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Abstract 
The heterogeneity of resource availability shapes animal movements at different spatio-temporal scales. Given that move-
ments at various scales are assumed to be linked, the space use of temperate ungulates within seasonal ranges (winter, 
summer) should be related to their movement patterns at the annual scale. In this study, we aimed to evaluate the level of 
stationarity of moose (Alces alces) within their seasonal ranges and to link annual movement patterns to within-season space 
use. We analysed the ranging behaviour of 32 moose fitted with GPS collars from two study areas in Eastern Poland, where at 
the annual scale a fraction of individuals migrate between summer and winter ranges (partial migration). Our results revealed 
that moose stationarity within seasonal home ranges expressed remarkable variation. The probability of moose stationarity 
within seasonal ranges was significantly higher (by 23%), and the mean home range size tended to be lower (9.7  km2) among 
individuals that seasonally migrated than among non-migratory moose (14.3  km2). In addition, we found that (i) in summer, 
moose were significantly more stationary (by 19%) and exhibited a smaller mean home range size than in winter (9.0 and 
15.9  km2, respectively) and (ii) the mean seasonal home range size of males (19.6  km2) was remarkably greater than that of 
females (9.6  km2). Given the significant link between annual and seasonal scales of animal movements, any environmental 
change (e.g. climate warming) affecting an animal’s annual movement strategy could alter within-season animal space use 
and presumably individual fitness.

Significance statement
To maximize their fitness, animals adjust their movements to deal with variations in resource distribution in the landscape. 
The scale of spatio-temporal variation causes different types of migratory behaviours, ranging from year-round stationarity to 
migration, when individuals establish spatially separated seasonal ranges. Studies on ungulates suggest that the stability and 
the size of seasonal home ranges can be linked to annual movement behaviour. Using the locations of GPS-tracked moose, 
we demonstrate in this study that migratory individuals were more prone to establishing stable seasonal home ranges (espe-
cially in summer) than moose that occupied the same area throughout the year. Moreover, stable seasonal home ranges were 
remarkably smaller in summer than in winter, which may suggest a season-specific spatial distribution and a renewability of 
moose forage. Our results show a clear link between different temporal scales of animal movements.
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Introduction

Animal movement is driven by an individual’s intrinsic 
motivation to move, its ability to move as well as a broad 
set of extrinsic factors (Nathan et al. 2008). Among external 
factors, the highest importance is assigned to foraging 
availability, but access to water (Gaylard et al. 2003), weather 
conditions (Borowik et al. 2020a), predation risk (Mitchell 
and Lima 2002; Forrester et al. 2015) and human disturbance 
(Preisler and Wisdom 2006; Haidt et al. 2018) are additional 
predictors of animal movement. According to the marginal 
value theorem (Charnov 1976), in environments where food 
occurs in clumps or patches, animals, when looking for food 
resources, choose the most beneficiary patch types. Animals 
are expected to leave specific patch when the energetic 
benefit of foraging in it drops below the average value of 
other available patches. When food resources have a high 
regenerative potential, animals, based on their cognitive 
abilities, can repeatedly utilize the same foraging patches, 
leading to the establishment of stable home ranges (stationary 
behaviour; Benhamou 2014; Bracis et al. 2015). Stationarity, 
however, is a scale-dependent concept (Benhamou 2014). 
For a given data series, animal movements can be classified 
as stationary at a specific temporal scale, but at finer scales 
a mixture of stationary and non-stationary periods can be 
observed (multiphasic movements). For example, an animal’s 
movement can be considered stationary at the seasonal scale, 
while at finer scales, the seasonal tracking period can be 
divided into several stationary and non-stationary phases 
(Johnson et al. 2002; Börger et al. 2008; Benhamou 2014; 
Couriot et al. 2018).

