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1  | INTRODUC TION

Mothers can affect the phenotype of their offspring through many 
non- genetic means (Badyaev & Uller, 2009). Such maternal effects 
explain, on average, 11% of the phenotypic variance observed in 

natural populations (Moore et al., 2019). This can make maternal 
effects important drivers of ecological and evolutionary dynamics, 
for example, by causing lags in population growth, biasing the dis-
tribution of phenotypes available for selection, or enabling adaptive 
adjustment of offspring phenotype to local conditions (Räsänen & 
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Abstract
Maternal stress during gestation has the potential to affect offspring development 
via changes in maternal physiology, such as increases in circulating levels of gluco-
corticoid hormones that are typical after exposure to a stressor. While the effects 
of elevated maternal glucocorticoids on offspring phenotype (i.e., “glucocorticoid- 
mediated maternal effects”) have been relatively well established in laboratory stud-
ies, it remains poorly understood how strong and consistent such effects are in natural 
populations. Using a meta- analysis of studies of wild mammals, birds, and reptiles, we 
investigate the evidence for effects of elevated maternal glucocorticoids on offspring 
phenotype and investigate key moderators that might influence the strength and 
direction of these effects. In particular, we investigate the potential importance of 
reproductive mode (viviparity vs. oviparity). We show that glucocorticoid- mediated 
maternal effects are stronger, and likely more deleterious, in mammals and vivipa-
rous squamate reptiles compared with birds, turtles, and oviparous squamates. No 
other moderators (timing and type of manipulation, age at offspring measurement, 
or type of trait measured) were significant predictors of the strength or direction of 
the phenotypic effects on offspring. These results provide evidence that the evolu-
tion of a prolonged physiological association between embryo and mother sets the 
stage for maladaptive, or adaptive, prenatal stress effects in vertebrates driven by 
glucocorticoid elevation.

K E Y W O R D S

glucocorticoids, maternal effects, maternal stress, meta- analysis, viviparity

http://www.ecolevol.org
mailto:
https://orcid.org/0000-0003-4901-3809
https://orcid.org/0000-0001-8122-9322
https://orcid.org/0000-0003-1293-5842
http://creativecommons.org/licenses/by/4.0/
mailto:kirstyjmacleod@gmail.com


     |  17239MacLEOD Et aL.

Kruuk, 2007; Uller, 2008, 2012; Wolf & Wade, 2016). Accordingly, 
identifying general patterns of maternal effects in natural popula-
tions is of substantial interest to ecology, evolution, and conserva-
tion biology.

Maternal exposure during offspring development to stimuli that 
elicit a stress response is one potential source of maternal effects 
(Love et al., 2013; Meaney et al., 2007). The physiological response 
to stress exposure in amniotes (mammals, birds, and reptiles) is 
highly conserved (Monaghan, 2014; Taborsky et al., 2021), and as a 
result, maternal stress exposes offspring to elevated glucocorticoids 
(metabolic hormones upregulated in response to stressors as part of 
the hypothalamic– pituitary– adrenal axis [HPA] response [Wingfield 
et al., 1998]). For example, elevated stress/glucocorticoids in avian 
mothers result in increased deposition of glucocorticoids in the yolks 
of their eggs (Hayward & Wingfield, 2004). In live- bearing species, 
such as mammals, circulating glucocorticoids can cross the placenta 
to the developing embryo (Matthews, 2007). Increased exposure to 
glucocorticoids in the prenatal environment can influence numerous 
aspects of offspring phenotypic development, including endocrine 
physiology, behavior, and metabolism (Boersma & Tamashiro, 2015; 
Sapolsky et al., 2000; Sheriff et al., 2017). Such effects, which we 
will term “glucocorticoid- mediated maternal effects,” have been 
suggested to be an important contributor to population dynamics 
and a cause of selection on both mothers and offspring (reviewed in 
Sheriff et al., 2017; Sheriff & Love, 2013).

While glucocorticoid- mediated maternal effects on pheno-
type and fitness of offspring have been relatively well established 
in laboratory studies (Seckl, 2004), it remains poorly understood 
how strong and consistent these effects are in natural populations 
(Sheriff & Love, 2013; Taborsky et al., 2021). Furthermore, the func-
tional consequences of maternal stress, including downstream ef-
fects on offspring via glucocorticoid and other pathways, remain 
controversial (Harris, 2020). While laboratory studies tend to inter-
pret offspring responses to maternal stress/glucocorticoids as neg-
ative for both the mothers and the offspring's fitness, these may be 
negative to offspring only (Marshall & Uller, 2007), or even represent 
active, adaptive, adjustment of morphology, physiology, and behav-
ior to local conditions (Sheriff & Love, 2013). Establishing if there 
are general patterns in the strength and direction of glucocorticoid- 
mediated maternal effects in nature and identifying the ecological 
or life history characteristics that moderate those effects are the 
first steps in promoting a more informed interpretation of their 
evolutionary origin and population consequences. In line with this, 
quantitative meta- analyses have arguably been instrumental for in-
terpreting the ecological and evolutionary consequences of mater-
nal effects more generally (Moore et al., 2019; Sánchez- Tójar, Lagisz, 
et al., 2020; Uller et al., 2013; Yin et al., 2019).

One life history characteristic that has the potential to have par-
ticularly important implications for the scope of both adaptive and 
maladaptive maternal stress effects, including those mediated by 
glucocorticoids, is reproductive mode (e.g., oviparity vs viviparity). 
In viviparous species (where embryonic development takes place in-
side the body of the parent, such as the mammals), embryos typically 

exhibit a much more prolonged physiological association with their 
mother than the embryos of oviparous species (where embryos 
develop in and hatch from externally deposited eggs, such as the 
birds) (Blackburn, 1999). However, the extent to which a prolonged 
fetal– maternal connection promotes maternal effects, and the ef-
fects of prenatal glucocorticoids specifically, is not straightforward. 
On the one hand, the placenta can buffer offspring from increases 
in maternal hormones. For example, 11β- hydroxysteroid dehydro-
genase type 2 (11β- HSD2), an enzyme that converts glucocorticoids 
to inert forms (Seckl, 2004), is an important regulator of glucocorti-
coid bioavailability in fetal tissues across the vertebrates, but high 
expression in placental tissue is an important additional buffer be-
yond endogenous fetal production in viviparous species (Wyrwoll 
et al., 2011). On the other hand, adversity during the prenatal period 
can result in downregulation of these enzymes (Jensen Peña et al., 
2012), resulting in increased embryonic exposure in times of mater-
nal stress relative to normal levels (i.e., where up to 10%– 20% of ma-
ternal glucocorticoids can cross to the fetus in placental mammals; 
Meaney et al., 2007).

While there is a significant potential for prolonged and consider-
able glucocorticoid transfer during development in viviparous species, 
the levels of maternal glucocorticoids deposited in the yolk of ovipa-
rous reptiles and birds are often low (e.g., relative to other steroid hor-
mones; Groothuis & Schwabl, 2008) and can be metabolized in early 
development (Carter et al., 2018; Vassallo et al., 2014). Yet, recent 
research suggests that even metabolized forms of maternally derived 
glucocorticoids may influence offspring neural development and thus 
long- term behavioral traits, via the neurosteroid pathway (Mouton 
& Duckworth, 2021). Despite these clear differences in the possible 
pathways for glucocorticoid- mediated maternal effects between vi-
viparous and oviparous species, there has been no formal assessment 
of the extent to which these result in quantifiable differences in the 
wild. However, predictions about the relative strength and general di-
rection of these effects, from which we might make some inference 
about their benefits or costs, remain to be explicitly tested.

