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ABSTRACT 
 
Food availability and food stock depletion by foraging populations can have substantial 

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

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

relevant data. Migratory red knots (Calidris canutus) have been studied in the Western 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 food 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 (Limicola balthica) and 

an alternative prey (Cerastoderma edule) in is considered. The effect of prey quality, 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 relations 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 knots correlated positively with the amount of preferred 

prey (L. balthica) available, whereas there was no such relationship 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 numbers of red knots, the 

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

was no relationship with the estimated elimination 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 ‘carrying capacity’) 

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

their prey resources during foraging through food stock depletion (O’Connor & 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 “Vlie” 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 
knots’ 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 -20˚C. 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: 
 

𝑄𝑢𝑎𝑙𝑖𝑡𝑦 =
𝐴𝐹𝐷𝑀𝑓𝑙𝑒𝑠ℎ

𝐷𝑟𝑦 𝑀𝑎𝑠𝑠𝑠ℎ𝑒𝑙𝑙
 

 
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:  
 

𝐿(𝑡) = 𝐿𝑖𝑛𝑓 ∗ [1 − 𝑒−𝐾∗(𝑡−𝑡0)] 
 
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 fitted 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: 
 

𝑑𝐿

𝑑𝑡
= 𝐾 ∗ (𝐿𝑖𝑛𝑓 − 𝑙) + 𝑙 

 
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. 
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During the year the prey also grows and can therefore become too large for red knots to ingest. This 
means that prey in some size classes is only available for a fraction of the year. The yearly fraction of 
prey availability was calculated for each length class of 1 mm using the average growth per month: 
 

𝑑𝐿

𝑑𝑡𝑚
=

𝐾 ∗ (𝐿𝑖𝑛𝑓 − 𝑙)

12
+ 𝑙 

 
Where dLdtm is the length increase per month, all other parameters are defined above. Using the growth 
per month, the fraction of the year prey in each size class of 1 mm was available for red knots to eat was 
calculated (see Figure 6). The predicted prey per square meter was multiplied by this fraction for each 
length class to compensate for this growth during the year. 
 
For all sample years, the observed and predicted length-frequency distribution could then be compared. 
Prey elimination was calculated by subtracting predicted length- frequency distribution from the 
observed length- frequency distribution in the same year (Figure 7). Any negative difference between 

Figure 6: Fraction of the year that the prey in each edible length class is available to red knots based on the average 
growth per month. A) C. edule. B) L. balthica 

A. B. 

Figure 7: A) Biomass per square meter in al length classes for L. balthica in 2013. Dark grey indicates the observed values, 
light grey represents the predicted values. The vertical line indicates the upper limit taken for calculating elimination.  
B) Difference between the predicted and observed biomass per square meter for L. balthica in 2013. Open circles indicate 
the predicted values, triangles indicate the observed values and the black dots indicate the difference between the two. The 
solid vertical line indicates the maximum ingestible shell length (16 mm) plus growth during year (upper-limit), the dashed 
vertical line indicates the size of the smallest observed individual observed in 2012 plus growth (lower-limit). When 
calculating the total prey elimination these limits are taken as minimum and maximum boundary. 

A. B. 
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these length-frequency distributions in the edible size classes for red knots was taken as a measure for 
prey elimination (see Figure 7 and Appendix II). All prey elimination in edible size classes, between the 
edible limits, was summed to obtain the total prey elimination each year. The upper edible limit was 
taken as maximum edible shell length plus growth. The lower edible limit was minimum shell length 
observed in the previous year plus growth, in order to exclude prey recruits from the calculated 
elimination. To compensate for different sample sizes in different years, the prey in each length class 
was divided by the total sampling surface of the year to calculate the prey difference per square meter 
in each length class. The correlation between the prey elimination in prey numbers per square meter and 
the number of red knot bird-months was calculated. 

AFDM can be seen as a measure for available energy and therefore is a more accurate way to link prey 
to red knot population size than the prey densities in individuals per square meter. The prey elimination 
is therefore also calculated in terms of prey biomass. The AFDM for the predicted shell length is 
calculated using the LOESS curves that were fitted to the relation between shell length and AFDM (see 
above). This resulted in the total predicted biomass per square meter for each length class of 1 mm for 
all sample years. The difference between predicted and observed edible prey biomass was calculated 
per length class for all sample years. The correlation between the red knots bird-months in the Vlie tidal 
basin and the elimination of AFDM per square meter was then calculated. 

The fraction of prey elimination with respect to the original prey availability was calculated to evaluate 
the elimination of prey with respect to the amount of prey available each year. The fraction of prey 
elimination (F) is calculated for each length class using: 
 

𝐹 =
𝑝𝑟𝑒𝑦𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝑝𝑟𝑒𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
 

 
This relation between this fraction of eliminated prey was then assessed. 
 

Bird energy requirements 
In order to determine if the total available biomass in the Vlie tidal basin was sufficient for all red knots 
visiting the area, the total available biomass was compared to the energy requirements of all red knots. 
To determine if the red knots might be the cause of the prey elimination in the Vlie tidal basin, the total 
prey elimination in the Vlie tidal basin was also compared to the energy requirements of all red knots. 
If the energy requirement matches the prey elimination in edible size classes, it is plausible that the red 
knots are responsible for the difference between observed and predicted prey densities in edible length 
classes.  