Indeed, scale-dependent stationarity has been indicated, 
among others, in ungulates from seasonal environments, 
where natural resources tend to be spatially aggregated 
and animals move between resource aggregates (patches). 
As a result, a series of subseasonal stationary (functional 
home ranges) and non-stationary phases has been observed 
(e.g. Niger buffalo Ictiobus niger, Benhamou 2014; roe 
deer Capreolus capreolus, Couriot et  al. 2018; sable 
antelope Hippotragus niger, Owen-Smith et  al. 2010; 
elk Cervus elaphus manitobensis, Fryxell et  al. 2008). 
Stationary phases correspond to frequent, short intrapatch 
movements and a high path tortuosity, while (rarer) non-
stationary periods relate to interpatch movements of lower 
sinuosity (Barraquand and Benhamou 2008; Fryxell et al. 
2008; Benhamou 2014). Moreover, in temperate latitudes, 
ungulate movement can change seasonally as animals utilize 
different food resources and habitat patches in summer and 
winter. Hence, even in the same area, resource distribution 
can express different levels of heterogeneity across seasons. 
High habitat patchiness, which has been observed in winter, 
restricts foraging activity to small, discrete forage aggregates 

and prompts animals to move between foraging areas 
(Johnson et al. 2002; van Beest et al. 2010). In addition, 
the greater ability of forage regeneration in summer results 
in more frequent revisits of previously utilized patches and 
thus the emergence of smaller and more stable home ranges 
(Börger et al. 2008; Owen-Smith et al. 2010). Nevertheless, 
in many ungulate populations, part of individuals seasonally 
migrate (partial migration) to cope with heterogeneity in 
resource distribution at this scale, allowing them to establish 
seasonal home ranges in more homogeneous landscapes 
(Chapman et al. 2011).

Whereas ungulate movements at the annual scale have 
received considerable attention (Mysterud 1999; Mueller 
et al. 2011; Naidoo et al. 2012; Singh et al. 2012; Cagnacci 
et al. 2016; Peters et al. 2017; Borowik et al. 2020b), only 
a few surveys focusing on within-seasonal movements have 
been conducted (Fryxell et al. 2008; Owen-Smith et al. 2010; 
Couriot et al. 2018). Knowledge of animal movements at 
lower spatio-temporal scales is of considerable importance 
for species management and conservation strategies, because 
small-scale movements can greatly affect individual fitness 
components. For example, Couriot et  al. (2018) have 
demonstrated significant differences in the level of seasonal 
stationarity for roe deer inhabiting sharply contrasting 
environments across Europe and have suggested that such 
a phenomenon may be widespread among populations of 
other ungulates.

In this study we sought to evaluate the level of stationarity 
of seasonal home ranges in moose (Alces alces) from popu-
lations in Eastern Poland and relate it to movement strategies 
at annual scale. We chose moose as a model species, as in 
Eastern Poland moose populations are composed of resident 
and migratory individuals and their movement strategies are 
related to habitat patchiness; i.e., lower habitat patchiness is 
associated with the predominance of migrating individuals, 
while in more patchy landscapes, resident moose dominate 
(Borowik et al. 2020b). In addition, food resources differ 
seasonally; thus, animals utilize different habitat patches in 
winter (coniferous forests) from summer (wetlands; Czernik 
et al. 2013; Kuijper et al. 2016). We used the GPS locations 
of 32 moose collected in 2012–2018 to classify individual 
yearly movements and assess within-season stationarity and 
home range sizes. We hypothesized that the stationarity of 
seasonal home ranges would be dependent on movement at 
the annual scale, as seasonal migration can allow an ani-
mal to better adjust to seasonal changes in the heteroge-
neity of resource distribution at this scale (Noonberg et al. 
2007). Therefore, we predicted that individuals that migrate 
between winter and summer ranges should have a higher 
probability of being a resident within seasonal home ranges 
and have a smaller seasonal home range size compared with 
non-migrating moose. Second, we expected that the prob-
ability of an animal being stationary within seasonal ranges 
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and seasonal home ranges would be greater in winter than in 
summer, because in the latter, food resources are renewable 
and less dispersed across the landscape, stimulating repeated 
visits to the same food patches (Owen-Smith et al. 2010; 
Couriot et al. 2018).

