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ARTICLE

Sitka black-tailed deer (Odocoileus hemionus sitkensis) adjust habitat
selection and activity rhythm to the absence of predators
Nadège C. Bonnot, Nicolas Morellet, A.J. Mark Hewison, Jean-Louis Martin, Simon Benhamou,
and Simon Chamaillé-Jammes

Abstract: Although individuals must generally trade off acquisition of high-quality resources against predation risk avoidance,
removal of top predators by humans has resulted in many large herbivores experiencing novel conditions where their natural
predators are absent. Antipredator behaviors should be attenuated or lost in such a context of relaxed predation pressure. To test
this prediction, we analyzed daily and seasonal habitat selection and activity rhythm (both commonly linked to predation risk)
of GPS-collared Sitka black-tailed deer (Odocoileus hemionus sitkensis Merriam, 1898) on predator-free islands (British Columbia,
Canada). In marked contrast to the behavioral patterns commonly observed in populations subject to predation risk, we
documented a very low day–night contrast in habitat selection. Moreover, we observed higher activity during daytime than
nighttime, as expected for nonhunted populations. We also showed that resource selection was primarily driven by seasonal
variations in resource availability. These results are consistent with the expected attenuation of antipredator behaviors in
predation-free environments. However, we also observed marked crepuscular activity peaks, which are commonly interpreted
as an antipredator response in ungulates. Our study indicates that large herbivores are able to adjust certain antipredator
behaviors under relaxed selection, notably habitat selection and activity rhythm, while others persist despite the long-term
absence of predators.

Key words: antipredator behavior, crepuscular activity peaks, day–night contrast, GPS, Odocoileus hemionus sitkensis, relaxed selection,
Sitka black-tailed deer.

Résumé : Les individus font face à un compromis entre acquérir des ressources de qualité et éviter leurs prédateurs. De
nombreuses populations de grands herbivores évoluent dans des environnements où leurs prédateurs naturels sont maintenant
absents. Dans ces conditions, les comportements anti-prédateurs des individus devraient être amoindris, voire supprimés. Nous
avons testé cette hypothèse en analysant les patrons journaliers et saisonniers de sélection des habitats et d’activité de cerfs Sitka
à queue-noire (Odocoileus hemionus sitkensis Merriam, 1898) vivant sur des îles exemptes de tout risque de prédation en Colombie
Britannique (Canada). A la différence de ce qui est communément observé dans des populations soumises au risque de prédation,
le contraste jour-nuit dans la sélection des habitats est peu marqué. L’activité est plus importante de jour que de nuit, comme
attendu pour des populations non-chassées. De plus, la sélection des ressources est principalement influencée par les variations
saisonnières et spatiales de leur disponibilité. Ces résultats sont cohérents avec une atténuation des comportements anti-prédateurs
attendue dans des environnements exempts de risque de prédation. Cependant, des pics d’activité crépusculaires marqués persistent,
qui sont pourtant communément interprétés comme des réponses anti-prédatrices. Notre étude montre donc qu’en l’absence de
risque de prédation, certains comportements anti-prédateurs peuvent être ajustés, alors que d’autres sont maintenus.

Mots-clés : comportement anti-prédateur, pics d’activité crépusculaire, contraste jour–nuit, GPS, sélection relâchée, Odocoileus
hemionus sitkensis, cerf Sitka à queue-noire.

Introduction
In a rapidly changing world, individuals must cope with novel

conditions that potentially modify the selection pressures acting
on them (Sih et al. 2011). Predation pressure represents a major
selective force shaping the phenotypes of prey (Lima and Dill 1990;
Caro 2005). Currently, individuals of certain prey populations must
adjust their behavioral and physiological responses to rapid changes
in the landscape of risk due to the return of their predators. For
example, the reintroduction of wolves (Canis lupus L., 1758) to the
Greater Yellowstone Ecosystem was followed by changes in habi-
tat selection, vigilance level, feeding behavior, nutritional condi-

tion, and mean progesterone concentrations of elk (Cervus elaphus
L., 1758), leading to a decline in calf production and, thus, directly
and indirectly impacting population dynamics (Creel et al. 2007;
Christianson and Creel 2010). However, although there is cur-
rently a strong focus on how individuals respond to novel selec-
tion pressures, less is known about their behavioral responses
when a strong selection pressure is removed, i.e., relaxed selec-
tion (Coss 1999; Lahti et al. 2009). Specifically, although the ma-
jority of wild ungulate populations are behaviorally constrained
by the avoidance of predation risk or disturbance, there is a need
to better understand how they adjust their behavior to the ab-
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sence of predation risk (Blumstein 2002; Ripple et al. 2014). Our
aim here is to test the general hypothesis that, in predator-free
environments, costly antipredator behaviors should be attenuated
or lost (e.g., Coss 1999; Blumstein and Daniel 2005) so that the
behavior of prey should be solely driven by spatio-temporal vari-
ation in resource availability and energetic needs.

Under relaxed predation pressure, most antipredator responses
should be attenuated, or lost, because of their costs and associated
negative impact on individual fitness, e.g., reduced foraging effi-
cacy, growth, reproduction, or survival (Lima 1998; Raymond et al.
2001; Brown and Kotler 2004; Biro et al. 2006). How fast a partic-
ular antipredator response will attenuate or be lost under relaxed
predation pressure is difficult to predict and will depend on the
costs associated with the expression of the trait, mutation accu-
mulation rates, and pleiotropic effects (Lahti et al. 2009). However,
some studies suggest that behavioral traits may persist longer than
morphological or physiological traits (Coss 1999; Lahti et al. 2009).

