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ABSTRACT

Purpose of the Study: The endangered Sonoma County population of the California
tiger salamander, Ambystoma californiense, undergoes migrations between breeding
pools and upland dry-season refugia. Orientation in this species during breeding
migrations has been addressed minimally in previous studies, and literature is particularly
sparse concerning newly metamorphosed juveniles. Previous works have not addressed
the ability of metamorphs to orient or the way in which they search for upland refugia.
The purpose of this study is to evaluate if California tiger salamander metamorphs can reorient during initial migration and if search movements constitute a Correlated Random
Walk.
Procedure: We evaluated fine scale movements of newly metamorphosed California
tiger salamanders as they moved away from breeding pools, by capturing salamanders
with a drift fence. Metamorphs received different orientation treatments, and subsequent
movement was tracked with fluorescent powder. We measured turning angles and step
lengths at each segment of the tracks, and compared the effect of different treatments.
Findings: Here we show that newly metamorphosed juveniles can re-orient to their
upland migration path after being interrupted and disoriented. Further, we demonstrate
that while searching for burrow refugia, metamorph movement is a correlated random
walk.
Conclusions: The initial migration from natal pools to uplands following metamorphosis
has been identified as a crucial life history juncture for the persistence of this species. Our
findings show that these migrations are directed by some orientation, and that these
movements are not random. The presence of a Correlated Random Walk is consistent
with search patterns in many vertebrates.

MS Program: Biology
Sonoma State University

Date: 12/05/2019
iv

Table of Contents
Chapter
I.
II.

III.

IV.
V.

Page
Introduction……………………………………………………………………1
Methods……………………………………………………….……………….9
Study Site……………………………………………………….…………… .9
Drift Fence and Pitfall Trap System…………………………………………10
Metamorph Tracking……………………………………………………...…13
Influence of Vegetation………………………………………………………16
Influence of Sky Cover………………………………………………………16
Statistical Analyses………………………………………………………… 17
Results……………………………………………………………………….20
Metamorph Orientation Relative to Breeding Pools……………………… 20
Influence of Vegetation………………………………………………………22
Influence of Sky Cover………………………………………………………22
Correlated Random Walk……………………………………………………23
Discussion……………………………………………………………………26
References……………………………………………………………………30

v

FIGURES
Page
Figure 1.) Regional location of the Alton Preserve and surrounding land uses…………10
Figure 2.) Map of Alton pool 1 and surrounding uplands………………………………11
Figure 3.) Ground-level view of drift fence and pitfall trap with lid……………………13
Figure 4.) Drift fence and release coverboard with flagged tracks……………………..15
Figure 5.) Hypothetical tracks that show the difference in angle between an animal that
(a) moved in the direction of initial orientation and (b) one that dramatically changed
course…………………………………………………………………………………….18
Figure 6.) Metamorphs oriented back toward the pool had on average a greater difference
between their release bearing and the bearing of their overall movement………………21
Figure 7.) The difference between the bearing of the Y-Axis toward the pool and the
track bearing for metamorphs that interacted with shrub patches and those that did
not………………………………………………………………………………………..22
Figure 8.) The difference between the bearing of the Y-Axis toward the pool and the
track bearing among salamanders that migrated under different weather
conditions………………………………………………………………………………...23
Figure 9.) Distribution of (a) turning angles and (b) step lengths recorded from
tracks……………………………………………………………………………………..24
Figure 10.) Turning angle at each step length for each of four directional
treatments………………………………………………………………………………...25

vi

TABLES
Page
Table 1.) Summary of differences between release bearing and overall track bearing,
and differences between bearing along the Y-axis to the pool and overall track
bearing…………………………………………………………………………………... 20

