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a  b  s  t  r  a  c  t

Predators  often  employ  a complex  series  of  behaviors  to overcome  antipredator  defenses  and  effectively
capture  prey.  Although  hunting  behaviors  can  improve  with  age  and  experience,  many  precocial  species
are  necessarily  effective  predators  from  birth.  Additionally,  many  predators  experience  innate  ontoge-
netic shifts  in  predatory  strategies  as  they grow,  allowing  them  to  adapt to prey  more  appropriate  for
their increased  size  and  energetic  needs.  Understanding  how  the  relative  roles  of innate  age-specific
adaptation  and  learning  have  evolved  requires  information  on  how predation  behavior  develops  in situ,
in  free-ranging  predators.  However,  most  of the  research  on  the  ontogeny  of predation  behavior  is based
on  laboratory  studies  of  captive  animals,  largely  due  to the difficulty  of  following  newborn  individu-
als  in  nature.  Here,  we  take  advantage  of  the  unique  tracks  left  by  juveniles  of  a  precocial  viperid,  the
sidewinder  rattlesnake  (Crotalus  cerastes),  which  we used to  follow  free-ranging  snakes  in  the  field.  We
recorded  details  of  their  ambush  hunting  behavior,  and  compared  the  behaviors  of these  juveniles  to  adult
snakes that  we  monitored  in the  field via radio  telemetry.  Although  juvenile  and  adult  behaviors  were
similar  in  most  respects,  we did find  that  adults  chose  more  effective  ambush  sites,  which  may  be  due  to
their increased  experience.  We  also  found  that  juveniles  (but  typically  not  adults)  perform  periodic  tail
undulations  while  in  ambush,  and  that  juveniles  displayed  slightly  different  activity  cycles.  Both  of  these
latter  differences  are  likely  the  result  of age-specific  adaptations  for  juveniles’  greater  reliance  on  lizards
versus  small  mammals  as  prey.  We  also  compared  the general  predatory  behavior  of  sidewinders  to  that
of other  species  in  the  genus  Crotalus.  These  findings  will  provide  important  baseline  field  information
for  more  detailed  empirical  research  on  the  ontogeny  of  predation  behavior  in precocial  vertebrates.

©  2016  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Effective predation behavior is central to the reproductive suc-
cess of all predators. Predation is inherently complex and dynamic
because it involves predicting and responding to the behavior of
another party; often, predators must overcome the antipredator
adaptations of prey to be successful (Lima, 2002). For this rea-
son, predation attempts often fail (Fanshawe and Fitzgibbon, 1993;
Cresswell et al., 2010; Clark et al., 2012), and the reproductive
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success of many predators is food-limited (Wiehn and Korpimäki,
1997; Taylor et al., 2005; Ford et al., 2010).

Predation behavior can improve with age and experience. Many
altricial species learn not only from direct experience, but also
from mimicking the behavior of others: typically parents, but occa-
sionally other conspecifics (Danchin, 2004). Many of these species
benefit from a prolonged period of parental care, whereby parents
provide food (Clutton-Brock, 1991) and experience (Caro, 1980;
Thornton and McAuliffe, 2006). In contrast, juveniles of more preco-
cial species must exhibit effective hunting from birth. These species
exhibit innate development of complex predatory behaviors, such
as construction of elaborate webs (Eberhard, 1982) or recognition
and discrimination of specific chemosensory cues associated with
appropriate prey (Burghardt, 1969).

http://dx.doi.org/10.1016/j.zool.2016.02.005
0944-2006/© 2016 Elsevier GmbH. All rights reserved.
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Although many laboratory studies have demonstrated the direct
development of species-typical predatory behaviors, few have
examined the additional role that experience may  play in the
expression of those behaviors. The research that has been done
generally shows that individuals can modify their innate predatory
behavior with experience. For example, with experience, hatchling
trinket snakes improve in their ability to handle and ingest large
prey (Mehta, 2008), orb-web spiders build more effective webs
(Heiling and Herberstein, 1999), and sticklebacks improve in their
handling and efficiency of prey capture (Croy and Hughes, 1991).

Such laboratory studies are useful in evaluating specific
hypotheses, but they only represent the potential for such behav-
iors to occur in natural environments, where predation events may
be rare and idiosyncratic. Field studies of individuals encountering
prey in situ are needed to determine the extent to which experience
may  affect predation success, and ultimately reproductive suc-
cess. However, examining the role of predation experience in the
development of behavior in free-ranging animals is complicated
by the possibility of innate ontogenetic changes. Because juvenile
and adult individuals can be very different in size, movement, and
microhabitat use, they may  specialize on different prey types. Sev-
eral studies have demonstrated that changes in morphology and
behavior associated with predation can occur even in the absence of
relevant experience, as individuals undergo innate development of
age-appropriate traits (Ewert and Burghagen, 1979; Mushinsky and
Lotz, 1980; Rabatsky and Waterman, 2005a; Robbins and Langkilde,
2012). Thus, in order to determine if age-related differences in
free-ranging animals are based on learning and experience, some
knowledge of the ecological context of predation behavior is nec-
essary.

Examining ontogenetic changes associated with maturation is
further complicated in many species by the difficulty in following
young, usually small, individuals for long periods of time in nature.
For example, the study of snake ecology and behavior in the field has
been revolutionized by the widespread adoption of radio telemetry,
but even miniaturized transmitters remain too large for effective
use on small juveniles of most species (Újvári and Korsós, 2000).
Here, we take advantage of unique aspects of the microhabitat used
by sidewinder rattlesnakes (Crotalus cerastes) to compare predation
behaviors of free-ranging juvenile and adult snakes. We  use tradi-
tional radio telemetry to monitor adults, and we  locate juveniles
by following their unique tracks left in the loose sand microhabitat
this species prefers (Brown and Lillywhite, 1992; Secor, 1994). We
use fixed videography to amass a large database of recordings of
both juveniles and adults as they sit and wait in ambush for their
prey. We  then extract key data from recordings for data analysis,
allowing us to evaluate potential ontogenetic changes in predation
behavior in a population of free-ranging individuals.

2. Materials and methods

2.1. Study site and subjects

Our study took place at a site in the Mohave Desert approxi-
mately 3 km south of the Desert Studies Center in San Bernardino
County, California. This area is characterized by a mixture of loose
wind-blown sand, alkali sink vegetation, and creosote bush scrub.
Here, sidewinders are generally inactive during the overwinter-
ing period from November to March, and exhibit surface activity
and feeding behavior from March to October; during the summer
months (May–September), sidewinders are mainly nocturnal and
remain inactive in thermal refuges (typically lizard or mammal  bur-
rows) from mid-morning until dusk (Brown and Lillywhite, 1992;
Secor, 1994; Lima, 2002).

