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The solar dayenight rhythm imposes a strict diel activity pattern on many organisms. Among birds, most
species are generally either active during the day and rest during the night, or vice versa. However, many
waterbird species can be active during both daylight and darkness. Hence, these species are much less
limited by an external clock to allocate their activities over time than species showing a strict day or
night pattern. Before miniaturized data-logging systems became available, it was difficult to follow an-
imals day and night. Therefore, few details about short-term activity budgets are available for free-living
animals. To study the activity budget of mallards, Anas platyrhynchos, in relation to time of the day,
season and external factors, we used tags containing an accelerometer providing detailed activity in-
formation. We observed a relatively constant diel pattern with more activity during daylight than at
night and peak activities during twilight. Activity over the season (SeptembereApril) was remarkably
constant. Compared to the average activity per half-day, excess activity alternated every 12 h, suggesting
an increased need for rest during daylight after a night with excess activity, and vice versa. Between days,
activity was allocated to half-days in a very flexible manner: Either day or night activity was increased for
a number of days, before increased activity gradually switched to the other half-day. We observed no
synchrony in this pattern among individuals, highlighting the behavioural flexibility of this generalist
species.

When to be active versus inactive may be seen as one of the
most fundamental mechanisms to modulate life functions in most
or all organisms (Dunlap, Loros, & DeCoursey, 2004). The decision
when to be active is often strongly influenced by the rhythms
induced by the earth's and the moon's movements. There are diel
and annual, lunar and tidal rhythms, the two former being themost
influential (Daan & Aschoff, 1975; Gwinner, 1975). Activity patterns
governed by these rhythms are fine-tuned, responding to more
immediate influences that may or may not be rhythmic, e.g.
physiological state, or external factors such as weather conditions,
presence of food, or presence and behaviour of enemies or con-
specifics (Kronfeld-Schor & Dayan, 2003; Sharma &
Chandrashekaran, 2005).

Most bird species can be categorized as diurnal or nocturnal
according to their diel rhythm, each category using one of the two
half-days for their main activity (for the work presented here, we
define ‘active’ as nonminor body movements). The majority of
species are diurnal, with the notable exception of nocturnal

migration or nocturnal singing. Some species are nocturnal, e.g.
owls and nightjars (Martin, 1990). Finally, a minority of bird species
have evolved to regularly use daylight as well as the darkness for
their main activities, primarily including waders and waterbirds.
One reason for a variable dayenight activity pattern is the tidal
rhythm, exposing profitable foraging sites during low tide, which is
not linked to the diel rhythm. But nocturnal as well as diurnal ac-
tivity is observed in many duck species away from marine shore-
lines, too (e.g. Martin, 1990; Merke &Mosbech, 2008; Owen, 1991).
In these species, one of the major activities observed during the
night is feeding. Night feeding has been linked to the avoidance of
predators, hunting or other types of disturbance, as well as to
increased food availability (e.g. insects active or emerging at night;
McNeil, Drapeau, & Goss-Custard, 1992; Ydenberg, Prins, & Van
Dijk, 1984), or to the need for additional foraging time when the
daylight period is too short to fulfil food requirements (McNeil
et al., 1992). Guillemain, Fritz, and Duncan (2002) reversed the
argument and noted that daytime feeding was sometimes needed
to supplement the otherwise preferred night feeding. Independent
of when ducks are feeding, peak activities are usually observed
during twilight, e.g. for commuting flights (Johnson, Schmidt, &
Tylor, 2014; Tamisier, 1978).
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Seasonal patterns are as apparent as are diel patterns. Repro-
duction, moult and migration are some of the activities linked to
specific seasons in birds. Also, daily behavioural patterns such as
the time devoted to foraging may change seasonally: Arzel,
Elmberg, and Guillemain (2007) showed that diurnal foraging
increased dramatically during moult and migration stopovers. Lu-
nar rhythms schedule life in the intertidal zone. Other lunar
rhythms, however, are less well known in bird species, and are
primarily described as increased activity on moonlit nights around
full moon (e.g. Mayhew, 1988; McNeil et al., 1992; Zavalaga,
Dell'Omo, Becciu, & Yoda, 2011).

Apart from these rhythmic external factors, more or less un-
predictable factors influence the activity level of animals, e.g.
weather parameters. In waterbirds, colder weather may first in-
crease (feeding) activity, but activity may be decreased at temper-
atures below freezing to save energy (Paulus, 1988; Quinlan &
Baldassarre, 1984). Strong winds or rain may also reduce activity
when ducks seek sheltered places (Paulus, 1988).

