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ABSTRACT

For many animals mate location is a matter of following widely broadcast signals

(e.g., visual, auditory) to the signaler. However, due to their morphology or habitat

many animals are not able to broadcast signals widely. In these cases little is known

about the methods used in mate location.

I discuss three hypothesized mate-location methods potentially used in these

situations by timber (Crotalus horridus) and sidewinder (Crotalus cerastes) rattlesnakes.

(1) It has been suggested that scent-trailing of lipid-based pheromones left by females is

an integral part of snake mate location. (2) Because many snakes are long-lived (some

>25 years) and have a capacity for spatial memory, it is likely that males can use prior

experience to remember female locations. (3) Males might use an efficient search

strategy by moving in a pattern that will maximize their chances of encountering a

female. A fourth method, males patrolling their home range for females, is suggested by

movements made by some male sidewinders.

Individuals of both species were tracked using radiotelemetry. I describe the

movements made by males that brought them in contact with females. I also discuss

various aspects of sidewinder spatial biology and their relevance to mate-location

methods. In addition, I developed an individual-based, spatially explicit simulation of

mate-location methods using parameters appropriate for sidewinders.
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Each hypothesized mate-location method is compatible with at least some of the

data. As sidewinder males were able to follow female trails for >100 m, it is clear that

trail following is an important mate-location method that is likely used in conjunction

with the other methods. Thus, I think males are searching for female trails rather than

for females themselves. In the model, both prior experience (with map-and-compass

navigation) and efficient searching (straight-line) performed well, with males having a

>40% chance of finding a female during a search. Timber and sidewinder males might

use different mate-location methods as many sidewinder movements did not appear as

directed as those of timbers.
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CHAPTER 1

PHEROMONES, SEARCH PATTERNS, AND OLD HAUNTS: HOW DO MALE

TIMBER RATTLESNAKES (CROTALUS HORRIDUS) LOCATE MATES?

Coupe, B. 2002. Pheromones, search patterns, and old haunts: How do male timber

rattlesnakes (Crotalus horridus) locate mates? Pp. 139-148 in G. W. Schuett, M.

Höggren, M. E. Douglas, and H. W. Greene eds. Biology of the Vipers. Eagle Mountain

Publishing, LC, Eagle Mt. Utah, USA.

ABSTRACT

Male rattlesnakes (Crotalus) often locate females after traveling for long

distances whereas females tend not to look for males, but to wait for males to find them.

I discuss three hypotheses of how male snakes could locate females over these long

distances: scent trailing of pheromones laid down by females, use of efficient search

patterns, and use of prior knowledge of female locations. I report on movements made

by four radio-tracked male timber rattlesnakes (Crotalus horridus) before and after their

accompaniment of females, and relate these movements to the three hypotheses. In

general males made long-distance, straight-line movements prior to locating a female and

then retraced those movements following their interaction with the female. In specific

cases, the movements were suggestive either in favor or against one or more of the
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hypotheses. However, no single hypothesis appears to explain all of the data. Snakes

probably use multiple methods of mate location separately and in combination, and mate-

location strategies likely vary within and among individuals, populations and species.

INTRODUCTION

Early studies (Blanchard and Finster, 1933; Hirth et al., 1969) suggested that

snake movement was unpredictable and likely consisted of random wanderings. With the

advent of radiotelemetric techniques, the resolution at which we can study snakes has

greatly increased, and our understanding of the patterns of snake movement has increased

accordingly. Snake movement, when studied at this resolution, is not a random

phenomenon. Many factors have been suggested to be involved in determining

movements of snakes including location of prey (Duvall et al., 1990; Madsen and Shine,

1996), mates (Slip and Shine, 1988; Duvall and Schuett, 1997), oviposition sites

(Plummer, 1990) and birthing rookeries (Graves and Duvall, 1993), and migrations

between summer ranges and winter hibernacula (Brown, 1993). However, even when we

can see the pattern and can infer the “why”, the “how” is often elusive.

With few exceptions (e.g., mating “balls” of garter snakes at dens in the spring;

see citations in Rossman et al., 1996), instances of courtship and copulation in snakes in

the field are difficult to observe without the aid of radiotelemetry. Even with this aid, it

is often difficult to know how individuals locate their mates. Little is known about the

specific cues and methods used by male snakes to locate females over long distances, or

the methods that females might use to attract males.

I detail movements made by eight (4 males, 4 females) timber rattlesnakes

(Crotalus horridus) that brought them in contact or close proximity with each other and
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with five (3 males, 2 females) other individuals. I discuss three hypotheses of how male

snakes might locate females over long distances, and relate them to my observations of

timber rattlesnakes in southern Ohio.

MATERIALS AND METHODS

I performed a radiotelemetric study of timber rattlesnakes in Vinton Co., OH

from fall 1994 through spring 1996. The data discussed in this paper were collected in

the 1995 field season. The study site is an oak-hickory (Quercus-Carya) forest in steep

foothills of the Appalachian Mountains. I used standard radiotelemetric techniques

(Reinert and Cundall, 1982; Reinert, 1992), with minor modifications (Coupe, 1997).

The time between collection of animals for radiotransmitter implantation and their

release ranged from 5 to 10 days (mean = 6.8). While in captivity snakes were kept

individually in nylon cloth bags in picnic coolers. I sexed snakes by probing for

hemipenes (Schaefer, 1934). Snakes were released at the exact location from which they

were collected. During the time period of this study, the average interval between

locations of individual snakes was 1.37 days. This interval includes an instance where I

was not able to locate a male for 27 days. Removal of this outlier results in an average

tracking interval of 1.27 days. I marked locations with pin flags, and later recorded them

with a Trimble Navigation (Sunnyvale, CA) Pathfinder Pro XL Global Positioning

System (GPS). Differential corrections, to correct for government scrambling of the

satellite signals read by the GPS, were made using Pfinder 3.0 software (Trimble

Navigation, Sunnyvale, CA). Corrected coordinates are accurate to within 3 m with

some exceptions outside this range (L. Iverson, pers. comm.). Distances greater than 1 m

are rounded to the nearest meter, and those under 1 m are visual estimates.
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RESULTS

Animal DM3

In early July 1995, a radio-tagged male, DM3, made five short, daily movements

(mean = 28 m, range: 8 - 44 m, Figure 1.1) followed by a 716 m movement over two

days to arrive in the vicinity of a radio-tagged female, LF1, by 10 July (Table 1.1,

Figures 1.1 & 1.2). At this time LF1 was pre-shed. On 11 July DM3 was 17 m from

LF1, and less than 1 m from LF1's locations for 26 and 27 June (Figure 1.2). On 13 July

DM3 was 15 cm from LF1. By 14 July LF1 had shed and moved 65 m. DM3 had

moved 56 m in the same general direction, but was 32 m away.

DM3 was then observed in a typical ambush foraging posture (cf. Reinert et al.,

1984) on 15 July, 195 m from his location on 14 July (Figure 1.1). He had moved 14 m

by the next day, 16 July. On 17 July he was again foraging after a movement of 585 m

(Figure 1.3). Over the next six days he made shorter movements totaling 797 m (mean =

133 m, range: 34 - 313 m, Table 1.1, Figure 1.3). On 24 July he was 222 m from his

location on 23 July, and appeared to be moving back towards the area where he had been

with LF1. He stayed in the same location on 25 July (Figure 1.3), but on 26 July was

found 350 m away, still headed in the same direction (Figure 1.1). I was unable to locate

his signal again until 30 July. By that time he had moved 150 m south. His signal was

then lost again, and he was not found for 27 days, at which point he was located 602 m

north of his last known location, and was courting an unmarked female (Figure 1.1). He

was on top of her and performing a “tail-search copulatory attempt” (Gillingham, 1987).
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Animal LM2

By 17 July LF1 had moved 52 m and was found being courted by a large,

previously unmarked male, LM2 (Table 1.1, Figure 1.2). LM2 was collected, implanted

with a radiotransmitter and then released on 23 July. By that time LF1 had moved five

times (mean = 11 m, range = 2 - 24 m, Figure 1.2), and was 47 m from where she had

been in association with LM2. These two snakes were never observed together again.

On 24 July, within 24 hours after his release, LM2 was located 659 m away in the same

area that DM3 was leaving on 24 July (Figures 1.1 & 1.3). I suspected that the two

males had moved to the same area to pursue a female, and so I made a search of the area.

Within 30 min I found two previously unmarked snakes, a male (DM6) and a female

(DF3), within 10 cm of each other, 153 m from LM2, and 50 m from DM3's location

from the previous day, 23 July (Figure 1.3). DM6 and DF3 were collected for

implantation of radiotransmitters. In the intervening time, LM2 made two movements

(29 m and 123 m) directly toward the capture location of the new snakes, and on 26 July

LM2 was located 7 m from their capture location. LM2 then made two short movements

(51 m and 10 m), and on 28 July was seen moving towards a much smaller unmarked

male that was moving away from him. By the time DF3 and DM6 were released on 29

July, LM2 had returned (47 m) to 3 m from the pair’s capture-release site.

At 1045 h on 30 July, the day after her release, DF3 was located with LM2

underground, 90 and 87 m away from their respective locations on 29 July (Table 1.1,

Figure 1.3). By 1705 h of the same day DF3 and LM2 were above ground at the same

location. She was tightly coiled, and he was loosely draped around her. They were not

copulating, and my presence disturbed them. DF3 rattled and moved a few meters away.

LM2 followed, and I left so as to minimize the disturbance.
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The next day, 31 July, LM2 and DF3 were located as they were copulating 67 m

from their previous location. They were observed from 1242 h to 1340 h. LM2 and DF3

were connected at the cloaca and stretched out in opposite directions. The female kept

her tail up the whole time, but the male seemed to initiate movement by lifting his.

When he raised his tail she would move forward and he backward. LM2 and DF3 would

move like this for a few centimeters then stop, and start again when LM2 lifted his tail.

The pair was still copulating at 1800 h. In the two days following copulation, DF3 made

two additional movements before her radiotransmitter began to emit a whine indicating

impending failure. She was re-collected on 2 August.

On the day after copulation, LM2 was located 811 m east (Figure 1.1). He then

made many shorter movements (n = 19, mean = 66 m, range: < 1 - 419 m, not shown in

the figures) as he went through a shedding cycle followed by a large movement on 25

August, which caused us to lose contact with his radio signal. I was unable to relocate

LM2 until 31 August, six days later, when he was located by helicopter. At that time

LM2 was 1031 m north of his last known location. He then made two shorter

movements (17 m and 89 m) in the same direction before disappearing again; I was not

able to locate him again by any means. On 3 September an unmarked timber rattlesnake

was observed 312 m from LM2's 31 August location, the terminus of his 1031 m

movement. The unmarked snake's location was roughly along the line of LM2's long

movement, but by this time LM2 had moved further away, and it is impossible to know if

they came in contact. The unmarked snake evaded capture, but judging from the snake's

body size and relative tail length (Brown, 1993) it was probably a female.
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Animal DM4

On 23 July, in a different part of the study site (Figure 1.4), DM4 was released

after implantation of a radiotransmitter. He made three relatively short movements

(mean = 110 m, range = 62 - 201 m) before moving 604 m to his location on 27 July

(Figure 1.4). DM4’s locations on 28 and 29 July took him 80 m and 311 m respectively

in the same direction. At 1240 h on 29 July he was located with an unmarked male and a

previously unmarked female, DF4 (Table 1.1, Figure 1.5). Both new snakes were

collected. DM4 was re-located at 1852 h of the same day. He had moved 107 m, and

was coiled 2 m from another previously unmarked female, DF5 (Table 1.1, Figure 1.5),

who was moving away. The two new females were implanted with radiotransmitters,

and the male was marked for identification. DF5 was pre-shed when she was collected,

and shed on the day of her release. DF5 and the new male were released on 5 August.

The new male was never recaptured. DF4 shed while she was in captivity, and was

released on 6 August. DM4 had moved 76 m by 30 July, and by 1 August had moved

973 m back to where he had been released (Figure 1.4).

Animal DM5

Another male, DM5, had been released after implantation with a radiotransmitter

on 30 July (Figure 1.4), and made four long movements (mean = 496 m, range = 315 -

779 m) on consecutive days in a generally southeasterly direction. DM5’s long

movements ended on 3 August, 11 m from the location where DF5 was collected (Table

1.1, Figure 1.5). DM5’s next three movements (33 m, 56 m and 68 m), on consecutive

days ending on 6 August, circled DF5's capture/release location, and placed him 17 m

away from her location on 6 August. Also on 6 August, DF4 was released 166 m to the

east (Table 1.1, Figure 1.5). DF5 was not relocated on 7 August, but on 8 August she
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was 47 m from DM5's location on 6 August. DF4 and DM5 were not located again until

9 August, at which time DF4 had moved 192 m west, and DM5 157 m southeast (174 m

apart) on his way out of the area. DF4 and DF5 continued to move west-northwest, the

direction from which DM5 had come, to their den sites. DM5 continued southeast,

making much shorter movements than those that had brought him in the vicinity of DF4

and DF5. Although DM5 was not seen with either DF4 or DF5, they were in close

proximity and it is possible that they came in contact.

Animal DM6 and Other Males

After DM6 was released (29 July with DF3, Figure 1.3), he stayed in the same

general area, but was never seen in association with any other snakes. His largest

recorded movement was 81 m. Four other males were radio-tracked during this study,

but none of them were ever observed with a female. Only one of them made a single

movement >500 m. That movement brought him close to his den site so it is not likely

that it was associated with mate location.

DISCUSSION

These data illustrate what could be a common movement pattern exhibited by

male timber rattlesnakes when locating females. Males make long, linear movements

over 1 to 3 days, which bring them into contact with a female. They then make short

movements associated with accompaniment and courtship, and following courtship

(either ending in copulation or not), they make long movements back to the area from

which they started. Though this was generally the case, not all snakes in all instances

displayed this pattern. However, in all cases where radio-tracked males were located in
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the presence of females, they had moved a long distance (>500 m) in a short time (1 to 3

days) prior to their being observed with a female. I am aware of three hypotheses that

could explain how males locate females over long distances: scent trailing, prior

experience, and efficient searching.

Scent Trailing

Scent trailing is the most widely assumed hypothesis (reviewed by Ford, 1986).

Ford and Low (1984) describe a mechanism by which males could follow female scent

trails. McGowan (pers. comm.) suggested that sexually receptive female timber

rattlesnakes make long, linear movements leaving scent trails that potentially attract

males. Additionally, Brown (1995) suggested that male timber rattlesnakes might follow

the scent trails of other males to females.

Scent trailing by males is very likely a strategy used to locate females. The

question arises whether scent trailing can be used over the long distances covered by

males in initially locating mates. To answer this question, data on the long-term

movements (at least one mating season) of pairs found engaged in reproductive behavior

will be needed. If paths overlap for long distances then scent trailing can be inferred.

McGowan (pers. comm.) observed a male timber rattlesnake that had already located a

female the day before to follow that female’s exact path as she moved approximately 20

m ahead of the male. Presumably, the male followed the female in this manner over the

383 m that separated the animals’ locations over the two days. McGowan also recorded

other incidents where pairs of snakes were observed at the beginning and end points of

long movements (up to 800 m) over short periods. Slip and Shine (1988) noted similar

behavior in diamond pythons, Morelia spilota, over approximately 100 m.
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Prior Experience

As many snakes tend to be long lived (~ 25 years in timber rattlesnakes [Brown

1993]), males that have found females in past years might simply move back to those

areas where they were successful. In many snake species, individuals show some degree

of home range fidelity (Reinert, 1993), returning to the same areas from year to year.

Shine (1987) suggests that blacksnakes, Pseudechis porphyriacus, are familiar with the

landscape and move directly between shelter locations. Thus, females might be spatially

and temporally predictable, and males could use this information when locating mates.

McGowan (pers. comm.) suggested that male timber rattlesnakes locate females at

specific rock outcroppings (which was not the case in the aggregations I observed,

perhaps because that type of habitat is not common at my study site). If females from

year to year consistently use these or any other locations, then prior experience could

greatly affect male movements associated with mate location. In order to support this

hypothesis, the data must, at a minimum, show that female home ranges are stable across

sexually active years or that sexually attractive females are consistently found at specific

locations or in specific types of habitat during the mating season. The data should also

show that males spending time in these home ranges, localities or habitats return to them

in subsequent mating seasons.

