
Volume 91  

 
2013

An NRC Research  
Press Journal

Une revue de
NRC Research  
Press

Avec le concours de 
la Société canadienne de zoologie

www.nrcresearchpress.com

Revue canadienne de  

zoologie

Canadian Journal of  

Zoology

In cooperation with the  
Canadian Society of Zoologists



ARTICLE

Conditional daily and seasonal movement strategies of male Columbia
black-tailed deer (Odocoileus hemionus columbianus)
E.S. Long, T.C. Jacobsen, B.J. Nelson, and K.M.M. Steensma

Abstract: Animals move to maximize fitness via resource acquisition, predator avoidance, thermoregulation, or mate access.
Variations in movement strategies among and within populations often reflect habitat- or demographic-specific variations in
fitness trade-offs. To examine these conditional movement strategies, we modeled seasonal and diel movement patterns of
radio-collared adult male Columbia black-tailed deer (Odocoileus hemionus columbianus (Richardson, 1829)) on a temperate,
predator-free island. Linear 10 h displacement and home-range areas reached annual maxima during autumn and minima
during late winter, corresponding with known dates for breeding season and lowest quality forage, respectively. For all males in
all years, initiation of increased movements began during spring and again, abruptly, in late September, immediately prior to
peak breeding season. Larger antlered males continued increased movements longer into December, suggesting increased
breeding effort relative to smaller antlered males. Time of day predicted movements during all seasons; however, we observed
no strong evidence of the crepuscular or nocturnalmovement bias typically noted in deer, likely relating to the lack of predators
in our study area. In this way, male black-tailed deer adopted conditional, seasonally specific movement strategies to balance
fitness trade-offs in resource acquisition, thermoregulation, and mate access.

Key words: activity, Columbia black-tailed deer, breeding, conditional strategy, generalized additive mixed model, movement,
Odocoileus hemionus columbianus, seasonal, trade-offs.

Résumé : Les animaux se déplacent pour maximiser leur aptitude par l’acquisition de ressources, l’évitement de prédateurs, la
thermorégulation ou l’accès à un compagnon ou une compagne. Les variations des stratégies de déplacement au sein de
populations et entre elles reflètent souvent des variations selon l’habitat ou la population sur le plan des compromis associés à
l’aptitude. Afin d’examiner ces stratégies conditionnelles de déplacement, nous avons modélisé les habitudes de déplacement
saisonnières et journalières de cerfs à queue noire (Odocoileus hemionus columbianus (Richardson, 1829)) mâles adultes munis de
colliers émetteurs dans une île tempérée exempte de prédateurs. Les déplacements linéaires sur 10 h et la superficie du domaine
vital atteignaient leurs maximums annuels à l’automne et leurs minimums à la fin de l’hiver, ce qui coïncide avec les périodes
connues de la saison des amours et de lamoins bonne qualité de la nourriture, respectivement. Pour tous lesmâles et pour toutes
les années, le début de l’intensification des déplacements commençait au printemps puis, abruptement, à la fin de septembre,
juste avant la pointe de la saison des amours. Les déplacements desmâles aux bois plus imposants demeuraient intenses jusqu’en
décembre, semblant indiquer un plus important effort d’accouplement que celui des mâles présentant des bois plus petits.
L’heure du jour était un prédicteur des déplacements pour toutes les saisons; cela dit, nous n’avons trouvé aucun indice clair de
la propension pour les déplacements crépusculaires ou nocturnes typiquement observée chez les cerfs, ce qui est probablement
associé à l’absence de prédateurs dans la région d’étude. Ainsi, les cerfs à queue noire mâles adoptaient des stratégies de
déplacement conditionnelles selon la saison pour compenser des compromis associés à l’aptitude sur le plan de l’acquisition de
ressources, de la thermorégulation et de l’accès à une compagne. [Traduit par la Rédaction]

Mots-clés : activité, cerf à queue noir, amours, stratégie conditionnelle, modèle mixte additif généralisé, déplacement,
Odocoileus hemionus columbianus, saisonnier, compromis.

Introduction
Animal movement ultimately increases fitness through a vari-

ety of mechanisms, including resource acquisition, predator
avoidance, temperature regulation, and mate access (Mangel and
Clark 1986; Nathan et al. 2008). However, fitness-maximizing re-
sponses depend on environmentally based external factors (e.g.,
risk of predation, habitat suitability, climate) and individually
based internal factors (e.g., gender, age, body condition; Lima and
Bednekoff 1999; Nathan et al. 2008). Therefore, animals often
adopt dynamic, condition-dependent movement strategies to bal-
ance fitness trade-offs that vary among and within populations
(Lima 1985; Hendrichs et al. 1991; Houston 2010).

Deer (family Cervidae) cover an expansive geographic range and
occupy a broad diversity of habitats (Geist 1998), and many pat-
terns of movement across different temporal and spatial scales
are generalizable among cervids. Populations of deer, however,
may adjust movement patterns based on environment-specific con-
ditions. For instance, many cervids increase daily movement rates
during dawn and dusk (Cederlund 1989; Beier and McCullough
1990; Ager et al. 2003); however, these patterns may change in the
absence of predators (Loe et al. 2007) or in hot climates (Hayes and
Krausman 1993). Furthermore, deer may reduce seasonal move-
ment rates (Moen 1976; Schmitz 1991; Hayes and Krausman 1993)
or home ranges (Anderson et al. 2005) during times of poor forage
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quality or thermal stress. Also, deer may adjust annual migratory
movements based on winter conditions (Sabine et al. 2002) and
permanent emigration movements based on habitat and demo-
graphic structure (Long et al. 2005, 2008).

