
P
os

te
d

on
21

A
u
g

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

25
94

10
.0

35
50

77
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

The influence of incubation temperature on offspring traits varies

across northern and southern populations of the American alligator

(Alligator mississippiensis)

Christopher Smaga1, Samantha Bock1, Josiah Johnson1, Thomas Rainwater2, Randeep
Singh2, Vincent Deem3, Andrew Letter3, Arnold Brunell3, and Benjamin Parrott1

1University of Georgia
2Clemson University
3Florida Fish and Wildlife Conservation Commission

August 21, 2023

Abstract

Maternal provisioning and the developmental environment are fundamental determinants of offspring traits, particularly in

oviparous species. However, the extent to which embryonic responses to these factors differ across populations to drive pheno-

typic variation is not well understood. Here, we examine the contributions of maternal provisioning and incubation temperature

to variation in hatchling morphological and metabolic traits across four populations of the American alligator (Alligator mis-

sissippiensis), encompassing a large portion of the species’ latitudinal range. Our results show that whereas the influence of egg

mass is generally consistent across populations, responses to incubation temperature show extensive population-level variation

in several fitness-related traits, including mass, head length, head width and residual yolk mass. Additionally, the influence of

incubation temperature on developmental rate is greater at northern populations, while the allocation of maternal resources

towards fat body mass is greater at southern populations. Overall, our results suggest that responses to incubation temperature,

relative to maternal provisioning, are a larger source of interpopulation phenotypic variation and may contribute to the local

adaptation of populations.

INTRODUCTION:

In oviparous vertebrates, maternal provisioning of nutrients and signaling molecules is critical for proper
development and can be a major determinant of offspring traits (Groothuis et al., 2005; Radder et al., 2007;
Van Dyke and Griffith, 2018). Complex biological and ecological factors, including maternal diet (Royle et al.,
2003; Warner and Lovern, 2014), stress (McCormick, 1998; Saino et al., 2005), and age (Beamonte-Barrientos
et al., 2010; Urvik et al., 2018) can influence the quantity and quality of resources provisioned to embryos
(Moore et al., 2019; Mousseau and Fox, 1998). In addition, components of the developmental environment
can influence how maternal resources are utilized by developing embryos (Brown et al., 2011; Du and Shine,
2022, 2008; Mueller et al., 2015; Shine and Brown, 2002). For example, egg mass is a primary determinant
of hatchling mass (Deeming and Birchard, 2007), but incubation temperature has been shown to modify
the efficiency by which maternal resources are converted into somatic tissue (Bock et al., 2021; Marshall
et al., 2020; Pettersen et al., 2019) and how those resources are allocated to different phenotypes (Flatt,
2001; Telemeco et al., 2010). However, despite the importance of maternal provisioning and incubation
temperature in shaping hatchling phenotypes, the extent to which these factors contribute to trait variation
across populations is not well resolved (but see (Bodensteiner et al., 2019; Orizaola and Laurila, 2016, 2009;
Richter-Boix et al., 2015)).
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Species with broad geographic ranges are likely under selective pressures to maximize fitness under
population-specific ecological conditions, which can include altering embryonic responses to maternal re-
sources and environmental variables (Conover and Schultz, 1995; Kawecki and Ebert, 2004; Merilä et al.,
2000; Orizaola and Laurila, 2009). For instance, in oviparous reptiles, latitudinal differences in the influ-
ence of temperature on incubation duration have been shown to occur across populations (Du et al., 2010a;
Pettersen, 2020). Whereas cooler incubation temperatures slow development, populations from northern lati-
tudes often show counter-gradient variation in incubation duration, developing faster than populations from
more southern latitudes at the same temperatures (Pettersen, 2020). Similarly, high altitude populations of
wall lizards (Podacris uralis ) have been shown to allocate more maternal resources towards somatic tissue
relative to low altitude populations when raised at a common temperature (Pettersen et al., 2023). Howe-
ver, the extent to which populations vary in how maternal provisioning and incubation temperature shape
additional fitness-related traits in taxonomically diverse species remains unclear. Such information is critical
to understand how responses to developmental conditions contribute to adaptive evolutionary change.

