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Abstract Two classes of explanations for covariation be-
tween activity level and metabolic rate among conspecifics
have been proposed. First, individual-level variation in activ-
ity exhibited during the measurement of metabolic rate should
covary with routine metabolic rate because movement in-
creases respiration (a methodological relationship). Second,
energetic-based hypotheses posit relationships between indi-
vidual activity measured under more natural conditions and
baseline measures of metabolic rate, among other behavioral,
physiological, and life-history traits (functional relationships).
Here, we examined these potential relationships between in-
dividual behavior and metabolic rate in the mud crab
(Panopeus herbstii). Specifically, we tested for (1) an effect
of crab activity in metabolic chambers (activitychamber) on rou-
tine metabolic rate (RMR), and (2) an effect of crab activity in
mesocosms that mimicked field conditions (activitymesocosm)
on standard metabolic rate (SMR). To test for context depen-
dence, we assessed both activity-metabolic rate relationships
in the absence and presence of predation threat from toadfish
(Opsanus tau) in the form of waterborne chemical cues. Indi-
vidual variation in activitymesocosm and RMR was repeatable
over time. In support of a methodological relationship, indi-
vidual differences in RMR were partially explained by crab

activitychamber. After accounting for this methodological rela-
tionship, individual SMR was inversely related to
activitymesocosm, supporting an allocation model that predicts
behavior and baseline metabolic rate compete for finite energy
reserves. We found no evidence of context dependence in
either activity-metabolic rate relationship. Thus, our study em-
phasizes the importance of considering methodological arti-
facts in elucidating functional relationships between individ-
ual behavior and energetics.

Keywords Animal personality . Anti-predator . Behavioral
type/syndrome .Boldness .Crassostreavirginica .Oyster reef

Introduction

Individual-level phenotypic variation in behavioral and ener-
getic traits is ubiquitous in animal populations (Careau and
Garland 2012). For example, behavioral traits such as activity
level, boldness, and aggressiveness can vary substantially be-
tween conspecifics, and this variation is often consistent over
time (referred to as behavioral types; Sih et al. 2004; Bell et al.
2009). Furthermore, the behavioral types of individuals are
sometimes consistent across disparate ecological contexts,
and variation in multiple behavioral traits (e.g., boldness and
aggression) correlated at the individual level (collectively re-
ferred to as behavioral syndromes; Sih et al. 2004; Bell and
Sih 2007). Such consistent individual differences (CIDs) in
behavior are taxonomically widespread (Gosling 2001), and
the causes and consequences of CIDs in behavior have be-
come a burgeoning area of research (Sih et al. 2004, 2012).

Similarly, measures of baseline metabolic rate that repre-
sent the Bidling^ cost of metabolism, including basal, stan-
dard, and resting metabolic rate, can vary threefold among
conspecifics of the same size, age, and sex (Speakman et al.
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2004; Careau et al. 2008; Burton et al. 2011). Such residual
variation in baseline metabolic rate had been considered noise
around populations’ or species’means and treated analytically
as measurement error (Careau et al. 2008), but researchers
have since demonstrated that individual differences in base-
line metabolic rate can persist over the lifetime of individuals
(Nespolo and Franco 2007; Burton et al. 2011; White et al.
2013). Current work illuminates the ecological and evolution-
ary consequences of CIDs in behavioral (Sih et al. 2012) and
energetic traits (Burton et al. 2011), although the maintenance
of variation in these traits within populations remains unre-
solved (Careau and Garland 2012).