Before miniaturized accelerometers became available (see e.g.
Shepard et al., 2008), it was often not possible to follow free-living
individuals over prolonged periods. Highly mobile or nocturnal
species were especially difficult to study. Hence, the 24 h pattern of
activity and its variability between and within individuals are not
well documented for such species. Here we present activity data
from wintering mallards, Anas platyrhynchos. We focus on the
allocation of activity to daylight hours versus night hours, and on
the influence of weather conditions and the moon on activity.

The mallard is the most common and widespread dabbling duck
species in Europe (Bauer, Bezzel, & Fiedler, 2005). It is well adapted
to anthropogenic landscapes and it uses human settlements for
breeding and wintering (e.g. Kozulin, 1995; Pulliainen, 1963).
Agricultural fields can be an important food source, e.g. for grains or
potatoes (Thomas, 1982). In central Europe, individuals from
further north and northeast join the local breeders in winter (Scott
& Rose, 1996). During cold spells, ducks may escape freezing con-
ditions on lake shores by moving to rivers (A. Sauter, personal
observation) or by migrating southwestwards (Hofer, Korner, &
Korner-Nievergelt, 2010; Sauter, Korner-Nievergelt, & Jenni, 2010).

In Sauter, Korner, Fiedler, and Jenni (2012) we presented diel
short-distance movements and general diel activity patterns of
mallards, using individuals tagged with traditional VHF tags as well
as individuals with automated positioning and movement regis-
trations (‘GPS tags’ with accelerometers for activity measure-
ments). Here we present more detailed analyses of the same
activity data (seven individuals with GPS tags), together with new
data from individuals from southern Germany (eight individuals)
equipped with similar tags.

METHODS

Study Sites

Ducks were caught in Oberkirch (47�904700N, 8�702100E) and
Wauwiler Moos (47�1002300N, 8�10500E), both in central Switzerland
(500 m above sea level, 8 km apart), and in Radolfzell, southern
Germany (47�4505800N, 8�5905100E, 400 m above sea level). The
Swiss ducks used Lake Sempach and surroundings, the German
ducks mainly used Mindelsee and Untersee (the western part of
Lake Constance); henceforth, we name our two study sites ‘Lake
Sempach’ and ‘Lake Constance’, respectively. All ducks used an area
expanding up to about 10 km across, consisting of a mixture of
agricultural land (mainly grassland, some crop and maize) inter-
spersed with woods and small to medium-sized settlement areas
(up to 20 000 inhabitants). At Lake Constance reed beds were used
to a minor degree. Both sites were mostly flat, bordered by hills

rising 200e300 m above the lakes. Both sites provided various
water bodies (lakes, ponds, rivers, canals) and feeding opportu-
nities on shores and agricultural fields. Limited public feeding was
conducted on some lake shores, but we do not know whether and
how much our ducks used this food source.

At both sites, duck hunting was practised at low levels only;
possibly, the ducks we observed avoided certain areas at certain
times due to hunting. None the less, we have no indication for
hunting strongly influencing the behaviour of the individuals
studied.

Catching and Telemetry

Individuals were caught in baited traps at the Lake Sempach site
(see Sauter et al., 2012 for details) in 2009 and with a spoon net at
the Lake Constance site in 2012 (see Fig. 1). After sexing, weighing
and ringing, the ducks were equipped with a GPS data logger
containing an accelerometer and VHF transmitter (E-Obs Digital
Telemetry, Gruenwald, Germany) with a harness of 25-inch tubular
Teflon (Bally Ribbon Mills, Bally, PA, U.S.A.); the total mass was 44 g
(all ducks weighed at least 1000 g). The harness was designed as
described in Roshier, Klomp, and Asmus (2006). A 3 cm long piece
of shrinkable tubing with a diameter of 3 mm (Klebeschrumpfs-
chlauch; product no. 121-0512, Farnell, Zurich, Switzerland) was
used to form the T-loop on the breast.

The tags recorded the acceleration in three dimensions during
bouts of 4e17 s (depending on the settings of the tag), registering
82e180 acceleration measures in each of the three directions dur-
ing eachmeasurement bout. Measurement intervals were 1e5 min,
depending on the tag. The different settings of the tags are unlikely
to have influenced the results, because, as described below, we
used the variance of the acceleration measurements per measure-
ment bout for the analyses. In addition, we aggregated these values
for periods of about 1 h. Hence, data from tags with longer mea-
surement bouts and/or more measurements per time unit are
somewhat more precise, but there is no bias in our measure
depending on the tag settings. The data stored on the tags were
downloaded remotely at least weekly using the Base station II (E-
obs). A Yagi-antenna and radio receiver (Yaesu VR-500; Vertex
Standard, Cyprus, CA, U.S.A.) were used to localize the duck for data
downloading; the tags emitted a ping signal during specific periods
of the day.