Based on the movement patterns observed in a population of garter snakes

(Thamnophis sirtalis), Larson (1987) stated that the snakes appear to have “complex

orientational capabilities”, but did not speculate on the method of orientation. Methods

of snake orientation and navigation are poorly understood (Gregory et al., 1987). Thus,

it is difficult to predict a movement pattern for males acting on prior experience. If

snakes are able to locate themselves and a female’s home range on an internal map, and

they have some sort of compass sense (Landreth, 1973; Newcomer et al., 1974) then
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straight-line movement would be predicted. If snakes do not have an internal map and a

compass sense, then I would expect them to move along the same path previously used in

finding (or returning from) the female.

Efficient Searching

Duvall and Schuett (1997) suggested that males use efficient search patterns when

locating females. They argued that, for a given spatial distribution of females, males

would locate females most efficiently by using a specific search pattern. They support

this idea with data from their study of prairie rattlesnakes (Crotalus viridis viridis).

Males that located females were more likely to have moved in the predicted straight-line

pattern over successive movements than were those that did not locate females.

To say that males are efficiently searching for females over long distances, the

data need to show that males move in the predicted pattern (which could vary depending

on the spatial distribution of females in the habitat [Duvall et al., 1994]). The data must

also eliminate the scent-trailing and prior-experience hypotheses. The data in the Duvall

and Schuett (1997) study do show that males moved in the predicted pattern, but the data

are not incompatible with the other two hypotheses. The movement pattern that males

would use if they were moving based on prior experience might also be a straight line,

and if a female moves for a long distance in a straight line, the scent-trailing hypothesis

also gives the straight line prediction.

Current Work and Future Research

Multiple kinds of data will be needed to sort out these hypotheses, but the most

important will be long-term (multiple year) radiotelemetry data on individuals of both

sexes concurrently, and the spatial distribution of females in the habitat during the mating
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season. The former will provide data on the simultaneous movement patterns of males

and females, and the latter can be used to discern the males’ optimal search strategy. If

tracings of male and female movements prior to accompaniment overlap for long

distances, then scent trailing is likely. If home ranges of individual females are stable

from year to year or shift only slightly, the prior-experience hypothesis could play a

significant part in mate location by males, as it likely would be more efficient than

efficient searching. If the tracings do not overlap and females are not located in the same

places from year to year, then efficient searching is likely.

There is no reason to think that only one of these hypotheses is the correct one. It

could be that different species, different populations within a species and different

individuals within a population use different methods of mate location. Individual males

possibly could use different strategies in different years of their lives, or at different

times of the mating season. Young males entering their first mating season with little

experience to rely on might be obliged to follow scent trails or search efficiently until

they have learned the location of individual female home ranges, specific locations used

by sexually receptive females, or the location of female preferred habitat. However, in

species where males go through a prolonged period before achieving sexual maturity,

individual males that encounter females before they are adults might be selected to

remember those locations for use in their first and subsequent mating seasons.

Older, experienced males could use any of the three strategies in locating mates,

although particular strategies might be more successful than others depending on

variables such as population density and relative mortality rate. In dense populations, the

knowledge of a particular female’s location might not be crucial in mate location, as the

probability of encountering a female by chance, scent trailing, or efficient searching

could be relatively high. Low population density might favor scent trailing and prior
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experience as these strategies provide reliable clues for the location of mates in an

environment where mates are rare.

In populations with high female mortality rates, prior experience is not likely to

be prevalent because this method of mate location requires stability in female spatial

predictability across years. If females are likely to die between mating seasons, their

spatial predictability erodes, and prior experience will be useful only if females

congregate in specific locations or habitat types during the mating season. Conversely,

prior experience might be the preferred method in species with high female survivorship,

as female locations in these species could be highly predictable. Of course, for males to

use their prior experience, they too must have a high probability of survival until the next

year when they will have an opportunity to use their experience.

Lastly, it is also likely that multiple methods are used simultaneously. Although it

seems unlikely that an individual male would efficiently search and use prior experience

at the same time (a male should search if he does not know where a female is, but if he

knows a female’s location he should move towards her rather than search), it is likely

that he will check for scent trails while using either method.

Some aspects of the data might be instructive about the strategies that male

timber rattlesnakes use to locate mates. The area that DM3 departed when he made his

long movement towards LF1 (Figure 1.1) is an area in which LF1 had never been

observed during 1995, when the two snakes were seen together, nor in the time that she

was tracked in 1994 (late summer and fall). Thus, it is unlikely that DM3 was following

LF1’s scent trail when he started his movement towards her. This movement could

support either the efficient-searching hypothesis or the prior-experience hypothesis.

However, as the area where this pair came into contact was approximately 105 m from

LF1’s den site and adjacent to where she was located the previous fall, the prior-
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experience hypothesis seems likely, especially given that DM3’s den site was 20 m from

LF1’s. It does seem possible, though, that DM3 used LF1’s scent trail on his final

approach, as he was located less than 1 m from two of LF1’s earlier locations (Figure

1.2). If DM3 was following LF1’s scent trail, then it is possible that scent trails are

useful for fairly long durations, as LF1 had used those locations two weeks prior to his

arrival, and it had rained (~ 2 cm) in the interim.

LM2 made a long movement to exactly the same area (Figure 1.1) that DM3 had

moved to previously. As both snakes left from the same general area, it is possible that

LM2 was scent-trailing DM3. If male-male scent trailing to females occurs (Brown,

1995), then there could be two different scent-trailing strategies among males. An

individual could either be a “finder” or a “follower.” As size appears to confer an

advantage in combat (Madsen et al., 1993), I would expect “followers” in species where

male-male combat for access to females is important, to be relatively large males that

will likely be able to defeat the male they are following. Male timber rattlesnakes have

been observed to engage in combat (Martin, 1992), and LM2 was the largest snake

observed at my study site. Alternatively, in species where male-male combat is not

important, “followers” might be younger, inexperienced males who are not yet proficient

at finding females.

It is not known how long scent trails last in the field, but it has been suggested

that snakes use scent trails laid down in the spring to guide them back to their den sites in

the fall (Graves et al., 1986). The interaction between DM3 and LF1 suggests that scent

trails might last at least two weeks. In his long movements (Figure 1.4), DM5 moved

directly through the area that DF3 and DF4 subsequently occupied as they approached

their den sites. If scent trails are long lasting then it is possible that DM5 was following

DF4's or DF5's scent trail from earlier in the year as he approached them.
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Brown (1995) observed that female timber rattlesnakes are commonly found in

some stage of the shedding cycle during the mating season. Macartney and Gregory

(1988) similarly noted that female northern pacific rattlesnakes (Crotalus viridis

oreganus) usually had shed <48 h prior to being found in reproductive aggregations.

Pheromones released during ecdysis likely induce reproductive behavior in snakes

(Mason, 1992). Recently-shed females might leave more attractive scent trails. My data

seem to support this as three of five females observed with males were in a shedding

cycle.

The interesting pattern emerging from my study is that of males moving to where

they encountered a female and then moving back from whence they came. Reinert and

Zappalorti (1988, see their Figure 3 b) tracked an individual male that showed a similar

pattern, executing it three times in a month (August). Much more data need to be

collected before any definitive statements can be made about this behavior, but it is

possible that males are seeking females from a central location, and returning to that

location to minimize the possibility of becoming lost.

Duvall and Schuett (1997) included only snakes in their analyses that had been

located daily during the mating season. When they tested for a correlation between the

linearity of movements and mate-location success, they used only animals for which they

had recorded “at least six successive and lengthy movements (> 50 m/day), during the

breeding season” (Duvall and Schuett, 1997). Duvall and Schuett’s (1997) specific

criteria eliminated all of the snakes I tracked – either I was not able to locate a snake

everyday during the mating season or individuals did not make six successive movements

all greater than 50 m. Thus, a direct comparison cannot be made between the two

studies. However, the movement pattern observed in both studies is similar in that males
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locating females made long-distance, short-term, linear movements prior to doing so, and

this could represent a general pattern.

Differences in the importance of male-male combat among snake populations

could affect the methods used by males in locating females, as the trade-off between

handling time (including male-male combat) and “search” time discussed by Arnold and

Duvall (1994) might be different in different populations. Prevalence of male-male

combat could be governed by factors such as food availability (affecting the proportion

of receptive females), length of active season (affecting the urgency in mate location),

and population density (affecting the probability of finding another female), all of which

likely vary inter- or intraspecifically. Additionally, the form or length of combat might

vary such that it is more likely to be observed in some populations than in others, and

this variation could affect our interpretation of the importance of combat. After an 11-

year study, Duvall and Schuett (1997) concluded that combat among males is not likely

to be important in the mating system of prairie rattlesnakes at their field site, as multiple

males are rarely in the presence of females. Although I did not see combat in the timber

rattlesnakes I tracked, in one year I did observe two instances where multiple males and

at least one female were in close spatial and temporal proximity. Brown (1995) details a

number of similar instances during a 12-year study of timber rattlesnakes in New York. I

also observed three instances where multiple males were close to the same female in

rapid temporal succession. I expect that in populations where male handling time of

females is prolonged, the selection pressure on males to gather information about where

to find females would be stronger than in populations where handling times are short.

Thus, all other things being equal, prior experience might be a better strategy in

populations where male-male combat is important than in populations where combat is

unimportant. The efficient-searching strategy might show the opposite trend.
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Though the resolution of radiotelemetric data is much higher than that of capture-

mark-recapture, typically it still results in only one location every one to two days. This

tracking interval does not allow researchers to record the actual path of movement an

individual used between successive daily locations. Until the technology progresses to

allow the implantation of miniature GPS units, this is likely the best we can do for most

species of snakes. The alternative is to significantly decrease sample size and shorten the

tracking interval, which could also increase the disturbance of animals to an undesirable

level.

However, the particular behavioral and habitat characteristics of some species of

snakes do make them amenable to extremely high-resolution studies of their movements.

Secor (1992, 1994) detailed the exact movements of sidewinder rattlesnakes (Crotalus

cerastes) between successive telemetry locations by mapping the tracks they left in the

soft sand of his study site. Crotalus cerastes and other sidewinding species (Gans and

Mendelssohn, 1971) that leave directional tracks in soft substrates will be very useful in

addressing mate-location questions – it will be possible to map the exact path of

movement individuals take during the mating season. When a pair of snakes is found in

association, courtship, or copulation, it will be possible to assess the distance their tracks

overlapped prior to their discovery. Track overlap data of this nature will provide a

concrete measure of the importance of scent trailing in mate location. By providing

information on how often males visit the same areas (and the same females) in different

mating seasons, long-term tracking of individuals will allow for examination of the

extent to which prior experience is used. Additionally, the recording of the exact paths of

movement individuals used to arrive in the same areas in different years will be

informative about the navigational abilities and strategies snakes have and use. Lastly,

the resolution resulting from mapping the movement paths of individual snakes will
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allow researchers to know how precisely those paths fit straight-line or other possible

efficient movement patterns.

As the sample sizes in this study are too small to allow any meaningful statistical

analyses, the data pose more questions than they answer. However, in doing so they

direct our attention to an area of snake biology in need of further study. Data that can

definitively determine the methods used by male snakes in locating females have rarely

been reported, and the mechanisms and strategies of mate location used by males could

be many and varied both within and among individuals, populations, and species. The

elucidation of these methods will require long-term movement data on individuals in the

field at a higher resolution than is typically available and the spatial distribution of

females at the site. Studies collecting these data could be instructive about the selective

forces involved in shaping snake mating systems.
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Male Female Approximate Dates of Association

DM3 LF1 10 July - 14 July

DF3 19 July - 23 July

LM2 LF1 17 July

DF3 24 July - 31 July

DM4 DF4 29 July

DF5 29 July

DM5 DF4 3 August - 6 August

DF5 3 August - 6 August

Table 1.1. Dates in 1995 during which individual males were observed in contact with or

in close proximity to specific females.
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Figure 1.1. Overview of the movements of snakes DM3, LM2, LF1 and DF3. The x-

axis represents east-west direction and the y-axis north-south. The units for both axes are

meters. The boxed area on the right-hand side is expanded into Figure 1.2, and that on

the left-hand side into Figure 1.3. DM3 starts at the top of the figure in early July, and

ends at the bottom on 30 July, directly below his starting point. An additional point for

DM3, on 26 August, is given in the upper central part of the figure. LM2 starts at the

bottom of the right-hand box (Figure 1.2) and ends to the right of the that box. LF1 is

contained entirely in the right-hand box (Figure 1.2) and DF3 within the left-hand box

(Figure 1.3).
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Figure 1.1
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Figure 1.2. Enlargement of right-hand box in Figure 1.1 showing movements of DM3,

LM2, and LF1. Axes and scale as in Figure 1.1. DM3 enters the figure from the upper

left-hand corner with his first location, 10 July, in the upper left quadrant, inside the oval.

DM3 exits the figure from the bottom. LM2’s first location is at the bottom center of the

figure on 17 July. He exits the figure from the bottom left-hand side on his first

movement. His return movement through the area has been omitted for clarity. LF1

starts in the upper left quadrant on 26 June, moves to the extreme upper left corner and

then into the oval. Her movements from 4 July until 13 July are difficult to follow, so

they have been omitted, but all fall within the oval. Upon leaving the oval, LF1 moves

towards the bottom of the figure before circling back.
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Figure 1.2
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Figure 1.3. Enlargement of left-hand box in Figure 1.1 showing movements of DM3,

LM2 and DF3. Axes and scale as in Figure 1.1. DM3 enters the figure from the right-

hand side, and his first location is on 17 July. He exits the figure from the same side with

his last location on 25 July. LM2 also arrives from the right with his first location in the

lower center of the figure on 24 July. His last location is on 31 July, also near the center,

prior to exiting from the right-hand side. DF3 is first located on 24 July at the bottom

left of the figure. She and LM2 follow the same path as they move together towards the

center of the figure and separate by 1 August. DF3 then moves towards the top of the

figure where she was collected on 2 August.
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Figure 1.3
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Figure 1.4. Overview of the movements of snakes DM4, DM5, DF4 and DF5. Axes and

scale as in Figure 1.1. The boxed area is expanded into Figure 1.5. DM4 starts at the

bottom the figure on 23 July. He then moves to the box (Figure 1.5) in the middle of the

right-hand side before returning to the bottom middle. DM5 begins at the upper left-

hand corner and moves to the box (Figure 1.5). The movements of DF4 and DF5 are

contained within the box (Figure 1.5).
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Figure 1.4
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Figure 1.5. Enlargement of boxed area in Figure 1.4 showing movements of DM4,

DM5, DF4 and DF5. Axes and scale as in Figure 1.1. DM4 enters the figure from the

bottom with his first location on 29 July on the right-hand side of the figure. He then

moves to the left-hand side where his last location before exiting from the middle of the

left side is 30 July. DM5 enters the figure from the upper left-hand corner with his first

location near the center on 3 August. He then moves in a circle and his last location is in

the bottom right on 9 August. DF4 is first located in the upper right at DM4’s first

location. She then moves to the left where she is located on 9 August. DF5 is first

located in the center of the figure on 29 July. She moves to the left-hand side by 8

August.
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CHAPTER 2

SIDEWINDER RATTLESNAKE (CROTALUS CERASTES) SPATIAL ECOLOGYAT

THE KELSO DUNES: A SUMMARY OF THREE GENERATIONS OF RESEARCH

Coupe, B. In press. Sidewinder rattlesnake (Crotalus cerastes) spatial ecology at the

Kelso Dunes: A summary of three generations of research. Proceedings of the Granite

Mountains Desert Research Center 25thAnniversary Symposium.

ABSTRACT

Sidewinder rattlesnakes (Crotalus cerastes) have been well studied on the eastern

edge of the Kelso Dunes system, San Bernardino Co., CA, USA. I review the

information on spatial ecology of these snakes resulting from mine and two other studies.

Male sidewinders have larger minimum convex polygon home ranges than females

during the mating seasons and this likely results from males moving greater distances

rather than more often than females. However, no significant differences are observed in

home range size when other seasons are included. Potentially this is a result of migration

movements made by both sexes to overwintering sites on the edge of the dunes. Males

and females have similar movement frequencies though these are variable seasonally and

between studies. Additionally, I noted females to be more variable in movement

frequency. Meander ratios (actual distance moved/net distance moved) were larger in the
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other studies than in mine and in my study varied according to sex, season, and year.

Lastly, data from previous studies allowed me to estimate sidewinder population density

at 0.48-1.18 snakes per hectare.

