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Abstract: Understanding the underlying mechanisms that cause variation in survival and the reproductive success of
animals is essential for predicting variation in population parameters. To gain an understanding of the effects of density
and winter weather severity on white-tailed deer, Odocoileus virginianus (Zimmermann, 1780), we examined the effects
of current-year deer density and cumulative weekly average values for snow depth, rainfall, and the number of degrees
below –15 °C until the time of death, as well as cumulative effects of density and snow depth over the previous one
and two winters, on the body condition of adult females, adult males, and fawns. Model selection using Akaike’s Infor-
mation Criterion and multi-model inference suggested that snow depth was the best predictor of body condition for all
three age/sex groups. Winter rainfall was the next most influential predictor for adult females and adult males but was
not important in determining fawn body condition. Temperature had the least influence on the body condition of all
three age/sex groups. Deer density during the winter of death had minimal effects for all groups and we found no evi-
dence that cumulative multiyear variables influenced body condition. We hypothesize that cohort variation may better
explain previous findings showing effects of multiyear variables. A model for estimating the proportion of animals in
poor body condition for each age/sex group is presented.

Résumé : Si l’on veut pouvoir prédire la variation des paramètres démographiques chez les animaux, il est essentiel de
comprendre les mécanismes sous-jacents responsables de la variation de la survie et du succès reproductif. Afin de dé-
terminer les conséquences de la densité et de la rigueur du climat hivernal sur le cerf de Virginie, Odocoileus virginia-
nus (Zimmermann, 1780), nous avons examiné les effets sur la condition corporelle des femelles adultes, des mâles
adultes et des faons de la densité des cerfs pendant l’année courante, ainsi que des valeurs hebdomadaires cumulées de
l’épaisseur de la neige, des précipitations et du nombre de degrés sous –15 �C jusqu’au moment de la mort; nous
avons aussi étudié les effets cumulés de la densité et de l’épaisseur de la neige au cours de l’hiver précédent et des
deux hivers antérieurs. La sélection des modèles d’après le critère d’information d’Akaike et l’inférence multi-modèles
indique que l’épaisseur de la neige est la meilleure variable prédictive pour tous les trois groupes d’âge/sexe. Les
pluies d’hiver sont la variable suivante en importance pour prédire la condition corporelle des adultes femelles et mâ-
les, mais pas celle des faons. La température est la variable qui a le moins d’influence pour les trois groupes
d’âge/sexe. La densité durant l’hiver du décès a peu d’importance pour tous les groupes et il n’y a pas d’indication que
les variables cumulées sur plusieurs années influencent la condition corporelle. Notre hypothèse veut que la variation
de la cohorte explique mieux les résultats antérieurs qui montrent les effets de variables mesurées sur plusieurs années.
Nous présentons un modèle pour estimer la proportion des animaux en mauvaise condition corporelle dans chaque
groupe d’âge/sexe.
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Introduction

Identifying the underlying mechanisms that cause variation
in survival and reproductive success can improve under-
standing of what regulates and limits wild animal popula-
tions (Morrison 2001). Demographic variability occurs as a
result of the additive physiological and behavioral responses
of individuals to their environment. The annual life histories

of temperate-zone animals are characterized by (i) periods of
low resource availability, leading to decreases in somatic
and gametic growth and population declines, and (ii) periods
of high resource availability, when somatic growth and re-
production occur (Boyce 1979). Many recent studies have
shown that both density-independent (e.g., climate) and
density-dependent (e.g., forage competition) factors can in-
fluence the dynamics of animal populations (Sæther 1997;
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Forchhammer et al. 1998; Gaillard et al. 1998; Post and
Stenseth 1998, 1999; Kruuk et al. 1999a, 1999b; Lesage et
al. 2001; Patterson and Power 2002; Hallet et al. 2004).
Quantification of the effects of these different factors re-
quires long-term data sets including a full range of weather
conditions and population densities (Hallet et al. 2004).

For example, ungulates respond both behaviorally and
physiologically to weather- and density-related factors, with
responses manifested in population dynamics (Gaillard et al.
1997, 1998; Sæther 1997; Post and Stenseth 1998, 1999;
Kruuk et al. 1999a, 1999b; Forchhammer et al. 2001;
Lesage et al. 2001; Patterson and Power 2002). The depth
and persistence of snow cover affect the costs of locomotion
(Parker et al. 1984) and availability of browse (Post and
Stenseth 1999). Winter rainfall and (or) low temperatures
may increase the metabolic costs of thermoregulation and re-
duce forage availability by forming an icy crust on snow,
making it difficult for animals to gain access to forage
(Clutton-Brock and Albon 1982; Aanes et al. 2000; Solberg
et al. 2001). High densities can negatively affect ungulate
populations through increased forage competition (Post and
Stenseth 1999).

