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Abstract
Pace-of-life syndrome (POLS) theory predicts that physiological and behavioral traits coevolve and should fall predictably along
a fast-slow life history gradient. Although this theory represents an attractive theoretical framework for exploring ramifications of
life history for behavior and physiology, empirical support has beenmixed for this theory, and more work is required to determine
how well POLS theory explains existing patterns of behavior, particularly for extremely fast or slow life histories. We investi-
gated factors that affect adult risk exposure and nest success during nesting excursions for the Blanding’s turtle, a long-lived
ectotherm. We used radio telemetry to track gravid animals to nesting areas while measuring temperature and predation risk
across the study site and monitored nest success to connect behavior to current reproductive success. Turtles responded more
strongly to thermal gradients than predation risk when moving to nest sites, consistent with their armored morphology and
ectothermic physiology, and generally selected relatively warmmicroclimates during these excursions. Nests placed further from
wetland edges were more successful; unexpectedly, these same areas generally had relatively high predator activity, indicating
that successful nesting areas may be riskier to adults. Accordingly, turtles did not appear to select for nest sites far from wetlands
in areas likely to produce successful nests, instead placing nest sites in areas where predator species richness and activity were
lower. Consistent with POLS theory, our study demonstrates that long-lived organisms engage in behavioral strategies that
prioritize their own survival at the expense of current reproduction.
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Introduction

Pace-of-life syndrome (POLS; Wolf et al. 2007; Réale et al.
2010; Sol et al. 2018) theory has emerged in recent years to
explain observed patterns of life history, physiology, and be-
havior in the context of fitness trade-offs. At its core, POLS
theory considers how life history, behavioral, and

physiological traits coevolve under species- and population-
specific environmental conditions (Dammhahn et al. 2018).
Under this theory, any particular pace-of-life (POL) exists
along a fast-slow continuum of life history traits that reflect
conflicts between maximizing survival and fecundity (Stearns
1983; Sæther 1988; Dammhahn et al. 2018; Sol et al. 2018).
On one end of this continuum, fast-living strategies tend to be
characterized by short life spans, increased prioritization of
current reproductive output, and risk tolerance; on the other,
slow-living strategies or POL generally exhibits long
lifespans, increased prioritization of future over current repro-
ductive output, and increased risk aversion (Martin et al. 2000;
Wolf et al. 2007; Hau et al. 2010; Sol et al. 2018). In this way,
life history characteristics, physiological traits, and behavioral
tendencies should fall predictably upon a single predictable
continuum or syndrome, and this syndrome could explain
variation in these traits both among species (Ricklefs and
Wikelski 2002) and individuals (Réale et al. 2010).

Current and future reproduction have frequently been
found to a trade-off in nesting animals, such as turtles
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(Rivalan et al. 2005) and birds (Nilsson and Svensson 1996),
making examinations of POLS in such systems a promising
avenue of research. In oviparous species that construct nests,
nest placement often determines offspring survival (e.g., Dunk
et al. 1997; Wilson 1998; Mitchell et al. 2015). However,
behaviors associated with reproduction and nesting can have
substantial effects on maternal survival, as nest placement
decisions may influence maternal risk (Spencer 2002). The
manner in which nesting females balance this trade-off de-
pends in large part on life history traits (Stearns 1992;
Ghalambor and Martin 2001; Schwarzkopf and Andrews
2012; Refsnider et al. 2015), where long-lived species with
delayed ages of maturity are generally expected to select hab-
itats that maximize adult survival probability (Spencer 2002).
Physiological and morphological traits should also influence
the manner with which nesting animals respond to trade-offs;
for example, ectothermic physiology places individuals in sit-
uations where they must balance predation risk and thermo-
regulatory behavior, which ultimately affects metabolism and
growth rates (Kashon and Carlson 2018). Viewed from a
POLS perspective, covariance between life history, physiolog-
ical, and behavioral traits related to nesting and risk-taking
should lead to tangible differences in how animals prioritize
reproductive activities in any given season (Southwood 1977;
Clark and Shutler 1999; Kolbe and Janzen 2002; Gaillard
et al. 2010).

As long-lived organisms on the slow end of the fast-slow
life history continuum, freshwater turtles represent particular-
ly intriguing study organisms for studying costs and benefits
associated with nest site selection. Nesting female turtles
make terrestrial movements over several days to weeks to
reach nest sites, often with strong natal philopatry and nest
site fidelity (Rowe et al. 2005; Steen et al. 2012; Refsnider
et al. 2015). As ectotherms, thermoregulation is important for
adult survival, and overexposure of nesting females to high
temperatures influences the timing and duration of turtle
nesting movements (Burger and Montevecchi 1975; Spotila
and Standora 1985; Spotila et al. 1997; Jessop et al. 2000).
Efficient thermoregulation may also be particularly important
for turtles developing eggs (Litzgus and Brooks 2000; Millar
et al. 2012), as internal temperatures during gestation can in-
fluence embryo survival in reptiles (Telemeco et al. 2017).
While POLS theory predicts that most turtle species should
prioritize their own survival prospects over current reproduc-
tive output (Congdon et al. 1993, 1994), few studies have
assessed how well physiological and behavioral traits match
predictions of POLS theory during nesting excursions in tur-
tles or other slow pace-of-life taxa.

