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The growing application of GPS telemetry in wildlife studies created need for analytical methods to meet
both practical and theoretical concerns when conducting analyses of habitat or resource selection. We
devised a new analysis approach of individual-based movement models for estimation of resource selec-
tion based on probability of use. We merged the Brownian bridge model of space use with the synoptic
model of habitat selection to describe and estimate patterns of habitat selection from GPS telemetry
data. In doing so, our approach implicitly defines availability based on movement data when conducting
analysis of GPS telemetry data. To do so, we employed a step-by-step approach, based on sequential
triplets of observations of the animals’ movements. Availability was portrayed as a circular normal dis-
tribution at every middle GPS location, based on the existing Brownian bridge model of space use. This
middle observation within the sequential triplet also reflected habitat selection, estimated by maxi-
mum likelihoods, based on the deviation from otherwise random movement between the first and third
observations. This approach allowed each triplet across time to be treated as independent, identically
distributed observations when estimating habitat selection. To demonstrate the utility of the model, we
analyzed GPS location data collected from free-ranging mountain goats (Oreamnos americanus) in the
Cascade Mountains of the western United States to evaluate patterns of habitat selection while foraging
during late spring and early summer. Slope of the terrain was the primary factor influencing resource
selection by mountain goats in our study, with females selecting steeper areas closer to escape terrain
than males. Finally, we derived a resource selection function applicable over a broad geographic extent to
evaluate sites for potential release of mountain goats to augment the population in Washington, which
has declined over the last 50 years.
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1. Introduction

Use of telemetry to evaluate ecological relationships is a com-
mon approach in science and modeling. The growing application
of GPS telemetry, in particular, has resulted in increased volumes
of data that offer a means to rapidly advance understanding and
predicting the habitats of wildlife. Refinements in GPS and associ-
ated technologies allow for nearly continuous collection of animal
locations, but although use of GPS telemetry is increasingly com-
mon, techniques for data analysis and inference have lagged behind
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technological advances. To capitalize on the information collected
and contained in growing databases accrued via GPS technology,
new approaches for analysis and inference are needed (Beyer et al.,
2010). A growing body of theory regarding animal movements and
new applications for analysis of GPS telemetry data, have been
forwarded and are becoming more accessible to researchers and
practitioners alike (Bullard, 1999; Marzluff et al., 2004; Horne et al.,
2007; Dalziel et al., 2008; Horne et al., 2008; Hengl et al., 2008;
Johnson et al., 2008; Kneib et al., 2011). To enhance our under-
standing of factors shaping resource selection to expand upon
current modeling approaches, we developed an individual-based
movement model for estimating resource selection based on prob-
abilities of space use at a fine spatiotemportal-scale, the Brownian
bridge synoptic model (BBSM).

From a statistical perspective, recent advances in GPS teleme-
try have resulted in increasingly correlated data. Accounting for
the lack of independence among locations or psuedoreplication
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(Hurlbert, 1984; Millspaugh et al., 1998; Magnusson, 1999) has
pushed the limits of resource selection analysis (Swihart and Slade,
1985; Manly et al., 2002). We agree with Johnson et al. (2008) and
Fieberg et al. (2010) that a solution to this challenge lies in incor-
porating the serial correlation into the resource selection analysis
based on spatial and temporal data. To meet this need, we merged
the Brownian bridge movement model (BBMM; Horne et al., 2007)
with the synoptic model of space use (Horne et al., 2008) in program
(R Development Core Team, 2012). This approach directly incorpo-
rated serial dependency into an evaluation of habitat selection and
space use under the general framework of analysis of telemetry
data proposed by Johnson et al. (2008). Additionally, this approach
explicitly accounted for and provided an ecological rationale for
defining resource availability, which is a primary challenge for anal-
yses of resource selection (Manly et al., 2002; Keating and Cherry,
2004; Johnson et al., 2006).

Here we detail the methodological development of the BBSM
and present an example using GPS telemetry data from moun-
tain goats (Oreamnos americanus) in the Cascades mountain range
of Washington State, USA. We used the BBSM to model resource
selection based simultaneously on habitat and space use at approx-
imately a third (within home range) to fourth (feeding site) order of
selection (Johnson, 1980). Specifically, this example was designed
to evaluate the importance of the distribution and abundance of
forage resources, as derived from LandSat 5 TM data (Wells et al.,
2012), to mountain goats during late spring through early sum-
mer. The results were used to evaluate potential release sites for
mountain goat populations that have suffered substantial popula-
tion declines.

