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ABSTRACT: A major effort in species conservation is the construction of life-history models to better predict, identify, and respond to
population changes. Yet demographic studies linking individual, environmental, and ecological factors to survival are rare. We used radio
telemetry to monitor 47 adult Timber Rattlesnakes (Crotalus horridus) during five active seasons and four overwinter periods from April 2007–
November 2011 in south-central Indiana, USA. The study period serendipitously encompassed an oak (Quercus spp.) mast failure and subsequent
50% decline in prey abundance, allowing us to test hypotheses about ecological effects on survival. We detected 10 mortalities. The causes of
mortality during active seasons included predation (n 5 5), human persecution (n 5 2), and vehicle strike (n 5 1). Variation in active season
survival was explained best by the interaction of sex and prey availability along with an effect of marking cohort. Seasonal survival estimates ranged
from 0.720–0.983 with female survival decreasing by at least 15% the year after prey availability declined. Overwinter survival was high in general
(n 5 2 mortalities), with estimates weakly affected by sex (male 5 0.966; female 5 0.990) and decreasing slightly with colder monthly
temperatures. Although ecological effects were most powerful in our study, 30% of mortalities were associated with human activities. Focused
education and outreach efforts may be useful for improving survival of Timber Rattlesnakes.
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LIFE-HISTORY models improve our ability to predict
population-level changes (Elton 1927) and are a key element
of species conservation efforts. Many important studies
contributing to conservation efforts have focused on species
with interested user groups (Coulson et al. 2004), on species
that are readily observable (Hoogland 2006), or on species
that could be collected in sufficient numbers for rigorous
study (Lin and Batzli 2001). The taxa that remain are often
challenging to observe or otherwise difficult to study because
of their environment, their behavior, or their rarity
(Thompson 2004). For these and other reasons, research
directed at informing snake conservation has lagged behind
efforts applied to many other vertebrate groups. The trophic
position of snakes as top predators in many ecosystems
(Shine and Bonnet 2000; Beaupre and Douglas 2009),
however, and their importance for discoveries related to
human health (e.g., Koh and Kini 2012), have contributed to
broadening interest in the conservation and study of snakes
in general (Böhm et al. 2013). Demographic studies have
identified how individual costs of reproduction affect survival
(Madsen and Shine 1993; Aldridge and Brown 1995;
Naulleau and Bonnet 1996; Glaudas and Rodrı́guez-Robles
2011) and how ecological and environmental factors affect
demographic processes (Martin 2002; Beaupre and Zaidan
2012), but reports in the literature have not concurrently
addressed the effects of individual, ecological, and environ-
mental factors on population demography for snakes.

Among the many individual factors that might affect survival
in snakes, both sex and reproductive status have been well
researched. For example, studies have demonstrated that
male Pit Vipers (Viperidae: Crotalinae) have higher mortality
rates than do females because searches for receptive females
lead to more-frequent movements (Madsen and Shine 1993;

Aldridge and Brown 1995; Sealy 2002; Glaudas and Rodrı́-
guez-Robles 2011). Female reproductive status has also been
shown to affect survival where mortality occurs because of
poor body condition during gestation or from behavioral
changes resulting from poor body condition after parturition
(Madsen and Shine 1993; Naulleau and Bonnet 1996; Sperry
and Weatherhead 2009). Thus, individual factors such as sex
or reproductive status, while different in both timing and
proximate mechanism between the sexes, might translate into
population changes (Shine 2003).

A number of ecological and environmental factors have
also been linked to demographic changes in snake
populations. Precipitation affects snake demography in-
directly via its effect on prey populations (Sperry and
Weatherhead 2008; Jenkins et al. 2009; Amarello et al.
2010). Conversely, environmental temperature regimes
might directly cause mortality in extreme cases (Gregory
1982), affect thermal regulation behaviors that increases
predation risk (Huey 1982; Brown and Weatherhead 2000;
Angilletta et al. 2002), or alter patterns of individual
growth through physiological mechanisms (Martin 1993;
Beaupre and Zaidan 2012). Ecological interactions medi-
ated by environmental factors, such as temperature and
precipitation, are still poorly understood in terms of their
effects on snake demography.