Foraging red knots have an average energy intake requirement of 0.3 mg shellfish AFDM s-1, when they 
forage during 10 hours each day (Piersma, 1995). The total energy requirement (E) for all red knots in 
the Vlie tidal basin for a whole year is therefore calculated as: 
 

𝐸 = 𝐵 ∗ 𝑚 ∗ (0.3 ∗ 10−3 ∗ 𝑠) 
 
Where B is the sum of the monthly number of red knots counted on Richel and Griend in a year, m is 
the months per year (365.25/12), 0.3*10-3 is the energy requirement for red knots in g AFDM per second 
and s is the amount of seconds in a day (86400 seconds). The measure E for energy requirements of all 
red knots each year was compared to the total edible biomass in the Vlie tidal basin and to the prey 
elimination over the whole Vlie tidal basin. The total available biomass and the total prey elimination 
per year were calculated by multiplying the average biomass in edible size classes per square meter with 
the total foraging area in the Vlie tidal basin. It was assumed that the foraging area in the Vlie tidal basin 
was constant throughout the study period (177.75 km2, based on the area represented by the maximum 
number of benthic sampling grid points (n=711 in 2008)). We also assumed that the whole foraging area 
is available during the red knot foraging period (10h). 
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Data analysis 
Data analysis was carried out in R (R Core Team, 2017). Packages used were GGPlot2 (Wickham., 
2009), MGCV (Wickham., 2009), plyr (Wood, 2017), tidyr (Wickham, 2011) rgdal (Wickham & Henry, 
2019) and PrettyMapR (Bivand, 2018). When fitting a regression line, a General Linear model and a 
Generalised Additive Model were always compared because the relation between red knot population 
size and prey was not necessarily expected to be linear. Based on the AIC the best fitting model was 
chosen.  
 

RESULTS 

 
For simplicity, in this result section the focus is on prey biomass per square meter. The biomass directly 
relates to the energy intake for red knots and is therefore an intuitive measure for how prey availability 
translates to red knot numbers. The analyses for red knot numbers and prey densities in individuals per 
square meter can be found in Appendix III.  
 

Red knot population size  
Red knot populations in the Vlie tidal basin as counted on Richel and Griend, varied over time. Within 
years, the number of red knots showed a seasonal pattern (Figure 8). Red knots leave the Wadden Sea 
and migrate to their breeding grounds in the North early May, which is reflected in the observed bird 
counts. From May onwards the least red knots were counted in the Vlie tidal basin (ranging between 4 
and 25000 red knots counted). From July (the start of the year as defined for this research) the knots 
return to the Wadden Sea and the number of observations increased. The highest number of red knots 
counted in a single month in Vlie (91012 individuals) was observed in October 2013. In the winter the 
spread of the red knot numbers was largest, these counts mainly represent islandica subspecies wintering 
in the Vlie tidal basin. 

All monthly counts of red knots are added up to arrive at the red knots bird-months in the Vlie tidal 
basin each year (Figure 8). The number of bird-months varied widely throughout years. A strong 
decrease in red knot bird-months was observed from 1998 onwards, with the lowest number of 65215 
red knot bird-months in the Vlie tidal basin observed in 2002. From 2006 the population size started to 
increase again. The number of red knot bird-months at the start of the study period was comparable to 
those at the end of the study period. The highest number of red knots bird-months in the Vlie tidal basin 
(423658) was observed in 2013. 
 

Figure 8: A) numbers of red knots counted per month. Boxes represent the median, quartiles and interquartile outliers in the sum of red knots counted 
or imputed on Richel and Griend each month. The vertical line indicates the separation of a year as used in this research (July-June). B) Sum of 
numbers of red knots counted or imputed (bird-months) each month per sample year. 

A. B. 
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Availability of prey 
The total L. balthica biomass ranged between 0.05g AFDM m-2 and 157.8g AFDM m-2. For C. edule, 
the biomass ranged between 0.002g AFDM m-2 and 355.1g AFDM m-2. The average L. balthica biomass 
per year varied between 0.13g AFDM m-2 in 2018 and 8.3g AFDM m-2 in 1999. The biomass of C. edule 
varied between 0.36g AFDM m-2 in 1996 and 10.2g AFDM m-2 in 1998. Of this biomass a minimum of 
3% (in 2010) and a maximum of 35% (in 2011) of C. edule was ingestible for red knots. Of L. balthica 
the minimum percentage ingestible biomass was 11% (in 2018) and the maximum was 49% (in 2014). 
On average, 10% of all C. edule and 31% of all L. balthica biomass was available to red knots. Figure 
9 shows the average edible biomass per square meter for both prey species each year. There was a 
decline in available prey biomass from 1999 onwards, and the prey biomass increased again from 2010 
onwards. The fluctuations in edible biomass for L. balthica were larger than those of C. edule. The years 
when maximum numbers, biomass and availability of prey was found, were years where an extremely 
large spat fall was observed in the Wadden Sea and the prey densities were unusually high (especially 
in 2011 for C. edule). 

