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Transgenerational plasticity (TGP) occurs when phenotypes are shaped by the
environment in both the current and preceding generations. Transgenerational
responses to rainfall, CO, and temperature suggest that TGP may play an
important role in how species cope with climate change. However, little is
known about how TGP will evolve as climate change continues. Here, we pro-
vide a quantitative test of the hypothesis that the predictability of the
environment influences the magnitude of the transgenerational response. To
do so, we take advantage of the latitudinal decrease in the predictability of
temperatures in near shore waters along the US East Coast. Using sheepshead
minnows (Cyprinodon variegatus) from South Carolina, Maryland, and Con-
necticut, we found the first evidence for a latitudinal gradient in thermal
TGP. Moreover, the degree of TGP in these populations depends linearly on
the decorrelation time for temperature, providing support for the hypothesis
that thermal predictability drives the evolution of these traits.

1. Introduction

Long-term trends in global temperature pose clear and well-documented
threats to biodiversity [1,2]. Predicting how species will respond is critical to
designing robust conservation and management plans. To date, most research
attention has focused on shifts in species distributions, within-generation
phenotypic plasticity and contemporary evolution as the primary mechanisms
of response (see e.g. [3]). However, recent results suggest that epigenetic inheri-
tance and transgenerational plasticity (TGP) may also play important roles in
how species cope with changes in climate [4-16]. TGP occurs when phenotypic
responses to environmental variables are shaped, in part, by the environment in
preceding generations—in the absence of DNA sequence changes. Although
definitions vary widely, in our usage, TGP is manifest as a significant inter-
action between parent and offspring environments affecting offspring
phenotype and, as such, generalizes well-studied maternal effects [17,18].
Transgenerational responses to climate-relevant variables such as rainfall,
CO; and temperature have been observed across the tree of life [5,15]. However,
it is currently unclear how the capacity for TGP will evolve as climate change
continues. Indeed, there is the considerable current debate over whether epige-
netic phenomena are actually relevant to evolution [19-21]. Although theory
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predicts a range of potential responses (e.g. [22-25]), these dis-
parate models all concur that the degree to which the parent’s
environment predicts that of the offspring is critical in shaping
the evolution of TGP. Transgenerational responses to
predation in Daphnia provide qualitative support for this pre-
diction [26] as does a laboratory study on sticklebacks [8]. In
this paper, we quantitatively test a key theoretical prediction:
that the predictability of the environment influences the mag-
nitude of the transgenerational response. Since environmental
predictability is likely to shift with climate change [27,28], this
comparison is critical to predicting species responses.

Here, we take advantage of a naturally occurring gradient
in predictability to test this theory. The Atlantic coast of the US
exhibits one of the steepest latitudinal gradients in seasonality
in the world [29]. Somewhat less well-known, there is also a
latitudinal gradient in thermal predictability within a growing
season (electronic supplementary material, figure S1): the
autocorrelation in temperature drops off most rapidly at
high latitudes. In the light of this, the available theory predicts
that local adaptation in TGP in response to temperature
on the US East Coast, if it exists, should decrease with
increasing latitude.

To test this hypothesis, we used the sheepshead minnow
(Cyprinodon variegatus) as our model system. Sheepshead
minnows are small estuarine fish found in shallow waters
on the US east coast from MA to FL. Salinas & Munch [4]
showed that sheepshead minnows from Florida exhibit ther-
mal TGP such that the fastest growing offspring at a given
temperature are those whose parents were held at the same
temperature. To test whether a latitudinal gradient in thermal
TGP exists, we quantified thermal TGP in growth and matu-
ration in sheepshead minnows from South Carolina (SC),
Maryland (MD), and Connecticut (CT).

2. Methods

Several hundred wild sheepshead minnows were collected from
tidal ponds in SC, MD and CT and transported to the wet labora-
tory at the Southwest Fisheries Science Center in Santa Cruz, CA.
Location data are provided in the electronic supplementary
material, table S1. Fish were held in the laboratory at 24°C for
at least two months prior to the start of the experiment. Through-
out the experiment, all fish were maintained in 1201 sea tables
with filtered recirculating water at 21 ppt salinity, 14 L:10D
photoperiod, and provided unrestricted food.

