrips and not prey conspecifics because N. cucumeris encounter O. laevigatus when they are 

both consuming thrips, suggesting the ecological relationship between bugs and thrips is more 

important than the evolutionary relationship between conspecifics.  

Schoeppner and Relyea (2009) investigated the relative importance of these two types of 

relationships in inducing responses to predator diet cues. They compared responses of grey tree 

frog tadpoles H. versicolor to dragonfly predators fed one of seven diets of co-occurring species 

along a gradient of evolutionary relatedness and a single species of closely related but allopatric 

prey. Although grey tree frog tadpoles H. versicolor react to predators that have eaten co-

occurring species, their responses to predators fed evolutionarily related organisms were 

stronger. 

Other factors in predator diet affecting prey responses 

Life history may be an important diet factor for many species whose predator base 

changes with life stage by providing an avenue to learn new predators quickly and avoid 

responding to predators which no longer pose a threat. For example, juvenile western toads B. 
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boreas react to red-spotted garter snakes Thamnophis sirtalis fed juvenile but not larval toads 

(Belden et al. 2000). Belden et al. (2000) was the only study reviewed that investigated the 

ability of prey to recognize life stage differences in predator diet. Besides life stage, prey 

morphology may influence prey reactions. Prey may have different morphologies and may react 

differently to predators depending upon the morphology of the conspecifics consumed (Brown et 

al. 2004). For example, goldfish Carassius auratus react to gape limited pike predators E. lucius 

by growing a deeper body to reduce their likelihood of being consumed. Chivers et al. (2007) 

tested responses of goldfish to pike that had eaten either a deep-bodied type or a shallow-bodied 

type without the morphological response. Goldfish behavioral responses were strongest to pike 

that had eaten goldfish with the same body type. 

  Rana dalmatina tadpoles responded more strongly to predators fed greater densities of 

conspecifics (Hettyey et al. 2010). The authors suggested the density of consumed prey 

potentially indicated the age or available prey options of predatory newts, as newts are more 

dangerous when fully grown or when lacking alternate prey. Similar results were found for pool 

frog tadpoles R. lessonae reacting to dragonfly predators (van Buskirk and Arioli 2002). 

However, this finding may be an issue of quantitative cue concentration rather than qualitative 

diet differences as predators consuming more food may simply exude more cues for prey to 

detect. Nonetheless, predators regularly consuming greater quantities of prey and producing 

greater quantities of cue are likely more dangerous, and more intense responses to these 

differences by prey are likely adaptive. 

 Some species can act as predator and prey when individuals practice cannibalism, 

presenting a unique situation as the cues produced by predators may be the same as those 

produced by damaged or consumed prey. Larvae of the long-toed salamander Ambystoma 



                                                
  
   

58 

 

macrodactylum have been used in several studies of the role of predator diet cues in cannibalistic 

systems, as the species produces varying numbers of a cannibalistic morph depending on 

environmental cues which makes cannibalistic predation pressure unpredictable (Wildy and 

Blaustein 2001). The ability to differentiate between typical and cannibalistic morphs and to 

avoid the latter is therefore an advantage for individuals of this species. The salamanders are able 

to differentiate and respond accordingly to cannibalistic morphs, with stronger responses to 

cannibals fed conspecifics (Chivers et al. 1997), although individuals respond to salamanders 

which have been consuming conspecifics regardless of morph (Wildy et al. 1999). These 

responses are likely learned as naïve salamanders respond only to cannibals consuming 

conspecifics while older, experienced individuals respond to cannibals regardless of diet (Wildy 

and Blaustein 2001). 

NATURE OF DIET CUES 

The inability to identify the chemical compound(s) modulating prey reactions to predator 

diet cues limits much of the work in this area of chemical ecology. Unlike plant chemical 

defenses, diet cues are often waterborne, present at low concentrations, and likely to be a blend 

of primary metabolites rather than a single secondary metabolite, making their identification and 

quantification challenging (Weissburg et al. 2002). These methodological limitations make it 

difficult to ascertain how alarm and predator cues work together and whether concentration or 

the chemical make-up of the cue(s) is responsible for differences in prey responses observed. 

Yet, by manipulating predator diet, a better understanding of the role of diet cues in modulating 

prey responses can be obtained. 

Prey may utilize cues emanating from two sources to determine predation risk: cues from 

injured prey (e.g., alarm cues) and cues from the predators themselves. Predator diet cues may 
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contain both of these types of cues, either from active predation, which mingles alarm cues in the 

environment with predator exudates, or from the presence of alarm cues released in predator 

waste products, referred to here as digestive cues. The combination of both cues may inherently 

indicate an elevated risk by suggesting a predator is in the area and has already harmed or 

consumed other prey organisms. The greater reliability of combinations of risk cues could result 

in concomitant increases in prey responses. Alternatively, there may simply be a larger quantity 

of risk cues present, creating a situation in which prey are more likely to detect the cues and/or to 

detect greater cue concentrations. Prey may respond more strongly to greater concentrations of 

predation cues and, thus, an increase in cue concentration alone may explain the greater 

responses seen to diet cues (Weissburg et al. 2014). These possibilities are not mutually 

exclusive, and both may influence prey responses simultaneously.  

If prey respond to the quality, rather than the quantity, of predatory diet cues, there are 

three possible sources for digestive dietary cues: 1) alarm cues are released unchanged in 

predator waste products, 2) digestion of prey changes the alarm cue in a manner to reflect that a 

prey was eaten, or 3) a novel cue is excreted by the predator after consuming a particular prey 

item. For the first possibility, prey alarm substances may be conserved during digestion, meaning 

prey are receiving alarm cues indirectly alongside predator cues post-consumption in essentially 

the same undigested manner as they would during the attack. For example, nudibranchs Aeolidia 

papillosa which have fed on sea anemones contain the anemone alarm substance anthopleurine 

(Howe and Harris 1978). In the second case, the alarm cue of the prey would be altered by 

digestion to indicate the prey organism has been consumed. Daphnia (spp.) do not respond to 

either predator or alarm cues alone or in combination unless the alarm cues have been consumed 

by predators or homogenized with enzyme rich tissue from the predator intestines or liver 
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(Stabell et al. 2003). The final possible source of dietary information is completely novel cues 

produced during digestion which are in no way related to prey alarm cues but indicate what a 

predator has eaten. Although a limited selection of studies, such as those presented here, lend 

support for one cue source or another, our understanding of the nature of cues sources is 

restricted by our limited understanding of predation cues at the molecular level. Further chemical 

analysis of these cues will be necessary to distinguish which of these sources produces predator 

diet cues. It is possible sources are different between systems and are not mutually exclusive. 

Predator counter responses 

Predator labeling may act as a selective force on predators to evolve counter responses 

that may minimize the usefulness of diet cues to prey. In their review of alarm signaling in 

aquatic systems, Chivers and Smith (1998) suggest several ways in which predators may 

circumvent labeling by dietary cues, including breakdown of alarm cues in the digestive tract of 

predators. My search did not find any studies empirically testing these possibilities, perhaps 

because of challenges associated with identifying waterborne chemical cues. However, 

behavioral counter-responses have been demonstrated in northern pike E. Lucius which practice 

localized defecation. Pike readily consume fathead minnows P. promelas (Brown et al. 1995a, 

1996), and pike feeding on minnows defecated at the end of the tank farthest away from their 

“home range” where cover was provided and their ambush foraging strategy possible. Pike 

defecated all around the tank when feeding on mice Mus musculus or swordtails S. helleri that do 

not cause predator labeling, (Brown et al. 1996). The elapid snake Hemachatus haemachatus 

also used this strategy and defecated away from its retreat when preying on striped mice 

Rhabdomys pumilio (Pillay et al. 2003). These results suggest such selective pressures do exist 



                                                
  
   

61 

 

and further study will be needed to determine whether physiological counter-adaptations also 

exist.  

Table 2-7. Studies of predator diet cues by system and response type. 

Values are calculated from Supplementary Table 2-2.  The first two columns indicate the total 

number of studies and percentage of studies that measured each response type in a given system. 

The middle two columns define the number and percentage of studies that found a response of 

that type in that system. Not all studies tested all possible cue types (predators fed conspecific 

prey, related or heterospecific prey, unrelated prey, or starved). To account for this variation 

between articles, I calculated for each study the proportion of tested treatments that induced a 

response different from control treatments (for example 2 diet treatments tested and 1 response 

equals 0.5 points earned, 3 treatments tested and 2 responses equals 0.66). The last two columns 

list the proportion of tested treatments (out of the total tested for each response type) which 

produced a response different from control treatments, and the percentage of tested treatments 

(out of the total for each response type) which saw a response different from control treatments 

(for details on the definitions of possible cue types and how numbers were calculated, see 

Supplementary Table 2-2). The term study is used, rather than publication, as many articles 

investigated multiple predator-prey interactions. Thus, the total number of predator diet studies 

(405) is greater than the total number of publications (109). 

System Response 

type 

Total 

(405) 

Percentage Responded 

to diet 

cues? 

Percentage Responses 

out of 

possible to 

4 

treatments  

Percentage  

Freshwater Behavior 210 51.9 107 51.0 128.8333 61.3 

Physiology 3 0.7 2 66.7 2 66.7 

Morphology 56 13.8 23 41.1 24.25 43.3 

Life history 8 2.0 4 50.0 4.166667 52.1 

Survival 5 1.2 4 80.0 2.166667 43.3 

Marine Behavior 22 5.4 20 90.9 12.91667 63.3 

Physiology 5 1.2 3 60.0 1.666667 33.3 

Morphology 21 5.2 18 85.7 10.16667 74.6 

Survival 2 0.5 1 50.0 1 100 

Terrestrial Behavior 67 16.5 35 52.2 43.83333 65.4 
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Survival 6 1.5 3 50.0 2.25 37.5 

 

FUTURE DIRECTIONS 

Prey response to predation risk can affect entire food webs, often generating trophic 

cascades that occur without changes in the density of predators or prey (reviewed by Preisser et 

al. 2007; Weissburg et al. 2014). Understanding the mechanisms by which prey detect, evaluate, 

and respond to risk is necessary to more accurately predict and model nonlethal predator effects 

in food webs as well as to enhance understanding of context-dependent predator-prey 

interactions. To conclude this review, I offer several areas for future research that I believe will 

yield considerable insights into the nature and role of predator diet cues. Although not an 

exhaustive list, these research approaches will yield new insights into how predator diet affects 

prey responses. 

