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Abstract Variation in the distribution and abundance of
species across landscapes has traditionally been attributed
to processes operating at fine spatial scales (i.e., environ-
mental conditions at the scale of the sampling unit), but
processes that operate across larger spatial scales such as
seasonal migration or dispersal are also important. To
determine the relative importance of these processes, we
evaluated hypothesized relationships between the proba-
bility of occupancy in wetlands by two amphibians [wood
frogs (Lithobates sylvaticus) and boreal chorus frogs
(Pseudacris maculata)] and attributes of the landscape
measurcd at thrce spatial scales in Rocky Mountain
National Park, Colorado. We used cost-based buffcrs and
least-cost distances to derive estimates of landscape attri-
butes that may affect occupancy patterns from the broader
spatial scales. The most highly ranked models provide
strong support for a positive relationship between occu-
pancy by breeding wood frogs and the amount of stream-
side habitat adjacent to a wetland. The model selection
results for boreal chorus frogs are highly uncertain, though
several of the most highly ranked models indicate a posi-
tive association between occupancy and the number of
neighboring, occupied wetlands. We found little evidence
that occupancy of either species was correlated with local-
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scale attributes measured at the scale of individual wet-
lands, suggcsting that processes operating at broader scales
may be more important in influencing occupancy patterns
in amphibian populations.
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Introduction

Spatial variation in the distribution (i.e., occupancy of
sampling units) of populations of plants and animals is
often a consequence of processes that operate at multiple
spatial scales (Ricklefs 1987; Jacquemyn et al. 2002). At
the scale of the sampling unit, occupancy is influenced by
local processes associated with attributes such as habitat
quality, productivity and levels of competition and preda-
tion, and ecologists have traditionally focused their
research at this scale (Dunning et al. 1992; Johnson et al.
2002; Van Buskirk 2005). However, at broader spatial
scales, processes such as migration (movement of indi-
viduals among patches of resources) and dispersal (move-
ment of individuals between local populations) also affcct
patterns of occupancy (Dunning et al. 1992; Sjogren Gulve
1994; Boscolo and Metzger 2011; Dullinger et al. 2011).
The degree to which the landscape resists or facilitates
the movement of individuals is referred to as landscape
connectivity (Taylor et al. 1993). Two components of
landscape connectivity have been identified (Q’Brien et al.
2006). Structural connectivity refers to the spatial
arrangement of habitat patches or of local populations (e.g.,
the number of patches of habitat, the size of the patches,
and the proximity of patches to one another). Functional
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connectivity refers to the response of organisms to the
spatial arrangement of patches or local populations. Two
populations ncar one another (connected structurally) will
only be connected functionally if individuals are motivated
and able to move across the landscape that separates them.
Because structural measurements are easily derived, anal-
yses of species’ spatial distributions often only consider the
role of structural connectivity (Taylor et al. 2006; Ziegler
et al. 2011). In contrast, accounting for functional con-
nectivity requires information on the decisions that guide
individuals® movements and the effects of landscape attri-
butes on those movements. Fortunately, this information is
available for many species (Rosenberg et al. 1998; Rizkalla
and Swihart 2007; Eggers et al. 2010), and covariates that
account for functional connectivity arc now more fre-
quently included in analyses of occupancy data (Joly et al.
2001; O'Brien et al, 2006; Zeigler et al. 2011).

Because their different life stages (embryo, larvae,
juvenile and adult) use resources at various spatial scales,
populations of pond-breeding amphibians are valuable for
evaluating the influence of local and broad-scale (e.g.,
landscape connectivity) processes on occupancy patterns.
The embryonic and larval life stages of most amphibian
species are exclusively aquatic, and consequently, condi-
tions within a wectland must facilitate the survival and
development of embryos to metamorphosis for a wetland to
be couasistently occupied (Wemer et al. 2009). The area
used by juveniles and adults, however, often extends well
beyond the boundaries of the wetlands in which they breed
(Rittenhouse and Semlitsch 20)07a), and individuals may
spend much of the year in terrestrial environments, moving
across the landscape lo access seasonal resources (e.g.,
refugia from drying, overwintering sites, areas with a suf-
ficient prey base; Baldwin et al. 2006; Rittenhouse and
Semlitsch 2007a). If seasonal resources are not accessible,
a wetland may not be occupied despite having suitable
local conditions for breeding and recruitment (Johnson
et al, 2002). Finally, wetland occupancy is also affected by
local colonization and extinction dynamics (Sjogren Gulve
1994). Wetlands that are functionally connected to other
occupied wetlands may have higher occupancy probabili-
ties, because dispersers are more likely to find them (Sjo6-
gren Gulve 1994; Knapp et al. 2003). Successful dispersers
may colonize previously unoccupied wetlands, rescue local
populations from extinction, or ameliorate the effects of
inbreeding depression (Smith and Green 2006; Wemrner
et al. 2009).

Many studies have explored the relationships between
local- and landscape-scale covariates on occupancy pat-
terns in amphibians (Knapp et al. 2003; Mazerolle et al.
2005; Van Buskirk 2005; Cunningham et al. 2007). More
recently, these types of studies have included covariates
that measure the functional connectivity of the landscape
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(e.g., resistance surfaces, least cost paths, and cost-based
buffers; Ray et al. 2002; Zanini et al. 2008; Janin et al.
2009). The results are highly variable with studies finding
strong support for many covariates measured at several
spatial scales (Mazerolle et al. 2005; Van Buskirk 2005).
Consequently, generalizations about the covariates or
processes that most strongly influence patterns of occu-
pancy in amphibian populations are not apparent (Zanini
et al. 2009), and acquiring reliable information for man-
agement and conservation strategies may only be possible
through focused studies on local populations of interest.

Historic observations of amphibians in the Kawuneeche
Valley (KV) of Rocky Mountain National Park (RMNP),
Colorado, include four anurans [boreal toad (Anaxyrus
boreas boreas), boreal chorus frog (Pseudacris maculata;
hereafter chorus frog) northern leopard frog (Lithobates
pipiens), wood frog (Lithobates sylvaticus)] and a caudate
[tiger salamander (Ambystoma tigrinum)]. The KV is the
only location in RMNP where all of these species have
been observed (Com et al. 1997), but surveys over the last
30 years in RMNP indicate that the boreal toad and
northern leopard frog have either declined dramatically or
been extirpated (Corn et al. 1997; Muths et al. 2003). Much
less is known about the spatial distributions of the other
species.

