
    One of the first steps to properly manage
wildlife is to obtain reliable knowledge of
the species (White and Bartmann 1983, Rose-
berry and Woolf 1991). The lack of informa-
tion about a species is a problem most often
associated with imperiled species, for which
there are too few individuals to provide con-
sistent inference or the individuals are too
difficult to detect (Campbell et al. 2002). But
sometimes, well-studied and common species
also pose management challenges due to lim-
ited data. This is the case with Columbian

black-tailed deer (Odocoileus hemionus colum -
bianus) on Whidbey Island, Washington, USA.
This population has not been studied, and
biologists with the Washington Department
of Fish and Wildlife (WDFW) are interested
in obtaining more information concerning
deer on the island so informed decisions can
be made about their management (R. Milner
[WDFW] personal communication).
    Wildlife managers in the region suggest
that deer may be above carrying capacity,
especially social carrying capacity. There are
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      ABSTRACT.—Methods to estimate abundance and density of Columbian black-tailed deer (Odocoileus hemionus
columbianus) are limited. Regional wildlife managers are concerned that Columbian black-tailed deer on Whidbey
Island, Washington, USA, exceed carrying capacity. Research on small islands in the Pacific Northwest reports high deer
densities; however, these islands are smaller and less complex than Whidbey Island, and have fewer mortality sources.
Our objective was to estimate the abundance and density of Columbian black-tailed deer on Whidbey Island by
using road-based spotlight surveys in a distance sampling framework. We conducted spotlight surveys from 12 January
2015 to 23 January 2015 starting ≤1 h after sunset and continuing to 23:00. The deer population of Whidbey Island is
estimated to be 2744.5 individuals (6.2 deer/km2), lower than estimated densities of deer on smaller islands in the
region. Density varied across the different sections of Whidbey Island. Road-based spotlight surveys in a distance
sampling framework are a useful tool for estimating deer populations in regions where traditional monitoring methods
are not practical. This research offers baseline estimates for the deer on Whidbey Island and provides a repeatable
procedure to estimate abundance and density.

      RESUMEN.—Los métodos para estimar la abundancia y la densidad del ciervo cola negra de Columbia (Odocoileus
hemionus columbianus) son limitados. Los encargados de la reserva de vida sivestre regional están preocupados porque
el ciervo Odocoileus hemionus columbianus de la isla Whidbey (Washington, E.U.) exceda su capacidad de carga. La
investigación llevada a cabo en pequeñas islas del noroeste del Pacífico reportan una alta densidad de ciervos. Sin
embargo, estas islas son más pequeñas y menos complejas que la isla Whidbey y con menos fuentes de mortalidad.
Nuestro objetivo fue estimar la cantidad y la densidad de ciervos Odocoileus hemionus columbianus en la isla Whidbey
utilizando el método de muestreo a distancia que se basa en detección de individuos a pie de carretera. Llevamos a
cabo el muestreo desde el 12 al 23 de enero del 2015, comenzando ≤1 hora después de la puesta del sol y continuando
hasta las 2300 horas. La población de ciervos en la isla Whidbey se estima en 2744.5 (6.2 venados/km2), una densidad
inferior a la estimada en las islas más pequeñas de la región. La densidad varió en las diferentes zonas de la isla
Whidbey. Los métodos de detección de individuos a pie de carretera, en un marco de muestreo a distancia son una
herramienta útil para estimar las poblaciones de ciervos en regiones donde los métodos tradicionales de monitoreo no
son viables. Esta investigación ofrece estimados de los ciervos de la isla Whidbey y un procedimiento replicable para
estimar abundancia y densidad.
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fewer mortality sources for deer on Whid-
bey Island than in other regions Columbian
black-tailed deer inhabit. The only natural
predators observed during this study were
coyotes (Canis latrans). The other sources of
mortality for deer on Whidbey Island are
anthropogenic: hunting or wildlife-vehicle
collisions. Other regions, with fewer anthro-
pological influences and more connectivity
than exists on Whidbey Island, have more
natural predators, including American black
bears (Ursus americanus), mountain lions
(Puma concolor), bobcats (Lynx rufus), and
wolves (Canis lupus). The dearth of preda-
tors on Whidbey Island, combined with the
lack of severe winters due to the strong marine
influence, suggests that there may be lower
natural mortality rates than in other regions.
Deer on Whidbey Island, however, have been
exposed to disease, specifically hair loss syn-
drome from a nonnative chewing louse (Dam -
alinia [Cervicola]) (http://www.seattlepi.com/local
/sound/article/Whidbey-Island-deer-stricken
-by-deadly-hair-loss-1401312.php). Research
conducted on other herds suggests that hair
loss syndrome can exacerbate decreased fawn
recruitment, leading to population growth
potential not being realized (Bender and Hall
2004, Bildfell et al. 2004, McCoy et al. 2014).
However, effects of hair loss syndrome on the
Whidbey Island deer population are unknown.
    There are limited methods of estimating
abundance and density of Columbian black-
tailed deer at scales appropriate for manage-
ment. Traditional population survey methods,
such as aerial counts, are often ineffective in
the dense forests these deer inhabit. Aerial
surveys using forward-looking infrared sens-
ing, while useful for white-tailed deer (Odo -
coileus virginianus), are not effective in the
regions Columbian black-tailed deer inhabit
because the tree canopy in those regions is
too high and dense (Naugle et al. 1996). Fecal
pellet surveys and direct-observation-while-
walking distance sampling transects can be use-
ful, but they are also time consuming, and in
some circumstances it can be difficult to obtain
the consent of many small-property owners.
    Research has been conducted on Colum -
bian black-tailed deer on neighboring Whid-
bey Island, but little information from those
islands is applicable because Whidbey Island
is much larger and more complex. Research
on neighboring islands reports higher deer

