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Introduction

Global climate change is widely regarded as a major con-
servation challenge because of its far-reaching effects on 
ecosystems (Bellard et al. 2012; McCarty 2001). Shifts in 
temperature and precipitation patterns can affect plants and 
animals by disrupting trophic interactions, for example, by 
decoupling the phenology of interdependent species (Traill 
et al. 2010; Van der Putten et al. 2010). Effects of climate 
change are often synergistic and act in conjunction with 
other factors known to affect populations. For example, 
temperature fluctuations associated with climate change 
can interact with landscape composition or predator behav-
ior to limit productivity of prey (Cox et al. 2013b; Morrison 
and Bolger 2002; Skagen and Yackel Adams 2012). Accu-
rately predicting and mitigating effects of climate change 
on threatened ecosystems will require an understanding 
of how proximate climate factors affect individual species 
that perform key ecosystem functions (Bellard et al. 2012; 
Traill et al. 2010).

Although generally understudied, snakes make an ideal 
model organism for understanding the effects of climate 
change on predator–prey interactions. Because snakes are 
ectotherms, their physiology and behavior are constrained 
by environmental conditions that are subject to climate 
warming (e.g., Aubret and Shine 2009; Weatherhead et al. 
2012). Where snakes are abundant they can potentially 
exert strong top–down effects on the behavior, population 
demographics, and evolution of prey species (Bouskila 
1995; Brodie et al. 2005; DeGregorio et al. 2014; Savidge 
1987). For example, in eastern North America, snake 
behavior has been recognized as a potential mechanism 
linking climate warming to songbird productivity (Cox 
et al. 2013a, b; Reidy et al. 2009; Sperry et al. 2013). Fur-
thermore, there is evidence that many snake species are 
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undergoing population declines, in part because of climate 
change, which may in turn affect ecosystem functioning in 
regions where snakes are the predominant predators (Gib-
bons et al. 2000; Reading et al. 2010).

Snake activity patterns are widely presumed to be 
influenced by seasonal temperature changes in temperate 
regions (Gibbons and Semlitsch 1987). Virtually all aspects 
of ectotherm physiology are constrained by body tempera-
ture, and snake behavior is therefore affected by ambient 
temperatures (Lillywhite 1987; Peterson et al. 1993). Snake 
activity patterns also reflect seasonal changes in reproduc-
tive behavior, predator avoidance, or resource selection 
(Gibbons and Semlitsch 1987). Seasonal or daily activity 
patterns have been documented for many snake species, but 
studies that isolate specific environmental factors from tem-
poral patterns have been surprisingly sparse. This paucity 
of information has resulted in part from the difficulty of 
studying snakes in the field; most information is based on 
anecdotes, museum collections, or capture rate data (e.g., 
Dalrymple et al. 1991; Krysko 2002). Radio-telemetry has 
permitted more rigorous analyses of snake movements and 
thermoregulation, but few studies have specifically linked 
activity patterns of individual snakes to ambient weather 
conditions (Howze and Smith 2012; Sperry et al. 2013; 
Whitaker and Shine 2002).

Thermoregulation in snakes has been well studied in labo-
ratory and field experiments (Blouin-Demers and Weath-
erhead 2001b; Lelièvre et al. 2011; Peterson et al. 1993; 
Weatherhead et al. 2012). Thermal preferences for most spe-
cies are close to 30 °C, although snakes in temperate regions 
can tolerate a wider range of temperatures than those in 
tropical regions (Lillywhite 1987). The availability of opti-
mum environmental temperatures affects how much time 
and energy a snake must invest in actively thermoregulating 
compared to other activities. A snake must either thermoreg-
ulate more or become sedentary as temperatures depart from 
the optimum. A lowered metabolism may require less food 
and therefore less time hunting. Snakes can invest more in 
hunting or reproductive behavior when optimal environmen-
tal temperatures are more readily available (Peterson et al. 
1993). Therefore, the availability of optimal environmen-
tal temperatures should affect snake activity patterns, with 
snakes moving more frequently when environmental temper-
atures permit them to achieve a body temperature near 30°.

Water balance is an important but often overlooked 
aspect of snake physiology. Snakes are susceptible to des-
iccation under dry conditions, and activity during warm 
periods can expose snakes to increased evaporative water 
loss (Guillon et al. 2013; Winne et al. 2001). Snake activ-
ity should therefore be positively related to precipitation 
or relative humidity, with less frequent movements when 
moisture levels are low, including under optimal thermal 
conditions (e.g., Daltry et al. 1998).

We used radio-telemetry and local weather data to 
model temporal activity patterns of western ratsnakes 
(Pantherophis obsoletus), a regionally important preda-
tor. Our goal was to investigate the relationship between 
snake behavior and weather variables that will be affected 
by climate warming. We tested various competing hypoth-
eses regarding weather effects on ratsnake activity patterns. 
Specifically, we predicted that movement frequency would 
increase with temperature and environmental moisture, 
and that weather conditions could be used to predict snake 
activity independently of temporal patterns.

Materials and methods

We used radio-telemetry to track 53 western ratsnakes from 
2010–2013 at the Thomas S. Baskett Wildlife Research and 
Education Center (38°44′N, 92°12′W) and Three Creeks 
Conservation Area (38°49′N, 92°17′W) in central Mis-
souri. This region has been the focus of several long-term 
bird nest predation studies, and the western ratsnake has 
been identified as the predominant nest predator (e.g., Cox 
et al. 2012; Robinson et al. 1995; Thompson and Burhans 
2003). Both study sites consist of mixed-hardwood forest 
interspersed with early successional red cedar (Juniperus 
virginiana) stands and old fields.