We examined hypotheses about habitat selection and
nesting choices grounded in POLS theory in Blanding’s turtle
(Emydoidea blandingii), integrating information on nesting
movements, locations, and success with a landscape-scale
sampling of thermal conditions, predator activities, and

landscape habitat conditions. Blanding’s turtles may move
up to 1 km before selecting terrestrial nest sites in open
patches of habitat (Steen et al. 2012) and often exhibit strong
nest site fidelity (Congdon et al. 1983). Furthermore, these
terrestrial nesting excursions are generally among the longest
distances moved within a given season and often represent the
only terrestrial excursions made by females (Ross and
Anderson 1990; Rowe andMoll 1991).While hardened shells
may reduce the sensitivity of turtles to predation risk, many
well-armored vertebrates still respond to predation risk (if they
fall on the slow end of the fast-slow life history continuum) by
shifting nest placement in order to reduce adult encounters
with predators (e.g., turtles in Spencer 2002) or by decreasing
time spent moving through patches with higher risk (e.g.,
porcupines in Pokallus and Pauli 2015). Blanding’s turtles
also exhibit a lower critical thermal maximum than most other
aquatic turtle species (Hutchinson et al. 1966), and as such
exposure to extreme temperatures in terrestrial habitats may
constitute a serious risk to nesting females. Thus, Blanding’s
turtles may be forced to balance factors that influence their
own perception of risk to their own survival and that of their
nest while navigating the landscape to reach nesting areas.

We hypothesized that females should exhibit risk aversion
and select habitat to minimize stress and perception of risk
during nesting excursions. Risk aversion during nesting forays
may be represented spatially by avoidance of areas associated
with increased predator encounters or suboptimal thermal
conditions. However, as armored, slow-moving, ectothermic
vertebrates, we predicted that turtles should show stronger
patterns of habitat selection associated with regulating body
temperature than with reducing predator encounters, as avoid-
ance of areas with higher predator encounter probability may
be unnecessary when morphological defenses can buffer
against fatal predator encounters. We also hypothesized that
perceived risk factors encountered during nesting movements
will influence turtles’ ultimate choice of nest site. In keeping
with POLS theory, we predict that individuals subjected to
increased perception of risk and stress will be more likely to
nest in areas that minimize additional exposure of adults to
risk and stress. We also hypothesized that the combined ef-
fects of risk on the terrestrial landscape and risk avoidance
behaviors that increase the safety of adult females will result
in choices of nest sites that are suboptimal for nest success.

Materials and methods

Study area

Our study was conducted during the summers (nesting sea-
sons) of 2016 and 2017 at Sandhill Wildlife Area (SWA) in
Wood County, Wisconsin, which harbors a large, stable, and
well-studied Blanding’s turtle population (Reid and Peery
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2014; Reid et al. 2016a, 2016b, 2017). Sandhill Wildlife Area
is well-suited for studies of fitness trade-offs because preferred
nesting areas (restored oak savannah and other open areas) are
separated from preferred aquatic habitats by forest and other
unsuitable habitat, suggesting that nesting turtles may be ex-
posed to predation risk and suboptimal thermal conditions
during long-distance terrestrial nesting movements. Much of
the work on nesting ecology at this site was based around
three focal nesting areas towards the western, central, and
northeastern portions of the site, although nests have been
found along roads and near open areas throughout the area
(Fig. S1a); in most cases, turtles nested in open habitats asso-
ciated with loose substrates. For all work involved, it was not
possible to record data blindly, because our study involved
focal animals in the field.

Radio telemetry and nest location

We captured 20 turtles in early spring of 2016 using baited
hoop net traps and through opportunistic encounters on roads,
and 24-month radio transmitters were attached to left rear
costal scutes of all captured adult females using marine-
grade epoxy. A small iButton data logger (DS1921G;
Maxim Integrated) was also affixed to the carapace in a similar
manner to measure thermal conditions experienced by the
turtle, but on right rear costal scutes instead. Before attach-
ment, we waterproofed iButtons using a dark-colored Plasti
Dip (Plasti Dip International), and set each iButton to record
temperatures every 30 min. In most cases (n = 16 out of 20
originally captured in 2016), females captured during the 2016
field season were tracked again during the 2017 field season,
and all female turtles processed in this way were tracked
weekly until lateMay. Three additional animals were captured
in 2017 to supplement radio telemetry efforts. Previous re-
search on Blanding’s turtles in Wisconsin suggested that
nesting usually begins early or mid-June (BNR pers. obs.).
Therefore, starting in late May to early June, turtles were
tracked every day to determine the onset of nesting move-
ments. Once a turtle left the water, it was radio-tracked daily
until nesting occurred, which typically takes 5–17 days (Ernst
and Lovich 2009).

