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Abstract
How predators and prey interact has important consequences for population dynamics and
community stability. Here we explored how predator-prey interactions are simultaneously affected
by reciprocal behavioral plasticity (i.e., plasticity in prey defenses countered by plasticity in
predator offenses and vice versa) and consistent individual behavioral variation (i.e., behavioral
types) within both predator and prey populations. We assessed the behavior of a predator species
(northern pike) and a prey species (three-spined stickleback) during one-on-one encounters. We
also measured additional behavioral and morphological traits in each species. Using structural
equation modeling, we found that reciprocal behavioral plasticity as well as predator and prey
behavioral types influenced how individuals behaved during an interaction. Thus, the progression
and ultimate outcome of predator-prey interactions depend on both the dynamic behavioral
feedback occurring during the encounter and the underlying behavioral type of each participant.
We also examined whether predator behavioral type is underlain by differences in metabolism and
organ size. We provide some of the first evidence that behavioral type is related to resting
metabolic rate and size of a sensory organ (the eyes). Understanding the extent to which reciprocal
behavioral plasticity and intraspecific behavioral variation influence the outcome of species
interactions could provide insight into the maintenance of behavioral variation as well as
community dynamics.
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Introduction
Species interactions can cause plastic changes in the behavior, morphology, and/or
physiology of interacting individuals that have both ecological and evolutionary
consequences (Agrawal 2001; Miner et al. 2005; Fordyce 2006; Berg and Ellers 2010). For
example, exposure to predators often triggers inducible defenses in prey (e.g., Kishida et al.
2010). These inducible defenses, be they morphological or behavioral, can have strong
effects on the entire community (Werner and Peacor 2003; Schmitz et al. 2004; Miner et al.
2005; Preisser et al. 2005; Fordyce 2006). While predator-prey interactions and resulting
phenotypic plasticity are often studied from the prey perspective (Lima 2002), prey defenses
induced by predator exposure are often matched by plastic changes in predator offenses (Sih
1984; Kopp and Tollrian 2003; Kishida et al. 2010). This reciprocal phenotypic plasticity
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can result in a “back-and-forth response” on an ecological timescale, whereby phenotypic
changes in species A change the environment experienced by species B, resulting in a
phenotypic change in species B, and vice versa (Agrawal 2001; Alonzo 2002). With
reversible behavioral plasticity, this back-and-forth can occur during a single interaction
between individuals (i.e., reciprocal behavioral plasticity). An increasing number of models
suggest that reciprocal phenotypic plasticity can alter the outcome of species interactions,
with potential consequences for population dynamics and community stability (Mitchell
2009; Mougi and Kishida 2009; Cortez 2011; Flaxman et al. 2011; Mougi 2012).

There is also growing evidence that intraspecific trait variation among individuals within
populations can substantially affect species interactions (Bolnick et al. 2003, 2011;
Schreiber et al. 2011; Griffen et al. 2012; Pruitt et al. 2012a, 2012b; Sih et al. 2012; Wolf
and Weissing 2012). For example, within a population, prey often differ consistently from
one another in their tendency to take risks in the presence and absence of predators (Sih et
al. 2003; Smith and Blumstein 2010; Griffen et al. 2012), which could affect their likelihood
of being attacked. Similarly, within a population, individual predators often vary
consistently in their foraging behavior and diet (i.e., specialization vs. generalization;
Bolnick et al. 2003; Estes et al. 2003; Smith and Blumstein 2010; Nyqvist et al. 2012). The
coexistence of a range of consistent behavioral types within prey (or predator) populations
(Sih et al. 2004a, 2004c) creates a situation where individual prey (or predators) are not
equivalent to one another in terms of predation risk (or threat). Furthermore, the
combination of predator behavioral types and prey behavioral types can dramatically impact
predator-prey interactions (Sih et al. 2012; Wolf and Weissing 2012). For example, Pruitt et
al. (2012b) found that active sea star predators (Pisaster ochraceus) disproportionally
consumed sedentary snail prey, and inactive sea star predators tended to capture more active
snail prey (Chlorostoma funebralis). While this work suggests that species interactions can
maintain behavioral variation, a number of outstanding questions remain. For example, what
behavioral mechanisms underlie the different outcomes of predator behavioral type–prey
behavioral type interactions? Can behavioral types influence the outcome of predator-prey
interactions when there is reciprocal behavioral plasticity between predators and prey?
Finally, what are the proximate causes of variation in behavioral types?

Variation among individuals in relatively unchanging traits such as metabolic rate or organ
size has been suggested as a proximate cause generating differences among individuals in
similarly stable behavioral traits (Biro and Stamps 2010; Reale et al. 2010; Wolf and
McNamara 2012). Consistent individual differences in metabolic rate, for example, might
promote consistent individual differences in behaviors that provide net energy such as
foraging behavior (Biro and Stamps 2010; Houston 2010). Moreover, if a “big engine” is
required to support a fast, active life-style, then we might expect positive correlations
between energetically demanding behaviors, metabolic rate, and energetically expensive
organs (Careau et al. 2008; Biro and Stamps 2010; Reale et al. 2010). Correlations between
behaviors and these relatively nonplastic traits might help explain the maintenance of
behavioral variation via life-history trade-offs (Biro and Stamps 2010). For example, active
fast-growing individuals might have high fitness when environmental conditions are
favorable and have low fitness when they are poor. These fitness trade-offs might maintain
variation in metabolic rate and traits associated with it (Burton et al. 2011; formalized as the
“pace-of-life syndrome” hypothesis [Reale et al. 2010]).