INTRODUCTION

The spatial ecology of sidewinder rattlesnakes at the Kelso Dunes (San

Bernardino Co., CA) has been the focus of three research projects over the last 40 years.

In the late 1960's, Timothy Brown (Brown 1970, Brown and Lillywhite 1992) studied the

general natural history of sidewinders at the Kelso Dunes, and was the first to extensively

measure and map their movements in the sand. In the late 1980's and early 1990's,

Stephen Secor (Secor 1992a, 1992b, 1994a, 1994b, 1995; Secor et al. 1992, Secor and

Nagy 1994) studied the spatial ecology, foraging modes, locomotion, and physiology of

sidewinders on the Kelso Dunes. Lastly, from 2001-2003, I studied reproductive

behavior and spatial ecology of sidewinders at the same site.

I discuss the spatial ecology of sidewinder rattlesnakes by comparing the results

of the three studies of the sidewinder-Kelso system. This paper is not intended as an

exhaustive replication of Secor's (1994a) thorough treatment of sidewinder spatial

ecology, but it is to serve as an update, and I make comparisons where the data allow.

The goals are to compare the results of the studies, and to synthesize the information

from all three to paint a more complete picture of sidewinder spatial biology. I will focus

on four metrics of spatial ecology: home range, movement frequency, movement

distance, and straight-line distance. I will also discuss an index, the meander ratio

(Williamson and Gray 1975, Secor 1994a), derived from the movement distance and the

straight-line distance.
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MATERIALS AND METHODS

Study Site

All three studies focused their efforts on the extreme eastern edge of the Kelso

Dunes system, and this site has been described in detail elsewhere (Brown 1970; Brown

and Lillywhite 1992; Secor 1992a, 1994a). Briefly, the study site is an area of fine

grained sand (see Frontispiece) bordered on the north, east, and south by rocky alluvium

from the surrounding mountains. Vegetation is sparse, and is dominated by creosote

bush (Larrea tridentata), burroweed (Ambrosia dumosa) and galleta grass (Pleuraphis

rigida). This system has attracted researchers of snake spatial ecology because the

unique “sidewinding” movements of sidewinder rattlesnakes leave distinctive tracks in

the fine grained sand of the study site. The shape of these tracks indicate the direction of

movement, and thus allow researchers to follow the tracks to find the snake (Mosauer

1933). Radio-tracking studies of other snake species typically provide one or a few

locations of an individual per day. Straight lines are then drawn between these points to

indicate the snake's path. It is unlikely, though, that snakes actually move in straight

lines. The combination of the distinctive tracks of sidewinders and the fine sand of the

study site allow researchers to collect high resolution spatial data including mapping and

measuring the actual distance moved by individual snakes from day to day. In addition,

the Kelso Dunes site also has easy road access and a healthy population of sidewinders.

Data Collection

Both Brown and Secor collected data at the site year round. My study focused on

reproductive behavior, and so data were collected during the spring (late March – early
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June: 2001-2003) and autumn (late August – early November: 2001-2002) mating

seasons (Secor pers. comm.).

I found snakes by following their tracks in the sand. I made a total of 1,860

observations of 120 individuals (52 females: 5.7-197.6 g, 168-587 mm SVL; 47 males:

8.9-164.2 g, 181-524 mm SVL; 21 unknown). Some individuals were observed only

once, others were tracked by following their tracks in the sand on successive days, and

16 individuals (7 females: 79.4-197.6 g, 243-587 mm SVL; 9 males: 85.0-159.3 g, 447-

521 mm SVL) were implanted with radio transmitters (Reinert and Cundall 1982;

Reinert 1992) and located daily during the field seasons. Transmitters averaged 5.8% of

body mass (range = 3.1-8.2 %), and were replaced annually. Because the vast majority

of my data are from telemetered animals and because I do not have enough data on non-

telemetered snakes to adequately test for an effect of telemetry on normal behavior, I will

restrict my analyses and discussion to the telemetered snakes. These are all snakes that

Secor (1994a) would classify as “adults” and Reiserer (2001) would call “mature”.

Data Analysis

Because my study occurred during the mating season, I used snake locations and

movements that could not be assigned to other activities (e.g., migration) when

calculating home range sizes. Secor (1994a) observed that sidewinders tended to move

towards the bordering alluvium in the autumn to overwinter. Brown (Brown 1970,

Brown and Lillywhite 1992) also hinted at this although he did not embrace the

conclusion. If sidewinders are moving to the alluvium to overwinter, then one should

observe individuals migrating from overwintering sites in the alluvium back to their

activity ranges in the sand in the spring. Two snakes (36 – female, 25 – male) made

movements that are congruous with that prediction. Because these movements would not
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fall under my “mating season” classification, I eliminated these potential migration

movements and locations from the analyses. Additionally, only two telemetered females

were observed to be gravid during the study. Due to this small sample size, data from the

seasons in which these snakes were noted to be gravid were not included in the analyses.

Levene's test for homogeneity of variances was used to confirm variance

differences and group medians were compared using the Fligner-Policello test (Fligner

and Policello 1981, Hollander and Wolfe 1999). The Fligner-Policello test is similar to

the Mann-Whitney test, but it relaxes the assumption of equal variances.

Results are reported as medians (interquartile range) and means ± one standard

deviation. SPSS was used to perform all analyses except the Fligner-Policello tests.

Home Range

I used the Animal Movement Extension (Hooge and Eichenlaub 2001) in

ArcView 3.2 (ESRI, Redlands, CA, USA) to calculate home range sizes using the

minimum convex polygon (MCP) method (White and Garrot 1990). There are many

arguments for and against the use of different home range metrics (White and Garrot

1990), but MCP method has the advantages of being easy to calculate and interpret,

widely used thereby facilitating comparisons across studies, and not dependent on

parameters chosen by the investigator as is the harmonic mean method (Dixon and

Chapman 1980, Worton 1987). Its biggest drawbacks are that it includes space not

actually used by the animal and that it does not account for areas in which the animal

spent a disproportionate amount of time.

In some cases data were collected from individuals before implantation or after

removal of radio-transmitters. If these locations were greater than 400 m from the

nearest point in the telemetry cluster, they were not used in the calculation of the home
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range. This approach, coupled with the removal of “migration” locations (see “Data

Analysis” above), should minimize the problems inherent in the MCP method of home

range calculation. Because home ranges tend to increase with the number of locations

used to calculate them (Secor 1992b), I chose to calculate home ranges only for

individuals for which I had 35 or more days worth of data. I tested for correlations

between number of days tracked and MCP size for both sexes and the combined dataset

using both Pearson and Spearman procedures. One female (36) appeared to have shifted

her home range during the study. I did not have enough data in either area to include her

in the analysis of home range. That resulted in a dataset consisting of six females (79.4-

187.9 g, 243-587 mm SVL) and nine males (85.0-159.3 g, 447-521 mm SVL).

Movement Frequency

Snakes commonly remain in the same location (within 3 m) from one day to the

next, and so the frequency with which a snake moves becomes an interesting metric in

movement ecology. I calculated the frequency of movement for telemetered snakes that

were tracked for more than 30 days (six females: 79.4-187.9 g, 243-587 mm SVL; nine

males: 85.0-159.3 g, 447-521 mm SVL) by dividing the number of days that they moved

by the total number of days they were tracked. I did not have enough data to include

female 36 in this analysis. I tested for normality in both males and females using the

Kolmogorov-Smirnov test, for equality of variances between males and females in

movement frequency using Levene's test, and for differences in the medians with the

Fligner-Policello test (Fligner and Policello 1981, Hollander and Wolfe 1999). I did not

have enough data to test for differences between seasons or years.

39



Movement Metrics

Movements in the analyses were single-day movements. Days when snakes did

not move were not included in these analyses (see “Movement Frequency” above).

When snakes had moved from their location on the previous day I recorded the

movement paths by mapping tracks with a Garmin XLC GPS unit (Garmin International,

Inc., Olathe, KS, USA). Measurements of these paths were taken using ArcView 3.2

(ESRI, Redlands, CA, USA) with the Xtools (DeLaune 2003) and Point to Polyline Tools

(Alsleben 2001) extensions. Net distance moved between start and end points was

calculated from the coordinates of each. The meander ratio (Williamson and Gray 1975,

Secor 1994a), an index of sinuosity of movement, was calculated by dividing the

movement distance of an individual movement by the straight-line distance for that

movement.

Because sample sizes for each individual varied I chose to compare the movement

distance, straight-line distance, and meander ratio of males and females by repeatedly

sampling the data. For each individual during each round of sampling, two values were

randomly chosen and averaged. This averaging protects against the effects of outliers by

tempering them with another measurement. Each subset was then subjected to a Fligner-

Policello test. Five-hundred random samples from the data were used in this analysis.

The output of this resampling was the Fligner-Policello test statistic for each randomly

sampled set of data. These test statistics were either negative, zero, or positive. I

removed the zeros and performed a binomial analysis on the remaining positive and

negative values to test for their differences from 50-50 proportions. This analysis

calculated the cumulative probability of attaining the observed proportion or lower of the

rarer occurrences given an assumed equal probability of observing a positive or negative

value. Thus, this is a two-tailed test and if the calculated cumulative probability is less
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than 0.025 then the null hypothesis of equal probability (independence of movement

metric from sex) is rejected and the alternative hypothesis of movement metric values

being sex-dependent is accepted. Snakes for which I had mapped three or more

complete, single-day movements were included in this analysis. A total of 123

movements from seven females (79.4-197.6 g, 243-587 mm SVL) and 116 movements

from eight males (85.0-159.3 g, 447-521 mm SVL) were used in the analysis.

To test for season and year effects this same analysis and dataset were used to test

for differences between spring and autumn and between 2001 and 2002 within each sex.

In these season and year comparisons no individuals were represented in both groups

(e.g., spring and autumn) during any single sampling event. Not enough data were

collected during the single season (spring) in 2003 to allow for comparisons with other

years although those data were included in the seasonal comparisons. Additionally, I

used a Wilcoxon signed rank test to test for differences between both median and mean

values of the movement metrics for individuals that were tracked either in spring and

autumn of the same year or in the same season in different years.

RESULTS

Home Range

Median home range sizes for all snakes in my study was 8.0 (3.9-32.0) ha with a

mean of 15.3±16.1 ha, for females the median was 3.8 (0.9-5.3) with a mean of 3.6±2.8,

and the median for males was 14.2 (8.0-42.2) with a mean of 23.1±16.7. The home

range data failed Levene's test for homogeneity of variances between the sexes, and the

Fligner-Policello test showed that median male home range size was significantly larger
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than median female home range size (p < 0.020). No significant correlations between

number of days tracked and MCP size were detected.

Movement Frequency

Movement frequencies of males and females in my study were similar. Both

sexes moved on about one third of the days (female = 0.29 (0.16-0.46); male = 0.38

(0.35-0.44)). Neither sex failed the Kolmogorov-Smirnov test for normality. Levene's

test for equality of variances showed differences between the sexes with female

movement frequency being considerably more variable. The Fligner-Policello test failed

to detect any difference in medians (p > 0.099).

Movement Metrics

The randomization resampling tests suggest that the movement metrics often

were not independent of the factors being tested (Table 2.1). No differences were

observed in the Wilcoxon paired tests comparing individuals across seasons or years.

However, sample sizes in these tests were low. What follows is a summary of the re-

sampling results based on the measures of central tendency (Table 2.1).

Males tended to move longer distances than females, though female meander

ratios were greater than those of males. Females moved longer distances and meandered

more in the autumn than in the spring. Conversely, males tended to move longer

distances in spring, but no seasonal differences were observed in meander ratio for males.

Females made longer movements in 2002 than in 2001 though meander ratios were

similar across years while males tended toward longer movements and larger meander

ratios in 2001 than in 2002.
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DISCUSSION

Field Methods

Both Brown and Secor placed snake locations and movements onto maps by

hand. I benefited from modern GPS technology. Thus, my estimates of point locations

and straight-line distances are probably more accurate than theirs. However, the

estimates of movement distances in their studies are potentially superior to mine. Brown

measured movement distance by counting his paces as he walked along a snake's tracks,

and converting paces to distance based on his average pace length. Secor's method of

rolling a measuring wheel directly along a snake's track is likely to be the most accurate

of the three methods.

The benefit that both of these methods have over GPS technology is the ability to

record higher-resolution data that incorporates every twist and turn in the snake's path.

The GPS method often got the general shape of the path correct, but lacked the smaller-

scale sinuosity. In addition, although the study site is generally flat, but there is

considerable, small-scale dune topography that the snakes have to traverse. None of this

topography, and the additional path length along the vertical axis that it represents, was

captured by the GPS unit, as it would have been by either the pace or measuring-wheel

method. This is not to say that GPS technology should not be used for this type of study.

Though the movements that I observed tended to be shorter than those of Brown or

Secor, they were comparable.

Home Range

Based on five adult male recaptures, Brown (Brown 1970, Brown and Lillywhite

1992) suggested that sidewinder home ranges were on the order of 25-100 ha. This
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estimate, though high, is surprisingly accurate. Secor (1992a,b, 1994a) and I benefited

from recent advances in radio-telemetry equipment, and so our data provide a more

accurate estimate of sidewinder home range sizes.

Secor's study was conducted throughout the year and mine was restricted to the

spring and autumn mating seasons. As a result, Secor's data (1994a) probably better

reflect the total home range size of sidewinders at the Kelso Dunes. He observed

telemetered females to have average MCP home range sizes of 18.8 ha and males of 30.5

ha with much overlap of home ranges within and between the sexes. Although males

appear to have larger home ranges, Secor's analyses indicate that home range sizes were

not significantly different.

I also observed considerable home range overlap, but the home-range sizes in my

study tended to be smaller than Secor's, likely reflecting the narrower temporal scope of

my study. However, I did observe males to have significantly larger home ranges than

females. To make a direct comparison, I performed a similar analysis on the telemetered

snakes from Secor's study (Secor 1994a Table 2). Secor's data fail Levene's test of

homogeneity of variances with male variance exceeding females' by more than four and a

half times, but although median (and mean) male MCP size is greater than that of

females, a Fligner-Policello test did not detect a significant difference in median MCP

sizes between the sexes. Secor (1994a) detected a correlation between the number of

locations tracked and home range size in his full dataset. I also detected this correlation

in Secor's data, but when the sexes were separated I found positive correlations only

between number of days tracked and MCP size for Secor's telemetered males (Pearson's:

r = 0.91, p = 0.013; Spearman's: r = 0.94, p = 0.005) suggesting that males are driving

the overall correlation. Thus, my analyses of Secor's data agree with his with the

addition that when data are collected throughout the year, large sample sizes will be
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needed to estimate male home range size accurately. Secor (1994a) noted that males

made longer movements than females. I observed a similar trend suggesting that the sex

difference in home range size observed in my study results from extensive male

movement during the mating season. The reduced difference in MCP size between the

sexes in Secor's study is potentially a result of migration movements made by both sexes

to and from over wintering sites.

Movement Frequency

Brown (1970; Brown and Lillywhite 1992) did not provide estimates of

movement frequency. Secor (1994a) calculated a movement frequency of three

movements in five days for snakes for which he had a minimum of four consecutive days

of data. This is almost twice as high as the frequency of one in three that I observed.

Secor observed seasonal differences in movement frequencies with snakes moving more

frequently during the summer than in either spring or autumn. Additionally, he observed

adults to move less frequently than other age classes. These two results likely account

for the difference in movement frequency between the two studies as my data were

collected only during the spring and fall and only on adults.

Secor and I detected no difference in movement frequency between the sexes.

Thus the greater distances moved by males – rather than the frequency of the movements

– likely accounts for differences observed in MCP size. Even though the movement

frequencies of males and females were similar in my study, the variances were not.

Though I have not used data in this analysis from females that were known to be gravid,

it is possible that any effects of the sexual cycle on female spatial ecology will not be

limited to the stage where a female can be judged to be gravid by palpation. Thus the

difference between the sexes in variance in movement frequency could reflect differences
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in the sexual cycle. Not all female sidewinders give birth every year (Reiserer 2001)

meaning that different females will be in different stages in their sexual cycle.

By contrast, the consistency in movement frequency of males might reflect a

singularity of purpose. Male sexual cycles are not as complex nor are the physiological

changes as dramatic as in females. Male consistency in movement frequency during the

mating seasons is likely a result of males being engaged only in finding mates, which

invariably requires considerable movement.