At Lake Sempach, nine ducks were equipped with a tag, but two
were not analysed, one because acceleration was not measured
during the night and one because it was the partner of another duck
in the sample. Ducks were followed until contact with the tag was
lost, or until the end ofMarch 2009. At Lake Constance, we included
data from eight ducks that appeared not to be semidomesticated
(e.g. one excluded duck only used one pond and depended on
human feeding) until 29 April 2013 (Fig. 1). Thus, all ducks analysed
here were not tame, albeit they were accustomed to living in an
anthropogenic landscape.

Sun, Moon and Weather Data

Times for sunrise, sunset and twilight periods (civil, nautical and
astronomical twilight) were taken from http://cmslive3.unibe.ch/
unibe/philnat/aiub/content/services/index_eng.html for Zurich. To
account for the different longitudes of the study sites, 1.5 min was
added for the Lake Sempach data and 1.5 min was subtracted for
the Lake Constance data. Data on moonrise, moonset, full and new
moon were taken from the same web source. We assigned a moon
sickle value of 0 for new moon, 1 for full moon, and a sinusoid
interpolation for waxing and waning in between (value calculated
per night). Weather data originated from the weather stations in
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Lucerne (10 km southeast of Lake Sempach) and Schaffhausen
(25 km west of the Lake Constance site). We used total rain per h,
mean temperature per h and mean wind speed per h and assigned
the corresponding values to each acceleration measurement bout
(i.e. all bouts per h and from the same site had the same weather
values). In the model, rain and wind values were log-transformed
and temperature was standardized (z-transformation).

Data Processing and Analyses

Data processing and analyses were conducted with R3.2.0 for
Windows (R Core Team, 2015). For each measurement bout (of
4e17 s), we calculated the variance of the acceleration measure-
ments of each axis and used the mean of these three variance
values as a measure of activity of the duck (called ‘activity mea-
sure’). The distribution of these activity measures was strongly
bimodal, indicating resting versus (any type of) activity. Owing to
strong autocorrelation, we did not analyse single bouts; rather, we
aggregated the activity measures. To that end, we used the arith-
metic mean of the activity measures per 10th of the daylight period
(sunrise to sunset), per 10th of the night (excluding twilight) and
per twilight period (three each for dawn and dusk), resulting in 26
‘day periods’ each lasting about 1 h (for daylight and night) or about
30 min (for the twilight periods). Weather parameters were
aggregated in the sameway. For some analyses, values were further
aggregated per daylight and night (excluding the twilight periods,
hence yielding two values per 24 h day).

Among the bouts with activity, we could readily discern bouts of
flight by their clear alternating accelerations, especially on the Z axis
(heave;Fig.A1a).Wefirst identifiedcandidateflightboutsbytheirvery
pointed energy peak above 6 Hz in the energy spectral density (which
was derived using a fast Fourier transform). Then, the acceleration
profiles of these preselected bouts were visually examined to confirm
flight.Otherspecificactivitiescouldnotbereliablydifferentiateddueto
the large variability in the accelerationpatterns (Fig. A1bee).

To estimate the mean activity per day period, we fitted a linear
mixedmodel with day period (levels 1e 26) as the only fixed factor
(the outcome variable was, as described above, the mean of the
activity measures per single day period). The identity of the indi-
vidual and the day of the year (1e365) were used as two crossed
random factors, and a lag-one autoregressive correlation structure
was assumed for the residuals. The model was fitted with the
function glmmPQL, using list(const ¼ pdBlocked(list(pdIdent(~ind-

1), pdIdent(~dayofyear-1)))) to specify the crossed random factors
as suggested by D. Bates (stat.ethz.ch/pipermail/r-help/2003-April/
032673.html; const is a factor with all ones and length equal to the
number of data points, ind and dayofyear are the factor names). A
binomial model with the number of bouts with a flight versus the
number of bouts without a flight per day period as the dependent
variable and with the same fixed, random and autocorrelation
structure as above was fitted to estimate the average probability of
flight per day period. Mean daily activity over the season was
estimated using a similar model as the model for activity per day
period, but with the day of the year as the fixed term, and the in-
dividual and day period as crossed random terms (and, again, a lag-
one autoregressive correlation structure).

