Effects of parental care on the
accumulation and release of cryptic genetic
variation: review of mechanisms and a
case study of dung beetles
Emilie C. Snell-Rood, Melissa Burger,
Quinton Hutton & Armin P. Moczek

Evolutionary Ecology
ISSN 0269-7653
Volume 30
Number 2
Evol Ecol (2016) 30:251-265
DOI 10.1007/s10682-015-9813-4

1 23

Your article is protected by copyright and
all rights are held exclusively by Springer
International Publishing Switzerland. This eoffprint is for personal use only and shall not
be self-archived in electronic repositories. If
you wish to self-archive your article, please
use the accepted manuscript version for
posting on your own website. You may
further deposit the accepted manuscript
version in any repository, provided it is only
made publicly available 12 months after
official publication or later and provided
acknowledgement is given to the original
source of publication and a link is inserted
to the published article on Springer's
website. The link must be accompanied by
the following text: "The final publication is
available at link.springer.com”.

1 23

Author's personal copy
Evol Ecol (2016) 30:251–265
DOI 10.1007/s10682-015-9813-4
ORIGINAL PAPER

Effects of parental care on the accumulation and release
of cryptic genetic variation: review of mechanisms
and a case study of dung beetles
Emilie C. Snell-Rood1,2 • Melissa Burger2,3 • Quinton Hutton2
Armin P. Moczek2

•

Received: 20 April 2015 / Accepted: 25 November 2015
Ó Springer International Publishing Switzerland 2015

Abstract Cryptic genetic variation plays an important role in the emergence of disease
and evolutionary responses to environmental change. Focusing on parental care behavior,
we discuss three mechanisms by which behavior can affect the accumulation and release of
cryptic genetic variation. We illustrate how these hypotheses might be tested with preliminary data from Onthophagus dung beetles, which provide indirect parental care by
provisioning their offspring with dung and sheltering them underground. The environmental stress hypothesis states that parental care reduces selection intensity on novel
mutations when increased parental care results in a less stressful offspring environment. A
review of recent literature, coupled with an irradiation experiment in beetles, suggests this
mechanism may operate in some situations, but depends on the types of mutations under
consideration. The relaxed selection hypothesis states that genes expressed in low care
environments should be under weakened selection because their phenotypic manifestations
are exposed to selection less frequently, and thus are prone to mutation accumulation. If
parental care is reduced, for instance due to population-wide environmental changes, such
cryptic variation may exert phenotypic effects, becoming exposed to selection. There is
substantial theory in support of this hypothesis, and comparisons between beetle populations that differ in parental care behavior further support this idea. Finally, the compensation hypothesis states that organisms with direct parental care may be able to respond to
cues or signals from offspring and compensate for genetic variants. We highlight the
extensive discussion of this hypothesis with respect to medical care and genetic load in
humans and explore invertebrate systems that may constitute powerful models for further
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inquiry. In summary, several mechanisms exist by which care behavior may shape the
accumulation and release of cryptic genetic variation, thereby affecting the potential
emergence of diseases and the rate and direction of evolutionary responses to novel
environments.
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Buffering
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Introduction
Biologists have long been fascinated by the factors and mechanisms that affect the
maintenance of genetic variation within populations. Identifying such mechanisms and
characterizing their nature has important implications for understanding and predicting not
only the evolutionary responses of populations (Lande and Shannon 1996; Mitchell-Olds
and Schmitt 2006), but also the emergence of disease (Chakravarti 1999; Cooper et al.
2010). In recent decades, attention has turned to genetic variation that is ‘‘cryptic’’—in
other words, under normal conditions, the genetic variation has no measurable phenotypic
effects and fitness consequences, yet becomes subject to selection when aspects of the
environment or genotype changes such that the mutation suddenly has a phenotypic effect
(Hermisson and Wagner 2004; Gibson and Dworkin 2004). As such, cryptic genetic
variation is thought to impact responses to novel environments (Ledon-Rettig et al. 2010;
Masel 2006; McGuigan and Sgro 2009; Schlichting 2008), including the emergence of
disease in the face of novel nutritional conditions or the evolution of populations in human
altered environments (Ghalambor et al. 2007; Gibson 2009; McGuigan and Sgro 2009;
Schlichting 2008).
Several important studies have now demonstrated how genetic ‘‘capacitors,’’ such as the
heat shock protein system, can facilitate the accumulation and release of cryptic genetic
variation (Rutherford and Lindquist 1998; Rutherford 2000; Bergman and Siegal 2003;
Levy and Siegal 2008), yet similar dynamics are likely to emerge as a consequence of
behavior. For instance, complex behavior such as medical care or foraging behavior, may
weaken selection on a trait through compensatory actions, and thus should result in
accumulation of genetic variation in a population (Muller 1950; Williams and Nesse 1991;
Crow 1997; Kondrashov and Crow 1993; Lynch et al. 1999; Lynch 2010). Indeed, the term
‘‘behavioral inertia’’ has been used to capture the idea that behavior may buffer selection
on genes: for instance, thermoregulatory behavior can compensate for mutations in genes
that affect thermal tolerance (Huey et al. 2003). This view of behavior has also been
termed ‘‘counteractive niche construction,’’ where organisms neutralize some change in
selection through behavior (Odling-Smee et al. 2003).
Here, we give more explicit consideration of the role of behavior, through its effects on
the selective environment experienced by an organism, in influencing the accumulation and
release of cryptic genetic variation. Such behavioral niche construction influences selection
dynamics (Saltz and Foley 2011) and can result in complex evolutionary feedbacks
because the niche-constructing behavioral traits that affect selection can themselves coevolve with ‘‘recipient’’ traits affected by the modified conditions (Laland et al. 1996,
1999; Saltz and Nuzhdin 2014). In this review, we articulate three mechanisms by which
behavior may influence the accumulation and release of cryptic genetic variation. We
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specifically focus on care behavior, but much of the discussion can apply to other
behavioral traits as well. Throughout, we discuss onthophagine dung beetles as a study
system to illustrate how these ideas might be tested in the laboratory and natural
populations.