2. The Brownian bridge synoptic movement model

The conceptual framework that describes the BBSM is fairly
straightforward. As the model is under the general framework of
Johnson et al. (2008), we adopted the same notation to illustrate
the mechanics of our approach to estimate resource selection based
on probability of space use. Johnson et al.’s (2008; Eq. (1)) general
framework describes resource selection as a distribution f;(x), at
a given point in space s and time t, for an overall time period of
interest H¢, as

fu(®) = K~ w(x)fa(x) (1)

in which x(s) is a vector of covariates describing a resource (x) or a
“suite of resources”. The values of () may take the form of either
continuous or categorical variables, typically as measures of topog-
raphy or vegetation. The distribution of used resources f,,(x) is based
on the availability of the resource f;(x) as modified by a weighting
function w(x), where

w(x) = exp(Bo + B1X1 + - - + BpXp) (2)

is typically a resource selection function (RSF; Manly et al., 2002)
in which 8 indicates strength of selection for or against a particu-
lar resource. With the addition of habitat parameters or covariates,
the BBSM estimates the resource selection function w(x) at s; over
all Hy. The time period of interest, H;, can be characterized by dif-
fering behavioral states as illustrated by Johnson et al. (2008) or
simply as a range of dates or movements (dispersal, seasonal, res-
ting, foraging, or migrating). The normalizing constant K is simply
the integral of w(x)f,(x), or the total area of availability, which stan-
dardizes the resultant distribution to an area of 1. Furthermore, the
spatial (s) and temporal (t) components, or timeframe, of the model
can be constrained by the history of observations H;_1={sq, ...,
st_1} to derive Eq. (2) of Johnson et al. (2008). The distributions are
now reformulated from f,(x) to g,(x) and f;(x) to g4(x) where g,(x)
and g4(x) are conditioned upon the “history of used locations dur-
ing the study” (Johnson et al., 2008). Correspondingly, this adjusts
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Fig. 1. Conceptual diagram of a single triplet of animal locations (h;.;) indicating
the relative position of the center (1) of the circular normal probability distribution
function used to assign probabilities to the distribution of available habitat and for
calculation of the normalizing constant in the Brownian bridge synoptic model.

the use distribution to g,(s:|H;_1) and the availability function to
ga(s¢|H¢_1), which, again, are probability densities are conditioned
on the history of preceding observations. This modifies Eq. (1) to

Su(selHe_1) = K7 'w(s¢|H;_1)ga(se|He_1), (3)

indicating that the distribution of use is based on the history of
all observations at point s;. As per the suggestion of Johnson et al.
(2008), we temporally and spatially realize availability, gq(s¢|H¢_1),
by shifting the frame of analysis to a history of observations defined
by triplets of observations Hyiq ={ S¢_1, St, Se+1}. This adjusts the
distribution of use to g, =( s¢|H¢.1) with the corresponding avail-
ability as g, = ( s¢|H+1 ). In other words, for the triplet H;.¢ the point
at s¢ is dependent on both the previous location and the following
location based on the BBMM (Horne et al., 2007), thereby tempo-
rally and spatially realizing g, and g,. This decreases the spatial
scale of the model and modifies Eq. (3) to

8u(st|Hez1) = Kt_1w(st|Htj:1 Jga(stHes1) (4)

To characterize the initial, or null, distribution of use, which is
the probability of space use in the absence of habitat resources, we
estimated the spatial variance (62 ) under the BBMM over all triplets
as s¢. The Brownian bridge characterizes the spatial variance for
the null model of the BBSM. Thus, the null model for the BBSM is a
circular normal distribution

_(sp=np?

e 202 (5)

. 2 1
f(stvM70 )_ O'\/E
centered at (u) between point s;_; and point s;,; proportionally
shifted in time to where point s; would have occurred if the animal
had taken a conditional random walk from the points s;_; to the
point s¢q (Fig. 1). The probability of use becomes the distribution
of availability, g,( s¢|H¢+1 ), and is estimated and defined at the point
s; for each triplet of observations. The required independence for
maximum likelihood estimation is achieved under the assumption
that point s; is conditionally independent of other triplets from the
underlying distribution of probabilities that define the availability
distribution.