We built analogous glmmPQLmodels for the weather andmoon
parameters. First, we built one model for each site using the night
data only. Fixed factors were temperature, rain, wind, moon sickle
(between 0 and 1) andmoon position (below or above horizon; day
periods with a moon rise or moon set were excluded). The starting
models included the quadratic terms of moon sickle and temper-
ature (owing to a possible nonlinear temperature effect as outlined
above), as well as the interaction term between moon sickle and
moon position. Quadratic terms and the interaction were excluded
if a term was not supported by the approximate t tests of the pa-
rameters (summary output of the glmmPQL object). Further model
selection was not conducted, but we drew effect plots to judge the
importance of a predictor variable. To achieve this, the prediction
was plotted for average values of these model parameters not
shown in the effect plot, and an uncertainty estimate was calcu-
lated using the delta method (function deltaMethod in R). In the
final model, there was still some autocorrelation, especially around
lag 10, i.e. residuals showed some correlation with the residual
from the same day period of the previous night (partial autocor-
relation was around 0.05). To explore the effect of this autocorre-
lation, we fitted amodel using only the odd days of the year (results
not shown), which reduced the autocorrelation pattern. All effects
that had been strongly supported according to the P value in the
model with all dates were still present in this analysis based on the
thinned data set. Finally, to explore whether the effects of the
weather parameters observed in the night data also held for the
rest of the day, we built a similar weather model for each site using
the daylight and twilight data, but excluding the moon parameters.

To compare the activity per half-day (daylight versus night,
excluding twilight), we calculated the expected mean activity per
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Figure 1. Duration of data collection per individual (horizontal grey bars, some individuals with gaps). For each of the two sites, the dates of new moon and full moon as well as the
sex of the individual are indicated.
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half-day, corrected for season (day of year up to its third poly-
nomial), rain, temperature and wind speed (mean weather values
for the measurements of the corresponding half-day; normal linear
model, separately for each duck individual, with a lag-one-
autocorrelation modelled in the residuals; function gls in R). We
then plotted the residuals of the observed value to this fitted value
against time.

Ethical Note

Tagging was performed by trained personnel and animals
released as quickly as possible. Individuals weighing less than
1000 g were not used for the study. From direct field observations
and from our data, we have no indication of the tags or harnesses
notably disturbing the individuals. Individuals were not recaught
for tag removal; some individuals retained the tags and data
continued to be collected. A few tags were lost and found, while the
fate of the other tags remained unknown. Catching and telemetry
permissions were granted by Landwirtschaft und Wald Canton of
Lucerne, Swiss Federal Office for the Environment, and for the
German state of Baden-Württemberg by Regierungspr€asidium
Freiburg, departments of agriculture (for animal experiment per-
mits) and environment (for trapping permit).

RESULTS

Diel and Seasonal Activity Patterns

Independent of site and season, the daily activity pattern
showed two distinct peaks, one very pronounced peak during the
evening nautical twilight, and one peak during nautical and civil
twilight in the morning and into the first one or two daylight hours
(Fig. 2b). Activity gradually decreased during daylight. During the
night, overall activity was reduced, with the lowest activity at the
beginning and at the end of the night, before activity sharply
increased during nautical twilight. When we included sex as a
second predictor in this model, our data suggest that the mean
activity value of males was about 0.35 larger than the activity value
of females (Fig. A2; compare the effect size with the mean activity
in the course of the day, which spans from about 4.5 e 7, Fig. 2).
Flights were observed mainly during civil and nautical twilight
(Fig. 2a). Fewer flights were observed during daylight and very few
during darkness. When we recalculated mean activity per day
period (as in Fig. 2b) but excluded flights, the pattern remained
nearly identical. Hence, the activity peaks during twilight were not
merely a result of commuting individuals (e.g. two of the seven
ducks from Lake Sempach were regular commuters between two
sites 8 km apart, see Korner, Sauter, & Jenni, 2015).

Activity was remarkably constant across the season (i.e. from
September to April). The smoothed activity values (mean daily
activity smoothed using a local polynomial regression fit) always
lay between about 5.4 and 5.6, which is insignificant compared to
the daily variation in the activity (see Fig. 2); daily means were
scattered with no apparent pattern, mostly between 5 and 6.

Weather and Moon

Among the weather parameters, rain had the clearest effect:
activity strongly increased with rainfall in all four models (one
model for each site and for night or daylightetwilight; Fig. 3; the
corresponding plots for the other three models were qualitatively
the same; Table A1). Effects of the other two weather parameters
were less conclusive (Table A1). In only one of the four models was
a quadratic temperature effect supported: the daytime data from
Lake Constance suggested a negatively bent correlation (P ¼ 0.007),

with less activity at higher temperatures around 20 �C, somewhat
increasing activity at cooler temperatures and marginally
decreasing activity again when temperatures fell below freezing. In
the other three models, no quadratic temperature effect was sup-
ported. Daytime data from Lake Sempach showed no effect of
temperature on activity, while the night data showed a slight
positive correlation for Lake Sempach and a slight negative corre-
lation for Lake Constance. We observed no consistent effect of wind
speed: two of the four models showed a slightly positive and two a
slightly negative correlation between wind speed and activity.