We captured snakes opportunistically or as they emerged 
from previously located hibernacula and surgically 
implanted radio-transmitters following standard methods, 
with isoflurane as the anesthetic (Blouin-Demers et al. 
2000; Reinert and Cundall 1982). Transmitters [Advanced 
Telemetry Systems (ATS) models R1530, R1680] were 
always <3 % of the snake’s body mass. Snakes were given 
meloxicam (0.1 mg/kg) and enrofloxacin (5 mg/kg) and 
released within 3 days of surgery. With one exception, all 
snakes recovered from surgery and continued to exhibit 
apparently normal feeding and reproductive behavior dur-
ing the study (George et al. unpublished data). While it is 
likely that the transmitters affected the snakes, our methods 
were consistent with other snake telemetry studies (Weath-
erhead and Blouin-Demers 2004a). All methods were 
approved by the University of Missouri Animal Care and 
Use Committee (Protocol #6605). We located snakes with a 
handheld receiver and antenna (ATS models R410, R2000, 
13562, 13863) 4× per week during the morning, afternoon, 
evening, and after dark from April through September. 
Tracking times typically rotated on a weekly basis, and the 
order of snakes tracked rotated on a daily basis. We tracked 
snakes to within 1 m of their actual locations (i.e., we did 
not triangulate). We recorded UTM coordinates at each 
location (GPS error <10 m) and whether the snake was in a 
new location, the same location as when last located, or had 
returned to a previously used location. To avoid possible 
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GPS error in determining each snake’s movement status, 
the same field technicians typically tracked the same indi-
vidual snakes throughout a given field season. Therefore, 
technicians could visually confirm each snake’s move-
ment status independently of the GPS coordinates. In cases 
where snakes moved <10 m, we only classified snakes as 
having moved if they were located in a substrate different 
from the former location. For example, a snake using differ-
ent branches of the same tree for 2 consecutive days would 
be classified as not moved, whereas a snake that moved to 
an adjacent tree would be classified as moved. We calcu-
lated the linear distance moved and the elapsed time from 
the previous location. We only used locations <36 h apart 
in our analysis to minimize the likelihood of underestimat-
ing movements. Automated telemetry studies have dem-
onstrated that ratsnakes occasionally move and return to 
within tens of meters of their initial location within a short 
time period (Ward et al. 2013). Therefore, our distance per 
movement estimates may have underestimated actual dis-
tances moved by snakes. However, our tracking method-
ology permitted greater location accuracy than automated 
telemetry (<10 m) and therefore a lower error rate for short 
distances and of whether a snake changed locations. More-
over, we tracked snakes more frequently than has been 
done in most other non-automated snake telemetry studies.

We obtained weather data collected from the Missouri 
Ozark AmeriFlux site (MOFLUX; http://ameriflux.ornl.
gov/), which was located within 12 km of all snake loca-
tions. Measurements included air temperature at 1 m above 
ground, relative humidity, and total precipitation; all meas-
urements were taken every 30 min. For each snake we cal-
culated the mean air temperature, temperature range, mean 
relative humidity, and total precipitation for each time 
interval between snake locations. Whereas modeling opera-
tive temperature (Te; Peterson et al. 1993) can provide a 
more accurate index of the local conditions available to a 
snake than air temperature, our goal here was to examine 
weather patterns rather than microhabitat variation.

We used generalized linear mixed models within an 
information–theoretic approach to evaluate relationships 
between weather and temporal variables and snake move-
ments (Bolker et al. 2009; Burnham and Anderson 2002). 
Ratsnakes have distinct home ranges and frequently return 
to specific locations throughout the active season and across 
years (Blouin-Demers and Weatherhead 2001a; Durner and 
Gates 1993). Thus, distance moved between relocations 
may be partially dependent on the spatial arrangement of 
habitat features within each snake’s home range. Therefore, 
we used frequency of movement rather than Euclidean 
distance as an index of activity in our models. We treated 
snake movement as a binary response variable (moved = 1, 
did not move = 0) and used a binomial distribution with 
a logit link function in our models. We included day of 

year and individual snake within year as random effects to 
account for non-independence of individuals’ movements 
in time. Elapsed time between each snake location was 
included as an offset term in the model. A multicollinear-
ity test prior to model fitting indicated weak pairwise cor-
relations between all covariates (r < 0.6). An initial com-
parison of the global model without year, with year as an 
additive effect, and a day of year × year interaction indi-
cated strong support for the interaction term. Therefore, 
day of year × year was included in all candidate models 
to account for these seasonal and annual effects. The 36 
candidate models included mean air temperature and dif-
ferent combinations of temperature range, total precipita-
tion, mean relative humidity, sex, and snout–vent length 
(SVL) as additive fixed effects. In addition, we evaluated 
interactions between day of year and sex, and linear as well 
as quadratic responses to air temperature and day of year. 
We included a global model that contained all variables, 
as well as a null model with only the intercept. Candidate 
models were developed a priori based on plausible hypoth-
eses, and models were then fit and ranked using Akaike’s 
Information Criteria (AIC) and model weights. We tested 
for overdispersion by calculating the ratio of the sum of 
squared Pearson residuals by the residual degrees of free-
dom and used the area under the receiver operating char-
acteristic curve (AUC) to assess overall fit of each model 
(Fielding and Bell 1997). We based inference on the top 
model because the next ten models added uninformative 
parameters that did not sufficiently contribute to the model 
likelihood to overcome the 2-point penalty for an additional 
parameter (ΔAIC < 2; Arnold 2010; Burnham and Ander-
son 2002). Statistical analyses were conducted in R version 
3.0.1 on z-transformed data and with package lme4 (Bates 
et al. 2014; R Core Team 2014).