There is support for this pace-of-life-syndrome hypothesis in the literature, with studies
reporting significant correlations at the intraspecific level between resting metabolic rate and
growth (reviewed in Burton et al. 2011), between resting metabolic rate and the size of
metabolically demanding organs such as the intestines, liver, kidneys, and heart (reviewed in
Biro and Stamps 2010; Burton et al. 2011), and between resting metabolic rate and
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behavioral type (Huntingford et al. 2010; Barreto and Volpato 2011; Careau et al. 2011;
reviewed in Careau et al. 2008; Biro and Stamps 2010; see also Careau et al. 2010).
However, a number of studies have also reported either no relationship between resting
metabolic rate and behavioral type (Farwell and McLaughlin 2009; Lantova et al. 2011;
Timonin et al. 2011; Le Galliard et al. 2013) or context-dependent links between resting
metabolic rate and behavioral type (Killen et al. 2011, 2012; Reid et al. 2012). Moreover,
while there is growing interest in whether metabolism might underlie behavioral type, it is
quite possible that behavioral type is underlain by other traits that contribute to an animal’s
physiological architecture (e.g., organ sizes) and possibly constrain metabolism. In addition,
variation among individuals in their sensory system or abilities might generate variation in
perception and decision making as well as variation in performance traits such as foraging
accuracy and reaction time (see also Ronald et al. 2012). Indeed, measuring these
architecture traits might be preferable to measuring metabolism because estimates of
metabolic rates are influenced by how individuals respond to being measured (e.g., freezing
vs. hyperactivity; discussed in Careau et al. 2008). Regardless of the physiological and
sensory traits measured, exploring their relationship with behavior will provide insight into
whether these relatively nonplastic traits might impose a constraint on certain behaviors.

Therefore, we address three questions: (1) Does reciprocal behavioral plasticity between
predators and prey affect the outcome of encounters? (2) Are the behaviors of predators and
prey during an encounter influenced by their own respective behavioral types? (3) Is
variation in predator behavior associated with differences in metabolic rate and organ size?
We used northern pike (Esox lucius) as the predator species and three-spined stickleback
(Gasterosteus aculeatus) as the prey species—two species that interact in nature. We used
structural equation modeling (SEM) to examine how the outcome of predator-prey
interactions is influenced by the reciprocal behavioral plasticity that occurs during an
encounter as well as the intraspecific behavioral variation present in both predators and prey.
This statistical approach considers multivariate relationships and is thus particularly well
suited for examining the behavioral back-and-forth aspect of predator-prey interactions (i.e.,
reciprocal behavioral plasticity) as well as the direct and indirect influences of correlated
traits (Grace 2006, 2008). We used correlation analyses to examine whether variation in
predator behavior is related to underlying differences in stable states such as metabolic rate
and organ size.

Methods
Predators

The northern pike (Esox lucius) we used as predators were hatchery reared (Spirit Lake Fish
Hatchery, Spirit Lake, IA) and transported to the University of Illinois by car 5 weeks prior
to the experiment. These pike were accustomed to eating only live prey. They were housed
singly in 83.3-L tanks (107×33×24 cm) on a separate water flow system and were visually
separated from the stickleback in the lab. They were maintained at 18°C on a photoperiod
that matched seasonal changes. We used 12 juvenile pike that ranged in size from 18.2 to
22.3 cm in length. Water was cleaned in all tanks via a recirculating flow-through system
with particulate, biological, and UV filters (Aquaneering, San Diego, CA). Approximately
10% of the water volume in the tanks was replaced each day. Pike tanks had a gravel
bottom, two artificial plants, two pieces of PVC pipe on the bottom, and two PVC stand-
pipes on the back wall for prey refuge (PVC pipes = 2 cm diameter).

Prey
The three-spined stickleback (Gasterosteus aculeatus) we used as prey were lab-reared
juvenile F1 descendants of a wild population (Putah Creek, CA). Eggs were artificially
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fertilized. Offspring were housed in full-sibling groups of 10 juveniles per 9-L rearing tank.
We fed juveniles a slurry of frozen adult Artemia, mysis shrimp, bloodworms, and Cyclop-
eeze decapods (Argent, Redmond, WA) once a day. All tanks had a recirculating flow-
through system and were maintained at 18°C on a photoperiod that matched seasonal
changes.

These juveniles were part of a larger study on maternal effects whose field-collected
mothers had received either a predator exposure or control treatment while producing eggs.
Details of the maternal treatment protocol and the results in terms of the maternal effect on
stickleback behavior and survival are discussed elsewhere (McGhee et al. 2012). Stickleback
maternal treatment and family were randomized with respect to both pike identity and day of
testing, thus each pike preyed on stickleback of both maternal treatments. Here we focus on
offspring from the control treatment whose mothers were not exposed to a predator (N = 9
control mothers; number of offspring per maternal family = 8.6 ± 0.9, mean ± SE). All pike
interacted with 12–14 stickleback over the course of the maternal effects experiment
(McGhee et al. 2012). Because stickleback maternal treatment was random with respect to
pike identity, individual pike interacted with a variable number of stickleback offspring from
the maternal control treatment (N = 3–8 interactions). These offspring were behaviorally
tested when they were approximately 6 months old and 3 cm in length (30.7 ± 0.4 mm).

