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Abstract

Although mothers influence the traits of their offspring in many ways beyond the transmission of
genes, it remains unclear how important such ‘maternal effects’ are to phenotypic differences
among individuals. Synthesizing estimates derived from detailed pedigrees, we evaluated the
amount of phenotypic variation determined by maternal effects in animal populations. Maternal
effects account for half as much phenotypic variation within populations as do additive genetic
effects. Maternal effects most greatly affect morphology and phenology but, surprisingly, are not
stronger in species with prolonged maternal care than in species without. While maternal effects
influence juvenile traits more than adult traits on average, they do not decline across ontogeny for
behaviour or physiology, and they do not weaken across the life cycle in species without maternal
care. These findings underscore maternal effects as an important source of phenotypic variation
and emphasise their potential to affect many ecological and evolutionary processes.
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INTRODUCTION

Phenotypic differences among individuals govern patterns of
survival and reproduction. Exploring the sources of this trait
variation therefore remains foundational to understanding the
trajectories and limits of adaptive evolution (Mousseau &
Roff 1987; Kruuk et al. 2008), population dynamics (Schoener
2011) and even community assembly (Bolnick et al. 2011).
Maternal effects – the maternal phenotype’s causal influence
on the phenotypes of her offspring (Bernardo 1996a) – may
be one important source of such variation. Indeed, mothers
have substantial capacity to affect their offspring’s traits
above and beyond the direct transmission of genes (Bernardo
1996a), for example via per-capita provisioning (Dugas et al.
2016), host or oviposition-site selection (Mitchell et al. 2013)
and hormone transfer (Sheriff et al. 2010).
While maternal effects were initially considered a nuisance

by early geneticists (reviewed in R€as€anen & Kruuk 2007; Bon-
duriansky & Day 2009), they have attracted substantial atten-
tion over the last three decades for their own ecological and
evolutionary potential (Kirkpatrick & Lande 1989; Mousseau
& Fox 1998; Mousseau et al. 2009). For instance, maternal
effects that have an underlying genetic component (e.g. herita-
ble variation in the size of a female’s eggs [Reznick 1982]) can
increase the total genetic variation in the offspring phenotype
and, thus, its ability to respond to selection (Kirkpatrick &
Lande 1989). Many conditions also favour the evolution of
adaptive or ‘anticipatory’ maternal effects, whereby mothers
facultatively endow their offspring with traits that are suited
to the future environment (Marshall & Uller 2007; Kuijper &
Hoyle 2015). Conversely, some maternal effects handicap off-
spring fitness, as when the impacts of environmental stressors
are passively transmitted to offspring (e.g. Beyer & Hambright
2017). In several cases, these maternal effects are even known

to underlie evolutionary divergence (Badyaev et al. 2002;
Pfennig & Martin 2009), demographic patterns (LaMontagne
& McCauley 2001; Sheriff et al. 2010) and the composition of
ecological communities (Duckworth et al. 2015; Van Allen &
Rudolf 2016). However, for these broader ecological and evo-
lutionary consequences to be widespread, maternal effects
must be a common and significant source of phenotypic varia-
tion (Bonduriansky & Day 2009) – a largely unexplored
proposition. Thus, one way to begin clarifying the ecological
and evolutionary potential of maternal effects is to quantify
the extent to which they generate trait differences within pop-
ulations (see Mousseau & Roff 1987; Hoffmann et al. 2016
for examples with additive genetic effects).
While illuminating the broader impact of maternal effects

will be aided by estimating their average contribution to phe-
notypic variation, theory and previous empirical work indicate
that the strength of maternal effects may also vary in impor-
tant ways. For example, mothers often have unilateral control
over the initial size of their offspring via the energetic provi-
sioning of embryos (Mousseau & Dingle 1991; Bernardo
1996b, 1996b). As a result, maternal effects may influence
morphological traits of offspring more strongly than other
types of traits. Similarly, in some animals, mothers care for
their offspring long after hatching or parturition. Maternal
effects may therefore be stronger in these species (Reinhold
2002). Another widespread expectation about maternal effects
is that they should weaken throughout ontogeny as offspring
encounter more environments (Mousseau & Dingle 1991; Wil-
son & R�eale 2006; Lindholm et al. 2006). However, because
the environment affects the development of some traits more
than others (e.g. life-history vs. morphology [Houle 1992]),
maternal effects may weaken most for traits with the greatest
environmental sensitivity. Likewise, maternal care often con-
tinues until adulthood (e.g. Royle et al. 2012; Dugas et al.
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2016), which may result in only modest average declines in
the strength of maternal effects across ontogeny for species
with maternal care. By evaluating the potential sources of
heterogeneity in the strength of maternal effects, we can iden-
tify the conditions where their ecological and evolutionary
consequences are likely to be greatest.
In this study, we explored the strength of maternal effects

in animal populations. We compiled a database of studies that
used detailed pedigrees to partition phenotypic variation into
its additive genetic, maternal and environmental components
(an analytical technique known as the ‘animal model’, Kruuk
2004; Wilson et al. 2010). From these estimates, we assessed
the average proportion of phenotypic variation determined by
maternal effects (typically known as ‘m2’, e.g. Wilson & R�eale
2006). This metric has several desirable properties for quanti-
tative synthesis. For instance, just as narrow-sense heritability
(h2) reflects allelic variation at all loci rather than the specific
allelic effects of any one locus (Mousseau & Roff 1987;
Postma ; Hoffmann et al. 2016; Wood et al. 2016), m2 esti-
mates the cumulative influence of many different proximate
maternal effects rather than the specific action of one (e.g.
hormones, provisioning; McAdam et al. 2014). Additionally,
m2 is calculated in a relatively standardised way, aiding com-
parisons: (1) to h2 for each trait and (2) among types of traits,
taxa and life stages (e.g. Mousseau & Roff 1987; Wilson &
R�eale 2006; Kruuk et al. 2008; Hoffmann et al. 2016). Here,
we began by considering the mean proportion of phenotypic
variation determined by maternal effects and by additive
genetic effects. We next tested for differences in the influence
of maternal effects among types of traits (e.g. morphology,
physiology); between species with and without maternal care;
among life stages; between invertebrates and vertebrates;
between male and female offspring; between livebearing and
egg-laying animals and between amniotes and anamniotes.
Finally, we compared ontogenetic declines in maternal effects
among types of traits and between species with and without
maternal care.