In the present study, we test whether embryonic responses to maternal provisioning and incubation tempera-
ture show interpopulation variation by examining several fitness-related traits in a large reptile, the American
alligator (Alligator mississippiensis ). Like many turtles and some lizards, crocodilians display temperature-
dependent sex determination (TSD), in which thermal signals experienced during a discreet developmental
window determine sex, along with additional phenotypic traits (Allsteadt and Lang, 1995; Bock et al., 2021;
Kohno et al., 2014; McCoy et al., 2016): incubations at warmer, male-promoting temperatures (MPT) result
in larger hatchlings with greater residual yolk reserves than those incubated at female-promoting temperatu-
res (FPT). Recent reports demonstrate that temperature sensitive traits, including body mass index (BMI)
and snout-vent length (SVL), correlate with juvenile survival in this species (Bock et al. 2023, preprint;
Johnson et al. 2023), which may contribute to the adaptive significance of TSD (Schwanz et al. 2016; Bock
et al. 2023, preprint). This life history strategy, combined with the unique taxonomic position of crocodilians
relative to other extant vertebrates, makes alligators particularly informative in deciphering how variation in
response to the developmental environment contributes to trait diversity across populations. The alligator’s
range extends from southern Florida to northeastern North Carolina, providing ample opportunity for local
adaptation of phenotypic responses to maternal resources and incubation temperature. Yet, the extent to
which embryonic response to these components of the developmental environment vary across populations
is currently unknown. Here, we use a common garden incubation and grow out design to resolve the relative
influence of egg mass (a proxy for maternal provisioning) and incubation temperature on morphological and
metabolic traits across two northern and two southern populations spanning a large latitudinal portion of
the alligator’s geographic range.

METHODS:

Experimental design and data collection:

In June and July of 2021, 7-8 clutches of alligator eggs were collected from each of four, geographically
distinct populations, including Par Pond on the United States Department of Energy’s Savannah River Site
in Aiken, South Carolina (SR), Tom Yawkey Wildlife Center in Georgetown, South Carolina (YK), Lake
Woodruff National Wildlife Refuge in De Leon Springs, Florida (WO), and Lake Apopka in Apopka, Florida
(AP; Figure 1A). After locating nests by helicopter or airboat, all eggs were removed from a nest cavity
shortly after oviposition. Eggs were placed in plastic bus pans with natal nesting material for transport back
to the University of Georgia’s Savannah River Ecology Laboratory in Aiken, SC, where they were individually
weighed and 1-2 eggs from each clutch were staged according to Ferguson (1985). The remaining eggs were
transferred into new bus pans with dampened sphagnum moss and kept in commercial incubators (model
I36NLC, Percival Scientific, Perry, IA, USA) at 32°C, an intermediate temperature that produces mixed sex
ratios (Lang and Andrews, 1994). During this period, eggs were misted twice daily, and bins were rotated
once daily within each incubator to limit the effect of intra-incubator temperature variation. Incubator
temperatures were also monitored with HOBO TidbiT® v2 Temp Loggers (Onset, Bourne, MA, USA)
placed within bus pans and incubator set temperatures were adjusted daily to maintain a constant 32°C.
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At embryonic stage 15, just prior to the opening of the thermosensitive period of sex determination (McCoy
et al., 2015), eggs from each population were randomly assigned in a split-clutch design to one of two
temperature treatments: a constant MPT (33.5°C) or a constant FPT (29.5°C). Since full clutches were
collected for multiple studies, a random subset of 3-10 eggs/clutch/temperature/site were chosen at this
time to raise until hatch for this experiment. Throughout the entire incubation period, eggs were continually
monitored and incubator temperature set points were adjusted to maintain consistent temperatures.

