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Reliable assessments of low-density carnivore populations such as brown bearsUrsus arctos are often limited by a
lack of sufficient information for strong inference at appropriate scales. Standard approaches often rely on phys-
ical marking of individuals or the use of inherently field-intensive hair-snag or distance sampling techniques. Al-
though these tools are very useful, logistical and monetary costs often limit their successful application,
particularly in large, remote areas. We developed a novel photographic mark-resight approach using physical
characteristics and spatial locations of individual brownbears to temporarilymark individuals over a short revisit
interval. We applied this approach along with site-occupancy techniques to evaluate a low-density brown bear
population in northwestern Alaska. Based on the mark-resight approach, we estimated there were 420 [95%
CrI:274–650] independent and 713 [95% CrI:474–1070] total brown bears in our 19,998km2 study area. When
expressed as densities, these estimates were consistent with those of other low-density populations from the
surrounding area. Estimated den and bear site-occupancy rates were similar, 0.48 [95% CrI:0.37–0.63] and 0.40
[95% CrI;0.28–0.55], respectively. Close congruence among occupancy and abundance estimates supported the
robustness of our new mark-resight approach and provided additional metrics for population monitoring. To-
gether, these parallel metrics provide a general framework for monitoring low density populations of brown
bears and other rare carnivores when physical marking or intensive survey techniques are impractical.
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1. Introduction

Estimates of abundance and density are commonly used for moni-
toring and management of wildlife populations, although these state
variables are difficult to measure for rare species (Thompson, 2004). Al-
though many powerful approaches have been used to estimate the
abundance and density of large carnivores in a variety of settings and
habitats, strong inference is often lacking precisely because individuals
are sparsely distributed and difficult to sample (MacKenzie et al.,
2005). Mark-resight techniques, often employing radio-collars, are
well developed and have been successfully used for many years
(e.g., Hein and Andelt, 1995;Miller et al., 1997). Similarly, replicate pho-
tographs recorded by spatially distributed camera-traps have been used
to ‘mark’ and subsequently ‘resight’ individuals based on unique mark-
ing patterns (e.g., tigers, Karanth and Nichols, 1998; pumas, Negrões
hmidt@nps.gov (J.H. Schmidt).
ement, U.S. Fish and Wildlife
,503, USA.
et al., 2010). Spatially-explicit mark-recapture analytical techniques
are then used to estimate population parameters of interest (Royle
et al., 2009; Gardner et al., 2010a; Royle et al., 2011). Analogously,
DNA samples collected with hair snag traps or other means can also
be analyzed in a spatial capture-recapture analytical framework to as-
sess abundance and density (Gardner et al., 2009; Gardner et al.,
2010b; Kéry et al., 2011; Russell et al., 2012). Distance sampling ap-
proaches have also been used and have the advantage of not requiring
the identification of individuals (Becker and Quang, 2009; Becker and
Christ, 2015). Each of these approaches can provide useful assessments
of population abundance and density, but their implementation can be
logistically challenging at large spatial scales.

Capture operations required to physically mark individuals are gen-
erally expensive, particularly for species such as brown bears (Ursus
arctos), often leading to relatively small sample sizes and restricted
sampling areas. Alternative approaches such as distance sampling can
be conducted over broad areas; however, intensive samplingmay be re-
quired, sometimes over multiple seasons, in order to acquire sufficient
numbers of detections (Becker and Quang, 2009; Reynolds et al.,
2011). These requirements have obvious drawbacks when attempting
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to sample low density bear populations. Spatially-explicit mark-
recapture techniques using DNA to identify individuals are often suc-
cessful even when sample sizes are reduced, but the deployment and
collection of traps at the scales necessary for desired inference can be lo-
gistically prohibitive (De Barba et al., 2010). Although each of these
powerful approaches can be applied successfully in certain situations,
high cost or restricted spatial inference may lead to the pursuit of
othermore easily estimated state variables closely related to abundance
and density (e.g., occupancy).