Operation of a water diversion ditch and the loss of
beaver have altered hydrologic processes in the KV and
other montane valleys in the park (Peinctti et al. 2002;
Westbrook et al. 2006). With respect to amphibian popu-
lations, the consequences of these alterations include a
reduction in hydroperiod for many wetlands, a decrease in
the spatial extent of wetlands (Westbrook et al. 2006), and a
likely decline in landscape connectivity. This study was
initiated to improve our understanding of the environmental
factors that influence wetland occupancy for amphibians
in the KV. Specifically, our objective was to evaluate
hypothesized relationships between occupancy of wetlands
by breeding chorus frogs, wood frogs, and tiger salamanders
and environmental covariates. We measured covariates at
three spatia] scales and used methods that consider both
structural and functional connectivity to derive estimates of
covariates. Due to a small number of detections, we only
include summary statistics for tiger salamanders.

Methods

Study area

The study area is the KV in Rocky Mountain National
Park, Colorado, and includes the adjacent mountainsides

up to 3048 m clevation (total area = 7587 ha; Fig. 1). The
majority of the study area is upland, and the dominant land




Popul Ecol (2012) 54:487-498

489

Kawuneeche Vailey

Rocky
Mountain
National
Park

Colorado

0 1.5 3km
SRS [ |

A

Fig. 1 Map of the study area, the Kawuneeche Valley, in Rocky
Mountain National Park, Colorudo. The black circles represent
sampled wetlands (n = 95)

cover classes are lodgepole pine (Pinus contorta) forest
(57 % of the study area) and mixed coniferous (Abies
lasiocarpa, Picea engelmannii) forest (34 %) (Salas et al.
2005). The valley bottom is bisected by the Colorado River
and is composed primarily of riparian areas (5 %) and
wetlands with herbaceous vegetation (e.g., Carex spp.,
forbs and various grasses; 4 %) (Salas et al. 2005).

Amphibian surveys

We used aerial photographs and field reconnaissance to
identify 383 wetlands in the study area. We ordered them
from north to south and selected a sample using a sys-
tematic sampling design with a random start. Identification
of wetlands using aerial photography is uncertain (Baker
et al. 2006), and some wetlands contained no standing
water on the first sampling occasion. These wetlands were
removed from the sample, which resulted in a final sample
of 95 wetlands. In ArcGIS 9.2 (ESRI 1999-2006), we used
aerial photography of the study area and field notes to map
each wetland and calculate its surface area.

We conducted three surveys at each wetland. We started
surveys 6 days after the first detection of a wood frog egg mass
and finished all surveys before observing metamorphosed

individuals of either species. The number of days between
surveys at a wetland ranged from 1 to 22. During each survey,
two to five field workers walked the perimeler of the wetland
and as far out as 10 m from the perimeter in search of
amphibians of all life stages. We also searched accessible
shallows (depth of water less than 60 cm) for larvae with
aquarium nets (10 x 15 cm opening). For each survey, we
recorded the life stages of each species that was detected.

Occupancy model

We used the single-season occupancy model (MacKenzie
et al. 2002, 2006) to test hypothesized relationships between
occupancy and environmental covariates. The model
includes two parameters: py;, the probability the species is
detected at site i on survey j given that it is present at the
site, and ;, the probability the species occupies site
i. Incorporation of covariales in occupancy models allows
hypothesized relationships between ; and site character-
istics to be evaluated, as well as suspected relationships
between p;; and characteristics of sites and surveys.

We addressed assumptions of the occupancy model in
both the design and analysis phases of the project. First, the
models assume the occupancy status of a site does not
change within a sampling season (MacKenzie et al. 2006).
Movements of adult or juvenile frogs into or out of a
wetland between surveys could violate this assumption.
Therefore, we counted only detections of egg masses and
tadpoles in the analyses, life stages that were confined to
wetlands during the sampling period. The occupancy
model also assumes that the detection of a species during a
survey is independent of detections during other surveys
(MacKenzie et al. 2006). We suspected that detection of a
species at a wetland would make the detection probability
of the specics higher in subsequent surveys, because field
workers would remember where to look. To address this
issue, we evaluated a modcl in which detection probability
on surveys after initial detection were different from
detection probability on or prior to the survey of original
detection. Finally, the occupancy models assume that
detection and occupancy are independent across sites
(MacKenzie et al. 2006). The most likely cause of a vio-
lation of this assumption in this study is spatial dependency
in occupancy status induced by spatial autocorrelation in
environmental attributes that make a wetland suitable or
unsuitable to a species or by movement between neigh-
boring wetlands. In our analyses, we evaluated models that
represented these processes.

Hypotheses for detection probability

Prior to model building, we developed hypotheses for
temporal and spatial variation in detection probability. We
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identified three covariates likely to cause variation in
detection probability across surveys: the number of work-
ers during a survey (NUMBWOR), the day of the survey
(SAMPDAY), and the length of the survey (SAMPTIME).
In all mathematical modcls, we related covariates to
detection probability using the logit link function (Mac-
Kcnzie et al. 2006). We hypothesized two functional forms
for the relationship between NUMWOR and detection
probability; we hypothesized that detection probability
would increase linearly as NUMBWOR increased or
detection probability would increase with increases in
NUMBWOR to a threshold. We used a pseudo-threshold
equation to represent the threshold relationship, and all
models with this relationship were of the following form:

logit()) = B4 + B, log,(x) + 0.005),

where 6 represents the parameter of interest (detection
probability or occupancy probability) and x; represents the
covariate of intcrest. We added 0.005 to covariate values to
eliminate values of 0. We denoted these models as
p(NUMBWOR_LIN) and p(NUMBWOR_THRESH) and
use this format (covariate name followed by the functional
form of the relationship) to label model structures.

SAMPDAY reprcscnts the day on which a survey
occurred (the first day of surveys was identified as day 1).
We hypothesized a linear and quadratic relationship
between detection probability and SAMPDAY. We
expected detection probability to be highest early in the
sampling scason when egg masses of both species are
present. The linear relationship represented the hypothesis
that detection probability would be highest for surveys
early in a sampling season and decline linearly for sub-
sequent surveys. The quadratic relationship represented the
hypothesis that detection probability would be lowest
during the middle of each sampling season and higher on
surveys that were early and late in each sampling season,
Toward the middle of cach sampling season, egg masses
were less abundant or absent and tadpoles were small.
Therefore, we expected detection probability to be lower.
All quadratic relationships in this analysis were of the
following form:

logit(8) = fy + B (x1) + B(x}).

Finally, we hypothesized that the amount of time
workers surveyed a pond (SAMPTIME) would affect
detection probability and modeled this relationship using
linear and threshold functions. We expected detection
probability to be higher for surveys with relatively large
values of SAMPTIME and that detection probability may
reach an asymptote at the highest values of SAMPTIME.

