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M odels o f  popu la tion  dynam ics th a t include in te rfe rence  com petition  have o ften  b een  app lied  to foraging waders an d  less so to 
o th e r  foragers, even though  these m odels are , in  princip le , generally applicable. At p resen t, however, it is still u nc lea r w hether 
in te rfe rence  com petition  is o f  im portance  fo r foraging waders. To su p p o rt this idea  experim en ta l evidence an d  know ledge o f  the 
m echanism s underly ing  in te rfe rence  effects are  requ ired . We experim entally  d e te rm in ed  the  re lationsh ip  betw een forager density 
an d  forag ing  success in  two w ader species: the re d  k n o t (Calidris canutus) an d  th e  ruddy  tu m sto n e  (Arenaria interpres). W ith each o f 
the two species, we co n ducted  an  ex perim en t consisting o f  300 one-m in trials. In  these trials we scored the behavior an d  the 
foraging success o f  focal individuals at specific com binations o f  b ird  an d  prey density. Irrespective o f  prey density, individuals o f 
b o th  species discovered fewer prey item s a t h ig h e r b ird  densities. D espite this, only in  tu rnstones d id  in take rates decline with 
increasing b ird  density. Knots com pensated  fo r a lower prey-discovery rate  by rejecting  fewer prey item s a t h ig h e r b ird  densities. In  
knots, b ird  density  h ad  a com plex, n o n m o n o to n ic  effect o n  th e  tim e spen t vigilant an d  searching. In  tu rnstones th e  m ain  effect o f 
increased  b ird  density was a reduc tion  in  th e  p rey-encounter rate, th a t is, th e  rew ard p e r  u n it search  tim e. Effects o n  the tim e 
spen t vigilant a n d  the  tim e spen t search ing  w ere less p ro n o u n ced  than  in  knots. T hus, th e  m echanistic  basis o f  the effects o f  b ird  
density was com plex  fo r each o f  the two species an d  differed  betw een them . Key words: Arenaria interpres, behavioral m echanism s, 
Calidris canutus, density  dep en d en ce , exp lo ita tion  com petition , social dom inance. [Behav Ecol 16:845-855 (2005)]

Co m p etition  am ong  fo rag ing  anim als is generally  divided 
in to  two types (Keddy, 2001). Exploitative competition is the 

negative effect o f  o thers th ro u g h  th e  rem oval o f  resources 
(Grover, 1997; Park, 1954). Interference competition is th e  nega­
tive effect o f  o thers th ro u g h  behavioral in terac tions (Miller, 
1967; Park, 1954). Because th e  presence  o f  com peting  ind i­
viduals may lower the  survival an d  rep ro d u c tio n  o f  foragers, 
com petition  can be im p o rtan t fo r the  dynam ics o f  anim al 
popu la tions (C hristian, 1970; G authreaux , 1978). Most 
m odels o f  p o p u la tion  dynam ics consider only the effects o f 
exploitative com petition  (Grover, 1997; H uism an an d  
Weissing, 2001; Keddy, 2001). In te rfe ren ce  com petition , how­
ever, can  be ju s t  as relevan t (Goss-Custard, 1980) because be­
havioral in terac tions can be very costly (e ither directly, 
th ro u g h  in jury  o r  loss o f  energy o r  tim e, o r  indirectly, th ro u g h  
a  red u c tio n  in  in take ra te).

M odels o f  p o p u la tion  dynam ics th a t inc lude  in te rfe ren ce  
com petition  have o ften  b een  app lied  to forag ing  waders (also 
know n as shoreb irds), a n d  less so to o th e r  foragers, even 
th o u g h  these m odels are, in  p rincip le , generally  applicable 
(e.g., S tillm an e t al., 1997; S u therland , 1983). Foraging success 
in  these m odels is assum ed to decrease with increasing  forager 
density. This red u c tio n  in  forag ing  success is generally  as­
sum ed to resu lt from  agonistic in terac tions betw een th e  for­
agers, w hereby in terac tions are th o u g h t to be over individual 
food  item s (e.g., k lep toparasitism ). W hen  m ore  tim e is spen t 
in terac ting , less tim e can be spen t on  search ing  fo r food , an d  
there fo re  fo rag ing  success shou ld  decrease (e.g., R uxton  e t al., 
1992; Sirot, 2000; S tillm an e t al., 1997). A t p resen t, however, it 
is an  o p en  question  w hether in te rfe ren ce  com petition  is espe­
cially p revalen t am ong  forag ing  w aders. T he im portance  o f
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in te rfe ren ce  com petition  am ong  forag ing  waders may differ 
from  th a t am ong  o th e r  birds because o f  characteristics typical 
to th e  habitats u sed  by forag ing  waders; th e  openness o f  th e ir 
h ab ita t, fo r exam ple, may affect p red a to r de tec tion , an d  the 
d is tribu tion  o f  th e ir  prey may also be un like the d is tribu tion  o f 
prey o f  o th e r  species. Knowledge o f  the re la tionsh ip  betw een 
the  density  a n d  the success o f  foragers an d  o f  the  m echanism s 
responsible fo r this re la tionsh ip , however, is still surprisingly 
ru d im en tary  (van d e r  M eer an d  Ens, 1997).