Quantifying Individual Variation in Prey Behavior in the Absence of a Predator (“Prey-
Alone Assay”)

The day before behavioral testing, a randomly selected stickleback was netted from a rearing
tank, measured for standard length, and isolated in an observation tank (37.8 L) overnight.
Rearing tanks were tested in a random order, and no more than one fish from a single
rearing tank was tested per day. The observation tank had a gravel bottom, opaque plastic
covering its sides, and a single plastic plant on the right side of the tank. The tank front was
covered with opaque plastic until the behavioral assays were run to minimize disturbance.

The next day between 9:30 and 11:30 a.m., behavioral assays were performed on the
stickleback. Individuals were tested singly. Freezing, where individuals stop moving and
hold still, is an important antipredator behavior. In staged predator-prey interactions,
stickleback who spent more than 75% of their time frozen survived nearly 3 times longer
than those who spent less than 25% of their time frozen (McGhee et al. 2012). First, to
examine how stickleback reacted to a novel object, we added a glass flask filled with water
to the left side of the tank (opposite the plant) and for 3 min recorded the time the
stickleback spent frozen (holding still for 12 s). Second, to examine how individuals
responded to a shoal of unfamiliar conspecifics, we added four conspecific juveniles to the
water-filled flask and for 3 min recorded the time the stickleback spent frozen. Finally, we
measured freezing behavior of each individual stickleback in the presence of a live pike
(described below). Tanks were videotaped from behind a blind. Videotapes were later
scored using JWatcher (Blumstein and Daniel 2007).

Quantifying Predator and Prey Behavior during an Interaction (“Predator-Prey-Interaction
Assay”)

Two hours after completing the prey-alone assay, the individual stickleback was gently
herded into a cup of water and then immediately released into a randomly chosen individual
pike tank where the predator-prey-interaction assays were conducted. The rationale for the
predator-prey-interaction assay was to quantify differences in individual behavior of both
predators and prey during a direct encounter.
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To reduce the chances that the pike would capture the stickleback immediately on release,
we used two identical feeding cups: a decoy cup containing only water and a cup containing
water and one stickleback. The cups were on opposite sides of the tank, and the one
containing the stickleback was positioned so that it was furthest from the pike. The cups
were partially submerged in the water, and their contents were simultaneously poured out
gently into the tank. The cups were removed and data recording began immediately. Data
were recorded live using JWatcher, and trials lasted until the stickleback was captured or a
maximum of 10 min. Pike were tested once per day in a random order. On days when pike
were not used in the experiment, they were fed in an identical way (two cups, one
stickleback or one goldfish). Neither prey nor predators were fed prior to a trial on the day
of testing (i.e., they were starved for 24 h).

During a trial, we simultaneously recorded the following stickleback and pike behaviors. For
the stickleback, we recorded (1) the time spent frozen (holding still for >2 s) and (2) the time
spent oriented toward the pike. Since stickleback survived for variable amounts of time,
stickleback freezing and orienting behavior were converted to proportions (time spent
frozen/oriented divided by capture time). For the pike, we recorded (1) latency to orient
toward the stickleback for the first time and (2) latency to attack the stickleback for the first
time. We also recorded the capture time (i.e., the time until the pike successfully caught the
stickleback). Capture time was often longer than latency to attack because pike were not
always successful in capturing the stickleback on the first attempt. Capture time does not
include the handling time required for the pike to manipulate and swallow the stickleback.
Note that capture time reflects a combination of prey vulnerability and predator foraging
performance.

