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Summary

1. Whether intertidal areas are used to capacity by shorebirds can best be answered by large-scale

manipulation of foraging areas. The recent overexploitation of benthic resources in the western

DutchWadden Sea offers such an ‘experimental’ setting.

2. We review the effects of declining food abundances on red knot Calidris canutus islandica num-

bers, based on a yearly large-scale benthic mapping effort, long-term colour-ringing and regular

bird-counts from 1996 to 2005. We focus on the three-way relationships between suitable foraging

area, the spatial predictability of food and red knot survival.

3. For each benthic sampling position, red knot intake rate (mg AFDM s)1) was predicted by a

multiple prey species functional response model, based on digestive rate maximization (this model

explained diet and intake rate in earlier studies on red knots). This enabled us to derive the spatial

distribution of the suitable foraging area, which in each of the 10 years was analysed with a

measure of autocorrelation, i.e. Moran’s I.

4. Over the 10 years, when accounting for a threshold value to meet energetic demands, red knots

lost 55% of their suitable foraging area. This ran parallel to a decrease in red knot numbers by

42%. Although there was also a decrease in patchiness (i.e. less information about the location of

the suitable feeding sites), this did not yet lead to additional loss of birds.

5. To cope with these landscape-scale declines in food stocks, an increase in the capacity for

instantaneous food processing would be required. Although we show that red knots indeed

enlarged their muscular gizzards, the increase in gizzard size was not enough to compensate for the

decreased feeding area.

6. Survival of islandica knots in the western DutchWadden Sea, based on colour-ring resightings,

declined from 89% in the first half of our study period to 82% in the second half of our study per-

iod and could account for almost half of the decline in red knot numbers; the rest must havemoved

elsewhere in winter.

7. Densities of red knots per unit suitable foraging area remained constant at 10 knots ha)1

between 1996 and 2005, which suggests that red knots have been using the Dutch Wadden Sea to

full capacity.

Key-words: carrying capacity, foraging information, intertidal macrozoobenthos, survival,

Wadden Sea

Introduction

Whether habitats are used to capacity by their inhabitants,

i.e. ‘carrying capacity’, is a question that has long occupied

research agendas of workers in intertidal areas. This focus

was a response to societal concerns about the continuing

loss of extent and quality of wetland areas, and concerns

about the fates of shared international resources, i.e. the

migrant shorebirds using these habitats in the non-breeding

season (e.g. Goss-Custard 1977; Goss-Custard & Moser*Correspondence author. E-mail: casper.kraan@nioz.nl
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1988; Van de Kam et al. 2004; Verhulst et al. 2004;

Burton et al. 2006). Often, an area’s carrying capacity is

expressed as the maximum number of bird-days, or the

maximum numbers to survive winter, given the total food

stocks available (Goss-Custard 1985; Sutherland & Ander-

son 1993; Goss-Custard et al. 2002, 2003; Van Gils et al.

2004).

Yet, besides the size of the stocks of suitable food, numbers

of foragers also depend on the ways that food is distributed.

Clear spatial patterning of prey enables foragers to distin-

guish among different prey densities more accurately and to

optimize their movements by spending most time in rich

areas (Benhamou 1992; Walsh 1996; Klaassen, Nolet &

Bankert 2006; Van Gils et al. 2006b; Klaassen, Nolet & Van

Leeuwen 2007; Van Gils 2009). For example, positive spatial

autocorrelation implies that high-density areas are found

close to other high-density areas (Legendre 1993; Fortin &

Dale 2005). However, if the degree of recognizable patchiness

correlates with overall food abundance, this may have addi-

tional consequences. Taking a decline in shellfish stocks in

intertidal areas as an example: (i) the size of shellfish patches

could be getting smaller, down to a point where they are no

longer recognized by a forager, i.e. they are below the ‘grain’

(Kotliar & Wiens 1990; Schmidt & Brown 1996); (ii) the dis-

tribution of shellfish could become more random (i.e. spa-

tially unpredictable), implying that the strength of the

autocorrelation for a given distance declines, which makes

shellfish more difficult for foragers to find (Iwasa, Higashi &

Yamamura 1981; Mangel & Adler 1994; Olsson &Holmgren

2000; Van Gils 2009). Declining prey stocks might result in a

decreasing abundance of foragers. In time, there might not be

enough foragers to gather foraging information from and,

consequently, the last suitable foraging areas become more

difficult to discover (e.g. Templeton &Giraldeau 1996), lead-

ing to an Allee effect because of limited information sharing

(Courchamp, Clutton-Brock & Grenfell 1999; Stephens &

Sutherland 1999; Stephens, Sutherland & Freckleton 1999;

Jackson, Ruxton &Houston 2008).

Field studies experimenting with landscape-scale declines

of food stocks are impractical and unethical (Courchamp

et al. 1999). However, in the Dutch Wadden Sea, as a result

of intensive exploitation of natural resources in this protected

nature reserve, such an ‘experiment’ has now been carried

out (e.g. Piersma et al. 2001; Lotze et al. 2005; Van Gils et al.

2006a; Kraan et al. 2007; Swart & Van Andel 2008). The

mechanical harvesting of cockles Cerastoderma edule,

allowed in three-quarters of the intertidal flats, has decreased

both the quality (flesh-to-shell ratio) and the abundance of

available cockles for red knots Calidris canutus (Van Gils

et al. 2006a). Note that fisheries impact shorebirds not only

in the Wadden Sea, but also in coastal areas worldwide (e.g.

Atkinson et al. 2003; Baker et al. 2004). Here we examine the

three-way relationships between food, predictability of food

and population changes of molluscivore shorebirds, capital-

izing on the experimental habitat modifications carried out

between the late 1980s and 2003 (Piersma et al. 2001; Van

Gils et al. 2006a; Kraan et al. 2007).

Our study is based on a high-resolution benthic-mapping

programme (Bocher et al. 2007; Van Gils et al. 2008; A.I.

Bijlveld, J.A. Van Gils, J. Van der Meer, A. Dekinga,

C. Kraan, H.W. Van der Veer & T. Piersma, unpublished

data), long-term colour-ringing efforts (Piersma & Spaans

2004; Van Gils et al. 2006a) and comprehensive high-tide

bird-counts (Van Roomen et al. 2006). The focal species,

red knots of the islandica subspecies, are long-distance

migrants that socialize in large flocks outside the breeding

season in the Wadden Sea (Piersma et al. 1993; Nebel et al.