The spatial distribution of prey was not homogenous, Figure 10 gives an overview of the distribution of 
the mean prey biomass in edible size classes over all sample years for both prey species. Edible L. 
balthica was more widely distributed and sample points with a higher biomass were more common for 
L. balthica than for C. edule. In general, the area around Griend, the mudflats just south of Richel and 
the area just off the Frisian coast contained the most edible biomass. In 74% of all sample points L. 

Figure 9: Mean edible prey biomass (AFDM) per square meter each year for both 
prey species. Light grey represents C. edule and dark grey represents L. balthica. 

Figure 10: Spatial distribution of mean prey biomass in edible size classes over the whole sampling period. Open circles represent sample points 
where no prey biomass was found. Lighter colours represent higher average biomass per square meter. A) C. edule B) L. balthica. 

A. B. 
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balthica in edible size classes was found in at least one sample year. For C. edule this was in 44% of all 
sample points. For the distribution of the densities of edible prey in individuals per square meter for 
both prey species, please refer to appendix III.  
 

Quality of prey 
The two prey species had a different prey quality. As shown in Figure 11, the general flesh to shell ratio 
is lower for C. edule than for L. balthica. The median quality per sample for C. edule is 0.07, and for L. 
balthica this is 0.16. The range of prey quality per sample was similar for both prey species, but the 
interquartile range of the quality per sample was smaller for C. edule than for L. balthica.  
 

Red knots and prey throughout years 
The number of red knot bird-months counted on Richel and Griend did not correlate with the available 
biomass per square meter of C. edule per year (Figure 12A). For L. balthica on the other hand, a linear 
correlation was found between the amount of edible biomass per  square meter and the red knot bird-
months in the Vlie tidal basin (n=23, R2=0.17, p=0.04) (Figure 12B). Therefore, any decrease in L. 
balthica resulted in a decrease in the red knot population in the Vlie tidal basin.  

Figure 11: Boxplot for the prey quality for both prey species. Boxes 
represent the median, quartiles and interquartile outliers in prey 
quality per sample for C edule (n =3305) and L. balthica (n=7599).  

Figure 12: Yearly red knot bird-months plotted against the AFDM per square meter for both prey species. Each data point 
represents one sample year and the solid line indicates the fit is significant. A) C. edule. B). L. balthica. 

A. B. 
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The prey quality was variable over time (Appendix V). The variations in prey quality of C. edule did 
not correlate with the red knot population size in the Vlie tidal basin (Figure 13A). The number of red 
knot bird-months did however correlate positively with the quality of L. balthica (n= 22, R2=0.25, 
p=0.01) (Figure 13B). This means that any decrease in quality of L. balthica led to a decerasing red knot 
population in the Vlie tidal basin.  
 

Prey elimination 
At first it appeared that there was no correlation between the elimination of biomass and the red knot 
bird-months for either prey species (Appendix IV). However, for both prey species there was an extreme 
outlier in years with an extreme spat fall (2011 for C. edule and 2014 for L. balthica). The value of the 
outlier was 27.9 times the interquartile range for C. edule and 3.2 times the interquartile range for L. 
balthica. In order to further investigate the relation between the elimination and the red knot numbers, 
these outliers were excluded (the analysis with outlier can be found in Appendix IV). Still, no relation 
was found between the difference in predicted and observed C. edule biomass per square meter and red 
knot bird-months (Figure 14A). In contrast, it did result in a significant correlation between the 
elimination of L. balthica biomass per square meter and the number of red knot bird-months in the Vlie 
tidal basin (n= 23, R2=0.46, p=0.003) (Figure 14B). The best fit was found using a General Additive 
Model, taking into account the non-linear nature of the relationship. The elimination of C. edule 
increased slightly with larger C. edule biomass per square meter (see Appendix VII). It increased 
strongly with an increasing prey density in individuals per square meter (see Appendix VII).  

Figure 13: Red knot bird-months plotted against the mean quality of prey for both prey species. Each data point represents one 
sample year and the solid line indicates the fit is significant. A) C. edule B) L. balthica. 

A. B. 

Figure 14: The difference in predicted versus observed prey AFDM per square meter (as a measure for prey elimination) for both 
prey species plotted against the red knot bird-months. Each data point represents one sample year and the solid line indicates the 
significant GAM fit, the dashed line gives the 95% confidence interval. A) C. edule. B) L. balthica 

A. B. 
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For L. balthica the prey elimination increased with both the available biomass as well as the prey density 
(Appendix VII). This could imply that mainly small individuals (with a low biomass) were eliminated.  
The fraction of prey that was eliminated was constant, and did not correlate to the number of red knot 
bird-months counted yearly on Griend and Richel for both prey species (see Appendix VI). The fraction 
of elimination of prey biomass with respect to the available biomass was higher for L. balthica than for 
C. edule. For C. edule the fraction of prey that was eliminated centred around 0.36, for L. balthica the 
fraction eliminated centred around 0.48 (see Appendix VI). The fraction of prey eliminated was higher 
in edible size classes than the fraction of depletion over all shell lengths for both prey species (Figure 
15). This difference was larger for L. balthica than for C. edule.  
 