 There is a clear need to identify the chemical cues in predator diets that modulate prey 

responses. This will enhance understanding of the value of diet cues by providing insights into 

areas such as the conservation of risk cues across taxa, the role of cue quantity versus quality, 

temporal variation in risk, and the selective role of diet cues from a predator perspective. 

Although the specific identity of chemical structures will ultimately be necessary, many authors 

can assist in preliminary determination of the relative roles of alarm cues and direct predator 

cues by carefully considering predator diet in studies of inducible defenses and by explicitly 

describing predator treatments in detail. Obviously, all studies cannot manipulate predator diet, 

but many fail to mention how predators were maintained (i.e. what they were fed, how much, 

and how often, whether prey were exposed to active predation or simply to digestive cues, refer 

to Weissburg et al. 2014 for discussion). Doing so will allow for general assessment of prey 
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responses to alarm versus predator cues and the role of cue combination, as is seen with active 

predation events, versus cue digestion and release by predators. Further, prey diet should be 

quantified because it may influence their reactions and susceptibility to risk (Brooker et al. 

2015). 

Inducible prey defenses have been well studied, but this body of work has been biased 

towards freshwater systems and studies on changes in prey behavior. Researchers need to 

investigate the role of diet cues in different habitat types and taxa, across different response 

types, and to differences in predator diet. The studies reviewed here showed a strong bias for 

studies in freshwater systems, behavioral responses, and relationship differences in predator 

diets, with over half (210) the 405 studies reviewed here investigating behavioral responses in 

freshwater systems (Table 2-7). In contrast, all reviewed life history responses were studied in 

freshwater systems and only two response types (behavior and survival) were measured in 

terrestrial systems. A large number of studies were performed in particular model systems (31 

studies performed with fathead minnows P. promelas and 121 on anurans, Supplementary Table 

2-2). A broader testing of diet cues in other predator-prey systems in marine and terrestrial 

habitats will provide important information on trends in the use of predator diet cues and the 

value and costs associated with detecting and responding to the information they provide. 

Of the 405 experimental studies of predator diet cues reviewed here, only 8 were 

conducted in the field (Table 2-3). Although 5 (>60%) found a significant effect of predator diet, 

many more such studies will be needed to determine the importance of patterns detected under 

laboratory conditions in natural conditions. In addition, laboratory studies should work to 

increase the complexity of study design to incorporate factors which are potentially important 

under natural conditions. For example, very few studies have investigated mixed predator diets 
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consisting of more than one prey species. Only 9 of 203 reviewed investigations contained 

treatments where predators fed on more than one species (Table 2-6). Further, only 2 of these 

studies explicitly tested mixed predator diets (Brown and Zachar 2002; Hoefler et al. 2012), 

while 4 had a single mixed diet treatment (Levri 1998; Huryn and Chivers 1999; Mirza and 

Chivers 2001; Large et al. 2012) and 3 tested mixed diets by changing predator diets and testing 

the effects of previous diet (Murray and Jenkins 1999; Stabell et al. 2003; Meng et al. 2006). 

While feeding predators a single species may be realistic when predators are specialists or switch 

seasonally between prey species, under natural circumstances, many prey will encounter 

predators that have recently consumed multiple species of prey. The results of these studies 

suggest predator labeling occurs when other prey species are present in the diet, but the extent of 

their applicability is limited until more studies are completed. Lab studies should also investigate 

the role of factors such as environmental conditions and habitat complexity, which have been 

shown to influence induced defenses. 

 Finally, quantifying the costs of responding to diet cues in term of growth, fecundity, and 

provisioning of offspring for prey and for a prey’s offspring is needed. Although many responses 

have been demonstrated to be costly and produce survival benefits, it is rare for researchers to 

explicitly test the effects of altering general responses to predation cues based on dietary 

information. This can be further complicated if the risk presented by predators, such as hungry 

predators which are more motivated, causes shifts in prey survival that mask the effectiveness of 

more finely-tuned responses. 
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 Chapter III. : Phenotypic plasticity in oysters (Crassostrea virginica) 

mediated by chemical signals from predators and injured prey 

 

ABSTRACT 

Prey organisms reduce predation risk by altering their behavior, morphology, or life 

history. Avoiding or deterring predators often incurs costs, such as reductions in growth or 

fecundity. Prey minimize costs by limiting predator avoidance or deterrence to situations that 

pose significant risk of injury or death, requiring them to gather information regarding the 

relative threat potential predators pose. Chemical cues are often used for risk evaluation, and I 

investigated morphological responses of oysters Crassostrea virginica to chemical cues from 

injured conspecifics, from heterospecifics, and from predatory blue crabs Callinectes sapidus 

reared on different diets. Previous studies found newly settled oysters reacted to crab predators 

by growing heavier, stronger shells, but that adult oysters did not. I exposed oysters at two size 

classes (newly settled oyster spat and juveniles ~2.0 cm) to predation risk cue treatments 

including predator or injured prey exudates and to seawater controls. Since both of the size 

classes tested can be eaten by blue crabs, I hypothesized that both would react to crab exudates 

by producing heavier, stronger shells. Oyster spat grew heavier shells that required significantly 

more force to break, an effective measure against predatory crabs, when exposed to chemical 

exudates from blue crabs as compared to controls. When exposed to chemical cues from injured 

conspecifics or from injured clams Mercenaria mercenaria, a sympatric bivalve, shell mass and 

force were intermediate between predator treatments and controls, indicating that oysters react to 

injured prey cues but not as strongly as to cues released by predators. Juvenile oysters of ~ 2.0 

cm did not significantly alter their shell morphology in any of the treatments. Thus, newly settled 
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oysters can differentiate between predatory threats and adjust their responses accordingly, with 

the strongest responses being to exudates released by predators, but oysters of 2.0 cm and larger 

do not react morphologically to predatory threats. 

INTRODUCTION 

Prey organisms may alter their behavior, morphology, life history, or habitat selection in 

ways that minimize their risk of predation (Lima and Dill 1990). Although necessary for 

survival, tactics that reduce the risk of predation incur costs, such as sacrificed opportunities to 

acquire energy or mate, as well as reallocation of available energy away from growth and 

reproduction to defenses or avoidance behaviors (Lively 1986; Baldwin 1998; van Buskirk 2000; 

Ramos-Jiliberto 2003). Because defenses are often costly, prey may use plastic responses to 

predation risk and limit avoidance or defense to situations in which risk of injury or death is 

imminent. Optimal prey-defense theory describes this relationship and predicts that prey should 

invest in defenses proportional to the threat they currently experience (Cronin 2001). When risk 

is low, growth and reproduction should be prioritized and the cost of defense minimized, and 

response intensity should increase proportionally with risk (Marcus and Brown 2003; Kesavaraju 

et al. 2007; although for thresholds of responses, see Hawkins et al. 2007; Holmes and 

McCormick 2011). The ability to induce defenses allows organisms to tailor their phenotype to 

their current environment and to balance the potential benefits of foraging, versus avoidance 

and/or deterrence of predators, with associated costs (Lively 1986; Baldwin 1998; Relyea 2001; 

Pawlik et al. 2008). 

Factors influencing predation risk and prey vulnerability can be extrinsic or intrinsic 

(Ferrari et al. 2010).  Intrinsic factors are internal, resulting from characteristics of the prey 

organism, such as prey size or physiological state, which influence their vulnerability to 
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predators. Extrinsic factors, such as water chemistry or predator cues, are external characteristics 

that can influence the degree to which prey perceive and react to risk. For example, the types of 

cues available to prey and the information they contain represent an extrinsic factor influencing 

defensive responses in prey. Prey must acquire information about the locations and intentions of 

potential predators to determine the type and degree to which predator avoidance should be 

employed. Accuracy and reliability of such cues is important in order to avoid incurring the costs 

of defenses when risk is low and when other activities, such as foraging, should be prioritized. 

Cues can come in many forms, but chemical cues are the most commonly used, especially in 

aquatic systems (Bronmark and Hansson 2000; Weissburg et al. 2014). This is likely because 

predators can mask visual or mechanical cues through crypsis or by lying motionless, but cannot 

completely eliminate their release of metabolites (Brown et al. 2000a).  

Chemical cues indicative of predation risk may emanate from predators or from injured 

con- or heterospecifics, and these cues vary in the reliability and value of information they 

provide (Schoeppner and Relyea 2005; Hettyey et al. 2010). Cues released by predators directly 

(hereafter direct cues) provide very accurate information, including the confirmed presence of a 

threat. However, these cues may not be innately recognized (Mathis and Smith 1993b; Chivers et 

al. 1996) and may not be present in sufficient levels when predators are starved (Large and Smee 

2010) or when the environment makes their detection difficult (reviewed by Weissburg et al. 

2014). Indirect risk cues are those produced by injured or stressed prey, and when produced by 

conspecifics or evolutionary relatives, often are innately recognized (Schoeppner and Relyea 

2005; Large and Smee 2010). Initial exposure to direct cues, in combination with innately 

recognized indirect cues, can allow naïve prey to learn which novel direct cues are dangerous 

(Chivers and Smith 1994; Mirza and Chivers 2003). However, indirect cues do not definitively 
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identify the source of the injury as a predator and are less reliable indicators of risk (Schoeppner 

and Relyea 2005).  

Species may utilize either or both of these sources of cues and, when both are utilized, 

may vary the type and intensity of their responses (Alexander and Covich 1991; Bronmark and 

Pettersson 1994; Schoeppner and Relyea 2005). By using both direct and indirect cues, prey can 

match the level of risk with the appropriate type and degree of response (Stabell et al. 2003; 

Schoeppner and Relyea 2005; Large et al. 2012). This is especially important for prey that alter 

their morphology in response to cues, as morphological changes are more costly and harder to 

reverse than are other types of responses, such as changes in behavior (Relyea 2001). Direct and 

indirect cues generally provide different amounts and types of information about a potential 

threat. Indirect cues provide less information about the specific threat but can indicate potential 

danger to individuals of the responding prey’s species or guild. Direct cues often provide large 

amounts of information about the specific kind of threat, including information on the predator’s 

diet and state of hunger.  