Once hatchlings pierced the eggshell (“pipped”), the date was recorded, and eggs were placed in glass Mason
jars (one egg/jar) with damp sphagnum moss. Embryos were given 48 hours to hatch from the egg before
being assisted if they did not hatch on their own. Once fully hatched, neonates were weighed using a digital
balance (± 0.01g) and SVL and tail girth at the cloaca (TG) were measured using a flexible ruler (±0.1 mm),
and head length (HL) and head width (HW) were measured using calipers (± 1 mm). Hatchlings were then
individually marked using unique, numbered toe tags and transported to large, indoor, fiberglass holding
tanks where they were maintained under common-garden conditions and natural light cycles for 10-days.
During this period, hatching alligators relied on maternal yolk reserves and were not fed. Water was changed
daily, and hatchlings were monitored twice daily for overall health and survival. At 10-days post-hatch (10-
DPH), hatchlings were remeasured, euthanized via cervical severance and pithing, and dissected to obtain
residual yolk mass and fat body mass. Phenotypes analyzed included morphological traits of mass, BMI, SVL,
TG, HL, and HW at hatch, and metabolic traits including incubation duration (measured in days from stage
15 to pip), change in morphological traits between 10-DPH and hatch ([?] mass [?] BMI, [?] SVL, [?] TG),
residual yolk mass, and fat body mass. All experiments were approved by the University of Georgia Animal
Care and Use Committee (A2021 05-007-Y3-A0) and collections were carried out under permits from the
South Carolina Department of Natural Resources (SC-08-2021) and Florida Fish and Wildlife Conservation
Commission (SPGS-18-33).

Statistical analysis:

All statistical analyses were conducted in RStudio (R Core Team 2021, version 4.1.2) and all models were built
using the lme4 package (Bates et al. 2015). Model assumptions of residual normality and homoscedasticity
were checked visually via residual vs fitted and Q-Q plots, with log transformations made as necessary to
best meet assumptions. To compare initial egg mass across populations, we used a linear mixed-effects
model (LMM) including a fixed-effect of site, while controlling for clutch as a random effect. To determine
whether hatch probability or survival to 10-DPH differed across temperatures or sites, we used a generalized
linear-mixed model with a binomial distribution including temperature, site, and their interaction as fixed
effects with clutch nested within site as a random effect. Post-hoc pairwise comparisons were conducted
using the emmeans package (Lenth et al. 2023) with Kenward-Roger degrees of freedom and correcting for
multiple testing using Tukey’s method.

To test for differences in the relative contributions of egg mass and incubation temperature to phenotypic
traits across populations, we constructed separate LMMs for every phenotype at each site. In every model,
we included fixed effects of egg mass and incubation temperature, with the exception of incubation duration,
in which we only included a fixed effect of incubation temperature, while controlling for clutch as a random
effect. We then compared model estimates across populations by extracting beta values and 95% confidence
intervals (CIs) using the confint function in R. Model beta estimates in which CIs did not overlap zero or
another population were considered statistically significant.

To further examine how embryos respond to temperature and maternal provisioning across populations, we
used the ggeffects package (Ludecke 2018) to predict temperature-specific mean values of each phenotype at
a common egg mass, corresponding to the average egg mass across the dataset (83g), from each population-
specific model. By comparing egg mass-corrected mean phenotypes across temperatures and populations,
we were able to determine whether populations differed in mean trait values irrespective of egg mass at
either or both temperatures and whether variation in the influence of incubation temperature was driven by
phenotypic differences at 29.5degC, 33.5degC, or both. Mean values in which 95% CIs did not overlap were
considered statistically significant.
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Given that populations can also vary in how maternal resources are allocated towards particular phenotypes,
we compared ratios of SVL, TG, HL, HW, residual yolk mass and fat body mass to hatchling mass across
populations within and across temperatures using LMMs. For this analysis, we included temperature, site,
and their interaction as predictors, along with egg mass as a covariate, while controlling for clutch nested
within site as a random effect. We then compared predicted mean values from the model within and among
temperatures across populations using the emmeans package. Values in which CIs did not overlap were
considered statistically significant. We used ratios of traits to hatchling mass instead of egg mass for this
analysis because there were significant differences in temperature-specific mass across populations (see below),
and as a result, differences in the ratio of traits to egg mass would be confounded by population-specific
effects of temperature on mass and may not represent differences in the allocation of maternal resources
towards specific phenotypes. All figures were created using the R package ggplot2 (Wickham 2016).