To solve the BBSM and derive estimates for §, or strength of
selection, we estimate the log-likelihood as

T

L(O; He) = gu(se) | JeutseiHesn), (6)
t=0

similarly to Eq. (4) in Johnson et al. (2008) and Eq. (3) in Horne
et al. (2008) where 6 represents parameter vectors for both w(x)
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and fy(x). Like the synoptic model (Horne et al., 2008), the BBSM
also allows habitat covariates, x, to vary temporally. This allows
availability to change over time, for example snow depth, relaxing a
basic assumption of Manly et al. (2002) when estimating a resource
selection function. The normalizing constant, K, is based on the
same circular normal distribution used to define availability at s;.
The normalizing constant includes the 99th percentile of the vol-
ume of the distribution centered on the point (1) along the straight
line connecting s;_; and s, again proportionally shifted by the
observed time intervals before and after s;. We assume indepen-
dent and identically distributed sampling of point s; for all triplets
Hiq when estimating the likelihood. This approach estimates and
habitat selection based on probabilistic estimates of space use and
availability under the general framework proposed by Johnson et al.
(2008)and Horne et al. (2008 ).Example: habitat selection by moun-
tain goats

To demonstrate the application of the BBSM modeling tech-
nique, we evaluated GPS telemetry data and activity sensor data
from mountain goats (n=41) in the Cascade mountain range of
Washington, USA (Fig. 2). We collected data during 2003 through
2008 using Vectronic-Aerospace GPS telemetry collars (GPS plus
collar v6, Vectronic-Aerospace GmbH, Berlin, Germany). Collars
were programmed to record a location every 3 h for at least 2 years
(Rice and Hall, 2007), a suitable scale for identification of habitat
selection in relation to foraging (Owen-Smith et al., 2010). We used
the BBSM to estimate the strength of selection for particular forage
resources and projected the estimates of habitat selection across
the landscape for management decisions. To assess the location
accuracy of the collars, a necessary component of the BBSM, we
benchmarked collars across a range of conditions in the study area
(Wells et al., 2010) and determined the 95% circular error probable
(Lewis et al., 2007).

Mountain goat populations in Washington State have experi-
enced a long term population decline over the last 40-50 years,
resulting in heavy restriction of legal harvest in the mid-1990s
(Rice and Gay, 2010). Since the restriction, notable increases in
abundance of mountain goats have occurred in some regions of
the Washington Cascades, typically in areas with the largest rem-
nant populations (Rice, 2006). However, other populations have not
increased, even where historical evidence suggests greater num-
bers of mountain goats existed. Consequently, there is interest in
conducting population augmentation via translocation to assist in
recovery and re-establishment of local populations in the Wash-
ington Cascades.

Typically, mountain goats, as well as other mountain ungulates
and the Caprinae as a whole, forage on a wide range of plant species
(Hamel and C6té, 2007). To understand the influence of vegetation
communities on patterns of habitat selection by mountain goats
in historically occupied ranges, we tested and evaluated multiple
hypotheses regarding selection of forage resources during spring
green up. We constrained our analysis to time periods when moun-
tain goats were active during June and July, because late spring
and early summer are critical time periods for the growth and sur-
vival of mountain goats (Robbins, 1993). We also wanted to assess
whether previously determined release sites for translocation and
population augmentation (Fig. 3) contained suitable foraging habi-
tat for mountain goats during this nutritionally critical time period
based on the results of the modeling.

To identify time periods or behaviors of interest for analysis, we
filtered the telemetry locations by activity data collected via on-
board accelerometer sensors. The accelerometers recorded count
data on a 5-min interval based on movement of the GPS collar in
two highly correlated axes (X and Y). During the study, we observed
mountain goats wearing GPS collars and continuously recorded two
distinct behavior bouts (browsing versus resting with head down)
torelate activity data to animal behaviors. We compiled the activity

Table 1

Suite of candidate models and associated variables developed to test patterns of
resource selection by mountain goats foraging during spring green up in the Cascade
mountains of Washington, USA.

