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Abstract Detailed knowledge on species—habitat rela-
tionships is of crucial importance for the understanding of
processes in marine ecosystems. Being top-predators, birds
are important bio-indicators for marine systems. The aim of
this study was to elucidate precise information on foraging
habitat use and foraging times of oystercatchers (Haemato-
pus ostralegus) on wide tidal flats using global positioning
system (GPS) data loggers. The study was conducted to
collect hints for the negative population trends in oyster-
catchers in the Wadden Sea. It is the first time that GPS
technique has been used in a shorebird species. Although
oystercatchers are known to exhibit foraging site fidelity, a
number of individuals visited multiple sites. Foraging trips
at night were longer, and the targeted sites were further
away than those used during the day. These patterns were
likely to be caused by higher risks of clutch predation by
avian predators during the day that led adults to reduce their
absence to defend their clutches. Our methodological
approach enabled the subtle spatio-temporal patterns of
habitat use to be determined on a very fine spatio-temporal
scale. We suggest further potential studies using GPS data
loggers that may help to reveal the reasons for the current
declines in oystercatcher populations in the German
Wadden Sea.
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Introduction

During the breeding period, birds need to balance the risks
of clutch predation and loss of breeding territory against the
risk of starvation for themselves and their offspring (e.g.,
Low et al. 2008). Adults therefore have to weigh the time
spent foraging (to maintain body condition) against the
time spent in the breeding habitat (to defend their clutch
against predators and their territories against conspecifics).
This balance is particularly important in shorebirds such as
Eurasian oystercatchers (Haematopus ostralegus) that feed
in tidally structured environments, because the time frame
available for foraging is restricted by the tidal cycle.
Although it has been shown that oystercatchers are able to
conserve energy during the breeding season, and may even
spend some time apparently inactive (Kersten 1996;
Kersten and Visser 1996), some of this “spare time” needs
to be devoted to digestion (Zwarts et al. 1996a). Further-
more, although they are inactive at the breeding colony for
a certain proportion of time, individuals benefit from stay-
ing at the breeding site for as long as possible, to be avail-
able to defend their territory and clutch. In accordance with
this idea, breeding oystercatchers were found to spend
much less time foraging on tidal flats and had higher food
intake rates compared to non-breeders, enabling them to
return to the nest site sooner (Hulscher 1982). Taking these
constraints into account, oystercatchers would be expected
to time their foraging flights and choose their foraging areas
carefully to allow them to return to their breeding territories
as quickly as possible, while also enabling them to gain
sufficient energy for their own metabolism.

Oystercatchers in the Wadden Sea are known to
establish foraging territories on the mudflats, which they
defend against conspecifics (e.g., Ens et al. 1992), enabling
effective foraging within a known environment and thus
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allowing them to return quickly to their clutches. In accor-
dance with that, we assumed site fidelity by foraging
oystercatchers (i.e., constantly returning to a known habitat
patch). While oystercatchers mainly forage using visual
cues during daylight, they are thought to use tactile cues at
night, which might make feeding slower (Hulscher 1976;
Sutherland 1982b; Sitters 2000). In addition, the availabil-
ity of benthic prey may differ between day and night (Esser
et al. 2008), as well as during the tidal cycle (e.g., Hulscher
1996; de Vlas et al. 1996). Furthermore, the predation risks
to both foraging adults and to clutches or chicks may differ
between day and night. We therefore investigated differ-
ences in the temporal and spatial foraging flight patterns of
oystercatchers between day and night, and at different tidal
stages.

Like many other wader species, Eurasian oystercatchers
have declined significantly in the German Wadden Sea dur-
ing recent years (e.g., Blew etal. 2007, CWSS 2010).
Although food availability has been reduced as a result of
the extensive mussel fisheries in parts of the Dutch Wadden
Sea (e.g., Piersma et al. 2001; Verhulst et al. 2004; Scheiff-
arth and Frank 2005), these effects alone are not sufficient
to explain the negative trends in other parts of the Wadden
Sea. It is therefore essential to investigate the foraging
behaviour of oystercatchers in more detail, as information
on the temporal and spatial patterns of foraging site selec-
tion will provide further insights into the possible relation-
ships between oystercatchers and their prey. However, such
studies have been hampered by logistic problems, espe-
cially on large tidal flats where precise information on hab-
itat use during day and night cannot be obtained using
visual methods.