Measuring Predator Metabolic Rate and Organ Size
During the pike-stickleback interactions, we noticed that some pike appeared to be able to
chase and attack the stickleback better than others, and others took longer to recover after an
attack. Although the literature has emphasized the relationship between resting, rather than
active, metabolic rate and behavioral types (Careau et al. 2008; Biro and Stamps 2010;
Reale et al. 2010; but see Martins et al. 2011), we suspected that an important axis of
variation for the pike might be differences in their ability to recover after exertion.
Therefore, after completing all of the predator-prey-interaction assays, we measured pike
breathing rates at rest and after exertion as proxies for resting and active metabolic rates,
respectively, to test the hypothesis that an individual’s resting metabolic rate and/or elevated
metabolic rate after exertion (active metabolic rate) influence/s predatory behavior. We
recorded the number of open-close motions of the operculum for 30 s to measure opercular
beat rate (OBR) or ventilation rate per minute. We use these ventilation rates as estimates
for metabolic rates. Other studies on many fish species have found a tight positive
relationship between ventilation rate and metabolic rate as measured in a respirometer (van
Rooij and Videler 1996; Grantner and Taborsky 1998; Dalla Valle et al. 2003; Millidine et
al. 2008; Frisk et al. 2012). To obtain an estimate of pike resting metabolic rate, we
measured the resting OBR of each pike by watching the pike undisturbed in its home tank
between 9:00 and 9:30 a.m. each day for five consecutive days (N = 5 measures per pike).
Resting OBR measures were taken approximately 2 weeks after the predator-prey-
interaction assays were completed. Approximately 1 month after measuring resting OBR,
we measured active OBR after exertion (i.e., active metabolic rate after exertion) at 10:00
a.m. each day for three consecutive days (N = 3 measures per pike). Specifically, we
measured the OBR of each pike 5 min after chasing it vigorously throughout its home tank
with a hand net for 15 s. All OBR measurements were taken after at least 24 h of starvation,
and the order in which we observed the pike each day was randomized by drawing numbers
out of a cup.
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Pike were euthanized with an overdose of MS222, measured for standard length and body
mass, and dissected. We dissected out organs that we could reliably measure and that we
hypothesized might play a role in predatory behavior. We quantified liver and brain masses
because both are energetically costly organs; but while the liver is important for energy
(glycogen) storage, the brain is important in learning and processing information. Since pike
are visual predators, we also quantified the mass of both whole eyeballs. Organ masses were
measured both wet and after being dried in a drying oven at 60°C for 5 days. The organ wet
and dry masses were strongly correlated (r range = 0.83–0.98). We use the wet masses here
in order to have body mass on the same scale (i.e., we did not dry the entire bodies). Sex was
determined by visual inspection of the gonads (3 males, 9 females). We did not detect an
effect of sex on behavior, metabolic rate, body size, and organ mass; therefore, sex was not
considered further.

Data Analysis: Structural Equation Modeling with Predator and Prey Traits
SEM is used to quantify the direct and indirect effects of factors while holding other factors
constant (Grace 2006, 2008). It also has the additional benefit of being able to statistically
compare alternative models. We tested two general hypotheses, (1) that there is reciprocal
behavioral plasticity between predators and prey and (2) that behavioral types of both
predators and prey contribute to the outcome of a predator-prey interaction (fig. 1). From
these general hypotheses we constructed our a priori predator-prey model, in which we
included behavioral data on both the predator and the prey. We included the behaviors of
each stickleback alone (from the prey-alone assay) and with the pike (from the predator-
prey-interaction assay; N = 77 stickleback). We also included the behaviors exhibited by the
pike during each interaction with an individual stickleback (N = 77 interactions).

Since the 12 individual pike were reused (N = 3–8 interactions per pike), each pike occurs
more than once in these data. While we recognize that the repeated use of the same
individual pike could be viewed as pseudoreplication, there are several reasons why the
relevant unit of replication in this study is at the level of interaction rather than the level of
pike. First, the goal of this study was to assess whether knowledge about each player’s
behavioral tendencies is enough to understand the behaviors that each will show in an
interaction with another. Thus, examining average pike behavior across different prey
individuals does not allow us to explore what happens during single interactions. Second,
each interaction involves a novel partner/prey individual, making it a unique interaction
regardless of the pike involved. Finally, this design is a conservative approach to estimating
reciprocal behavioral plasticity: if pike identity is the major driver of predator-prey
interactions, then we should see no evidence for reciprocal behavioral plasticity.

We compared the fit of our original a priori predator-prey model to the fit of two a priori
alternative models. First, to examine whether including reciprocal behavioral plasticity (i.e.,
behavioral feedback) between predator and prey improved the fit of the model, we compared
our original a priori predator-prey model (with feedback) to an alternative a priori model
without feedback. We defined reciprocal behavioral plasticity, or feedback, as the prey
adjusting their behavior to the predator and vice versa (fig. 1, dashed double-headed arrow).
In our a priori model, we designated four paths as potential feedback paths. In two of these
feedback paths, the predator’s behavior can affect the prey’s behavior. Specifically, the
pike’s first orientation toward the prey can affect stickleback behavior (freezing or
orienting). In the other two feedback paths, the prey’s behavior can affect the predator’s
behavior. Specifically, the stickleback’s freezing behavior and/or orienting behavior can
affect the timing of the pike’s first attack. Second, to examine whether there were family-
level differences in stickleback behavior, we compared our original a priori predator-prey
model (without stickleback mother) to an alternative a priori model including stickleback
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mother identity as an observed variable. We subtracted the χ2 value of our original model
from that of the “no feedback” model (and likewise from the “stickleback mother included”
model) and determined whether this difference was statistically significant at the difference
in degrees of freedom between the two models (Grace 2006).

We used AMOS (Arbuckle 2006) to create our hypothesized a priori model described above
and assessed its adequacy (confirmatory analyses sensu Grace 2006, 2008). If the a priori
model adequately fit the data, we were not able to reject it based on the χ2 value (P > .05;
Grace 2008), and the comparative fit index (CFI; an index appropriate for small sample
sizes) was “close to” 0.95 (Iacobucci 2010). We did not remove any nonsignificant
relationships from the hypothesized a priori model. For variables in which we expected that
errors might be correlated (i.e., covariance between residuals) and not related in an obvious
directional fashion, we included double-headed arrows between the errors (Grace 2006,
2008). Transformation of variables was determined based on the assessment of normality in
AMOS to ensure that the data were approximately multivariate normal. Latency behavioral
variables (e.g., time to first orient, time to first attack, capture time) were natural log
transformed. The proportion of time an individual stickleback spent doing a particular
behavior (e.g., proportion of time spent frozen with a novel object or shoal out of the 3-min
trial or proportion of time spent frozen or oriented at the pike before capture during the
predation assay) was arcsine square root transformed.