Site-occupancymodeling approaches (MacKenzie et al., 2002, 2006)
are a common alternative for monitoring populations of rare species
when approaches for estimating abundance are not feasible. Site-
occupancy surveys are oftenmore practical logistically and provide use-
ful information directly related to abundance (MacKenzie et al., 2005;
Tempel and Gutierrez, 2013). Identification of individuals is not re-
quired, but rather the detection/non-detection of the species of interest
at each site is used to estimate detection probability and the proportion
of the sites that contain ≥1 individual. For species that are rare or other-
wise difficult to detect, signs (e.g., tracks, feces, dens) may be used as an
alternative to the direct detection of individuals to provide inference to
the population of interest (Stanley and Royle, 2005; Karanth et al., 2009;
Hines et al., 2010; Long et al., 2011; Wilson and Schmidt, 2015). The lo-
gistical efficiency of occupancy surveys can often be used to increase
spatial inference, providing information at the landscape scale that
would be impossible if more intensive methods were used (Karanth
et al., 2011). Interestingly, multi-metricmonitoring approaches that ex-
ploit the inferential benefits of both occupancy and abundance estima-
tion are less well developed. In many cases, occupancy and abundance
data could be collected simultaneously for little additional cost. If prop-
erly designed, parallel site-occupancy and abundance surveys could be
used to provide more comprehensive inference useful for managers of
species occurring at low densities.

Brown bears often occur at low densities presenting many chal-
lenges for sampling. Collar-mark-resight (e.g., Miller et al., 1997), DNA
mark-recapture (Solberg et al., 2006; Boulanger et al., 2008; Kendall
et al., 2008), or distance sampling approaches are the most commonly
employed methods for assessing brown bear populations, although,
costs often limit the successful application of such field methods in
large, remote areas. Unfortunately, such areas often support large com-
ponents of the overall population important for conservation and man-
agement. The desire to assess and manage populations occurring in
large, remote areas can lead to the pursuit of abundance estimates de-
spite high risk of poor estimator performance due to low sample sizes
(Reynolds et al., 2011). Occupancy methods require less data than
abundance approaches, tend to be more precise, and can provide im-
portant trend information. However, occupancy surveys in continu-
ous habitat require careful consideration of plot size and individual
movements during the revisit period (Efford and Dawson, 2012).
Abundance information, while generally more difficult to obtain, is
often relied on for management, particularly for harvested species.
We propose that the collection of both occupancy and abundance in-
formation may provide a tractable solution to the problem of moni-
toring and managing bears and other rare species in a variety of
settings.

Here we introduce a novel non-invasive mark-resight survey ap-
proach, applied concurrently with site-occupancy and sign surveys,
to estimate abundance and site-occupancy rates for a low density
brown bear population in northwestern Alaska. Our primary objec-
tives were to: 1) estimate den site-occupancy, 2) estimate bear
site-occupancy, and 3) estimate brown bear abundance and density.
We show that each data type provides information useful for ad-
dressing unique monitoring and management goals and strengthens
overall conclusions. We expect our approach could be used to im-
prove monitoring of brown bears throughout much of their range,
in addition to being broadly applicable to other rare carnivore
species.
2. Material and methods

2.1. Study area

Our study area encompassed a 19,998 km2 area of the central Sew-
ard Peninsula in western Alaska, USA (Fig. 1). The terrain ranges from
flat tussock-tundra, to rolling hills and steep rugged terrain in the
Bendelaben and Kigluaik Mountains. Woody vegetative cover is gener-
ally sparse in northern areas of tussock tundra, consisting primarily of
willow (Salix spp.) thickets along riparian corridors. Shrub patches be-
come more common in the southern portion of the study area where
alder (Alnus spp.) is also present. Areas of spruce (Picea spp.) forest
are restricted to the extreme southeast portion of the study area. Black
bears do not generally occur on the central Seaward Peninsula, so all ob-
servations of bears and bear sign were assumed to be related to brown
bears. Brown bears occur throughout the area in all habitat types, al-
though densities are generally greater further south.

2.2. Sampling design

We used a systematic sampling design to provide uniform coverage
over the entire area and tominimizemovement of bear groups between
sampled units during the survey period (Fig. 1). We began by generat-
ing a systematic grid of 31 km2 cells across the entire study area. Indi-
vidual cells represented potential sampling subunits. Our choice of cell
size was based on anticipated bear densities (1–2 bear groups/subunit)
based on past work (Miller et al., 1997) and the expected amount of
time required to adequately search each subunit (≤1 h). We selected
groups of 4 adjacent cells, regularly spaced throughout the area, to
form 48 primary sampling units each consisting of 4 subunits (Fig. 1).
Spacing between primary units (i.e., N11 km) was intended to be large
enough tominimize the probability that an individual bear could be ob-
served in adjacent units on the same or separate days. As much as was
practical, we surveyed groups of primary units in sequence to further
avoid the potential effects of movement of individual bears among
units between days.