Because access to high-quality resources is often linked to higher
predation risk (Benhaiem et al. 2008), changes in the level and
the type of predation risk or in resource availability often result
in behavioral adjustments among prey (Sih 1980; Fraser and
Huntingford 1986; Lima 1998). One common way for prey to trade
off acquisition of high-quality resources with the avoidance of
predation risk or disturbance is through alteration of habitat se-
lection and activity rhythms (Lima and Dill 1990; Kronfeld-Schor
and Dayan 2003; Caro 2005). Although activity rhythms can be
constrained by endogenous traits, many studies suggest that pat-
terns of habitat selection and activity are highly flexible behaviors
that can be adjusted to variations in resource availability and (or)
predation risk. Indeed, prey often minimize their exposure to
predation risk by resting in safer habitats during riskier periods
and by concentrating their foraging activities in risky forage-rich
habitats when risk is lower (Lima and Bednekoff 1999; Fortin et al.
2015). For example, many hunted ungulate populations are more
active and prefer forage-rich habitats during nighttime, i.e., when
risk and disturbance linked to human activity are lower (e.g.,
Godvik et al. 2009; Lone et al. 2014; Bonnot et al. 2015). Moreover,
the circadian activity peaks at sunrise and sunset of many wild
ungulates are often considered to be an antipredator response to
temporal variation in predation risk (Caro 2005; Kamler et al.
2007; Loe et al. 2007; Long et al. 2013). Although the underlying
mechanism is unclear, crepuscular activity peaks were found to
be either absent or not marked in predation-free deer populations
(e.g., Loe et al. 2007; Long et al. 2013), whereas marked activity
peaks occurred around sunrise and sunset in deer faced with a
significant predation risk (e.g., Godvik et al. 2009; Pagon et al.
2013; Ensing et al. 2014).

To test our general hypothesis that antipredator behaviors
should be attenuated or lost under relaxed selection, we studied
the activity rhythms and habitat selection of wild Sitka black-
tailed deer (Odocoileus hemionus sitkensis Merriam, 1898) living on
two predator-free islands of British Columbia (Canada). Although
previous studies on the same study site suggest that antipredator
vigilance has persisted over time despite the absence of predators
(Chamaillé-Jammes et al. 2014; Le Saout et al. 2015), some anti-
predator traits may persist longer than others (Blumstein 2002;
Lahti et al. 2009). Assuming that the typical day–night contrast in
activity and habitat selection patterns of large herbivores is in-
duced by variation in the level of predation risk, we predicted that
deer in this predator-free environment (i) would be equally active
during daytime and during nighttime with no marked crepuscu-
lar activity peaks and (ii) that selection among the main habitat
types would not differ markedly between day and night. At a finer
spatial scale (i.e., in the home range), we predicted (iii) that the
selection of feeding resources within forest habitat (the most
widely used habitat) would be driven by seasonal variation in
resource availability rather than predation risk avoidance (i.e., we
assumed that this lack of predation risk negated the risk–resource

trade-off so that spatial behavior would be driven solely by feeding
constraints). Because environmental conditions, risk level, brows-
ing pressure, and resource availability are quite similar on both
islands (Pojar 1980; Le Saout et al. 2014a), we considered them to
be two replicate sites so that we expected no marked difference in
behavioral patterns of the deer between islands.

Materials and methods
Study area

Our study area consists of two islands on the eastern coast of the
Haida Gwaii archipelago (Fig. 1), which is made up of more than
350 islands around 80 km off the northern coast of British Colum-
bia (Canada): East-Limestone (hereafter ELI; WGS84 coordinates:
52.91°N, 131.61°W; area: 41 ha) and Kunga (WGS84 coordinates:
52.77°N, 131.57°W; area: 395 ha). The climate is temperate oceanic,
with a mean annual temperature of 8.6 °C and frequent precipi-
tation, averaging 1400 mm per year (data from the weather station
at Sandspit airport located 40 km farther north).

At the end of the nineteenth century, Sitka black-tailed deer
were introduced on the largest islands of the Haida Gwaii archi-
pelago. The vast majority of the islands are uninhabited and the
archipelago is devoid of the main natural predators of deer (i.e.,
wolf and cougar (Puma concolor (L., 1771))) so that it was rapidly
colonized, with deer arriving on Kunga and ELI more than 60 years ago
(Vila et al. 2004). Black bears (Ursus americanus Pallas, 1780) are
present on the largest islands of the archipelago, but are not
established on the study islands. They are not considered to
threaten adult deer, but may be an opportunistic predator of
fawns. Hence, we assumed that the deer we monitored would not
express antipredator behaviors in relation to predation risk by
bear. The association of the mild climate and the absence of sig-
nificant predation risk resulted in a rapid increase in deer densi-
ties across the archipelago (Sharpe 1999). Current densities are
now markedly higher than those found in the natural range of
Sitka black-tailed deer, estimated at 43 and 88 deer/km2 for Kunga
and ELI, respectively (Le Saout et al. 2014a). No hunting occurred
on ELI and Kunga except for a “hunting for fear” experiment
conducted in May 2012 on Kunga: the experiment had no notice-
able effect on individuals that were captured and collared for use
in this study (Le Saout et al. 2014b). We thus considered ELI and
Kunga to be predation-risk free islands.

