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Abstract

Movement is an important characteristic of an animal's ecology, reflecting the per-
ception of and response to environmental conditions. To effectively search for food,
movement patterns likely depend on habitat characteristics and the sensory systems
used to find prey. We examined movements associated with foraging for two sym-
patric species of lizards inhabiting the Great Basin Desert of southeastern Oregon.
The two species have largely overlapping diets but find prey via different sensory
cues, which link to their differing foraging strategies—the long-nosed leopard liz-
ard, Gambelia wislizenii, is a visually-oriented predator, while the western whiptail,
Aspidoscelis tigris, relies more heavily on chemosensory cues to find prey. Using de-
tailed focal observations, we characterized the habitat use and movement paths of
each species. We placed markers at the location of focal animals every minute for the
duration of each 30-min observation. Afterward, we recorded whether each location
was in the open or in vegetation, as well as the movement metrics of step length, path
length, net displacement, straightness index, and turn angle, and then made statistical
comparisons between the two species. The visual forager spent more time in open
areas, moved less frequently over shorter distances, and differed in patterns of plant
use compared to the chemosensory forager. Path characteristics of step length and
turn angle differed between species. The visual predator moved in a way that was
consistent with the notion that they require a clear visual path to stalk prey whereas
the movement of the chemosensory predator increased their chances of detecting
prey by venturing further into vegetation. Sympatric species can partition limited re-

sources through differences in search behavior and habitat use.
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1 | INTRODUCTION

Animal movement involves dynamic interactions that balance the or-
ganism's capabilities and ecological preferences with local environ-
mental conditions. Their ability to move can depend not only on their
locomotor structures, but also on their ability to detect and respond
to current conditions (Higham, 2007). On large spatiotemporal scales,
movement patterns influence population distributions as well as in-
teractions among species and their environment (Krauel et al., 2018;
Nathan et al., 2008; Smouse et al., 2010). At the individual level, when
and where organisms move can directly influence survival and ulti-
mately fitness (Cooper & Frederick, 2007; Wearmouth et al., 2014).
Fine-scale locality data coupled with movement path analyses can
identify the factors influencing movement as well as how individ-
ual animals perceive and respond to their environment (Edelhoff
etal.,, 2016; Kays et al., 2015; Nathan et al., 2008; Schick et al., 2008).
Over the past several decades, studies on animal movement have
provided insights into the evolutionary biology, ecology, and physiol-
ogy of many different taxa (Huey & Pianka, 1981; Miles et al., 2007;
O'Brien et al., 1990; Perry, 2007; Sunquist & Montgomery, 1973).
Similar movement patterns can be employed by multiple taxa, facing
similar ecological needs (Abrahms et al., 2017; O'Brien et al., 1990;
Symes et al., 2013). Examining spatiotemporal movement has led to
significant insights into social behavior (Leu et al., 2016). Movement
indices reveal intraspecific variation (Childers & Eifler, 2015; Eifler
et al., 2007; Garrison et al., 2017; Huey & Pianka, 1981; Perry, 2007)
or behavioral flexibility (Durtsche, 1992; Eifler et al., 2008; Eifler &
Eifler, 1999; Greeff & Whiting, 2000) in foraging. Interspecific varia-
tion in foraging movement can be associated with differences in diet,
space use, or habitat selection among sympatric species (Kozlowski
et al., 2006; Parra, 2006; Waite et al., 2012). Additionally, varia-
tions in habitat structure and resource use can lead to changes in
movement patterns (Attum & Eason, 2006; Colombo et al., 2016;
Donihue, 2016; Morice et al., 2013; Wasiolka, Blaum, et al., 2009;
Wasiolka, Jeltsch, et al., 2009). Using a fine-scale spatial approach to
studying movement patterns, we aim to elucidate how two sympat-
ric lizard species can partition overlapping food resources.
Comparing the movement and behavior of different species
can be difficult, yet an understanding of how each species coexists
within the same habitat can reveal patterns of coevolution between
species, as well as influence conservation decisions (Cooper, 1994,
Cooper et al., 2001; McLaughlin, 1989; Pietruszka, 1986). In all eco-
systems, competition and natural trophic stratification mean that
coexisting species must find and occupy a different ecological niche
to survive. In the Great Basin Desert in southeastern Oregon, two
sympatric species of lizard, the long-nosed leopard lizard (Gambelia
wislizenii) and the western whiptail (Aspidoscelis tigris), present an in-
teresting contrast. While phylogenetically in distant clades (Iguania
vs. Scleroglossa) (Tonini et al., 2016), G. wislizenii and A. tigris provide
an opportunity to compare how two cohabitating species behavior-
ally partition largely overlapping resources. A previous comparison
of these species in the same location showed differences in behavior
between the lizards, with G. wislizenii spending less time moving than

A. tigris (McElroy et al., 2011). We build on the previous comparison
of overall movement levels by analyzing movement patterns and re-
source acquisition from a habitat-use perspective.

