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Climate warming is forecasted to cause extinctions, but populations could theoretically
avoid extinction in a rapidly changing environment via adaptive evolution (i.e.,
evolutionary rescue), precluding the need for intervention. Although strong links between
a changing climate and the physiology of an organism are expected, climate effects
can be buffered by behavior. Nest site choice behavior, for example, can reduce
environmental variation that would be experienced by embryos placed randomly with
respect to environmental temperatures. We tested four provisions of this prediction by
quantifying nest sites and “potential” nest sites in the Florida softshell turtle (Apalone
ferox). First, turtles chose nest sites with mean canopy openness values (32–47%)
that were intermediate between the shadiest (14–17%) and the sunniest potential nest
sites (36–57%) available. Second, canopy openness, incident radiation intensity, and
nest temperatures were generally, positively related to one another, indicating definitive
thermal consequences of nest site choice. Third, our study revealed ample, cooler nest
sites available to turtle mothers within close proximity to nest sites utilized; by nesting in
the most shaded sites, softshell turtle mothers could depress mean nest temperatures
by ∼2◦C. Fourth, the growth of vegetative cover throughout incubation had negligible
effects on canopy openness, incident radiation intensity, and nest temperatures,
supporting the potential for mothers to “predict” developmental temperatures using
temperature cues during nest site choice. Finally, our data revealed considerable
variation in canopy openness chosen by nesting mothers; such behavior could thus, be
subject to natural selection via embryonic mortality under future warming. Collectively,
our study suggests that Florida softshell turtles, and probably other turtle species nesting
in relatively open areas, may be able to counter climate change effects on developing
embryos by nesting in more shaded microhabitats, assuming nest site choice behavior
is heritable and can evolve at a sufficient rate to keep pace with climate warming.
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The evolutionary and behavioral mechanisms (e.g., assessing substrate temperatures
directly vs. indirect choice of canopy cover) in the repertoire of nesting mother turtles
for responding to climate warming remain elusive and are required for a more complete
understanding of climate responses.

Keywords: climate change, behavior, evolution, nesting, softshell turtle

INTRODUCTION

Current, anthropogenic climate change is projected to continue
indefinitely, and is putting pressure on biological systems due
to its unprecedented rate (Intergovernmental Panel on Climate
Change [IPCC], 2019). Drivers of this change include sea level
rises, frequencies of rainfall, wind and storms, ocean acidification,
and eutrophication, but the most direct and predictable driver
is increased air and surface temperatures (Intergovernmental
Panel on Climate Change [IPCC], 2007). As such, understanding
potential responses to increasing environmental temperatures
has become a major focus of ecological and evolutionary biology
(e.g., Parmesan, 2006; Pacifici et al., 2017; Radchuk et al., 2019),
especially given the current biodiversity crisis (Barnosky et al.,
2011; Urban, 2015). Ideally for conservationists, populations
can avoid extinction in a rapidly changing environment via
adaptive evolution, precluding the need for intervention (i.e.,
“evolutionary rescue”; Bell, 2017).

Predicting evolutionary responses to climate change is not
trivial, and requires understanding links between environmental
temperatures and key life processes. Changes in environmental
temperatures can alter body temperatures, which in turn affect
physiological processes and performance, and thus potentially
survival, especially in ectotherms (Huey et al., 2003, 2012;
Kearney et al., 2009 and papers cited within). Although an
organism’s vulnerability to climate warming is complex and
could involve other climate change drivers and changes in a
plethora of biotic and abiotic interactions, understanding an
organism’s response to temperature is fundamental to predicting
that vulnerability (Kearney et al., 2009; Huey et al., 2012).

Although strong links between a changing climate and
the physiology of an organism are expected, climate effects
can be buffered by behavior. Using the example that lizards
at higher (cooler) elevations basked more, resulting in body
temperatures that were more similar among different elevations
than would be expected from null models, Huey et al. (2003)
coined and described the “Bogert effect,” whereby behavioral
adjustments can reduce the environmental variation that would
be experienced by a non-regulating ectothermic organism. The
authors demonstrated that thermoregulatory behaviors likely
inhibit selection for evolutionary shifts in thermal physiology
across environmental gradients, a notion somewhat counter to
the classic “behavioral drive” theory proposing that behavior
initiates new evolutionary events (Mayr, 1963).

Doody and Moore (2010) proposed that the Bogert effect
could be extended to the egg or embryo stage, after finding
(predictable) latitudinal and elevational variation in nest site
attributes in a lizard (Doody et al., 2006a; Doody, 2009). In

other words, nest site choice behavior can reduce environmental
variation that would be experienced by embryos placed randomly
with respect to environmental temperatures (Doody and Moore,
2010). It follows that nest site choice could theoretically
also buffer developing embryos in nests against temporal
environmental gradients such as climate change (Doody et al.,
2006a; Angilletta et al., 2009).

