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ABSTRACT

Food availability and food stock deple tion by foraging populations can have substa ntial
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. Mi gratory r ed knots (Calidris canutus) have been studiedin the W estern Dutch
Wadden Seaover 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 ofthe preferred prey species(L imicola 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
classesin 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 eachyear. 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 ofL. balthica also increased, whereas there
was no relation ship 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 classesthan overall , indicating
that the elimination could indeed be caused byred knots. In general, the total prey biomass
available and the total eliminated prey biomass in the Vlie tidal basin were of the same
magnitude asthe 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 mean s that when there is insufficient high-quality prey available, a part of the red
knot population cannot reside in the Western Wadden Sea



TABLE OF CONTENTS

AB STRACT ittt ittt ettt ettt b et b et s b e et ea bt ook et e ekt e ek bt 4 ehe e b e ee e AR e e SRRt e eE bt e ek b e ke eean et et be e e bt e enreas 1
INTRODUGCTION .ottt ettt st sttt ekt e et e e bt e sme et eeeshbe e sae e e aaeeetee e beaaeeeseeeembeeameeessee et seamnneeeanneas 3
MATERIALS AND METHODS ..ottt ettt enee e e teeennee s nneeennennesnneesnneennnee s B
L 100 V= =T U 4
REA KNOT COUNES ...ttt ettt rme et n e st e e s e ermee s n e e e s b e e e st n e e e nnneenne e e s nree s 5
=0 I8 Lo | A ] =) SRR 6
[ (=Y F= L= R oo |1 Tox 1T o ISR 6
L (=2 LU - 1) Y/ SRR 7
Prey ElIMINGLION .. ..o eeee e e e e e e ret e e e e et eeeaeeeeeeessammmreeteeaeeeeeeesaesaannnnrnnneeeaeeaaeas 8
Bird €Nergy rEQUITEIMENTS ......ii i e eeee et e e s e e e e e e e et e teeeeeeeeeeeeeeetees s e s e eeensanaeseeeaeaaeeeennnnes 10
[ F 1= T =LY 1 11
L A1 1 I 1S T PSPPSR 11
Red KNOt POPUIALION SIZE ....eeiiiiiiiiiii ettt et eeeer et e e e st e e e e e neeee 11
AVAIADITITY OF PIrEY oo et r b e e e e e st e e e e e e b n e e 12
QUALIEY OF PIBY ettt et ettt e e e e e e kbt e e e e sme e e e e s bbbt e e e e e e nbb e e e e e e smmne e e nnbneas 13
Red knots and prey throUghOUL YEAIS ...........ueiiiiiiiiiee et 13
Prey @lIMINALION .. ..ottt e et e e e s ame e e st e e e e e e e e bb et e e e e amnee s s ennnees 14
Red KNOt €NErgy rEQUINEIMENES ......oiiiiiiiiii et ieeet e e et e et e e e e e bbb e e e e e e snb e e easbeeeeeeeaneeee 15
DISCUSSION ittt ettt ettt ettt e bt e bt ek et e sb et e be e e abe e o a ke e oa bt emea s be e abee e ebeeanbeeenbee s aeanseessbeennnee e 16
Red knots and available prey DiOmMass. ... 16
Red knots and prey eliMIiNAtiON ..........oooi ittt snne s 17
Leaving the WadOEN SEAP........cou ittt ettt et e e e ettt e e e s s aanneeae s 18
CONGC LUSIONS ..ttt ettt h ettt se e et e e bt e e m b e e 42 bt eeab e e es et e sbe e e be e e nbeesmbeesnbeemntbeesenaens 19
AKNOWLED GEMENTS oottt e e e e ettt eeee e e e e et et eeeteban e e s e eeaea e e e e eeeeaaeeeeennnnnnnns 19
11 I (@ L€ N e o I PSPPI 20
N = N 13 0 RPN 23
APPENDIX | ¢+ Red knot counts in all areas and MONthS.............c.eoeiiiiiiiiiieer e 23
APPENDIX II $ Prey elimination all SAmpPle YEArS .........ccoovviiiiiiiiiii e eeveeeme e s 26
APPENDIX Il + Red knots and prey in numbers per SQUare Meter...........cooouuiiiiiiiiiieene e e 54
APPENDIX IV ¢ AnalySes With OULIIEIS ....cooiiiiiiiiieiee ettt e e e e e e e e e e e e e e eeeseeees 56
APPENDIX V § Prey quality OVEE tIME ........uuiiiiiiiiiiiiae ettt e e 58
APPENDIX VI ¢ Prey elimination as fraction of available prey at the start of the year ........................ 59
APPENDIX VII ¢ Prey elimination and prey densitieS ..........ooooiiiiiiiiiiiiiiiiee e e e 60
APPENDIX VIII  Red KNot €Nergy reqUIrEMENTS. .......ccoiiiirieiieeiiiieeeiiiee e e ettt e s seeeebree e e e e neeeeas 61