At the start of experiment 30 randomly selected breeding pairs
from each population were acclimated over one week to either
26°C or 32°C and thereafter maintained at these temperatures
for up to 45 days. Eggs were collected from each pair after 7, 30
and 45 days of exposure to treatment temperatures. Egg collections
were completed within 4 h of fertilization to minimize exposure to
the parents’ environment. Each clutch was immediately subdivided
into two groups and transferred to 26°C and 32°C. When the fish
were approximately 4 mm on average, up to five larvae from
each half-clutch were transferred to individual rearing containers.
Three sea tables per temperature each housed approximately
30 individuals from each population. Overall numbers for
each population and temperature are given in the electronic
supplementary material, table S1. The individual length was
measured weekly using digital photography (Canon EOS 40D
with 18-55 mm lens). Male sheepshead minnows go through a pre-
dictable sequence of four colour stages as they approach maturity
that is closely tied to investment in gonad development [30].
Each week, colour stage was recorded for all male offspring.

To obtain a continuous estimate of maturation age, we linearly n

interpolated the colour stage time series for each individual.

For each population and egg collection (i.e. the 7-, 30-, and
45-day parent temperature treatment intervals), we tested for
the presence of TGP in growth and maturation. To facilitate com-
parison with previous experiments [4], temperatures were scaled
by the difference between the experimental mean (Tavg) and
pre-trial acclimation (T,..) temperatures, i.e. Tscatea = (T — Tavg)/
(Tavg — Taco), specifically T,ye=29°C and T, =24°C here and
Tavg =29°C and T, =21°C for Salinas & Munch [4]. For consist-
ency with our earlier work, we determined juvenile growth rate
(mm d™") from the change in size over the first eight weeks for
all fish. Time to maturation (males only) was analysed in the
same way, but with individual growth rate included as an
additional covariate.

All analyses used linear mixed-effect models with family ID
as a random effect and were performed in R using Ime4. First, we
fit a model including offspring temperature, parent temperature
and their interaction along with parent lengths and egg diameter
as covariates (e.g. growth ~ Tpar* Toff + Degg + Lsire + Lgam + (11
family), where T\, is the parent temperature, T is the offspring
temperature, D, is the egg diameter, Ly is sire length, Lo is
dam length and (11family) is the random intercept for family).
Including an additional random effect for offspring temperature
(i.e. a family-level reaction norm) did not change any of the
results for the fixed effects for growth. For maturation, where
the sample sizes are much smaller, models with this additional
random effect did not converge. We therefore report results for
the random intercept model only.

Because our main interest is in the interaction between parent
and offspring temperature, effects of egg diameter and parent
size are nuisance covariates. Likelihood ratio tests indicated
that these nuisance covariates did not contribute significantly.
Hence, subsequent evaluations of the temperature effects for
each population and treatment were carried out on the reduced
model, growth ~ Tpa* Toge + (1 | family) using type III SS with
Satterthwaite’s method to approximate the degrees of freedom,
implemented in the R package ImerTest.

The experimental results were combined with field tempera-
ture records for each population to quantitatively assess how the
degree of TGP varies with the predictability of the environment.
We used the first-order interaction of parent and offspring temp-
erature on growth rate and maturation time to quantify the degree
of TGP. To compare the degree of TGP with the predictability of
the environment, temperature data for each region were obtained
from nearby sites in the National Estuarine Research Reserve (see
electronic supplementary material, table S2). Using data from
2008 to 2015, we determined the growing season in each location
as the time interval over which the mean temperature exceeded
21°C and estimated autocorrelation functions for each site. We
calculated the decorrelation time, t;, as the first zero of the
pooled ACF for each region. The decorrelation time measures
the period over which the current temperature is positively cor-
related with future temperatures. In the context of TGP the
decorrelation time provides an upper bound on the length of
the time interval through which the offspring environment can
be predicted by the parental environment. We use the decorrela-
tion time as our index of thermal predictability, though other
indices are certainly possible [31].