In addition to environmental (i.e., external) factors, movement
strategies of deer may vary by internal conditions such as age,
gender, or reproductive status (Beier and McCullough 1990). For
example, as in most mammals, natal dispersal movements are
most common among young males (Hjeljord 2001). Furthermore,
during the breeding season, males and females may adopt differ-
ent daily movement strategies (Relyea and Demarais 1994;
Hölzenbein and Schwede 1989), and breeding-season movements
of males can be influenced by age and antler size (Clutton-Brock
et al. 1982; Mysterud et al. 2004). Thus, deer use variable move-
ment strategies to maximize fitness depending on both internal
and external factors (Tomberlin 2007; Williams et al. 2012).

To examine trade-offs among requirements for forage acquisi-
tion, temperature regulation, and mate access, we studied sea-
sonal and daily variations in movement patterns of radio-collared
adult male Columbia black-tailed deer (Odocoileus hemionus colum-
bianus (Richardson, 1829)) on a temperate, entirely forested,
predator-free island. Wemeasured seasonal and daily variation in
movement patterns both one-dimensionally (i.e., distance be-
tween two consecutive locations) and two-dimensionally (i.e., area
covered) and modeled movements based on temporal (i.e., year,
date, time of day), external (i.e., temperature), and internal (i.e.,
antler point) factors.

We hypothesized that reproductively mature male black-tailed
deer would vary movement strategies across multiple temporal
scales, and using locally specific environmental conditions, we
generated four sets of predictions for seasonal and daily-scale
movement strategies. First, we predicted that seasonal variation
in forage quality, and associated variation in spatial patterning of
available forage, would largely dictate seasonal movement trends
(Hanley 1982; Beier and McCullough 1990; Fryxell et al. 2004).
Therefore, we predicted movement distances would increase dur-
ing seasons of greatest forage availability and quality (i.e., spring
and early summer), when high-quality foraging areas are available
but potentially patchily distributed during green-up (Risenhoover
1986; Ager et al. 2003), and decrease during times of lowest forage
availability (i.e., winter), when foraging opportunities are ubiqui-
tously low quality and energetically limited deer would require
more time to digest nutrient-poor foods (Cederlund 1989; Parker
et al. 1996).

Second, despite declines in forage quality beginning late sum-
mer (Parker et al. 1999), we predicted that adult male deer would
increase movements during autumn to increase search efforts for
receptive females during the fall breeding season. Female black-
tailed deer typically begin estrus inmid-November to synchronize
birth with spring green-up (Brown 1961; Wong and Parker 1988);
therefore, we predicted potential reproductive benefits of in-
creased search effort would outweigh energetic costs of increased
movement during a period of poor forage quality. Furthermore,
we predicted that increased fall movements would be most pro-
nounced among larger antlered males (Bowyer 1981; Mysterud
et al. 2004). Increased search effort during autumn could be ac-
complished via any of three nonexclusive movement strategies,
including increasing movement rate (i.e., displacement during a
given time period), increasing search area by covering territory
outside normal home-range boundaries, or increasing movement
frequency throughout a diel period.

Third, because of mild climate in our study area, we predicted
little response in deer movements to temperature; however, we
did predict that deer would decrease movements during infre-
quent periods of relatively extreme heat (Hayes and Krausman
1993). Fourth, because the island was free of predators, we did not
predict daily crepuscular or nocturnal movement biases, which
are generally used as antipredator strategies (Loe et al. 2007).

Materials and methods

Study area
Blakely Island is amid-sized (16.85 km2) island, comprising tem-

perate coniferous forest, in the San Juan Archipelago of the Puget
Sound in Washington, USA. Canopy is dominated by second
growth Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), western
hemlock (Tsuga heterophylla (Raf.) Sarg.), and western red cedar
(Thuja plicata Donn ex D. Don). Associated trees include grand fir
(Abies grandis (Douglas ex D. Don) Lindl.), big-leaf maple (Acer mac-
rophyllum Pursh), and red alder (Alnus rubra Bong.). Understory
consists largely of western swordfern (Polystichum munitum (Kaulf.)
C. Presl) and salal (Gaultheria shallon Pursh). Blakely Island is almost
entirely privately owned and sparsely populated; there is little
hunting pressure and no agriculture. No large predators exist on
the island, and as on other San Juan Islands, deer densities were
much greater than mainland densities (Bender et al. 2004; Martin
et al. 2011; E.S. Long, unpublished data). Elevation ranges from
0 to 318 m. The climate of the San Juan Islands is characterized by
cool, wet winters and moderate, dry summers. During this study
(June 2007 – January 2011), mean annual precipitation in the re-
gion was 54.5 cm; mean annual temperature was 9.6 °C, with
mean winter lows of 0.4 °C and mean summer highs of 22.4 °C.
Snow cover was rare; from 2008 (the first available year of data)
through 2010, maximum snow cover was <6.5 cm, and snow
cover >2.0 cm was only recorded during 3 months. Regional
climate data were accessed from the National Oceanic and At-
mospheric Administration’s climate station at Friday Harbor,
Washington, USA, approximately 16 km west of our study area
(http://www.ncdc.noaa.gov).