2.3. Field methods

Aerial surveys were conducted in both 2013 and 2015 and were
timed to coincide with the end of den-emergence, just prior to leaf-
out of the woody vegetation (i.e., late May/early June). A single pilot
and observer formed a ‘team’ given the task of searching subunits for
bears. Each day pairs of teams were assigned 2 primary units (8 sub-
units) to survey. Each of the 2 teams independently searched each sub-
unit for bear groups (i.e., 2 independent visits, one by each pilot-
observer team) using a tandem seat fixed-wing aircraft. Teams were
instructed to search each subunit thoroughly for bears with the guide-
line of attempting to spend ≤1 h of search time in each subunit. Pilots
were free to choose the search pattern as long as the entire subunit
was covered (see online Appendix; Fig. A1). Subunits were searched se-
quentially so that the second team covered each subunit completed by
the first team within 4 h, minimizing the possibility of bears moving
into or out of a given subunit between visits. The separation in time
and differences in flight patterns helped address the potential problem
of incomplete availability (e.g., Laake et al., 2008;Wilson et al., 2014). In
2015, teams were also instructed to search for and record observations
of bear dens. Up to 8 teams conducted surveys each day, and units were
generally surveyed from north to south to further limit the possibility of
individual bear groups from being detected in N1 unit due to move-
ments between days.

When a bear denwas observed, the location of the denwas recorded
and the subunit was classified as ‘occupied’ by bear dens. Although pho-
tographswere taken ofmany dens, identification of individual denswas
not always possible due to high den density which caused observer
swamping in some areas. In addition, spatial locations often lacked



Fig. 1.Map of the study area on the central Seward Peninsula, Alaska showing the location of primary sample units (big squares) and subunits (smaller squares within each unit).

49J.H. Schmidt et al. / Biological Conservation 207 (2017) 47–54
sufficient precision to unambiguously determine the identity of dens in
close proximity to one another. Thereforewe consolidated den observa-
tion data to ‘dens detected’ (i.e., 1) or ‘dens not detected’ (i.e., 0) at the
level of the subunit. Clearly limiting observation efforts to dens deter-
mined to be ‘fresh’ and increasing efforts to accurately record spatial lo-
cations and photographs for each freshden,may resolve these problems
in future applications.

When a bear group was detected, the observer took multiple high-
resolution photographs of the group, recorded the spatial location
using a GPS unit, and noted any distinguishing characteristics of the
group (e.g., pelage color) or location (e.g., on a kill) that may aid in sub-
sequent identification. The number of individuals in the group and their
apparent ages (i.e., cubs versus adults)were also recorded. At the end of
each day, paired teams compared sighting locations, photographs, and
field notes for each subunit surveyed to determine which unique bear
groups were detected by each team. The photographs and spatial loca-
tions were used as temporary uniquely identifiable ‘marks’ allowing
positive identification of individuals over the short interval between
visits (Fig. A2). Sightings of groups differing in size (e.g., sows with
cubs vs. single bears) were easily resolved. Single bears observed in
approximately the same location were potentially more difficult, al-
though the combination of differences in physical characteristics
(e.g., coloration, apparent size) and spatial location allowed us to deter-
minewhether twodetections represented the same or different individ-
uals (Fig. A3). Because bears are solitary in nature and occurred at low
densities within our study area, it was highly unlikely that N1 group of
the same size and physical characteristics would be detected at the
same location during revisits. While we were confident in our ability
to distinguish among bear sightings and assumed misidentification
errors did not occur, it is possible that such errors could be formally ad-
dressed (e.g., Yoshizaki et al., 2009; Morrison et al., 2011). The
detection/non-detection records of each group were used to create
sighting histories for analysis. These data were also consolidated to ≥1
bear detected/not detected at the subunit level to allow us to estimate
bear site-occupancy in addition to abundance using the same dataset.
This allowed us to directly compare estimates of den site-occupancy,
bear site-occupancy, and bear abundance.