It is important to note that the pike became more experienced with the predation assay as the
experiment progressed. To examine whether experience with the predation assay affected
our results, we reran our a priori predator-prey model with pike behavioral data accounting
for the day of the experiment (i.e., residuals of a regression of pike orienting/attacking/
capturing behavior on test day) instead of the raw behavioral data. Our results (not shown)
are essentially identical, suggesting that experience with the assay does not substantially
alter the behavioral patterns.

Data Analysis: Repeatability Estimates of Predator and Prey Traits
We examined whether prey showed behavioral types in terms of their freezing behavior
across different stimuli. Each stickleback had repeated measures of their freezing behavior
—once with a novel object stimulus, once with the unfamiliar shoal stimulus, and once with
a live pike. If the proportion of time spent frozen is significantly repeatable across stimuli,
we can conclude that individuals vary consistently in the tendency to freeze across different
situations, suggesting consistent behavioral types. We calculated repeatabilities of freezing
behavior from the mean squares of general linear models using the protocol in Lessells and
Boag (1987). Specifically, we used general linear models to examine whether stickleback
identity (random effect) accounted for a significant amount of the variation in freezing
behavior across the three stimuli. We accounted for mean level differences across stimuli by
including “stimulus” as a fixed effect. Unfortunately, we could not examine whether
stickleback had consistent behavioral types within the predator-prey-interaction assay
because they encountered the predator only once. However, our repeatability analysis, as
well as the SEM described below, allows us to examine whether the amount of freezing
behavior an individual stickleback exhibits when alone, whether with a novel object or a
shoal, is related to its freezing behavior with a live predator.

We also examined variation in predators. First, we tested if predators showed behavioral
types, that is, consistent individual differences in their latency to orient and attack prey for
the first time. Second, we tested for consistent individual differences among predators in
metabolism as measured by their resting ventilation rate and active ventilation rate after
exertion. Each pike had repeated measures of its behavior during the predator-prey-
interaction assay with a stickleback (N = 3–8 interactions per pike) as well as repeated
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measures of resting ventilation rate (N = 5 measures per pike) and active ventilation rate (N
= 3 measures per pike). As above, we used general linear models to examine whether pike
identity accounted for a significant amount of the pike behavioral variation in the predator-
prey-interaction assay (latency to first orient, latency to first attack, capture time) and of the
variation in resting and active ventilation rates. As in the SEM, the proportion of time the
individual stickleback spent frozen (with a novel object, with a shoal, and with the pike)
were arcsine square root transformed prior to analysis. Similarly, all latency behavioral
variables for the individual pike (e.g., time to first orient, time to first attack, capture time)
were natural log transformed. For all repeatability estimates, we calculated standard errors
according to Becker (1992).

Data Analysis: Correlations among Predator Traits
We examined whether an individual pike’s average behavior across all its predator-prey
interaction assays was related to its metabolic rate (i.e., average resting ventilation rate and
average active ventilation rate after exertion), body size, and organ size (i.e., liver, brain, and
eye masses). Due to the limited number of pike (N = 12), and since pike orienting and attack
behaviors are strongly correlated (Pear son’s product-moment correlation coefficient [rP] =
0.84, P = .006), we restricted our analyses to the average latency with which a pike first
attacks the stickleback. We controlled for the effect of body size on organ size and
ventilation rate by dividing organ mass and ventilation rates by body mass. We used
Pearson’s correlations to examine whether attack behavior was related to (1) body mass, (2)
organ sizes (divided by body mass), and (3) resting and active ventilation rates (divided by
body mass). In these analyses, latency to first attack prey as well as liver mass divided by
body mass were natural log transformed. These analyses only include the average values for
each of the 12 individual pike, thus each pike occurs only once in these data.

Analyses were conducted using SAS software, version 9.3 (SAS Institute, Cary, NC). All
data are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.7h7tk
(McGhee et al. 2013).

Ethical Note
Allowing predators to interact freely with their prey was essential to quantifying normal
predatory and antipredator behavior. However, we provided numerous refuges in the pike’s
tanks in order to give stickleback an opportunity to hide or escape from the pike. In planning
the maternal effects study (McGhee et al. 2012), we used power analyses based on results
from a previous study (Giesing et al. 2011) to minimize the number of subjects used
(Animal Behavior Society/Association for the Study of Animal Behaviour [ABS/ASAB]
guidelines 2004–2007). This experiment was approved by the Animal Care and Use
Committee of University of Illinois (protocol 09204).

Results
Does Reciprocal Behavioral Plasticity between Predators and Prey Affect the Outcome of
Encounters?