Results

We obtained 2130 locations from April to September 
across 4 years from 36 male and 17 female snakes. SVL 
was 112.8 ± 2.7 cm (X̄ ± standard error) for males and 
109.5 ± 2.0 cm for females. The total number of locations 
per individual was 47.2 ± 26.3 (X̄ ± standard deviation) 
and ranged from 6 to 128. We tracked 33 individual snakes 
during 2 years and seven snakes during at least 3 years. The 
number of snakes tracked per year ranged from seven in 
2010 to 41 in 2012. Snakes were often sedentary and did 
not change locations on 51 % of the occasions they were 
tracked. When snakes did move, the mean distance moved 
per day was 120 m but ranged between 1.1 and 776.7 m.

The monthly mean temperature during the study period 
was 21.7 °C but ranged from 12.3 °C in April 2013 to 
28.9 °C in July 2012. Total precipitation was 67.8, 29.9, 
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24.5, and 46.0 cm during the period April–August in 2010, 
2011, 2012, and 2013, respectively. The study region under-
went a severe drought in 2012, with mean temperatures 2.8° 
above and precipitation 14.5 cm below the long-term aver-
age for the study period (Missouri Climate Center 2014).

The best-supported model included the variables mean 
air temperature, mean relative humidity, day of year × sex, 
and day of year × year interactions and had an AIC model 
weight of 0.1 (Tables 1, 2). The AUC was 0.71, which 
is commonly interpreted as “fair” model performance 
(0.5 = indistinguishable from random, 1.0 = perfect; Swets 
1988). The next ten models added total precipitation, tem-
perature range, and SVL, but these models were not well 
supported. Snake activity showed a quadratic response to 
temperature, increasing with temperature to approximately 
30 °C, and showed a linear increase with relative humid-
ity (Fig. 1). The response to day of year differed among 
years and between sexes (Fig. 2). Males were more likely 
to move earlier in the season than females, whereas females 
were more likely to move later in the season. In contrast to 
other years, snake activity was greatest in mid-summer in 
2010; in 2011–2013 snake activity declined from spring to 
summer, and in 2011 and 2013, it increased in late summer.

Discussion

We evaluated the relationship between western ratsnake 
activity patterns and weather and temporal variables. While 
the snakes in our study were generally inactive, individual 
snakes showed wide variation in daily movements. We 
found support for relationships between snake activity and 
air temperature, relative humidity, and day of year.

Seasonal activity patterns have been described in multi-
ple temperate snake species, including ratsnakes (Carfagno 
and Weatherhead 2008; Durner and Gates 1993; Gibbons 
and Semlitsch 1987; Sperry et al. 2008). However, previous 
studies did not attempt to isolate temporal patterns from 
other effects in a model-selection framework. We found 
support for both temporal and weather effects and demon-
strated the effect of each factor while holding the effects 
of other factors constant. Seasonal activity varied between 
sexes and among years, regardless of weather, but was gen-
erally highest in spring for males and highest for females 
in late summer. Seasonal differences between sexes likely 
reflect changes in mating behavior, which peaks in late 
May in Missouri. For example, male ratsnakes may exhibit 
longer or more frequent movements associated with mate 
searching in spring, whereas gravid females may remain 
sedentary (Bozinovic and Rosenmann 1988; Carfagno and 
Weatherhead 2008). The fact that tracking began in June in 
2010, after the peak in breeding activity, may explain the 
divergent activity pattern observed in this year. In addi-
tion to reproductive behavior, seasonal activity patterns 
could reflect changes in food resources or dietary patterns 
as snakes restore depleted energy reserves. For example, 
snakes might require less frequent movements after initially 
regaining mass lost during winter, or if prey populations 

Table 1  Summary of model-selection results from the best-ranked a 
priori candidate models of the effects of sex, body size, and temporal 
and weather variables on the probability of snake movement in Mis-
souri, 2010–2013

Quadratic terms and interactions include their constituent additive 
terms. The null model is also included for comparison. See “Appen-
dix” for the complete model set

AIC Akaike’s Information Criteria, Temp air temperature, RH rela-
tive humidity, DOY day of year, Precip precipitation, SVL snout-vent 
length

Model K ΔAIC wI

Temp2 + RH + Sex × DOY2 + Year × DOY2 20 0 0.1

Temp2 + Range + RH + Sex × DOY2  
+ Year × DOY2

21 0.27 0.09

Temp2 + Range + Pre-
cip + Sex × DOY2 + Year × DOY2

21 0.38 0.08

Temp2 + RH + Sex × DOY2 + Year  
× DOY2 + SVL

21 0.61 0.07

Null 3 68.23 0

Table 2  Estimated coefficients for the best supported model of the 
effects of sex, body size, and temporal and weather variables on the 
probability of snake movement in Missouri, 2010–2013

CI Confidence interval
a Male = 1; female = 0

Parameter Coefficient Standard 
error

Lower 
95 % CI

Upper 
95 % CI

Intercept −1.21 0.27 −1.74 −0.68

Temp 0.35 0.08 0.20 0.51

Temp2 −0.11 0.05 −0.20 −0.02

RH 0.17 0.08 0.01 0.33

Sexa 0.25 0.16 −0.07 0.57

DOY 0.93 0.51 −0.06 1.93

DOY2 −0.80 0.41 −1.62 0.01

Sex × DOY −0.68 0.16 −0.99 −0.37

Sex × DOY2 −0.05 0.09 −0.23 0.12

Year 2011 −0.69 0.31 −1.29 −0.09

Year 2012 −0.17 0.28 −0.71 0.37

Year 2013 0.04 0.26 −0.48 0.56

Year 2011 × DOY −0.25 0.53 −1.29 0.78

Year 2012 × DOY −0.95 0.50 −1.93 0.03

Year 2013 × DOY −1.24 0.52 −2.25 −0.23

Year 2011 × DOY2 1.51 0.48 0.57 2.46

Year 2012 × DOY2 0.88 0.41 0.07 1.69

Year 2013 × DOY2 1.33 0.45 0.45 2.22
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Fig. 1  Predictions of the best 
supported model showing the 
effects of air temperature (a) 
and relative humidity (b) on the 
probability of snake movement. 
Estimates are reported for the 
range of temperatures recorded. 
For model predictions, year 
is held constant at 0.25, sex is 
held constant at 0.5, and other 
variables are held constant at 
their means. Dotted lines 95 % 
Confidence intervals (CIs)