Links between CIDs in behavior and energetics could shed
light on the maintenance of individual-level variation in these
traits (Careau et al. 2008; Biro and Stamps 2010; Careau and
Garland 2012), although empiricists must first contend with
potential methodological (or artifactual) relationships (Careau
et al. 2008). Measurements of baseline metabolic rate (e.g., O2

consumption via respirometry) assume that animals are at rest
within metabolic chambers designed to restrict movement, yet
individual animals often vary in the amount of activity or stress
exhibited during the measurement of metabolic rate. Active
individuals are expected to consume more O2 than resting in-
dividuals, and so measurements from excessively active indi-
viduals are often discarded and metabolic rate re-measured at
another time (Careau et al. 2008). Nevertheless, individual dif-
ferences in behavior expressed during the measurement of met-
abolic rate are potentially repeatable (i.e., a behavioral type) and
correlated with other behaviors (i.e., a behavioral syndrome).
Therefore, removal of excessively active individuals can bias
the population sample. In contrast to baseline measures of met-
abolic rate, routine metabolic rate includes metabolic rate mea-
surements when individuals are both inactive and spontaneous-
ly active (Careau et al. 2014b). Therefore, individual activity
expressed during metabolic rate measurement should covary
with routine metabolic rate due to a methodological relation-
ship (Dall 1986; Careau et al. 2008).

Functional links between CIDs in behavioral and energetic
traits have also been hypothesized (Careau et al. 2008; Biro
and Stamps 2010; Careau and Garland 2012). First, the
increased-intake model posits that individuals with an intrin-
sically higher rate of metabolism should exhibit behaviors to
support greater energetic demands (e.g., frequent or intense
foraging activity), driving a positive relationship between
baseline metabolic rate and behavioral traits related to energy
acquisition (Careau and Garland 2012). This relationship is
expected in part due to the finding that conspecific individuals
sometimes differ in the relative size of metabolically active
organs (e.g., intestine, liver, and heart), with organ size
explaining a substantial portion of individual-level variation
in baseline metabolic rate (Biro and Stamps 2010). The posi-
tive link between individual behavior and energetics (i.e., the
increased-intake model) has received the most empirical

attention, in part because it is potentially part of a broader
covariation of behavioral, physiological, and life-history traits
referred to as the Bpace-of-life^ syndrome (Biro and Stamps
2008; Réale et al. 2010). The pace-of-life syndrome hypothe-
sis predicts that conspecifics range from a reactive to a proac-
tive pace of life; reactive individuals are characterized by low-
er activity, boldness, and aggression, and this lifestyle is asso-
ciated with reduced energy expenditure, growth, and fecundi-
ty. In contrast, proactive individuals are characterized by the
opposite traits and pace of life. Covariation of these traits
could be maintained by common hormonal control (e.g., tes-
tosterone: Buchanan et al. 2001) or correlational selection
(Galliard et al. 2013).

Second, an allocation or compensation model predicts that
behavior and baseline metabolic rate compete for finite energy
reserves, driving a negative relationship between these traits at
the individual level. This relationship is particularly expected
during periods of food resource limitation (Careau et al. 2008;
Careau and Garland 2012). Studies of birds (Deerenberg et al.
1998; Wikelski et al. 1999) and rodents (Wiersma and
Verhulst 2005) provide support for an allocation model, al-
though these studies generally induce activity by altering the
animal’s environment (e.g., by increasing workload or testos-
terone). Activity also varies naturally among conspecifics as a
behavioral type (Careau et al. 2008), and therefore the utility
of the allocation model in explaining relationships between
CIDs in behavior (e.g., behavioral types) and energetics re-
quires further attention.

Support for functional relationships between CIDs in behav-
ioral and energetic traits at the individual level has been mixed
(Bouwhuis et al. 2014), although adequate tests are few (Careau
and Garland 2012). In a recent review, Killen et al. (2013)
suggested the importance of environmental stressors (i.e., abi-
otic and biotic factors that Bchallenge^ individuals to adjust
their behavior or physiology in order to cope) in mediating
behavior-energetic relationships, and potentially explaining this
mixed support. Environmental stressors can modify the rela-
tionship between CIDs in behavior and energetics by modify-
ing the distribution of one or both of these types of traits, and
having differential effects on the traits of certain phenotypes
(i.e., different individual reaction norms). Studying the context
dependence of energetic-behavior relationships is important be-
cause it can yield insight into the mechanisms behind relation-
ships, as well as the effects of environmental change on these
relationships (Burton et al. 2011; Killen et al. 2013).