Determining and quantifying the effects of winter weather
and density-dependent factors may be complicated by tem-
porally lagged effects, whereby the density or weather con-
ditions of a previous winter influence animals more than
those of the current winter (Clutton-Brock et al. 1997;
Forchhammer et al. 1998; Post and Stenseth 1998, 1999;
Loison et al. 1999a). Cumulative multiyear effects of winter
weather and density have also been reported (Mech et al.
1987; Post and Stenseth 1998; Patterson and Power 2002).
Nonetheless, measurable effects may be manifested on adult
body condition or body mass (Post et al. 1997; Loison et al.
1999b; Post and Stenseth 1999; Mysterud et al. 2000, 2001),
offspring sex ratio (Kruuk et al. 1999b; Post et al. 1999;
Stenseth 1999; Mysterud et al. 2000), early growth rates or
body mass of offspring (Adams and Dale 1998; Hjeljord and
Histol 1999; Loison et al. 1999a; Post and Stenseth 1999;
Forchhammer et al. 2001; Weladji and Holand 2003), adult
survival (Potvin et al. 1981; Loison and Langvatn 1998;
Loison et al. 1999b; Post and Stenseth 1999), and offspring
survival (Adams and Dale 1998; Loison and Langvatn 1998;
Post and Stenseth 1999; Lee et al. 2000).

In this paper we examine and quantify the effects of win-
ter weather and population density on the body condition of
white-tailed deer, Odocoileus virginianus (Zimmermann,
1780), from a northeastern North American population in
Nova Scotia, Canada (Fig. 1), during 1987–2002. Nova Sco-
tia is close to the northern extent of the white-tailed deer’s
range, where severe winters may create an energetic bottle-
neck (Potvin et al. 1981; Dumont et al. 2000). To minimize
the energetic costs of severe winter weather, white-tailed
deer may migrate to traditional wintering areas (Verme 1973;
Huot 1974; Drolet 1976; Nelson 1995; MacDonald 1996;
Lock 1997; Patterson et al. 1998; Morrison et al. 2002).
Such migration is stimulated by decreasing temperature
(Kearney and Gilbert 1976) and increasing snow depth
(Ozoga and Gysel 1972; Verme 1973; Drolet 1976; Tierson
et al. 1985; Sabine et al. 2002). Deer movement becomes
significantly restricted and more energetically costly at snow

depths greater than 40 cm (Drolet 1976; Parker et al. 1984),
and the rate and timing of migration to wintering areas closely
correspond with snow depths of 40 cm (Sabine et al. 2002).

Energetic costs may be lower in traditional wintering ar-
eas because such areas typically consist of mature conifer-
ous trees that intercept snowfall, reducing snow depth and
moderating wind and temperature (Weber et al. 1983), and
communal trails reduce the costs of locomotion. However,
extended periods of confinement in traditional wintering ar-
eas may lead to the depletion of browse and increased forage
competition. When and where winter weather is less severe,
white-tailed deer overwinter on their summer range, where
browse availability is generally higher (Mautz et al. 1976;
Lock 1997; Morrison et al. 2002; Sabine et al. 2002).

Winter conditions affect the nutritional states of age and
sex groups differentially. Fawns are more susceptible to win-
ter starvation than adults because of their limited fat re-
serves, resulting from the need to direct energy toward both
growth and fat deposition prior to winter, and their small
body size (i.e., increased cost of thermoregulation; Vreelend
et al. 2004). Consequently, we expect fawns to be more sus-
ceptible to adverse winter conditions and to have a higher
probability of entering winter in poor body condition than
adult males and females. Fat reserves of adult males are
more depleted during the autumn rut than those of adult fe-
males, leaving males more vulnerable to starvation during
severe winters (Mautz et al. 1976; Moen 1976), so we expect
adult males to have a lower probability of entering winter in
poor body condition than fawns and a higher probability
than adult females. The autumn breeding season does not
cause depletion of body fat reserves in female cervids (Crête
and Huot 1993), but nutritional demands on pregnant fe-
males increase throughout gestation into lactation (Mauget
et al. 1997). Gestation begins in November and parturition
occurs from mid-May to early June in Nova Scotia. Over
90% of the total costs of gestation occur during the third tri-
mester (Pekins et al. 1998). Relative to nonpregnant deer,
this represents costs for pregnant deer that are 45% greater
in the third trimester and 16% greater over the whole preg-
nancy (Pekins et al. 1998). Pregnant adult females starting
winter in poor or marginal body condition have reduced sur-
vival probability (Moen 1976; Mautz 1978) and an increased
likelihood of abortion or producing a small fawn (Verme
1965). The main difference between adult males and adult
females is that adult females may divert energy away from
reproduction and toward self-maintenance if winter condi-
tions become severe, whereas males have already depleted
energy reserves during the rut.