Measurements of sidewinder movement frequencies, coupled with Brown's

(1970; Brown and Lillywhite 1992) estimate of active snake density, allow me to

calculate the lower bound of population density. Based on visual survey data of snake

tracks, Brown (1970; Brown and Lillywhite 1992) estimated active snake densities to be

between 0.29 and 0.71 per hectare. Because Secor's and Brown's data were collected

year round, and because Secor observed seasonal differences in movement frequencies,

Secor's data are likely a better estimate than mine of the overall movement frequency

(0.60). Thus, at best Brown was seeing three-fifths of the snakes in an area. To get an

estimate of total snake density I divided Brown's estimates of active snake densities by

three and multiplied those numbers by two, thereby calculating the density-range of non-

active snakes. I added these densities of non-active snakes to Brown's densities of active

snakes to get estimates of total snake densities. This gives an estimate of 0.48-1.18

snakes per hectare. This roughly agrees with Secor's estimate of population density

based on capture-mark-recapture data (Secor 1994b).

Movement Metrics

Although movement distance and straight-line distance covary, each metric is of

interest. Because male and female movement frequencies were almost identical and no
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correlation between the number of days a snake was tracked and its MCP size were

observed in my study, straight-line distance probably accounts for the differences in

home range sizes observed between the sexes.

My estimates of snake movement lengths were lower than either Brown's or

Secor's. This could be the result of two factors. One is methodological and was

discussed in “Field Methods” above. The other could be weather related. Desert rainfall

is highly variable, and during most of my study the east Mojave experienced a severe

drought. Under these conditions one might expect reduced activity from desert animals

as they conserve resources. This could account for the reduced movement distances as

well as reduced movement frequencies, meander ratios, and low reproductive activity in

my study.

Male movement and straight-line distances tend to be greater than those observed

in females. If males are primarily involved in mate location (Coupe 2002, Chapter 1, but

see Chapter 4) while female efforts are focused on resource collection for reproduction,

these data fit our expectations. Although the difference is slight, females make more

sinuous movements than males. However, Secor observed higher meander ratios for

both sexes and no sexual differences.

During the five field seasons of my study, I observed reproductive behavior only

in the springs of 2001 and 2003. Males made longer movements in the spring than in the

autumn, while females displayed the reverse pattern. Males made longer movements in

2001 (a year with reproduction) than in 2002 (without reproduction). This trend was also

reversed by females. The pattern that develops is one of females moving relatively more

when males are moving relatively less, but regardless of season males still make longer

movements than females.
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I can think of two possible, but not mutually exclusive, interpretations of this

pattern related to mate-location behavior. In both cases females would be moving less as

a way of reducing the number of suitors during the mating season. The more a female

moves the more scent trail she leaves behind, presumably making it easier for males to

locate her (see Chapter 4). Minimizing movements could reduce the number of males

that find a particular female. Courting pairs can be conspicuous as they move around on

the surface (pers. Obs.), and are likely more obvious to predators. Additionally,

copulating pairs, though often sheltered under vegetation (pers. obs.) are easy prey once

discovered as it is harder for the connected pair to escape than it is for an individual.

Thus, reproduction likely increases the risk of predation.

The other possibility is that females might be testing male mate-location abilities.

If females make it harder to be located by reducing movement and thus scent trails

available for tracking, then presumably only “high quality” males will be able to find

them. Thus, by filtering out many of the males that are not good “mate locators” she

increases the chances of her sons being good mate locators – a modified “sexy son”

scenario (in the sense of Kokko et al. 2003).

Additionally, it is possible that different factors regulate male and female

movements. For example if male movements are primarily focused on mate-location and

female movements are related to foraging then these different priorities could produce

different seasonal patterns in movements.

Female meander ratios were greater in the autumn than spring, though they did

not vary across years. Thus, females meander more in autumn when they move longer

distances. This could simply be an artifact of the length of the movements. The longer

the movement the more opportunities or causes (e.g., obstacles) for meandering. This
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could also explain the increased male meandering of 2001 – a year of longer male

movements – compared to 2002.

Future Research

Sidewinders at the Kelso Dunes should continue to serve as a model system for

snake spatial ecology because of the ease of collecting high-resolution data by mapping

tracks. Long-term studies at this site will benefit from considerable background

information allowing future researchers to address questions raised in earlier studies.

Perhaps most importantly, this site would be an excellent location for studying neonate

and juvenile snake ecology. Little is known about these age classes in any snake species

because they tend to be too small for practical radio-telemetry. However, because

neonate and juvenile sidewinders leave clear tracks in the sand, it is possible to collect

data on their biology that would not be possible or practical in other species.

Even though additional useful data can and should be extracted from sidewinders

on the Kelso Dunes, it is clear that our database on these animals is biased towards this

site. Although the recent work of Reiserer (2001) begins to paint a wider picture of

sidewinder biology, it is important that studies of sidewinders in other localities and non-

sandy habitats be undertaken to gain a more comprehensive understanding of the

geographical variation in the biology of this species.
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Table 2.1. Results of Fligner-Policello randomization re-sampling tests for movement

distances (MD), straight-line distances (SLD), and meander ratios (MR). An asterisk (*)

next to the metric indicates that it is not independent of the factor being tested. When

necessary, sex is indicated next to the abbreviation of the movement metric. Factors in

italics had the higher proportion of Fligner-Policello test statistics indicating that the

median value for that factor was greater than that of the other. Movement metrics for

each factor are summarized as medians of individual medians (interquartile range) and

means of individual means ± one standard deviation.
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Metric/
Sex p-value Factor Median of Medians (IQR) Mean of Means ± STDEV

MD* 1.2 x 10-104 Female 34.6(17.5-61.1) m 64.0±40.1 m

Male 69.1(29.2-103.9) m 125.5±96.1 m

MD-F* 8.4 x10-71 Spring 22.3(15.0-40.1) m 36.7±13.5 m

Autumn 46.8(38.0-128.1) m 74.7±43.6 m

MD-M* 4.7 x 10-24 Spring 78.8(31.4-232.6) m 149.3±117.9 m

Autumn 70.9(55.3-96.6) m 97.3±46.7 m

MD-F* 2.6 x 10-71 2001 29.8(22.3-38.2) m 45.4±7.9 m

2002 47.0(38.1-128.2) m 72.6±45.1 m

MD-M* 3.3 x 10-113 2001 78.4(47.1-168.1) m 138.5±94.5 m

2002 34.3(19.3-83.6) m 55.5±31.6 m

SLD* 6.3 x 10-104 Female 28.2(15.2-51.4) m 46.8±29.2 m

Male 49.1(23.1-69.8) m 77.8±46.2 m

SLD-F* 1.5 x 10-58 Spring 21.1(13.8-28.3) m 30.0±5.4 m

Autumn 35.8(24.3-105.5) m 52.9±36.1 m

SLD-M* 8.1 x 10-38 Spring 73.2(23.0-138.0) m 87.9±58.7 m

Autumn 53.4(31.4-64.7) m 63.3±19.3 m

SLD-F* 7.4 x 10-56 2001 26.9(18.5-29.0) m 30.7±3.9 m

2002 39.7(33.9-90.2) m 54.6±35.1 m

SLD-M* 1.3 x 10-94 2001 57.8(22.7-134.8) m 88.2±49.0 m

2002 27.2(13.0-64.15) m 44.6±27.9 m

Continued

Table 2.1
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Table 2.1 (continued)

Metric/
Sex p-value Factor Median of Medians (IQR) Mean of Means ± STDEV

MR* 2.2 x 10-7 Female 1.24(1.15-1.29) 1.56±0.37

Male 1.21(1.10-1.45) 1.60±0.52

MR-F* 2.2 x 10-9 Spring 1.17(1.13-1.28) 1.58±0.43

Autumn 1.30(1.24-1.36) 1.64±0.30

MR-M 0.1710 Spring 1.26(1.14-1.36) 1.84±0.71

Autumn 1.16(1.13-1.58) 1.50±0.39

MR-F 0.0254 2001 1.27(1.14-1.31) 1.65±0.40

2002 1.30(1.23-1.52) 1.49±0.29

MR-M* 3.1 x 10-20 2001 1.22(1.12-1.53) 1.60±0.60

2002 1.16(1.12-1.30) 1.47±0.46
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CHAPTER 3

AN INDIVIDUAL-BASED, SPATIALLY EXPLICIT SIMULATION OF MALE

SIDEWINDER RATTLESNAKE (CROTALUS CERASTES) MATE-LOCATION

METHODS

ABSTRACT

An individual based computer simulation of male and female sidewinder

rattlesnake (Crotalus cerastes) movement focused on male mate-location methods. Four

families of movement patterns were simulated: random-walk/straight-line continuum,

spiral, back and forth (or “lawn mower”), and prior experience. Each of these was tested

in two landscapes, one where snakes were randomly and another where they were evenly

distributed. Prior-experience methods performed best, but were closely followed by

linear searching. Thus, I propose that individual males flexibly adjust their mate-location

method with age and experience.

INTRODUCTION

We are familiar with mating systems in which animals use visual or auditory

signals, volatile pheromones, or other forms of broadcast signals to attract mates. Bright

coloration and elaborate visual displays involving sexually dimorphic characters in birds,
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vocalizations of frogs, and volatile pheromones of many insects are excellent examples.

Typically, we give little thought to the demands placed on animals that have to follow

those signals – usually the non-signaling sex. It is often assumed that following a signal

to the signaler is a simple task, but that might be true only for certain types of signals,

such as visual cues. In many animals, the location of mates might be a difficult task

either because broadcast signals are not used or because those signals are difficult to

broadcast effectively.

With the exception of sounds produced as defensive displays (e.g., hissing, tail

rattling, and cloacal popping [Young et al. 1999]), snakes do not produce auditory cues,

and although the color patterns of snakes are often striking, they tend to be aposematic or

cryptic and not used for visual communication with mates. Pheromones are important in

mate location in snakes, but snake pheromones are lipid-based making them relatively

non-volatile and thus can be broadcast only by leaving them on the substrate (LeMaster

et al. 2001). This makes them harder to broadcast than their airborne counterparts in

other animals. As a result, snakes can serve as good models for weakly signaling mating

systems.

Three hypotheses exist for how male snakes might locate females over long

distances (reviewed in Coupe 2002, Chapter 1). Scent trailing is the most widely

hypothesized (reviewed by Ford, 1986). Lipid-based pheromones are transferred to the

substrate as the female moves across it. Males are capable of detecting and following

these trails (Ford and Low 1984, LeMaster et al. 2001, O'Donnell et al. 2004). In

addition to pheromones, some reptiles might use lipid secretions as ultra-violet visual

signals (Alberts 1993). Prior experience might also guide the movements of males as

they locate mates. As many snakes tend to be long lived (up to 25 years in timber

rattlesnakes [Brown 1993]), males that have found females in past years might simply
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move back to those areas where they were successful (see Schwagmeyer 1994,

Schwagmeyer et al. 1998 for an example on a shorter time scale). The third hypothesis,

efficient searching, was suggested by Duvall and Schuett (1997). They argued that, for a

given spatial distribution of females, there exists a movement pattern that would

maximize a male’s encounters with females. They support this with data from their study

of prairie rattlesnakes (Crotalus viridis viridis). Males that moved in the predicted

straight-line pattern tended to be the ones that found females.

Previously (Coupe 2002, Chapter 1), I considered scent-trailing to be a separate,

but not mutually exclusive hypothesis. However, because snakes are constantly sampling

the chemicals in their environment as they move, it is likely that scent-trailing is an

integral part of the other two methods. Scent trailing can be useful only if a male

encounters trails, and the best way to encounter a trail is to move, so scent-trailing by

itself might not be a viable method. Thus, efficient searching and prior experience are

two search methods that could bring the male in contact with a trail that can then be

followed.

I discuss a spatially explicit, individual based computer simulation of male mate-

location methods. I focus on male behavior because most data from the literature

(reviewed in Coupe 2002, Chapter 1) suggest that males seek females and that females

tend not to engage in overt mate-location or attraction behavior. A recent simulation of

rattlesnake physiology (Beaupre 2002) suggests that female energy budgets are tight and

that even small deviations from optimal energy expenditures might result in forgoing

reproduction. This, coupled with data suggesting high mortality rates in female viperids

following reproduction (Madsen and Shine 1992, Reiserer 2001), suggests that female

energy expenditure in seeking out or attracting mates (by moving to leave scent trails on

the substrate) should be rare.
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High-resolution continuous data on movements of snakes related to mate location

are difficult to collect in the field. This simulation, therefore, is not designed to test

hypotheses by comparison with field data, but rather to explore different methods of mate

location and their relative potential success, thereby making predictions of mate-location

methods that might be in use by snakes in nature.

MATERIALS AND METHODS

I used the Python programing language (www.python.org) to develop the model.

Python is a cross-platform, object-oriented, interpreted language, and the code I

developed can be run on any computer on which the Python interpreter has been

installed. For a copy of the code please contact me at: brad.coupe@castleton.edu

The Basic Model

The model simulates a single day of male movement in search of females during

the mating season. It is flexible, allowing for variation in numerous parameters. I chose

a single set of parameters appropriate for sidewinder rattlesnakes to serve as the basic

model within which the efficacy of various mate-location methods were tested. Here, I

will describe this basic model. The mate-location methods will be described in later

sections.

Population density is an important parameter in the model. I rounded the upper

estimate of the sidewinder population density range of 0.48-1.18 snakes per hectare,

calculated in Chapter 2, to 1 snake per hectare. Reiserer (2001) found that sidewinders

of both sexes were reproductively mature when they had attained their fifth rattle

segment. I calculated the proportion of reproductively mature adults from his Figure 2.7
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B to be 0.92, and adjusted the density of snakes by that proportion on the assumption that

juvenile snakes are not involved in reproductive behavior. I chose to use his data rather

than my own for this calculation for two reasons. First, his dataset was larger. Second,

and more important, he had detailed data on rattle morphology that allowed him to

estimate the number of rattle segments a snake with an incomplete rattle was missing.

Because rattle segments fall off with wear and tear, uncorrected segment counts (e.g., my

data) will bias the age structure towards juvenile snakes. I used the subset of Reiserer's

data that does not include museum specimens (his Fig 2.7 B) and the vagaries associated

with that type of data (Reiserer 2001). Also, the snakes in Reiserer's Figure 2.7 B are

from a region of the Mojave Desert to the southeast of Barstow, CA and thus just

southwest of my study site at the Kelso Dunes. As a result, it is likely that those data are

generalizable to my study population. Thus, the simulated density of sidewinders is one

snake per hectare multiplied by the the proportion of sexually mature adults (0.92)

divided by two because sidewinders have an even sex ratio (Secor 1994b, Coupe unpub.

data) for a density of 0.46 for both males and females.

I assume that all adult females are sexually receptive. This is a potentially

controversial assumption. Females of many viper species commonly forgo reproduction

for one or more years after giving birth. Few data exist to address the question of

whether they mate during this time or if mating occurs only during the years that they

give birth. Naulleau et al. (1999) suggest that female aspic vipers (Vipera aspis) in

western France do not mate in non-birthing years. However, because long-term sperm

storage in pitvipers appears to be common (Schuett 1992), females might benefit from

mating in non-reproductive years, and because the phenomenon of forgoing reproduction

might not be pronounced in sidewinders (Reiserer 2001), I assume that all females are

sexually receptive during each mating season.
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Because I observed a mean male movement frequency during the mating seasons

of 0.37 (Chapter 2) only this proportion (0.37*0.46 males/ha) of the adult males is added

to the landscape. I assume other males are there, but that they are not moving on the day

of the simulation, and so will not affect the success of those that do. Potentially, this

over estimates of the proportion of males moving in search of mates because that

movement frequency is calculated from all male movements. It would be more

appropriate to use only the frequency with which males move in search of mates;

however, it is not possible for me to differentiate between male mate-location movements

that failed, and movements made for other reasons such as to new foraging grounds. If

male mate-location success is dependent on male density then this artificially high male

movement frequency will likely underestimate absolute mate-location success on a given

movement as they will be in competition with more males in the model than they would

be in nature. However, this will affect only the number of other males with which an

individual must compete when he finds a female, not the probability that he finds a

female.