Habitat description
The study islands are covered by temperate forests consisting

mainly of coniferous species, notably western hemlock (Tsuga
heterophylla (Raf.) Sarg.), western red cedar (Thuja plicata Donn ex
D. Don), and Sitka spruce (Picea sitchensis (Bong.) Carrière) (Pojar
1980). The forest understory has been heavily impacted by the
high density of deer (Martin et al. 2010; Le Saout et al. 2014a) that
browse on all groups of vascular plants (Stockton et al. 2005),
resulting in mainly bare or moss-covered ground. The remaining
vascular plants were mostly <50 cm in height (Martin et al. 2010)
and consisted mainly of coniferous regeneration, bryophytes and
ferns (not consumed by deer), grasses (notably red fescue (Festuca
rubra L.) and nootka reedgrass (Calamagrostis nutkaensis (J. Presl)
Steud.)), and shrubs (notably red huckleberry (Vaccinium parvifolium
Sm.) and salal (Gaultheria shallon Pursh)) (Pojar 1980; Chollet et al.
2013b). In the winter 2010–2011, a severe storm created large wind-
fall areas with no, or very little, canopy cover. For deer, these
newly opened areas had high feeding potential. Around the pe-
rimeter of the islands, the intertidal zone consisted mainly of
shoreline land. We mapped these habitats on a predetermined
50 m × 50 m grid square map on April–May 2012 by exhaustively
surveying the whole of both islands on foot with the help of a
hand-held GPS recorder. We assigned each predetermined 50 m ×
50 m grid square to one of three habitat type categories: windfall,
shoreline, or forest (Fig. 1). When a given grid square contained
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more than one habitat type, we assigned the square to the domi-
nant category. Based on this survey, the estimated proportions of
the different habitat types available on each island were 46% for-
est, 22% windfall, and 32% shoreline on ELI, and 72% forest, 17%
windfall, and 11% shoreline on Kunga. For the forest habitat type
only, we also assessed the availability of food resources (i.e., all
vascular plants potentially eaten by deer) by visually scoring the
cover of the three main plant species present in the understory
stratum (<1.5 m) of each forest grid square (for more details see
Chollet et al. 2013a).

Deer capture and GPS and activity data
From 2011 to 2014, we caught Sitka black-tailed deer using

baited box-traps in March–April and August–October of each year
under the BC Wildlife Act Permit NA11-68421 approved by Parks
Canada Animal Care Task Force. Each caught deer was ear-tagged,
sexed, aged, weighed, and equipped with a GPS collar (Lotek S
7000 GPS, for deer heavier than 20 kg only) programmed to obtain
the deer’s location with a minimum schedule of one GPS fix every
6 h (at 0400, 1000, 1600, and 2200 PST). For the analysis, we as-
signed each GPS fix to the nearest 50 m × 50 m grid square and we
removed fixes that did not fall within any grid square. GPS collars
were also equipped with accelerometers that measured accelera-
tion in the forward–backward (x axis) and in the side-to-side and
rotary (y axis) axes. Activity is measured as the mean difference in
acceleration between consecutive measurements on each axis,
within a relative range between 0 and 255 per 4 min interval for
each axis. The two values of activity measured, respectively, on the x
and y axes were highly correlated across individuals (Pearson’s cor-

relation coefficient, r = 0.82), suggesting that they provide compa-
rable indices of activity (roe deer (Capreolus capreolus (L., 1758)):
Stache et al. 2013; white-tailed deer (Odocoileus virginianus (Zimmer-
mann, 1780): Coulombe et al. 2006). For the analyses of activity
rhythms, we thus used the sum of the values for the x and y axes
as our measure of activity per 4 min interval, with values ranging
from 0 (no activity) to 510 (high activity). It is, however, worth
noting that activity values are not directly proportional to actual
activity intensity. Based on direct observations and receiver oper-
ating characteristic (ROC) analyses, we estimated that activity val-
ues less than 18 indicate an individual at full rest and values
greater than 36 indicate an active animal (i.e., travelling or brows-
ing), whereas intermediate values indicate a mixture of resting
and active behaviors during the 4 min interval.

We obtained GPS data for 12 deer on Kunga (9 adult females and
3 adult males) and 12 deer on ELI (8 adult females, 3 adult males,
and 1 yearling male). Activity data were available for the same 12 deer
on Kunga, but for 10 deer on ELI because of sensor failure on two
collars (1 adult male and 1 adult female). Although we might ex-
pect some behavioral differences between sexes, notably in habi-
tat use during calving (e.g., Weckerly 1993), we did not formally
analyze sex differences because of the low sample sizes. Note,
however, descriptive analysis suggested that, except possibly for
the calving season, there were few sex differences (see Supple-
mentary Figs. S1A–S1C).1

Daily activity rhythms
Because we hypothesized that the behavioral responses of deer

should vary among seasons, we defined five seasons in relation to

1Supplementary figures and tables are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjz-2015-
0227.

Fig. 1. Map of the study area in the Haida Gwaii archipelago (British Columbia), with the location of the study islands (East-Limestone (ELI)
and Kunga) and the neighbouring islands Reef and Louise; Louise is one of the main islands of the archipelago (map courtesy and reproduced
with permission of the Gowgaia Institute). The right panel presents detailed maps of ELI and Kunga with the main habitat types (adapted
from Le Saout 2009).
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established within-year variation in climate, vegetation growth,
and deer reproductive status: (1) February to March (Feb–Mar), the
coldest season on our study site, with a mean temperature of 3 °C
and with the lowest level of resource availability; (2) April to the
15th June (Apr–miJun), when both resource quality and quantity
are relatively high and mean temperature is 8 °C; (3) 16th June to
August (miJun–Aug), the birth and lactation season, when re-
source quality and quantity remain high and the mean tempera-
ture is highest at 13 °C; (4) September to October (Sep–Oct), the
rutting season, with a mean temperature of 10 °C and a decrease
in resource availability due to intensive browsing; (5) November to
January (Nov–Jan), the beginning of winter, with a mean temper-
ature of 4 °C and a relative low level of resource availability.
Seasonal mean temperatures were recorded using 63 temperature
recorders (i-Buttons) placed at 10 and 100 cm above the ground
throughout both islands between 2011 and 2012. Daily and sea-
sonal variations in ambient temperature are presented in Sup-
plementary Fig. S2,1 as well as variations among the three main
habitat types (i.e., forest, windfall, and shoreline), although no
marked among-habitat differences in temperature were ob-
served.