In the present study, we tested for relationships between
individual behavior and metabolic rate in a geographically
widespread and abundant marine invertebrate, the common
mud crab (Panopeus herbstii). We measured individual crab
behavior both in metabolic rate chambers (activitychamber) and
in mesocosms (activitymesocosm) that recreated the crab’s nat-
ural oyster (Crassostrea virginica) reef habitat. In addition, we
measured both routine metabolic rate (RMR) and standard
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(i.e., baseline) metabolic rate (SMR) of these same crabs. This
allowed us to test for methodological and functional activity-
metabolic rate relationships. We further examined how
activity-metabolic rate relationships were affected by the pres-
ence of threat from amajor predator of mud crabs, the toadfish
(Opsanus tau). Previous work in this study system demon-
strated that toadfish predation threat reduces crab
activitymesocosm (Griffen et al. 2012; Toscano et al. 2014),
but individual crabs differ in the magnitude of their response
to threat (Griffen et al. 2012). Therefore, a functional relation-
ship between activitymesocosm and SMR inP. herbstsii could be
altered in the presence of predation threat (Killen et al. 2013).
Predation is a powerful agent of selection (Svanbäck and
Eklöv 2011; Siepielski et al. 2014), and the threat of predation
in the form of visual or chemical cues is a widespread biotic
stressor (Lima and Dill 1990). Nevertheless, the effects of
predation threat on the relationship between CIDs in behav-
ioral and energetic traits are unclear (Killen et al. 2013).

Methods

We first tested for CIDs in crab activitymesocosm and RMR by
measuring the repeatability (i.e., proportion of phenotypic varia-
tion due to between-individual variation) of these traits. We then
tested for a methodological relationship between crab
activitychamber and RMR, as well as a functional relationship
between crab activitymesocosm and SMR. We tested for both
methodological and functional relationships in the absence and
presence of predation threat from toadfish (O. tau). In doing so,
we were also able to examine the responses of behavioral and
energetic traits to predation threat, in order to investigate mech-
anisms behind potential context dependence. Experiments were
conducted fromMay through August 2013 in the wet laboratory
at the BaruchMarine Field Laboratory (Georgetown, SC, USA),
which is adjacent to North Inlet estuary (33° 20′ N, 79° 10′W).
All animals used in the study were collected by hand from the
highest intertidal portion of oyster reefs in North Inlet.

Repeatability of activitymesocosm and RMR

Repeatability of activitymesocosm and RMR was measured for
separate groups of crabs (n=38 crabs for activitymesocosm, n=24
crabs for RMR) from the same size range (mean carapace width
[CW]±1 SE, 29.03±0.24 and 28.53±0.28 mm, respectively).
We exclusively used male crabs to remove the potential influ-
ence of sex on both activitymesocosm (Toscano et al. 2014) and
metabolic rate (Niewiarowski and Waldschmidt 1992). To de-
termine the repeatability of activitymesocosm and RMR, these
traits were measured twice per crab with 48 h between mea-
surements. All crabs were fed with hard clams (Mercenaria
mercenaria) and starved for 24 h before the measurement of
both activitymesocosm and RMR to standardize hunger levels.

Individual crab activitymesocosm was measured following
similar methods to those used in previous studies of P. herbstii
individual behavior (Griffen et al. 2012; Toscano et al. 2014;
Toscano and Griffen 2014). Each crab was housed in a plastic
mesocosm (43 cm length×31 cmwidth×18 cm height) during
the measurement of activitymesocosm. Mesocosms were set up
to mimic the physical structure of a natural oyster reef; each
mesocosm received sand substrate (1 cm deep) and a matrix of
loose oyster shell (6 cm deep) that had been dried and cleaned
to remove epifauna. Activitymesocosm was measured at night
from approximately 2000 to 2300 h, and mesocosms received
flow-through, unfiltered seawater throughout the measure-
ment of activitymesocosm. The activitymesocosm of crabs was
observed under red light and behind a blind to minimize dis-
turbance to crabs (Griffen et al. 2012; Toscano et al. 2014).