In addition to evaluating the effects of covariates on
detection probability, we evaluated the hypothesis that
detection probability was constant across sampling
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occasions (p[.]). As noted above, we also evaluated the
hypothesis that detection probability on surveys after initial
detection was different from detection probability prior to
initial detection (p[INITDET]).

Hypotheses for occupancy probability

We explored relationships between occupancy probability
and covariates at three spatial scales; local (attributes of the
wetland), intermediate (attributes of the landscape at the
scale of migration; on average, 230 m from a wetland for
wood frogs and 150 m for chorus frogs) and broad (attri-
butes of the landscape at the scale of dispersal; on average,
570 m from a wetland for wood frogs and 400 m for chorus
frogs). We define migration as seasonal movements by
adults and juveniles between their natal wetland and areas
of the landscape with seasonal resources (Semlitsch 2008).
We define dispersal as movement that results in an indi-
vidual permancatly leaving its natal wetland and becoming
a member of another local population (Semlitsch 2008).
Dispersal tends to occur over a larger area than migration.

Local scale

At individual wetlands, we measured three variables: hy-
droperiod (HYDRO), percent of the wetland surface area
with emergent vegetation (EMERVEG), and the surface
area of the wetland (AREA). We used field measurements
of water depth and annual observations of hydroperiod
from previous years of fieldwork in the study area to assign
each wetland to one of four categories: 1 (wetlands have
the shortest hydroperiod and dry annually), 2 (wetlands
have an intermediate hydroperiod and dry frequently), 3
(wetlands have a long hydroperiod and dry rarely), or 4
(wetlands have the longest hydroperiod and never dry). In
Colorado, wood frogs use small, ephemeral wetlands for
breeding (Com et al. 1997) and are associated with wet-
lands of intermediate or short hydroperiod across their
geographic range (Egan and Paton 2004; Cunningham et al.
2007). Chorus frogs use wetlands of temporary and per-
manent hydroperiod for breeding (Werner et al. 2009), and
in the KV, they oviposit at approximately the same time
as wood frogs but metamorphose faster (approximately
50 days; Matthews and Pettus 1966). Therefore, we
expected chorus frogs to occupy wetlands across a broader
range of hydroperiods.

We proposed several a priori hypotheses to explore the
relationship between hydroperiod and occupancy in both
species: (1) Occupancy will be equal across wetlands of all
hydroperiod categories (null model, denoted as y[.]),
(2) Occupancy will vary between wetlands of different
hydroperiod category (¢ [HYDRO 1, 2, 3, 4]), (3) Occu-
pancy in wetlands of category 2 and 3 will be equal and
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higher than the probability of occupancy in wetlands of
category | and 4 (Y[HYDRO 1, 2 =3, 4]), and (4)
Occupancy in wetlands of categories 1, 2 and 3 will be
equal and higher than the probability of occupancy in
wetlands of category 4, (J/[HYDRO | = 2 = 3, 4]).

We expected the amount of emergent vegetation in
wetlands would be important for wood and chorus frog
occupancy, because both species attach egg masses to
emergent vegetation and it provides cover for tadpoles
(Egan and Paton 2004; Harte! et al. 2009). During each
survey, we estimated the percent of each wetland’s surface
with emergent vegetation using the following categories:
0-25, 26-50, 51-75, and 76-100 %. For model building,
we used the estimatc most frequently assigned to each
wetland and evaluated the following hypotheses regarding
the relationship between cover from emergent vegetation
(EMERGVEG) and occupancy: (1) Occupancy will vary
between wetlands in each emergent vegetation category
(Y[EMERGVERG 1, 2, 3, 4}), (2) Occupancy in wetlands
with greater than 25 % emergent vegetation will be higher
than in wetlands with lower percentages of emergent
vegetation (Y[EMERGVEG 1, 2 = 3 = 4]), (3) Occu-
pancy in wetlands with greater than 50 % emergent vege-
tation will be higher than in wetlands with lower
percentages of emergent vegetation (Y[EMERGVEG
1 =2, 3=4]), and (4) Occupancy will be greater in
wetlands with intermediate percentages of emergent veg-
etation (i.e., a quadratic effect; Hartel et al. 2009)
(W[EMERGVEG 1, 2 = 3, 4]).

Finally, we expected larger wetlands to have higher
occupancy probabilities, because they can support larger
populations that are less affected by demographic sto-
chasticity and local extinction events (Goodman 1987). In
addition, colonization rates may be higher because emi-
grants may be more likely to find larger wetlands. We
hypothesized a linear and threshold relationship between
occupancy probability and wetland surface area.

Intermediate scale

We used data from this scale to evaluate the hypothesis that
sufficient amounts of seasonal habitat types must be
accessible from a wetland for it to be consistently occupied
by breeding wood and chorus frogs. Studies of wood frogs
suggest a general pattern of seasonal migration. After the
breeding season, or upon metamorphosis for juveniles,
frogs migrate to moist forested areas, wetlands, stream
edges and ravines (Vasconcelos and Calhoun 2(}04; Bald-
win et al. 2006; Rittenhouse and Semlitsch 2007b). These
landscape features facilitate hydroregulation and may
support higher densities of prey (Rittenhouse and Semlitsch
2007b). As winter approaches, wood frogs migrate to areas
with unsaturated soils relatively near breeding wetlands

(Regosin et al. 2003, 2005). If sufficient amounts of sea-
sonal habitat types are not accessible, the wetland may
have a low probability of occupancy. Relative to wood
frogs, information on migratory behavior in chorus frogs is
limited. Spencer (1964) reported that the majority of adults
and juveniles from a high-elevation population in northern
Colorado remained near their natal wetland or migrated
only a short distance (<300 m) to adjacent wet meadows.