In the southwestern United States, the two species largely over-
lap in desert habitats with finite resources where the harsh envi-
ronment requires animals to take advantage of any available food
or shelter (Grismer, 2002; Hammerson, 1999). Their shared diet and
habitat allowed us to make an interspecies comparison of movement
ecology. The two species share an overlapping diet consisting of
grasshoppers, beetles, spiders, antlions, and caterpillars differing
slightly in their food choices, as G. wislizenii, with their larger body
size, can prey on small lizards while A. tigris are proficient at digging
for termites and buried larvae (Cooper et al., 2001; Grismer, 2002;
Hammerson, 1999; McElroy et al., 2011; Tonini et al., 2016). They also
share predators (snakes, birds, and desert mammals) (Grismer, 2002),
and exist in the same spatial and temporal niche.

Despite sharing habitats and consuming similar prey, the spe-
cies vary in their foraging strategies and rely differently on sensory
modalities for prey detection (Anderson, 1993; Montanucci, 1967,
Parker & Pianka, 1976; Pianka, 1970). Leopard lizards primarily use
visual cues for finding food, pursuing prey that moves within their
visual detection range (<10 m away) (Anderson, 2007; Cooper, 1995;
Garrison et al., 2017; Tollestrup, 1983). The movement rate for leop-
ard lizards can vary with environmental conditions and among indi-
viduals (Anderson, 2007; Garrison et al., 2017). In contrast, whiptail
movement is wide-ranging and can vary with habitat structure
(Anderson & Karasov, 1988; Utsumi et al., 2020). Further, whip-
tails primarily locate prey (even below the surface) through chem-
ical sampling, only sometimes using vision to detect food items
(Anderson, 1993; Cooper & Whiting, 2000; Utsumi et al., 2020).

Finding associations between prey detection strategies and dif-
ferences in movement patterns can help identify the importance of
sensory systems in shaping both foraging strategies and interactions
between potential competitors. In terms of the movement charac-
teristics of foraging modes, chemosensory foragers tend to move
more frequently and spend a higher proportion of time moving com-
pared to visual hunters (Baeckens et al., 2017; Eifler et al., 2020).
However, the foraging mode does not necessarily indicate the size
of the area searched or the path traveled. Our overarching hypothe-
sis is that differences in prey detection are associated with the spe-
cies' space use and movement patterns. Our goal was to determine
if there were consistent differences in habitat use and movement
patterns between animals that generally use different prey detec-
tion cues: visual long-nosed leopard lizards and chemosensory west-
ern whiptails. We predicted that a more visually-oriented predator
would move along straighter paths, travel less, and make more use
of open spaces than a chemosensory forager.

2 | METHODS

Our study was conducted in the desert scrub habitat of the Alvord
Basin, located in the Great Basin Desert, southeastern Oregon
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(42°18’N, 118°37’'W; datum=WGS 84; elevation 1295m) from 20
June to 14 July 2017. The study site was a 16-ha gridded plot charac-
terized by open desert sand and hardpan interspersed with patches of
shrubs, mainly sage (Artemisia tridentata) and greasewood (Sarcobatus
vermiculatus). We conducted observations on the long-nosed leopard
lizard, G. wislizenii (visual predator; N=61), and the western whiptail,
A. tigris (chemosensory predator; N=51), during their morning ac-
tivity period (08:00-10:30h). Each observation was conducted by
a pair of observers at a distance that allowed for clear observation
without disturbing foraging behavior (ca. 2-5m) (Anderson, 1993;
Eifler et al., 2020; Utsumi et al., 2020). Prior to data collection, we
conducted focal observations of lizards off-site to assess the distance
needed to minimize disturbance. Observers kept a minimum distance
of 2m away from focal lizards unless lizards actively moved closer
to the observers, in which case observers did not move until lizards
were again at least 2m away. Observations lasted 30min with one
observer tracking lizard movements and the other observer placing
markers at the lizard's location at each 1-min interval. To minimize
disturbance, markers were placed after the animal left the immediate
area (>2m) where a marker was to be placed. In instances where the
lizard moved short distances between minutes, observers took notes
in field books to ensure markers were placed in the correct locations.
For each marker, we recorded whether the location was in vegeta-
tion or the open. When the location was in vegetation, we recorded
the plant species. Unmarked lizards were captured using a lasso at-
tached to an extendable pole, measured (body mass via Pesola scales
[g] and clear rulers for snout-vent length [SVL; mm]), and marked with
a unique paint code before being released at the capture site. Lizards
were sexed by probing for the presence or absence of hemipene pock-
ets. We recorded movement data only once for each individual animal.

