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Abstract

The contribution of genetic variation to phenotypes is a central factor in whether and how
populations respond to selection.The most common approach to estimating these influences is via
the calculation of heritabilities, which summarize the contribution of genetic variation to phenotypic
variation. Heritabilities also indicate the relative effect of genetic variation on phenotypes versus
that of environmental sources of variation. For labile traits like behavioral responses, life history
traits, and physiological responses, estimation of heritabilities is important as these traits are
strongly influenced by the environment.Thus, knowing whether or not genetic variation is present
within populations is necessary to understand whether or not these populations can evolve in
response to selection. Here we report the results of a meta-analysis summarizing what we
currently know about the heritability of behavior. Using phylogenetically controlled methods we
assessed the average heritability of behavior (0.235)—which is similar to that reported in previous
analyses of physiological and life history traits—and examined differences among taxa, behavioral
classifications, and other biologically relevant factors. We found that there was considerable
variation among behaviors as to how heritable they were, with migratory behaviors being the
most heritable. Interestingly, we found no effect of phylogeny on estimates of heritability. These
results suggest, first, that behavior may not be particularly unique in the degree to which it is
influenced by factors other than genetics and, second, that those factors influencing whether a
behavioral trait will have low or high heritability require further consideration.

Subject: Quantitative genetics and Mendelian inheritance
Keywords: behavior, heritability, phylogeny

Understanding the ability of a phenotypic trait to evolve in response
to selection requires, among other things, knowledge of the degree
to which there is genetic variation present in that trait. For labile
traits, that is, traits which are expressed repeatedly and variably
in response to internal or external stimuli, estimating the relative
magnitude of genetic variation present is particularly important as
these traits are often strongly affected by the environment. Questions

about the relative magnitude of genetic variation can be addressed
by estimating the heritability—the magnitude of additive genetic
variation present in a trait relative to the total phenotypic variation
(i.e., h*)—of the traits of interest (Lynch and Walsh 1998). A high
heritability indicates that much of the phenotypic variation is at-
tributable to genetic differences amongst individuals. Importantly,
a high heritability is not necessarily indicative of high evolutionary
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potential due both to a lack of independence between additive gen-
etic and environmental variation and due to an expected negative
correlation between heritability and selection differentials (Houle
1992; Hansen et al. 2011).

Behavior, in particular, is frequently assumed to be highly plastic
(West-Eberhard 2003), suggesting that the magnitude of genetic
variation relative to the effects of the environment on behavior
should be low. Unfortunately, the validity of this assumption is un-
clear but would be supported if the average heritability of behavior
is low relative to other labile traits like physiology and life history.
Understanding general patterns in the heritability of behavior is also
important as the validity of evolutionary inferences drawn in be-
havioral ecology depends on there being underlying heritability in
traits of interest, that is, “the phenotypic gambit” (Grafen 1984).
Specifically, behavioral ecologists often assume that differences
among groups (e.g., age/stage classes, sexes, populations, and spe-
cies) are adaptive and underpinned by genetic differences.

Relevant to these assumptions there have been several previous
efforts reviewing the heritability of behavior (Table 1). Besides
2 studies which indirectly summarized a sample of behavioral
heritabilities (Dochtermann 2011; Dochtermann et al. 2015), 3 key
sources summarize what we currently know about the heritability of
behavior: 1) In a review of behavioral heritabilities, Mousseau and
Roff (1987) found that behaviors had heritabilities similar to those
reported for physiological traits. Likewise, 2) Stirling et al. (2002),
in the most expansive review thus far, compared heritabilities among
behavioral, life history, and morphological traits and found that
there was not a significant difference in heritability between be-
havior and life history. More recently, 3) van Oers and Sinn (2013)
reviewed heritabilities of “personality traits” and found that these
behaviors had a raw average of 0.26 (Table 1).