Some prey species utilize direct cues from a predator’s diet to assess level of risk, and 

respond less, if at all, to predators eating unrelated prey (Bryer et al. 2001; Chivers and Mirza 

2001a). This strategy can be effective in minimizing the cost of avoiding predators, especially 

when the threat posed by the predator is directly related to its recent foraging activity. A 

predator’s diet can indicate to an organism which prey species are currently being targeted by the 

predator and ensure that a particular prey only responds when its species is vulnerable (Chivers 

and Mirza 2001b; Schoeppner and Relyea 2009). For example, a predator that switches diets 

seasonally would pose different levels of risk to a prey species at different times, and prey would 

be able to estimate their own predation risk from information about a predator’s last meal 
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(Chivers and Mirza 2001a). In contrast, a generalist predator may pose a significant level of risk 

regardless of recent foraging activity, and thus, cues from their diet may not provide additional 

information for prey (Bryer et al. 2001; Smee and Weissburg 2006b; Large and Smee 2010). In 

some instances, prey can discern a predator’s state of hunger, or the time since a predator’s last 

meal, which can indicate how motivated a predator is and the threat it poses to nearby prey 

(Licht 1989; Bell et al. 2006). At other times, starved predators, while motivated to feed, are not 

releasing sufficient metabolites for prey to detect (Smee and Weissburg 2006b; Large and Smee 

2010).  

Prey responses may also be influenced by intrinsic factors of the prey themselves, such as 

defense trade-off with opportunities to forage or acquire information or changes in the 

vulnerability of prey over the course of their ontogeny (Ferrari et al. 2010). For example, 

ontogeny can influence prey risk if the prey’s predator base changes over the course of its life 

(Belden et al. 2000) or if prey can utilize size-refuges to escape predation risk (Covich and 

Crowl 1990). For many species, prey in small to intermediate size ranges experience higher rates 

of predation due to trade-offs in the energy costs and gains for predators targeting prey 

organisms of different sizes.  Because of this, the value of responding to predation cues will 

change as an individual outgrows its predation risk and many studies have documented 

reductions in the responsiveness of prey organisms to predators or predation cues in larger 

individuals (Laurila et al. 1998; Brodin et al. 2006; Johnson and Smee 2012).  

Model system 

The eastern oyster Crassostrea virginica and a common predator, the blue crab 

Callinectes sapidus, were used as a model predator-prey system for this study. Oysters are 

economically and ecologically important organisms that form a valuable habitat for a diverse 
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assemblage of organisms and support a number of commercially valuable species, including 

oysters themselves (Grabowski and Peterson 2007). Despite their value, oyster reefs are 

extremely degraded, with an estimated 85% of reefs lost worldwide (Beck et al. 2011). Because 

of their importance and vulnerability, it is critical to understand how predator-prey interactions 

influence the structure and function of oyster reefs. In the presence of predatory crabs, oysters 

are known to alter the morphology of their shells in ways that reduce their susceptibility to crabs, 

including changes in thickness, mass, and strength (Newell et al. 2007; Johnson and Smee 2012; 

Lord and Whitlatch 2012; Robinson et al. 2014). Although little is known about the types of cues 

used by oysters to assess the risk of predation, other bivalve species utilize cues both from 

predators and from injured prey (Smee and Weissburg 2006b), and can distinguish between 

predators fed different diets (Griffiths and Richardson 2006; Large and Smee 2012). For 

example, hard clams Mercenaria mercenaria respond differently to predators that have been fed 

and those that have been starved (Smee and Weissburg 2006b).  

Crab predators are known to practice size-selective foraging on oysters (Bisker and 

Castagna 1987; Eggleston 1990) and other bivalve species (Bertness and Grosholz 1985; 

Peterson 1990; Juanes 1992).  Thus, if oysters reach a size refuge from crab predators, they 

would not be expected to alter their morphology in response to crab exudates. Johnson and Smee 

(2012) demonstrated that responses to predators by oysters vary between size classes, with newly 

settled oysters (i.e., spat) reacting to caged crab predators but adult oysters not responding to 

caged crabs.  

I measured changes in the morphology of two size classes of oysters after exposure both 

to direct (predator) and indirect (injured prey) cues, as well as the relative strengths of response 

to those cues. Both size classes of oysters were eaten by blue crabs in the laboratory. I 



                                                
  
   

72 

 

hypothesized oysters would respond more strongly to direct cues than to indirect cues because of 

greater reliability of direct cues and that both size classes would react to crabs since both are 

vulnerable to crab predation. However, it may be valuable for oysters to respond equally to 

predators fed hard clams M. mercenaria, another bivalve species found on oyster reefs that are 

also eaten by crabs (Smee and Weissburg 2006b). Defensive responses to predatory crabs that 

had been starved were tested because sometimes responses to starved predators are minimal 

when they fail to release cues that trigger reactions by the prey (Smee and Weissburg 2006b; 

Large and Smee 2010). Conversely, some prey respond more strongly to starved predators as 

such predators are more highly motivated to forage (Licht 1989; Bell et al. 2006).  

METHODS 

Experimental organisms 

Oysters of two size classes, larvae and juveniles (~2.0 cm initial diameter), were 

purchased from the Auburn University Shellfish Laboratory at the Dauphin Island Sea Lab, AL, 

USA. Oyster larvae were settled onto sun-bleached oyster shells and allowed to grow for 2 

weeks prior to experiments (hereafter referred to as oyster spat). Settlement took place in 90-L 

pools containing shells from adult oysters that had been sun-bleached and were ideal for 

attachment by larval oysters. Circulation and aeration were provided by two circulation pumps in 

each pool placed to create a constant circular flow of water in the pools. Tarpaulins covered the 

surface of pools to block light and encourage settlement (Baker and Mann 1998). After 3 days, 

oysters were provided with ~115 mL of Phytoplex phytoplankton per pool per day and grown for 

2 weeks until the spat reached ~0.5 mm in diameter.  Thus, all oyster spat were introduced to 

experimental treatments at the same size and age. Juvenile oysters were kept under identical 

conditions until the beginning of the experiment. 
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Experimental methods 

During the summer and autumn of 2013, oysters were reared in the presence or absence of 

cues indicative of predation risk for 8 weeks in 48 opaque tanks, each containing 20 L of 

artificial seawater. Seawater was made using Instant Ocean™ and had a salinity of 25 ppt. Three 

shells containing at least ten oyster spat each (settled onto shells as described above) and six 

juvenile oysters were placed in each tank for the duration of the experiment. Oysters were 

exposed to six treatments falling into three categories: control (one treatment; no chemical cues); 

chemicals cues emanating from injured prey as indirect indicators of predation risk (two 

treatments: crushed oysters, crushed clams), and chemical cues emanating from predators as 

direct indicators of predation risk (three treatments: blue crabs fed oysters, blue crabs fed clams, 

and starved blue crabs). Eight tanks were exposed to each treatment or control, for a total of 48 

tanks. 

Predators (blue crabs, carapace width 10–13 cm, average width 10.7 cm) were collected 

locally, housed in 20-L tanks, and assigned randomly to diet treatments with five crabs 

maintained on each diet. Crabs maintained on an oyster diet were fed refrigerated tissue of one 

adult, market size (5.5–7.5 cm) oyster weekly. Crabs reared on clams were fed four freshly 

crushed clams (1.5 cm) once per week. Starved blue crabs were not fed for at least 14 days prior 

to cue collection. Water changes in predator tanks occurred immediately after predator feedings 

to remove prey tissue and ensure all cues present emanated from the predator. Cues from injured 

prey were prepared by crushing four clams or oysters (~2.0 cm shell width, same as juveniles 

used for experiments) in 20 L of water and then stirring the water to ensure that cues were mixed 

within the cue source tank. Crushed clams and oysters remained in the tank for 1 hr prior to 

collection of the cue. Water was taken from each cue source tank or from a control tank 
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containing only seawater and added to the experimental tanks containing oysters immediately 

after the water change so that each experimental tank received 1.2 L of water per week 

containing either cues or control seawater.  

Oysters in experimental tanks were provided with 5 mL of Phytoplex phytoplankton daily. 

Air temperature in the laboratory was maintained at 25–27º C and each tank was supplied with 

aeration via an air pump and airstone. Water in tanks with oysters was replaced weekly to 

remove waste and to prevent the buildup of predation cues over the course of the 8 weeks. The 

risk cues (or control seawater) were added to oyster tanks following the weekly water change so 

that risk cues were present throughout the experiment.  

Data collection 

Oyster spat are circular, and shell area was calculated by measuring the radius of each spat 

and using the formula a=πr2. Mass of the oyster spat shell was measured by removing the top 

valve of the spat from its substrate, drying it at 38º C for 48 hr, and weighing it on an electronic 

balance. Measured masses contained both shell and soft tissue, but ~ 99% of the total mass is 

shell at this point in development (Robinson et al. 2014). The shell’s compression force, or the 

amount of force required to crush the shell, was measured with a Kistler 5995 charge amplifier 

and Kistler 9203 force sensor (sensu Robinson et al. 2014). The settings for the charge amplifier 

were sensitivity 47.8 and range 50. A small blunt probe (1 mm diameter) was consistently placed 

centrally to be equidistant from the shell’s edges and perpendicular to the surface for all oyster 

spat tested. I applied gentle and consistent pressure on all specimens until structural failure of the 

spat’s shell occurred. I recorded the maximum force needed to break the shell as my 

measurement of the hardness of the prey, which is an appropriate proxy for the shell’s strength 

(Robinson et al. 2014).   
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For juvenile oysters, mass measurements were made on both shell valves. Before weighing, 

soft tissue was removed, and oyster shells were dried for 48 hr at 38º C. Additionally, and 

following collection of total dry shell mass, inorganic shell tissue measurements were taken by 

placing dry shells in a muffle furnace at 500º F for 2 hr. Inorganic shell tissue measurements 

were not made for oyster spat because organic tissue quantities lost during incineration at this 

size were below the precision capabilities of the balances. Inorganic mass values for juvenile 

oysters were used to calculate organic mass as well as the ratio of inorganic to organic tissue. 