To evaluate relationships between occupancy and the
amount of seasonal habitat adjacent to the wetland, we: (1)
developed a cost surface (Table 1; for details on our
methods, see S1 in the Electronic Supplementary Material,
ESM), (2) delincated a cost-based buffer (Ray et al. 2002;
Zanini et al. 2008) around each wetland, (3) estimated thc
amount of seasonal habitat within each buffer and (4) used
thesc estimates as covariates in the occupancy models.
Most previous studies of occupancy relationships in
amphibians have used circular buffers around wetlands
with the implicit assumption that movement from wetlands
is equal in all directions (Fig. 2; Joly et al. 2001 ; Fortin and
Dale 2005; Zanini et al. 2008). However, many species of
amphibian avoid moving through particular land cover
types (deMaynadier and Hunter 1999), and the cost of
movement, in terms of body condition and survival, varies
among land cover types (Rothermel and Semlitsch 2002;
Sztatecsny and Schabetsberger 2005; Rittenhouse et al.
2008). We used cost-based buffers (see S2 in thc ESM),
because they account for variable costs of movement
through different land cover types. The result is a buffer
that extends farther from the wetland when the intervening
landscape is less resistant to movement (Fig. 2). The
measurement unit, cost meters, is the product of the

Table 1 Weighted-average costs of movement for wood frogs,
Lithobates sylvaticus, and boreal chorus frogs, Pseuducris maculata,
adults and juveniles (in parentheses) through 7 of the 26 land cover
classes in the study area. These land cover classes were sclected to
show a range of costs (see the ESM, for the full list of land cover
classes with movement costs). Classes 22 and 23 are the most com-
mon land cover classes and comprise over 80 % of the study arca

Land cover Brief class description Cost
class
Wood Chorus
frog frog
o] Herbaceous wetland 3(6) 3(5)
13 Shrub upland 1(2) 1(1)
22 Sub-alpine mixed 4 (8) 6 (8)
conifer
23 Lodgepole pine 4(9) 6 (9
52 T.akes and reservoirs Barrier Barrier
501 Small streams 4 {6) 4 (6)
502 Rivers and large 8 (14) 10 (14)
streams
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Fig. 2 Circular and cost-based buffers for estimating the amount of
seasonal habitat types adjacent to breeding wetlands, The small,
hatched area with a black outline in the center of the figure is a
wetland. The black circle represents a circular buffer around the
wetland, and the shaded area delineates a cost-based buffer. Within
the buffer, cells of different color represent different habitat types or
urcas of non-habitat. Cells with no color within the buffer are
permanent lakes and, because they likely contained fish, were
considered complete barriers to wood and chorus frogs

Euclidean distance of a path through a landscape and the
relative cost of movement through each land cover type
along the path. For example, traveling 3 m through a land
cover type with a relative cost of movement of 3 would
cquate to 9 cost meters. Measures of the amount of adja-
cent seasonal habitat based on cost-based buffers provide a
better explanation of the spatial variation in occupancy in
amphibians (Ray et al. 2002; Zanini et al. 2008) and other
species [e.g., wood crickets (Nemobius sylvestris Bosc.);
Brouwers et al. 2010].

Within each buffer, we derived estimates of the fol-
lowing covariates for wood frogs: (1) the area of wetland
vegetation within 400, 600 and 1000 cost meters of the
breeding wetland (WETVEG400, WETVEG600, and
WETVEGI1000), (2) the length of stream within 400,
600, and 1000 cost meters of the breeding wetland
(STREAM400, STREAMG600, and STREAM1000), and (3)
the amount of upland within 400, 600, and 1000 cost
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meters of the breeding wetland (UPLANDA400,
UPLAND600, and UPLANDI1000). We used cost-based
buffers of three sizes to account for uncertainty in the scale
of seasonal migration, For wood frogs, 400, 600 and 1000
cost meters were equivalent to approximately 130, 210 and
350 meters in straight-line distance. We estimated the
same covariates for chorus frogs but, because of their body
size and evidence that they travel shorter distances from
wetlands during seasonal migrations (Rittenhouse and
Semlitsch 2007a), used smaller spatial scales (200, 400 and
800 cost meters). For chorus frogs, 200, 400 and 8000 cost
meters were equivalent to approximately 60, 110 and 270
meters in straight-line distance. The amount of wetland
vegetation and the length of stream were chosen because
these landscape elements were most likely to provide the
moist, cool conditions frogs require for survival during the
summer and fall. The amount of upland was estimated,
because it represented potential overwinter habitat for both
species (Spencer [964; Regosin et al. 2003, 2005). For
each covariate, we hypothesized a positive, linear rela-
tionship with occupancy. We also hypothesized that
occupancy would increase to a threshold with increases in
values of each covariate.

Broad scale

We assessed covariates at a broad scale (i.e., dispersal) to
evaluate the hypothesis that wetlands near occupied wet-
lands have a higher probability of occupancy than isolated
wetlands. We mapped the location of every wetland where
breeding by wood frogs and chorus frogs was detected
from 2004 to 2006 during the occupancy surveys and other
fieldwork in the KV, We detected breeding at 33 and 47
wetlands by breeding wood frogs and chorus frogs,
respectively.

Dispersal in pond breeding amphibians differs from
seasonal migration in two ways: it generally occurs over
greater distances (Berven and Grudzien 1990; Baldwin
et al. 2006; Semlitsch 2008), and juveniles are the primary
dispersers (Berven and Grudzien 1990; Funk et al. 2005;
but see Smith and Green 2006). We assumed juveniles
would experience a higher cost of movement than adults
through land cover types characterized by warm and dry
conditions because of their smaller body size and greater
surface area to volume ratio. Therefore, we used costs of
movement relevant to juveniles when modeling the dis-
persal process (Table 1; Table S2 in the ESM).

For both species, we evaluated hypothesized relation-
ships between occupancy and cost distance to the nearest
occupied wetland (NEAREST), as well as the number of
occupied wetlands within various cost distances (NU-
MOCC). We used cost distances of 1500, 3000, and 4500
cost meters for wood frogs. The latter two distances are
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comparable to the minimum and maximum (930 and
1513 m straight-line distance) genetic neighborhood sizes
cstimated for wood frogs in Virginia (Berven and Qrudzien
1990). Genetic neighborhood size is a measure of the
spatial scale over which dispersal is sufficiently frequent to
prevent genetic divergence among local populations. The
1500 m cost distance represents the level of connectivity
that may be required for high rates of dispersal to occur
between wetlands and, thus, maintain high occupancy. We
used cost distances of 1000, 2000 and 3000 cost meters for
chorus frogs. These maximum cost distances are compa-
rable to maximum straight-line distances of 210, 350, and
630 m, thus they cover the range of distances moved by
chorus frogs from a field study less than 20 km north of our
study area (Spencer 1964). We hypothesized negative,
linear and threshold relationships between occupancy and
cost distance to the nearest occupied wetland and positive,
linear and threshold relationships between occupancy and
number of occupicd wetlands within various cost distances.

Modeling procedure, model selection
and goodness-of-fit

We developed models to make inference regarding the
relative importance of covariates on occupancy of wetlands
by breeding wood and chorus frogs. While we recognize
that multiple factors affect the spatial distributions of
species, we built single-covariate models only for p; and
;. The rationale for single covariate models is that com-
bining covariates in more complex models (either addi-
tively or interactively) would have resulted in an
impractical number of models to evaluate.