Taken together these results suggest that behaviors are compar-
able to other non-morphological traits in the relative contribution
of additive genetic variation to phenotypic variation. As discussed
above, behavior exhibiting heritability comparable to that of physi-
ology and life history might be surprising because animal behavior-
ists and behavioral ecologists often assume that behavior is more
labile than other types of traits. While behavior is indeed often labile,
these results suggest that it is not especially so when compared to
physiology and life history. A general finding of all 3 studies was
also that heritability was higher when measured in the field versus
in the lab. This could be due to several non-mutually exclusive ex-
planations including 1) the possibility that permanent environmental
effects are conflated with genetic variation in the field and 2) rearing
in laboratory conditions reduces genetic variation (e.g., via founder
effects and subsequent bottlenecks in laboratory population sizes).

Besides these 3 reviews of behavioral heritabilities, another poten-
tially useful source of information about the heritability of behavior

Table 1. Previous estimates of behavioral heritabilities

might be provided by estimates of repeatability. Repeatability and
heritability are mathematically and conceptually related (Boake
1989). In particular, the numerator of repeatability—that is, among-
individual variation—combines genetic and permanent environ-
ment sources of variations, while only additive genetic variation
is considered in the calculation of heritability (Dingemanse and
Dochtermann 2014; Dochtermann et al. 2015). As such, estimates
of repeatability will typically set an upper limit to heritability and
therefore provide estimates of maximum likely heritabilities (but see
Dohm 2002 for important theoretical exceptions). The best source
of information regarding behavioral repeatabilities is provided by an
extensive meta-analysis carried out by Bell et al. (2009).

In their meta-analysis Bell et al. (2009) examined whether
1) some types of behaviors tended to be more repeatable than
others, 2) which taxa exhibited higher repeatabilities, 3) if time
intervals between observations influenced repeatability, 4) if the
number of measurements per individual influenced repeatability,
and 35) if factors such as sex, age, and environment influenced re-
peatability estimates. These authors determined that aggression,
mating behavior, and habitat selection were the most repeatable.
Bell et al. (2009) also found that endotherms and males had a ten-
dency to show higher repeatabilities. Finally, behaviors measured in
the field tended to exhibit higher repeatabilities, as also observed
for heritabilities (Mousseau and Roff 1987; Stirling et al. 2002; van
Oers and Sinn 2013).

Despite the 3 prior reviews of heritability estimates, concerns
about the robustness of their estimates remain. First, because nei-
ther Mousseau and Roff (1987) nor Stirling et al. (2002) conducted
formal meta-analyses, their general conclusions conflate estimation
error with other sources of variation. Second, none of the 3 prior re-
views incorporated phylogeny in their analyses and so the possibility
of taxonomic differences in average heritability was not assessed.
Here we sought to addresses these concerns and to specifically de-
termine: 1) whether there are taxonomic differences in heritability,
2) if heritability differs between field and laboratory studies, 3) if
heritability differs between domestic and wild animals, 4) whether
heritability estimates differ between invertebrates and vertebrates,
5) whether ectotherms and endotherms exhibit differences in her-
itability, and 6) whether heritabilities differ among behavioral
categories.

Methods

Dataset Assembly

Heritability estimates were gathered via Web of Science searches
of the following journals: American Naturalist, Animal Behaviour,
Behavioral Ecology, Behavioral Ecology & Sociobiology, Behavior
Genetics, Behaviour, Ecology, Ethology, Evolution, Heredity,

Authors Year Mean heritability Number of estimates Inclusion/exclusion criteria

Mousseau & Roff 1987 0.30 105 Wild, outbred stock

Stirling et al. 2002 0.31 454 All estimates except from diallelic crosses
Dochtermann 2011 0.31 200 Genetic correlations reported

van Oers & Sinn 2013 0.26 209 “Personality traits”

Dochtermann et al. 2015 0.14 70 Both heritability and repeatability were reported
Weighted average 0.29 1038

“Many of the datasets for these papers included estimates also used in prior analyses, thus this sample size and the associated weighted average is pseudo-

replicated.
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Proceedings of the Royal Society, B. For behavioral journals we used
the key word “heritab*”, while for evolutionary ecology journals
we used the key words “heritab* AND behav*”. We also restricted
our search to nonhuman studies by including “NOT twin NOT
human” in all searches. We searched these journals using these terms
to locate all indexed articles published between January 2000 to
May 24, 2018. January 2000 was used as a starting date as Stirling
et al. (2002) reviewed estimates through December 1999 and our
search thus represents an independent review of the literature since
that time.