We therefore equipped several individual oystercatchers
with global positioning system (GPS) data loggers to gain
detailed information on their temporal and spatial patterns
of habitat use. These devices have already been used on
larger seabirds (e.g., Weimerskirch et al. 2002; Grémillet
et al. 2004; Garthe et al. 2007a, b), but to the best of our
knowledge, this study is the first to use GPS data loggers to
provide results for a shorebird species. GPS loggers allow
the birds to be tracked during both day and night, at any
distance from the observer. The German Wadden Sea
includes vast tidal flats up to several kilometres in width,
making information on foraging site utilization by oyster-
catchers impossible to gain by visual observations.

Remote techniques provide an upcoming methodology
for studying habitat utilization by different marine animals,
including birds (e.g., Hedd et al. 2009; Harris et al. 2010),
sharks (e.g., Meyer et al. 2010; Stevens et al. 2010) and tur-
tles (e.g., Girard et al. 2009). Three types of devices other
than GPS data loggers have been used to reveal the spatial
distribution patterns of shorebirds: (1) Radio transmitters
have previously been used on oystercatchers (e.g., Exo
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1992; Exo et al. 1996; Sitters 2000), but the temporal and
spatial resolutions of the data obtained from GPS data log-
gers are more accurate and not range-restricted. (2) Satellite
telemetry is suitable for tracking long-distance migrants on
their flyways, when relatively coarse temporal and spatial
resolutions are sufficient (e.g., Hamer et al. 2000; Kenow
et al. 2002). The same is true of (3) geolocators, which pro-
vide an indirect measure of position by measuring the time
of sunset and sunrise (for further details see e.g., Harris
et al. 2010). The major aim of the current study was to gain
information on the fine-scale distribution patterns within
foraging habitats, and GPS data loggers were therefore used
because of their superior temporal and spatial resolutions.

Because the use of GPS technology in shorebirds is
novel, in addition to answering the questions raised, we
also briefly discuss the applicability of these devices to
solving questions related to habitat in this species group.
Finally, we provide some suggestions for follow-up studies
using GPS technology that may help to finally shed light on
the reasons for the negative population trends in oyster-
catchers in the German Wadden Sea.

Materials and methods
Study area, GPS data loggers and equipment

The study was conducted on the German Wadden Sea
island of Oland (see small map in Fig. 1a) during the incu-
bation period from 18 to 27 May 2008. About 340 pairs of
oystercatchers were breeding on this island in 2008
(K. Lutz pers. comm.), mainly using grazed pastures as
their breeding sites. Oland is located about 3 km off the
mainland coast in the German Wadden Sea (Fig. 1a) and is
surrounded by vast tidal flats that are frequented by oyster-
catchers and other breeding birds. There are large tidal
creek systems at the north and south of the island (Fig. 1).
During low tide, these tidal creeks are located at a distance
of 1.2-2.5 km from the oystercatcher nest sites. Oland is
only connected to the mainland by a railway track, which is
not accessible to mammalian predators (Lutz 2008).

Nine individual oystercatchers were trapped using walk-
in-traps while incubating, between 18 and 27 May 2008.
The first chicks hatched in the second week of June. GPS
data loggers (Earth & Ocean Technologies, Kiel, Germany)
were attached to the tail feathers using adhesive TESA®
tape (Wilson et al. 1997). Therefore, the device was posi-
tioned at the proximal end of the five middle tail feathers.
The devices weighed 18 g. Three of the nine trapped
oystercatchers were weighted and showed a mean body
weight of 521 g (range: 487-574 g). The devices therefore
accounted for 3.4% (range: 3.7-3.1%) of the body weight.
As a comparison, Exo etal. (1996) used radiotelemetry
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Fig. 1 Examples of foraging trips of oystercatchers revealed by GPS
data loggers: a four trips and home range of bird #18, including map of
the location of Hallig Oland in the German Wadden Sea (top right cor-
ner); b nine trips and home range of bird #13; ¢ five trips and home
range of bird #5. Points on lines indicate fixes of GPS loggers, lines

devices equivalent to 3.5-4% of the body weight. Oyster-
catchers were released immediately after attaching the
device, and after dyeing some tail and breast feathers to
facilitate identification of the equipped individual in the
field.

