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Abstract

The influence of prey activity on the use of intertidal flats by foraging waders is largely unknown. Due to differences in
sediment drainage some flats remain covered by a layer of water during much of the exposed part of the tidal cycle, whereas others
drain soon after the passage of the tidal line. Invertebrate prey may respond to the presence of water over the sediment, so their
activity is likely to vary throughout exposure and among differently drained sites. Because active prey tend to be more conspicuous
to predators, sediment drainage may also influence the foraging behaviour and intertidal flat use by waders. Using video recordings
and controlled drainage experiments, we studied how the activity of the two most important wader prey in the Tagus estuary,
Hediste diversicolor Malmgren and Scrobicularia plana (da Costa), is influenced by sediment drainage, and how it varies
throughout the exposed part of the tidal cycle. H. diversicolor was far more active in well drained sediments and at later phases of
the exposure period. In contrast, activity of S. plana peaked in early phases of exposure but declined quickly as the sediment
drained, except when poor drainage maintained a thin water layer. In concordance with these results, wader species that feed
extensively on S. plana in the Tagus tend to follow the tidal line and concentrate on poorly drained areas, while those that prefer H.
diversicolor are not tide-followers and remain on well drained areas. This agreement suggests that sediment drainage and
associated prey rhythms greatly influence wader foraging patterns on sediment flats.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Intertidal flats are very dynamic habitats and they
constitute key foraging grounds for many species of
waders (Aves: Charadriidae, Recurvirostridae and similar
families), fishes and invertebrates. The foraging activity
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of estuarine species, and particularly ofwaders, is strongly
constrained by the tidal cycles, which cause cyclic spatial
and temporal variability in their feeding grounds (Van de
Kam et al., 2004; Van Gils et al., 2005; Fleischer, 1983;
Granadeiro et al., 2006; Van Gils et al., 2006).

Waders feed essentially on intertidal benthic inverte-
brates, including polychaetes, bivalves and crustaceans.
The basic mechanisms for prey detection in waders may
range from one totally based on vision to one mostly
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based on tactile cues (e.g. Gerritsen and Meiboom,
1986; Barbosa, 1994; Sutherland et al., 2000).

Visual prey detectability in the sediments is naturally
related to their surface activity or with any expression of
that activity, such as cast production (Pienkowski, 1983)
or tracks made by siphon or moving animals (Van
Heezik et al., 1983). In fact, many tactile feeders rely
extensively on visual cues for feeding (Gerritsen and
Meiboom, 1986). Hence, the surface activity of prey and
particularly its variation throughout the tidal cycle may
help explain the feeding behaviour of waders. Also, the
tendency of some wader species to follow the tidal line
while foraging (Vader, 1964; Nehls and Tiedemann,
1993; Dierschke et al., 1999; Hötker, 1999; Dias et al.,
2006), and the more general association of feeding
waders with areas covered by a thin layer of surface
water (Palomo et al., 2003) or wet sediment (Kelsey and
Hassall, 1989) is frequently attributed to a higher level
of prey activity in such areas (Pienkowski, 1983).

Due to the type of sediment and the distribution of
drainage channels, some areas of the sediment flats
drain much faster than others. Well drained areas tend to
be free of surface water very soon after the retreat of the
tidal water line, whereas in poorly drained areas a thin
layer of water remains on the sediment for hours or even
during the full period of exposure. Consequently,
sediment drainage is likely to influence the rhythms of
activity of invertebrate prey living in the sediment flats.

Strikingly, very few studies have comprehensively
examined the behaviour of invertebrate prey in the wild
and the available information is sometimes incongruous
(Dugan, 1981; Pienkowski, 1983). Data on polychaete
surface activity obtained in laboratory are frequently
different from those obtained in the field (e.g. Vader,
1964; Evans, 1979). For example, Esselink and Zwarts
(1989) recorded a higher surface activity of Hediste
diversicolor in the wild, around low water, while Vader
(1964) found greater activity around the passage of the
retreating water line under laboratory conditions.

This study focuses on the waders of the Tagus estuary
and their two most important prey, the polychaete
H. diversicolor and the bivalve Scrobicularia plana
(Moreira, 1999). We studied (1) if the activity of prey
varies throughout the period of exposure of the sediment,
i.e. between the receding and incoming tides, and (2) if
different (experimentally manipulated) levels of drain-
age of the sediment influence the activity of prey. The
results were interpreted in the light of the existing
knowledge on the foraging strategies of waders, to
evaluate if the response of prey to the passage of the tide
and to the drainage of the sediment influences the
foraging strategy ofwaders. To our knowledge, this is the
first study that uses a disturbance-free filming scheme to
study invertebrate prey activity throughout the exposure
period, therefore offering a complete dataset on surface
activity of benthic invertebrates in the wild.