Model Variables

Null SDBB

Global SDBB, D2ET, SLP, ELEVM, FOR, SRB,TAL
Normal SDBB, D2ET, SLP, ELEVM
Basic SDBB, D2ET, SLP

D2et SDBB, D2ET

Vegetation SDBB, FOR, SRB, TAL

Rock Goat SDBB, D2ET, SLP, TAL

Forage SDBB, D2ET, SLP, SRB

Normal Rock SDBB, D2ET, ELEVM, SLP, TAL
Talus SDBB, D2ET, TAL

Note: Variable definitions: standard deviation of the Brownian Bridge model alone
(SDBB), distance to escape terrain (D2ET), slope (SLP) elevation in meters (ELEVM),
and the percent cover of forest (FOR), shrub (SRB), and rock or talus (TAL) within
the 95% circular error probable of the GPS telemetry units.

data such that if the cumulative proportion of browsing obser-
vations in the 5-min interval was greater than 0.80 (4 min), then
we classified the interval as browsing. Likewise, if we compiled
more than 4 min of observation of resting with head down over
the 5-min interval, we classified the interval as inactive. We used
discriminant function analysis (F=305.9, df=1, 395, p=0.00001) to
differentiate the classification of behaviors based on the average
value (browsing =38.0; resting =4.9) of the activity data (count of
accelerations/5 min) collected in the X-dimension. The overall clas-
sification accuracy of the behavioral observations was 82%, based
on a threshold value of 16.7. These results allowed us to classify
all telemetry locations as either resting or foraging and to extrap-
olate the behavioral observations to the entire record of GPS data
for which we had corresponding activity data. For our analysis, we
retained only GPS telemetry locations classified as foraging, thereby
excluding resting from the analysis.

We used the BBSM and took an information theoretic approach
(Burnham and Anderson, 2002) to evaluate a simple suite of a pri-
ori models (Table 1) or hypotheses to quantify selection of forage
resources (Table 1). We derived variables for inclusion in the mod-
eling framework based on a 10 m digital elevation model (DEM)
and a series of LandSat 5 TM images. As mountain goats are almost
always associated with steep terrain, we derived topographic pre-
dictor variables from the DEM including distance to escape terrain
(defined as slopes >35°), slope and elevation. The forage variables
were based on a supervised classification of spectral reflectance
values obtained from LandSat 5 TM during July 2005 and included
percent cover of talus, shrub-meadow and forested communities
(Wells et al., 2012).

The BBSM estimated strength of selection (8) for a particular
resource (x) for each individual. This allowed us to determine the
relative selection of topographic and forage resources and to quan-
tify the magnitude of selection for these resources. Our interest
however, was to determine the suitability of habitat in release
sites for a population of mountain goats. Therefore, we averaged
the unstandardized parameter estimates of the BBSM for top mod-
els across all individuals (Marzluff et al., 2004; May et al., 2008)
to estimate a population-level estimate of habitat selection. With
the average estimates, we were able to project the relative habi-
tat value across the entire study area based on the form of the RSF
w(x). Averaged parameter estimates were used for both visualiza-
tion of the habitat model and for comparisons across individuals
and by sex. To evaluate the predictive success of the model, we
withheld 25% of the 41 study animals from model development
and used k-fold cross validation (k=5) to evaluate the correla-
tion between frequency of observations and the RSF value (Boyce
et al., 2002). For the correlation, we used area adjusted frequencies
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Fig. 2. Study area, outlined in black, depicting a digital elevation model of the Cascade mountain range in Washington State, USA. Candidate sites for translocation are shown

in red and GPS location data used for example analysis are shown as white dots.

of the withheld locations compared to binned values of the resource
selection model. Area adjusted frequencies is simply the total
number of withheld locations in each bin divided by the area
of the resource selection model contained by the binned values,
essentially a density of withheld locations. We included all of the
parameter estimates to generate an average, population-level habi-
tat model to evaluate potential translocation sites for conservation
and management plans.

Candidate restoration sites were determined by the Washing-
ton Department of Fish and Wildlife (WDFW) based on historical
records and previous habitat mapping work (Wells et al., 2010).
Potential release sites were intentionally focused in the western
Cascades due to the prominence population declines in that region,
and our task was to evaluate foraging habitat within the pre-
determined potential release sites. We projected the RSF across
the landscape in a GIS based on the form of the weighting function
w(x) generating a population-level model of mountain goat habitat
and cross-tabulated zonal statistics of each potential release site
with the population-level RSF. We estimated the average relative
value of foraging habitat and estimated the overall density (sum of
relative habitat values/area) of habitat within each release site and
ranked the top ten sites. This allowed us to make recommendations

to WDFW based on the amount of foraging habitat and overall
density of foraging habitat within potential release sites (Fig. 3).