For the present study, we  monitored sidewinder behavior from
May  to August 2011–2014. We  captured adult rattlesnakes and
surgically implanted them with temperature-sensitive radio trans-
mitters (model G3; AVM Instrument Company Ltd., CA, USA)
following the methods of Reinert and Cundall (1982). Transmitters
weighed less than 5% of snake body mass. After resuming normal
behavior following surgery all snakes were released in the field at
their site of capture.

We collected data on 28 individual snakes, 13 adults and 15
juveniles. All adults were weighed with hanging scales accurate
to 5 g and measured while lying straightened under anesthesia
on a countertop during implantation of transmitters. All captured
juveniles (n = 9) were permanently marked with passive integrated
transponder tags inserted subcutaneously and weighed with hang-
ing scales accurate to 2 g and measured while unanesthetized and
restrained in plastic handling tubes. All adults exhibited size and
rattle characteristics that indicated they were at least 3 years of
age or older (Brown and Lillywhite, 1992; Secor, 1994). Sidewinders
give birth in the fall (August–October) to live young, which range in
size from 16 to 21 cm total length (Brown and Lillywhite, 1992). All
juveniles in our study exhibited size and rattle characteristics indi-
cating they were in their first summer; that is, they had none or only
one rattle segment below the natal button (the portion of the rattle
present at birth) and were ∼30 cm in length (Secor, 1994). However,
we only captured, tagged, and measured 8 of the 15 individuals for
which we collected behavioral data. We collected videography data
on the other 6 individuals without capturing them because they
were exhibiting ambush coils upon location and we did not want
to disturb their hunting behavior. We  were able to visually assess
their size during sand tracking to assure they were within the size
range of our measured individuals. We  are confident these snakes
were unique individuals because they did not occur in a geographic
area close to any juveniles similar in size that were monitored as
part of the present study.

We typically radio tracked adults at least once daily, and every
2–3 h when monitoring via videography. Because juveniles would
eventually move into areas where we  could no longer follow their
tracks, we were only able to follow individual juveniles for lim-
ited time periods. Upon relocation, any individuals that had moved
more than 3 m were classified as having relocated to a new site,
and we recorded their position using handheld GPS units. Snakes
that had only moved short distances (<3 m)  were categorized as
remaining at the same site.

2.2. Field videography

We used video cameras connected to a wireless network to
record snakes that were on the surface in stereotyped ambush coils
(e.g., Clark, 2004a; Reinert et al., 2011). We  used pan/tilt/zoom net-
work security cameras (Sony SNC-RZ25N) connected to network
radios (Ubiquiti NanoStation M2;  Ubiquiti Networks, San Jose, CA,
USA) that communicated with a base station (Ubiquiti PowerSta-
tion P5-EXT) mounted on a 10 m aluminum tower erected at the
center of our field site. We  used laptop computers in the field
to monitor and record video feeds at 15 frames per second (fps)
from multiple cameras recording snakes simultaneously. When-
ever snakes were seen to abandon sites, we  relocated them via
radio telemetry or sand tracking, and moved cameras to continue
recording hunting behavior of snakes that adopted new ambush
coils. Snakes were only active on the surface at night and always
retreated to refugia (usually rodent or lizard burrows but occa-
sionally very thick vegetation) during the day. Thus, we usually
positioned cameras over their known daytime refugia and recorded
snakes emerging onto the surface around dusk. If snakes were not
visible on camera for more than approximately an hour after sun-
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set (i.e., they remained in a burrow or vegetation), we checked their
position via radio telemetry.

We  extracted several video clips from our database that illus-
trate typical behaviors of both adults and juveniles. These clips are
available through our laboratory YouTube channel. Names, descrip-
tions, and URLs of clips are listed in Table 1.

2.3. Behavioral quantification

2.3.1. Ambush sites
We defined an ambush site as an area less than 3 m in diame-

ter at which a snake exhibited stereotypical ambush coils. Snakes
would often remain at ambush sites for more than one day, but
would always retreat to nearby refugia during the heat of the day
and emerge in the early to late evening to resume surface ambush
coils. When resuming ambushing at the same site, snakes would
often coil at or near (within 100 cm)  their previous night’s position.
Snakes would also sometimes shift positions while on the surface,
moving 5–100 cm to coil at a slightly different location. Thus, at a
given ambush site, snakes could exhibit multiple ambush coils at
slightly different locations.

2.3.2. Behavioral states
For our analyses, we classified rattlesnakes into one of four

behavioral states as follows: (1) Ambush hunting: snake is coiled
tightly on the surface or just inside the entrance of a burrow; snake
remains motionless, with the exception of occasional chemosen-
sory probing (movement of the head and neck out of the coiled
position accompanied by tongue flicks, sensu Barbour and Clark,
2012a), mouth gaping (Burghardt, 1969; Graves and Duvall, 1983),
non-rattling tail undulation (slow, rhythmic waving or wiggling of
the tail in an otherwise motionless coiled snake, similar to caudal
luring behavior employed by many viperid snakes sensu Heatwole
and Davison, 1976), or striking at prey. (2) Moving: snake is actively
moving on the surface between ambush sites. (3) In burrow:  snake
is inside a lizard or mammal  burrow and is not visible at the burrow
entrance. (4) Loose coil: snake is on the surface in a loose coil typ-
ical of thermoregulation or pre-ecdysis (see Fig. 4 in Reinert et al.,
2011 for illustrations and further discussion of distinction between
foraging and non-foraging coils in rattlesnakes).

For each ambush site, we estimated the time spent in differ-
ent behavioral states to the nearest hour, and categorized daytime
and nighttime hours separately. We  used sunset/sunrise times for
our field location to differentiate daytime and nighttime hours. Our
estimates of times spent in some behavioral states are not more
precise because snakes were not actively monitored while moving.
We found that snakes were susceptible to disturbance when mov-
ing and so we did not typically approach moving snakes closely
when conducting radio telemetry or tracking; instead, we peri-
odically (∼1–2 h) checked individuals that had begun moving to
determine their current behavioral state. However, on some occa-
sions we checked snakes every 30–60 min  and made qualitative
observations of their behavior while moving. We  used only this
limited, more precise data set for our estimation of time spent mov-
ing between sites. When snakes had stopped moving and adopted
another behavior, we estimated the endpoint of one behavioral
state and the beginning of the subsequent state as the midpoint
between the times that snakes had been checked. We  used this
same procedure to measure the onset of surface activity to the near-
est hour; beginning at approximately 19:00 (which was prior to
the emergence of nearly all snakes) we checked the location and
behavioral state of snakes every 1–3 h each evening.