We attached thread spools to the rear vertebral scutes of
females when they were near potential nesting grounds to
identify nest locations, as nesting females typically buried
thread trails when excavating nest cavities (Beaudry et al.
2010; Reid et al. 2016a). At the time of nest location, we
recorded information on nest placement using a handheld
GPS (to the nearest ± 5 m) and placed markers approximately
2to 3 m away from each estimated nest location. Nest depre-
dation constitutes the single most important determinant of
nest success in Blanding’s turtle (causing > 90% of observed
nest failures; Congdon et al. 2000). Thus, nests were moni-
tored daily for the first week (as Blanding’s turtle nest

depredation rates are highest in the first several days after nest
placement; Ernst and Lovich 2009) and then weekly for ap-
proximately 1 month to detect patterns of nest success. Nests
were deemed successful if no evidence of depredation (deter-
mined based on an excavated cavity with egg shells scattered
around it) was found between June and July.

Quantifying sub-lethal predation risk and thermal
extremes

Females at SWA sometimes exhibit injuries consistent with
predator attacks and have a higher overall incidence of injury
thanmales at the same site (Table S1, Fig. S2), although yearly
survival rates of males and females are similar (Reid et al.
2016a). While males are slightly larger than females in this
species (Ernst and Lovich 2009), the differences in body size
between males and females are likely too slight to lead to
differences in survival. This suggests that nesting exposes
females to additional risks of attack from predators and that
these risks can incur costs to females during their nesting
forays. Predation risk to adult turtles was measured with 33
wildlife cameras stratified across the landscape using a grid-
based sampling design. The entire study area was subdivided
into 500 m × 500 m cells, with cell size set to maximize spatial
coverage throughout the study site given limited camera avail-
ability. If the centroid of a grid cell contained terrestrial habitat
(delineated using the WISCLAND dataset; http://dnr.wi.gov/
maps/gis/datalandcover.html), we placed a wildlife camera
trap (Reconyx HC500 and PC800) baited with fatty acid
scent (FAS) predator-survey discs within 20 m of the grid
center. Camera traps remained in the field from late May to
mid-July of each study year, after which storage cards were
removed and photographs were examined for the presence of
potential mammalian predators. We identified each predator
observed to species; photographs of the same species taken
within 5 min of each other were considered temporally
autocorrelated and were grouped as a single detection. We
quantified two metrics for each camera location: predator spe-
cies richness and relative predator activity (Table 1). Given
that there is considerable uncertainty about how turtles may
respond to mammalian predators, we predicted that areas with
increased predator species richness may appear riskier to
nesting turtles due to a wider variety of cues from more spe-
cies. In contrast, areas with increased predator activity would
appear riskier due to an increased frequency with which cues
are refreshed. Given the relatively small number of indepen-
dent detections across both years (n = 79), we summarized
predation risk metrics across both years. An inverse-distance
weighting (IDW; Shepard 1968) approach was then used to
interpolate both adult predation risk metrics between camera
trapping stations. We chose to interpolate across the entire
study area regardless of land cover type, as wetland and up-
land habitat are highly intermingled at this study site.
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We measured thermal characteristics across the landscape
at 28 temperature monitoring stations using the same 500 m
grid used to measure predation risk. As with iButtons de-
ployed on turtles, iButtons planned for environmental temper-
ature measurement were coated in PlastiDip before deploy-
ment. We then generated a single random location within each
grid cell and sampled that location if it contained terrestrial
habitat; in this way, we monitored temperatures in terrestrial
habitats likely encountered by turtles moving to nest sites and
standardized our thermal monitoring system to include only
terrestrial habitats simultaneously assessed for predation risk
surveys. At each temperature monitoring station, we
suspended a waterproofed iButton from a string approximate-
ly 9 cm above the ground to approximate shell height of an
adult Blanding’s turtle (Ernst and Lovich 2009).We sampled a
mix of both shaded and open areas in this way to capture
variability in vegetative cover experienced by turtles.

All iButtons monitored temperatures every 30 min from
lateMay to early July. Before processing thermal data for each
year, we first examined reported minimum and maximum
temperatures at local National Weather Service (NWS) mon-
itoring stations and excluded any data logger measurements
outside of the range of temperatures reported by this NWS
station; generally, these observations were unrealistically
warm (> 50 °C), suggesting that these measurements either
represent periods of extreme solar exposure or data logger
malfunction, and < 5% of available data were excluded in this
way. We then trimmed thermal records for each turtle and
iButton station to the same temporal duration, generally
encompassing late May to late June. We extracted environ-
mental temperature data for each timewith available telemetry
data and used this environmental data to create time-specific

interpolated thermal layers to allow instantaneous comparison
of shell temperatures with environmental temperatures
(Table 1). We then summarized, for each iButton station, the
proportion of each day above the 90th percentile and below
the 10th percentile of observed temperatures within each study
season. These daily estimates of extreme temperature expo-
sure were then averaged throughout each study season for
each iButton station. These values were then interpolated
across iButton stations using the same procedure outlined
for predation risk metrics to produce two metrics of tempera-
ture exposure: high temperature exposure and low tempera-
ture exposure (Table 1).