vii

INTRODUCTION

For many species capable of movement, resources are not evenly distributed
spatially or temporally across the occupied landscape. In order to find mates, obtain food
resources, or escape adverse environmental conditions, many animals need to migrate
between nearby or sometimes distantly separated locations. Doing so often requires a
sense of orientation, or an individual’s knowledge of it’s own location relative to other
features on the landscape. (Able 1991). Newly metamorphosed juveniles of the California
tiger salamander, Ambystoma californiense, migrate from natal pools to the surrounding
uplands. This study investigates the ability of Ambystoma californiense metamorphs to
re-orient if disrupted during their migration, and evaluates the movement pattern of
metamorphs as they search for burrows.
For amphibians, one of the most dramatic spatial variations encountered over the
course of an individual life cycle is that of aquatic versus terrestrial or upland habitat.
Most amphibians require ponds or other aquatic habitats to mate and lay eggs. In
addition, many amphibians have a biphasic life cycle with an aquatic larval stage (Wells
2007). Following larval growth and development, larvae metamorphose into terrestrial
adults, moving onto land and utilizing a different set of microhabitats and encountering
different predator and prey species. Many species spend their entire lives in close
proximity to the waters of their birth, but others migrate far away from breeding pools
into the surrounding uplands (Wells 2007). Additionally, many adult amphibians live at
the margins of streams or ponds, and escape predators by diving into the water, or in the
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case of aquatic predators, by moving onto land. This requires a knowledge of position
relative to both the aquatic and terrestrial environment.
Investigating orientation between aquatic to terrestrial environments, Thompson
and Ferguson showed in 1972 that many amphibians orient on what he coined as the “yaxis”, a straight line that runs perpendicular to the shoreline from the upland direction to
the middle of the aquatic environment. Unsubmerged land, land-water interface, shallow
water, and comparatively deeper water are included along the axis. Importantly, the yaxis has no absolute compass direction and there are an infinite number of axes crossing
the land-water interface. Orientation to the y-axis has been demonstrated not only in frogs
but in many salamanders as well. (Thompson and Fergusen 1972).
The mole salamander genus Ambystoma features many species that, as adults,
make use of subterranean burrows excavated by various burrowing rodents (Wells 2007).
These underground refugia provide crucial protection from the desiccating environment
on the surface. Often these salamanders are extremely vulnerable to desiccation on the
surface, and migrating metamorphs often must be able to find refuge sites within the first
night after leaving breeding pools to survive (Loredo et al 1996). Similarly, adults must
be able to return to breeding pools from upland sites in order to breed (Storer 1925).
These migration events are crucial for completing the Ambystoma life cycle and illustrate
the importance that orientation and navigation might have on survivorship.
Like other Ambystoma, the federally endangered Sonoma county population of
the California tiger salamander (Ambystoma californiense) migrates to seasonal breeding
pools from dry season refuges in the surrounding uplands (Petranka 1998). Following
fertilization and oviposition, eggs hatch in early winter and aquatic larvae spend
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approximately 3-6 months developing in their natal pools (Petranka 1998). In spring,
California tiger salamander larvae metamorphose into gill-less adults and migrate from
their breeding pools to upland refugia. The burrows of the California ground squirrel
(Spermophyllus beechyi) and Bottae’s pocket gopher (Thamomys bottae) are the most
common refuge sites used by juvenile and adult California tiger salamanders (Petranka
1998). The movement from aquatic larval habitat to upland refuge sites is crucial to the
life history of the species, and appears to be a major point of selection within populations
(Trenham and Shaffer 2005).
Although the range of Ambystoma californiense includes large portions of the
central valley of California, the foothills of the Sierra Nevada mountains, and isolated
populations in Santa Barbara and Sonoma counties, the population in Sonoma county is
thought to have been isolated for over 500,000 years from other populations and is listed
as endangered by the U.S. Fish and Wildlife Service (USFWS 2002; Shaffer et al 2004).
Studies of life history and migration have generally focused on the central valley
population of the California tiger salamander, and the Sonoma county distinct population
segment is somewhat unrepresented in such literature. This is potentially significant as
much of the life history of this species is dictated by timing and quantity of rainfall
(Loredo and Van Vuren 1996), and Sonoma county receives, on average, approximately