INTRODUCTION

The questiorwhich factors determingoopulationsizein a particulararea is one that has fascinated
ecologists forages(Malthus, 1798; Verhulst, 1847; Verhulst, 1838; Verhulsft44; Lotka, 1925;

Volterra, 1926; Andrewartha & Birch, 1954; Mcnamara & Houston, 198¥)d supply is one of the

primary aspectthat regulatechanges ipopulation sizesand can therefore attribute to an estimate of

the maximum number of individuals that can be sustained by a s{Btemdt, 1988; Gos€ustard &

West, 1997; Sinclair & Krebs, 200Rolet ef a/, 2006). This estimate (oftenalled6 c ar r yi ng cap ac
can be an important toal population managemertiowever, foraging populations caltsodecrease

their prey resourceguring foraginghrough food stock depletianO6 Connor & Br own, 197
& Harrington, 1981; Zharikov & Skiller, 2003y his elimination of foodletermineshe amount of food

still available to opulation Therefore, msight in the effect dbothfood avalability and the depletion

of food resource®n foragingpopulatiors is needed in order testablish ifpopulatiors are limited by

their food Understandinguchrelation$ipson timescaledonger than a few yeavsll provide essential

knowledge that aabe appliedn conservation of gpulations.

The Wadden Sea is @ucial stopover sitdor many migratory shorebird speciegithin in the East
Atlantic Flyway (Engelmoeret a/, 2006;van Roomenet a/, 2018) The temperate intertidal wetland
stretchesalong the coasts of The NetherlandSermany andenmarkand has received UN&CO
Natural Heritage statua 2009 In spite of this international recognitiomany shorebird populations
show long-term trends that are more negative than the general trend along the entire fixamay
Roomenet a/, 2018) Foodavailability is considered to ban importantactor,althoughthe details are
not understoodexcept for a few specigvan Roomenet a/, 2018) Migratory red knots Calidris
canutuy use the Wadden Sea as wintering and stoggiteeon their migration along the East Atlantic
Flyway. The birdshavereceived much scientific attention, especially with respect to their feeding
ecology(Piersma, 2012A wealth of knowledge has been lgatedin the course athe years about the
red knots as well as their bivalve prieythe Wadden Sed heir population siz§Piersmaet a/, 1993;
van Gilset al, 2006; Kraaret a/, 2009;Folmer & Piersma, 2032and spatial distributiofvan Gilset
a., 2005 Oudmanet a/, 2019 clearlydepend on food availabilityAdditionally, red knots have been
suggested to use the tidal flats of the Wadden Semtity thereforeany decrease in suitable foraging
areawould result in a decrease of red knatnnbers(Kraan et a/, 2009) Although red knots and their
foraging hae been studied intensively in the western Wadden Sea since & @88eviewed by
Piersma(2012), the relatioship betweemed knos and their prey otime scales longer than a decade
is open to scrutinin this study

As red knots visitheir wintering areasvith tensof thousands of individuals at the same tiney
deplete their prewhile foraging(van Gils et a/, 2003 Ahmedou Salenet a/, 2014; Bijleveldet a/,
2015. Whenmore red knots are present in the Wadden Sea,wvifilexonsume more preyf prey
productionis notin the same order of magnitueethe same timerey depletion wilbccur Less prey
will thereforebe available for the populatioim the course of witer, the period of nonenewal
(Beukema, 1974Zwarts, 1991; Zwartset a/, 1992) Contrary to the expectatioman der Meer and
colleagueg2001)did not find a correlation betwegmoduction of preyand theenergy consumptioof
locally roosting red knots in the Wadden Sea. kxdtiney found that the biomass gwation was too
high to beexplainedoy foraging red knotdHowever, the expectation is thathire is a relation between
the red knots and their prey, more prey would result in presence of more red knots and therefore
increasegreydepletion.Foraging red knotalsoalter the average pyeuality (defined by the shell to
flesh ratio) through selective foragirgy seleting high quality prey to e4Bijleveld er a/, 2015) This
offers an interesting additional perspective, bec#use are certain (explorativieldividual red knots
that prefer high quality prey and actively look for preiyh a low relative shell mag8ijleveld et a/,
2014; Oudmaret al/, 2016) As a result of depletion, the high quality prey will become scand
fewer explorative red knots can Aecommodated by the prey sto€ke expectatin is that the giving

up density(preydensities at which a patch is no longer profitable and birds give up foragingftrere)
these individuals is lower than for nemplorative redknots,because high quality preyemore scarce