2000; Piersma 2007). An estimated one-third to half of the

population visits the area at some stage during winter

(Nebel et al. 2000; Van Gils et al. 2006a), whose total popu-

lation number dropped by 25% between 1997 and 2003 to

c. 250 000 (Van Gils et al. 2006a). As the diet of red knots

consists of a number of prey species (e.g. Piersma et al.

1993; Van Gils et al. 2005a), we use a multiple prey species

functional response model, the so-called ‘digestive rate

model’ (DRM) (Verlinden & Wiley 1989; Hirakawa 1995;

Farnsworth & Illius 1998; Van Gils et al. 2005a), to express

food abundance in a single dimension, i.e. (predicted)

intake rate (mg AFDM s)1). This model exploits prey selec-

tion on the basis of digestive quality (energy content over

ballast mass), while respecting a digestive constraint, to

maximize the average long-term energy intake (Hirakawa

1997; Van Gils et al. 2003b). Red knots typically exploit

prey in accordance with the DRM (Van Gils et al. 2005a, b;

G. Quaintenne, J.A. van Gils, P. Bocher, A. Dekinga &

T. Piersma, unpublished data), rather than adhering to the

classical prey-selection model, the so-called ‘contingency

model’ (Charnov 1976; Stephens & Krebs 1986).

Materials andmethods

PREY DATA

Intertidal macrozoobenthic prey was sampled between July and

early September each year from 1996 to 2005 in our study area, the

western Dutch Wadden Sea. Sampling stations were arranged in a

fixed grid with 250-m intervals, covering most, if not all, of the inter-

tidal area used by red knots roosting on Griend and Richel (Piersma

et al. 1993; Van Gils et al. 2006b), i.e. 225 km2 (Fig. 1). From 1996

to 2005, we sampled between 1807 (minimum) and 2762 (maximum)

stations annually, either on foot during low tide (n = 10 252) or by

boat (n = 14 980). The first year of full coverage was 1998 (Fig. 1);

in 1996 and 1997, the sampling scheme was still expanding.

Sampling locations were found with handheld GPS (Garmin 45

and 12, using WGS84 as map datum) and at each station 1 ⁄ 56 m2

was sampled to a depth of 20–25 cm. To distinguish accessible from

inaccessible prey, for samples collected on foot, the top 4 cm (maxi-

mum bill-length) was separately sieved. The cores were sieved over a

1-mm mesh, and individuals were counted and recorded per species.

MudsnailsHydrobia ulvaewere sampled on foot only, using a smaller

core (1 ⁄ 267 m2) to a depth of 4 cm and sieving the sediment with a

0Æ5-mmmesh. All crustaceans andmolluscs were collected and stored

at )20 �C for later analyses in the laboratory (see Piersma et al. 1993;

Van Gils et al. 2006a, b, 2008; Kraan et al. 2007), where size classes

(to the nearest mm) were noted, enabling the determination of the

ingestible fraction (Zwarts & Wanink 1993). We used a species- and
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length-specific proportion of prey present in the top layer of walking

points to calculate the available prey fraction in stations sampled by

boat.

FROM PREY DENSITY TO INTAKE RATE

We predicted the intake rate (mg AFDM s)1) for every sampled

position in each year, using the DRM (Verlinden & Wiley 1989;

Hirakawa 1995; Farnsworth & Illius 1998; Van Gils et al. 2005a).

Prey types are included in the predicted diet depending on energy

content, amount of ballast mass, handling time and the density of

other high quality prey. Prey types are defined as any unique com-

bination of energy content and ballast mass. Prey species, consti-

tuting a multitude of prey types, their characteristic, size-specific

handling times and knot searching efficiencies, as well as other

model details are presented in Piersma et al. (1995) and Van Gils

et al. (2005a, b, 2006b).

Predicted intake rate does not only depend on the density and

digestive quality of prey, but also on the size of the gizzard, as pro-

cessing capacity is determined by gizzard size (Van Gils et al. 2003a).

Based on ultrasonographic ‘field’ measurements of gizzards (see

Dietz et al. 1999; Dekinga et al. 2001), we used a 6-g gizzard (fresh

mass) to predict intake rates for satisficing islandica knots (Van Gils

et al. 2003a, 2005c).

Tomeet their demands on daily intake, which is limited by the time

available for foraging combined with the attainable intake rate (Van

Gils et al. 2007), islandica knots require a minimum intake rate of

0Æ3 mg AFDM s)1 to maintain a daily energy balance (Piersma et al.

1995).

A binary approach was chosen to deal with stations that did or did

not meet the required minimum intake rate. Sampling stations with a

predicted intake rate of at least 0Æ3 mgAFDM s)1 were given a value

of 1 and a 0 otherwise [see Piersma et al. (1995) and Van Gils et al.

(2006a) for validations of this approach]. In the Results section, we

present a sensitivity analysis of the effects of changing this threshold

value.

SPATIAL ANALYSES OF BENTHOS

To describe changes in the spatial predictability of food abundance,

we analysed the spatial distribution of intake rates with Moran’s I

(Cliff &Ord 1981; Legendre &Fortin 1989; Fortin &Dale 2005). For

each year, we determined the spatial patterning of the predicted

intake rates, with due consideration of a threshold value to meet the
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Fig. 1. Distribution of predicted intake rate (mg AFDM s)1) for 1998 (upper map) and for 2005 (lower map). Sampling stations that provide

sufficient intake rate (‡0Æ3 mg AFDM s)1) are black and grey otherwise. Light grey areas indicate mudflats exposed during low low-tide, dark

grey areas indicate water and land is represented by the white areas.
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demands on daily intake, using the before mentioned binary

approach. The spatial structure intrinsic to the physical shape of the

intertidal mudflats, the so-called ‘background autocorrelation’, was

analysed as well (Kraan et al. in press).

Significance was determined by bootstrapping with 1000 runs

(Manly 1997), but due to the large number of pairs in each distance-

class, nearly all values were significantly different from random. To

be able to describe biologically meaningful spatial patterns, we put

an arbitrary significance threshold at I = ±0Æ1 (Kraan et al. in

press). This means, for example, that patch-sizes or range (e.g.