Studies that gave estimate ranges (e.g., >.5), had heritabilities
greater than 1 or less than zero, or that were based on human
studies were excluded from the dataset (as in Dochtermann 2011;
Dochtermann et al. 2015). Also excluded from the data set were
estimates of morphological, physiological, and life history traits.
Published studies identified according to these criteria were then

» “semi-

analyzed to determine whether species were “domestic,
domestic,” or “wild,” whether heritability was estimated in
laboratory or field conditions, taxonomic classification, and the be-
haviors measured classified to one of 11 categories (Table 2). These
categories represent a reduced set of those used by Bell et al. (2009).
For example, here we grouped all mating behaviors together in this
study whereas Bell et al. (2009) more finely distinguished among
categories. Species used for economic gain were classified as do-
mestic, species maintained in captivity for a large number of gener-
ations were classified as semi-domestic, and all others were classified
as wild (Stirling et al. 2002). Following Stirling et al. (2002), studies

> <«

done in a species’ “natural habitat” were classified as field studies
and studies conducted under controlled conditions were classified as

laboratory studies.

Dataset Characteristics
Our search initially identified 639 publications. According to the
above criteria, this sample reduced down to 101 publications and

Table 2. Behavioral categories used in the meta-analysis and
corresponding operational definitions

Behavior Definition

Activity Movement rate and patterns by individuals

Aggression Antagonistic behavior directed towards an-
other individual.

Boldness Behavior involving predator avoidance
and inspection. Includes measures of
“antipredator” response such as escape be-
havior or latency to emerge from protected
areas.

Communication The transfer of information from one indi-

vidual or group to another.
An individual investigating a novel envir-
onment.

Exploratory behavior

Foraging Behaviors involved in searching for,
handling, and consuming food.

Mating Mate search, courtship, and copulation
behaviors.

Migration/dispersal Movement among areas either repeatedly or

on one occasion during an organism’s life
Parental effort Parental expenditure that benefits the off-
spring.
Affiliative and grouping behaviors (e.g.,
allogrooming or shoaling).

Social behavior

Other Behaviors not included in the above.

a total of 476 estimates of heritability (Figure 1). Heritabilities
were most frequently reported for mating behavior, boldness, and
activity. There were also a large number of estimates classified as
“other behaviors” (167). However, 157 of these were from 2 studies
of nonhuman primates and were a variety of psychological assays.
Taxonomically the dataset was heavily biased, with 84 percent of
estimates from Chordates.

Data Analysis

To assess our 6 a priori questions we conducted a formal meta-
analysis using the metafor package for mixed effect, phylogenetically
controlled, models (Viechtbauer 2010). These analyses assume that
residual variation is normally distributed. Because heritability esti-
mates are, by definition, not normally distributed, we used Fisher’s
z-transformation (Zr) prior to all analyses and back-transformed
parameter estimates to heritabilities (h?) for interpretation. h? esti-
mates are reported with 95% confidence intervals for moderators
(e.g., Behavioral Category). While Zr was still not normally distrib-
uted due to h? never being less than zero, this transformation best
conformed to meta-analytic requirements (see also: Bell et al. 2009,
van Qers and Sinn 2013).

