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INTRODUCTION

Local densities and intake rates of shorebirds
(Charadrii) spending the non-breeding season on in-
tertidal flats and estuaries are determined primarily by
the instantaneously available stock of benthic prey
(Goss-Custard 1984, Piersma 1987). However, during a
non-breeding season, intake rates can be reduced by at
least 3 factors, which, when they operate over a large
area, may eventually lead to the shorebirds’ starvation
and/or emigration from a wintering site. These factors
are (1) interference competition among foraging birds
(e.g. Goss-Custard et al. 1984, Triplet et al. 1999),
(2) deterioration of the nutritional value of individual
prey items (e.g. Zwarts & Wanink 1993, Zwarts & Ens
1999) and (3) depletion of the available prey stocks
(e.g. Goss-Custard et al. 1996, Zwarts et al. 1996).

Prey depletion by wintering shorebirds has received
much attention over the past 2 decades and is known

to depend on a range of factors, including initial prey
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birds may be plentiful in some years but scarce in oth-
ers (Meire et al. 1994, Zwarts & Ens 1999). Thus, shore-
bird populations may be maintained via, e.g. density-
dependent mortality mechanisms at such levels so as to
not overexploit food stocks in poor years (e.g., Wolff
1991). In this case, on average, consumption by shore-
birds should be independent from benthic production
(or the initially available prey stock) (e.g. Fig. 15.5 in
van der Meer et al. 2001). In other words, the ‘safety
margin’ between shorebird consumption and benthic
production (or the standing stock at the onset of a non-
breeding season) has to be high. On the local scale, at
least at prime feeding sites because of the initially
large prey stocks, shorebird intake rates can be inde-
pendent of densities of their primary prey (e.g. Goss-
Custard 1977, Gill et al. 2001, Goss-Custard et al. 2001,
Goss-Custard unpubl.) unless a considerable propor-
tion of the harvestable (sensu Zwarts & Wanink 1993)
fraction is removed (e.g. Goss-Custard et al. 2001) or
dies off (e.g. Zwarts & Ens 1999).

It has not been decisively resolved whether or not
ecologically significant depletion of benthic prey by
shorebirds over their residence period occurs at warm-
climate non-breeding sites (e.g. Schneider 1985, Kalejta
1993, Mercier & McNeil 1994). By contrast to the north
temperate region, warm-climate wintering sites have
more stable abiotic conditions, benthic (re)production
occurs during periods of intensive shorebird predation
(Alongi 1990, Kalejta & Hockey 1991), and they also
support higher shorebird densities (Summers 1977,
Zwarts et al. 1990, Hockey et al. 1992, Kalejta 1993).
Currently, these sites are hypothesised to allow for a
higher level of exploitation of benthic stocks by the
shorebirds, and consequently have relatively low-
standing benthic biomass densities (Wolff & Smit 1990,
Wolff 1991, but see van der Meer et al. 2001). If the
purported low ratio between the benthic stocks and
shorebird consumption indeed exists in a warm-climate
wintering area, a converse local-scale foraging situa-
tion should be true. The intake rate achieved by an
individual forager should be in the vicinity of the func-
tional response gradient, i.e. it should be directly lim-
ited by the prey density throughout a non-breeding
season.

Three lines of evidence can be used to test the
hypothesis of the lower ratio between the benthic stock
and shorebird predation pressure in warm climates as
compared to the cold-climate wintering areas. (1) Ini-
tial benthic stocks and their depletion (exploitation
level) over a non-breeding season can be compared.
However, in the absence of data on long-term annual
fluctuations in the benthic food supply, shorebird con-
sumption (Kalejta & Hockey 1991, Dittmann & Vargas
2001) and the proportion of the standing stock that can
actually be harvested by the birds in tropics/subtrop-

ics, such comparisons may be unreliable at present
(Piersma et al. 1993a). (2) Functional response curves
can be measured directly (e.g. Gill et al. 2001) to deter-
mine whether the rate of intake is indeed limited by
the density of prey, as would be expected in a preda-
tor-prey system with a quick turn-over of matter and
energy. However, such responses are often difficult to
measure in the field, and our ability to predict the
shape of a functional response curve from the gener-
ally available field data (e.g. prey type and size, han-
dling time, forager density) is currently limited (Ens et
al. 1994, Goss-Custard unpubl.). (3) The third line of
evidence can come from experiments manipulating
prey densities in the field (e.g. Cummings et al. 1997).
This approach uses a converse logic as compared to
(2). Specifically, if the rate of intake is in the vicinity of
the gradient of a functional response curve, then
depleting food densities in the field should negatively
affect intake rates or lead to emigration of predators
from the impacted areas. This is the approach taken in
this study, although data pertinent to points (1) and (2)
have also been collected and are presented.