To further our understanding of the effects of maternally de-
rived glucocorticoids in amniotes, we conducted a meta- analysis of 
studies investigating maternal stress effects mediated by glucocor-
ticoid elevation on offspring phenotype in wild mammals, birds, and 
reptiles. We first assess the overall effects of maternally elevated 
glucocorticoids on offspring traits. We then investigate the potential 
influence of a number of key moderators (Table 1). Specifically, we 
quantify the strength of these effects across reproductive modes. 
We first do this across broad taxonomic boundaries (birds, mam-
mals, turtles, squamate reptiles) and then leverage the considerable 
variation in reproductive mode within squamate reptiles (Blackburn, 
2006) to disentangle the effects of reproductive mode from broader 
phylogenetic effects. We also test whether several other life history 
traits and experimental methodology influence the magnitude and 
direction of glucocorticoid- mediated maternal effects: including the 
timing and type of maternal/prenatal manipulation; age at offspring 
measurement; and the type of trait measured. The biological ratio-
nale for these moderators is summarized in Table 1.
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2  | METHODS

We conducted a comprehensive literature search between February 
8 and March 4, 2019, for studies in which amniote mothers (rep-
tiles, mammals, birds) were subjected to an experimental treatment 
designed to test the effects of glucocorticoid- mediated maternal 
effects. We followed the PRISMA statement checklist (Preferred 
Reporting Items for Systematic Reviews and Meta- Analyses (Moher 
et al., 2009); Appendix 1). We searched for papers on ISI Web of 
Science and Scopus (all collections, inclusive of year ranges) using the 
following keyword combinations: transgenerational glucocorticoid/
corti*; anticipatory maternal effect; environmental matching; prena-
tal stress/glucocorticoid/corti*; transgenerational stress mammal/
bird/reptile; maternal corti* bird/mammal/reptile; maternal stress 
wild rodent; maternal glucocorti*; maternal stress effect mammal 
- human - rat - domestic - depression; and maternal stress effect bird/
reptile. We used keyword combinations rather than Boolean search 
strings to increase redundancy and to maximize the number of re-
cords returned. We also made use of the references in major reviews 
(Berghänel et al., 2017; Breuner, 2008; Eyck et al., 2019; Henriksen 
et al., 2011; Podmokła et al., 2018; Schoech et al., 2012; Thayer 
et al., 2018; Veru et al., 2014). We repeated the search protocol in 
October 2020 to include papers published in 2019 and 2020.

Using the web application Rayyan (Ouzzani et al., 2016), du-
plicated studies were removed, and unique abstracts were then 
scanned by the lead author for indications that the study fulfilled 
our basic criteria, which were as follows: (1) eligible studies tested 
the effects of elevated “stress” during development by measuring 
offspring traits; (2) maternal stress treatments included both direct 
manipulations of maternal stress via physiological manipulations, 
such as glucocorticoid administration, and indirect manipulations 
of maternal stress via manipulation of environmental stressors, 

such as predation cues, as well as studies in which embryos were 
directly exposed to signals of maternal stress, such as manipulations 
of yolk hormones, designed to approximate or mimic natural mater-
nal transfer, but; (3) studies in which environmental stressors were 
used instead of direct hormone manipulation were only included if 
the treatment was or had previously been shown to significantly 
elevate maternal glucocorticoids (i.e., by also testing glucocorticoid 
effects or downstream activation of the HPA axis) either in the same 
study or in a different study of the same species referenced in the 
original study; (4) only studies manipulating stress exposure within a 
breeding season were considered (i.e., we included studies in which 
prenatal stress was manipulated during mating/fertilization to ges-
tation and egg laying, but did not include studies where the effects 
of early life stress were tested on later reproduction); and (5) given 
that our primary aim was to understand how maternally derived 
glucocorticoids mediated offspring development in the wild, we 
excluded studies that utilized domesticated or captive populations 
(>1 generation bred in captivity), and we did not include any studies 
conducted on humans. While maternal experience of stress is not 
limited to glucocorticoid elevation, and therefore, there is the poten-
tial for maternal stress effects via other routes (i.e., glucocorticoids 
and "stress" are not synonymous: MacDougall- Shackleton et al., 
2019), we focus specifically on glucocorticoid- mediated maternal 
stress effects for three reasons. First, glucocorticoid elevation is an 
extremely well- studied marker of maternal and prenatal stress in the 
ecological literature (Bonier et al., 2017), resulting in a large number 
of studies available with comparable experimental designs. Second, 
by focusing on one potential mechanistic route by which maternal 
stress effects might influence offspring phenotype, we hope to 
draw conservative and meaningful conclusions across groups that 
may differ in other aspects of the stress response. Third, how steroid 
hormones such as glucocorticoids are transferred to offspring is a 

TA B L E  1   Moderators included in global models testing predictions about glucocorticoid- mediated maternal effects on offspring 
phenotype

Moderator Levels Prediction References

Reproductive mode Oviparous; viviparous Effects— both positive and negative— should be 
stronger in viviparous species due to prolonged 
period of feto- maternal interaction

Meaney et al. (2007), Schatten 
and Constantinescu (2008)

Timing of maternal 
manipulation

Early development; late 
development; throughout 
development

Effects should be stronger when treatment includes 
early development due to high embryonic 
sensitivity at this time

Berghänel et al. (2017)

Manipulation type Ecological stressor; HPA axis 
manipulation

Direct manipulations of the HPA axis may produce 
stronger effects than natural stressors

Sopinka et al. (2015), 
Schoenle et al. (2021)

Age at offspring 
measurement

At/around birth (perinatal); 
juvenile; maturity

Phenotypic effects of prenatal glucocorticoid 
exposure should be strongest early in ontogeny

Moore et al. (2019), Yin et al. 
(2019), Wilson and Réale 
(2006)

Trait category Size/mass; physiology; 
behavior/performance; 
stress response; survival

Effects should be stronger in traits with high levels 
of plasticity to prevailing conditions (size/mass) 
or susceptibility to change via the neurosteroid 
pathway (behavior/performance), or in traits 
relevant to “environmental matching” (physiology, 
in particular stress response). Effects on size/mass 
and survival more likely to be negative.

Kuijper & Hoyle (2015), 
Berghänel et al. (2017), 
Mouton and Duckworth 
(2021)
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key difference between viviparous and oviparous species, and thus 
represents a major mechanism behind an increased scope for both 
positive and negative phenotypic effects of maternal stress on the 
next generation in viviparous species.