2.4. Analysis

2.4.1. Den site-occupancy
We used a site-occupancy modeling approach to estimate the prob-

ability of a den occurringwithin each subunit (i.e., ‘den site occupancy’).
Available covariates were limited, sowe used random effects to address
variation in detection and occupancy probabilities. Unmodeled hetero-
geneity in capture probability is known to cause estimator bias (Link,
2003), so we assumed that detection probability varied at the smallest
scale possible (i.e., the subunit), to provide the most flexibility in ac-
counting for heterogeneity in the detection process. Sources of hetero-
geneity in detection may have included different numbers of dens
occurring in each subunit (i.e., Royle and Nichols, 2003) or variation in
vegetative cover or sighting conditions. We assumed that den site-
occupancy varied at the primary unit level, to account for autocorrela-
tion among subunits within each primary sampling unit and other
sources of heterogeneity such as habitat type that may have caused
site occupancy probabilities to differ among primary units. While den
site occupancy also may have varied among adjacent subunits, we in-
cluded the random term at the primary unit level to avoid parameter
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identifiability issues. Our basic model can be written as:

yij � Bernoulli zi � pij
� �

zi � Bernoulli Ψið Þ

logit pij
� �

¼ e:subuniti

logit Ψið Þ ¼ e:uniti

The observed occupancy state y at each subunit i during each visit j
was the product of the true occupancy state of the subunit, zi, and the
probability of detecting occupancy in an occupied subunit during a par-
ticular visit, pij. Wemodeled pij andΨi as functions randomeffects at the
level of the survey subunit, e .subuniti, and primary unit, e .uniti, respec-
tively. We did not include any covariates because our main objective
was to address overall heterogeneity in pij and Ψi to produce unbiased
estimates of site occupancy, however, specific covariates could be in-
cluded when available. To estimate the total number of subunits con-
taining bear dens, we summed across the true occupancy states, zi, to
calculate the number of surveyed cells that were occupied and then di-
vided this value by the proportion of the total survey area covered. Esti-
mates were not produced for 2013 because den site occupancy
information was collected in 2015 only.

2.4.2. Bear site-occupancy
We also fit occupancy models to the bear observation data, consoli-

dated at the level of the subunit. We converted observations of individ-
ual bear groups into 1's and 0's representing the detection of ≥1 bear
group, or no detections within a subunit, respectively. Our bear site oc-
cupancy model was structurally similar to our den site-occupancy
model and can be written as:

y�ijk � Bernoulli z�ik � p�ij
� �

z�ik � Bernoulli Ψ�
ik

� �

logit p�ij
� �

¼ e:subunit�i

logit Ψ�
ik

� � ¼ int�yr þ e:unit�i

The notation and model structure generally follows that of the den
site-occupancy model, however, we use the superscript * to indicate
that parameters are not shared between the two models. We again in-
cluded random effects at the subunit and primary unit levels to address
heterogeneity in detection and occupancy probabilities, respectively.
The only structural difference between the den and bear group occu-
pancy models was that Ψik

∗ was assumed to vary between years, k, as
modeled by a year-specific intercept, intyr∗ . We assumed that the proba-
bility of detecting bear site-occupancy was the same among years, but
that occupancy differed between 2013 and 2015. Because we covered
only a limited area in 2013,we restricted our presentation and interpre-
tation of bear site-occupancy to 2015 only. However, we included the
2013 data to aid in the estimation of detection probability under the as-
sumption that the detection process was similar among years.