The objectives of this paper were to (i) identify the most
important density and winter weather variables influencing
white-tailed deer body condition and quantify their effects;
(ii) determine whether cumulative multiyear effects of these
variables occur; and (iii) develop a predictive model that
could estimate the proportion of the population in poor body
condition. We expected that body condition at the start of
winter would depend upon both the ability to accumulate fat
reserves prior to winter and the relative costs of the fall rut,
and that the energetic costs during winter would vary among
age/sex groups (e.g., gestation in females), resulting in sex-
and age-specific variation in body condition.
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Materials and methods

Our study animals were primarily road-killed and were
sampled within 3 days of death. Collisions between white-
tailed deer and vehicles typically occur in the early evening
and early morning (Allen and McCullough 1976; Haikonen
and Summala 2001); however, information pertaining to an-
nual variation in deer–vehicle collisions is lacking. O’Gara
and Harris (1988) cautioned that road-killed animals may
not be useful as a representative sample of a population, sug-
gesting that malnourished animals may travel on highways
that have been cleared of snow in an attempt to reduce en-
ergy expenditure. Others have suggested that roadkills are
reliable for estimating population age and sex structure and
have found that variation in the number of roadkills is most
closely related to traffic flow, population density, and sex-
and season-specific behaviors (Allen and McCullough 1976;
Groot Bruinderink and Hazebroek 1996; McCaffery 1973;
Mysterud 2004). In our data set, 14% of animals had femur
marrow fat levels below 25%, 18% had levels between 25%
and 50%, 28% had levels between 50% and 85%, and 40%
had levels above 85%. Because this sampling method
yielded a wide range of values, we feel this data set is appro-
priate for this analysis and representative of the population
at large, if not entirely random.

We divided our sample into three age/sex groups: fawns
(males and females <12 months old; n = 794), adult females
(18 months – 8 years old; n = 848), and adult males
(18 months – 8 years old; n = 524). Fawns were distin-
guished from adults by examining tooth wear and develop-
ment (Severinghaus 1949). Staff of the Nova Scotia
Department of Natural Resources (NSDNR) georeferenced
road-killed animals and visually assessed femur marrow fat
content as an indicator of body condition (Cheatum 1949;
Neiland 1970; Cook et al. 2001). Fat stores in ungulates are
used sequentially: subcutaneous fat reserves are used first,
followed by mesentery, kidney, and bone marrow reserves
(Ransom 1965; Chan-McLeod et al. 1995). Because femur
marrow fat is among the final fat deposits used, any femur
marrow fat depletion is indicative of poor body condition
(Mech and DelGiudice 1985; Takatsuki 2000; Yokoyama et
al. 2000; Cook et al. 2001); the most that one can conclude
from high femur marrow fat content is that there is no evi-
dence of malnutrition (Mech and DelGiudice 1985). Cook et
al. (2001) found that Rocky Mountain elk (Cervus
elaphus L., 1758) with >6% body fat had an average femur
marrow fat content of 91.8%. Similarly, Torbit et al. (1985)
found that mule deer (Odocoileus hemionus (Rafinesque,
1817)) with 6%–12% body fat maintained femur marrow fat
content above 80%. Thus, femur marrow fat content below
80%–90% likely indicates poor body condition (below 5%–
6% body fat): fat reserves either have not been deposited or
substantial amounts have been used. We categorized animals
with femur marrow fat content below 85% as being in poor
condition and those with femur marrow fat content above
85% as showing no evidence of poor body condition.

To assess which factors most influence the body condition
of white-tailed deer, we used a logistic regression framework
whereby animals in poor body condition (femur marrow fat
content <85%) were coded as 1 and animals showing no evi-
dence of poor body condition (femur marrow fat content
>85%) were coded as 0. Before analysis, we randomly parti-

tioned our data for each age/sex group into a model-fitting
data set (70% of data) and a model-validation data set (30%
of data). The model-validation data set was used only to de-
tect major spurious results from the selection of the best
models and effect sizes of variables and was not used for
testing predictions or inference.

Following a review of more than 20 papers discussing the
effects of winter weather on ungulates, we constructed a set
of 19 a priori candidate models (Table 1) representing multi-
ple working hypotheses that were subsequently ranked using
Akaike’s Information Criterion (AIC; Burnham and Ander-
son 2002) for each age/sex group. We used binomial family
generalized linear models with a logit link in S-PLUS® 2000
(MathSoft Engineering and Education, Inc. 1999; Hosmer
and Lemeshow 2000). We then calculated Akaike weights
(wi), the probability that the ith model is the best approxi-
mating model among all candidate models (Burnham and
Anderson 2002). For the models constituting the 95% confi-
dence set, based upon Akaike weights, we calculated the dif-
ference between the AIC of each model and that of the best
approximating model (∆i) and the sum of the Akaike
weights of the ith model and all higher ranking models
(Σwi).