We evaluated the models in two steps. First, we paired
cach madel of detection probability, py. with ¥/[.], the model
that represents the hypothesis that occupancy is invariant
across wetlands. We used AAJIC-values, A, and Akaike
weights, wy, to determine which model of p;; was best sup-
ported by the data (due to evidence of overdispersion in the
data, we used QAIC in the analysis for chorus frogs). Both 4A;
and w; quantify the strength of evidence in support of a
particular model as the best model in the set of models being
evaluated (Bumham and Anderson 2002). As A; increases,
the strength of evidence for model i decreases. The Akaike
weight, w;, of a particular model can be interpreted as the
probability that the model is the best model (of those models
under consideration; Burnham and Anderson 2002). After
selecting the best structure for p;, we paired each of the
structures of ; with the best structure for p; and used A; and
w; to determine their strength of evidence. We conducted all
analyses in Program PRESENCE (Hines 2006). We rescaled
covariates between zero and one by dividing all the mea-
surements for a particular covariate by a denominator that
was greater than the maximum measurement.

We used the goodness-of-fit (GOF) test in Program
PRESENCE to assess the fit of the most highly parame-
terized model to the data, The GOF test in Program
PRESENCE compares the test statistic (y*/degrees of
freedom) from the observed data to the distribution of the
test statistic from a collection of bootstrapped datasets
(MacKenzie and Bailey 2004). If the GOF test indicated
poor fit of the model to the data, we derived an estimate of
the overdispersion parameter, ¢, by dividing the test sta-
tistic from the field data by the average value of the test
statistic across all bootstrapped datasets,

Results

We conducted surveys from 18 May to 29 June. Breeding
by wood frogs was detected at 11 of 95 wetlands during at
least one survey and by chorus frogs at 32 of 95 wetlands.
We detected evidence of breeding by tiger salamanders at
only two wetlands. Results of the GOF test for the wood
frog data suggest adequate fit of the most highly parame-
terized model (P = 0.96). The GOF test for the chorus frog
data, however, indicate poor fit (P = 0.02), and a ¢ of 2.62.

Wood frogs

The model selection results indicate that the best structure for
detection probability, py, is p(.) (i.e., no effect of covariates on
p). Other models have A; < 2, but regression coefficients for
the covariates included in these models are imprecisely esti-
mated, and their 95 % confidence intervals overlap Q. Across
the three surveys, wood {rogs were detected at 9, 8 and 10
wetlands and were detected on all three surveys in 7 of the
eleven wetlands at which they were observed. These results
indicate a high detection probability that varies little between
surveys. The estimate of detection probability from the top
model is 0.82 (95 % CI from 0.64 to 0.92).

Regarding the models of occupancy probability, the
model selection results provide the strongest support for a
positive relationship between the occupancy probability at
a wetland and the length of stream within 1000 cost meters
of the wetland (intermediate scale; Table 2). The top two
models include this covariate, and the combined w; for the
models is 0.70. The model selection results indicate nearly
equivalent support for the linear and threshold forms of the
relationship (Table 2). The estimatcd regression coefficient
for STREAM1000 from the linear model is 5.78 (95 % CI
from 2.01 to 9.55) and 2.27 (95 % CI from 0.47 to 4.08)
from the threshold model. Estimates of occupancy across
wetlands, ,, from the top model range from 0.01 (95 % CI
from 0.002 to 0.08) to 0.74 (95 % CI from 0.30 to 0.95),
and though estimates from the 2nd-ranked model are
generally lower, the 95 % confidence intervals around the
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Table 2 Model selection results for analysis of the occupancy data for wood frogs, Lithobaies sylvaticus

Scale Model AIC A Wi k 1
Intermediate Y(STREAM1000_LIN) 93.0 0.0 041 3 87.0
Intermediate W(STREAM1000_THRESH) 93.7 07 0.29 3 87.7
Broad W(NEAREST_THRESH) 96.9 39 0.06 3 90.9
Intermediate W(WETVEG400_LIN) 97.8 48 0.04 3 91.8
Broud ¥(NUMOCC3000_THRESH) 98.4 5.4 0.03 3 924
Broad W(NUMOCC4500_THRESH) 98.8 5.8 0.02 3 7.8
Local W(EMERGVEG 1,2 = 3 = 4) 103.2 102 <001 3 972
All VO 103.3 10.3 <0.01 2 99.3

All models with A; < 6 are shown, as well as the two highest ranked models at each spatial scale. For all models in the table, the structure on
detection probability is p(.). Column k contains the number of paramelers in each model and column —2L. is —2 times the value of the log
likelihood function at its maximum. ¥(.) is a null model and applics to all scales

09
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034
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0 50 100 150 200 250 800 350 400 450 500
Length of Stream (m)

Fig. 3 The relationship between the probability of occupancy by
breeding wood frogs and the length of stream within 1000 cost meters
of a wetland from the top two models. The highest ranked model
(black line;, dark shaded area shows 95 % confidence interval)
represents 4 |inear relationship between the probability of occupancy
and the length of stream (on the logit scale), and the 2nd-ranked
model (gray line; light shaded area shows 95 % confidence interval)
represents a threshold relationship

estimates from the two models overlap over much of the
range of stream lengths (Fig. 3). Model selection results
provide weak support for relationships between wetland
occupancy and the cost distance to the ncarest occupied
wetland (broad scale), as well as the amount of wetland
vegetation within 400 cost meters (intermediate scale;
Table 2), The correlation between occupancy and the cost
distance to the nearest occupied wetland is negative
[Bnzargsr, is —0.77 (95 % CI from —1.40 to —0.13)], and
the correlation with the amount of wetland vegetation is
positive [Bya vacacs is 4.55 (95 % CI from 1.08 to 8.02)].
Covariatcs measured at the local scale have the weakest
support in the data. Thc w; of the models that include
covariates at this scale have w, near Q (Table 2).

@ Springer

Chorus frogs

Model selection results provide strongest support for
P(SAMPTIME _THRESH) as the best structure on py;.
Parameter estimates from this model indicate that detection
probability increases with the amount of time a wetland is
surveyed but reaches an asymptote. The estimates of py
from the top model range from 0.13 (95 % CI from 0.04 to
0.35) to 0.96 (95 % CI from 0.85 to 0.99).

High modcl selection uncertainty precludes strong
inference regarding causes of spatial variation in the
probability of occupancy in chorus frogs. Four models have
A; < 2, and more than 30 models have A; < 3. Models that
represented hypotheses from all spatial scales are among
these models (Table 3). Estimates of regression cocffi-
cients from three of the four highest ranked models con-
sistently indicate that occupancy for a wetland increases as
the number of occupied neighboring wetlands increases
(broad scale). Estimates of {; from the top-ranked model
range from 0.27 (95 % CI from 0.16 to 0.43) for a wetland
with no occupied wetlands within 1000 cost meters to 0.74
95 % CI from 045 to 0.91) for a wetland with four
occupied wetlands within 1000 cost meters. Estimated
regression coefficients from the highest ranked models with
covariates measured at the intermediale scale provide weak
evidence of a positive relationship between occupancy and
the amount of wetland vegetation adjacent to a wetland
(Table 3). We found little to no support for covarates
measured at the local scale.