O n e  reason  why o u r  know ledge is still lim ited  is th a t exper­
im en tal con tro l o f  fo rager density  is essential; n a tu ra l changes 
in  the d is tribu tion  o f  foragers over resource patches may resu lt 
in  any re la tionsh ip  betw een fo rager density  a n d  forag ing  suc­
cess betw een patches (van d e r  M eer an d  Ens, 1997). Ideal-free- 
d is tribu tion  theory  (Fretwell a n d  Lucas, 1970), fo r instance, 
assum es a  d irec t negative effect o f  fo rager density  o n  foraging 
success, b u t pred icts n o  re la tionsh ip  betw een fo rager density 
a n d  forag ing  success w hen m easu red  betw een patches. How­
ever, it is n o  trivial task to m an ipu la te  th e  density  o f  foraging 
birds. In  his review o n  the  re la tionsh ip  betw een density  and  
success o f  birds, B eaucham p (1998) re p o r te d  only 12 studies 
w here th e  researchers h a d  b een  able to m an ipu la te  fo rager 
density  while studying forag ing  success. N one o f  these studies 
was o n  w aders. T he re la tionsh ip  betw een th e  density  an d  the 
success o f  foragers was negative in  only th ree  o f  these studies. 
In  con trast, th e  sole study in  w hich the  density  o f  a foraging 
w ader was varied  experim entally  (van Gils an d  Piersm a, 2004), 
rep o r ted  the expected  decline  in  forag ing  success with forager 
density. This study d id  n o t address the behavioral m echanism s 
causing the decline in  in take rate. Clearly, m ore  m anipulative 
studies are  req u ired  fo r a  satisfactory com parison  betw een the 
effect o f  fo rager density  on  forag ing  success o f  waders an d  th a t 
o f  o th e r  birds. To u n d ers tan d  po ten tia l d ifferences betw een 
groups o f  birds, special a tten tio n  shou ld  additionally  be paid  
to th e  m echanism s underly ing  any effects o f  fo rager density  on
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forag ing  success, as it is only th ro u g h  u n d ers tan d in g  such 
m echanism s th a t we can link  effects o f  fo rager density  with 
characteristics o f  the env ironm ent.