2. Methods

2.1. Study area and species

This study was carried out in the Tagus estuary
(38°45′N, 09° 02′W), one of the most important wintering
areas for waders in Western Europe. At the study site the
sediment is mainly muddy and remains exposed for about
7:30 h during an average tide. Dunlin Calidris alpina,
Black-tailed godwit Limosa limosa, Avocet Recurvirostra
avosetta, Redshank Tringa totanus, Grey plover Pluvialis
squatarola and Bar-tailed Godwit Limosa lapponica are
the most abundant wader species in this area of the estuary
(Granadeiro et al., 2006).

We studied the surface activity of the ragworm
H. diversicolor and the bivalve S. plana; the latter is
either consumed whole or partially (only their inhalant
siphons) (Moreira, 1999). H. diversicolor lives in semi-
permanent burrows, which provide refuge from pre-
dators (Zwarts and Esselink, 1989). It has a wide array of
feeding techniques during the low tide, including scav-
enging and predation at the sediment surface, which
increases its exposure to predators (Zwarts and Esselink,
1989). S. plana lives buried in the sediment and it is
generally a deposit feeder. It extends its inhalant siphon
over the sediment surface, both during emersion and
immersion, to scan the surface for deposited food par-
ticles (Zwarts and Wanink, 1989). This behaviour ex-
poses the siphon tips to predation by birds, fish and other
invertebrates, while increasing their likelihood of being
consumed whole (De Goeij et al., 2001). In the Tagus
estuary siphons of S. plana are an important food item
for waders and gulls (Moreira, 1997).

2.2. Variation in prey activity throughout the tidal cycle

The study was carried out in April–June 2003, at four
sites located about 30 m downshore from the upper edge
of the intertidal area. At each site we marked a row of
four 500 cm2 square plots, about 1.5 m apart (Fig. 1).

Invertebrate prey are highly sensitive to disturbance
made by observers (pers. obs.), so we used static mini
video-cameras to film the surface sediment. During each
day, a set of four areas was filmed using the cameras.
These were positioned above the plots during the
receding tide, when the site was still submerged (more
than 20 cm of water), andwe started recording just before



Fig. 1. Diagram representing the sampling scheme.
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the plots became exposed. A quadmultiplexer connected
the cameras to a portable video recorder, and switched
the image transmitted from each camera to the video
every 30 s. Since there were four cameras, the same plot
was filmed every two and a half minutes throughout the
full exposure period. A portable TV was used to monitor
the image being recorded and to check for any problems
in the video registry. Two 12 V batteries supplied energy
to the equipment (Fig. 1).

In each day four plots were filmed from the receding
up to the incoming tide (we will refer to this as exposure
period) and each plot was filmed during one day. It then
took us four days to film once all our 16 plots. The
activity indexes used are described below.

Before starting the filming sessions, we placed tem-
perature loggers (Stowaway TidbiT, Onset Corp.) at the
surface of the sediment, set to make a reading at five
minute intervals. However, these loggers started to mal-
function after seven days in the field, so the temperature
measurements that we report have all been obtained at the
beginning of the study, during the control period.

2.3. Evaluating the effect of surface water in prey activity

After the first filming session, we experimentally
tested whether the presence of water over the sediment
affects the surface activity of wader prey. We manipu-
lated the water levels in three of the four plots of each
set. We used four PVC plates (60 cm long, 20 cm height)
which we soldered at the edges to form a box of 0.36 m2

and buried them in the sediment according to the desired
level of water retention.

Three treatments were defined, according to the
drainage and the depth of the water layer remaining over
the sediment: (1) 2-cm water layer, a thick layer of water
on poorly drained sediment, (2) thin film of water, with a
layer of water of just about 0.5 cm on poorly drained
sediment; and (3) well drained, without any water over
the sediment.
The 2-cm water layer was obtained by pushing the
PVC box all the way down into the sediment surface, and
just leaving 2-cm out of the sediment. The area was
periodically covered by the rising tide, but maintained a
2-cm layer of water during the entire low-tide period.
The thin film of water was obtained as before, but we
buried the PVC places a little deeper, slightly higher than
the sediment surface. We therefore managed to retain
about 0.5 cm of water. The well drained treatment was
obtained by burying the PVC plates slightly ca. 1 cm
below the level of the sediment. The presence of the plate
under the sediment produced a small (square) ditch,
which speeded up the drainage of the sediment and
resulted in a moist surface, but with less water content as
compared to the previous treatments. The fourth plot was
left unmanipulated and acted as a control. The control
drained slower than well drained, and so retained slightly
more water (but less than the thin film of water). Before
manipulation all 16 study plots had drainage patterns
similar to those of the control.