How a pike behaved toward a stickleback influenced the stickleback’s behavior and vice
versa (fig. 2, paths marked with stars). For example, the sooner a pike first oriented toward
the stickleback, the longer the stickleback froze in response. At the same time, the behavior
of the stickleback influenced the behavior of the pike: the longer a stickleback froze, the
longer the pike’s first attack was delayed and the longer the stickleback survived (fig. 3).
However, freezing behavior’s positive influence on stickleback survival (delaying capture
time) was due to its direct effect on capture time (standardized direct effect = 0.20) as well
as its indirect effect on capture time via its effect on the pike’s latency to attack
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(standardized indirect effect = 0.16; fig. 2; see table A1 for all direct and indirect effects; see
fig. A1 for unstandardized coefficients; tables A1, A2 and fig. A1 available online). Thus,
there is evidence that reciprocal plasticity occurred during the predator-prey interaction; the
time when the predator first noticed the prey affected the prey’s antipredator behavior,
which in turn affected the predator’s first attempted attack.

The importance of reciprocal plasticity on the outcome of a predator-prey encounter was
statistically confirmed by comparing models with and without feedback between pike
behavior (orienting and attacking) and stickleback antipredator behaviors (freezing and
orienting). Our original a priori predator-prey model that included feedback fit our data
adequately and was not rejected (original model with feedback: χ2 = 5.57, df = 8, P =.695,
Akaike Information Criterion [AIC] = 61.57, CFI = 1.0; Iacobucci 2010). Removing the four
feedback paths between pike behavior and stickleback antipredator behavior resulted in a
model that did not adequately fit the data (no feedback model: χ2 = 23.52, df = 12, P = .024,
AIC = 71.52, CFI = 0.937). Indeed, removing the four feedback paths between the predator
and prey (no-feedback model) resulted in a significant reduction in model fit compared to
the original a priori predator-prey model with feedback (χ2 difference = 17.95, df = 4, P = .
001). In addition, less behavioral variance was explained in the no-feedback model
compared to the original a priori predator-prey model with feedback (stickleback freezing
behavior: R2 = 0.09 vs. 0.20; orienting behavior: R2 = 0.01 vs. 0.02; pike attack behavior: R2

= 0.59 vs. 0.63; capture time: R2 = 0.65 vs. 0.69).

Are the Behaviors of Predators and Prey during an Encounter Influenced by Their
Respective Behavioral Types?

Although reciprocal behavioral plasticity occurred when individual pike and stickleback
encountered one another, how each player behaved during the interaction was also
influenced by its behavioral type. Stickleback showed significantly repeatable differences in
their freezing behavior across three different stimuli, suggesting behavioral types (table 1).
These consistent behavioral differences emerged despite changes in the mean level of
freezing behavior that individuals exhibited across the three stimuli (F2, 152 = 94.87, P< .
0001; table 1). Our a priori model revealed, however, that while stickleback freezing
behavior in the predator-prey interaction was positively related to freezing behavior when
encountering a shoal (standardized regression weight = 0.32, P = .005), it was not strongly
related to freezing behavior when encountering a novel object (standardized regression
weight = −0.08, P = .506; fig. 2). The role of prey behavioral type does not seem to be due
to family effects and relatedness among individuals; including stickleback mother identity as
an observed variable connecting all of the stickleback traits did not result in an improved
model (χ2 = 9.38, df = 11, P = .587, AIC = 77.383, CFI = 1.0), explained no additional
variation in capture time (R2 = 0.69 vs. 0.69), and was not a significant improvement from
the simpler original a priori predator-prey model without mother (χ2 difference = 3.81, df =
3, P = .282). Additionally, behavioral type was not related to variation in body size;
stickleback standard length was unrelated to stickleback behavior alone or in the presence of
the predator or in the predator’s behavior during the interaction (fig. 2; see table A2 for prey
trait means).

We also found evidence for pike behavioral types. Individual differences among pike in
their predatory behavior toward their prey (orienting and attacking) were consistent across
multiple predator-prey interactions and significantly repeatable, leading to repeatable
capture times (table 1; see table A2 for predator trait means). Thus, some individual pike
consistently oriented to and attacked their prey faster than others, despite encountering
variable (and randomly assigned) prey and despite behavioral feedback between predators
and prey.
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Is Variation in Predator Behavior Associated with Differences in Metabolic Rate and Organ
Size?

There was substantial variation among individual pike in both their resting ventilation rates
(range = 20–36 beats per min [bpm]) and their active ventilation rates after exertion (range =
48–85 bpm), which we are using as proxies for resting and active metabolic rates,
respectively. Average resting and active ventilation rates were positively associated (rP =
0.59, P = .045). Differences in ventilation rate among pike were strongly and significantly
repeatable (table 1). Pike were also highly variable in their body mass and in the mass of
their organs (see table A2).

Furthermore, we found that the average speed at which a pike launched its first attack on the
prey was related to variation among pike in body mass, organ mass, and metabolism (table
2). Larger pike tended to be slower predators and took longer to attack prey, although this
was not strictly significant after accounting for multiple testing. In addition, individuals with
larger eyes for their body size attacked their prey faster than individuals with smaller eyes
for their body size (fig. 4B). There was also a link between resting ventilation rate and
predatory behavior: pike with relatively high resting metabolic rates quickly attacked prey,
even after controlling for the effect of body size (fig. 4A). However, this pattern was not
significant after accounting for multiple testing. Liver mass, brain mass, and active
ventilation rates were not significantly related to behavioral type. Finally, while we
acknowledge that these results are based on a relatively small sample of individual pike (N =
12), our results do suggest that behavioral differences among predators are associated with
individual differences in relative organ size and resting metabolic rate, even after controlling
for body size.