To test the hypothesis that the degree of TGP depends on the
predictability of temperature, we re-analysed the experimental
data for SC, MD and CT combined using three models for differ-
ences among populations. Model 1 allowed unconstrained
differences among populations in their response to temperature.
Specifically, we fit growth ~ Ty, * Toge * Pop + (1 | family) with the
factor ‘Pop’ indicating population. Model 2 constrained differ-
ences among populations to be proportional to the decorrelation
time (i.e. the continuous variable decorrelation time replaced the
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Figure 1. Growth versus temperature for each population and parent temperature exposure time. Within each plot, the horizontal axis is the temperature at which
the offspring were reared and the vertical axis is the growth rate over the first eight weeks in mm d™". The points are results for individual fish, with blue and red
indicating that their parents were at 26 and 32°C, respectively. The lines are least-squares regressions fit separately for each parent temperature and are intended as
a visual aid, rather than a formal analysis. Columns indicate results for fish from CT, MD and SC, (a), (b) and (c), respectively; the rows (i—iii) indicate results for the

7-, 30- and 45-day exposure treatments. (Online version in colour.)

factor population, using growth ~ Tpa* Tog* to + (11 family)).
Model 3 treated all populations as identical (i.e. growth ~ Ty, *
Toge + (11 family)). Comparing models 1 and 3 tests whether
there were any significant differences among populations. Com-
paring models 1 and 2 explores whether the population effect
can be adequately explained by the decorrelation time. As an inde-
pendent test of the effect of decorrelation time, we then used
model 2 to extrapolate the degree of TGP in growth for fish
from FL and compared the result to previously collected data
from Salinas & Munch [4].

3. Results

(a) Existence of transgenerational plasticity along the

US East Coast

Egg diameter and parent length did not contribute signifi-
cantly to variation in growth (electronic supplementary
material, table S3). Offspring growth increased significantly
with offspring temperature for fish from all populations
(figure 1; electronic supplementary material, table S4).
Among offspring from the 7-day parent exposure, there were
no significant effects of parent temperature and no significant
interactions between parent and offspring temperatures. That

is, after the parents spent 7 days at their new temperatures,
no population exhibited TGP.

After 30 days of temperature exposure, however, offspring
growth in all three populations exhibited a significant inter-
action between parent and offspring temperature (SC:
interaction (s.e.)=0.11 (0.012), p<0.001; MD: 0.06 (0.014),
p <0.001; CT: 0.04 (0.018), p=0.02), demonstrating a shift in
reaction norms of offspring resulting from temperature experi-
enced by their parents (see electronic supplementary material,
table S4 for further details). Offspring from high (32°C) and
low (26°C) temperature parents grew at rates that differed by
as much as 23.2% (0.31 versus 0.25 mm d ™" at 32°C for fish
from SC) though the magnitude of this effect appears to
decrease with latitude (figure 1d—f; electronic supplementary
material, table S4).

After 45 days of exposure, there were substantial differences
in TGP among populations. The offspring growth rate in SC
remained significantly affected by the interaction of parent
and offspring temperatures (interaction (s.e.)=0.15 (0.035),
p <0.001), while fish from MD and CT exhibited reduced,
non-significant transgenerational effects (figure 1g—i; electronic
supplementary material, table S4). However, relatively few
families produced offspring for this egg collection (electronic
supplementary material, table S3) and the lack of significance
may be due to the relatively small sample sizes. The difference
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Figure 2. Maturation versus temperature for each population and parent temperature exposure time. Within each plot, the horizontal axis is the temperature at
which the offspring were reared and the vertical axis is the interpolated maturation age in weeks. The points are results for individual fish, with blue and red
indicating that their parents were at 26 and 32°C, respectively. The lines are least-squares regressions fit separately for each parent temperature and are intended as
a visual aid, rather than a formal analysis. Columns indicate results for fish from CT, MD and SC, (a), (b) and (c), respectively; the rows (i—iii) indicate results for the

7-, 30- and 45-day exposure treatments. (Online version in colour.)

among populations in the effective duration of TGP is dis-
cussed further below.

Age at maturation also exhibited a strong degree of
TGP, depending on the duration of parental exposure
(figure 2; electronic supplementary material, tables S5 and
S6) and was largely independent of egg diameter, parent
length and offspring growth (electronic supplementary
material, table S5). After 7 days of exposure, there were
no effects of parent or offspring temperature. After 30
days, however, there was a significant interaction between
parent and offspring temperature in all populations
(SC: interaction (s.e.)=-2.90 (0.39), p<0.001; MD: —2.58
(0.34), p<0.001; CT: —=2.76 (0.74), p=0.001). See electronic
supplementary material, table S6 for further details.
After 45 days of exposure, the interaction between parent
and offspring temperature remained significant for fish
from SC (interaction (s.e.)=-4.80 (1.055), p<0.001) and
MD (-2.33 (1.06), p=0.047), but not in CT (-1.12 (0.719),
p=0.16).