2.3.3. Ambush hunting behaviors
We used counts to characterize behaviors of snakes in an

ambush hunting behavioral state (probing, mouth gaping, non-

rattling tail undulation, striking). Because probing and mouth
gaping were frequent and ubiquitous, we  quantified the rates of
these behaviors through subsampling. We  randomly selected seven
adults and seven juveniles and quantified probe and yawn rates
throughout 4 randomly selected bouts of ambush hunting for each
individual, for a total of 56 ambush hunting bouts.

We counted the occurrence of non-rattling tail undulation in
bouts. A bout was defined as the snake conspicuously moving its
tail back and forth in an undulatory fashion with no pause in tail
movement for longer than 300 s. Undulations that took place >300 s
apart were classified as separate bouts.

2.3.4. Prey encounters
Sidewinders prey on a range of small mammal and lizard species

(Funk, 1965; Klauber, 1972; Brown and Lillywhite, 1992). Thus,
we categorized as prey any lizard or mammal  small enough to be
ingested that is either a conspecific or congener of a known dietary
item. Prey were identified to as fine a taxonomic level as possi-
ble using field guides and known geographic distributions. Prey
encounters occurred when prey came within approximately 1 m of
a snake, an estimated distance at which both rattlesnakes and their
prey can typically detect each other (Clark et al., 2012). Prey were
further classified as coming within strike range if they came within
25 cm of adults or 15 cm of juveniles, the furthest distances snakes
were observed to strike.

We  used a modified form of the procedure of Clark et al. (2012)
to estimate distances from video frames. Briefly, we used ImageJ
software (Abramoff et al., 2004) to determine distances in digi-
tized images from videos, using snake head length to set the size
scale in each image. Klauber (1972) published detailed measure-
ments of the correlation between body length and head length of
sidewinders by measuring several hundred individuals. Because we
had measured the body length, but not head length, of our snakes,
we used Klauber’s published correlations to estimate each individ-
ual’s head length. Because distance estimates are subject to some
imprecision given the variation in camera angles and positions
(Clark et al., 2012), we  estimated distances to the nearest 5 cm.
We also estimated the precision of our approach of using the head
to set size scales by having several different individuals indepen-
dently use ImageJ to generate a pixel per cm value for each of five
randomly selected video frames from our data set that were used
as frames to set the size standard for that field of view. We  then
calculated 95% confidence intervals (CIs) for these measurements,
and used the 95% CIs to determine the value at which the CI would
be greater than 5 cm (the value to which we  rounded our distance
estimates).

2.3.5. Snake strikes
Snakes occasionally attempted to strike prey that came within

range. We  categorized strikes as either hits or misses. Because rat-
tlesnake strikes are extremely rapid, video recordings could be
ambiguous with respect to outcome. Thus, strikes were catego-
rized as hits if they met  two criteria: (i) the head of the snake
appeared to contact the prey in the video image, and (ii) snakes
either held the prey until it was immobile, or released it and
exhibited strike-induced chemosensory searching (SICS), a stereo-
typed behavior rattlesnakes use when relocating envenomated
prey (Chiszar et al., 1992). Strikes were categorized as misses if
the video clearly showed the head of the snake not contacting the
prey, or, if contact was  ambiguous, snakes did not exhibit SICS. We
used the distance estimating technique detailed above (see Section
2.3.4) to estimate the minimum distance between the snake and
the prey in the frame prior to the strike. Prey were categorized as
dodging if they exhibited an abrupt change in movement trajec-
tory following strike initiation. See Clark et al. (2012) for additional
methodological details.
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Table  1
Video files referenced in the text that illustrate species-typical sidewinder behavior. Videos are viewable through the video-sharing site YouTube (and in the supplementary
online  Appendix).

Video URL Description

Video 1 http://youtu.be/AmGn3eESJkg Sidewinding locomotion typical of snakes moving during active search phase
Video 2 http://youtu.be/pPF0Wupl3lE Time lapse video of adult exhibiting species-typical behaviors while in sit-and-wait phase of

ambush behavior
Video 3 http://youtu.be/N2Nf8uMOZ2c Nocturnal tail undulation behavior of adult snake
Video 4 http://youtu.be/Jl8Ma7GMLks Adult snake misses strike attempt toward whiptail lizard, which exhibits dodge maneuver
Video 5 http://youtu.be/epwYN9qp2TI Juvenile snake misses strike attempt toward Merriam’s kangaroo rat, which exhibits dodge

maneuver
Video  6 http://youtu.be/hREihZCiCd8 Juvenile snake successfully strikes whiptail lizard, begins strike-induced chemosensory

searching after releasing lizard
Video 7 http://youtu.be/BLLoYSz7DiI Adult snake successfully strikes small nocturnal rodent, holds until prey is immobile, ingests

carcass, and resumes ambush coil

Although the relatively low frame rates of our video recordings
are not sufficient for quantifying the speed of strike movements
with precision, they can provide information on the degree to which
strike speed may  vary under natural conditions. Thus, we  counted
the number of video frames encompassing strike extension and
prey contact to provide some parameters for how variable these
measures may  be for free-ranging snakes striking at free-ranging
prey. Strike extension is the time from which the head moves out
of the ambush coil to when the snake contacts the prey (or, in the
case of misses, the space occupied by prey that moved), and prey
contact is the time from initial contact of prey by the snake to when
that prey is no longer in contact with the head of the snake.

In addition to the data we collected on prey encounters during
our natural observations, we incidentally recorded an adult snake
preying on a small rodent while collecting experimental data in the
summer of 2014. We  include this encounter in our analysis of strike
behavior, but not in our analysis of encounter rates.

2.4. Statistical analyses

We  used R version 3.0.2 (R Development Core Team, 2011) for
all statistical analyses. We  used linear mixed models implemented
in the lme4 package to compare adults and juveniles with respect
to emergence and ingress times, ambush site residence times,
movement times, movement distances, and rates of chemosensory
probing. Because we collected multiple samples per individual, we
incorporated individual identity of snakes into the model as a ran-
dom factor. We  determined the significance of age (adult versus
juvenile) by comparing models with and without age as a fixed
factor using the Kenward–Roger correction in the pbkrtest package.

Because we had more limited data on tail undulation and prey
encounters, a mixed model framework was not well suited for
analysis; instead, we made general comparisons using goodness-
of-fit tests. We  used chi-square goodness-of-fit tests when more
than 80% of expected values were greater than five, and exact
binomial tests otherwise. We  also had a limited sample size of
attempted strikes with which to explore factors related to strike
success. Thus, we limited our analysis to our main factor of interest
(snake age) and two a priori factors identified as important in Clark
et al. (2012): prey dodging and distance. These three factors were
assessed independently with univariate logistic regression. The 16
strike attempts came from 13 individuals; one snake was recorded
striking on three separate occasions, another on two. Because each
strike attempt involved independent prey under unique field cir-
cumstances (i.e., different spatial locations and times), we  treated
all 16 attempts as independent data points. We  used linear regres-
sion to examine the effect of age on extend time for these strikes.
Because several snakes held on to prey after striking, we only
report descriptive statistics for contact time as we  did not have
an adequate sample size for statistical testing. We  conducted logis-
tic regression using penalized maximum likelihood in the logistf

package, and linear regression using the stats package. All values
are given as mean ± standard deviation.

