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Abstract
An individual’s home range, or how much space it requires to
obtain resources and meet its needs for survival and reproduc-
tion, affects the scale of many fundamental processes in ecol-
ogy and can inform the management of species. Although
home range size has been described for many taxa in two
dimensions (2D), for species that also have a strong vertical
component to their movement, such representations can miss
core components of their ecology, including the size of their
home ranges and the amount of overlap, and thus competition,
between individuals.Measuring three-dimensional (3D) home
ranges for small-bodied life history stages and species can be
particularly difficult, as they cannot tolerate high resolution
tracking technologies like GPS collars. In this study, we used
Passive Integrated Transponder (PIT) tags to measure the 2D
and 3D home ranges of two species of fossorial juvenile sal-
amander: the ringed salamander (Ambystoma annulatum) and
the spotted salamander (A. maculatum). We also tested wheth-
er individuals modified their habitat selection or movement
behavior in response to environmental variation.

Salamanders in our study frequently used subterranean habi-
tats. However, we rarely detected them more than 5 cm below
ground. Additionally, the overlap among 2D and 3D home
ranges, respectively, were similar. These findings indicate that
these salamanders may move vertically through their habitat
less than previously thought. Alternatively, salamanders may
have moved into soil strata beyond the detection range of PIT
telemetry. We conclude that PIT telemetry can be a suitable
technique for determining the 3D home range of fossorial life-
stages or species for which other tracking technologies are
unsuitable.

Significance statement
When animal behavior includes movements with a vertical
component, simplifying assumptions of 2D home ranges can
affect ecological inferences by overestimating competition be-
tween individuals and underestimating home range size. We
used Passive Integrated Transponder (PIT) tags to describe the
home range of fossorial juvenile salamanders in 3D. The ju-
venile salamanders in this study modulated their habitat selec-
tion in response to weather, but in general remained close to
the soil surface. As a result, juveniles may bemore susceptible
than previously thought to habitat management practices that
alter the local microclimate. Because individuals moved ver-
tically less than predicted, 2D and 3D home ranges had similar
patterns. We demonstrate that PIT telemetry can facilitate sub-
terranean tracking of a cryptic life stage. However, this tech-
nology is limited in its subterranean detection depth, and until
antenna strength is improved, the resolution of 3D home
ranges may be limited.
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Introduction

Patterns of space use by individual animals reflect many fun-
damental ecological processes, including habitat use and se-
lection (Marzluff et al. 2004), population demography
(Morales et al. 2010), predator-prey relationships, intra- and
interspecific competition (Amarasekare 2003; Börger et al.
2008), nutrient flow (Earl and Zollner 2014), dispersal
(Pittman et al. 2014), and niche partitioning (Cunha and
Vieira 2004). One measure of space use is the home range,
or the space used by an individual to obtain resources and
meet its requirements for survival and reproduction (Burt
1943; Börger et al. 2008; Powell and Mitchell 2012). Home
range size can be used to model several other processes, in-
cluding an animal’s cognitive map of its environment (Powell
and Mitchell 2012), species’ extinction risks (Cardillo et al.
2008), the scale of movement behavior including homing and
dispersal, and ultimately buffer size required to conserve es-
sential habitat (Semlitsch and Bodie 1998; Powell and
Mitchell 2012).

Two-dimensional (2D) home ranges have been described
for many taxa. However, in addition to horizontal space (x, y),
most animals also utilize space in a third dimension (3D; z)
representing depth, altitude, or elevation (flying, burrowing,
aquatic, and arboreal animals). 2D analyses systematically
misrepresent space use in animals that occupy habitats with
a strong vertical component, such as arboreal and marine hab-
itats, by not capturing vertical stratification. By assuming in-
dividuals utilize the same vertical space, 2D analyses can also
overestimate the overlap between individuals which stratify
vertically (Simpfendorfer et al. 2012; Tracey et al. 2014). In
a comparison of 2D and 3D estimates, Simpfendorfer et al.
(2012) found that 2D analyses overestimated the amount of
overlap between eels by 13–20%. A high degree of overlap
would imply potential associations or competition for re-
sources, leading to a very different picture of a population or
community than if individuals were not overlapping.
Moreover, 2D representations can underestimate the surface
area of a home range for animals that occupy habitat with a
strong vertical component. Tracey et al. (2014) reported that
2D movement-based kernel density estimates underestimate
the space use of giant pandas, a montane species, by 13–16%
relative to 3D estimates. Given that vulnerability to extinction
increases with home range size (Cardillo et al. 2008), use of
2D home range estimates when 3D estimates are more behav-
iorally relevant may misguide conservation efforts.

In addition to more accurately capturing the size and over-
lap of home ranges, 3D representations of home ranges also
allow the relationship between movement and environmental
gradients to be explicitly studied. Although environmental
variation can be considered a 2D process (e.g., latitude), re-
search in alpine, marine, and lentic ecosystems has found
strong effects of depth, altitude, and elevation on several

environmental factors, including temperature, wind, and pho-
tosynthetic active radiation (PAR). These vertical environ-
mental gradients can exert strong effects on movement behav-
ior and space utilization. For example, many species of plank-
ton migrate diurnally through the water column in response to
PAR (Tilzer 1973). Phytoplankton complete similar vertical
seasonal migrations to moderate the temperature of their mi-
crohabitat (Banse and English 1999). Likewise, many alpine
mammals complete seasonal migrations which track seasonal
food resources that vary with elevation (Middleton et al. 2013;
Tracey et al. 2014). Although the importance of depth, eleva-
tion or altitude, and corresponding environmental gradients
have long been recognized in marine, aquatic, and alpine sys-
tems, whether similar gradients affect movement of fossorial
species remains poorly understood.