METHODS

Data collection

Our approach to gathering studies largely followed the
PRISMA statement checklist (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses; Liberati et al. 2009;
see also Koricheva & Gurevitch 2014; Nakagawa et al. 2017).
We began by forward-searching Google Scholar for all articles
prior to May 2017 that cited Kruuk (2004), which was among
the first overviews of the animal-model method. We scanned
the methods of each article, retaining it if it used an animal
model with a term to partition the phenotypic variance deter-
mined by maternal effects (maternal identity; VM). While most
studies that use this technique cite Kruuk (2004), we also for-
ward-searched the more recent overview provided by Wilson
et al. (2010), retaining those studies that fit animal models
with VM and did not cite Kruuk (2004). Finally, we conducted
an additional search on Google Scholar using the keywords
‘animal model’, ‘quantitative genetics’ and ‘maternal’. Again,
we scanned the methods of each returned article, retaining

those that fit animal models with VM and did not cite either
of the two forward-searched articles. For studies to be
retained and considered further, they needed to report, at
minimum: (1) the amount of variance explained by the mater-
nal effects term and (2) the sample size (Fig. S1).
One strength of using m2 for quantitative synthesis is that

each estimate was generated in a similar fashion. To further
maximise consistency, we excluded several types of studies.
First, we did not include studies of large mammals in zoos or
farms. For these populations, it was often uncertain if all of
the individuals included in the pedigree were kept at the same
location. As quantitative genetic parameters differ among
rearing environments (Wood & Brodie 2015), it remains
unclear how estimates would be affected if, for example, par-
ents of only some offspring were kept in different locations.
Second, in cases where offspring were cross-fostered, we
included the study only if it modelled the effects of both the
birth mother and the rearing mother. In animals with pro-
longed parental care, mothers often influence offspring traits
both before and after parturition (Dugas 2015), and these
maternal effects may not always be the same for each off-
spring within a family (e.g. Badyaev et al. 2002). Thus, when
only the effects of the rearing parent are considered, any pre-
parturition maternal effects are subsumed by the additive
genetic or residual variance terms, leading to underestimates
of the total strength of maternal effects (Kruuk & Hadfield
2007). Finally, researchers occasionally included one or more
fixed effects in their animal models to account for phenotypic
variation that would otherwise have been in the VM estimate
(e.g. maternal diet or egg size as a predictor of offspring size
at hatching). The VM in these cases is only the phenotypic
variation that is not already explained by the fixed effect
(McAdam et al. 2014; Pick et al. 2016). We used estimates
from models that did not include these terms when available,
and we excluded the study when they were not. Overall, our
final database included 151 studies (see Fig. S1 for flow chart
and the Supporting Information for a reference list).
From each of these 151 studies, we obtained estimates of

m2 and h2 for each trait. Most studies reported values in
tables, but when estimates were only depicted in figures, we
used ImageJ to extract them (Rasband 2012). When only the
total maternal or additive genetic variance was reported (i.e.
VM or VA), we calculated m2 or h2 by dividing these variance
components by the total phenotypic variance (VP). Few stud-
ies decomposed maternal variance into its genetic (VMG) and
environment (VME) components (2.2% of all estimates), and,
in such cases, we pooled these parameters together to create a
single VM that accounted for the effects of both. In cases
where animal models were fit to a cross-fostering experimental
design, we pooled the common-brood term (VC) and the over-
all VM to account for the maternal effect of post-hatching/
parturition maternal care (Kruuk & Hadfield 2007).
For each estimate of m2 and h2, we also noted: the study;

the species; whether the species exhibits post-hatching/parturi-
tion maternal care; whether it was an invertebrate or verte-
brate; the taxonomic class (e.g. Insecta, Actinopterygii);
whether the species was livebearing or egg-laying; whether the
species was an amniote or anamniote; the trait type (e.g. mor-
phology, physiology; see Table S1); the sex of the offspring in
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which it was measured; the life stage in which it was mea-
sured; the number of individuals for which the trait was mea-
sured; and, when reported, the standard error or credible
intervals. We took a strict approach to classifying a trait as
‘life-history’ vs. ‘fitness’: traits categorised as ‘fitness’ were
integrative estimates across all fitness components (e.g. life-
time number of offspring) and life-history traits were compo-
nents of fitness that could be parameterised in a life table (e.g.
annual survival). Size at a life-history transition (e.g. size at
maturity) was scored as a morphological trait. To classify the
life stage to which a trait belonged, we used the author’s
description whenever possible. When authors did not classify
the trait, we assigned traits that were measured at a life-his-
tory transition (e.g. age at first reproduction) to the later life
stage. In the few instances where a study reported multiple m2

or h2 estimated for different populations or treatments of an
experiment, we considered each estimate to be a separate
entry. In some cases, authors could classify a trait as belong-
ing to either the mother or her offspring (e.g. lay date
[mother] vs birth date [offspring]). In these instances, we used
only those traits that were ascribed to the offspring such that
both VM and VA were modelled.