2.1. Results of mountain goat example

The results suggested that out of the ten a priori models, the
most parsimonious models were composed of topographic predic-
tor variables. In more than half of the analyses of habitat selection
by mountain goats during June and July, distance to escape ter-
rain was the only habitat variable included in the top model for an
individual animal (AAIC=0; Table 2). Inclusion of the vegetation
variables rarely improved model estimation. Overall, the averaged,
or population-level, RSF had a negative parameter estimate for dis-
tance to escape terrain and a positive parameter estimate with
steeper terrain, indicating that mountain goats selected for areas
closer to escape terrain with steeper slopes (Table 3), however,
the confidence intervals bounded zero indicating weak signifi-
cance statistically. The standard errors of the population-level
estimates of average selection for elevation, forest and shrub cover
all bounded zero, indicating little evidence of selection. Over-
all, mountain goats showed selection for talus or rock, although
again the association was not strongly significant due to variability
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Fig. 3. Potential habitat for mountain goats based on extrapolation of the results of the Brownian bridge synoptic model, in which warm colors indicate higher probabilities of
selection interpreted as higher quality foraging habitat; the candidate sites for translocation and population augmentation are outlined in black (higher priority release sites
in bold). Note that candidate restoration sites were devised separately based on historical records specifically focused in the western Cascades, due to the prominence of population

declines there.

among individual estimates. Interestingly, when we separated the
individuals by sex male mountain goats selected areas further from
escape terrain while females showed selection for areas closer to
escape terrain, although sample size of males was relatively small.
Female mountain goats also exhibited selection for steeper slopes,
which is consistent with other mountain ungulates and life-history
theory.

Our evaluation of the models based on k-fold cross validation
showed substantial correlation (rs = 0.65) supporting the predictive
ability of the population-level RSF model. Therefore, we projected
the RSF across the landscape (Fig. 3) based on averaging of all indi-
viduals in Table 3. From the projected RSF, we ranked all potential
release sites. The top ten release sites were the same and in virtually
the same order, for rankings based on the greatest density of habitat
and the highest mean value of habitat. The sites from highest to low-
est were as follows: Coral Pass/Norse Peak, Cascade Pass, Bath Lakes
Complex, Glacier Peak, Mutton Mountain, Bear Mountain, Thunder

Mountain, Lower Cascade, Monte Cristo and Evergreen Mountain.
Eight of these sites are located in north-central Washington shown
in Fig. 3, while two sites (not shown in Fig. 3) are further south near
Mount Rainier.

3. Discussion

We developed and implemented a novel approach for analysis
of GPS telemetry locations and landscape GIS data to estimate pat-
terns of resource selection by free-ranging wildlife. This approach
combines modeling of movement by individuals with modeling of
habitat selection. We merged two existing approaches, the BBMM
and the synoptic model, into the BBSM; in doing so, we addressed
two major concerns related to current approaches for analysis of
GPS telemetry data, defining availability of resources and the lack
of independence among observations. The BBSM is an individual
based model movement model that provided an understanding of



A.G. Wells et al. / Ecological Modelling 273 (2014) 242-250 247

Table 2

Results of model selection (models containing a cumulative weight of 0.95) based
on a priori candidate models for estimation of habitat selection by mountain goats in
the Washington Cascades during periods of foraging in June and July; repeats in Goat
ID indicate more than one year of observations during June and July (n=number of
locations per animal, AAIC of 0 indicates 1 top model selected.