Global Positioning System (GPS) biologgers and other
technologies have dramatically increased the availability of
3D location data (Hebblewhite and Haydon 2010; Bouten
et al. 2013); however, z-coordinates are still not frequently
integrated into studies of space use (Belant et al. 2012;
Tracey et al. 2014). Additionally, many life-stages and ani-
mals are prohibitively small for such transmitters. As such,
the ecology of animals that utilize 3D space remains rarely
studied for many taxa and potentially misunderstood for other
taxa if 2D representations lead to different inferences. In this
study, we use Passive Integrated Transponder (PIT) tags to
measure 2D and 3D space utilization in two species of pond-
breeding salamanders. Many amphibians, including salaman-
ders of the genus Ambystoma, are fossorial during the terres-
trial juvenile and adult life stages. Home range size has been
estimated for many amphibian species in 2D (Semlitsch 1981;
Kleeberger and Werner 1982; Johnson et al. 2008; Heemeyer
et al. 2012; O’Donnell et al. 2016), and other studies have
quantified the depth below ground selected by amphibians
(Semlitsch and Pechmann 1985; Schabetsberger et al. 2004;
Badje et al. 2016). However, these data have not been simul-
taneously considered. If these amphibians have a strong ver-
tical component to their movement, then inferences drawn
from 2D home range estimates may be very different from
those following from 3D home range estimates (e.g., overlap
between home ranges; Tracey et al. 2014).

For amphibian species that are frequently surface active,
capture-mark-recapture approaches have been a successful al-
ternative to radio telemetry for identifying 2D home ranges
(Liebgold and Jaeger 2007; Ousterhout and Liebgold 2010;
Valenzuela-Sánchez et al. 2014). However, such approaches
are not readily applied to fossorial species, which are rarely
available for recapture (O’Donnell et al. 2015). In such cases,
telemetry with Passive Integrated Transponders (PIT) tags has
been used to identify 2D space utilization (Connette and
Semlitsch 2012; Ousterhout and Semlitsch 2014; Ryan and
Calhoun 2014). PIT telemetry also presents an alternative ap-
proach for obtaining 3D location data for fossorial, small-
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bodied animals. When activated by a low-energy field pro-
duced by a PIT tag reader, PIT tags broadcast a unique code.
PITs tags are small (<0.033 g) because they do not require a
battery, making them suitable for use in small animals
(Gibbons and Andrews 2004; Connette and Semlitsch 2012;
Ousterhout and Semlitsch 2014). Additionally, because there
is a limited maximum distance from which PIT tags can be
detected (30 cm; Ousterhout and Semlitsch 2014), the depth of
an individual can be approximated by calculating the differ-
ence between the maximum detection distance and the dis-
tance from the antenna to the ground surface.

In this study, we investigated the home range of fossorial
juveniles of two species of pond-breeding salamanders in two
habitat types.We tracked individually marked juveniles over a
6-month period (October–March) and used relocation data to
quantify the size of 2D and 3D home ranges and to determine
if the overlap between home ranges, and predicted competi-
tion, differed when vertical space use was incorporated. We
also tested whether individuals modified their habitat selection
(depth below ground) or movement in response to environ-
mental variation in soil temperature, air temperature, humidi-
ty, or precipitation. We predicted that overlap between 2D
home ranges would be larger than the overlap between 3D
home range estimates, because these species are thought to
utilize small mammal burrows, and thus may stratify vertical-
ly, in addition to horizontally, reducing competition between
individuals (Semlitsch 1983; Petranka 1998). Because am-
phibians are ectotherms and have skin that is highly permeable
to water (Spotila and Berman 1976), we predicted that sala-
mander habitat selection and movement would respond to soil
and air temperature, humidity, and precipitation. We expected
salamanders tomovemore and select habitat at the soil surface
as temperature, precipitation, and humidity increased (Spotila
and Berman 1976; Kane et al. 2001). Here, we present our
findings and discuss the efficacy of using PIT tags to measure
movement behavior in 3D.

Methods

Study area and species Our study was conducted at Fort
Leonard Wood, Missouri, USA (37.92° N, 92.17° W), which
is a 24,852-ha active military training facility in the northern
Ozark Highland. Fort Leonard Wood is primarily forested;
80% of its landscape is characterized by oak-hickory forests
(canopy:Quercus spp.,Q. stellata, Carya spp., and C. texana;
understory: Rhus aromatic and Cornus florida) or short leaf
pine plantations (Pinus echinata).

In this field experiment, we examined the habitat use of
juveniles of two co-occurring species of pond-breeding sala-
mander, ringed salamanders (Ambystoma annulatum Cope
1886) and spotted salamanders (A. maculatum Shaw 1802).
Ringed salamanders are endemic to the Ozark Highlands and

Ouachita Mountains of Missouri, Arkansas, and Oklahoma,
whereas spotted salamanders are distributed throughout much
of the eastern USA and portions of southeastern Canada
(Petranka 1998). Ringed and spotted salamander adults ovi-
posit eggs in ponds August–October and February–March,
respectively. Ringed salamander juveniles metamorphose
from their natal ponds and enter the terrestrial environment
in late April–early June. Spotted salamander juveniles meta-
morphose early June–August, although larvae will occasion-
ally metamorphose through November and in some cases
overwinter and metamorphose the following spring
(Petranka 1998; Hocking et al. 2008; Semlitsch et al. 2014).
Upon metamorphosis, juveniles of both species will disperse
into the terrestrial landscape and settle in burrows made by
small mammals and insects (Semlitsch 1981; Trenham 2001),
preferentially selecting closed canopy forest over open canopy
habitats (Petranka 1998; Rothermel and Semlitsch 2006;
Osbourn et al. 2014).