Robertson 2000; Fortin & Dale 2005) are defined as the distance

where the value ofMoran’s I crosses the±0Æ1 threshold. An example

is presented in Fig. 2, where the correlogram (see Legendre & Fortin

1989) of the suitable sites for islandica knots in 1996 is shown. To

review changes in spatial predictability, we used the amplitude of

Moran’s I at the first distance-class (250 m), i.e. the so-called

‘structural variance’ used in semi-variance analyses (Robertson 2000;

Fortin & Dale 2005; Kraan et al. in press), as the information

parameter. Spatial analyses were performed with sam (Rangel, Diniz-

Filho& Bini 2006).

BIRD-COUNTS

Since 1975 ⁄ 1976, regular bird-counts have been made during high-

tide in the Dutch Wadden Sea. The count-data, consisting of two

types, are analysed together and presented as a monthly average

(Van Roomen et al. 2005). These two types are: (i) up to five simulta-

neous high-tide counts per season across the whole area; (ii) counts

performed on a monthly basis in a subsection of sites (Van Roomen

et al. 2005). Missing count-data are imputed with a model taking into

account a site, month and year factors (see Underhill & Prys-Jones

1994; Bell 1995).

In the present analyses for the seasons 1996 ⁄ 1997–2005 ⁄ 2006, we
used September–April counts only, as other months’ counts include

both the islandica and the canutus subspecies of red knot. Canutus

knots use the Wadden Sea as their (re)fuelling-site in August before

continuing to western Africa and some might summer in theWadden

Sea after their return from the wintering areas (Piersma et al. 1993;

Nebel et al. 2000). Also, only counts from the western part of the

DutchWadden Sea, i.e. the area between Texel, Terschelling and the

Frisian mainland coast, were used. This area overlaps with the extent

of our research area and has previously been shown to be used by red

knots as a single ‘functional unit’ (sensu Tamisier 1979; Tamisier &

Tamisier 1981; see Piersma et al. 1993; VanGils et al. 2006b).

SURVIVAL OF RED KNOT

Islandica knots were caught in the Wadden Sea with mistnets from

the 1998 ⁄ 1999 to the 2005 ⁄ 2006 season. All birds were individually

colour-marked to enable survival analyses based on resightings of

these individuals (Brochard et al. 2002; Piersma 2007). In this way,

3694 red knots were marked in total, varying between 175 and 686

per season. Nine seasons of colour-ring resightings (1998 ⁄ 1999–
2006 ⁄ 2007), where a season lasts from one summer to the next,

allowed survival to be estimated for eight successive seasons. We

applied the standard Cormack–Jolly–Seber method in the MARK-

programme (White & Burnham 1999) to estimate the annual survival

(Phi) with a correction for the slight overdispersion of the data

(ĉ = 1Æ41). This resulted in a division of survival in two time periods

(see Results section): Phi(period 1) for the period before the 2002 ⁄ 2003
season, and Phi(period 2) from then on. Furthermore, the predicted

suitable foraging area matched the same partitioning in periods (see

Results section). Therefore, this division was also continued in the

analyses of carrying capacity (see Results section). The relative sup-

port for each different model, i.e. model fit when varying the break-

points and the comparison with a linear model excluding a

breakpoint, was based on log-likelihood (e.g. Johnson & Omland

2004; Crawley 2007).

Results

A visual comparison between the first year of full grid

coverage (1998) and the last year (2005) of the study per-

iod revealed the considerable changes in the extent of

sampling stations that fulfilled the minimum intake require-

ments for islandica knots (Fig. 1). There was a significant

decrease of 55% in the area suitable for foraging (Fig. 3a;

GLM log-transformed data; F1,8 = 45Æ68; P < 0Æ01;
log-likelihood = 12Æ61; from 5775 ha in 1996 ⁄ 1997 to

2581 ha in 2005 ⁄ 2006). However, a better-fitting model

was obtained by introducing a breakpoint in the GLM,

thereby dividing the study period into two periods, i.e.

1996 ⁄ 1997–2001 ⁄ 2002 and 2002 ⁄ 2003–2005 ⁄ 2006 (Fig. 3a;

log-likelihood = 16Æ39).
Between 1996 and 2005, the spatial predictability of intake

rate, i.e. the structural variance, based on the amount of

autocorrelation in the first distance-class (250 m), declined

(Fig. 3b; GLM log-transformed data; F1,8 = 15Æ91; P <

0Æ01; log-likelihood = 9Æ59). All spatial patterns differed

from the background (habitat-based) autocorrelation

(Fig. 2). The best-fitting model was obtained by treating

1996 ⁄ 1997–2003 ⁄ 2004 as a separate period from the years

thereafter (Fig. 3b; log-likelihood = 13Æ00). The reduction

of patch-size, i.e. the range, from 3000 (1996) to 1500 m

(2005) was not significant at the 5% level, however (GLM

log-transformed data; F1,8 = 3Æ29;P = 0Æ11).
The abundance of islandica knots decreased in the course

of our study period (Fig. 3c; GLM log-transformed data;

F1,78 = 15Æ64; P < 0Æ01; log-likelihood = 5Æ14). However,

a model with a breakpoint indicated a break in trends after

the winter of 2000 ⁄ 2001, and this was the superior model
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Fig. 2. Correlogram based on the presence ⁄ absence of sufficient

intake rate for red knots in 1996. x-axis shows the distance-interval

(m), whereas the y-axis shows the value for Moran’s I. The back-

ground autocorrelation (solid line), shaped by the intrinsic contour of

the intertidal habitat itself, differs from the spatial patterns of intake

rate (squares). The grey bandmark the significance threshold.
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(Fig. 3c; log-likelihood = 7Æ23). From 1996 ⁄ 1997–2000 ⁄
2001, on average 60 209 red knots were encountered in the

western Dutch Wadden Sea between August and April,

whereas thereafter this number was 34 007 (Fig. 3c). This

means that the number of red knots decreased by 44%within

a decade.