Parental care behavior
Parental care affects selection through control of developmental environment
Parental care manifests in diverse ways, yet tends to converge on one function: changing
environmental conditions in a manner closer to what is ‘‘optimal’’ for offspring development and survival, for instance by providing food, shelter, and/or protection against
thermal variation, predators, and competitors (Silver et al. 1985; Conway and Martin 2000;
Scott 1998). In other words, parental care reduces between-offspring variation in environmental conditions relative to conditions where parental care is compromised or absent.
For instance, parental thermoregulatory behavior can counteract temperature extremes in
both directions (e.g., brooding or fanning offspring). Parental provisioning increases the
changes that offspring have adequate resources for growth, and offspring defense improves
the likelihood offspring are not directly exposed to predators.

Systems for the study of parental care and cryptic genetic variation
Parental care can be direct, such as delivery of food to offspring or defense of vulnerable
young, or indirect, such as any behaviors that bias the conditions experienced by offspring
towards those that are favorable (Fox and Czesak 2000; Thompson and Pellmyr 1991;
Royle et al. 2012; Clutton-Brock 1991). Such indirect forms of care include placement of
eggs in safe locations with optimal thermal conditions or provisioning of eggs with extra
yolk or food (e.g., dung, paralyzed prey). These forms of indirect care are ideal for
examining the role of behavior in cryptic genetic variation because they tend to be more
discrete in space and time, and more easily quantified and manipulated in contrast to direct
forms of care, which occur over extended periods of time, often require multiple measures,
and are more difficult to reliably manipulate.
Insect systems are particularly promising in this context because they are easy to rear in
large numbers and the effects of parental care—and experimental manipulations thereof—
manifest over relatively short generation times. While most model invertebrate systems
have relatively low levels of parental care, many non-model species engage in diverse
forms of parental care, even direct care of offspring (reviewed in Costa 2006; Choe and
Crespi 1997; Wong et al. 2013; Trumbo 2012; Smiseth 2014). Many insects provide
indirect care through greater egg size (Wheeler 1996; Fox and Czesak 2000), placement of
eggs on particularly nutritious food sources (Renwick and Chew 1994; Thompson and
Pellmyr 1991), or the transmission of microbial partners that aid in digestion or protection
while feeding on challenging resources (Feldhaar 2011; Douglas 2009).
Here, we highlight horned beetles in the genus Onthophagus, which exhibit
remarkable parental care behavior (Emlen 1997; Moczek 1998, 1999; Hunt and Simmons
2000, 2002; Estes et al. 2013). Specifically, adult beetles provision each offspring with a
brood ball, a spherical to ovoid mass of dung processed and constructed by adult
females. Females oviposit one egg per brood ball, which provides the total amount of
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Fig. 1 Brood ball burial depth
affects temperature conditions
during development. We used
ibutton temperature probes
buried at the soil surface, and at
various depths within the natural
range of Onthophagus taurus
brood ball burial depth (see
Fig. 2), to measure soil
temperature in the field. Mean
daily temperature decreased with
soil depth; daily temperature
variation (the difference between
maximum and minimum
temperature within a 24 h period)
also decreased with soil depth