Crushing force was measured as previously described except that a Kistler 9222 force sensor was 

used and the charge amplifier settings were adjusted to be sensitivity 19 and range 2000 because 

greater force was required to crush the shells of larger oysters. For purposes of standardizing 

shell mass, area of juvenile oyster shells was calculated using measurements of shell length 

(distance from the umbo to the opposite side of the shell in the direction of initial shell growth), 

shell width (the widest distance across the shell perpendicular to shell length), and the formula 

for the area of an ellipse (a=πr1r2).  

Data analysis 

I compared oyster responses to indirect (injured prey) and direct (blue crab predator) cues 

and also compared responses to different types of each cue including injured conspecifics, 

heterospecifics, and blue crabs reared on different diets. For each shell metric (area, mass, 

crushing force), I measured three oysters per tank, calculated a mean value for that tank, and 

used the tank value as my unit of replication. JMP Pro 12 was used for statistical analyses. Shell 

mass was compared among treatments using ANCOVA. Risk cue treatment was a fixed factor in 

the model, and shell area was treated as a covariate to incorporate potential effects of oyster size 

on shell mass. Similarly, breaking force was compared among treatments using ANCOVA with 



                                                
  
   

76 

 

risk cue treatment as a fixed factor and shell mass as the covariate to incorporate the potential 

effects of shell mass on strength. ANCOVAs were first performed by including interaction terms 

between covariates and treatments to test for significant interactions. When significant 

interactions between treatments and covariates were not found, this indicated homogeneity of 

regression slopes, allowing us to meet ANCOVA assumptions and remove the interaction term 

from the model. In one instance, the interaction between shell area and diet treatment was 

significant (p=0.07). Thus, I included the interaction term in the model because the assumption 

of equal slopes was violated. However, the treatment effect was still significant and is reported 

below. Tukey’s post hoc test was used for pairwise comparisons between means for all 

significant ANCOVA results (Quinn and Keough 2002). Oyster spat and juvenile oysters were 

compared separately. Oyster mass data was log transformed to meet equal variance assumptions.  

RESULTS 

 Oyster spat shells were significantly heavier in treatments containing direct cues from 

blue crab predators than in control seawater, with indirect cue treatments intermediate between 

direct cue treatments and controls (Figure 3-1A, F2,2=3.80, p=0.03). The covariate shell area was 

not significant (F2,2=0.13, p=0.72), but the interaction term was significant (F2,2=2.85, p=0.07). 

Spat in the treatment containing cues from crabs fed clams grew shells that were significantly 

heavier than controls and treatments containing cues from starved crabs, crabs fed oysters, and 

crushed oysters (Figure 3-1B, F5,5=2.39, p=0.05). The treatment containing crushed clams was 

intermediate between these two groups. The covariate shell area was not significant (F1,1=0.19, 

p=0.66) nor was the interaction term (F5,5=0.04, p=0.99).  
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Figure 3-1. Mean + SE shell mass of oyster spat. 

Oysters reared in A. the presence of indirect chemical cues (from injured prey), direct cues (from 

predators), or controls (seawater only); and B. the presence of injured conspecifics, 

heterospecifics, crabs fed different diets, and controls. Significant differences were found with 

ANCOVA (p <0.05) and letters denote significant pairwise differences from Tukey–Kramer post 

hoc tests. 

Oyster spat shells were significantly stronger in treatments containing direct cues from 

blue crab predators than in control seawater, with indirect cue treatments intermediate between 

direct cue treatments and controls (Figure 3-2A, F2,2=3.73, p=0.03). The covariate shell mass 

was significant (F2,2=4.77, p=0.03), but the interaction term was not (F2,2=0.03, p=0.96). The 

force required to break oyster spat shells was significantly higher in starved crab and crab fed 

clam treatments than controls. The remaining treatments were intermediate between these two 

groups (Figure 3-2B, F5,5=4.89, p=0.01). The covariate shell mass was not significant (F1,1=2.34, 

p=0.11) nor was the interaction term (F2,2=0.12, p=0.88).  
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Figure 3-2. Mean + SE force needed to crush oyster spat shells. 

Oysters reared in A. the presence of indirect chemical cues (from injured prey), direct cues (from 

predators), or controls (seawater only); and B. the presence of injured conspecifics, 

heterospecifics, crabs fed different diets, and controls. Significant differences were found with 

ANCOVA (p<0.05) and letters denote significant pairwise differences from Tukey–Kramer post 

hoc tests. 

Juvenile oysters were not significantly different among any of the treatments tested for 

total shell mass, inorganic shell mass, organic shell mass, inorganic to organic ratio in shells and 

crushing force (Figure 3-3Figure 3-4, Table 3-1; p>0.2 for all treatment effects). Covariates and 

interaction terms were not significant (p>0.3).  
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Figure 3-3. Mean + SE shell mass of juvenile oysters. 

Oysters reared in A. the presence of indirect chemical cues (from injured prey), direct cues (from 

predators), or controls (seawater only); and B. the presence of injured conspecifics, 

heterospecifics, crabs fed different diets, and controls. Significant differences were not found 

among treatments. 
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Figure 3-4. Mean + SE force needed to crush juvenile oysters. 

Oysters reared in A. the presence of indirect chemical cues (from injured prey), direct cues (from 

predators), or controls (seawater only); and B. the presence of injured conspecifics, 

heterospecifics, crabs fed different diets, and controls. Significant differences were not found 

among treatments. 

Table 3-1. Analysis of covariance table for juvenile oyster data. 

Significant changes in shell morphology in response to predators did not occur for oysters in this 

size class. 

 

Direct cues, indirect cues, controls 

 

   Total 

shell mass 

Inorganic 

shell mass 

Organic 

shell mass 

Ratio of 

inorganic 

to organic 

shell mass 

Crushing 

force 

 df. Error F P F P F P F P F P 

Treatment 2 2 1.28 0.29 1.23 0.30 0.180 0.45 0.48 0.62 1.42 0.25 
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Shell area 

(covariate) 

1 1 0.32 0.58 0.51 0.47 0.05 0.83 0.51 0.48 0.84 0.36 

Treatment*area 2 2 0.37 0.69 0.65 0.52 0.05 0.95 0.39 0.68 0.58 0.56 

Cues from injured conspecifics, heterospecifics, and blue crabs fed different diets 

 df. Error F P F P F P F P F P 

Treatment 5 5 1.59 0.19 1.48 0.21 0.89 0.50 0.82 0.54 0.71 0.51 

Shell area 

(covariate) 

1 1 0.2 0.89 0.14 0.71 0.37 0.55 0.14 0.71 0.22 0.49 

Treatment*area 5 5 0.01 0.93 0.5 0.77 0.25 0.94 0.47 0.79 0.31 0.90 

 

DISCUSSION 

Prey must carefully assess information regarding predation risk costs and benefits before 

producing costly defenses to deter predators. Extrinsic factors such as the level of predator cues 

and intrinsic factors such as prey size and hunger state can influence prey responses to predators 

(Ferrari et al. 2010). In this study, both extrinsic and intrinsic factors affected oyster 

morphological responses to blue crabs. Consistent with earlier studies, I found that 

morphological defenses, in the form of increased shell mass and strength, are produced by 

oysters under conditions of predation risk (Newell et al. 2007; Johnson and Smee 2012; Lord and 

Whitlatch 2012; Robinson et al. 2014) . However, the intensity of these responses is influenced 

by oyster size and by the type of predation cues available to oysters. Oysters responded to 

predation cues only as newly settled spat, and responded more strongly to direct risk cues from 

predators than indirect cues from injured prey. 

Significant changes in both shell mass and breaking force were found in oyster spat 

reared in the presence of blue crabs. By contrast, no significant changes were seen for larger 

juveniles for any of the measured shell metrics even though a more extensive set of 

measurements (i.e., organic and inorganic tissue masses and ratios) known to be influenced by 

predator presence were taken for this size class (Newell et al. 2007). The reason for spat and not 
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juvenile responses are unknown, but I offer three possibilities to explain this finding. First, oyster 

spat grow faster than juveniles, and thus, the duration of this study was insufficient to observe 

these changes in larger oysters. Second, oyster shell morphology may be determined quickly 

after settlement and then maintained. In this scenario, oysters would only be able to produce a 

predator-deterrent morphology if exposed to predation cues soon after settlement. The juvenile 

oysters used here were raised in the absence of predators until the start of the experiment, and 

under this hypothesis exposure to risk cues in this experiment would have come too late for 

oysters to alter their shell morphology. Finally, although juvenile oysters of this size are 

routinely eaten in the lab, they may not be as vulnerable in the field as oyster spat because of 

additional predator deterrence strategies. For example, oysters grow in clumps that make it more 

difficult for predators to crush them, and alternative defensive mechanisms may make 

responding at this life stage unnecessary (Bishop and Peterson 2006). Additionally, many 

predators, including blue crabs, practice size-selective foraging due to potential net energy gain 

and claw damage (Micheli 1995), and under natural conditions larger juvenile oysters may 

experience an ecological refuge if crabs target smaller individuals. Continued experimentation 

with oysters at different size classes and exposure to predation risk cues at different points in 

development for different durations is needed to determine the mechanism(s) that influence 

oyster shell morphology. 

Newly settled spat altered their shell morphology in response to risk cues, and previous 

studies indicate that changes in oyster shell mass increase force needed to crush shells and 

decrease intensity of crab predation (Robinson et al. 2014). Although adult blue crabs, such as 

those used here, are known to consume oysters at the size used in this study under laboratory 

conditions (Scherer, unpublished data), it is unknown whether spat are targeted in the field by 
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adult blue crabs. However, oyster spat are readily eaten by small blue crabs, making reactions to 

blue crab cues imperative. Recent studies suggest that blue crabs release similar exudates 

regardless of size, although larger crabs release greater quantities of cues (Hill and Weissburg 

2013). Oysters detecting crab exudates would not likely be able to distinguish large versus small 

crabs and would react to any crab cue that indicates potential threat. Further, if oyster shell 

morphology is determined by exposure to predation cues early in their development, then the 

responses seen here are necessary to reduce future susceptibility to blue crabs.  