In this study, we investigatbe tweway nature of the ieraction betweethered knotpopulationand
their prey in the WestemutchWadden Sean a long timescal&/e examind how longterm variation

in availability of prey and prey eliminatighrough foragingluring the yearelatedto theabundance of
red knots.In order to achieve thignonthly red knot roost countsn t he AVI i eodo tidal
Dutch Wadden Seayere analysed over a period of 24 yeatso theavailability ofthe preferred prey
species L/mecolabalthicy and an alternative preyCérastoderm edulg of edible size classder red
knotswasdetermined yearlyThe quality of the prey wadetermined on thieasis ofratio of flesh to
shell. Prey availability and prey quality were then linked to #iee of the red knot population the
study arealt was therassessed if thetal edible prey bomass in the study area sx@nsistent with the
calculatecenergy requirements of all red knoBn the other handve evaluated whether thgrey that
was eliminated over a year relatexd the redknot population sizeWe also examied if thetotal
eliminatedprey biomass in the study area wasisistent with the calculatethergy requirements of the
total red knot population in the Vlie tidal basitie expectedo find a positive relation betweerd knot
numbers and their pregvailability and prey quality.The similarity between thdotal edible prey
biomass in the Vlie tidal basin and the red knot energy requiremvasiexpected to be stronger for the
preferred preyX. balthica than forthe aternative prey €. edu/g. If depletion by red knots is the cause
of prey elimination theamount of prey eliminatiois expected taorrelateto the number of reénots

in the Vlie tidal basinlf the red knots we responsible for the elimination of prefiminated biomass
should be corresponding with the energgttis required by all red knaind the prey elimination is
expeced to be highest in prey of edible stiasses

MATERIALS AND METHODS

Study area

The study area was the Vlie tidal basinthie western Dutch Wadden Séaglurel). Two subspecies
of red knots C. canutus islandicand C.canutus canutdsisit this area. The Siberigsreedingcanutus
subspecies uses the area as a stopover site daeirgflight to northwest Africa, whereas the
Greenland, Iceland or Canadian breedsigndicasubspecies overwinters in the Wadden Géarsma
et al, 1993) There are two high tide roosts in the basin that are used by the redokspend the high
tide in the Vlie tidal basin; the uninhabited island Griend (53°15'N, 05°Hsi#tthe sand bank Richel

> ﬂ‘%% g%

Figurel: The study area of the research. Thedflatsof the Vlie tidal basinused by the foraging red knots at |
tide, areshaded in blue. Griend and Riched #éhe two islets surrounded by a dotted area. These two are¢
where the red knots are counted during high tide. In the upper left cornerexmiew of the location of the stu
area within the Netherlands is given. 4



20161

20151

20141

20131

20124

20111

20101

20091

2008 1

20071

g:: 20061 AREA COUNTED
E | I:l Griend

i 2005 D

E 2004 1 None

<§( Both

%) 2003 1 D Richel

20021

2001

2000 1

19991

1998 1

1997 1

1996 1

19951

19941

19931

limimiiiiirimiiilgg] e
JROO000000R0COEERR0 00O EE
ROD0O0O0000000000R0000000
HORCECEER0ODEER AR EEE(]
JERROO00000R00O0000000000
HoOeeoRooododaaeCIeeEn(]
ORO000000000000RR0000000
JO00RCE AN EEEEN/ ' E(/ENEEN
HO AR EEE[ (/AN EENEEEN 'EN
EE(EEN('EENEEN EEEEEN[/HNE
100000 00R0O0OROR0O00000O00
EEEEN BN EEEENEEEEEEEEEN

7 8 9 10 11 12 1 2 3 4 5 6
MONTH

Figure2: Overview of the monthly higtide roostcounts during the study periotVhite tiles
represent a month that is not counted on either rooghtiblue and grey indicate that a ro«
is counted on Griend or Richel only respectively and black tiles indicate that both roo:
counted that month.