To measure activitymesocosm, we first placed crabs in
mesocosms and allowed them to acclimate for 15 min. After
this acclimation period, the behavior of crabs was observed
once every 9 min over 3 h (20 observations in total per crab).
During each observation, we recorded whether crabs were
active and moving (usually on top of the oyster shell matrix)
or inactive (usually within the matrix). Crab activitymesocosm

was calculated as the proportion of observations where crabs
were observed active out of 20 total observations.

We quantified the repeatability of P. herbstii RMR to ex-
amine CIDs in the energetic requirements of crabs. Prior to all
measurements, crabs were individually housed in small tackle
box compartments (3 cm length×3 cm width) to prevent ex-
cessive activity. We measured RMR at night (generally from
2100 to 2400 h) and under red light to minimize disturbance to
crabs. RMR was measured in a climate-controlled room to
maintain water temperatures between 20 and 22 °C through-
out the duration of measurements.

We began trials by placing individual crabs in 0.7-L
acrylic chambers (14 cm length×7 cm width×7 cm height)
filled with 1-μm filtered, air-bubbled seawater (100 % O2

saturation). Each container received a magnetic stir bar to
ensure mixing. Chambers were then sealed and a Clark-type
dissolved oxygen sensor (HANNA, model HI-9146; HAN-
NA instruments, USA) was inserted. We recorded the O2

concentration in chambers every 10 min for 60 min. Prelim-
inary trials revealed that crabs normalized their O2 consump-
tion rate after less than 10 min in the chamber; therefore,
only data collected after 10 min was used in statistical anal-
yses. Trials were terminated early if oxygen concentration
dropped below 70 % of O2 saturation level. After each trial,
we measured the water volume in chambers with a graduat-
ed cylinder. We also measured the O2 concentration in two
crab-free chambers to control for background changes in
dissolved O2. We calculated individual O2 consumption
from the average of the five 10-min interval measurements.
We standardized all metabolic rate measurements in our
study by crab dry weight, although doing so did not
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qualitatively alter our results. Crabs were dried for 48 h at
70 °C after experiments to obtain dry weight.

We analyzed the repeatability of activitymesocosm and RMR
using the methods of Nakagawa and Schlereth (2010) and the
associated rptR package in the statistical software R (R Core
Team 2012). Repeatability is the proportion of total phenotypic
variation due to between-subject, as opposed to within-subject
variation (Lessells and Boag 1987; Bell et al. 2009). Due to the
proportional measurement of activity level, we used a general-
ized linear mixed model (GLMM) with a binomial error distri-
bution to calculate the repeatability of activitymesocosm. Confi-
dence intervals (95 %) of the repeatability of activitymesocosm
were estimated using parametric bootstrapping with 1000
resamplings. Mass-specific RMR data met the assumption of
normality (Shapiro-Wilk normality test: W=0.973, p=0.330),
and therefore, we calculated the repeatability of RMR using the
ANOVA method in the rptR package.

Testing for relationships between crab behavior
and metabolic rate

Next, we tested for a methodological relationship between
crab activitychamber and RMR, and potential functional rela-
tionships between crab activitymesocosm and SMR. We further
examined how both methodological and functional relation-
ships were affected by predation threat from toadfish in the
form of waterborne chemical cues. By measuring behavioral
and energetic traits in the absence and presence of predation
threat, this experiment also allowed us to examine how pre-
dation threat affected these traits (i.e., mechanisms behind
potential context dependence). Activitymesocosm and RMR
were measured as described previously in the BRepeatability
of activitymesocosm and RMR^ section. In addition, we record-
ed the activity of crabs in metabolic rate chambers
(activitychamber) during the measurement of RMR. Specifical-
ly, we recorded whether crabs were moving or still (i.e., rest-
ing) at 10-min intervals corresponding with regular measure-
ments of O2 concentration in chambers (six observations per
crab, including the 0-min observation). Activitychamber was
quantified as the proportion of observations where crabs were
observed moving. Furthermore, to quantify SMR, we used the
lowest single metabolic rate measurement for each crab (from
metabolic rate measurements used to measure RMR), if the
crab was inactive during this metabolic rate measurement.