food that larvae need to complete larval development and metamorphosis. As such, the
construction of brood balls buffers offspring against nutritional stress (Hunt and Simmons 2000, 2002, 2004) and enables parents to adjust brood ball size in proportion to the
quality of the food resource (Moczek 1998; Kishi and Nishida 2006). Lastly, beetles
invest heavily in the construction of deep burrows or tunnels where they bury brood
balls, which in turn protect offspring from competitors, predators, parasites, and temperature fluctuations throughout larval development (Fig. 1, Halfter and Matthews 1966;
Halffter and Edmonds 1982). While it is not clear for what function brood ball burial
originally evolved, it clearly shapes the developmental environment of offspring in
several different ways.
Importantly, parental care in Onthophagus is not fixed at a particular level, but
instead exhibits experimentally exploitable variation over a range of phylogenetic distances. For example, indirect parental care (e.g., brood ball size) exhibits genetic
variation within populations of Onthophagus taurus (Hunt and Simmons 2000, 2002).
Furthermore, populations and species have diverged in both brood ball size and nesting
depth (Fig. 2, Macagno et al. 2016), and in O. taurus, some females and populations
produce larger brood balls, burying them deeper in the soil, more sheltered from
temperature fluctuations (Fig. 2). Increased care behavior represents part of a life history strategy where increased investment per offspring comes at a cost of survival (Hunt
et al. 2002); it is also likely that the time associated with constructing larger, more
deeply buried brood balls comes at the expense of lifetime fecundity, although this
remains to be tested.
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Fig. 2 Variation within and between populations in parental care. Brood ball burial depth was measured by
allowing females to make brood balls in 60 cm tall 10 cm diameter PVC pipes; soil was sifted in 2 cm depth
increments to measure burial depth. a There were significant differences between females in brood ball
burial depth (F23,146 = 12.9, P \ 0.0001); this measure of care was positively correlated with the mass of
individual brood balls (Spearman’s rho = 0.37, P \ 0.0001, N = 192), which also varied between
individuals and populations (population: F2,139 = 32.1, P \ 0.0001; individual: F22,139 = 3.98,
P \ 0.0001). Shown are mean and standard error for females that constructed at least three brood balls
in the lab. b Female beetles from different populations showed significant variation in brood ball burial
depth in the lab (F2,146 = 41.6, P \ 0.0001)

Mechanism 1: the stress hypothesis
Theory
Several mechanisms have been proposed by which behavior may affect the accumulation
and release of cryptic genetic variation. First, behavioral traits may affect the degree of
stress experienced during development, which, in turn could affect the phenotypic consequences of underlying genetic variation and subsequent selection on those genes. It has
been suggested that the effects of mutations, and thus selection, are generally stronger in
stressful environments (Martin and Lenormand 2006; Kondrashov and Houle 1994). Thus,
in the presence of care, any new mutation would be predicted to have, on average, a lesser
phenotypic effect. Subsequent bouts of relaxed selection on such genes may thus result in
their retention and accumulation in a population until the buffering capacity of parental
care is reached or when care behaviors are compromised.
Although the idea linking stress and selection intensity is prevalent in the literature,
recent meta-analyses have more generally called into question whether the effects of
mutations are truly more pronounced in stressful environments (Halligan and Keightley
2009; Agrawal and Whitlock 2010). Indeed, there appears to be remarkable systemspecificity in whether this notion is supported: most studies on insects support such a
connection, while data on birds (Hoffmann and Merila 1999) and prokaryotes (Agrawal
and Whitlock 2010) provide mixed support. Consequently, whether or not stress heightens
selection on new mutations may thus be best determined on a system by system basis, and
the same would be true for the hypothesized role of parental care in shaping these
interactions.
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Case study in dung beetles
We used dung beetles to provide a preliminary test of the role of indirect parental care in
influencing the phenotypic effects, and subsequent selection on, new mutations. We
introduced novel mutations in paternal Onthophagus gazella by exposing beetles to 1 or 2
krad of irradiation. Offspring were split between rearing treatments that simulated high or
low levels of parental care and several measures of body size were used as phenotypic