We used the parent temperature x offspring temperature
interaction term to quantify the degree of TGP. Doing so,
we found that the degree of TGP depends on the parental
temperature exposure time in a pattern that appears
to change with latitude for both growth (figure 3a) and
maturation (figure 3b).

(b) Latitudinal gradient in transgenerational plasticity

and environmental predictability
To test the hypotheses that the observed latitudinal gradient
in the degree of TGP depends on the predictability of the
environment (as in figure 3), we compared the fit of three
models where (i) population differences are unconstrained,
(ii) the effect of population is linear in the decorrelation
time and (iii) there are no differences among populations.

Comparing models 1 and 3 for growth indicates that there
are significant differences among populations after the 7- and
30-day parent exposures (electronic supplementary material,
table S7). Population differences were no longer significant
at the 45-day exposure, though this may be due to the rela-
tively small numbers of offspring produced during this egg
collection. Comparing models 1 and 2 indicates that the
differences in TGP among populations are well explained
by the differences in decorrelation time (all p>0.88). In
addition, model 2 was significantly better than model 3 indi-
cating that the differences among populations are adequately
modelled as a linear function of the decorrelation time. In
each case, the degree of TGP in growth increases with the
decorrelation time (figure 4). Importantly, further support
for the relationship between environmental predictability
and the degree of TGP (figure 4) comes from extrapolating
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Figure 3. Population differences in the degree of TGP. In each panel, the horizontal axis is the duration of the parent temperature exposure (days) while the vertical
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Figure 4. Degree of TGP versus decorrelation time for each parent exposure time. Within each plot, the horizontal axis is the decorrelation time and the vertical axis
is the degree of TGP and black points are estimates from each of the population and exposure time-specific analyses. The black line is the estimate of the relationship
between the degree of TGP and the decorrelation time fitted to the data for each exposure time with all populations combined; (a), (b) and (c) are for growth rate;
(d), (e) and (f) are for maturation time, and from left to right the columns correspond to the 7-, 30-, and 45-day exposure times. The red points in panels (a) and
(b) are independent estimates for fish from FL (previously published in [4]) that were not used in fitting the model. (Online version in colour.)

this model using the decorrelation time for Florida. The pre-
dictions for both the 7- and 30-day exposures closely match
the degree of TGP reported previously [4].

By contrast, for maturation, populations differ signifi-
cantly only at 45 days (electronic supplementary material,
table S8). The comparison of models 1 and 2 indicates that
population differences in the degree of TGP in the 45-day
exposure is linear in the decorrelation time. However,
although consistent with our results for growth rate, we
note that there were relatively few maturing males from the
45-day exposure, particularly from northern populations.

4. Discussion

There is now a substantial body of theory on the evolution of
TGP spanning several decades (e.g. [22-25]). Although some
models make more nuanced predictions than others, all agree
that the fitness benefits of TGP depend on how much infor-
mation the parents’ environment can provide about the
environment their offspring are likely to face. Based on this,
we hypothesized the existence of a previously unobserved
latitudinal gradient in TGP. The concordance between the
decorrelation time for estuarine temperatures and the
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degree of TGP provides quantitative support for this theory
in natural populations. Moreover, the earlier data for fish
from Florida [4] that were not used in model-fitting provide
independent validation of this relationship.

Studies of TGP have recently been criticized as lacking
sufficient control for selection and early developmental
effects [32]. We note that there was very little adult mortality
that occurred between the 7- and 30-day parent exposures
(for SC, MD and CT parent survival was 95%, 100% and
70%) strongly limiting the possibility for selective mortality
in the parent generation. In addition, the offspring were
handled the same way for each egg collection so that differ-
ences between the 7- and 30-day egg collections cannot be
explained by inadvertent selection on eggs and larvae. We
are therefore reasonably confident in attributing the changes
in offspring growth to the thermal histories of the parents
rather than selective mortality.