Materials and methods

Study area

The study area was located in Eastern Poland at the south-
ern range of species distribution in Europe and included 
two study sites, being the core areas of moose in Poland 
(Fig. 1). The northern study site (22° 35′ E, 53° 26′ N) 
included the southern part of the Biebrza National Park 
and neighbouring forest districts (hereafter Biebrza), while 
the southern study site (23° 8′ E, 51° 26′ N) encompassed 
the Polesie National Park and surrounding forest districts 
(hereafter Polesie; Fig. 1). The Biebrza is a large marsh-
land of the Biebrza river valley, surrounded by elevated 
areas with coniferous forests (mainly Scots pine Pinus 

sylvestris). The Polesie study site is a mosaic of wetland 
and forest habitats with numerous oligotrophic lakes. In 
both areas, wetlands are overgrown with sedge, sedge-
moss and reed communities as well as willow (Salix sp.) 
bushes. In forests, the most common are pine, black alder 
(Alnus glutinosa) and downy birch (Betula pubescens). 
Besides moose, the ungulate guild is represented by red 
deer (Cervus elaphus), roe deer and wild boar (Sus scrofa; 
Wawrzyniak et al. 2010; Borowik et al. 2013). In both 
areas, wolves (Canis lupus) preyed upon moose, although 
they constitute only a relatively small proportion of the lat-
ter’s diet (Jędrzejewski et al. 2012). Moose are not hunted 
in Poland due to a ban imposed in 2001, while the hunting 
of other ungulates is allowed (Raczyński and Ratkiewicz 
2011; Borowik et al. 2018).

Movement data

We used GPS tracking data of adult moose (≥ 2 years) from 
the Biebrza (2012–2017; 12 females and 10 males) and Pole-
sie study sites (2013–2018; 9 females and 1 male). Ani-
mals were immobilized with etorphine (Arnemo et al. 2003) 

Fig. 1  Distribution of the Biebrza (A) and Polesie (B) study sites and centroids of moose home ranges (autocorrelated kernel density estimation, 
AKDE 95%) in Eastern Poland during GPS tracking from 2012 to 2018
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injected via a pneumatic dart gun (Dan-Inject) and then fit-
ted with Ecotone Telemetry GPS-GSM collars. The collar-
ing took place in winter (January–March; see also Borowik 
et al. 2020b). No animal suffered during anaesthesia, and 
we did not observe any negative impact of the collaring on 
animal behaviour and survival. The GPS collars were set to 
send animal positions registered every hour. We screened 
the GPS data for positional outliers (location errors) and 
removed them from the final databases. We classified a loca-
tion as an outlier when the step length exceeded 15 km for a 
1-h interval. It was not possible to record data blind because 
our study involved focal animals in the field.

Data analyses

Annual movement patterns

We classified the annual patterns of moose behaviour into 
migrant and non-migrant categories using the net squared 
displacement (NSD) method. NSD is a squared straight-line 
distance between the predefined starting position of an indi-
vidual within its starting range and every subsequent posi-
tion (Turchin, 1988; Bunnefeld et al. 2011). At the beginning 
we extracted one location per day (first position acquired 
in a given day) and divided the moose tracking data into 
80 yearly subsets of 365 (366) locations (Biebrza, n = 57; 
Polesie, n = 23; from 1 to 5 yearly subsets per individual), 
starting on 15 February. We chose this date because it cor-
responded to the time when all individuals remained in 
their winter ranges (time preceding migratory movements). 
Then, with the help of the ‘migrateR’ package (R environ-
ment; Spitz et al. 2017), we generated 70 NSD plots of the 
annual movement patterns of individual moose. Finally, we 