Fig. 2  Predictions of the best 
supported model showing the 
effect of day of year on the 
probability of snake movement. 
Panels show estimates for males 
(a), females (b), and each of the 
4 years of the study (c, d, e, f 
2010, 2011, 2012, 2013, respec-
tively). For a and b, year is held 
constant at 0.25; for c–f, sex is 
held constant 0.5. All other vari-
able are held constant at their 
means. Dotted lines 95 % CIs
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increase as the season progresses (Aleksiuk and Stewart 
1971; Luis et al. 2010). The different response to day of 
year among years likely reflects environmental factors 
that vary seasonally among years. For example, the long-
est seasonal decline in activity occurred in 2012, when the 
study region underwent abnormally high temperatures and 
a severe drought. While we did not find strong support for 
models that included precipitation, weather variables were 
measured during the time period of each snake movement. 
In contrast, day of year likely encapsulates broader pheno-
logical patterns, such as seasonal changes in soil moisture 
that affect prey populations via ecosystem productivity.

Snakes were twice as likely to move during periods of 
high humidity as in periods of low humidity. Water bal-
ance in temperate snakes has received sparse attention, 
despite evidence that moisture can affect activity patterns 
and habitat selection (Daltry et al. 1998; Howze and Smith 
2012; Moore and Gillingham 2006). Movement during dry 
conditions can increase evaporative water loss, potentially 
leading to desiccation (Guillon et al. 2013). Future studies 
of climate effects on temperate snake activity patterns and 
thermal ecology should likewise consider moisture availa-
bility, especially given that drought conditions are expected 
to increase in many temperate regions during the next cen-
tury (IPCC 2013).

As predicted, we found a quadratic relationship between 
temperature and snake movements. Snakes were more 
likely to move as temperatures increased, with the maxi-
mum probability of movement occurring near 30 °C. This 
result is consistent with findings from previous studies, 
including the optimal temperature range reported for most 
snake species (Lillywhite 1987; Weatherhead et al. 2012). 
Surprisingly, other researchers did not find a strong or con-
sistent relationship between temperature and ratsnake activ-
ity (Sperry et al. 2008, 2010). However, these latter studies 
used the mean distance traveled per day across all individ-
uals as a measure of snake activity, or mean temperature 
across longer time intervals as a temperature index. In con-
trast, we located snakes more frequently (<36 h between 
locations) and calculated weather variables for the exact 
time interval between each location for each individual. In 
addition, our modeling approach provided a more robust 
analytical framework, permitting us to account for variation 
among individual snakes while isolating the effects of indi-
vidual weather variables on snake activity.

While we found support for models that included tem-
perature, humidity, and day of year, our goodness-of-fit 
tests indicated a fair amount of variation that was not 
explained by our analysis. Snake activity is influenced by 
additional biotic and abiotic factors that were beyond the 
scope of our study. For example, we measured tempera-
ture at a single weather station, but operative temperatures 
available to individual snakes can vary widely based on 

local geography and habitat features, and individual snakes 
might have differing thermal requirements depending on 
body size or condition (Blouin-Demers and Weatherhead 
2001b; Peterson et al. 1993). Moreover, the frequency of 
movement of individual snakes is likely to be dependent 
on prey availability and satiation levels (Mushinsky 1987; 
Wasko and Sasa 2012).

Snakes are regionally important bird nest predators, 
being in some cases responsible for more nest failures than 
any other cause (DeGregorio et al. 2014; Thompson 2007). 
The potential of ratsnakes to affect bird demography has 
prompted researchers to study ratsnake behavior in order 
to understand and potentially mitigate bird population 
declines (e.g., Stake et al. 2005; Weatherhead and Blouin-
Demers 2004b). Bird nest predation rates are high when 
snakes are more active or when air temperatures are hotter 
(Cox et al. 2013b; Sperry et al. 2008, 2012; Weatherhead 
et al. 2010), and snakes become more frequent nest preda-
tors when air temperatures increase (Cox et al. 2013a). 
Albeit indirectly, our study provides a possible mechanism 
by which climate change could affect the demographics of 
birds and other prey species. However, in light of the inher-
ent variability of seasonal snake activity, we caution against 
specific long-term predictions.

Air temperatures in North America are projected to 
increase during the next century, and there is evidence that 
temperate snake populations can respond positively by 
adjusting activity patterns to optimize available tempera-
tures (IPCC 2013; Weatherhead et al. 2012). Future studies 
that incorporate spatiotemporal temperature and moisture 
variation as it relates to snake space use and resource selec-
tion could enhance our understanding of climate effects on 
snake ecology. Nevertheless, here we provide strong evi-
dence that temperature and relative humidity differentially 
affect the movements of an important predator.

Author contribution statement ADG and JF designed 
the project and oversaw data collection. ADG and FRT 
developed computer models and analyzed the data. ADG 
wrote the manuscript. JF and FRTprovided editorial advice.

Acknowledgments We thank A. Mueller, A. Zack, A. Cave, S. 
Mayne, and J. Wheeler who assisted with the field work. J. Ballard 
and S. Szepanski helped with transmitter implantation. R. Semlitsch 
and three anonymous reviewers provided constructive comments to an 
earlier draft of this manuscript. Funding for this project was provided 
by the U.S.D.A. Forest Service Northern Research Station and the 
University of Missouri.