In this study numerical (density) and functional (cap-
ture rate and feeding success) responses of bar-tailed
godwits Limosa lapponica to changes in prey densities
were studied in a manipulative field experiment con-
ducted at a spatial scale roughly corresponding to the
local scale of movements of the birds (e.g. Cummings
et al. 1997, Chamberlain & Fuller 1999). Sediment dis-
turbance due to manual removal of the callianassid
shrimp Trypaea australiensis (Skilleter 2002) resulted
in a decrease in densities of several other benthic
organisms that constitute the bulk of diet of the godwit.
It was predicted that if the intake rate is limited by the
density of prey available to the birds, a reduction in
prey density will cause rapid numeric (emigration out
of the impacted plots) and functional (decrease in cap-
ture rate and/or foraging success) responses by the
birds.

MATERIALS AND METHODS

Study area. The study was carried out on the west-
ern shore of North Stradbroke Island, Moreton Bay,
Queensland, Australia (27° 25’ S, 153° 25’ E) between
October 1998 and November 1999 (Fig. 1). Moreton
Bay is a large estuarine system with semidiurnal tides
exposing the intertidal area on average for 5.5 to 6.5 h
per low tide. Moreton Bay supports up to 80 000 win-
tering shorebirds, including more than 20 000 bar-
tailed godwits (Thompson 1990a). The study area is
known to support godwit densities considerably higher
than elsewhere in the Bay (Thompson 1990b), and thus
can be considered a ‘preferred site’. This minimised
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the chance of obtaining a significant relationship be-
tween foraging rates and prey densities by virtue of
sampling at a site with already poor feeding conditions
(e.g. Goss-Custard et al. 1984). The intertidal flats on
the western (estuarine) side of the island are charac-
terised by 3 broad zones: a mangrove fringe along the
upper shore (primarily Avicennia marina), an essen-
tially unvegetated mid-intertidal zone, and extensive
seagrass (Zostera capricornii, 
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order of their importance in the godwit diet as deter-
mined from faecal analysis (Zharikov & Skilleter 2002)
and visual observations, were analysed in this study:
mictyrid crab 
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RESULTS

Benthic prey responses to the experimental 
disturbance

Abundance of crabs

The benthic cores tended to contain small Mictyris
with CL <10 mm (author’s unpubl.) as larger individu-
als (max. CL = 22 mm) were foraging on the surface at
that time. At both depths, the in situ density of Mictyris
showed a significant temporal decrease from October
1998 to January 1999 and then an increase from May
1999 to November 1999 (Period, F3,12-values > 10.71,
p-values < 0.001, Fig. 2). There were initially signifi-
cantly more Mictyris in the experimental plots than the
control plots, but by January 1999, the abundances
dropped markedly and were similar in both treat-
ments. After that time, the temporal trends in the 2
treatments diverged, with more crabs occurring in the
control plots than the harvested plots. This was highly
significant for the 5 cm cores (Period × Treatment
interaction, F3,12 = 4.96, p = 0.004), but not significant
for the 15 cm cores, even after post-hoc pooling (F3, 60 =
1.69, p = 0.18). However, the temporal trends in the
data for both depths were similar, suggesting that
overall there was a significant impact from harvesting

on the abundance of Mictyris. The decrease in Mictyris
abundance associated with the experimental manipu-
lations was 35% in the upper 5 cm of the sediment and
17% in the upper 15 cm of the sediment.

The other group of crabs that were relatively abun-
dant in the cores was the macrophthalmids. At least
4 species (see ‘Materials and methods’) occurred in the
area, but these species could not be identified individ-
ually from the examination of godwit faecal samples
(Zharikov & Skilleter 2002), so data were combined
for analysis. There was a significant treatment effect
detected for the 5 cm deep cores (F1, 52 = 6.42, p = 0.02),
with significantly more of the macrophthalmids occur-
ring in the control plots than the harvested plots
(Fig. 3A). A similar trend was evident for the data from
the 15 cm cores, but there was substantially more
small-scale variation (Sites, F48, 288 = 1.44, p = 0.04) for
these deeper cores, and the treatment effect was not
significant (Fig. 3B). Importantly, and by chance, the
abundance of macrophthalmids was greater in the
control plots than experimental plots before the begin-
ning of Trypaea removal, so the difference cannot
be attributed to harvesting. No significant seasonal
trend was apparent in the density of macrophthalmids
(p-values > 0.17).

Abundance of polychaetes and bivalves

The abundance of polychaetes showed a significant
seasonal increase in the 5 cm cores (Period, F3,12 =
19.54, p = 0.002). No significant temporal trend was
detected in the 15 cm cores (Period, F3,12 = 3.05, p =
0.07) (Fig. 3C,D).