Red knot energy requirements 
In order to understand if the available biomass would be sufficient for the number of red knots staging 
in the Vlie tidal basin, the biomass in the whole foraging area was compared to the biomass required by 
all the red knots staging in the Vlie tidal basin during a year. For C. edule the general energy 
requirements were higher than the available biomass (see Appendix VIII). For L. balthica the available 
biomass corresponded better with the energy requirements of the red knots (see Appendix VIII). The 
energy requirements of the red knots were also compared to the eliminated prey biomass, in order to 
understand if the missing prey biomass could be eaten by red knots. For C. edule, the eliminated biomass 
was much lower than the requirements of red knots (Figure 16 & Appendix VIII). There was one extreme 

Figure 15: Fraction of prey depletion in edible size classes (dark grey) versus 
all size classes (light grey). Boxes represent the median, quartiles and 
interquartile outliers in fractions of prey eliminated. Line segments between 
the boxes link the two fractions for each year. The two boxes on the left are 
for C. edule, whereas the boxes on the right represent L. balthica. 

Figure 16: The biomass required by all red knots in Vlie each year (middle box in both panels) versus the prey depletion (left boxes) and 
prey biomass available (right boxes) in the Vlie tidal basin. Boxes represent the median, quartiles and interquartile outliers in biomass. 
The open circles indicate the different years.  A) C. edule B) L. balthica 

A. B. 
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outlier in the total prey elimination in the Vlie tidal basin for both species in years with an extreme spat 
fall. In order to be able to visually compare between the prey species, this outlier was excluded. The 
same figure with outlier can be found in Appendix IV. For L. balthica the biomass that was eliminated 
was more in accordance with the red knot energy requirements (Figure 16 & Appendix VIII). There is 
more overlap in the total biomass required by red knots and the biomass available or eliminated for L. 
balthica than for C. edule, as would be expected because L. balthica is the preferred prey.  

DISCUSSION 
 
In this study, the relation between long-term variation in availability of prey and prey elimination 
through foraging during the year and the number of red knots in the Western Wadden Sea was examined 
over 24 years. We showed a relation between the preferred prey (L. balthica) and the number of red 
knots in the Vlie tidal basin, but no such relation was found for the alternative prey (C. edule). Population 
size of red knot also increased with increasing quality of L. balthica. There was a non-linear relationship 
between the red knot population and elimination of L. balthica. Prey elimination was highest in edible 
size classes and was roughly in accordance with the biomass required by the red knot population. This 
now allows us to evaluate how variations in red knot numbers are linked to food availability in the 
Wadden Sea. 
 

Red knots and available prey biomass 
Our analyses showed variation in the numbers of birds counted on Griend and Richel both within and 
between years. Within years, the red knot counts showed a clear seasonal pattern that was closely related 
to the migration itinerary. Between years, a strong drop in the red knot population size was observed 
between 2000 and 2010, before and after that period the population size was larger. In roughly the same 
study period, Kraan et al. (2009) also observed a decreasing number of red knots in the Western Wadden 
Sea and the trend they observed was similar to the observations in this research. However, using the 
counted number of red knots, it is impossible to indicate whether a decrease in red knot numbers is due 
to increasing mortality or due to emigration (Kraan et al., 2009). In order to estimate (local) survival, 
individuals have to be marked and recaptured (as reviewed by Brochard et al., 2002; Bearhop et al., 
2003; Sandercock, 2003; Piersma, 2007). Early on it was suggested that local survival of red knots has 
decreased in the Western Wadden Sea during the study period (van Gils et al., 2006), but this was not 
confirmed later (although the local seasonal survival did vary, see Rakhimberdiev et al., 2015). 
Alternatively, decreased reproductive success could have played a role in the decreasing red knot 
numbers. However, Boyd and Piersma (2001) showed a negative relation between juvenile percentages 
and total red knot population size. They suggested that negative density dependent recruitment leads to 
increased recruitment of red knots when the population size is smaller, which might contribute to 
stabilisation of the red knot population (Boyd & Piersma, 2001). The total islandica red knot population 
along the flyway over the period of our study has been relatively stable, therefore the declines in red 
knots may mostly be caused by relocation during wintering period (van Roomen et al., 2018). The results 
found in our study suggest that food availability and depletion of food resources during the year might 
play an important role. 