Effects of the moon on activity, too, were inconclusive and
differed between the two sites. In the data from Lake Sempach, an
interaction term between moon sickle and moon position on ac-
tivity was not supported. The approximate P values supported an
effect of moon position (P ¼ 0.05) and a quadratic effect of moon
sickle (P ¼ 0.002), suggesting increased activity during times with
the moon above the horizon and, independent of moon position,
during nights with either a new moon or a full moon (Fig. 4a). The
Lake Sempach data covered one to twomoon cycles, only (see Fig. 1,
Table A1); hence these observations need to be judged with
caution. In the data from Lake Constance, extending over a much
longer period, the interaction between moon sickle and moon po-
sition was retained (P ¼ 0.002), but this was not the case for the
quadratic term of moon sickle (P > 0.5 for the quadratic term as
main effect and in interaction with moon position). The effect plot
suggested that activity increased somewhat during a full moon, but
only when the moon was above the horizon (Fig. 4b).

Short- and Medium-term Patterns of Activity per Half-Day

For the following analyses, we worked with the average activity
per half-day, i.e. with themean value of all activitymeasures during
daylight and during the night (excluding the twilight periods). As
shown above, activity during daylight was higher than during the
night (Fig. 2). When we corrected for this systematic difference
(and, in addition, for season by including the date as a linear,
quadratic and cubic term, and the three weather parameters rain,
temperature and wind speed), and plotted the residuals against
time, there appeared a conspicuous pattern of an alternation of the
sign of the residuals between half-days (Figs. 5 and 6): when ac-
tivity during the day was higher than expected, activity during the
following night was often lower than expected; similarly, when
activity during the night was higher than expected, activity during
the following day was generally lower than expected.

Which half-day (day or night) showed positive residuals (i.e.
‘excess’ activity) varied within individuals in periods of a few days to
weeks: after a number of days of excess night activity there generally
followed a period of excess day activity, and vice versa. Some in-
dividuals showed some regularity regarding this switching (espe-
cially the fourth and fifth individuals depicted in Fig. 5 with a switch
about everyweek), butmost individuals showed little regularity. The
underlying process seemed to be a gradual increase in the daylight
activitycorrelatedwithagradual decrease in thenight activity, before
daylight activity was reduced again while night activity increased.
Hence, our data suggest a gradually varying allocation to daylight or
night of a more or less constant total 24 h activity budget.

Comparing the activity between individuals, we did not find a
general synchrony in the residuals (i.e. in the deviation of the ac-
tivity from the expected value given the half-day, season and
weather; Figs. 5 and 6). The mean correlation of the residuals be-
tween all pairs of individuals was 0.03 for Lake Sempach (range
�0.24 to 0.30; only comparisons with at least 10 overlapping half-
days) and 0.11 for Lake Constance (�0.39 to 0.50). We controlled for
the threeweather parameters in themodel; hence, synchronization
due to similar responses to these weather parameters would not
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have appeared in these correlations. Excluding the weather pa-
rameters from the model even decreased the correlation co-
efficients (0.02 for Lake Sempach and 0.00 for Lake Constance).

DISCUSSION

This study demonstrates how flexible mallards allocate their
activity over the day and night, switching between excess daylight
and excess night activity, largely independent of moon, weather
and season. This flexibility appears to be the result of modulations
of a basic diel patternwhich shows clear peaks around twilight and
a higher overall activity during daylight than at night. Similarly,
Bengtsson et al. (2014) reported a rather strict overall diel activity
pattern in the mallard (also shown e.g. by Winner, 1960) that may
be modulated to various degrees, while other work showed the
general flexibility of this species in different contexts, such as
migration behaviour (Diefenbach, Nichols, & Hines, 1988; van Toor
et al., 2013) or movements within the wintering grounds (Sauter
et al., 2010; Tamisier, 1978) or during migration stopover
(Bengtsson et al., 2014). However, previous studies on mallards,
using traditional techniques, have not achieved the resolution of
the now available automated recording techniques. On the other
hand, studies applying these new techniques have mostly focused
on specific behaviours (Shepard et al., 2008) but not on the overall
allocation of activity over time.

While the automated recording of behavioural data yields a
detailed description of activity patterns, the technique has a
number of limitations: only a small number of individuals (15 in our
study) can be monitored. It may be difficult to identify precise
behavioural types (Shepard et al., 2008; our study), and we lack
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knowledge about various covariates such as flock size, disturbance
events, etc. that could influence the behaviour.