Existing data on mate location by male snakes suggests that males move long

distances in search of females during the mating season (Secor 1994a, Coupe 2002,

Chapter 1), and it is this behavior I have chosen to model. I have done this by allowing a

male to move until he has either located a female or her scent trail or until his actual

(rather than net) movement distance is 500 m. The 500-m cap on movement has an

empirical basis. I observed just three movements of telemetered sidewinders longer than

500 m (Coupe unpub. data) and other studies of sidewinders suggest that single-day

movements longer than this are atypical (Brown 1970, Brown and Lillywhite 1992,

Secor 1994a). Although the model might ignore those longer movements, I assume that

if males consistently move 500 m without finding a female the mate-location method
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being used is not likely to be successful. This acts as a practical, but biologically

meaningful, cut-off for the male's movement.

I assume that whatever cues (chemical, visual, etc.) males use during mate

location are stronger and thus easier to detect in an actual female when compared to her

trail. In the model, females have an attraction radius of 5 m within which a male can

detect them, and their trails have an attraction radius of 2.5 m. Imprints left in the sand

by snakes at the Kelso Dunes site age as the wind moves the sand. I assume that this

physical dispersal of the sand grains erodes the ability of males to follow the trail. (I

assume that it is a scent-trail that the males are following, though it could be a visual,

tactile or any other potential cue associated with the trail. Ultimately, it does not matter

for the model what cue the male is following.) This decay is modeled with a standard

half-life exponential function with a half-life of one day. Thus, the most recent trail left

by a female has a 100% chance of being detected and followed to the female and that

probability of detection is eroded by 50% with each day of age. Though some trails

might last many days if there is little or no wind, this is a rare event. Likewise, although

I have watched fresh tracks be obliterated by strong winds in seconds, this also is

uncommon. So, I assume female trails last no longer than three days, a compromise

between these extremes. Nothing is known about the durability of snake scent-trails, so

modeling their decay using an exponential function is a first approximation.

After males and females have been distributed on the landscape, the simulation

allows the females to move for three days, laying down scent trails that males can follow.

Snake movements in the model are made in 5-m increments. Female movement

distances are drawn at random from the complete list of actual (rather than net, see

Chapter 2) distances moved by telemetered snakes in my study. The model incorporates

a function that changes the female's direction at the end of each 5-m increment to mimic
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the median meander ratio of telemetered females in my study: 1.26 (Chapter 2). This

movement incorporates the mean movement frequency of 0.31 movements per day

observed from the telemetered females in my study (Chapter 2). I chose to use the data

from my study alone and not include data from Secor's work (1994a) because my data

were collected during the mating seasons and for adults only, whereas the data reported

for females by Secor are year-round values and include juveniles. Because Secor

observed variation in movement frequency across seasons and age classes, my data on

adults of each sex during the mating seasons are more appropriate for parameterizing the

model.

Following female movement, males move individually using one of the mate-

location methods detailed below. Each male moves for a single day only. At each 5-m

interval he checks for females and their scent trails. If he finds a female, he ends his

movement. If he finds a female trail, he follows the trail to the female before ending his

movement. If he moves 500 m without locating a female or a female's trail he ends his

movement.

Although certain landscape features (e.g., mountains, abrupt habitat changes,

roads) could affect snake movement, I chose to simplify the model by making the

landscape in the simulation square with wrap-around boundaries to simulate an infinite

landscape. Thus, as a snake encounters a boundary its location is changed to the

corresponding location on the opposite side in the same way as in the Pac-Man® arcade

game. This creates a potential problem because a male could approach a female or her

trail by moving either directly to her, or by moving across a boundary to her location.

This artificially increases the female population density of the model. I avoided this

problem by making the simulated landscape large enough to prevent a male from

reaching a female from two directions. This is possible because male and female
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movement is restricted (see above). The length of the sides of the landscape is twice the

maximum distance a male can move (500 m * 2 = 1000 m), plus the maximum distance a

female could move in three days (282.73 m * 3 = 848), plus 10 m to cover the detection

distance in either direction and another 15 m for insurance, for a total of 1873 m. Thus,

the landscape has an area of 351 ha.

Spatial Distributions

I have no data on the spatial distribution of sidewinders and so modeled two

possible distributions. Snakes were distributed in either a uniform random or even

distribution. Each sex was distributed independently. These are the initial distributions

before female movement. Thus, because females moved from their starting points, they

were not in exactly these distributions when the males were searching for them.

Each simulation for the uniform random distribution ran 17 cohorts of males and

females for a total of 1020 males and 2737 females. Simulations for the even

distribution randomly aligned the lattice of each sex so that relative positions of males

and females were unique for each run. This resulted in slight differences in the numbers

of males and females in each cohort, but the total number of each sex summed across the

17 cohorts was comparable to that in the uniform random simulations.

Efficient Searching

A variety of efficient-searching methods were modeled. A range of movement

patterns along the random walk/straight-line continuum were modeled. At the beginning

of each movement, a random direction was chosen. At the beginning of each 5-m

increment of the male's movement, another direction was chosen from a distribution with

the first direction as its mean value. This was done with the built-in Python function
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vonmisesvariate. This function accepts an argument - kappa - that acts as a concentration

parameter. A kappa value of zero will result in a circular uniform random distribution.

Larger values of kappa narrow the distribution and the movement approaches a straight

line. I used the seven integer values of kappa from zero to six as well as a perfectly

straight line.

Two other efficient-searching methods were tested. In one males moved in a

spiral. Spirals were either Archimedean or logarithmic. Spirals are smooth curves, but

in the model they are angled approximations (Figure 3.1 A & B). Their direction

(clockwise or counter clockwise) was determined randomly as was their orientation in

the two dimensional landscape. In the case of the Archimedean spiral, the distance

between arms, or the “spread” of the spiral, was varied. I used six spread values from 10

to 60 m in 10-m increments. The smallest of 10 m allowed for “perfect searching” as the

5-m search radius would cover the area between the spiral arms. The largest left a space

of 60 m between the arms, which equates to a 50-m width of unsearched area. I used a

range of spreads because the performance of the method could vary with the area

searched. Although the portion of the area searched by the male decreases with increased

spread, the number of females in the search area increases, and any females that might be

missed because they are between the search paths could still be found if the male

encountered her trail. Because the space between arms in the logarithmic spiral increases

as the spiral progresses, the spread was not varied but was characterized by the length of

each segment being twice that of the previous segment (Figure 3.1 B).

The last efficient-searching method I modeled was a back-and-forth sweep or

lawn mower pattern (Figure 3.1 C). The direction of the first turn in this pattern and the

pattern's orientation in the landscape were randomly determined. I fixed the sweep at 25
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and 50 m and varied the spread in the same way and for the same reasons as in the

Archimedean spiral.

Prior Experience

In the prior-experience method, I assumed males remember the locations of

previously encountered females. Males encounter females within their home ranges

which are modeled as circles with a radius of 213 m giving them the same area as the

median male home range size in my study: 14.2 ha (Chapter 2). Each male starts his

movement from the center of his home range. Male snakes tend to have one or a few

areas in their home range in which they spend a disproportionate amount of time (e.g.,

Reinert and Zappalorti 1988, Rodriguez-Robles 2003). To simplify the model, I assumed

that males have a single such area at the center of their home ranges, and thus are more

likely to have encountered females near the center than near the edges of their home

ranges. This probability of past encounter is modeled with a two-dimensional

exponential probability distribution function:

Pr  prior encounter =e−a r i
2

×2 ro

where a is the decay constant, ri is the radius of the inner circle and ro is the radius of the

outer circle. These two circles define a ring centered on the middle of the male's home

range. Female rattlesnakes are not stationary in the field, and as discussed above are not

stationary in the model either. As a result, the model generates a remembered location

(unique for each male-female combination) that is a uniform random distance in a

uniform random direction from the female's starting location. The maximum

displacement of this location is 220 m, the diameter of a circle with an area of 3.8 ha –

the median female home range size. The function above calculates the probability that a
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male has encountered a particular female based on her remembered location. I used a

decay constant, a, of 0.00025 and a ring width of 1 m. Thus, the probability that a male

has encountered a female whose remembered location is within his home range decreases

with each 1-m wide ring from his location (Figure 3.2).

In this way, the simulation generates, for each male, a list of the females that he

has previously encountered and therefore remembers. The male will move to each of

those locations in turn starting with the closest. This movement is a straight line directly

to the remembered location. As with the other mate-location methods, if he encounters a

female or her trail along the way, even if it is not the one he is looking for, his movement

will have been successful and will end. If he reaches the encounter location without

having found a female cue, he will use one of the other mate-location methods to

perform a search of the area. I ran separate simulations using the best- and worst-

performing variations of each of the other families of methods (Table 3.1), so that the

model would yield the greatest range of search efficiencies. This search was restricted to

100 m. If this secondary search failed, he moved to the next female using one of two

navigation techniques. Either the male navigates by “map and compass” in which the

snake has an internal map and a compass sense (Landreth 1973, Newcomer et al. 1974),

and can go directly to the encounter location that is closest to his current location or he is

a “central-place searcher,” and navigates by remembering landmarks, and must return to

his starting point before moving to the next female. The male will move to the next

closest female on his list until he either locates a female cue or has reached the end of his

500-m movement.
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Response Variables

Two measures of performance were used to assess male mate-location behaviors.

First, the probability that a male locates a female is simply the number of males that

located females divided by the total number of males in the simulation. However,

because multiple males could find the same female, this success rate might not accurately

reflect a male's copulatory success. Additionally, the length of movement has costs

associated with energy and predation. Therefore, the second measure is the expected

payoff per meter. If a male finds a female that is not found by any other male then his

payoff is 1. The payoff is split evenly between males if multiple males find the female.

The assumption is that all males are equally good at courting the female and so have

equal probability of doing so successfully. This adjusted payoff represents the long-term

average of their payoffs when they encounter a female with other suitors. Thus, if four

males find a female, each of them is awarded a payoff of 0.25. The expected payoff is

calculated by multiplying the mean payoff of males that find females by the probability

the male finds a female. Finally, this is adjusted by the average distance moved by all

males in the simulation to get the expected payoff per meter:

expected payoff per meter=mean payoff×Pr find female
expectedmovement distance

To examine the effects of male mate-location techniques on female reproduction,

I compared the probability that a female was found by at least one male and the average

number of suiters a female had across male mate-location techniques. Finally, I

compared the mean and median distances moved by females that were found by at least

one male with those that were not.
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RESULTS

Males

Random-Walk/Straight-Line Search

The linearity of snake movements was controlled by the kappa parameter of the

Python vonmisesvariate function. These values are inversely related to meander ratios

(Figure 3.3). The probability of finding a female, as well as the expected payoff per

meter, both increased with increasing linearity in uniform random and even spatial

distributions, though the pattern was smoother and with slightly reduced success in the

uniform random distribution (Figure 3.4).

Spiral Search

The trends in efficiency of the spiral variations between the two spatial

distributions were similar with males having greater success in the even distribution

(Figure 3.5). Success increased as the spread of the spiral increased, though it appears to

level off when the spread is greater than 30 m. The logarithmic pattern was roughly

equivalent to Archimedean patterns with wide spreads.

Lawn Mower Search

Trends in the lawn mower variations were similar to those observed in the

Archimedean spiral variations, though less pronounced (Figures 3.6 and 3.7).

Prior Experience

In every case, the probability of finding a female and expected payoff per meter

were higher in simulations where individuals used the map-and-compass method of
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navigation than in simulations using the central-place-searcher method (Figures 3.8 and

3.9). However, performance of a particular search method in absence of prior experience

was not a good predictor of performance when using that method in conjunction with

prior experience. Values resulting from an even spatial distribution were not consistently

different from those in a uniform random distribution (Figures 3.8 & 3.9).

Approximately 2.1 % of males in the uniform random spatial distribution simulations

and 0.8 % in the even spatial distribution simulations had not previously encountered any

females.

Approximately 40% of successful males using prior experience found females

that were their current target (Figure 3.10). In every case, this proportion was higher in

the “perfect search” methods and in the random walk method than in their more spread-

out or straight-line counterparts. Males using the central-place-searching navigation

method generally were less successful at finding females (see above), but when they did

find a female they tended to be more likely to find target females than males using map-

and-compass navigation (Figure 3.10). This is likely due to central-place-searching

males returning to their starting place before beginning to search for the next female. As

a result, central-place searchers moved greater distances searching for each female than

did map-and-compass searchers. However, this resulted in central-place searchers

looking for fewer females before they reached the end of their movement than those

using the map-and-compass method (Figure 3.11).

Comparisons Among Methods

Males had the highest probability of finding females when they were using either

linear search or prior experience coupled with map-and-compass navigation. Males

using either of these methods had a probability of finding females between 0.40 and 0.45
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(Figures 3.4 A, 3.8 A, & 3.9 A). Although these two were equivalent in this regard, prior

experience with map-and-compass navigation performed slightly better by the expected-

payoff-per-meter metric (Figures 3.4 B, 3.8 B, & 3.9 B). Although prior experience

performed well when coupled with map-and-compass navigation, it had reduced success

– comparable to the spiral and lawn mower methods – when paired with central-place-

searcher navigation (Figures 3.8 & 3.9).

Females

The trends in probability that a female would be found by at least one male using

each of the mate-location methods tended to mirror closely the trends in probability that

males would find a female using those methods. However, individual females were less

likely to be found than males were to find a female. This is principally because there

were more females than males in the simulations, but was also affected by the fact that

not all males found females, and that some females were found by multiple males. When

females were found, they were typically found by a single male. Among females with

suitors, the mean number of males finding a particular female fell into a narrow range

between 1.00 and 1.16. The maximum number of males to find a female in all of the

simulations was five. Across all simulations, the distance moved by located females was

2 (mean of means) or 3.5 (median of medians) times that of females that were not found

by males.

Random-Walk/Straight-Line Search

The probability of a female being found by males increased with the linearity of

the search method (Figure 3.12 A). Females were more likely to be found when they

were evenly distributed. When females were found, they tended to be found by multiple
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males more often when females were randomly rather than evenly distributed, though

this pattern breaks down as the movement approaches a straight line (Figure 3.12 B).

Spiral Search

The probability that a female was found by a male moving in a spiral pattern

increased as the spread increased in Archimedean spirals, though it appeared to level off

when the spread exceeded 30 m (Figure 3.13 A). The probability of being found by

males using the logarithmic spiral was comparable to that of the Archimedean spiral with

a large spread. In every case, females had a higher probability of being located when

they were evenly rather than randomly distributed.

In general, the mean number of males that found a particular female increased

with increased spread in the Archimedean spiral (Figure 3.13 B). The logarithmic spiral

resembled Archimedean spirals with large spreads in this regard. In every case, the mean

number of males that found a particular female was greater in the uniform random

distribution simulations than in the even simulations.

Lawn Mower Search

Trends in the lawn mower simulations closely resembled those in Archimedean

spiral simulations (Figures 3.14 & 3.15). The mean number of males finding a particular

female was again greater in the uniform random distributions than in the even

distribution simulations, though the difference is not as pronounced as in the

Archimedean spiral simulations (Figures 3.14 B & 3.15 B).
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Prior Experience

The probability that a female was found by a male using prior experience appears

to be independent of the search method used when he reaches the vicinity of the female

(Figures 3.16 A& 3.17 A). Females in simulations in which males were using map-and-

compass navigation were, in every case, more likely to be found than in simulations

where males were using central-place searching. Again, females in simulations modeling

uniform random spatial distributions were more likely to be found than in even

distribution simulations. Likewise, although females in uniform random simulations

were more likely to be found by multiple males, no other obvious patterns emerged

(Figures 3.16 B & 3.17 B).

Comparisons Among Methods

Females in simulations modeling a uniform random spatial distribution were most

likely to be found when males were using linear search methods or prior experience

coupled with map-and-compass navigation. This was also true in even distribution

simulations, though simulations in which males were using spiral methods produced

comparable female probabilities of being found. Females in simulations in which males

used spiral methods in a uniform random spatial distribution, lawn mower, and prior

experience coupled with central-place-searching methods shared reduced probabilities of

being found. The widest range in a female's probability of being found was observed in

the random walk simulations.
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DISCUSSION

Optimal Mate-Location Methods

Success of the linear (and near-linear) search method is a result of continually

searching new territory. Movement patterns approaching a random walk tend to cross

over previously searched area, thus wasting the effort. Because the straight-line method

minimizes autocorrelation of search locations, it is likely to be the best search method.