Following the above refinement, we ended up with a final list of 
49 eligible papers (see PRISMA in Appendix 1 for full details). To cal-
culate effect sizes, we extracted treatment and control group means, 
sample sizes, and errors (SD) for each trait measured in offspring 
from each of these papers. The traits measured in offspring were 
highly heterogeneous across studies. We predicted that the strength 
and direction of glucocorticoid- mediated maternal effects might dif-
fer depending on the type of trait measured (Table 1). To test this, 
we assigned each trait to a broad grouping category (detailed in 
Appendix 2); namely, traits could be grouped as physiological (e.g., 
hematocrit, lymphocyte count, N = 70 traits); related to behavior 
or performance (e.g., righting response time, time basking, N = 81 
traits); size and mass measurements (N = 155 traits); related to the 
stress response (e.g., baseline glucocorticoid levels, N = 41 traits); 
and lastly, measures of survival (N = 15 traits).

We also extracted study information, including information on 
each moderator (Table 1). This included whether the study species 
was oviparous or viviparous (reproductive mode), the category of 
the trait measured (as described above), and manipulation type (as 
per the above criteria), as well as information on age at offspring 
measurement and timing of maternal manipulation. Age at offspring 
measurement was binned into three categories: perinatal (at or 
within 3 days of birth), juvenile (before maturity), and maturity. To 
attempt to encompass the range of species included (and in particu-
lar, variation in reproductive mode) in a broadly comparable way, we 
binned timing of maternal treatment into three categories: manipu-
lations carried out in early gestation, or in the pre- egg- laying or egg- 
laying period were designated as “early development”; those carried 
out in mid-  to late gestation or during incubation were designated 
as “late development”; and those that continued through multiple 
periods were designated as “throughout development.” Where the 
above values were not presented in the text, data were generated by 
either extracting data from figures using the R package metaDigitise 
(Pick et al., 2018), extracting data from supplementary material, or 
contacting the authors directly. Inability to obtain data resulted in 
the removal of one study (one effect size) and five effect sizes from 
two other studies. In cases where there were multiple controls (e.g., 
an unmanipulated group, and a standardized control such as an oil 
vehicle treatment in experiments where glucocorticoids were ele-
vated using an oil suspension applied cutaneously), the standardized 
control was used (N = 6 studies). Our search keywords and criteria 
targeted studies testing maternal stress (i.e., not paternal or biparen-
tal); however, in a very small number of studies (N = 2) experimental 
manipulations targeted nests or groups rather than individuals so it 
is possible that fathers also experienced increased stress, which may 
have also influenced offspring traits (Chan et al., 2018).

The final dataset comprised 394 individual effect sizes, from 
23 species, and 48 eligible studies. The number of effect sizes was 
similar for birds (6 species, N = 143 traits), mammals (6 species, N = 

110 traits), and reptiles (11 species, 2 turtles, 1 snake, and 8 lizards; N 
= 141 traits). All turtles are oviparous, but there was a roughly equal 
split of oviparous species (4, N = 31 traits) and viviparous species 
(5, N = 87 traits) in squamate reptiles. Together, this resulted in data 
for a total of 197 traits across 11 viviparous species and 197 traits 
across 12 oviparous species being included in our dataset.

2.1 | Statistical analysis

To determine maternal stress effects on offspring traits, we calcu-
lated the effect size using Hedges’ g (i.e., bias- corrected standardized 
mean difference; Nakagawa & Cuthill, 2007) and associated sampling 
variance for each trait in our dataset (N = 394 traits) using the pack-
age metafor (Viechtbauer, 2010) in software R (version 3.5.2.; R Core 
Team, 2018). It has been suggested that increased phenotypic varia-
tion (which influences the potential for selection based on differential 
fitness) is expected under stress (Hoffmann & Hercus, 2000; Sánchez- 
Tójar, Moran, et al., 2020). We therefore also calculated the log coef-
ficient of variation ratio (lnCVR; Nakagawa et al., 2015) and associated 
sampling variance to test for differences in variance between the 
compared groups ( Sánchez- Tójar, Moran, et al., 2020). We used the 
metafor package (version 3.0.2) for all further analysis unless speci-
fied otherwise. To control for phylogenetic effects, we constructed a 
phylogenetic tree specific to our dataset using a synthetic super- tree 
from the Open Tree of Life database (Hinchliff et al., 2015), accessed 
and pruned through the R package rotl (version 3.0.10; Michonneau 
et al., 2016; Appendix 3).

Effect size signs were systematically changed to allow some bio-
logical interpretation in terms of “positive” vs “negative” effects. For 
example, an increase in time taken to learn a simple task or perform 
a righting response represents positive effect sizes with “negative” 
effects, so here the effect size sign was changed to negative (ef-
fect sizes changed for N = 44 traits; all traits, with effect size signs, 
presented in Appendix 2). Where there was ambiguity about the 
assumed benefit of an increase or decrease in a trait value, effect 
size sign was left unchanged (e.g., an increase in metabolic rate, hor-
mone titers, or activity rate may be “positive” in a numerical sense— 
but not necessarily biologically “positive” in the sense of increasing 
offspring fitness). This means that, across all traits, negative values 
mean that offspring from mothers with elevated glucocorticoids 
have lower values— for example, smaller, slower, less active, with re-
duced metabolic rate or growth, relative to control offspring. While 
this is consistent with the authors’ interpretation of the effects on 
offspring fitness, we acknowledge that whether effects on trait val-
ues are truly adaptive or maladaptive is considerably more nuanced 
and likely to depend strongly on context (Marshall & Uller, 2007). To 
be able to draw more robust conclusions about patterns seen in the 
whole dataset, we additionally created a more conservative subset 
of the data where traits were less ambiguous in whether an increase 
or decrease represented a positive or negative outcome based on life 
history theory— for example, in mass, size, or survival measures (all 
traits included in this subset are presented in Appendix 2).
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2.1.1 | Overall effects

To test the strength of glucocorticoid- mediated maternal effects, 
we first constructed a random- effects model with Hedges’ g as the 
response variable. We included study ID as a random effect to con-
trol for non- independence among estimates from the same study 
and an observation- level random- effects term to account for obser-
vational/residual variance. Phylogeny was controlled for by includ-
ing a relatedness matrix derived from the phylogenetic tree (using 
Grafen's method to compute branch lengths) as a random effect in 
the model. As an index of heterogeneity, we assessed the propor-
tion of the total variance (the total of all variance components in a 
model) accounted for by a particular random factor (Nakagawa & 
Santos, 2012). We repeated the same random- effects model using 
the conservative data subset described above. We also repeated this 
model in each taxonomic group (mammals, birds, turtles, squamate 
reptiles), and in each trait category (mass/size, survival, performance 
and behavior, physiology, stress response) to obtain taxa-  and trait- 
specific meta- analytic means. In the turtle data subset, only two spe-
cies were represented (from two studies), so in this model phylogeny 
was not included, and only study was included as a random term as 
this covaried with species.

We conducted sensitivity analyses to further test the influence 
of non- independence of data points from the same study by cal-
culating model coefficients and confidence intervals derived from 
robust variance estimation (Hedges et al., 2010). As robust vari-
ance estimation did not substantially alter effect sizes (see Section 
3), these models are reported in Appendix 4 (A4.1). To test for un-
equal variances between the compared groups (heteroskedastic-
ity), we repeated the above model replacing Hedges’ g with lnCVR 
(with associated sampling variance). There was no evidence that 
variance differed between the compared groups (lnCVR meta- 
analytic mean −0.02 ± 0.04, 95% CI: −0.09, 0.05; p = .53) so we 
do not report variance results further (see Appendix 4.2 for full 
model results).