Moreover, the response to the parental temperature cue
appears to be tied to the seasonal thermal regime for each
population. Considering that the degree of TGP in growth
changes with parent exposure time in a manner that appears
approximately parabolic in each population (figure 3), fitting
a quadratic model to these estimates allows us to determine
(i) the exposure time required to express the maximum
degree of TGP and (ii) the duration of TGP (i.e. the period
of time over which the degree of TGP is expected to be
greater than 0). Doing so, we find that both the timing/
duration of TGP decreases with latitude from 53/93 days in
SC to 43/63 days and 40/54 days in MD and CT, respectively.
Based on the NERRS temperature data, the duration of the
growing season also decreases sharply with latitude (see elec-
tronic supplementary material, figure S1). The number of
days for which the mean temperature was at or above 21°C
was 209, 184, 116 and 103 for FL, SC, MD and CT, respect-
ively. Although strictly exploratory, the timing and duration
of TGP estimated this way strongly correlated to the duration
of the growing season, r=0.998 and 0.999, respectively
(figure 5). From this, we hypothesize that both environ-
mental predictability and season duration jointly drive the
evolution of TGP, particularly in environments where seaso-
nal variation in the growth of juveniles is an important
determinant of fitness.

Although this has not yet been the subject of theoretical
investigation, the correlation between the duration of the
growing season and the apparent duration of TGP is intui-
tively reasonable: the fitness benefits of programming
offspring for maximal growth at a future temperature must
depend critically on the local environmental regime. In
addition, we should expect the marginal gain from rapid
growth to decrease as parents approach the end of the grow-
ing season. Mortality during the early life history of fishes is
strong size selective [33], suggesting that the observed pattern
of TGP is adaptive. However, there are clearly contexts where
rapid growth is not optimal (e.g. [34]). In fact, many species
on the US East Coast exhibit countergradient variation in
growth (Conover and Present REF), such that populations
from higher latitudes grow faster than low latitude conspeci-
fics at a common temperature. In this light, it is interesting to
note that sheepshead minnows did not display an obvious
latitudinal gradient in growth rate. Clearly, more information
is needed to determine the optimal growth and maturation
schedule for sheepshead minnows from different latitudes.
Nevertheless, this connection between seasonality and TGP
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Figure 5. Timing of TGP versus growing season duration. The horizontal axis
is the duration of the growing season estimated as the number of days for
which the mean temperature was greater than or equal to 21°C, averaged
across the two NERRS sites for each state. The red line indicates the estimated
time at which the degree of TGP is maximized. The blue line indicates the
duration of TGP, defined as the period of time over which TGP is non-zero.
Each was estimated from a quadratic fit to the degree of TGP in growth for
each population provided in figure 3 for each population (except FL). (Online
version in colour.)

highlights the need for a more nuanced theory that incorpor-
ates seasonal environmental variation within generations
(but see [25]).

In addition, these results shed light on an apparent paradox
in the literature on transgenerational effects. Salinas et al. [5]
found that evidence for TGP is distributed across the tree of
life, while a contemporaneous meta-analysis by Uller et al.
[35] concluded that typical effect sizes are close to 0. One resol-
ution to this discrepancy is that the timing and environmental
conditions under which TGP is expressed may be quite specific
and vary considerably among populations. For instance, had
we only measured TGP after a 7-day exposure to different
temperatures, we could only have concluded that TGP does
not exist. In the light of these results, we propose that TGP is
most likely to be relevant over relatively brief intervals during
which survival of offspring can be substantially enhanced by
modified reaction norms. Experiments investigating the exist-
ence of TGP must therefore be carefully designed to reflect
the temporal patterns of environmental variability experienced
by the population being examined.

The existence of a latitudinal gradient in TGP has impor-
tant implications for how species will respond to climate
change. On the one hand, we know that many species can
exhibit TGP, which means that the capacity for rapid, non-
genetic responses to shifts in climate is widespread. On the
other hand, global climate model predictions indicate that
the greatest changes in climate will occur at higher latitudes
(e.g. [36]). If latitudinal gradients in thermal TGP occur in
other species—as predicted implicitly by theory and demon-
strated here for sheepshead minnows—then the capacity for
TGP is likely to be weakest where climate change will be
most severe. While we were previously sanguine about
TGP as a mechanism for coping with climate change [4,5],
we now suspect that the rate at which TGP can evolve to
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match the environment will be critical in determining; its uti-
lity for buffering populations against climate change.

Ethics. All work was approved by the relevant entities.