3. Results

3.1. Study subjects

We collected data on 28 individual snakes, 13 adults and 15
juveniles. There was no overlap in the size and weight ranges of
our adult and juvenile snakes. Adult snakes averaged 52 ± 4 cm
(range 47–58 cm)  total length (snout to basal rattle segment),
and weighed 104 ± 31 g (range 75–174 g). Juveniles were all
born the previous fall. Individuals that we were able to mea-
sure (n = 8) were 29 ± 3 cm (range 25–33 cm) total length, and
weighed 23 ± 8 g (range 12–35 g). We  followed juveniles for 1–8
days (average = 3.1 ± 2.1 days) before losing their tracks. Individ-
ual telemetered adults were video recorded for 2–11 days (average
4.6 ± 3.1 days). In total, we recorded snakes at ambush sites for
998 h (517 h for juveniles and 481 h for adults). Most individu-
als were on the surface only during the night and early morning,
resulting in a total of 783 h of nocturnal recordings (402 h juveniles,
381 h adults) and 215 h of diurnal recordings (115 h juveniles, 100 h
adults). These videos were spread relatively evenly across individ-
uals, with no one individual accounting for more than 10% of total
observation hours.

3.2. Activity cycles and movements

Both adult and juvenile sidewinders exhibited a generalized
mobile ambush foraging behavior typical of other Crotalus spp.
(Clark, 2006; Barbour and Clark, 2012a; Putman et al., 2016),
wherein individuals hunted via sit-and-wait ambush at a site for
prolonged periods, interspersed with long-distance movements
between sites (see Video 1 in Table 1; videos also available in the
supplementary online Appendix). Snakes at our site, which were
all monitored during the hotter summer months (May–August),
sought refuge during the day, almost always in lizard or rodent
burrows (we could not reliably distinguish between burrow types)
and rarely in thick vegetation. When foraging, both adult and juve-
nile snakes typically emerged from daytime refugia in the evening,
exhibited ambush coils and/or movement between ambush sites
throughout the night, and ingressed back to burrows in the late
morning (Video 2). On 142 occasions (n = 79 for juveniles, 63 for
adults) we  were able to record a complete cycle of circadian
activity, from evening emergence to morning ingress. Snakes typ-
ically emerged soon after sunset (mean emergence = 20 ± 69 min
post sunset), and ingressed back into refugia several hours after
sunrise (mean ingress = 136 ± 108 min  post sunrise). Juveniles
emerged significantly earlier than adults (adults = 41 ± 67 min,
juveniles = 5 ± 62 min  post sunset, F(1,17) = 5.05, p = 0.038), but there
was no significant difference between juveniles and adults in
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Fig. 1. Emergence and ingress times of adult and juvenile snakes. All emergence times are shown relative to sunset (left side of axis) and all ingress times are shown relative
to  sunrise (right side of axis) on the day of the event.

ingress time (adults = 112 ± 128 min, juveniles = 155 ± 82 min  post
sunrise, F(1,23) = 1.14, p = 0.29) (Fig. 1).

Following emergence, snakes typically either adopted a stereo-
typed ambush coil in the vicinity of their retreat burrow, or began
the process of chemosensory-based searching through the envi-
ronment for a new ambush site. Snakes that adopted ambush coils
near retreat burrows were often continuing a period of residence
at that site that had begun on a previous day: 60% of ambush bouts
lasted longer than 1 night. Time spent at a site before abandoning
to search out a new site ranged from 5 to 246 h, with an average
site residence time of 52 ± 55 h. Adults and juveniles did not differ
in their site residence time (adults = 42 ± 54 h, juveniles = 62 ± 55 h,
F(1,17) = 2.33, p = 0.15, n = 29 for adults, 20 for juveniles).

Although we only occasionally observed snakes moving
between sites, our limited observations indicated snakes moved
via sidewinding locomotion at a rate of approximately 2–4 m per
minute, paused frequently, changed directions often, and spent
long periods of time tongue flicking air and substrate while mov-
ing. We  estimated that snakes actively searching for a new ambush
site spent, on average, 100 ± 45 min  searching before adopting an
ambush coil or entering a refuge burrow. This estimate did not differ
between adults and juveniles (adults, 87 ± 25 min, n = 22; juveniles,
137 ± 73 min, n = 7; F(1,12) = 3.02, p = 0.11).

The distance between consecutive ambush sites (defined as
sites >3 m from last ambush coil) was highly variable, ranging
from 3 to 683 m,  with a mean of 77 ± 99 m.  Although we have
limited data on juveniles, our estimates indicate that adults and
juveniles did not differ in the distance moved between ambush
sites (adults, 77 ± 100 m,  n = 296; juveniles, 67 ± 73 m,  n = 12;
F(1,104) = 0.02, p = 0.88).

3.3. Ambush behaviors

While sitting and waiting in ambush, snakes mostly remained
motionless but occasionally exhibited chemosensory probing and
mouth gaping during nighttime hours. Snakes were rarely seen to
probe or mouth gape when coiled during daytime (Video 2). Our
random subsample of ambush coils for quantifying probing and
mouth gaping resulted in 305 h of nocturnal foraging and 81 h of
diurnal foraging from 7 adults and 7 juveniles (121 nocturnal, 32
diurnal hours for juveniles; 184 nocturnal, 47 diurnal hours for
adults). The average rate of chemosensory probing was 1.5 ± 1.1
probes per hour during the night, and 0.02 ± 0.05 probes per hour
during the day. Snakes exhibited 0.2 ± 0.4 mouth gapes per hour
during the night, and were not seen to mouth gape during the day.
Rates of nocturnal probing did not differ between adults and juve-

niles (adults = 1.6 ± 1.1, juveniles = 1.9 ± 1.0, F(1,9) = 2.37, p = 0.16).
Mouth gaping and diurnal probing were too rare to analyze dif-
ferences statistically.