For the 5 cm cores, the abundance of polychaetes
was initially similar in each treatment, but diverged
once experimental manipulations began, with margin-
ally significantly more polychaetes present in the con-
trol plots (Treatment, F1, 52 = 3.63, p = 0.062). The
Period × Treatment interaction was significant (p =
0.002) after 3 replicate cores with extremely high num-
bers of polychaetes at 1 site in a control plot, which
occurred in a small patch of seagrass, were replaced
with the average of all other cores (Underwood 1997)
collected from control plots in May 1999. The interac-
tion suggested that the experimental manipulations
had significantly depressed the abundance of poly-
chaetes in the harvested plots. In 5 cm cores, the
decrease in the abundance of polychaetes associated
with the experimental impact was 46%.

For the 15 cm cores, there was a significant treat-
ment effect, with more polychaetes occurring in the
control plots throughout the experiment (F1, 52 = 5.99,
p = 0.02), but, as for the macrophthalmid crabs, there
was no response to Trypaea removal.
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Fig. 2. Mean (±SE) abundances of Mictyris longicarpus in
control (square) and experimental (circle) plots estimated per
5 cm deep (A) and 15 cm deep (B) benthic cores. First Trypaea
removal took place between the October and November 1998 

sampling sessions
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The temporal patterns of abundance of bivalves
were similar in the 5 and 15 cm cores (Period, F3,12-
values > 5.70, p-values < 0.011) and between the
treatments with an increase in density over time
(Fig. 3E–F). These molluscs showed no response to the
Trypaea-harvesting activities (all p-values >0.23).

Godwit responses to the 
experimental manipulations

Habitat disturbance due to Trypaea
removal had a rather dramatic effect on
the godwits. All 3 variables (density,
capture rate and foraging success) ex-
amined with ANOVA showed signifi-
cantly lower values in the experimental
plots (Table 1). All the variables
started off being roughly equal be-
tween the treatments but then showed a
strong response to the experimental
manipulations. However, the strength
of the response apparently diminished
over time (Fig. 4). The density, capture
rate and foraging success were respec-
tively 58.5, 22.2 and 17.6% lower in the
plots from which Trypaea were being
removed than in the controls. The time
of sampling contributed significantly to
the overall variability in the capture rate
and foraging success. Both behavioural
parameters gradually decreased over
time. The density of godwits remained
unchanged within and between the
seasons, but varied considerably at the
scale of Plots within Treatment.

Relationship between prey densities
and capture rates

If the godwit capture rates were
determined directly by the prey den-
sities, a strong linear relationship be-
tween these 2 variables would have

been expected. A-
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(e.g. Wynberg & Branch 1994, Beukema 1995, Am-
brose et al. 1998) and can be used to assess the rela-
tionship between shorebird intake rate, densities and
prey abundance. In one published study a decrease in
the density of a benthic amphipod Corophium voluta-
tor caused by sediment disturbance reduced capture
rates and foraging success of a flock-foraging shore-
bird, the semipalmated sandpiper Calidris pusilla
(Shepherd & Boates 1999). Unfortunately, no informa-
tion on the densities of the sandpipers in control and
disturbed areas was available, precluding any insight
into whether or not the birds emigrated out of the
impacted areas. The present study provides such an
example in a warm subtropical estuary.

Sediment disturbance significantly reduced in situ
densities of 2 important godwit prey, Mictyris and
polychaetes, which comprise 73% and <5% of godwit
dry weight intake in the sandy habitat respectively
(Zharikov & Skilleter 2002). The numeric and func-
tional responses of the godwits associated with the
impact were in agreement with the original prediction.
The initial decrease in godwit density, capture rate and
foraging success in the experimental plots occurred
soon after an impact event (Fig. 4). The significance of
ANOVA tests that used only the data obtained shortly
after impacts also attests to the rapidity of shorebird
response. This suggests that prey density in the plots
was limiting intake rates of the birds throughout the
non-breeding season. As discussed earlier, this is often
not the case in the north temperate region, where prey
densities may vary broadly without affecting shorebird
intake rates.