We investigated how patterns of survival are linked to
individual, environmental, and ecological factors in Timber
Rattlesnakes (Crotalus horridus), a species of conservation
interest across the eastern United States (Brown 1993;
Martin et al. 2008; Clark et al. 2011). Our objectives were to
estimate active season and overwinter survival of adult
Timber Rattlesnakes in order to populate future life-history
models, determine the most-common causes of mortality,
and investigate the relative contribution of individual, eco-
logical, and environmental parameters to those estimates.
Untangling the relative importance of factors affecting
Timber Rattlesnake survival represents a critical step toward
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improving our knowledge of their demography and toward
better-informed conservation strategies.

MATERIALS AND METHODS

Study Area

This study took place within the framework of the
Hardwood Ecosystem Experiment (HEE) located in Mor-
gan-Monroe State Forest and Yellowwood State Forest in
south-central Indiana, USA (Kalb and Mycroft 2013). The
HEE is separated into nine forest management units that
encompass 3603 ha and span 30 km (Kalb and Mycroft 2013)
across elevations ranging from 180–280 m above sea level.
The climate is humid continental (Peel et al. 2007). An oak-
hickory overstory with Black Oaks (Quercus velutina), White
Oaks (Q. alba), and Shagbark Hickory trees (Carya ovata)
dominates ridges and south-facing slopes. Almost-pure
stands of Chestnut Oaks (Q. prinus) can be found on the
driest ridge tops. Northern Red Oaks (Q. rubra), Tulip
Poplars (Liriodendron tulipifera), American Beeches (Fagus
grandifolia), Sugar Maples (Acer saccharum), and hickories
(Carya spp.) occur on the mesic, north-facing slopes. The
understory is largely beech–maple. Sedges (Carex spp.) are
prevalent on dry ridges whereas ferns and other perennials
occur on the mesic slopes and lowlands. The forests are
managed for multiple uses including timber production,
recreational opportunities, and as wildlife habitat. A network
of gravel service roads with an occasional public road runs
through the study area. Additional details of the study area
have been published elsewhere (Kalb and Mycroft 2013).

Field Methods

Timber Rattlesnakes were captured during directed
sweep surveys or opportunistically during fieldwork. Cap-
tured animals received surgically implanted radio transmit-
ters that did not exceed 5% of total body mass (Holohil
Systems Ltd.; AI-2T 5 25 g; SI-2T 5 13.5 g or 9.0 g). Radio-
tagged animals were visually located by homing three times
per week during the active season. In addition, we
attempted to capture animals annually to record mass,
snout–vent length (SVL), and to assess reproductive
condition of females by palpation. Length was measured
using a flexible plastic tape while snakes were in a handling
tube. The SVL was determined by subtracting tail length
from total length (rattle not included). We recorded the date
and location in Universal Transverse Mercators (UTMs)
using a handheld global positioning system (GPS) unit at
each relocation. We determined the cause of any mortalities
based on a visual inspection of the carcass. If a snake did not
emerge from its hibernaculum the following spring, we
assumed the animal had died over the winter.

Statistical Analyses

To estimate active season and hibernacula survival, we
used known-fate models in program MARK (White and
Burnham 1999) as implemented through the RMark package
(Laake 2013) in R v2.15 (R Development Core Team 2012).
We used known-fate models to accommodate staggered
entry of individuals and right-censoring of individuals with
unknown fates (Pollock et al. 1989). We collapsed all active-
season data into weekly fates from the second week of April
to the first full week of November each year (i.e., the same

31 wk each year). These dates bracketed the earliest egress
and latest ingress dates in the study.

Individual covariates in our study included sex, body
condition, and reproductive status of females (i.e., gravid vs.
not gravid). We calculated a body condition index (BCI)
for each snake in each year as a studentized residual derived
from population-wide linear regressions of SVL and cube-
root mass (Green 2001). Separate regressions were con-
ducted for males and nongravid females. We did not assign
gravid females with a body condition. In calculations of BCI
we used mean SVL for each snake (i.e., average of annual
measurements) rather than separate SVL measurements
from each year because we perceived some measurement
error (63% of SVL) when we handled snakes without
chemical immobilization in the field. We calculated BCIs
using SPSS (v20, IBM Corp., Armonk, NY).