(53°29N, 05°13'E). During lowtide, large flocks of red knots roam the exposed mudflats to forage on
hardshelled mollusc prey. Red knots roosting on Griend and Richel mostly stay withitighedal
basinto forage(Piersna et a/, 1993; an Gilset a/, 2006)

Red knot counts

Monthly hightide roostcountswerecarried out byolunteers coordinated [8ovon (the DutciCentre

for Field Ornithology)on the roosts Richel and Griehdtween July 1998nd June 201 Becausehe

red knots counted on Griend and Richel stay within the Vlie tidal basin to foregauinber of red
knots countedt high tiderepresentshe number of red knots residing in the Vlie tidal basin every day
of that month(Piersmaet a/, 1993; \an Gils et a/, 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 Rieh Griend or both roosts, the red knot numbe® estimated and imputed

by Sovon using the programibbdex (Bell, 1995;van Roomeret a/, 2002 van Roomeret a/, 2009.

The estimated number of red knots was basdti@oombination of the ratio of red knots in the area of
interest and surrounding areas (@t&ect), the ratiof red knots in the missing month and other months
(montheffect) and the ratio of red knots in the missing year and other yearse(jexj (Bell, 1995;
Soldaatet a/, 2004; ®von 2015) It is assumed that the siéffect is stable over years and that the
month aml year effect are the same for all locatigBeldaatet a/, 2004; Soldaakt a/, 2007) A
complete review of the method is beyond the scope of this report, but please tafdetbill & Prys
Jones, 1994Soldaater a/, 2004 andSoldaatet a/, 2007 Figure2 gives an overview of the red knot
counts on Richel and Griend. No single month was counted all years or fountefwrdsentative for

the whole yeafFigure2 & Appendixl). Thereforgall monthly roost counténcluding imputed values)

of eachyearwere summedo obtain the yearlyed knot birdmonthscountedn the Vlie tidalbasin.A
bird-month is defined as treemount of months one bird can reside in an area, or the amount of knots
that stay in an area for one mormyear in this research is defined relative to the migration or red knots
and therefore starts in July wher tled knots start arriving in the Wadden Sea.



Red knot prey

Even though red knots have been observed foraging on a variety of bivalves, gastropods and the
occasional crustaceadepending on availability and the seas6h,edul/eand L. balthicaform up to

98% of the diet of knot§&Zwarts & Blonert, 1992; Dekinga & Piersma, 1993herefore, these two
species represent the prey for knots in the present res@drtttese two prey species, balthicahas

been shown to be the preferred prey, because it has a higher prey(guadityy & Blomert, 1992van

Gils et al, 2005. Because red knots allow their prey whole, there is a maximum size titnithe prey

they can ingest. Prey withmaaximumshell lengthof 16 mm for L. balthicaand 12 mm forC. edulas

still ingestible, larger prey is not available for red knots tqR@rsmaer a/, 1993; Zwarts & Wanink,

1993) Even hough tle shelllength is a single measure of the prey spediésindicative of the three
dimensionalsize of prey (Zwarts & Blomert, 1992)Where C. eduleis always found buried just
underneath the surfack, balthicacan bury out of reach of the bill of red knots, making the prey buried
deeper than 4 cm unavailalflevarts & Wanink, 1989; Zwarts & Blomert, 1992; Zwadsa/, 1993.
Unfortunately, a measure fprey burialdepth was not available for all sample yeditse burying depth

of L. balthicaalso varies with the seas@sthey bury deeper in wiat (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 ¥earss

et al, 1992) we optechot to include burying behaviour in the analysis.

Prey data collection

Benthic surveg werecarried out in the Vlie tidal basin each year between July and Septamnther
period from 1993until 2017. This time period covers several sampling programs and the sampling grid
slowly expanded, so not every samplstgtionhas been sampled an equal amount of timesHigeee

3). The area aund the island Griend has been sampled for the longest period of time witkiar
periodand the coverage of the sample grid expanded from. tBetg samplingstationswithin the red
knot sd ma wane inclededairgthenagalys{seeFigure 3). There is &rge variation in prey
availability betweenlifferenttidal mudiats, whichcould result in an error in analysis and interpretation

of resultsif samples outside of the foraging area are inclu@@rsma& Bijleveld, personal
communication).