Goat ID Model K AAIC w;
Year 1
001SCF (n=126) D2et 2 0 1.00
003SCF (n=125) Basic 3 0 1.00
004DDF (n=169) Normal 4 0 1.00
005DDM (n=32) D2et 2 0 0.78
Talus 3 3.63 0.13
Forage 4 5.35 0.05
013MBF (n=111) D2et 2 0 1.00
014MBF (n=174) D2et 2 0 1.00
015MBF (n=174) Global 7 0 1.00
018MPF (n=147) D2et 2 0 0.97
019MBF (n=199) Forage 4 0 1.00
020WHM (n=232) D2et 2 0 1.00
021WHF (n=181) D2et 2 0 0.99
022TFF (n=140) D2et 2 0 0.74
Basic 3 2.34 0.23
024KRF (n=140) Basic 3 0 1.00
025BRM (n=152) Talus 3 0 1.00
026RLF (n=130) Global 7 0 1.00
027FCF (n=147) Normal 4 0 1.00
031DDM (n=230) D2et 2 0 0.53
Talus 3 2 0.20
Basic 3 2.78 0.13
Rock Goat 4 3.86 0.08
034GPF (n=75) Normal 4 0 0.48
D2et 2 1.24 0.26
Basic 3 2.28 0.15
Talus 3 3.99 0.07
036LCF (n=115) D2et 2 0 0.88
Basic 3 4.07 0.12
040CPF (n=147) D2et 2 0 0.63
Normal 4 1.87 0.25
Basic 3 3.56 0.11
041BUF (n=184) Global 7 0 1.00
042BRF (n=149) D2et 2 0 1.00
045MRF (n=78) D2et 2 0 0.43
Basic 3 1.19 0.23
Normal 4 1.81 0.17
Talus 3 24 0.13
046NPF (n=138) Normal 4 0 1.00
048LCF (n=145) Normal 4 0 1.00
049GRM (n=165) D2et 2 0 0.97
050GRM (n=172) D2et 2 0 0.70
Basic 3 1.74 0.29
Year 2
004DDF (n=220) D2et 2 0 1.00
005DDM (n=99) Basic 3 0 1.00
020WHM (n=215) Global 7 0 1.00
021WHF (n=115) D2et 2 0 0.69
Basic 3 2.12 0.24
024KRF (n=151) Global 7 0 1.00
028SHF (n=21) D2et 2 0 0.67
Basic 3 2.71 0.17
Normal 4 4.29 0.08
036LCF (n=138) D2et 2 0 033
Normal 4 0.64 0.24
Basic 3 1.85 0.13
Talus 3 2.07 0.12
Rock Goat 4 2.46 0.10
Global 7 3.89 0.05
040CPF (n=93) Basic 3 0 1.00
041BUF (n=172) D2et 2 0 0.57
Talus 3 2.19 0.19
Basic 3 2.67 0.15
Forage 4 4.72 0.05
042BRF (n=123) Normal 4 0 1.00
046NPF (n=151) Global 7 0 1.00
048LCF (n=156) Global 7 0 1.00

Table 2 (Continued)

Goat ID Model K AAIC w;

Year 3

004DDF (n=70) D2et 2 0 1.00

005DDM (n=24) D2et 2 0 0.58
Talus 3 2.16 0.20
Basic 3 3.57 0.10
Forage 4 5.09 0.05
Normal 4 4.8 0.05

individual patterns of selection. While this individual approach is a
powerful tool for understanding an individual’s behavior and spa-
tial ecology, ultimately we were concerned with conservation of
the population and the management decisions that will follow from
these modeling efforts.

We used GPS data collected from mountain goats in the Wash-
ington Cascades to improve upon past efforts to delineate and
evaluate mountain goat habitat in the region for conservation and
management planning. The BBSM modeling allowed for simple
extrapolation of the patterns of resource selection to the entire
mountain range facilitating for prioritization of potential release
sites. Our results indicated that slope of the terrain was the primary
factor influencing habitat selection by mountain goats. Overall,
there was less support for the effect of distance to escape terrain
on habitat selection by mountain goats however we detected dif-
ferent patterns of selection between the sexes. Female mountain
goats selected steeper areas closer to escape terrain than males, a
pattern documented in other mountain ungulates and likely related
to increased vulnerability of maternal females and young to pre-
dation. While not unexpected, these results are an improvement
over previous efforts to understand patterns of resource selection
by mountain goats in the Cascades (Wells et al., 2010). Applica-
tion of our population-level model to potential release sites for
mountain goats supported prioritization of potential sites based
on habitat value for further assessment and potential population
management activities. This example demonstrates the utility of
the BBSM approach for both analyses of individual behavior and
population-level patterns of resource selection.

Analysis of wildlife telemetry data has been challenged by serial
correlation, theoretical concerns over specifying the availability of
resources to an animal, and practical concerns regarding the scale
of analysis. The BBSM provides researchers and managers with a
powerful approach to analyze GPS data from wildlife telemetry col-
lars collected at fine spatial and temporal scales. The BBSM is an
individual-based movement model that directly addresses these
three issues by: (1) incorporating the lack of independence among
locations by taking a step-wise approach during estimation of like-
lihoods; (2) explicitly identifying what is available to an animal as
it moves across the landscape and assigning probabilities to those
available resources; and (3) analyzing habitat selection at a fine-
scale comparable to a third or fourth order analysis (Johnson, 1980).
The BBSM falls under the general framework proposed by Johnson
et al. (2008) and offers a means to derive estimates of habitat selec-
tion for development of habitat models and RSFs using GPS data.