Analyses

We used mixed-effects models (‘lme4’, Bates et al. 2015) to
characterise patterns of m2 and h2. Prior to analyses, we arc-
sine square-root transformed all m2 and h2 estimates to
improve normality and homoscedasticity. We also weighted
the response variable by the log10 of the number of individu-
als for which the trait was measured. To test the significance
of explanatory variables and make pairwise comparisons
within each variable, we used the Satterthwaite denominator
degrees of freedom approximation (‘lmerTest’, Kuznetsova
et al. 2016) and Tukey post hoc tests (‘lsmeans’, Lenth 2016),
respectively. Full results of post hoc tests are reported in the
Supporting Information (Tables S4, S5). Weighting estimates
by the number of maternal links in the pedigree produced
similar results to these analyses (Supporting Information;
Table S2), suggesting little bias arises from differences in pedi-
gree quality.
Quantitative syntheses can present many sources of non-in-

dependence, and we attempted to account for these in our
analyses. To control for non-independence among estimates
from the same study, we included study as a random effect.
However, there can also be sources of non-independence
within studies – for instance, if two morphological traits mea-
sured in one study are more similar to each other than either
is to any behavioural trait measured in the same study (Noble
et al. 2017). Few studies in our database presented this kind
of non-independence, and its magnitude was small even in
those studies that did (Supporting Information). Furthermore,
in nearly all cases, results from supplemental analyses that
removed this non-independence are similar to those presented
in the main text (Supporting Information). Across studies,
estimates from the same species or from closely related species
can also be correlated. We did not directly incorporate a phy-
logeny in our analyses because of the very sparse representa-
tion at intermediate levels of taxonomic resolution (e.g. little

replication within genera, family, or orders). Instead, we
included random effects for species and class (e.g. mammalia,
ave, insecta), which were the higher levels of taxonomic reso-
lution with the best replication.
To first estimate the overall mean proportion of phenotypic

variance determined by maternal effects and by additive
genetic effects, we used random-effects models that included
each estimate of m2 or h2 as the response and the random-ef-
fects structure described above. Then, to compare the strength
of maternal effects among the potential sources of heterogene-
ity, we fit separate mixed-effects models for each of the fol-
lowing comparisons: among trait types; between species with
vs. without maternal care; among life stages; between verte-
brates and invertebrates; between the sexes; between livebear-
ing and egg-laying animals; and between amniotes and
anamniotes. Here, each estimate of m2 or h2 was included as
the response, the comparison was modelled as a single fixed
effect, and the random effects were as described above. As ‘fit-
ness’ is a feature of the entire life cycle, we did not assign
these estimates to any one life stage, and we therefore do not
include them in any comparisons among life stages. Moreover,
there were only three total estimates for ‘performance traits’
(e.g. swimming speed), and we did not include these in any
comparison among trait types. Finally, to test for differences
in the ontogenetic declines of maternal effects among trait
types and between species with and without maternal care, we
conducted mixed-effects models with fixed effects that
included either (1) trait type, life stage and their interaction;
or (2) maternal care status, life stage and their interaction.
Because embryonic traits were poorly represented across
groups, we only considered juvenile and adult traits for these
ontogenetic decline analyses.
To assess the sensitivity of our results to different analytical

approaches, we conducted two sets of supplemental analyses.
First, because sample-size-weighted analyses such as ours can
produce upwardly biased estimates (Morrissey 2016), we con-
ducted ‘formal’ meta-analyses on estimates of m2 and h2 for
which measurement error was directly reported. We report
these analyses in the Supporting Information because this
subset of the data set was quite small (37% of estimates),
and because formal meta-analytic techniques can also be
biased when each estimate’s magnitude and measurement
error are correlated (Hamman et al. 2018) – as is the case
here (m2: r = 0.257, t285 = 4.50, P < 0.001; h2: r = 0.261,
t285 = 4.57, P < 0.001). Nonetheless, results from the formal
meta-analyses were similar to those of the analyses reported
in the main text (Supporting Information; Tables S8, S9).
Second, some of the 151 studies reported checking the
significance of VM and removing it when non-significant
(29.9% of all estimates). This practice is questionable because
it inflates estimates of VA (Kruuk & Hadfield 2007) and
researchers rarely remove VA when it is non-significant. Nev-
ertheless, we also performed analyses where we included these
non-significant, unreported m2 estimates as 0’s. While the
inflated number of 0’s reduced the estimated-marginal means
relative to the analyses reported here, the qualitative patterns
were the same (Tables S10, S11). Further supporting the
exclusion of these unreported estimates, Egger’s regressions
on models reported in the main text showed no evidence of
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publication bias for m2 (see Supporting Information;
Table S12).

RESULTS

Across 770 estimates of m2 from 116 studies, 64 species and 9
classes, maternal effects determined 10.8% of all phenotypic
variance (95% confidence range, hereafter: 8.6–13.3%). Additive
genetic effects explained 21.6% of the variation (16.8–26.7%;
Fig. 1). Although publication bias was implicated for some anal-
yses of h2 (Table S13; but not m2, Table S12), this synthetic aver-
age is similar to others derived from animal-model studies (e.g.
~30%, Postma ; ~10–30%, Wood et al. 2016).
Because mothers may control some offspring traits more

than others, we compared the strength of maternal effects
among types of traits. As predicted, there are differences
(F5,723.8 = 10.2, P < 0.001). In general, maternal effects are
stronger on morphology than on most other types of traits.
Maternal effects also tend to be stronger on phenology than
other trait types, though none of these pairwise differences
were significant (Fig. 2a; Table S4).
We continued by examining if maternal effects tend to

explain more phenotypic variance in species with maternal
care. However, there was no average difference between these
groups (F1,48.8 = 2.0, P = 0.159; Fig. 2b).
We next tested the hypothesis that maternal effects weaken

across the offspring life cycle. Maternal effects indeed differ
among life stages (F2,431.9 = 22.7, P < 0.001), exhibiting
greater influence over juvenile than adult traits (Fig. 2c,
Table S4). In contrast, this analysis also showed stronger
maternal effects on juvenile traits than embryonic traits
(Fig. 2c, Table S4).
No significant differences were observed between inverte-