In some cases a multivariate model may perform well
even though not all variables contained within it are impor-
tant (Hosmer and Lemeshow 2000), so we calculated nor-
malized Akaike weights (Nwi) for the variables occurring in
the 95% confidence set (Burnham and Anderson 2002). If a
variable had a normalized Akaike weight greater than 0.60
(arbitrarily chosen a priori), we considered it to be impor-
tant. For all important variables, we present the model-
averaged parameter estimates (β) with estimated uncondi-
tional standard errors (SE; Burnham and Anderson 2002)
and odds ratios (antilogarithm of β) with associated 95%
confidence intervals (CI; Hosmer and Lemeshow 2000).
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Model Variables

1 Density
2 Density1
3 Density2
4 Snow depth
5 Snow depth1
6 Snow depth2
7 Snow depth, temperature
8 Snow depth1, temperature
9 Snow depth2, temperature
10 Snow depth, rainfall
11 Density, snow depth
12 Density1, snow depth1
13 Density2, snow depth2
14 Density1, snow depth2
15 Density2, snow depth1
16 Density, snow depth, temperature
17 Snow depth, temperature, rainfall
18 Density, rainfall, temperature
19 Density, snow depth, rainfall, temperature

Table 1. Set of 19 a priori candidate logistic regression models
for predicting the probability of being in poor body condition for
white-tailed deer (Odocoileus virginianus) in Nova Scotia, Canada,
1987–2002.



Model-averaged parameter estimates often have less bias
and more precision than the parameter estimate of only the
best model and so are desirable when the goal is prediction
(Burnham and Anderson 2002).

The NSDNR has divided Nova Scotia into seven deer
management zones (Fig. 1), and density was calculated for
each zone based upon pellet group surveys conducted during
April and May of each year (see Patterson and Power 2002
for methodology). We assigned a year and zone density
value for each sample (i.e., deer). Weather data were ob-
tained from 13 weather stations (Meteorological Service of
Canada – Atlantic Region, Environment Canada) so that re-
gional weather variations could be accounted for (Fig. 1).
Deer were assigned to the closest weather station based
upon their kill site using a geographic information system
(ArcGIS®, Environmental Systems Research Institute, Inc.
2003). The average distance to the closest weather station
was 33.6 km (±19 km SD). All weather data analysed are
from 1 November to 15 May (earliest snowfall to latest
snowmelt) from 1987 to 2002.

Winter weather variables used were snow depth, rainfall,
and temperature. Snow depth and rainfall values were calcu-
lated as the sum of weekly averages of each variable during
the winter of death until the week of death. The temperature
variable was calculated as the sum of degrees below –15 °C
of weekly average minimum temperatures.

Jensen et al. (1999) found that decreasing temperature did
not increase the metabolic rate of white-tailed deer fawns

until it dropped below –11.2 °C, and Moen (1985) suggested
that thermoregulatory costs for non-fasting adults are mini-
mal until temperatures are below –20 °C. In the winter se-
verity index used by DelGiudice et al. (2002) for Minnesota,
–17.7 °C was used as the point at which temperature affects
female white-tailed deer. We chose –15 °C as an approxi-
mate threshold where thermoregulatory costs begin for each
of the age/sex groups.

To test for cumulative effects of snow depth and popula-
tion density over consecutive winters, we also constructed
variables that contained the value from the winter of death
plus the value from the entire previous winter (snow depth1
and density1) and variables that contained the value from the
winter of death plus the value from the previous two winters
(snow depth2 and density2).

We expected that adult females would enter winter in
better body condition than adult males, which in turn would
enter winter in better body condition than fawns. Therefore,
we predicted that (i) the y-intercepts of the logistic curves
would be greatest for fawns, followed by adult males and
then adult females; (ii) logistic curves for the important vari-
ables for fawns and adult males would have similar slopes;
and (iii) adult males and fawns would have a higher proba-
bility of being in poor body condition than adult females
over the same range of values for given independent vari-
ables. Standard errors for the y-intercepts of the final model
were estimated via bootstrap methods (Sokal and Rohlf
1995). The model-fitting and validation data sets were com-
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Fig. 1. Map of Nova Scotia, Canada, in relation to North America (inset), showing the locations of seven deer management zones, 13
weather stations (�), and road-killed white-tailed deer (Odocoileus virginianus) used to determine the effects of winter weather and
population density on body condition, 1987–2002.



bined for each age/sex group and random samples (with re-
placement) of 70% were generated for each data set. This
procedure was repeated for 1000 iterations.

Results

For adult females, the 95% confidence sets consisted of
two and six models for the model-fitting and model-
validation data sets, respectively (Table 2). The top-ranked
model from the adult female model-fitting data set included
the variables snow depth, temperature, and rainfall. The
adult male 95% confidence sets consisted of five and seven
models for the model-fitting and model-validation data sets,
respectively (Table 2). The top-ranked model from the
model-fitting data set contained the variables density, snow
depth, rainfall, and temperature. The 95% confidence sets
for fawns comprised five models for the model-fitting data
set and three models for the model-validation set (Table 2).
The top model from the fawn model-fitting data set con-
tained snow depth and temperature. The overlap of models
and variables within the models from the 95% confidence
sets of the model-fitting and model-validation data sets sug-
gests that the model rankings are not spurious; hereafter, we
present results from the 95% confidence sets from the
model-fitting data sets.

