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Seasonal variation in daily activity patterns 
of free-ranging European ground squirrels 
(Spermophilus citellus)
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ABSTRACT

This study describes the annual pattern of daily activity of European ground squirrels
(Spermophilus citellus) in their natural habitat. Daily above ground activity was recorded with
a visual scanning procedure during the active season of 1992 and 1993. Activity patterns were
analysed with respect to time of year and to the animal's reproductive state. Activity started on
average 3.9 h (sd = 0.6 h, n = 37 days) after civil twilight at dawn and ended on average 3.2
h (sd = 0.9 h, n = 37 days) before civil twilight at dusk. Between onset and offset of activity,
54% was spent above ground, of which 73% was spent foraging. Activity patterns were influ-
enced by photoperiod, rainfall and by reproductive state. During mating, reproductively active
males started activity earlier than females and reproductively inactive males. In females, time
spent foraging was high during lactation. The midpoint of daily activity was at 12:16 h (sd =
0.37 h, n=37 days). Activity patterns of European ground squirrels thus appear robustly posi-
tioned in the middle of the photoperiod.



INTRODUCTION

While there is a vast literature on daily activity patterns in small mammals under experi-
mental conditions in the laboratory, little is known of time allocation in the field. In nocturnal
rodents, natural activity patterns have been derived from trapping data or telemetric monito-
ring (Daan and Slopsema, 1978; Lehmann and Sommersberg, 1980; Hoogenboom et al.
1984; Belovsky, 1987; Lovegrove 1988). The information conveyed by such techniques is
obviously limited, and often it can not be excluded that the monitoring system itself affects the
activity pattern.

Diurnal mammals have the advantage that above ground activity patterns can be studied in
detail by simple direct observation. The European ground squirrel (Spermophilus citellus) is a
diurnal rodent species with a pronounced annual cycle of above ground activity. In spring and
summer, the animals reproduce and subsequently prepare for hibernation in autumn and win-
ter. The reproductive cycle is accompanied by changes in physiology and behaviour (Millesi et
al. 1998; Millesi et al. 1999a,b). These different behavioural states are accompanied by speci-
fic energetic demands, which may affect daily activity patterns. Evidence for changes in daily
activity patterns due to high energy demands has been obtained in a detailed time-energy bud-
get study in the Golden-mantled ground squirrel (Kenagy et al. 1989). The high energy
demands of lactation result in an increase in above ground activity, as well as in the percentage
of time the animals allocate to foraging. Thus, changes in activity timing can occur in adjust-
ment to important events in the animal's life cycle. They also provide insight in the plasticity
of the underlying timing mechanisms of daily activity patterns.

The European ground squirrel is a burrowing animal, and exit from and entering into a
burrow produce major changes in light exposure. Above ground activity patterns in this
strictly diurnal animal have been shown to represent the daily pattern of perceived light in
outside enclosures (Hut et al. 1999a). Activity patterns thus determine what light information
is available to the animal for day to day adjustments of activity timing. The aim of the present
work was to establish above ground activity patterns of European ground squirrels through-
out the active season in their natural habitat. We evaluated if the daily activity pattern was
affected by the animal's reproductive state and/or external factors (e.g., weather conditions
and photoperiod).

MATERIALS AND METHODS

Animals and individual identification 
The study was carried out in 1992 and 1993 in a population of free living European

ground squirrels in a sub-urban park near Vienna, Austria (48˚18' N 16˚22' E; Millesi et al.
1998; 1999ab). The study area was a meadow of 200 x 400 m, which could be over viewed
from a single observation position. European ground squirrels in this area were trapped regu-
larly during the period of the study to record body mass and reproductive state. Upon first
capture, each animal was marked individually with a passive identification transponder (PIT
tag, Indexel, Austria), which was injected subcutaneously in the neck region. In addition,
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commercial hair dye was used to make distinct colour marks on the fur to facilitate individual
recognition from the observation site. 