This experiment was run in a randomized complete block
design (n=8 crabs per block) using a different group of crabs
(mean CW±1 SE, 30.22±0.22 mm) from those used in the
repeatability experiments. Three blocks were run in total (i.e.,
n=24 crabs), and each block lasted 5 days. Crab activitychamber
was recorded during half of the first block as well as the last
two blocks (i.e., n=40 coupled activitychamber and RMR mea-
surements, including measurements both in the absence and
presence of predation threat), and so our analysis of a potential

methodological relationship used these 40 coupled measure-
ments. In addition, SMR could only be obtained from 19
RMR measurements because a number of crabs were active
during the entire metabolic rate measurement period, particu-
larly in the presence of predation threat.

The following describes our procedure for a single block.
On the first day, we collected eight male crabs from North
Inlet. Crabs were housed in tackle box compartments (3 cm
length×3 cm width) between behavioral and energetic trait
measurements. Crabs were fed daily with M. mercenaria
and then starved for 24 h to standardize hunger levels at
24 h before all measurements. On the second day, the RMR
of these eight crabs was measured either in the absence or
presence of predation threat (this order was alternated between
blocks). RMR in the absence of predation threat was measured
as described previously (see the BRepeatability of
activitymesocosm and RMR^ section). To measure RMR in the
presence of toadfish predation threat, we first treated 1-μm
filtered seawater by soaking a single toadfish (25 cm total
length [TL]) in 5.65 L of water for 1.5 h. We then sieved the
treated water through a 10-μm filter bag to remove minimal
traces of fish slime and aerated it to saturate with O2. This
water was otherwise treated in the same way as seawater used
to measure RMR in the absence of predation threat. The RMR
of crabs was then measured in this treated water.

On the third day, we measured the activitymesocosm of these
eight crabs. We measured the activitymesocosm of four crabs in
the absence of predation threat and the activitymesocosm of the
other four in the presence of threat. Activitymesocosm in the
absence of predation threat was measured as described previ-
ously (see the BRepeatability of activitymesocosm and RMR^
section). Activitymesocosm in the presence of predation threat
was measured the same as in the absence of threat, except that
seawater which fedmesocosm tanks was first directed through
a holding chamber that contained a single toadfish (30 cm
TL). On the fourth day, the activitymesocosm of this same group
of eight crabs was measured again, but in the alternate treat-
ment (e.g., crabs receiving the predation threat treatment re-
ceived the predation threat absent treatment). Finally, on the
fifth day, the RMR of all eight crabs was measured again but
under the alternate predation threat treatment level.

We used two linear mixed models (LMM) to examine rela-
tionships between (1) crab activitychamber and RMR (i.e., a
methodological relationship; n=40 RMR measurements), and
(2) crab activitymesocosm and SMR (i.e., a functional relation-
ship; n=19 SMRmeasurements). These models included toad-
fish predation threat and crab carapace width as additional fixed
factors because behavioral and energetic traits were measured
in the absence and presence of predation threat, and crab size
(carapace width) could additionally influence mass-specific
metabolic rate measurements. We also tested for an interaction
between the main predictor trait (activitychamber or
activitymesocosm) and toadfish predation threat in each model,
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to test whether trait relationships were altered by the presence
of predation threat (i.e., context dependence). Crab identity and
experimental block were treated as random factors to control
for pseudoreplication in both models. We tested for the signif-
icance of terms in LMM by dropping fixed factors (while
retaining random factors) and comparing nested models using
F tests (Crawley 2009).We additionally examined relationships
between plasticity (i.e., changes in trait values in the presence
versus absence of predation threat) in energetic and behavioral
traits. We found no evidence for these relationships and there-
fore do not present these results.