Previous research already showed the (spatial) relation between red knots and their food on shorter time 
scales (e.g. Piersma et al., 1993; van Gils et al., 2005; Kraan et al., 2009; Folmer et al., 2012; Bijleveld 
et al., 2016). In this research, the relation between availability of the preferred prey and red knot 
population size is also shown on the scale of the whole Vlie tidal basin using the average prey per year 
as data points, a remarkable possibility in itself. Based on the notion that less knots are present when 
there is less suitable foraging area, Kraan et al., (2009) conclude that the Western Wadden Sea is used 
to capacity. The results found in our research are consistent with this conclusion, as there are fewer red 
knots in the Wadden Sea when there is less L. balthica biomass available. This means that any change 
in L. balthica availability will be reflected in red knot numbers. Our results suggest that for investigating 
red knots and their prey, L. balthica or preferably a combination of prey species should be used. From 
a conservation perspective our results imply that it might be possible to use the availability of L. balthica 
as a measure for the red knot population that can be sustained by the Western Wadden Sea. 
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Previous research bases their conclusions on availability of C. edule as prey species whereas no relation 
between C. edule and the red knot population in the Vlie tidal basin was found in this research (van Gils 
et al., 2004; Bijleveld et al., 2015). However, our results are in line with the expectations, as L. balthica 
is the preferred prey (Zwarts & Blomert, 1992). We confirm that C. edule is a less profitable prey for 
knots, because it has a lower quality. The stock of C. edule biomass edible for red knots in the Vlie tidal 
basin proved to be insufficient for red knots to survive on in most years. However, our maximum size 
limit of 12 mm for ingestible C. edule is relatively conservative. Different research has taken different 
lengths as maximum ingestible size for C. edule; ranging from 8 to 16 mm, based on field observations 
(e.g. Zwarts & Blomert, 1992; Piersma et al., 1993; Dekinga et al., 1993; Piersma et al., 1995; van Gils 
et al., 2004). The maximum ingestible size of prey has a large impact on the amount of biomass that is 
edible for red knots; a larger ingestible size limit increases the amount of edible biomass. This could 
lead to a better correspondence between the total edible biomass and the red knot population, but in the 
field red knots are rarely observed eating larger C. edule (Piersma, personal communication). However, 
it is important to note that red knots have a flexible choice of prey (e.g. Zwarts & Blomert, 1992; 
Dekinga et al., 1993; Piersma et al., 1993; van Gils et al., 2005), that varies within and between years 
based on the availability of prey. Therefore, evaluating just one prey species at a time does not fully 
capture the foraging of red knots. 

The measure used to link prey to the red knot population was the average prey densities per square meter 
each year. The simplicity of this method comes with a trade-off, as using this basic measure for prey 
availability means that any extreme densities (high or low biomass) in could not be taken into account. 
The variation of the biomass per square meter within years within the Vlie tidal basin is considerable. 
Additionally, there were sample points that always had a higher or lower prey density than average (as 
is shown on the maps in the result section). Previous research suggests that it might be this variation in 
prey density that proves critical when an area is used to capacity (van Gils et al., 2004; Kraan et al., 
2009). Red knots have been shown to choose foraging sites where the (predicted) rate of foraging is 
profitable (van Gils et al., 2004). Therefore, these areas with an overall lower biomass might be avoided. 
On the other hand, patches with high prey density can compensate for food shortage when the mean 
prey densities are too low in an area (Zwarts, Blomert, et al., 1992; van Gils et al., 2005; van Gils, 
Piersma, et al., 2006). By taking average prey biomass over a larger area (Vlie tidal basin) and over a 
longer timescale (24 years) these effects were taken into account implicitly in our study. 
 

Red knots and prey elimination 
The elimination of L. balthica in edible length classes increased as a function of the number of red knots 
counted in the Vlie tidal basin. Additionally, the energy requirement of all red knots red knots in the 
Vlie tidal basin was in the same order of magnitude as the amount of prey biomass eliminated in the 
Vlie tidal basin. This is in contrast with the findings of van der Meer and colleagues (2001), who 
expected to find this result, but found that prey production was almost always much (up to a threefold) 
higher than the bird energy requirement they calculated. Our results showed that the amount of prey 
elimination for L. balthica was slightly less than the requirements of the total amount of red knots in the 
Vlie tidal basin. This is not unexpected, as red knots do not exclusively forage on L. balthica. Van Gils 
and colleagues found that red knots were able to deplete up to 25% of the prey within one low-tide (van 
Gils et al., 2003). The fraction of prey eliminated over a year found here (0.36 for C. edule, 0.48 for L. 
balthica) is therefore not an unlikely number. The fraction of prey eliminated for L. balthcia that we 
found, is similar to the mortality found in previous research (van der Meer et al., 2001). The observed 
fraction of prey eliminated for C. edule was lower in this study than found by van der Meer who found 
a mean mortality of 73% in winter and 45% in summer (van der Meer et al., 2001). However, they took 
all size classes into account whereas we only considered size classes edible for knots in our study.  

We showed that the amount of prey elimination increased with prey densities; in years with higher 
densities, more prey disappeared. The prey species used in this research show density-dependent 
mortality (Philippart et al., 2003; Parada & Molares, 2008). This could indicate that density-dependent 
mortality from other causes than red knot predation, as found in previous studies, might explain the 
elimination we observed. Despite the relation between prey densities and prey elimination, we found no 
strong relation between increasing prey biomass and increasing prey elimination. This could mean that 
mainly small individuals (with a low biomass) were eliminated. This would lead to increasing prey 
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elimination with prey density but no effect with an increased biomass. We also showed that the fraction 
of prey eliminated was higher in edible length classes, than the overall mortality in all length classes 
and that the elimination was strongest for the preferred prey species. This supports the premise that the 
observed prey elimination is indeed caused by red knots. Which could mean that the red knots play an 
important role in the Wadden Sea ecosystem, as they are able to significantly alter the abundances of 
their prey. In order to determine whether the elimination of prey is actually caused by red knots, and to 
rule out a common driver for both prey species and red knots, large scale experiments would have to be 
carried out. Exclosure experiments are a common way to study prey depletion. However, it can be 
argued that these experiments are not ideal because they alter the natural environment and the scale of 
the exclosure is often a lot smaller than the foraging area of the predator (Raffaelli & Moller, 1999; 
Thrush, 2009). 
  