visually inspected these plots and classified moose move-
ments based on the temporal distribution of the NSD scores 
(Fig. 2). We considered an individual a migrant when the 
NSD plot presented clearly temporally separate clouds 
of points representing winter and summer ranges and the 
animal spent at least 21 days in a spatially separate sum-
mer range (Supplementary file 1, Fig. S1A). The plot of 
non-migratory moose, in turn, presented a single cloud of 
points, i.e. the winter and summer NSD scores expressed a 
temporal overlap (Supplementary file 1, Fig. S1A). We did 
not observe any nomadic behaviours, while moose dispersal 
was noted only once, thus we excluded this particular moose 
from further analyses (Fig. 2).

Seasonal movement patterns and home range size

We divided the annual tracking data sets into winter and 
summer subsets, applying different criteria for seasonally 
migrating and non-migrating animals. For migrants, sum-
mer was the period that started from arrival at the summer 
range until the start of the rutting period (28 August), while 
winter corresponded to the time spent by moose in the win-
ter range, i.e. from arrival at the winter range (autumn) until 
departure to summer range (spring). In migratory individu-
als, locations from migration periods were not included in 
the estimation either of summer or winter ranges. We also 
decided to remove the rutting period from the analyses to 
obtain comparable home range size estimates for both sexes. 
Males during the rut exhibited increased movement (Supple-
mentary file 1, Fig. S2) and often made ‘exploratory sallies’ 
beyond their summer range that could have led to the incor-
rect classification of male movement behaviours during sum-
mer. As we found a clear autumnal peak in moose movement 

Fig. 2  Moose movement 
strategies in Biebrza and Polesie 
classified on the basis of the net 
squared displacement (NSD) 
method. Each grey line repre-
sents an individual moose-year 
trajectory. Black lines show 
the local fitting of polynomial 
regression (loess) to the NSD 
data
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corresponding to the rutting period, we assumed that the 
beginning of the rut was the time when males’ mean daily 
movement started exponentially increasing (28 August). 
We calculated the daily movements of the studied males as 
the sum of the distances between daily locations. For non-
migrants, summer was the period delimited by the median 
date of the spring migration midpoint estimated for migra-
tory individuals (21 April) and the start of the rutting period 
(28 August), while winter was the period between the median 
date of the autumn migration midpoint (17 October) until 
21 April (Borowik et al. 2020b). Migration start, midpoint 
and end dates were estimated based on the curve param-
eters fitted to the NSD data of migratory individuals with 
the ‘MigrateR’ package (R environment; Spitz et al. 2017). 
To sum up, in migrants, the summer time series of locations 
ranged over the period of 43–181 days (mean = 124.9 days) 
and winter over 79–268 days (mean = 141.6 days), while in 
non-migrants, the summer time series spread over 129 days 
and winter over 186–187 days.

We classified the movement behaviour of moose and cal-
culated the seasonal home range size with the application of 
the ‘ctmm’ package (R environment; Calabrese et al. 2016). 
For each seasonal tracking subset (both migratory and non-
migratory individuals), we visualized the autocorrelation struc-
ture in moose locations by generating a variogram presenting 
estimated semi-variance plotted against time lags for half of the 
data set’s duration (Supplementary file 1, Fig. S1B). We visu-
ally inspected all variograms (n = 158) to classify the movement 
behaviour of moose into stationary or non-stationary move-
ments. We assumed moose to be stationary in a given season 
when the variogram, estimated for the corresponding tracking 
data, presented semi-variance reaching a clear asymptote across 
the considered time lags. Non-stationary individuals were 
moose whose semi-variance did not reach an asymptote (Fig. 3; 
Supplementary file 1, Fig S1B; Fleming et al. 2015; Noonan 
et al. 2019). Stationary moose, then, were individuals that occu-
pied the range uniformly throughout the season, whereas non-
stationary individuals tended to utilize different parts of the 
range over time (temporal range shift; Calabrese et al. 2016). 
The estimated movement behaviour of moose within seasonal 
home ranges (stationary vs non-stationary) was weakly related 
to the number of locations used for semi-variance calculation 
(Spearman’s rank correlation =  − 0.14, n = 158, P = 0.09).