Environmental covariates included temperature and pre-
cipitation. Data were retrieved from the U.S. Department of
Commerce National Climate Data Center (2014) for
a weather station 3 km north of the study area (station ID:
USC00125407). The ecological covariate in our study was
prey abundance, and ecological data were collected during
separate and concurrent research at HEE study sites.
Kellner et al. (2013) reported white oak and black oak mast
failures in 2008 and 2009 in our study area. Likely as
a consequence of those poor mast years, the preferred prey
species of Timber Rattlesnakes (White-footed mice [Per-
omyscus leucopus] and Eastern Chipmunks [Tamias stria-
tus]; Clark 2002) decreased by 50% in combined abundance
from 17–18 individuals ha21 on average in 2007, 2008, and
2009 to 9 individuals ha21 on average in 2010 (Kellner et al.
2013). Small mammal abundance returned to 17 individuals
ha21 on average in 2011 after mast production recovered in
2010 (Kellner et al. 2013).

We developed separate, biologically meaningful model
sets to estimate active season and overwinter survival
(Appendix). Active season models incorporated covariates
SEX, YEAR, PREY, TIME (weeks within years), time since
marking (TSM), a binary covariate indicating the year a female
was GRAVID, the individual covariate BCI, and two environ-
mental parameters: average monthly temperature (TEMP) and
average monthly precipitation (PRECIP). The covariate PREY

distinguished years of high (“0”) from low (“1”) prey
abundance (i.e., 2010 was “1”). The covariate TSM tracked
age within the study by advancing one step for each year an
animal was monitored (Fieberg and DelGiudice 2009).
Covariates TEMP and PRECIP were calculated using monthly
mean data from April–October annually. We also used
covariates depicting 1-yr lag effects on prey abundance and
reproductive status in females (PREY+1 and GRAVID+1)
because studies have demonstrated multiyear effects of low
prey abundance on body condition in related viperids
(Bonnet et al. 2001; Nowak et al. 2008). Models of over-
winter survival included the covariates SEX, YEAR, PREY,
TSM, and GRAVID (Appendix). Both TEMP and PRECIP for
overwinter model sets were calculated using monthly mean
data from November–March. Competing models were
ranked using Akaike’s Information Criterion (AICc; Burn-
ham and Anderson 2002), and survival estimates were
calculated using model averaging across the best model set
(DAICc , 2).
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RESULTS

We detected 10 mortalities from 47 Timber Rattlesnakes
monitored during five active seasons and four overwinter
periods from April 2007 to November 2011 (Table 1). The
most-common cause of mortality was predation followed by
human persecution, overwinter mortality, and a vehicle
strike (Table 1). We censored six individuals overall (five
males and one female; Table 1); three snakes were censored
after we lost contact with their transmitter signals (two males
and one female), two transmitters failed overwinter, and one
transmitter was surgically removed because of an apparent
infection during a snake’s third year in the study. Snake
egress dates ranged from the second week of April in 2010 to
the second week of May in 2007. Snake ingress was
completed most often by the second week of October but
extended into the first week of November in 2009. Fourteen
females were gravid during the study, but no snake was
gravid more than once.

Survival estimates ranged from 0.720–0.993 (Table 2).
Variation in active season survival was best explained by the
model SEX + PREY+1 + SEX 3 PREY+1 (AICc weight 5 0.20).
The additive model SEX + PREY+1 was the second best in our
model set (DAICc 5 0.32, AICc weight 5 0.17), and a single-
parameter model incorporating the length of time each
animal was in the study (TSM) also explained substantial
variation in snake survival (DAICc 5 1.71, AICc weight 5
0.09; Appendix). Female survival in 2011 was depressed
(Ŝ range 5 0.720–0.773) when compared with male survival
in the same year (0.927–0.980; Fig. 1). Variation in survival
also existed among TSM cohorts, with the lowest estimates
occurring during TSM five. However, survival did not
decrease monotonically with TSM (Fig. 1). Rather, the TSM

model was probably competitive in part because covariates
PREY+1 and TSM were confounded. The TSM cohort-5 snakes
could occur in the study only during the year flagged by
PREY+1 (i.e., 2011) because these snakes entered the project
at its inception. Six competitive (2 , DAICc # 4) models
outside of the top model set explained an additional 31% of
variation in the data on top of the 46% explained by the top
model set. These models incorporated SEX, PREY+1, GRAVID,
YEAR, BCI, and TEMP in some combination (Appendix; and see
additional model output in Supplementary Data available
online).