To describe spatio-temporal variation in activity rhythms, we
constructed generalized additive mixed models (GAMM) for inves-
tigating variation of activity level (continuous response variable
ranging from 0 to 510) in relation to time over a 24 h cycle (con-
tinuous explanatory decimal variable from 0 to 23.99). Because
time was described as a 24 h cycle, we used a cyclic cubic regres-
sion spline (Wood 2006). Given that we had repeated measures of
activity over time for each individual, the deer’s identity was in-
cluded in each model as a random effect. To test for differences in
activity rhythms among seasons for each island, we compared
GAMMs including the season as a factor in interaction with time
(i.e., incorporating a separate smoothing spline for each season)
with the simplest GAMM model including time only (see Supple-
mentary Table S1).1 We then compared these pairs of GAMMs (one
pair for each island) based on Akaike’s information criterion (AIC)
values (Burnham and Anderson 1998). GAMMs were fitted using
the mgcv package (Wood 2011) implemented in R software version
3.1.3 (R Core Team 2015).

Habitat selection analyzes

Day–night contrast in habitat use within islands
Our hypothesis was that habitat selection patterns of deer in

predation-free environments should vary at the seasonal time
scale only, tracking seasonal variation of resource availability, but
not at the daily scale because of the absence of variation in the
level of predation risk between night and day. Therefore, we ana-
lyzed variation in the daily habitat selection patterns of deer
among seasons and islands by contrasting daytime versus night-
time habitat use (see Bonnot et al. 2013). For this, we used GPS
locations in generalized linear mixed models, with the time of day
(day versus night) as the dependent variable and the habitat type
(three modalities: shoreline, windfall, and forest) as an explana-
tory factor. These models allowed us to estimate the probability
that each habitat type was used during daytime in comparison
with its use during nighttime (i.e., an estimated probability of
1 indicates a habitat that is used only during daytime, whereas a
probability of 0 indicates a habitat that is used only during night-
time). Although habitat selection is often analyzed using binomial
logistic regression of the use of a resource versus its availability at
a given scale (e.g., resource selection functions (RSF); Boyce et al.
2002; Manly et al. 2002), our method provides a simple alternative
that is not affected by habitat availability, assuming that this does
not change over the course of a day (for more details on this
approach see Bonnot et al. 2013). Our expectation was that there
should be no difference between daytime and nighttime habitat

use; hence, the probability of using each habitat during daytime
should not differ from 0.5. For valid comparison, the number of
GPS fixes sampled during daytime must be similar to that sam-
pled during nighttime. Hence, we considered GPS fixes obtained
at 1000 and 2200 PST (or 1100 and 2300 PDT in summer) to describe
daytime and nighttime habitat use, respectively. We removed the
miJun–Aug season from this analysis, because the difference in
GPS sampling rate between day and night was too large (as the
majority of fixes recorded at 2300 PDT occurred during twilight
during this season and so were removed from the nighttime
habitat-use estimates, resulting in 753 and 430 available fixes dur-
ing day and night, respectively; see Supplementary Table S21).

Therefore, we used generalized linear mixed models with a
binomial distribution, a logit link, and with the deer’s identity as
a random effect given that we had repeated measures over time
for each individual. To test for spatio-temporal variation in day-
time versus nighttime habitat use, we included the effect of sea-
son (four modalities; see Supplementary Table S21) and island (two
modalities: Kunga and ELI) in a three-way interaction with habitat
type in the most complex model. We compared this full model
with three simpler nested models including the two-way interac-
tions between habitat type and island and between habitat type
and season, and the simple main effect of habitat type. Finally, we
compared the above models with the constant model. We used
AIC (Burnham and Anderson 1998) for model selection (see Sup-
plementary Table S1).1 The model with the lowest AIC value re-
flects the best compromise between precision and complexity. All
generalized linear mixed models were fitted using the lmer func-
tion in the library lme4 (Bates et al. 2015) implemented in R soft-
ware.

Patterns of resource selection within forest habitat
To describe spatio-temporal variation in the selection of re-

sources within the home range, we focused on forest habitat only,
the most frequently used habitat on both islands. Because we had
no clear prediction concerning the day–night contrast in the se-
lection of food resources, we used a classic use–availability design
by contrasting the use of resources in the understory at observed
deer locations within forest habitat with the resources available at
random locations. The use of resources in the understory by a
given individual was computed from observed locations within
forest habitat, whereas their availability was computed from lo-
cations randomly drawn within the forest part of that individual’s
home range (delimited by a 100% minimum convex polygon of
used locations), with a similar number of used and available loca-
tions per individual for each island and each season.

Then, we used resource selection functions (RSFs; Manly et al.
2002) to explore how the season and the presence or absence of
the main feeding resources (described below) contributed to re-
source selection patterns. Previous studies on the feeding behav-
ior of Sitka black-tailed deer in May–August have shown that deer
of ELI and Kunga mostly browse on grasses, notably red fescue and
small-flowered woodrush (Luzula parviflora (Ehrh.) Desv.), and on
Sitka spruce (ca. 90% of their mean combined browsing time;
Le Saout 2009; Chollet et al. 2013a). To a lesser extent, shoots of
other trees and shrubs (notably western red cedar and red huck-
leberry) were also browsed (ca. 10% of browsing time).