double the annual precipitation received by much of the central valley of California
(California Department of Water resources).
The Mediterranean climate, with hot, dry, summers requires desiccation-prone
California tiger salamanders to retreat to underground refugia for much of the year
(Loredo et al 1996). During the dry season, movement is usually limited to the subsurface
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environment, and adults as well as transformed juveniles typically do not emerge except
on rainy nights (Storer 1925). This life history makes the California tiger salamander an
intrinsically difficult animal to study. The majority of published data have been gathered
from studies of larvae in breeding pools or from drift fence studies where breeding adults
are intercepted moving between winter breeding pools and upland refugia (Cook et al
2004; Searcy and Shaffer 2008). As a result, comparatively little is known about the
terrestrial habits of California tiger salamanders. The breeding migrations of adults
moving towards pools and newly metamorphosed juveniles moving away from pools is
likely a key selection point in the species’ life cycle (Trenham & Shaffer 2005).
The specific mechanisms employed for navigating between upland refugia and
breeding sites in California tiger salamanders are unknown. Breeding adult California
tiger salamanders are thought to move in generally straight paths from upland sites to
breeding pools (Loredo et al 1996). This indicates that adults may be capable of some
sort of orientation, a process that allows them to relate their position relative to the
location of their breeding pool. It has been demonstrated that some congeners are capable
of orienting by detecting polarized light (Taylor et al 1973), suggesting that California
tiger salamanders may be physiologically capable of similar perception. Most adult
movement occurs at night during rainy weather however, when the sky is obscured (Bain
et al 2017). It is also possible that adult California tiger salamanders follow smells or
other chemical cues to orient to their breeding pools, as has been documented in other
salamander species (Wells 2007). Another hypothesis holds that adult salamanders may
be piloting by visually identifying remembered landmarks previously encountered. This
is supported by an observation that adult California tiger salamanders were significantly
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more likely to pass rodent burrows without entering them when migrating away from
breeding pools when compared to metamorphs, which were observed to usually use the
first burrow encountered (Loredo et al 1996). This may indicate that adults are
purposefully navigating toward a remembered destination, while metamorphs are naïve
of upland habitat.
Published literature regarding adult orientation in salamanders raises the question:
How do newly metamorphosed salamanders navigate away from drying pools and into
grassy uplands to find dry season refugia? Metamorphs are naïve to the upland
environment and cannot rely on a remembered visual or scent landmarks as adults may.
Thompson and Ferguson (1972) found that other larval Ambystoma will engage in y-axis
orientation in their natal pools. That is, orienting along the axis from shallow pool edges
to deeper pool centers. One study showed that when individual larvae approached a day
or two of metamorphosis, they switched 180 degrees from orienting toward deep water to
orienting toward pool edges (Thompson and Ferguson 1972). Metamorphs may simply
orient toward the edge, and then begin moving until they intercept a refuge site or
desiccate in the sun. However, it remains uncertain whether they can recover their
original direction of movement if they are forced to deviate from that straight line or if a
search pattern is employed that might correspond to search models observed in other
species.
In order to move into areas potentially containing dry season refugia (small
mammal burrows) newly metamorphosed salamanders are required to differentiate
uplands, which may contain burrows, from their natal pool, which does not. This initial
distinction may be made while larvae are still in their natal pool, through y-axis
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orientation. Additionally, Taylor et al (1973) showed that adult Ambystoma tigrinum, the
closest relative to Ambystoma californiense, is capable of orienting to the y-axis by
perceiving plane-polarized light (Taylor et al 1973). This ability, if it exists in the
California tiger salamander, could allow migrating metamorphs to continue to orient
away from their natal pools even after being disoriented. Another possible directional cue
for migrating metamorphs might be vegetation on the landscape. The California tiger
salamander occurs in areas with vernal pools as well as upland grasslands, shrublands, or
sometimes oak woodlands (Petranka 1998). Other salamander species in the eastern
United States have been shown to preferentially migrate through forested areas while
avoiding adjacent open spaces (Todd et al 2009), so it is not unthinkable that similar cues
might aid orientation in our study system. Finally, some studies of orientation in