Each treatment was replicated four times, one replicate
in each set. All plots were filmed twice, throughout two
full exposure periods, at least ten days after placing the
structures that controlled the level of water, to allow the
stabilization of sediment. At the end of the filming
sessions the PVC plates were removed and all the plots
were filmed again, during the exposure period.

After the filming sessions, all the sediment from the
areas was collected down to a depth of 20 cm and
sieved through a 1 mm mesh to capture all the rag-
worms and bivalves in them. We considered that prey
numbers remained roughly constant during our study,
i.e., that any significant immigration would be com-
pensated by emigration. We did not find any small
H. diversicolor nor small S. plana, which suggests that
no significant recruitment events occurred during the
study. It is possible that the buried PVC plates partially
prevented the movements of animals in and out of the
filmed areas.
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Preliminary trials in the laboratory showed that siphons
of S. plana shorter than 1.5 cmwere very difficult to detect
in the video recordings and could be missed, so these
individuals were excluded from all analyses. All captured
H. diversicolor individuals were larger than 1.5 cm and
therefore they were all included because they were large
enough to be clearly visible in the recordings.

2.4. Activity indexes

All video recordings were analyzed using the VLC
video software (http://www.videolan.org). At intervals of
roughly 10 s the recording was stopped and we counted
the number of S. plana and H. diversicolor visible on the
surface of the sediment. Consequently, for each period of
the 30 second continuous recording we obtained three
counts per plot. The total number of animals of each
species countedwas then divided by three. Sincewe knew
the total number of individuals actually present in each
plot it was then possible to make an estimate of the
average proportion of individuals active at each 30 second
interval. This procedure ensured that the variation during
the tidal cycle would be unaffected by any possible
emigration or immigration phenomena.

We calculated two other visibility/activity measures
for S. plana: the siphon length (in mm), and the “sweep
rate”. Siphon length was measured with a ruler on the
computer screen and calibrated against an object of
known size in the images. Sweep rate was recorded as
the number of unidirectional siphon movements during
a 10 s interval. Both measures were obtained from a
sample of two active individuals in each 30 s interval. We
also noted other visible activity clues, like the expulsion
of pseudo-faeces.

We repeated this procedure each 2.5 min (during the
first and the last half hour, that we considered to be the
receding and the incoming water periods) or at a 10 min
interval (±3 h from the low water), for each square,
during the entire exposure period. All the filming
sessions were carried out under good weather condi-
tions, avoiding rain and strong wind.

2.5. Data analysis

We calculated average activity indexes per plot, for
each tidal cycle interval. To facilitate the interpretation of
the results, the exposure period was divided into five
intervals and the activity datawere pooled accordingly. To
avoid pseudo-replication we averaged observations re-
corded in each plot and the standard errorswere calculated
based on the number of plots and not on the number of
observations. We used repeated measures of ANOVAs to
test for differences in activity levels during the tidal cycle
and for differences among water treatments.

3. Results

3.1. Variation of surface temperature during the tidal
cycle

In the period for which we have sediment temper-
ature readings it averaged ca. 27 °C. The temperature
profiles varied among days, but the highest temperatures
were in general recorded before the low-tide period
(Fig. 2).

3.2. Variation in prey activity throughout the tidal cycle

3.2.1. H. diversicolor
Overall, the density of H. diversicolor in our study

areas was 97.5 indiv.m−2. This species could only be
detected when it came to the surface and we never
observed any other sign of activity (e.g. turbulence in the
surface water, faeces expulsion).H. diversicolor showed
significant differences in their activity throughout the
tidal cycle (Fig. 3A, Repeated Measures Rm ANOVA,
tidal cycle F4,48=8.86, pb0.001), being much less
active soon after exposure and more active in the later
phases of the exposure period, when the sediment is
better drained.

3.2.2. S. plana
The total density of S. plana in our study areas

was 285.0 indiv. m−2. We recorded the frequency of
occurrence of the siphons at the sediment surface, the
mean length of siphon exposed and the rate of siphon
sweeps of S. plana. Other visible signs of activity were
very rare (e.g. the highest frequency of occurrence of
pseudo-faeces expulsion was less than 3 * 10−5 of the
total occurrences at the sediment surface). S. plana
also showed marked differences in the surface activity
throughout the exposure period (Fig. 3B — Rm
ANOVA, tidal cycle F4,48=6.29, pb0.001). The activity
was highest in the earlier phases of the exposure period
and decreased afterwards. The length of exposed siphon
at the sediment surface varied slightly throughout the
exposure period (22.4 ± 7.2 mm, mean ±SE; Rm
ANOVA, tidal cycle F4,40=6.55, pb0.001). The mini-
mum length of siphons at the sediment surface occurred
soon after exposure, while the maximum was observed
around low water (Fig. 4). Despite a suggestion of a
higher sweep rate at the end of the receding tide, the
differences were not significant (Rm ANOVA, tidal
cycle F4,28=2.3, pN0.05).

http://www.videolan.org


Fig. 2. Variation (median± interquartile range, n=7 plots) of
temperature at the surface of the sediment during the tidal cycle.