Larval mesocosms All animals used in this experiment were
reared in pond mesocosms (1000 L, 1.52 m diameter, poly-
ethylene cattle watering tanks). We established mesocosms on
September 09, 2012 and March 01, 2013 for ringed salaman-
ders (N = 18 mesocosm) and spotted salamanders (N = 16
mesocosms), respectively, by adding dechlorinated tap water,
leaves, and zooplankton (Ousterhout and Semlitsch 2016).We
collected eggs from several clutches at two ponds at Fort
Leonard Wood. Because space utilization is expected to vary
with body size (Lindstedt et al. 1986; Wells 2007), we gener-
ated juveniles that varied in size by rearing larvae at one of the
three larval densities: low density (6 larvae/mesocosm), me-
dium density (18 larvae/mesocosm), and high density (36 lar-
vae/mesocosm). On October 30, 2012 and April 23, 2013 for
ringed and spotted salamanders, respectively, we randomly
assigned larval densities to mesocosms and hatchlings to pond
mesocosms. Beginning April 15, 2013, we checked
mesocosms with a light for metamorphosed salamanders at
least every other night. Animals were considered to have
metamorphosed if their gills were <2 mm in length. We mea-
sured wet mass ( ± 0.001 g,Mettler AT-100 electronic balance,
Mettler Toledo, Columbus, OH, USA) and snout vent length
(SVL; ± 1 mm) of all metamorphosed individuals. Animals
were individually housed in containers on wet sphagnum
moss and fed fruit flies (Drosophila melanogaster) and red
wiggler worms (Eisenia fetida) ad libitum until their release.

Experimental enclosures We used replicated experimental
enclosures to test the effects of species, seasonality, and hab-
itat on overwintering movement and home range size in juve-
nile salamanders. Although tracking free moving salamanders
would have been ideal, transmitters that are small enough to
be used in small animals and can be detected from several
meters away have not yet been developed. When confronted
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with this technological limitation, previous studies have suc-
cessfully used long, rectangular enclosures to test amphibian
movement (Rosenberg et al. 1998; Rothermel and Semlitsch
2002; Osbourn et al. 2014). Our enclosures (N = 7,
2 m × 50 m) were composed of plastic weave silt fencing
(90 cm tall) buried 15 cm into the ground with the top
10 cm of fencing folded inwards to create a baffle. The silt
fence was supported by wooden stakes pounded into the
ground at a 90° angle. We constructed replicate enclosures
in both closed canopy forest and mixed grassland habitat at
two sites (site 1: N = 3 enclosures in forest, N = 2 in mixed
grassland; site 2:N = 2 in forest). Our selected sites were level
and within 100 m of ringed and spotted salamander breeding
ponds to increase the probability that our enclosures mimic
habitat that would be encountered by metamorphs in the wild.
See the supplementary material for additional information
about enclosure design (Fig. S1).

Marking procedure We individually marked salamanders
with PIT tags as in Ousterhout and Semlitsch (2014). Using
PIT tags in concert with a portable antenna system allows for
re-detection of small bodied animals from a distance of 30 cm
or less underground (Connette and Semlitsch 2012;
Ousterhout and Semlitsch 2014). We anesthetized each juve-
nile by immersion in a 1% solution of neutral buffered tricaine
methanesulfonate (MS-222) until it could not right itself and
did not respond to toe pinching. Animals were rinsed in spring
water, patted dry, and weighed (Mettler Toledo, LLC,
Columbio, OH, USA; ± 0.01 g). We assigned juveniles to
one of the three PIT tag (full duplex, Biomark, Boise, ID,
USA) sizes based on individual’s weight. In situations
where half the torso length of a juvenile was equal to or less
than that of the length of the assigned PIT tag, we implanted
the next smallest PIT tag size into that individual. We chose to
use the largest appropriate tag size for each individual, be-
cause PIT tag detection distance increases with tag size
(Ousterhout and Semlitsch 2014). Tag sizes and the range of
salamander masses that were used for each are as follows: 12-
mm PIT tag (HPT12 12 mm × 2.12 mm, 0.115 g), 3.07–
1.51 g; 9-mm PIT tag (HPT9 9 × 2.12 mm, 0.08 g), 2.25–
0.68 g; and 8-mm PIT tag (HPT8 8.5 × 1.4 mm, 0.033 g),
0.43–1.28 g. To implant a PIT tag, we made a 3-mm incision
to the muscle and skin anterior to a hind limb and inserted the
tag into the body cavity. All animals were PIT tagged on
September 27, 2013 or September 30, 2013. Post implanta-
tion, we monitored salamanders until they recovered, and
returned them to their individually occupied plastic container
until released in the field.

Experimental procedureWe released 140 juvenile salaman-
ders (N = 80 spotted salamanders and 60 ringed salamanders)
into enclosures after sunset on October 5, 2013, which was
within 24 h of a rain event that saturated the leaf litter. We

randomly assigned a species to each enclosure (N = 4 spotted:
3 forest, 1 grassland; N = 3 ringed: 2 forest, 1 grassland).
Given previous experimental work showing higher survival
rates in forested habitats (Rothermel and Semlitsch 2006;
Osbourn et al. 2014) and a limited number of available juve-
nile salamanders, we chose to have a higher number of repli-
cates for each species within forested habitat rather than grass-
land habitat. We released 20 randomly selected juveniles of
the same species within each enclosure, with each individual
being released at a randomly assigned location. We marked
each release site with a flag and designated that as the indi-
vidual’s starting location.

We searched the enclosures 24 h after release and then
every 1 to 2 weeks until March 29, 2014 (N = 19 tracking
days) using a portable RFID system (FS-2001F-ISO reader
and BP portable antenna, Biomark, Boise, ID, USA). Our
searches consisted of passing the antenna close to the ground
over the entirety of the enclosure. Every time we detected an
individual, we measured their location (± 5 cm). If an individ-
ual did not move more than 10 cm, we marked it as not mov-
ing. At each relocation, we approximated the vertical location
of the juvenile by lifting the antenna until the salamander could
no longer be detected. We measured the height of the antenna
above the ground and subtracted this distance from the maxi-
mum detection ranges for each PIT tag with this antenna sys-
tem (HPT8 = 16 cm, HPT9 = 24 cm, HPT12 = 30 cm;
Ousterhout and Semlitsch 2014), to approximate depth of each
individual in the soil column.We had intended to track animals
through the summer; however, we were forced to conclude the
experiment after a fire destroyed the enclosures at one site on
February 26, 2014. We continued to search for animals post-
burn to capture vertical migrations of individuals as soil tem-
peratures warmed, recognizing that surface active salamanders
could emigrate from our search area. To minimize bias, ob-
servers were blind to the species of individuals, but because
measurements occurred in the field, it was not possible to
record data blind to habitat type or weather.