2.1 | Habitat and movement analysis

A full observation generated 31 location-time points for each animal,
consisting of x-y coordinates and associated vegetation measure-
ments. From the sequence of locations, we calculated the path char-
acteristics of step length, path length, net displacement, straightness
index, and turn angle (Table 1). We considered movement variables
for each 1-min interval. When the animal did not move during an
interval, that period was not used for analysis but used to determine
the proportion of periods of no movement. Several observations
did not last the full 30min, in which case we did not calculate path
length and net displacement. In addition, we calculated a visibility
index, measured as the proportion of locations from which the next
location was visible to the lizard. We deemed a location to be visible
to the lizard from the previous location if the line between the two
locations was free of vegetation at the ground level (i.e., from the
lizard's line of sight). To measure visibility, a researcher sighted along
the horizon just above the substrate over one location marker in the
direction of the next location marker, allowing us to assess what the
animal could see from each vantage point and assess whether the
direction taken had a clear or obstructed view. We recorded each
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TABLE 1 Definitions of the movement characteristics we
measured.

Measurement Definition

Step length The straight-line distance between
consecutive 1-min locations

Path length The sum of all step lengths for an

observation period.

Net displacement The straight-line distance between initial

and final locations

Straightness index The ratio of net displacement to path

length (value from O to 1)

The change in direction between
consecutive steps (value from 0° to
180°, with 0°=orientation of the
focal animal at the previous step)

Turn angle

sequential step in the lizard's path as either clear or obstructed, then
determined the proportion of locations that were clear for each ob-
servation (i.e., visibility index). We used air temperature and wind
speed measures obtained from a weather station adjacent to our site

to estimate local conditions at each 1-min interval of an observation.

2.2 | Dataanalyses

We used Minitab 18 (College Park, PA) for most analyses and R
(Batschelet, 1981; R Development Core Team, 2017) for circular sta-
tistics, applying a significance level of p<.05 to all tests. To examine
the distributions of step length and turn angle as well as habitat use
patterns, we pooled the measurements by species. We tested data
for normality and applied non-parametric Mann-Whitney tests to
pairwise comparisons of data that were not normally distributed. We
tested for species differences in habitat use (species of plant visited)
using chi-square analyses. To test for differences in step length and
turn angle distributions we conducted a two-sample Kolmogorov-
Smirnov test. We applied circular statistics to comparisons of mean
turn angles, and to test for uniformity and conformity to von Mises
distributions. We examined within-species variation in step length
using a mixed-effects model with lizard individual identifier as a ran-
dom factor and sex, body size (SVL), and weather variables as fixed
factors. We did not observe any behavioral change in the lizards dur-
ing the duration of our observations in the field. We tested for a pos-
sible observer effect using a general linear model (GLM) to examine if
animal movements varied over the course of the observation period,

with time in the observation period as our independent variable.

3 | RESULTS

3.1 | Movement patterns

The two species differed in most characteristics of their movement
paths including turn angle, straightness index, step length, and path
length (Table 2). The distribution of turn angles for both species was
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significantly different from a uniform circular distribution (Rayleigh's
uniformity test: visual predator (long-nosed leopard lizards, G. wis-
lizenii): z=69.1, df=568, p<.001; chemosensory predator (western
whiptails, A. tigris): z=81.85, df=1004, p<.001). The distribution
of turn angles and median turn angle differed between the species
(Kolmogorov-Smirnov test: D=0.087, p=.0073; Figure 1; Table 2),
with the visual predator making a greater proportion of forward-
directed movements and having smaller median turn angles. The
strength of directionality (mean vector length) was 0.34 for the
visual predator and 0.28 for the chemosensory predator. Leopard
lizards moved less frequently than whiptails (visual predator: 44% vs.
chemosensory predator: 75% of intervals had movement; z=16.97,
p <.001). During intervals of movement, the median step length was
half as long for the visual predator (Table 2) and the distribution of
step lengths differed between the species, with the visual predator
being less likely to have longer step lengths (Kolmogorov-Smirnov
test: D=0.303, p<.0001; Figure 2).