Fig. 3. Average (±SE, n=16) proportion of active individuals at the
sediment surface throughout the exposure period of (A) Hediste
diversicolor and (B) siphons of Scrobicularia plana.
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3.3. Influence of surface water

3.3.1. H. diversicolor
The water treatments strongly influenced the activity

of H. diversicolor at the sediment surface (Table 1 and
Fig. 5A). In the sediments without surface water (both
well drained and control)H. diversicolor remained active
throughout the low tide period and their activity tended to
increase along the period of sediment exposure. In
contrast, in the sediments with surface water we observed
an almost total absence of surface activity (Fig. 5A).

The lack of detectable effects during the tidal cycle is
apparently due to the large among-group variance but
there is a suggestion of a contrasting behaviour of the
thin film of water and 2-cm water layer treatments in
relation to the control and well drained treatments
(Table 1).

3.3.2. S. plana
The water treatments induced marked differences in

the patterns of activity of S. plana throughout the
exposure period (Fig. 5B, Table 1). Data suggests that
under thin film of water S. plana showed the highest
average activity, while in 2-cm water layer they showed
the lowest. Animals in control and well drained plots
showed a similar behaviour and an intermediate overall
activity. The length of exposed siphon at the sediment
surface was not affected by the water treatments (Table 1),
but the sweep rate differed among these: they were
higher on thin film of water and 2-cm water layer (Fig. 6,
Table 1). In fact, while there was a reduction in the
proportion of active animals towards the end of the tidal
cycle, those that remained active increased their sweep
rate.
Fig. 4. Average length (±SE, n=16) of siphons of Scrobicularia plana
at the sediment surface throughout the exposure period.



Table 1
Summary of test statistics (Rm ANOVA) for the effect of water level and tidal cycle on the activity of Hediste diversicolor and Scrobicularia plana

Species Activity index Source of variation

Water level Tidal cycle Water level× tidal cycle

Hediste diversicolor Frequency of occurrence F3,12=4.17⁎ F4,48=2.39 F12,48=0.88
Scrobicularia plana Frequency of occurrence F3,12=1.62 F4,48=13.28⁎⁎⁎ F12,48=2.06⁎

Siphon length F3,12=0.55 F4,48=8.86⁎⁎⁎ F12,48=1.03
Siphon sweeps F3,8=6.22⁎ F4,32=3.05⁎ F12,32=0.67

Significant results are in bold. ⁎0.01bpb0.05, ⁎⁎⁎pb0.001.
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At the end of the experiment, the water-level treat-
ments were removed and activity measures were obtained
again for H. diversicolor and S. plana. We did not find
any significant differences among plots for either species
and so we concluded that differences among groups in the
activity were due to the treatments (H. diversicolor Rm
Fig. 5. Average (±SE, n=16, four for each treatment) proportion of
active individuals at the sediment surface under different water level
conditions throughout the exposure period of (A) Hediste diversicolor
and (B) siphons of Scrobicularia plana.
ANOVA, water level F3,12=0.66, pN0.05; S. plana Rm
ANOVA, water level F3,12=0.19, pN0.05).

4. Discussion

Our new non-intrusive observation technique, based
on video recordings, proved to be an effective method to
study the behaviour of invertebrate wader prey in the
wild. It eliminated observer disturbance and allowed the
acquisition of a large amount of activity data during
the full period of exposure of the sediment. One of the
main advantages of this system is the possibility of
replaying the recordings, and to detect inconspicuous
activity events by movement detection, which would
probably be missed by direct observation or photogra-
phy. However, the analysis of the recordings is quite
time consuming.

We took great care in setting up the cameras to avoid
any effect that might jeopardize the analysis of the
recorded images, particularly light reflection resulting
from the effect of wind on the water surface. The PVC
plates were placed at a distance from the filmed areas,
and we started the film sessions ten days after setting up
Fig. 6. Scrobicularia plana. Average rate (±SE, n=16, four for each
treatment) of siphon sweeps (number of sweeps s−1) in different
treatments.
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the water level treatments. Therefore, the sediment was
stabilised enough to avoid producing turbidity due to
sediment re-suspension.