This is supported by the spiral and lawn mower methods in which closely packed spirals

or paths did not perform as well as more wide spread efforts. Tight search patterns will

be useful only if the male has an idea where a particular target might be, and it is that

target only that he seeks. Thus, closely packed search techniques might be useful in

search-and-rescue efforts, but not in Easter-egg hunts. In the prior-experience

simulations, tightly packed search methods were more likely to find the females that

were the current target of the search than were more widespread methods (Figure 3.10).

However, mate location is likely to be more similar to an Easter-egg hunt than a search-

and-rescue mission. This is true even when males are using prior experience; even when

a male searches for a target female, he will give up looking for her if he finds another.

Use of knowledge gained in prior experience increases the probability of success

in locating a female, but once a male arrives at the remembered location, the choice of

search pattern is of only marginal importance. However, the prior-experience advantage

exists if the male is using map-and-compass navigation only, and is lost if the male must

return to where he started before looking for another female. Thus, a better

understanding of snake orientation capabilities would be useful in assessing the

importance of prior experience as a mate-location technique.
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Given that central-place searching did not perform well, the reports of male

timber rattlesnakes (Crotalus horridus) moving to female locations and then back to their

starting point (Reinert and Zappalorti 1988, Coupe 2002, Chapter 1) and the suggestion

that male sidewinders might use prior experience with central-place-searcher navigation

(see Chapter 4) are unexpected. It is not clear if those males were simply returning from

a successful straight-line foray or if they were using prior experience with landmark

navigation. Given that the male in Reinert and Zappalorti's study located females after

straight-line movements three times in a month, it is possible that timber rattlesnake

females are more predictable than the simulated females in my model. If so, then the

probability that males would find females via prior experience could increase to the point

that the central-place-searcher navigation method is not a significant handicap.

Alternatively, female timber rattlesnake densities in New Jersey might be high enough

that the male was likely to find a female no matter which direction he moved.

Effects of Spatial Distributions

Slightly more males found the same female in uniform random distributions than

in even distributions. This is because females in uniform random distributions could

have been located near or moved through (leaving a trail) a group of males. Not only

were these females likely to be found by one male, they were also likely to be found by

multiple males. In contrast, in the even distribution, groups of males did not exist, so

individual females did not a priori have a higher probability of being found by one or

more males. This pattern was strongest in the spiral family of search methods (Figure

3.13) probably because the spiral was the most thorough method for searching a local

area. This efficiency meant that multiple males were more likely to find that same

nearby female, rather than moving in a way that would have carried them away from her.
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This was also seen in the random-walk/straight-line family of search methods. Females

in uniform random rather than even distributions were more likely to be found by

multiple males when males were using methods approaching a random walk that would

keep them in the area. However, that difference was not observed in males as they

approached a straight line that could carry them away from nearby females.

The probability that a particular female was found by at least one male was

higher in even distributions in part because more males were finding unpaired females.

Males in even spatial distributions were more likely to be successful because each male

was likely to have females relatively close to him. This is in contrast to the uniform

random spatial distribution where some males would have been near female clusters and

thus very likely to find females, but others might not have had any females nearby. I

speculate that with reduced population density (perhaps resulting in reduced clustering in

the uniform random distribution), the difference in performance observed in the two

distributions would be reduced or eliminated.

Female Movements and Probability of Being Found

The distance moved by located females was consistently greater than that of

females that were not found by males. Although I did not specifically model this

scenario, it seems likely that females wanting to broadcast their presence would be most

successful moving in long, straight lines. More males are likely to encounter such a path

than one that moves the same distance but doubles back on itself repeatedly. This is true

for the same reasons that a straight-line movement is optimal for males when they are

searching for females: more new territory is covered meaning more males are likely to

encounter it. This method of mate attraction might not be commonly used in viperids as

it is likely to be energetically costly and – as previously discussed – could be detrimental
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to female reproductive success. Additionally, I observed female sidewinders to move

less when males are moving more (Chapter 2), suggesting that they might actually be

avoiding interactions with males. Still, some anecdotal accounts suggest that some

female snakes do use long, linear movements to draw males to them (reviewed in Coupe

2002, Chapters 1 & 4).

Potential Limitations of the Model

This model predicts that even if males are using suboptimal mate-location

techniques, individual females are being found by males once every 10 days on average.

It is possible that this is an inflated probability of being found and is the result of the

inflated male movement frequency in the model. The model uses the frequency of all

male movements not just that of mate-location movements because the latter value is not

known nor can it be estimated. Thus, the model overestimates the number of males

looking for females on any given day. Nonetheless, it is likely that males are

opportunistic in that if they encounter a female or her trail while moving for some other

purpose they would switch their attentions to courting the female. For the same reasons,

the model probably overestimates the number of males that find the same female on a

given day. I observed two males and a single female in the same area only twice in

sidewinder rattlesnakes (see “Snakes 23, 23 & 25” and “Snakes 23, 91 & 92” in Chapter

4).

A single bout of mate-location behavior is likely to last longer than a single day.

My observations of timber rattlesnakes (Coupe 2002, Chapter 1) suggest that mate-

location movements in that species might take multiple days to complete. Duvall and

Schuett (1997) included only males in their study of mate-location behavior in prairie

rattlesnakes (Crotalus viridis) that made six consecutive daily movements of greater than
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50 m. Thus, the model presented here might unrealistically compress a single bout of

movement into a one day. However, the time frame is likely to be less important than the

movement pattern. If snakes moved in the same way over multiple days the relative

efficiency of the methods should be similar.

Male success (>40% for straight-line searching and prior experience with map

and compass methods) might also be overestimated in the model. I assume that all adult

females in the population are sexually receptive. In many crotalines, females forgo

reproduction for one or more years to replenish energy reserves (Schuett 1992, Beaupre

2002). Long-term sperm storage in female crotalines is well documented (Schuett 1992),

but it is not clear if females mate in non-reproductive years. Some viperines appear not

to store sperm for long periods and only to mate in the year in which they give birth

(Naulleau et al. 1999). Although it appears that at least older sidewinder females

reproduce annually (Reiserer 2001), more data on the reproductive behavior of a wider

range of species are needed to assess the validity of my assumption that all females are

sexually receptive.

Population Density

At high population densities, when they have a high probability of being found by

males, females might not engage in copulations outside of the year in which they give

birth because it could increase their risk of predation. On the other hand, at low

population densities females might copulate at every opportunity because they might not

get an opportunity again. Thus, I would expect long-term sperm storage to evolve in

species that have had low population densities over their history and not in those where

densities have historically been high. Sperm storage then might be an ancestral character

in some groups that does not correlate with modern day densities. The question then is:
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How does population density affect the optimal mate-location behavior? I suspect that as

population density decreases, gaining experience will become more difficult, but its

reproductive payoff more valuable. Prior experience and long-term sperm storage might

be adaptations by each sex for low population densities.

Previous Studies of Snake Mate-Location Behavior

David Duvall and colleagues (Duvall and Schuett 1997, Duvall et al. 1997) were

the first to think seriously about snake mate-location behavior on a landscape level.

Their thinking is based on their work with prairie rattlesnakes, Crotalus viridis, (Duvall

et al. 1985, King and Duvall 1990, Duvall and Schuett 1997) and a computer simulation

of mate-location behavior (Duvall et al. 1997). The main conclusion they draw is that

males should move in straight lines when searching for females. Although this work

broke new conceptual ground, it has some shortcomings.

Much as I have done here, Duvall et al. (1997) modeled a range of movement

patterns from a random walk to a straight line. They did this in a small and a large

landscape. Females were stationary and spatially distributed in uniform random, even, or

clustered distributions within these landscapes. Males were assigned a movement

pattern, and allowed to move in the landscape in 50-m linear increments over a period of

270 simulated days. An important characteristic of these landscapes is that if a male

reached the border then he was terminated in the model. Duvall et al. (1997) argue that

having the male reflect off the boundary was the same as adding another male to the

simulation. However, because the male was terminated, he did not move as far in the

simulation as males that did not encounter the boundary. Any movement pattern that was

likely to bring the male to the edge of the boundary would have a reduced search effort,

and therefore reduced success when compared to those that were not likely to reach the
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boundary. This was not a realistic assumption – males snakes do not disappear because

they reach the edge of their home range. Rather they are likely to reflect. This had

consequences in the model because the small and large landscapes had radii of 1000 and

5000 m respectively. Thus both landscapes were small enough that snakes could easily

have encountered an edge and been terminated.

The fact that males moving in straight lines were terminated earlier than their

random-walking counterparts affected the results of the Duvall et al. (1997) model. This

explains why the optimal strategy in small landscapes was a random walk. It also led to

the conclusion in large landscapes that no search pattern was any better than any other in

uniform random and even distributions, although the general trend was for success to

increase as the search pattern approached a straight line. If the landscapes had been more

realistic, straight-line movement probably would have been optimal in all spatial

distributions. The only instance in which there was a dramatic increase in success as the

search method approached a straight line was in the clustered spatial distribution in large

landscapes. In this case, the females were distributed in clusters in the landscape and the

fact that a straight line performed well under these circumstances is not surprising. If an

individual male was not near a cluster, then moving in that vicinity was unlikely to bring

him in contact with a female. A straight line was the only method that was likely to have

any success because it was the only method that would reliably bring him towards new

territory and potentially a cluster, even though he could encounter the edge and be

terminated. The results from the current simulation suggest that linear movement is an

efficient strategy in any distribution because it eliminates wasted search effort by

avoiding previously searched ground.

Duvall et al.'s (1997) conclusion that straight-line movement is effective only in

clustered distributions agrees with Duvall's work on prairie rattlesnakes concluding that
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males were more successful in finding mates if they moved in a straight line (Duvall and

Schuett 1997) and that prairie rattlesnake females were clustered (Duvall et al. 1985,

King and Duvall 1990). However, this distribution was inferred from limited data on

small mammal populations (Duvall et al. 1985) and was not measured directly. Perhaps

more problematic than the assessment of female rattlesnake distributions is the

assumption that mouse demes – and thus female rattlesnakes – were unpredictable

(Duvall et al. 1985, Duvall and Schuett 1997). However, given that all evidence of small

mammals was found in shrubby habitat, and that counts of small mammal holes were

included in the survey – both of which were at least semipermanent – it is possible that

snakes are moving to known feeding grounds and that females at those locations were

spatially predictable. Thus, the methods that males use to move to a particular location

might include prior experience.

Duvall and Schuett (1997) report that males that moved in straight lines were

more likely to be found with females. To assess the effects of body size as a factor that

might affect reproductive success – because large males tend to be successful in male-

male combat in snakes (briefly reviewed in Shine 1993) – Duvall and Schuett regressed

two measures of body size on mate-location success and found no significant

relationship. The regression is not significant probably because more than half of all the

males, across the spectrum of sizes, failed to locate any females at all. Body size can

also be a proxy for age and thus experience and so their analysis appears to eliminate

prior experience as an important factor in prairie rattlesnake make location behavior.

However, standard, least-squares linear regression analyses are only valid if the variance

in the residuals is constant. A visual examination of Duvall and Schuett's Figure 1 (1997)

suggests that this is not the case, as the variance increases with increasing body size and

81



therefore with age. Those males that located multiple females tended to be larger and

older than those that located only one.

Due to the violation of constant variance (which persists if males that failed to

find any females are removed from the analyses), standard least-squares regression is not

appropriate for the data in Duvall and Schuett (1997). An alternative technique for

analyzing data with non-constant variance is quantile regression (Cade and Noon 2003).

Standard regression fits a function to the mean of the distribution, but quantile regression

fits a function to different parts of the distribution. Unfortunately, sample sizes in Duvall

and Schuett's (1997) study were too low for reliable quantile regression analysis (B. Cade

pers. comm.). Though visual inspection of the data suggests that larger snakes were

more likely to find multiple females, more data will be needed to confidently confirm

that result.

Summary

The results of this model suggest that straight-line movements are better than

random-walk movements for mate-location. However, it is clear that prior experience is

also an effective method. Thus, at different stages in a male's life, different mate-

location methods are likely to be used. Young snakes lacking prior experience should

search for females using straight-line movements. Older snakes should use prior

experience, as the payoff per meter moved is slightly higher. Additionally, if particular

areas, like feeding grounds, are likely to attract females, then males should move to those

locations to look for females.

Differentiating between the efficient-searching and prior-experience methods of

mate-location is difficult in the field, as both predict snakes will make straight-line

movements. Tracking many individual males and females through multiple mating
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seasons will be necessary to assess the predictability of females and the extent to which

males use that information. This is difficult work, so it is not surprising that few studies

have data that can speak to this question. Lastly, an understanding of the methods that

snakes use to navigate will be important in assessing the optimality of the prior-

experience method of mate location, as in the simulation it performed well only when

coupled with map-and-compass navigation.
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Search Family Uniform Random Even

RandWalk/Straight-Line: Worst: Random Walk, Kappa=0 Random Walk, Kappa=0

Best: Straight Line Random Walk, Kappa=6

Spiral: Worst: Archimedean, Spread=10 Archimedean, Spread=10

Best: Archimedean, Spread=40 Archimedean, Spread=60

25-m Lawn Mower: Worst: Spread=10 Spread=10

Best: Spread=40 Spread=40

50-m Lawn Mower: Worst: Spread=10 Spread=10

Best: Spread=50 Spread=60

Table 3.1. Search method used in conjunction with prior experience in simulations with

both uniform random and even spatial distributions. The best and worst of each family

were chosen to represent the range of performance.
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Figure 3.1. Representative search patterns. Units for each axis are meters. Each figure

depicts a 500-m movement. The spiral movements start in the center and move outward.

The lawn mower starts at the upper left and moves down. A) Archimedean spiral with a

spread of 10 m. B) Logarithmic spiral. C) Lawn mower with a pass length of 25 m and

a spread of 10 m.
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Figure 3.1
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Figure 3.2. Probability that a male has previously encountered a female as a function of

the distance from the center of the male's home range. Male home ranges in the model

have a radius of 213 m. The probability of a male remembering a female beyond this

distance is zero.
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Figure 3.3. Median meander ratios of male random-walk/straight-line continuum

movements prior to detecting a female cue, if one was detected, or for the entire 500-m

movement, if a female cue was not detected. These values were produced from

simulations in which snakes were uniform randomly distribution. Simulations differed

only in the kappa value used to control the linearity of the movement. The same trend

was observed in simulations in which snakes were evenly distributed.
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Figure 3.4. Success of random-walk/straight-line variations in the simulations modeling

uniform random (black bars) or even (hatched, gray bars) spatial distributions. A)

Probability of finding a female. B) Expected payoff per meter.
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Figure 3.5. Success of spiral variations in simulations modeling uniform random (black

bars) or even (hatched, gray bars) spatial distributions. The logarithmic spiral is

represented by Log and the Archimedean spirals by their spread in meters. A)

Probability of finding a female. B) Expected payoff per meter.
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Figure 3.6. Success of 25-m lawn mower variations in simulations modeling the uniform

random (black bars) or even (hatched, gray bars) spatial distributions. A) Probability of

finding a female. B) Expected payoff per meter.
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Figure 3.7. Success of 50-m lawn mower variations in simulations modeling uniform

random (black bars) or even (hatched, gray bars) spatial distributions. A) Probability of

finding a female. B) Expected payoff per meter.
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Figure 3.8. Success of the prior-experience methods in which males used map-and-

compass (black bars) or central-place-searcher (hatched, gray bars) navigation methods

in simulations modeling the uniform random spatial distribution. A) Probability of

finding a female. B) Expected payoff per meter.
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Figure 3.9. Success of the prior-experience methods in which males used map-and-

compass (black bars) or central-place-searcher (hatched gray bars) navigation methods in

simulations modeling the even spatial distribution. A) Probability of finding a female.

B) Expected payoff per meter.
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Figure 3.10. Proportion of males using prior experience that found a female in which the

found female was the current target. Black bars are data for males using the map-and-

compass navigation method and hatched gray bars depict central-place searching. A)

Uniform random spatial distribution. B) Even spatial distribution.
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Figure 3.11. Mean number of females that were specifically targeted by males using

prior experience. Black bars are data for males using the map-and-compass navigation

method and hatched, gray bars are those that were central-place searching. A) Uniform

random spatial distribution. B) Even spatial distribution.
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Figure 3.12. Effect on females of male random-walk/straight-line search methods in

simulations modeling uniform random (black bars) or even (hatched, gray bars) spatial

distributions. A) The probability that a female is found. B) When a female is found, the

mean number of males that found her.
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Figure 3.13. Effect on females of male spiral search methods in simulations modeling

uniform random (black bars) or even (hatched, gray bars) spatial distributions. Log =

logarithmic spiral. Archimedean spirals are represented by their spread in meters. A)

The probability that a female is found. B) When a female is found, the mean number of

males that found her.
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Figure 3.14. Effect on females of male 25-m lawn mower search methods in simulations

modeling uniform random (black bars) or even (hatched, gray bars) spatial distributions.