densities than have been reported in mainland
deer populations (Table 1). On small islands,
deer density is as high as 105 deer/km2 (Mar-
tin et al. 2011), but most density estimates
range between 20 and 40 deer/km2 (Long et
al. 2009). Mainland density estimates range
from 0.5 to 16 deer/km2 (Brown 1961, Smith
1968, 1987, Happe 1982, Bender et al. 2004b;
Table 1). Mainland density estimates may not
be applicable to Whidbey Island deer popu-
lations because of differences in environmen-
tal and anthropogenic conditions.
    Traditional road-based spotlight surveys
for deer are conducted without a method of
estimating the detection rate of the spotlight
survey; they simply provide a population
index, which is of little use to managers
(Anderson 2001). Additionally, with certain
analysis methods, road-based spotlighting
has high variability, leading some to ques-
tion its viability as a wildlife surveying tech-
nique (Collier et al. 2007, 2013). By conduct-
ing the spotlight surveys within a distance
sampling framework, however, researchers
can estimate detection rates, accounting for
this criticism, and can also provide estimates
of abundance and density instead of indices
(Buckland et al. 2001). Road-based spotlight
surveying conducted in a distance sampling
framework is a method that has seen wide-
spread use by managers and researchers of
many species of deer, from sika deer (Cervus
nippon) in Japan to white-tailed deer in the
eastern United States to various deer species
in the United Kingdom (Gill et al. 1997, Hey-
don et al. 2000, Koganezawa and Li 2002,
Ward et al. 2004, McShea et al. 2011).
    Bias associated with conducting spotlight
surveys from roads can arise when deer are
either repelled from roads (Rost and Bailey
1979, Bender et al. 2004a) or attracted to
roads (Gill et al. 1997, Ward et al. 2004).
These biases can be reduced under certain
conditions—specifically, if the location of
roads is not influenced by variables that
affect the study species’ distribution or abun-
dance (i.e., topography, vegetation distribu-
tion, streams; McShea et al. 2011, Anderson et
al. 2013). Whidbey Island has very gentle
topography and no permanent streams. The
roads on the island have very little relation to
the topography of the island, and they rarely
represent drastic changes in land cover asso-
ciated with the road or with the road serving
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as a boundary between land cover changes.
The ability to cover large areas in shorter peri-
ods of time has substantial benefits, including
increased likelihood of the population being
closed over the sampling period.
    A primary method to reduce potential bias
prior to sampling is to use road segments as
transects, stratified into different cover types
in proportion to the availability of the differ-
ent sections of the landscape (Buckland et al.
2001). Because high traffic rates can lead to
increased road avoidance by deer, road seg-
ments with lower traffic rates should be used
whenever possible in urban areas or areas
with limited numbers of roads (Rost and Bai-
ley 1979, Forman et al. 2003).
    With analysis software such as Distance,
the bias introduced by animals moving away
from the transect can be controlled (Thomas
et al. 2010, McShea et al. 2011). Within the
analysis there are 2 methods to account for
this bias: either censor the observations clos-
est to the road or expand the first distance
interval (Buckland et al. 2001, McShea et al.
2011). Road-based spotlight surveying within
a distance sampling framework is the best
field sampling method for this study area
because it can produce adequate sample size,
something that other distance sampling sur-
vey methods (i.e., aerial, fecal pellet, walking)
cannot do in a timely manner. Fecal pellet
transects and walking transects using distance
sampling have been successfully used on
nearby islands, but these methods are not
feasible in areas such as Whidbey Island with
numerous tracts of private land. Areas of pre-
dominantly private land with numerous land
owners are especially problematic, because
of the need to obtain permission from each
land owner for access. This task is more diffi-
cult in a region with many nonpermanent
residents and few landline telephones, or in
regions with landowners that simply do not
allow access.
    The creation of fully formed detection
functions for objects along a transect requires
a minimum of approximately 45 observations
for each stratum (in this case north, central,
and south sections of Whidbey Island [Buck-
land et al. 2001]). Road-based spotlight dis-
tance sampling provides the best opportu-
nity to gather the amount of data needed for
the analysis. Additionally, road-based spot-
light surveys can provide information at lower
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cost than can other abundance estimation tech-
niques such as aerial surveys, fecal pellet dis-
tance sampling, and walking distance sam-
pling (Gill et al. 1997, Uno et al. 2006, Amos
et al. 2014).
    Our objective was to determine the abun-
dance and density of deer on Whidbey Island.
We predicted that the density of Columbian
black-tailed deer on Whidbey Island would
be similar to the density on Vancouver Island
(~15.2 deer/km2; Smith 1968), the other large
island in the area.