The densities of H. diversicolor and S. plana were
similar to those reported for the Tagus estuary and
elsewhere (Santos et al., 2005). Climate conditions in
the Tagus estuary are comparable to those of southern
European and subtropical estuaries. They are also
similar to those prevailing during the summertime in
colder regions. As such, we believe that our results can
be generalised to those latitudes. Under these climatic
conditions, invertebrates are not constrained by extreme
low temperatures. In northern regions, even in the
spring, sediment temperature may vary between 2 and
12 °C (Pienkowski, 1983; Evans, 1987), well below
those recorded during our study.

In this study just we just examined the activity of
invertebrates during the day. The patterns of activity of
some benthic species seem to differ between day and
night (Last, 2003) and therefore our conclusions are
limited to the diurnal part of shorebirds budget.

4.1. Prey activity varies along the tidal cycle

H. diversicolor and S. plana showed contrasting
activity patterns along the tidal cycle. H. diversicolor
was relatively inactive in the initial phases of the
exposure period, and became progressively more active
as the sediment water drained. Conversely, S. plana
siphons occurred at the surface of the sediment more
often soon after the passage of the retreating water line
and the proportion of active animals declined as the
sediment dried out.

The patterns of activity recorded for H. diversicolor
are in line with those reported under natural conditions
for this species (Esselink and Zwarts, 1989), and for
some other species of polychaetes, such as Nephtys
caeca (Caron et al., 2004). However, other polychaetes,
such as Nereis virens, appear to have a higher feeding
activity soon after exposure (e.g. Caron et al., 2004).

The results of studies of invertebrate activity carried
out under laboratory conditions often differed from those
of field studies (Esselink and Zwarts, 1989; Vader,
1964), possibly because of difficulties in replicating their
natural environmental conditions. Under artificial con-
ditions the feeding rhythms and patterns of occurrence at
the surface of the sediment may be disrupted (Esselink
and Zwarts, 1989, pers. obs.).

The length of S. plana siphons extended over the
sediment surface varied only slightly throughout the
exposure period and was somewhat smaller in its initial
phase, which may suggest that there was more food
available during this period. However, individuals did
not use the same burrow for the siphon throughout the
exposure period. The location at which the siphon
surfaced varied, which allows the animal to increase its
foraging area on the sediment while minimizing the
length of siphon exposed. This behaviour is likely to
reduce the risk of predation. In addition, these changes
in siphon length might be simply a consequence of the
change in burrowing depth.

While the proportion of animals decreased towards
the end of the tidal cycle, the number of sweeps tended
to increase after the low tide. This suggests that the
animals that remained active increased their sweep rate,
and thus their exposure to predation.

During the exposed part of a tidal cycle, each H.
diversicolor spent an average of only 7 min at the
sediment surface, whereas each S. plana extended its
siphon on the surface for an average of 55 min. This
corresponds to about 3% and 12% of the emersion period
at the study sites, respectively. The level of surface
activity of H. diversicolor is within the values reported
for this (Esselink and Zwarts, 1989) and other worm
species (Palomo et al., 2003). To our knowledge, this is
the first quantification of surface activity of S. plana.

This reduction in the proportion of active S. plana
individuals is possibly a response to a high risk of
predation. In fact, there is probably a trade-off between
keep feeding at a higher rate on the rich sediment surface
and predation avoidance (Esselink and Zwarts, 1989).
Alternatively, the animals may have already fulfilled
most of their energetic requirements during high-tide
filter feeding (Esselink and Zwarts, 1989).

Waders may use visual cues other than the presence of
prey on the surface of the sediment to locate them
(Pienkowski, 1983).We recorded the occurrence of these
potential cues, such as the expulsion of pseudo-faeces by
S. plana, but they were much less frequent than the
surfacing of the individuals or their siphon. Consequent-
ly, we believe that these events are unlikely to be major
visual cues for the predators of H. diversicolor and
S. plana.

4.2. The level of water on the sediment determines the
surface activity of invertebrate prey

The presence of a thin film of water over the surface of
the sediment is frequently referred to as a factor that
increases overall invertebrate activity (e.g. Pienkowski,
1983). We observed a clear preference for such con-
ditions in S. plana, but not in H. diversicolor. In fact, the
latter was significantly more active in well drained
sediment, and showed negligible surface activity in the
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presence of water over the sediment. Esselink and Zwarts
(1989) observed a similar behaviour in H. diversicolor
studied in field conditions, and reported that in the
presence of water on the sediment surface individuals
remained filtering in their burrows. Surface feeding
exposes the individuals to predation, so it is generally
restricted to situations in which filter feeding is un-
profitable or more difficult, such as when the sediment
dries (Esselink and Zwarts, 1989). Also, during the
exposure periodH. diversicolorwas less active when the
risk of bird predation was potentially higher (and the
sediment wettest); as such, predator avoidance may also
contribute to the observed activity patterns (Evans, 1979;
Esselink and Zwarts, 1989).