We first constructed a phylogenetic meta-regression model with
only an intercept but no other fixed effects (i.e., moderators). Article
identity and the species to which the study organism belonged were
included as random effects. Evolutionary nonindependence was
modeled using a phylogenetic tree constructed using NCBI mo-
lecular data via phyloT (Figure 2, Letunic 2015). From this model
we calculated 1) sampling variance following Nakagawa and Santos
(2012), 2) the variation attributable to the published article an es-
timate was taken from, 3) variation attributable to phylogeny, and
4) calculated the total heterogeneity in the dataset (I?). Estimation
of the variation attributable to phylogeny addressed the first of our
questions, whether there were taxonomic differences in heritability.

After this global model we tested the remainder of our questions
via the inclusion of biological moderators. Specifically, we evaluated
a statistical model incorporating the same random effects structure
as above but also including the categories of field versus laboratory,
wild versus semi- and domestic, vertebrate versus invertebrate, and
endotherm versus ectotherm (all members of the classes Aves and

Records identified
through database
searching ( n = 639)

I

Records screened
(n=639)

Excluded because
eligibility criteria not met
(n=538)

Included in final
analysis
(n=101)

Figure 1. PRISMA diagram describing the included studies. Of the 639 studies
identified via database searches, only 101 were ultimately included in the
final analysis. Most of the 538 excluded studies did not report heritabilities,
despite heritability being discussed. As our eligibility criteria included
particular data requirements (i.e., no reports of heritability ranges), this
PRISMA diagram does not include a separate branch for studies excluded
due to insufficient data. The 101 studies included in the analysis yielded 476
total estimates of heritability.
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Figure 2. Phylogenetic tree (left) and associated forest plot (right) for mean effect sizes (+95% confidence intervals) by species. h?> was back-calculated from Zr

values and thus can have confidence intervals that overlap zero.

Mammalia were categorized as endotherms). While endotherm and
ectotherm are broad categories, we used them here due to the expect-
ation that animals categorized as ectotherms might be expected to
exhibit greater influences of the environment on behavioral expres-
sion, resulting in lower heritabilities. To this model, we also added
behavioral category (Table 3). While meta-analyses often estimate
the effects of moderators such as these in a pairwise manner (i.e.,
an intercept-only model vs. a model only including the moderator
of interest), here we tested the influence of each moderator versus a
full model as otherwise conflation of moderator categories can lead

to inappropriate estimates of effect sizes. We assessed the significance
of each fixed effect based on likelihood ratio tests of the moderator
of interest.

To address potential misestimation due to Zr not actually being
normally distributed we estimated the global average heritability
(£95% credibility intervals) using mixed-effects Beta regressions
using the original /? values and fit using Bayesian estimation via the
brms package (Biirkner 2017). Beta regressions were not used for the
full set of analyses because they do not allow the inclusion of fixed
variances, as is necessary for meta-analyses.
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As an additional caveat to our general analyses, reported sample
sizes across articles were often unclear because of nonindependence
of individuals (Noble et al. 2017). Following Noble et al. (2017)
we used the conservative approach of using the sample size at the
highest grouping levels (e.g., the number of families rather than indi-
viduals measured). Unfortunately, due to inconsistent reporting, this
was not always possible or clear. Therefore, we also provide redun-
dant analyses in the Supplementary Material wherein all analyses are
conducted as reported in the main text but with sample sizes set to
the smaller of 2 values (100 or the reported number). This analysis
led to the same general conclusions vis-a-vis phylogenetic signal and
the effect of behavioral category (Supplementary Tables S1-3)

Finally, we tested for publication bias using Egger’s regression
tests (Egger et al. 1997), inspection of funnel plots, and trim-and-
fill methods to estimate the number of studies that may have been
missing from our dataset. All analyses and data are provided as
Supplementary Material.