Turtle nesting behaviors offer desirable systems for studying
potential climate change responses in nature; turtles are
oviparous ectotherms that lay eggs in ground nests that are
typically subject to air and ground temperatures for 2–3 months.
Moreover, many turtle species possess temperature-dependent
sex determination (Ewert et al., 1994; Valenzuela and Lance,
2004) meaning that choice of nest site can influence offspring
sex ratios (Vogt and Bull, 1984; Janzen, 1994). While free-
living adults and juveniles can seek cooler microclimates as the
climate warms, the eggs cannot. Moreover, like most oviparous
ectotherms, turtles rarely exhibit parental care after laying
(Shine, 1988), focusing research attention to the mother’s nesting
decisions as the main avenue for countering climate change
effects of temperatures on developing embryos. Indeed, two
studies have unequivocally demonstrated mother reptiles used
nest site choice behavior—specifically the choice of canopy
cover—to offset environmental gradients across latitudes and
elevations (Ewert et al., 2005; Doody et al., 2006a). Both snapping
turtles (Chelydra serpentina) and water dragons (Intellagama
lesueurii) nested under more open canopies in cooler climates
than their counterparts in warmer climates. Such variation
strongly suggests that mothers could also use canopy cover
to offset climate warming (Doody et al., 2006a; Doody and
Moore, 2010) because canopy cover is highly correlated with
nest temperatures (Ewert et al., 1994; Janzen, 1994; Janzen and
Morjan, 2001).

The Florida softshell turtle, Apalone ferox, is a common but
geographically restricted species that nests in terrestrial areas
around a wide variety of freshwater wetlands in hot climates
(Krysko et al., 2019). Although the species is thought to possess
genetic sex determination due to the finding of sex chromosomes
in a congener (Badenhorst et al., 2013), recent research indicates
that offspring sex determination may be thermosensitive in the
genus (Bista et al., 2021). Although nests can be difficult to
find, nest predation, mainly by raccoons (Procyon lotor), is often
high in A. ferox (G. L. Heinrich, unpubl. data, J. S. Doody,
unpubl. data), as in many other turtle populations (e.g., Congdon
et al., 1994; Burke et al., 1998; Tomás et al., 2010), providing
a solution to finding large numbers of nests. Raccoons preying
upon turtle nests leave the eggshells on the surface near the
excavated nest. While turtle ecologists aiming to quantify nest site
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choice generally use intact nests, depredated nests can facilitate
quantifying nest site choice attributes such as amount of shading
vegetation, distance from and height above water, aspect, and
distance to other nests. These attributes reflect some combination
of direct and indirect behavioral choices. In particular, canopy
or understory openness can be quantified using hemispherical
photography, and incident solar radiation intensity striking the
nest site can be subsequently estimated using gap light analysis
(Frazer et al., 1999; Doody et al., 2006a,b).

Assuming that nest site choice behavior is heritable and
can freely evolve at a rate to keep pace with the rate of
climate change, we predict that softshell turtle mothers could
use nest site choice behavior to offset current and future climate
warming by buffering eggs against the effects of increasing
temperatures on developing embryos (Doody et al., 2006a),
provided that (1) there are potential nest sites with more shading
vegetation available to nesting mothers, that (2) exhibit cooler
nest temperatures, (3) attributes (e.g., shading vegetation) of nest
sites affecting developmental temperatures during nest site choice
do not change markedly throughout incubation, and (4) there is
sufficient individual variation in canopy openness of nest sites
chosen by mothers. We tested these provisions by quantifying
nest site choice, potential nest site choice, and consequences
of those choices in nest and potential nest temperatures in the
Florida softshell turtle in three populations in south Florida.
We also quantified seasonal timing of nesting to clarify seasonal
changes in nest temperatures. We discuss the implications of our
findings for the evolution of nest site choice and climate change
responses in turtles, reptiles, and other oviparous ectotherms
without parental care.

MATERIALS AND METHODS

Study Species and Study Areas
The Florida softshell turtle is a large, common species inhabiting
a wide variety of freshwater habitats in Florida and surrounding
states (Krysko et al., 2019). Although it does not range widely
across latitudes, it is essentially allopatric with its closest relatives
that do span considerable latitudes (A. mutica and A. spinifera).
Florida softshell turtles typically nest in relatively open, sandy
areas along watercourses; nests tend to be close to water when
suitable sites are available, but have been found > 160 m
from water (G. L. Heinrich, unpubl. data). Like most other
turtles, A. ferox constructs a flask-shaped hole in the ground
with the hind feet and backfills the hole after laying. Based on
dissections from turtles harvested for meat in south Florida,
mothers lay up to 5–6 clutches of 9–38 eggs annually between
early March and early August (Iverson and Moler, 1997). Eggs
incubate for 56–82 days depending on incubation temperatures
(Meylan and Moler, 2006).

We studied softshell nesting at three sites in southwest
Florida: Boyd Hill Nature Preserve (BHNP), Myakka River State
Park (MRSP), and Sawgrass Lake Park (SLP). BHNP is a 97-
ha city park in St. Petersburg, Pinellas County (27.734160◦N,
-82.65635◦W). The BHNP nesting areas bordered Lake Maggiore,
a 147-ha permanent lake. MRSP is a 15,054-ha state park in

Sarasota and Manatee counties (27.252255◦N, -82.295581◦W).
Nesting areas in MRSP were along canals near the Myakka River.
SLP is a 162-ha county park in St. Petersburg, Pinellas County
(27.837384◦N, -82.665372◦W). Nesting areas at SLP were mainly
along a manmade pond, but also along a canal feeding Sawgrass
Lake. BHNP and SLP are ∼11 km apart, while MRSP is ∼64 km
southeast of BHNP and ∼75 km southeast of SLP.