METHODS

Study Area

    Whidbey Island is in northwest Washing-
ton (Fig. 1). The island is roughly 88.0 km by
2.4–19.0 km with a north–south orientation,
and it occupies 436.9 km2. The overall cli-
mate of Whidbey Island is Pacific Northwest
temperate with cool, wet winters and warm,
dry summers. The major climatic influence
on the island is the rain shadow effect from
the Olympic Mountains west of the island.
The rain shadow effect is most dominant on
the central and northern portions of the
island due to the predominant storm path
from the southwest, with average annual rain-
fall on the central portion of the island being
510 mm. This average increases to 910 mm
on the southern portions of the island and

810 mm on the northern portions of the
island. The difference in rainfall, combined
with human and agricultural development,
influences the vegetation differences between
the northern, central, and southern areas of
the island.
    Whidbey Island’s flora is varied due to dif-
ferences in rainfall and human disturbance.
We used the land cover data set established
by researchers from the United States Geo-
logical Survey (USGS GAP Analysis) to clas-
sify the 33 ecological systems or land uses:
11 forest, 4 shrub and grassland, 6 marsh, 3
rock or barren, 2 open water, 4 human devel-
opment, and 3 agriculture. The forests are
warm and cool temperate, temperate flooded
and swamp, and recently logged forests. The
shrub and grasslands are temperate and boreal
grassland meadow, and scrub. The marshes
are temperate and boreal fresh and saltwater
meadows and marshes. Open water consists of
fresh and salt water. Human development
consists of developed and urban areas, and
gravel quarry mining. The agriculture con-
sists of pasture and crops. Mesocarnivores,
including striped skunk (Mephitis mephitis),
raccoon (Procyon lotor), and red fox (Vulpes
vulpes), inhabit the island, but coyotes are
the only predators of deer. Domestic live-
stock, including cattle, sheep, goats, llamas,
alpacas, and horses, are prevalent throughout
the island.
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    Fig. 1. Whidbey Island, Washington, USA.
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    The topography of Whidbey Island is
generally tame (elevation varies from sea
level to 148 m) and is devoid of large moun-
tains or continuous steep slopes, with the
exception of the coastline, where there are
large bluffs.
    For the purposes of this study we divided
the island into 3 sections: north, central, and
south. The north section of the island (166
km2) extends from the west end of Penn
Cove to the northern end of the island. The
central section (122 km2) extends from the
west end of Penn Cove south to Freeland.
The south section (152 km2) extends from
Freeland to the southern end of the island.

The 3 sections differ from each other in envi-
ronmental and anthropogenic conditions.
    The human population of Whidbey Island
is 62,845 (U.S. Census Bureau 2010). The popu-
lation is centered in Oak Harbor, in the north
section; over half the island’s population resides
in the north section (U.S. Census Bureau
2010). The north section of the island is more
urbanized than the rest of the island, whereas
the central and south sections are more rural.
The human population density is 221/km2 in
the north section, 102/km2 in the central sec-
tion, and 90/km2 in the south section (United
States Census Bureau 2010).
    Portions of the island are protected through
county and state parks, conservation ease-
ments, and land trusts. The largest limited-
access landowner on the island is the Depart-
ment of Defense, with 23 km2 (5%). Whidbey
Island Naval Air Station is in the north section
of the island, with smaller outlying holdings.
    There are 1327 km of roads across Whid-
bey Island, and overall road density is 3.0
km/km2. The distribution of roads is not uni-
form. Across the 3 sections of the island, there
is a gradient of road density from 3.4 km
/km2 in the north to 3.0 km/km2 in the south
to 2.7 km/km2 in the central section.