Fig. 3 Effects of novel mutations depend on conditions simulating different levels of parental care. Paternal
Onthophagus gazella (N [ 5) were treated at day 5 of adulthood (when spermatogenesis is actively
occurring) with 1 or 2 krad irradiation using a 137Cesium source and offspring were reared under constant or
variable temperature conditions. Based on the literature on sterilization of beetle pest species (e.g.,
Tribolium, Pajni and Virk 1978; Tuncbilek and Kansu 1996), these levels have negative effects on beetles,
but are not lethal. Body size was measured as PC1 from a PCA that included thoracic width and the length of
two pairs of legs. a The effects of irradiation on body size depended on not just the irradiation levels, but
also the temperature rearing treatment (irradiation 9 temperature: F2,65 = 7.95; P = 0.0008; in a model that
includes irradiation, temperature and sex). Letters indicate significant differences between categories as
estimated using a Tukey–Kramer HSD test. b Male horn length was analyzed in a model that also included
body size (PC1 from a PCA that included thoracic width and the length of two pairs of legs) because relative
horn length is an important determinant of contest outcome (Snell-Rood and Moczek 2013). The effects of
irradiation on male horn length depended on not just irradiation levels, but also the temperature rearing
treatment (irradiation 9 temperature: F2,31 = 4.41; P = 0.02; in a model that includes irradiation,
temperature and body size). Letters indicate significant differences between categories as estimated using
a Tukey–Kramer HSD test
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measures of developmental stress. In particular, high daily temperature variation during
development (19–31 °C) was used to simulate shallow brood ball burial depth and thus low
parental care, whereas a consistent rearing temperature of the same mean (25 °C) was used
to simulate deep burial and thus high parental care. The degree of temperature variation
was based on field observations at of brood balls placed at different soil depths (see Fig. 1)
at either extreme of variation in beetle burial depth (see Fig. 2). We found a significant
interaction between rearing conditions simulating different levels of care and radiation
treatment (Fig. 3): in the 2 krad treatment, the effects of irradiation on body size and
relative horn length were most pronounced in the treatment simulating compromised
parental care (variable rearing temperatures, corresponding to shallow burial depth).
However, we did not see this effect in the 1 krad treatment.
These preliminary analyses support the idea that indirect parental care can indeed buffer
the effects of novel mutations, at least in some cases: phenotypic effects of irradiation were
more pronounced in the ‘‘low care’’ treatment, but only for one of the two irradiation
treatments. These results also suggest that the buffering capacity of parental care may
differ greatly depending on the mutational target involved. While our experimental
manipulation afforded us control over irradiation intensity, we had no control over exactly
where in the genome mutations would occur. For instance, it is conceivable that mutations
in genes involved in axis patterning during appendage formation manifest phenotypically
regardless of the degree of parental care. On the other hand, mutations in genes underlying
growth regulation (such as insulin signaling), with multiple redundant pathway components, may be more conducive to buffering, or in fact may even be more pronounced under
benign conditions when growth rates are greater (Jasnos et al. 2008).
These data, coupled with recent meta-analyses, suggest that the environmental stress
hypothesis provides a mechanism linking behavior to the accumulation and release of
genetic variation only for some taxa, genes, and conditions, and that its applicability needs
to be determined on a case-by-case basis.

