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ABSTRACT  
 
Food availability and food stock deple tion by foraging populations can have substa ntial 

effects on the population size.  H ow these aspects combine is rarely studied on long time  

scales, considering the complexity of ecological systems and the challenges to collect all 

relevant data. Mi gratory r ed knots (Calidris canutus ) have been studied in the W estern Dutch 

Wadden Sea over 24 years (from 1993 until 2017), and so has their and food availability . 

Here, we examine the relationships between numbers of red knots and their fo od in the 

Western Wadden Sea. First, the relation between red knot population size  in the Vlie tidal 

basin and the availability of edible sizes of the preferred prey species (L imicola  balthica ) and 

an alternative prey (Cerastoderma edule) in is considered. The effect of prey qual ity, defined 

as the flesh to shell ratio of the prey, on the red knot population  size is also taken into account. 

Furthermore,  the relation between red knot numbers and elimination of prey in edible size 

classes in the Vlie tidal basin  is analysed. To validate the relation s between red knots and 

their food, the total available prey biomass and total calculated prey elimination are 

compared with the theoretical energy requirements of all red knots counted in the Vlie tidal 

basin each year. The numbers of red knot s correlated positively with  the amount of preferred 

prey (L. balthica ) available, whereas there was no such relation ship for the alternative prey 

(C. edule). Moreover, the number of red knots counted yearly correlated positively with mean 

quality of the preferred prey. This implies that any change in the availability of high-quality  

L. balthica  will affect the red knot population. With increasing number s of red knots, the 

calculated elimination  of the edible size classes of L. balthica also increased, whereas there 

was no relation ship with the estimated  eliminat ion of the alternative prey . The fraction of L. 
balthica eliminated was constant with  the yearly number of red knots  in the Vlie tidal basin . 

The fraction of eliminated prey  was higher in edible prey size classes than overall , indicating 

that the  elimination could  indeed be caused by red knots . In general, the total  prey biomass 

available and the total  eliminated prey biomass in the Vlie tidal basin were of the same 

magnitude as the estimated energy requirements of all red knots counted in the study area.  

This work suggests strong causal links between the number of  red knots in the Wadden Sea 

and the population of L. balthica  both for availability of prey and prey depletion by red  

knots. This means that when there is insufficient high-quality  prey available, a part  of the red 

knot population cannot reside in the Western Wadden Sea.  
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INTRODUCTION   
 
The question which factors determine  population size in a particular area, is one that has fascinated 

ecologists for ages (Malthus, 1798; Verhulst, 1847; Verhulst, 1838; Verhulst, 1844; Lotka, 1925; 

Volterra, 1926; Andrewartha & Birch, 1954; Mcnamara & Houston, 1987). Food supply is one of the 

primary aspects that regulates changes in population sizes, and can therefore attribute to an estimate of 

the maximum number of individuals that can be sustained by a system (Dhondt, 1988; Goss-Custard & 

West, 1997; Sinclair & Krebs, 2002; Nolet et al., 2006 ). This estimate (often called ócarrying capacityô) 

can be an important tool in population management. However, foraging populations can also decrease 

their prey resources during foraging through food stock depletion (OôConnor & Brown, 1977; Schneider 

& Harrington, 1981; Zharikov & Skiller, 2003). This elimination of food determines the amount of food 

still available to a population. Therefore, insight in the effect of both food availability and the depletion 

of food resources on foraging populations is needed in order to establish if populations are limited by 

their food. Understanding such relationships on time scales longer than a few years will provide essential 

knowledge that can be applied in conservation of populations. 