After a delayed start of 1-12 h, the devices recorded
time, geographical position (80% of the data deviated by
less than 10 m) and speed (km h™!) at programmed inter-
vals of 20-60s (for individual logging intervals, see
Table 1). The additional standard period for the satellite
uplink to gain a GPS-fix was 6-22 s. Dependent on the
logging intervals, the batteries in the devices lasted long
enough to provide data for 15-38 h for each individual
bird (for the total number of individual GPS fixes
recorded, see Table 1). Devices with a longer operating
duration were available, but they would have been too
heavy (exceeding 5% body mass) to put on oystercatchers

8°40' 841" 8°42' 8°43' 8°44' 8°45' 8°46'

indicate shortest distance between fixes, different colours of lines rep-
resent different foraging trips, triangles indicate nest sites of sampled
individuals. d All 61 foraging trips of the eight individuals (same col-
ours indicate same individuals)

and would have been likely caused device effects (Phillips
et al. 2003). The devices were left on the birds for 2-3
days before re-capture using the same catching method.
The device was then removed and the data were down-
loaded. We found no indications of behavioural differ-
ences between equipped and unequipped birds on the
basis of visual observations. Biometric sexing of oyster-
catchers (Zwarts et al. 1996b) revealed a strong bias; all
the individuals caught were males, except for individual
#18 which was a female, and two further individuals that
could not be sexed. However, Van de Pol et al. (2009)
stated that biometric sexing of oystercatchers may be
unreliable because of variances in biometric parameters
between years. We therefore did not analyse any effects of
sex on temporal and spatial patterns of habitat use. Eight
of the nine individuals equipped with data loggers were
recaptured.
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Table 1 Log interval, total time logged and number of foraging trips during the day and at night and during different tidal stages for the eight

oystercatchers
Ind. # Log interval (s) Total min Number of trips
logged

Day Night Ebb tide Low water Flood tide High water Total
1 30 1,449 2 2 1 3 0
5 45 2,281 3 2 2 2 1 0
7 45 1,404 4 3 1 2 2 2
8 45 1,623 10 2 2 4 4 2 12
10 45 1,956 10 1 5 3 3 0 11
13 45 1,810 1 4 2 3 0
15 45 1,621 1 2 3 2 0
18 20 908 2 1 1 2 0

47 14 19 18 20 4 61

Statistical analyses

For all correlations of foraging trip duration and foraging trip
length with time of day, the data were separated as follows:
“day” was classified as all daylight hours, including the time
of civil twilight; “night” encompassed the hours of darkness.
Four tidal stages were classified: (1) low tide (1.5 h prior to
low tide to 1.5 h after low tide); (2) flood tide (1.5 h after low
tide to 1.5 h prior to high tide); (3) high tide (1.5 h prior to
high tide to 1.5 h after high tide); (4) ebb tide (1.5 h after
high tide to 1.5 h prior to low tide). Only four trips were per-
formed by the birds during high tide, while similar numbers
of trips were performed during the other tidal stages
(Table 1). A generalized linear mixed effect model (GLMM;
details are given below) was applied to account for tidal
effects (and for disproportionate coverage of different tidal
stages) when testing for the influence of time of day on trip
length/distance, and vice versa (Pinheiro and Bates 2009).