Field Methods

    We conducted road-based spotlight sur-
veys on Whidbey Island to gather the data
required to perform distance analysis. We
developed survey routes on the 3 sections of
the island on 150 road transects, varying in
length from 62 m to 3222 m (Fig. 2). The
transects represented 10% of the available
roads in each section; therefore, sampling
effort was weighted by the length of roads in
each section. We selected transect routes in
proportion to the surrounding land cover
types in each region and so as to increase the
geographic spread of the survey.
    Starting from the surveying protocol
established by the National Park Service for
studying deer in the National Capitol Region,
Washington, DC, we adapted the protocol to
our logistical constraints in conducting the
surveys (Bates 2006). The protocol uses 4
people/vehicle: 1 driver, who also observes
the transect line (road); 1 data recorder; and
2 spotlight operators, 1 on each side of the
vehicle. The survey vehicle is driven at approxi-
mately 25 kph, to maximize detection rates
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    Fig. 2. Locations of spotlight transects and deer obser-
vations, January 2015, Whidbey Island, Washington, USA.

 

Downloaded From: https://bioone.org/journals/Western-North-American-Naturalist on 04 Dec 2019
Terms of Use: https://bioone.org/terms-of-use	Access provided by University of Arizona



while providing for the safety of the observers
on public roads.
    Clear survey weather was experienced
throughout the sampling period. By conduct-
ing sampling in winter, we took advantage of
the lack of leaves on most understory plants
in the region, which increased detection prob-
ability of deer.
    We used a 2004 Toyota 4Runner as the
survey vehicle, with 1 driver and 2 observers
with spotlights in the back seats. The surveys
began ≤1 h after sunset and finished before
23:00 (to reduce the potential for complaints
among island residents). The driver remained
the same throughout the surveys. There were
5 different observers for this study, but 2 par-
ticipated every night. The third observer par-
ticipated on 8 nights, and the final 2 observers
participated on 1 night each.
    When a deer was detected, we stopped the
vehicle and recorded the location of the vehi-
cle as a waypoint in a global positioning sys-
tem unit (Garmin Oregon 600t, Olathe, KS,
USA). We recorded the following measure-
ments for each observation: transect identifi-
cation, island section, time, observer, distance
(m) to the deer, bearing to the deer, group
size, sex (if possible), and vegetation associa-
tion. We determined group size by proximity
of deer to each other and behavioral cues.
Additionally, deer in one group were no more
than half the distance from the closest deer in
their own group to the closest deer of a neigh-
boring group (Stainbrook 2011). We recorded
weather information for each transect at the
beginning of the evening’s survey (Happe 1982,
McShea et al. 2011, Stainbrook 2013).
    We organized sampling so the different
regions of the island were surveyed in reverse
order to the previous sampling effort for that
region. For example, if the first survey of a
region followed the route north to south, the
second survey would follow the route in
reverse order, south to north. This allowed
the different portions of the route to be sur-
veyed at opposite times of the evening.
    We imported observer locations into
ArcGIS (version 10.2, ESRI, Redlands, CA)
with the distance and bearing to the deer.
We generated locations of the observed deer
using the distance bearing to line tool, then
the line end to point tool. Then, using the near
tool, we determined the distance between
each deer location and the transect, generat-

ing the perpendicular distance data required
for distance sampling analysis (Pierce 2000).