Age categories
The ground squirrels were categorized in three age classes: juveniles (born in the calender

year of data collection), yearlings (born in the preceding calender year) and adults (born in
years before the preceding calender year). This categorization was based on earlier data, indi-
cating that yearling ground squirrels differ from older individuals in reproductive behaviour
and output (Millesi et al. 1998; Millesi et al. 1999ab), which may have an effect on their acti-
vity patterns. 

Reproductive states
Reproductive activity was assessed by inspection of scrotal pigmentation and testes size in

males, and condition of the vulva and mammae in females (Millesi et al. 1998; Millesi et al.
1999ab). All yearling and adult females present in the area during the mating phase had swol-
len vulva's and/or fully developed mammae at some stage of reproduction. One yearling male
had developed testes, but disappeared from the area in the course of the mating phase. All
adult animals had developed testes during the mating phase.

Males were categorized in three reproductive states: (1) pre-mating, (2) mating and (3)
pre-hibernation. The mating phase was defined as the range of dates over which mate acquisi-
tion behaviour [i.e., persistent spatial coherence of a reproductively active male with a repro-
ductively active female (Millesi et al. 1998)] was observed. Mate acquisition behaviour of
males towards adult females was observed from April 1 to April 12 (mean: April 5, SD 4 days,
n=13). This was not significantly different from mate acquisition behaviour of males towards
yearling females, which was observed from April 1 to April 19 (mean: April 9, SD 6 days,
n=14; Mann-Whitney U-test, p>0.05). Before the start of the mating phase on April 1, males
were categorized in the pre-mating stage. After the end of the mating phase on April 19, males
were categorized in the pre-hibernation state.

Female states were categorized as (1) mating/gestation, (2) lactation, and (3) pre-hibernation.
The females were not caught sufficiently frequent to assign reproductive state to the animals in
the activity data on an individual level. Instead, we used timing boundaries between occurrence
of different reproductive states in the population to assign reproductive state categories to the
activity data. We used the trapping data to verify these boundaries for our data set.

All individually identified females present in the focal area before the start of the mating
phase on April 1 were reproducing later that year. On average, gestation was expected to start
around April 7, i.e., the average onset of the mating phase (Millesi et al. 1999a). Average date
of parturition, representing the end of gestation and the start of lactation, would consequently
be May 6, after about 29 days of gestation (Millesi et al. 1999a). Duration of lactation was
estimated to be around 36 days (Millesi et al. 1999a), and end of lactation would then be
expected on June 11. Distinct pregnancy was observed in trapped females from April 4 until
May 17 [mean: April 20, sd = 11 days, n = 40], which was not significantly different from
yearling females (range April 8 - May 10; mean: April 24, sd = 9 days, n = 14; Mann-
Whitney U-test, p>0.05). Distinct indications of lactation were observed in trapped females
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from May 8 until June 18 (mean: May 25, sd = 10 days, n = 42), which was not significantly
different from yearling females (range May 12 - June 30, mean: May 26, sd = 15 days, n =
15; Mann-Whitney U-test, p>0.05).

The last capture dates of females with signs of lactation and the first capture dates of trapped
females that had stopped lactation and weaned their young were used to estimate the end of the
lactation phase. For trapped adult females, the last signs of lactation were found on average on
June 5 (sd = 11 days, n = 28), and for yearling females on June 7 (sd = 16 days, n = 8). The
first observation of trapped adult females that had weaned their young and stopped lactation
was found on average on June 27 (sd = 13 days, n = 31), which was not significantly different
from the data of yearling females on average on June 23 (sd = 14 days, n = 4). The date in
between the last observation of lactation and the first observed absence of lactation in all trap-
ped females (June 16) served as lower boundary for the pre-hibernation state in females.