Geographical information system ArcView 3.2 was used
to visualize the spatial patterns of the foraging trips of the
eight individuals. A foraging trip was identified by the
absence of the bird from the breeding territory at the same
time as the recorded speed over several measurements
showed values of 02 km h™!, which represented the charac-
teristic pattern of individuals searching for food, determined
by comparing the results of several hours of direct field
observations (when the birds were near enough) with logger
data. Foraging trips that led further away from the breeding
territory could also be identified by the different location and
high flight speeds at the beginning and end of the foraging
trips. Foraging site fidelity of the sampled individuals was
estimated by performing kernel home range analyses
(e.g., Worton 1989) using the Animal Movement extension
in ArcView 3.2 (http://www.absc.usgs.gov/glba/gistools/
animal_mvmt.htm). The total foraging areas in which 25, 50,
75 and 95% of the positions recorded by GPS loggers were
located were recorded (e.g., Wood et al. 2000).
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We tested for differences in trip length (min) (i.e., time
between departure from and arrival at the nest) and trip dis-
tance (m) (i.e., maximum distance from the nest site
reached during a foraging trip), respectively, between night
and day (referred to as “time class™), as well as between
different tidal stages (referred to as “tide”). Each individual
oystercatcher performed more than one trip, and these were
treated as replicates. This individual effect was accounted
for using a GLMM based on restricted maximum likeli-
hood, using the individual as a random effect (Venables and
Ripley 2002; Faraway 2006). To test for differences in trip
distance and duration between time classes (fixed effect),
we additionally used tide as random effect. Accordingly, to
test for differences in trip distance and duration between
different tidal stages (fixed effect), we used time class as a
random effect. A second model keeping only the random
effects was computed for comparison to test for the signifi-
cance of the fixed effects. As the model output of GLMMs
does not provide AIC, we applied an analysis of variance
(e.g., Zar 1999) comparing both models using the explained
variance as response variable. This statistical approach for
comparing random versus fixed effects was suggested by
Faraway (2006). The data were left-skewed, and we there-
fore considered a quasi-poisson distribution to be appropri-
ate. All tests were conducted using the R 2.8.1 open-source
software package (R Development Core Team 2007) using
the library Ime4 (Bates and Maechler 2009).

Results

Spatial patterns and foraging site fidelity

A total of 61 foraging trips were recorded from the eight
oystercatchers. Individual #8 recorded the most foraging

trips (n =12), while individual #18 showed the fewest
(n=4), which was largely because of the short log interval,
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Table 3 Foraging site fidelity expressed as total area (km?) of habitat 0 1000 2?'00 3000 4000 5000
used at given encounter probabilities, revealed by kernel home range Distance to nest [m]

analysis

Individual # n trips Area of foraging habitat (km?) at given
encounter probabilities
25% 50% 75% 95%
1 0.011 0.050 0.165 0.426
5 0.016 0.053 0.181 0.536
7 7 0.017 0.056 0.157 0.355
8 12 0.001 0.005 0.012 0.031
10 11 0.044 0.141 0.329 0.811
13 9 0.553 1.781 4.176 12.778
15 7 0.420 1.691 4.095 9.260
18 4 0.248 0.994 2.668 5.840

Small values indicate high foraging site fidelity

and consequently short operating period of its device
(Table 1). There was high variability in both trip duration
and trip distance both between and within individuals
(Table 2). Several individuals regularly performed trips of
between 70 and 150 m (e.g., #7 and #8), whereas most
other birds commuted to foraging areas several kilometres
from the nest. The longest trip was performed by individual
#13, which flew to a freshwater pond on the mainland at a
distance of 5.7 km from the nest, during daytime flood tide
(Fig. 1b; Table 2). This was the only example of a trip to a
foraging area other than in the intertidal zone. The mini-
mum distance travelled from the nest was 70 m, by individ-
ual #8 (Table 2). The mean overall distance from the nest to
the foraging site was 1.1 km (SD: £1.1 km).

Individuals exhibited differences in foraging site fidelity
(i.e., their return rate to known patches differed; Table 3).
Home range analyses revealed relatively high site fidelities
in five of the eight sampled individuals (#1, #5, #7, #8,
#10), while three individuals (#13, #15, #18) used wider
foraging areas (Table 3; Fig. 1 for examples). The five

Fig. 2 Correlation between foraging-trip length and distance to nest.
Different symbols indicate different individuals. Grey symbols trips
during daylight hours, black symbols trips during darkness

foraging trips performed by individual #5 were to almost
the same foraging spot in the north of the island (Fig. 1c).
In contrast, individual #18 used multiple sites in the north
of the island and also commuted to the south of the island
on one of its four recorded trips (Fig. 1a). Five of the nine
trips recorded by individual #13 led to the same foraging
area in the south, while the other four trips went to the east
and west of the island (Fig. 1b). With the exception of indi-
vidual #8, which constantly performed very short trips, all
other individuals visited multiple sites at least once or twice
(Fig. 1d). Many foraging trips were to areas located close to
the two tidal creek systems in the north and south of Oland.