Nest Surveys and Nest Site Choice Data
Collection and Analysis
Nest surveys were conducted on foot in riparian areas along lakes,
ponds, or canals in 2019 from March to September at BHNP
(6 days/week) and MRSP (twice/week), and May to September
at SLP (once every 3 weeks). Nests were found by looking
for eggshells left by nest predators (Figure 1). Apalone ferox
eggshells are composed of a brittle outer shell that is easily
distinguishable from other species. The main predator was the
raccoon and depredated nests featured an empty excavated nest
chamber with eggshells scattered on the ground within a few
meters of the chamber.

Nests were flagged for further processing; data on nest site
choice included estimated lay date, aspect (measured with a
compass), distance from water (measured with a meter stick),
and ground cover (estimated by photographing the square meter
surrounding each nest to the nearest 10%). Within 1 week of
the estimated lay date, we measured openness of the canopy and
understory, and incident radiation intensity using hemispherical
photography and gap light analysis (after Doody et al., 2006a,b).
Hemispherical photographs were taken by placing a Nikon
Coolpix R© 900 series digital camera fitted with a fisheye wide-
angle lens (Nikon FC-E8 R©) on each nest and taking a photograph
with the camera body facing due north (the fisheye lens pointing
upward). Photographs were taken during the first or last hour
of daylight to preclude reflection of light off vegetation (i.e.,
leaves) that can introduce error in the calculation of openness.
Openness (%) and incident radiation intensity were calculated
by running each photograph through Gap Light Analyzer (GLA)
2.0 R© (Frazer et al., 1999).

To facilitate comparing our canopy openness and incident
radiation data results to those from other species we herein list
the settings we used in Gap Light Analyzer 2.0 R© (Frazer et al.,
1999). We pointed the camera due north during hemispherical
photographs to allow the program to accurately track the path
of the sun across the image. Under configuration/image, we
used geographic north rather than magnetic north; although the
latter gives a slightly more accurate compass direction due to
the dynamic nature of earth’s magnetic field, the correction is
minor and both attributes provide a relative measure. Under
configuration/site, we entered the latitude of the site (allows the
program to know where the sun tracks across the photograph),
but not elevation or longitude. We used horizontal orientation
(no significant slope or aspect) and we turned the topographic
mask to “OFF” (there was no need to separate the canopy
from mountains on the horizon when determining shading).
Under configuration/resolution, we left the solar time step at
the default of 2 min., we left the sky regions at the default
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FIGURE 1 | Seasonal timing of nesting of A. ferox at BHNP, the study site with the most survey coverage (six visits/week).

(36, 9), and the start date and end date were chosen based on
the lay date and hatching date, respectively. The hatching date
was estimated to be 60 days after the lay date, based on data
from Meylan and Moler (2006). Under configuration/radiation,
we used the “modeled data source” (computes above-canopy
radiation estimates without entering data from each site); we
used Megajoules/m2/day as the units, the UOC model (assumes
that all regions of the sky are equally as bright), and we ignored
cloudiness index (this is useful when comparing multiple sites
in which there is a consistent difference in cloudiness at one
or some sites, but not others). Finally, under calculations, we
ticked canopy structure, and we used % openness and “trans
total radiation” as our outputs for canopy openness and incident
radiation intensity, respectively.

To quantify the thermal consequences of nest site choice,
specifically openness and incident radiation, we deployed
temperature data loggers (Thermochron i-buttons R©; DS1921G;
accuracy = ± 1.0◦C) into 13 randomly-chosen, backfilled,
depredated nests at BHNP. Loggers were placed at the average
nest chamber depth (16.0 cm), based on the average of an intact
nest at BHNP (21.0 cm) and from two nests from previous reports
(13.0 cm, 14.0 cm; Hamilton, 1947; Heinrich and Richardson,
1993). Data loggers were deployed within 1 week of the estimated
lay date and set to record temperature every 90 min. Analyses
using temperature data from data loggers utilized only the first
60 days of data, a typical incubation period for the species
(Meylan and Moler, 2006).

To determine if our temperature data from backfilled nests
accurately represented real nest temperatures we tested for
metabolic heating in one nest (Massey et al., 2019). We employed
a data logger into the core of a fresh nest and a second data logger
8.0 cm away in the ground, at the same depth (12.0 cm). The nest
was caged with hardware wire to protect the eggs from predators,
and data loggers were removed 56 days later for analysis.

To determine if mothers could offset future climate warming
by nesting in more shaded areas, we quantified openness and
incident radiation from the “most shaded” potential nest site
within 20 m of each nesting area (a nesting area here is defined as
a cluster of nests within 20 m of one another, within a study site).
For comparison, we also did the same for the “sunniest” (most
open, canopy-wise) potential nest site for each nesting area (same
criteria as for the shaded potential nest sites). As with nest sites,
we quantified the thermal consequences of potential nest sites
using i-button data loggers. There were 10 such potential nest
sites at BHNP and five at MRSP (we did not quantify potential
nest sites at SLP). Data loggers recorded temperatures at the same
intervals as those in nests (every 90 min) and were buried in
artificial nests at the same depth as those in actual nests (16.0 cm).