brates and vertebrates (F1,105.3 = 1.2, P = 0.272, Fig. 2d),
between males and females (F1,223.4 = 1.5, P = 0.227; Fig. 2e),

between livebearing and egg-laying animals (F1,26.4 = 0.2,
P = 0.692, Fig. 2f) or between amniotes and anamniotes
(F1,48.1 = 2.2, P = 0.146, Fig. 2g).
Finally, we explored the extent to which maternal effects

weaken across the offspring life cycle among trait types and
between species with vs. without prolonged maternal care.
Ontogenetic declines in the strength of maternal effects were
only significant for morphology, life history and phenology
(life stage 9 trait type interaction: F4,666.8 = 7.7, P < 0.001;
Table S5 for post hoc tests). In contrast, maternal effects did
not weaken across the offspring life cycle for physiology or
behaviour (Fig. 3a; Table S5). Additionally, ontogenetic decli-
nes in the strength of maternal effects were larger in species
with prolonged maternal care than in species without
(F1,362.2 = 4.6, P = 0.033; Fig. 3b; Table S5).

DISCUSSION

Although maternal effects are known to underlie ecological
and evolutionary processes in some remarkable cases (Sinervo
1990; Agrawal et al. 1999; Badyaev et al. 2002; Sheriff et al.
2010), their general contribution to phenotypic variation
remains unclear. Drawing on a large database of quantitative
genetic estimates from animal populations, we provide the
most comprehensive synthesis of the strength of maternal
effects to date. Overall, our analyses reveal that maternal
effects determine half as much phenotypic variance within ani-
mal populations as do additive genetic effects. Though sub-
stantial variation in the magnitude of these estimates remains
to be explained (Tables S14-S20), maternal effects appear
strongest on morphological and phenological traits, and tend
to be strongest in the juvenile stage. Given the role of stand-
ing genetic variation in ecological and evolutionary processes
(Barrrett & Schluter 2008), the observed strength of maternal
effects relative to additive genetic effects suggests that mater-
nal effects could indeed have broad impacts.

Limitations

To understand the importance of maternal effects, researchers
typically explore either the total phenotypic variance deter-
mined by maternal effects or the consequences of particular
non-genetic mechanisms by which mothers govern the traits
of their offspring (McAdam et al. 2014). Here, we synthesised
the variance-partitioning approach, which estimates the total
impact of the many proximate mechanisms (provisioning, hor-
mones, epigenetics) by which mothers influence their off-
spring’s phenotypes. However, in light of some of the patterns
that we observed, estimating and synthesizing the contribu-
tions of different proximate maternal effects across a broad
range of taxa remains vital (e.g. for avian-focused examples,
see Gorman & Williams 2005; Gil et al. 2007; Bentz et al.
2016). It is also important to note that the variance-partition-
ing approach synthesised here may not capture every non-ge-
netic maternal influence on offspring (McAdam et al. 2014).
Because each estimate of VM is derived from the consistent
effect that individual mothers have on all of their offspring,
m2 underestimates the contribution of maternal effects that
increase the variance among siblings (e.g. Badyaev et al.
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2002). Likewise, when a single VM is estimated using siblings
across different cohorts, the impact of maternal effects may
be underestimated if different mothers experience and respond
to each year’s environment in exactly the same way. The
strength of maternal effects reported here is thus likely to be
conservative. Moreover, important proximate maternal effects
are stronger in plants than animals (e.g. transgenerational
chromatin marking; Hu & Barrett 2017). Our estimates for
the cumulative influence of maternal effects should therefore
be viewed as conservative for the broader diversity of eukary-
otes as well. Nevertheless, as these conservative estimates are
still substantial relative to additive genetic effects on the same
traits, our results indicate that maternal effects are an impor-
tant source of phenotypic variation.

Variation in the strength of maternal effects

Mothers can greatly control some offspring phenotypes, such
as morphology and phenology (Mousseau & Dingle 1991;

Bernardo 1996b). Indeed, maternal effects on these traits are
of similar strength to the corresponding additive genetic
effects (Fig. 2a). The effect of maternal provisioning offers
one appealing explanation for these patterns because its pro-
nounced influence on offspring body size and the energetic
reserves may govern subsequent morphological variation and
the timing of key developmental events (i.e. phenology; Ber-
ven & Chadra 1988; Bernardo 1996b). Other proximate
maternal effects, such as hormone transfer, also control
aspects of the offspring phenotype (Love et al. 2013), but may
not influence any particular type of trait as strongly as mater-
nal provisioning acts on morphology and phenology. Disen-
tangling the relative influence of different proximate maternal
effects remains necessary, but our analysis indicates that
maternal effects are likely to have their greatest ecological and
evolutionary significance on morphology and phenology.
An earlier review of morphological and behavioural traits in

hybrids suggested that post-hatching or post-parturition
maternal care is the most important proximate maternal effect
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(Reinhold 2002). As maternal effects are not stronger in spe-
cies with prolonged care than without, our findings do not
support this contention. If animals share most other proxi-
mate maternal effects irrespective of whether or not they pro-
vide care (e.g. hormones, chromatin marking), it would be
somewhat surprising that species that also have prolonged
interactions with offspring after hatching or parturition do
not exert greater average control over offspring phenotypes.
Thus, rather than acting additively, it is plausible that the
effects of prolonged care mask, or even trade off with, the
effects of other proximate maternal effects (Williams 1994;
Monteith et al. 2012). Alternatively, because mothers often
care for their offspring unequally (Mock et al. 2011; Caro
et al. 2016), maternal care may generate as much or more
phenotypic variation within families as it does among them.
Nonetheless, our results demonstrate that species without
maternal care have a similar non-genetic impact on offspring
traits as do species with prolonged care.
Theory also predicts that maternal effects should weaken