Observation protocol
The animals were observed using a scanning procedure (Martin and Bateson 1986) for full

daily activity phases during the active season. The observations usually lasted from circa 5:45
h (MET), before the animals appeared above ground, until at least 30 minutes after the last
individual had disappeared from the surface at the end of the activity phase, usually between
18:00-19:30 h (MET). During the observation period, the study area was scanned every 15
min with binoculars. Each ground squirrel present above ground and its behaviour, either
foraging or non-foraging, was recorded. Foraging was defined as either a stationary position
or limited movement (step by step: no running) coinciding with the head down in the vegeta-
tion, with or without visible intake of food. Non-foraging was defined as all other above
ground behaviours [i.e., exploring, running, sitting, grooming, digging, scent marking and
standing alert (Hubert 1996)]. Observations were made on 37 days between March 23 and
September 22. Per day, activity patterns of 9-86 individuals were recorded, resulting in 1129
daily activity patterns of 157 individuals.

Calculations
The duration of the daily activity phase (α, in hours) was calculated as the time between the

first and the last observation of an animal on a particular day + 15 min to correct for the scan-
ning frequency. Daily population averages for the sex and age categories were used to investi-
gate effects of external factors. Averages per individual within each reproductive state category
were used to investigate effects of reproductive state. Above ground activity and foraging time
was calculated as the percentage of scans within α in which an animal was observed above
ground. Above ground activity and foraging time was multiplied by α to estimate the time per
day that an animal  was active above ground.

Weather conditions
Weather conditions on the scan days were obtained from the nearby weather station 'Hohe

Warte' (Zentralanstalt für Meteorologie und Geodynamik, Vienna, Austria). The parameters
included in the analysis were total daily rainfall (mm) and average daily wind speed (Beaufort
scale 0-12; measurements at 7:00, 14:00, and 19:00 h were averaged). Average daily air tem-
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perature (˚C; measurements at 7:00, 14:00, and 19:00 h were averaged) correlated signifi-
cantly with time of year variables. As a result average daily air temperature effects and time of
year effects are not statistically distinguishable from each other and we choose to omit average
daily air temperature from the statistical analyses. Tabulated civil twilight times at dawn
(TCTdawn) and at dusk (TCTdusk) were used as beginning and end of the light phase of an obser-
vation day. Phase angle differences (ψ in h) between civil twilight times and onset (Tonset) and
offset (Toffset) of activity were calculated as ψonset = TCTdawn - Tonset and ψoffset = TCTdusk -
Toffset. The phase angle difference between the midpoint of activity and the middle of the light
phase was calculated as ψmidpoint = [(TCTdawn + TCTdusk)/2] - [(Tonset + Toffset)/2]. The analy-
ses were restricted to data of adult and yearling animals because juvenile activity patterns were
only available from late June onwards. 

Statistics
Multiple linear regression analysis was used for explaining variance by more than one

variable. Variables with non-significant contributions to the amount of explained variance
were excluded from the models (stepwise backward elimination). The effect of sex, age, rain-
fall, wind speed, and time of year on seasonal variation in timing of daily activity, ψonset,
ψoffset, and ψmidpoint were tested in adult and yearling animals. Rainfall and time of year were
included as categorical variables [rainfall: no rain (< 1 mm / day), rain (> 1 mm / day); time
of year: six periods, each containing data of 6-7 observation days: (1) March 22 - April 7, n =
6; (2) April 13 - May 18, n = 6; (3) May 26 - June 12, n = 6, (4) June 22 - July 9, n = 6; (5)
July 11 - August 7, n = 6; (6) August 12 - September 21, n = 7]. Air temperature was not
included in the analysis because it was not independent of time of year (Spearman rank corre-
lation: r2 = 0.62, n = 37, p<0.001). Multiple regression results are presented as a null model,
indicating the total variance (includes only an estimated constant), and a final model, indica-
ting explained variance (includes an estimated constant and additional variables with an accep-
tance level of p<0.05). Mann-Whitney U-tests were used for additional group comparisons.

RESULTS

Activity patterns in relation to civil twilight
Average α was 8.8 h (sd = 1.7 h, n = 37). Within α, on average 4.7 h (sd = 1.0 h, n = 37;

54% of α) was spent above ground, of which on average 3.5 h (sd = 0.9 h, n = 37; 73% of
above ground activity) was allocated to foraging. On average, civil twilight at dawn preceded
activity onset by 3.9 h (sd = 0.6 h, n = 37), and civil twilight at dusk followed activity offset
by 3.2 h (sd = 0.9 h, n = 37). Midpoint of a was located at 12:16 h (sd = 0.4 min, n = 37),
which was 0.3 h (sd = 0.4 h, n = 37) later than the midpoint of the photoperiod. 