Species interactions in marine systems are often mediated by reciprocal detection of 

waterborne chemical cues (Hay 2009). Yet the identity of these cues remains elusive, in part 

because of difficulty isolating primary metabolites in low concentrations from water (Weissburg 

et al. 2002; Hay 2009). Despite this limitation, a broader understanding of the nature of chemical 

cues and subsequent responses by animals can be gleaned by measuring variation in organismal 

responses to different types of chemical cues, such as those that might change depending on a 

predator’s recent foraging activity. Although phenotypic plasticity has been well-studied (Lima 

and Dill 1990; Chivers and Smith 1998; Ferrari et al. 2010), few studies have manipulated 

predator diets and measured changes in prey morphology in response to cue variation. Searching 

Google Scholar and ISI Web of Science Databases for studies assessing prey responses to 

predators reared on different diets yielded 109 articles, 17 of which were performed in marine 

systems and only five of these examined morphological changes in marine animals. These 

articles investigated changes in morphology of snails (genus Nucella) in response to their 

potential crab predators (Appleton and Palmer 1988; Palmer 1990; Trussell and Nicklin 2002; 

Bourdeau 2010b; Large et al. 2012). Despite a rich literature in bivalve phenotypic plasticity, I 
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did not locate any articles that explicitly varied predator diets and measured subsequent changes 

in bivalve morphology. 

 Direct cues from blue crab predators caused significant changes in oyster spat shell mass 

and strength, which supported my working hypothesis that more reliable predator cues would 

induce more intense responses than indirect cues from injured prey. However, I was surprised 

that oysters reacted more strongly to crabs feeding on clams than to those feeding on conspecific 

oysters for both shell strength and shell mass. I attribute this finding to my methodology. Crabs 

were fed fresh clams, but oyster tissue was collected in the field and refrigerated for 24–48 hr 

before feeding. It is possible that tissue degradation occurred and that oysters would respond 

equally or more strongly to crabs feeding on equally fresh oyster tissue.  Additionally, this 

suggests crabs foraging on carrion cause different reactions than do those consuming live prey. 

Alternatively, oysters may have responded more strongly to predators feeding on smaller clams 

than to those feeding on adult oysters. Although oysters would receive valuable information if 

cues correctly identified predators which forage preferentially on large oysters, this hypothesis 

seems unlikely as oysters have responded strongly to crabs fed freshly shucked adult oysters in 

subsequent studies (Scherer, unpublished data). This lack of response to the theoretically more 

dangerous predators requires further investigation. 

 The responses of oysters were higher to predators that had recently fed on clams than to 

those that had been starved for two weeks, probably because predators that had recently eaten 

released larger quantities of primary metabolites that were detectable by oysters. Previous studies 

suggest direct cues are metabolites released by predators (Madison et al. 1999, 2002; Brown et 

al. 2001; Smee and Weissburg 2006b; Large and Smee 2010). Thus, production of direct cues 

would decrease with increasing time since the last meal of the predator (Smee and Weissburg 
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2006b; Smee et al. 2010). It is possible the decrease in production of cues as predators become 

hungrier is adaptive (for the predator) by increasing its chances of successful foraging as the 

need to acquire energy increases (Smee and Weissburg 2006b). It has further been suggested that 

the responses of prey to indirect cues, such as those from injured prey, may provide a means of 

detecting starved predators, although only after they have succeeded in stressing or damaging 

another prey organism (Smee and Weissburg 2006b; Large and Smee 2010).  

 Although the responses of prey to starved predators were weaker than those to predators 

fed clams, they were significantly greater than the responses to controls. By contrast, several 

previous studies (Brown et al. 2001; Smee and Weissburg 2006b; Large and Smee 2010) found 

that prey do not react to starved predators. One possible explanation for these differences may be 

that the type of response measured for the present experiment differed from that of previous 

work. Previous studies examined behavioral responses that have short lag-times and 

consequently can be conducted over short time-spans. This study investigated morphological 

responses that occurred over the course of two months. This suggests that predators, even when 

deprived of food, release small amounts of cue which, although too dilute to be detected over the 

short time-span of behavioral studies, build up over the course of longer periods and reach 

detectable levels. Because morphological responses take place over a longer time, they may be 

influenced by such cues. Such build-up may never be seen for transient predators or in natural 

environments with flowing water (Weissburg et al. 2014). However, for residential and territorial 

species or for habitats without flowing water, the build-up of such cues may provide useful 

information to prey about enduring threats. 

It is important to understand the relationship between oyster size and predator-related 

morphological changes as oysters experience size-selective harvesting. As a result, smaller 
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individuals are more likely to remain on the reef following harvesting events.  Further, oyster 

reef habitats are characterized by a great degree of complexity.  Thus, anything which influences 

the morphology of smaller individuals could potentially impact the overall structure of the reef 

and its suitability as habitat for future generations of oysters and other reef–associated species. 

Clearly long term changes in oyster morphology and its effects on reef complexity and 

biodiversity require further investigation. 
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 Chapter IV. : Predators induce stronger nonconsumptive effects in eastern 

oysters Crassostrea virginica than scavengers 

 

ABSTRACT 

By influencing critical prey traits such as foraging or habitat selection, predators can affect entire 

ecosystems, but the nature of cues that trigger prey reactions to predators are not well 

understood. Predators may scavenge to supplement their energetic needs and scavenging 

frequency may vary among individuals within a species due to preferences and prey availability. 

Yet, prey reactions to consumers that are primarily scavengers versus those that are active 

foragers have not been investigated, even though variation in prey reactions to scavengers or 

predators might influence cascading nonconsumptive effects in food webs. Oysters Crassostrea 

virginica react to crab predators by growing stronger shells. I exposed oysters to exudates from 

crabs fed live oysters or fed aged oyster tissue to simulate scavenging, and to controls without 

crab cues. Oysters grew stronger shells when exposed to either crab exudate, but their shells 

were significantly stronger when crabs were fed live oysters. The stronger response to predators 

than scavengers could be due to inherent differences in diet cues representative of reduced risk in 

the presence of scavengers or to degradation of conspecific alarm cues in aged treatments, which 

may mask risk from potential predators subsisting by scavenging.  

INTRODUCTION 

Predator deterrence is a necessary but costly process for prey, resulting in reductions in 

growth and/or fecundity (Baldwin 1998; Weissburg et al. 2014). To minimize costs, prey utilize 

plastic defenses which are induced in situations of high predation risk. Prey rely on risk cues, 
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often predator exudates, to accurately assess and react to predation risk (Ferrari et al. 2010). 

Predator exudates may provide a variety of information including predator species and density 

(Weissburg et al. 2014). Chemical cues may also vary with a predator’s diet and can reflect 

hunger state, prey species preferences, or larger scale dietary classifications (i.e. carnivore versus 

herbivore, generalist versus specialist) (Scherer and Smee 2016). For example, carnivores release 

sulfurous compounds after digesting meat, and these compounds trigger risk responses among a 

variety of prey species (Nolte et al. 1994). Likewise, juvenile fish avoid habitats with predators 

fed a piscivorous diet as opposed to invertebrates, even when though those fish are not naturally 

piscivorous (Dixson et al. 2012).  

Studies on cues that reflect the dietary classification of predators can provide insights into 

the types of cues prey use to evaluate risk and into mechanisms that drive broad ecological 

patterns such as habitat selection and the propagation of indirect predator effects in food webs.  

Yet, studies of dietary classification and dietary shifts are rare (Scherer and Smee 2016; but see 

Nolte et al. 1994; Dixson et al. 2012). Predators often supplement their energetic needs by 

scavenging, and most carrion is not consumed by microbes, suggesting scavenging is widespread 

(DeVault et al. 2003). Furthermore, many generalist predator species are known to show 

foraging preferences for particular prey at an individual level (Toscano et al. 2016). Predators 

may show similar preferences for foraging or scavenging depending upon prey and carrion 

availability, competition, predator density, and physiological state (DeVault et al. 2003; 

Mattisson et al. 2016). Although active predators and scavengers might consume similar prey 

items, predators would pose a greater threat to prey and should induce more intense reactions. 

However, studies comparing prey reactions to individuals that scavenge versus active predators 
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have not been performed, and it is unknown if prey can distinguish between predators and 

scavengers. 

I used Eastern oysters Crassotrea virginica and blue crabs Callinectes sapidus, which are 

oyster predators and opportunistic scavengers, as a model system for studying how predator 

foraging preferences influence prey responses. Oysters are an ecologically and economically 

important species (Grabowski and Peterson 2007) known to produce heavier and stronger shells 

under conditions of predation risk that effectively reduce mortality by crabs (Robinson et al. 

2014; Scherer et al. 2016).  

METHODS 

Oysters (initial length 4.9 mm) were purchased from the Auburn University Shellfish 

Laboratory Alabama, USA. These oysters were spawned from brood stock and reared in 

common conditions before shipping. Oysters were maintained at Texas A&M University – 

Corpus Christi for 4 months in 39 semi-transparent tanks (1050 ml, n=13 tanks per treatment) at 

salinity 20. Each tank contained 20 oysters and was randomly assigned to one of three 

treatments: no predator exudates (control), exudates from crabs fed fresh oyster tissue (active 

predator), and exudates from crabs fed aged oyster tissue (scavenger). Water in the oyster tanks 

was replaced weekly, after which 350 mL of treatment (containing crab exudates) or control 

water was added. Oysters were fed 5 mL of Phytoplex ™ phytoplankton per tank every other 

day. 

Blue crabs (carapace width 10–13 cm, mean 10.7 cm) were collected from estuaries near 

Corpus Christi, TX, USA. Crabs were housed separately in 20 L aquaria and maintained on one 

of two diet treatments. Predator treatments received 0.8 g of freshly shucked adult oyster tissue. 

Scavenger treatments received 0.8 g of adult oyster tissue that was shucked and refrigerated for 
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96 hr prior to feeding. Oyster tissue can degrade quickly in natural conditions and can be 

difficult to collect and to weigh. Therefore, we elected to refrigerate the tissue so that it could 

age but would not decompose to a point beyond use for our purposes, although refrigeration 

probably led to a conservative estimate of scavenger effects.  All oysters used to feed crabs were 

collected locally. Water containing crab cues was collected weekly prior to crab feedings. Water 

was replaced in crab tanks weekly 1 hr after crab feeding to maintain crab health and to remove 

any excess oyster tissue, ensuring that crab cue treatments contained no prey material.  