2.1.2 | Effects of moderators

We next tested the extent to which our moderators of interest 
(Table 1) explained variation in glucocorticoid- mediated maternal 
effects on offspring traits (Hedges’ g). Our global model included 
the following moderator variables: reproductive mode (oviparous/
viviparous); timing of treatment (early/late/throughout develop-
ment); the age at which the offspring trait was measured (at or 
around birth [perinatal], as juvenile, at maturity); trait category 
(size/mass, physiology, behavior/performance, stress response, 
survival); and maternal manipulation type (ecological stressor, HPA 
manipulation). These explanatory variables produced a set of candi-
date models that were then compared using the AICc (the second- 
order Akaike information criterion) in the MuMIN package (version 
1.43.17) (Bartón, 2009), with the lowest AICc value indicating the 

best model fit. A subset of models was generated by calculating the 
difference between the AICc value of the best- fitting model and 
all other models using a cutoff of 2 AICc as the criterion for inclu-
sion in the subset. The relative importance of each variable (sum of 
weights) and model- averaged coefficients (using the zero method, 
i.e., full average assuming that a variable is included in every model) 
were then calculated from this model subset (Burnham et al., 2011). 
We additionally report the top models. Again, we conducted sensi-
tivity analyses by calculating model coefficients and confidence in-
tervals derived from robust variance estimation, both in the global 
and in the derived models. As robust variance estimation did not 
substantially alter the top model subset, or effect sizes in derived 
models (though confidence intervals typically increased), these 
models are reported in Appendix 4.3.

Because we were also interested in how moderators influ-
enced the overall strength of glucocorticoid- mediated maternal 
effects, and because a priori predictions on directionality were 
not always possible, we additionally estimated the absolute value 
of Hedges’ g, (|g|), which we interpret as the “magnitude” of the 
effect size. Large effect sizes represent instances where pre-
natally stressed offspring differ substantially from control off-
spring (in either direction). To do this, we implemented the best 
model from the model subset described above, using a Bayesian 
meta- analytic meta- regression model in R in the MCMCglmm 
package (version 2.28; Hadfield, 2010), with the same random- 
effects structure as previously described. We applied posterior 
distributions of parameters from Gaussian models to the folded 
normal distribution to obtain mean estimates and credible inter-
vals for absolute magnitudes (i.e., “analyze and transform” sensu 
Morrissey, 2016). MCMC chains were run for 510,000 iterations 
with a 10,000 iteration burn- in and a thinning interval of 1000. 
In total across the three chains, we ran 1,500,000 iterations sam-
pling 1500 iterations from the posterior distribution. Credible 
intervals not overlapping each other and the value zero suggest 
statistical significance. Bayesian model coefficients are reported 
in Appendix 4.4.

2.1.3 | Reproductive mode in squamate reptiles

To determine whether or not the influence of reproductive mode 
persisted while controlling for taxonomy, we tested the influence of 
moderators within a subset of the data containing only squamate 
reptiles (N = 118 traits, N = 9 species, N = 20 studies). We produced 
a set of candidate models derived from the same global model and 
using the same random term structure as described above. Again, 
calculating coefficients according to robust variance estimation 
did not alter effect sizes, but increased confidence intervals— this 
model is reported in Appendix 4.5. We followed the procedure de-
scribed above and estimated the magnitude of effect sizes (|g|) by 
implementing the best model from the model subset, using Bayesian 
meta- analytic meta- regression models.
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3  | RESULTS

3.1 | Overall effects of prenatal stress on offspring 
traits

There was an overall negative effect of elevated maternal 
glucocorticoids/“stress” on offspring traits, though this was not 
statistically significant (p = .13; Table 2; Figure 1). Restricting the 
dataset to traits where an increase or decrease in value could be 
more confidently interpreted as having “positive” or”negative” ef-
fects did not change this result (p = .09; Table 2). Heterogeneity 
among data was high (I2Total = 94.9%, Table 2). Including robust vari-
ance estimation (i.e., accounting for covariance of effect sizes and 
associated sampling variance within studies) did not change effect 
sizes but did slightly narrow confidence intervals (Appendix 4.1), 

consistent with heterogeneity being accounted for mostly by re-
sidual variance (I2Obser. = 60.1%) rather than between- study vari-
ance (I2Study. = 6.53%). The overall effect of maternal stress on mean 
offspring traits was closer to neutral when modeled separately in 
each taxonomic group with errors and confidence intervals sub-
stantially overlapping zero, suggesting no influence of taxa on vari-
ation in prenatal stress effects (Table 2). Random- effects models 
in each trait category group also showed average effects closer to 
neutral (Appendix 4.6). Egger's test of the overall model (all taxo-
nomic groups, using the square root of the inverse combined sam-
ple size for each treatment as moderator) showed no significant 
funnel asymmetry (p = .48, Table 2), suggesting a lack of evidence 
for publication bias or other biases in the overall dataset (e.g., “small 
sample” or file drawer effects). There was, however, some evidence 
for funnel asymmetry in the mammalian data subset (Table 2).

TA B L E  2   Results of random- effects meta- analyses models testing the outcomes of glucocorticoid- mediated maternal effects on 
offspring traits (Hedges’ g) overall, in a data subset where positive/negative outcomes are not subjective (see text for details), and in each 
taxonomic group

Effect size group k
Meta- analytic mean ± SE 
[95% CI]

I2 total 
(%)

I2 study 
(%)

I2 species 
(%)

I2 Obs. 
(%) Q test

Egger's test
Est. ± SE [95% CI]

(a) All data 394 −0.23 ± 0.15 [−0.52, 0.06] 94.89 28.27 6.53 60.10 3677 −0.02 ± 0.18 [−0.06, 0.02]

(b) Data subset 233 −0.35 ± 0.20 [−0.75, 0.05] 96.24 50.87 9.86 35.51 2257 −0.03 ± 0.02 [−0.07, 0,02]

(c) Taxonomic groups

(i) Mammals 110 −0.59 ± 0.61 [−1.80, 0.63] 92.87 4.08 64.43 24.36 524 −0.13 ± 0.06 [−0.26, −0.01]

(ii) Birds 143 −0.05 ± 0.10 [−0.23, 0.14] 73.53 21.82 19.32 32.39 415 0.001 ± 0.02 [−0.02, 0.04]

(iii) Turtles 23 0.04 ± 0.09 [−0.14, 0.22] 100 <0.001 NA 100 27.7 −0.58 ± 0.50 [−1.62, 0.45]

(iv) Squamates 118 −0.40 ± 0.82 [−2.03, 1.23] 99.19 <0.001 69.70 29.41 2657 −0.02 ± 0.04 [−0.09, 0.05]

Note: Model heterogeneity (% I2) and the results of Egger's regression tests are also shown.