RESULTS:

Egg mass and survival:

Egg masses at the two southern populations (AP and WO) were greater relative to the two northern popu-
lations (SR and YK), but only a nearly significant difference was observed between SR and WO (β = -11.98,
t = -2.57, p = 0.073; Figure 1B). Whereas hatch rates were lower at 29.5°C (59.2%) compared to 33.5°C
(82.9%; β = 1.12, z = 2.08, p = 0.038), differences were not observed between sites at either temperature
(all pairwise p > 0.23). There were also no differences in survival between sites (all pairwise p =1) or
temperatures (p = 1) during the 10-day growth period, with 79 (94%) and 114 (94%) animals surviving at
29.5°C and 33.5°C, respectively. Final sample sizes of surviving individuals by temperature, clutch, and site
are shown in Table 1.

Morphological traits:

Both egg mass and temperature exerted positive effects on hatchling mass across all populations (Table
2). However, whereas the influence of egg mass did not differ across sites (Figure 2A), temperature more
strongly affected hatchling mass at YK compared to the other three populations (Figure 2B). In addition,
there was a trend for a greater influence of incubation temperature on SVL at the northern populations
relative to the southern populations, with the influence of temperature on SVL not significant in the latter
(Figure 2C). Across other morphological traits, the influence of temperature was variable in both direction
and magnitude, differentially affecting TG, HL, and HW in at least one population, while the influence of
egg mass was not (Table 2).

We next examined the extent to which morphological phenotypes varied across populations within a tem-
perature, including whether differences in the influence of incubation temperature were driven by variation
at 33.5°C, 29.5°C, or both by comparing model means under a common egg mass. There were significant
differences in trait values between at least two populations for all morphological traits after controlling for
egg mass differences, with interpopulation variation in morphological traits occurring primarily at 29.5°C
(Appendix 1). For instance, the influence of incubation temperature on mass of YK hatchlings was primarily
driven by a reduction in mass at 29.5°C relative to the other populations (Figure 2B). This pattern was
mostly consistent across additional traits that were differentially impacted by incubation temperature in at
least one population (TG, HL, and HW), with the exception of SVL, which appeared to involve differences at
both 29.5°C and 33.5°C (Figure 2C). Ratios of morphological traits to hatchling mass showed no significant
differences across populations at either temperature.

Metabolic traits:

As with morphological traits, we also examined the effect of egg mass and incubation temperature on me-
tabolic traits across populations. As egg mass increased, [?]mass decreased at the two southern populations,
but had no effect in northern populations (Table 2). However, comparison of beta values across sites showed
only a significant difference between AP and SR. A positive influence of egg mass on residual yolk mass
was observed across all populations except for AP, but differences across populations were not significant.
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Incubation temperature did not affect [?]mass or [?]BMI at any population, but exerted negative influences
on [?]SVL at YK and fat body mass at all populations (Table 2, Figure 3A). On the other hand, there was a
significantly positive influence of incubation temperature on [?]TG and residual yolk mass (Table 2, Figure
3B) in at least one population. Whereas the effect sizes of temperature on [?]SVL, [?]TG and fat body mass
did not differ across sites, the influence of temperature on residual yolk mass did, showing a reduction at
YK (Table 2, Figure 3B).

When comparing phenotypes across populations after correcting for egg mass, we found significant differences
in fat body mass between at least two populations at both 29.5degC and 33.5degC, with a trend for smaller fat
body masses at the northern populations (Figure 3A; Appendix 1). Consistent with the decreased influence of
incubation temperature on residual yolk mass at YK, animals from 29.5degC at YK had significantly higher
residual yolk mass compared to WO (Figure 3B, Appendix 1). Upon examination of the mass-corrected
allocation of maternal resources towards metabolic phenotypes, there were significant differences for both
residual yolk mass and fat body mass across populations. Animals from the southern populations tended to
allocate more resources towards fat body mass than the northern populations (Figure 3C), and animals from
YK at 29.5degC allocated more resources towards residual yolk mass relative to other populations (Figure
3D).

Incubation temperature had a negative influence on incubation duration across all sites (Figure 4). The
influence of temperature was greater at the northern populations than at southern populations, driven by
comparatively shorter incubation periods at 33.5degC and longer incubation periods at 29.5degC (Figure 4).
However, differences across sites within temperatures were not significant.