Discussion

Investigations into the cnvironmental factors correlated
with occupancy patterns in plant and animal populations
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Table 3 Model selection results for analysis of the occupancy data for boreal chorus frogs, Pseudacris macutata

Scale Model QAIC A wy k =2L
Broad Y(NUMOCC!000_LIN) 90.7 0.0 0.09 4 216.7
Al () 91.5 0.8 0.06 3 224.1
Broad Y(NUMOCCI000_THRESH) 92.1 1.4 0.05 4 2204
Broad Y(NUMOCC2000_LIN) 922 L5 0.04 4 220.6
Intermediate Y(WETVEG400_LIN) 928 2.1 0.03 4 2222
Intermediate Y(WETVEGS800_LIN) 929 2.1 0.03 4 2223
Local Y(AREA_LIN) 93.1 24 0.03 4 2229

All models with A; < 2 are shown, as well as the two highest ranked models at each spatial scale. For all models in the table, the structure on
detection probability is p(SAMPTIME_THRESH). Column k contains the number of parumeters in each model and column 2L is —2 times the

value of the log likelihood function at its maximum. ¥(.) Is a null model and applies to all scales

have traditionally focused on attributes at relatively fine
spatial scales (i.e., the scale of the sampling unit; Ricklefs
1987; Dunning et al. 1992). However, more recent work
has demonstrated the importance of processes that operate
at larger spatial scales (Knapp et al. 2003; Boscolo and
Metzger 2011). In this study, we found that occupancy of
wetlands by two species of pond-breeding amphibian was
correlated with attributes of the landscape measured
beyond the scale of the individual wetland. Occupancy by
breeding wood frogs was most strongly correlated with
environmental covariates measured at intermediate (scale
of seasonal migration) and broad (scale of dispersal) spatial
scales. For example, we found that as the length of stream
within 1000 cost meters of a wetland increases, the prob-
ability of occupancy by breeding wood frogs increases
(Table 2; Fig. 3). In addition, our results provide weak
support for a positive relationship between occupancy and
the amount of wetland vegetation within 400 cost meters,
After breeding, wood frogs migrate to moist, cool areas to
spend the drier portions of the year (summer and early fall;
Vasconcelos and Calhoun 2004; Baldwin et al. 2006; Rit-
tenhouse and Semlitsch 2007b). Streamside locations and
areas with wetland vegetation may provide wood frogs
with these more suitable environmental conditions, par-
ticularly in relatively arid areas like the western United
States (Baldwin et al. 2006). At the broadest spatial scale
examined, there was weak support for higher occupancy by
breeding wood frogs at wetlands with Jower cost distances
to nearby occupied wetlands (Table 2). Dispersal among
wetlands that are near one another may lead to higher
occupancy as adjacent unoccupied wetlands are more
likely to be colonized, populations at ncighboring wetlands
are more likely to be rescued, and the deleterious effects of
inbreeding depression are less likely to occur (Green 2003),
Our data suggest that hydrologic changes in the study area
that reduce the probability of successful dispersal among
local populations and between occupied and unoccupied
wetlands may lower the persistence probability of wood
frogs (sensu Funk et al. 2005).

Models including either a linear or threshold relation-
ship between the probability of occupancy by breeding
wood frogs and the length of stream within 1000 cost
meters received similar support (Table 2; Fig. 3). Param-
eter estimates from the threshold model indicate that a
minimum of 300 m of adjacent stream length is required
for a wetland to be occupied by breeding wood frogs, and
the rate of increase in the probability of occupancy is much
greater for lengths beyond 300 m (Fig. 3). Similar thresh-
olds have been observed in simulation and empirical
studies for a variety of taxa [Lamberson et al. 1992 (owl);
Alados et al. 2009 (woody plants); Jones ct al. 2011
(passerine bird)]. For example, Rhodes et al. (2008) found
that threshold models tended to be more strongly supported
than linear models in occupancy studies of the koala,
Phascolarctos cinereus.

Insights into the environmental factors and spatial scale
of processes that affect occupancy of wetlands by breeding
chorus frogs were much weaker. The highest ranked model
of occupancy indicated a positive relationship between
occupancy at a wetland and the number of occupied wet-
lands within 1000 cost meters (Table 3). On average, 1000
cost meters for a chorus frog in the study area is equivalent
to a maximum straight-line distance of approximately
210 m, which is consistent with the spatial scale ovcr
which dispersal affected occupancy patterns of western
chorus frogs in Michigan (Werner et al. 2009). Though
models that included other covariates had similar support,
the estimated regression coefficients from these models
were imprecise, and their 95 % confidence intervals over-
lapped zero. In contrast to the wood frog, little information
is available on movement and habitat use in chorus frogs.
As a consequence, we had less information on which to
base hypothesized relationships between occupancy and
environmental covariates and to parameterize cost surfaces,
In addition, wood frog breeding sites in the KV were better
known and this information was used to estimate the
number of occupied wetlands within the various cost
buffers. This relative dearth of information probably
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contributed to the lack of strong inferences regarding fac-
tors influencing patterns of occupancy in chorus frogs.

Previous studies of spatial distribution and patterns of
abundance in wood frogs and other amphibians have
reported a strong influence of covariates measured at the
local scale. For example, these studies have found evidence
for the importance of wetland depth (Knapp et al. 2003),
wetland vegctation structure (Mazerolle et al, 2005), wet-
land hydroperiod (Van Buskirk 2005), and predator den-
sities (Van Buskirk 2005). In our study, models that
included covariates measured at the local scale were not
among the highest ranked models but estimates {rom these
models were consistent with carlier work and our prior
predictions, indicating that wood frogs breed in ponds with
moderate to high cover from emergent vegetation and short
to moderate hydroperiod (Egan and Paton 2004; Cuno-
ingham et al. 2007; Hartel ct al, 2009). We were unable to
evaluate the importance of predation at the local scale,
because our data suggested that the detection probability of
fish was much less than 1. Of the 25 wetlands at which fish
were detected, we detected fish on 1 of 3 surveys at 11
wetlands, 2 of 3 surveys at 8 wetlands, and 3 of 3 surveys at
6 wetlands. Therefore, we were concerned about potential
biases caused by false absences (fish were not detected but
were actually present) in the data. Most ol the wetlands that
contained fish were connected to adjacent streams, and we
suspect that a primary cause of the low detectability of fish
was their transient use of wetlands.