In view of the above, we determined the presence or absence
of three main resource types in each 50 m × 50 m grid square:
(1) grasses and shrubs (i.e., red huckleberry) grouped under the
GRH acronym, (2) Sitka spruce (SSP), and (3) western red cedar
(WRC). Given that more than one resource type may occur in a
given pixel at the same time, we defined seven exclusive catego-
ries in relation to the presence or absence of each resource type in
a given grid square: the three monospecific modalities WRC, SSP,
and GRH (for grid squares containing only one resource type) and
the four multi-specific modalities SSP–GRH, SSP–WRC, WRC–
GRH, and WRC–SSP–GRH for grid squares containing either two
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or three of the resource types. We described spatial variation in
patterns of resource selection by using generalized linear mixed
models with a binomial distribution contrasting the use (use = 1)
versus the availability (use = 0) of each resource type across sea-
sons. The most complex model included the three-way interaction
between resource type (seven modalities), season (five modalities:
Nov–Jan, Feb–Mar, Apr–miJun, miJun–Aug, and Sep–Oct), and is-
land (two modalities: ELI and Kunga). We compared this full
model with the seven simpler nested models, including the two-
way interactions between resource type and season and between
resource type and island, with models including resource type,
season, and island as main effects and with the constant model
using AIC (Burnham and Anderson 1998; see Supplementary
Table S11).

Results
Daily activity rhythms

On both islands, and irrespective of the season, deer were
markedly more active during daytime than nighttime (see
Figs. 2A and 2B and Supplementary Fig. S31). Although these ac-
tivity rhythms were remarkably consistent, the difference be-
tween daytime and nighttime activity levels varied slightly among
seasons. Indeed, the best models for both islands included the
interaction between time over the 24 h cycle and season (ELI:
!AIC = 28 259 and Kunga: !AIC = 69 353 with the models includ-
ing time only; see Supplementary Table S11). The day–night con-
trast in activity level was particularly marked during spring and
summer (April–August) on ELI compared with the other seasons,
particularly fall (September–October), but was most pronounced
during early winter (November–January) on Kunga. Moreover, deer
exhibited marked peaks in activity clearly closely linked to the
crepuscular periods (just after sunrise and just before sunset).
These peaks in activity were remarkably similar between islands
in both their amplitude and timing.

Habitat selection patterns

Day–night contrast in habitat use within islands
Overall, we found no marked day–night contrast in habitat se-

lection patterns for deer living on these predator-free islands. The
model with the highest support (with a much lower AIC value
than any simpler model tested, i.e., with !AIC ≥ 32; see Supple-
mentary Table S11) included the three-way interaction between
habitat, season, and island, indicating some variation in the day–
night contrast in habitat use among seasons and islands. How-
ever, inspection of parameter estimates and their confidence
intervals (Fig. 3) indicates that the contrast was not pronounced
(i.e., close to 0.5 threshold, which indicates identical day–night
use). In detail, deer on ELI used windfall slightly more during
daytime than nighttime (all estimated probabilities were greater
than 0.55), whereas there was no marked day–night contrast in
windfall use on Kunga (estimated probabilities ranged from 0.43
to 0.52). The estimates for the day–night contrast in the use of
shoreline habitat were more variable among seasons (ranging
from 0.32 to 0.61; see Fig. 3), but less precise (wider confidence
intervals), probably partly because of the relatively low use of this
habitat type (around 6% of the total number of fixes were located
in shoreline habitat; see Supplementary Fig. S41 and Supplemen-
tary Table S31). Hence, there was no significant day–night contrast
in the use of shoreline habitat in most seasons on either island
(confidence intervals included 0.5). However, shoreline habitat
was used more during nighttime than daytime from November to
January on both islands, but more during daytime than nighttime
from February to March on Kunga only. Finally, for forest habitat,
the most frequently used habitat on both islands (see Supplemen-
tary Fig. S4 and Supplementary Table S3),1 there was no marked
day–night contrast in use on either island, with all estimated
probabilities ranging between 0.45 and 0.52.

Resource selection within forest habitat
The model with the most support for explaining variation in

resource selection within forest habitat (i.e., use versus availabil-
ity of each resource type) included the three-way interaction be-
tween resource type, season, and island (!AIC > 490 with the
nearest nested model; see Supplementary Table S11). Firstly, deer
tended to select locations with higher specific richness (Figs. 4A,
4B). That is, monospecific patches were generally more avoided
than richer patches providing two or three resource types, al-
though monospecific patches providing the highly sought after
western red cedar (WRC) were also highly selected on ELI. On
Kunga, deer particularly selected patches that simultaneously
provided the three resource types (WRC–GRH–SSP). Deer also ex-
hibited seasonal variation in resource selection. Notably, from
April to October, they selected patches that provided both Sitka
spruce and grasses and (or) red huckleberry (SSP–GRH). Selection
for patches providing only grasses and (or) red huckleberry (GRH)
was also higher from April to October on ELI, whereas there was
no marked seasonal variation for this resource type on Kunga. In
winter (from November to March), deer selected patches provid-
ing western red cedar (WRC, GRH–WRC, and SSP–WRC) more on
both islands and, to a lesser extent, during fall (Sep–Oct, on ELI
only).