DISCUSSION:

Patterns of population-level variation in embryonic responses to maternal provisioning and environmental
factors have the potential to inform how the developmental environment contributes to evolutionary change.
We observed that, generally, the influence of maternal provisioning on hatchling traits did not vary across
populations; however, incubation temperature exerted population-specific effects on both morphological and
metabolic traits. This may be explained by a constrained relationship between egg mass and hatch mass
(Deeming and Birchard, 2007), which is expected to be maximized as hatchling mass is often an important
component of survival and fitness (Ronget et al., 2018; Stearns, 2000). Thus, selection instead tends to act
on aspects of maternal allocation, such as egg size and number, to best match population-specific conditions
(Angilletta et al., 2004; Sinervo, 1990). On the other hand, responses to incubation temperature may be
in part the result of differences in natural nest temperatures across populations, which has been shown in
several species (Du et al., 2019), including the alligator (Bock et al., 2020). Such differences likely select
for embryonic responses to temperature that match population-specific conditions. Our results suggest that
plastic responses to incubation temperature, but not maternal provisions, are a source of interpopulation
trait variation and may be more likely to be modified by selection.

The four populations examined in this study encompassed a large proportion of the alligator’s latitudinal
range, with two populations from the northern extent and two populations from the southern extent. While
not statistically significant, we observed a trend for smaller egg masses at the northern populations relative
to the southern populations. In crocodilians, egg mass scales with maternal body size (Larriera et al., 2004),
and differences in maternal size might underlie population differences observed here. In mammals, animals
from high latitudes tend to be larger than those from low latitudes in a pattern known as Bergmann’s rule
(Blackburn et al., 1999), and while this seems to hold in turtles and birds, it does not in other reptiles (Ashton,
2002; Ashton and Feldman, 2003) and has not been examined in crocodilians. Nonetheless, larger egg sizes
at southern populations might suggest the opposite pattern. Interestingly, however, allometric relationships
between maternal size and egg mass can be altered by environmental conditions, such as salinity (Murray
et al., 2013). Whether differences in egg size observed here are the result of differences in maternal size
across populations (maximum size or age at reproduction) or population-specific allometric relationships is
unknown and an interesting area of future research.
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While we expected to find responses to incubation temperature consistent with latitudinal differences be-
tween our population pairs, only a few traits showed such patterns. Namely, incubation duration was more
strongly influenced by incubation temperature at the northern populations relative to the southern popula-
tions. Latitudinal differences in incubation duration have been shown in several species and generally follow
one of two patterns: co-gradient variation, in which cooler populations development more slowly relative to
warmer populations and counter-gradient variation, in which cooler populations development more quickly
than warmer populations (Conover and Schultz, 1995; Pettersen, 2020). Our results show embryos from
northern populations develop slightly slower at cooler temperatures and faster at warmer temperatures com-
pared to southern populations. While differences within temperatures were not significant, they followed
patterns of both co-gradient variation (at 29.5degC) and counter-gradient variation (at 33.5degC). Similar
results have been shown in Asian pond turtles (Mauremys mutica ; Zhao et al., 2015) and may suggest that
the mechanisms responsible for variation in incubation duration across populations may be temperature
specific. On the other hand, increased plasticity in developmental rate at the northern populations may be
driven by more variable thermal environments, which have been associated with increased levels of physio-
logical plasticity (Seebacher et al., 2015). Additional experiments incorporating more incubation treatments
and populations are needed to more completely discern how the relationship between temperature and de-
velopmental rate differs across populations as well as the underlying mechanisms responsible. Interestingly,
we also observed that southern populations tended to allocate more resources towards fat body mass than
northern populations at both incubation temperatures. The role of the fat body in alligators is not known,
and further work examining its function, including how fat body size/mass early in life might impact survival
and later life fitness, is needed to more fully appreciate the potential consequences of these patterns.