Statistical Analysis

    We imported survey data, including group
size, cover type, observer, and majority land
cover type of the transect, into program Dis-
tance (Thomas et al. 2010). We estimated
abundance and density separately for the 3
sections of the island and for the entire island
using the Multiple Covariate Distance Sam-
pling engine within the software (Thomas et
al. 2010).
    We examined the data collected during the
spotlight surveys as histograms using Program
R 2.15.2 (R Development Core Team 2014).
There was evidence of deer movement or bias
away from the transect. To account for this
bias, we grouped observations into distance
intervals (Buckland et al. 2001, Bates 2006).
For the island-wide model (global model), the
first distance interval was expanded to include
sightings at a distance of ≤20 m (Ward et al.
2004, Bates 2006, McShea et al. 2011). The
data for the global model were truncated to
100 m to remove approximately 12 long obser-
vations (i.e., >100 m). This is permissible, as
these long observations contribute little to fit-
ting the detection function and decrease the
precision of estimates (Buckland et al. 2001).
We examined data for each of the 3 regions
separately using histograms to determine
appropriate truncation points and to assist us
in deciding whether to expand the first dis-
tance interval.
    The parameters measured for each obser-
vation were examined to determine any cor-
relation between group size, because correla-
tions can be troublesome during later analysis
in Distance. There was evidence of correla-
tion between observed group size and dis-
tance from transect (r = 0.21, P = 0.002). The
correlation caused an overestimation of the
value of cluster sizes, because large clusters
are more likely to be observed than small
clusters, eventually leading to an overestima-
tion of density and abundance (Buckland et
al. 2001). To address this bias, we estimated
group size using a size-biased regression of
the natural log of cluster size against esti-
mated detection if the regression was signifi-
cant at a = 0.05.
    Models were fit to the data using differ-
ent key functions, including half-normal and
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hazard rate. Key functions describe the shape
of the detection function curve, while the
expansion adjustment describes the scale of
the detection function curve (Buckland et al.
2001). By using the Multiple Covariate Dis-
tance Sampling analysis engine, available
covariates were included in the model in a
stepwise manner, and their appropriateness
was determined by reductions in the Akaike
information criterion (AIC; Burnham and
Anderson 2002) and coefficient of variation.
The cover type where deer were observed
was consistently selected as an appropriate
covariate in the modeling process. Other
covariates attempted in the modeling included
region and majority land cover type of the
transect. When majority land cover type of
each transect was included in the model, the
model failed to converge. This outcome is
likely a function of the limited number of
observations in specific land cover types and
the large number of parameters in the model.
The attempted covariates were added in a
stepwise manner. The resultant models were
compared to other models by using AIC and
coefficient of variation and were either
included or dropped.
    We assessed model fit using 3 main meth-
ods: coefficient of variation <20%, lowest
AIC scores, and detection probability varia-
tion <30% (Buckland et al. 2001, Bates 2007).
Once candidate models were selected, the
analysis was run again with nonparametric
boot-strapping with 1000 resamples to esti-
mate the variance within the models.

RESULTS

Field Sampling Results

    Whidbey Island was surveyed 4 times
over 10 nights from 12 January 2015 to 23
January 2015. We surveyed 500 km of roads
and recorded 208 observations of deer (Fig. 2).

Statistical Results

    We first estimated island-wide abundance
and density by pooling observations from all
regions for the analysis. The half-normal func-
tion with cosine adjustment consistently pro-
vided better fit to the data than the hazard-
rate function with hermite polynomial adjust-
ment. Grouping the data into intervals with
a large first interval provided better model
fit than ungrouped data did. Additionally,
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truncating the data to 100 m provided
increased precision while censoring 12 obser-
vations from the analysis.
    Models that included the cover type where
deer were observed consistently performed
better (based on AIC and coefficient of varia-
tion) than other models (Tables 2, 3). The
inclusion of other covariates in the models
did not improve the AIC value of the models.
    There were 2 competing models, both
using the half-normal key function with cosine
expansion and cover type where deer were
observed as a covariate. The models differed
in one key way: the method of accounting
for the different regions. In the first model,
region was included as a covariate. The sec-
ond model stratified the analysis by region.
The results of the 2 models are similar in
their estimates but differ in their accuracy.
    We proceeded with the model that
accounted for region by including region as
a covariate, because the AIC value was simi-
lar but the model had a lower percent coeffi-
cient of variation, especially compared to the
precision statistics for each region in the
stratified model. This model provided a
detection function that fit the grouped data.
According to this model, the island-wide
density of Columbian black-tailed deer on
Whidbey Island was 6.2 deer/km2, extrapo-
lated to a total population of 2744 (Table 2).
Three percent of Whidbey Island was within
the effective strip width of 53 m, and 5% of
Whidbey Island was within the truncation
distance of 100 m.

    The global analysis indicated the impor-
tance of the different regions of the island
and their different influences on deer den-
sity. We proceeded to separate the data into
the different regions and then analyzed each
region separately to increase the precision of
the estimates and gain a deeper understand-
ing of the regional differences in deer density
on Whidbey Island.
    There were 96 deer observations in the
north. Examining a histogram of the data sug-
gested that a truncation distance of 100 m, a
censoring of 7 observations, and a large first
interval would provide increased model fit.
The north section had 2 competing models.
The first model, which used a hazard-rate
function with hermite polynomial expansion,
provided the lowest AIC and a reasonable
coefficient of variation (0.18). The second
model was also a hazard-rate function with
hermite polynomial expansion, but with the
addition of cover type where deer were
observed as a covariate. This model provided
a higher AIC (0.3) and an equal coefficient
of variation (0.18). The model without cover
type constrained the parameters; therefore,
the model including cover type, which had
no such issues, was selected. This model
provided a density estimate of 5.2 deer/km2

for a population of 836 deer in the north
(Table 2). Seven percent of the north section
of the island was sampled within our trunca-
tion distance of 100 m, and 4% of the north
section was within the effective strip width
of 64 m.
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    TABLE 3. Competing models for Columbian black-tailed deer (Odocoileus hemionus columbianus) densities for differ-
ent regions of Whidbey Island, Washington, USA, obtained through distance analysis, January 2015.