The top-performing model of overwinter survival high-
lighted a difference based on SEX (AICc weight 5 0.35)

where survival rate of male Timber Rattlesnakes (0.966 6
0.027) was slightly lower than that of females (0.993 6
0.013). The presence of the null model (DAICc 5 1.06,
weight 5 0.21) in the best model set highlighted the fact that
overwinter survival was high in general and exhibited little
variability. The last model in the top set incorporated only
TEMP (DAICc 5 1.73, weight 5 0.11) and indicated a slightly
decreased survival rate as average monthly temperature
decreased (Fig. S1). However, there was little variation in
average monthly temperature during overwinter periods in
our study (range 5 21.05 to 20.15uC). Additional varia-
tion in overwinter survival was explained by six models
(2 , DAICc # 4) that incorporated SEX, GRAVID, PRECIP, BCI,
and TEMP in some combination (Appendix; Supplementary
Data).

DISCUSSION

Our five-year study of survival in Timber Rattlesnakes
encompassed an oak-mast failure event (2008–2009) that
produced a sex-specific, ecological effect. After the mast
failure, in 2010, prey species declined in abundance by 50%
before reverting to previous levels again in 2011 (Kellner et
al. 2013). Survival of Timber Rattlesnakes responded with an
apparent increase in the susceptibility of females to pre-
dation in 2011. Model selection also indicated that those
individuals most vulnerable in our population were marked
earliest in the study, although support for the TSM (time since
marking) model was confounded by the timing of the decline
in small mammal abundance. The first mortalities detected
in the study occurred during 2010 when prey abundance was
reduced by half in the study area (Kellner et al. 2013). The
next active season, in 2011, prey abundance returned to
previous levels but survival estimates for female Timber
Rattlesnakes decreased by $15%. Our results support
previous work that identified prey-mediated effects in
another capital breeding snake (Sperry and Weatherhead
2009), and potentially extend those prey-mediated effects to
incorporate adult female survival, a demographic parameter
critical for the conservation of Timber Rattlesnakes (Brown
et al. 2007; Martin et al. 2008).

Patterns of adult female mortality in capital-breeding
snakes have been linked to ecological factors such as prey
abundance and to individual factors such as reproductive
status. Variability in vole (Microtus agrestis) abundance
appeared to drive survival of Adders (Vipera berus; Forsman

TABLE 1.—Temporal distribution and causes of mortality in radio-tagged Timber Rattlesnakes (Crotalus horridus) monitored during the active season (A)
and overwinter in hibernacula (O) from April 2007–October 2011 in Indiana. Number at risk depicts the total sample size during each season. Individuals
that were removed from the study are noted under the season during which they were censored.

Season A O A O A O A O A
Year 2007 2008 2009 2010 2011 Total

No. added 11 0 12 0 11 0 10 0 3
No. at risk 11 11 23 22 33 32 40 37 38 47

Male 6 6 10 10 15 14 18 17 17 23
Female 5 5 13 12 18 18 22 20 21 24
(no. gravid) (1) (3) (5) (4) (1) (14)

No. censored 0 0 1 female 0 1 male 1 male 0 1 male 2 male 6
No. mortalities 0 0 0 0 0 1 3 1 5 10

Predation 0 0 0 1 female 4 female 5
Human 0 0 0 1 male 1 female 2
Vehicle 0 0 0 1 female 0 1
Overwinter 0 0 1 male 1 male 2
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and Lindell 1997). In Ratsnakes (Pantherophis obsoletus),
reduced prey abundance caused by drought conditions
affected an immediate decline in survivorship (Sperry and
Weatherhead 2008). Other evidence suggests that individual
factors, such as behavior immediately postparturition, also
affect survival (Madsen and Shine 1993; Sperry and Weath-
erhead 2009), but parturition was not clearly associated
with mortality in our study. Although we did not collect data
on basking behavior for marked animals, average Euclidian
distance moved per day did not vary among female or male
snakes across years (BJM, personal observation). Moreover,
of the 14 female snakes that were gravid, in only one case
did a female suffer mortality (predation) the year following
parturition. Female gravidity instead appeared to be
inhibited by reduced prey abundance on a 1-yr lag.