Deer capture and monitoring
Beginning in summer 2007, we captured deer in modified Clo-

ver traps (Wildlife Capture Services, Flagstaff, Arizona, USA) or
with dart gun (Dan-Inject, Austin, Texas, USA). We immobilized
deer captured in Clover traps with xylazine hydrochloride at
approximately 0.5 mg/kg, and we reversed immobilization with
tolazoline hydrocholoride at approximately 5 mg/kg. We immo-
bilized deer captured via dart gun using a mixture of xylazine
hydrochloride (2.2 mg/kg) and Telazol (4.4 mg/kg) and reversed
immobilization as described above. Deer were captured using pro-
cedures covered under the Institutional Animal Care and Use
Committee (IACUC) No. 201112-15-R (Seattle Pacific University).

Each adult male black-tailed deer was equipped with an au-
tomatic release global positioning system (GPS) radio collar
(Advanced Telemetry Systems, Inc., Isanti, Minnesota, USA) and
individually numbered ear tags (Temple Tag, Inc., Temple, Texas,
USA). We captured all deer between June and July in 2007 or 2009.
From 1 Jan. to 31 Aug., GPS radio collars acquired a location every
10 h. From 1 Sept. to 31 Dec., we increased collar fix rate to acquire
a location every 5 h. Radio collars were programmed to release
automatically on 2–4 Jan., approximately 18 months following
attachment. In this way, collars were designed to include data for
two consecutive fall breeding seasons for each adult male. As per
recommendations by Dechen Quinn et al. (2012), we examined
movements immediately following capture for anomalous pat-
terns, especially reduced movement rates. No evidence of irregu-
lar movements were detected, thus these locations were not
censored from further analyses. All deer were visually monitored
during summer or fall of each year to determine number of antler
point projections on each antler. As with most deer in tempera-
ture climates, antlers of black-tailed deer are shed annually in late
winter, are regrown throughout spring and summer, and tend to
increase in size with age (Wallmo 1981). In addition to recording
location, radio collars also recorded time, date, and ambient tem-
perature at time of fix.

680 Can. J. Zool. Vol. 91, 2013

Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

C
SP

 S
ta

ff
 o

n 
09

/0
9/

13
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.ncdc.noaa.gov


Modeling of movements
We examined seasonal and daily changes in activities and

movements of black-tailed deer across multiple temporal scales.
First, we investigated whether movements varied seasonally,
within year. To measure activity and movements, we calculated
straight-line distance between consecutive locations, as recorded
on GPS collars. Only consecutive locations separated by 10 h were
included in analyses. If scheduled acquisitions were unsuccessful,
then time interval between successive locations was longer, so we
excluded these intervals from analyses.

Second, predicting that males may change movement patterns
in relation to the fall breeding season, we examined movement
variation from 1 Sept. to 31 Dec. (hereafter, autumn), an interval
that encompasses black-tailed deer breeding season in western
Washington (Brown 1961). During autumn, GPS collars attempted
to record a location every 5 h, and similar to above, we restricted
analyses to consecutive locations separated by 5 h. Furthermore,
we usedmovement data to divide this 4-month interval into three
intra-autumn periods: prebreeding, breeding, and postbreeding
(Tomberlin 2007). We defined the end of the prebreeding period
and beginning of the breeding period as the visually identified
inflection point where 5 h movement steps declined to lowest
levels, before sharply increasing.We defined the end of the breed-
ing period and beginning of the postbreeding period as the date
on which 5 h movement steps returned to the autumn mean
value. In this way, we examined variations in movements during
five intervals: annual, autumn, prebreeding, breeding, and post-
breeding.

To test for nonlinear relationships in deer movement patterns,
we constructed generalized additive mixed models (GAMM) using
the “mgcv” package in R (Wood 2006). For all analyses, we used a
Gaussian distribution with an identity link to test for significant
effects. Incremental distance was square-root-transformed to nor-
malize residuals. Individual deer identity was included as a ran-
dom factor in eachmodel, and an individual-based autoregressive
term was included to account for autocorrelation among move-
ments. We started with a fully parameterized model and identi-
fied significant predictor variables within GAMMs. We then
backwards eliminated nonsignificant predictors to select the
most parsimonious models, as recommended by Wood (2006). In
all cases, the best model identified via backwards selection was
reconfirmed as the most parsimonious model via stepwise for-
ward selection.

To predict variation in incremental straight-line distance, we
tested five factors: year, day of year, time of day, temperature, and
antler points. Day of year for each locationwas converted to Julian
day, such that 1 Jan. = 1, regardless of year. Because deer likely
respond to solar activity more strongly than clock time, time of
day was converted to time relative to sunrise and sunset. We
determined temporal center point for all locations by subtracting
5 h from all annual distances separated by 10 h and 2.5 h from all
autumn distances separated by 5 h. For annual and autumn anal-
yses, we transformed these center points to a proportional scale
relative to sunrise or sunset, whichever was nearer, with sunrise
set at 0.25 and sunset set at 0.75. Therefore, a midday center point
that occurred exactly halfway between sunrise and sunset trans-
formed to 0.5, and a midnight location centered halfway between
sunset and sunrise transformed to 0 = 1, on a circular scale. To
account for shortening days among the three intra-autumn peri-
ods, we transformed location times relative to mean sunrise and
sunset times within each period (prebreeding: 0.25, 0.76; breed-
ing: 0.29, 0.70; postbreeding: 0.33, 0.68). Daily sunrise and sunsets
were retrieved from the US Navy Astronomical Applications De-
partment (http://aa.usno.navy.mil/data).