The response of S. plana to manipulated water
conditions was more complex. Individuals in the well
drained conditions showed intense surface activity soon
after the sediment became exposed, but this activity
declined to very low levels as the sediment progres-
sively dried out. This suggests that it is difficult or
unprofitable for them to forage in sediment without
surface water. In the plots where we maintained a thin
film of water over the sediment throughout the low tide,
surface foraging was intensive during the full period, but
in deeper water surface activity of siphons was always
very low. Possibly the abundant water allowed the
animals to continue filter feeding throughout the low
tide period, and thus they did not need to deposit-feed on
the surface. Exposing the siphon at the surface is likely
to increase the risk of predation, so S. plana may
minimize such exposure whenever it is not necessary.

The number of sweeps of siphons of S. plana was
about two times greater in sediment covered with a layer
of water than in its absence. A layer of water over the
sediment probably facilitates the movements of the
Fig. 7. Diagram representing the relationship between water over the se
siphon either by minimizing friction or the resistance of
surface tension when the sediment is wet but not covered
with water. In control and well drained sediment there
are less S. plana feeding at the surface and at a lower rate:
it is more difficult to feed without water and it probably
has a lower reward.

Both temperature (Evans, 1979) and food availability
(Esselink and Zwarts, 1989) may also strongly influence
the surface activity of invertebrates. However, at sub-
tropical latitudes, the temperature probably does not con-
stitute an activity limiting factor. On the other hand, food
availability is probably associatedwithwater coverage: the
concentration of food particles in water frequently deter-
mines the invertebrate feeding method (Esselink and
Zwarts, 1989) and consequently its activity. Finally, pre-
dation risk may also play some role in invertebrate surface
activity (Evans, 1979).

4.3. Does prey activity influence wader foraging activity?

We demonstrated that the activity of wader prey at
the sediment surface varies substantially along the
exposure period. In addition, we found that the presence
of films of water on the sediment strongly influences the
surface activity of invertebrate prey during this period.
However, our results do not support the idea that
sediments with surface water increase the activity of all
invertebrate species. In fact, the two most important
prey for waders in the Tagus estuary showed contrasting
responses in their activity patterns at the sediment
surface under this treatment: the proportion of active
individuals was maximum under thin film of water for
S. plana and minimum for H. diversicolor.

According to our results, the best strategy for waders
feeding on S. plana is to forage close to the outgoing
diment, sediment drainage, prey activity and foraging by waders.
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water line, because the surface activity of this prey
declines as the sediment drains out. Areas of sediment
that remain covered by a thin film of water are also likely
to remain good foraging grounds during the full period of
low tide. The spatial/temporal optimum to forage for
H. diversicolor is the opposite of that for S. plana. The
best results for birds searching forH. diversicolor should
be achieved well away from the retreating water line,
where the sediments have had time to drain.

This tide-following phenomena has been described
for several estuaries and latitudes (e.g. Tiedemann and
Nehls, 1997; Granadeiro et al., 2006), but may vary
geographically and seasonally. “Tide-followers” tend to
be tactile predators (Granadeiro et al., 2006) and authors
usually associate the tide-following behaviour to inver-
tebrate prey activity (e.g. Tiedemann and Nehls, 1997).

In the Tagus estuary Black-tailed Godwit and Dunlin
are examples of “tide-followers”, and are mixed (visual
and tactile) predators (Granadeiro et al., 2006). In
addition, when foraging away from the tidal line, Black-
tailed Godwit is generally associated with poorly
drained areas, covered with surface water (Granadeiro
et al., 2007). In the Tagus estuary these species feed
intensively on S. plana or its siphons, although they
may also consume other species (Moreira, 1995; Santos,
2005). This situation is consistent with our first
prediction that waders that prey on S. plana tend to be
tide-followers and to feed on poorly drained sediments
(Fig. 7).

Grey Plover, Redshank and Bar-tailed Godwit do not
follow the water line (Granadeiro et al., 2006) and feed
mainly on polychaetes (none feed on S. plana). Redshank
may feed on S. plana siphons, but this has been reported
as a minor food item (Moreira, 1996) (Fig. 7). This
situation is consistent with our second prediction.

The outcome of these predictions supports the
hypothesis that the foraging strategy of waders on
intertidal sediment flats is not simply determined by the
abundance of prey, but also by their behaviour. Prey
behaviour may, for example, help explain why some
wader species tend to follow the water line, whereas
others forage away from it in sediments that are already
well drained, and why some waders tend to forage in
areas with poorly drained sediment.