Visual inspection of data suggested a curvilinear relation-
ship between activitychamber and RMR. Therefore, we further
used polynomial regression to test whether the significant re-
lationship between activitychamber and RMR was in fact non-
linear. We also tested whether activitychamber was related to
activitymesocosm measured in a more natural setting (i.e., a be-
havioral syndrome) using a generalized linear mixed model
(GLMM). Activity (proportional data) was modeled with a
binomial error distribution and logit link (Bolker et al.
2009). For the GLMM, we used z-values (i.e., the Wald sta-
tistic) and associated p values to examine whether factor co-
efficients were significantly different from zero.

We used GLMMs to examine the direct effects of predation
threat on activitychamber and activitymesocosm, and a LMM to
examine the direct effect of predation threat on RMR. We
could not test for the effect of predation threat on SMR be-
cause SMR was measured in both contexts (predation threat
absent and present) for only four crabs; this was due to the
generally high activitychamber of crabs in the presence of pre-
dation threat. While these trait comparisons across contexts
lacked true controls (i.e., individuals that were repeatedly sub-
jected to the same predation treatment level), the order of
predation treatment levels that individual crabs received was
alternated between blocks for activitychamber and RMR mea-
surements, and within blocks for activitymesocosm measure-
ments. Therefore, to test whether predation threat or treatment
order was responsible for trait changes, we also included treat-
ment order as a fixed factor. Again, crab identity and experi-
mental block were treated as random factors to control for
pseudoreplication. All statistical analyses were conducted
using R (R Core Team 2012).

Results

Both individual activitymesocosm (r±1 SE=0.231±0.081, 95%
confidence interval (CI) 0.068–0.386, p=0.002; Fig. 1a) and
RMR (r±1 SE=0.533±0.148, 95 % CI 0.227–0.838, p=
0.005; Fig. 1b) were repeatable over time, indicating temporal
consistency in these traits.

Individual crab activitychamber (observed during the mea-
surement of crab RMR) was positively related (effect of

activitychamber±1 SE=10.073±1.942) to crab RMR (F test:
model with activitychamber as a fixed factor vs. null model
[random factors only], p<0.001; Fig. 2). The relationship be-
tween crab activitychamber and RMR was best described by a
second-order polynomial model (F test: polynomial term, F2,

37=17.630, p=0.025; Fig. 2). Activitychamber and threat did
not interact to predict crab RMR (F test: LMM with
activitychamber×threat interaction vs. model with independent
factors, p=0.448; Fig. 2).
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(b) of mud crabs (Panopeus herbstii) measured twice per crab over a
period of 3 days with 48 h between measurements. Dashed lines indicate
a 1:1 relationship (i.e., perfect consistency) for comparison to the distri-
bution of data points
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In contrast, crab activitymesocosm, observed under more nat-
ural conditions, was negatively related to crab SMR (F test:
LMM with activitymesocosm as a fixed factor vs. null model
[random factors only], p=0.036; Fig. 3). This negative effect
of activitymesocosm was consistent across the absence and pres-
ence of predation threat (F test: LMM with activitymesocosm ×

threat interaction vs. model with independent factors, p=
0.793; Fig. 3), although SMR was measured in both the ab-
sence and presence of predation threat for just four crabs. Crab
activitychamber did not predict activitymesocosm (GLMM: effect
of activitychamber±1 SE=−0.359±0.765, z=−0.470, p=
0.638), either in the absence or presence of toadfish predation
threat (GLMM: effect of activitychamber×predation threat in-
teraction±1 SE=1.192±0.812, z=1.470, p=0.142).

Predation threat increased crab activitychamber (GLMM:
effect of threat±1 SE=1.610±0.357, z=4.516, p<0.001;
Fig. 4a), but reduced activitymesocosm (GLMM: effect of
threat±1 SE=−1.183±0.186, z=−6.376, p<0.001; Fig. 4b).
Predation threat had no effect on RMR (F test: LMM with
threat as a fixed factor vs. null model [random factors only],
p=0.788; Fig. 4c). The order of predation treatment levels
that crabs received had no effect on any of the three trait
measurements (p>0.222).