Average population activity patterns and individual activity patterns were exclusively confi-
ned to the light phase of the day and followed the annual pattern of the photoperiod (Figure
2.1). On occasion, there were deviant phase relations of onset and offset of activity to the twi-
lights. In particular, activity onset on June 15 was exceptionally late, and activity offset excep-
tionally early (Figure 2.1). The fact that heavy rainfall occurred throughout this day suggests
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Figure 2.1 Timing of onset and offset of activity of European ground squirrels throughout the year, for
males (left hand panels) and females (right hand panels) at the age of 2 years and older (adults, top
panels), 1 year  (yearlings, middle panels) and less than 1 year (juveniles, lower panels). Average values
(fat lines) and range (thin lines) of daily timing of onset of activity (Tonset) and offset of activity (Toffset)
are shown. The dotted vertical curves indicate timing of civil twilight at dawn and dusk. Shaded areas
indicate timing of reproductive phases: light grey = mating, grey = gestation, dark grey = lactation.



that weather conditions can have an acute impact on the behaviour of the animals. This was
confirmed by detailed observations and telemetry on European ground squirrels in the same
population (Spoelstra et al. 2000) and in an enclosure (Hut et al. 1999a) showing that
European ground squirrels retreat in their burrows during periods of rainfall.

Reproductive state and daily activity patterns
The data for activity onset, activity offset and their phase relations with the photoperiod

(ψonset, ψoffset, ψmidpoint), duration of activity phase (α), total time spent above ground and
total time spent foraging are shown per sex, age and reproductive state category in Table 2.1.
The relationship between phase angle differences and reproductive state in males and females
was analysed in multiple regression models including the explaining variables age (categorical:
adult or yearling) and reproductive state (categorical; Males: pre-mating, mating, pre-hiberna-
tion, Females: mating/gestation, lactation, pre-hibernation).
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Table 2.1 Timing of the daily active phase (onset, offset, and duration (α)), its phase relations with pho-
toperiod (ψonset, ψoffset, ψmidpoint), time spent above ground, and time spent foraging, of male and fema-
le European ground squirrels. Data are presented separately for different age classes (juvenile: born the
same year, yearling: born the previous year, adult: all older cohorts) and different reproductive states.
Adult/yearling males: Pre-mating: before April 1; Mating: April 1-19; Pre-hibernation: from April 19 until
immergence. Adult/yearling females: Mating: April 1-19; Gestation: April 7 (average mating date) - May
6 (estimated parturition date); Lactation: May 6 - June 16 (estimated end of lactation); Pre-hibernation:
from June 16 until immergence. Juveniles: Pre-hibernation: from weaning until immergence.

reproductive age Tonset ψonset Toffset ψoffset α ψmidpoint above foraging    n
state ground

MET h (sd) MET h (sd) h (sd) h (sd) h (sd) h (sd)

pre-mating ad 8:21 -3.0 (0.5) 15:41 3.0 (0.8) 7.3 (0.8) 0.0 (0.5) 3.7 (1.6) 2.2 (0.8) 8
yearl 8:30 -3.1 16:15 2.5 7.8 -0.3 2.8 1.5 1

mating ad 8:16 -3.4 (0.7) 16:30 2.5 (0.8) 8.2 (1.4) -0.4 (0.4) 4.9 (2.2) 2.2 (0.8) 15
yearl 8:56 -4.1 (1.0) 16:16 2.8 (0.5) 7.3 (1.2) -0.7 (-0.5) 4.4 (1.6) 3.4 (1.4) 12