Because turtle eggs typically incubate in the ground for 2–
3 months during the growing season, vegetation such as grasses
and understory can grow significantly during that time and
potentially change the amount of solar radiation that strikes the
nest site. This raises the question of how well mothers can predict
nest temperatures throughout incubation by sampling nesting
conditions during nest site choice. To address this, we again
quantified openness and incident radiation at the nest sites and
potential nest sites at 30 and 60 days of incubation for each nest,
using the same methods as we did for actual nests (above).

Statistical Analyses
We tested normality and homogeneity of variance using a
Shapiro–Wilk test and a Levene’s test, respectively. We used
t-tests to compare openness and incident radiation intensity
between nest sites and potential nest sites (sunny and shaded
sites), and a Kruskal–Wallis test and Dunn’s multiple comparison
ad hoc test to analyze differences in openness and incident
radiation intensity among study sites. To test for seasonal
differences in openness, incident radiation intensity, and ground
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cover we used a Friedman test with a post hoc Conover test. To
explore the effects of openness, study site, and lay date on incident
radiation intensity we used a linear regression model. We fit
six regression models with different combinations of lay date,
nest site, and percent openness. We used Akaike’s Information
Criterion with a small sample bias adjustment (AICc) to
assess the best model. We used 95% confidence intervals to
assess the precision of the parameters of the model. Linear
regression analysis was used to test whether canopy openness
and incident radiation intensity were related to mean, maximum,
and minimum temperatures. All analyses were performed using
R 3.6.1 (R Core Team, 2018) with the packages “FSA,” “PMCMR,”
“lmtest,” and “MuMIn.”

RESULTS

Seasonal Timing of Nesting
We found 156 softshell nests, including 102 from BHNP, 27
from MRSP, and 27 from SLP. Most nesting occurred between
late March and mid-July and over 50% of the year’s nesting was
completed by 1 June (Figure 1). All nests were taken by predators;
the presence of eggshells on the surface was consistent with
predation by raccoons, but it is possible that some were taken by
other predators; crows (Corvus spp.) are also nest predators at the
sites (JSD and GLH, pers. obs.).

Nest Sites vs. “Potential” Nest Sites
Mean canopy openness for all nests was 36.9 ± 13.92% and
was significantly different among study sites (Figure 2; Kruskal–
Wallis: H = 23, df = 2, p < 0.0001); openness of nest sites at
MRSP was significantly greater than openness of nest sites at
both BHNP (p < 0.0001) and SLP (P < 0.0002). Mean canopy
openness did not differ between BHNP and SLP (p = 0.375). At
BHNP, mean canopy openness of nest sites was 35.3 ± 14.55%
(range = 8.7–66.7%, N = 102), compared to 46.8 ± 10.04%
(range = 21.4–70.9%, N = 27) at MRSP and 32.7 ± 10.07%
(range = 19.3–53.3%, N = 27) at SLP.

Canopy openness values of nest sites consistently fell in
between those for shaded and sunny potential nest sites.
Although openness values for nest sites were more often closer
to those of sunny potential nest sites, at some nesting areas they
were closer to values of shaded potential nest sites (Figure 3). At
BHNP, mean canopy openness of nests was significantly greater
than shaded potential nest sites (Figure 3; t = 11.26, df = 110,
p < 0.0001); although nest sites were generally less open than
sunny potential nest sites, the difference was not statistically
significant (t = 0.80, df = 110, p = 0.440). At MRSP, mean
canopy openness of nests was significantly greater than shaded
potential nest sites (Figure 3; t = 4.89, df = 30, p < 0.0001) and
significantly lower than in sunny potential nest sites (t = 2.60,
df = 30, p = 0.0145).

As expected, canopy openness was highly, significantly
positively related to incident radiation intensity (Figure 4;
r2 = 0.848, F1,54 = 836.0, p < 0.0001). The mean
incident radiation intensity for all nests combined was
5.6 ± 2.06 MJ/m2/d, but like canopy openness, was also

significantly different among the study sites (Figure 2; Kruskal–
Wallis: H = 23.02, df = 2, p < 0.0001). Incident radiation intensity
was significantly higher at MRSP than at BHNP (Z = -4.24, df = 1,
p < 0.0001) and at SLP (Z = 4.41, df = 1, p < 0.0001); incident
radiation intensity did not differ between BHNP and SLP
(Z = 1.31, df = 1, p = 0.189).

Mean incident radiation intensity of the sunny potential nest
sites at all study sites combined was 7.4 ± 1.92 MJ/m2/day. As
with canopy openness, incident radiation intensity at nest sites
generally fell between the values for shaded and sunny potential
nest sites (Figure 3). Mean incident radiation intensity of sunny
potential nest sites was significantly higher than nest sites at
MRSP (t = 2.65, df = 30, p = 0.013), but not at BHNP (t = 1.82,
df = 110; p = 0.097; Figure 3). Mean incident radiation intensity
of shaded potential nest sites at all study sites was 2.3 ± 1.41 SD
MJ/m2/d (Figure 3). Mean incident radiation intensity of shaded
potential nest sites was significantly lower than nest sites at both
BHNP (t = 10.74, df = 110, p < 0.0001) and MRSP (t = 6.13,
df = 30, p < 0.0001) (Figure 3).