Influence of time of day and tide

Oystercatchers spent most of their time in their breeding
territories (mean for the eight individuals: 81.7 & 7.4%)
and only a small time on foraging trips (mean:
18.3 & 7.4%). Foraging trips lasted between 143 and 8 min
(Table 2). The overall mean foraging trip duration was
37 min (£32 min). There was a significant positive correla-
tion between distance travelled from the nest to the forag-
ing site and the trip length (min) (Fig. 2; GLM: 7=3.0;
P<0.01; R?= 0.14). There were also high variabilities in
both trip length and distance travelled for most oystercatch-
ers (different symbols in Fig. 2), indicating that the same
individuals used different places and stayed at these for
different periods of time.

Some of this variability could be explained by the
predictors time class and tide (Fig. 3): For trip length, the
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Fig. 3 Foraging-trip length (a) and distance to nest (b) in relation to
tidal stage. Open circles trips during daylight, closed circles trips
during darkness

model was significantly improved by adding time class as
a fixed effect versus a model using only the random effects
(individual and tide) (ANOVA: y*=38.8; P<0.001).
Individuals performed significantly longer trips during the
night than during the day (Fig. 3a). Accordingly, the
model for trip distance was significantly improved by
adding time class (ANOVA: #? =392.3; P <0.001). Trip
distances were significantly higher during the night than
during the day, although this relationship is unclear in
Fig. 3b, most likely because of the strong random effects
of the individuals.

The model for trip length was not significantly improved
by adding tidal stage (ANOVA: »*=03; P=0.53;
Fig. 3a), while that for trip distance was significantly
improved (ANOVA: #*>=311.1; P<0.001). Individuals
performed their longest trips during low and flood tide
(Fig. 3b).
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Discussion
Device effects

It is not possible to completely rule out an influence of the
devices on the temporal and spatial patterns observed in
the equipped birds. There was no opportunity to compare
the distances and durations of trips between equipped and
unequipped birds, but we did carry out detailed visual
observations of the behaviour of five of the sampled birds
within their breeding territory and (if close enough) during
their foraging on the mudflats. We found no indication that
relative time spent incubating (#= —0.99), preening
(t=—0.17), sleeping (t=10.08), or absent from the nest
(r=0.4) differed between five equipped and five
unequipped individuals (P> 0.5 and df=9 in all cases).
After deployment of the devices each individual returned to
their breeding territory within a few minutes following
release. To avoid cumulative effects, the deployment period
was restricted to a maximum of 2-3 days. Furthermore, the
data loggers were programmed with a delayed start of
1-12 h to reduce the possible effects of catching and handling
on the recorded data. It is not known if this time period was
sufficient to allow for habituation to the device. Using radio
tags on oystercatchers in the German Wadden Sea, Exo
et al. (1996) suggested a period of 1-3 days for habituation.
No losses of eggs of equipped birds were noted during the
study period (except for one oystercatcher that could not be
re-captured because it lost its clutch). The fledging success
of all the other equipped individuals appeared comparable
to that of unequipped breeding pairs, although this was not
measured quantitatively. There was no indication of any
long-term effects, and five out of the eight individuals that
had been equipped with GPS data loggers during this study
were re-sighted or re-captured the following year while
incubating on Oland in the same breeding territories (we
were only able to check about 15% of the total breeding
population on Oland for re-sightings). The fledging success
in the following year was similar to that of unequipped
individuals.

Spatial patterns

The mean foraging trip distance for oystercatchers nesting
on Oland was 1.1 km, which was more than twice the dis-
tance recorded for individuals on Schiermonikoog (Ens
et al. 1992). The tidal flats around Oland (as in many parts
of the German Wadden Sea) are vast, and oystercatchers
seem to utilize the whole range of the flats up to the tidal
creek systems that border them. Moreover, our data showed
that many individuals preferred foraging at the edges of
tidal creeks, i.e., in low-lying areas with a low exposure
time. The long submerged period means that the quality of
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benthic prey such as cockles (Cardium edule) is highest in
these areas (e.g., Sutherland 1982a; Goss-Custard et al.
1991).