We  recorded 27 bouts of non-rattling tail undulation that lasted
between 0.25 and 61 min  (average = 9 ± 14.5 min). Only 6 of 15
juveniles and 2 of 13 adults were seen to undulate (Video 3).
Juveniles were significantly more likely to undulate than adults
(!2 = 17.9, df = 1, p < 0.001), and the incidence of tail undulation
was not evenly distributed across individual juveniles (!2 = 71.6,
df = 14, p < 0.001). Juveniles exhibited undulations 19 times during
daylight and six times during the night; undulations were signifi-
cantly more likely to occur during daylight hours (!2 = 41.3, df = 1,
p < 0.001) (Fig. 2). One adult undulated at night, and the other during
daylight. Undulations were never observed to be associated with
the presence of potential prey. However, 12 of the 27 undulation
bouts occurred within 1 min of snakes abandoning their ambush
coil; two  additional bouts occurred within 10 min  of abandonment.
The remaining 13 bouts were not associated with abandonment.

3.4. Prey encounters and strike behavior

We  recorded 36 prey encounters (25 for adults, 11 for juveniles).
29 of the 36 prey encounters were during daytime hours, despite
the fact that snakes spent more time foraging at night than dur-
ing the day. Most daytime encounters (25 of 29) took place in the
morning hours, between sunrise and coil abandonment. Prey were
encountered during daytime far more frequently than at nighttime
(!2 = 73.6, df = 1, p < 0.001). Furthermore, adults encountered prey
more frequently during daytime than expected compared to juve-
nile snakes (19 of 29 daytime encounters involving adults, !2 = 4.2,
df = 1, p = 0.041) (Fig. 3). Adults also tended to encounter prey more
frequently during nighttime than expected compared to juveniles,
but our sample size of nighttime prey encounters was low and
this comparison was  not statistically significant (6 of 7 nighttime
encounters involving adults, exact binomial goodness of fit test,
p = 0.06).

Of the 36 prey encounters, 26 were lizards and 10 were rodents.
Adults and juveniles did not differ in their encounter rate with these
two prey types (!2 = 0.52, df = 1, p = 0.47). 21 of the 36 prey encoun-
tered came within strike range (Table 2), and snakes attempted
to strike 16 of these 21 prey items (see Videos 4 and 5). Snakes
appeared to successfully envenomate prey during 8 of the 16
attempted strikes (see Videos 6 and 7). Adults were successful in
4 of their 10 strike attempts, and juveniles were successful in 4
of their 6 attempts; strike success rate did not differ significantly
based on age (likelihood ratio test on 1 df = 0.95, n = 16, p = 0.33).
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Fig. 2. The relative timing and number of observed bouts of tail undulation for juveniles and adults. All times are shown relative to either sunset (left side of axis) or sunrise
(right  side of axis) on the day of the event.

Table 2
Summary of data from recordings of free-ranging sidewinder rattlesnakes, Crotalus cerastes, responding to prey that came within strike range. Dash symbol indicates data are
missing,  and NA indicates value is not applicable. Dist = proximity between snake and prey in cm;  Strike = snake response to prey as either successful strike (hit), attempted
strike  that missed (miss), or did not attempt strike (no strike); Dodge = prey exhibited dodge maneuver (yes) or did not (no); Held = snake held on to prey until it was immobile
(yes)  or released after strike (no).

Time Snake Age Prey type Prey sp. Dist Strike Dodge Held Notes

20:15 A4 adult lizard Gambelia wislizenii − hit – no Strike occurred out of frame of video,
but recording documented SICS and
ingestion of prey

8:26  A6 adult lizard Aspidoscelis tigris 20 hit no no Snake remains immobile for 95 s after
strike before beginning SICS

9:07  A7 adult lizard unidentified lizard 5 hit no yes Poor video quality prevented
quantification of extend and contact
time

0:19  A8 adult mammal unidentified mammal 10 hit no yes Small nocturnal rodent, likely
Perognathus longimembris,  struck, held,
and ingested

8:07  J2 juvenile lizard Aspidoscelis tigris 5 hit no no Snake remains immobile for 20 s after
strike before beginning SICS

8:37  J3 juvenile lizard unidentified lizard 5 hit no no Snake remains immobile for 130 s after
strike before beginning SICS

6:03  J4 juvenile lizard unidentified lizard 5 hit no yes Small lizard, likely Uta stansburiana, is
struck, held, and ingested

8:32  J5 juvenile lizard Aspidoscelis tigris 5 hit no no Snake remains immobile for 27 s after
strike before beginning SICS

8:15  A1 adult lizard Aspidoscelis tigris 25 miss no NA Adult Aspidoscelis tigris
10:28 A2 adult lizard unidentified lizard 5 miss yes NA Lizard is likely Urosaurus graciosus
0:06  A3 adult mammal Dipodomys merriami 15 miss no NA Adult Dipodomys merriami
6:16  A4 adult lizard unidentified lizard 10 miss – NA Lizard is likely Uta stansburiana; poor

video quality prevent quantification of
extend/dodge

7:52  A4 adult lizard Aspidoscelis tigris 25 miss yes NA Adult Aspidoscelis tigris
5:31 A5 adult lizard unidentified lizard 5 miss no NA Lizard is likely Uta stansburiana
0:52  J1 juvenile mammal Dipodomys merriami 5 miss yes NA Adult Dipodomys merriami
6:57  J2 juvenile lizard unidentified lizard 15 miss yes NA Lizard is likely Uta stansburiana
20:13 A9 adult mammal Dipodomys deserti 10 no strike – – Adult Dipodomys deserti engages in

extensive anti-snake signaling displays
7:52  A2 adult mammal Xerospermophilus

tereticaudus
20 no strike – – Adult Xerospermophilus tereticaudus

engages in extensive anti-snake
signaling displays

8:09  A2 adult mammal Xerospermophilus
tereticaudus

20 no strike – – Adult Xerospermophilus tereticaudus
engages in extensive anti-snake
signaling displays

9:38  A2 adult lizard unidentified lizard 15 no strike – – Lizard likely Urosaurus graciosus;
vegetation in between lizard and snake
may have prevented strike

19:21  A7 adult lizard unidentified lizard 5 no strike – – Lizard likely Uta stansburiana;
vegetation in between lizard and snake
may have prevented strike

To examine the effect of distance on strike outcome we first
estimated the precision of using snake head length as a size scale by
having 10 individuals independently calculate pixel per cm values

from ImageJ for five randomly selected scale frames. The 95% CIs
for these estimates were ± 1.66, 1.48, 1.14, 2.61, and 3.13 pixels
per cm.  These CIs corresponded to an interval of less than 5 cm up
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Fig. 3. Observed and expected number of daytime prey encounters for juvenile and
adult snakes. The daytime prey encounter rate was  significantly greater for adults
than for juveniles.

to a distance of 30.1 cm for the least precise estimate. Thus, given
that we rounded distance estimates to the nearest 5 cm,  we are
confident that our estimates of distance are reasonably precise up
to 25 cm,  which was the furthest distance we recorded between
predator and prey prior to a strike attempt.