Discussion

In the present study, we found repeatable individual-level
variation (i.e., CIDs) in both crab activitymesocosm and
mass-specific RMR measured in the absence of predation
threat. Although activity level is typically less repeatable
than other behaviors (e.g., aggression or exploration; Bell
et al. 2009), the repeatability of crab activity level detected
here qualifies this trait as a behavioral type of P. herbstii.
Furthermore, in line with other studies of CIDs in mass-
specific metabolic rate (reviewed in White et al. 2013), our
data indicate that mass-specific crab RMR is a temporally
consistent trait at the individual level.

Our data supported the hypothesis that crab activitychamber
would be positively related to RMR (i.e., a methodological
relationship; Careau et al. 2008), suggesting that crabs which
moved more in metabolic rate chambers also respired more.
This relationship was best described by a polynomial model
which peaked at approximately 20 μmol/h/g DWoxygen con-
sumption. This suggests an upper limit to mass-specific RMR
in our study beyond which additional activitychamber had little
effect on RMR. Methodological relationships between behav-
ior and metabolic rate make it difficult to effectively separate
the effects of individual behavioral variation from baseline met-
abolic rate (Careau et al. 2008). Preventing animal movement
via restraint could eliminate individual differences in move-
ment, although this would likely induce further stress and there-
by modify metabolic rates in unrealistic ways. A better method
for minimizing direct effects of activity on metabolic rate is to

0.0 0.2 0.4 0.6 0.8 1.0

0
5

1
0

1
5

2
0

2
5

3
0

Activitychamber

R
M
R
 (

Predation threat absent

Predation threat present

µm
o
l/
h
/g
 D
W
)

Fig. 2 Relationship between individual crab (Panopeus herbstii)
activitychamber (assessed during RMR measurements) and RMR in the
absence (open circles) and presence (filled circles) of toadfish (Opsanus
tau) predation threat. Black line depicts polynomial model fit to data

�Fig. 4 Effects of toadfish (Opsanus tau) predation threat on
activitychamber (a), activitymesocosm (b), and RMR (c) of mud crabs
(Panopeus herbstii). Dashed lines indicate a 1:1 relationship for
comparison to the distribution of data points

0.0 0.2 0.4 0.6 0.8 1.0

0
5

1
0

1
5

2
0

Activitymesocosm

S
M
R
 (
µm

o
l/
h
/g
 D
W
)

Predation threat absent

Predation threat present

Fig. 3 Relationship between individual crab (Panopeus herbstii)
activitymesocosm and SMR in the absence (open circles) and presence
(filled circles) of toadfish (Opsanus tau) predation threat. Black line
depicts linear model fit to data

1348 Behav Ecol Sociobiol (2015) 69:1343–1351



measure metabolic rate over a longer time period, which should
allow animals to calm and eventually become inactive (Careau
et al. 2008). In either case, it is critical that activity exhibited
during the measurement of metabolic rate is observed, in order
to account for the direct effect of activity on respiration. While
other studies have failed to detect a methodological relationship
between behavior and energetics (e.g., Bouwhuis et al. 2014),
this likely depends on the behavioral response of the particular
study species to the method of metabolic rate measurement.
The method used in the present study is commonly used to
measure the metabolic rates of aquatic invertebrates (e.g.,
Widdows and Staff 2006; Sarà et al. 2013), and so future stud-
ies using this method should consider this source of variation in
individual metabolic rates.

We accounted for this methodological relationship by
quantifying SMR (i.e., baseline metabolic rate) as the lowest
metabolic rate measurement per crab, if the crab was inactive
during this metabolic rate measurement. This allowed us to
test for functional relationships between activity measured in a
more natural setting (activitymesocosm) and baseline metabolic
rate. We detected an overall negative relationship between
activitymesocosm and SMR, although it is worth noting that
our sample size used to examine this relationship was relative-
ly low:We could only extract 19 SMRmeasurements from 40
total RMR measurements in which activitychamber was mea-
sured. Furthermore, this relationship was measured over a
short duration for crabs (at most 48 h), and whether such a
relationship between activitymesocosm and SMR remains over
longer time periods is unknown.