At BHNP, mean incident radiation intensity of nest sites
was significantly greater than that of shaded potential nest sites
(t = 10.74, df = 111, p < 0.0001) and significantly lower than
that for sunny potential nest sites (t = 1.82, df = 110, p = 0.097;
Figure 3). The same relationships were found for MRSP: mean
incident radiation intensity of nest sites was significantly greater
than that of shaded potential nest sites (t = 4.28, df = 30, p = 0.01),
but significantly lower than that of sunny potential nest sites
(t = 4.60, df = 30, p < 0.0001; Figure 3). A linear regression
model revealed that incident radiation intensity was explained by
canopy openness (Figure 4; r2 = 0.864; t = 26.49, p < 0.0001), lay
date (t = -2.93, p = 0.0040), and study site (t = 2.20, p = 0.0292).

Seasonal Changes in Nest Site Attributes
Canopy openness and incident radiation intensity decreased
significantly with season at BHNP, but not at MRSP (Figure 5).
At BHNP, openness decreased significantly (X2 = 53.33, df = 2,
p < 0.0001) between day 0 and day 30 (p < 0.0001) and between
day 30 and day 60 (p < 0.0001) (Figure 5). Also at BHNP, incident
radiation intensity decreased significantly (X2 = 30.62, df = 2,
p < 0.0001) between day 30 and day 60 (p < 0.0001), but not
between day 0 and day 30 (p = 0.830; Figure 5). In contrast,
at MRSP openness did not change significantly over the season
(X2 = 4.38, df = 2, p = 0.112), nor did incident radiation intensity
(X2 = 1.46, df = 2, p = 0.482; Figure 5).

Ground cover increased significantly with season at both
BHNP (X2 = 98.22, df = 2, p < 0.0001) and MRSP (X2 = 11.28,
df = 2, p = 0.004; Figure 5). At BHNP, ground cover increased
significantly between day 0 and day 30 (p < 0.0001) and between
day 30 and day 60 (p < 0.0001; Figure 5). Similarly, ground cover
increased significantly between day 0 and day 30 (p = 0.005) and
between day 30 and day 60 (p < 0.0001) at MRSP (Figure 5).

Nest Temperatures and Underlying
Factors
Nest temperatures tracked air temperatures, warming
throughout the nesting season and leveling off in July-August as
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FIGURE 2 | Canopy openness and incident radiation intensity at A. ferox nest sites across three study sites. Boyd, BHNP in text; Myakka, MRSP; Sawgrass, SLP.

cloud cover, rainfall, and vegetative cover increased (Figure 6).
Continuous nest temperatures from the core of a fresh nest were
nearly identical to those in the soil 8.0 cm from the nest at the
same depth, for most of the incubation period (Figure 7). Nest
temperatures were ∼0.5 C higher in the last 13 days of incubation
(Figure 7), indicating a small effect of metabolic heating of eggs
in this warm climate.

Grand mean nest site temperatures differed significantly
among nest sites and potential nest sites (F2,25 = 26.81,
p < 0.0001) and were, on average, 1.9◦C warmer than shaded
potential nest site temperatures (Tukey’s HSD, p < 0.0001),
and 0.8◦C cooler than sunny potential nest site temperatures
(p = 0.078). Similarly, grand mean maximum nest site
temperatures differed significantly among nest sites and potential
nest sites (F2,25 = 15.07, p < 0.0001) and were 2.6◦C warmer
than those in shaded potential nest sites (p = 0.009) and 1.9◦C
cooler than those in sunny potential nest sites (p = 0.059).
Conversely, grand mean minimum nest temperatures did not
differ significantly among nest sites and potential nest sites
(F2,25 = 1.91, p = 0.170).

Nest temperatures generally increased with increasing
openness and increasing incident radiation intensity (Figure 8),
but not all of these relationships were statistically significant
(Table 1). Grand mean temperatures and mean maximum
temperatures were both significantly positively related to canopy
openness at shaded and sunny potential nest sites, but not at nest
sites (Figure 8 and Table 1). Similarly, grand mean temperatures
and grand mean maximum temperatures were both significantly,
positively related to incident radiation intensity at nest sites,
shaded potential nest sites, and sunny potential nest sites
(Figure 8 and Table 1). Grand mean minimum temperatures

were not significantly related to openness or incident radiation
intensity at nest sites, shaded potential nest sites, or sunny
potential nest sites (Figure 8 and Table 1).

Considerable variation existed in both the openness and
incident radiation intensity of nest sites at BHNP (Figure 9). An
order of magnitude separated the lowest and highest values for
both openness and incident radiation intensity (Figure 9).