For each seasonal data set, we estimated the seasonal 
home range size of moose via 95% autocorrelated ker-
nel density estimation (AKDE; Fleming et al. 2015). This 
up-to-date and powerful method allows the estimation 
of home range sizes with accurate confidence intervals 
from autocorrelated data sets without the need to coarsen 
the sampling rate or stratify across individuals (Laver 
and Kelly 2008; Fleming et al. 2015). On the basis of the 
shape of the empirical variogram, the initial guesstimated 
parameters of the prototype model were estimated using 

the ctmm.guess function. Subsequently, this prototype 
model served for calculating an optimal movement model 
(fitted via maximum likelihood and ranked based on  AICc) 
and individual home ranges (akde function, Fleming et al. 
2015; Calabrese et al. 2016). An optimal bandwidth dif-
fered between seasonal tracking subsets because it was 
dependent on movement behaviour through the autocor-
relation function — the higher autocorrelation the larger 
optimal bandwidth. The estimated seasonal home range 
sizes of stationary moose were weakly associated with the 
number of locations used for range estimation (Spearman’s 
rank correlation = 0.09, n = 105, P = 0.37).

Statistical analyses

To delineate the association between males’ daily move-
ment and the day of the year, we applied a generalized 

Fig. 3  Empirical variograms representing autocorrelation structure in 
seasonal (summer and winter) tracking data of moose. For stationary 
moose, semi-variance function expressed an asymptotic behaviour 
(upper panel), while for non-stationary individuals, an asymptote was 
not reached at any of the considered time lags (lower panel). Semi-
variance represents the average square distance travelled by moose 
over a specific period of time. Maximum semi-variance ranged from 
0.05 to 23  km2. Maximum time-lag ranged from 0.9 to 4.5 months
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additive model (GAM; Wood 2020) with a gamma error 
structure. We set males’ daily movement as a response 
variable and the day of the year as an explanatory vari-
able. The day of the year was fitted with a non-parametric 
spline, allowing the modelling of non-linear relationships 
between response and explanatory variables (Wood 2017). 
In addition, we used a cyclic smoother, forcing the model 
to assume the same value of response at both extremes 
of the explanatory variable (e.g. male daily movement 
was assumed to be the same in days 1 and 365 (366); see 
Wood 2017). As we estimated males’ daily movement on 
the basis of moose GPS fixes collected by repeated sam-
pling of the same individuals over five years, we added the 
moose identification number (ID) and the year as categori-
cal random factors to GAM as penalized regression terms 
(Wood 2017).

We tested differences in the probability of moose station-
arity within seasons between migratory and non-migratory 
individuals, seasons (winters vs summer) and sex using a 
generalized linear mixed model (GLMM 1) with a bino-
mial error structure (R environment: ‘lme4’ package, glmer 
function; Bates et al. 2015). We set moose within seasonal 
stationarity (1, stationary; 0, non-stationary) as a response 
variable, while the explanatory variables included yearly 
movement type, season and sex. For individuals that were 
indicated as being stationary within seasonal home ranges 
based on an inspection of the variograms, we used a gen-
eralized linear mixed model with gamma error structure 
(GLMM 2) to test the differences in the seasonal home range 
sizes between migratory and non-migratory individuals, sea-
sons (winters vs summer) and sex. Here, we set seasonal 
home range size as a response variable and yearly move-
ment type, season and sex as explanatory variables. In both 
GLMMs, we added the moose identification number (ID) 
and the year as random factors, because we classified the 
movement behaviour of moose on the basis of their GPS 
locations, collected by repeating sampling of the same indi-
viduals over multiple years. For both GLMMs, we created 
a set of competing models, which were ranked using the 
Akaike information criterion (AIC) with the second-order 
correction for a small sample size (AICc) (Burnham and 
Anderson 2002). All models close to the top model (lowest 
 AICc), having ΔAIC ≤ 2, were considered to have substantial 
empirical support. All statistical analyses were done in R (R 
Core Team 2020).