2.4.3. Abundance
We used a mark-resight double-observer model for analyzing the

capture histories of individual bear groups. Because we expected that
each subunit contained only 1–2 bear groups on average, we augment-
ed the data from each surveyed subunit with 4 additional 00 capture
histories (i.e., at least double the expected number of groups)
representing potential but undetected bear groups prior to analysis
(i.e., data augmentation; Royle, 2009). We then estimated how many
of these potential groups actually were present but undetected in each
subunit. A subsequent sensitivity analysis augmenting the data with 6
additional capture histories produced nearly identical results, indicating
that augmenting by 4 was adequate (results not shown). We formulat-
ed our mark-resight model in a structure analogous to our occupancy
models, although here the sample unit is the potential bear group, l,
rather than the subunit. Using similar notation, this model can be writ-
ten as:

yAjkl � Bernoulli zAk � pAkj
� �

zAkl � Bernoulli ΨA
kl

� �

sizekl � Poisson mean:sizeklð Þ

logit pAkj
� �

¼ e:subunitAk

logit ΨA
kl

� �
¼ intAyr þ e:unitAk

log mean:sizeklð Þ ¼ size:int

N̂k ¼ sum zAkl � sizekl
� �

Note the components of this model are indexed by visit, j, year, k,
and potential group, l. The superscriptA indicates parameters are specif-
ic to the abundance model and are not shared with either occupancy
model. We add an additional submodel representing group size, sizekl,
represented by a single intercept term, size . int. The estimated total

number of bears present in the sampled units in each year, N̂k, is derived
by summing the true states, zklA , of all potential groups after multiplying
each group by average group size based on the observed data. The total
number of bears was then estimated by dividing the estimated number
of bears within the sampled area by the proportion of the total study
area that was sampled. Group size information was subdivided into 2
categories for analysis: independent bears (cubs excluded) and total
bears (cubs included). Analyses for independent bears and total bears
were conducted separately, although the 2 data sets were fit to the
same model. This separation allowed direct comparison with historical
estimates (i.e., Miller et al., 1997) and also provided a separate assess-
ment of the adult population which may be of more interest for man-
agement. We again included the 2013 data for the purpose of aiding
in the estimation of detection probability but did not present or inter-
pret 2013 abundance estimates.

All 3 analyses were conducted in a Bayesian framework andwere fit
in OpenBUGS (Thomas et al., 2006). We used compact priors for inter-
cept terms on the logit scale, N(0,10), and weakly informative priors
on standard deviation of random effects, U(0.1,10). We limited the
prior distributions of these random effects terms to be slightly above
0, assuming that there was some heterogeneity in both detection and
occupancy at the subunit and unit levels, respectively. Restricting the
bounds in this way increased model identifiability, thereby preventing
theprecision of the randomeffects terms from tending to∞ and dramat-
ically improving convergence. Without this restriction, all variation
could theoretically be attributed to either the detection or occupancy
process, an unlikely scenario leading to unrealistic parameter estimates.
Sensitivity analysis indicated that the exact choice of weakly informa-
tive priors on the random effects terms had little impact on final results.
We ran 2 independent Markov chains for 20,000 to 60,000 iterations,
depending on the model, discarding the initial iterations as burn-in.
We used the Gelman-Rubin diagnostic (Brooks and Gelman, 1998)
and a visual inspection of the chains to assess convergence.We also cal-
culated the Bayesian p-value (Gelman et al., 2004) for each analysis to
assess model fit.



Fig. 2. Estimated number of sample units containing ≥1 brown bear den (DENocc) or ≥1
brown bear group (BEARocc), and the estimated number of independent (Adults) and
total (Total) bears within the study area on the central Seward Peninsula, Alaska in
2015. Error bars represent 95% credible intervals.
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3. Results

During 2013, we surveyed 42 of 191 subunits in the southern por-
tion of the survey area twice between June 2–5 (Fig. 1). We detected
27 unique bear groups in 17 of the surveyed subunits. Poor weather
conditions prevented completion of a full survey. In 2015, we surveyed
181 of 191 subunits twice and 4 subunits only once betweenMay 19–29
(Fig. 1). The average time interval between revisits to subunits was
1.2 h. During 2015, we detected 58 unique bear groups in 41 subunits
and observed bear dens in 56 subunits. Of the 85 total bear groups ob-
served, 22 were detected by both teams. In 2015, the average distance
moved between revisits for groups observed by both teams was
1.1 km. Up to 8 pilot-observer teams conducted surveys each day, and
survey effort totaled approximately 406 h of flight time in 2015. The av-
erage number of sightings per hour of flight time was approximately
0.18 groups, translating to roughly 1.4 bear group detections for the av-
erage pilot-observer team during a full 8 h day. The estimated total cost
of the project was approximately $145,000, excluding staff salaries.
Compared to the cost estimates presented byMiller et al. (1997), we es-
timate our costs were b10% that of a hypothetical collar mark-resight
project with inference to the same study area.