When the suitable foraging area and the number of islandica

knots between both periods were compared, it was shown

that both declined by about the same amount (Fig. 4a,b;

comparison of averages ± SE between both periods; log

suitable area: t = 5Æ80; d.f. = 8; P < 0Æ01; log knot num-

bers: t = 3Æ38; d.f. = 8; P = 0Æ02). It follows that the aver-

age number of knots per ha suitable foraging area remained

constant between both periods at c. 10 birds ha)1 (Fig. 4c;

t = )0Æ424; d.f. = 8; P = 0Æ683). Shifting the breakpoint in

Fig. 3. (a) Part of the sampling area (ha) that offered sufficient intake

rate (‡0Æ3 mgAFDM s)1). (b) Predictability of intake rate, expressed

as the amplitude of Moran’s I in the first distance-class (250 m). (c)

Abundance of red knots (mean ± SE) in the westernDutchWadden

Sea during winter (September–April) from 1996 ⁄ 1997 to 2005 ⁄ 2006.
Model fit (scaled on right axis) is shown for GLM with (dark grey

line) or without (triangle) breakpoint that divides the data into two

periods. Based on the best model, the mean (solid black line) for the

two periods is shown.
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Fig. 4. (a) Decrease of suitable foraging area between 1996 ⁄ 1997–
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range (bars) and outliers (asterisk).
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knot numbers one season ahead, thus matching the parti-

tioning in periods of suitable foraging area, did not change

this conclusion (c. 10 birds ha)1; t = )1Æ131; d.f. = 8; P =

0Æ291).
Whether a location is suitable for foraging is based on a

binary division of predicted intake rates, where an intake rate

of 0Æ3 mg AFDM s)1 acts as a barrier. To estimate the sensi-

tivity of this barrier, we varied the threshold values to assess

the suitable foraging area in both periods, i.e. 1996 ⁄ 1997–

2001 ⁄ 2002 and thereafter (Fig. 5). With increased required

intake rates, the suitable foraging area decreases (Fig. 5), as

fewer locations can provide the necessary amount of food.

However, the differences between both periods were main-

tained until the outlying (and unlikely) values of required

intake rates were reached (Fig. 5).

The model in which we distinguished between the annual

survival of islandica knots in two periods (see Methods

section) fitted better than a model with a year-dependent

survival and was significantly better than the reduced model

[Phi()p(year)] without a difference in annual survival bet-

ween the periods or years (likelihood ratio test; v2 = 4Æ22;
P = 0Æ04) (Table 1a). The annual resighting probability was
28% on average (SE = 3%) and varied between 11%

(SE = 2%) in the 1999 ⁄ 2000 season to 35% (SE = 5%) in

the 1998 ⁄ 1999 season (Table 1b). During 1996 ⁄ 1997–2001 ⁄
2002, the annual survival ±SE was estimated at 89 ± 2%,

whereas in 2002 ⁄ 2003–2004 ⁄ 2005 it was 82 ± 2%.

Discussion

Capitalizing on an ‘experiment’ resulting from government-

facilitated shellfish overexploitation in formally fully pro-

tected intertidal flats in the western Dutch Wadden Sea

(Piersma et al. 2001; Lotze et al. 2005; Van Gils et al. 2006a;

Kraan et al. 2007; Swart & Van Andel 2008), we examined

changes in the three-way relationships between suitable

foraging area, spatial predictability of food and red knot

survival. Islandica knots, visiting the area in winter after their

arctic breeding season in the period 1996–2005 (Piersma et al.

1993; Nebel et al. 2000), were faced with a decline in the
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Table 1. (a) Model selection and (b) real function parameters, for the best-fitting model of the red knot survival analysis. AICc denotes AIC

corrected for small-sample bias.

AICc Delta AICc AICc weight Model likelihood No. parameters Deviance

(a)Model selection

phi(2periods)p(year) 5766Æ10 0Æ00 0Æ58221 1Æ0000 10 336Æ757
phi(year)p(year) 5768Æ01 1Æ91 0Æ22438 0Æ3854 15 328Æ586
phi()p(year) 5768Æ31 2Æ20 0Æ19341 0Æ3322 9 340Æ973
phi(year)p() 5823Æ69 57Æ59 0Æ00000 0Æ0000 9 396Æ359
phi()p() 5845Æ40 79Æ30 0Æ00000 0Æ0000 2 432Æ115

Estimate

Standard

error 95%CI

(b)Parameters

Phi(period 1) 0Æ890 0Æ016 0Æ854–0Æ918
Phi(period 2) 0Æ820 0Æ023 0Æ770–0Æ861
p(1998 ⁄ 1999) 0Æ346 0Æ049 0Æ257–0Æ446
p(1999 ⁄ 2000) 0Æ108 0Æ017 0Æ079–0Æ146
p(2000 ⁄ 2001) 0Æ344 0Æ024 0Æ299–0Æ392
p(2001 ⁄ 2002) 0Æ213 0Æ018 0Æ180–0Æ250
p(2002 ⁄ 2003) 0Æ270 0Æ020 0Æ232–0Æ311
p(2003 ⁄ 2004) 0Æ330 0Æ023 0Æ286–0Æ376
p(2004 ⁄ 2005) 0Æ348 0Æ028 0Æ296–0Æ404
p(2005 ⁄ 2006) 0Æ277 0Æ026 0Æ229–0Æ330

Period 1 refers to 1998 ⁄ 1999–2001 ⁄ 2002; period 2 to 2002 ⁄ 2003–2005 ⁄ 2006.
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extent of suitable foraging area, especially from 2002

onwards (Fig. 3a), and a decline in the spatial predictability

of their food (Fig. 3b). For such a benthivorous predator,

which also has to deal with tidal cycles (Van Gils et al. 2005b,

2006b, 2007), interference competition (Van Gils & Piersma

2004; Vahl et al. 2005) and predation by raptors (Piersma

et al. 1993; Van den Hout, Spaans & Piersma 2008), these

landscape-scale changes have population-level impacts.

DECLINE OF SUITABLE FORAGING AREA

The decline of suitable foraging area and the decline of islan-

dica knots ran parallel (Fig. 4a,b), and the mean density of

birds remained stable at c. 10 individuals per ha suitable for-

aging area before and after 2002 (Fig. 4c). This not only

strongly indicates that the available suitable foraging area

regulates red knot numbers in the western Dutch Wadden

Sea, but also that the intertidal areas are used to full capacity

by red knots (Goss-Custard 1977, 1985).

In addition to the absolute decrease of sites that are

above the threshold predicted intake rate, also the spatial

arrangement of the remaining area that still provided suf-

ficient food is of importance. Red knots follow strategic

itineraries across the intertidal landscape, utilizing a west–

east gradient in exposure time, to be able to fulfil their

energetic demands (Van Gils et al. 2005b, 2006b). For

example, satisficing islandica knots extend their working

day routinely beyond 12 hours, up to 17 hours, to sustain

their energy requirements (Van Gils et al. 2005b, 2007).