Mechanism 2: the relaxed selection hypothesis
Theory
Parental care influences the environments offspring experience during development. At the
same time, it is well established that the phenotypic and fitness effects of mutations are
sensitive to the environment (Kondrashov and Houle 1994; Fry et al. 1996; Fernandez and
Lopez-Fanjul 1997; Shabalina et al. 1997; Vassilieva et al. 2000; Szafraniec et al. 2001).
This environmental sensitivity of selection is not surprising given that gene expression
itself often depends on environmental conditions (Snell-Rood et al. 2010; Aubin-Horth and
Renn 2009; Hodgins-Davis and Townsend 2009).
A well-established theoretical literature links the frequency of environmental exposure
to selection intensity on genes with effects in those environments (Van Dyken and Wade
2010; Kawecki 1994; Whitlock 1996; Snell-Rood et al. 2010). If parental care increases the
likelihood offspring experience environment ‘‘P’’ (parental environment) but not environment ‘‘S’’ (solitary environment), selection on genes with effects in S is relaxed relative
to populations that experience these environments at similar frequencies. In other words,
purifying selection (on deleterious genes) and positive selection (on beneficial genes) are
both less pronounced for genes with an effect in environment S.
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These interactions between parental behavior, offspring developmental environment
and selection can create evolutionary feedbacks that accelerate adaption to the parental
care environment P (Drown and Wade 2014; Wade 1998). Over time, care behavior also
affects the evolution of what constitutes ‘‘stressful’’ versus ‘‘optimal’’ environments for
offspring development. In particular, initial asymmetries in what are ‘‘favorable’’ environments may quickly become amplified by relaxed selection. As offspring experience an
environment less frequently, mutations with deleterious effects in that environment should
accumulate at an increasing rate; at the same time, fixation is more likely for mutations
with positive effects in the environments chosen more frequently by parents.
Relaxed selection on genes with effects in environment S should thus lead to the
accumulation of cryptic genetic variation. As long as parents are able to generally choose
environment P for their offspring, the effects of this cryptic genetic variation will not be
seen by selection. However, a change in parental care, for instance due to the change in the
availability of environments S and P may expose this variation to selection.

Case study in dung beetles
As above, we used dung beetles to test the idea that parental care behavior is correlated
with the accumulation of mutations with effects in ‘‘low care’’ conditions. We focused on
indirect care behavior in O. taurus—specifically, variation in brood ball burial depth and
its consequences for developmental temperature experienced by offspring (see Figs. 1, 2).
Beetles from two natural populations that heritably differed in average brood ball burial
depth were reared in common garden conditions meant to simulate either high care
(stable temperature conditions, 25 °C) or low care conditions (variable temperature conditions, fluctuating daily between 19 to 31 °C; see Fig. 1).

Fig. 4 General predictions for a quantitative genetics approach to the relaxed selection hypothesis. Two
populations that differed in parental care were reared in conditions that simulated either high care (constant
rearing temperature) or low care (variable daily temperature). a If genes expressed in the low care conditions
harbor more underlying genetic variation, we would predict greater phenotypic variation in those rearing
conditions, but more so for the high care population. A greater contribution of genetic variation to this
phenotypic variation (as assessed by full sibling lines, represented by reaction norms) would be consistent
with underlying genetic variation rather than phenotypic plasticity. b If the underlying cryptic variation
harbors more deleterious variation, we expect the high care populations to show a relatively greater decline
in performance than the low care population when reared under low care conditions
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Fig. 5 Cryptic genetic variation across populations that vary in parental care. There were no significant
differences between populations in body size in the two temperature rearing conditions (F1,13 = 1.34;
P = 0.26). However, the high care population (Virginia) showed greater overall phenotypic variation than
the low care population (Indiana) in the variable temperature environment (shown are population least
square means and standard error bars from a mixed-effects ANOVA on 93 individuals that included mother
as a random effect; F test for equality of variance between populations—constant environment:
F13,35 = 1.02, P = 0.91; variable environment: F13,28 = 2.89, P = 0.02). b There was a significant effect
of rearing temperature condition on development time (F1,76 = 37.9; P \ 0.0001), although this effect was
more pronounced for the low care population in a marginally significant manner (population 9 temperature
interaction: F1,76 = 3.38; P = 0.07). A Tukey–Kramer HSD test revealed significant differences in
development time for the two temperature treatments for the Indiana population, but not the Virginia
population