pre-hibernation ad 8:20 -4.7 (1.3) 16:30 3.7 (1.4) 8.2 (2.4) -0.5 (-0.4) 4.1 (1.9) 2.8 (1.4) 15
yearl 7:41 -3.8 (0.8) 17:05 2.9 (0.7) 9.4 (1.5) -0.5 (-0.5) 5.7 (2.0) 3.7 (1.4) 14
juv 8:04 -4.1 (1.3) 16:14 3.7 (1.3) 8.4 (2.0) -0.2 (0.9) 4.5 (1.8) 3.3 (1.6) 44

mating ad 8:57 -4.2 (1.0) 15:59 3.2 (0.5) 7.0 (1.1) -0.5 (0.6) 3.9 (1.4) 3.4 (1.3) 19
yearl 8:46 -4.1 (1.1) 16:19 2.9 (0.7) 7.5 (1.4) -0.6 (0.7) 3.7 (0.9) 2.8 (0.9) 11

mating/gestation ad 8:22 -4.0 (1.0) 16:27 3.0 (0.6) 8.1 (1.3) -0.5 (0.6) 4.1 (1.2) 3.3 (1.1) 24
yearl 8:11 -3.7 (0.6) 16:27 2.9 (0.5) 8.3 (0.8) -0.4 (0.4) 3.6 (0.8) 2.8 (0.8) 12

lactation ad 7:33 -4.2 (1.0) 17:21 3.0 (0.8) 9.8 (1.5) -0.6 (0.3) 5.2 (1.7) 4.3 (1.5) 26
yearl 7:07 -3.7 (0.4) 17:22 2.9 (0.7) 10.3 (0.7) -0.4 (0.3) 5.0 (1.9) 4.0 (1.7) 15

pre-hibernation ad 7:42 -4.3 (0.8) 16:41 3.8 (1.4) 9.0 (1.8) -0.2 (0.7) 4.5 (1.9) 3.6 (1.6) 28
yearl 7:54 -4.4 (1.4) 17:09 3.4 (0.6) 9.2 (1.7) -0.5 (0.6) 5.0 (2.3) 3.8 (1.9) 10
juv 8:15 -4.3 (1.0) 16:07 3.8 (1.1) 8.1 (1.8) -0.3 (0.7) 4.3 (1.3) 3.2 (1.1) 49
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During pre-mating and mating the adult males started activity earlier than yearling males.
This difference is reversed during pre-hibernation (Table 2.1, Table 2.2). Additional testing
showed that adult males started activity earlier than adult females during the time of mating
(Table 1, Mann-Whitney U-test: p <0.01). ψoffset was significantly larger in adult males during
their pre-hibernation state when compared to the other male age and reproductive state cate-
gories (+0.9 h, F1,63 = 12.5, p = 0.0008, r2 = 0.17). Duration of α was longer in yearling
males during pre-hibernation (+1.6 h, F1,63 = 10.4, p = 0.002, r2 = 0.14), as compared to
the other male categories. Yearling males also spent more time above ground during pre-hiber-
nation (+1.4 h, F1,63 = 6.1, p = 0.02, r2 = 0.09) as compared to the other male categories.
Overall, adult animals spent less time foraging (-1.0 h, F1,63 = 11.3, p = 0.001, r2 = 0.15)
than yearling animals.

In females, no differences in ψonset were encountered between reproductive state categories.
ψoffset was significantly larger during pre-hibernation in adult females compared to the other
female age and reproductive state categories (+0.8 h, F1,114 = 18.6, p < 0.0001, r2 = 0.14).
Significant variation was encountered in α, which was relatively short during the mating /
gestation phase in adult females, and relatively long during lactation in both yearling and adult
females (Table 2.3). Time spent above ground was lower during mating/gestation in yearling
and adult females (-1.0 h, F1,114 = 8.9, p = 0.003, r2 = 0.07) compared to the other catego-
ries. Adult females spent more time foraging during lactation as  compared to other categories
(+0.8 h, F1,114 = 6.4, p = 0.01, r2 = 0.05).