across ontogeny. Consistent with this, maternal effects are
weaker on adult traits than juvenile traits. Several explana-
tions for this pattern seem plausible. Encountering more envi-
ronments throughout ontogeny is thought to inflate the total
phenotypic variance, and then, even if the absolute strength of
maternal effects persists through time, their relative contribu-
tion simply becomes smaller (Mousseau & Dingle 1991; Wil-
son & R�eale 2006). All else being equal, this phenomenon
should also depress the proportional contribution of additive
genetic effects (Houle 1992). As we did not find such declines
in additive genetic effects, this explanation seems unlikely.
Rather than the compounding of environmental effects, hor-
monal or other transcriptional shifts during reproductive mat-
uration may curtail the importance of most maternal effects
but not genetic effects. However, direct tests of this hypothesis
remain necessary. In contrast to expectations of overall onto-
genetic declines, there was also evidence for stronger maternal
effects on juvenile than embryonic traits, though this effect

was not found in all analyses (Supporting Information). More
estimates of m2 on embryonic traits are therefore needed to
better understand these patterns. Finally, although weaker on
adult than juvenile traits, maternal effects still explain a non-
trivial amount of adult phenotypic variation (cf. Møller &
Jennions 2002). This rejects the common assertion that mater-
nal effects in adulthood are unimportant, showing instead that
maternal effects can significantly contribute to the adult phe-
notype.
While stronger on juvenile traits than adult traits, there was

also substantial variation in the extent to which maternal
effects weakened across the offspring life cycle. For instance
we predicted that life-history traits would show the largest
ontogenetic declines in maternal effects due to their greater
environmental sensitivity (Houle 1992). However, ontogenetic
declines were similar for morphology, life-history and phenol-
ogy, but were much smaller or non-existent for physiology
and behaviour. Maternal effects also only weakened across
ontogeny in species with post-hatching or post-parturition
maternal care. The effect of maternal provisioning, which may
disproportionately influence some traits and may be particu-
larly influential in species with maternal care, again offers a
unifying explanation. Whereas hormone or epigenetic trans-
mission can regulate offspring gene expression throughout an
individual’s lifetime (Love et al. 2013; Hu & Barrett 2017), the
influence of maternal provisioning may diminish after invest-
ment is ceased (Janzen & Warner 2009; Svanfeldt et al. 2017;
but see Moore et al. 2015). This could lead to the larger decli-
nes in the strength of maternal effects across ontogeny for
these trait types and taxa. It is also intriguing that maternal
effects influence adult traits as greatly as they do juvenile
traits for physiology and behaviour, as well as in species with-
out prolonged maternal care. In this broad range of condi-
tions, adult selective pressures may therefore be an
overlooked factor shaping the evolutionary significance of
maternal effects (see also Coulson et al. 2003; Warner & Shine
2008; Marshall & Monro 2012; Moore et al. 2015).
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The evolutionary consequences of maternal effects

When maternal effects themselves have a heritable compo-
nent, they increase the offspring trait’s total genetic variation
and, thus, its ability to respond to selection (e.g. McFarlane
et al. 2015). For example, even if an individual’s genotype
does not influence its size at hatching, a selective advantage
for mothers with genes that produce larger eggs will promote
the evolution of larger hatchlings (Wolf et al. 1998).
Although the paucity of estimates of ‘maternal genetic effects’
limits our understanding of genetic variation in maternal
effects, the ubiquity of gene 9 environment interactions
(West-Eberhard 2003) suggests a heritable component should
exist for most maternal effects (Kruuk et al. 2008; Bondurian-
sky & Day 2009). In such cases, our analyses indicate that
maternal effects may boost the average trait’s total genetic
variation by up to 50% (Fig. 1) – a large increase in its evo-
lutionary potential (Hoffmann et al. 2016; but see Houle
1992). However, the rate and even direction of any ensuing
response to natural selection depends on the association
between the direct genetic effects and the maternal genetic
effects (‘direct-maternal genetic covariance’; Kirkpatrick &
Lande 1989; R€as€anen & Kruuk 2007). When direct genetic
effects are positively associated with maternal genetic effects,
as when genes for greater maternal provisioning are physi-
cally or pleiotropically linked with those for faster growth
(K€olliker et al. 2000; McAdam et al. 2002), the additional
genetic variation contributed by maternal effects should expe-
dite adaptation. Conversely, when direct-maternal genetic
covariances are negative (e.g. Wilson et al. 2005), large mater-
nal effects can impede responses to selection or even guide
them in non-intuitive directions (Kirkpatrick & Lande 1989;
Bonduriansky & Day 2009). As direct-maternal genetic
covariances tend to be negative in domesticated animals (Wil-
son & R�eale 2006), this latter scenario may be common if
wild populations are similar.
Beyond modifying the evolutionary potential of offspring

phenotypes, maternal effects can themselves evolve such that
mothers facultatively adjust offspring traits to match the
future environment (Mousseau & Fox 1998; Marshall &
Uller 2007). For such effects to arise, theory predicts that:
(1) maternal effects must substantially influence offspring
traits; (2) there must be some underlying genetic variation in
the maternal effect; (3) aspects of the maternal environment
must reliably predict the offspring environment; and (4) nat-
ural selection on offspring must be strong (Kuijper & Hoyle
2015; Walsh et al. 2016). Our findings indicate that the first
condition will commonly be met. However, our analysis can-
not reveal if most maternal effects are currently adaptive. As
a recent meta-analysis found only modest experimental sup-
port for adaptive maternal effects as a general phenomenon
(Uller et al. 2013, but see Burgess & Marshall 2014), the
maternal effects documented here might primarily act as pas-
sive conduits of environmental variation from one generation
to the next (Bonduriansky & Day 2009). Nevertheless, when
the maternal environment predicts the offspring environment,
selection on the considerable phenotypic variation deter-
mined by maternal effects should favour their adaptive evo-
lution. Exploring the genetic (McAdam et al. 2014) and

environmental (Marshall & Monro 2012; Tschirren et al.
2014; Moore et al. 2016) factors that promote and/or limit
the evolutionary origins and maintenance of adaptive mater-
nal effects will remain an exciting area for inquiry (e.g.
Walsh et al. 2016).