Data accessibility. The dataset and code are available from the Dryad
Digital Repository: https://doi.org/10.5061/dryad.18931zcx6 [37].
Authors” contributions. S.B.M.: conceptualization, formal analysis, funding
acquisition, project administration, writing-original draft, writing-
review and editing; W.L.: conceptualization, formal analysis, investi-
gation, writing-review and editing; M.W.: writing-review and
editing; T.H.: writing-review and editing; B.A.W.: investigation, writ-
ing-review and editing; M.M.: funding acquisition, writing-review
and editing; S.S.: conceptualization, writing-review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Competing interests. We declare we have no competing interests.

Funding. The work was funded by NSF grant OCE-1130483-004 to
M.M., SBM. and S.S., a Pew Marine Conservation Fellowship to
S.B.M. and NSF grant DEB-14-51931 to M.M.

Acknowledgements. We thank Geraldine Cripe for getting us started
with sheepshead minnows. We are grateful to Hannes Baumann,
Tim Groves, Chris Murray and Gorka Sancho for help collecting
minnows. Numerous people helped maintain the fish for these
experiments including Jo Anne Siskidis, Rebecca White and
Youngrog Lee.

References

1. Urban MC 2015 Accelerating extinction risk from 12.  Guillaume AS, Monro K, Marshall DJ. 2016 24. Hoyle RB, Ezard TH. 2012 The benefits of maternal
climate change. Science 348, 571-573. (doi:10. Transgenerational plasticity and environmental effects in novel and in stable environments.
1126/science.aaa4984) stress: do paternal effects act as a conduit or a J. R. Soc. Interface 9, 2403—2413. (doi:10.1098/rsif.

2. Parmesan C, Yohe G. 2003 A globally coherent buffer? Func. Ecol. 30, 1175-1184. (doi:10.1111/ 2012.0183)
fingerprint of climate change impacts across natural 1365-2435.12604) 25. Leimar 0, McNamara JM. 2015 The evolution of
systems. Nature 421, 37-42. (doi:10.1038/ 13. Munday PL, Donelson JM, Domingos JA. 2017 transgenerational integration of information in
nature01286) Potential for adaptation to climate change in a coral heterogeneous environments. Am. Nat. 185,

3. Lenoir J, Svenning JC. 2015 Climate-related range reef fish. Glob. Change Biol. 23, 307-317. (doi:10. E55-E69. (doi:10.1086/679575)
shifts—a global multidimensional synthesis and 1111/gch.13419) 26. Walsh MR, Castoe T, Holmes J, Packer M, Biles K,
new research directions. Ecography 38, 15-28. 14. Snyder JT, Murray (S, Baumann H. 2018 Potential Walsh M, Munch SB, Post DM. 2016 Local
(doi:10.1111/ecog.00967) for maternal effects on offspring (O, sensitivities in adaptation in transgenerational responses to

4. Salinas S, Munch SB. 2012 Thermal legacies: the Atlantic silverside (Menidia menidia). J. Exp. predators. Proc. R. Soc. B 283, 20152271. (doi:10.
transgenerational effects of temperature on growth Mar. Biol. Ecol. 499, 1-8. (doi:10.1016/j.jembe. 1098/rspb.2015.2271)
in a vertebrate. Ecol. Lett. 15, 159—163. (doi:10. 2017.11.002) 27. Easterling DR, Meehl GA, Parmesan C, Changnon SA,
1111/j.1461-0248.2011.01721.x) 15. Donelson JM, Salinas S, Munday PL, Shama LN. Karl TR, Mearns LO. 2000 Climate extremes:

5. Salinas S, Brown SC, Mangel M, Munch SB. 2013 2018 Transgenerational plasticity and climate observations, modeling, and impacts. Science
Non-genetic inheritance and changing change experiments: where do we go from here? 289, 2068-2074. (doi:10.1126/science.289.5487.
environments. Non-Genetic Inheritance 1, 38-50. Glob. Change Biol. 24, 13-34. (doi:10.1111/gcb. 2068)

(doi:10.2478/ngi-2013-0005) 13903) 28. Stott P. 2016 How climate change affects extreme