The Wadden Sea is a crucial stopover site for many migratory shorebird species within in the East 

Atlantic Flyway (Engelmoer et al., 2006; van Roomen et al., 2018). The temperate intertidal wetland 

stretches along the coasts of The Netherlands, Germany and Denmark and has received UNESCO 

Natural Heritage status in 2009. In spite of this international recognition, many shorebird populations 

show long-term trends that are more negative than the general trend along the entire flyway (van 

Roomen et al., 2018). Food availability is considered to be an important factor, although the details are 

not understood except for a few species (van Roomen et al., 2018). Migratory red knots (Calidris 
canutus) use the Wadden Sea as wintering and stopover site on their migration along the East Atlantic 

Flyway. The birds have received much scientific attention, especially with respect to their feeding 

ecology (Piersma, 2012). A wealth of knowledge has been gathered in the course of the years about the 

red knots as well as their bivalve prey in the Wadden Sea. Their population size (Piersma et al., 1993; 

van Gils et al., 2006; Kraan et al., 2009; Folmer & Piersma, 2012) and spatial distribution (van Gils et 
al., 2005; Oudman et al., 2018) clearly depend on food availability. Additionally, red knots have been 

suggested to use the tidal flats of the Wadden Sea to capacity, therefore any decrease in suitable foraging 

area would result in a decrease of red knot numbers (Kraan et al., 2009). Although red knots and their 

foraging have been studied intensively in the western Wadden Sea since the 1980s (as reviewed by 

Piersma (2012)), the relationship between red knots and their prey on time scales longer than a decade 

is open to scrutiny in this study.  

As red knots visit their wintering areas with tens of thousands of individuals at the same time, they 
deplete their prey while foraging (van Gils et al., 2003; Ahmedou Salem et al., 2014; Bijleveld et al., 
2015). When more red knots are present in the Wadden Sea, they will  consume more prey. If prey 
production is not in the same order of magnitude at the same time, prey depletion will occur. Less prey 
will  therefore be available for the population in the course of winter, the period of non-renewal 
(Beukema, 1974; Zwarts, 1991; Zwarts et al., 1992). Contrary to the expectation, van der Meer and 
colleagues (2001) did not find a correlation between production of prey and the energy consumption of 
locally roosting red knots in the Wadden Sea. Instead they found that the biomass production was too 
high to be explained by foraging red knots. However, the expectation is that if there is a relation between 
the red knots and their prey, more prey would result in presence of more red knots and therefore 
increased prey depletion. Foraging red knots also alter the average prey quality (defined by the shell to 
flesh ratio) through selective foraging, by selecting high quality prey to eat (Bijleveld et al., 2015). This 
offers an interesting additional perspective, because there are certain (explorative) individual red knots 
that prefer high quality prey and actively look for prey with a low relative shell mass (Bijleveld et al., 
2014; Oudman et al., 2016). As a result of depletion, the high quality prey will become scarcer and 
fewer explorative red knots can be accommodated by the prey stock. The expectation is that the giving-
up density (prey densities at which a patch is no longer profitable and birds give up foraging there) for 
these individuals is lower than for non-explorative red knots, because high quality prey are more scarce.  
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In this study, we investigate the two-way nature of the interaction between the red knot population and 
their prey in the Western Dutch Wadden Sea on a long timescale. We examined how long-term variation 
in availability of prey and prey elimination through foraging during the year related to the abundance of 
red knots. In order to achieve this, monthly red knot roost counts in the ñVlieò tidal basin (Western 
Dutch Wadden Sea) were analysed over a period of 24 years. Also the availability of the preferred prey 
species (Limecola balthica) and an alternative prey (Cerastoderma edule) of edible size classes for red 
knots was determined yearly. The quality of the prey was determined on the basis of ratio of flesh to 
shell. Prey availability and prey quality were then linked to the size of the red knot population in the 
study area. It was then assessed if the total edible prey biomass in the study area was consistent with the 
calculated energy requirements of all red knots. On the other hand, we evaluated whether the prey that 
was eliminated over a year related to the red knot population size. We also examined if the total 
eliminated prey biomass in the study area was consistent with the calculated energy requirements of the 
total red knot population in the Vlie tidal basin. We expected to find a positive relation between red knot 
numbers and their prey availability and prey quality. The similarity between the total edible prey 
biomass in the Vlie tidal basin and the red knot energy requirements was expected to be stronger for the 
preferred prey (L. balthica) than for the alternative prey (C. edule). If depletion by red knots is the cause 
of prey elimination, the amount of prey elimination is expected to correlate to the number of red knots 
in the Vlie tidal basin. If the red knots were responsible for the elimination of prey, eliminated biomass 
should be corresponding with the energy that is required by all red knot and the prey elimination is 
expected to be highest in prey of edible size classes. 