Discussion
In a predator-free environment, we should expect prey to atten-

uate or lose their antipredator behavior due to relaxed selection
pressure. This decline in antipredator responses should be partic-
ularly marked under conditions of resource limitation because
poor body condition and increased foraging competition may af-
fect how individuals trade off food for security (e.g., Heithaus et al.
2007). In this study of Sitka black-tailed deer behavior on two
densely populated islands without predators, we found partial
support for an attenuation of antipredator behavior, as (i) activity
levels were higher during daytime than nighttime, which is co-
herent with earlier studies on predation-free ungulates (e.g., Loe
et al. 2007), but unusual among human-disturbed populations
(e.g., Pagon et al. 2013); (ii) the day–night contrast in habitat use
was lower than that frequently observed in populations of deer
subject to predation and (or) disturbance (e.g., Godvik et al. 2009;
Bonnot et al. 2015); and (iii) forest patch use was linked to seasonal
variation in key resource availability. However, peak activity did
coincide with sunrise and sunset, as commonly observed in deer
populations subject to predation and (or) disturbance (e.g., Langbein
et al. 1997; Pagon et al. 2013).

Higher activity during daytime than nighttime in a
predator-free environment

Published studies on the activity rhythms of large herbivores
have consistently shown that individuals faced with a significant
threat of predation or disturbance during daytime concentrate
their foraging activities during nighttime or during crepuscular
periods (e.g., Crosmary et al. 2012; Fortin et al. 2015). In this study,
we showed that Sitka black-tailed deer living in a predation-free
environment were more active during daytime than during night-
time (Figs. 2A and 2B and Supplementary Fig. S31). This result
differs from our initial hypothesis, but is consistent with previous
studies on predation-free deer populations that also showed
higher activity levels during daytime (e.g., Loe et al. 2007; Massé
and Côté 2013; Ensing et al. 2014). Our result is also in marked
contrast with the pattern observed in most hunted populations
where deer are more active during nighttime (e.g., Beier and
McCullough 1990; Langbein et al. 1997; Pagon et al. 2013), likely as
a result of the higher level of human-induced disturbance and (or)
hunting during daytime. This interpretation in terms of a behav-
ioral adjustment to the absence of predation risk is supported by
a small sample of GPS-monitored deer (N = 5) on the neighboring
Reef island where deer have been exposed to regular hunting

Bonnot et al. 389

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.c

om
 b

y 
Sv

er
ig

es
 L

an
tb

ru
ks

un
iv

er
si

te
t o

n 
05

/1
7/

16
Fo

r p
er

so
na

l u
se

 o
nl

y.
 



since 1997, consisting in an initial reduction of over 70% in the
deer population between 1997 and 2000, and then maintaining
them at around 10–15 deer/km2). These hunted deer are markedly
nocturnal in contrast to those from ELI and Kunga (but see the
Nov–Jan season; Supplementary Fig. S51). Although this result
does not support our initial prediction of no differences in activity
levels between daytime and nighttime under relaxed predation

pressure, it does imply that the deer on these islands have made a
marked behavioral adjustment to the absence of predation risk.

Crepuscular peaks in activity have been commonly interpreted
as an antipredator behavior (Caro 2005; Kamler et al. 2007;
Monterroso et al. 2013; Swinnen et al. 2015). Indeed, many deer
populations exhibit bimodal activity rhythms that peak around
sunrise and sunset (e.g., white-tailed deer: Beier and McCullough

Fig. 2. Profiles of Sitka black-tailed deer (Odocoileus hemionus sitkensis) activity levels (black lines; see text for construction of the activity index)
over the 24 h cycle across seasons and for the two islands (A: East-Limestone (ELI); B: Kunga). The mean activity levels for nighttime and
daytime are represented by the dark grey and light grey broken lines, respectively. The grey shading represents sunrise and sunset (i.e.,
incorporating variation in the timing of sunrise and sunset over a given season).
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1990; Massé and Côté 2013; black-tailed deer: Long et al. 2013; roe
deer: Pagon et al. 2013). Contrary to our predictions, deer in the
predation-free environment of our study site also exhibited such
peaks in activity around sunrise and sunset (Figs. 2A, 2B). This
contrasts with studies that reported an absence of marked crepus-
cular peaks in activity levels of predation-free and food-limited
ungulates (arctic reindeer (Rangifer tarandus (L., 1758)): Loe et al.
2007; Sitka black-tailed deer: Long et al. 2013). However, other
studies of predation-free deer populations have shown persis-
tence of such peaks in activity during crepuscular periods (e.g.,
white-tailed deer: Massé and Coté 2013). Moreover, a recent study
on the same islands of Haida Gwaii showed that avoidance of
resources tainted with olfactory wolf cues persisted despite the
lack of exposure to this predator for more than 100 years
(Chamaillé-Jammes et al. 2014). Explaining why certain behaviors
that are interpreted as antipredator persist in predation-free en-
vironments, whereas others are lost, is difficult. Although differ-
ent biological processes may be involved, for example “buttressing
pleiotropy” (i.e., when the expression of traits is tightly linked so
that selection for one trait can favor persistence of a second linked
trait despite relaxed selection for that trait), we stress the need for
further studies that quantify the costs of a given antipredator
behavior for individual fitness.

Limited day–night difference in habitat use in a
predator-free environment

We observed only limited variation in deer habitat use between
day and night on both islands (most season-specific estimates for
the probability of use of a given habitat during daytime fell within
the 0.4–0.6 range, where 0.5 indicates identical day–night use). In
particular, the use of forest, the habitat that the deer used most

intensively (Supplementary Fig. S4 and Supplementary Table S3),1
was almost identical during daytime and nighttime, with no sea-
sonal variation (Fig. 3). There was also no day–night contrast in the
use of windfall habitat for deer on Kunga; however, deer used
windfall slightly more during the day than during nighttime on
ELI. We speculatively suggest that the higher daytime use of wind-
fall on ELI was the consequence of deer actively seeking the higher
temperatures (linked to greater luminosity) in this habitat com-
pared with closed canopy forest. Indeed, previous studies have
shown that deer are able to adjust their habitat-use patterns in
response to changes in ambient temperature to avoid increased
thermoregulation costs (e.g., Beier and McCullough 1990; Mysterud
1996). This hypothesis is consistent with the observation of higher
ambient temperature in windfall than in forest during daytime
from April to October on ELI (see Supplementary Fig. S2).1