Appendix

See Table 3.



1257Oecologia (2015) 178:1251–1259 

1 3

Ta
bl

e 
3 

 M
od

el
-s

el
ec

tio
n 

re
su

lts
 f

ro
m

 a
 p

ri
or

i c
an

di
da

te
 m

od
el

s 
of

 th
e 

ef
fe

ct
s 

of
 s

ex
, b

od
y 

si
ze

, a
nd

 te
m

po
ra

l a
nd

 w
ea

th
er

 v
ar

ia
bl

es
 o

n 
th

e 
pr

ob
ab

ili
ty

 o
f 

sn
ak

e 
m

ov
em

en
t i

n 
M

is
so

ur
i, 

20
10

–2
01

3

M
od

el
K

A
IC

Δ
A

IC
w

I

Te
m

p 
+

 T
em

p2  +
 R

H
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
27

98
.5

2
0

0.
1

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 R

H
 +

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
27

98
.7

9
0.

27
0.

09

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 P

re
ci

p 
+

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
27

98
.9

0.
38

0.
08

Te
m

p 
+

 T
em

p2  +
 R

H
 +

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
27

99
.1

3
0.

61
0.

07

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
27

99
.1

7
0.

65
0.

07

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 R

H
 +

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

22
27

99
.3

7
0.

85
0.

07

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 P

re
ci

p 
+

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

22
27

99
.4

1
0.

89
0.

07

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
27

99
.6

6
1.

14
0.

06

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 P

re
ci

p 
+

 R
H

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

22
27

99
.8

5
1.

34
0.

05

Te
m

p 
+

 T
em

p2  +
 P

re
ci

p 
+

 R
H

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
28

00
.0

3
1.

51
0.

05

Te
m

p 
+

 T
em

p2  +
 R

an
ge

 +
 P

re
ci

p 
+

 R
H

 +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

23
28

00
.4

2
1.

9
0.

04

Te
m

p 
+

 T
em

p2  +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
19

28
00

.6
4

2.
12

0.
04

Te
m

p 
+

 T
em

p2  +
 P

re
ci

p 
+

 R
H

 +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

22
28

00
.6

4
2.

12
0.

04

Te
m

p 
+

 T
em

p2  +
 P

re
ci

p 
+

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

00
.7

2.
18

0.
03

Te
m

p 
+

 T
em

p2  +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

01
.1

6
2.

64
0.

03

Te
m

p 
+

 T
em

p2  +
 P

re
ci

p 
+

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
28

01
.2

3
2.

71
0.

03

Te
m

p 
+

 R
H

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

19
28

02
.4

1
3.

9
0.

01

Te
m

p 
+

 R
an

ge
 +

 R
H

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

02
.8

4.
28

0.
01

Te
m

p 
+

 R
H

 +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

03
.1

3
4.

61
0.

01

Te
m

p 
+

 R
an

ge
 +

 R
H

 +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
28

03
.4

9
4.

97
0.

01

Te
m

p 
+

 R
an

ge
 +

 P
re

ci
p 
+

 R
H

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
28

03
.9

5
5.

43
0.

01

Te
m

p 
+

 P
re

ci
p 
+

 R
H

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

03
.9

7
5.

45
0.

01

Te
m

p 
+

 R
an

ge
 +

 P
re

ci
p 
+

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

04
.1

5
5.

63
0.

01

Te
m

p 
+

 R
an

ge
 +

 P
re

ci
p 
+

 R
H

 +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

22
28

04
.6

2
6.

1
0

Te
m

p 
+

 P
re

ci
p 
+

 R
H

 +
 S

V
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
28

04
.6

8
6.

16
0

Te
m

p 
+

 R
an

ge
 +

 P
re

ci
p 
+

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

21
28

04
.7

5
6.

23
0

Te
m

p 
+

 R
an

ge
 +

 S
ex

 +
 S

ex
 ×

 D
O

Y
 +

 S
ex

 ×
 D

O
Y

2  +
 Y

ea
r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

19
28

04
.9

5
6.

43
0

Te
m

p 
+

 R
an

ge
 +

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

05
.5

4
7.

02
0

Te
m

p 
+

 P
re

ci
p 
+

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

19
28

06
.4

1
7.

89
0

Te
m

p 
+

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
2

18
28

06
.8

5
8.

33
0

Te
m

p 
+

 P
re

ci
p 
+

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

20
28

07
.0

5
8.

53
0

Te
m

p 
+

 S
V

L
 +

 S
ex

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

19
28

07
.4

7
8.

95
0

Se
x 
+

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

17
28

21
.3

7
22

.8
5

0

SV
L

 +
 S

ex
 +

 D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 S
ex

 ×
 D

O
Y

 +
 S

ex
 ×

 D
O

Y
2  +

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

18
28

21
.9

1
23

.3
9

0

D
O

Y
 +

 D
O

Y
2  +

 Y
ea

r 
+

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

14
28

32
.4

7
33

.9
5

0

SV
L

 +
 D

O
Y

 +
 D

O
Y

2  +
 Y

ea
r 
+

 Y
ea

r 
×

 D
O

Y
 +

 Y
ea

r 
×

 D
O

Y
2

15
28

33
.7

5
35

.2
3

0

N
ul

l
3

28
66

.7
4

68
.2

3
0



1258 Oecologia (2015) 178:1251–1259

1 3

References

Aleksiuk M, Stewart KW (1971) Seasonal changes in the 
body composition of the garter snake (Thamnophis sirta-
lis parietalis) at northern lattitudes. Ecology 52:485–490. 
doi:10.2307/1937631

Arnold TW (2010) Uninformative parameters and model selection 
using Akaike’s Information Criterion. J Wildl Manage 74:1175–
1178. doi:10.2193/2009-367