Despite the fact that themain activity type changes in the course
of the year (e.g. migration, moult, courtship, reproduction; Arzel
et al., 2007; Raitasuo, 1964), we found little variation in the

overall level of activity (recall that ‘activity’ includes any type of
movement of the body) with date. Our data cover the period from
September to April, i.e. they do not include incubating or actively
migrating individuals when mean activity, of course, would be
much reduced or increased, respectively. For example, mallards are
known to pair up during autumn or winter (depending on latitude;
Bezzel, 1959; Raitasuo, 1964). However, we did not find a signal of
this behaviour in our data, even though this period is characterized
by courtship behaviours that potentially could have increased the
mean activity we measured. Possibly, pairing up is spread over too
long a period (Raitasuo, 1964) so that the average activity over time
does not show a peak.

The only measured weather factor that showed a clear and
consistent effect on activity was rain: activity strongly increased
with rain. However, we are unable to determine what type of ac-
tivity correlated with rain. One hypothesis is that the ducks were
mainly passive when it was raining, but regularly shook off rain
drops, yielding increased acceleration measurements in the tag. On
the other hand, rain may have induced feeding, for example
because of softening of the ground, wetting of grains on the fields or
availability of puddles; Pernollet et al. (2015) found that dabbling
duck species profit from flooded (compared to dry) rice fields, due
to better feeding opportunities. Mallards appear to drink regularly
while feeding, especially when food is soiled with nondigestible
matter (Guillemain, Corbin, & Fritz, 1999; Thomas, 1981). We have
another indication of the mallards being truly more active during
rain: the raw average flight probability per rain class slightly
increased during soft or moderate rain compared to no rain, from
around 1.0% without rain to around 1.3% during 0.75 mm/h rain
(Table A2). Waddling showed a similar pattern, increasing from
about 2% e 3% for the same rain classes (waddling was tentatively
identified for the data from Lake Sempach, only; Fig. A3). Paulus
(1988), on the other hand, reported that feeding tended to
decrease with rain (and high wind speed) in three dabbling duck
species (no data on mallards given).

Temperature and wind speed, in contrast, showed less con-
sistency in their effect on mallard activity in our data. Guillemain
et al. (2002) observed increased feeding activity of different
granivorous duck species (the mallard among them) in colder
weather: the usual night feeding was supplemented with daytime
feeding when it was cold. We only found a weak signal of tem-
perature on activity in our data, but it was consistent with
Guillemain et al. (2002): more activity during the day at colder

M
ea

n
 a

ct
iv

it
y

New moon Half moon Full moon
3

4

5

6

7

8

9

Moon sickle

Moon above horizon
Moon below horizon

(a)

Lake Sempach

M
ea

n
 a

ct
iv

it
y

New moon Half moon Full moon
3

4

5

6

7

8

9

Moon sickle

(b)

Lake Constance

Figure 4. Effect of moon on the activity observed in the data from (a) Lake Sempach and (b) Lake Constance. The interaction between moon sickle and moon position was not
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Figure 5. Activity of the ducks from Lake Sempach per half-day (grey ¼ during
daylight, black ¼ during the night). Each row corresponds to one duck individual. The
values are residuals from a model including half-day (daylight versus night), date (up
to the cubic polynomial), rain, temperature and wind speed as predictors and activity
(mean per half-day) as the outcome. Hence, the values shown are the deviations from
what would be expected given the half-day, the season and the measured weather
parameters. For better readability, only two values are given along the y-axes; to judge
the effect, values may be compared with activity values shown in Figs. 2e4. Dots above
the plot indicate new moon (black) and full moon (white).
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temperatures (found in the Lake Constance data). However, our
data do not support a clear and consistent quadratic temperature
effect (increasing feeding activity with lower nonfreezing tem-
peratures, then decreasing activity with freezing temperatures;
Paulus, 1988), especially not a clear reduction of activity below
0 �C. Hence, our data may better match with Bossenmair and
Marshall (1958) who reported that feeding flights of waterbirds
were observed during any weather situation, even during dense
fog and blizzards. Note that we measured the overall activity level,
while most studies on activity changes with temperature focused
on a specific activity (often feeding).

The ducks from Lake Sempach appeared to be more active
during a full moon as well as during a new moon, and this
pattern was independent of whether the moon was above or
below the horizon. While increased activity during moonlight
nights has been described repeatedly (McNeil et al., 1992),
increased activity during new moon nights has not been reported
in ducks, to our knowledge. One tentative explanation for this
observation could be increased alert during darkness due to
predators (e.g. red fox Vulpes vulpes). Increased insect activity
during a new moon has been described (e.g. Williams, Singh, &
El Ziady, 1956), and waterbirds may feed on insects (Ydenberg
et al., 1984), which could lead to increased duck activity during
a new moon. However, insects on land were probably inactive
during our winter study period at Lake Sempach, although ducks
may have foraged on aquatic invertebrates (Guillemain, Fritz, &
Guillon, 2000). In the data from Lake Constance the moon ef-
fects were much less pronounced, with a small increase in ac-
tivity during times with more moonlight, the expected result, but
no indication of more activity during a new moon. Of course, the
situation in the Lake Constance study area may have been
different, such that an increased activity during the darkest night
periods, possibly due to increased vigilance, remains a hypoth-
esis to be considered in future work.