Results

According to the NSD method, 49% of the yearly sub-
sets (NSD plots) represented migratory individuals, 50% 
non-migratory moose and 1% dispersers (Biebrza: migra-
tory—65%, non-migratory—35%; Polesie: migratory—8%, 

non-migratory—88%, dispersers—4%). Within the analysed 
seasons, stationary behaviour (the semi-variance reached an 
asymptote on the variogram plot) was attributed to 75% of 
the summer tracking subsets and 58% of the winter sub-
sets (Figs. 3 and 4; Supplementary file 1, Table S1). The 
AIC-based ranking of models, which tested the associa-
tion between the probability of the seasonal stationarity 
of moose and their annual movement strategy, season and 
sex, confirmed the highest support for the model includ-
ing movement strategy and season among its explanatory 
variables (GLMM 1; Table 1A). The probability of moose 
being stationary was significantly greater (by 23%) for indi-
viduals that seasonally migrated between winter and sum-
mer ranges than for non-migratory individuals (P = 0.03) 
and was higher by 19% in summer than in winter (P = 0.02; 
Table 2A; Fig. 5).

The evaluation of the models, which tested the associa-
tion between the seasonal home range size of moose and 
their annual movement strategy, season and sex, indicated 
that within ΔAICc ≤ 2 two top-ranked models received com-
parable support (GLMM 2; Table 1B). Hence, we treated 
both models as best models and reported the parameter esti-
mates for the top-ranked model, including all considered 
explanatory variables (Table 2B). The seasonal home range 
size tended to be significantly associated with the annual 

Fig. 4  Home range size (autocorrelated kernel density estimation, 
AKDE 95% ± 95% CI) of moose in Eastern Poland from 2012 to 
2017. The colour of the dots and squares represent the classification 
of individuals’ movements within their seasonal ranges. Black dots 
and squares denote stationary individuals; white dots and squares 
indicate non-stationary individuals. Only the home range sizes of sta-
tionary individuals were used in the analyses

119   Page 6 of 11 Behavioral Ecology and Sociobiology (2021) 75: 119



1 3

movement strategy (P = 0.09): individuals with spatially 
separated seasonal home ranges had smaller seasonal home 
ranges than non-migratory moose (9.7 and 14.3  km2, respec-
tively) (Figs. 4 and 6). The seasonal home range size of 
moose was significantly greater in winter (15.9  km2) than in 
summer (9.0  km2; P < 0.001), and males had a considerably 
larger seasonal home range size (19.6  km2) than females 
(9.6  km2; P = 0.01; Table 2B, Figs. 4 and 6; Supplementary 
file 1, Table S1).

Discussion

The results indicated that the majority of individuals from 
the studied populations established stable seasonal home 
ranges, while a fraction of the individuals expressed non-
stationary behaviours. Migratory moose had a higher prob-
ability of seasonal stationarity, as has also been found for 
roe deer (Couriot et al. 2018). Moreover, their home ranges 
were smaller compared with non-migrants. Large-scale 
movements allow migratory individuals to find and select 
more optimal habitats with more uniformly distributed food 

supplies and to adjust to seasonal changes of food resources 
at the yearly scale (van Moorter et al. 2013). In our study 
sites, as in other populations worldwide (Baskin and Danell 
2003; Schwartz et al. 2007), moose feed on different plant 
species and utilize various habitat patches in winter and 
summer (Borkowska and Konopko 1994; Czernik et al. 
2013). Therefore, the home ranges of non-migratory indi-
viduals should include food patches that provide forage both 
in summer and in winter, while the seasonal ranges of migra-
tory moose in the majority consist of seasonally specific 
habitat types, i.e. forests in winter ranges and wetlands in 
summer ranges (Borowik et al. 2018, 2020b). As a conse-
quence, non-migratory individuals within seasonal ranges 
may be forced to move more and occupy larger ranges to 