While the precise mechanism behind this negative relation-
ship is unclear and beyond the scope of the present study, such a
relationship can be explained by an allocation model that pre-
dicts individual activity and baselinemetabolic rate compete for
limited energy reserves (Careau et al. 2008; Careau and Gar-
land 2012). Under such a scenario, crabs that exhibit consis-
tently high activity under relatively natural conditions have less
available energy to maintain baseline metabolic rate. We
starved crabs for 24 h before all trait measurements throughout
our study, and this level of food limitation could have driven
energy competition between activitymesocosm and SMR. While
we found no evidence of context dependence (predation threat)
in this study, an allocation model suggests that the relationship
between activitymesocosm and SMR depends on crab hunger
level or resource availability. Thus, an additional experiment
in which this relationship is examined across different crab
hunger levels could be used to test whether an allocation model
is responsible for the negative relationship between
activitymesocosm and SMR. In such an experiment, we would
expect that increased food levels act to mitigate the negative
relationship activitymesocosm and SMR (Burton et al. 2011).

Although studies testing for functional relationships be-
tween CIDs in behavior and energetics are increasing (Biro
and Stamps 2010; Careau and Garland 2012), relatively few
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have provided evidence for negative functional relationships
(Careau and Garland 2012; Bouwhuis et al. 2014; Careau
et al. 2014a; Gifford et al. 2014; Guenther et al. 2014; Killen
2014). Evidence in support of an allocation model has mostly
come from studies that manipulate animal activity and mea-
sure the effects on baseline metabolic rate (Deerenberg et al.
1998; Wiersma and Verhulst 2005; Wikelski et al. 1999).
Thus, support for an allocation model in our study is unique
in that activity varied naturally among individual crabs, and
this variation in individual activity was consistent over time
(i.e., a behavioral type).

Crab activitychamber was not related to crab activitymesoscosm,
and this could help explain the positive methodological rela-
tionship between activitychamber and RMR versus the negative
functional relationship between activitymesocosm and SMR. The
increase in activitychamber and decrease in activitymesocosm with
predation threat further indicates that these activity measures
represent fundamentally different behaviors. Specifically, we
attribute these different behavioral responses to predation threat
to the lack of refuge habitat in the containers where crab met-
abolic rate was measured and presence of refuge habitat in
mesocosms. Increased activitychamber in the presence of preda-
tion threat likely reflects attempts to hide or escape the meta-
bolic rate chamber (i.e., stress). In contrast, crabs that reduced
activitymesocosm in the presence of threat often took refuge un-
der oyster shells, consistent with other studies on the effects of
predation threat on P. herbstii behavior (Grabowski 2004;
Griffen et al. 2012; Toscano et al. 2014). Reduced activity is
a taxonomically widespread response to predation threat and an
effective mechanism of predator avoidance (Krupa and Sih
1998; Anholt et al. 2000; Grabowski 2004; Toscano et al.
2010).

Our study is one of few to test for functional relationships
between CIDs in behavior and energetics in an invertebrate
species (Careau and Garland 2012; Krams et al. 2013). Krams
et al. (2013) found that mealworm beetles (Tenebrio molitor)
with lower metabolic rates also displayed higher durations of
immobility, a behavior that reduces predation risk, providing
support for a pace-of-life syndrome. Compared to endotherms,
ectothermic invertebrates could be expected to show different
individual-level relationships between behavior and energetics,
and context dependence in these relationships, due to funda-
mentally different energetic strategies (Kralj-Fišer and Schuett
2014; Careau et al. 2014b). For example, activity (e.g., Briffa
et al. 2013) and metabolic rate (e.g., Clarke and Johnston 1999)
in ectotherms covary with temperature due to the need to satisfy
maintenance requirements, while endotherms can maintain
high activity under decreased temperatures through thermoreg-
ulation (Careau et al. 2014b). We suggest that additional re-
search on CIDs in the behavioral and physiological traits of
invertebrates will provide insight into the commonness of
individual-level behavior-energetics relationships across taxo-
nomic groups and therefore the mechanisms behind

relationships. This information is critical in refining our under-
standing of the maintenance of individual-level variation in
behavioral and energetic traits in natural populations.
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