DISCUSSION

Oviparous ectothermic animals can theoretically offset climate
warming effects on developing embryos by nesting in cooler
microhabitats, given certain assumptions such as the heritability
of nest site choice behaviors, the rate of climate change relative
to the rate of evolutionary response, and the availability of cooler
potential nest sites. Surprisingly few studies have quantified the
availability of thermally heterogeneous potential nest sites in
oviparous animals within the context of climate change (but see
Refsnider et al., 2013a; Czaja et al., 2020). Our study produced
four lines of evidence that softshell turtle mothers may be
able to use nest site choice behavior to offset climate warming
effects on incubation temperatures. First, shaded potential nest
sites (essentially those in full shade) were available in close
proximity to nest sites at all three study sites. Second, we
revealed thermal consequences of nesting in shade; variation in
openness within and among nest sites and potential nest sites
influenced the amount of incident radiation received in nests,
and ultimately, nest temperatures (Figures 3, 4, 8). Thermal
traces from data loggers deployed in full shade (e.g., under
understory and tree cover) revealed mean temperatures that
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FIGURE 3 | Comparison of canopy openness and incident radiation intensity between A. ferox nest sites and potential nest sites across study sites. (Top graph)
population-level results across the three study sites. (Bottom graph) individual-level data within specific nesting areas (e.g., B2) across two study sites. Potential
nest sites comprised those in full sun and full shade and were within 20 m of nest sites. Note that values for nest sites generally fell in between sun and shade
potential nest sites. Boyd = BHNP in text; Myakka = MRSP.

were ∼2◦C lower than temperatures from actual nest sites,
while maximum temperatures were ∼2.5◦C lower (Figure 6).
Third, nest temperatures throughout incubation were reasonably

predictable from temperatures during nest site choice; that
is, vegetative cover had a negligible effect on openness and
radiation intensity, and thus, nest temperatures throughout
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FIGURE 4 | The strongly significant, positive relationship between incident radiation intensity and openness at A. ferox nest sites.

FIGURE 5 | Seasonal changes in ground cover, openness and incident radiation intensity at A. ferox nest sites at Boyd (BHNP in text) and Myakka (MRSP).

the incubation period (Figure 5). Fourth, our data revealed
considerable variation in canopy openness chosen by nesting
mothers (Figure 9). This variation had predictable consequences
in incident radiation striking the nest site (Figure 9) and in
nest temperatures (Figure 8), and presents the opportunity for
natural selection to favor the behavioral choice of nesting in more

shaded nest sites under current and future climate warming.
Our data suggest that this hot-climate, open-nesting species
is likely buffered, to some extent, against potential climate-
induced declines caused by increasing nest temperatures because
cooler microclimates (shaded potential nest sites) are available to
nesting mothers.
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FIGURE 6 | Continuous temperatures from nine A. ferox (back-filled) nests from the BHNP site.

FIGURE 7 | (Minimal) Effect of metabolic heating in a clutch of A. ferox eggs incubating in situ. Eggs in the core of the clutch were up to ∼0.5◦C warmer than the soil
adjacent to the clutch during the last ∼16 days of incubation.

Adjusting nest site choice, either within or among generations,
is only possible if there is heterogeneity in ground temperatures.
Mothers could then assess microhabitat temperatures directly,
or indirectly through the choice of some attribute (e.g., canopy
cover) that affects those temperatures, or both. Nesting areas at

our three study sites provided an abundance of shaded potential
nest sites, generally within just a few meters of nest sites. Mean
openness of nest sites at the study site with the most nests
(BHNP) was 35%, and only 12 of 102 (12%) nests had canopies
with openness values < 20% (Figure 9). Those shaded potential
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FIGURE 8 | Relationships between mean and maximum (back-filled) nest temperatures and either openness or incident radiation intensity of A. ferox nest sites and
potential nest sites. Potential nest sites included the shadiest and sunniest sites within 20 m of each nesting area.

nest sites were close to nest sites and easily accessible because
nesting softshell turtles are known to move laterally once on
land (Fitch and Plummer, 1975; Doody, 1995). Our data revealed
that shaded potential nest sites received significantly less solar
radiation that, in turn, depressed artificial nest temperatures
considerably (mean = ∼2◦C, maximum = ∼2.5◦C; Figure 6).
The relationship between canopy cover and nest temperatures
has been demonstrated for turtle nests previously (Ewert et al.,
1994; Janzen, 1994; Refsnider et al., 2013a). Although shaded
areas tended to have more ground cover due to leaf litter, this
would be easily swept aside by nesting females and sandy soils
were ubiquitous across the study sites. Indeed, we have observed
mothers scratch away dead material when constructing a nest.

Although there was some seasonal increase in grasses
and shading understory vegetation throughout incubation (the
growing season = April–July), the resultant change in openness
and incident radiation intensity data was negligible. Openness
and incident radiation intensity of nest sites at all three study
sites combined decreased by only 3.8 and 6.4%, respectively
(Figure 5). Similar trends were evident when considering
openness and incident radiation intensity for each study site
(Figure 5). More pronounced seasonal increases in vegetation
height and thickness affecting openness and incident radiation
intensity may be experienced at other nesting areas for this and
other species; seasonal changes in vegetation should thus, be
quantified in each study.