The models consisting of “snow depth, temperature, rain-
fall” and “snow depth, temperature, rainfall, density” were
included in the 95% confidence sets for all age/sex groups.
Despite the inclusion of density during the year of death in
some models for each age/sex group (Table 2), this variable
was considered to be of minimal importance, as normalized
Akaike weights for this variable for each age/sex group were
less than 0.60 (Table 3). Similarly, there was minimal evi-
dence that rainfall affected body condition in fawns (normal-
ized Akaike weights <0.60), although it was included in two
models from the 95% confidence set (Tables 2, 3). There

was no evidence for cumulative effects of previous winters
on body condition and no model from any of the 95% confi-
dence sets included multiyear variables (snow depth1, snow
depth2, density1, density2; see Table 2).

Snow depth (adult females, βsnow depth = 0.0029, SE =
0.0004; adult males, βsnow depth = 0.0034, SE = 0.0008;
fawns, βsnow depth = 0.0029, SE = 0.0006) was included in all
models constituting the 95% confidence set for adult fe-
males, adult males, and fawns (Table 2) and had a normal-
ized Akaike weight of 1.00 (Table 3). The odds of being in
poor body condition when snow depth increases from 0 to
500 cm increase by 4.21 times (exp(0.0029 × 500); 95% CI:
2.79–6.34) for adult females, 5.57 times (95% CI: 2.67–
11.64) for adult males, and 4.18 times (95% CI: 2.30–7.59)
for fawns (see Table 4).

Rainfall (adult females, βrainfall = 0.0135, SE = 0.0039;
adult males, βrainfall = 0.0142, SE = 0.0070) was included in
each of the two best models forming the 95% confidence
sets for adult females and adult males (Table 2) and had nor-
malized Akaike weights of 1.00 and 0.73, respectively (Ta-
ble 3). For every increase in rainfall from 0 to 90 mm, the
odds of being in poor body condition increase by 3.37 times
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Model ∆i wi Σwi

Adult females
Snow depth, temperature, rainfall (2) 0.000 0.645 0.645
Snow depth, temperature, rainfall, density (5) 1.245 0.346 0.991

Adult males
Snow depth, temperature, rainfall, density (3) 0.000 0.374 0.374
Snow depth, temperature, rainfall (11) 0.300 0.322 0.695
Snow depth (4) 2.347 0.116 0.811
Snow depth, density (1) 2.984 0.084 0.895
Snow depth, temperature (5) 3.604 0.062 0.957

Fawns (male and female)
Snow depth, temperature (3) 0.000 0.427 0.427
Snow depth, temperature, density (4) 1.102 0.246 0.673
Snow depth, temperature, rainfall (1) 1.937 0.162 0.835
Snow depth, temperature, rainfall, density (2) 2.940 0.098 0.933
Snow depth (5) 4.704 0.041 0.974

Note: Numbers contained in brackets are model rankings from the model-validation data sets.

Table 2. Difference in Akaike’s Information Criterion between the ith and the top-ranked model (∆i),
Akaike weights (wi), and the sum of Akaike weights (Σwi) for all models up to the ith model for mod-
els comprising ≥95% of Akaike weights explaining the probability of white-tailed deer in Nova Scotia,
Canada, being in poor body condition.

Age/sex group
Snow
depth Temperature Rainfall

Population
density

Adult females 1.00 1.00 1.00 0.35
Adult males 1.00 0.79 0.73 0.48
Fawns (male

and female)
1.00 0.96 0.27 0.35

Note: Variables with Nwi < 0.60 (chosen a priori) were not considered
to have an important effect on the body condition of white-tailed deer.

Table 3. Normalized Akaike weights (Nwi) for the variables oc-
curring in the models constituting the 95% confidence sets (see
Table 2).



(95% CI: 1.6877–6.7370) for adult females and by 3.58
times (95% CI: 1.2284–10.4280) for adult males (see Ta-
ble 4).

The variable temperature (adult females, βtemperature =
–0.0260, SE = 0.0142; adult males, βtemperature = 0.0234,
SE = 0.0019; fawns, βtemperature = 0.0495, SE = 0.0202) had
high normalized Akaike weights for each age/sex group and
was included in all or most of the models in the 95% confi-
dence sets (Tables 2, 3). For an increase in the temperature
variable of 10 °C (i.e., a drop of 10 °C below –15 °C), the
odds of being in poor body condition are 0.7710 (95% CI:
0.58–1.02) for adult females, 1.2632 (95% CI: 1.22–1.31)
for adult males, and 1.6408 (95% CI: 1.10–2.44) for fawns
(see Table 4).