However, the intertidal areas that would allow such an

extension of the feeding day, when taking the energetic

requirements into account, now no longer provide suffi-

cient foraging opportunity simply because suitable sites

are not lined-up in a west–east gradient anymore (compare

Fig. 1, lower panel, with Fig. 6 in Van Gils et al. 2005b).

Tidal flats that would enable an extension of the working

day beyond 14 hours (3 hours shorter than what was

sometimes necessary in 1997–2000) were nearly devoid of

suitable foraging sites in the second period (Fig. 1, lower

panel, compared with Fig. 6 in Van Gils et al. 2005b), which

raises the question if it would still have been profitable to go

that far east in the second period.

Although red knots may recently have been unable to

extend their feeding day by moving along a west–east axis,

they would have been able to boost their digestive capacity.

For example, increasing gizzard size from 6 to 8 g, which

increases the digestively constrained intake rate, would lead

to an increase in the suitable foraging area for red knots with

undersized gizzards (Fig. 6a). For the period 2002 ⁄ 2003–
2005 ⁄ 2006, this would amount to c. 1000 ha. Indeed, average

gizzard size of islandica knots increased in the second period

(Fig. 6b). However, even though the increase in gizzard size

between the two periods was small (0Æ4 g), it was significant

[GLM using 125 measured gizzards between September and

April and year nested within period (in 1996 and 2005 no giz-

zards were measured); F3,121 = 5Æ76; P = 0Æ001]. Yet, it

would only have lead to an increase in the suitable foraging

area of c. 225 ha (Fig. 6a). That red knots only partially

increased gizzard size may indicate that they minimize the

overall rate of energy expenditure by carrying the smallest

possible gizzard for the energy budget to be in balance (Van

Gils et al. 2003a, 2007). Enlarging gizzard size increases a

number of cost factors that we did not account for, as, for

example, growing and maintaining such a large gizzard

increases the average daily metabolic rate (Van Gils et al.

2003a) and affects manoeuvrability when escaping from

predators (Dietz et al. 2007).

DECLINE OF FORAGING INFORMATION

When food abundance decreases (Figs. 1 and 3a), spatial pat-

terns of food distributions change as well (Fig. 3b). The

observed decline in structural variance, implying a more ran-

dom distribution of food, reduces the amount of available

foraging information. This is particularly unfavourable for

predators foraging on prey that are hidden, e.g. covered in

snow or beneath a layer of mud. Such animals, including

bison Bos bison (Fortin 2003), tundra swans Cygnus columbi-

anus bewickii (Klaassen et al. 2006), mallard Anas platyrhyn-

chos (Klaassen et al. 2007) and red knots (Van Gils et al.

2003b), adjust their foraging behaviour to spatial structuring

of their cryptic prey. To maximize their long-term intake

rate, they stay longer in rich areas and reside shorter in poor
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for a minimally required intake rate of 0Æ3 mg AFDM s)1 as a
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ha; right axis: suitable foraging area in% of total area). (b) Distribu-

tion of gizzard masses (g) in 1996 ⁄ 1997–2001 ⁄ 2002 and 2002 ⁄ 2003–
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1996 to 2005. Box-and-whisker plots as described for Fig. 4. The
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foraging sites by using foraging success as an indicator of

prey density (Olsson & Holmgren 1998). Loss of spatial pre-

dictability of food and therefore adhering to a more random

distribution, as encountered by red knots in the western

DutchWadden Sea (Fig. 3b), means that food might be more

difficult to find (Mangel &Adler 1994) and that patch sample

information is less reliable, which increases the assessment

error and time needed to detect that the area is poor (Iwasa

et al. 1981; Olsson & Brown 2006). An increasing amount of

time has to be devoted to the actual searching of cryptic prey,

reducing the daily energy intake further. In addition, longer

foraging periods lead to higher risks (e.g. predation risk), as

described elsewhere (VanGils et al. 2006b, 2007).

The decline of red knots should have been more rapid than

the loss of suitable foraging area to be indicative of an Allee

effect. In the latter case, the population size would have been

below a critical threshold, upon which the inverse density

dependence would become visible (Courchamp et al. 1999).

Note, however, that if the decline of red knots would be more

rapid than the decline of suitable foraging area, an alternative

explanation might also hold: at low prey densities, interfer-

ence competition would increase, which would lead to lower

forager-to-prey ratios as predicted by some of the models

considered by Van der Meer & Ens (1997). Predictability of

good foraging sites over time, i.e. high temporal autocorrela-

tion, may play a yet undetermined role as well. Untying these

possible effects remains a challenge for the future.

POPULATION-LEVEL CHANGES

Following the joint decline of suitable foraging area and

loss of information about their prey, survival of islandica

knots decreased from 89% to 82%. As the mean life span

(MLS) is a function ()1 ⁄ ln[u]) of annual survival (u), we
can express the difference in survival as a difference in

MLS. MLS of birds with an annual survival of 89% is

8Æ6 years, whereas it is 5Æ0 years for birds with a survival

rate of 82%. Therefore, the average MLS of islandica knots

wintering in the western Dutch Wadden Sea shortened by

42% in the period 1996–2005.

Under the assumption that survival was at equilibrium

with reproduction between 1996 ⁄ 1997 and 2001 ⁄ 2002 but

not thereafter, we expect an annual decrease in population

size of the locally wintering red knots during the second per-

iod (89–82%) ⁄ 89% = 8%. In terms of numbers, we would

then expect an average number of 49 093 (SD = 5278) red

knots during 2002 ⁄ 2003–2005 ⁄ 2006 [derived from the 1996 ⁄
1997–2001 ⁄ 2002 counts with 60 209 as the average number

of red knots, ð
P4

t¼1 60 209ð1� 0�08ÞtÞ=4, over the 4 years

from 2002 ⁄ 2003 to 2005 ⁄ 2006]. The actual average number

in the area was 34 007 (SD = 14 877), which means

that reduced survival (with constant recruitment) only

explained 100% · (60 209 ) 49 093) ⁄ (60 209 ) 34 007) =

42% of the loss in numbers: more red knots ‘disappeared’

from the Dutch Wadden Sea than could be explained by the

increased mortality (e.g. Van Gils et al. 2006a). Apparently,

many surviving red knots emigrated permanently out of this

marine protected area [note that the Wadden Sea harbours

one-third to half of the total islandica wintering population

(Van Gils et al. 2006a)], and reduced food abundance may

have indirectly lead to reduced breeding success (Ebbinge &

Spaans 1995; Baker et al. 2004; Morrison, Davidson &

Wilson 2007). In any case, the reduced annual survival clearly

supports the suggestion that the Wadden Sea was filled to

capacity in the decade during which this study took place (cf.