Temperature associated with each location for each deer was
recorded directly from GPS collars, and these data were used for
all subsequent temperature-related analyses. We investigated po-
tential correlations between temperature and time of day, as well

as temperature and Julian day, using linear–circular correlation
(Zar 2010). Antler points were recorded as number of antler-point
projections on largest antler. Most adult males had ≤3 antler points
per antler, and we have never observed a male with >4 antler
points per antler on the island (E.S. Long, personal observation);
thus in GAMMs, we parameterized levels for antler points as 1, 2,
and ≥3.We used cubic regression spline smoothing bases for year,
temperature, and antler points, and cyclic cubic regression spline
smoothing bases for the two circular variables, day of year and
time of day (Wood 2006).

In addition to testing incremental distance, we also tested for
seasonal variation in home ranges. Home ranges were estimated
with 95%minimum convex polygons (MCP), which removed 5% of
locations that most increased area. Using the “adehabitat” pack-
age in R, we estimated MCPs on monthly, biweekly (14-day), and
weekly increments, and only ranges including ≥20 locations were
included in analyses. Temporal changes in MCPs were evaluated
with GAMMs, again using a Gaussian distribution with an identity
link, modeling individual deer as a random factor, and including
an individual-based autoregressive term to account for autocorre-
lation. Home-range areas were log-transformed to normalize re-
siduals. Potential predictor variables included time of year
(month, biweek, or week; modeled with cyclic cubic regression
spline smoothing bases for annual analyses), year, and antler
points.

Results

Data input
Six adult male black-tailed deer were captured and equipped

with GPS radio collars in summer 2007. After refurbishing collars,
six deer were again equipped with collars in summer 2009; three
of these deer had been included in the 2007–2008 tracking ses-
sion, allowing us to record movements for 3–4 consecutive breed-
ing seasons for these recaptured individuals. A mean (±SD) of
916.8 (±214.3) locations were acquired for each deer during each
18-month tracking session (Table 1), and averaged across all col-
lared deer, 55% (±5.8%) of attempted fixes were successful and
were included in subsequent analysis. We recorded locations over
a total of 6219 deer-days, but data acquisition ended prematurely
for two deer that experienced collar failure (M00 andM01) and two
deer that died prior to collar release (M02 and M70) (Table 1). The
largest deer in our sample (M23) grew four antler point projec-
tions on one antler and three on the other in both 2009 and 2010
(Table 1), but no other deer exceeded three points on a single
antler. Temperature was dependent on Julian day for both annual

Table 1. Tracking duration, number of locations (N), and number of
antler point projections on largest antler for nine male Columbia
black-tailed deer (Odocoileus hemionus columbianus) equipped with
global positioning system radio-collars on Blakely Island, Washing-
ton, USA.

ID Tracking duration N
Antler
points

M00 8 July 2007 – 7 June 2008 654 1, 2
M01 (1) 11 July 2007 – 22 Feb. 2008 412 1, 2
M01 (2) 27 June 2009 – 3 Jan. 2011 1037 3, 3
M02 11 July 2007 – 26 Oct. 2008 761 1, 2
M03 (1) 8 July 2007 – 3 Jan. 2009 960 1, 1
M03 (2) 27 June 2009 – 3 Jan. 2011 998 1, 2
M20 22 July 2007 – 1 Jan. 2009 1231 1, 2
M23 (1) 21 July 2007 – 1 Jan. 2009 861 3, 3
M23 (2) 28 June 2009 – 3 Jan. 2011 1005 4, 4
M54 6 July 2009 – 2 Jan. 2011 1149 2, 2
M70 30 June 2009 – 15 Oct. 2010 891 3, 3
M73 7 July 2009 – 3 Jan. 2011 1043 3, 3

Note: Three deer (M01, M03,M23) were tracked for two noncontinuous sessions.
Consecutive antler sizes within a tracking session are separated by commas.
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(r2 = 0.48) and autumn (r2 = 0.41) analyses but was not strongly
dependent on time of day for either annual (r2 = 0.07) or autumn
(r2 = 0.01) analyses.

Annual movements
The most parsimonious model of annual patterns in 10 h move-

ment steps included terms for date and time, but year, tempera-
ture, and antler points were not retained in the final model
(Table 2). Back-transformed mean annual movement rate for the
nine adult male deer was 264 m/10 h (±1 SE = 245–282). From this
analysis of movement steps, we identified four intervals rela-
tive to deer activity (Fig. 1a). During spring – early summer
(11 Mar. – 3 Aug.; Julian days (JD) 70–215), movement steps
approximated annual mean values, with a slight increase dur-
ing the latter half of this period. During late summer – early
autumn (3 Aug. – 7 Oct.; JD 215–280) movements decreased
below the annual mean value. Greatest movement steps were ob-
served during mid- to late autumn (7 Oct. – 15 Dec.; JD 280–349).
During late autumn – winter (15 Dec. – 11 Mar.; JD 349–70), move-
ments again decreased below the annual mean value. Thus, move-
ments increased by 46% from early Sept. (217 m/10 h) to annual peak
in mid-autumn (317 m/10 h), before declining again to annual mini-
mum in late Jan. (216 m/10 h).

Data from the annual time period indicated that deer displayed
circadian patterns in movements, but diel patterns were not as
pronounced as seasonal patterns, and activity peaks did not cor-
respondwith dawn and dusk (Fig. 1b). Movement increased 8% and
11% above the mean value during predawn and afternoon hours,
respectively, andmovements decreased 14% below themean value
immediately following sunset.