MATERIALS AND METHODS  
 

Study area 
The study area was the Vlie tidal basin, in the western Dutch Wadden Sea (Figure 1). Two subspecies 
of red knots (C. canutus islandica and C. canutus canutus) visit this area. The Siberian-breeding canutus 
subspecies uses the area as a stopover site during their flight to north-west Africa, whereas the 
Greenland, Iceland or Canadian breeding islandica subspecies overwinters in the Wadden Sea (Piersma 
et al., 1993). There are two high tide roosts in the basin that are used by the red knots to spend the high 
tide in the Vlie tidal basin; the uninhabited island Griend (53°15'N, 05°15'E) and the sand bank Richel 

Figure 1: The study area of the research. The mudflats of the Vlie tidal basin, used by the foraging red knots at low 
tide, are shaded in blue. Griend and Richel are the two islets surrounded by a dotted area. These two areas are 
where the red knots are counted during high tide. In the upper left corner an overview of the location of the study 
area within the Netherlands is given. 

Griend 

Richel 
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(53°29'N, 05°13'E). During low tide, large flocks of red knots roam the exposed mudflats to forage on 
hard-shelled mollusc prey. Red knots roosting on Griend and Richel mostly stay within the Vlie tidal 
basin to forage (Piersma et al., 1993; van Gils et al., 2006). 
 

Red knot counts  
Monthly high-tide roost counts were carried out by volunteers coordinated by Sovon (the Dutch Centre 
for Field Ornithology) on the roosts Richel and Griend between July 1993 and June 2017. Because the 
red knots counted on Griend and Richel stay within the Vlie tidal basin to forage, the number of red 
knots counted at high tide represents the number of red knots residing in the Vlie tidal basin every day 
of that month (Piersma et al., 1993; van Gils et al., 2006). Due to circumstances (e.g. poor visibility, 
storm) bird counts could not be carried out every month, despite the intention to do so. For months with 
missing counts on either Richel, Griend or both roosts, the red knot numbers were estimated and imputed 
by Sovon using the program U-index (Bell, 1995; van Roomen et al., 2002; van Roomen et al., 2006). 
The estimated number of red knots was based on the combination of the ratio of red knots in the area of 
interest and surrounding areas (site-effect), the ratio of red knots in the missing month and other months 
(month-effect) and the ratio of red knots in the missing year and other years (year-effect) (Bell, 1995; 
Soldaat et al., 2004; Sovon, 2015). It is assumed that the site-effect is stable over years and that the 
month and year effect are the same for all locations (Soldaat et al., 2004; Soldaat et al., 2007). A 
complete review of the method is beyond the scope of this report, but please refer to Underhill & Prys-
Jones, 1994, Soldaat et al., 2004 and Soldaat et al., 2007. Figure 2 gives an overview of the red knot 
counts on Richel and Griend. No single month was counted all years or found to be representative for 
the whole year (Figure 2 & Appendix I). Therefore, all monthly roost counts (including imputed values) 
of each year were summed to obtain the yearly red knot bird-months counted in the Vlie tidal basin. A 
bird-month is defined as the amount of months one bird can reside in an area, or the amount of knots 
that stay in an area for one month. A year in this research is defined relative to the migration or red knots 
and therefore starts in July when the red knots start arriving in the Wadden Sea. 
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Figure 2: Overview of the monthly high-tide roost counts during the study period. White tiles 
represent a month that is not counted on either roost, light blue and grey indicate that a roost 
is counted on Griend or Richel only respectively and black tiles indicate that both roosts were 
counted that month. 
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Red knot prey  
Even though red knots have been observed foraging on a variety of bivalves, gastropods and the 
occasional crustacean, depending on availability and the season, C. edule and L. balthica form up to 
98% of the diet of knots (Zwarts & Blomert, 1992; Dekinga & Piersma, 1993). Therefore, these two 
species represent the prey for knots in the present research. Of these two prey species, L. balthica has 
been shown to be the preferred prey, because it has a higher prey quality (Zwarts & Blomert, 1992; van 
Gils et al., 2005). Because red knots swallow their prey whole, there is a maximum size limit to the prey 
they can ingest. Prey with a maximum shell length of 16 mm for L. balthica and 12 mm for C. edule is 
still ingestible, larger prey is not available for red knots to eat (Piersma et al., 1993; Zwarts & Wanink, 
1993). Even though the shell length is a single measure of the prey species, it is indicative of the three-
dimensional size of prey (Zwarts & Blomert, 1992). Where C. edule is always found buried just 
underneath the surface, L. balthica can bury out of reach of the bill of red knots, making the prey buried 
deeper than 4 cm unavailable (Zwarts & Wanink, 1989; Zwarts & Blomert, 1992; Zwarts et al., 1993). 
Unfortunately, a measure for prey burial depth was not available for all sample years. The burying depth 
of L. balthica also varies with the season, as they bury deeper in winter (Zwarts & Blomert, 1992). The 
measure for depth was only available in summer for this research, leading to an unknown overestimation 
of the fraction of prey in the top layer. As the burying behaviour is also varying between years (Zwarts 
et al., 1992), we opted not to include burying behaviour in the analysis. 
 