amphibians suggest that many species use several redundant mechanisms to orient (Wells
2007), and it may be the case that the California tiger salamander similarly employs
multiple sensory cues to direct migration.
Migrating post-metamorphic California tiger salamanders need not only to move
away from their natal pool, they also need to search for and find a refuge from
desiccation and predators (Petranka 1998). This requires not only the ability to orient
away from the pool but also the ability to find small mammal burrows in an unknown
landscape. Loredo et al (1996) observed that newly metamorphosed California tiger
salamanders generally entered the first mammal burrow they encountered after leaving
their natal pool. Since gopher burrows are not equally distributed on the landscape,
metamorphs presumably need to search for burrows while avoiding movement in the
direction of no burrows (i.e. back towards the pool). Given this need, a simple random
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walk would be an inefficient search strategy, as movement is equally likely in all
directions, and on average the salamander is likely to ultimately remain close to its
starting point (the water) which is devoid of burrows. Similarly, simply moving in a
straight line without additional search and hoping to stumble into a burrow seems
unlikely, given the small size of burrows and the relative proportions of burrows to intact
upland surfaces.
If active searching occurs and cannot be described by a simple random walk,
other models may apply to burrow search behavior. The congeneric Ambystoma
maculatum has been shown to engage in correlated random walks as it leaves natal pools
searching for forest refugia (Pittmann & Semlitsch, 2013). The correlated random walk
model holds that while individual step directions are not navigated, the turning angle at
each step is correlated to the previous step. (Kareiva & Shigesada, 1983). This model has
been shown to represent many animal searching behaviors and may accurately describe
post-metamorphic migration in the California tiger salamander.
This study evaluated the initial movement patterns of California tiger salamander
metamorphs as they left the breeding pool and searched for upland refugia in a vernal
pool ecosystem on the Santa Rosa Plain. By capturing metamorphs via a drift fence and
pitfall trap system and then closely observing movements through fluorescent powder
tracking, we attempted to determine whether metamorphs were able to maintain their
orientation away from their breeding pool even after disruption of their initial migration.
In addition, the influence of vegetation on the landscape and sky cover on metamorph
orientation were evaluated. Finally, we investigated the compatibility of burrow search
behavior to both a random walk and a correlated random walk model.
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The ability of the California tiger salamander to re-orient during migration may
have important management implications for this species. In considering preserve design
and land use changes that may impact the species, migration movement is a knowledge
gap that may inhibit managers in adequately protecting uplands surrounding breeding
pools. Similarly the way in which metamorphs find burrows may inform policy involving
rodent population management. The ability of metamorphs to orient is also of importance
when planning the construction and layout of artificial vernal pools if they are to support
California tiger salamander populations.
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METHODS
Study Site
All field work was conducted at a privately-owned, 18.2 hectare preserve in
northwest Santa Rosa, California, referred to here as the “Alton Preserve”. The Alton
Preserve is located amongst a mosaic of differing land uses, and adjacent properties
include rural residences, vineyards, and a protected vernal pool mitigation bank (See
Figure 1). The preserve is a generally flat landscape consisting of natural and constructed
vernal pools, grassy uplands, and open savannah-like stands of native oaks (Quercus
spp). Punctuating the uplands are dense thickets made up mostly of poison oak
(Toxicodendron diversilobum), Himalaya blackberry (Rubus armeniacus), coyote brush
(Baccharis pillularis), and feral grape vines (Vitus vinefera). During the rainy season, the
amount of land covered in water is nearly 50% of the property, and the many vernal pools
are often connected by temporary swales. Along with sensitive vernal pool plants, the
California tiger salamander was introduced to the property in 1996 when animals were
relocated from a nearby construction site (David Cook, personal communication). It is
possible that this site naturally held CTS in the past, which may have been extirpated
when the property was used as a vineyard. Since 1996 the CTS population at this site has
thrived, and many of the natural and constructed vernal pools hold larvae in wet years.
(Dave Cook, personal communication).
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Figure 1.) Regional location of the Alton Preserve and surrounding land uses