Region                    Competing models                              ∆AICa              AIC               ESWb                Dc                D CV

Island-wide             HNd + Cover Stratified                       0                   725.92              53.16               5.768             0
Island-wide             HN + Cover Region                            2.99              728.91              52.96               6.038             0.124
North                      HZ + Polye                                           0                   342.18              66.89               4.935             0.177
North                      Cover                                                     0.30              342.48              64.12               5.138             0.176
North                      Uniform                                                 1.20              343.38              64.07               4.844             0.221
North                      HN + Cosf  Truncated                          2.23              344.41              60.17               4.984             0.241
Central                    HN + Cos                                             0                   214.66              49.27               9.5                  0.254
Central                    HZ + Poly                                             0.81              215.47              42.96             11.19               0.336
Central                    Uniform                                                 1.62              214.66              49.45               9.38                0.258
South                       HN + Cos Truncated at 95 m              0                   415.18              53.74               4.4                  0.277
South                       HZ + Poly Truncated at 95 m              1.23              416.41              58.89               4.246             0.298
South                       HN + Cos Cover                                  0                   415.18              53.74               4.4                  0.277
aAIC = Akaike information criterion.
bESW = estimated strip width.
cD = estimated density (deer/km2).
dHN = half normal key.
eHZ + Poly = hazard rate function with hermite polynomial adjustment.
fCos = cosine.
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    There were 57 observations of deer in the
central section of the island. Examining a
histogram of the observations suggested a
truncation distance of 80 m, a censoring of 3
observations, and the grouping of data into
intervals of 10. The data collected on the
central section was best described by a half-
normal function with a key expansion and
no covariates. This model had the lowest
AIC (214.66), nearly the same coefficient of
variation (0.25), and better goodness of fit 
(P = 0.74; Table 2). This model estimated a
density of 10.8 deer/km2, which extrapolates
to an abundance of 1311 deer in the central
section (Table 2). Three percent of the cen-
tral section of the island was within the trun-
cation distance of 80 m, and 2.5% of the cen-
tral section was within the effective strip
width of 49 m.
    There were 55 observations of deer in the
south section of the island. Examining a his-
togram of the observations suggested a trun-
cation distance of 95 m and a censoring of 7
observations while not suggesting expansion
of the first interval. The data collected on
the south section of the island were best
described by a half-normal function with a
cosine expansion and with cover type as a
covariate. This model had the same AIC
(415.8) and the same coefficient of variation
(0.28) as another model with the same func-
tion and expansion without the cover type
covariate, but this model did not need to
have its parameters constrained to obtain
monotonicity (Table 2). The selected model
estimated the density of deer in the south as
4 deer/km2, which extrapolates to an abun-
dance of 604 deer (Table 2). Seven percent of
the south section of Whidbey Island was
within the truncation distance of 95 m, and
4% of the south section was within the effec-
tive strip width of 54 m.

DISCUSSION

    The estimated density of Columbian black-
tailed deer on Whidbey Island is closer to the
range of deer densities reported for mainland
areas and Vancouver Island than densities re -
ported for small, nearby islands (Table 1). While
the different studies estimated density using a
variety of methods, there is a clear trend of
higher densities on small islands of the San
Juan Archipelago and the Canadian Gulf