6. Donelson JM, Munday PL, McCormick MI, Pitcher 16.  Donelan SC, Hellmann JK, Bell AM, Luttbeg B, weather events. Science 352, 1517-1518. (doi:10.
CR. 2012 Rapid transgenerational acclimation of a Orrock JL, Sheriff MJ, Sih A. 2020 Transgenerational 1126/science.aaf7271)
tropical reef fish to climate change. Nat. Clim. plasticity in human-altered environments. 29. Baumann H, Doherty 0. 2013 Decadal changes in
Change 2, 30-32. (doi:10.1038/nclimate1323) Trends Ecol. Evol. 35, 115-124. (doi:10.1016/j.tree. the world's coastal latitudinal temperature

7. Donelson JM, Munday PL. 2015 Transgenerational 2019.09.003) gradients. PLoS ONE 8, €6759%. (doi:10.1371/
plasticity mitigates the impact of global warming to ~ 17.  Mousseau TA, Fox CW. 1998 The adaptive journal.pone.0067596)
offspring sex ratios. Glob. Change Biol. 21, significance of maternal effects. TREE 13, 403—407.  30. Lee WS, Mangel M, Munch SB. 2017
2954-2962. (doi:10.1111/gcb.12912) 18. Résdnen K, Kruuk LEB. 2007 Maternal effects Developmental order of a secondary sexual

8. Shama LN. 2015 Bet hedging in a warming ocean: and evolution at ecological time-scales. func. trait reflects gonadal development in male
predictability of maternal environment shapes Ecol. 21, 408-421. (doi:10.1111/}.1365-2435.2007. sheepshead minnows (Cyprinodon variegatus).
offspring size variation in marine sticklebacks. Glob. 01246.x) Evol. Ecol. Res. 18, 531-538.

Change Biol. 21, 4387-4400. (doi:10.1111/gch. 19. Levis NA, Pfennig DW. 2016 Evaluating ‘plasticity- ~ 31. Burgess SC, Marshall DJ. 2014 Adaptive
13041) first” evolution in nature: key criteria and empirical parental effects: the importance of estimating

9. Shama LN, Strobel A, Mark FC, Wegner KM. 2014 approaches. TREE 31, 563-574. environmental predictability and offspring fitness
Transgenerational plasticity in marine sticklebacks: 20. Pigliucd M. 2007 Do we need an extended appropriately. Oikos 123, 769-776. (doi:10.1111/
maternal effects mediate impacts of a warming evolutionary synthesis? Evolution 61, 2743—2749. 0ik.01235)
ocean. Func. Ecol. 28, 1482-1493. (doi:10.1111/ (doi:10.1111/j.1558-5646.2007.00246.x) 32. Kielland @N, Bech C, Einum S. 2017 No
1365-2435.12280) 21, Futuyman DJ. 2017 Evolutionary biology today and evidence for thermal transgenerational plasticity

10. Murray CS, Malvezzi A, Gobler CJ, Baumann H. 2014 the call for an extended synthesis. Interface Focus 7, in metabolism when minimizing the
Offspring sensitivity to ocean acidification changes 20160145. (doi:10.1098/rsfs.2016.0145) potential for confounding effects.
seasonally in a coastal marine fish. Mar. Ecol. Prog. 22. Ho MW, Saunders PT. 1979 Beyond neo-Darwinism— Proc. R. Soc. B 284, 20162494. (doi:10.1098/rspb.
Ser. 504, 1-11. (doi:10.3354/meps10791) an epigenetic approach to evolution. J. Theor. Biol. 78, 2016.2494)

1. Schade FM, Clemmesen C, Wegner KM. 2014 573-591. (doi:10.1016/0022-5193(79)90191-7) 33.  Perez KO, Munch SB. 2010 Extreme selection
Within- and transgenerational effects of ocean 23. Bonduriansky R, Crean AJ, Day T. 2012 The in the early lives of fishes. Evolution 64,
acidification on life history of marine three-spined implications of nongenetic inheritance for evolution 2450-2457.
stickleback (Gasterosteus aculeatus). Mar. Biol. 161, in changing environments. Evol. Appl. 5, 192-201.  34. Munch SB, Conover DO. 2003 Rapid growth results

1667-1676. (doi:10.1007/500227-014-2450-6)