Median path length also was shorter for the visual predator than
for the chemosensory predator (Table 2), indicating that the chemo-
sensory lizard moved greater overall distances during observations.
However, median net displacement was comparable for both spe-
cies (Table 2), indicating similarity in search area. Path straightness
varied by species, with the visual predator traveling straighter paths
(Table 2; Figure 3). Turn angle and step length were not correlated
for either species (visual predator: r=.055, p=.090; chemosensory
predator: r=-.031, p=.474). Step length for the chemosensory
predator was greater for larger animals (SVL: F1,41=9.77, p=.003)
and unrelated to sex, wind speeds, or air temperatures. For the vi-
sual predator, step length was unrelated to sex, SVL, or weather
variables.

The movement pattern of an individual, as indicated by step
lengths and turn angles, did not vary for either species over the
course of an observation, indicating that our presence did not affect
lizard behavior (GLM; G. wislizenii step length: FM714=O.02, p=.875
and turn angle: Fy ,,,=0.4, p=.529; A. tigris step length: F, ,,,,=0.3,
p=.583 and turn angle: FL911=O.43, p=.511).

3.2 | Habitat use

The two species varied in time spent under cover, with the visual pred-
ator occurring more frequently in the open than the chemosensory
predator (;(2 =308.0, df=2, p<.001; Figure 4). Based on differences in

Measurement G. wislizenii A. tigris
2.1(0.02-45.3)
28.9 (0.0-203.1)
16.6 (0.0-116.5)
0.663 (0.09-1.00)

44° (0-180)

4.2(0.01-42.8)
92.3(2.2-251.3)
21.5(1.3-126.3)
0.308 (0.02-0.92)
53°(0-180)

Step length (m)

Path length (m)

Net displacement (m)
Straightness index

Turn angle

Note: Statistically signficant p-values are in bold.

the visibility index, the visual predator was more likely than the che-
mosensory predator to move to locations visible from the previous
location (;(2 =392.9,df=1, p<.001). In addition, the two species made
use of different species of plants. When under cover, the visual preda-
tor primarily used greasewood (S. vermiculatus), but the chemosensory
predator frequented both sage (Artemisia tridentata) and greasewood
in roughly equal measure (y?=82.1, df=6, p<.001; Figure 5).

4 | DISCUSSION
Organisms occurring in sympatry must share or partition limited re-
sources to coexist. Although sympatry involves species overlapping
in range, species often differ in microhabitat use, activity, or food
usage. Sympatric predators can exhibit differences in habitat use
and activity (Kozlowski et al., 2006; Parra, 2006; Waite et al., 2012),
as well as diet (Hartman & Brandt, 1995). Different foraging modes
can lead to sympatric foragers encountering different prey (Huey
& Pianka, 1981; O'Brien et al., 1990). Using detailed movement
metrics, our study emphasizes behavioral differences between
the movements and habitat use of a visual predator that co-occurs
with a chemosensing predator, indicating that movement can play
a role in facilitating sympatry and resource partitioning. Although
both species exhibited similar net displacement, their vegetation
use and patterns of movement varied consistently with the different
prey detection strategies. The visually-oriented animals positioned
themselves in open areas where they were able to see prey from a
distance, whereas the chemical-sensing species followed pathways
that brought them closer to vegetation, indicative of a reliance on
close inspection of chemical cues to acquire prey.

In terms of min-to-min spatial advancement, the visually-oriented
G. wislizenii showed different movement patterns compared to the
chemosensory-oriented A. tigris. Specifically, the visual predator fol-
lowed our prediction by moving in more direct paths (higher straight-
ness index) and spending more time in the open when compared to
the sympatric chemosensory species, a result consistent with the
notion that visually-oriented predators require a clear visual path to
stalk prey. We hypothesize that the use of the edges of vegetation
and open spaces allows for better visual scans of both plants and
open areas, which can increase their prey detection range. The che-
mosensory predators, in contrast, were seen more frequently under
cover which can increase their chances of detecting prey by ventur-

ing further into vegetation. The tendency for chemosensory lizards

TABLE 2 Summary of movement

J P parameters (median (range)) for Gambelia

1,120,731 <.0001 wislizenii (visual forager) and Aspidoscelis

2537 <.001 tigris (chemosensory forager), compared
using Mann-Whitney tests.