Nest sites in the present study exhibited a wide range of
openness, and thus incident radiation intensity values (Figure 9).
For example, openness ranged from 7–70% (Figure 9). Although
we did not follow individual turtles, the large sample size and
thermal consequences of nesting in shade would suggest that
(decreased) openness could be the target of natural selection in
a climate warming scenario.

Collectively, our data suggest that this open-area nester has
reasonable potential to use behavioral means to offset current
and future climate warming, at least at a magnitude of ∼2–
2.5◦C. As the climate continues to warm, softshell mothers have
the potential to counter the effects of increasing temperatures
in nests by choosing to nest in more shaded areas. Most
areas inhabited by softshells contain at least patches of shading
vegetation, and among-population variation in chosen and
available canopy/understory cover should buffer against declines
in the species due to climate effects on developing embryos,
provided that certain assumptions are met (heritability of nest
site choice, rate of evolutionary response relative to rate of
climate change). However, as shaded sites were the coolest
microhabitats available, continued warming beyond ∼2–2.5◦C
could exhaust maternal behavioral avenues for keeping softshell
eggs at current suitable temperatures. However, determination of
the extent of how much nest site choice could buffer developing
embryos from climate warming would require quantifying the
thermal limits of developing softshell embryos in the laboratory.
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TABLE 1 | Relationships of canopy openness and incident radiation intensity to
temperatures (grand mean, maximum, and minimum) from nest sites and potential
nest sites (sun, shade).

Nest type Attribute (X) Temp Fdf R2 P

Sun Incident radiation intensity Mean 11.631,11 0.47 0.0058**

Sun Incident radiation intensity Max 8.4371,11 0.38 0.0143*

Sun Incident radiation intensity Min 1.7631,11 0.13 0.1246

Sun Canopy openness Mean 7.7071,11 0.36 0.018*

Sun Canopy openness Max 7.4081,11 0.35 0.0199*

Sun Canopy openness Min 4.1281,11 0.21 0.067a

Shade Incident radiation intensity Mean 22.611,10 0.66 0.0008**

Shade Incident radiation intensity Max 7.3511,10 0.37 0.0219*

Shade Incident radiation intensity Min 0.0281,10 0.1 0.870

Shade Canopy openness Mean 54.081,10 0.83 < 0.0001***

Shade Canopy openness Max 18.241,10 0.61 0.0016**

Shade Canopy openness Min 0.0431,10 0.1 0.8393

Nest Incident radiation intensity Mean 12.231,8 0.56 0.0081**

Nest Incident radiation intensity Max 6.0271,8 0.36 0.0396*

Nest Incident radiation intensity Min 0.1341,8 0.11 0.7237

Nest Canopy openness Mean 4.3491,8 0.27 0.0705a

Nest Canopy openness Max 0.7001,8 0.03 0.4275

Nest Canopy openness Min 0.1811,8 0.10 0.6816

All Incident radiation intensity Mean 154.11,33 0.82 < 0.0001***

All Incident radiation intensity Max 53.121,33 0.61 < 0.0001***

All Incident radiation intensity Min 0.0411,33 0.03 0.8403

All Canopy openness Mean 64.881,33 0.65 < 0.0001***

All Canopy openness Max 33.031,33 0.49 < 0.0001***

All Canopy openness Min 0.1311,33 0.03 0.7199

Mean, grand mean temperature; max, mean maximum temperature; min, mean
minimum temperature.
aApproaching significance.
*p < 0.01, **p < 0.001, and ***p < 0.0001.

Without behavioral compensation, softshells would be forced
to either shift their distribution toward the poles, or shift
their embryological tolerance to rising nest temperatures. Air
temperatures have been predicted to warm by 1.4–4.8◦C by 2100
without considerable (new) efforts to reduce greenhouse gas
emissions (Intergovernmental Panel on Climate Change [IPCC],
2014). If softshell turtle mothers in our populations do not
shift nesting into more shaded areas accordingly, then embryos
would spend more time at potentially lethal temperatures;
moreover, extreme temperatures could cause severe sub-lethal
effects in turtles that do hatch. Although mean temperatures of
35 monitored (back-filled) nests did not exceed 32◦C, maximum
temperatures in 5 of 35 (7%) nests exceeded 36◦C, and one nest
recorded 39◦C. While there are no data on the thermal limits
of developing embryos in A. ferox, in the congener A. spinifera
constant incubation temperatures of 34◦C decreased embryonic
survival and reduced performance and endurance in neonates
that did hatch (Doody, 1999).