Apart from latitudinal trends, there were several differences in the influence of incubation temperature be-
tween population pairs, specifically between YK and other populations. In alligators, animals at 33.5degC
are generally larger in mass than those at 29.5degC (Bock et al., 2021), which was upheld across all popula-
tions. However, at YK, the reduction of hatchling mass at 29.5degC appeared particularly pronounced and
appeared to drive additional phenotypic differences. Hatchling mass relative to egg mass reflects the effi-
ciency by which maternal resources are converted into hatchling tissue and is likely a product of the energetic
cost of embryonic development (Pettersen et al., 2019). The reduction in mass at YK at 29.5degC relative
to the other sites suggests that development at 29.5degC at YK was particularly inefficient. Interestingly,
however, animals at 29.5degC at YK tended to have residual yolk reserves that were larger or equivalent to
other populations after controlling for mass. This may suggest that alligator embryos preferentially allocate
resources towards residual yolk mass at the cost of reduction in overall size under sub-optimal conditions,
which has also been shown in other reptiles (Murphy et al., 2020; Radder et al., 2004).

The lack of latitudinal trends in several of the morphological and metabolic traits examined here suggests
that latitude may not be the best or only microclimatic proxy within which to understand variation in
responses to the developmental environment, particularly incubation temperature. A similar lack of latitu-
dinal patterns in response to incubation temperature was shown across several populations of painted turtles
(Chrysemys picta ), another TSD species (Bodensteiner et al., 2019). These results may be driven by too
broad a resolution of the relationship between temperature and latitude, making it impossible to discern
subtle population differences, or other population-specific microclimatic variables that put selective pressure
on thermal reaction norms. For instance, of the four populations examined, YK is the only coastal site, sur-
rounded by brackish water, which may impose unique selective pressures on embryos and breeding females,
resulting in differences in response to incubation temperature (e.g., Hudak and Dybdahl 2023). Additionally,
other maternal effects, such as yolk composition and deposition of hormones and anthropogenic contami-
nants, may, in addition to temperature, influence phenotype (Bae et al., 2021; Du et al., 2010b; Groothuis
et al., 2005), but were not considered here. Further, since our design focused on incubation temperatures
that produce 100% males or females, population variation in response to incubation temperature may have
been driven by sex differences that would not be explained by latitude. While previous work has shown that
phenotypic differences between incubation temperatures are the result of temperature and not sex (Bock et
al., 2023, preprint), whether sex differences exist across populations irrespective of temperature is not known.
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Future work examining the latter and the role of additional aspects of the developmental environment as
potential drivers of variable responses to temperature across populations and the consistency of such effects
across years will be particularly informative.

CONCLUSIONS:

Overall, we found extensive variation in the influence of incubation temperature on morphological and
metabolic phenotypes across populations of alligators. In contrast, the influence of maternal provisioning
on hatchling traits was mostly consistent across populations. While the adaptive value of variable plastic
responses to incubation temperature was not explicitly tested, latitudinal patterns of some traits (i.e., incuba-
tion duration) may imply local adaptation. Nonetheless, variation in the influence of incubation temperature
on other traits suggests that selection can act on those relationships, allowing populations to become locally
adapted and respond to changing environmental conditions. However, the mechanisms responsible for dif-
ferential responses to incubation temperature are not known, including the extent to which they are driven
by genetic differences or other components of the developmental environment. Determining the causes of
these differences, including the developmental mechanisms involved, would provide important insight into
how components of the developmental environment and embryonic responses to them influence intraspecific
variation and may contribute to adaptive evolutionary change.
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FIGURE LEGENDS:

Figure 1: Geography and egg size of sampled populations. (A) Map showing the geographic range of the
American alligator and sampled populations. (B) Egg mass variation across populations.

Figure 2: Population variation in the influence of egg mass and temperature on morphological traits,
showing (A) the relationship between egg mass and hatchling mass, (B) hatchling mass and (C) snout-vent-
length (SVL). In (B) and (C), plotted values are model means under a common egg mass (83g). Error bars
represent 95% confidence intervals.

Figure 3: Population variation in metabolic traits and the influence of incubation temperature, showing
(A) fat body mass, (B) residual yolk mass, (C) mass-specific fat body mass, and (D) mass-specific residual
yolk mass. Error bars represent 95% confidence intervals.

Figure 4: Population variation in the influence of incubation temperature on incubation duration. Error
bars represent 95% confidence intervals.
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