A key insight gained in this study was the role of
landscape-scale environmental factors in explaining pat-
terns of amphibian occupancy. These findings do not
diminish the significance of local scale attributes of indi-
vidual wetlands. Factors such as water depth, hydroperiod,
and the structure and composition of the vegetation are
essential attributes of suilable breeding sites. These factors
clearly influence site selection and partly explain spatial
difference in occupancy across wetlands. However, sub-
stantial components of spatial variation in occupancy may
remain unexplained.

When the temporal frame of reference for occupancy
studies is extended to include life history dynamics and
seasonal environmental relationships, the importance of
environmental factors within the larger landscape that
surrounds the breeding sites becomes more apparent. One
reason is the landscape conditions that promote high
probabilities of successful local migration and long-dis-
tance dispersal, and thus occupancy, may be largely dis-
tinct from the factors associated with breeding site
selection. It should not be surprising that the environmental
factors that limit the distribution and abundance of a spe-
cies vary temporally as well as spatially. Consideration of
factors that influence long-term occupancy patterns and
abundance, informed by considering a species' annual life
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cycle requirements, may be essential for the long-term
management and conservation of many amphibian species.

Acknowledgments We thank Dr. K. Crooks and Dr. P. Doherty for
their thoughtful reviews of an carlier version of the manuscript and C.
Knopf and D. Bellinghausen for field assistance. The methods in this
study were approved by Colorado State University's Animal Care and
Use Commiltee (permit numbers 05-012A-01). This is contribution
no. 388 of the USGS Amphibian Research and Moniloring Initiative
(ARMI). Any use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by 1he U.S.
Government.

References

Alados CL, Pucyo Y, Escos J, Andujar A (2009) Effects of the spatial
patten of disturbance on the patch-occupancy dynamics of
juniper-pine open woodland. Ecol Model 220:1544-1550

Baker C, Lawrence R, Montaguc C, Patten D (2006) Mapping
wetlands and riparian areas using Landsat ETM+ imagery and
decision-ireg-based models. Wetlands 26:465-474

Baldwin RF, Calhoun AJK, deMaynadier PG (2006) Conscrvation
planning for amphibian species with complex habitat require-
ments: a case study using movements and habitat selection of the
wood frog Rana sylvatica. J Herpetol 40:442-453

Berven KA, Grudzien TA (1990) Dispersal in the wood frog (Rana
sylvarica): implications for genetic population structure. Evolu-
tion 44:2047-2056

Boscolo D, Metzger JP (2011) Isolation determines patterns of
species presence in highty fragmented landscapes. Ecography
34:1018-1029

Brouwers NC, Newton AC, Watts K, Bailey S (2010) Evaluation of
buffer radius modelling approaches used in forest conservation
and planning. Forestry 83:409-421

Bumham KP, Anderson DR (2002) Model selection and inference: a
practical information-theoretic approach, 2nd edn. Springer,
New York

Corn PS, Jennings ML, Muths E (1997) Survey and assessment of
amphibian populations in Rocky Mountain National Park.
Northwest Nat 78:34-55

Cunningham JM, Calhoun AJK, Glanz WE (2007) Pond-breeding
amphibian species richness and habitat selection in a beaver-
modified landscape. J Wildl Manag 71:2517-2526

deMaynadier PG, Hunter ML Jr (1999) Forest canopy closure and
juvenile emigration by pool-breeding amphibians in Maine,
] Wildl Manag 63:441-450

Dullinger 8, Mang T, Dimbock T, Ertl S, Gattringer A, Grabherr G,
Leitner M, Htlber K (2011) Patch configuration affects alpine
plant distribetion. Ecography 34:576-587

Dunning JB, Danielson BJ, Pulliam HR (1992) Ecological processes that
atfect populations in complex landscapes. Oikos 65:169-175

Egan RS, Paton PWC (2004) Within-pond parameters affecting
oviposition by wood frogs and spotted salamanders. Wetlands
24:1-13

Eggers B, Matem A, Drees C, Eggers J, Hirdile W, Assmann T
(2010) Value of semi-open corridors for simultancously con-
necting open and wooded habitats: a case study with ground
beetles. Conserv Biol 24:256-266

Fortin M-J, Daole M (2005) Spatiul analysis: a guide for ecologists.
Cambridge University Press, Cambridge

Funk WC, Greene AE, Corn PS, Allendorf FW (2005) High dispersal
in a frog species suggests that it is vulnerable to habitat
fragmentation. Biol Lett 1:13-16




Popul Ecol (2012) 54:487-498

497

Goodman D (1987) The demography of chance extinction. In: Soule
ME (ed) Viable populations for conservation. Cambridge
University Press, New York, pp 11-34

Green DM (2003) The ecology of extinction: population fluctuation
and decline in amphibians. Biol Conserv 111:331-343

Hartel T, Nemes S, Cogilniceanu D, Ollerer K, Moga CI, Lesbarréres
D, Demeter L (2009) Pond and landscape determinants of Rana
dalmatina population sizes in a Romanian rural landscape. Acta
Oecol 35:53-59

Hines JE (2006) PRESENCE2-—software to estimate patch occu-
pancy and related parameters. USGS-PWRC. hup://www.mbr-
pwre.usgs.govisofiware/presence.html

Jacquemyn H, Brys R, Hermy M (2002) Patch occupancy, population
size and reproductive success of a forest herb (Primula elatior)
in a fragmented Jandscape. Oecologia 130:617-625

Janin A, Léna JP, Ray N, Delacount C, Allemand P, Joly P (2009)
Assessing landscape connectivity with calibrated cost-distance
modelling: predicting common toad distribution in a context of
spreading agriculture. J Appl Ecol 46:833-841

Johnson M, Johnson LB, Richards C, Beasley V (2002) Predicting the
occurrence of amphibians: an assessment of multiple-scale
madels. In: Scott JM, Heglund PJ, Morrison ML, Haufler IB,
Raphacl MG, Wall WA, Samson FB (cds) Predicting specics
occurrences: issues of accuracy and scale. Island Press, Wash-
ington, pp 157-170

Joly P, Miaud C, Lehmann A, Grolet O (2001) Habitat matrix effects
on pond occupancy in newts. Conserv Biol 15:239-248

Jones JE, Kroll AJ, Giovanini J, Duke SD, Betts MG (2011)
Estimating thresholds in occupancy when species detection is
imperfect, Ecology 92:2299-2309

Knapp RA, Matthews KR, Preisler HK, Jellison R (2003) Developing
probabilistic models to predict amphibian site occupancy in a
patchy landscape. Ecol Appl 13:1069-1082