The low day–night contrast in habitat selection that we ob-
served markedly differs from what is commonly observed in other
ungulate populations subject to the risk of predation and (or)
disturbance, where patterns of habitat selection are highly differ-
entiated between daytime and nighttime (e.g., Fortin et al. 2015;
Tambling et al. 2015). In human-disturbed landscapes, deer ex-
hibit strong selection for habitats providing good cover during
daytime (i.e., when human disturbance is greater) and for open
forage-rich habitats during nighttime (e.g., Beier and McCullough
1990; Godvik et al. 2009; Padié et al. 2015). For example, roe deer
living in a human-disturbed landscape in southwestern France
had a mean probability of 0.8 of being located in forest during
daytime, but a probability of more than 0.7 of being located in
open habitats during nighttime (Bonnot et al. 2013). Lastly, al-
though the day–night contrast was also generally not marked in

Fig. 3. Estimated daytime versus nighttime habitat-use probabilities of Sitka black-tailed deer (Odocoileus hemionus sitkensis) among the four
seasons and the three habitat types for the two islands (East-Limestone (ELI) and Kunga) as generated by the best model. The horizontal
broken lines represent a level of use that is identical between daytime and nighttime (i.e., an estimated probability of daytime use = 0.5) and
vertical solid lines represent the 95% confidence intervals around the probability estimates. Values above (below) the horizontal broken line
indicate that the given habitat type is used more (less) during the day than during the night for that season.
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most seasons, during winter, for an as yet unknown reason deer
on both islands tended to use shorelines more at nighttime
(Fig. 3). Note, however, that the availability of this habitat was
quite low, and it was rarely used (Supplementary Fig. S4 and Sup-
plementary Table S3),1 so that model estimates were not precise.

As expected, at a smaller spatial scale and focusing on forest
habitat that was the most widely used across the year on both
islands (Supplementary Fig. S4 and Supplementary Table S3),1 we
found that the Sitka black-tailed deer of Haida Gwaii used forest
patches in relation to the spatial distribution of the three main
food resource types (Chollet et al. 2013a, 2013b; Le Saout et al.
2014a). Firstly, richer patches that provided a mix of two or all
three resource types were generally more selected than monospe-
cific patches, although this pattern was more pronounced on
Kunga (Figs. 4A, 4B). This result suggests that these food resources
are to some degree complementary for offsetting the deer’s ener-
getic and nutrient demands and (or) that the richest patches may
offer the best opportunities to buffer against uncertainty in re-
source availability. Although we supposed that the two islands
could be considered replicates for our study, and while this was
largely the case, we did observe some differences in resource se-
lection patterns, with deer on ELI preferring patches providing
western red cedar, whereas deer on Kunga preferred patches pro-
viding Sitka spruce and grasses and (or) red huckleberry in com-
bination (Figs. 4A, 4B).

Secondly, we found marked seasonality in the patterns of re-
source selection that can be readily explained by seasonality in
resource availability. The increased winter use of western red ce-
dar, an evergreen coniferous species that is palatable and sought
after throughout the year, likely reflects its critical importance as
an alternative feeding resource during winter, when more nutri-
tious and preferred species (i.e., grasses and shrubs) are scarce and
when the availability of fallen cedar leaves increases due to higher
wind frequency and strength. This interpretation is consistent
with earlier studies on the diet and feeding behavior of Sitka

black-tailed deer on these same islands. They showed that conifer
consumption increased during winter, whereas deer mainly con-
sumed grasses, shrubs, and spruce buds during spring and sum-
mer (Chollet et al. 2013a; Poilvé 2013). The spring and summer
preference observed for Sitka spruce and red huckleberry is
equally consistent with the phenology of these two resources.
Deer almost exclusively consume young tender spruce buds that
are only available in spring and huckleberry shoots and leaves
that also emerge in spring and further develop during the course
of summer.

Conclusion
Our study suggests that large herbivores can adjust their habi-

tat selection pattern and daytime activity rhythm to the absence
of predation risk in a context of limiting resources. However,
these observations contrast with the observed persistence of
other antipredator behaviors in this predator-free environment,
notably crepuscular activity peaks documented in this study, but
also behavioral responses to predator cues and high levels of vig-
ilance during feeding (see Chamaillé-Jammes et al. 2014; Le Saout
et al. 2015, respectively). Further studies are needed to explore
how and why some antipredator behaviors persist in the absence
of predation risk, whereas others attenuate rapidly and may dis-
appear altogether (Coss 1999; Blumstein 2002; Blumstein and
Daniel 2005; Lahti et al. 2009).
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deer in Białowieża National Park, Poland. J. Mamm. 88: 508–514. doi:10.1644/
06-MAMM-A-169R.1.

Kronfeld-Schor, N., and Dayan, T. 2003. Partitioning of time as an ecological
resource. Annu. Rev. Ecol. Evol. Syst. 34: 153–181. doi:10.1146/annurev.ecolsys.
34.011802.132435.

Lahti, D.C., Johnson, N.A., Ajie, B.C., Otto, S.P., Hendry, A.P., Blumstein, D.T.,
Coss, R.G., Donohue, K., and Foster, S.A. 2009. Relaxed selection in the wild.
Trends Ecol. Evol. 24: 487–496. doi:10.1016/j.tree.2009.03.010. PMID:19500875.