Table 1  Model selection (based on the AICc criteria) for the consid-
ered generalized linear mixed models testing the association between: 
(A) probability of moose stationarity within seasonal ranges and 
annual movement strategy (migrants vs non-migrants), season (sum-
mer vs winter) and sex (GLMM 1); (B) seasonal home range size 
and annual movement strategy (migrants vs non-migrants), season 
(summer vs winter) and sex (GLMM 2). K, the number of estimated 
parameters; AICc, Akaike’s information criterion with a second-order 
correction for small sample sizes; ΔAICc, difference in AICc between 
the specific model and the most parsimonious model; ωi, model 
weight. Individual ID and year were set as random factors

Model K AICc ΔAICc ωi

(A) Stationarity probability
Movement strategy + season 5 195.5 0 0.557
Movement strategy + season + sex 6 197.7 2.16 0.189
Season 4 199.1 3.63 0.091
Movement strategy 4 199.3 3.85 0.081
Season + sex 5 201.2 5.67 0.033
Movement strategy + sex 5 201.5 5.98 0.028
Intercept 3 202.7 7.20 0.015
Sex 4 204.7 9.21 0.006
(B) Home range
Movement strategy + season + sex 7 718.4 0 0.440
Season + sex 6 718.6 0.26 0.386
Period 5 721.4 3.02 0.097
Movement strategy + period 6 721.9 3.50 0.076
Movement strategy + sex 6 740.5 22.2  < 0.001
Sex 5 740.6 22.3  < 0.001
Intercept 4 743.0 24.6  < 0.001
Movement strategy 5 743.3 25.0  < 0.001

Table 2  Parameter estimates for the top-ranked generalized linear 
mixed models testing the association between: (A) probability of 
moose stationarity within seasonal ranges and annual movement strat-
egy (migrants vs non-migrants), season (summer vs winter; GLMM 
1); (B) seasonal home range size and annual movement strategy 
(migrants vs non-migrants) and season (summer vs winter) and sex 
(GLMM 2). Reference levels for analysed factors are presented in 
parenthesis

Variable Estimate ± SE Test statistics P

(A) Stationarity probability
Intercept
Migrants, winter 1.11 ± 0.48 2.31 0.02
Migrants, summer 2.05 ± 0.55 3.74  < 0.001
Non-migrants, winter  − 0.09 ± 0.41  − 0.22 0.82
Non-migrants, summer 0.85 ± 0.42 2.00 0.04
Movement strategy
Non-migrants (migrants)  − 1.20 ± 0.55  − 2.19 0.03
Season
Summer (winter) 0.94 ± 0.40  − 2.37 0.02
(B) Home range
Intercept
Migrants, winter, female 2.41 ± 0.20 11.8  < 0.001
Migrants, winter, male 3.12 ± 0.28 11.1  < 0.001
Migrants, summer, female 1.84 ± 0.20 9.09  < 0.001
Migrants, summer, male 2.55 ± 0.28 9.25  < 0.001
Non-migrants, winter, 

female
2.80 ± 0.20 11.8  < 0.001

Non-migrants, winter, male 3.51 ± 0.28 12.6  < 0.001
Non-migrants, summer, 

female
2.23 ± 0.21 10.5  < 0.001

Non-migrants, summer, 
male

2.94 ± 0.27 10.9  < 0.001

Movement strategy
Non-migrants (migrants) 0.39 ± 0.23 1.68 0.09
Season
Summer (winter)  − 0.57 ± 0.11  − 5.19  < 0.001
Sex
Male (female) 0.71 ± 0.28 2.59 0.01
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obtain preferable food items compared with migrants, which 
may utilize less dispersed food resources. Indeed, the spatio-
temporal distribution and availability of food resources are 
among the most important determinants of home range sizes 
in ungulates (McNab 1963; Tufto et al. 1996; Relyea et al. 
2002; van Beest et al. 2011).