Results

Overall Average Heritability of Behavior

The average heritability of behavior was 0.235 (95% credibility
interval: 0.200: 0.271) as estimated via Bayesian Beta regression.
Dataset heterogeneity as estimated via restricted estimate maximum
likelihood was high (I> = 99.78, Table 3), justifying the examination
of biological influences on the magnitude of heritability. Further in-
vestigation of sources of heterogeneity also revealed that phylogeny
did not contribute to the observed heterogeneity in estimates of her-
itability (Table 3), a finding supported by a lack of apparent patterns
across the species sampled (Figure 2).

Effects of Biological Moderators on Estimates of
Heritability

Four of the 5 included biological moderators did not systematically
influence heritability. Heritability did not significantly differ between

Table 3. Magnitudes of variation (i.e., heterogeneity) due to article
ID, phylogenetic structure, sampling error, and that unattributable
to any modeled source (residual)

Source of variation %
Article 41.51
Phylogeny 0
Residual 57.95
Sampling error 0.22
g 99.47

I is the proportion of total variation not attributable to sampling error.

invertebrates and vertebrates (Table 4, Figure 3, y> = 1.92, df = 1,
P =0.17) nor among semi-domestic, domestic, or wild species (Table
4, Figure 3, y*> = 0.47, df = 2, P = 0.26). Similarly, whether a species
was classified as an ectotherm or endotherm did not significantly af-
fect heritability (Table 4, Figure 3,%* = 3.57,df = 1, P = 0.06). Lastly,
whether estimation was conducted in field or laboratory conditions
also did not significantly influence heritability (Table 4, Figure 3,
XZ = 0.47, df = 1, P= 049)

In contrast, considerable and significant variation was also ob-
served among behavioral categories (Table 4, Figure 3, x> = 189.41,
df = 10, P < 0.001). The highest average heritability was observed
for migratory and dispersal behaviors (Figure 3, b* = 0.456 [95%
confidence interval: 0.331: 0.565]), although only 15 estimates in-
formed this average. Communicative and mating behaviors also
exhibited relatively high heritabilities (h* = 0.351 [95% confidence
interval: 0.229: 0.462] and 0.347 [95% confidence interval: 0.269:
0.421], respectively) though communicative behaviors were poorly
represented in the dataset (Figure 3). Most other behaviors exhibited
average heritabilities ranging from around 0.26 to 0.29 with the ex-
ception of foraging behaviors (h* = 0.196 [95% confidence interval:
0.136: 0.254]) and “other behaviors” (h* = 0.146 [95% confidence
interval: 0.091: 0.200]) which exhibited particularly low average
heritabilties (Figure 3).

Publication Bias

Eggert’s regression results suggest that the dataset lacks publica-
tion bias (z,,, =
conducted on residuals of a model that ignored the phylogenetic

-1.42, P = 0.16). However, this test was necessarily

structure and the nestedness of estimates within studies and so may
be anti-conservative. Unfortunately, funnel plot inspection (Figure
4) is ambiguous to this topic, given that Zr necessarily cannot ex-
tend below zero for our dataset, but does suggest some publication
bias with the largest heritabilities estimated in studies with lower
precisions. Nonetheless, and consistent with Eggert’s regression re-
sults, a trim-and-fill analysis estimated the number of missing low
heritabilities as zero (SE: 9.31).

Discussion

Our estimate of the global average of heritability for behavior,
0.235, is slightly lower than previous reports, for which a weighted
average of 0.29 was estimated (Table 1). This discrepancy is pos-
sibly due to several non-mutually exclusive factors including that
previous reports estimated heritability under the assumption that
it was normally distributed rather than Beta distributed and large
uncertainties around previous reports. Given the large uncertainty
around estimates of heritability in general, we do not consider the
difference in estimates reported here to be biologically substantive.