Aubret F, Shine R (2009) Thermal plasticity in young snakes: how 
will climate change affect the thermoregulatory tactics of ecto-
therms? J Exp Biol 213:242–248. doi:10.1242/jeb.035931

Bates D, Maechler M, Bolker B, Walker S (2014) lme4: linear mixed-
effects models using Eigen and S4. R package version 1.1-5. 
Available at: http://CRAN.R-project.org/package=Ime4

Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F 
(2012) Impacts of climate change on the future of biodiversity. 
Ecol Lett 15:365–377. doi:10.1111/j.1461-0248.2011.01736.x

Blouin-Demers G, Weatherhead PJ (2001a) Habitat use by black rat 
snakes (Elaphe obsoleta obsoleta) in fragmented forests. Ecology 
82:2882–2896. doi:10.1890/0012-9658(2001)082[2882:HUBBR
S]2.0.CO;2

Blouin-Demers G, Weatherhead PJ (2001b) Thermal ecology of black 
rat snakes (Elaphe obsoleta) in a thermally challenging environ-
ment. Ecology 82:3025–3043. doi:10.2307/2679832

Blouin-Demers G, Weatherhead PJ, Shilton CM, Parent CE, Brown 
GP (2000) Use of inhalant anesthetics in three snake species. 
Contemp Herpetol 2000:4

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens 
MHH, White JS (2009) Generalized linear mixed models: a prac-
tical guide for ecology and evolution. Trends Ecol Evol 24:127–
135. doi:10.1016/j.tree.2008.10.008

Bouskila A (1995) Interactions between predation risk and competi-
tion: a field study of kangaroo rats and snakes. Ecology 76:165–
178. doi:10.2307/1940639

Bozinovic F, Rosenmann M (1988) Energetics and food requirements 
of the female snake Phillodryas chamissonis during the breeding 
season. Oecologia 75:282–284. doi:10.1007/BF00378610

Brodie ED III, Feldman CR, Hanifin CT, Motychak JE, Mulcahy DG, 
Williams BL, Brodie ED Jr (2005) Parallel arms races between 
garter snakes and newts involving tetrodotoxin as the phenotypic 
interface of coevolution. J Chem Ecol 31:343–356. doi:10.1007/
s10886-005-1345-x

Burnham KP, Anderson DR (2002) Model selection and multimodel 
inference, 2nd edn. Springer, New York

Carfagno GLF, Weatherhead PJ (2008) Energetics and space use: 
intraspecific and interspecific comparisons of movements and 
home ranges of two Colubrid snakes. J Anim Ecol 77:416–424. 
doi:10.1111/j.1365-2656.2008.01342.x

Cox WA, Thompson FR III, Faaborg J (2012) Landscape forest cover 
and edge effects on songbird nest predation vary by nest preda-
tor. Landsc Ecol 27:659–669. doi:10.1007/s10980-012-9711-x

Cox WA, Thompson FR III, Reidy JL (2013a) The effects of tem-
perature on nest predation by mammals, birds, and snakes. Auk 
130:784–790. doi:10.1525/auk.2013.13033

Cox WA, Thompson FR III, Reidy JL, Faaborg J (2013b) Temperature 
can interact with landscape factors to affect songbird productiv-
ity. Glob Chang Biol 19:1064–1074. doi:10.1111/gcb.12117

Dalrymple GH, Steiner TM, Nodell RJ, Bernardino FS Jr (1991) 
Seasonal activity of the snakes of Long Pine Key, Everglades 
National Park. Copeia 1991:294–302. doi:10.2307/1446579

Daltry JC, Ross T, Thorpe RS, Wüster W (1998) Evidence that 
humidity influences snake activity patterns: a field study of the 
Malayan pit viper Calloselasma rhodostoma. Ecography 21:25–
34. doi:10.1111/j.1600-0587.1998.tb00391.x

DeGregorio BA, Chiavacci SJ, Weatherhead PJ, Willson JD, Ben-
son TJ, Sperry JH (2014) Snake predation on North American 
bird nests: culprits, patterns and future directions. J Avian Biol 
45:001–009. doi:10.1111/jav.00364

Durner GM, Gates JE (1993) Spatial ecology of black rat snakes on 
Remington Farms, Maryland. J Wildl Manage 57:812–826. 
doi:10.2307/3809084

Fielding AH, Bell JF (1997) A review of methods for the assessment 
of prediction errors in conservation presence/absence models. 
Environ Conserv 24:38–49. doi:10.1017/S0376892997000088

Gibbons JW, Semlitsch RD (1987) Activity patterns. In: Seigel RA, 
Collins JT, Novak SS (eds) Snakes: ecology and evolutionary 
biology. Macmillan, New York, pp 396–421

Gibbons JW, Scott DE, Ryan TJ, Buhlmann KA, Tuberville TD, Metts 
BS, Greene JL, Mills T, Leiden Y, Poppy S, Winne CT (2000) 
The global decline of reptiles, déjà vu amphibians. Bioscience 
50:653–666. doi:10.1641/0006-3568(2000)050[0653:TGDORD
]2.0.C

Guillon M, Guiller G, DeNardo DF, Lourdais O (2013) Microclimate 
preferences correlate with contrasted evaporative water loss in 
parapatric vipers in their contact zone. Can J Zool 92:81–86. 
doi:10.1139/cjz-2013-0189

Howze JM, Smith LL (2012) Factors influencing eastern kingsnake 
diel activity. Copeia 2012:460–464. doi:10.1643/CE-11-072

IPCC (2013) Climate change 2013: the physical science basis. Contri-
bution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. In: Stocker TF, Qin 
D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia 
Y, Bex V, Midgley PM (eds). Cambridge University Press, Cam-
bridge New York. doi: 10.1017/CBO9781107415324