Prey was an average of 8 ± 6 cm from snakes that struck suc-
cessfully, compared to 14 ± 10 cm from snakes that missed strikes,
but this difference was not significant (likelihood ratio test on 1
df = 1.68, n = 15, p = 0.19). Similarly, strike distance did not differ
between adults and juveniles (likelihood ratio test on 1 df = 0.95,
n = 16, p = 0.33). Prey exhibited dodge maneuvers in 4 of 7 missed
strikes, and in none of 7 successful strikes (cf. Table 2), a differ-
ence that was significant (likelihood ratio test on 1 df = 5.17, n = 14,
p = 0.02).

Both adults and juveniles always exhibited high-speed strike
movements too rapid to be adequately measured at 15 fps. All
strike extension times took place within 2 video frames, and all
prey contact times where prey was released immediately follow-
ing envenomation took place within 3 video frames. After 3 of
the 8 successful strikes (38%) snakes held on to prey until it was
immobile rather than releasing it; one adult held a small nocturnal
mammal  (likely a pocket mouse, Perognathus spp.), another adult
held a small lizard, and a juvenile also held a small lizard. Snakes
released prey and exhibited SICS following the other 5 successful
strikes (all towards lizards). Based on visual inspection of individ-
uals, two adults and one juvenile that struck large lizards (two
whiptail lizards, Aspidoscelis tigris, and one leopard lizard, Gambe-
lia wislizenii) were known to have recovered and swallowed these
prey items within 12 h. The juvenile that swallowed the whiptail
lizard was weighed following ingestion, and weighed 15 g more
than 12 days prior. Her initial weight was 30 g, indicating that this
meal comprised approximately 50% of her own body mass. In one
of the remaining cases of SICS, a juvenile that had struck a whiptail

lizard in the morning was observed for the next two days ambush
hunting, with no visible meal bulge, so we  assumed the lizard was
not recovered following envenomation. The last case involved a
juvenile striking a small lizard (likely a Uta stansburiana), but the
presence of a new meal bulge was  ambiguous.

4. Discussion

The general foraging behavior of free-ranging sidewinder rat-
tlesnakes (C. cerastes) in our study was  very similar to that of other
rattlesnakes (Reinert et al., 1984; Clark, 2006; Barbour and Clark,
2012a; Clark et al., 2012; Putman et al., 2016), including other pop-
ulations of C. cerastes (Brown and Lillywhite, 1992; Secor, 1994).
Sidewinders exhibit a general pattern of mobile ambushing that
characterizes many pitvipers, with long periods of coiled sitting
and waiting in ambush punctuated by relatively short searching
movements between ambush sites. Sidewinders rely on a rapid
envenomating strike to kill and immobilize prey that come within
strike range, and often release struggling prey, which is then
relocated via chemosensory searching. As with other rattlesnake
species, sidewinder strikes are only successful about half the time,
and missed strikes frequently are the result of evasive maneuvers
by prey (Clark et al., 2012; Putman and Clark, 2015a). Additionally,
sidewinders feed both day and night, although they have a more
pronounced summer diel cycle than do Crotalus ruber, Crotalus ore-
ganus, or Crotalus horridus, most likely due to the temperature
extremes of their environment (Barbour and Clark, 2012a; Clark,
2006; Clark et al., 2012).

Our results show that juveniles in their first summer exhibit
very similar movement, activity, and hunting behaviors as adults.
Juveniles adopted the general pattern of mobile ambushing char-
acteristic of adults of various Crotalus species and other pitvipers.
Adults and juveniles exhibited similar ambush site residence times,
movement times, and distances between sites. They also exhibited
similar rates of chemosensory probing while coiled and behaved
similarly toward potential prey, with no age-based differences
apparent in types of prey encountered, or strike success. These
patterns complement laboratory studies that indicate juvenile and
adult C. viridis exhibit broadly similar prey striking and handling
behavior (Hayes, 1991). In contrast, some other rattlesnake juve-
niles may  adopt different foraging tactics than adults, including the
selection of arboreal ambush sites (Rudolph et al., 2004; Figueroa
et al., 2008; Gibson et al., 2008).

It is clear that rattlesnakes, like many precocial species, are born
with a full suite of predatory behaviors that allow them to effec-
tively capture prey without prior experience. Laboratory studies on
a variety of snake species have shown that newborn snakes exhibit
innate chemosensory recognition of prey chemical cues (Burghardt,
1967, 1969; Clark, 2004a), can effectively strike and envenomate
prey and follow chemical trails left by those prey (Scudder et al.,
1992), recognize and exhibit species-typical responses to preda-
tors (Weldon and Burghardt, 1979), and exhibit species-typical
aggressive mimicry (caudal luring) (Reiserer and Schuett, 2008).
However, a variety of studies have also shown that snakes mod-
ify their predatory behavior based on experience (Arnold, 1978;
Waters and Burghardt, 2005; Mehta, 2008), including rattlesnakes
(Clark, 2004b). Thus, it is likely that at least some aspects of preda-
tory behavior might improve with age in the wild. In our study,
adults and juveniles appeared to differ in three important aspects of
their hunting behavior: (i) adult encounter rates with prey were sig-
nificantly higher, (ii) only juveniles regularly exhibited non-rattling
tail undulation while in ambush coils, and (iii) juveniles tended to
emerge earlier in the evening than adults. We  will discuss each of
these in turn.
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4.1. Encounter rates

Both adults and juveniles relied primarily on diurnal lizards as
prey, usually encountered in the early morning following a night
spent coiled on the surface. However, both adults and juveniles also
encountered and struck at nocturnal small mammals (pocket mice
and kangaroo rats), indicating that both nighttime and daytime
periods may  be important for foraging. Sidewinders almost exclu-
sively move between sites and select ambush locations at night; this
behavior may  allow them to remain cryptic when ambushing diur-
nal prey, as they would not need to break crypsis by moving during a
time when they are easier to see by visually oriented prey (diurnal
lizards). Because individuals were not video recorded constantly
when moving and all individuals retreated to burrows during the
day (and sometimes night), there is the possibility that some prey
encounters could have taken place off camera. However, when we
did observe snakes following successful feeding events, we  were
always able to observe either an obvious food bulge in the gut
and/or a significant period of postprandial digestion where individ-
uals remained underground for several days. We did not observe
either of these in individuals that had not been actively foraging
on the surface, leading us to believe that most prey encounters do
not occur in burrows. Nevertheless, our encounter rates should be
taken as estimates subject to some imprecision stemming from the
inability to record individuals at all times of day and night.

Although our sample size for prey encounters is relatively small,
adults encountered diurnal prey significantly more frequently than
juveniles, and also tended to encounter nocturnal prey more fre-
quently than juveniles. Both adults and juveniles struck at prey that
came within range, and strike success was similar; in fact, juveniles
were successful more often than adults, although the difference
was not statistically significant. Thus, if there is an aspect of this
general predatory behavior that improves with age and experience,
it may  be in the selection of ambush sites that lead to higher rates
of prey encounters.