Autumn movements
From 1 Sept. to 31 Dec., movement data were recorded in 5 h

increments, and this interval encompassed the mid- to late-
autumn peak described above. The fully parameterized model
was selected as the most parsimonious model of autumn move-
ments, and this model included five predictors: day of year, time
of day, antler points, temperature, and year (Table 2). Autumn
movement rates averaged 184 m/5 h (±1 SE = 172–198). Similar to
patterns observed with annual analyses, this model with in-
creased resolution indicated above the mean value movements
from 7 Oct. to 3 Dec. (JD 280–337; Fig. 2a). Movement rates rose
sharply from 26 Sept. (JD 269), 20% below the autumnmean value
to the peak of activity on 26 Oct. (JD 299), 56% above the autumn
mean value. Activity then declined slowly and nearly linearly
throughout the duration of autumn. From these data, we identi-
fied three intra-autumn periods (Fig. 2a): prebreeding (1–26 Sept.;
prior to increasing inflection point), breeding (26 Sept. – 3 Dec.;
from increasing inflection point to below themean value autumn
movements), and postbreeding (3–31 Dec.; below the mean value
autumn movements), which we analyzed separately below.

Movements of deer were inversely related to temperature, and
movements declined to below the mean value only at tempera-
tures above ≈18 °C (Fig. 2b). For instance, at 25 °C, movements
declined 32% below autumn mean value. An inflection point at
5.5 °C in this curve suggested that movements may have declined
slightly at a colder temperature, but only 99 of 3345 (3.0%) of
autumn locations were associated with temperatures <5 °C, and
all temperatures were greater than or equal to −5.4 °C. Through-
out autumn, deer also demonstrated diel movement patterns, but
these were again less pronounced than seasonal patterns (Fig. 2c).
A small peak in movement was observed just after midnight and
movements declined after sunset, but these movements only
ranged from 19% below to 13% above the autumn mean value.
Unlike models for annual movements, which did not include

Table 2. Generalized additive mixed models (GAMM) for incremental
movements and 95%minimum convex polygon (MCP) home ranges of
nine radio-collared male Columbia black-tailed deer (Odocoileus hemio-
nus columbianus) on Blakely Island, Washington, USA.

GAMM model r2 F df P

Incremental distance
Annual 0.03
s(Julian day) 10.34 6.90 <0.001
s(Time of day) 6.72 5.78 <0.001

Autumn: 1 Sept. – 31 Dec. 0.12
s(Year) 7.03 1.00 0.008
s(Julian day) 22.24 7.08 <0.001
s(Time of day) 5.56 5.89 <0.001
s(Temperature) 20.72 3.45 <0.001
s(Antler points) 11.22 1.00 <0.001

Prebreeding: 1 Sept. – 26 Sept. 0.15
s(Time of day) 7.65 6.54 <0.001
s(Temperature) 23.66 2.61 <0.001

Breeding: 26 Sept. – 3 Dec. 0.10
s(Julian day) 16.12 4.55 <0.001
s(Time of day) 3.71 5.80 <0.001
s(Temperature) 18.65 1.28 <0.001
s(Antler points) 6.59 1.00 0.010

Postbreeding: 3 – 31 Dec. 0.11
s(Antler points) 9.46 1.00 0.002
s(Julian day) 8.36 2.74 <0.001
s(Time of day) 4.11 6.21 <0.001
s(Temperature) 2.72 4.30 0.027
s(Year) 8.50 1.00 0.004

95% MCP
Annual (monthly) 0.19
s(Monthly) 11.35 7.36 <0.001

Annual (biweekly) 0.24
s(Biweek) 16.03 7.96 <0.001

Fall (weekly) 0.27
s(Week) 18.25 6.25 <0.001

Note: Individual deer were included as a random factor in each model.

Fig. 1. Smooth terms included in generalized additive mixed
models for square-root-transformed 10 h movement distances by
(a) Julian day and (b) time of day for nine radio-collared male
Columbia black-tailed deer (Odocoileus hemionus columbianus) on
Blakely Island, Washington, USA. Horizontal solid lines indicate
annual mean movement rates (264 m/10 h). Broken lines are the
95% confidence intervals for the smoothing terms.
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antler size as a significant predictor, males with larger antlers had
longer movement steps during autumn than smaller males
(Fig. 2d); throughout autumn, males with ≥3 antler points on one
side traveled 55% more than males with a single antler point on
one side (223 and 144 m/5 h, respectively). Finally, movements
demonstrated a slight linear decrease with year (not shown).

Intra-autumn movements
Modeling the prebreeding period of decreased activity (1–26 Sept.)

separately, we found that time of day and temperature were both
significant predictors of movement (Table 1), and mean move-
ment (147 m/5 h) (±1 SE = 132–163) was 20% below the autumn
mean value. Day of year was not a significant predictor, sug-
gesting relative constant daily movements during this time. Like-
wise, size of antlers and year did not predict movement steps
during prebreeding. Diel patternswere pronounced, although not
strongly crepuscular or nocturnal, ranging from 36% below to 45%
above the prebreeding mean value (Fig. 3a). Movements displayed
similar inverse relationships to temperature as seen for the entire
autumn period, declining 32% below the mean value at 25 °C;
however, below the mean value movements were not observed
until 21.6 °C (Fig. 3b). No decline at low temperatures was ob-
served, but only 2 of 742 locations (0.27%) during prebreeding
were associated with temperatures <10 °C.