Delineating used and available habitat

Before testing hypotheses, we first processed both movement
and nesting data to facilitate habitat selection analyses. For
movement habitat selection analyses, we first calculated the
average distance between consecutive telemetry locations for
all turtles with > 5 locations in a year for both 2015 and 2016.
We then used the largest of these two distances (350 m in
2016) to generate a buffer zone around each turtle location,
and randomly sampled five points around each telemetry lo-
cation (see Fig. S3). We consider these randomly generated
points to represent habitat available to each turtle, according to
a use vs. availability design (Design III in Manly et al. 2002),
and assigned 1 to each used location and 0 to each available
location. After data filtering, we retained 187 telemetry loca-
tions for Blanding’s turtles across 14 unique animals, which
were compared with 1023 random locations across the 2 years
of study.

Table 1 Covariates used for each analysis. All land cover covariates are based on WISCLAND

Covariate Explanation

Hypothesis 1 and 3

Predator species richness
(R)

Interpolated estimates of predator species richness, based on camera trap surveys

Predator activity (A) Interpolated estimates of relative activity, quantified as total detections across all species. Based on camera trap surveys

Time-specific
temperature (T)

Estimates of temperatures experienced at each telemetry location, based on shell-mounted iButtons (for turtles), or
temperatures estimated based on time-specific interpolated temperature layers (for availability locations)

High temperature
exposure (H)

Interpolated estimates of the average proportion of each day that a location experienced temperatures above the 90th
percentile of temperatures observed in each study season

Low temperature
exposure (L)

Interpolated estimates of the average proportion of each day that a location experienced temperatures less than the 10th
percentile of temperatures observed in each study season

Hypothesis 2 and 3

Distance to forest edges
(DF)

Distance to closest forested area

Distance to wetlands
(DW)

Distance to closest wetland area

Distance to roads (DR) Distance to closest road

Distance to open water
(DO)

Distance to closest open water habitat
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For nest site selection analyses, we drew on a dataset of 141
nests located between 2011 and 2017. Techniques used for
locating these nests are described in Reid et al. (2016a), but
briefly involved searching for nesting individuals in the eve-
ning between May and July, and using thread spools to track
turtles to nesting locations. Before assessing nest site selec-
tion, we first delineated the boundaries of each nesting patch
using a kernel density approach with individual nests as ob-
servations. We then randomly selected 50 locations within
each nesting patch to represent within-patch nesting habitat
availability and assigned 1 to used locations and 0 to available
locations (see Fig. S3). For each used and available location,
we calculated the distance to forests, wetlands, open water,
and roads (Table 1).

Analysis

To test hypothesis 1 (that female movement behavior pre-
nesting was more strongly influenced by temperature than
by predation risk), we evaluated multiple competing models
of habitat selection using an information theoretic approach.
Prior to building models, we calculated correlation coeffi-
cients between thermal and predation risk covariates, and co-
variates with r > |0.6| were not included simultaneously in the
same model statements to reduce multicollinearity. Covariates
were not correlated between categories (thermal or predation
risk), but the following pairs of covariates were highly corre-
lated: predator species richness and relative predator activity
and high and low temperature exposure probabilities. We then
used the function Bclogit^ in the package survival in R
(Therneau 2015) and conditional logistic regression to evalu-
ate a suite of a priori model statements that describe differ-
ences in temperature and predator metrics (Table 1) between
used and available locations (Table S2). Conditional logistic
regression allows used locations to be paired with nearby
available locations and is considered more suitable for paired
use-availability designs (Compton et al. 2002; Duchesne et al.
2010). Due to issues with mixed-effect model convergence,
we chose to compute robust standard errors instead, which
have been used to control for individual-level effects in paired
regression models (Fortin et al. 2005; Forester et al. 2009;
Zeller et al. 2017). We used Akaike’s Information Criterion,
corrected for small sample size (AICc; Sugiura 1978; Hurvich
and Tsai 1991), to evaluate models best supported by this
dataset. For this, as well as analyses described below, we con-
sidered any model within 2 ΔAICc of the top model to be
competitive with the top model and interpreted 95% confi-
dence intervals for covariate estimates (Burnham and
Anderson 2002). We calculated McFadden’s pseudo-R2 for
each model as a metric of model fit (McFadden 1973).

To test hypothesis 2 (that female risk aversion should lead
to nest placement decisions that are related to reducing the
perception of risk and stress), we compared predation risk

and temperatures experienced by nesting turtles before nesting
between successful and unsuccessful nests and related these
same movement covariates to patterns of nest placement. We
first calculated predation risk and thermal covariates for each
turtle with known nests (n = 26 nesting excursions across 17
individual turtles), regardless of the number of locations avail-
able for each turtle within each year. Since some turtles with
known nest locations did not have available turtle-specific
thermal data due to data logger loss and malfunctions, we used
only indirectly-measured covariates (predator species richness
and activity and high and low temperature exposure) for this
analysis and summarized averaged levels of each covariate for
each pre-nesting telemetry path. We then modeled the influ-
ence of a priori combinations of predator and temperature
covariates on nest fate using logistic regression (Table S3).
As in analyses for hypothesis 1, nomodels includedmore than
one each of predation risk and exposure-based thermal covar-
iates, and each model statement was run multiple times for
each combination of predator and temperature covariates.
We repeated this same model selection approach with each
nest selection covariate as the response variable using linear
regression; in this case, we naturally log-transformed each
nest selection covariate before modeling the effects of adult
experience on nest selection to improve model fit.