Fawns entered winter with the highest probability of being
in poor body condition (logistic curve y-intercept of 0.51,
SE = 0.07), followed by adult males (y-intercept of 0.24,
SE = 0.08) and adult females (y-intercept of 0.20, SE = 0.08;
Fig. 2). Although adult males have a higher probability of
being in poor body condition than adult females, overlap-
ping standard errors suggest that differences may be small.
Based upon the slope in Fig. 2d, adult male body condition
appears to decline most rapidly as winter severity increases,
although fawns have a higher probability of being in poor
body condition for each given important variable earlier than
adult males as a result of differences in body condition at the
beginning of winter.

The effect of snow depth is greatest on fawns and least on
adult females (Fig. 2a). The effect of rainfall is quite similar
between adult females and adult males (Fig. 2b). The effect
of temperature on each age/sex group varies considerably:
fawns are most affected, followed by adult males, and adult
females apparently become more likely to be in good body
condition as the temperature variable increases (i.e., as it be-
comes colder for longer; Fig. 2c). The similarity between the
logistic curves for snow depth only and for the combined ef-
fects of snow depth and rainfall illustrate that over the range
of weather conditions, snow depth is the primary influence
on body condition (Fig. 2d).
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Variable β (SE) Odds ratio (CI)

Adult females
Snow depth 0.0029 (0.0004) 4.21 (2.79–6.34)
Temperature –0.0260 (0.0142) 0.77 (0.58–1.02)
Rainfall 0.0135 (0.0039) 3.37 (1.69–6.74)

Adult males
Snow depth 0.0034 (0.0008) 5.57 (2.67–11.64)
Temperature 0.0234 (0.0019) 1.26 (1.22–1.31)
Rainfall 0.0142 (0.0061) 3.58 (1.21–10.48)

Fawns (males and females)
Snow depth 0.0029 (0.0006) 4.18 (2.30–7.59)
Temperature 0.0495 (0.0202) 1.64 (1.10–2.44)

Note: Odds ratios for snow depth are for an increase of 500 cm; odds
ratios for temperature represent a decrease in temperature of 10 °C below
–15 °C; and odds ratios for rainfall represent an increase of 90 mm.

Table 4. Model-averaged parameter estimate (β) with standard
error (SE) and the odds ratio with 95% confidence interval (CI)
for variables with Nwi > 0.60 (see Table 3).

Fig. 2. Logistic curves (P(Yi) = exp(β0 + β1 + β2)/1 + exp(β0 +
β1 + β2)) showing the probability of being in poor body condi-
tion for white-tailed deer (fawns, adult males, and adult females)
in Nova Scotia, Canada, 1987–2002, as (a) snow depth (0–
1446 cm), (b) rainfall (0–126 mm), and (c) temperature (degrees
below –15 °C) increase between 1 November and 15 May.
(d) Combined (snow depth and temperature only) logistic curve
for the probability of being in poor body condition for the mini-
mum to maximum values for each variable.



Discussion

Our results suggest that within the normal range of condi-
tions experienced in Nova Scotia, winter weather conditions
(primarily snow depth and rainfall) can adversely affect the
body condition of all age/sex groups of white-tailed deer in a
predictable manner. In eastern Canada, white-tailed deer
losses to malnutrition are thought to play a minor role in
population dynamics (Whitlaw et al. 1998; Patterson et al.
2002). Particularly harsh winters may cause females to di-
vert resources away from reproduction so that the energy ex-
penditures required for developing a foetus to full term and
for lactation can be avoided, leading to a better chance of
surviving the winter and recovering to reproduce again in fu-
ture years (Clutton-Brock et al. 1989). The period of worst
body condition coincides with winters’ end and the most en-
ergetically expensive trimester of gestation, so it seems
likely that winter weather influences population change in
this region through low recruitment rates and the effects of
low birth weight and slow development on lifetime repro-
ductive success rather than through direct losses due to
overwinter starvation.

We considered the variable for cumulative average weekly
snow depth during the winter of death to have the greatest
overall effect on the body condition of all sex/age classes of
deer. This variable occurred in all models in each of the 95%
confidence sets and had the greatest effect on body condition
for the range of conditions occurring during the study pe-
riod. Cumulative average weekly rainfall had the second
greatest influence on the body condition of adult males and
adult females. Cumulative average weekly temperature be-
low –15 °C had the least influence among variables that
showed evidence of affecting body condition. Similarly,
DelGiudice et al. (2002) found that snow depth had a much
greater influence on the chance of survival of female white-
tailed deer than did number of days below –17.7 °C, and
Hobbs (1989) found that nutritional restriction resulting
from snow cover had a much greater influence on deer body
condition than ambient temperature.