Drift Fence and Pitfall Trap System
In November 2018, a drift fence and pitfall trap system was erected around a
constructed vernal pool referred to here as “Alton 1” (see Figure 2). Alton 1 is
approximately 2,200 square meters in surface area at maximum, and over the course of
the season reached a maximum depth of 67 cm. Immediately surrounding the pool are
open grasslands interspersed with periodic dense thickets described above. During
rainfall events, water flows from the north end of the pool into another adjacent pool.
Likewise, Alton 1 receives shallow surface flow from a nearby pool to the south via a
10

grassy swale during heavy precipitation events. The northwest side of the pool is a
constructed berm that separates Alton 1 from another pool nearby, and is never
submerged. On the southeast side of the pool, a small basin is connected to Alton 1 for
much of the rainy season, but is eventually cut off from the main body of the pool as
water recedes. We have considered this portion of the basin to be part of Alton 1, and it
was included inside of the drift fence perimeter.

Figure 2.) Map of Alton pool 1 and surrounding uplands
In November 2018, we installed approximately 330 linear meters of 18” tall silt
fence with the assistance of a contractor. We used a treaded, ride-on, trenching machine
to cut a trench approximately 1 ft wide and 6 inches deep, into which the bottom of the
silt fence was buried and the trench back-filled to be flush with ground level. Wooden
stakes for support were attached to the fence as needed, approximately every 5 meters,
11

with staples. Three short sections of the perimeter were constructed using fine-mesh
window screen attached to wooden stakes in locations where water flowed in and out of
the pools during high water events. Approximately every 10 meters of fence length, a pair
of pitfall traps was created by burying two 1-gallon empty buckets on opposite sides of
the drift fence, and back filling the holes to ensure the lips of the buckets were flush with
the ground. Care was taken to ensure that the buckets were pressed immediately next to
the fence so that there was no ground between the lips of the traps and the fence (see
Figure 3). In addition to the pair of traps approximately every 10 meters, a pair of traps
was placed in every location where the silt fence met the screen fence. Also, abrupt
corners received a pitfall trap pair regardless of the proximity of the nearest traps. Each
trap was labeled and numbered, and a protective top was created by attaching two ½”x 2”
thick boards in a “T” shape to the paint can lid with 1/2” pan-head screws. This allowed
for the traps to be sealed closed when necessary, while also allowing them to be propped
open and providing shade and protection for the trap, while allowing a 2” high gap
through which salamanders and other animals could enter. Each trap also contained a
kitchen sponge that was kept damp anytime the trap was open, by moistening it with
water from the pool. Pitfall traps were kept open and checked daily from late November
2018 to late June 2019. Metamorph activity was limited to April, May, and June, with the
first metamorph captured April 24, 2019 and the last capture June 23, 2019. The surface
area of Alton 1 on June 23, 2019 was an asymmetrical ellipse measuring approximately
10m x 5m along its axes.
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Figure 3.) Ground-level view of drift fence and pitfall trap with lid

Metamorph Tracking
Metamorphs were captured on the inside of the drift fence to be tracked
using fluorescent powder. Fluorescent powder tracking has been found to be a safe
(Rittenhouse et al 2006; Orlofske et al 2009) and effective (Roe et al 2008; Pitmann and
Semlitsch 2013) method for observing fine scale movements in salamanders. A similar
study to this one investigated directionality of movements of congeneric Ambystoma
maculatum salamanders in a woodland system in the eastern United States using
fluorescent powder (Pittmann and Semlitsch 2013), but to our knowledge this technique
has not been previously employed in our study system.
To obtain newly metamorphosed juveniles for tracking, pitfall traps were checked
every morning, within 1 hour of sunrise. Individual metamorphs captured were weighed
13

and snout vent length and total length were measured using a metric ruler. The
individuals were then held in the traps with a moist sponge throughout the day. The same
evening, between 8:30 and 10:30 PM, we returned and placed each salamander in a
plastic tray containing pink fluorescent powder (DayGlo Corporation, Dayton, OH) and
pressed lightly to coat their ventral surface with powder. Powdered animals were then
placed under square 1 foot by 1 foot, half-inch thick wooden coverboards, which were
raised slightly above ground level by 4 approximately half-inch thick wood legs screwed
into each corner. Each animal was positioned facing either directly away from the
nearest pool edge, directly toward the nearest pool edge, or parallel to the pool edge, 90
degrees clockwise, or 90 degrees counterclockwise. (4 treatments, recorded as forward,
backward, right, left). The placement direction was determined by alternating the four
treatments in order. After powder application and placement, the animal was left alone
under the coverboard.
Early the next morning, before dawn, a UV flashlight (Northwest Marine
Technology, Anacortes, WA) was used to observe fluorescent powder tracks leading
away from coverboards. A survey flag was placed at the point where the track emerged
from the board and at the last location the track was seen, as well as every time the track
made a visual change in direction (see Figure 4). After sunrise, the overall bearing from
the coverboard to the point of last capture was recorded using a mechanical compass, and
the length in meters was recorded using a tape measure. Then, the bearing and length of
each segment between survey flags was recorded and compiled. Additionally, the bearing
and distance from the release point to the closest pool edge was recorded, as well as the
compass bearing that each animal was faced in prior to release. Animals that did not
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emerge from cover were released into burrows, and the track was not considered.
Similarly, tracks that moved along the drift fence were thrown out as the fence directed
movement and the tracks were directionally constrained. Each track was categorized as
ending in a burrow, being lost, or being lost in dense vegetation.

Figure 4.) Drift fence and release coverboard with flagged tracks
15

Influence of Vegetation
Two potential cues for orientation in newly metamorphosed California tiger
salamander were evaluated; vegetation type and sky cover during movement. Alton 1 is
surrounded by a mosaic of open grassland, oak trees, and thickets of dense shrubs. Dense
shrubs could potentially represent a barrier to migration, or alternatively, a moist shady
microhabitat that might reduce the desiccation and predation risks associated of surface
movement. We tested whether interaction with shrub patches during movement affected
the ability of an individual to orient relative to the breeding pool. Any track that entered a
dense shrub patch at any point was determined to have interacted with vegetation. Tracks
that interacted with vegetation were evaluated to determine if the interaction was
correlated with significant variation in movement direction compared to tracks that
moved only through open grassland.