CONCLUSIONS

We have provided the most comprehensive estimate of the
strength of maternal effects to date. If we begin with the pre-
mise that standing genetic variation is an important contribu-
tor to phenotypic diversity within and among animal
populations (Barrrett & Schluter 2008), then our findings indi-
cate that maternal effects should also be seen as an influential
source of phenotypic variation. Our results show that mater-
nal effects have their greatest influence on offspring morphol-
ogy and phenology and are most important in the juvenile life
stage. Many factors likely underlie these patterns, and explor-
ing the relative importance of different proximate maternal
effects (e.g. provisioning, hormones) will provide insight into
why some types of traits and life stages are influenced more
than others (e.g. Pick et al. 2016). Although much remains to
be discovered, this study ultimately indicates that maternal
effects have the potential to shape many ecological and evolu-
tionary processes.

ACKNOWLEDGEMENTS

Feedback from S. Diamond, L. Chick, members of the Martin
and Diamond labs, J. Chase, S. Nakagawa, and several anony-
mous referees improved the manuscript. MPM was funded in
part by the Murray State University Graduate Innovation
Assistantship and a GAANN fellowship via Case Western
Reserve University during various stages of this project.

AUTHORSHIP

MPM and HHW conceived the study. MPM designed the
study and collected the data. MPM and RAM analysed the
data. MPM wrote the manuscript with input from HHW and
RAM.

DATA AVAILABILITY STATEMENT

Data available from the Dryad Digital Repository (https://
doi.org/10.506/dryad.360v97q).

REFERENCES

Agrawal, A.A., Laforsch, C. & Tollrian, R. (1999). Transgenerational

induction of defences in animals and plants. Nature, 401, 60–63.
Badyaev, A.V., Hill, G.E., Beck, M.L., Dervan, A.A., Duckworth, R.A.,

McGraw, K.J. et al. (2002). Sex-biased hatching order and adaptive

population divergence in a passerine bird. Science, 295, 316–318.
Barrrett, R.D.H. & Schluter, D. (2008). Adaptation from standing genetic

variation. Trends Ecol. Evol., 23, 38–44.
Bates, D., Maechler, M., Bolker, B. & Walker, S. (2015). Fitting linear

miexed-effects models using lme4. J Stat. Softw., 67, 1–48.
Bentz, A.B., Becker, D.J. & Navara, K.J. (2016). Evolutionary

implications of interspecific variation in a maternal effect: a meta-

analysis of yolk testosterone response to competition. Royal Soc. Open

Sci., 3, 160499.

© 2019 John Wiley & Sons Ltd/CNRS

Letter How important are maternal effects? 7

https://doi.org/10.506/dryad.360v97q
https://doi.org/10.506/dryad.360v97q
.


Bernardo, J. (1996a). Maternal effects in animal ecology. Amer. Zool., 36,

83–105.
Bernardo, J. (1996b). The particular maternal effect of propagule size,

especially egg size: patterns, models, quality of evidence and

interpretations. Amer. Zool., 36, 216–236.
Berven, K.A. & Chadra, B.G. (1988). The relationship among egg size,

density and food level on larval development in the wood frog (Rana

sylvatica). Oecologia, 75, 67–72.
Beyer, J.E. & Hambright, K.D. (2017). Maternal effects are no match for

stressful conditions: a test of the maternal match hypothesis in a

common zooplankter. Funct. Ecol., 31, 1933–1940.
Bolnick, D.I., Amarasekare, P., Ara�ujo, M.S., B€urger, R., Levine, J.M.,

Novak, M. et al. (2011). Why intraspecific trait variation matters in

community ecology. Trends Ecol. Evol., 26, 183–192.
Bonduriansky, R. & Day, T. (2009). Nongenetic inheritance and its

evolutionary implications. Annu. Rev. Ecol. Evol. Sys., 40, 103–125.
Burgess, S.C. & Marshall, D.J. (2014). Adaptive parental effects: the

importance of estimating environmental predictability and offspring

fitness appropriately. Oikos, 123, 769–776.
Caro, S.M., West, S.A. & Griffin, A.S. (2016). Sibling conflict and dishonest

signaling in birds. Proc. Natl. Acad. Sci. USA, 113, 13803–13808.
Coulson, T., Kruuk, L.E.B., Tavecchia, G., Pemberton, J.M. & Clutton-

Brock, T.H. (2003). Estimating selection on neonatal traits in red deer

using elasticity path analysis. Evolution, 57, 2879–2892.
Duckworth, R.A., Belloni, V. & Anderson, S.R. (2015). Cycles of species

replacement emerge from locally induced maternal effects on offspring

behavior in a passerine bird. Science, 347, 875–877.
Dugas, M.B. (2015). Commentary: Parental care and the proximate links

between maternal effects and offspring fitness. Oecologia, 177, 1089–
1092.

Dugas, M.B., Moore, M.P., Martin, R.A., Richards-Zawacki, C.L. &

Sprehn, C.G. (2016). The pay-offs of maternal care increase as

offspring develop, favouring extended provisioning in an egg-feeding

frog. J. Evol. Biol., 29, 1977–1985.
Gil, D., Biard, C., Lacroix, A., Spottiswoode, C.N., Saino, N., Puerta, M.

et al. (2007). Evolution of yolk androgens in birds: development,

coloniality, and sexual dichromatism. Am. Nat., 169, 802–819.
Gorman, K.B. & Williams, T.D. (2005). Correlated evolution of

maternally derived yolk testosterone and early developmental traits in

passerine birds. Biol. Lett., 1, 461–464.
Hamman, E.A., Pappalardo, P., Bence, J.R., Peacor, S.D. & Osenberg,

C.W. (2018). Bias in meta-analyses using hedges’ d. Ecosphere, 9, e02419.