When and where waders forage is, to a great extent,
determined by how invertebrates respond to the move-
ments of the water tidal line and the drainage of the
sediment. The marked differences in the response to
these conditions by important prey types may explain
why waders feeding on different prey differ in their
spatial and temporal use of the sediment flats for
foraging.
As a general conclusion we suggest that prey behaviour
is one of the major factors conditioning spatial and
temporal wader feeding patterns and that drainage con-
ditions play a major role on invertebrate prey availability.

Acknowledgements

We thank P.M.Lourenço, J. Andrade,M. P. Dias, C. D.
Santos and others for their help in fieldwork, P. Segurado
for the figures, G. Hilton for the revision of themanuscript
and three anonymous referees for their valuable com-
ments. This study was funded by the Fundação para a
Ciência e Tecnologia with EU-ERDF support, through
grants SFRH/BD/6221/2001 to S. R., SFRH/BPD/11544/
2002 to J. P.G., and research project Pred-Tagis POCTI/
BSE/47569/2002. [RH]

References

Barbosa, A., 1994. Estudio ecomorfológico de las aves limícolas
(Aves: Charadrii): modificaciones adaptativas relacionadas com la
búsqueda del alimento. PhD dissertation, Universidad Complu-
tense, Madrid.

Caron, A., Desrosiers, G., Olive, P.J.W., Retière, C., Nozais, C., 2004.
Comparison of diet and feeding activity of two polychaetes,
Nephtys caeca (Fabricius) and Nereis virens (Sars), in an estuarine
intertidal environment in Québec, Canada. J. Exp. Mar. Biol. Ecol.
304, 225–242.

De Goeij, P., Luttikhuizen, P.C., Van der Meer, J., Piersma, T., 2001.
Facilitation on an intertidal mudflat: the effect of siphon nipping by
flatfish on burying depth of the bivalve Macoma balthica.
Oecologia 126, 500–506.

Dias, M.P., Granadeiro, J.P., Martins, R.C., Palmeirim, J.M., 2006.
Estimating the use of tidal flats by waders: inaccuracies due to the
response of birds to the tidal cycle. Bird Study 53, 32–38.

Dierschke, V., Kube, J., Rippe, H., 1999. Feeding ecology of dunlins
Calidris alpina staging in the southern Baltic Sea, 2. Spatial and
temporal variations in the harvestable fraction of their favourite
prey Hediste diversicolor. J. Sea Res. 42, 65–82.

Dugan, P.J., 1981. The importance of nocturnal foraging in shore-
birds: a consequence of increased invertebrate prey activity. In:
Jones, N.V.,Wolff,W.J. (Eds.), Feeding and Survival Strategies of
EstuarineOrganisms.Marine Science, vol. 15. PlenumPress, London,
pp. 250–260.

Esselink, P., Zwarts, L., 1989. Seasonal trends in burrow depth and
tidal variation in feeding activity of Nereis diversicolor. Mar. Ecol.
Prog. Ser. 56, 243–254.

Evans, A., 1987. Relative availability of the prey of wading birds by
day and by night. Mar. Ecol. Prog. Ser. 37, 103–107.

Evans, P.R., 1979. Adaptations shown by foraging shorebirds to
cyclical variations in the activity and availability of their intertidal
invertebrate prey. In: Naylor, E., Hartnall, R.G. (Eds.), Cyclic
Phenomena in Marine Plants and Animals. Pergamon Press,
Oxford, pp. 357–366.

Fleischer, R.C., 1983. Relationships between tidal oscillations and
Ruddy Turnstone flocking, foraging, and vigilance behavior.
Condor 85, 22–29.

Gerritsen, A.F.C., Meiboom, A., 1986. The role of touch in prey
density estimation by Calidris alba. Neth. J. Zool. 36, 530–562.



44 S. Rosa et al. / Journal of Experimental Marine Biology and Ecology 353 (2007) 35–44
Granadeiro, J.P., Dias, M.P., Martins, R.C., Palmeirim, J.M., 2006.
Variation in numbers and behaviour of waders during the tidal
cycle: implications for the use of estuarine sediment flats. Acta
Oecol. Int. J. Ecol. 29, 293–300.

Granadeiro, J.P., Santos, C.D., Dias, M.P., Palmeirim, J.M., 2007.
Environmental factors drive habitat partitioning in birds feeding in
intertidal flats: implications for conservation. Hydrobiologia 587,
291–302.

Hötker, H., 1999.What determines the time-activity budgets of Avocets
Recurvirostra avosetta? J. Ornithol. 140, 57–71.