A) The probability that a female is found. B) When a female is found, the mean number

of males that found her.
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Figure 3.15. Effect on females of male 50-m lawn mower search methods in simulations

modeling uniform random (black bars) or even (hatched, gray bars) spatial distributions.

A) The probability that a female is found. B) When a female is found, the mean number

of males that found her.
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Figure 3.16. Effect on females of male prior-experience methods using map-and-

compass (black bars) and central-place-searcher (hatched, gray bars) navigation methods

in simulations modeling the uniform random spatial distribution. A) The probability that

a female is found. B) When a female is found, the mean number of males that found her.
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Figure 3.17. Effect on females of male prior-experience methods using map-and-

compass (black bars) and central-place-searcher (hatched, gray bars) navigation methods

in simulations modeling the even spatial distribution. A) The probability that a female is

found. B) When a female is found, the mean number of males that found her.
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CHAPTER 4

PHEROMONES, SEARCH PATTERNS, AND OLD HAUNTS REVISITED:

OBSERVATIONS OF MATE LOCATION IN SIDEWINDER RATTLESNAKES

(CROTALUS CERASTES) AT THE KELSO DUNES

ABSTRACT

Due to the high-resolution data that can be collected on sidewinder rattlesnake

(Crotalus cerastes) movements, this species is an ideal model for studying mate-location

methods. I describe movements made by male and female sidewinders before and after

reproductive interactions. Trail following over distances of >100 m is apparently an

important method of locating mates, shifting the focus from how males find females to

how males find female trails. Individual males made movements consistent with the

straight-line efficient searching and prior experience with central-place-searching

navigation hypotheses. However, the data are inconclusive and suggest another strategy:

males could patrol their home ranges looking for female trails.

In most cases females made long (>100 m) trails that were overlapped by males,

but it is unclear if they were made to attract males or in response to interactions with a

male. In other cases females were found by males after making shorter movements (<50

m) that were not suggestive of mate attraction.
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INTRODUCTION

All male animals that actively seek mates must successfully perform three

behaviors. First, they must locate a mate. Second, if a rival is present they must out-

compete that rival either directly by combat (Madsen et al. 1993) or physically

displacement (Shine et al. 2000) or indirectly such as by mate guarding (Madsen et al.

1993) or a copulatory plug (Devine 1977, Ross and Crews 1977). Lastly, they must

successfully induce the mate, often by some form of courtship, to copulate.

Schwagmeyer (1988) suggests that in circumstances promoting scramble

competition for mates – such as widely dispersed females – overt male-male competition

should be of reduced importance compared to mate-location ability. This is underscored

by Brown and Weatherhead's (1999) finding that males in populations of northern

watersnakes (Nerodia sipedon) had larger home ranges when females were widely

distributed than when females were clumped.

Madsen and Shine (1993) found that fluctuations in the operational sex ratio

(OSR – the ratio of reproductive females to reproductive males) of European adders

(Vipera berus) affected the importance of combat, and by extension, mate-location

ability. Increased values of the OSR make monopolizing a mate less important by

reducing competition for individual females. In these situations, scramble competition is

induced, as males that find the most females, rather than defending one or a few, will

have the highest reproductive success.

Under these conditions of scramble competition, all of these studies found that

males responded with increased movement. However, they focused on coarse

measurements of movement such as home range size (Schwagmeyer 1988, Brown and

Weatherhead 1999) or total distance moved during the mating season (Madsen et al.
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1993). Although important, these measures are not informative about the actual methods

used by males in locating females.

Though combat has been reported in sidewinder rattlesnakes (Crotalus cerastes,

Lowe and Norris 1950), it is rare with only two observations and only one in the field

(see below), despite intensive study of the species (Brown 1970, Secor 1992, Reiserer

2001). Additionally, sidewinder females do not appear to congregate during the mating

season, as observations of reproductive behavior involve a single female (see below).

Thus, sidewinder males face scramble competition making mate-location of primary

importance. This coupled with the high-resolution movement data that can be collected

on this species by following tracks in the sand, make sidewinders a suitable model for the

methods that males use to locate mates.

Mate-location methods fall into two main categories: efficient searching and prior

experience. I previously included trail-following as a separate behavior (Coupe 2002,

Chapter 1), but now view it as a component of the other two (Chapter 3). Males using

efficient searching should move in ways that maximize their encounters with females (or

their trails) distributed in the landscape. Presumably, this optimal movement pattern

would depend on the spatial distribution of females (Duvall et al. 1997, Duvall and

Schuett 1997), but modeling suggests that regardless of female distribution linear

movement is optimal (Chapter 3).

The prior-experience method is one in which males move to the locations of past

encounters with females with the expectation that those females will be at or near those

locations again (Schwagmeyer 1994, Schwagmeyer et al. 1998). If males have a

compass sense, and can locate themselves and the females on an internal map, then we

expect them to make movements directly from one female to another. This method

performed best in a modeling effort (Chapter 3). If, however, males navigate using
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landmarks and need to return to a known area (central-place searching) before they can

move to the next female, then we expect to see movements to a female and then back to

the home range. Movements that seemingly fit this pattern have been observed in timber

rattlesnakes (Coupe 2002, Chapter 1).

I describe observations of movements that brought males in contact with females

in sidewinders and discuss three questions. First, is trail following important in

sidewinder mate location? Shine (1993, 2005) has suggested that it might not be due to

the intermittent nature of the trail and the disturbance of the trail by wind. Second, what

are the movement patterns used by male sidewinders before and after mate location?

Can they be assigned to efficient searching or prior experience? Do they suggest a

different strategy? Lastly, how do female movements affect male efforts to locate them?

Do females make long, linear movements that attract males (Coupe 2002, Chapters 1 &

3)? Do they act to avoid males (Chapter 2)? Or, is their movement independent of male

behavior?

MATERIALS AND METHODS

The Kelso dunes study site is an area of sandy desert (see Frontispiece) southwest

of Kelso, CA, and has been described previously (Brown 1970; Brown and Lillywhite

1992; Secor 1992, 1994; Chapter 2). Data were collected in the field during late March

to early June 2001-2003 and late September to early November 2001 & 2002. I focus on

snake movements associated with some form of reproductive behavior. Radiotagged

individuals that were followed regularly and non-radiotagged individuals that were

observed opportunistically were included in the study. The movement paths of these

animals were recorded with a GPS unit and measured using ArcView GIS 3.2 with the
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Xtools (DeLaune 2003) and Animal Movement (Hooge and Eichenlaub 2001)

extensions. Details of the field methods are described in Chapter 2.

In many cases, areas of sand associated with a pair of snakes contained a

confusing series of overlapping tracks. I refer to these areas as “courtship areas.” In

some cases these areas are remarkably large, approaching 1 ha. It is often difficult to

assign paths in and around these courtship areas to individual snakes, but I have done so

where possible. Unless otherwise stated, all measurements are of actual movement

distance (MD), including turns, rather than the straight-line distance (SLD) between the

starting and ending locations. I also report meander ratios (MR): MD divided by SLD

such that a straight line will have a MR of one (Williamson and Gray 1975, Secor 1994).

See Chapter 2 for a detailed description of these metrics. Unless data were collected

from a snake on consecutive days, it is not possible to know how many days a particular

track covers or if the entire track for a single day was found and measured. Unless

otherwise stated, all movements are complete, single-day movements.

RESULTS

Few radiotagged snakes were observed in reproductive behavior, so in most cases

I do not have extensive data on before and after movements. This is likely due to two

factors. First, only spring 2001 yielded much reproductive behavior (possibly because a

severe drought affected the area during other seasons), and as this was my first field

season, few snakes were radiotagged. Second, the ease of following sidewinder tracks in

the sand led me to new snakes and reproductive events that I would have missed in a

different species or in different habitat that did not allow for following tracks (e.g.,
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timber rattlesnakes in forest). For these reasons, I was likely to find new, rather than

radiotagged, snakes involved in reproduction.

As I consider only those movements that bring a male and a female together for

the first time to be mate location, I do not include here detailed descriptions of the

movements made during courtship unless they provide insight into mate-location

methods. I have included descriptions of movements following reproductive behaviors,

as they could be useful in understanding mate-location methods (Coupe 2002, Chapters 1

& 3). Observations are described below in chronological order.

Snakes 11 & 12

A female, 11, and a male, 12, were found in association on 2 April 2001 in a

courtship area that measured 0.232 ha. A single set of tracks (MD = 265 m, MR = 1.16)

was found leading to this area from the east-southeast, but it is not clear to which snake –

if either – this movement belonged, nor is the time over which that movement was made

known. No further movement data were collected on 12. After 11 was implanted with a

radiotransmitter and released on 4 April, she made two short movements (SLD = 6 m, 12

m) over the next two days in rocky habitat, leaving no trails that could be recorded.

Following these movements, she stayed in the same location until 12 May 2001. She

was never observed with another snake.

Snakes 14 & 15

A courtship area measuring 0.054 ha was found on 2 April 2001. No snakes were

located and no tracks were found entering or exiting this area. To be able to follow new

tracks if they were made, we wiped away the tracks in this area. On 3 April, we followed

a new pair of overlapping tracks (MD = 29 m, MR = 1.38) to a male, 14, elongated next
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to a coiled female, 15, inside the western edge of the courtship area we had found the day

before. No additional movement data were collected for either snake.

Snakes 16 & 17

On 5 April 2001, a pair of overlapping tracks (MD = 139, MR = 1.58) from the

southeast led to a courtship area of 0.044 ha containing a copulating pair of sidewinders

(male = 16, female = 17). The time period over which these tracks were made is

unknown. Snake 16 did not move again until 13 April, when he made a southwesterly

movement of 45 m (MR = 1.07). He was observed only once more (in May) during the

spring 2001 season and not with another snake. He was again observed in copulo in

spring 2003 (see below). No further movement data were collected from 17.

Snakes 23, 24, & 25

On 19 April 2001, a male, 23, was found approaching a coiled female, 24, less

than a meter away. The male's tracks were over top of the female's, and had come 52 m

(MR = 1.33) west from a courtship area measuring 0.051 ha (Figure 4.1). It is not

known over what time period these tracks were made. There was a set of single tracks

(not recorded) entering the courtship area, and another single set leaving the courtship

area to the north (leaving only: MD = 111 m, MR = 1.52) that appear to have been made

by another male, 25 (Figure 4.1). Typically, sidewinders do not leave tracks that are

unique to individuals, but occasionally some aspect of a particular trackway is

distinctive. Though he did not do it consistently in subsequent tracking, on this day 25

left a track with a swooping arc made by his tail. The tracks leading into and exiting the

courtship area had this mark. Additionally, 23 and 24 appeared to be too small to have

made these tracks. It is not clear if 25 was coincidentally passing through the area or if
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he had interacted with one or both of the other snakes, nor is it known over what time

period he made this movement. No other tracks were found entering or exiting the

courtship area.

Snakes 23 and 24 were collected for processing and released on 22 April. By 27

April, snake 23 made four movements (mean MD = 38 m, 80 m, 95 m, 328 m; MR =

1.27, 1.29, 1.17, 3.81 respectively) that formed a loop to the west of the courtship site

(Figure 4.1). During these movements he was not observed with any other snakes, and

was not observed again until spring 2003 (see below).

On 23 April, the day after her release, 24 had moved (SLD = 8 m) west-northwest

of her capture-release location. She was still there on 24 April, but by 25 April had

moved another 10 m (MR = 1.00) to the east. She stayed in that location until 27 April.

She was observed again during May 2001, but never with any other individuals.

Snake 25 was captured, implanted with a radiotransmitter and released on 22

April. He was involved in reproductive behavior described below.

Snakes 29 & 30

On 24 April 2001, a pair of overlapping tracks led to a male, 30, approaching a

female, 29. The duration of these tracks is not known, but they overlapped for at least 39

m (MR = 1.18). Both snakes were collected, implanted with radiotransmitters and

released on 26 April. These snakes moved together until a failed courtship attempt on 9

May. Following the courtship, 29 drifted to the northwest, but was not observed with

any other snakes. Snake 30 made a series of six movements (mean MD = 117 m, MD

range = 14-241 m, mean MR = 1.24, MR range = 1.06-1.79) ending on 17 May. These

movements were generally to the northeast, and took him to an area where he made

shorter movements and spent more time stationary and underground.
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Snake 31

Amale, 31, was captured on 24 April 2001, implanted with a radiotransmitter and

released on 25 April. He made his first movement (MD = 557 m, MR = 1.44) on 27

April which passed through a 0.231 ha courtship area (Figure 4.2). However, as his track

moved directly through the area, it is unlikely that he came in contact with any other

snakes. The following day, 28 April, he was located in the middle of a new courtship

area that was 0.919 ha in size. It was not possible to map the first part of his trail on this

day because of the multitude of tracks, but once located he was followed until he took

cover in vegetation, so the latter portion of his movement was recorded (MD = 127 m,

MR = 7.94). Shortly after 31 was located inside the courtship area, a smaller snake was

observed moving away from him. This snake was not captured, so its sex was not

determined, but it moved 185 m (MR = 1.57) to the west-southwest (Figure 4.2). It is

unclear if 31 came into contact with this or any other snake prior to being observed on 28

April, but he did not encounter any other snakes during the observation.

On 29 April, snake 31 began a series of five movements (mean MD = 387 m, MD

range = 241-638 m, mean MR = 1.96, MR range = 1.13-4.06), ending on 6 May, that

formed a loop to the west of the courtship areas of 27 and 28 April, and then criss-

crossed through the loop (Figure 4.2). On 7 May snake 31 moved off of the sand into

gravel/rock habitat in which paths could not be recorded. He then proceeded east past his

capture-and-release location. During these movements, 31 was never observed with

another snake, though the first of this series crossed the path of the unknown snake seen

leaving the courtship area.

113



Snakes 28 & 36

On 28 April 2001, a male, 28, was following a trail that led to a coiled female, 36.

A failed courtship attempt followed. Because 28 was tracked on 27 April (see below), I

know these tracks represent the tail end of 28's movement for that day, but that is the

only portion of his path that was mapped. It is not known over what time period 36's

tracks were made. The paths of 28 and 36 overlapped for at least 127 m (MR = 1.27).

Prior to the failed courtship, 28 had been located 230 m to the northeast at the

terminus of a 118 m (MR = 1.26) movement made on 27 April. Snake 28 had originally

been captured on 22 April 243 m east of the courtship location. No post-courtship

movements were recorded for either snake.

Snakes 40 & 41

A female, 40, and a male, 41, were copulating on 2 May 2001. Neither snake had

been tracked prior to that day, but a set of overlapping tracks (MD = 184 m, MR = 1.57)

was found leading to a courtship area of 0.215 ha. The track could not be followed in

this area, but another set of double tracks (MD = 36 m, MR = 1.06) left the area and

ended at the copulating pair. The pair was captured for processing and released on 4

May. Snake 41 was not observed again, but 40 moved north to where she copulated with

25 (see next section).

Snakes 25 & 40

Snakes 25, a radiotagged male, and 40, a non-radiotagged female, were

copulating on 11 May 2001 (Figure 4.3). Since his release on 22 April, 25 made 10

movements (mean MD = 208 m, MD range = 12-572 m, mean MR = 2.25, MR range =

1.00-8.17) that were possible to track. His movement path on five additional days could
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not be recorded, though his starting and ending points are known. These movements had

an average SLD of 97 m (SLD range = 6-264 m). His movements during this time criss-

crossed his home range (Figure 4.4).

Snake 40 had been tracked, by following her tracks in the sand, since her release

on 4 May (see previous section). During that time, 40 made five movements (mean MD

= 70 m, MD range = 3-250 m, mean MR = 1.70, MR range = 1.00-3.85), the first four of

which were northward before shifting eastward on 11 May when she copulated with 25.