Our estimates of den site-occupancy, bear site-occupancy, and inde-
pendent bear abundance corresponded closely, suggesting similarities in
inference and the absence of substantial bias due to misidentification
error or lack of closure between revisits (Table 1, Fig. 2).When extrapolat-
ed to the entire survey area,we estimated that 328 [95%CrI:251–433] and
272 [95% CrI:191–373] of the 683 total potential subunits (i.e., grid cells)
within our study areawere occupied by ≥1 den or ≥1 brown bear, respec-
tively (Fig. 2). Correspondingly, estimated abundance for the entire sur-
vey area was 420 [95% CrI:274–650] independent and 713 [95%
CrI:474–1070] total bears. This translates to each occupied cell containing
approximately 1.5 independent bears and 2.6 total bears on average. Pre-
cision was greatest for estimates of den occupancy and least for bear
abundance (Table 1), as was expected based on higher rates of observa-
tion of dens than individual bears and greater data requirements for the
mark-resight technique. Detection probabilities were also similar, al-
though the probability of detecting that a subunit was occupied appeared
somewhat higher than the probability of detecting an individual bear
group (Table 1).With an average of 1.5 independent bears in an occupied
subunit, correspondence between detection probabilities was not unex-
pected. The low number of groups in each occupied subunit suggested
that bear site-occupancy would be sensitive to changes in abundance
over time as small changes in abundancewould be expected to be directly
reflected in occupancy rates. Model fit for each analysis was adequate
based on the Bayesian p-value (Table 1).

Based on the mark-resight data, our abundance estimates corre-
spond to densities of 21 (95%CrI: 13.7–32.5) independent bears/
1000km2 and 35.6 (95%CrI: 23.7–53.5) total bears/1000km2. Despite
important differences in methodology and scale, these density esti-
mates are broadly similar to previous estimates from northwestern
Table 1
Estimates of detection (p), occupancy (Ψ), and abundance (N) of brown bears with 95%
credible intervals (in parentheses),measures of goodness-of-fit (GOF) based on theBayes-
ian p-value, and approximate coefficients of variation (CV) for surveys conducted on the
central Seward Peninsula, Alaska. Estimates of p were jointly estimated across years (ex-
cept for den occupancy), while estimates of Ψ and N are for 2015 only.

p Ψ Nindependent Ntotal GOF CV

Den occupancy 0.38 0.48 – – 0.22 15%
(0.26–0.53) (0.37–0.63)

Bear
occupancy

0.35 0.40 – – 0.62 18%
(0.20–0.54) (0.28–0.55)

Bear
abundance

0.33 – 420 713 0.68 23%
(0.17–0.50) – (274–650) (474–1070)
Alaska (Fig. 3). The precision of our estimates was lower than the previ-
ous mark-resight studies, likely because we had fewer revisits to each
sample unit. However, our coverage was up to 10 times greater, provid-
ing inference to a much larger landscape.
4. Discussion