To test hypothesis 3 (that combined effects of risk on the
terrestrial landscape and risk avoidance behaviors that in-
crease safety of adult females will result in choices of nest
sites that are suboptimal for nest success), we used the full
nest success dataset (encompassing 2011–2017) to identify
factors on the landscape that maximize nest success, and used
a use vs. availability analysis to determine whether turtles
select for factors that reduce nest mortality or adult exposure
to predators when selecting nest sites. Because we aimed to
link patterns of habitat selection to nest success, we also com-
pared these same covariates between successful and unsuc-
cessful nests (with 1 assigned to successful habitat and 0 to
unsuccessful nests). For analyses of land cover effects on nest
selection and nest success, correlation coefficients between
covariates were calculated before model construction, and
any covariates with r > |0.6| were not included in the same
model statements. We then modeled the effects of a priori
combinations of landscape covariates (Table S4) using un-
paired logistic regression. As for hypothesis 1, we used
AICc to rank models. We also explored how predator covar-
iates influence nest selection and nest success using a similar
approach to determine if turtles are actively selecting areas
that either (a) reduce nest depredation, which would suggest
prioritization of current reproductive output, or (b) reduce
adult exposure to predators, which would suggest prioritiza-
tion of future reproductive output. In order to consider if tur-
tles select nests to reduce nest depredation, we created a sep-
arate interpolation layer that represents nest predator activity,
focusing on the primary documented nest predator at this site
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and for this species, the raccoon (Ernst and Lovich 2009). In
order to consider if turtles select nests to reduce adult exposure
to predators, we used the same predator species richness and
activity surfaces as for analyses of pre-nesting habitat selec-
tion, as all predator species included in this surface represent
animals that turtles may perceive as a threat. Then, we
modeled the effects of predation risk to nests and adults on
nest selection and nest success using unpaired logistic regres-
sion and used AICc to rank models. As in analyses of hypoth-
esis 1, we calculated McFadden’s pseudo-R2 for each nest
selection and nest success model. For all analyses involving
p-values, we set α = 0.05, and means are presented ± 1 SD
unless otherwise noted. All data analyses were completed in
R, version 3.4.3.

Results

Interpolations of predation and thermal covariates

A total of 79 independent predator detections were made
between May and June across both years of study (55 in
2016 and 24 in 2017), representing seven total species:
badger (Taxidea taxus), black bear (Ursus americanus),
bobcat (Lynx rufus), coyote (Canis latrans), fisher
(Martes pennanti), raccoon (Procyon lotor), and striped
skunk (Mephitis mephitis). The most records were made
for coyotes (40/79), followed by raccoons (25/79), bear
(5/79), and bobcat (4/79), while the remaining three spe-
cies were only detected on one or two occasions (5/79
total). Interpolated estimates of predator species richness
suggested the presence of more predator species around
the largest nesting patches in the western, central, and
northeastern portions of the site (Fig. S1). Conversely,
interpolated estimates of predator activity suggested a sin-
gle hotspot of activity in several of the northeastern
nesting patches, with varying levels of predator activity
throughout the study area. After data filtering, a total of
36,542 turtle shell temperature measurements (21,581 in
2017 and 14,961 in 2016) and 59,481 environmental tem-
peratures (34,045 in 2017 and 25,436 in 2016) collected
from May to June 2016 and 2017 were available for in-
terpolation and data analysis. Across all temperature mea-
surements in both years, the average shell temperature
was 24.53 ± 3.93 °C and average environmental tempera-
ture was 22.87 ± 5.58 °C. Estimates of high temperature
exposure varied from 0% to 6.41%, and estimates of low
temperature exposure varied from 0% to 6.63% (Fig. S1).

Predator encounter-thermal microclimate trade-offs The top
pre-nesting habitat selection model suggested that turtles were
generally warmer than random locations (β = 2.248, 95%
CI = 1.492 to 3.003, Fig. 1a), but avoided areas exposed to

extremely high temperatures during pre-nesting movements
(β = − 0.497, 95% CI − 0.838 to − 0.156, Fig. 1b). Although
the interaction term between these two variables was negative,
its confidence intervals overlapped with zero (β = − 0.479,
95% CI = − 1.044 to 0.087). Three models had ΔAICc < 2.0,
and each model included an interaction between T and H
(Table S5). Although the remaining two models with
ΔAICc < 2.0 included variables related to predation risk, con-
fidence intervals for each predation risk covariate estimate
overlapped with zero.

Relationships between movement and nesting
behavior

The distance nests were placed from forests was positively
associated with average predator species richness experienced
by turtles before nesting (β = 1.37, 95% CI = 0.49 to 2.25;
Fig. 2; Table S6). Nomodels that related movement covariates
to distance of nests to wetlands, open water, or roads
outperformed null models (see Table S7). No covariates relat-
ed to movement habitat selection appeared to have an impact
on nest success, as the null model was either the top model or
within 2 AICc of the top model in each comparison (see
Table S8 for a full summary of these results).