Effect of photoperiod and weather conditions
In general, onset and offset of activity seem to follow the changes in civil twilight times

(Figure 2.1) resulting in an expansion of α when photoperiod increases during the course of
the active season. However, α does not seem to be completely determined by photoperiod,
resulting in relative longer activity periods in early spring (phase angle differences with civil
twilight are relatively small) and relative shorter activity periods in summer (phase angle diffe-
rences are relatively large). We corrected for this possible time-of-year effect in multiple
regression analyses by adding independent categorical variables to the models, coding for 6
periods over the course of the year (Table 2.4, 2.5, 2.6). 

On average, rainfall delayed activity onset (ψonset becomes more negative; Table 2.4) and
advanced activity offset (ψoffset becomes more positive; Table 2.5). Both effects may be the
result of animals retreating in their burrow more often during rainy days. This effect of rainfall
would not necessarily affect timing of midpoint of activity. Indeed, rainfall had no significant
effect on ψmidpoint (Table 2.6). Adult animals had relatively delayed onsets of activity (ψonset is
more negative) when compared to yearlings (Table 2.4), and no effects of age were found on
the offset of activity (Table 2.5).

Overall, 22% of the variance in ψonset could be explained by age, time of year and rainfall.
23% of the variance in ψoffset could be explained by time of year and rainfall. 13% of the
variance in ψmidpoint could be explained by time of year.
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Table 2.2 Phase angle differences between onset of activity and civil twilight at dawn (ψonset) explained
by reproductive state variables (categorical: pre-mating, mating, pre-hibernation) and age (yearling = 1,
adult = 2) of male European ground squirrels in a multiple regression model. Final model: r2 = 0.29.

variable coefficient d.f. p-value

null model 64
final model 61
constant -3.95 <0.0001
pre-mating 1.73 1 0.0001
mating 1.36 1 0.0002
age -0.77 1 0.0119

Table 2.3 Duration of the daily active phase (a) explained by reproductive state variables (categorical:
mating / gestation, lactation, pre-hibernation) and age (yearling = 1, adult = 2) of female European
ground squirrels in a multiple regression model. Final model: r2 = 0.22.

variable coefficient d.f. p-value

null model 114
final model 111
constant 8.86 <0.0001
ad females: mating/gestation -0.79 1 0.0302
ad females: lactation 0.96 1 0.0074
yearl females: lactation 1.47 1 0.0008

Table 2.4 Phase angle differences between onset of activity and civil twilight at dawn (ψonset) explained
by time of year (categorical: 6 periods of 16-40 days around April 1, May 1, June 3, June 30, July 23 and
September 2, each including 6-7 observation days), total daily rainfall (categorical: < 1 mm = 0, > 1 mm
= 1), average daily wind speed (Beaufort scale), sex (male = 0, female = 1) and age (yearling = 1, adult =
2) in a multiple regression model for all animals except juveniles. Final model: r2 = 0.22.

variable coefficient d.f. p-value

null model 128
final model 122
constant -4.52 <0.0001
time of year: April 1 0.56 1 0.0017
time of year: May 1 0.48 1 0.0041
time of year: July 23 0.42 1 0.0099
Rain -0.27 1 0.0405
Age -0.32 1 0.0070
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Table 2.5 Phase angle differences between offset of activity and civil twilight at dusk (ψoffset) explained
by time of year (categorical: 6 periods of 16-40 days around April 1, May 1, June 3, June 30, July 23 and
September 2, each including 6-7 observation days), total daily rainfall (categorical: < 1 mm = 0, > 1 mm
= 1), average daily wind speed (Beaufort scale), sex (male = 0, female = 1) and age (yearling = 1, adult =
2) in a multiple regression model for all animals except juveniles. Final model: r2 = 0.23.

variable coefficient d.f. p-value

null model 128
final model 122
constant 4.33 <0.0001
time of year: April 1 -1.12 1 0.0006
time of year: May 1 -1.27 1 0.0001
time of year: June 3 -0.79 1 0.0139
time of year: June 30 -0.90 1 0.0042
time of year: Juli 23 -0.71 1 0.0208
rain 0.48 1 0.0136