Hoffmann, A.A., Meril€a, J. & Kristensen, T.N. (2016). Heritability and

evolvability of fitness and nonfitness traits: lessons from livestock.

Evolution, 70, 1770–1779.
Houle, D. (1992). Comparing evolvability and variability of quantitative

traits. Genetics, 130, 195–204.
Hu, J. & Barrett, R.D.H. (2017). Epigenetics in natural animal

populations. J. Evol. Biol., 30, 1612–1632.
Janzen, F.J. & Warner, D.A. (2009). Parent-offspring conflict and

selection on egg size in turtles. J. Evol. Biol., 22, 2222–2230.
Kirkpatrick, M. & Lande, R. (1989). The evolution of maternal

characters. Evolution, 43, 485–503.
K€olliker, M., Brinkhof, M.W.G., Heeb, P., Fitze, P.S. & Richner, H.

(2000). The quantitative genetic basis for offspring solicitation and

parental response in a passerine bird with biparental care. Proc. R. Soc.

B, 267, 2127–2132.
Koricheva, J. & Gurevitch, J. (2014). Uses and misuses of meta-analysis

in plant ecology. J. Ecol., 102, 828–844.
Kruuk, L.E.B. (2004). Estimating genetic parameters in natural populations

using the ‘animal model’. Phil. Trans. R. Soc. B, 359, 873–890.
Kruuk, L.E.B. & Hadfield, J.D. (2007). How to separate genetic and

environmental causes of similarity between relatives. J. Evol. Biol., 20,

1890–1903.
Kruuk, L.E.B., Slate, J. & Wilson, A.J. (2008). New answers for old

questions: the evolutionary genetics of wild animal populations. Annu.

Rev. Ecol. Evol. Sys., 39, 525–548.

Kuijper, B. & Hoyle, R.B. (2015). When to rely on maternal effects and

when on phenotypic plasticity? Evolution, 69, 950–968.
Kuznetsova, A., Brockhoff, P.B. & Christensen, R.H.B. (2016). lmerTest:

Tests in linear mixed effects models. R package, version, 2.0-33.

LaMontagne, J.M. & McCauley, E. (2001). Maternal effects in Daphnia:

what mothers are telling their offspring and do they listen? Ecol. Lett.,

4, 64–71.
Lenth, R.V. (2016). Least-Squares Means: The R package lsmeans. J

Stat. Softw., 69, 1–33.
Liberati, A., Altman, D.G., Tezlaff, J., Mulrow, C., Gøtzsche, P.C. et al.

(2009). The PRISMA statement for reporting systematic reviews and

meta-analyses of studies that evaluate health care interventions:

explanation and elaboration. PLoS Medicine, 6, e1000100.

Lindholm, A.K., Hunt, J. & Brooks, R. (2006). Where do all the

maternal effects go? Variation in offspring body size through ontogeny

in the live-bearing fish Poecilia parae. Biol. Lett., 2, 586–589.
Love, O.P., McGowan, P.O. & Sheriff, M.J. (2013). Maternal adversity

and ecological stressors in natural populations: the role of stress axis

programming in individuals, with implications for populations and

communities. Funct. Ecol., 27, 81–92.
Marshall, D.J. & Monro, K. (2012). Interspecific competition alters

nonlinear selection on offspring size in the field. Evolution, 67, 328–
337.

Marshall, D.J. & Uller, T. (2007). When is a maternal effect adaptive?

Oikos, 116, 1957–1963.
McAdam, A.G., Boutin, S., Real�e, D. & Berteaux, D. (2002). Maternal

effects and the potential for evolution in a natural population of

animals. Evolution, 56, 846–851.
McAdam, A.G., Garant, D. & Wilson, A.J. (2014). The effects of others’

genes: maternal and other indirect genetic effects. In: Quantitative

Genetics in the Wild (eds Charmantier, A., Garant, D. & Kruuk,

L.E.B.). Oxford University Press, Oxford UK. pp. 84–103.
McFarlane, S.E., Gorrell, J.C., Coltman, D.W., Humphries, M.M.,

Boutin, S. & McAdam, A.G. (2015). The nature of nurture in a wild

mammal’s fitness. Proc. R. Soc. B, 282, 20142422.

Mitchell, T.S., Warner, D.A. & Janzen, F.J. (2013). Phenotypic and

fitness consequences of maternal nest-site choice across multiple early

life stages. Ecology, 94, 336–345.
Mock, D.W., Dugas, M.B. & Strickler, S.A. (2011). Honest begging:

expanding from signal of need. Behav. Ecol., 22, 909–917.
Møller, A.P. & Jennions, M.D. (2002). How much variance can be

explained by ecologists and evolutionary biologists? Oecologia, 132,

492–500.
Monteith, K.M., Andrews, C. & Smiseth, P.T. (2012). Post-hatching

parental care masks the effects of egg size on offspring fitness: a

removal experiment on burying beetles. J. Evol. Biol., 25, 1815–
1822.

Moore, M.P., Landberg, T. & Whiteman, H.H. (2015). Maternal

investment mediates offspring life history variation with context-

dependent fitness consequences. Ecology, 96, 2499–2509.
Moore, M.P., Riesch, R. & Martin, R.A. (2016). The predictability and

magnitude of life-history divergence to ecological agents of selection: a

meta-analysis in livebearing fishes. Ecol. Lett., 19, 435–442.
Morrissey, M.B. (2016). Meta-analysis of magnitudes, differences and

variation in evolutionary parameters. J. Evol. Biol., 29, 1882–1904.
Mousseau, T.A. & Dingle, H. (1991). Maternal effects in insect life

histories. Annu. Rev. Entomol., 36, 511–534.
Mousseau, T.A. & Fox, C.W. (1998). The adaptive significance of

maternal effects. Trends Ecol. Evol., 13, 403–407.
Mousseau, T.A. & Roff, D.A. (1987). Natural selection and the

heritability of fitness components. Heredity, 59, 181–197.
Mousseau, T.A., Uller, T., Wapstra, E. & Badyaev, A.V. (2009).