Goss-Custard 1985; Goss-Custard et al. 2002).
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Baker, A.J., González, P.M., Piersma, T., Niles, L.J., De Lima Serrano do

Nascimento, I., Atkinson, P.W., Clark, N.A., Minton, C.D.T., Peck, M.K.

& Aarts, G. (2004) Rapid population decline in red knots: fitness

consequences of decreased refuelling rates and late arrival in Delaware Bay.

Proceedings of the Royal Society of London. B, Biological Sciences, 271, 875–

882.

Bell, M.C. (1995) UINDEX 4. A Computer Programme for Estimating Popula-

tion Index Numbers by the Underhill Method. The Wildfowl and Wetlands

Trust, Slimbridge.

Benhamou, S. (1992) Efficiency of area-concentrated searching behaviour in

a continuous patchy environment. Journal of Theoretical Biology, 159, 67–

81.

Bocher, P., Piersma, T., Dekinga, A., Kraan, C., Yates, M.G., Guyot, T.,

Folmer, E.O. & Radenac, G. (2007) Site- and species-specific distribution

patterns of molluscs at five intertidal soft-sediment areas in northwest

Europe during a single winter.Marine Biology, 151, 577–594.

Brochard, C., Spaans, B., Prop, J. & Piersma, T. (2002) Use of individual col-

our-ringing to estimate annual survival in male and female red knot Calidris

canutus islandica: a progress report for 1998–2001.Wader Study Group Bulle-

tin, 99, 54–56.

Burton, N.H.K., Rehfisch,M.M., Clark, N.A. &Dodd, S.G. (2006) Impacts of

sudden winter habitat loss on the body condition and survival of redshank

Tringa totanus. Journal of Applied Ecology, 43, 464–473.

Charnov, E.L. (1976) Optimal foraging, the marginal value theorem. Theoreti-

cal Population Biology, 9, 129–136.

Cliff, A.D. & Ord, J.K. (1981) Spatial Processes: Models & Applications. Pion

Limited, London.

Courchamp, F., Clutton-Brock, T. & Grenfell, B. (1999) Inverse density

dependence and the Allee effect. Trends in Ecology and Evolution, 14, 405–

410.

Crawley, M.J. (2007) The R Book. John Wiley & Sons, Ltd, Chichester, Eng-

land.

Dekinga, A., Dietz, M.W., Koolhaas, A. & Piersma, T. (2001) Time course and

reversibility of changes in the gizzards of red knots alternatively eating hard

and soft food. Journal of Experimental Biology, 204, 2167–2173.

Dietz, M.W., Dekinga, A., Piersma, T. & Verhulst, S. (1999) Estimating organ

size in small migrating shorebirds with ultrasonography: an intercalibration

exercise.Physiological and Biochemical Zoology, 72, 28–37.

8 C. Kraan et al.

� 2009 TheAuthors. Journal compilation� 2009 British Ecological Society, Journal of Animal Ecology



Dietz, M.W., Piersma, T., Hedenström, A. & Brugge, M. (2007) Intraspecific

variation in avian pectoralmusclemass: constraints onmaintainingmanoeu-

vrability with increasing bodymass.Functional Ecology, 21, 317–326.

Ebbinge, B.S. & Spaans, B. (1995) The importance of body reserves accumu-

lated in spring staging areas in the temperate zone for breeding in dark-bel-

lied Brent Geese Branta b. bernicla in the High Arctic. Journal of Avian

Biology, 26, 105–113.

Farnsworth, K.D. & Illius, W. (1998) Optimal diet choice for large herbivores:

an extended contingencymodel. Functional Ecology, 12, 74–81.

Fortin, D. (2003) Searching behavior and use of sampling information by free-

ranging bison (Bos bison). Behavioural Ecology and Sociobiology, 54, 194–

203.

Fortin, M.-J. & Dale, M. (2005) Spatial Analysis: A Guide for Ecologists. Cam-

bridgeUniversity Press, Cambridge.

Goss-Custard, J.D. (1977) The ecology of theWash III. Density-related behav-

iour and the possible effects of a loss of feeding grounds on wading birds

(Charadrii). Journal of Applied Ecology, 14, 721–739.

Goss-Custard, J.D. (1985) Foraging behavior of wading birds on the carrying

capacity of estuaries. Behavioural Ecology (eds R.M. Sibley & R.H. Smith),

pp. 169–189. Blackwell Scientific Publications, Oxford.

Goss-Custard, J.D. & Moser, M.E. (1988) Rates of change in the numbers of

dunlin, Calidris alpina, wintering in the British estuaries in relation to the

spread ofSpartina anglica. Journal of Applied Ecology, 25, 95–109.

Goss-Custard, J.D., Stillman, R.A., West, A.D., Caldow, R.W.G. &

McGrorty, S. (2002) Carrying capacity in overwintering migratory shore-

birds.Biological Conservation, 105, 27–41.

Goss-Custard, J.D., Stillman, R.A., Caldow, R.W.G., West, A.D. & Guille-

main, M. (2003) Carrying capacity in overwintering birds: when are spatial

models needed? Journal of Applied Ecology, 40, 176–187.

Hirakawa,H. (1995)Diet optimizationwith a nutrient or toxin constraint.The-

oretical Population Biology, 47, 331–346.

Hirakawa, H. (1997) Digestion-constrained optimal foraging in generalist

mammalian herbivores.Oikos, 78, 37–47.

Iwasa, Y., Higashi, M. & Yamamura, N. (1981) Prey distribution as a factor

determining the choice of optimal foraging strategy. American Naturalist,

117, 710–723.

Jackson, A.J., Ruxton, G.D. &Houston, D.C. (2008) The effect of social facili-

tation on foraging success in vultures: a modelling study. Biology Letters, 4,

311–313.

Johnson, J.B. &Omland, K.S. (2004)Model selection in ecology and evolution.

Trends in Ecology and Evolution, 19, 101–108.