Environmental measures At each habitat type at each site,
we deployed two sets of HOBO Loggers and iButtons, one set
on each side of the enclosure array. We measured soil temper-
ature at 0, 5, 15, and 20 cm below the surface every 4 h for the
duration of the experiment (accuracy ± 1 °C; iButton model
DS1921G, Maxim Integrated Products, San Jose, CA USA).
We measured air temperature and relative humidity (RH) at
30-min intervals with data loggers (HOBO U10–003, Onset
Computer Corp., Bourne, Massachusetts, USA). However,
some of the air temperature and RH data loggers failed during
the first week of the experiment and during the fire. To impute
these values, we regressed daily average temperature, mini-
mum temperature, maximum temperature, average RH, min-
imum RH, and maximum RH observed at our sites against
observations from a weather station 4.03 km away from site
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1 and 4.22 km away from site 2 (Waynesville Regional
Airport at Forney Field, Weather Underground, http://www.
wunderground.com).We then used the regression equations to
impute missing site-specific weather data. We also used the
weather station data to calculate the amount of precipitation
(cm) since the last tracking occasion.

Statistical analyses We conducted all analyses with R (R
Core Team 2016). We tested whether the spatial distribution
of salamanders was random (R = 1), uniform (R > 1), or
clumped (R < 1) using the Clark and Evans test
(Bclarkevans.test^in package spatstat; Baddeley and Turner
2005). To achieve unbiased estimates of aggregation, the lo-
cation of all possible neighbors must be known. However, we
searched a confined area, and as a result, the nearest neighbor
for individuals at the edge of an enclosure may have been
outside of the search area. In cases like ours where the location

of all nearest neighbors is not known, observed nearest neigh-
bor distances are generally larger than true nearest neighbor
distances. To correct for this, we applied a Donnelly edge
correction (Table S1). For this test, we considered the mean
location of individuals during three periods—fall (October 12,
2013–November 18, 2014), winter (January 01, 2014–
February 21, 2014), and spring (March 01, 2014–April 03,
2014). We analyzed animals in enclosures in the same site
and habitat type together (e.g., all forest enclosures at site 1).

For each individual, we calculated both 50 and 95% kernel
density estimate (KDE) in both 2D and 3D space. The 50%
KDE (hereafter, core area) represented an individual’s core
area or home range, whereas the 95% KDE (hereafter, extent)
described the extent of its movements excluding sallies (Burt
1943; Simpfendorfer et al. 2012). We conducted a bootstrap
analysis to determine the effect of the number of the reloca-
tions per individual on 2D and 3D KDEs. For each

a

b

c

d

Fig. 1 A representative a 2D kernel density estimate (KDE), b the overlap between two 2DKDEs, c 3DKDE, and b the overlap between two 3DKDEs.
The same individuals were used in 2D and 3D examples. Note, axes are scaled differently
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salamander with at least 14 relocations (N = 14), we randomly
drew 4–14 locations and calculated a KDE. For each individ-
ual and number of relocations combination, we ran 500 sim-
ulations (Fig. S2). To minimize bias in KDE due to a low
number of relocations, we included individuals in the analysis
that had at least six unique locations and moved at least 10 cm
between new relocations (detection accuracy threshold, 140
salamanders released; 2D analyses N = 51; 3D analyses
N = 55), resulting in 6–17 relocations per individual (medi-
an = 11.00 locations). We used a plug-in bandwidths selector
to estimate the smoothing factor matrix for kernel estimation,
and after testing a range of multipliers to identify the optimal
value, we applied a multiplier of six to reduce the complexity
of kernels and increase smoothing, thereby more accurately
representing the uncertainty in our relocation estimates. We
used the Bkde ^ function from the ks package (Duong 2007) to
estimate core area and extent as well as the overlap between
core areas and extents, respectively. We calculated an intra-
specific overlap index (hereafter overlap index) by summing
the total area or volume of overlap between an individual and
all other salamanders at a site and then dividing by the indi-
vidual’s core area or extent. An overlap index of 0 would
indicate that an individual had exclusive use of its core area
or extent.

We assessed if the number of times an individual was
relocated or how far it moved affected KDEwith a generalized
linear model (GLM), assuming a gamma distribution.

We tested whether species, habitat, and the interaction be-
tween species and habitat had an effect on KDE and intraspe-
cific KDE overlap index with a generalized linear mixed ef-
fects model (GLMM) assuming a gamma and a negative bi-
nomial distribution, respectively. We included the covariates
tag size and the number of relocations to control for differ-
ences in detection between individuals, and the random effect
of enclosure crossed with site. Because mass was highly col-
linear with tag size (Pearson’s correlation coefficient r = 0.74),
we opted to analyze the tag size as it affected detection depth,
and did not retain mass in models. For all assessments of
KDE, we modeled the response of core area and extent
KDEs for 2D and 3D estimates.