Islands compared to mainland or large island
population densities (Table 1). Columbian
black-tailed deer density on small islands has
been calculated in several studies (Long et al.
2009, Martin et al. 2011) and ranges from 13
to 38 deer/km2, except on D’Arcy Island,
which had a density of 105 deer/km2 (Martin
et al. 2011). Density, however, was estimated
by counting fecal pellet groups and then cor-
rected based on fecal pellet group counts from
an island with a known deer population (Mar-
tin et al. 2011). Deer densities estimated via
walking distance sampling on Blakely Island
were up to 39 deer/km2 (Long et al. 2009);
however, these islands are much smaller than
Whidbey Island, with none of the islands
studied being larger than 17 km2.
    Mainland estimates of Columbian black-
tailed deer density around Vancouver, Wash-
ington, varied by the level of anthropogenic
disturbance. In urban regions, deer density
was estimated to be <1 deer/km2, while in
adjacent rural regions, deer density was esti-
mated to be 2.7 deer/km2 (Bender et al.
2004b). Research on sympatric Columbian
black-tailed deer and Columbian white-tailed
deer (Odocoileus virginianus leucurus) in
Oregon’s Umpqua River valleys, generated
Columbian black-tailed deer densities rang-
ing from 1 to 30 deer/km2, with an average of
13.1 deer/km2 among 9 study sites, but these
estimates were generated via spotlight census
methods that are problematic (Smith 1981,
1987, Collier et al. 2007, 2013). Research con-
ducted around Corvallis, Oregon, also esti-
mated deer density with spotlight census
methods (Happe 1982). Estimated density
varied by season and land cover type, but
ranged between 1 and 26 deer/km2, with most
of the estimates falling under 8 deer/km2. The
average density observed was ~9 deer/km2.
The only land cover type that had density
>10 deer/km2 was pasture in winter and
spring. Additionally, densities of deer were
lower in forested areas than in pasture and
developed areas, likely due to an either-sex
hunt in forested areas (Happe 1982). Research
conducted by WDFW in the 1950s in the
Willapa Hills region of Washington estimated
deer abundance and density using fawn :
female : male proportions and hunter harvest
information to estimate an average density
across seral stages of 16.7 deer/km2 (Lauck-
hart 1950; Brown 1961, p. 56; WDFW 2014).
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    On Vancouver Island, researchers reported
a density range of 11.3–17.1 deer/km2 (Smith
1968). However, the researcher acknowledged
that the numbers may be biased given the
data collection methods concerning estimated
fawn : female : male proportions from deer
counts in early seral stage areas and the use
of hunter reports, which are acknowledged
to be suspect (Lauckhart 1950, Smith 1968,
McCullough et al. 1994).
    We attribute the higher densities of the
older studies to one key factor: use of tech-
niques (i.e., spotlight census methods) that
do not account for imperfect detection and
that focus on areas with many deer, leading
to overestimation of density (Smith 1968,
1987, Happe 1982, McCullough et al. 1994,
Collier et al. 2007). Recent estimated densi-
ties are likely more robust to variation and
more accurate. These recent studies suggest
a gradient from low-density mainland regions
to high-density islands (Bender et al. 2004b,
Long et al. 2009, Martin et al. 2011).
    Differences in estimated deer density across
the 3 sections of Whidbey Island were strik-
ing, with the central section of the island
having a much higher estimated density than
the north or south sections. However, when the
abundance estimates from the independently
analyzed island sections were summed to
determine total abundance for the island, the
estimate was very close to the estimated abun-
dance from the global model (2744 to 2753
deer). Because the global model also accounted
for region, this suggests that the regional dif-
ferences across the island are playing a major
role in the varying densities of Columbian
black-tailed deer across Whidbey Island.
    The key differences between the sections
are the level of urbanization and the intensity
of the Olympic Rain Shadow effect. The cen-
tral and south sections of Whidbey Island are
less than half as densely populated as the
north section of the island is; the north sec-
tion of Whidbey Island has a human popu -
lation density of 221/km2, while the central
section has a density of 102/km2 and the
south section has a density of 89/km2. The dif-
ferences in human population density alone
are not enough to explain the variation in
deer density, as estimated deer density on the
south section is much lower than the esti-
mated density on the central section (4 vs.
10.5 deer/km2).