We co n d u c ted  two experim en ts o n  th e  effect o f  fo rager 
density  o n  fo rag ing  behavior an d  forag ing  success, using 
e ith e r red  knots (Calidris canutus; h en ce fo rth  called knots) 
o r  ruddy  tu rnstones (Arenaria interpres; h en ce fo rth  called  tu rn ­
stones). Knots a n d  tu rnstones are  b o th  m edium -sized waders 
th a t in h ab it in tertida l coastal areas outside th e  b reed in g  sea­
son (B ranson e t al., 1978; P iersm a an d  D avidson, 1992). Yet, 
th e  two species d iffer strongly in  th e ir feed ing  styles an d  dom ­
inance  structure . I t has b een  suggested th a t in te rfe ren ce  com ­
p e tition  is o f  lim ited  im portance  fo r knots (Stinson, 1980; 
van Gils a n d  Piersm a, 2004) b u t o f  m ajo r im portance  fo r tu rn ­
stones (M etcalfe an d  Furness, 1986). Knots generally  forage in 
large flocks o f  apparen tly  varying individual m em bersh ip  in 
w hich no  d om inance  s tructu re  is ap p a ren t (M etcalfe and  
Furness, 1986; Vahl and  Piersma, personal observation). They eat 
m ainly bivalves b u ried  in  soft sedim ents (Piersm a e t al., 1993a,
1994), d e tec ting  th e ir  prey by p rob ing  th e  m u d  with th e ir  bill 
(P iersm a e t al., 1995; Zwarts an d  B lom ert, 1992). Bivalves are 
swallowed w hole a n d  d igested  in ternally  (P iersm a e t al., 
1993b; van Gils e t al., 2003). In  contrast, tu rnstones forage 
in  relatively sm all flocks o f  stable com position  (M etcalfe, 
1986; M etcalfe an d  Furness, 1985; W hitfield, 1988) in  w hich 
a stable dom inance  h ierarchy  is generally  fo rm ed  (M etcalfe, 
1986). They feed  m ainly on  barnacles, mollusks, an d  small 
crustaceans (H arris, 1979; W hitfield, 1990), fo r w hich they 
search  by roo ting  th ro u g h  a  layer o f  seaw eed th a t usually cov­
ers these prey item s (Fuller, 2003; W hitfield, 1990; Vahl and  
Piersm a, personal observation). In  each  o f  these two waders, 
we experim entally  d e te rm in ed  th e  effect o f  fo rager density  on  
forag ing  success by quantifying tim e allocation  an d  prey- 
en co u n te r ra te  u n d e r  con tro lled  conditions. T he use o f  an  in ­
d o o r  experim en ta l sho reb ird  facility en ab led  us to keep  m ost 
factors o f  p o ten tia l im portance  e ith e r constan t (env ironm en­
tal conditions, energy ex p end itu re , a n d  level o f  satiation) o r 
fixed a t d iffe ren t levels (prey density ). In  particular, it allowed 
us to vary fo rager density  experim entally  an d  unam biguously.

T hus, th ro u g h  an  experim en ta l m an ipu la tion  o f  fo rager 
density, we h o p e d  to d e te rm in e  th e  p resence, n a tu re , and  
streng th  o f in te rfe ren ce  effects. T he use o f  two con trasting  
species o f  waders an d  two d iffe ren t prey densities shou ld  shed  
som e ligh t on  the generality  o f  in te rfe ren ce  effects an d  the 
behavioral m echanism s involved.

MATERIALS A N D  M ETH O D S

T he two experim en ts each  consisted  o f  300 trials o f  60 s. B oth 
experim en ts h ad  a  m ultifactorial design an d  th e ir  general 
setup  was com parable: in all trials, the forag ing  behavior o f 
one  b ird  was stud ied  u n d e r  a specific com bination  o f  b ird  and  
prey density. T he exp erim en t with tu rnstones in c luded  two 
add itional factors: (1) th e  dom inance  position  o f  the birds 
an d  (2) a refuge site th a t was e ith e r  p resen t o r  absent.

Subjects

In  the first experim en t, from  13 to 28 May 2001, we u sed  25 
knots (Table 1). In  the second  experim en t, from  11 Septem ­
b er to 8 O cto b er 2001, we used  27 tu rnstones. All birds were 
caugh t with m istnets at n ig h t o n  in te rtida l flats in  the W adden 
Sea (u n d e r D utch b ird  ring ing  cen te r license num bers 851 
an d  351 fo r knots a n d  tu rnstones, respectively). D ata were 
co llected  o n  10 “focal” knots an d  15 “focal” tu rnstones; non- 
focal birds were used  only to m an ipu la te  b ird  density. As­
signm ent o f  focal status was ran d o m  (knots) o r  based on  
dom inance  position  (tu rnstones). A ssum ing a lin ea r dom i­
nance  hierarchy, cardinal-scale dom inance  positions were de­
te rm in ed  by m eans o f  a  logit regression analysis (Tufto e t al., 
1998; van d e r  Meer, 1992). To accoun t fo r variation  in  dom ­
inance position , we designated  as focal individuals the  five 
lowest-, th e  five m iddle- an d  th e  five h ighest-rank ing  tu rn ­
stones (called, respectively, subordinate, intermediate, a n d  domi­
nant) . To allow us to recognize focal birds from  all angles, they 
received a  un iq u e  m ark. Focal knots were m arked  w ith a sec­
tion  o f  b rig h t yellow o r  o range rubberized  clo th  (kapron), 
g lued  (with cyano-acrylate) to the back o r  scapular feathers.