The samples were taken on a fixed 500m tiradwas complemented by 20% randgrocatedpoints
placed on the grid lines from 2008 onwards (Sgare3). The sample sitesare found using a handheld

A

Number of years sampled

excluded
0-9

* 10-19

e 20-30

Figure3: Distribution of thebenthic sampling stations on the tidéts ofthe Vlie tidal basinThe darker the col
of the sample pointthe more often a sample point has been samp&aimpling stations indicated wittpen gre
circles were excluded from the research. 6
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outlier envelpe.
GPS and reached either by foot (during low tide) or by boat (during high tide). Using a core with a
surface of 1/56 & the top 40cm of the sediment was collected and sieved ovememlmesh size.
Large molluscs(> £8 mm) were sparated from the rest of samplad stored in plastic bags in the
freezer at2 0 ET@e rest of theample was coloured with BengdhR and stored on a 4% formaldehyde
solution. Bivalves were identified to species level andstial length wasletermined to the nearest
0.01 mm in the labmatory. For the large prey species{& mm), the yearly growth rings on the shell
were counted in order to estimate the age of the shadl.shell and flesh of the large bivalweere
separatedT he flesh of the prey species sviamcinerated in order toeasure the Ash Free Dry Masfs
the flesh of each individual préAFDM). The large shells we driedseparately and the dry mass of
the shellwas determined.

When a prey individual had been identified to species kvelthe shell length was measuyrhdt the

AFDM could not be weighed, ¢/ AFDM was estimated using LOE&Rjression of the specispecific

relation between the shell length and the AFDigure 4). Outliers in measuredAFDM
(measurements outside lifmes the interquartile rangejere also iderntied 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 excludaedtienanalysis.

The preyabundanceand prey biomass per square meter was determined by dividing the respective
measuremesiof the two different prey speciger sampldy the surface area of the sample. The mean
prey densityn individuals per square metand mean biomass dengitgr square metevere calculated

by taking the averages of all samples per year. The correlation betwenaahgrey density and prey
biomass per square meter andnlhenber ofred knots biremonthscounted on Richel and Griendas
calculatedor each year

Prey Quality
Prey quality wa calculated using:

v . ... 0000

DO WA O
Wi i

wherea prey individual has a higher quality if it has a higher flesh/shell ratio. The prey quaality

only becalculated when both AFDM aride dry mass of the shellere measured. As the prey quality

is a fraction where thary mass of the sheshould always be larger than the AFDM the maximum prey

quality is 1. Due to measuring errors, sometimedtlgemass of the sheland AFDMwere 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 redaknots

calculated.
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Figureb: The relation between age and shell length for both prey spe@resvth curves showing treveragelength at eabt
age for both prey species are indicated in grégted Von Bertalanffy growth cwe). A) C. edule. B) L. balthica

Prey elimination

In order to estimate the prey depletion by red knots, thegimeynationin edible length classes each
yearwas calculatedPrey availability was predicted based on the growth perfgpgagach length class
and this prediction was comparedhe observed prey availabiléach yeanWhenthere was more prey
predicted than observed, prey was eliminated during the year.

The growth of the prey vgacalculated using threvalentvVon Bertalanffy growth equatiofvon
Bertalanffy, 1938where the lengtliL) at any timg(¢) is given by:

bo 0w Q°

Where Linf is the asymptote of the length that would be reached by the average individual of infinite
age,K is the growth parameteis the time (in yearsand f0is the (imaginary) moment in time where
the size izero (sometimes also de¢d as the moment of hatchinghe Von Bertalanffy parameter&’
andfOwerefitted based on the observed dgegth relatiorof the shelfor both speciegFigure5). The

age of the prey wadetermined by counting the growth rinfysorder to calculate the growth curv€s
edulewith ages over 7 years aid balthicaolder than 10 years we omitted Thesewere the oldest
ages observed in more than 3 different sanyglars prey species wht older ageghat wee only
observed once or twiamuld be a miscount of growth ringsor Linf, the mean observed length at the
maximum age (4%nm for C. edule 25 mm for L. balthicd was takenVarying the valueof Linf
(betweerthe minimum observeahgth at the maximum age and the maximum observed length at this
age) resulted in similar result patterBased on the growth parameters from the fitted Bertalanffy curve,
the lengh-dependent growth over a yearsaastimated for the whole dataset asofof:

Q0 .
—. LZ DR @ «a
Qo

wheredLdltis the length increase over timéyearin this researchand/is the measured shell length.
Figure 5 gives the growth curves for both prey speckegen thogh the sampling period stretched
between late July and early September, for predicting griwttas assumed that the time period
between the samplingas always a whole year.


































































































































