We suggest that the evidence for effects of temperature
found in our analysis may be a spurious result because (i) in
each age/sex group, >50% of the values for the temperature
variable were zero, (ii) the difference between the extreme
values of temperature in our data set (0–25 °C) may not rep-
resent a biologically meaningful change, and (iii) the model-
averaged parameter estimate for adult females was –0.0260,
suggesting that as temperature decreases, the chances of be-
ing in good body condition increase. An alternative explana-
tion could be that, on average, high values for the
temperature variable (i.e., lower temperatures for longer pe-
riods) correspond to lower amounts of rainfall. We have
shown that as the amount of rainfall decreases, so too does
the likelihood of adult females being in poor body condition.
If this relationship holds true, it seems possible, considering
the range of relatively moderate overwinter temperatures oc-
curring in Nova Scotia and the fact that adult females enter
winter with the highest body fat reserves, that “colder” may
in fact be better for adult female white-tailed deer in Nova
Scotia. We acknowledge that if this were true, one would ex-
pect no effect of temperature rather than the negative rela-
tionship found here, and also that this relationship would not
be found if the temperature variable included much lower

temperatures for longer periods. Because the effects of tem-
perature on adult males and fawns were as expected and the
parameter estimates were consistent among models within
all three age/sex groups, the results could imply that there
are indeed intraspecific differences in the response of
age/sex groups to temperature.

We found very little evidence for density-dependent ef-
fects on body condition during the winter of death. Although
density was included in some models, its normalized Akaike
weight was never greater than 0.60. This was surprising, as
Patterson and Power (2002) found that the proportion of
fawns, yearlings, and adults suffering from severe malnutri-
tion (<25% femur marrow fat content) within the same pop-
ulation was correlated to deer density during the winter of
death. This may be explained by the differences in peak pop-
ulation sizes included in the respective analyses. The deer
population during our study period peaked at 106 301 deer
in 1987–1988. Data analysed for the same population by
Patterson and Power (2002) included population highs rang-
ing between 119 237 and 144 987 from 1984 to 1987 that
were not available for our study. Both theoretical (Fowler
1981) and field studies (Sæther et al. 1996; Andersen and
Linnell 2000) indicate that density-dependent suppression of
population growth in large herbivores is not likely to occur
until densities approach carrying capacity. Browse surveys
indicate that the winter carrying capacity for deer in Nova
Scotia is lower than that in other areas of northeastern North
America (Potvin and Huot 1983; Lock 1997; Dumont et al.
2000), which suggests that density-dependent forage compe-
tition may become an important factor affecting body condi-
tion at higher densities, although it may not have been a
factor at the population densities observed during our study.

Adult females entered winter with the lowest probability
of being in poor body condition, followed by adult males
and then fawns (Fig. 2d). This is likely explained by the
small body size of fawns, the high energetic costs of the au-
tumn rut to adult males (Moen 1976; Mautz 1978), and the
low initial costs of gestation to adult females (Pekins et al.
1998). Differences in the probability of entering winter in
poor body condition between adult males and adult females,
although trending toward our prediction (adult males > adult
females), appear to be minimal (overlapping standard errors
of y-intercepts). A possible explanation for this may be age-
related variation in participation in the autumn rut. In Nor-
way, Yoccoz et al. (2002) found that weight loss among
prime-aged male red deer (genus Cervus L.) was much
greater than that of young and senescent male red deer. They
suggested that this was related to the inability of the latter to
defend a harem and thus, they do not incur costs associated
with the autumn rut. If a similar pattern occurs in white-
tailed deer, then variation in reproduction among males may
account for the apparent similarity in the probability of en-
tering winter in poor body condition between adult males
and adult females.

The smaller effect sizes for adult females (Figs. 2a–2c)
may be a result of females aborting foetuses or diverting en-
ergy toward self-maintenance rather than gestation and lacta-
tion (Ricca et al. 2002). Clutton-Brock et al. (1989) found
that the costs of gestation for female red deer were minimal
compared with the costs of lactation. They also found that
the chances of an adult female surviving the subsequent win-
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ter decreased with increasing current winter rainfall for fe-
males that reared a calf until weaning, but not for females
that lost a calf shortly after birth or were barren. Similarly,
the chances of producing a calf the following summer de-
creased with increasing current winter rainfall for females
that had raised a calf to at least 6 months of age, but not for
barren females or those that had lost their calf soon after
birth. This suggests that fitness increases for prime-aged fe-
males if they divert energy away from current reproduction
during severe winters. Because the costs of gestation for
white-tailed deer occur primarily during the third trimester
(Pekins et al. 1998), and in some places fawn abandonment
has been shown to be a significant factor contributing to
fawn mortality (Ricca et al. 2002), it appears that the repro-
ductive costs and benefits to white-tailed deer of raising
fawns until weaning and delaying reproduction may be simi-
lar to those suggested by Clutton-Brock et al. (1989) for red
deer.