Leaving the Wadden Sea? 
We showed that red knot population size in the Vlie tidal basin correlates to the prey availability and 
that red knots deplete their food resources through foraging during the year. When prey availability is 
too low, red knots die, skip the Wadden Sea (canutus subspecies) or leave during the winter (islandica 
subspecies). Rakhimberdiev et al. (2015) showed a decreased winter survival of red knots in the Wadden 
Sea during a period when food was limiting, which was counterbalanced by an increased summer 
survival. This was not the case when food was more abundant, indicating that red knots are indeed not 
residing in the Wadden Sea when the food availability is low (Rakhimberdiev et al., 2015). Instead, red 
knots move away to other wintering areas in Northern Europe when food is limiting (Rakhimberdiev et 
al., 2015). In light of this previous research and the close relation between the red knot population and 
food availability in the Western Wadden Sea, we suggest that during years when less knots were found 
in the our study area (2001-2011) a large share of the islandica population must have been wintering in 
other locations in Northern Europe. 

Red knots are able to alter the average prey quality, as after a period of predation by red knots the prey 
with a thicker shell was left in a plot (Bijleveld et al., 2015). This might mean that the higher quality 
prey might be depleted first, which is not unlikely because prey with a higher quality has a lower 
digestive cost and is therefore more profitable for red knots (Zwarts & Blomert, 1992; van Gils et al., 
2005; Bijleveld et al., 2015). We found a positive relation between the red knots and quality of L. 
balthica, where more red knots were present in years when the prey quality was higher. This could be 
caused by one of two things; either red knots die or they move to a different area if there is too little 
high quality prey available. Certain individual red knots (explorative red knots) are specialised in finding 
this high-quality prey which means they have a lower intake of shell mass, and therefore need a smaller 
digestive organ (gizzard) (Bijleveld et al., 2014; Bijleveld et al., 2015). When prey quality decreases, 
fewer red knots with a small gizzard mass are observed in the Western Wadden Sea (van Gils et al., 
2006). van Gils et al. (2006) linked this to a decreased survival of individuals with a smaller gizzard 
size. However, it was shown later that survival was not affected by gizzard size (Bijleveld et al., 2014; 
Oudman et al., 2016). Bijleveld et al. (2014) showed that the explorative individuals are more likely to 
permanently leave the Wadden Sea for different tidal flats in Europe (e.g. Germany, England). 

The amount of prey available to red knots changes with the preference for quality (Bijleveld et al., 2014). 
The explorative red knots, who are picky eaters and prefer high quality prey, have a smaller range of 
prey to choose from. The giving-up density for the explorative individuals might be at a higher absolute 
prey density as the high-quality prey is depleted first (van Gils et al., 2006). The searching cost of 
looking for high quality food might become higher during the year, as the prey is depleted and high-
quality prey becomes even more scarce. In winter the exploration scores of red knots are lower than in 
summer (Haanen, unpublished data). This indicates that as the year progresses and the high-quality prey 
is depleted, there are less explorative birds. In years when the availability of sufficient high quality food 
is low, the explorative red knots might be the first to leave the Wadden Sea in search for food. One 
might imagine the different European areas of the East Atlantic Flyway to function in unity, where the 
availability of high quality food determines the local number of red knots, but the overall population is 
relatively stable. 
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CONCLUSIONS 
While this research took two different prey species into account, no relations were found between C. 
edule and the red knot population in the Vlie tidal basin. The size of the red knot population in the 
Western Wadden Sea was directly related to the amount of edible L. balthica in the area. Therefore, any 
change in availability of L. balthica could influence the number of red knots in the Dutch Wadden Sea. 
The energy requirements of the red knot population roughly related to the amount of edible L. balthica 
biomass. This means that the availability of L. balthica could potentially be used as an indicator for the 
foraging conditions for red knots in the Wadden Sea. We showed that there is a positive correlation 
between the quality L. balthica and red knot numbers. Therefore, the quality of the prey is vital for 
maintaining the red knot population in the Vlie tidal basin. The amount of L. balthica eliminated in the 
Western Wadden Sea related to the number of red knots staging in the study area. This elimination was 
roughly in accordance with the amount of biomass required by all red knots each year and elimination 
in edible size classes was higher than overall elimination. This means that the prey elimination is likely 
to be caused by red knots, rather than other causes such as density dependent mortality. We therefore 
suggest that red knots could in fact play an important role in the Wadden Sea ecosystem. However, 
experimental studies would have to confirm the correlation we found to exclude a common driver. Prey 
depletion by red knot would decrease the amount of (high quality) prey available during the winter, 
which might force red knots to leave the Western Wadden Sea. Future research would have to confirm 
if explorative red knots are the first to escape to other areas in North-West Europe insufficient high-
quality food is available. 
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APPENDICES 

APPENDIX I – Red knot counts in all areas and months 
 

 
Figure I-1: Overview of the number of red knots numbers on the roosts each month of the year. The boxes represent the spread 
of the combined counted data and imputed data. Blue and grey boxes are the red knot numbers when either Griend or Richel 
were counted respectively. White boxes indicate months when neither of the roosts was counted and the black boxes represent 
months when both Griend and Richel were counted. 