Evolution of maternal effects: past and present. Phil. Trans. R. Soc. B,

364, 1035–1038.
Nakagawa, S., Noble, D.W.A., Senior, A.M. & Lagisz, M. (2017). Meta-

evaluation of meta-analysis: ten appraisal questions for biologists.

BMC Biol., 15, 18.

© 2019 John Wiley & Sons Ltd/CNRS

8 M. P. Moore, H. H. Whiteman and R. A. Martin Letter



Noble, D.W.A., Lagisz, M., O’Dea, R.E. & Nakagawa, S. (2017).

Nonindependence and sensitivity in ecological and evolutionary meta-

analyses. Molec. Ecol., 26, 2410–2425.
Pfennig, D.W. & Martin, R.A. (2009). A maternal effect mediates rapid

population divergence and character displacement in spadefoot toads.

Evolution, 63, 898–909.
Pick, J.L., Ebneter, C., Hutter, P. & Tschirren, B. (2016). Disentangling

genetic and prenatal maternal effects on offspring size and survival.

Am. Nat., 188, 628–639.
Postma, E.. (2014) Four decades of estimating heritabilities in wild

populations: improved methods, more data, better estimates. In:

Quantitative genetics in the wild (eds Charmantier, A, Garant, D., &

Kruuk, L.E.B). Oxford University Press, Oxford, UK. pp. 16–33.
R€as€anen, K. & Kruuk, L.E.B. (2007). Maternal effects and evolution at

ecological time-scales. Funct. Ecol., 21, 408–421.
Rasband, W.S. (2012). ImageJ. U.S. National Institutes of Health,

Betheseda, MD.

Reinhold, K. (2002). Maternal effects and the evolution of behavioral and

morphological characters: a literature review indicates the importance

of extended maternal care. J. Hered., 96, 400–405.
Reznick, D.N. (1982). The impact of predation on life history evolution

in Trinidadian guppies: genetic basis of observed life history patterns.

Evolution, 36, 1236–1250.
Royle, N.J., Smiseth, P.T. & K€olliker, M. (2012). The Evolution of

Parental Care. Oxford University Press, Oxford, UK.

Schoener, T.W. (2011). The newest synthesis: understanding the interplay

of evolutionary and ecological dynamics. Science, 331, 426–429.
Sheriff, M.J., Krebs, C.J. & Boonstra, R. (2010). The ghosts of predators

past: population cycles and the role of maternal programming under

fluctuating predation risk. Ecology, 91, 2983–2994.
Sinervo, B. (1990). The evolution of maternal investment in lizards: an

experimental and comparative analysis of egg size and its effects on

offspring performance. Evolution, 44, 279–294.
Svanfeldt, K., Monro, K. & Marshall, D.J. (2017). Dispersal duration

mediates selection on offspring size. Oikos, 126, 480–487.
Tschirren, B., Postma, E., Gustafsson, L., Groothuis, T.G.G. & Doligez,

B. (2014). Natural selection acts in opposite ways on correlated

hormonal mediators of prenatal maternal effects in a wild bird

population. Ecol. Lett., 17, 1310–1315.
Uller, T., Nakagawa, S. & English, S. (2013). Weak evidence for

anticipatory parental effects in plants and animals. J. Evol. Biol., 26,

2161–2170.

Van Allen, B.G. & Rudolf, V.H.W. (2016). Carryover effects drive

competitive dominance in spatially structured environments. Proc. Natl.

Acad. Sci. USA, 113, 6939–6944.
Walsh, M.R., Castoe, T., Homles, J., Packer, M., Biles, K., Walsh, M.

et al. (2016). Local adaptation in transgenerational responses to

predators. Proc. R. Soc. B, 283, 21052271.

Warner, D.A. & Shine, R. (2008). The adaptive significance of

temperature-dependent sex determination in a reptile. Nature, 451, 566–
568.

West-Eberhard, M.J. (2003). Developmental Plasticity and Evolution.

Oxford University Press, Oxford, UK.

Williams, T.D. (1994). Intraspecific variation in egg size and egg

composition in birds: effects on offspring fitness. Biol. Rev., 69, 35–59.
Wilson, A.J. & R�eale, D. (2006). Ontogeny of additive and maternal genetic

effects: lessons from domestic mammals. Am. Nat., 167, E23–E38.
Wilson, A.J., Coltman, D.W., Pemberton, J.M., Overall, A.D.J., Byrne,

K.A. & Kruuk, L.E.B. (2005). Maternal genetic effects set the potential

for evolution in a free-living vertebrate population. J. Evol. Biol., 18,

405–414.
Wilson, A.J., Real�e, D., Clements, M.N., Morrissey, M.M., Postma, E.,

Walling, C.A. et al. (2010). An ecologist’s guide to the animal model. J.

Anim. Ecol., 79, 13–26.
Wolf, J.B., Brodie, E.D., Cheverud, J.M., Moore, A.J. & Wade, M.J.

(1998). Evolutionary consequences of indirect genetic effects. Trends

Ecol. Evol., 13, 64–69.
Wood, C.W. & Brodie, E.D. III (2015). Environmental effects on the

structure of the G-matrix. Evolution, 69, 2927–2940.
Wood, J.L.A., Yates, M.C. & Fraser, D.J. (2016). Are heritability and

selection related to population size in nature? Meta-analysis and

conservation implications. Evol. App., 9, 640–657.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Editor, Shinichi Nakagawa
Manuscript received 7 June 2019
Manuscript accepted 28 June 2019

© 2019 John Wiley & Sons Ltd/CNRS

Letter How important are maternal effects? 9