Lamberson RH, McKelvey R, Noon BR, Voss C (1992) A dynamic
analysis of northern spotted ow] viability in a fragmented forest
landscape. Conserv Biol 6:505-512

MacKenzie D1, Bailey LL (2004) Assessing the fit of site-occupancy
models. J Agric Biol Environ Stat 9:300-318

MacKenzie DI, Nichols JD, Lachman GB, Droege S, Royle JA,
Langtimm CA (2002) Estimating site occupancy rates when
detection probabilities are lcss than one, Ecology 83:2248-2255

Mackenzie DI, Nichols JD, Royle JA, Pollock KH, Bailey LL, Hines
JE (2006) Occupancy estimation and modeling: inferring
patterns and dynamics of species occurrence. Academic Press,
Burlington

Matthews T, Pettus D (1966) Color inheritance in Pseudacris
triseriata. Herpetologica 22:269-275

Mazerolle MJ, Desrochers A, Rochefort L (2005) Landscape char-
acteristics influence pond occupancy by frogs after accounting
for detectability. Ecol Appl 15:824-834

Muths E, Com PS, Pessier AP, Green DE (2003) Evidence for
disease-related amphibian decline in Colorado. Biol Conserv
110:357-365

O'Brien D, Manseau M, Fall A, Fortin MJ (2006) Testing the
importance of spatial configuration of winter habitat for wood-
land caribou: an applicalion of graph theory. Biol Conserv
130:70-83

Peinetti HR, Kalkhan MA, Coughenour MB (2002) Long-term
changes in willow spalial distribution on the elk winter range
of Rocky Mountain National Park. Landsc Ecol 17:341-354

Ray N, Lehmann A, Joly P (2002) Modeling spatial distribution of
amphibian populations: a GIS approach based on habitat matrix
permeability. Biodivers Conserv 11:2143-2165

Regosin JV, Windmiller BS, Reed IM (2003) Terrestrial habitat use
and winter densities of the wood frog (Rana sylvatica). ] Herpetol
37:390-394

Regosin JV, Windmiller BS, Homan RN, Reed JM (2005) Variation
in terrestrial habitat use by four pool-breeding amphibian
species. ] Wildl Manag 69:1481~1493

Rhodes IR, Callaghan JG, McAlpine CA, de Jong C, Bowen ME,
Mitchell DL, Lunney D, Possingham HP (2008) Regional
variation in habitat-occupancy thresholds: a warning for conser-
vation planning. I Appl Ecol 45:549-557

Ricklefs RE (1987) Communily diversity: relative roles of local and
regional processes. Science 235:167-171

Ritienhouse TAG, Semlitsch RD (2007a) Distribution of amphibians
in terrestrial habitat surrounding wetlands. Wetlands 27:153-161

Rittenhouse TAG, Semlitsch RD (2007b) Postbreeding habitat use
of wood frogs in a Missouri oak-hickory forest. J Herpetol
41:645-653

Rittenhouse TAG, Harper EB, Rehard LR, Semlitsch RD (2008) The
role of microhabitats in the desiccation and survival of anurans
in recently harvested oak-hickory forest. Copeia 2008:807-814

Rizkalla CE, Swihart RK (2007) Explaining movement decisions
of forests rodents in fragmented landscapes. Biol Conserv
140:339-348

Rosenberg DK, Noon BR, Megahan JW, Meslow EC (1998)
Compensatory hehavior of Ensatina eschscholizii in biological
corridors: a field experiment. Can J Zool 76:117-133

Rothermel BB, Semlitsch RD (2002) An experimental investigation
of landscape resistance of forest versus old-field habitats to
emigrating juvenile amphibians. Conserv Biol 16:1324—1332

Salas D, Stevens J, Schulz K (2005) Rocky Mountain National Park,
Colorado: 2001-2005 vegetation classification and mapping.
Technical Memorandum 8260-05-02. U.S. Bureau of Reclama-
tion. Denver

Semlitsch RD (2008) Differentiating migration and dispersal pro-
cesses for pond-breeding amphibians. J Wildl Manag 72:260-
267

Sjogren Gulve P (1994) Distribution and extinction patterns within a
northern  metapopulation of the pool frog, Rana lessonae.
Ecology 75:1357-1367

Smith MA, Green DM (2006) Sex, isolation and fidelity: unbiased
long-distancc dispersal in a terrestrial amphibian. Ecography
29:649-658

Spencer AW (1964) Movements of boreal chorus frogs. Ph.D,
dissertation. Colorado State University, Colorado

Sztatecsny M, Schabetsberger R (2005) Into thin air: vertical
migration, body condition, and quality of terrestrial habitats of
alpine common toads, Bufo bufo. Can J Zoo) 83:788-796

Taylor PD, Fahrig L, Henein K, Merriam G (1993) Connectivity is a
vital element of landscape structure. Oikos 68:571~573

Taylor PD, Fahrig L, With KA (2006) Landscape connectivity: a
relum to the basics. In: Crooks KR, Sanjayan M (eds)
Connectivity conservation. Cambridge University Press, Cam-
bridge, pp 29-43

Van Buskirk J (2005) Local and landscape influence on amphibian
occurrence and abundance. Ecology 86:1936-1947

Vasconcelos D, Calhoun AJK (2004) Movement patterns of adult and
juvenile Rana sylvatica (LeConte) and Ambystoma maculatum
(Shaw) in three restored seasonal pools in Maine. J Herpetol
38:551-561

Werner EE, Relyea RA, Yurewicz KL, Skelly DK, Davis CJ (2009)
Comparative landscapc dynamics of two anuran species:
climate-driven interaction of local and regional processes. Ecol
Monogr 79:503-521

Westbrook CJ, Cooper DJ, Baker BW (2006) Beaver dams and
overbank floods influence groundwater-surface water inlcrac-
tions of a2 Rocky Mountain riparian area. Water Resour Res 42,
doi: 10.1029/2005 WR004560

Zanini F, Klingemann A, Schlaepfer R, Schmidt BR (2008) Land-
scape effects on anuran pond occupancy in an agricultural

€) Springer




498 Popul Ecol (2012) 54:487-498

countryside: barrier-based buffers predict distributions better Zeigler SL, Neel MC, Oliveira L, Raboy BE, Fagan WF (2011)

than circular buffers. Can J Zool 86:692- 699 Conspecific and heterospecific attraction in assessments of
Zanini T, Pellet J, Schmidt BR (2009) The transferability of functional connectivity. Biodivers Conserv 20:2779-2796

distribution models across regions: an amphibian case study.

Divers Distrib 15:469-480

@ Springer