Figure I-1 shows the spread of the red knot counts each month split by area that was counted. The 
difference between the boxes for each area indicate that not one roost could be used to substitute for the 
counts on both roosts. The spread of the bird counts was lowest in the months September until 
November, and large in all other months.  
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Figure I-2: Overview of the number of red knots counted in the different areas. The boxes represent the spread of the combined 
counted data and imputed data. Blue and grey boxes are the red knot numbers when either Griend or Richel are counted 
respectively and the counts for the other roost is imputed using U-index. Black boxes indicate both roosts are counted. The 
white boxplots contain only values imputed by U-index. 

 
Figure I-2 shows the spread of the red knot counts in the different areas. The other areas were imputed 
by the program U-index. When counts for both roosts were imputed by U-index, there seems to be an 
overestimation of the number of red knots. The red knot numbers on Richel show a much smaller spread 
than in the other areas, however Richel was counted less frequently (main text figure 2) which could 
also cause this result. The red knot numbers when only Griend was counted seem to be relatively similar 
to the red knot numbers when both areas were counted. However, Griend was also not always counted 
and could therefore not be used as substitute for the counts on both roosts. 
 
Figure I-3 shows the correlation between the red knots counted each month. These correlations vary, 
and there is not a similar trend for all months. Therefore, not one single month could be used to represent 
all red knots counted within a year. 
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APPENDIX II – Prey elimination all sample years 

 
This appendix gives an overview of the different length-frequency distributions used to calculate the 
prey elimination per year. On the left side the observed and predicted length-frequency distributions are 
displayed for each year for both biomass per square meter and prey individuals per square meter. Dark 
grey indicates the observed values, light grey represents the predicted values. The vertical line indicates 
the upper limit for calculating the eliminated prey. On the right side, the difference between the predicted 
and observed biomass and individuals per square meter in all length classes for both prey species is 
displayed for each year. Open circles indicate the predicted values, triangles indicate the observed values 
and the black dots indicate the difference between the two. The solid vertical line indicates the maximum 
ingestible shell length plus growth during year (upper-limit), the dashed vertical line indicates the size 
of the smallest observed individual observed in 2012 plus growth (lower-limit). When calculating the 
total prey elimination these limits are taken as minimum and maximum boundary. 
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Prey abundances per square meter 
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APPENDIX III – Red knots and prey in numbers per square meter   
  
The maximum number of L. balthica 
individuals found per sample was 18108.3. The 
maximum number of C. edule individuals 
found per sample was 13015. The average prey 
densities of L. balthica per year ranged between 
13.2 individuals per m2 in 2006 and 618.8 
individuals per m2 in 2014. The average prey 
densities of C. edule per sample year ranged 
between 11.8 individuals per m2 in 2010 and 
740 individuals per m2 in 2011. The available 
prey abundances per square meter per year for 
the sample period are shown in Figure III-1. In 
general, the availability of L. balthica was 
higher than the availability of C. edule. There 
were two sample years where the prey numbers 
are extremely high; 2011 for C. edule and 2014 
for L. balthica. These years were years with an 
extreme spat fall for the respective prey species. 
Figure III-2 shows the distribution of the prey 
numbers per square meter, averaged over the 
whole sampling period. Edible L. balthica was 
more widely distributed. There were also more 

areas with a higher density of L. balthica than was the case for C. edule. In general the areas east of 
Griend and just off the Frisian coast had the highest prey densities. 
 
In first instance, there was no correlation between the prey abundances and the number of red knot 
months in the Vlie tidal basin. However, there was one extreme outlier in years with an extreme spat 
fall (22.6 times the interquartile range for C. edule in 2011 and 4.8 times the interquartile range for L. 
balthica in 2014). These outliers were therefore excluded from the analyses, the results with outlier can 
be found in Appendix IV. Without outlier, there was no relation between the abundances of C. edule 
and the red knot months (Figure III-3). In contrast, there was a significant linear correlation between red 
knot numbers and the abundances of edible L. balthica (n=23, R2=0.48, p>0.01 ) (Figure III-3).  
 
 

Figure III-1: Densities of edible prey in number of individuals per square 
meter throughout years. Grey indicates C. edule, and black shows the 
available L. balthica each year. 

Figure III-2: Distribution of the average prey in number of individuals per square meter during the whole sample period. Lighter colours indicate higher prey 
abundances. Open circles represent empty sample points. A) C. edule. B) L. balthica. 

A. B. 
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In first instance, there was no correlation between the prey elimination and the number of red knots in 
the Vlie tidal basin and the size of the red knot population. However, there were two extreme outliers 
(38.96 times the interquartile range for C. edule in 2011 and 7.22 times the interquartile range for L. 
balthica in 2014). The outliers were excluded, but still no significant correlation was found for C. edule. 
However for L. balthica the prey elimination correlated significantly with the number of bird-months in 
the Vlie tidal basin (n=23, R2=0.44, p>0.01).  

 

 

  

Figure III-3: Relation between the average prey abundance in individuals per square meter and the red knot months in the Vlie tidal basin. 
The solid line indicates a significant correlation. Each sample point represents one year. A) C. edule. B) L. balthica.  