We tested if salamanders modified their habitat selection
(i.e., depth below ground), probability of moving, or distance
moved in response to weather conditions with GLMMs. We
assessed if mean temperature, total precipitation, mean soil
surface temperate, or mean RH in the week preceding tracking
had an effect on whether a salamander moved, assuming a
Bernoulli distribution. We also tested if these independent
variables had an effect on salamander depth or distancemoved
with a negative binomial distribution. In all three GLMMs, we
included in the variables species, habitat, and their interaction
(as above). We also included covariates site, PIT tag size,
number of relocations, as well as the random effect of individ-
ual to account for repeated measures. The residuals of all
models met assumptions of homoscedacity. GLMs and

Table 1 Summary of 2D and 3D kernel density estimates (KDE) and KDE overlap index, the amount of overlap between home ranges

Dim Space Species Habitat N Size Overlap index

Median IQR Range Median IQR Range

2D Core Ringed Forest 9 1.60 5.96 0.46–12.36 0.43 0.29 0–2.96

Grassland 4 7.40 34.95 0.36–117.23 8.95 2.99 3.01–10.01

Spotted Forest 30 5.09 13.42 0.12–117.8 2.77 2.38 0–13.71

Grassland 8 15.65 19.92 3.14–51.32 5.44 1.42 1.67–8.80

Extent Ringed Forest 9 18.26 26.52 1.56–45.01 1.35 0.66 0.49–4.60

Grassland 4 39.00 73.68 18.52–301.57 20.13 2.81 17.54–25.18

Spotted Forest 30 31.29 46.02 6.25–300.78 7.14 7.89 1.23–25.35

Grassland 8 101.08 49.19 26.23–242.79 12.79 1.71 9.58–20.31

3D Core Ringed Forest 11 0.16 0.44 0–3.02 0.49 0.58 0.03–2.19

Grassland 5 0.44 0.41 0–34.24 7.55 5.70 0–13.34

Spotted Forest 31 0.30 0.94 0.02–6.54 3.40 3.16 0–13.62

Grassland 8 1.54 3.36 0.14–5.74 4.57 2.40 2.43–6.33

Extent Ringed Forest 11 1.62 3.43 0–6.37 1.31 0.65 0.20–3.38

Grassland 5 2.78 3.44 0.03–73.93 14.72 3.56 6.16–19.23

Spotted Forest 31 4.03 7.29 0.12–65.01 6.45 5.68 1.35–16.82

Grassland 8 5.51 11.06 3.10–47.86 7.87 2.60 4.86–13.91

Dim refers to dimensions in KDE, space refers to size of KDE (Core = 50%; Extent = 95%), N is the number of salamanders, IQR is the interquartile
range, and range is described by the minimum and maximum values
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GLMMs were built using Bglmmadmb^ in package
glmmADMB (Fournier et al. 2012; Skaug et al. 2016). We
considered findings to be statistically significant if P < 0.05
and a trend if P < 0.10.

Results

Home range size In the forest habitat, KDEs were based
on 9.8 ± 2.6 (mean ± SD) relocations for each ringed

salamander and 12.1 ± 3.8 relocations for each spotted
salamander. In the grassland, ringed salamanders KDEs
had 11.2 ± 4.4 relocations, and spotted salamander
KDEs had 10.3 ± 2.6 relocations. There was a positive
correlation between KDE and the distance moved by a
salamander (Table S2). However, 50% KDEs had a neg-
ative relationship with the number of relocations
(Table S2).

Juvenile ringed salamanders had a median 2D core area of
3.58 m2 and extent of 28.68 m2 (Fig. 1, Table 1). Spotted

Table 2 Effects of species
(ringed or spotted salamander),
habitat (forest or grassland), and
their interaction on KDEs

Predictor Estimate χ2 DF P

2D core area

Intercept Ringed, forest, small 2.18 (0.86, 3.50) 10.42 1 0.001

Species Spotted 1.01 (−0.15, 2.17) 2.90 1 0.089

Habitat Grassland 1.72 (0.10, 3.34) 4.31 1 0.038

Species x habitat Spotted, grassland 0.18 (−3.56, 0.49) 2.20 1 0.138

Relocations −0.09 (−0.18, 0.004) 3.50 1 0.061

Tag size 0.75 2 0.687

Medium 0.40 (−0.75, 1.54)
Large 0.66 (−0.87, 2.19)

2D extent

Intercept Ringed, forest, small 2.58 (1.57, 3.59) 25.04 1 <0.001

Species Spotted 0.59 (−0.14, 1.32) 2.48 1 0.115

Habitat Grassland 1.40 (0.32, 2.49) 6.40 1 0.011

Species x habitat Spotted, grassland −0.88 (−2.31, 0.55) 1.44 1 0.230

Relocations 0.05 (−0.02, 0.12) 1.95 1 0.162

Tag size 1.94 2 0.380

Medium 0.14 (−0.55, 0.84)
Large 0.71 (−0.31, 1.72)

3D core volume

Intercept Ringed, forest, small −1.60 (−3.05, −0.15) 4.69 1 0.030

Species Spotted 0.30 (−0.80, 1.40) 0.29 1 0.590

Habitat Grassland 2.00 (0.40, 3.60) 6.01 1 0.014

Species x habitat Spotted, grassland -2.01 (−4.15, 0.13) 3.38 1 0.066

Relocations 0.03 (−0.13, 0.08) 0.25 1 0.614

Tag size 13.79 2 0.001

Medium 1.81 (0.76, 2.86)

Large 2.59 (0.92, 4.25)

3D extent

Intercept Ringed, forest, small −0.51 (−1.82, 0.80) 0.58 1 0.446

Species Spotted 0.46 (−0.45, 1.37) 0.97 1 0.325

Habitat Grassland 1.58 (0.24, 2.92) 5.33 1 0.021

Species x habitat Spotted, grassland −1.47 (−3.29, 0.34) 2.53 1 0.111

Relocations 0.07 (−0.03, 0.17) 1.96 1 0.162

Tag size 14.30 2 <0.001

Medium 1.11 (0.25, 1.97)

Large 2.38 (1.10, 3.66)

Core and extent refer to 50 and 95% KDEs, respectively. x indicates an interaction. Estimate refers to predicted
effects and 95% confidence interval. χ2 is Wald’s chi squared. P < 0.05 are bolded, and P < 0.10 are in italics

Behav Ecol Sociobiol  (2017) 71:59 Page 7 of 15  59 



salamanders utilized approximately twice as much space as
ringed salamanders (Table 1), with a median 2D core area of
7.81 m2 and extent of 41.43 m2. A similar pattern emerged
with 3D space utilization—spotted salamanders had greater
core volumes (median = 0.45 m3) and extents (4.03 m3) than
ringed salamanders (core volume = 0.24m3; extent = 2.45m3)
(Table 1). All estimates of home-range size were predicted by
habitat (Table 2). Salamanders had smaller home ranges in the
forest than the grassland (Figs. 2 and S3). However, in all
instances, the relationship between habitat and home range
was strongly affected by one influential observation and were
not significant if the outlier was censored. 2D kernel density
estimates were not affected by PIT tag size, whereas 3DKDEs
were (Table 2).