Prey data collection  
Benthic surveys were carried out in the Vlie tidal basin each year between July and September in the 
period from 1993 until 2017. This time period covers several sampling programs and the sampling grid 
slowly expanded, so not every sampling station has been sampled an equal amount of times (see Figure 
3). The area around the island Griend has been sampled for the longest period of time within our study 
period and the coverage of the sample grid expanded from there. Only sampling stations within the red 
knotsô main foraging were included in the analysis (see Figure 3). There is large variation in prey 
availability between different tidal mudflats, which could result in an error in analysis and interpretation 
of results if samples outside of the foraging area are included (Piersma & Bijleveld, personal 
communication). 

The samples were taken on a fixed 500m grid that was complemented by 20% randomly located points 
placed on the grid lines from 2008 onwards (see Figure 3). The sample sites were found using a handheld 

Figure 3: Distribution of the benthic sampling stations on the tidal flats of the Vlie tidal basin. The darker the color 
of the sample point, the more often a sample point has been sampled. Sampling stations indicated with open grey 
circles were excluded from the research. 
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GPS and reached either by foot (during low tide) or by boat (during high tide). Using a core with a 
surface of 1/56 m2, the top 40 cm of the sediment was collected and sieved over a 1 mm mesh size. 
Large molluscs (> ±8 mm) were separated from the rest of sample and stored in plastic bags in the 
freezer at -20ĘC. The rest of the sample was coloured with Bengal Pink and stored on a 4% formaldehyde 
solution. Bivalves were identified to species level and the shell length was determined to the nearest 
0.01 mm in the laboratory. For the large prey species (> ±8 mm), the yearly growth rings on the shell 
were counted in order to estimate the age of the shell. The shell and flesh of the large bivalves were 
separated. The flesh of the prey species was incinerated in order to measure the Ash Free Dry Mass of 
the flesh of each individual prey (AFDM). The large shells were dried separately and the dry mass of 
the shell was determined. 