In line with our prediction, in summer, moose were more 
stationary, and their home ranges were smaller than in win-
ter. This may be related to differences in the heterogeneity 
of forage distribution and their regeneration capacity in both 
seasons. In winter, moose in Poland forage predominantly on 
twigs and barks of young forest successional stages (espe-
cially pine plantations; Borkowska and Konopko 1994; 
Czernik et al. 2013). This forage type, however, regener-
ates only after a few months, during the growing season 
(spring–summer; Kilpeläinen et al. 2006; Mäkinen et al. 

2018), while summer forage can partly regrow within the 
same growing season (Tuomi et al. 1994). Hence, in sum-
mer, moose can more often revisit the same forage patches. 
Furthermore, in the study area, the patches of young pine 
plantations are spatially isolated by older pine stands of 
much lower forage availability, which causes a high spatial 
dispersal of forage patches in winter. This may restrict for-
aging activity to small, discrete patches and promote multi-
range tactics (Benhamou 2014; Couriot et al. 2018). By con-
trast, in summer, willow bushes and aquatic vegetation are 
relatively abundant and less spatially dispersed, potentially 
resulting in more uniform range utilization (Johnson et al. 
2002).

Finally, we observed larger seasonal home ranges among 
males than females. This could stem from sexual dimor-
phisms, as larger males, due to their greater energy needs 

Fig. 5  Predicted probability 
(mean ± 95% confidence inter-
vals) of seasonal stationarity of 
moose depending on individual 
annual movement strategy and 
season (results of GLMM 1; 
Table 2A)

Fig. 6  Predicted moose home range size (mean ± 95% confidence intervals) depending on individual annual movement strategy, season and sex 
(results of GLMM 2; Table 2B)
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and nutritional demands, are expected to have higher spatial 
requirements than females (Mysterud et al. 2001; Kamler 
et al. 2003; Ofstad et al. 2016). The larger home range sizes 
of males can also be linked to the contrasting dispersal of 
preferred forage patches, because both sexes utilize slightly 
different habitats within their home ranges (Nikula et al. 
2004). Nevertheless, other factors such as mobility, rearing 
of the young or predator avoidance can additionally contrib-
ute to sex-specific differences in home range size (Cederlund 
and Sand 1994; Dussault et al. 2005).

Our results are likely to show the differences in the 
stability of seasonal home ranges and indicate the linkage 
between two different scales of movement behaviours 
among moose. We have explained the movement patterns 
we observed in terms of spatio-temporal variation in 
resource distribution and ability of resources to regenerate. 
Future research, however, should be directed at measuring 
variables that would accurately index forage abundance and 
distribution at meaningful spatio-temporal scales and link 
movements at these scales with animal fitness components. 
This can be a very challenging task, because animals can 
respond to environmental variation at a very fine scale and 
available metrics may prove too coarse to efficiently track 
these changes (Couriot et al. 2018). Interestingly, we have 
also demonstrated a high intra-individual variation of space 
use patterns in moose inhabiting the same landscapes, which 
may indicate that beyond environmental factors, individual 
personality can be involved in movement tactics and foraging 
decisions (Borowik et al. 2020b; Ranc et al. 2020). Despite 
increasing research on animal personality (Dingemanse et al. 
2012), ungulates’ individual-level choices of movement 
strategies are still poorly studied and need further exploration 
(Found and Clair 2019). Finally, given the significant link 
between annual and seasonal scales of animal movements, 
any environmental change (e.g. climate change, habitat 
destruction; Wilcove and Wikelski 2008) affecting an 
animal’s annual movement strategy could alter its within-
season space use and presumably individual fitness.
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