Table 2.6 Phase angle differences between midpoint of activity and the midpoint of the photoperiod
(ψmidpoint) explained by time of year (categorical: 6 periods of 16-40 days around April 1, May 1, June 3,
June 30, July 23 and September 2, each including 6-7 observation days), total daily rainfall (categorical: < 1
mm = 0, > 1 mm = 1), average daily wind speed (Beaufort scale), sex (male = 0, female = 1) and age (year-
ling = 1, adult = 2) in a multiple regression model for all animals except juveniles. Final model: r2 = 0.13.

variable coefficient d.f. p-value

null model 128
final model 124
constant -0.02 0.0048
time of year: April 1 -0.22 1 0.0420
time of year: May 1 -0.32 1 0.0017
time of year: June 3 -0.22 1 0.0305
time of year: June 30 -0.39 1 0.0001



DISCUSSION

The present data show strong diurnality in the daily activity patterns of free-ranging
European ground squirrels. The daily activity phase of free-ranging European ground squirrels
is centred around noon and has an average length of 8.8 h. Within this daily activity phase the
animals are on average 4.7 h (53%) above ground, and 3.5 h (74%) of that time is spent on
foraging behaviour. Females were found to allocate much time in foraging behaviour during
lactation. Adult males were found to expand their activity phase during mating. Variation in
the phase angle difference between activity onset and civil twilight at dawn, as well as between
activity offset and civil twilight at dusk, depended on time of year, rainfall, and reproductive
state.

Activity phase duration and foraging time
Our analyses indicate that reproductive state may have affected timing of daily activity.

During the mating phase, reproductively active (adult) males lengthened a, mainly by starting
activity earlier. Early onset may be beneficial in the mating situation with increased male-male
competition for territories and receptive females. The earlier activity onset could be caused by
a shortened period length of their internal circadian clock. Circadian period length is shorte-
ned by testosterone in mice (Daan et al. 1975). The high testosterone levels in adult male
European ground squirrels during the mating phase (Millesi et al. 1998) might thus drive the
observed early activity onset.

Adult males spent less time foraging than yearling males. A decrease in foraging time during
mating has also been observed in Richardson's ground squirrels (Michener and Locklear 1990).
Both enhanced activity during mating and a low foraging time probably resulted in an energy
deficit, leading to a loss of body mass (Millesi et al. 1998; Millesi et al. 1999b). This loss of
body mass was positively correlated with the number of females that a male acquired during
mating (Millesi et al. 1998). A reduction in body mass during mating has also been observed in
sexually active male Cascade ground squirrels (Kenagy et al. 1989). The one reproductively
active yearling male present in our data set was observed in the pre-mating and early mating
phase only, and showed similar activity patterns as adult (reproductive) males. Other yearling
males emerged during the mating phase, but did not have developed testes, and allocated their
time primarily to foraging throughout the active season. This may result in the pronounced
body mass increase and structural growth of yearling males in the year after their first hiberna-
tion (Millesi et al. 1999b).

During lactation in females, above ground activity and foraging time increased, along with
photoperiod. Kenagy et al. (1989) found an increase in foraging time from the mating phase
to the lactation phase in Cascade ground squirrels. The increase in foraging time may reflect
the need for higher daily energy intake necessary for milk production, which generally is the
time of maximal energy intake in mammals (Kirkwood 1983; Daan et al. 1991). This is corro-
borated by our finding that additional feeding  in European ground squirrels in an outside
enclosure did not affect phase relationships of activity onset or offset with civil twilight, but
did decrease foraging time (Hut RA, Roosenstein A, Scheper A, and Visser H, unpublished
observations). 
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Timing of activity
The results indicate that European ground squirrels are exclusively active above ground