A. B. 

Figure III-4: Relation between the red knot months and the prey elimination per sample year. Each sample point represents one year, the solid 
line indicates a significant correlation. A) C. edule. B) L. balthica.  

A. B. 
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APPENDIX IV – Analyses with outliers 
 
For none of the analyses with outlier included a relation was found between red knot population size 
and prey. Therefore, the outlier was removed and the analyses were rerun. Figure 1 gives an overview 
of all the results with outlier.  
 

Figure IV-1: Analyses of red knots and prey with outliers. A) The relation between red knots and C. edule abundance in 
individuals per square meter. B) The relation between red knots and L. balthica abundance in individuals per square meter. 
C) The relation between the red knot population size and the biomass elimination of C. edule per square meter. D) The 
relation between the red knot population size and the biomass elimination of L. balthica per square meter. E) The relation 
between the red knot population size and the elimination of C. edule in individuals per square meter. F) The relation between 
the red knot population size and the elimination of L. balthica in individuals per square meter. 

A. B. 

C. D. 

E. F. 
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Also for the boxplot showing the depleted, required and available biomass there was one extreme outlier 

for prey elimination for both species in years with an extreme spat fall. This outlier was excluded in the 

main results in order to be able to better compare the two figures. 

  

Figure IV-2: The biomass required by all red knots in Vlie each year (middle box in both panels) versus the prey depletion (left boxes) and prey 
biomass available (right boxes) in the Vlie tidal basin. The open circles indicate the different years.  A) C. edule B) L. balthica 

A. B. 
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APPENDIX V – Prey quality over time 
 
The prey quality varied throughout years (Figure 0-3). In the early 2000s the spread of the quality was 
largest. The mean prey quality centres between 0.15 and 0.25. The spread of the prey quality is lowest 
in 2016, 2017 and 2018, but these are years when relatively few samples were available (only the 20% 
random sample points had been sorted in the lab) and there were only a few measures for both shell and 
flesh available, which likely influenced these results. 

  

Figure 0-3: the variation in prey quality over time. Boxes represent the median, quartiles and interquartile and outliers for the prey quality per 
sample. A) C. edule, B) L. balthica 

A. B. 
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APPENDIX VI – Prey elimination as fraction of available prey at the start of the year 
 
The fraction of prey eliminated over the year with respect to the prey available at the start of the year 
was calculated and the relation to the red knot months in the Vlie tidal basin for both prey species is 
shown in Figure 0-4. For both prey species there was no correlation between the fraction of prey 
eliminated and the amount of red knot months in the Vlie tidal basin for either prey biomass or prey 
abundance in number of individuals per square meter. The fraction of prey eliminated centred around 
0.36 for C. edule and around 0.48 for L. balthica. 
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Figure 0-4: Relation between the fraction of prey eliminated with respect to the prey in the Vlie tidal basin at the start of the year and 
the red knot months in the Vlie tidal basin. Each sample point indicates one year, the horizontal lines represent the mean fraction of prey 
eliminated. A) C. edule. B) L. balthica. 
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APPENDIX VII – Prey elimination and prey densities 
 
The prey depletion increased slightly with increasing prey biomass for both prey species. With 
increasing prey densities, the prey elimination increased strongly. See Figure 0-5 for a visual of this 
increase with increasing prey densities as observed in the Vlie tidal basin during the study period. 
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Figure 0-5: The prey elimination as a function of prey density. A-B) prey elimination in biomass per square meter with increasing prey 
biomass. A) C. edule, B) L. balthica. C-D) prey elimination in individuals per square meter with increasing prey densities in individuals 
per square meter.C) C. edule D) L. balthica. 
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APPENDIX VIII – Red knot energy requirements 
 
The biomass required by all red knots in the Vlie tidal basin was higher than the edible biomass of C. 
edule that was present in most sample years (Figure 0-6A). For L. balthica the amount of biomass 
available in the tidal basin generally was more in accordance with the amount of energy required by all 
red knots each year (Figure 0-6B). The energy requirements of all red knots was higher than the amount 
of C. edule biomass that was eliminated in the Vlie tidal basin most years (Figure 0-6C). The energy 
requirements of all red knots and the elimination of L. balthica matched relatively well (Figure 0-6D). 
The number of red knots predicted to be in the Vlie tidal basin based on the amount of edible C. edule 
biomass did not match the amount of red knots that were observed (Figure 0-6E). The number of red 
knots predicted in the Vlie tidal basin based on the amount of L. balthica biomass present matched 
relatively well with the number of red knots observed each year (Figure 0-6F). 
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Figure 0-6: A-B) Energy requirements of all red knots in g biomass compared to the total available prey biomass in the Vlie tidal basin. The solid line is 
the x=y line. A) C. edule B) L. balthica. C-D) Energy requirements of all red knots in g biomass compared to the total elimination of prey biomass in the 
Vlie tidal basin. The solid line is the x=y line. C) C. edule. D) L. balthica. E-F) Number of red knots predicted based on the total edible prey biomass in the 
Vlie tidal basin compared to the observed number of red knots. The dashed line is the x=y line. E) C. edule. F) L. balthica. 
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