Table 1
Num bers and characteristics o f  the subjects used

Dominance
Juvenile Adult

Species Catch date Status position (7 ? (7 $

Red knot 9 February 1997 Nonfocal — — — — I a
31 August 2000 Nonfocal — — a,b —
26-30 March 2001 Nonfocal — 2 l —

Focal — — — 1
24 April 2001 Focal — — 5C 4C

Nonfocal — — 5C 5C

Ruddy turnstone 23-25 Septem ber 2001 Focal D om inant — — 3 2
Nonfocal D om inant 2 — 2 2
Focal Interm ediate 1 2 1 1
Nonfocal Subordinate 2 3 — 1
Focal Subordinate — 5 — —

Status indicates w hether behavior was recorded (focal birds) or no t (nonfocal birds). Dom inance position 
could only be determ ined for turnstones. Juvenile indicates first-year individuals. Sex was determ ined 
from  DNA using standard m ethodology verified for these wader species by Baker et al. (1999). 

a Individual had been used in previous experiments.
b Catching date, m olt pattern, and weight curves indicated this knot to be of the subspecies canutus, 

whereas all others were o f the subspecies islandica. 
c Prior to the curren t experim ent, 14 of these individuals had  participated in an experim ent on  prey 

choice for 5-10 days. Conditions in both experim ents were comparable except for the prey species used 
(Macoma balthica in the earlier experim ent and Mytilus edulis in the curren t experim ent).
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Focal tu rnstones h ad  a small a rea  o f  th e ir  back feathers 
b leached , using  com m ercial h a ir  bleach.

H ou sin g  and pre- and p o stexp erim en ta l treatm ent

All subjects were h o u sed  in  two roosting  aviaries m easuring  
4.3 X 1.2 m  an d  3.0 m  h igh , in  the in d o o r experim en ta l 
sho reb ird  facility o f  N IO Z (accord ing  to p ro toco l 2000.04 
o f  the DEC, the D utch com m ittee  fo r anim al ex p e rim en ts) . 
T he floo r o f  these aviaries was con tinuously  covered with 
a  th in  film o f  ru n n in g  seaw ater to keep  the fee t o f  th e  birds 
salty an d  wet, an d  a  tray o f  ru n n in g  freshw ater fo r d rink ing  
an d  ba th ing  was always presen t. T he in d o o r env ironm en t 
h ad  a  constan t a ir tem p era tu re  (18°C) a n d  p ho toperiod ic  
regim e (15:9 h  ligh t:dark). T he aviaries were illum inated  by 
m oonlight-m im icking lights betw een 2200 an d  0700 h.

O utside the experim en ta l trials, knots were fed  b lue  m us­
sels (Mytilus edulis), a  com m on prey species in  th e ir  na tu ra l 
en v ironm en t (P iersm a e t al., 1993a; Zwarts an d  B lom ert, 
1992). We collected  these m ussels from  nearby  dykes. T he 
mussels were rinsed, sp read  o u t over wire trays, an d  sto red  
in  ru n n in g , un filte red  seaw ater fo r up  to 5 days. Before serv­
ing  them  to the knots, we p u t th e  mussels th ro u g h  a m esh to 
b reak  th e  byssus th reads th a t h e ld  them  to g e th e r a n d  to sort 
them  by size. L engths used  in  th e  exp e rim en t ran g ed  from  13 
to 17 m m . T urnstones were fed  ad  lib itum  with tro u t food  
pellets o n  days w ithout trials, as well as betw een the e n d  o f 
an  experim en ta l day an d  th e  b eg inn ing  o f  th e  n ex t fasting 
period . Knots w ere d en ied  food  from  0800 h  o n  an  experi­
m en ta l day a n d  tested  betw een 1000 an d  1800 h; tu rnstones 
were d en ied  food  from  2200 h  an d  tested  betw een 0930 an d  
1430 h  o n  the n ex t day.