Serial dependency in GPS telemetry has been problematic for
analysis routines based on the implicit assumption that the data
are fundamentally independent. Often, and quite understandably,
this assumption is violated during analysis of GPS data and creation
of RSFs. Nonetheless, the issue is germane to analysis of such data
seeking to gain insight to the factors influencing habitat selection.
The step-wise approach of the BBSM utilizes the serial nature of
telemetry data rather than trying to make an exception for the lack
of independence by approaches such as identification of a thresh-
old of independence (Swihart and Slade, 1985), or modeling of
the covariance (Wells et al., 2010). At each step along the move-
ment path, the BBSM defines a unique underlying distribution of
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Table 3

Standardized parameter estimates for top models of habitat selection by mountain goats (n=41) in the Washington Cascades, USA, during periods of activity in June and July.
Note: Individual estimates of standard error will be available with further coding of Hessian matrix into the code base.

Goat ID D2ET SLP ELEVM FOR SRB TAL
001SCF (n=126) 0.0422

003SCF (n=125) —0.1483 0.1184

004DDF (n=169) -0.0917 0.0726 -0.0851

005DDM (n=32) 0.0729

013MBF (n=111) —0.0929

014MBF (n=174) 2.5135

015MBF (n=174) —0.0538 0.1979 -0.2614 0.2580 —0.1809 -0.0275
018MPF (n=147) 0.0906

019MBF (n=199) —-10.490 4.0552 3.4548

020WHM (n=232) 1.1374

021WHF (n=181) 0.0025

022TFF (n=140) —0.0013

024KRF (n=140) —0.0010 0.001

025BRM (n=152) 0.3159 1.9733
026RLF (n=130) 0.1020 0.0209 —-0.1485 -0.1411 0.0201 0.1089
027FCF (n=147) —-0.6073 1.1668 0.0689

031DDM (n=230) 0.0072

034GPF (n=75) -0.0121 0.0259 0.0062

036LCF (n=115) 0.5126

040CPF (n=147) 0.0001

041BUF (n=184) —0.0330 0.1985 —-0.2052 0.0414 -0.1788 0.2488
042BRF (n=149) 1.2962

045MRF (n=78) —0.0052

046NPF (n=138) —3.4739 0.1453 8.5514

048LCF (n=145) —0.0246 —-0.0103 0.0199

049GRM (n=165) -0.0147

050GRM (n=172) —0.0008

004DDF (n=220) 1.0324

005DDM (n=99) —-0.0383 0.1959

020WHM (n=215) 0.0042 0.0044 —-0.0053 -0.0122 —0.0084 0.0141
021WHF (n=115) 0.0032

024KRF (n=151) -0.0197 0.0263 —-0.0209 0.0381 —0.0389 0.0052
028SHF (n=21) 0.0607

036LCF (n=138) —0.0012

040CPF (n=93) —0.7532 1.2312

041BUF (n=172) 0.0012

042BRF (n=123) -0.1794 0.1612 -0.1164

046NPF (n=151) 0.0361 -0.0101 -0.0414 -0.0119 0.0085 0.1136
048LCF (n=156) 0.1082

004DDF (n=70) 0.0432 0.3065 -0.019 -0.378 0.136 -0.028
005DDM (n=24) 0.0292

Total

Average (n=41) -0.2105 0.1929 0.1889 —0.0050 0.0784 0.0587
Standard deviation 1.8171 0.6722 1.3400 0.0761 0.5424 0.3099
Standard error 0.2838 0.1050 0.2093 0.0119 0.0847 0.0484
Upper CI 0.3571 0.4028 0.6074 0.0188 0.2478 0.1555
Lower CI -0.7781 -0.0171 -0.2297 —-0.0288 -0.0911 -0.0380
Female (n=32)

Average -0.2730 0.2410 0.2420 —0.0064 0.1004 0.0136
Standard deviation 2.3995 0.7679 1.5178 0.0864 0.6143 0.0516
Standard error 0.4242 0.1357 0.2683 0.0153 0.1086 0.0091
Upper CI 0.4571 0.5082 0.7786 0.0241 0.3176 0.0318
Lower CI —1.0031 —-0.0262 —-0.2946 —-0.0370 -0.1168 —0.0046
Male (n=9)

Average 0.2353 0.0218 0.2193
Standard deviation 0.4611

Standard error 0.1537

Upper CI 0.4205 0.0218 0.2193
Lower CI —0.0843 0.0218 0.2193

Note: Variable definitions provided in Table 1. Average, standard deviation and standard error included an estimate of zero for blank spaces in the table to provide a population
level estimate of resource selection. Goat IDs ending in F identify females and those ending in M identify males.

availabilities and treats the observed location as one observation
drawn from the underlying distribution. At the next step, a new
distribution is created and again the middle observation is drawn
from the underlying distribution. This allows each observation to be
freely drawn while still conditioned on the history of observations
leading to that point.