Table 4. Significance test results for the inclusion of particular moderators

Moderator Log-Likelihood ¥ df Test dfs P-value
Endo- vs. ectotherm -2229.10 3.57 17 1 0.06
Invertebrate vs. vertebrate -2228.28 1.92 17 1 0.17
Behavioral category -2322.05 189.41 8 10 <0.001
Semi- vs. domestic vs. wild -2228.67 2.72 16 2 0.26
Field vs. laboratory -2227.55 0.47 17 1 0.49
Full model -2227.31 18

Only the inclusion of behavioral categories significantly improved model fit, indicated in bold.
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Figure 3. Forest plot of estimated mean effect sizes (+95% confidence

intervals) for each moderator. Point size is proportional to the sample size for
a particular moderator.
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Figure 4. Funnel plot for the estimation of publication bias in the full data set.

Our results are also informative in several novel ways: First, by spe-
cifically incorporating phylogentic structure in our analysis we were
able to both control for evolutionary nonindependence and estimate
phylogenetic contribution. Second, rather than acting as an update
of previous reviews, because we did not include the studies included
in Mousseau and Roff (1987) nor in Stirling et al. (2002), our results
act as an independent assessment of prior conclusions. Third, the in-
clusion of particular biological moderators allows broad inferences
to be drawn within a formal meta-analytic framework.

Our first a priori question was whether there were taxonomic
patterns present in the data. Based on the percent of heterogeneity
present in the data that was attributable to phylogeny (0%, Table 3),
this is strongly suggested to not be the case. Examination of species-
level estimates (Figure 1) and the lack of a significant difference
between the broad taxonomic categories of vertebrates and inverte-
brates (Figure 2, Table 4) provides additional support for the infer-
ence that heritabilities do not vary systematically among taxa. Given
existing arguments in the literature that reduced heritabilities are in-
dicative of a particular trait being under greater selection (Mousseau
and Roff 1987 but see Houle 1992), this result might suggest that
behaviors have not been under stronger selective pressures in some
taxa than others. However, a more thorough investigation of this
question would require the estimation of trait evolvabilities (Houle
1992).

As with phylogenetic signal, we found no support for heritabilities
differing between laboratory and field conditions, nor among wild,
domestic, or semi-domestic species. These results are particularly
interesting as Stirling et al. (2002) found that heritability of behavior
was highest for domestic species and lowest for wild species, a pattern
we had expected would be recreated. Our finding that heritability
did not differ if estimated in the laboratory or under field conditions
is also interesting as Bell et al. (2009), found that field estimated
repeatabilities were higher than those estimated in the laboratory.
Given the mathematical and biological relationship between herit-
ability and repeatability (Boake 1994, Dochtermann et al. 2015),
if the studies included in our meta-analysis and the meta-analysis
conducted by Bell et al. (2009) provide unbiased random samples of
relevant estimates, these contradictory findings could arise from one
of 2 mechanisms: 1) G x E effects wherein realized genetic variance
is greater under field conditions or 2) permanent environmental ef-
fects have a greater contribution to behavior under field rather than
laboratory conditions. These mechanisms are not mutually exclusive
and both seem equally likely.

Behavioral category had the strongest effect on variation in her-
itability estimates. In our analysis, migratory and mating behaviors
exhibited particularly high average heritabilities, while foraging
and “other behaviors” exhibited low average heritabilities (Figure
3). Some specific category averages were much different than those
previously reported. For example, Stirling et al. (2002) reported an
average heritability of 0.29 for foraging behaviors whereas here the
estimated average was 0.18. Our estimate of a lower heritability
makes intuitive sense as foraging behaviors are likely to be highly
state dependent and thus strongly influenced by environmental
variation. Consistent with this rationale, Stirling et al. (2002) also
reported a high coefficient of residual variation of foraging behav-
iors. Also differing from our findings, van Oers and Sinn (2013) re-
ported an average heritability for aggression of 0.14 whereas our
estimate here was much higher: 0.29. While it is not clear why these
2 estimates differ, it is important to note that van Oers and Sinn
(2013) used very different search terms than those employed here.
Nonetheless, our search terms should have identified many of the
same studies. More generally, the broad variability in heritability
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averages among behavioral categories requires further theoretical
consideration as to what types of behavior might be expected to be
more influenced by genetic or environmental contributors.