Influence of Sky Cover
Previous studies have demonstrated that some members of the Ambystoma genus
are capable of orienting to the Y-axis through the use of plane polarized light. To be
useful to migration in the California tiger salamander, this ability, if present, would have
to be possible after nightfall when salamanders move on the surface. Further,
salamanders would have to be able to orient to plane polarized light even in conditions of
cloud cover or rain, as newly metamorphosed salamanders migrate on nights with both
clear conditions and precipitation. To test the effect of sky cover on orientation ability,
each track was assigned to the category “fair”, “cloudy”, or “mixed” based on hourly data
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collected approximately 3 miles to the northwest at the Charles M. Shultz Sonoma
County Airport, and retrieved from Weather Underground. Reports between 8pm and
midnight on the night of release where used to qualify weather conditions. If all the
reports from a given day between the relevant hours were “fair” or “cloudy”, the track
received that designation. If hourly reports between 8pm and midnight had both “fair”
and “cloudy” at different hours during the relevant period, a status of “mixed” was
assigned. The mean angular deviation of tracks from the pool direction was used to
evaluate if there was a significant effect of sky cover on orientation.

Statistical Analyses
In order to evaluate whether migrating post-metamorphic juveniles were
exhibiting non-random directional movement regarding their y-axis orientation away
from their natal pool, we recorded the straight line distance and bearing from the
coverboard release point to the last point the track was observed. The mean difference
between the bearing the animal was positioned in and the bearing of the overall track
from the point of release to the point of last observation for each of the four directional
treatments (See Figure 5). A Wilcoxon each-pair test was used to assess statistical
differences between the four treatment groups. Additionally, the mean difference
between the bearing towards the breeding pool and the bearing from the release point to
last point observed was calculated for each of the four treatment groups. A Wilcoxon
each -pair test was then used to determine whether the four treatment groups were equally
likely to ultimately move away from the pool despite initial orientation.
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a

b

Figure 5.) Hypothetical tracks that show the difference in angle between an animal that
(a) moved in the direction of initial orientation and (b) one that dramatically changed
course

In order to evaluate the influence of vegetation on orientation ability, we
classified all tracks as “interacted with shrubs” or not. The mean difference between the
bearing toward the pool and the bearing from release point to last point observed was
compared for the two groups.
Sky cover was analyzed by categorizing each track in one of three sky cover
categories (fair, cloudy, mixed) based on data collected from the Sonoma County Airport
close to our field site. The mean difference between the bearing toward the pool and the
bearing from release point to last point observed was compared for the three groups to
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determine whether the sky cover condition had a significant influence on movement away
from the breeding pool.
To evaluate the fit of our track to a correlated random walk, an Augmented
Dicky-Fuller unit root test was used with collected turning angle data from the
metamorph tracks. The distribution of step lengths between turning angles along tracks
was investigated with a Cramer von-Mises test.
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RESULTS
Metamorph Orientation Relative to Breeding Pools
Over the course of the study, 103 newly metamorphosed California tiger
salamanders were captured and marked with fluorescent powder. Of these, 6 salamanders
never emerged from coverboards and the tracks were not collected. Of the 97
salamanders that did move, 9 tracks were thrown out because the individual track moved
along the drift fence and was being directionally constrained. None of the directional
treatments was observed to intercept the drift fence significantly more than the others.
Ultimately, 88 tracks were collected and analyzed. Due to tracks being eliminated, the 4
directional treatments had slightly different numbers of replicates (forward n = 24, back n
= 20, right n = 21, left n = 23). The length of tracks ranged from 58cm to 1003cm, with
an average track length of 3.68cm. In total, 6 tracks clearly entered burrows and did not
reemerge, and all the others were eventually lost as the fluorescent powder was rubbed
off of the animal (See Table 1).
Treatment Direction
Forward (Away From Pool)
Back (Toward Pool)
Left
Right

n=
24
20
23
21

Mean Difference Orientation Bearing -Track Bearing Mean Difference Y-Axis to Pool - Track Bearing
55
120
133
118
75
113
75
107