Home range overlap Juvenile ringed and spotted sala-
manders were randomly spaced during the fall and
spring sampling periods (Table S3). During the winter
sampling period, salamanders were uniformly spaced in
the grassland and clustered at one forest site (Table S3).
Few salamanders had exclusive use of their core
area/volume (2D 7.8%, 3D 3.6%), and no salamanders
had exclusive use of their extent. In addition to affect-
ing the KDE of salamanders, habitat also affected the
overlap between home ranges (Table 3). The overlap
index was 42–60% smaller in the forest than in the
grassland (Figs. 3 and S4; Table 1). Species also affect-
ed KDE overlap (Figs. 3 and S4; Table 3); spotted
salamanders had three to six times greater overlap than
ringed salamanders. Additionally, the home range over-
lap index was predicted by an interaction between hab-
itat and species (Table 3). The overlap between spotted
salamander home ranges (2D and 3D core areas and
extents) did not differ between the grassland and the
forest, whereas ringed salamanders overlapped more in
the grassland than the forest (Figs. 3 and S4).

Lateral movement and weather Unsurprisingly, salaman-
ders that moved farther had larger core areas and extents
(Table S2; Spearman’s rank correlation rho 0.62–0.84,
P < 0.001). The probability of an animal moving between
tracking sessions was affected by weather. Salamanders were
more likely to move when the surface soil temperature was
higher (Fig. 4; χ2 = 7.54, P = 0.006). During this study, soil
surface temperature ranged between -2.9 and 16.0 °C
(mean = 5.03 °C). Salamander movement probability de-
creased with RH (Fig. 4; χ2 = 4.45, P = 0.035).
Additionally, there was a trend for the probability of salaman-
ders moving to increase with precipitation (χ2 = 3.80,
P = 0.051). Between tracking sessions, 1.12 cm of rain fell
(mean, range 0–5.54 cm), and the RH was 60.52% (range
38.23–76.08%).

The distance moved by salamanders between relocations
increased with air temperature (Fig. 5; χ2 = 8.92, P = 0.003)
and soil surface temperature (Fig. 5; χ2 = 5.10, P = 0.024).
Meanweekly air temperature during the study ranged between
−2 and 20 °C (mean = 10.48 °C). The distance moved by
salamanders was also affected by species (χ2 = 7.58,
P = 0.006). Spotted salamanders moved 19% farther between
relocations than ringed salamanders (Fig. 5).

Vertical movement and weather Unlike the probability of
moving and distance moved, surface soil temperature,
RH, and precipitation did not affect vertical movement
by salamanders (P > 0.83). PIT tag size also did not
affect our abili ty to detect vertical movements
(χ2 = 3.80, P = 0.150). Additionally, ringed and spotted
salamanders were generally detected near the soil

Fig. 2 2D and 3D KDEs were predicted by habitat type. There was a
similar relationship between KDE and habitat type in all instances, so
here we display only 2D a core area and b extent. Open symbols are
individual observations. Filled symbols represent predicted mean values
and error bars represent 95% confidence intervals. 3D core area and
extent are presented in the supplemental information (Fig. S3)
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surface (mean ± 1 SD = 2 ± 3 cm); however, they
utilized a range of depths (Fig. 6; 0–22 cm) with a
range of temperatures (Fig. 6; temperatures at depths
u s ed by sa l amande r s— r ange 2 .17–12 .46 °C ,
mean ± 1 SD 7.71 ± 2.99 °C). The temperature range
of habitats selected by salamanders was narrower than
the variation measured in soil temperature and always
exceeded freezing (Fig. 6; range of soil temperatures
observed: −2.92–16.00 °C).

Discussion

The amount of space used by animals reflects many ecological
processes, including habitat use and selection (Marzluff et al.
2004), competition and exclusion (Amarasekare 2003; Börger
et al. 2008), nutrient flow (Earl and Zollner 2014), and even
extinction risk (Cardillo et al. 2008). Despite the importance
of space use to the ecology and conservation of species, his-
torically, vertical components of animalmovements have been

Table 3 Effects of species
(ringed or spotted salamander),
habitat (forest or grassland), and
their interaction on the overlap of
KDEs

Predictor Estimate χ2 DF P

2D core area overlap

Intercept Ringed, forest, small 0.13 (−1.07, 1.33) 0.05 1 0.828

Species Spotted 1.76 (0.73, 2.78) 11.30 1 <0.001

Habitat Grassland 2.20 (0.97, 3.44) 12.18 1 <0.001

Species x habitat Spotted, grassland −1.89 (−3.31, −0.47) 6.77 1 0.009

Relocations −0.10 (−0.14, −0.05) 17.52 1 <0.001

Tag size 2.39 2 0.303

Medium 0.34 (−0.19, 0.87)
Large 0.04 (−0.61, 0.69)

2D extent overlap

Intercept Ringed, forest, small 0.85 (0.08, 1.62) 4.70 1 0.030

Species Spotted 1.74 (0.92, 2.56) 17.39 1 <0.001

Habitat Grassland 2.51 (1.50, 3.52) 23.64 1 <0.001

Species x habitat Spotted, grassland −2.13 (−3.44, −0.82) 10.14 1 <0.001

Relocations −0.05 (−0.07, −0.02) 11.18 1 <0.001

Tag size 0.63 2 0.729

Medium 0.12 (−0.19, 0.43)
Large 0.05 (−0.33, 0.43)