We found that our photographic mark-resight approachwas a logis-
tically feasible and cost effective alternative to more intensive ap-
proaches for assessing low-density brown bear populations at large
spatial scales. The addition of site-occupancy information added a useful
monitoring component directly related to population size, and together
our results represent the first rigorous assessment of the brown bear
population on the central Seward Peninsula in nearly 25 years. Further-
more, despite obtaining estimates of the state variable of interest
(i.e., abundance), the inclusion of site-occupancy estimates had several
benefits that may be useful in similar contexts. First, while bear occu-
pancy and abundance estimates were based on the same data, agree-
ment between the den and bear site occupancy results bolstered our
conclusion that the abundance estimates were likely appropriate and
not substantially biased due to misidentification of individuals. For
many species, there may be no existing data with which to assess the
validity of new approaches or assess estimator bias. Occupancymetrics,
particularly those based on independent datasets (e.g., den surveys),
can provide additional lines of evidence leading to increased confidence
in new approaches or estimates for little studied populations. Second,
occupancy approaches tend to require less data for estimation, resulting
in higher precision, providing a useful management tool while
Fig. 3. Estimated brown bear density on the central Seward Peninsula, Alaska (SewPen) in
2015 compared with previous density estimates from previous mark-resight studies in
northwestern Alaska including: an area adjacent to Noatak National Preserve (NOAT),
the western Brooks Range (WBKR), and a study site north of Nome (NOME). The
SewPen study area overlapped the NOME study area. Estimates from the three previous
studies are reproduced from Miller et al. (1997). Solid symbols represent densities of
independent bears (cubs excluded) and open symbols represent densities of total bears
(cubs included). Error bars represent 95% confidence intervals for NOAT, WBKR, and
NOME and 95% Bayesian credible intervals for the Seward Peninsula.
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additional abundance data are collected over time. Finally, the simulta-
neous collection of multiple data streams acts as a hedge against insuf-
ficient sample sizes for estimating abundance with the precision
desired. Rather than defaulting to stand-alone occupancy approaches
for rare species, abundance and sign occupancy surveys may be con-
ducted in parallel to increase the amount of information available and
supportmanagement decisions. This of course requires careful attention
to survey design to insure that the objectives and assumptions of each
surveymethod aremet. For example, in our studywe sized our subunits
so that relatively few bear groups would be expected to occur in an oc-
cupied subunit. Doing so increases the sensitivity of occupancy as a
monitoring tool. The use of multiplemetrics can allow greater flexibility
in design and potentially increase the utility of many surveys, particu-
larly for rare species such as brown bears.

Although our methods differed from the collar-based mark-resight
surveys conducted in the area previously, our estimates of brown bear
abundance and density were strikingly similar to those based on past
work in several areas of northwestern Alaska, including an area over-
lapped by our study area (i.e., Miller and Nelson, 1993; Miller et al.,
1997). In general, 95% credible interval coverage contained the point es-
timates of abundance from previous surveys from the broader area, de-
spite our incorporation of random terms to help address negative bias
due to heterogeneity in detection probability (Link, 2003). Because no
other recent population data exist for the Seward Peninsula, it is impos-
sible to determine population trajectory over the intervening years, par-
ticularly in the context of the doubling of annual harvests between the
early 1990's and 2015 (Hughes, 2013). Additional survey information
will be required to assess current population trajectory, however, agree-
ment with previous work indicates our estimates are plausible and
comparable to what is known about brown bear densities in subarctic
Alaska. This is an important development because bear populations
are notoriously expensive and difficult to evaluate, resulting in limited
population information throughout much of their range. We were also
able to make valid inference to an area an order of magnitude larger
than would have been possible using existing survey approaches. We
expect our survey methodology represents a major development in
the assessment of brown bear populations, particularly in open arctic
and subarctic habitats where densities are low.

Our successful application of temporary marks in a mark-resight
framework is relatively novel in the context of monitoring rare species.
We are aware of only one similar application where photographs taken
froman aerial survey platformwere used to identify individualwild hors-
es Equus caballus based on unique color markings (Dawson and Miller,
2008). The primary difference between our method and the Dawson
and Miller (2008) approach was that the unique color patterns of wild
horses provide more ‘permanent’ identification that can be reconciled
over longer time frames (e.g., days or weeks). In contrast, we relied on
variation in brown bear physical characteristics in conjunction with spa-
tial location to ensure positive identification of individuals over a short
timeperiod (i.e., hours). Betweenvariation in color, group size, and spatial
location, positive identification of individual bear groups was possible
over the short revisit interval (e.g., Dean, 1987).