Langbein, J., Scheibe, K.M., and Eichhorn, K. 1997. Seasonal changes in the
circadian behaviour patterns in European mouflons (Ovis ammon musimon
Pallas, 1811). First International Symposium on Physiology and Ethology of
Wild and Zoo Animals, Berlin, Germany, 18–21 Sept. 1996. Z. Säugetierkd. 62:
117–123.

Le Saout, S. 2009. Study of Sitka black-tailed-deer browsing behaviour in relation
to habitat impoverishment on Haida Gwaii archipelago (BC, Canada). Sci.
Rep. AgroParisTech, Paris, France; CEFE, CNRS Montpellier, France.

Le Saout, S., Chollet, S., Chamaillé-Jammes, S., Blanc, L., Padié, S., Verchere, T.,
Gaston, A.J., Gillingham, M.P., Gimenez, O., Parker, K.L., Picot, D.,
Verheyden, H., and Martin, J.-L. 2014a. Understanding the paradox of deer
persisting at high abundance in heavily browsed habitats. Wildl. Biol. 20:
122–135. doi:10.2981/wlb.13048.

Le Saout, S., Padié, S., Chamaillé-Jammes, S., Chollet, S., Côté, S., Morellet, N.,
Pattison, J., Harris, E., and Martin, J.-L. 2014b. Short-term effects of hunting on
naïve black-tailed deer (Odocoileus hemionus sitkensis): behavioural response
and consequences on vegetation growth. Can. J. Zool. 92(11): 915–925. doi:10.
1139/cjz-2014-0122.

Le Saout, S., Martin, J.-L., Blanchard, P., Cèbe, N., Hewison, A.J.M., Rames, J.-L.,
and Chamaillé-Jammes, S. 2015. Seeing a ghost? Vigilance and its drivers in a
predator-free world. Ethology, 121: 651–660. doi:10.1111/eth.12377.

Lima, S.L. 1998. Nonlethal effects in the ecology of predator–prey interactions.
Bioscience, 48(1): 25–34. doi:10.2307/1313225.

Lima, S.L., and Bednekoff, P.A. 1999. Temporal variation in danger drives anti-
predator behavior: the predation risk allocation hypothesis. Am. Nat. 153(6):
649–659. doi:10.1086/303202.

Lima, S.L., and Dill, L.M. 1990. Behavioral decisions made under the risk of
predation: a review and prospectus. Can. J. Zool. 68(4): 619–640. doi:10.1139/
z90-092.

Loe, L.E., Bonenfant, C., Mysterud, A., Severinsen, T., Øritsland, N.A.,
Langvatn, R., Stien, A., Irvine, R.J., and Stenseth, N.C. 2007. Activity pattern of
arctic reindeer in a predator-free environment: no need to keep a daily
rhythm. Oecologia, 152: 617–624. doi:10.1007/s00442-007-0681-7. PMID:17370092.

Lone, K., Loe, L.E., Gobakken, T., Linnell, J.D., Odden, J., Remmen, J., and
Mysterud, A. 2014. Living and dying in a multi-predator landscape of fear: roe
deer are squeezed by contrasting pattern of predation risk imposed by lynx
and humans. Oikos, 123: 641–651. doi:10.1111/j.1600-0706.2013.00938.x.

Long, E.S., Jacobsen, T.C., Nelson, B.J., and Steensma, K.M.M. 2013. Conditional
daily and seasonal movement strategies of male Columbia black-tailed deer
(Odocoileus hemionus columbianus). Can. J. Zool. 91(10): 679–688. doi:10.1139/cjz-
2013-0034.

Manly, B.F.J., McDonald, L.L., Thomas, D.L., McDonald, T.L., and Erickson, W.P.
2002. Resource selection by animals: statistical design and analysis for field
studies. 2nd ed. Kluwer Press, New York.

Martin, J.-L., Stockton, S.A., Allombert, S., and Gaston, A.J. 2010. Top-down and
bottom-up consequences of unchecked ungulate browsing on plant and an-
imal diversity in temperate forests: lessons from a deer introduction. Biol.
Invasions, 12: 353–371. doi:10.1007/s10530-009-9628-8.

Massé, A., and Côté, S.D. 2013. Spatiotemporal variations in resources affect
activity and movement patterns of white-tailed deer (Odocoileus virginianus) at
high density. Can. J. Zool. 91(4): 252–263. doi:10.1139/cjz-2012-0297.

Monterroso, P., Alves, P.C., and Ferreras, P. 2013. Catch me if you can: diel
activity patterns of mammalian prey and predators. Ethology, 119: 1044–
1056. doi:10.1111/eth.12156.

Mysterud, A. 1996. Bed-site selection by adult roe deer Capreolus capreolus in
southern Norway during summer. Wildl. Biol. 2(2): 101–106.

Padié, S., Morellet, N., Hewison, A.J.M., Martin, J.-L., Bonnot, N., Cargnelutti, B.,
and Chamaillé-Jammes, S. 2015. Roe deer at risk: teasing apart habitat selec-
tion and landscape constraints in risk exposure at multiple scales. Oikos,
124: 1536–1546. doi:10.1111/oik.02115.

Pagon, N., Grignolio, S., Pipia, A., Bongi, P., Bertolucci, C., and Apollonio, M.

Bonnot et al. 393

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.c

om
 b

y 
Sv

er
ig

es
 L

an
tb

ru
ks

un
iv

er
si

te
t o

n 
05

/1
7/

16
Fo

r p
er

so
na

l u
se

 o
nl

y.
 



2013. Seasonal variation of activity patterns in roe deer in a temperate for-
ested area. Chronobiol. Int. 30: 772–785. doi:10.3109/07420528.2013.765887.
PMID:23738905.

Poilvé, E. 2013. Etude du régime alimentaire de populations de cerfs à queue-
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