Krysko KL (2002) Seasonal activity of the Florida king-
snake Lampropeltis getula floridana (Serpentes: Colu-
bridae) in southern Florida. Am Midl Nat 148:102–114. 
doi:10.1674/0003-0031(2002)148[0102:SAOTFK]2.0.CO;2

Lelièvre H, Blouin-Demers G, Pinaud D, Lisse H, Bonnet X, Lourdais 
O (2011) Contrasted thermal preferences translate into divergences 
in habitat use and realized performance in two sympatric snakes. J 
Zool 284:265–275. doi:10.1111/j.1469-7998.2011.00802.x

Lillywhite HB (1987) Temperature, energetics, and physiologi-
cal ecology. In: Seigel RA, Collins JT, Novak SS (eds) Snakes: 
ecology and evolutionary biology. Macmillan, New York, pp 
422–477

Luis AD, Douglass RJ, Mills JN, Bjørnstad ON (2010) The effect of 
seasonality, density and climate on the population dynamics 
of Montana deer mice, important reservoir hosts for Sin Nom-
bre hantavirus. J Anim Ecol 79:462–470. doi:10.1111/j.1365- 
2656.2009.01646.x

McCarty JP (2001) Ecological consequences of recent climate change. 
Conserv Biol 15:320–331. doi:10.1046/j.1523-1739.2001. 
015002320.x

Missouri Climate Center (2014). Available at: http://climate.missouri.
edu

Moore JA, Gillingham JC (2006) Spatial ecology and multi-scale 
habitat selection by a threatened rattlesnake: the eastern mas-
sasauga (Sistrurus catenatus catenatus). Copeia 2006:742–751. 
doi:10.1643/0045-8511(2006)6[742:SEAMHS]2.0.CO;2

Morrison SA, Bolger DT (2002) Variation in a sparrow’s reproduc-
tive success with rainfall: food and predator-mediated processes. 
Oecologia 133:315–324. doi:10.1007/s00442-002-1040-3

Mushinsky HR (1987) Foraging ecology. In: Seigel RA, Collins JT, 
Novak SS (eds) Snakes: ecology and evolutionary biology. Mac-
millan, New York, pp 302–334

Peterson CR, Gibson AR, Dorcas ME (1993) Snake thermal ecol-
ogy: the causes and consequences of body-temperature variation. 
In: Seigel RA, Collins JT (eds) Snakes: ecology and behavior. 
McGraw-Hill, New York, pp 241–314

http://dx.doi.org/10.2307/1937631
http://dx.doi.org/10.2193/2009-367
http://dx.doi.org/10.1242/jeb.035931
http://CRAN.R-project.org/package=Ime4
http://dx.doi.org/10.1111/j.1461-0248.2011.01736.x
http://dx.doi.org/10.2307/2679832
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.2307/1940639
http://dx.doi.org/10.1007/BF00378610
http://dx.doi.org/10.1007/s10886-005-1345-x
http://dx.doi.org/10.1007/s10886-005-1345-x
http://dx.doi.org/10.1111/j.1365-2656.2008.01342.x
http://dx.doi.org/10.1007/s10980-012-9711-x
http://dx.doi.org/10.1525/auk.2013.13033
http://dx.doi.org/10.1111/gcb.12117
http://dx.doi.org/10.2307/1446579
http://dx.doi.org/10.1111/j.1600-0587.1998.tb00391.x
http://dx.doi.org/10.1111/jav.00364
http://dx.doi.org/10.2307/3809084
http://dx.doi.org/10.1017/S0376892997000088
http://dx.doi.org/10.1139/cjz-2013-0189
http://dx.doi.org/10.1643/CE-11-072
http://dx.doi.org/10.1017/CBO9781107415324
http://dx.doi.org/10.1111/j.1469-7998.2011.00802.x
http://dx.doi.org/10.1111/j.1365-2656.2009.01646.x
http://dx.doi.org/10.1111/j.1365-2656.2009.01646.x
http://dx.doi.org/10.1046/j.1523-1739.2001.015002320.x
http://dx.doi.org/10.1046/j.1523-1739.2001.015002320.x
http://climate.missouri.edu
http://climate.missouri.edu
http://dx.doi.org/10.1007/s00442-002-1040-3


1259Oecologia (2015) 178:1251–1259 

1 3

R Core Team (2014) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna

Reading CJ, Luiselli LM, Akani GC, Bonnet X, Amori G, Ballouard 
JM, Filippi E, Naulleau G, Pearson D, Rugiero L (2010) Are 
snake populations in widespread decline? Biol Lett 6(6):777–
780. doi:10.1098/rsbl.2010.0373

Reidy JL, Stake MM, Thompson FR III (2009) Nocturnal preda-
tion of females on nests: an important source of mortality for 
golden-cheeked warblers? Wilson J Ornithol 121:416–421. 
doi:10.1676/08-076.1

Reinert HK, Cundall D (1982) An improved surgical implanta-
tion method for radio-tracking snakes. Copeia 1982:702–705. 
doi:10.2307/1444674

Robinson SK, Thompson FR III, Donovan TM, Whitehead DR, 
Faaborg J (1995) Regional forest fragmentation and the nest-
ing success of migratory birds. Science 267:1987–1990. 
doi:10.1126/science.267.5206.1987

Savidge JA (1987) Extinction of an island forest avifauna by an intro-
duced snake. Ecology 68:660–668. doi:10.2307/1938471

Skagen SK, Yackel Adams AA (2012) Weather effects on avian breed-
ing performance and implications of climate change. Ecol Appl 
22:1131–1145. doi:10.1890/11-0291.1

Sperry JH, Peak RG, Cimprich DA, Weatherhead PJ (2008) Snake 
activity affects seasonal variation in nest predation risk for birds. 
J Avian Biol 39:379–383. doi:10.1111/j.2008.0908-8857.04451.x