When a prey individual had been identified to species level and the shell length was measured, but the 
AFDM could not be weighed, the AFDM was estimated using LOESS regression of the species-specific 

relation between the shell length and the AFDM (Figure 4). Outliers in measured AFDM 
(measurements outside 1.5 times the interquartile range) were also identified and the measured AFDM 
was replaced with the calculated value. There were three sample points with unrealistically high prey 
densities. These were assumed to be measuring errors and were excluded from further analysis. 

The prey abundance and prey biomass per square meter was determined by dividing the respective 
measurements of the two different prey species per sample by the surface area of the sample. The mean 
prey density in individuals per square meter and mean biomass density per square meter were calculated 
by taking the averages of all samples per year. The correlation between the mean prey density and prey 
biomass per square meter and the number of red knots bird-months counted on Richel and Griend was 
calculated for each year.  
 

Prey Quality  
Prey quality was calculated using: 
 

ὗόὥὰὭὸώ
ὃὊὈὓ

Ὀὶώ ὓὥίί
 

 
where a prey individual has a higher quality if it has a higher flesh/shell ratio. The prey quality could 
only be calculated when both AFDM and the dry mass of the shell were measured. As the prey quality 
is a fraction where the dry mass of the shell should always be larger than the AFDM the maximum prey 
quality is 1. Due to measuring errors, sometimes the dry mass of the shell and AFDM were in a same 
range, resulting in very high prey quality. In these instances, the maximum prey quality is assumed to 
be 1. The correlation between the mean prey quality and the cumulative numbers of red knots was 
calculated.  

Figure 4: The relation between log(Shell length) and log(AFDM) for both prey species. The LOESS regression for log(AFDM) versus 
log(Shell length) is indicated in green. Data is plotted underneath; outliers are plotted in grey. The grey dashed line indicates the 
outlier envelope. 

A. B. 
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Prey elimination  
In order to estimate the prey depletion by red knots, the prey elimination in edible length classes each 
year was calculated. Prey availability was predicted based on the growth per year for each length class 
and this prediction was compared to the observed prey availability each year. When there was more prey 
predicted than observed, prey was eliminated during the year. 

The growth of the prey was calculated using the prevalent Von Bertalanffy growth equation (von 
Bertalanffy, 1938) where the length (L) at any time (t ) is given by:  
 

ὒὸ ὒὭὲὪzρ Ὡ ᶻ  
 
Where Linf  is the asymptote of the length that would be reached by the average individual of infinite 
age, K is the growth parameter t is the time (in years) and t0 is the (imaginary) moment in time where 
the size is zero (sometimes also defined as the moment of hatching). The Von Bertalanffy parameters K 
and t0 were fit ted based on the observed age-length relation of the shell for both species (Figure 5). The 
age of the prey was determined by counting the growth rings. In order to calculate the growth curves C. 
edule with ages over 7 years and L. balthica older than 10 years were omitted. These were the oldest 
ages observed in more than 3 different sample years, prey species with older ages that were only 
observed once or twice could be a miscount of growth rings. For Linf , the mean observed length at the 
maximum age (45 mm for C. edule, 25 mm for L. balthica) was taken. Varying the values of Linf   
(between the minimum observed length at the maximum age and the maximum observed length at this 
age) resulted in similar result patterns. Based on the growth parameters from the fitted Bertalanffy curve, 
the length-dependent growth over a year was estimated for the whole dataset as follows: 
 

Ὠὒ

Ὠὸ
ὑᶻὒὭὲὪὰ ὰ 

 
where dLdt is the length increase over time t (a year in this research) and l is the measured shell length. 
Figure 5 gives the growth curves for both prey species. Even though the sampling period stretched 
between late July and early September, for predicting growth it was assumed that the time period 
between the sampling was always a whole year. 

  

Figure 5: The relation between age and shell length for both prey species. Growth curves showing the average length at each 
age for both prey species are indicated in green (fitted Von Bertalanffy growth curve). A) C. edule. B) L. balthica 

A. B. 












































































