F I G U R E  1   Orchard plot showing 
overall glucocorticoid- mediated maternal 
effects on offspring traits. Position on 
the x- axis corresponds to effect size value 
(Hedges’ g), with spread on the y- axis 
based on quasi- random noise; point size 
reflects precision, and k indicates number 
of effect sizes (Nakagawa et al., 2021). 
A dashed vertical line marks 0, that is, 
no effects, to allow interpretation of 
direction of effects. Meta- analytical mean 
(estimate and error) is shown as a filled, 
outlined point, and confidence intervals as 
a black bar

k = 394

Intrcpt

−6 −4 −2 0 2 4

Hedge's g

Precision (1/SE) 5 10 15
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3.2 | Effects of moderators

Model comparison using MuMIn resulted in a top model subset con-
taining two models: Both included age at measurement and repro-
ductive mode as predictors with the second model also including 
maternal treatment type (Table 3). The timing of maternal treat-
ment, and the type of trait measured did not appear in any of the top 
models. The sum of weights, indicating relative variable importance 
in the top model subset, was as follows: age at measurement 0.99, 
reproductive mode 0.87, treatment 0.35, timing of treatment 0.16, 
taxonomic group 0.08, and trait measured 0.03. Model- averaged 
parameter estimates (Table 4) and the best model (full results re-
ported in Appendix 4.7) indicate that glucocorticoid- mediated ma-
ternal stress has strong negative effects on offspring in viviparous 
compared with oviparous species (from best model: g viviparous = 
−1.13, CI 95% = −1.94, −0.31; intercept =0.44, CI 95% = −1.15, 2.03; 
Figure 2ai). Absolute effects were also considerably stronger in vi-
viparous compared with oviparous species (|g| viviparous = 0.91, CI 
95% = 0.70, 1.27; oviparous = 0.14, CI 95% = 0.06, 0.54; Figure 2aii). 
Prenatal stress also had stronger negative effects on average when 
traits are measured at birth (Table 4; from best model: g perinatal = 
−0.35, CI 95% = −0.54, −0.16; maturity = 0.24, CI 95% = −0.19, 0.67; 

intercept = 0.44, CI 95% = −1.15, 2.03). Effects on traits measured 
at birth were also moderately stronger compared with effects on 
traits measured in the juvenile stage and at maturity, though there 
was considerable overlap of credible intervals (|g| perinatal = 0.74, 
CI 95% =0.55, 1.29; juvenile = 0.47, CI 95% = 0.28, 1.02; maturity 
= 0.63, CI 95% = 0.33, 1.24). Maternal treatment type (ecological 
stressor vs direct HPA manipulation) appeared in the top model 
subset but was not an important moderator according to averaged 
estimates.

3.3 | Reproductive mode in squamate reptiles

Model comparison using MuMIn resulted in a top model subset 
containing three models: All three contained reproductive mode 
(Table 3). The timing of maternal treatment, and the type of trait 
measured did not appear in any of the top models. The sums of 
weights were as follows: reproductive mode 0.79, age at measure-
ment 0.67, treatment 0.59, timing of treatment 0.11, and trait meas-
ured 0.02. Model- averaged parameter estimates (Table 5) and the 
best model (full results reported in Appendix 4.8) indicate that, as in 
the whole dataset, glucocorticoid- mediated maternal effects have 
particularly negative consequences for offspring in viviparous com-
pared with oviparous squamates (from best model: g viviparous = 
−1.23, CI 95% = −2.27, −0.19; intercept =1.13, CI 95% = −0.23, 2.49; 
Figure 2bi), though the absolute effect of glucocorticoid- mediated 
maternal effects was not significantly different between the two 
groups (|g| viviparous = 1.24, CI 95% =0.89 –  2.70; oviparous = 1.01, 
CI 95% = 0.30– 2.32, Figure 2bii). Maternal treatment type (ecologi-
cal stressor vs direct HPA manipulation) and age at offspring meas-
urement appeared in the top model subset but were not important 
moderators according to averaged estimates (Table 5).

4  | DISCUSSION

Experimental studies demonstrate that glucocorticoid- mediated 
maternal effects can have significant consequences for offspring 
traits in amniotic vertebrates, but the effects are very variable 
(e.g., Agrawal, 2001; Cottrell, 2009; Love et al., 2013; Seckl, 2004; 
Sheriff & Love, 2013; Storm & Lima, 2010; Welberg & Seckl, 2001). 
Here, we demonstrate that these effects are stronger and generally 
likely more negative in viviparous compared with oviparous species. 

Moderator(s) df logLik AICc Delta Weight

(a) All data 1 2 7 −473.34 961.0 0.00 0.67

1 2 3 8 −472.99 962.4 1.39 0.33

(b) Squamates 1 2 3 7 −173.03 361.1 0.00 0.50

1 2 6 −174.70 362.2 1.09 0.29

2 3 6 174.99 362.7 1.67 0.22

Note: Term codes: 1— age at measurement; 2— reproductive mode; 3— treatment type.

TA B L E  3   Subset of top models of 
moderator effects on effect sizes in (a) all 
data, and (b) squamate reptiles based on 
model comparison using AICc with cutoff 
of Δ2AIC

TA B L E  4   Results from model comparison testing moderator 
influence on glucocorticoid- mediated maternal effects

Estimate SE z p

Intercept 0.06 0.15 0.44 .66

Reproductive mode

Oviparous

Viviparous −0.39 0.15 2.62 .01*

Age at offspring measurement

Juvenile

Perinatal −0.34 0.10 3.40 .001**

Maturity 0.12 0.18 0.67 .50

Prenatal treatment

Ecological stressor

HPA manipulation 0.05 0.12 0.40 .69

Note: A top model set was derived from a global model containing all 
moderators using MuMIN. Coefficients from the top model set (<2AICc 
of best model) were averaged using the zero method, that is, full 
average to provide overall estimates.



     |  17245MacLEOD Et aL.

Importantly, the difference between viviparous and oviparous spe-
cies was evident across both amniotes as a whole (mammals and 
viviparous squamates vs. birds, turtles and oviparous squamates) 
and within squamate reptiles. Together, this provides strong evi-
dence that prolonged physiological association between embryo 
and mother is a major determinant of the strength of glucocorticoid- 
mediated maternal effects on offspring phenotype, suggesting hith-
erto undervalued consequences associated with the evolution of 
viviparity.