Table 1.) Summary of differences between release bearing and overall track bearing, and
differences between bearing along the Y-axis to the pool and overall track bearing

A significant Kruskal-Wallis test (X2 = 22.92, p = .0001, df = 3) compared the
four treatment groups in the direction the salamander was placed in and the ultimate
20

direction it moved in. A Wilcoxon Each-Pair test then showed that salamanders receiving
the back directional treatment had a significantly greater difference between initial
bearing and track bearing compared with forward (p = 0.0001), left (p = 0.0002) and right
(p = 0.0011). (See Figure 6). Additionally, a Kruskal-Wallis test comparing the four
treatment groups in the difference between Y-axis bearing away from the pool and track
bearing showed no significant difference (X2 = 1.77, p = 0.022, df = 3). The mean
difference between the bearing to the pool and the bearing of the track for all groups was
+/- 115 degrees. These data suggest that newly metamorphosed California tiger
salamanders are capable of re-orienting along the Y-axis after being disoriented.

Mean Difference Release Bearing - Track Bearing
180

Degrees Difference

160
140
120
100
80
60
40
20
0
Forward

Right

Left

Back

Treatment

Figure 6.) Metamorphs oriented back toward the pool had on average a greater
difference between their release bearing and the bearing of their overall movement
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Influence of Vegetation
Of the 88 individual California tiger salamanders tracked, 19 tracks interacted
with shrub patches at some point in their movement, and 69 individuals did not interact
with shrub patches. The difference in bearing between pool direction and the bearing
from release point to the point of last capture was not significantly different for animals
that interacted with shrub patches compared to animals that did not interact with shrub
patches (X2 = 0.46, p = 0.50, df = 1). (See Figure 7)

Mean difference Y-Axis Bearing - Track
Bearing

Influence of Vegetation
180
160
140
120
100
80
60
40
20
0
Yes

No

Track Interacts With Shrub Canopy

Figure 7.) The difference between the bearing of the Y-Axis toward the pool and the
track bearing for metamorphs that interacted with shrub patches and those that did not

Influence of Sky Cover
Metamorphs migrated on nights with diverse weather conditions. Of the 88 salamander
tracks analyzed, 12 animals moved under fair conditions, 37 animals moved under cloudy
22

conditions, and 39 animals moved on nights where conditions were mixed from hour to
hour. Animals that moved during fair weather, under clouds, or on night with both
conditions at times were not significantly different from one another (X2 = 0.28, p = 0.87,
df = 2). (See Figure 8)

Mean Difference Y-Axis Bearing - Track
Bearing

Influence of Sky Cover
180
160
140
120
100
80
60
40
20
0
Fair

Cloudy

Mixed

Weather Conditions During Movement

Figure 8.) The difference between the bearing of the Y-Axis toward the pool and the
track bearing among salamanders that migrated under different weather conditions

Correlated Random Walk
We evaluated the distributions of step lengths and turning angle changes in the
CTS tracks for evidence of a correlated random walk. Step lengths represented a gamma
distribution (Cramer von-Mises test, p = 0.17) and turning angle differences were taken
from a normal distribution (Shapiro-Wilks test, p = 0.32) (See Figure 9). A random walk

23

was confirmed using an augmented Dickey-Fuller unit root test (p > 0.05) and
autocorrelation among sequential turning angles was present (Ljung-Box Q = 4.9, p =
0.02). See Figure 10.