Several individuals in the current study showed a moder-
ate degree of foraging site fidelity (i.e., between 0.01 and
0.54 km? used at 95% encounter probability; Table 3),
though at least three of the eight individuals showed low
fidelity (i.e., between 5.80 and 12.78 km? at 95% encounter
probability; Table 3). Thus, specific foraging territories on
the tidal flats could not be identified for all individuals, con-
tradicting our assumption. There are several possible expla-
nations for the moderate site fidelity. (1) Foraging
territories might not have been finally established prior to
fledging. Foraging areas may change in relation to breeding
stage, as documented for other shorebird species (e.g.,
American avocets, Recurvirostra americana;, Demers et al.
2008). (2) Only birds breeding at the edge of the island with
direct access to tidal habitats (“residents”; see Ens et al.
1992) developed foraging territories, whereas the others
varied their habitat use. This was demonstrated by individ-
uals #7 and #8, which were the only ones with direct access
to tidal flats and also showed the highest site fidelity. (3)
Although previous studies suggested that site choice did not
usually differ between day and night (Sitters 2000), our data
showed that oystercatchers often used sites further away
from the nest at night, a fact that would decrease the appar-
ent site fidelity. (4) Variation in habitat use might have
been caused by insufficient availability and/or quality of
prey, thus forcing the oystercatchers to visit various sites to
locate a rich site. The last hypotheses may provide further
indications for the population declines, but this issue cannot
be addressed on the basis of the data collected within the
scope of the current study. Further studies using GPS tech-
niques are needed to collect additional data on prey avail-
ability and site quality for sites used by oystercatchers, to
reveal any implications at the population level.

However, more data are needed to confirm these inter-
pretations, as the sample sizes and recording periods in the
current study were too low to allow final conclusions to be
drawn. Despite the fact that a total of 61 foraging trips were
studied and GLMM was used to correct for individual
effects, the relatively small sample size might still have
contributed to the high variances in trip distances and dura-
tions within and among individuals. Moreover, the data
may not be sufficiently temporally independent, and further
data collected over longer time periods are needed to con-
firm the patterns found in this study. However, relatively
small sample sizes may still hamper logger or transmitter
studies, as (1) devices are often expensive, and (2) often
malfunction (though this was not the case in the present
study), and (3) it is often not possible to retrieve the data
either because the device is lost or because the bird cannot
be recaptured (which was the case with only one individual

in this study). Consequently, sample sizes of around 10 or
fewer are still common in studies employing electronic
devices to study habitat use (compare e.g., Garthe et al.
2007b; Hedd et al. 2009; Harris et al. 2010; Meyer et al.
2010).

Temporal patterns

Nocturnal foraging is common in shorebirds (e.g., McNeil
et al. 1993; Thomas et al. 2006; Kuwae 2007). This is true
for oystercatchers in tidally structured sites (e.g., Hulscher
1974, 1976, 1982; Sutherland 1982b; Exo etal. 1996;
Kersten and Visser 1996; Zwarts et al. 1996c¢; Sitters 2000)
and contrasts with the situation in individuals that breed
inland, which do not forage at night (Wolf 1998).

In accordance with the studies mentioned earlier, the
results of the current study indicated extensive foraging
during the night; moreover, oystercatchers made trips to
more distant sites during the night than during the day, and
stayed longer in the foraging areas (Figs. 2, 3). This could
be because oystercatchers had difficulty in finding sufficient
energy at night. However, food intake by oystercatchers
during the night is not necessarily lower compared to day-
time (see review in Hulscher 1996).

Predation risk obviously is a crucial factor for the tempo-
ral patterns of habitat use found in our study: No clutch
losses caused by nocturnal mammals have been found on
the island of Oland (Lutz 2008), whereas numbers of gulls,
i.e., herring (Larus argentatus), black-headed (L. ridibun-
dus) and common gull (L. canus) have increased dramati-
cally both on the island and throughout the whole Wadden
Sea area (Garthe et al. 2000; Koffijberg et al. 2006). All the
recorded clutch predation events on Oland have so far
occurred during the daytime (Lutz 2008), suggesting that
gulls or birds of prey are the most likely predators. Shorter
foraging trips by oystercatchers during the day may there-
fore be a response to the risks of egg and chick predation
posed by diurnal gulls. This possibility is emphasized by
several observations of gulls and less frequently birds of
prey, such as marsh harrier (Circus aeruginosus) and short-
eared owl (Asio flammeus) attacking oystercatchers during
the fieldwork period (own observations). Oystercatchers
might counter this risk by being present in the breeding ter-
ritory for longer during the day. This could be the crucial
reason why the maximum distance travelled from the nest
was significantly lower during the day than at night
(Figs. 2, 3). Predation risk has already been revealed as an
important factor contributing to differences between diurnal
and nocturnal foraging behaviours in various bird species
(e.g., Kalejta 1992; Wolf 1998; Beauchamp 2008; Merkel
and Mosbech 2008). As mentioned earlier, larger data sets,
ideally at additional sites, are need to confirm these findings
and interpretations.
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Tidal effects