Discussion
Our results indicate that the progression and eventual outcome of one-on-one encounters
between predators and prey were affected by reciprocal behavioral plasticity during the
encounter, as well as the underlying behavioral types of both predator and prey. During an
interaction, an individual predator’s behavior was influenced by its prey’s antipredator
behavior. At the same time, an individual prey’s antipredator behavior was influenced by its
predator’s behavior. Although we envision this reciprocal behavioral plasticity as a back-
and-forth behavioral sequence between predator and prey, future studies should aim to
directly test this by examining the temporal behavioral dynamics of predator and prey in real
time. In addition to the evidence for reciprocal behavioral plasticity, our results also indicate
that there was consistent intraspecific behavioral variation in both predators and prey. Prey
showed distinct behavioral types, with freezing behavior carrying over across different
stimuli. Importantly, a stickleback’s tendency to freeze with conspecifics was correlated
with the tendency to freeze with a live predator. Similarly, there were consistent behavioral
differences among individual pike, with some pike consistently orienting and attacking their
prey faster than others. Thus, capture time, the eventual outcome of the predator-prey
interaction, was influenced by both the dynamic behavioral plasticity occurring during the
encounter as well as the behavioral type of each participant, emphasizing that the presence
of behavioral types does not imply that plasticity is absent (Neff and Sherman 2004; Sih et
al. 2004b).

This study also provides insights into how behavioral variation among individuals might be
related to differences among individuals in underlying morphological and physiological
traits (Careau et al. 2008; Biro and Stamps 2010). We found some of the strongest links to
date between organ size, metabolic rate, and behavioral type. We detected evidence that pike
with higher resting metabolic rates, as measured by ventilation rate, launched their first
attack more quickly, consistent with the idea that the “idling cost” of the metabolic engine is
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related to predatory ability (reviewed in Careau et al. 2008; Biro and Stamps 2010). While
the literature has emphasized the importance of energetically costly organs, such as the liver,
for behavioral type (Biro and Stamps 2010; Reale et al. 2010; but see Wolf and McNamara
2012), we offer some of the first evidence at the intraspecific level that differences in
sensory organs might also be important drivers of behavioral variation (see Ronald et al.
2012). One of the strongest, yet unexpected, patterns was that individual pike with relatively
large eyes were “fast” predators and quicker to launch their initial attack, a finding that is
potentially consistent with interspecific studies of avian predators (Brooke et al. 1999;
Garamszegi et al. 2002). Pike are visual predators that prey on a number of fish species,
including other pike (reviewed in Craig 2008). Thus, larger eyes in this species may aid in
prey detection as well as in the detection of cannibalistic pike predators.

An important ecological implication of these results is that if pike are constrained in their
behavioral flexibility because of their sensory system or metabolism, they might adjust other
associated behaviors, such as the habitat they occupy or their prey selection, to maximize
foraging success. For example, particular pike with large eyes might actively seek out
certain environments for foraging (e.g., open water vs. near shore) and target particular prey
(e.g., fish vs. invertebrates). Similarly, pike with higher metabolic rates might be able to
engage in high levels of energetically costly predatory behavior such as actively pursuing
prey rather than using a sit-and-wait strategy. This might impact which individuals within a
prey population predators target, as well as the species of prey individual predators pursue.
Thus, variation in metabolism and sensory system might also serve as a proximate cause for
within-population diet diversification and habitat use. Consistent with this hypothesis,
northern pike exhibit consistent individual differences in habitat use within natural lakes
(Kobler et al. 2009) and individual specialization in both short-term diet and long-term
trophic position (Beaudoin et al. 1999).

Growing evidence for consistent differences among individuals within a population
indicates that it is unrealistic to assume that traits are uniform within species (e.g., individual
predators of the same species exert an equal level of threat; Lima 2002; Bolnick et al. 2003;
Sih et al. 2004a, 2004c). Furthermore, behavioral variation among individuals of each
interacting species can influence how species interactions proceed (Schreiber et al. 2011; Sih
et al. 2012). Indeed, incorporating the behavioral type of both partners in an interaction can
reveal predictable predation patterns that might not have been detected otherwise (e.g., Pruitt
et al. 2012b). Our results suggest, however, that it is also important to examine the behaviors
that occur during an interaction. We found that not only does behavioral variation among
individual predators directly affect predator-prey interactions but that predators also
indirectly affect predator-prey interactions through alterations to prey behavior. In our study,
individual predators and prey were paired randomly with respect to their behavioral type,
metabolic rate, or organ size. Thus, it remains unknown whether particular predator
behavioral types are more successful at capturing particular prey behavioral types and
whether the pattern and intensity of reciprocal plasticity between predators and prey depends
on their respective behavioral types.