Two main caveats should be considered in interpreting these data:
First, we did not calculate “evolvability” for our dataset (Houle 1992;
Hansen et al. 2011) because many studies lacked required values or
were on scales where doing so would be inappropriate. Thus, our re-
sults cannot properly answer questions as to how rapidly behaviors
might be expected to respond to unit selection. Second, and perhaps
more important, our dataset is strongly taxonomically biased: 83%
of our estimates were from vertebrates (Figure 2) despite vertebrates
comprising only ~7% of described animal species (Rosenthal et al.
2017). Only 4 phyla were included in our analysis (with only one
estimate for Annelida) and, even within the most well-represented
phyla—Chordata—taxonomic over-representation of particular
taxonomic groups was also extreme: of the 400 heritability estimates
for chordates 185 were for mammals, 106 were for birds, and 91
were of ray-finned fishes. Despite the lack of phylogenetic signal in
the data, this level of unequal sampling is problematic for several
reasons, problems that also affected prior meta-analyses and reviews
of heritabilities. First, phylogenetic signal can be difficult to detect if
there is poor coverage. Second, this finding is indicative of a broader
problem in the behavioral literature. As discussed by Rosenthal et al.
(2017), this misrepresentation is pervasive in the study of animal
behavior. The most major implication of this misrepresentation is
that we may grossly misunderstand the heritability of behaviors or,
worse yet, misunderstand the behavior of animals in general due to
a narrow taxonomic focus.

It is also worth putting our results into the broader context
of what we know about the heritability of phenotypic traits in
general. The average heritability of 0.235 estimated here is not sub-
stantively different than either the estimated average heritability of
life history traits (0.262) found by Mousseau and Roff (1987), par-
ticularly given the large uncertainties with which any single study
can estimate heritability. Although we did not statistically test for
a difference here, Stirling et al.’s (2002) heritability estimate for
behavior (0.31) did not differ from estimates for life history traits
(0.262) and Mousseau and Roff (1987) found no difference be-
tween their estimates of the heritabilities of physiology (0.33) and
behavior (0.30). Further, while life history, physiology, and behav-
ioral traits all exhibit lower heritabilities than morphology (0.461,
Mousseau and Roff 1987), the fact that they differ little from each
other should not necessarily be surprising. While behavior is often
considered to be highly plastic, behavior, physiology, and some life
history traits are all typically expressed multiple times throughout
an organism’s life. Behaviors and physiological responses, in par-
ticular, are also often expressed in response to changing environ-
mental conditions over very short time frames and thus should be
expected to be similarly labile.

Our results also demonstrate that populations harbor substantial
genetic variation in behaviors relative to that variation attributable
to the environment. This is consistent with general arguments that
genetic variation is abundant and thus not likely to constrain evo-
lutionary processes (e.g., Blows and Hoffmann 2005). While con-
siderable attention over the last 15 years in the study of behavior
has been directed to understanding contributors to behavioral vari-
ation (e.g., Bell et al. 2009; Sih et al. 2015), what factors generally
maintain variation remains unclear. While it has been suggested that
behavior may integrate with life history and physiological traits in
predictable ways with a concomitant maintenance of behavioral
variation (Reale et al. 2010), recent meta-analyses suggest that these

predictions may not be generally supported (Royauté et al. 2018).
However, despite a potential lack of predictable trait associations, it
may still generally be the case that variation in combinations of traits
is limited (Blows 2007; Hansen and Houle 2008; Dochtermann and
Dingemanse 2013). Absolute and quantitative constraints on evo-
lution imposed by genetic correlations may be one mechanism that
genetic variation, like that estimated here for behavior, is maintained
in populations in the face of selection and drift (Walsh and Blows
2009). Understanding why variation is maintained in behaviors may,
therefore, require a focus both on multiple behaviors and multiple
trait types.
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