Godwits leaving the experimental plots appeared to
forage, at least partially, in the control plots, suggest-
ing that moving farther away would not improve their
feeding conditions. Otherwise, it seems likely the birds
would have left the general study area. Also, bar-tailed
godwits that were colour-flagged in a different study
appeared to use the same sites (100s of m scale) within
the study area day after day for the duration of a win-
tering season (6 months) (author‘s pers. obs). Both
observations contrast with many north temperate estu-
aries, where non-territorial shorebirds use areas of
>1 to 10 km2 in search of suitable foraging sites, e.g.
red knot Calidris canutus (e.g. Zwarts et al. 1992,
Piersma et al. 1993b), western sandpiper C. mauri
(Warnock & Takekawa 1996), dunlin C. alpina (Shep-
herd 2001) and black-tailed godwit Limosa limosa
(Shubin 1999). In the absence of prey reproduction this
roaming may be caused by local prey depletion, but
one should keep in mind that northern estuaries are
usually much larger and thus have more surface area
available (e.g. Hockey et al. 1992).

An unexpected outcome of the experiment was that
godwit densities in the harvested and control plots

merged after 3 months without further Trypaea har-
vesting. One explanation for this pattern could be that
the stocks of benthic prey recovered from such distur-
bance rather quickly (McLusky et al. 1983, van den
Heiligenberg 1987, but see Wynberg & Branch 1994).
Whereas this suggestion was not supported by the
benthic sampling data, unfortunately benthic sampling
occurred on a coarser temporal scale than shorebird
observations. Therefore, short-term pulses in benthos
abundance could be missed. Alternatively, godwits
could learn to use different prey in the impacted plots,
e.g. bivalves, densities of which did not differ between
the treatments, thus offsetting the decrease in the den-
sity of the other prey (Mictyris, polychaetes). Although
visual observations cannot help in resolving this sug-
gestion (>95% of prey items could not be identified), it
appeared that godwits, for example, were capturing
10 times more large surface-dwelling Penaeus shrimp
in control (1.1% of visual diet) as opposed to the exper-
imental plots (0.1% of visual diet) following the start of
the experiment — no shrimp were taken in October.

The godwits not only achieved a lower capture rate
in the experimental plots, but their foraging success
was also lower than in the controls. Temporal fluctua-
tions in foraging success showed a pattern similar to
that of the density (Fig. 4A,C). It is possible the birds
were attempting to compensate for a drop in prey den-
sity by increasing their probing rate. As the increase in
the probing rate did not fully cancel out the decrease in
foraging success, immigration of godwits out of the
impacted plots occurred. Also, it can be suggested that
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clumped, i.e. predictable distribution of prey (e.g.
Fauchald 1999), causing the godwits to have to travel
greater distances between successive captures (e.g.
Sutherland et al. 2000). In either case, the rate of prey
capture will be compromised.

Functional response in bar-tailed godwits and
estimated depletion of Mictyris stocks

In addition to the rapid functional and numerical
responses of bar-tailed godwits to the experimental
decrease in their prey density, there were 2 more lines
of evidence pointing to the birds’ capture rate being
directly limited by the instantaneously available stocks
of the prey. First, regression of mean monthly in-plot
godwit capture rates against mean Mictyris density ini-
tially produced a poor relationship, but when the Octo-
ber 1998 data were taken out of the equation, the lin-
ear fit improved greatly. This suggests that if an excess
of prey for these birds existed in the system, it was only
for a short period soon after their arrival in October,
and subsequent removal of this excess took place very
quickly. Second, estimated seasonal depletion of Mic-
tyris stocks was 88% of the initial (October) level.
Indeed, between the start and the end of a shorebird
wintering season densities of Mictyris in the substra-
tum decreased by a similar value (90%). This suggests
that even if the in situ stocks of Mictyris were being
replenished through recruitment (Cameron 1966), pre-
dation pressure coupled with other factors was exceed-
ing it. However, to show that godwit predation controls
in situ density of Mictyris would require an appro-
priately designed (Sewell 1996) exclosure experiment
(e.g. Quammen 1984, Székely & Bamberger 1992).

Seasonal trends in godwit density, foraging 
behaviour and prey densities

A significant seasonal decrease in the capture rate
and foraging success suggest that fewer prey were
becoming available to the godwits as the time pro-
gressed. However, neither the density of godwits in the
plots nor the total mudflat population, ca. 2400 individ-
uals per 250 ha mudflat, decreased between October
(1998/99) and April (1999/2000) (author‘s pers. obs.).
This has been explained by a seasonal increase in the
size of consumed prey, which resulted in an apparent
increase in the intake rate (sandy habitat: 0.88 kJ min–1

in December to 1.20 kJ min–1 in March, Zharikov &
Skilleter 2002) despite a lower capture rate.

The explanation to the paradoxical situation: virtual
disappearance of Mictyris from sediment samples ver-
sus the stable local godwit population size, and appar-

ently, small contributions of the other prey types to the
energy intake of the birds (Zharikov & Skilleter 2002)
may lie in the life history of Mictyris.

Cameron (1966) reported that reproduction in Mictyris
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pus ostralegus on the most and least preferred mussel
Mytilus edulis
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