during the light phase of the day, and appear synchronised around mid-day. Although no night-
time observations were made, it is highly unlikely that the ground squirrels appear above
ground during nighttime since no ground squirrels were present above ground at the beginning
and the end of the observation periods. This finding is corroborated by detailed observations
on European ground squirrels in an outside enclosure that started at dawn civil twilight and
ended at dusk civil twilight (Hut et al. 1999a). The animals spend a large fraction of daytime
in their burrows. Major LD transitions perceived by the animal will originate from the animals
own behaviour, by going in and out of his burrow during daytime. In addition, the natural LD
transitions during twilight may not even be perceived by the animal, in fact they come above
ground 3.9 h (SD = 0.6 h) after dawn civil twilight (ψonset), while the active phase ended 3.2 h
(SD = 0.9 h) before dusk civil twilight (ψoffset). Similar results were obtained with light sensiti-
ve radio collar transmitters in free-ranging European ground squirrels in an Hungarian popula-
tion and European ground squirrels in an enclosure in The Netherlands (Hut et al. 1999a). In
these studies, the first light observed by the ground squirrels was 3.1 h (Hungary) and 3.5 h
(enclosure) after civil twilight at dawn and the last light observed was 2.0 h (Hungary) and 3.1 h
(enclosure) before civil twilight at dusk. Contrasting with the ground squirrel data, chronobio-
logical theory on synchronisation of the internal circadian oscillator with the external light-dark
cycle (entrainment) claims that either the dark-to-light transition or the light-to-dark transition
should be perceived by an animal in order to maintain its entrained state.

It has been suggested that animals may perceive the natural light-dark transitions during
twilight from the burrow entrance tunnels. This possibility of "light sampling behaviour" was
described in nocturnal mammals (DeCoursey 1986; Voûte et al. 1974). Light sampling beha-
viour is however unlikely to occur in the European ground squirrels since ground squirrels
were found to block their tunnels close to the entrance with sand when they retreat in the bur-
rows (Hut and Scharff 1998). Moreover, light sensitive radio telemetry data, obtained from
enclosed and free-ranging European ground squirrels, revealed no evidence for light sampling
behaviour from the burrow entrances around the twilights (Hut et al. 1999).

Even though the major light-to-dark transitions appear not important for entrainment in
free-ranging ground squirrels, the robust phase relation with the twilights suggests that some
light information related to daily variation in solar radiation may be used. This is likely,
because light is considered to be the dominant zeitgeber in many rodent species, and because
enucleated ground squirrels do not entrain under a natural LD cycle (Nelson and Zucker
1981).

The ground squirrels may entrain to quantitative and/or qualitative aspects of light in nature
(respectively: irradiance levels and/or spectral composition; Hut et al. 2000). The irradiance
profile perceived by the animals shows a small but consistent (1 log unit) decrease at the end
of the active phase (Hut et al. 1999a). It is unlikely that 1 log unit decrease in irradiance level
causes the animals to return to their burrows for the night by direct (masking) effects, because
normal cloud cover already causes similar decreases without affecting above ground presence.
Moreover, a 2 log unit decrease in irradiance level at midday caused by a partial (99%) solar
eclipse did not induce ground squirrels to enter their burrows (Spoelstra et al. 2000).
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However, recent theoretical models show the possibility that a circadian system can entrain to
a LD cycle with twilights in a situation with strong, random, fluctuations in irradiance levels
during daytime (Beersma et al. 1999). Spectral changes in sunlight have also been suggested to
be important for the circadian system, in particular the shift to shorter wavelengths shortly
after sunrise and before sunset (Brainard et al. 1994; Von Schantz et al. 1997). Due to physio-
logical limitations of the ground squirrel eye and timing of their above ground presence, it is
however unlikely that these animals react with their circadian system to changes in the spectral
composition of sunlight (Hut et al. 2000).

European ground squirrels show a relatively stable entrained activity pattern which is
strongly diurnal. The active phase is centred around noon and there is no indication that the
animals perceive the major LD transitions during the twilights. Time of year and reproductive
state correlate with changes in activity patterns, but, although significant, the effects were
small when compared to the consistent effect of photoperiod. The correlation of daily activity
patterns with the photoperiod, seemingly without perception of the photoperiod itself, poses
an intriguing chronobiological problem.
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