The tidal cycle significantly affected both distance travelled
from the nest and trip duration: both parameters were high-
est during low tide and showed moderate values during ebb
and flood tides. This supports the hypothesis that oyster-
catchers forage at the line of the retreating/incoming water.
As for time of day, the tidal cycle is also likely to have a
major impact on prey availability. De Vlas et al. (1996)
found that oystercatchers took more ragworms (Nereis
diversicolor) at low tide, but more Macoma balthica during
the early and late stages of the tidal cycle, shortly after
exposure of the flats. This suggests that oystercatchers
should preferentially search for certain prey species in the
vicinity of the water line, supporting our findings.

Only four foraging trips were recorded during high tide,
indicating that oystercatchers were able to fulfil their ener-
getic demands on exposed tidal flats (for activity budgets in
relation to tidal cycle, also see Exo 1995). However, one
individual performed one long foraging trip to the mainland
coast, where it foraged at the edge of a freshwater pond.
This indicates that foraging might also be necessary at high
tide in some individuals. Again, more data are needed to
address this question properly.

Oystercatchers spent most of their time (mean: 81.7%)
within their breeding territory. Visual observations of indi-
viduals equipped with GPS data loggers indicated that they
did not search for terrestrial prey in their territories, but
spent their time exclusively preening, resting, and incubat-
ing, or defending their clutch against potential predators
and conspecifics. Data on the body weights of different
individuals on Schiermonnikoog (Kersten and Visser 1996)
suggest that energy is conserved during the incubation
period, rather than expended. However, no data are avail-
able to confirm this in oystercatchers breeding on Oland.
Thus, it remains unknown if oystercatchers spend most of
their time within their breeding territory because they only
need a small amount of time to fulfil their energetic
demands, or if they accept a net weight loss during incuba-
tion for the sake of defending their clutches against poten-
tial predators.

Conclusions and outlook

The results of the current study suggest that oystercatchers
on Oland exhibited moderately strong site fidelity and per-
formed longer foraging trips at night than during the day.
Opystercatchers apparently timed their foraging flights to
allow them to spend more time within their breeding terri-
tory and less time foraging, particularly during the crucial
daytime hours when clutches were susceptible to predation
by diurnal avian predators. The patterns identified in this
study need to be validated by further analyses of data from
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studies with larger sample sizes and from different regions.
Moreover, it is important to consider that oystercatchers are
large-bodied, long-lived birds. Their complex foraging
ecology therefore needs to take account of life-long consid-
erations, such as the gathering of information throughout
the season and over consecutive years, as well as predation
pressures at foraging sites. Risks of predation at the forag-
ing site did not appear to be an issue on Oland, where no
predators of adult individuals were observed.

GPS data logger technology advances quickly (Ens et al.
2008). In the near future, more powerful batteries will
allow loggers to collect data continuously for longer peri-
ods, and device masses will be significantly reduced (e.g.,
Wikelski et al. 2007). This will enable a higher density of
data points to be recorded, so improving the findings of the
present study. Moreover, resource selection analyses by
sampling the abundance and quality of potential prey items
at foraging sites identified by GPS will allow further
insights into the reasons for habitat choice and may thus
provide explanations for the negative population trend in
oystercatchers in the eastern Wadden Sea. Predation of ben-
thic species by oystercatchers has already been studied
elsewhere by visual observations (e.g., Sutherland 1982b).
However, visual observations alone will not be sufficient to
shed light on the habitat choice of oystercatchers and their
possible relationships to food supply on the vast tidal flats
of the German Wadden Sea, and so direct observations in
the breeding habitats, in addition to the use of GPS data
loggers, will be useful for evaluating the role and intensity
of predation pressure on nests and chicks at the breeding
grounds.
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