The analyses based on the residuals per half-day revealed two
aspects. First, an increase in activity during daylight correlatedwith a
decrease in activity during the night and vice versa, yielding a con-
spicuous 12 h alternating pattern in the residuals of activity for the
half-day, and a mostly irregular switching between excess daytime
activity to excess night activity over a few days. Second, we observed
a lack of synchrony of this pattern among individuals. For the time
being, we can only speculate about the reasons for this finding.
Thereby, we need to keep in mind that each duck was probably a
member of a group of ducks; hence the timingof activityand restwas
probablycodeterminedbygroupdecisionmechanisms, in addition to
the physiological state and motivation of the individual.

In the Lake Sempach data, the switching between excess day-
time activity and excess night activity had a frequency of approxi-
mately 7 days in some individuals. This rhythm matches the moon
cycle and with the observed correlation of increased activity twice
per moon cycle (during new and full moon, see above). But the
pattern was not universal, as other individuals did not show such a
7-day rhythm. Excess activity during either half-day may be linked
to some food source and the distribution of disturbances. For
example, if mallards prefer to feed (or otherwise to be active)
during the day, they can do that as long as they stay and feed in
undisturbed areas. But when they change to feed, for example on
fields where disturbance during the day may be common (hikers,
dogs, etc.), the ducks might switch to excess night activity. It has
been shown that mallards, after discovering a food source such as a
field, often use this food source for a number of consecutive days
before switching to a new food source (Bossenmair & Marshall,
1958; Thomas, 1981). Possibly, this behaviour is mirrored in our
activity data.

The irregular pattern of excess daylight or night activity and the
lack of apparent synchrony among individuals suggest that different
variables from those that we measured (three weather parameters,
moon parameters, season) modulate the basic, rather constant diel
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Figure 6. As Fig. 5, but for the ducks from Lake Constance (one individual followed only during January 2012 is not depicted).
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activity pattern of the mallard. In a flexible species such as the
mallard these variables probably interact in a complexway and vary
in space and time, e.g. availability of food, presence of disturbances,
behaviour of other mallards in the area, etc. A similar independence
fromweather and moon conditions was described for the common
raven, Corvus corax, another extremely flexible species (Janicke &
Chakarov, 2007). On the other hand, the switching between excess
daylight and night activity every few days could also be (partially)
independent of external factors; instead it could be an effect of an
innate clock that is not in phase with the dayenight rhythm.
Raitasuo (1964) stated thatmallards (as otherAnas species) typically
show phases of increased and decreased activity alternating about
every 30 e 75 min. This could, for example, be related to a fee-
dingedigesting rhythm, i.e. a physiological driver. Daan and Aschoff
(1975) andKronfeld-Schor andDayan (2003) bothdiscussed cases of
multiple, nonsynchronous oscillators in various animals. Our data
may manifest another such example, with a fixed diel activity
pattern entrained by the sun, overlain by another oscillator (with
unknown drivers), resulting in the regular switching between
excess day and night activity.
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Table A1
Moon and weather effects on the overall mallard activity, estimated separately for the two study sites and for the two half-days night and daylight

Predictors Transformation, levels and/or unit Estimate (SE) P Selected fitted values [95% confidence interval]

Model I
Intercept e 4.700 (0.356) <0.001 e

Temperature z-transformed, hourly average, �C 0.085 (0.064) 0.183 �5 �C: 4.62 [3.96; 5.28]
þ5 �C: 4.86 [4.15; 5.57]

Rain Log (rainþ1), hourly sum, mm 1.046 (0.269) <0.001 0 mm: 4.69 [4.05; 5.33]
2 mm: 5.84 [4.98; 6.70]
(compare also Fig. 3)

Wind Log (wind), hourly mean, km/s �0.039 (0.128) 0.762 Very small effect
Moon sickle �0.5¼new moon, 0¼half-moon, þ0.5¼full moon �0.087 (0.196) 0.657 Effect depicted in Fig. 4 New moon: 5.37 [4.71; 6.02]

Half-moon: 4.77 [4.13; 5.41] Full moon: 5.28 [4.57; 5.99]
Moon sickle squared e 2.226 (0.706) 0.002
Moon position Below horizon (baseline)