One of 21 marked females (,5% of the population)
attempted reproduction the year following decreased prey
abundance in 2011 whereas no less than 18% of females
were gravid during other years (Table 1). Body condition of
females in their postparturition year (median BCI 5

20.106) was lower but not significantly lower than that of
nongravid females (median BCI 5 0.109; Wilcoxon rank sum
test, W 5 336; P 5 0.16). Yet survival models incorporating
BCI generally received little support (Appendix). Therefore,
our data indicate greater support for ecologically driven
patterns of survival than for patterns driven predominantly
by individual or environmental factors. Unfortunately, the
serendipitous nature of prey reduction in our study area and
the resolution of our data limit our ability to draw firm
conclusions about the mechanism driving active season
survival in C. horridus.

Timber Rattlesnakes exhibited higher overwinter survival
than in active seasons, which corroborates findings from
other systems (Parker and Brown 1974; Altwegg et al. 2005).
Interestingly, survival did not decrease following the 2010
active season when small mammal abundance declined. In
fact, the two males that perished during winter were in
above-average body condition prior to their ingress (BJM,
personal observations). Patterns of slightly colder overwinter
temperatures revealed an association with mortalities that
might be expected if environmental effects were driving
patterns of overwinter survival (Altwegg et al. 2005), but low
variation in overwinter temperatures and few overwinter
mortalities limit our confidence in the association.

Human-related mortality was among the causes of death
for Timber Rattlesnakes but was not the dominant cause as
expected. This might be explained in part by our study sites
containing fewer roads than other study systems. Only six of
the radio-tracked snakes on our study sites were observed
crossing public roads, although several more study animals
were observed within 20 m of them. The hazards rep-
resented by human roadways have been shown to sub-
stantially affect snake populations (Rosen and Lowe 1994;
Sealy 2002), and roads have also been found to cause
detectible disruptions to natural migration among popula-
tions of Timber Rattlesnakes in the state of New York, USA
(Clark et al. 2010).

Whereas the demography of our population was affected
by road-related mortality, direct killing by humans had
a somewhat larger effect on survival (2 of 10 mortalities). In
addition, two snakes that were censored in our study were
last located close to a horse-riding trail and an inhabited

TABLE 2.—Comparison of survival estimates generated for Timber Rattlesnakes (Crotalus horridus) from the literature and from this study.

Reference Method Location Type of estimate Survival estimate

Fitch 1985 Life table calculation Kansas Neonate 0.65
Adult 0.75

Martin 2002 Life table calculation West Virginia Neonate 0.68
Adult 0.92

Reinert and Rupert 1999 Known-fate model Pennsylvania Adult translocant 0.61
Adult resident 0.89

(black morph, yellow morph)
Brown et al. 2007 Mark–recapture model New York Lab-born neonate 0.411, 0.301

(Cormack-Jolly-Seber) Field-born neonate 0.773, 0.531
2–4 yr-old snakes 0.845, 0.999
$5 yr-old snakes 0.958, 0.822

This study Known-fate models Indiana Active season
Adult male 0.927–0.983
Adult female 0.720–0.955
Overwinter
Adult male 0.966
Adult female 0.993

FIG. 1.—Active season survival of Timber Rattlesnakes (Crotalus horridus)
monitored via radiotelemetry in southern Indiana, USA, from 2007–2011.

Estimates (61 SE) were calculated by model averaging across the best
model set (i.e., DAICc , 2.00). Male (=) and female (R) survival were

further decomposed into survival after a year of high prey abundance (black
symbols) and survival after a year of low prey abundance (gray symbols).
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home, respectively. The importance of humans in Timber
Rattlesnake demography would increase if these censored
animals were included in our calculations. Considering that
30% of mortalities were associated with human activities
(persecution or road-related), and that human persecution
has long been recognized as a major cause of rattlesnake
mortality (Galligan and Dunson 1979; Reinert et al. 2011),
focused education and outreach efforts may have a positive
impact on population dynamics of Timber Rattlesnakes over
the long term.
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APPENDIX

Known-fate model structures and results of a model selection approach to
determine which factors were driving patterns of adult Timber Rattlesnake
survival during 2007–2011 at the Hardwood Ecosystem Experiment site in
southern Indiana, USA. Models are divided into those confronted with data
from the active season and those confronted with data from overwinter
periods. Survival estimates were calculated by model averaging over the best
model set (i.e., DAIC , 2); n is the no. of model parameters.