There are many aspects of ambush site selection behavior that
could differ between snakes, and empirical research would be
needed to address these possibilities. Past research has shown
that rattlesnakes rely extensively on prey-derived chemosensory
cues when selecting sites (Duvall et al., 1990; Roth et al., 1999;
Theodoratus and Chiszar, 2000; Clark, 2004a), and that feeding
experience can alter the way rattlesnakes respond to these chem-
ical cues (Clark, 2004b). Thus, snakes may  get better at using
chemical cues to assess potential ambush sites as they gain foraging
experience.

Alternatively, adults could be making themselves less conspic-
uous to prey, leading to higher rates of encounters because prey
are not actively avoiding ambush sites. Glaudas and Rodríguez-
Robles (2011) found evidence of active avoidance of ambushing
speckled rattlesnakes (Crotalus mitchelli) by small mammals, which
underscores the importance of their crypsis for successful ambush
predation. Although we did not quantify specific microhabitat
characteristics of ambush sites, adults and juveniles selected qual-
itatively similar sites, coiling in the vicinity of active lizard or small
mammal  burrows at the edge of patches of vegetation. All indi-
viduals also exhibited a strong tendency to “crater” in the sand
(Video 2), shifting their coils in a manner that pushed them slightly
below the sand surface, presumably making them more difficult
to see (Brown and Lillywhite, 1992; Secor, 1994). However, it is
possible that adult sidewinders exhibited some other subtle move-
ments and/or positioning not apparent to human observers that
made them less conspicuous than juveniles.

Finally, although the difference in prey encounter rates between
juveniles and adults may  imply improvement with experience or
learning, age-based differences in mortality could also explain this
pattern. That is, juveniles that chose less effective ambush sites

would be expected to exhibit higher mortality rates, leading to
an adult age class that contained more effective ambush hunters.
This possibility should be investigated, given the general higher
rates of mortality associated with juvenile life stages of other rat-
tlesnake species (Diller and Wallace, 2002; Brown et al., 2007). Such
an investigation would require tracking the behavior and survival
of a large cohort of juveniles over time.

4.2. Tail undulation

Although both adults and juveniles exhibited similar rates of
chemosensory probing and mouth gaping while coiled in ambush,
only juveniles were regularly seen to exhibit non-rattling tail
undulation, and only some juveniles engaged in this behavior.
Although this behavior resembled caudal luring (sensu Heatwole
and Davison, 1976), somewhat puzzlingly, it was never seen in
association with the presence of prey items (lizards or small mam-
mals). Past studies have revealed that juveniles (but rarely adults) of
many viper species engage in caudal luring (Heatwole and Davison,
1976; Reiserer, 2002; Rabatsky and Waterman, 2005a), but caudal
luring in juvenile vipers, including sidewinders, is stimulated by the
presence of lizards and inhibited by the presence of larger non-prey
animals (Reiserer and Schuett, 2008).

Because the caudal-luring-like tail undulations we observed
were never seen to be associated with the presence of lizards, it
is unclear what, if any, function this behavior may serve. Although
caudal luring has been investigated in several species in captivity,
to our knowledge, this is the first quantitative report of viperid tail
undulation in the field. Several aspects of this behavior are unex-
pected and may  be deserving of additional experimental scrutiny.
First, tail undulations were strongly dependent on snake iden-
tity, exhibited frequently by some individuals and never by others.
Specifically, 3 of 15 juveniles undulated repeatedly at multiple
different sites and days, 3 other juveniles exhibited occasional
undulations, and the other 11 juveniles were not seen to exhibit this
behavior at all, despite the fact that many of them were recorded
for multiple days and at multiple sites. Interestingly, in their empir-
ical investigation, Reiserer and Schuett (2008) also documented
strong inter-individual differences in caudal luring. Their analysis
included 40 juveniles captive-raised from three litters, two from
the Sonoran Desert of Arizona, and one from the Colorado Desert
of California. Only 2 of the 11 juveniles from the California litter
exhibited caudal luring whereas 20 of the 29 Arizona snakes did so.
Our findings on tail undulations corroborate this pattern of strong
individual variation, and support the notion that this behavior may
be caudal luring (Reiserer and Schuett, 2008).

Although the tail undulations we observed in situ were never
seen to attract lizards, or stimulated by their presence, they still
may  represent unsuccessful attempts to lure prey. Although in most
studies of caudal luring in captivity snakes are mainly reported
to caudal lure only when presented with appropriate prey (e.g.,
Rabatsky and Waterman, 2005a; Reiserer and Schuett, 2008), one
study of captive rock rattlesnakes (Crotalus lepidus) indicated fre-
quent luring in the absence of prey (Kauffeld, 1943). Caudal luring
has been shown repeatedly to be attractive to prey under cap-
tive conditions, but no studies we  are aware of have attempted to
demonstrate its efficacy under field conditions. Although we did not
observe tail undulations attracting prey, our field observations also
showed that C. cerastes encounter prey infrequently under natural
conditions, and successfully attack prey during less than half of all
encounters. Thus, even if these tail undulations attracted prey only
occasionally, the overall impact on predation success rate could be
substantial.

The tail undulations we  observed were also peculiar in terms
of timing with respect to abandonment of ambush coils. Over
half of tail undulations took place immediately before the snake
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abandoned its ambush coil and moved out of the frame of the
camera. This timing does not suggest a caudal luring function. We
would expect snakes exhibiting caudal luring to remain coiled until
approached by prey, rather than lure and then approach prey them-
selves. It is possible that snakes were luring because they sensed
the presence of relatively distant prey (out of the field of view of
the camera, typically ∼2 m),  and then abandoned their coil to move
closer to the vicinity of prey activity when prey did not approach.
Although laboratory studies have not reported snakes moving out
of their ambush coils following ineffective luring, these studies all
appear to present prey in close proximity, negating the ability of
the snakes to respond to more distant prey.

It may  be that the tail undulations we observed serve some
function other than luring, but the context and form of the undu-
lations do not align with any other known function for snake
tail movements. Non-rattling defensive tail movements occur in
pygmy rattlesnakes (Rabatsky and Waterman, 2005b), and various
viperid species exhibit tail undulations during conspecific inter-
actions (Carpenter, 1977; Gillingham et al., 1983; Hayes, 1986;
Putman and Clark, 2015b; Schuett, 1997). The tail undulations
we observed were not associated with conspecifics or the pres-
ence of potential predators. Although our video resolution was
generally not fine enough for us to quantify specific variables asso-
ciated with tail movement, qualitatively the behavior did not match
the description of pygmy rattlesnake defensive displays given by
Rabatsky and Waterman (2005b). Clearly further research is nec-
essary to understand the function of non-rattling tail undulations
under natural conditions.