Above horizon
e

0.182 (0.094)
e

0.053
e

Effect depicted in Fig. 4
Model II
Intercept e 6.244 (0.282) <0.001 e

Temperature z-transformed, hourly average, �C �0.015 (0.054) 0.787 Very small effect
Rain Log (rainþ1), hourly sum, mm 0.762 (0.231) 0.001 0 mm: 6.20 [5.69; 6.71]

2 mm: 7.04 [6.34; 7.74]
(compare also Fig. 3)

Wind Log (wind), hourly mean, km/s �0.144 (0.107) 0.179 Very small effect
Model III
Intercept e 4.566 (0.175) <0.001 e

Temperature z-transformed, hourly average, �C �0.039 (0.029) 0.187 Small effect
Rain Log (rainþ1), hourly sum, mm 0.980 (0.082) <0.001 Effect depicted in Fig. 3

0 mm: 4.76 [4.46; 5.05]
2 mm: 5.84 [5.50; 6.18]

Wind Log (wind), hourly mean, km/s 0.079 (0.040) 0.046 Very small effect
Moon sickle �0.5¼new moon, 0¼half-moon, þ0.5¼full moon �0.123 (0.117) 0.292 Effect depicted in Fig. 4

New moon below horizon: 4.94 [4.64; 5.24]
New moon above horizon: 4.88 [4.55; 5.20]

Moon position Below horizon (baseline) e e

Above horizon 0.159 (0.041) <0.001
Moon sickle x moon position Sickle�below horizon (baseline) e e Half-moon below horizon: 4.88 [4.58; 5.18]

Half-moon above horizon: 5.04 [4.74; 5.33]
Full moon below horizon: 4.82 [4.48; 5.16]
Full moon above horizon: 5.21 [4.90; 5.51]

Sickle�above horizon 0.454 (0.145) 0.002

Model IV
Intercept e 6.039 (0.240) <0.001 e

Temperature z-transformed, hourly average, �C �0.054 (0.025) 0.028 �10 �C: 6.03 [5.51; 6.56]
5 �C: 6.22 [5.77; 6.67]
20 �C: 5.90 [5.44; 6.37]

Temperature squared e �0.047 (0.017) 0.007

Rain Log (rainþ1), hourly sum, mm 0.793 (0.093) <0.001 0 mm: 6.14 [5.69; 6.59]
2 mm: 7.02 [6.53; 7.51]
(compare also Fig. 3)

Wind Log (wind), hourly mean, km/s 0.044 (0.035) 0.214 Very small effect

Model I: Lake Sempach during the night. Estimated autocorrelation F ¼ 0.355. Sample size ¼ 2142 cases, 7 individuals, 69 dates, 10 time levels. Model II: Lake Sempach during
daylight. Estimated autocorrelation F ¼ 0.241. Sample size ¼ 2123 cases, 7 individuals, 70 dates, 10 time levels. Model III: Lake Constance during the night. Estimated
autocorrelation F ¼ 0.353. Sample size ¼ 9198 cases, 8 individuals, 206 dates, 10 time levels. Model IV: Lake Constance during daylight. Estimated autocorrelation F ¼ 0.261.
Sample size ¼ 10 259 cases, 8 individuals, 239 dates, 10 time levels. The outcome variable is themean activity per day period (10ths of the night or daylight, respectively); most
activity values were between 3 and 8 (see Figs. 3 and 4 for corresponding histograms). Selected fitted values are given in the last column to illustrate the effects (the other
covariables are set to the average value and factors to the baseline level); the uncertainties of the fitted values are calculated applying the delta method. Starting models also
included squared effects of temperature and moon sickle, as well as the interaction between moon sickle and moon position, but these effects were dropped when
nonsignificant. In all models, duck individual, date and day period were included as random factors.

Table A2
Percentage of bouts classified as flights, depending on rain classes and separately for the two study sites and seasons

Site Season Rain classes (mm/h)

0e0.25 0.25e0.5 0.5e0.75 0.75e1 1e1.25 1.25e1.5

Lake Sempach 19 January e 29 March 1.1 1.7 1.3 1.8 0.7 0
Lake Constance 4 September e 11 November 0.9 1.0 0.8 0.6 0.3 0.3
Lake Constance 12 November e 18 January 0.7 0.8 1.7 1.0 0.3 0
Lake Constance 19 January e 29 March 1.4 0.5 0.9 2.1 1.0 0.9
Arithmetic mean 1.0 1.0 1.2 1.4 0.6 0.3

Rain >1.5 mm/h was observed in only 1e2% of the day periods; hence there are not enough data to describe the duck flying behaviour during heavy rain.
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