The relaxed selection hypothesis makes several key predictions for such a design
(Fig. 4). First, in populations with a history of high levels of care, deleterious mutations
should accumulate in genes with effects specific to the low care conditions more so than in
a population that historically experienced lower levels of care. Such a prediction could be
measured directly, by sequencing genes of known environmental effects, or indirectly, by
using a quantitative genetics approach that screens for the phenotypic manifestations of
cryptic genetic variation. A family-level design predicts in part that greater phenotypic
variation should be present in the low care environment for the higher care population
relative to the low care population. Measuring the contribution of genetic variation to this
phenotypic variation can determine whether such phenotypic variation stems from
underlying genetic variation or developmental plasticity (see Fig. 4). Using this quantitative genetics approach, we see provisional support for the first part of this prediction with
respect to variation in body size: offspring derived from the population with greater parental care were more variable in size (thorax width) if reared in the variable temperature
treatment (Fig. 5) relative to offspring from the population with lower levels of parental
care (shallower burial depth and smaller brood balls). A full sibling design was used to test
the contribution of genetic variation to overall phenotypic variation. For development time,
‘‘family’’ explained more variation in the variable temperature environment (88 %) than
the constant temperature environment (55 %), consistent with the release of cryptic genetic
variation rather than simply a plastic developmental response to the variable temperature
conditions.
Second, if mutations with effects specific to the low care environment are deleterious,
we predicted that the performance of the high care population would be relatively more
compromised under the variable temperature (low care) conditions (Fig. 4). We see partial
support for this prediction with respect to development time: offspring derived from the
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lower care population sped up development time in the variable temperature condition,
whereas offspring from the higher care population were unable to do so (Fig. 5). This is
consistent with the idea that the high care population may harbor deleterious mutations that
affect development time under variable temperature conditions that they experience less
frequently.
While these data provide preliminary support for the relaxed selection hypothesis, they
are severely limited by sample size (N = 2 populations and 7 full sibling lines with
adequate sample size for the genetic variation analysis). A more extensive quantitative
genetic experiment is clearly needed to adequately test and expand upon these ideas.
Combining such a quantitative genetics approach with a re-sequencing approach would be
especially informative to assess standing levels of sequence variation in natural populations, and relative sensitivity of mutational variation of a given gene to the high or low care
environments.

Mechanism 3: the compensation hypothesis
In systems with direct care, involving prolonged physical contact between parents and
offspring, it is possible that more complex, responsive behaviors may directly compensate
for new, deleterious mutations. As before, the resulting weakened selection is predicted to
lead to the accumulation of mutations which would be cryptic under normal care conditions, but would be exposed to selection if care is removed or reduced. For instance, genes
with deleterious effects on vision would be compensated for by eye care in humans and
genes with negative effects on early life foraging ability might be compensated for by
parents delivering more food to their offspring. While this idea has been discussed
extensively with respect to ‘‘mutation load’’ in humans (Muller 1950; Williams and Nesse
1991; Crow 1997; Kondrashov and Crow 1993; Lynch et al. 1999; Lynch 2010), it is
unclear to what extent it applies to direct care in non-human animals. Here, the Onthophagus dung beetle system falls short as an empirical system as parents only provide
indirect care for offspring and there are no opportunities for parents to assess their offspring’s phenotype and compensate. However, a subset of closely related dung beetle
species exist that provide more direct care for offspring, such as attendance of single
offspring throughout their development in the genus Kheper (Edwards 1988). A particularly promising, but more distantly related, beetle system is the genus Nicrophorus
(burying beetles), which not only provide their offspring with a subterranean ‘‘cake’’ made
of a cleaned and embalmed small mammal carcass, but also feed their larvae regurgitated
and partially processed food in response to ‘‘begging’’ cues (Smiseth and Moore 2007,
2008). Such systems where parents assess their performance of their offspring through cues
or signals are ideal for testing the ‘‘compensation’’ hypothesis. Indeed, Nicrophorus
mothers can increase provisioning intensity for low mass offspring (Lock et al. 2007).

Implications and future directions
In this review, we have considered several mechanisms by which behavior in general, and
parental care in particular, can influence the accumulation and release of cryptic genetic
variation. Specifically, care behavior has the potential to create relaxed selection in less
stressful environments, on genes with effects specific to low care environments, or through
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direct compensation for a mutation effect. Such relaxed selection can result in the accumulation of mildly deleterious mutations in populations with high care. While care
behavior causes the phenotypic effects of these mutations to remain cryptic under most
circumstances, a change in environmental conditions (e.g., due to prolonged resource
scarcity) has the potential to expose the underlying genetic variation to selection. While we
have treated these three mechanisms separately, it is important to note that they are not
mutually exclusive. Indeed, in many systems, all three may be at work simultaneously,
further amplifying relaxed selection due to care behavior. We conclude this review by
highlighting several interesting implications of these ideas and open areas of future
research.