Sperry JH, Blouin-Demers G, Carfagno GLF, Weatherhead PJ 
(2010) Latitudinal variation in seasonal activity and mortal-
ity in ratsnakes (Elaphe obsoleta). Ecology 91:1860–1866. 
doi:10.1890/09-1154.1

Sperry JH, Barron DG, Weatherhead PJ (2012) Snake behav-
ior and seasonal variation in nest survival of northern car-
dinals Cardinalis cardinalis. J Avian Biol 43:496–502. 
doi:10.1111/j.1600-048X.2012.05632.x

Sperry JH, Ward MP, Weatherhead PJ (2013) Effects of tempera-
ture, moon phase, and prey on nocturnal activity in ratsnakes: 
an automated telemetry study. J Herpetol 47:105–111. 
doi:10.1670/11-325

Stake MM, Thompson FR III, Faaborg J, Burhans DE (2005) Patterns 
of snake predation at songbird nests in Missouri and Texas. J 
Herpetol 39:215–222. doi:10.1670/150-04A

Swets JA (1988) Measuring the accuracy of diagnostic systems. Sci-
ence 240:1285–1293

Thompson FR III (2007) Factors affecting nest predation on forest 
songbirds in North America. Ibis 149:98–109. doi:10.1111/j. 
1474-919X.2007.00697.x

Thompson FR III, Burhans DE (2003) Predation of songbird nests 
differs by predator and between field and forest habitats. J Wildl 
Manage 67:408–416. doi:10.2307/3802781

Traill LW, Lim MLM, Sodhi NS, Bradshaw CJA (2010) Mecha-
nisms driving change: altered species interactions and ecosys-
tem function through global warming. J Anim Ecol 79:937–947. 
doi:10.1111/j.1365-2656.2010.01695.x

Van der Putten WH, Macel M, Visser M (2010) Predicting spe-
cies distribution and abundance responses to climate change: 
why it is essential to include biotic interactions across trophic 
levels. Philos Trans R Soc B 365:2025–2034. doi:10.1098/
rstb.2010.0037

Ward MP, Sperry JH, Weatherhead PJ (2013) Evaluation of automated 
radio telemetry for quantifying movements and home ranges of 
snakes. J Herpetol 47:337–345. doi:10.1670/12-018

Wasko DK, Sasa M (2012) Food resources influence spatial ecology, 
habitat selection, and foraging behavior in an ambush-hunting 
snake (Viperidae: Bothrops asper): an experimental study. Zool-
ogy 115:179–187. doi:10.1016/j.zool.2011.10.001

Weatherhead PJ, Blouin-Demers G (2004a) Long-term effects of 
radiotelemetry on black ratsnakes. Wildl Soc Bull 32:900–906. 
doi:10.2193/0091-7648(2004)032[0900:LEOROB]2.0.CO;2

Weatherhead PJ, Blouin-Demers G (2004b) Understanding avian nest 
predation: why ornithologists should study snakes. J Avian Biol 
35:185–190. doi:10.1111/j.0908-8857.2004.03336.x

Weatherhead PJ, Carfagno GLF, Sperry JH, Brawn JD, Robinson SK 
(2010) Linking snake behavior to nest predation in a Midwestern 
bird community. Ecol Appl 20:234–241. doi:10.1890/09-0059.1

Weatherhead PJ, Sperry JH, Carfagno GLF, Blouin-Demers G 
(2012) Latitudinal variation in thermal ecology of North Amer-
ican ratsnakes and its implications for the effect of climate 
warming on snakes. J Therm Biol 37:273–281. doi:10.1016/j.
jtherbio.2011.03.008

Whitaker PB, Shine R (2002) Thermal biology and activity patterns 
of the eastern brownsnake (Pseudonaja textilis): a radiotelemetric 
study. Herpetologica 58:436–452. doi:10.1655/0018-0831(2002) 
058[0436:TBAAPO]2.0.CO;2

Winne CT, Ryan TJ, Leiden Y, Dorcas ME (2001) Evaporative water 
loss in two natricine snakes, Nerodia fasciata and Seminatrix 
pygaea. J Herpetol 35:133–136

http://dx.doi.org/10.1098/rsbl.2010.0373
http://dx.doi.org/10.1676/08-076.1
http://dx.doi.org/10.2307/1444674
http://dx.doi.org/10.1126/science.267.5206.1987
http://dx.doi.org/10.2307/1938471
http://dx.doi.org/10.1890/11-0291.1
http://dx.doi.org/10.1111/j.2008.0908-8857.04451.x
http://dx.doi.org/10.1890/09-1154.1
http://dx.doi.org/10.1111/j.1600-048X.2012.05632.x
http://dx.doi.org/10.1670/11-325
http://dx.doi.org/10.1670/150-04A
http://dx.doi.org/10.1111/j.1474-919X.2007.00697.x
http://dx.doi.org/10.1111/j.1474-919X.2007.00697.x
http://dx.doi.org/10.2307/3802781
http://dx.doi.org/10.1111/j.1365-2656.2010.01695.x
http://dx.doi.org/10.1098/rstb.2010.0037
http://dx.doi.org/10.1098/rstb.2010.0037
http://dx.doi.org/10.1670/12-018
http://dx.doi.org/10.1016/j.zool.2011.10.001
http://dx.doi.org/10.1111/j.0908-8857.2004.03336.x
http://dx.doi.org/10.1890/09-0059.1
http://dx.doi.org/10.1016/j.jtherbio.2011.03.008
http://dx.doi.org/10.1016/j.jtherbio.2011.03.008

	Isolating weather effects from seasonal activity patterns of a temperate North American Colubrid
	Abstract 
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments 
	References