Beginning 26 Sept., males sharply increased movements, aver-
aging 210 m/5 h (±1 SE = 194–226), 43% above the prebreeding
mean value. Models of the breeding period (26 Sept. – 3 Dec.)
identified day of year, time of day, temperature, and antler points
as significant predictors (Table 1). Although time of day was iden-
tified as a significant predictor, diel patterns during the breeding
interval (20% below to 14% above the breeding seasonmean value)
were dampened relative to prebreeding and postbreeding inter-
vals, suggesting that deer weremore evenly active throughout the
24 h period (Fig. 3c). Day of year analyses (not shown) showed
patterns nearly identical to those described for this interval in the
autumn analysis (Fig. 2a), identifying peak movements on 23 Oct.
(JD 296), 54% above the breeding season mean value. During
breeding, models again suggested an inverse relationship be-
tweenmovements and temperature (from 31% above to 22% below

the mean values at 5 and 25 °C, respectively; Fig. 3d). Models
showed a linearly positive relationship between movements and
antler points (not shown) similar to those described for the entire
autumn period, such that throughout the breeding season, males
with ≥3 antler points on one side traveled 42% more than males
with a single antler point on one side (248 and 174 m/5 h, respec-
tively). Thus regardless of antler size, all males increased move-
ments during breeding season; however, males with ≥3 points on
a side increased movements more than males with a single antler
point on a side (68% and 18%, relative to the prebreeding mean
value, respectively).

From 3 to 31 Dec., movements decreased to distances below the
autumn mean value, averaging 178 m/5 h (±1 SE = 165–191), and
models of movements during the postbreeding period included
all five predictor variables (Table 2). Diel patterns during the post-
breeding season becamemore pronounced than during the breed-
ing season (29% below to 27% above the postbreeding mean value;
Fig. 3e). Movements were at or above the mean value from 3 to
11 °C, peaking 15% above the mean value at 7.1 °C (Fig. 3f). Move-
ments during December, the coldest month of the year, showed
the strongest evidence of decline at cold temperatures; for in-
stance, movements at 0 °C were 23% below the autumn mean
value (Fig. 3f). Other predictors (not shown), displayed patterns
similar to those observed for the full autumn period. Specifically,
by 23 Dec., movement steps decreased 32% below the autumn
mean value. Also, movements increased linearly with increas-
ing antler points (126, 168, and 215 m/5 h for males with 1, 2, and
≥3 antler points, respectively). In this way during postbreeding,
males with 1 antler point decreased movements 14% below the
prebreeding season, but males with ≥3 antler points maintained
movements 46% above the prebreeding mean value. Finally,
movements decreased slightly with year.

Seasonal changes in home ranges
In addition to changing incremental movement distances

throughout the year, deer also exhibited seasonal changes in area
covered.Wefirst examined this relationship on an annual scale by
modeling monthly range size, including month, year, and antler
points as predictors of 95% MCPs. Because the within-year temporal

Fig. 2. Smooth terms included in generalized additive mixed models for square-root-transformed 5 h movement distances during autumn
(1 Sept. – 31 Dec.) by (a) Julian day, (b) temperature, (c) time of day, and (d) antler points for nine radio-collared male Columbia black-tailed
deer (Odocoileus hemionus columbianus) on Blakely Island, Washington, USA. Horizontal solid lines indicate autumn mean movement rates
(184 m/5 h). Broken lines are the 95% confidence intervals for the smoothing terms.
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component (here,month) was the only significant predictor in the
final model (Table 2), we pooled data across years for further
analysis. By pooling, we increased sample size to facilitate finer
scale modeling of home ranges and modeled annual changes
in home ranges on a biweekly interval (annual mean = 30.7 ha,
SE = 25.3–37.4 ha). Biweekly changes in area covered demon-
strated patterns similar to those for movement steps (Fig. 4). Spe-
cifically, home ranges decreased 51% from the annual mean value
during February, approximated the annual mean value through-
out summer, declined 34% below the annual mean value prior to
breeding season, and peaked in October (biweek 21), 205% above
the annual mean value.

Because radio collars recorded locations twice as often during
autumn, sample sizes were sufficient to examine changes in au-
tumn ranges on a weekly scale, with autumn ranges averaging
33.6 ha (SE = 27.1–40.5 ha; Fig. 5). These models confirmed a
2-week period with greatest range size: 21 Oct. (week 43) and
28 Oct. (week 44), which were 185% and 238% greater than the
autumn mean value, respectively. Likewise, autumn analyses in-
dicated abrupt increases in area covered from minimum area on
2 Sept. (week 36; 48% below the autumn mean value) to October
peak, and then slower return to the long-term mean value through
late December.

Discussion

Seasonal variations
Analyses of home-range size and displacement suggested that

male black-tailed deer demonstrated substantial variation in
movement patterns throughout the year. Previous studies have
suggested that male and female deer change activity patterns

during breeding season to increase access to mates (Hölzenbein
and Schwede 1989; Relyea and Demarais 1994). We hypothesized
that male deer could effectively alter search effort during breed-
ing season via three nonexclusive strategies: (1) faster movement
rates, (2) larger areas covered, or (3) increased daily range of activ-
ity. During the October and November breeding season, adult
male deer on Blakely Island used all three strategies. During this
time, we observed longest distances covered during 10 and 5 h
intervals, 95% MCPs more than double annual mean value, and
least evidence of diel cycles. Thus, males did not simply traverse a
well-defined range more frequently; they also increased search
area and remained active for more of the day.