Our results provide compelling support for the idea that behavioral variation in both
predators and prey might be maintained via environment- and frequency-dependent
selection arising from species interactions. First, the reciprocal behavioral plasticity that
occurs between predators and prey during interactions might change the selective biotic
environment that individuals experience (Agrawal 2001; Miner et al. 2005; Fordyce 2006).
In other words, the plastic response of an individual can affect the fitness surface of an
interacting partner. Second, the selective environment experienced by particular predator
(prey) behavioral types might depend on the frequency of similar behavioral types in the
population as well as the frequency of particular prey (predator) behavioral types in the
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population (Sih et al. 2012). Thus, reciprocal plasticity has the potential to alter the
frequency-dependent selective benefits of particular predator and prey behavioral types in a
population leading to evolutionary consequences. In addition, our results provide compelling
support for the hypothesis that the consistent behavioral variation we see among predator
individuals is underlain by their morphological, physiological, and sensory system
architecture. The behavioral link to relatively nonplastic traits might be particularly
important for the maintenance of variation in behavioral type. For example, Wolf and
McNamara (2012) have shown that when a “stable trait” that underlies behavior (i.e.,
physiological architecture) is incorporated into frequency-dependent models, both
behavioral consistency and strong behavioral correlations emerge.

Recent theory suggests that phenotypic plasticity and rapidly induced defenses tend to
stabilize community dynamics and dampen the population oscillations in predator-prey
systems (Mougi and Kishida 2009; Cortez 2011). Communities tend to be further stabilized
when one incorporates multiple interaction types (e.g., combinations of antagonistic and
mutualistic interactions) and increasing complexity (Mougi and Kondoh 2012). Our results
suggest that it is worth incorporating an additional level of complexity to reflect the
consistent variation among individuals in their behavior within interactions (see also
Fordyce 2006; Berg and Ellers 2010; Schreiber et al. 2011; Sih et al. 2012) and worth
examining more closely the relationships between behavioral variation and differences
among individuals in relatively nonplastic traits such as sensory organs. Species interactions
are influenced by reciprocal behavioral plasticity as well as intraspecific behavioral
variation, and the extent to which these factors determine the outcome of species
interactions could have far-reaching consequences on community dynamics and diversity.
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Figure 1.
The general hypotheses underlying the a priori structural equation model. Solid arrows
indicate direct effects, and the dashed double-headed arrow indicates where reciprocal
behavioral plasticity might occur. The white box indicates prey traits, and the gray box
indicates predator traits. Line drawings by K. E. McGhee.
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Figure 2.
Path diagram for the structural equation model with standardized regression weights for
stickleback (ST) behavior (white boxes) and pike behavior (gray boxes). Statistically
significant paths are indicated by solid arrows, and the strength of these relationships is
indicated by the width of the arrows. Nonsignificant paths are indicated by gray dashed
arrows. Straight arrows reflect causal paths; curved arrows designate correlations. The R2

values in each box indicate the amount of variation in that variable that is explained by the
input arrows. Stars indicate the paths allowing behavioral feedback between predator and
prey; N = 77 interactions. The standardized coefficients in these path diagrams are measured
in standard deviation units.
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Figure 3.
Proportion of time stickleback spent frozen with pike relative to time to capture. The greater
the proportion of time prey spent frozen during an encounter with a live predator, the longer
they survived.
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Figure 4.
Average predatory behavior during the predation assay was negatively correlated with
resting metabolic rate (A) and eye mass (B), after accounting for body mass.
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Table 1

Repeatability estimates for stickleback freezing behavior and pike predatory behaviors and metabolism (from
ventilation rates)

Mean ± SE Repeatability ± SEa F value P value

Stickleback:

 Proportion of time spent frozen:b

  With novel object .84 ± .03 .29 ± .07 2.22 <.0001

  With shoal .61 ± .03

  With live pike .32 ± .03

Pike:

 Predatory behaviors:c

  Time to first orient to prey (s) 92 ± 25 .18 ± .12 2.38 .015

  Time to first attack of prey (s) 171 ± 36 .23 ± .12 2.89 .004

  Time to capture prey (s) 254 ± 46 .21 ± .12 2.69 .006

 Metabolism:

  Resting ventilation rate (bpm)d 28 ± 2 .60 ± .13 8.42 <.0001

  Active ventilation rate (bpm)e 67 ± 4 .54 ± .16 4.48 .001

Note: All repeatability estimates were statistically significant after accounting for multiple tests using sequential Dunn-Sidak. bpm = beats per
minute.

a
Standard errors were calculated according to Becker (1992).

b
Number of observations per stickleback was 3 (no = 3); df = 76, 152. The fixed effect of context (flask, shoal, and pike) accounting for mean level

differences was statistically significant (F = 94.87, P < .001).

c
Number of observations per pike ranged from 3 to 8 (no = 6.4); df = 11, 61.

d
Number of observations per pike was 5 (no = 5); df = 11, 61.

e
Number of observations per pike was 3 (no = 3); df = 11,61.
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Table 2

Pearson’s correlations between the average latency for pike to first attack the stickleback and their body mass,
organ masses, and average metabolic rates

Time to first
attack of prey (s)

rP P value

Body mass (g) .70 .012

Organ sizes, accounting for body size:a

 Eye mass − .76 .004

 Liver massb .10 .758

 Brain mass −.40 .202

Metabolism, accounting for body size:a

 Resting ventilation rate −.66 .019

 Active ventilation rate −.46 .136

Note: Correlation coefficients in bold are statistically significant after accounting for multiple tests using sequential Dunn-Sidak.

a
Divided by body mass (g).

b
Natural log transformed.
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