Nest selection and nest success

Themost supported nest selectionmodel suggested that turtles
nest closer to forests (β = − 0.0037, 95% CI = − 0.0049 to −
0.0020; Fig. 3a) and farther from openwater (β = 0.0017, 95%
CI = 0.0010 to 0.0024; Fig. 3a) than expected. Although dis-
tance to wetlands and distance to roads were included in this
top model, each had confidence intervals that overlapped with
zero (wetlands: β = 0.0000, 95% CI = −0.0011 to 0.0013;
roads: β = −0.0030, 95% CI = −0.0082 to 0.0019, Fig. 3a).
This model had AICc weight = 1 andΔAICc = 19.14 relative
to the second best land cover-based nest selection model
(Table S9). Selected nests were also generally in areas with
less overall predator activity (β = − 0.08112, 95% CI = −
0.1563 to − 0.0242, Fig. 3a), and no support was found for
the raccoon model (ΔAICc = 7.62, β = − 0.1789, 95% CI = −
0.5140 to 0.1280; Table S10).

The top land cover-based nest success model suggested
that nests were more successful when laid further from
wet lands (β = 0 .004886 , 95% CI = 0 .002190 to
0.007793; Fig. 3b; Table S9). This model also indicated
increasing nest success probability closer to open water;
however, as 95% confidence intervals for this effect over-
lapped with zero (β = − 0.001043, 95% CI = − 0.002369 to
0.000231) and a model with only distance to wetlands
was within 0.47 ΔAICc of the top model, we interpret
this open water effect as an uninformative parameter,
and interpret only the second best model with distance
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to wetlands as the only predictor (Arnold 2010). In this
model, as in the top model, nests were more likely to
survive further from wetlands (β = 0.004162, 95% CI =
0.001612 to 0.006993). These areas were also associated
with more overall predator activity (β = 0.3730, 95% CI =
0.1582 to 0.6095; Fig. 3b), with no clear effects of rac-
coon activity on nest success (ΔAICc = 13.16, β = 0.2291,
95% CI = −0.5448 to 1.014; Table S10). Although an out-
lier was detected in the predator activity model, removal
of this outlier did not substantially impact the predator
activity covariate estimate (β = 0.3728, 95% CI = 0.1553
to 0.6094).

Fig. 1 a Pre-nesting habitat selection for time-specific temperatures,
based on the top habitat selection model. Light red shading indicates
95% CIs. b Plot of the effects of high temperature exposure on pre-

nesting habitat selection based on the top habitat selection model. Light
red shading indicates 95% CIs, and gray points indicate observed data
used in model fitting

Fig. 3 a Odds ratios for effects of covariates on nest selection. b Odds
ratios for effects of covariates on nest success. Bars indicate 95% CIs

Fig. 2 Plot of the relationship between average predator species richness
(Rav) pre-nesting and natural-log-transformed nest distance to forest
edges (DF), based on the top model relating pre-nesting habitat
selection to nest selection. Light red shading indicates 95% CIs, and
gray points indicate observed data used in model fitting
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Discussion

According to POLS theory, an animal’s life history traits and
position along a fast-slow life history continuum should lead
to predictable covariance in behavioral and physiological
traits (Dammhahn et al. 2018). In this study, we hypothesized
three core ways in which the Blanding’s turtle’s relatively
slow life history should influence behavior during nesting:
(i) risk avoidance, particularly of areas that may expose the
animal to increased perception of risk (due to predators) or
stress (due to suboptimal thermal microclimates) during
nesting excursions, and with greater avoidance of areas that
expose animals to physiological stress rather than predator
encounters due to morphological defenses; (ii) behavioral
trade-offs between current reproduction and risk avoidance,
leading to nest placement decisions that minimize adult per-
ception of risk and stress with negative or minimal effects on
nest success; and (iii) nest site preferences that do not appear
to maximize current nest success.

Risk avoidance during movements

In support of our first hypothesis, animals exhibited risk
avoidance when moving overland to nesting areas, but select-
ed more strongly for habitats with optimal thermal microcli-
mates rather than those that reduced exposure to predators.
Thermally-motivated habitat selection could represent a suite
of behavioral strategies to maximize both fitness
components—adult survival and nest success—simultaneous-
ly. Gravid animals exhibit increased frequency and intensity
of thermoregulatory behaviors (Shine 1980; Congdon 1989;
Lefevre and Brooks 1995; Millar et al. 2012), and thermoreg-
ulatory behaviors appear to impact embryo survival in many
species (e.g., Shine 1980; Gutzke and Packard 1987; Gutzke
et al. 1987; Telemeco et al. 2017). Thus, preferences for higher
temperatures overall may represent adaptations to maximize
embryo survival. However, adult overexposure influences the
duration of nesting excursions (Burger and Montevecchi
1975; Spotila and Standora 1985; Spotila et al. 1997; Jessop
et al. 2000), and efficient thermoregulation impacts adult sur-
vival in many reptiles (Adolph and Porter 1993; Nutting and
Graham 1993), suggesting that adult survival is partially de-
pendent on accurate thermoregulation during nesting excur-
sions. Since we did not disturb nests to determine cases of
developmental mortality associated with thermal conditions
experienced by nests or adult females, we were unable to
determine whether patterns of thermally-motivated habitat se-
lection in this study were more for the benefit of the mother or
offspring. However, given that female thermoregulation has
documented positive impacts on both embryo survival and
adult survival, we interpret these risk-averse behaviors as po-
tentially associated with both fitness components.