Snake 25's movement on 11 May, that terminated with the copulation, was 572 m

(MR = 8.17). The last 287 m of this movement overlapped a portion of 40's movements

from 10 May (overlap: MD = 37 m, MR = 1.32) and all of her movements from 11 May

(MD = 250 m, MR = 3.85; Figure 4.3). Though 25's movements on 2 and 3 May ended

near the copulation site and courtship area of 40 and 41 (see previous section, Figure

4.4), they could not be recorded, and it is not known if he encountered 40's trail during

this time. His movement on 11 May is the only one that clearly overlapped 40's.

Following the copulation, neither snake was observed with another. Through 31

May, snake 25 made 10 movements that were possible to track (mean MD = 59 m, MD

range = 8-193 m, mean MR = 3.49, MR range = 1.04-21.44) and five movements for

which a path could not be recorded (mean SLD = 76 m, SLD range = 39-120 m). Two-

tailed t-tests on 25's pre- and post-copulation MDs, MRs and SLDs did not show

significant differences.

Snake 40 made three movements (MD = 69 m, 23 m, 272 m; MR = 1.13, 1.35,

1.93 respectively) to the north and west before spending the rest of the season in one

location.
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Snakes 26 & 54

On 11 May 2001, a radiotagged female, 26, was in a courtship area (which was

not measured), but no male was observed in the area. On 12 May, 26 was being courted

by a non-radiotagged male, 54, in a courtship area measuring 0.240 ha in size. Courtship

continued on 13 May in a 0.847 ha courtship area that overlapped that of 12 May. The

snakes were copulating 10 m outside of the 13 May courtship area on 14 May.

Prior to courtship with 54, snake 26 was at the same underground location for six

days before making three movements (MD = 47 m, 13 m, 11 m; MR = 1.74, 1.00, 1.00,

respectively), from 8 to 10 May, in the vicinity of the 12 May courtship area. Snake 54's

movements prior to being observed with 26 are not known.

Following copulation, both snakes moved on 15 May. The first 48 m of those

paths overlapped. No further data were collected from 54, but 26 made 10 additional

movements in the same general area during the spring 2001 season (mean MD = 45, MD

range = 18-80m, mean MR = 1.83, MR range = 1.00-5.11), but was not observed with

another snake.

Snake 78 & 43

On 5 April 2002, a male, 78, was found moving along the track made by a

female, 43, the day before. We had trouble mapping the path of 43 on 4 April, and

inadvertently stepped on and disrupted a section of her tracks. Snake 78 followed 43's

path until he reached the part of it that had been disrupted, at which point his path no

longer overlapped that of 43, and his subsequent movement did not suggest further mate

search (Figure 4.5). Snake 78's movement was 117 m (MR = 1.27) and 43's was 165 m

(MR = 1.53). The duration of these two movements is not known. The early part of 78's
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movement overlapped that of 43's for 58 m (MR = 1.07). No additional movement data

were collected on these snakes.

Snakes 16 & 33

On 26 April 2003, snake 33, a radiotagged female, was copulating with 16 (see

above), a non-radiotagged male. Prior to copulation, 33 had been in the same location

for 4 days, and her movements had been confined to a small area (0.164 ha) since the

field season began. A courtship area of 0.044 ha contained 33's previous location, but the

copulating pair was 20 m away, 6 m outside of the courtship area. The path to the

copulation site from the courtship area could not be recorded because it moved through a

mixed sandy-rocky habitat. It was not possible to determine how 16 approached 33, but

the following day we were able to record part of 16's movement to the northwest (MD =

223 m, MR = 1.16). No additional data were collected on 16. Snake 33 remained in a

small area (0.014 ha) for the remainder of the season, and was not observed with any

other snakes.

Snakes 23, 91 & 92

On 18 April 2003, two snakes were found courting in a courtship area measuring

0.114 ha. Their movements prior to being found together are not known. The snakes

were collected for processing, and released at their point of capture the following day.

They were in association until 28 April. During this time, the female, 91, was not

receptive to the advances of the male, 92, and frequently moved away from him. In

these instances, 92 did not maintain contact with 91, but relocated her by trail following.

During one observation, 91 was not visible to 92 and made a trail that formed a loop and

crossed itself. Despite this, 92 correctly followed 91's trail including the loop.
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On 28 April, snake 92 (SVL = 484 mm, 110.2 g) was observed in combat (Figure

4.6) with another male, 23 (SVL = 481 mm, 87.5 g; see above). To my knowledge, this

is only the second report of male-male combat in sidewinders, and the first under natural

conditions (see Lowe and Norris 1950 for the other). Snake 91 was in nearby vegetation,

able to observe the bout. Snake 92 won the combat, and within 45 mins was copulating

with 91. We recorded 171 m (MR = 1.16) of 23's arrival in the area, though the duration

of this trail is unknown. Snake 23's movement to the area did not overlap those of 91, 92

or any other snake.

On 29 and 30 April, snake 92 made two relatively straight movements (MD = 80

m & 78 m, MR = 1.18 & 1.08 respectively) away from the copulation site to the

northeast before we were unable to track him. On 3 May, snake 92 was found 159 m to

the southeast, at a right angle to his movements on 29 and 30 April. He was moving in a

courtship area, presumably engaged in mate search. Another sidewinder was observed

nearby, outside the courtship area, but was not captured. Neither snake was observed

again.

Snake 91 made two movements away from the copulation site to the north (MD =

49 m, 19 m; MR = 1.20, 1.19 respectively) on 29 and 30 April before staying in the same

location for 10 days. Snake 23 was not observed again.

DISCUSSION

Trail Following

The observations of 14, 23, and 28 approaching resting females, those of 25 and

78 following day old tracks, and of 91 accurately following a looping track suggest that

male sidewinders have little trouble following undisturbed trails. That 78 lost 43's trail
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in the same place where we had disturbed it underscores this conclusion. These

observations suggest that sidewinders can follow tracks for at least 127 m (snake 28). In

other instances where male and female tracks overlapped, it was not possible to know if

the male was following a female's tracks or merely following her as she moved away, as

observed by Shine et al. (2005b) in garter snakes. Observations of 91 and 92 suggest

that male sidewinders, like male sea snakes (Shine 2005), might have trouble keeping in

physical or visual contact as females move away from them. However, unlike sea snakes

sidewinders can rely on trails to relocate females. So, some portion of overlapping tracks

leading to courtship areas likely reflect genuine trail following rather than female

following. If we assume that male's are following only tracks and not females up to a

courtship area (within which male and female likely were in contact), then the longest

instance of trail following was 184 m (snake 41).

Shine (1993, 2005) has suggested that sidewinding snakes might have difficulty

following female trails in the sand because trails in loose substrate could be dispersed by

wind and, unlike the tracks of other terrestrial snakes, sidewinder tracks are

discontinuous (Figure 4.7). Sidewinder tracks are disturbed by wind and presumably this

makes them more difficult or impossible to follow – that is certainly the case for human

observers. However, when trails exist males seem adept at following them. Data from

marine copepods (Doall et al. 1998) also suggest that males can follow female trails in an

environment unlikely to preserve trails. Possibly, our perceptions of the circumstances in

which chemical trails can be used has incorrectly shaped our views. Previously, I have

considered snakes (and other animals like copepods) to be poor models for broadcasting

pheromonal signals, but it seems likely that leaving a trail is an effective method for

doing so. Recent studies ( Shine et al. 2003, O'Donnell et al. 2004) suggest that male
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garter snakes glean considerable information from female pheromones, further

supporting trails as an effective broadcasting method.

Although sidewinder trails are discontinuous, the distance between marks in the

sand is always less than the trail is wide (Figure 4.7), making it is less likely that a male

would lose the trail moving from one mark to the next. Getting off course is a problem

all male snakes must also confront, but in the case of the sidewinder the trail is wider,

and thus a larger stimulus, and might actually be easier to relocate. Whatever the case,

trail-following seems an important part of sidewinder mate-location behavior.

Patterns of Male Movement

I have extensive data on movements by a male prior to locating a female for only

one animal, 25 (Figure 4.4). In all other instances I either have no or only partial data.

The predominant mate location pattern is that of male and female tracks overlapping,

some for considerable distances (see above). Snakes 16 (with 17), 25, 28, 30, 41 and 78

all exhibited this pattern. These data suggest that females, rather than males, determine

male movement as males approach females (see below), and reinforces the suggestion

(Chapter 3) that males are searching for trails rather than females themselves. This is not

surprising, but it suggests that care needs to be taken in discussing male mate-location

movements when female movements are unknown (e.g., Coupe 2002, Chapter 1).

Snake 31 made a long, relatively straight movement to a courtship area (Figure

4.2). His tracks did not overlap those of another snake. He then made what I interpret as

movements searching the adjacent area. Following these movements, he made

movements in the rocks generally in the direction (eastward) from which he came,

suggesting he was returning to his home range. This is reminiscent of the central-place-
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searching method modeled in Chapter 3, where males move to a remembered female

location, search the area, and return if they fail to find her.

After his interaction with 24, 23 moved (Figure 4.1) in a pattern similar to that of

the “searching” movements made by 31. Additionally, 23 made a long, straight-line

movement towards a female, 91. Like 31's, this movement did not follow any trails.

Though these two movements are associated with different mate-location events, their

similarity to those of 31 suggests that he too might have been moving on prior experience

though it does not shed light on the navigation method used.

I have no movement data on snake 16's approach to 33, but because she made

few movements at all during the spring 2003 season, it is unlikely that he followed her

trail for any great length. Although the specific method of mate location is not clear in

this case, it does show that males can locate females in the absence of trails.

Snake 25 is the male for which I have the most data prior to and following a

reproductive event. His movement on the day of his copulation with 40 was not a

straight one (Figure 4.3), and without the actual path moved it would be interpreted as

relatively short (SLD = 70 m). As a result it does not conform easily to the efficient-

searching method. That 40's movements are within 25's home range suggests that he

might have had prior contact with her. Still, his movements do not fit the prior-

experience hypothesis either.

Snake 25's movements suggest an additional approach to mate-location. The

home ranges of male sidewinders could be regulated by factors unrelated to mate

location, such as prey availability or prevalence of retreat sites. Males might simply

patrol their home ranges and follow any female trails they encounter. If a female trail

takes a male out of his home range, then he should be expected to return to his core area

of activity following the interaction (e.g., 30?). This is similar to the movements
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predicted by the prior experience with central-place-searcher navigation hypothesis

(Chapter 1 & 3), but in this case the male's tracks should overlap the female's as he left

his home range.

The resolution of the tracking data is an important factor when interpreting

movements. Timber rattlesnake movements (Coupe 2002, Chapter 1) appear directed,

but we might not interpret them as such if we knew the actual path taken. Still, the daily

locations for snake 25 before copulating with 40 criss-crossed his home range and did not

appear linear at any resolution (Figure 4.4). This suggests a genuine difference in the

mate-location methods used by these two species. The use of multiple mate-location

methods has also been observed in copepods (Nihongi et al. 2004). Differences in

population dynamics, habitat, behavior or morphology could all lead to this diversity

(Coupe 2002, Chapter 1).

Except for the importance of scent-trailing, male sidewinder mate-location

methods remain unclear. Although it is tempting to assign methods to particular

movements, more data will be needed before this can be done with confidence.

Patterns of Female Movement

As suggested in Chapter 3, females themselves might not be the target of mate

search, but rather males might be searching for female trails. The extensive overlap of

male and female trails I describe supports this. Thus, the length and meander ratio of

female trails are likely to be important. If females make attraction movements, then

long, straight-line movements would be most effective (Coupe 2002, Chapter 1), as more

males would intersect such trails. The data are mixed concerning this prediction.

In five cases (17, 28, 40 with both 25 and 41, and 43) long (mean MD = 173 m,

MD range = 127-250 m, mean MR = 1.97, MR range = 1.28-3.85) female trails were
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overlapped by males. The shortest movement in this group (127 m) is nearly double the

average female movement (64 m, Chapter 2), and the MR of only the longest movement

(snake 40 with 25 on 11 May 2001, MD = 250 m, MR = 3.85, Figure 4.3) is particularly

large, suggesting that these are long, linear, attraction movements. In the case of 43, it is

clear that the movement was made independently of interactions with a male. However,

this clarity does not exist for the remaining instances, but, as argued above, some portion

of these trails were probably made independently of males.

In two other cases (snake 26 over 3 days: MD = 47 m, 13 m, 11 m; MR = 1.74,

1.00, 1.00 respectively; snake 29: MD = 39 m, MR = 1.18), the trails are shorter than the

average female movement, and in one case (snake 33) there likely was no trail at all.

Additionally, data in Chapter 2 suggest that females moved less when males were

moving more. In general, females might avoid males (see Shine et al. 2005b for a clear

example of this), but during the mating seasons sexually receptive females might act to

attract males.

Is Mate Location Important?

Shine et al. (2005a) have suggested that mate-location ability might not be

important to the copulatory success of red-sided gartersnakes (Thamnophis sirtalis

parietalis) during intense reproduction at the den. In courtships where multiple males

arrived in rapid succession to simultaneously court a female, the order of arrival was not

correlated with reproductive success. However, order of arrival could also be inversely

correlated with distance from the female, so it might not be strongly correlated with

mate-location ability. This would reduce the effectiveness of the study in observing a

correlation between mate-location ability and copulatory success. This is particularly

true in their arena trials where they controlled arrival order; the order in which they
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introduced males to the arena is probably not correlated with individual male scent-

trailing ability (the mate-location method of interest). Thus, if any evolutionary linkage

between scent-trailing ability and courtship success exists, it could have been broken.

Despite these reservations, I think Shine et al.'s (2005a) conclusions are probably

correct. Mate location ability probably will have a reduced impact on reproductive

success in garter snakes at the den because the OSR is heavily skewed towards males

(Shine et al. 2005a). Under these circumstances, direct male-male competition (Shine et

al. 2000) is probably more important than the ability to locate mates (Madsen and Shine

1993). As a result, Shine et al. (2005a) suggest that mate-location ability would be more

important in the surrounding habitat where dispersal of both sexes reduces the male bias

in OSR. This latter case is similar to the conditions described by Schwagmeyer (1988) as

favoring mate-location ability over direct competition and more closely approximates the

situation in most snake species.

Summary

It is clear that despite the nature of sidewinder trails in the sand, males are adept

at following intact female trails, and this plays an important role in mate-location

behavior. Beyond trail following, the methods that males use to locate females in

sidewinders are not clear, though multiple methods are likely in use.
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Figure 4.1. Movements of snakes 23 (male; blue, dotted line), 24 (female; red, solid line

underneath blue, dotted line) and 25 (male; green, dashed line) during late April 2001.

Snakes 23 and 24 start in the sand colored courtship area. Snake 24's movements after

the failed courtship are not shown, but those of 23 move west and form a loop. Snake 25

moved through the courtship area, but only his exit was recorded.
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Figure 4.2. Movements of snake 31 (blue, dotted lines) and of a sidewinder that was not

captured (red, solid line) during late April and early May 2001. To the north of the

brown dotted and dashed line is primarily rocky habitat and to the south the habitat is

primarily sandy. Snake 31's movements start at the eastern most location and pass into

the rocky habitat to the north. The unknown snake was observed moving in the opposite

direction from 31 as it left the courtship area.
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Figure 4.3. Movements of snakes 25 (male; blue dotted line) and 40 (female; red solid

line) during a three day period in May 2001. Snake 25's movements start at the

northeastern most location and end at the copulation site. Snake 40's movements start at

the southwestern most location and end at the copulation site. Her movements for 11

May are underneath the latter portion of 25's for the same day.
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Figure 4.4. Pre-copulatory movements of snake 25. Blue, dotted lines represent actual

movement paths. Green, dashed lines connect locations when mapping of the actual path

was not possible. Snake 25 starts in the northwest quadrant where he was captured and

released and ends in the northeast quadrant where he was copulating with snake 40 on 11

May (see figure 4.3). Note the proximity of snake 25's locations on 2 to 5 May to the

courtship area (sand colored) and copulation site (red dot) for snakes 40 and 41 on 2

May.
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Figure 4.5. Movements of snakes 43 (blue, dotted line) and 78 (red, solid line) in early

April 2002. Both snakes moved from the southeast to the northwest.
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Figure 4.6. Combat between snakes 23 and 92. Snake 92, the eventual winner, has his

head raised higher than the head of 23.
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Figure 4.7. The tracks of two sidewinder rattlesnakes in the fine sand of the Kelso dunes.

Moving from right to left is an adult and from bottom to top a young juvenile. Note that

the distance between consecutive tracks is less than their width.
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