3D core volume overlap

Intercept Ringed, forest, small 0.06 (−0.90, 1.01) 0.014 1 0.906

Species Spotted 1.83 (0.88, 2.79) 14.08 1 <0.001

Habitat Grassland 2.35 (1.22, 3.48) 16.61 1 <0.001

Species x habitat Spotted, grassland −2.28 (−3.71, −0.85) 9.73 1 0.002

Relocations −0.06 (−0.10, −0.02) 8.39 1 0.004

Tag size 0.79 2 0.675

Medium 0.19 (−0.23, 0.62)
Large 0.16 (−0.41, 0.73)

3D extent overlap

Intercept Ringed, forest, small 0.70 (−0.02, 1.42) 3.59 1 0.058

Species Spotted 1.59 (0.84, 2.34) 17.30 1 <0.001

Habitat Grassland 2.25 (1.34, 3.16) 23.58 1 <0.001

Species x habitat Spotted, grassland −2.07 (−3.25, −0.88) 11.73 1 <0.001

Relocations −0.05 (−0.08, −0.02) 10.09 1 0.001

Tag size 1.90 2 0.388

Medium 0.22 (−0.10, 0.54)
Large 0.14 (−0.29, 0.58)

Core and extent refer to 50% and 95% KDEs, respectively. x indicates an interaction. Estimate refers to predicted
effects and 95% confidence interval. χ2 is Wald’s chi squared. P < 0.05 are bolded and P < 0.10 are in italics
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considered separately, if at all, from the more often analyzed
space utilization along a single plane (e.g., x, y). Vertical
movements have been particularly ignored for small-bodied
animals such as the pond-breeding salamanders in this study,
which are too small to wear high-resolution tags for tracking
movement (e.g., GPS collars). Here, we estimated the 2D and
3D home range size of juveniles of two species of pond-
breeding salamanders by tracking them over a 6-month peri-
od. In addition to computing and analyzing predictors of both
2D and 3D space utilization, we also report on the movement
of juvenile amphibians well beyond the 24 h–1 week follow-
ing metamorphosis generally considered.

Although comparison of home range size between studies
must be done cautiously due to methodological differences in
which animals were tracked and how calculations were made,
overwintering 2D home range sizes in our study (ringed sala-
mander median core area [50% KDE] = 1.56 m2, extent [95%
KDE] = 18.39 m2; spotted salamander core area = 7.02 m2,
extent = 40.58 m2) were small, similar to those measured
during the summer months in other studies of juveniles and

adults of Ambystoma. In Michigan, post-breeding adult spot-
ted salamanders had an extent of 9.83 m2 (Kleeberger and
Werner 1983), whereas in South Carolina, mole salamanders
(A. talpoideum) had smaller median extents (juveniles
0.25 m2, adults 3.61 m2; Semlitsch 1981). Adult marbled sal-
amanders (A. opacum) in Indiana had larger extents, using
14.5 m2 (Williams 1973). Collectively, these studies indicate
that both juveniles and adults of Ambystoma have small 2D
home ranges, with adults generally using more space than
juveniles.

Although 2D home ranges have been quantified for am-
phibians, to our knowledge, this is the first time that a depth
profile has been simultaneously tracked, allowing the estima-
tion of 3D home ranges. Patterns of 3D space use in our study
were similar to the patterns of 2D space use. Spotted salaman-
ders had larger home ranges than ringed salamanders, and for
both species, core volumes were substantially smaller than
extents. The small volume of space used by salamanders
was strongly affected by depth. Most of the salamanders in
our study stayed near the surface, and if habitat deeper than

Fig. 3 The overlap index of
intraspecific core areas and
extents was affected by a habitat,
b species, and c the interaction
between species and habitat. In all
instances, there was a similar
relationship between intraspecific
KDE overlap index and predictor
variables, so here we display only
the 3D core volumes. Open
symbols are individual
observations, filled symbols
represent predicted mean values,
and error bars are 95%
confidence intervals
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22 cm was selected, we did not detect it. Both the 2D and 3D
KDEs presented here must be interpreted with caution due to
the small number of spatial relocations per individual. Kernel
estimates of home range size are affected by sample size, and
sample sizes less than 30–50 will bias results (Seaman et al.
1999; Laver and Kelly 2008). Bias from small sample size
undoubtedly affected our estimates of home range size
(Fig. S2) and home range overlap. However, because reloca-
tions across species and habitat types were similar, any bias in
KDEs should not affect analyses of predictors of home range
size or overlap.

The two species examined in this study altered their space
utilization depending on the habitat type they occupied, and
had greater KDEs in the grassland than the forest. A major
constraint for amphibians is desiccation, and risk of desicca-
tion is highest for salamanders in habitats such as grasslands

(Loredo et al. 1996; Rothermel and Luhring 2005; Rothermel
and Semlitsch 2006) which have high solar radiation, lower
soil moisture, and a lower density of burrows which salaman-
ders use as refuges (JJB unpublished data). Salamanders may
move farther in grasslands in search of burrows, resulting in
larger KDEs. Alternatively, salamanders may have larger
home ranges in grasslands in order to meet their energetic
requirements, because soil invertebrates are less abundant in
the leaf litter of grasslands than forests (Curry 1994).