After 4 months, oyster shell weight was measured in 5 oysters and crushing force 

measured in an additional 5 oysters from each tank (13 tanks per treatment, n = 65 oysters per 

treatment for each metric). Due to the destructive techniques for measurement, I was unable to 

measure both weight and strength on the same individuals. To measure shell weight, soft tissue 

was removed and shells were dried at 38°C for 48 hr and weighed to the nearest 0.001g. 

Crushing force was measured using a Kistler 5995 charge amplifier and Kistler 9203 force 

sensor. The settings for the charge amplifier were sensitivity 47.8 and range 50. I applied steady 

and consistent pressure to each shell until structural failure, and recorded the maximum force 

used to break each shell as a measurement of shell strength (Robinson et al. 2014).  

Data analysis 

All analysis was completed in R Studio using R version 3.0.1 (R Core Team 2013). Shell 

metrics were compared using one-way ANOVA’s and the nlme library (Pinheiro et al. 2016), 

with crab diet treatment as a fixed factor. The random factor of tank was checked to ensure non-

significance using AICc and maximum likelihood values before excluding it from the final 

models. Assumptions for ANOVA were checked using nlme diagnostic plots and a weighted 

least squares varIdent correction was used on the treatment factor to improve conformity to 
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homogeneity of variance. Pairwise comparisons were made using Tukey tests with a Westfall 

correction for multiple testing (Westfall 1997; Bretz et al. 2011). Results were considered 

significant at α = 0.05. However, results significant α = 0.1 were included for discussion because 

the Tukey test is known to be conservative and may mask important trends (Quinn and Keough 

2002).  

RESULTS 

Oysters exposed to crab exudates had significantly stronger shells than those in controls. 

(Figure 4-1, F2,181 = 9.01, p < 0.001). Significantly more force was required to crush oyster shells 

when exposed to cues from blue crabs fed a diet of fresh oysters (active predator, mean 17.1 ± 

0.86 N) compared to those exposed to crabs fed a diet of aged oysters (scavenger, mean 14.5 ± 

0.81 N; p = 0.03) or to controls (mean 12.5 ± 0.56 N; p < 0.001). Further, shells from the aged 

diet treatment were stronger than those from control tanks at α = 0.1 (p=0.09). Shell weights 

were not significantly different among treatments (control 0.025 ± 0.001 N, scavenger 0.023 ± 

0.001 N, active predator 0.025 ± 0.001 N; F2,182 =1.12, p = 0.33).  
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Figure 4-1. Mean ± SE oyster shell crushing force. 

Letter designations indicate significant pairwise differences. The pairwise comparison between 

control and scavenger treatments was different at α = 0.1, but other pairwise comparisons were 

significant at α = 0.05. 

DISCUSSION 

The quantity and characteristics of available risk cues detected by prey organisms can 

influence the type and degree of reactions to risk (Scherer and Smee 2016). Predator diet may 

influence prey responses, and predators consuming conspecific prey often trigger larger 

responses (Schoeppner and Relyea 2005). Prey may perceive other differences in consumer diets 

(carnivore vs. herbivore) and my results indicate prey react differently to active predators and 

scavengers. Oysters grew stronger shells in response to crabs fed both fresh and aged tissue as 

compared to controls, but were significantly stronger in treatments with crabs fed fresh oyster 

tissue. This finding is consistent with earlier work indicating oysters vary defenses in response to 

cues that reflect different risk levels (Scherer et al. 2016). 

Two potential mechanisms may explain different degrees of defense induction by oysters: 

differences in cue salience or differences in cue quantity. First, oysters are known to react to 

alarm cues of injured oysters (Scherer et al. 2016) and may detect inherent differences in the 
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cues released by predators consuming tissue of different ages. Individual crabs show preferences 

for different prey based on defense induction and nutritional content (Ebersole and Kennedy 

1995). And growing evidence suggests many species considered to be generalist predators show 

individual preferences for particular prey (Toscano et al. 2016) due to trade-offs in foraging 

efficiency (Melcer and Chiszar 1989; Jackson and Li 2004) in ways which influence prey use of 

diet cues (Pillay et al. 2003). Similarly, within consumer populations, some individuals scavenge 

more than others and scavenging rates can vary temporally with availability of carrion and 

physiological condition of the predator (DeVault et al. 2003; Mattisson et al. 2016). Thus, prey 

may use diet cue characteristics to identify active predators that present greater risk. 

Alternatively, the aging process may degrade cue components necessary for response 

induction. In this scenario, differences in oyster response reflects a dearth of information, rather 

than differences in predation risk. Analogously, prey react less intensely to starved crabs 

(Yamada et al. 1998; Griffiths and Richardson 2006; Smee and Weissburg 2006b; Large and 

Smee 2010) despite presumably increased risk when predators are more motivated to forage 

(Smee and Weissburg 2006b; Large and Smee 2010). This is, perhaps because starved crabs 

release fewer exudates, as would scavengers if alarm cues are broken down before consumption. 

Reduced prey responses to starved crabs may increase crab foraging success if prey are less able 

to perceive them (Smee and Weissburg 2006b), and likewise scavenging may increase the 

likelihood of future successful predation events if scavengers are not perceived as risky. 

Nonconsumptive predator effects can significantly affect top-down forces and 

community structure (Pressier et al. 2005). But they are often context dependent, variable in time 

and space, and difficult to predict and model (Weissburg et al. 2014). The identity and nature of 

cues underlying prey reactions to predators remains largely unknown, hindering ecologists’ 
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ability to understand conditions that promote or inhibit propagation of nonconsumptive effects in 

food webs (Weissburg et al. 2014). Studies on dietary classifications (e.g., piscivorous fish vs. 

fish preying on invertebrates, carnivore vs. herbivore) may provide insights into the 

characteristics of risk cues accounting for broad ecological patterns. Here, I show that individual 

predators of the same species can elicit different prey responses based on whether they scavenge 

or consume live prey. By understanding the foraging preferences of predators and characteristics 

of cues that govern prey reactions to risk, ecologists can more accurately assess factors that 

govern the prevalence of nonconsumptive effects.   
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Chapter V. : The effects of resource availability on induced morphological 

defenses in the eastern oyster Crassostrea virginica 

 

ABSTRACT 

 Many prey alter their phenotype in response to predation risk to reduce their chances of 

being consumed but incur reductions in growth and fecundity when reacting to predators.  To 

determine when to produce defenses, prey must continually collect information to assess the 

costs and benefits of defense induction.  Resource availability can affect defense costs by 

influencing the initial energy available for allocation.  Under conditions of scarcity, defenses 

may suffer disproportionate decreases in energy allocation, especially if defenses would further 

reduce prey access to resources. I tested the effects of variable predation risk and resource 

availability on plastic defenses in the eastern oyster Crassostrea virginica and present novel 

findings which suggest that, in this species, changes in shell morphology in response to limited 

resource availability are eliminated in the presence of predation risk.  For all shell metrics, 

predation treatment affected morphology but food availability did not. And for all metrics, low 

food control treatments without predator cues were significantly smaller than predator present 

treatments, regardless of food level, with high food control treatments intermediate between 

these levels of response.  Although low food levels often limit expression of predator defenses, 

in this study predator cues caused oysters to build stronger shells in treatments with low and high 

food levels, even though oysters grew considerably less in low food treatments without predator 

cues. Thus, the differences between predator and control treatments were exacerbated by low 

food conditions. 
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INTRODUCTION 

 Many prey change their behavior (Relyea 2002; Large et al. 2012; reviewed Lima and 

Dill 1990), morphology (Lively 1986; Schoeppner and Relyea 2005; Chivers et al. 2007), or life 

history (Covich and Crowl 1990; Fraser and Gilliam 1992; Li and Jackson 2005) in responses to 

predation risk to reduce their chances of being consumed.  Such changes can be costly to 

produce if they require prey to reallocate energy away from processes such as growth or 

fecundity, as with production of defensive structures or chemicals (Baldwin 1998), or if they 

require prey to sacrifice opportunities to acquire additional resources, as with behavioral 

reductions in activity or foraging (Ovadia and Schmitz 2002; Smee and Weissburg 2006b).  The 

plastic nature of these defenses allows prey to optimize energy allocation by producing defenses 

to accrue survival benefits when predation risk is high and to minimize defense costs when risk 

is low (Harvell 1990). 

 To determine when to produce defenses, prey must continually collect information to 

assess the costs and benefits of defense induction (Houston 1993; Lima and Bednekoff 1999).  

Many species possess elaborate systems of risk analysis that incorporate information on a variety 

of factors indicative of their current level of risk.  For example, information on a predator’s diet 

can indicate current preferences and levels of risk for different prey (Scherer and Smee 2016).  

Grey tree frog tadpoles Hyla versicolor produce morphological and behavioral responses which 

are proportional to their phylogenetic relationship with consumed prey species across an array of 

taxa (Schoeppner and Relyea 2005).  Red-backed salamanders Plethodon cinereus even 

incorporate relationship information at the scale of populations within a species into their 

responses (Sullivan et al. 2005).  Prey are also known to incorporate information regarding cue 

source (predator versus prey; Schoeppner and Relyea 2005; Scherer et al. 2016), predator species 
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(Bourdeau 2009; Robinson et al. 2014), and cue concentration, which can indicate predator 

proximity, density, or size (Turner and Montgomery 2003; Hill and Weissburg 2013, 2014). 

 Such factors are indicative of the threat a predator represents and the degree of risk it 

poses to prey.  As a result, information regarding these factors can indicate to prey the strength 

of benefits it would receive from defense induction.  But prey must also consider factors which 

influence the relative costs defense induction will incur.  For example, responses are often 

weaker in larger, less vulnerable size classes (Marcus and Brown 2003; Scherer and Smee 2016), 

organisms in groups (Brown et al. 2006; Ferrari et al. 2010), individuals in habitats with high 

visibility which may make use of more reliable visual cues (Abjornsson et al. 1997; Hartman and 

Abrahams 2000), and individuals which have already invested energy in the production of 

alternative defenses (Chivers et al. 2007; Wolfe et al. 2016).   