Increases in movement rates and range sizes were abrupt,
increasing from near annual minimum to annual maximum in
<1 month. Abrupt, consistent increases suggested that the begin-
ning of female estrus is synchronized and predictable, and peak
movements and ranges immediately preceded reported breeding
season for black-tailed deer in this region (Brown 1961). Sustained
above mean activity that decreased relatively slowly may relate to
observations that female black-tailed deer that fail to breed dur-
ing first estrus will experience recurrent estrus on a 3–4 week
cycle (Wong and Parker 1988). Thus, even though forage quality
for deer declines in late summer and early fall (Parker et al. 1999),
suggesting deer should decrease activity to conserve energy
(Cederlund 1989; Beier and McCullough 1990), males quickly in-
creased movements to greatest observed rates to coincide with
peak breeding season. Movements then gradually decreased, bal-
ancing energetic costs of activity in the face of uniformly poor
food quality with the diminishing returns of encountering un-
bred, receptive females.

Fig. 3. Smooth terms for time of day and temperature in generalized additive mixed models for square-root-transformed 5 h movement
distances during three separate periods in autumn for nine radio-collared male Columbia black-tailed deer (Odocoileus hemionus columbianus)
on Blakely Island, Washington, USA. Movements were divided into (a, b) prebreeding (1–26 Sept.), (c, d) breeding (26 Sept. – 3 Dec.), and
(e, f) postbreeding (3–31 Dec.). Horizontal solid lines indicate mean movement rates (147, 210, and 178 m/5 h for prebreeding, breeding, and
postbreeding, respectively). Broken lines are the 95% confidence intervals for the smoothing terms.
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Fig. 4. Mean (±SE) and generalized additive mixed model smoothing terms for log-transformed biweekly (14-day) 95% minimum convex
polygon (MCP) home ranges for nine radio-collared male Columbia black-tailed deer (Odocoileus hemionus columbianus) on Blakely Island,
Washington, USA. Horizontal solid lines indicate annual mean home-range size (30.7 ha). Broken lines are the 95% confidence intervals for
the smoothing terms.

Fig. 5. Mean (±SE) and generalized additive mixed model smoothing terms for log-transformed autumn (1 Sept. – 31 Dec.) weekly 95% minimum
convex polygon (MCP) home ranges for nine radio-collared male Columbia black-tailed deer (Odocoileus hemionus columbianus) on Blakely Island,
Washington, USA. Horizontal solid lines indicate autumn mean home-range size (33.6 ha). Broken lines are the 95% confidence intervals for
the smoothing terms.
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Lowest annual movement rates and smallest home-range sizes
were both observed after breeding season, in mid- to late winter.
Other studies have shown decreased activity of deer during cold
wintermonths, emphasizing the need for deer to conserve energy
during times of thermal stress and ubiquitously poor food sup-
plies (Moen 1976; Beier and McCullough 1990; Parker et al. 1999).
Parker (1988) identified winter thermoneutral limits of black-
tailed deer from −6 to 18 °C, but winters in the San Juan Islands are
generally mild, and during our study, mean minimum tempera-
tures were ≥1.1 °C. Thus, reduced movements were not likely re-
lated solely to thermal stress. However, late winter is the time of
lowest forage quality (i.e., digestible energy and digestible pro-
tein) and lowest annual masses for black-tailed deer (Parker et al.
1993, 1999). Thus, movement rates decreased as time required for
digestion increased and the habitat offered uniformly poor forag-
ing options (Moen 1976; Cederlund et al. 1989; Parker et al. 1996).
However, movements increased following spring green-up, as
deer replenished reserves lost during winter and began to forage
actively on energy rich, easily digestible foods that were irregu-
larly spaced (Mautz 1978). Similarly, several other studies have
attributed increased spring movements of ungulates to changes
in forage quality, quantity, and spatial distribution rather than to
direct effects of weather (Jingfors 1982; Risenhoover 1986; Beier
andMcCullough 1990). Such observationsmatch well with ecolog-
ical theory suggesting that patchily distributed, high-quality for-
aging patches will increase movement rates relative to
homogenous habitats (Morales et al. 2005; Forester et al. 2007;
Williams et al. 2012).

In addition to decreased movements and ranges following
breeding, we also observed similar patterns of comparable mag-
nitude in September, immediately preceding breeding season. As
during other times of year, movements did decrease at higher
temperatures during prebreeding. However, June, July, and
August were all warmer than September, but deermovements did
not drop below annualmean values during thesewarmer summer
months. Parker et al. (1999) reported September declines in black-
tailed deer forage energy and protein content from an annual
peak in late spring through early summer. Similar to our study,
Hanley (1982), working with female black-tailed deer, reported
decreased movements during September, which he attributed to
decreasing forage quality, leading to altered search strategy for
food. Because females were not yet receptive during prebreeding,
there was little motivation for males to increase movement, and
males may have been conserving energy prior to the energetically
expensive breeding season.

Diel variations
As with many other deer, black-tailed deer are generally re-

garded as crepuscular (Hanley 1982). In all movement analyses,
time of day was retained as a significant predictor, indicating
periodicity of male movements; however, diel-activity patterns
were not consistent across temporal scales, even after transform-
ing clock time to relative time from sunrise and sunset. Both
annual and autumn analyses indicated lowest activity following
sunset and elevated movements at or before dusk. High move-
ments at dusk likely are associated with foraging bouts, and sub-
sequent resting may represent periods of cud-chewing and
digestion (Parker et al. 1999).