4.3. Emergence time

The final statistical difference between juvenile and adult
behavior was in emergence time. Juveniles emerged, on average,
a few minutes prior to sunset, whereas adults emerged 40 min
after. Juveniles also tended to stay out longer in the morning than
adults but this difference was not significant. Although both adults
and juveniles are mainly nocturnal, our data indicate that juveniles
are slightly more active in daylight hours. This may be due to a
greater reliance on lizards over small mammals as prey, as most
desert lizards are exclusively diurnal and most desert small mam-
mals are exclusively nocturnal. Published dietary information on C.
cerastes indicates that, like many rattlesnakes, this species under-
goes an ontogenetic shift in diet toward an increased reliance on
small mammals over lizards (Klauber, 1944; Funk, 1965), a pattern
that has been reported for a wide variety of rattlesnake species
(Klauber, 1972; Campbell and Lamar, 2004). Klauber (1944) sum-
marized the relative incidence of lizards and mammals in Mohave
Desert sidewinders (C. cerastes cerastes) by showing that the body
length ranges of snakes found with mammals in their stomachs
(345–587 mm)  included larger individuals than those found with
lizards in their stomachs (299–503 mm).  Although Funk (1965) also
indicated that C. c. laterorepens from Yuma County, Arizona simi-
larly consumed an almost equal number of small mammals and
lizards, he did not include a breakdown by snake size or age.

4.4. Strikes and post-strike behavior

Although prey encounter rates differed between adults and
juveniles, snakes did not exhibit any obvious age-based differences
in response to prey that came within strike range. Snakes attempted
to strike 16 of 21 prey items that came within strike range. In all five
cases where snakes did not attempt to strike prey there appeared to
be mitigating factors. Three cases involved small mammals exhibit-
ing anti-snake displays (one desert kangaroo rat, two round-tailed
ground squirrels), behaviors that have been shown to decrease the
propensity of rattlesnakes to strike (Barbour and Clark, 2012b). The

other two cases were lizards that were partially obstructed by thick
vegetation during their approach.

Although our sample size is small, juveniles and adults exhib-
ited similar strike behavior. Both struck readily at small mammals
and lizards that came within range, were successful in about half
of strike attempts, and struck rapidly. Although our videos were
not adequate for estimating strike speeds precisely, in all cases
the extension of the snake from coil to prey contact took place in
either one or two  camera frames. High-speed videography would
be necessary to quantify any biologically significant variation in
strike speed, which could take place at a resolution too fine for us
to capture with standard video cameras (Putman and Clark, 2015a).

In the present study, both adults and juveniles struck at both
lizards and small mammals, although lizards were the predominant
prey. However, with a larger sample size a more pronounced differ-
ence between adults and juveniles regarding the relative reliance
on lizards versus small mammals might be revealed. As discussed
above, the general pattern in this species is toward an increasing
reliance on small mammals over lizards as prey in larger snakes.

Our limited data on post-strike behavior also shows similar
patterns across ages. Five snakes (two adults and three juveniles)
released lizards immediately post-strike, and all exhibited stereo-
typical SICS behavior. Three of these snakes were found to recover
prey, one was  found not to, and one case was ambiguous. Three
snakes (two adults, one juvenile) held on to prey post-strike until
it was immobilized, and then ingested the carcass. Previous lab-
oratory studies on SICS indicate that newborn snakes feeding for
the first time exhibit SICS following strikes in a manner similar to
wild-caught adult rattlesnakes (Scudder et al., 1992).

4.5. Movements

Juvenile and adult sidewinders in the present study exhibited
similar movement characteristics while foraging: they tended to
stay at a site for long periods, exhibit multiple ambush coils over
the course of several evenings, and search haphazardly through
the environment for several hours after leaving a site before adopt-
ing a new site. The distance that they moved between sites was
not significantly different. A similar pattern for this species was
reported by Secor (1994), who conducted a more extensive analy-
sis on movements at a nearby site in the Mohave desert and found
that, with the exception of adult male mate searching movements
made during the spring and fall mating periods, juveniles and adults
exhibited similar movement behavior in terms of length, frequency,
direction, and path tortuosity. Both Secor’s (1994) study and ours
show that sidewinders often move much farther between succes-
sive ambush sites than other pitvipers.

The amount of time spent moving between sites, and the dis-
tance covered, is likely related to prey resources. In similar studies,
the average distance between ambush sites was  less than 10 m
for C. oreganus foraging in ground squirrel colonies (Putman et al.,
2016), which contain a high density of potential prey; C. horridus
moved an average of 47 m between sites in relatively productive
eastern deciduous forests (Clark, 2006). Sidewinders occupy harsh,
low-productivity deserts where prey is likely to be scarce. Their rel-
atively long-distance movements are probably necessary to locate
prey-derived chemical cues indicating suitable ambush sites.

4.6. General conclusions

Ontogenetic variation in behavior can be a result of either
innate developmental changes that represent evolved age-specific
adaptations, or behavioral plasticity that allows individuals to mod-
ify their behavior with experience (West et al., 1988; Lima and
Dill, 1990). In our study, differences between juveniles and adults
associated with tail undulations and activity cycles likely rep-
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resent age-specific adaptations. Several other studies on snakes
have shown that individuals exhibit innate ontogenetic shifts of
key traits related to predation, including chemosensory prefer-
ences (Mushinsky and Lotz, 1980), foraging strategies and habitat
use (Lind and Welsh, 1994; Savitzky and Burghardt, 2000; Eskew
et al., 2009), responses to environmental stimuli (Clarke et al.,
1996), morphology (Rossman, 1980), venom content (Chippaux
et al., 1991; Mackessy et al., 2003), and caudal luring (Neill, 1960;
Rabatsky and Waterman, 2005a). These ontogenetic changes are
mostly thought to be associated with age-specific prey specializa-
tion. Rattlesnakes in general, including sidewinders, typically rely
more on lizards as prey as juveniles, shifting to small rodents as
adults (Klauber, 1972; Campbell and Lamar, 2004), and the age dif-
ferences we document in diurnal activity are consistent with this
shift.

The greater prey encounter rates experienced by adults,
however, probably reflect behavioral plasticity associated with
experience. This difference indicates that individual snakes
improve either in their ability to assess potential ambush sites, or
their ability to remain cryptic while coiled in ambush. Laboratory
studies on a variety of species have demonstrated that snakes can
improve various aspects of their predation behavior with experi-
ence (Krause and Burghardt, 2001; Mehta, 2008), including their
chemosensory recognition of ambush sites (Clark, 2004b). It is our
hope that these natural observations will serve as the foundation
for controlled experimental studies that address these hypotheses
empirically.
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