Another possible, climate response option is for softshell
mothers to excavate deeper nests. Although recently authors
have posited that nest depth is constrained by hindleg length
in turtles (Refsnider et al., 2013b), there is evidence that
softshell mothers can excavate forms or “troughs” prior to

nesting (Doody et al., 2020) that can result in deeper nests (for
a discussion on congeners see Plummer and Doody, 2010). By
digging a form mothers could uncouple hindleg length from nest
depth. We were not able to quantify nest depth in the present
study because our nests were depredated; chamber depth would
have been compromised during excavation by nest predators.
A final way in which turtle mothers could behaviorally offset
climate change effects is by adjusting seasonal timing of nesting
(Doody et al., 2006a; Doody and Moore, 2010; Nelson et al.,
2018). In our study, softshells nested from late March to late July
(Figure 1). It is conceivable that mothers could advance or retreat
the nesting season into cooler months to achieve cooler nest
temperatures as the climate warms. However, shifting seasonal
timing of nesting could be difficult due to tradeoffs and/or
constraints on other aspects of the species’ biology. For example,
seasonal timing of mating or hatching may be adaptive in their
own right; shifting those to accommodate shifting timing of
nesting could incur survival costs. In another example, the onset
of nesting in animals, including turtles, is often underpinned by
energy acquisition, which in turn is driven by seasonal climatic
conditions (e.g., Rowe, 1994); advancing timing of nesting might
thus not be possible due to insufficient energy for vitellogenesis
or the production of sex hormones (Kuchling, 1999).

There are two critical missing pieces needed for a fuller
understanding of how nesting turtle mothers might respond to
climate change to offset increasing temperatures on developing
embryos. The first concerns among-generation change vs.
phenotypic plasticity. Our conceptual model focuses on among-
generation change (adaptation) in nest site choice behavior (see
also Janzen and Morjan, 2001), while others have implicated
phenotypic plasticity in nesting behavior as a potential response
(e.g., Refsnider et al., 2013a). In turn, these mechanisms can only
be clarified within the context of the other missing piece, the
behavioral mechanism. Do mothers assess ground temperatures
directly as suggested by Belzer et al. (2007), or indirectly through
canopy cover as posited by others (Janzen, 1994; Morjan and
Valenzuela, 2001)? For example, if a mother uses a canopy
gap as a surrogate for temperature, that same canopy gap in
a future warmer climate will result in hotter developmental
(nest) temperatures; continued warming thus, would render
canopy cover as a poor predictor of suitable developmental
(nest) temperatures. If on the other hand mothers can assess
temperature directly, then mothers might use canopy cover as a
rough guide to find reasonably thermally-suitable nesting areas,
but then fine-tune their choice of nest site by directly assessing
substrate temperatures. In this latter case, mothers would not
be reliant on a particular canopy cover value or range of values
to predict developmental temperatures. More research including
experiments is needed to disentangle direct vs. indirect cues
for assessing temperature, and to evaluate among-generation
change vs. phenotypic plasticity in the potential climate warming
responses of turtle mothers.

A potential limitation of our study was that all of our 156 nests
were taken by predators (although we did not confirm each event,
most of these were by raccoons). We thus assumed that our nests
reflected a representative subset of all nests in terms of nest site
choice attributes. Although our large sample size and coverage
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FIGURE 9 | Frequency distribution of openness and incident radiation intensity of A. ferox nest sites at BHNP, showing marked variation, most of which reflected the
efforts of different mothers.

of multiple nesting areas within three study areas might seem to
be robust to bias, there could be differences in nest site location,
and thus canopy cover, between intact and depredated nests.
For example, predation rates of simulated (chicken egg) nests by
raccoons were higher in hedge (84%) than in open habitats (45%)

(Grosse et al., 2014). However, raccoons, the main softshell nest
predator at our study sites, are olfactory-driven predators that
can successfully locate nests regardless of microhabitat. There is
no published direct evidence that canopy cover influences the
probability of predation by raccoons in turtle nests.
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How might our results apply to other turtles, reptiles, and
other oviparous ectotherms under future warming? Our study
species and its two North American relatives A. mutica and
A. spinifera nest in open areas (Plummer, 1976; Doody, 1995),
providing the opportunity for shifting their nesting into shade
in a climate warming scenario. Although rarely quantified,
other turtle species nest in semi-shaded areas (e.g., Pseudemys
concinna, Jackson and Walker, 1997; P. floridana, J. S. Doody,
unpubl. data), a few species nest in full shade (e.g., Kinosternon
baurii, Wilson, 1998; K. steindachneri, J. S. Doody, unpubl.
data), and at least one wide-ranging species nests in open
areas in cooler climates and more shaded areas in warmer
climates (e.g., Chelydra serpentina, Ewert et al., 2005; see
also Doody et al. (2006a) for an example in lizards). Shade
nesters would theoretically be at a disadvantage in a climate
warming scenario because they may already be nesting in the
shadiest sites (coolest microclimates), especially at the hot end
of their range. This behavioral “dead-end” would force a shift
in geographic distribution, in the physiological tolerance of
developing embryos, or in nest depth, or the population/species
could face extirpation or even extinction. Species restricted to
hot climates (e.g., the tropics) or with populations at hot climate
range margins could also be disadvantaged because the rate
of range contraction (extirpations) at the hotter range edge
could outpace the rate of range expansion (dispersal) at the
cooler range edge. The same should apply to other reptiles and
ectotherms. This predicted pattern in the egg life history stage
is parallel to the notion that tropical ectotherms (i.e., adults
and juveniles) are more vulnerable to climate warming than
temperate species because the former need to thermoregulate
to keep cool (rather than warm) by using shade, and continued
warming could result in heat stress even in deep shade (Deutsch
et al., 2008), allowing little or no opportunity for compensation
(Kearney et al., 2009).
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