There was substantial variation in the magnitude and direction 
of trait responses to glucocorticoid- mediated maternal stress. The 
fitness consequences of these responses are difficult to interpret 
on the basis of phenotypic variation alone since they will depend 
on the local environment, and the link to fitness for many traits is 
unclear (e.g., activity or variation in certain behaviors such as groom-
ing, or movement). Thus, it is possible that the variation in effect 
sizes reflect both maladaptive outcomes and adaptive potential of 
glucocorticoid- mediated maternal effects. Together with the high 

degree of effect size heterogeneity in our results (I2Total = 94.9%), 
this suggests that glucocorticoid- mediated maternal effects are very 
dependent on the developmental biology of the species, ecological 
context, and the function of the target traits. This is not surprising, 
but it cautions against interpretation of phenotypic effects in terms 
of adaptive value or negative impact of maternal/prenatal stress 
without substantial additional evidence. Nevertheless, it is notice-
able that there was a bias toward phenotypic effects that are more 
likely to be detrimental based on life history theory, a result that held 
up for a conservative inclusion of traits for which fitness effects may 
be more reliably predicted (e.g., growth and body size, for which a 
negative effect is likely to indeed be “negative” for offspring fitness; 
Roff, 1993). These results are in line with a meta- analysis of devel-
opmental stress across a wider range of taxonomic groups (including 
domesticated and laboratory strains), where there was an over-
all negative effect of more broadly defined developmental stress 
on animal phenotype or performance (posterior mean effect: |d| = 
−0.51; Eyck et al., 2019). However, as this study (Eyck et al., 2019) 

F I G U R E  2   Forest plots showing that there were significantly more negative outcomes of glucocorticoid- mediated maternal effects 
in viviparous relative to oviparous species in (ai) the full dataset and (bi) in squamate reptiles. The magnitude (|g|, i.e., absolute effects) of 
prenatal stress was also stronger in (aii) viviparous species overall, though this effect was not apparent in the squamates (bii)

(a)

(b)
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did not include most of the studies in our dataset (but included many 
laboratory studies of rodents), it is difficult to assess whether the 
effects of prenatal glucocorticoids in amniotes are comparably weak 
in comparison with other forms of developmental stress in animals.

Our results suggest that glucocorticoid- mediated maternal ef-
fects are stronger and generally likely to be more negative than pos-
itive in mammals and viviparous squamate reptiles compared with 
birds, turtles, and oviparous squamates. That the effect of reproduc-
tive mode was substantially stronger and more consistent than other 
life history characters, including within non- avian reptiles, suggests 
that these prenatal effects are strongly shaped by opportunity. 
Indeed, the longer period of interaction between mothers and de-
veloping offspring in viviparous species (Blackburn, 1999; Schatten 
& Constantinescu, 2008) may result in a more consistent exposure 
to glucocorticoids (Meaney et al., 2007). Viviparity also provides a 
greater opportunity for other, indirect, effects of elevated mater-
nal stress or glucocorticoids on offspring. For example, maternal 
stress has been shown to influence female body weight and condi-
tion (De Vos et al., 1995; Klein, 2015); food intake (Cote et al., 2006; 
Osborne, 2015); rates of metabolism (Haase et al., 2016); immune 
function (McCormick et al., 2014); and the capacity of the placenta 
to transport key nutrients and flow- limited substrates (e.g., carbon 
dioxide and oxygen (Mairesse et al., 2007; Myatt, 2006)). All of these 
changes have the potential to mediate offspring development, and 
ultimately phenotype. For example, reduced maternal investment 
as a result of gestational stress is linked to reduced offspring birth 
weight (Berghänel et al., 2017). Note that here, a “negative” effect on 
an offspring trait may be adaptive for the mother (e.g., reduced ma-
ternal investment that promotes her survival and future reproduc-
tion; Roff, 1993). In contrast, although it has been established that 
glucocorticoids and other steroid hormones are passed to eggs by 
mothers in oviparous species, the levels are typically low (Groothuis 
et al., 2005, 2019; Hayward & Wingfield, 2004). Furthermore, 

steroid hormones that are deposited in the egg can be metabolized 
early in life, resulting in rapid (and permanent) declines in hormone 
concentrations during later developmental stages (Paitz & Bowden, 
2009; Paitz et al., 2011; Vassallo et al., 2014). Thus, the level and 
duration of glucocorticoid exposure during development should be 
limited in oviparous species relative to viviparous species.

That the strength and direction of glucocorticoid- mediated 
maternal effects in viviparous squamates appears similar to mam-
mals, whereas oviparous squamates were more similar to birds, 
has some interesting implications for the role of complex placen-
tation in mediating stress responses. In squamates, significant pla-
centotrophy is restricted to skinks (Scincidae), with the majority of 
the 800+ viviparous squamates being lecithotrophic (Blackburn, 
2006; Thompson & Speake, 2006). In the latter, embryonic nutri-
tion is primarily derived from an ovulated yolk, while the placental 
membrane mostly functions as a medium for gas exchange and 
some water and nutrient transport (Blackburn, 1992; Thompson 
& Speake, 2006; Van Dyke et al., 2014). In our dataset, the major-
ity of species are lecithotrophic (82 of the 87 effect sizes associ-
ated with viviparous reptiles; only one study representing a highly 
placentrophic species, Carinascincus ocellatus; Thompson et al., 
2001). While no specific causal mechanisms of prenatal stress 
can be excluded on the basis of these results (see above), the fact 
that we see strong effects in viviparous reptiles suggests that bi-
ologically significant transfer of glucocorticoids from mother to 
offspring occurs in species even with morphologically simple cho-
rioallantoic placentae (Painter et al., 2002).

A prolonged period of feto- maternal interaction is thought to 
result in a suite of important consequences for subsequent evolu-
tion, for example, by increasing the potential for parental– offspring 
and intragenomic conflict (Haig, 2014; Zeh & Zeh, 2000). Our results 
suggest that disruption of endocrine regulation could be a further 
physiological cost of the evolution of viviparity (Painter et al., 2002; 
Uller & Olsson, 2006). However, an extended period of association 
between mothers and offspring, and the capacity for regulatory 
control via the placenta, could also enable more precise adjustment 
of offspring phenotype to “match” local conditions at birth (Uller, 
2008). Additionally, “negative” effects on traits (such as reduced 
body size) could be adaptive in some contexts (e.g., under high pre-
dation pressure, Langerhans, 2009; Riesch et al., 2013). The context 
specificity of fitness outcomes of glucocorticoid- mediated maternal 
effects has rarely been tested, but is crucial to infer whether mater-
nal effects on offspring phenotype are likely to be adaptive (Engqvist 
& Reinhold, 2016; Uller et al., 2013).

While the evolution of complex placentation could be accompa-
nied by more sophisticated mechanisms that regulate interactions 
between mothers and offspring (Blackburn, 1992, 1998), the effects 
in viviparous squamates and mammals were comparable for prenatal 
stress effects. The ubiquity and necessity of glucocorticoids across 
metabolic and developmental processes (Rose & Herzig, 2013; 
Turkay et al., 2012), and the role of maternal- fetal glucocorticoid 
exchange in pregnancy maintenance and parturition (Chida et al., 
2011; Cole et al., 1995; Pepe & Albrecht, 1995), likely selects against 

TA B L E  5   Results from model comparison testing moderator 
influence on glucocorticoid- mediated maternal effects in squamate 
reptiles

Estimate SE z p

Intercept 0.91 0.61 1.49 .14

Reproductive mode

Oviparous

Viviparous −1.13 0.46 2.47 .01*

Age at offspring measurement

Juvenile

Perinatal −0.32 0.24 1.31 .19

Prenatal treatment

Ecological stressor

HPA manipulation −0.38 0.34 1.11 .27

Note: A top model set was derived from a global model containing all 
moderators using MuMIN. Coefficients from the top model set (<2AICc 
of best model) were averaged using the zero method, that is, full 
average to provide overall estimates.
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complete placental buffering in species with complex placentas, po-
tentially explaining the similarity between squamates and mammals. 
This may also explain why we found variation between egg- laying 
and live- bearing species in prenatal stress effects driven by gluco-
corticoids, while there is no general effect of reproductive mode on 
the strength of maternal effects more generally (Moore et al., 2019).