Although patterns of habitat selection before nesting sug-
gested stress aversion in keeping with POLS theory, we failed
to document avoidance of areas with higher predicted predator
species richness or activity before nesting. On its face, this
appears to run counter to POLS theory, since animals with a
slow pace-of-life may generally be expected to avoid areas
with more predators; however, we emphasize that morpholo-
gy must be considered in tandem with life history traits to
predict behavioral outcomes when exposed to predators
(Royauté et al. 2018). Armored vertebrates are generally less
likely to exhibit flight responses when they encounter preda-
tors, often leaning heavily on their morphological defenses to
avoid harm (Stankowich and Blumstein 2005). Although
some evidence suggests that armored vertebrates may exhibit
avoidance of predation risk during foraging behaviors
(Pokallus and Pauli 2015), the relatively abbreviated duration
of nesting excursions in this study (1 to 2 weeks), slow met-
abolic rates of most turtles (Gibbons 1987; Avise 1992), and
frequent aquatic foraging in this species (Ernst and Lovich
2009) likely mean that foraging requirements should have
little effect on the behavior of nesting turtles in upland habitat.
Although females did not appear to avoid areas with more
predator species or activity in our study, some of the larger
animals documented on our cameras (bears, bobcats, and coy-
otes, for example) likely could kill and consume an adult
Blanding’s turtle, and predators such as raccoons have been
documented to occasionally consume or attack female
Blanding’s turtles (Standing et al. 1999). Thus, we caution
that this lack of documented avoidance of areas with more
predators before nesting may not reflect the potential for mor-
tality or injury due to predators and acknowledge that failure
to avoid areas associated with increased predation risk may
instead indicate that encounter rates between predators and
nesting turtles may be relatively low and unimportant for sur-
vival. Keeping in mind the relative rarity of observations of
adults being consumed by predators in this species, we do
interpret the lack of predator avoidance pre-nesting document-
ed in this study as consistent with morphological defenses of
turtles and suggest that morphology may produce patterns of
risk-taking that may not be consistent with hypotheses based
solely on life history traits.

Nest placement and current reproductive success

Nest sites that were further from wetlands had a higher prob-
ability of nest success, a finding consistent with accounts for
other turtle species (Kolbe and Janzen 2002; Spencer 2002;
Reid et al. 2016a). Successful nest sites were, in turn, associ-
ated with more predator activity across all species, with no
clear differences in activity of the primary nest predator at this
site, the raccoon, between successful and unsuccessful nests.
This result does appear contradictory at first, as areas with
reduced nest depredation and increased nest success may be
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expected to have less predator activity overall; however, much
of this difference in predator activity between successful and
unsuccessful nests was driven by the presence of coyotes,
which do not appear to consume Blanding’s turtle nests
(Ernst and Lovich 2009). This suggests that increased coyote
activity around nesting areas is not due to the nests them-
selves, rather, habitat features that Blanding’s turtles find de-
sirable for nesting may be simultaneously but incidentally
more profitable for coyote foraging. Although coyotes have
not been found to consume adult Blanding’s turtles during
nesting events, attacks by a variety of other species, such as
foxes and raccoons, have been documented for adult turtles,
and it is likely that coyotes would be no exception (Ernst and
Lovich 2009). As in other studies of turtle nest success (Kolbe
and Janzen 2002; Spencer 2002), these results indicate that
areas associated with successful nests are riskier for nesting
adults and indicate that turtles cannot select habitats that both
maximize nest success and minimize adult risk at the same
time (Spencer 2002).

We failed to find evidence that nest placement maximizes
current reproductive success. Turtles exhibited a preference
for nest sites close to forests, with no significant preference
for nest sites close to or far away from wetlands, and the suite
of covariates that predicted nest success appeared to differ
entirely from the suite of covariates that predicted nest place-
ment. This was surprising, as several other studies have found
that nest preferences are positively correlated with nest suc-
cess (Fontaine and Martin 2006; Chalfoun and Martin 2007),
nest temperature (Kolbe and Janzen 2002), and offspring phe-
notype (Shine and Harlow 1996; Brown and Shine 2004), and
this decoupling of nest site selection and nest success suggests
that factors more related to future than current reproduction
may be important in driving nest placement. Indeed, although
nest success was higher in areas exposed to more predators,
turtles chose to nest in areas less exposed to predators. This
may indicate that nest placement is more influenced by risk
avoidance in adults than maximizing nest success. Nesting
behaviors are often costly for many vertebrates and increase
adult mortality in some birds (Martin 1993; Merilä and
Wiggins 1995; Ghalambor and Martin 2001) and turtles
(Spencer 2002; Refsnider et al. 2015). While armored verte-
brates are often less susceptible to non-consumptive effects of
predation risk (Brown and Kotler 2004), previous studies of
armored species indicate that predation risk can shape move-
ment and habitat selection behaviors (Spencer 2002; Pokallus
and Pauli 2015).