(doiz10.1111/j.1752-4571.2011.00213.x)

in increased susceptibility to predation in Menidia

16101707 ‘88T § 05 °Y 20id  qdsi/jeuinol/bio buiysigndAianosiefos H


https://doi.org/10.5061/dryad.18931zcx6
http://dx.doi.org/10.1126/science.aaa4984
http://dx.doi.org/10.1126/science.aaa4984
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1111/ecog.00967
http://dx.doi.org/10.1111/j.1461-0248.2011.01721.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01721.x
http://dx.doi.org/10.2478/ngi-2013-0005
http://dx.doi.org/10.1038/nclimate1323
http://dx.doi.org/10.1111/gcb.12912
http://dx.doi.org/10.1111/gcb.13041
http://dx.doi.org/10.1111/gcb.13041
http://dx.doi.org/10.1111/1365-2435.12280
http://dx.doi.org/10.1111/1365-2435.12280
http://dx.doi.org/10.3354/meps10791
http://dx.doi.org/10.1007/s00227-014-2450-6
http://dx.doi.org/10.1111/1365-2435.12604
http://dx.doi.org/10.1111/1365-2435.12604
http://dx.doi.org/10.1111/gcb.13419
http://dx.doi.org/10.1111/gcb.13419
http://dx.doi.org/10.1016/j.jembe.2017.11.002
http://dx.doi.org/10.1016/j.jembe.2017.11.002
http://dx.doi.org/10.1111/gcb.13903
http://dx.doi.org/10.1111/gcb.13903
http://dx.doi.org/10.1016/j.tree.2019.09.003
http://dx.doi.org/10.1016/j.tree.2019.09.003
http://dx.doi.org/10.1111/j.1365-2435.2007.01246.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01246.x
http://dx.doi.org/10.1111/j.1558-5646.2007.00246.x
http://dx.doi.org/10.1098/rsfs.2016.0145
http://dx.doi.org/10.1016/0022-5193(79)90191-7
http://dx.doi.org/10.1111/j.1752-4571.2011.00213.x
http://dx.doi.org/10.1098/rsif.2012.0183
http://dx.doi.org/10.1098/rsif.2012.0183
http://dx.doi.org/10.1086/679575
http://dx.doi.org/10.1098/rspb.2015.2271
http://dx.doi.org/10.1098/rspb.2015.2271
http://dx.doi.org/10.1126/science.289.5487.2068
http://dx.doi.org/10.1126/science.289.5487.2068
http://dx.doi.org/10.1126/science.aaf7271
http://dx.doi.org/10.1126/science.aaf7271
http://dx.doi.org/10.1371/journal.pone.0067596
http://dx.doi.org/10.1371/journal.pone.0067596
http://dx.doi.org/10.1111/oik.01235
http://dx.doi.org/10.1111/oik.01235
http://dx.doi.org/10.1098/rspb.2016.2494
http://dx.doi.org/10.1098/rspb.2016.2494

Downloaded from https://royal societypublishing.org/ on 12 May 2021

35.

menidia. Evolution 57, 2119-2127. (doi:10.1111/j.
0014-3820.2003.th00389.x)

Uller T, Nakagawa S, English S. 2013 Weak evidence for
anticipatory parental effects in plants and animals.

J. Evol. Biol. 26, 2161-2170. (doi:10.1111/jeb.12212)

36. Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS,
Ghalambor CK, Haak DC, Martin PR. 2008 Impacts
of climate warming on terrestrial ectotherms across
latitude. Proc. Natl Acad. Sci. USA 105, 6668—6672.
(doiz10.1073/pnas.0709472105)

37. Munch SB, Lee WS, Walsh M, Hurst T, Wasserman n

BA, Mangel M, Salinas S. 2021 A latitudinal
gradient in thermal transgenerational plasticity and
a test of theory. Dryad Digital Repository. (doi:10.
5061/dryad.18931zcx6)

16101707 ‘88T § 05 °Y 20id  qdsi/jeuinol/bio buiysigndAianosiefos


http://dx.doi.org/10.1111/j.0014-3820.2003.tb00389.x
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00389.x
http://dx.doi.org/10.1111/jeb.12212
http://dx.doi.org/10.1073/pnas.0709472105
http://dx.doi.org/10.5061/dryad.18931zcx6
http://dx.doi.org/10.5061/dryad.18931zcx6

	A latitudinal gradient in thermal transgenerational plasticity and a test of theory
	Introduction
	Methods
	Results
	Existence of transgenerational plasticity along the US East Coast
	Latitudinal gradient in transgenerational plasticity and environmental predictability

	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