Complex evolutionary feedbacks with parental care
When behavioral traits affect the selective environment, a form of niche construction, this
creates the potential for complex feedbacks between the evolution of behavior and
dynamics of natural selection on recipient traits (Laland et al. 1996, 1999). Parental care
varies enormously within and across species. Theory has shown that genetic variation in
parental care behavior (e.g., maternal effects) can result in runaway evolutionary processes, where the match between the parental care and offspring environment evolve
rapidly (Drown and Wade 2014; Wade 1998). The present discussion suggests additional
complex feedbacks. In particular, positive feedback cycles between buffering mechanisms
and selection intensity may amplify buffering mechanisms over evolutionary time as seen
in more general models (Rajon and Masel 2011). As deleterious genes specific to the low
care environment accumulate, there should be greater and greater selection for care
behavior, further relaxing selection on the no care environment. Indeed, this positive
feedback cycle could explain why loss of parental care tends to be rare relative to the
evolutionary origins of care (Mank et al. 2005; Reynolds et al. 2002; Brown et al. 2010).
Throughout this review, we have generally assumed organisms are responding to environmental changes through compensatory, buffering behavior. This has been termed a form
of ‘‘counteractive’’ niche construction whereby individuals act to offset environmental
change, thereby stabilizing their environment, or that of their offspring (Odling-Smee et al.
2003). However, these ideas also apply to ‘‘inceptive’’ niche construction, where individuals
initiate environmental change through dispersal or modification of their environment.
Parents may modify their environment in ways to make them more productive or stable,
such as habitat modifications made by ants that affect colony performance (Frederickson
et al. 2005). This distinction is especially relevant in the context of cryptic genetic variation,
because both forms of niche construction could interact in interesting ways. For example,
movement or habitat modification (inceptive niche construction) could expose populations
to novel environments that reveal underlying genetic variation, whereas behavioral changes
(counteractive niche construction) may then compensate or buffer against the phenotypic
effects of these genetic variants. Indeed, such counteractive niche construction has been
proposed to enable organisms to tolerate otherwise maladaptive consequences of inceptive
niche construction (Odling-Smee et al. 2003).

The evolutionary significance of cryptic genetic variation
In this review, we have mostly considered the mechanisms by which care behavior may
lead to the accumulation of cryptic genetic variation. However, the consequences of such
genetic variation for the direction and speed of evolution remain largely unclear. Theory
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modeling the evolution of environment-dependent gene expression suggests that much of
this genetic variation will be deleterious relative to species without environment-dependent
gene expression (Van Dyken and Wade 2010). However, other models suggest that cryptic
genetic variation will be enriched for beneficial mutations (relative to random mutations)
because the pool of variants is periodically exposed to selection, resulting in the loss of
extremely deleterious variants (Masel 2006). Either way, when cryptic genetic variation is
exposed to selection, it has the potential to fuel rapid responses to selection, enable population differentiation, and facilitate the evolution of local adaptation.
Cryptic genetic variation is likely to be exposed to selection when care behavior is
compromised. This may be rather common as parental care is costly, part of a life history
strategy where total investment in each offspring trades off with total fecundity. If a parent
cannot afford the cost of care and invests less in each offspring, underlying genetic
variation may exert phenotypic effects. For instance, in Onthophagus beetles, optimal
provisioning and burial depth depends on population density, dung type and soil conditions
(Buzatto et al. 2012; Hunt and Simmons 2004) and in Nicrophorus beetles, the amount of
care varies with resource quality (Scott and Traniello 1990). Moreover, environmental
conditions may vary in a way that overwhelms parental care at least occasionally, for
instance in periods of exceptional climate fluctuations or resource scarcity. Consequently,
cryptic variation is especially likely to be exposed to selection in novel, variable or rapidly
changing environments. Thus, the present discussion is particularly relevant to understanding the emergence of disease and predicting how populations may adapt to anthropogenic change—this is an exciting area wide open for future research. Overall, this
discussion joins a broader appreciation of how behavior can have drastic effects on
selection and evolution, whether it’s parental care affecting thermal environments, selfmedication affecting disease exposure (de Roode et al. 2013), or changes in locomotor
behavior affecting aquatic versus terrestrial environments (Standen et al. 2014).
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