    The intensity of the Olympic Rain Shadow
effect is likely to play a key role in the varia-
tion of deer density across the island. The
average rainfall on the central section of
Whidbey Island is nearly half that of the south
section (510 vs. 910 mm; National Oceanic
and Atmospheric Administration, https://www
.weather.gov). This large variation in rainfall
drives differences in the land cover types,
with drier forests and more open areas domi-
nating the central section of the island and
wetter for ests and fewer open areas dominat-
ing the south section. The north section of the
island has less rain than the south section and
more open areas, but the high human popula-
tion may be limiting the deer population in
the north, as other studies have observed
fewer Columbian black-tailed deer in more
urban areas, with few exceptions (McCullough
et al. 1997, Bender et al. 2004a, 2004b).
    Though we did not generally observe evi-
dence of movement prior to detection in this
study, deer were seldom observed directly on
transects. This was to be expected as all tran-
sects were paved public roads. For deer, there
is little biological value in being directly on
the road. Therefore, any detections directly
on the transect would be deer moving from
one side of the road to the other, not remain-
ing on the road for substantial periods of
time. Accounting for this in the analysis by
expanding the first distance interval had the
effect of moving the theoretical location of
the transect to include the road surface and
the edge habitat directly off the road, as the
detection probability in the first distance
interval is assumed to be 1. The expansion of
the first distance interval also improved the
model fit in the analysis.
    There is conflicting evidence for the rela-
tionship between density of deer and roads
for other regions and deer species (Rost and
Bailey 1979, Gill et al. 1997, McCoy and Gal-
lie 2005, Stainbrook 2011, Munro et al. 2012,
Anderson et al. 2013). Different studies
reported both higher and lower densities of
the study species farther from roads (McCoy
and Gallie 2005, Stainbrook 2011, Munro et
al. 2012, Anderson et al. 2013). On Whidbey
Island, the number of deer-vehicle colli-
sions has historically been >150 annually
(R. Milner personal communication). How-
ever, there is limited information on whether
increased wildlife-vehicle collisions lead to
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road avoidance by wildlife (Grosman et al.
2011). Additionally, poaching is a limited issue
on the island, and local WDFW enforcement
officers do not view it as a large enough prob-
lem to lead to road avoidance (R. Downes,
WDFW enforcement, personal communica-
tion). If deer on Whidbey Island are avoid-
ing roads, the estimated detection probability
will be biased high, leading to a negative
bias in density and abundance, meaning the
estimates are likely low. If deer are attracted
to roads, the detection probability may be
biased low, leading to an overestimation of
density and abundance.
    One of the more recent advances in dis-
tance sampling addresses the nonrandom
distribution of animals or density gradients
around the transect (Marques 2007, Marques
et al. 2013). Recent work has combined inde-
pendent estimates of distribution in relation
to transects with distance sampling to reduce
the bias caused by either avoidance of or
attraction to roads (Marques 2007, Stainbrook
2011, Marques et al. 2013). These studies
attempt to determine the direction and mag-
nitude of the bias associated with roads to
increase the precision and accuracy of the
estimate. Due to logistical constraints, this
study was not able to estimate deer density
in relation to roads independently. Future
research concerning road-based distance
sampling of Columbian black-tailed deer
should determine the effect that distance to
roads has on the density of deer. This will
decrease bias introduced by using roads in
density and abundance estimates from dis-
tance analysis.
    Concern about Columbian black-tailed
deer overabundance and high density on
Whidbey Island is not a new phenomenon.
Deer were perceived to be so abundant from
the 1930s to the late 1950s that there were
attempts to eliminate them from Whidbey
Island to protect the strawberry crop (Zem
and Wells 1955). This attempt at eradication
was unsuccessful, but 400 to 600 deer were
harvested annually for 18 years to alleviate
the crop damage they caused. This perceived
high abundance followed a period of intense
industrial logging on the island, which may
have led to more beneficial forage conditions
for deer (Brown 1961, Smith 1968, Kremsater
and Bunnell 1992). More recently, local news
reports over the last decade have discussed

concerns over the rate of deer-vehicle colli-
sions. Additionally, WDFW has increased
hunting opportunity on Whidbey Island by
offering a second antlerless tag to hunters in
recent years.
    Density estimates of deer on Whidbey
Island determined by this study range from 4
to 10.5 deer/km2 depending on region, with
an overall density of 6.2 deer/km2. These esti-
mates, along with direct observations, suggest
that deer on Whidbey Island are not biologi-
cally overabundant. Deer from our observa-
tions do not appear to be underweight, and
twinning (2 neonates) is frequent. Research
conducted on nearby islands examining the
effect of deer density on biodiversity suggests
that deer densities should be maintained at
8 to 10 deer/km2 to permit recovery of native
vegetation and allow a diverse group of bird
species to thrive (Martin et al. 2011, Arcese
et al. 2014). The estimates of deer density
from this study place Whidbey Island below
or slightly above the threshold, depending
on the region: north and south sections of
the island are estimated to be below the den-
sity threshold for reductions in biodiversity,
while the central section is estimated to be
at or slightly above the threshold for reduc-
tion in biodiversity.
    Future research should examine the differ-
ences in detection rates between spotlight
surveys and surveys that use portable ther-
mal imaging. Much research has been con-
ducted on the applicability of portable ther-
mal imagers in conjunction with spotlight
surveys, with promising results (Gill et al.
1997, Focardi et al. 2001, Collier et al. 2007,
Morelle et al. 2012). As the price of portable
infrared devices continues to decline, infrared
imaging may be a more precise alternative to
spotlight surveys in the future, causing fewer
disturbances of deer and of the public than
spotlighting does.
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