 Resource availability can influence the costs of defense induction by influencing the 

initial energy available for allocation.  Processes such as growth and maintenance require 

baseline amounts of energy investment for survival, beyond which other processes would have to 

be sacrificed (Cronin 2001).  And, if resource and predator conditions suggest low chances of 

survival in the long-term, prey may prioritize reproduction to increase the chances of producing 

offspring before death (Covich and Crowl 1990).  Therefore, under conditions of scarcity, 

defenses may suffer disproportionate decreases in energy allocation, especially if defenses would 

further reduce prey access to resources (Brown and Cowan 2000; Ferrari et al. 2010; but for 

theories regarding alternative strategies, see Cronin 2001).   

 Ecological interactions are complex and it is often difficult to predict the priorities of 

prey species under conditions of conflicting pressures.  Several studies have demonstrated that 
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the intensity of prey defenses is lower or the threshold for defense induction is higher when 

resources are limited (Brown and Cowan 2000; Ferrari et al. 2010).  For example, many species 

of fish have been shown to reduce behavioral defenses in response to chemical predation cues 

following food deprivation (Smith 1981; Brown and Smith 1996), and often only a single day is 

sufficient to reduce responses (Godin and Crossman 1994; Brown and Cowan 2000). Brown and 

Smith (1996) suggested fish may increase vigilance responses and be more sensitive to visual 

predation cues under these conditions to compensate for these reduced responses.  However, 

several studies in amphibians have noted no change in response to risk when resources are low 

(Horat and Semlitsch 1994; Whitham and Mathis 2000; Maerz et al. 2001), even after a 

deprivation period of a month in one species (Adler 1986).  This is believed to be the result of 

high metabolic efficiency in amphibians which allows them to exploit highly variable habitats 

(Maerz et al. 2001).  In addition, two species of snails increase defensive responses under 

conditions of low resources (Appleton and Palmer 1988; Bourdeau 2010a). Bourdeau (2010a) 

demonstrated that this is the result of altered shell growth patterns in Nucella lamellosa 

following reduced feeding in response to predators which results in passive increases in shell 

strength.  

I tested the effects of variable predation risk and resource availability on plastic defenses 

in the eastern oyster Crassostrea virginica.  Oysters are known to increase the weight and 

strength of their shells in response to exudates from crab predators (Newell et al. 2007; Johnson 

and Smee 2012; Lord and Whitlatch 2012; Robinson et al. 2014; Scherer et al. 2016) in ways 

which reduce their risk of predation (Robinson et al. 2014).  If the mechanism of shell production 

demonstrated for Nucella (Bourdeau 2010a) is ancestral within the phylum Mollusca, oysters 

would be expected to show the same pattern of increased defenses under conditions of limited 
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food.  However, no studies have suggested oyster induce a behavioral response to predators in 

the form of reduced foraging, as is the case for Nucella.  Thus, I hypothesized defenses would be 

sacrificed under conditions of limited resources.  Consistent with this idea, shells reared under 

control conditions were smaller and weaker when resources were limited. However, I present 

novel findings which suggest that, in this species, this pattern of reduced shell metrics under 

conditions of limited food is eliminated by the presence of predation risk. 

METHODS 

Study organisms 

Oyster larvae were acquired from the Auburn University Shellfish Laboratory at the 

Dauphin Island Sea Lab, AL, USA.  Oysters, hereafter referred to as oyster spat (~1 mm initial 

diameter), were settled onto sun-bleached oyster shells before initiation of the experiment.  

Settlement occurred in 90 L pools containing clean, dead shell ideal for settlement.  Circulation 

and aeration within the pools was maintained with two circulation pumps placed so as to create a 

circular current.  Tarpaulins were used to protect the surface of the pools and to block light, 

encouraging settlement (Baker and Mann 1998). After 3 days, oysters were provided with ~115 

mL of Phytoplex phytoplankton per pool per day for three weeks until spat reached ~1 mm in 

diameter.   

Treatment exposures 

Following settlement, oysters were reared in 32 opaque tanks under treatment conditions 

for 8 weeks.  Tanks were assigned to either a predation risk or control treatment and then 

additionally assigned to either a high or low resource availability treatment, with 8 tanks 

receiving each combination of predation risk and resource availability.  Tanks assigned to the 
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predation risk treatment contained 3 Atlantic mud crabs Panopeus herbstii (carapace width 36-52 

mm).  Oysters were protected from crab predators with a vexar mesh covering (1 cm2 openings).  

High resource availability tanks received 10 mL of Phytoplex phytoplankton daily and low 

resource tanks received 5 mL.  Quantities were chosen based on previous studies which 

suggested 5 mL limited oyster growth rates and that oyster consumption of Phytoplex was 

saturated at above 10 mL. 

Tanks were aerated and contained 20 L of artificial seawater made using Instant OceanTM 

and held at a salinity of 20.  Each tank contained 2 shells with at least 10 spat per shell and spat 

were thinned as needed during the experiment to prevent competition for space, which might 

have altered growth patterns.  Predators were fed ~0.6 g of refrigerated oyster tissue in the 

experimental tanks once per week, and tissue was divided into three pieces to reduce antagonistic 

interactions between predators.  Water changes were carried out weekly following predator 

feeding to remove waste and prevent the buildup of cues over the course of the experiment. 

Data collection 

 Following the 8 week exposure period, 5 oysters from each tank were measured for shell 

diameter and compression force.  At this size (5.05 ± 0.06 mm), oysters have not begun to 

elongate and only one measurement of shell diameter was made to the nearest tenth of a 

millimeter.  Diameter was then used to calculated shell area using the formula of a circle (𝐴 =

𝜋𝑟2).  Shell compression force was measured using a Kistler 5995 charge amplifier and Kistler 

9203 force sensor (sensu Robinson et al. 2014). The settings for the charge amplifier were 

sensitivity 47.8 and range 50. A small blunt probe (1 mm diameter) was consistently placed 

centrally to be equidistant from the shell’s edges and perpendicular to the surface for all oyster 

spat tested. I applied gentle and consistent pressure on all specimens until structural failure of the 
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spat’s shell occurred. I recorded the maximum force needed to break the shell, which is a 

measure of shell strength (Zuschin and Stanton 2001).  Shell mass was measured on an 

additional 5 oysters by removing the top valve of the spat from their substrate and drying it at 

38° C for 48 hr.  I then weighed the shell on an electric balance.  Measured masses contain both 

shell and soft tissue, but ~ 99% of the total mass is shell at this point in development (Robinson 

et al. 2014). 

Statistical analysis 

All analysis was completed in JMP Pro 12.  Shell area, weight, and crushing force were 

compared between treatments using a three-way model, with predation level and food 

availability as fixed factors and tank as a random factor.  As these results could influence the 

experimental design and data interpretation for future studies, I wanted to ensure any effect of 

food availability on prey defenses was detected.  Therefore, for fixed factors, significance was 

assessed using α = 0.05, but results significant α = 0.1 are also discussed.  The significance of the 

tank factor was assessed using 95% confidence intervals.  For metrics which were found to be 

significantly different, pairwise comparisons were performed using a Student’s t test.   

RESULTS 

 For all three metrics, predation treatment was significant (area p = 0.0183, weight p = 

0.0172) or nearly significant (strength p = 0.0590; Table 5-1) but food level and the interaction 

of predator and food level were not.  The random factor of tank assignment was also significant.  

For shell area (Figure 5-1) and weight (Figure 5-2), low food control treatments were 

significantly smaller than predator present treatments, regardless of food level.  High food 

control treatments were intermediate between these two levels of response and were not 

significantly different from any other treatment.  Although only significant at α = 0.1, a similar 
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pattern was seen for shell crushing force (Figure 5-3), with the exception that both the high food 

control and the low food predator treatments were intermediate. 

Table 5-1. Analysis of variance table for oyster spat shell metrics. 

Test statistics for comparisons of oyster spat shell metrics.  Fixed factors are designated as 

significant at α = 0.05 by ** and at α = 0.1 by *. 

 

Metric Factor p-value Denominator 

Df 

Tank confidence 

intervals 

Food 

availability 

Predator 

treatment 

Interaction Lower 

95% 

Upper 

95% 

Shell area 0.307 0.0183** 0.142 28 0.585 3.23 

Shell 

weight 

0.411 0.0172** 0.484 28.5 9.74e-8 5.42e-7 

Shell 

strength 

0.147 0.0590* 0.512 28 0.0677 0.478 

 

 

Figure 5-1. Mean ± SE shell area for oyster spat. 

Mean oyster spat shell area (± SE) by combined predator and food level treatments (light grey 

bars represent low food treatments and dark grey bars represent high food treatments).  Letters 

designate significant differences between treatments according to Student’s t test. 
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Figure 5-2. Mean ± SE shell weight for oyster spat. 

Mean oyster spat shell weight (± SE) by combined predator and food level treatments (light grey 

bars represent low food treatments and dark grey bars represent high food treatments).  Letters 

designate significant differences between treatments according to Student’s t test. 

 

Figure 5-3. Mean ± SE shell crushing force for oyster spat. 

Mean oyster spat shell crushing force (± SE), a measure of shell strength, by combined predator 

and food level treatments (light grey bars represent low food treatments and dark grey bars 

represent high food treatments).  Letters designate significant differences between treatments 

according to Student’s t test. 
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DISCUSSION 

 Under conditions of limited resources, prey may sacrifice defenses to prioritize growth 

and reproduction or be unable to acquire sufficient resources to manufacture defenses (Brown 

and Cowan 2000; Cronin 2001; Ferrari et al. 2010).  This could manifest as a reduction in 

defense intensity under all conditions of risk or as an increase in the threshold of risk intensity 

required for defense induction.  Although prey defenses may remain unchanged (Adler 1986; 

Horat and Semlitsch 1994; Whitham and Mathis 2000; Maerz et al. 2001) or even intensify 

(Appleton and Palmer 1988; Bourdeau 2010a) under conditions of limited resources, prey 

defenses are often compromised when resources are limited (Ferrari et al. 2010).  As a result, 

low food levels often limit expression of predator defenses.  However, in this study, predator 

cues caused oysters to build stronger shells in treatments with low and high food levels, even 

though oysters grew considerably less in low food treatments without predator cues.  