Figure 9.) Distribution of (a) turning angles and (b) step lengths recorded from tracks
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Figure 10.) Turning angle at each step length for each of four directional treatments
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DISCUSSION
Our results show that after being disrupted and disoriented during migration,
newly metamorphosed California tiger salamanders can regain their orientation moving
away from natal pools. While this study did not identify the physiological mechanisms of
orientation, our results demonstrate that newly metamorphosed California tiger
salamanders are not moving randomly between natal pools and upland refugia. This
supports previous studies that have shown that larval Ambystoma salamanders are
capable of orienting to the Y-axis while in their natal pool, and are capable of
differentiating the pool and upland directions. This may have implications for
management and preserve design, as our results suggest that temporary disorientation
does not ultimately prevent metamorphs from successfully moving away from natal
pools. This could affect the way in which artificial vernal pool complexes are
constructed, as managers can take into consideration these findings that Ambystoma
californiense metamorphs can orient their movement and are not randomly moving away
from pools.
Sky cover was not shown to have a significant effect on the ability of metamorphs
to re-orient. This may suggest that metamorphs can orient using polarized light even
under cloudy skies at nighttime, although this has not been demonstrated in this species,
and studies in other amphibian systems suggest that darkness and cloudy weather can
negate such abilities (Wells 2007). Alternatively, our findings may suggest that other or
additional mechanisms for orientation are present, although this study did not evaluate
other mechanisms.
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The effect of moving under a shrub canopy was not shown to be significantly
different from moving under an open sky in terms of ability to re-orient away from the
breeding pool. However, the sample size of individuals that traveled under canopy may
be too small to support a definitive conclusion. If movement through vegetation does not
affect the ability of metamorphs to orient, this could inform land managers in decisions
regarding vegetation management on preserves, as well as the implementation of grazing
regimes that affect vegetation profoundly.
The presence of a correlated random walk in our track data provides as evidence
for metamorphs generally moving in one heading, while diverting slightly to either side.
This supports our findings in comparing re-orientation in showing that Ambystoma
californiense metamorphs are not moving randomly as they migrate from natal pools. As
the autocorrelation of turning angles was found to be -0.37, it indicates that salamanders
are alternating left and right turns to some degree, meandering around a general upland
heading. This pattern of movement has been demonstrated in many other species as a
successful search method (Kareiva and Shigesada, 1983). A correlated random walk
where movement is generally moving away from breeding pools, but alternating turns to
slightly divert from a slight heading and return to it would accomplish both of the initial
migration needs of a new metamorph, that is, the individual would successfully move
away from the breeding pool while increasing its likelihood of encountering a crucial
burrow refuge.
Non-random search behavior suggests that newly metamorphosed California tiger
salamanders are searching for crucial refuge sites in a way that does not require a chance
overlap of initial trajectory and available burrows. This serves to further emphasize the
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importance of burrow availability during this important selection point in the species’ life
history. Management of rodent populations around breeding pools may be an important
consideration for land managers in vernal pool systems.
Incidental qualitative observations collected over the course of this study support
the findings of Loredo et al. (1996) in showing that metamorphs used the first available
burrow they encountered. Several tracks were observed to divert into the entrance of
blocked burrows before moving on, and none of the 6 tracks that completely entered a
small mammal burrow was observed to reemerge. This may serve to further emphasize
the importance of available refugia close to pools when considering preserve design and
management.
Further study of juvenile movement beyond the first night of tracking, or in
subsequent seasons would be very useful in determining the factors ultimately affecting
spatial distribution and upland habitat requirements of California tiger salamanders.
Searcy (2012) suggested that juveniles may be the only age class truly capable of
utilizing optimal upland habitats. Adults must return to breeding pools to reproduce, and
eggs and larvae are obviously bound to the pool itself. Juveniles are not tied to breeding
pools as adults are, and may be able to seek out underground refugia that are more
optimal than adults (Searcy 2012). This may have important implications for dispersal
and spatial population dynamics of this endangered amphibian.
The Santa Rosa plain, the only area to which the Sonoma ESA of Ambystoma
californiense is endemic, is rapidly undergoing large scale land use changes, which may
be detrimental to the persistence of the species (Trenham & Cook, 2008). Conversion of
untilled pasture land to suburban residential development and viticulture, in particular,
28

present a likely detriment to California tiger salamander populations. In addition to the
net loss of actual acreage of potential habitat, the usable landscape for the CTS is
becoming increasingly fragmented. Trenham and Cook (2008) observed that upland
habitat use surrounding a breeding pool that had recently been partially surrounded by
suburban development was limited to the one side of the pool that remained undeveloped.
This would suggest that developed land is unusable to California tiger salamanders, or
worse, may present an environmental trap where animals can infiltrate but cannot
survive.
In order to reverse the decline of the federally endangered Sonoma County ESA
of the California tiger salamander, it will be necessary to preserve upland areas in
addition to breeding ponds alone. An understanding of how California tiger salamanders
orient and migrate between breeding pools and upland refugia is likely crucial to
effective conservation efforts. Trenham et al (2000) estimated that less than 5% of
embryos in a pool will likely survive to metamorphosis. The same study found that risk
of extinction in a population of the California tiger salamander was most affected by
survival of the sub-adult age class. Given the perils of predation and desiccation
presented by the prospect of finding a summer refuge, orientation in metamorphic
California tiger salamanders leaving breeding pools is likely a crucial point of selection
for population persistence (Trenham et al 2000).
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