2005 243

1095 <.001

820,076 .010
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FIGURE 1 Distribution of turn
angles for Gambelia wislizenii (visual
forager; black) and Aspidoscelis tigris
(chemosensory forager; gray), separated
into bins of 45°.

S i D
(=} (=} (=}
)

Frequency (%)
N w
(=] S

—_
(=]

(=]

FIGURE 2 Distribution of step 50 -
lengths for Gambelia wislizenii (visual
forager; black) and Aspidoscelis tigris 40 -
(chemosensory forager; gray). 2

=

.30

Q

=

D

220

2

=

—_
(=}

<2

(@)

Gambelia wislizenii

(b) Aspidoscelis tigris

FIGURE 3 Representative paths from observed Gambelia
wislizenii (visual forager; a) and Aspidoscelis tigris (chemosensory
forager; b). Both images are to the same scale.
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to be found more frequently under cover might also result from pre-
dation pressure, as A. tigris is vulnerable to both avian predators and
larger lizards such as G. wislizenii (Steffen & Anderson, 2006).

We recorded our chemosensory predator spending equal time
in sage and greasewood bushes, climbing in brush to pursue insect
prey, and digging for insect larvae under vegetation. For A. tigris,
vegetation likely harbors more prey opportunities than open areas
but also requires more time to search. The equal occurrence of
the chemosensory predator in both shrub types, combined with a
consistently less direct trajectory, implies that the whiptails were
detecting chemosensory cues while moving from bush to bush, op-
portunistically searching each bush for prey. For our visual preda-
tor, the choice of vegetation might be related to the types of prey
likely to be found therein, coupled with the vantage associated with
chosen plants. Greasewood, for example, seemed to have a higher
branch ceiling than sage (personal observation), possibly proving
less of an impediment to visual scanning from a distance. Our study
found that the two lizard species use space differently, consistent
with efforts to find prey via different foraging methods, in addition
to potentially being affected by predator avoidance.

The Alvord Basin study site allowed us to make comparisons
of two species and draw novel insights into the interplay between
movement and ecology for two sympatric species. While our ap-
proach of studying behavioral ecology through an assessment of

movement patterns provides a template for examining differences



McALPINE-BELLIS ET AL.

60of8 WI ]_EY—ECOIOgy and Evolution

Open Access,

(a) Gambelia wislizenii

O Dead cover
W Live cover

B Open

(b) Aspidoscelis tigris

O Dead cover
M Live cover

B Open

FIGURE 4 Use of habitat by Gambelia wislizenii (visual forager; a)
and Aspidoscelis tigris (chemosensory forager; b).

in behavior attributable to species, sex, body size, or season, we ac-
knowledge that our observations might not generalize to other pop-
ulations or have larger, species-level implications. Comparing the
behavior of the same species in other locations where they occur
would promote a more general appraisal of the factors affecting
their behavior and sympatry.

5 | CONCLUSIONS

Path segmentation combined with habitat analyses provides new
insight into the ecology of visual and chemosensory prey detec-
tion. Individuals of the two species were commonly in proximity
to each other, indicating a lack of spatial segregation by species.
Yet, they used the same area in very different ways. Landscape
features can present a continuum of corridor-barrier patches act-
ing as functional areas whose use varies by species (Panzacchi
et al., 2016). While G. wislizenii moved along a straight path to
places that readily could be seen from the previous location (high
visibility index), A. tigris moved more circuitously through vegeta-
tion where visibility was lower, demonstrating how landscape fea-
tures and movement can interact to promote sympatry. Landscape
features that facilitate movement for one species can impede

(@ Gambelia wislizenii

W Greasewood
W Sage

@ Shadscale

O Rabbit brush
OHorse

ORye

M Other

(b) Aspidoscelis tigris

B Greasewood
W Sage

@ Shadscale

[ Rabbit brush
OHorse

ORye

B Other

FIGURE 5 Use of vegetation by Gambelia wislizenii (visual
forager; a) and Aspidoscelis tigris (chemosensory forager; b).
Species of plants are in the families Chenopodiaceae (greasewood:
Sarcobatus vermiculatus and shadscale: Atriplex confertifolia),
Asteraceae (sage: Artemisia tridentata, rabbit brush: Ericameria

sp., and horse brush: Tetradymia glabrata), and Poaceae (ryegrass:
Leymus cincereus).

movement for the other (Panzacchi et al., 2016). Depending on
the overlap in diet, differences in sensory priorities might not, by
themselves, prevent competition between species. Their move-
ment, however, could represent a form of resource partitioning
that facilitates coexistence.
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