Klaassen, R.H.G., Nolet, B.A. & Bankert, D. (2006) Movement of foraging

Tundra Swans explained by spatial pattern in cryptic food densities.Ecology,

87, 2244–2254.

Klaassen, R.H.G., Nolet, B.A. & Van Leeuwen, C.H.A. (2007) Prior knowl-

edge about spatial pattern affects patch assessment rather than movement

between patches in tactile-feeding mallard. Journal of Animal Ecology, 76,

20–29.

Kotliar, N.B. & Wiens, J.A. (1990) Multiple scales of patchiness and patch

structure: a hierarchical framework for the study of heterogeneity.Oikos, 59,

254–260.

Kraan, C., Piersma, T., Dekinga, A., Koolhaas, A. & Van der Meer, J. (2007)

Dredging for edible cockles Cerastoderma edule on intertidal flats: short-

term consequences of fishermen’s patch-choice decisions for target and

non-target benthic fauna. ICES Journal ofMarine Science, 64, 1735–1742.

Kraan, C., Van der Meer, J., Dekinga, A. & Piersma, T. (2009) Patchiness

of macrobenthic invertebrates in homogenized intertidal habitats: hidden

spatial structure at a landscape scale. Marine Ecology Progress Series, in

press.

Legendre, P. (1993) Spatial autocorrelation: trouble or newparadigm?Ecology,

74, 1659–1673.

Legendre, P. & Fortin, M.-J. (1989) Spatial patterns and ecological analysis.

Vegetatio, 80, 107–138.

Lotze, H.K., Reise, K., Worm, B., Van Beusekom, J., Busch, M., Ehlers, A.,

Heinrich, D., Hoffmann, R.C., Holm, P., Jensen, C., Knottnerus, O.S.,

Langhanki, N., Prummel, W., Vollmer, M. & Wolff, W.J. (2005) Human

transformations of the Wadden Sea ecosystem through time: a synthesis.

HelgolanderMarine Research, 59, 84–95.

Mangel, M. & Adler, F.R. (1994) Construction of multidimensional clustered

patterns.Ecology, 75, 1289–1298.

Manly, B.F.J. (1997) Randomization, Bootstrap and Monte Carlo Methods in

Biology. Chapmann&Hall, London.

Morrison, R.I.G.,Davidson, N.C. &Wilson, J.R. (2007) Survival of the fattest:

body stores onmigration and survival in red knotsCalidris canutus islandica.

Journal of Avian Biology, 38, 479–487.

Nebel, S., Piersma, T., VanGils, J., Dekinga, A. & Spaans, B. (2000) Length of

stopover, fuel storage and a sex-bias in the occurrence of red knotsCalidris c.

canutus and C. c. islandica in the Wadden Sea during southward migration.

Ardea, 88, 165–176.

Olsson, O. & Brown, J.S. (2006) The foraging benefits of information and the

penalty of ignorance.Oikos, 112, 260–273.

Olsson, O. & Holmgren, N.A. (1998) The survival-rate-maximizing policy

for Bayesian foragers: wait for good news. Behavioral Ecology, 9, 345–

353.

Olsson, O. & Holmgren, N.A. (2000) Optimal Bayesian foraging policies and

prey population dynamics, some comments on Rodrı́guez-Gironés and Vás-

quez.Theoretical Population Biology, 57, 369–375.

Piersma, T. (2007) Using the power of comparison to explain habitat use and

migration strategies of shorebirds worldwide. Journal of Ornithology,

148(Suppl.), S45–S59.

Piersma, T. & Spaans, B. (2004) The power of comparison: ecological studies

onwaders worldwide.Limosa, 77, 43–54.

Piersma, T., Hoekstra, R., Dekinga, A., Koolhaas, A., Wolf, P., Battley, P. &

Wiersma, P. (1993) Scale and intensity of intertidal habitat use by knotsCal-

idris canutus in the westernWadden Sea in relation to food, friends and foes.

Journal of Sea Research, 31, 331–357.

Piersma, T., VanGils, J., DeGoeij, P. &VanderMeer, J. (1995)Holling’s func-

tional responsemodel as a tool to link the food-findingmechanism of a prob-

ing shorebird with its spatial distribution. Journal of Animal Ecology, 64,

493–504.

Piersma, T., Koolhaas, A., Dekinga, A., Beukema, J.J., Dekker, R. & Essink,

K. (2001) Long-term indirect effects of mechanical cockle-dredging on inter-

tidal bivalve stocks in the wadden sea. Journal of Applied Ecology, 38, 976–

990.

Rangel, T.F.L.V.B., Diniz-Filho, J.A.F. & Bini, L.M. (2006) Towards an inte-

grated computational tool for spatial analysis in macroecology and biogeog-

raphy.Global Ecology and Biogeography, 15, 321–327.

Robertson, G.P. (2000) GS+: Geostatistics for the Environmental Sciences.

GammaDesign software, Plainwell,MI, USA.

Schmidt, K.A. & Brown, J.S. (1996) Patch assessment in fox squirrels: the role

of resource density, patch size, and patch boundaries. American Naturalist,

147, 360–380.

Stephens, D.W. & Krebs, J.R. (1986) Foraging Theory. Princeton University

Press, Princeton.

Stephens, P.A. & Sutherland, W.J. (1999) Consequences of the Allee effect for

behaviour, ecology and conservation. Trends in Ecology and Evolution, 14,

401–405.

Stephens, P.A., Sutherland, W.J. & Freckleton, R.P. (1999) What is the Allee

effect?Oikos, 87, 185–190.

Sutherland, W.J. & Anderson, C.W. (1993) Predicting the distribution of indi-

viduals and the consequences of habitat loss: the role of prey depletion. Jour-

nal of Theorethical Biology, 160, 223–230.

Swart, J.A.A. & Van Andel, J. (2008) Rethinking the interface between ecology

and society. The case of the cockle controversy in the Dutch Wadden Sea.

Journal of Applied Ecology, 45, 82–90.

Tamisier, A. (1979) The functional units of wintering ducks: a spatial integra-

tion of their comfort and feeding requirements. Verhandlungen der Ornitho-

logischen Gesellschaft in Bayern, 23, 229–238.

Tamisier, A. & Tamisier, M.C. (1981) Validation by biotelemetry of the func-

tional unit concept of Camargue teals. Terre et la Vie-Revue d’ Ecologie

Appliquée, 35, 563–579.