Placement of nests close to forests reduced the average
number of predator species encountered before nesting.
While this result appears somewhat at odds with the lack of
avoidance of predators during nesting movements, we inter-
pret this result as evidence that turtles respond to risk differ-
ently before and during nesting, and that nest placement
decisions can have ramifications for the overall amount of

risk experienced by turtles. When moving to nesting areas,
female turtles can retreat into shells to avoid predation, and
thus would be unlikely to exhibit avoidance of areas with
more predators before nesting; furthermore, anecdotal
observations of turtles during nesting excursions indicated
that animals generally hid under leaf litter and thick
understory cover in forested areas when not actively
moving, suggesting that forests provide opportunities for
cover during nesting excursions. In contrast, animals that are
actively nesting may be less capable of retreating into shells or
finding cover, are in areas with unobscured lines of sight, and
may be acutely concerned about exposure to predators during
nesting. Spencer (2002) found that Emydura macquarii ad-
justed the distance of its nests from water in the presence of
predators, as predators upon adults in their system were gen-
erally more common near water. Outside of reptiles, birds do
appear to adjust nesting behavior in response to perceived
predation risk (Eggers et al. 2006; Fontaine and Martin
2006), suggesting that female well-being is a factor that is
considered when animals select nest sites, particularly for spe-
cies with a relatively slow pace-of-life (Spencer 2002).

POLS theory and nesting behavior in ectotherms

Given relatively mixed support for POLS theory in existing
literature (Dammhahn et al. 2018), why did we document
support for POLS theory in this current study? First, key as-
sumptions of POLS theory—trade-offs between current and
future reproduction and connections between physiology/
behavior and life history decisions—are well-maintained in
nesting systems, particularly for turtles and other long-lived
vertebrates. Nesting excursions often tangibly impact adult
predation risk, and multiple studies have suggested that ani-
mals may make nest placement decisions that reduce adult
mortality while increasing nest mortality, suggesting that cur-
rent and future reproduction often trade-off (Ghalambor and
Martin 2001; Spencer 2002). Furthermore, physiological
stress is often higher in nesting animals, particularly when
brood size is large (Bókony et al. 2009), and behavioral deci-
sions related to basking do appear to differ between nesting
and non-nesting animals (Millar et al. 2012). Second, we in-
corporated gradients of risk and temperature in our study,
which allowed us to ground our system in the underlying
environmental gradients presumably producing behavioral
patterns (Dammhahn et al. 2018). Third, the fitness currency
in this present study—nest success—is directly tied to repro-
ductive investment and risk-taking, making it appropriate for
explorations grounded in POLS theory. Fourth, we chose to
study turtles; as reptiles, they have among the slowest life
histories of any vertebrates, and life history may particularly
constrain behavior and physiology at the extremes of the fast-
slow continuum (Gibbons 1987; Nelson et al. 2002).
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Nesting turtles in this study exhibited habitat selection pat-
terns that are consistent with predictions of POLS theory,
namely, that long-lived organisms with life history traits asso-
ciated with a slower pace-of-life should exhibit behavioral and
physiological traits that maximize future reproductive output at
the expense of current reproductive success (Ghalambor and
Martin 2001; Spencer 2002; Dammhahn et al. 2018). However,
it should be noted that we only address POLS theory predic-
tions that stem from the relative position of turtles along a fast-
slow life history trait continuum. Recent studies have suggested
that, even in long-lived species such as turtles, personality and
inter-individual differences may explain differences in behavior
(Ibáñez et al. 2018; Kashon and Carlson 2018), and a great deal
of recent work on POLS theory has asserted that covariance
between life history, physiology, and behavior should be main-
tained both between species and between individuals within the
same taxonomic group or species (Dammhahn et al. 2018;
Royauté et al. 2018). Additional studies should explore wheth-
er life history differences among species within the same taxo-
nomic group, such as species within the freshwater turtle family
Emydidae, lead to predictable differences in risk-aversion dur-
ing nesting excursions or other behaviors.

Furthermore, an important consideration in studies of POLS
theory is that environmental characteristics should drive covari-
ance in life history, behavioral, and physiological traits, as these
environmental characteristics should shape adaptive responses
(Ricklefs and Wikelski 2002; Wikelski et al. 2003; Dammhahn
et al. 2018). Thus, individuals of the same species yet occupying
different sites may exhibit different behaviors due to differing
environmental characteristics and adaptive pressures (Salzman
et al. 2018), and future extensions of our work could explore
site-level variation in risk-aversion and nesting behavior.
Furthermore, our study only considered a single physiological
trait (ectothermy) and only explored whether animals behavior-
ally select habitat in ways consistent with their ectothermic
physiology. Numerous other physiological traits, such as meta-
bolic rates, growth rates, and immune function, should also
correlate with behavior and life history in long-lived species,
and further work is needed to elucidate how often this is the case
(Dammhahn et al. 2018; Salzman et al. 2018; Tieleman 2018).
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