The phenotypic outcomes of glucocorticoid- mediated maternal 
effects appeared to be most strongly negative when offspring were 
measured at or close to birth, while traits measured as juveniles or 
in adulthood were generally neutral. This decline in effect strength 
over ontogeny matches previous work on developmental stress ef-
fects (Berghänel et al., 2017), as well as maternal effects generally 
(Bernardo, 1996; DiBattista et al., 2009; Houde et al., 2013; Lindholm 
et al., 2006; Wilson & Réale, 2006). For example, a meta- analysis of 
770 estimates across 116 studies showed that maternal effects had 
a greater influence over juvenile relative to adult traits (though ma-
ternal effects still explained some adult phenotypic variation: Moore 
et al., 2019). Even where glucocorticoid- mediated maternal effects are 
adaptive (Sheriff & Love, 2013), parental information becomes increas-
ingly less reliable with time and individuals acquire information based 
on their own experience (English et al., 2015; McNamara et al., 2016).

Lastly, our study highlights some useful points about how prena-
tal stress and its consequences are studied. The effects on offspring 
phenotype were, on the whole, stronger/more negative when the 
HPA axis was directly manipulated rather than when mothers were 
exposed to a “natural” stressor. Manipulating only one aspect of the 
stress response may be more effective, but it may also provide an 
unrealistic reflection of how maternal stress mediates prenatal de-
velopment in the wild. For example, glucocorticoid manipulations 
may exceed ecologically relevant ranges, or phenotypic effects may 
be caused by pleiotropic effects of glucocorticoids unrelated to the 
stress responses (MacDougall- Shackleton et al., 2019; Sopinka et al., 
2015). As a result, manipulations of HPA axis may overestimate the 
effects of environmental stressors on offspring (since the effects of 
“natural” stress were weaker on average). On the contrary, it is no-
table that only 14 studies conformed to our criteria that a maternal 
“stressor” treatment had to demonstrate some effect on maternal 
stress physiology. Moving forward, a better integration of physio-
logical data and ecological context is needed to establish the pheno-
typic effects and functional significance of prenatal stress.
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APPENDIX 1

PREFERRED REPORTING ITEMS FOR SYS TEMATIC 
 RE VIE WS AND ME TA- ANALYSE S
Search term combinations used: transgenerational glucocorticoid/
corti*; anticipatory maternal effect; environmental matching; prenatal 

stress/glucocorticoid/corti*; transgenerational stress mammal/bird/
reptile; maternal corti* bird/mammal/reptile; maternal stress wild ro-
dent; maternal glucocorti*; maternal stress effect mammal - human 
- rat - domestic - depression; maternal stress effect bird/reptile.
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APPENDIX 2

TR AIT C ATEGORIE S AND SPECIFIC TR AITS IN E ACH
Traits for which effect size signs were changed (i.e., where an increase in a trait value reflected a negative/detrimental functional outcome) are 
italicized. Traits included in the restricted subset are marked with an X.

Trait category Specific trait Included in subset Studies appeared in

Performance/behavior Number times of righted X 1

Fastest time righting X 1

Righting response time X 2

Tactile response (0/1) 4

Distance traveled 4

Time basking/under shelter 4, 18

Exploratory rate 7

Thigmotaxis rate 7

Sprint speed X 9, 10, 16

Escape behavior 12, 47

Dispersal rate/probability X 13, 19, 20, 21

Dispersal distance 31

Swimming endurance X 14

Latency to resume normal behavior after predator 
cue

14

Time spent moving 18

Likelihood of seeking refuge 21

Time spent scratching in new environment 21

Time active in new environment 21

Begging duration/loudness/max frequency/rate 24, 26, 35, 36

Reversal- to- prone response X 35

Activity 24

Tonic immobility in response to restraint 26

Open field trial responses 37

Maze test responses 37

Time spent alert/foraging/exploring/hiding 40

Contribution to care activities 46

Survival Survival to time point/life history event (e.g., 
dispersal)

X 1, 6, 17, 22, 46

Mass/size Mass X 1, 3, 4, 5, 6, 9, 10, 11, 13, 14, 16, 22, 23, 24, 
25, 26, 29, 30, 31, 32, 33, 34, 36, 37, 39, 
40, 41, 42, 43, 44, 46

Total/body length X 1, 2, 4, 5, 6, 9, 10, 11, 12, 13, 14, 15, 16, 31, 
33, 38, 40, 43

Feather length X 44

Tail length X 42

Limb/wing length X 4, 10

Growth (general, of specific body part) X 3, 4, 22, 23, 26, 29, 31, 42, 47
8, 9, 10, 17, 25, 30, 32, 39, 40

Lean dry muscle mass X 27

Body condition metric X 5, 6, 9, 13, 17, 21, 28, 38, 44

(Continues)
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APPENDIX 2  (Continued)

Trait category Specific trait Included in subset Studies appeared in

Stress response PHA response (stress) X 3, 25, 29

CORT levels (baseline/stress- induced/CORT in 
recovery phase)

X 4, 22, 24, 28, 34, 37, 39, 40, 45, 46, 47

CBG capacity 24

Stress- induced blood glucose 37

ACTH levels 4, 40

Physiology Hematocrit 3

fluctuating asymmetry 15

Antioxidant capacity 23

Oxidative status 23

Heterophil/lymphocyte ratio and counts 24, 37, 41

Breathing rate 24

Antibody response/T- cell response 26

Muscle water/fat content 27

Wing loading 27

Enzyme activity 27

Antibody titer 37, 41

Immune swelling response 37

Blood glucose 37

Organ mass to body mass ratio 40, 41, 44

fosB mRNA expression/protein levels 40

Hormone levels 44

Telomere length/telomerase activity 45, 48

Mitochondrial content 47

DNA methylation 47
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APPENDIX 3

PHYLOG ENE TIC TREE
Created using a synthetic super- tree from the Open Tree of Life database (Hinchliff et al., 2015), accessed and pruned through the R package 
rotl (Michonneau et al., 2016). Major taxonomic groups are separated by color (labeled on right). Viviparous species are indicated with open 
circles as nodes; oviparous species are indicated with filled circles as nodes.
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APPENDIX 4

RE SULTS OF S TATIS TIC AL MODEL S
4.1. Results of random- effects meta- analysis models testing the effect of prenatal stress on (a) mean offspring traits (Hedges’ g) and (b) using 
sensitivity analyses, that is, reporting robust variance estimates with study ID as a cluster

Est. SE t p ci.lb ci.ub

(a) Random- effects models, no sensitivity analysis

Random effects— all taxa −0.23 0.15 −1.54 .13 −0.52 0.06

Mammals −0.59 0.61 −0.96 .34 −1.80 0.63

Birds −0.05 0.09 −0.48 .63 −0.23 0.14

Turtles 0.04 0.09 0.49 .63 −0.14 0.22

Squamates −0.40 0.83 −0.48 .63 −2.03 1.23

(b) Random- effects models with robust variance estimation

Random effects— all taxa 
(48 clusters)