Our estimates are reliant on the assumption that all bears are avail-
able to be sampled by at least one team. If some bears remained in their
dens orwere otherwise unavailable (e.g., sleeping in dense cover during
both revisits), our estimates would be negatively biased. We attempted
to mitigate these sources of bias through design, specifically by
conducting 2 independent surveys so that sighting perspective varied,
as well as conducting the survey during the post denning period.
When individual movements between revisits are large, the utility and
interpretation of resulting occupancy estimates can also become ques-
tionable (Efford and Dawson, 2012). Therefore we purposely restricted
the time interval between revisits of each subunit to assure that popula-
tion closure was approximately met and to insure that most groups
were near the same location between visits. A small subset of bear
groups was detected by the second team either in an adjacent subunit
or just outside the boundary of the subunit where it was initially detect-
ed. These groupswere assumed to be unavailable to the second team for
analysis purposes and indicated that somemovement did occur. If bear
movements were more common or more extensive than we observed,
our estimates of occupancy and abundance would be biased high due
to violation of the closure assumption. Failure to recognize an individual
group during subsequent visits would also cause positive bias. Based on
our observations, the agreement with previous abundance estimates
from similar areas, and general agreement with our occupancy metrics,
we expect bias was low. In our study area, the relative rarity of bears
was actually an advantage because the possibility of encountering a
similar bear in the same location between visits was highly unlikely.
In higher density populations where misidentification may be a prob-
lem or in dense habitats where detection probabilities would be much
lower, other survey methods may be preferable. Alternatively, it may
be possible to model misidentification error explicitly in some cases
(Yoshizaki et al., 2009; Morrison et al., 2011).

The addition of occupancy information and general agreement
among occupancy and abundance estimates further increased our con-
fidence in our findings, as well as increasing their utility for manage-
ment. While bear site-occupancy was directly related to abundance by
definition (i.e., based on the same data), the close congruence between
our two site-occupancy metrics suggested that bear and den site-
occupancy were also closely related, providing a link among all 3 met-
rics. This correspondence suggests monitoring and management could
be validly based on any of the metrics, depending on objectives. Our re-
sults also suggest there is real value in the collection of multiple data
types (e.g., both sign and abundance data) related to the same popula-
tion. When little population information is available, it can be difficult
to assess methodological assumptions associated with the field and an-
alytical approaches employed. As we found, additional data streams can
provide further assessment of assumptions and bolster confidence in re-
sults, particularly for understudied populations. We suggest that a
framework leveraging the strengths of each metric for meeting individ-
ual objectives could be much more powerful than a program based on
occupancy or abundance alone.

Although particularly well suited as a monitoring tool for low-
density brown bear populations occurring in open arctic and subarc-
tic habitats, the general approach we describe could be used to mon-
itor a variety of low-density carnivore species with relatively little
modification. For example, applications of our particular approach
may be extended to other species such as wolves (Canis lupus) that
exhibit variations in coloration and group size that would facilitate
individual group identification over relatively short time intervals.
Combined with occupancy metrics, such as tracks or kill sites, photo-
graphic mark-resight techniques might be used for population mon-
itoring without reliance on direct marking of individuals. Further
development and implementation of reduced-cost field techniques
could provide muchmore extensive information for a variety of pop-
ulations that are difficult to assess using conventional approaches.

There are also opportunities for extending our basic approach to in-
crease the precision of abundance estimates when appropriate data can
be collected. Perhaps the most basic extension would be to borrow de-
tection information acrossmultiple surveys through the use of informed
priors when protocols and sighting conditions are similar (e.g., Schmidt
and Rattenbury, 2013). We effectively used this principle by assuming
detection probabilities were similar between years. The use of prior in-
formation in this way increases the precision of all estimates and their
sensitivity to changes in population size. The rapid development of inte-
grated modeling approaches also provides a powerful mechanism for
combining multiple datasets into a single analysis. Combinations of
data from DNA and camera traps (Gopalaswamy et al., 2012;
Sollmann et al., 2013b), DNA and occupancy surveys (Chandler
and Clark, 2014), and telemetry and camera traps (Sollmann et al.,
2013a, 2013c) are 3 such examples. Such combinations improve
density estimates over what is possible using either dataset alone. A
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straightforward extension to our approach for brown bears would be to
jointly estimate abundance based on both bear and den abundance data
(if available) under the assumption that each adult bear is associated
with a single fresh den. This would provide two independent data
streams that could be jointly analyzed with direct inference to popula-
tion abundance (e.g., Blanc et al., 2014). Alternatively, in some areas it
would also be possible to jointly estimate detection and abundance
using photographmark-resight data in combinationwith location infor-
mation from concurrent telemetry studies. In general, the development
of multi-metric surveys, whenever practical, can lead to stronger infer-
ence with little extra cost or effort. We broadly encourage the consider-
ation of multi-metric monitoring with the goal of providing multiple
supporting data streams, as well as opportunities to more precisely es-
timate the state variables of interest.
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