For annual analyses, greatest movement rates were observed
during daylight hours in late afternoon, and another peak was
observed before sunrise. We did not see strong annual trends
indicating crepuscular biases inmovement. Similarly, all analyses
of autumn movements included time as a predictor, but finer
scale analyses within autumn periods (prebreeding, breeding,
and postbreeding) indicated that males changed diel patterns
throughout this time. During prebreeding, deer moved more at
dawn andmid-day, but during postbreeding, deer increased activ-
ity at dusk and midnight. Although the consistent decline in

movements immediately following sunset was still apparent, dur-
ing breeding season, males showed the least periodicity in move-
ments, suggesting that breeding males increased search effort by
staying active throughout the 24 h period. As with annual analy-
ses, autumn analyses did not indicate consistent crepuscular or
nocturnal movement patterns. In mainland westernWashington,
Hanley (1982) noted strong crepuscular patterns in movement,
similar to patterns seen in black-tailed deer on nearby Vancouver
Island, where black-tailed deer are depredated by wolves and cou-
gars (McNay 1995). Concentrating movements during low-light
periods decreases probability of predation, but there were no
mammalian predators on our island study area, and other studies
of cervids in predator-free environments have shown similar re-
lease from crepuscular behavior (Loe et al. 2007).

Additional predictor variables
Different sets of significant predictor variables were retained

in models of movements conducted at various intervals (annual,
autumn, and the three intra-autumn periods). Day of year and
time of day were significant predictors for both annual and au-
tumn movements; however, autumn movements also included
year, temperature, and antler points as predictors. From Oct. to
Dec., 27.5% of locations were associated with temperatures >18 °C,
the upper thermoneutral limit for black-tailed deer in winter pel-
age (Parker 1988). Thus, our observations of decreasedmovements
at higher temperatures during late autumn, when deer are in
winter pelage, were consistent with energy conservation and ther-
moregulation strategies predicted by Parker (1988) and Parker
et al. (1999). We also observed decreased movements during De-
cember at temperatures <3 °C. Although Parker (1988) identified a
lower thermal limit of −6 °C during this time period, captive adult
deer subjected to temperatures <2 °C in that study responded
behaviorally through piloerection and shivering. Temperature
range of movement peaks for black-tailed deer in this study were
similar to those reported elsewhere for white-tailed deer (Odocoileus
virginianus (Zimmermann, 1780)) (6–16 °C; Beier and McCullough
1990). Furthermore, although temperature and Julian day were
correlated, the most parsimonious model for all autumn analyses
except prebreeding included both factors, suggesting that both
temperature and date influence movement somewhat indepen-
dently.

Autumn movement models also retained antler points as a
significant predictor; however, upon analyses of prebreeding,
breeding, and postbreeding movements, antler points was only
retained during breeding and postbreeding, when it positively
influenced movement rates. These data suggest that all adult
bucks, regardless of antler size, moved similarly during pre-
breeding (i.e., reducedmovements). Although all males increased
movements during breeding season relative to prebreeding, large-
antlered males increased movements much more than small-
antlered males. Furthermore, in December, while small-antlered
males reducedmovements below prebreedingmean values, large-
antlered males maintained relatively long-distance movements.
Such behavior is consistent with larger male deer investing more
energy in breeding and searching longer for unbred females,
whichmay then decrease energy reserves and increase probability
of postbreeding mortality (Klein and Olson 1960; Ditchkoff et al.
2001).

Annual GAMMs explained a very low proportion of overall
variance in deer movements (Table 2). As we shortened temporal
scale (e.g., from annual to autumn), models explained variation in
movements better and produced r2 values similar to those result-
ing from analyses of white-tailed deer movements (Beier and
McCullough 1990). In addition to reducing variation in external
factors, our shorter term autumn analyses were conducted when
GPS collars recorded locations twice as often. Thus, as animal
tracking technology continues to improve, finer scale analysis
will likely improve resolution of movement models. Annual and

686 Can. J. Zool. Vol. 91, 2013

Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

C
SP

 S
ta

ff
 o

n 
09

/0
9/

13
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



seasonal GAMMs were useful for delineating seasonal differences
in movement patterns, and we were able to use inflection points
and deviations from mean movements to define objectively peri-
ods such as prebreeding, breeding, and postbreeding and to quan-
tify temporal trends in movement patterns. Certainly, however,
much of the overall variation inmale black-tailed deermovement
remains unexplained, and we likely failed to measure potentially
important explanatory variables. Future models would likely be
improved by including spatially explicit components (e.g., spatial
dynamics of forage availability).

Overall, movement patterns of male black-tailed deer were con-
sistent with predictions relating animal movements to fitness
maximization strategies for predator avoidance, mate access,
temperature regulation, and resource acquisition. Specifically,
male deer failed to display typical crepuscular movement bias in
the absence of predators. Adult males tended to reduce move-
ments during seasons of low food availability and at times of
thermal stress. In contrast, males increased movements in Octo-
ber and November, when females were in estrus, even as food
quality declined. In this way, male black-tailed deer adopted con-
ditional movement strategies to balance trade-offs between en-
ergy budgets and reproductive opportunities. Black-tailed deer
and other cervids exist across a broad range of environmental
conditions and habitats (Geist 1998); conducting similar studies in
areas with different climatic conditions, phenology, predator
guilds, population structure, or population density could further
explain the relative importance of variable environmental cues
on trade-offs in movement strategies.
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