−0.23 0.09 −2.40 .02 −0.42 −0.04

Mammals (9 clusters) −0.59 0.49 −1.21 .26 −1.71 0.53

Birds (17 clusters) −0.05 0.06 −0.82 .43 −0.16 0.07

Turtles (2 clusters) 0.04 0.03 1.47 .38 −0.32 0.41

Squamates (20 clusters) −0.40 0.33 −1.23 .23 −1.08 0.28

4.2. Meta- analysis of variance (lnCVR)

Effect size k
Meta- analytic 
mean ± SE [95% CI] I2 total (%) I2 study (%)

I2 species 
(%) I2 obser. (%) Q test

Egger's test
Est. ± SE [95% CI]

lnCVR 382 −0.02 ± 0.04 
[−0.09, 0.05]

92.41 12.78 <0.001 79.63 4102 0.02 ± 0.01 
[0.004, 0.04]

Mammals 110 0.02 ± 0.11 [−21, 
0.24]

81.96 35.54 <0.001 46.25 666 0.001 ± 0.04 
[−0.08, 0.10]

Birds 141 0.003 ± 0.11 
[−0.21, 0.21]

87.59 9.72 32.41 45.46 980 0.03 ± 0.01 [0.01, 
0.05]

Turtles 23 −0.24 ± 0.15 
[−0.55, 0.07]

89.27 <0.001 <0.001 89.27 170 1.94 ± 0.84 [0.20, 
3.69]

Squamates 108 −0.02 ± 0.06 
[−0.15, 0.10]

96.12 1.56 <0.001 94.56 2243 0.01 ± 0.02 
[−0.03, 0.05]

4.3. Best model testing moderator influence on prenatal stress effects according to model comparison, with coefficients derived from 
robust variance estimation

Estimate SE t p ci.lb ci.ub

Intercept 0.44 0.43 1.04 .30 −0.41 1.30

Reproductive mode

Oviparous

Viviparous −1.13 0.70 −1.62 .11 −2.53 0.28

Age at offspring measurement

Juvenile

Perinatal −0.35 0.13 −2.76 .01* −0.60 −0.09

Maturity 0.24 0.24 1.01 .32 −0.24 0.72

4.4. Bayesian models— analyzing the magnitude of effects in models of interest.
(a) All data (N = 394)
Best model from model comparison (MuMIn) = yi ~ repro mode + age at measurement.
Table showing estimates and confidence intervals (95%) from MCMCglmm— Hedges’ g, and magnitude of effects |g| derived by applying the 

folded normal distribution sensu Morrisey “analyze- then- transform” (Morrissey, 2016).
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Moderator g |g|

Reproductive mode

Oviparous 0.09 (−0.29, 0.52) 0.14 (0.06, 0.54)

Viviparous −0.51 (−1.04, −0.09) 0.91 (0.70, 1.27)

Age at measurement

Juvenile 0.09 (−0.29, 0.52) 0.47 (0.28, 1.02)

Perinatal −0.23 (−0.36, −0.11) 0.74 (0.55, 1.29)

Maturity 0.20 (−0.09, 0.54) 0.63 (0.33, 1.24)

(b) Squamates only (N = 128)
Best model from model comparison (MuMIn) = yi ~ repro mode + age at measurement + treatment type.
Table showing estimates and confidence intervals (95%) from MCMCglmm— Hedges’ g, and magnitude of effects |g| derived by applying the 

folded normal distribution sensu Morrisey “analyze- then- transform” (Morrissey, 2016).

Moderator g |g|

Reproductive mode

Oviparous 0.88 (−0.48, 2.03) 1.01 (0.30, 2.32)

Viviparous −0.91 (−2.15, −0.21) 1.24 (0.89, 2.70)

Age at measurement

Juvenile 0.88 (−0.48, 2.03) 1.23 (0.79, 3.97)

Perinatal −0.44 (−0.77, −0.12) 1.49 (0.75, 3.04)

Treatment type

Ecological stressor 0.88 (−0.48, 2.03) 0.74 (0.27, 4.61)

HPA manipulation −0.50 (−1.19, 0.22) 1.42 (0.95, 5.40)

4.5. Results from model comparison testing moderator influence on prenatal stress effects in squamates, with coefficients derived from 
robust variance estimation. A top model set was derived from a global model containing all moderators using MuMIN. Coefficients from the 
top model set (<2AICc of best model) were averaged (a) to provide overall estimates. The best model is reported (b)

Estimate SE t p ci.lb ci.ub

Intercept 1.13 0.72 1.57 .14 −0.39 2.65

Reproductive mode

Oviparous

Viviparous −1.23 0.84 −1.47 .16 −3.00 0.54

Age at offspring measurement

Juvenile

Perinatal −0.39 0.22 1.77 .10 −0.85 0.07

Prenatal treatment

Ecological stressor

HPA manipulation −0.51 0.37 −1.36 .19 −1.30 0.28

4.6. Random- effects models in each trait category group showing average effects (meta- analytic means). Heterogeneity and overall test of 
moderator (Q test) also reported

Effect size k
Meta- analytic mean 
± SE [95% CI] I2 total (%) I2 study (%) I2 species (%) I2 Obs. (%) Q test

All data 394 −0.23 ± 0.15 [−0.52, 
0.06]

94.89 28.27 6.53 60.10 3677

Trait categories

(i) Mass_size 197 −0.34 ± 0.21 [−0.75, 
0.08]

96.72 56.98 9.96 29.78 1999.48



     |  17259MacLEOD Et aL.

Effect size k
Meta- analytic mean 
± SE [95% CI] I2 total (%) I2 study (%) I2 species (%) I2 Obs. (%) Q test

(ii) Physiology 66 −0.01 ± 0.08 [−0.18, 
0.15]

82.40 <0.001 <0.001 82.40 224.17

(iii) Perform_behav 79 −0.20 ± 0.12 [−0.44, 
0.04]

94.98 <1 <0.001 94.34 1232.55

(iv) Stress_response 37 −0.11 ± 0.28 [−0.68, 
0.45]

87.53 46.76 30.89 9.89 178.91

(v) Survival 15 −0.21 ± 0.18 [−0.59, 
0.17]

64.67 26.17 38.49 <0.001 22.79

4.7 Best model derived from model comparison testing moderator influence on glucocorticoid- mediated maternal effects

Estimate SE t p ci.lb ci.ub

Intercept 0.44 0.80 0.54 .59 −1.15 2.03

Reproductive mode

Oviparous

Viviparous −1.13 0.42 −2.71 .007** −1.94 −0.31

Age at offspring 
measurement

Juvenile

Perinatal −0.35 0.10 −3.54 .0004** −0.54 −0.16

Maturity 0.24 0.22 1.10 .27 −0.19 0.67

4.8 Best model derived from model comparison testing moderator influence on glucocorticoid- mediated maternal effects in squamate 
reptiles only

Estimate SE t p ci.lb ci.ub

(a) Best model

Intercept 1.13 0.69 1.64 .10 −0.23 2.49

Reproductive mode

Oviparous

Viviparous −1.23 0.52 −2.34 .02* −2.27 −0.19

Age at offspring measurement

Juvenile

Perinatal −0.39 0.20 1.94 .06 −0.78 0.01

Prenatal treatment

Ecological stressor

HPA manipulation −0.51 0.29 −1.76 .08 −1.08 0.06