Our results contradict previous work in molluscs, which demonstrated Nucella lamellosa 

produce a more predator-resistant morphology when exposed to predators and when deprived of 

food (Bourdeau 2010a).  Thus, the changes in morphology for N. lamellosa are caused by 

reductions in feeding to avoid predators and not be a reallocation of resources (Bourdeau 2010a).  

Unlike N. lamellosa, oysters did not display a predator resistant shell hardening when deprived 

of food and instead produced smaller, weaker shells. Yet, even in low food conditions, oysters 

were able to build a larger, stronger shell when exposed to predator exudates. 

Defended oyster morphology is known to result from increases in energetically 

inexpensive calcium carbonate.  Thus, at any level of risk oysters should increase calcium 

carbonate production to speed growth and more quickly reach a size refuge. This would result in 

higher values of shell weight and shell area, both of which significantly increased in predator 
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treatments.  Although not significant, the increasingly negative relationship between shell 

thickness and gonad index at lower density values (Chapter 1) suggests, at higher levels of risk, 

oyster may also increase energetically expensive organic material.  Under this hypothesis, as risk 

increases, oysters would increase organic shell material and shell strength in proportion to their 

level of risk. Thus, shell strength will only be significantly different from controls above a 

certain threshold of risk. I found shell strength was only significant at α = 0.1, suggesting that 

oysters may had begun to increase organic shell material and that predation risk in this study was 

at or near an important threshold to justify additional defense costs. Further supporting the 

hypothesis that oyster defenses are costly to produce, oysters in controls without predators 

produced shells with smaller values for shell area, weight, and strength, possibly because they 

were devoting resources toward other functions such as soft tissue growth.   

Phenotypic plasticity theory suggests defenses should be costly to produce; otherwise 

organisms would always produce them and they would not be plastic. Yet, if defenses are 

inexpensive to produce and/or the threat posed is sufficiently high, the threshold for employing 

them may be low. It is possible the prioritization of defenses under conditions of limited 

resources seen here is an experimental artifact, as mesocosm studies are often thought to result in 

unrealistically elevated predator cue concentrations and unnaturally high prey responses 

(Weissburg 2000; Hill and Weissburg 2013).  This is unlikely to be true here as oysters have 

been shown to produce intermediate responses to mud crab predators under experimental 

conditions identical to those in this study (Scherer unpublished data) and changes in shell 

strength here were not significant at α =0.05, suggesting defenses could be intensified further.  

This result may also represent an ecologically relevant response to a source of pressure which is 

sufficient to justify the increased cost of defense induction.  Mud crabs are resident predators on 
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oyster reefs and their presence in a system is likely to represent a reliable indication of constant 

predation risk.  Mud crabs can also reach very high densities (Rodney and Paynter 2006) and are 

known to exert strong predation pressure under conditions of mesopredator release (Grabowski 

2004; Grabowski and Kimbro 2005; Lunt and Smee 2014).  Thus, it is possible mud crabs 

represent sufficient risk to justify the costs of defense induction, even under conditions of limited 

resources. 

The costs of shell production are expected to increase under warmer, more acidic ocean 

conditions as shell dissolution increases and it becomes increasingly energy expensive to 

maintain internal pCO2 concentrations (Kroecker et al. 2014).  Studies have found several 

species (Bibby et al. 2007; Gazeau et al. 2007; Gaylord et al. 2011; Melatunan et al. 2013; 

Coleman et al. 2014; Mackenzie et al. 2014), including oysters (Gazeaur et al. 2007; Amaral et 

al. 2012), reduce calcification under conditions of ocean acidification.  Higher costs of these 

morphological defenses could increase the costs of defense induction and present negative 

consequences for oysters under conditions of food limitation.  If oysters continue to prioritize 

defenses, they would suffer further reductions in fecundity or body condition.  Further, there are 

presumably baseline values of energy investment needed for these other processes and, in 

extreme conditions, oyster defenses would have to be reduced or eliminated.  The degree to 

which oysters prioritized defenses in this study suggests defenses are important for prey survival 

and that this could have serious impacts on predator prey interactions and oyster populations in 

the long term.  However, warmer ocean conditions and increased nutrient runoff are also 

expected to favor growth of algal species (Hallegraff 1993; Paerl and Huisman 2008).  Thomsen 

et al. 2013 demonstrated growth and calcification rates in mussels Mytilus edulis are maintained 

under predicted acidification levels as long as food availability remains high.  Whether this is 
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true under conditions of predation risk has not been tested.  For estuarine species, such as 

oysters, which are already adapted to highly variable habitat conditions, this increased resource 

availability may help to ameliorate some of the negative consequences of climate change.   

Nonconsumptive predator effects, such as defensive changes in oyster morphology, are 

influenced by a diverse array of factors and vary considerably between species and systems.  my 

results illustrate the importance of careful experimental design and interpretation of results for 

studies of these effects.  Resource availability was not a significant factor in my model. 

However, pairwise comparisons demonstrate that resource availability will influence the 

apparent strength of nonconsumptive predator effects by artificially lowering the value of shell 

metrics in control treatments.  Thus, nonconsumptive effect studies should ensure that prey 

organisms are not resource limited to avoid confounding results. Further, these results 

demonstrate the potential for additional unrecognized factors which may influence defense 

expression.  Researchers should provide detailed reporting of experimental methods which allow 

reinterpretation of results in light of future studies which reveal such factors.  
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SUMMARIES AND CONCLUSIONS 

 Induced prey defenses are hypothesized to be costly, such that their plasticity minimizes 

their costs by limiting their expression to situations where risk is sufficiently high to justify costs.  

A few studies have clearly characterized these costs in a handful of systems (Lively 1986; 

Baldwin 1998; van Buskirk 2000; Relyea 2002), but often these costs are assumed based on a 

limited understanding of how defenses are produced.  This can lead to results which are difficult 

to interpret or to incorrect conclusions about prey responses.  Here, I demonstrated oysters 

increase inexpensive calcium carbonate in response to predation risk.  Given the small cost of 

this shell material, it is impossible to assume these defenses are costly for oysters.  I found no 

significant relationship between shell metrics and soft tissue weights, although there was a trend 

for increasingly negative relationships between shell thickness and gonad index as shell density 

decreased.  As these estimates of defense costs are likely to be conservative, this may represent 

an important cost of these defenses.  This information will become increasingly important as 

ocean acidification increases the energetic costs of calcium carbonate production. 

In many cases, laboratory studies which investigate predation pressure do so under highly 

artificial conditions which can inflate risk far above levels found under natural conditions. Three 

of the four factors tested here (cue source, prey size, predator diet) influenced oyster responses to 

predation risk.  In all cases, prey responded with less intense responses when factors provided 

less information or suggested their risk was reduced.  These are a small representation of the 

diverse range of factors which can alter prey responses by influencing the level of risk prey 

perceive, their ability to collect information on this risk, or the costs and benefits they will incur 

following defense induction.  These results highlight the importance of incorporating additional 

complexity into laboratory studies and of testing ecological interactions under field conditions.  
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Considering such factors will improve our ability to apply knowledge gained from laboratory 

studies which dissect the details of these interactions under ecologically relevant scenarios. 

Although the one remaining factor, food availability, did not change oyster shell 

characteristics under conditions of predation risk, it did influence my interpretation of results by 

altering characteristics under control conditions.  Studies which identify such factors are equally 

important as those which investigate factors directly influencing prey responses to allow for 

correct and efficient development of hypotheses regarding principles which guide 

nonconsumptive predator effects.  Additionally, this result demonstrated the importance of 

predation pressure in this system.  Many factors can diminish the strength of oyster responses to 

crab predators, but even under conditions of limited food availability, oysters prioritize defenses. 

These results suggest predation pressure is still a powerful force influencing oysters and that 

nonconsumptive predator effects may still persist, even under conditions which might limit their 

strength. 

The model system used here is an example of an intraguild food web, in which blue crabs 

are a top predator, mud crabs are an intermediate predator, and oysters are a basal prey shared by 

both predator species.  Oysters produce stronger responses to top predator blue crabs than to 

intermediate predator mud crabs when all other factors are held constant (Robinson et al. 2014).  

However, blue crabs are transient predators which move on and off oyster reefs, as opposed to 

resident mud crabs, and factors such as blue crab diet reduce the intensity of oyster responses to 

this species.  Further, as blue crabs also consume mud crabs, they reduce intermediate predator 

density and induce defensive responses in mud crabs which reduce their consumption of oysters 

(Grabowski 2004; Grabowski and Kimbro 2005).  Thus, many factors reduce predation pressure 

on oysters when blue crabs are present in oyster reef systems.  In an intraguild food web, the 
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strength of nonconsumptive predator effects will be determined by the relative strength of these 

factors.   

Intraguild predation is a common and widespread occurrence in a diverse range of 

systems (Brodeur and Boivin 2006).  The increased connectivity in these systems adds a layer of 

complexity to predator prey interactions that makes predator effects in these systems more 

difficult to predict.  As a result, a thorough understanding of predator prey interactions is 

necessary to understand how they function in natural systems.  Additional work is needed to 

investigate predator effects in this and other systems when multiple factors and trophic levels are 

taken into consideration. 

Finally, these studies demonstrate the sensitivity of predator prey interactions to a wide 

variety of factors, many of which are likely to be influenced by climate change and 

anthropogenic activity.  For example, food availability is likely to increase under conditions of 

climate change and eutrophication, which favor growth of algal populations (Hallegraff 1993; 

Paerl and Huisman 2008).  Oyster size may be influence by size selective harvesting of oysters 

for commercial fisheries.  And top predator blue crabs support a commercial fishery and are 

selectively removed from many systems.  As previous studies had demonstrated oysters 

responded more strongly to blue crabs than to mud crabs under identical conditions, this could be 

perceived as a positive change for oysters.  However, with additional knowledge of important 

factors which can diminish blue crab effects on oyster responses and their effects on mud crab 

populations, their overall effect on oyster responses may actually be positive.  Moving forward, a 

strong understanding of predator prey interactions under baseline conditions will be important to 

predict and respond to changes in community structure and function.  
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