Mech et al. (1987) and McRoberts et al. (1995) found that
in Minnesota, snow depth (sum of monthly maximum snow
depths) affected white-tailed deer demography cumulatively,
with changes in fawn:doe ratios becoming measurable only
after 3 years. Patterson and Power (2002) suggested that
white-tailed deer in Nova Scotia may respond to the effects
of winter weather (snowfall) and population density from the
previous 2 years, resulting in changes in population growth
rates. They proposed that the cumulative effects of these
variables were due to the inability of white-tailed deer to
fully recover from the effects of severe winters during previ-
ous years. If this were the case, we would expect to find evi-
dence for cumulative effects of snow depth or density on
body condition. As we found no evidence for any of the
multiyear variables, we suggest that variation among cohorts
may explain the apparent cumulative life-history effects re-
ported to be induced by environmental conditions and (or)
density dependence. Cohort variations occur when individu-
als within a certain cohort experience common environmen-
tal conditions (density-dependent or density-independent)
that generate differences in future reproductive performance,
which then make that cohort distinguishable from others
(Beckerman et al. 2002). Beckerman et al. (2002) suggested
that mature females that experience unfavourable environ-
mental conditions causing poor nutrition can pass on the ef-
fects of that malnutrition to the next generation. As we
found no evidence of a carryover, the observed cumulative
effects of environmental conditions on deer population dy-
namics may be better explained by inheritance of the effects
of the maternal environment, perhaps exacerbated by further
adverse conditions, than by the inability of animals to re-
cover from the detrimental effects of previous winters.

Because northern white-tailed deer usually do not repro-
duce until their second year (Smith 1991), the 2- to 3-year
cumulative effects of winter weather found by Mech et al.
(1987) and Patterson and Power (2002) may be explained if
a cohort is in utero during a severe winter and is born
smaller: the cohort would have reduced initial and lifetime
reproductive success that would become measurable when it
reproduced two winters thereafter. This effect would be par-
ticularly pronounced if the age structure of the population in
question was young, as is the case with most harvested un-
gulate populations (e.g., Langvatn and Loison 1999; Festa-

Bianchet et al. 2003). Messier (1991, 1995) reanalysed the
data set of Mech et al. (1987) under the premise that nutri-
tion is not dichotomous but continuous, so that the effects of
the most recent winter should be most influential and the ef-
fects of previous winters increasingly less influential (Mech
et al. (1987) found measurable effects only after 3 years).
Messier (1991, 1995) suggested that density dependence and
wolf (Canis lupus L., 1758) predation limited the white-
tailed deer in this population and found no effect of the pre-
vious winters’ snow. However, Post and Stenseth (1998) ex-
amined the effect of the North Atlantic Oscillation (large-
scale climate index) on the same population and found a lag
of 3 years before its demographic effects became measur-
able in population growth; they suggested that this supported
the hypothesis of Mech et al. (1987) regarding the cumula-
tive effects of winter weather. As the above papers do not
address the fundamental biological factor thought to lead to
demographic variation (i.e., body condition), we believe our
study illustrates that the putative cumulative effects of win-
ter weather may in fact be the result of the detection of
lagged cohort effects within variables constructed to mea-
sure the multiyear cumulative effects of winter weather. We
concur with Patterson and Power (2002) that the findings of
Post and Stenseth (1998) may in fact be a better illustration
of lagged effects than of cumulative effects, providing fur-
ther support that previous demonstrations of cumulative ef-
fects may in fact represent cohort variation. Fat deposition is
key to the overwinter survival of white-tailed deer and so it
seems logical that prime-aged adult females would direct en-
ergy first toward survival and then toward reproduction.
This would increase lifetime reproductive success, espe-
cially if reproductive success in the following year is en-
hanced by the animal being in better body condition.

Trade-offs between survival and fecundity in ungulates
and their dependence on current and previous environmental
conditions have been documented (Gaillard et al. 1997,
2003; Kruuk et al. 1999a). Gaillard et al. (2003) highlighted
two paths through which cohort variation could affect popu-
lation dynamics. The first is the immediate effect that poor
maternal condition and unfavourable environmental condi-
tions can have on first-year survival of a cohort, resulting in
reduced recruitment. The second is a long-term path
whereby conditions before and (or) immediately after birth
affect the subsequent reproductive quality of the animal.

We have demonstrated that in Nova Scotia the body con-
dition of white-tailed deer during winter is most negatively
affected by increasing snow depth and exposure to rainfall.
Previous studies have illustrated that overwinter mortality
due to malnutrition in this area is minimal (Whitlaw et al.
1998; Patterson et al. 2002) and that poor maternal body
condition may lead to variation in recruitment and lifetime
reproductive success (e.g., Clutton-Brock et al. 1989). We
suggest that the primary pathway through which winter
weather influences demographic variation in this population
is through its influence on maternal body condition and sub-
sequent reproductive success.
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