With the BBSM, the concept of availability is implicitly defined
and leads directly to an estimated probability of use that can be

applied to estimation of habitat selection for extrapolation across
the landscape. The probability is based on the observed mobility
of the individual (i.e., the variance from the Brownian bridge) and
calculated for each GPS location used in estimation of the BBSM.
This design reduces the subjectivity of use-availability approaches
to habitat selection in which some area is defined as available, and
randomly selected points often are assigned within that area. Such
an approach reduces the error in diffusion models in which random
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points are paired with used points based on an assignment of a ran-
dom aspect and distance, when, in fact, the observed GPS telemetry
data might actually indicate a persistent and long-term move in
one direction. With the BBSM, the probabilities of availabilities are
higher in the direction of the persistent movement since the avail-
abilities are drawn around the middle point of the triplet rather
than the first. Availability is based on observed movements of the
individual and calculated probabilistically, analogous to a condi-
tional random walk (Turchin, 1998; Horne et al., 2007).

By design, the BBSM is a fine-scale approach for analysis of
telemetry data. The BBSM uses a step-by-step approach along the
movement path of the individual. The estimation of likelihoods and
parameters is optimized over each step along the way rather than
over all locations at once, which substantially increases the compu-
tational burden, but narrows the extent of the analysis to an area
based on the immediate vicinity of the individual. This approach
necessitates the inclusion of a temporal variable to keep track of
movement paths and to proportionally shift the center point of
the bivariate normal distributions. While the BBSM is an analy-
sis approach based on individual movement data at fine scale, the
results can nevertheless be used to estimate population-level habi-
tat parameters.

While the BBSM has several advantages, the conceptual portion
of the BBSM implies that an overall time period of interest already
has been determined. If there is no rationale for selecting the
time period of interest (i.e., diurnal, seasonal, etc.), then the mod-
eling framework might not produce meaningful results, due to
the volume of data and the differing estimates of initial vari-
ance among overlapping behaviors (e.g., resting versus foraging).
Johnson et al. (2008) suggested using indicator functions to model
different behaviors or time periods and provided the conceptual
framework to do so. We utilized additional data collected by store-
on-board activity sensors to limit our analysis to time periods
when we estimated that mountain goats were actively foraging.
The BBSM could likewise be used for analysis of habitat selection
over other time periods of interest for other species, such as long
distance migration, diurnal patterns of habitat selection, or those
of a highly mobile territorial animal if the boundary of the territory
can be identified and included as a covariate as done in the example
illustrated by Horne et al. (2008). The choice of analysis depends
largely on the species of interest, the research hypotheses, intended
scale of analysis, accessible GIS data, and the ecology of the species
and system of study.

3.1. Future directions

The growing use of GPS technology in wildlife telemetry is
creating a demand for new approaches for analyses of complex
spatiotemporal data sets. The BBSM is one analytical tool designed
to help meet this demand and in doing so maximize and exploit
the wealth of data accrued during costly and crucial studies of
GPS collared wildlife. Application of the BBSM and other model-
ing approaches, such as the RSFs presented by Manly et al. (2002),
synoptic model of Horne et al. (2008), and the resource utiliza-
tion functions of Marzluff et al. (2004), to GPS animal location data
will help researchers and managers gain deeper insight into the
ecology of species under study by revealing patterns of habitat
selection. Future use of the BBSM, and other modeling techniques,
can help managers and researchers understand both individual and
population-level patterns of resource selection by animals fitted
with GPS telemetry collars where sufficient digital data exist to
map and characterize the underlying landscape. The growth of this
field of modeling however will necessitate careful consideration of
scale, choice of modeling technique and understanding the differ-
ences among techniques in their design, implementation and the
results. With the growing use of GPS data to track and monitor

wildlife, these considerations, as well as refinement of existing
analysis techniques and development of new approaches to under-
stand resource selection will continue to grow to meet the demand
for rigorous statistical and scientific treatment of these data.
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