Kelsey, M.G., Hassall, M., 1989. Patch selection by Dunlin on a
heterogeneous mudflat. Ornis Scand. 20, 250–254.

Last, K.S., 2003. An actograph and its use in the study of foraging
behaviour in the benthic polychaete, Nereis virens Sars. J. Exp.
Mar. Biol. Ecol. 287, 237–248.

Moreira, F., 1995. The winter feeding ecology of Avocets Recurvirostra
avosetta on intertidal areas I. Feeding strategies. Ibis 137, 92–98.

Moreira, F., 1996. Diet and feeding behaviour of Grey Plovers Plu-
vialis squatarola and Redshanks Tringa totanus in a Southern
European estuary. Ardeola 43, 145–156.

Moreira, F., 1997. The importance of shorebirds to energy fluxes in a
food web on a south European estuary. Estuar. Coast. Shelf Sci. 44,
67–78.

Moreira, F., 1999. On the use of birds of intertidal areas of the Tagus
estuary: implications for management. Aquat. Ecol. 33, 301–309.

Nehls, G., Tiedemann, R., 1993. What determines the densities of
feeding birds in tidal flats? A case study on Dunlin Calidris alpina
in the Wadden Sea. Neth. J. Sea Res. 31, 375–384.

Palomo, G., Botto, F., Navarro, D., Escapa, M., Iribarne, O., 2003.
Does the presence of the SW Atlantic burrowing crab Chasmag-
nathus granulatus Dana affect predator–prey interactions between
shorebirds and polychaetes? J.Exp. Mar. Biol. Ecol. 290, 211–228.

Pienkowski, M.W., 1983. Surface activity of some intertidal
invertebrates in relation to temperature and the foraging behaviour
of their shorebird predators. Mar. Ecol. Prog. Ser. 11, 141–150.
Santos, C.D., Granadeiro, J.P., Palmeirim, J.M., 2005. Feeding
ecology of dunlin Calidris alpina in a south European estuary.
Ardeola 52, 235–252.

Sutherland, T.F., Shepherd, P.C.F., Elner, R.W., 2000. Predation on
meiofaunal and macrofaunal invertebrates by western sandpipers
(Calidris mauri): evidence for dual foraging modes. Mar. Biol.
137, 983–993.

Tiedemann, R., Nehls, G., 1997. Saisonale und tidale variation in der
nutzung vonwattflächen durch nahrungssuchende Vögel. J. Ornithol.
138, 183–198.

Vader, W.M.J., 1964. A preliminary investigation into the reactions of
the infauna of the tidal flats to tidal fluctuations in water level.
Neth. J. Sea Res. 2, 189–222.

Van de Kam, J., Ens, B.J., Piersma, T., Zwarts, L., 2004. Shorebirds.
An Illustrated Behavioural Ecology. KNNV Publishers, Utrecht.

Van Gils, J.A., Dekinga, A., Spaans, B., Vahl, W.K., Piersma, T., 2005.
Digestive bottleneck affects foraging decisions in red knots Cali-
dris canutus. II. Patch choice and length of working day. J. Anim.
Ecol. 74, 120–130.

Van Gils, J.A., Spaans, B., Dekinga, A., Piersma, T., 2006. Foraging in
a tidally structured environment by red knots (Calidris canutus):
ideal, but not free. Ecology 87, 1189–1202.

Van Heezik, Y.M., Gerritsen, A.F.C., Swennen, C., 1983. The influence of
chemoreception on the foraging behaviour of two species of sandpiper,
Calidris alba and Calidris alpina. Neth. J. Sea Res. 17, 47–56.

Zwarts, L., Esselink, P., 1989. Versatility of male curlews (Numenius
arquata) preying upon Nereis diversicolor: deploying contrasting
capture modes dependent on prey availability. Mar. Ecol. Prog. Ser.
56, 255–269.

Zwarts, L.,Wanink, J.H., 1989. Siphon size and burying depth in deposit-
and suspension-feeding benthic bivalves. Mar. Biol. 100, 227–240.


	Invertebrate prey activity varies along the tidal cycle and depends on sediment drainage: Conse.....
	Introduction
	Methods
	Study area and species
	Variation in prey activity throughout the tidal cycle
	Evaluating the effect of surface water in prey activity
	Activity indexes
	Data analysis

	Results
	Variation of surface temperature during the tidal cycle
	Variation in prey activity throughout the tidal cycle
	H. diversicolor
	S. plana

	Influence of surface water
	H. diversicolor
	S. plana


	Discussion
	Prey activity varies along the tidal cycle
	The level of water on the sediment determines the surface activity of invertebrate prey
	Does prey activity influence wader foraging activity?

	Acknowledgements
	References