Ringed salamanders had greater intraspecific overlap of
home ranges in the grassland. The effect of habitat type on
overlap index is unlikely to reflect variation in the strength of
competition between the two habitat types. We would expect
advantages from exclusive space use, such as burrow refuges,
to be stronger in the grassland where there is a lower density of
burrows (JJB unpublished data), lower prey density (Curry
1994), and more extreme weather conditions (this study).
Additionally, exclusive space used due to resource limitation
seems unlikely, as there is no evidence of territorial behavior
in either salamander species used in this study (Nussbaum
et al. 2016), and spotted salamanders display conspecific at-
traction (Greene et al. 2016). Instead, we suggest that overlap
reflects differences in the distribution of resources between
habitat types which are limiting to ringed salamanders.
Ringed salamanders may have moved more in the grassland
in search of burrows because desiccation risk is higher in
grasslands (Rothermel and Luhring 2005), and particularly
for species such as ringed salamanders with larger surface-
area-to-volume ratios (Grover 2000; Peterman et al. 2013).
Differences in prey abundances between habitat types (Curry
1994) and energetic requirements between species could also
drive the interaction between species and habitat. However,
future studies will be required to test these hypotheses.

Whereas the home range overlap index differed between
habitat types and species, there was not a strong difference in
the overlap index when comparing 2D and 3D home ranges.
The lack of a difference in overlap between estimate types
indicates that salamanders were not partitioning space verti-
cally. Indeed, although salamanders in this study frequently
used burrows and selected habitats that had less variation in
temperature than the ambient air temperature, vertical move-
ments were generally limited to 5 cm below ground. The
limited vertical movement and the lack of statistical relation-
ship between surface soil temperature and the depth selected
by salamanders could be attributed to several non-exclusive
factors. The shallow depth profiles of the salamanders we
tracked may reflect limitations of PIT tag detection. The ver-
tical movements we measured were generally restricted to
<0.05 m and never exceeded 0.22 m, approximately the max-
imum detection depth of the PIT tags used in this study
(Ousterhout and Semlitsch 2014). Additionally, some individ-
uals were only detected in the fall and spring, but not during
the colder winter months. It seems unlikely that salamanders

Fig. 4 The probability of an individual moving was affected by a soil
surface temperature (°C) and b relative humidity. Solid lines represent
predicted values and dashed lines represent 95% confidence intervals
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moved laterally out of enclosures, because we had a low
trespassing rate (7%, N = 6 salamanders pre-fire, N = 3 sala-
manders post-fire). Instead, we suggest that these salamanders
may have moved vertically beyond the detection limit of PIT
tags (30 cm for largest PIT tags; Ousterhout and Semlitsch
2014) and were unavailable for surveying (Connette and
Semlitsch 2012; O’Donnell and Semlitsch 2015).

The structure and availability of burrows may have also
affected the vertical movements, or lack thereof, of salaman-
ders. Ambystoma salamanders, with the exception of
A. tigrinum, cannot create their own burrows and must use
burrows made available by small mammals or widen out
spaces along root tunnels (Semlitsch 1983). The characteris-
tics of available burrows depend on both behavioral differ-
ences between species of small mammals and site specific-
soil traits (Reichman and Smith 1990; Laundré and
Reynolds 1993; Connior et al. 2010). Replication of this study
in other regions or under experimental manipulations of tem-
perature is necessary to determine whether the vertical posi-
tion selected by salamanders is indeed an artifact of the struc-
ture of available burrows.

Alternatively, the narrow range of depths used by salaman-
ders in our study could reflect the vertical distribution of prey.
Ambystoma salamanders are sit and wait predators that feed
primarily on terrestrial macroinvertebrates (Petranka 1998 and
references therein). In temperate forests, macroinvertebrate
abundance and species richness are higher in the leaf litter
than the soil of the forest floor ecosystem (Jacobs et al.
2015). Some species of salamanders are limited by the avail-
ability of prey, and in some cases, this effect is stronger than
that of burrow availability. In an experimental comparison of
the effects of prey availability and burrow availability,
Kleeberger (1985) found that Desmognathus monticola in-
creased their home range size in response to lower prey den-
sity, but not decreased burrow density. Therefore, the selection
of shallower burrows may indicate that salamanders are more
limited by prey availability than temperature or moisture.
Finally, and most simply, the narrow range of depths selected
could reflect the temperature preference of salamanders.
Although soil surface temperatures ranged over 23.5 °C dur-
ing this study, the temperatures on days we tracked on had a
10.6 °C range, and the lowest temperature on a tracking day

Fig. 5 Distance moved by
individuals was affected by a air
temperature (°C), b soil surface
temperature (°C), and c species.
Solid lines and symbols represent
predicted values, dashed lines and
error bars represent 95%
confidence intervals, and open
symbols are individual
observations
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was 2.2 °C. Therefore, the use of shallow burrows by sala-
manders may simply reflect the low variation in temperature
on days that salamander positions were measured. We encour-
age future studies to consider a sampling regime that deliber-
ately tracks over a wide range of temperature to test this
hypothesis.

Conclusions By calculating 2D and 3D KDEs, we were able
to compare the space use of two salamander species in two
habitat types, and concluded that individuals may not partition
space vertically. The salamanders in this study were detected
using a narrower depth profile than expected, and were most
frequently found near the ground surface. Because salaman-
ders selected habitat near the surface, they may be particularly
susceptible to management practices that alter local microhab-
itats, such as prescribed burns and timber harvest when air

temperatures are above freezing. We expect that salamanders
also used deeper soil strata beyond the detection range of PIT
telemetry (>30 cm below ground). However, future work ex-
amining 3D space use by amphibians will be required to fur-
ther elucidate whether habitat selection, and specifically
depth, is a behavioral response to the environment or limited
entirely by available refuges.

Future studies of habitat selection for fossorial species
should consider collecting data so 3D KDEs can be calculated
and compared to 2D KDEs. In this manner, the degree of
vertical movement can be rigorously tested rather than as-
sumed not to affect ecological inferences. PIT telemetry may
be a useful tool for collecting 3D data, particularly for animals
that are too small for radio transmitters or GPS collars.
However, the resolution of depth profiles generated by PIT
telemetry may be limited to 20–30 cm below the ground sur-
face until antennas with larger detection fields are created.
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