Templeton, J.J. & Giraldeau, L.-A. (1996) Vicarious sampling: the use of per-

sonal and public information by starlings foraging in a simple patchy envi-

ronment.Behavioral Ecology and Sociobiology, 38, 105–114.

Underhill, L.G. & Prys-Jones, R.P. (1994) Index numbers for waterbird popu-

lations. I. Review and methodology. Journal of Applied Ecology, 31, 463–

480.

Vahl, W.K., Van der Meer, J., Weissing, F.J., Van Dullemen, D. & Piersma, T.

(2005) Themechanisms of interference competition: two experiments on for-

aging waders.Behavioural Ecology, 16, 845–855.

Van deKam, J., Ens, B.J., Piersma, T. & Zwarts, L. (2004) Shorebirds. An Illus-

trated Behavioural Ecology. KNNVPublishers, Utrecht.

Van den Hout, P.J., Spaans, B. & Piersma, T. (2008) Differential mortality of

wintering shorebirds on the Banc d’Arguin, Mauritania, due to predation by

large falcons. Ibis, 150, S219–S230.

Van der Meer, J. & Ens, B.J. (1997) Models for interference and their conse-

quence for the spatial distribution of ideal and free predators. Journal of Ani-

mal Ecology, 66, 846–858.

Van Gils, J.A. (2009) State-dependent Bayesian foraging on spatially autocor-

related food distributions.Oikos, in press.

Carrying capacity of intertidal flats for shorebirds 9

� 2009 TheAuthors. Journal compilation� 2009 British Ecological Society, Journal of Animal Ecology



Van Gils, J.A. & Piersma, T. (2004) Digestively constrained predators evade

the cost of interference competition. Journal of Animal Ecology, 73, 386–398.

VanGils, J.A., Piersma, T., Dekinga, A. &Dietz, M.W.A. (2003a) Cost-benefit

analysis of mollusc-eating in a shorebird II. Optimizing gizzard size in the

face of seasonal demands. Journal of Experimental Biology, 206, 3369–3380.

Van Gils, J.A., Schenk, I.W., Bos, O. & Piersma, T. (2003b) Incompletely

informed shorebirds that face a digestive constraint maximize net energy

gain when exploiting patches.AmericanNaturalist, 161, 777–793.

Van Gils, J.A., Edelaar, P., Escudero, G. & Piersma, T. (2004) Carrying capac-

ity models should not use fixed prey densities thresholds: a plea for using

more tools of behavioural ecology.Oikos, 104, 197–204.

VanGils, J.A., De Rooij, S.R., Van Belle, J., Van derMeer, J., Dekinga, A., Pi-

ersma, T. &Drent, R. (2005a) Digestive bottleneck affects foraging decisions

in red knots Calidris canutus. I. Prey choice. Journal of Animal Ecology, 74,

105–119.

Van Gils, J.A., Dekinga, A., Spaans, B., Vahl, W.K. & Piersma, T. (2005b)

Digestive bottleneck affects foraging decisions in red knots Calidris canutus.

II. Patch choice and length of working day. Journal of Animal Ecology, 74,

120–130.

Van Gils, J.A., Battley, P.F., Piersma, T. & Drent, R. (2005c) Reinterpretation

of gizzard sizes of red knots world-wide emphasises overriding importance

of prey quality at migratory stopover sites. Proceedings of the Royal Society

of London. B, Biological Sciences, 272, 2609–2618.

VanGils, J.A., Piersma, T., Dekinga, A., Spaans, B. &Kraan, C. (2006a) Shell-

fish-dredging pushes a flexible avian toppredator out of a protected marine

ecosystem.Public Library of Science Biology, 4, 2399–2404.

Van Gils, J.A., Spaans, B., Dekinga, A. & Piersma, T. (2006b) Foraging in a

tidally structured environment by red knots (Calidris canutus): ideal, but not

free.Ecology, 87, 1189–1202.

Van Gils, J.A., Dekinga, A., Van den Hout, P.J., Spaans, B. & Piersma, T.

(2007) Digestive organ size and behavior of red knots (Calidris canutus) indi-

cate the quality of their benthic food stocks. Israel Journal of Ecology and

Evolution, 53, 329–346.

VanGils, J.A., Kraan, C., Dekinga, A., Koolhaas, A., Drent, J., DeGoeij, P. &

Piersma, T. (2008) Reversed optimality and predictive ecology: burrowing

depth forecasts population change in a bivalve.Biology Letters, 5, 5–8.

VanRoomen,M., Van Turnhout, C., VanWinden, E., Koks, B., Goedhart, P.,

Leopold, M. & Smit, C. (2005) Trends in benthivorous waterbirds in the

DutchWadden Sea 1975–2002: large differences between shellfish-eaters and

worm-eaters.Limosa, 78, 21–38.

VanRoomen,M., VanWinden, E., Koffijberg,K., Ens, B., Hustings, F., Kleef-

stra, R., Schoppers, J., Van Turnhout, C., SOVON Ganzen- en Zwanen-

werkgroep & Soldaat, L. (2006) Watervogels in Nederland in 2004 ⁄ 2005.
RIZA-rapport BM06.14 ⁄ SOVON-monitoringrapport 2006 ⁄ 02. SOVON,

Beek-Ubbergen.

Verhulst, S., Oosterbeek, K., Rutten, A.K. & Ens, B.J. (2004) Shellfish fishery

severely reduces condition and survival of oystercatchers despite creation of

largemarine protected areas.Ecology and Society, 9, 1–10.

Verlinden, C.&Wiley, R.H. (1989) The constraints of digestive rate: an alterna-

tivemodel.Evolutionary Ecology, 3, 264–273.

Walsh, P.D. (1996) Area-restricted search and the scale dependence of patch

quality discrimination. Journal of Theoretical Biology, 183, 351–361.

White, G.C. & Burnham, K.P. (1999) Program MARK: survival estimation

from populations ofmarked animals.Bird Study, 46, S120–S139.

Zwarts, L. & Wanink, J.H. (1993) How the food supply harvestable by waders

in theWadden Sea depends on the variation in energy density, body weight,

biomass, burrying depth and behaviour of tidal-flat invertebrates. Journal of

Sea Research, 31, 441–476.

Received 16May 2008; accepted 17 April 2009

Handling Editor: KenNorris

10 C. Kraan et al.

� 2009 TheAuthors. Journal compilation� 2009 British Ecological Society, Journal of Animal Ecology