Model n AICc DAICc Weight Deviance

Active season

SEX + PREY+1 + SEX 3 PREY+1 4 108.43 0.00 0.20 68.23
SEX + PREY+1 3 108.75 0.32 0.17 70.55
TSM 5 110.14 1.71 0.09 67.93
PREY+1 2 110.56 2.13 0.07 74.36
SEX + GRAVID + SEX 3 GRAVID 3 110.72 2.29 0.06 72.52
YEAR 5 111.22 2.80 0.05 69.02
SEX 2 111.24 2.81 0.05 75.05
SEX + TEMP 3 112.05 3.62 0.03 106.04
SEX + BCI 3 112.27 3.84 0.03 106.26
SEX + PREY + SEX 3 PREY 4 112.72 4.29 0.02 72.52
SEX + PREY 3 113.08 4.65 0.02 74.89
SEX + GRAVID+1 + SEX 3 GRAVID+1 3 113.11 4.68 0.02 74.91
Null (intercept only) 1 113.19 4.76 0.02 79.00
SEX + PRECIP 3 113.24 4.82 0.02 107.24
SEX + PRECIP + SEX 3 PRECIP 4 113.48 5.05 0.02 105.47
SEX + TSM + SEX 3 TSM 10 113.91 5.48 0.01 61.65
TEMP 2 113.96 5.53 0.01 109.95
SEX + BCI + SEX 3 BCI 4 114.28 5.85 0.01 106.26
BCI 2 114.50 6.07 0.01 110.50
PREY 2 115.00 6.57 0.01 78.81

BCI + TEMP 3 115.11 6.68 0.01 109.10
PRECIP 2 115.19 6.76 0.01 111.18
SEX + YEAR + SEX 3 YEAR 10 115.20 6.78 0.01 62.94
TSM + GRAVID+1 + TSM 3 GRAVID+1 9 116.08 7.65 0.00 65.83
BCI + PRECIP 3 116.48 8.05 0.00 110.47
BCI + TEMP + BCI 3 TEMP 4 116.71 8.29 0.00 108.70
TSM + GRAVID + TSM 3 GRAVID 9 117.27 8.84 0.00 67.02
BCI + PRECIP + BCI 3 PRECIP 4 118.02 9.59 0.00 110.01
TIME 31 153.38 44.95 0.00 58.53
SEX + TIME + SEX 3 TIME 62 207.36 98.94 0.00 48.58
Overwinter
SEX 2 20.66 0.00 0.26 6.13
Null (intercept only) 1 21.73 1.06 0.15 9.28
TEMP 2 22.39 1.73 0.11 18.27
SEX + GRAVID + SEX 3 GRAVID 3 22.79 2.12 0.09 6.13
PRECIP 2 22.92 2.25 0.08 18.80
BCI 2 23.14 2.48 0.07 19.02
PREY 2 23.65 2.99 0.06 9.12
BCI + TEMP 3 24.09 3.43 0.05 17.84
BCI + PRECIP 3 24.52 3.85 0.04 18.27
SEX + PREY + SEX 3 PREY 4 24.79 4.12 0.03 5.96
PREY + BCI 3 25.15 4.48 0.03 18.90
TSM 4 25.68 5.02 0.02 6.86
YEAR 4 26.51 5.84 0.01 7.68
PREY + SEX + GRAVID + PREY

3 SEX + PREY 3 GRAVID + SEX

3 GRAVID + SEX 3 PREY 3 GRAVID 6 29.26 8.60 0.00 5.96
SEX + TSM + SEX 3 TSM 8 31.33 10.67 0.00 3.37
SEX + YEAR + SEX 3 YEAR 8 32.36 11.70 0.00 4.40
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