To fam iliarize them  with the experim en ta l env ironm en t 
an d  p ro ced u re , all knots an d  tu rnstones p artic ipa ted  in  p ilo t 
trials fo r 3 an d  8 days, respectively, p rio r to the experim ents. 
D uring  the p ilo t trials, we observed agonistic in teractions 
(n  — 321) am ong  th e  tu rnstones a n d  reco rd ed  the ou tcom e 
o f  each  in teraction : w inners w ere those individuals th a t e ith e r 
chased  th e ir  o p p o n e n t away o r  h e ld  th e ir  g ro u n d  after be ing  
attacked. To study th e ir  consistency, we reco rd ed  agonistic 
in teractions once  m ore, soon  a fter the tu m sto n e  ex perim en t 
was fin ished  (n  — 548). B oth knots a n d  tu rnstones were re­
leased on  in te rtida l m udflats in  th e  W adden  Sea shortly after 
each  ex p e rim en t h a d  ended .

E xperim ental setup

B oth roosting  aviaries were separa ted  from  an  experim en ta l 
room  (7 X 7 m  a n d  3.5 m  h igh) by a sliding door. D uring  the 
experim ents, we flooded  the experim ental room  with seawater 
to a d ep th  o f  20 cm. T he only dry areas rem ain ing  were 
one  (“refuge ab sen t”; knots an d  tu rnstones) o r  two (“refuge 
p re se n t”; tu rnstones) platform s (1 X 1 m  an d  15 cm  deep) 
filled with sand  an d  positioned  slightly above the w ater level. 
Because these platform s were th e  only available places fo r the 
birds to stand  on , b ird  density  rem ain ed  effectively constan t 
w ithin a trial. In  the  k n o t experim en t, we in serted  mussels 
in to  the sed im en t o f  th e  forag ing  p latform  to resem ble a situ­
ation  with b u ried  prey. T he mussels were in serted  to a fixed 
d ep th  (1.5 cm) an d  a t arb itrary  positions (cf. P iersm a e t al.,
1995). In  the tu rn s to n e  experim en t, we sp read  o u t m eal­
worms ( Tenebrio molitor) arbitrarily  over th e  fo rag ing  platfo rm  
an d  th en  covered them  with a 5-cm layer o f  seaw eed (bladder- 
wrack Fucus vesiculosus). T he  refuge p latfo rm  differed  from  
the forag ing  p latfo rm  only in  th a t it d id  n o t con ta in  prey 
item s an d  was n o t covered by bladder-wrack.

We reco rd ed  fo rag ing  behavior o f  th e  subjects using two 
digital video cam eras (Sony dcr-trv900e). O ne was positioned

n ex t to the forag ing  p latfo rm  a t a  distance o f  1.5 m  fo r a  side­
ways view, while th e  o th e r  was m o u n ted  3.5 m  directly above 
the  forag ing  platform .

E xperim ental proced ure

A t the start o f  each experim en ta l day, all b irds were p laced  in 
g roups o f  fo u r in  boxes m easuring  50 X 35 cm  a n d  25 cm  
deep . To m inim ize stress, we cap tu red  an d  housed  th e  birds in 
darkness, as they were very qu ie t in  the dark. Before each  trial, 
a  specific focal b ird  an d  the  req u ired  n u m b e r o f  nonfocal 
b irds were tran sfe rred  to one  o f  th e  roosting  aviaries. A fter 
o p en in g  th e  sliding door, the birds were a ttrac ted  in to  the 
experim en ta l room  by d im m ing  th e  lights in  the roosting  
aviary while ligh ting  the experim en ta l room . Subjects readily 
flew to th e  experim en ta l platform s a n d  started  to forage 
w ithin seconds o f  th e  sliding doors be ing  op en ed . T he trials 
started  th e  m o m en t th e  focal b ird  began  to forage an d  lasted 
fo r 150 s (knots) o r  120 s (tu rnstones).

A fter each  trial, lights were used  again  to en tice  birds back 
to th e  roosting  aviary. I f  birds h a d  to partic ipate  in  a n o th e r 
trial, they were re tu rn e d  to the boxes. O therw ise, they were 
tran sfe rred  to th e  second  roosting  aviary, w here they stayed 
un til the  last trial o f  th e  day h a d  b een  perfo rm ed . Focal knots 
a n d  tu rnstones took  p a rt in  o n  average 2.9 an d  1.1 trials p e r 
day, respectively. Necessarily, th e  n u m b e r o f  trials th a t n o n ­
focal birds took  p a rt in  exceeded  this (averages o f  8.8 and  
6.5 fo r knots a n d  tu rnstones, respectively).

In  th e  k n o t experim en t, dep le tio n  was estim ated  from  
observations o n  th e  n u m b e r o f  mussels consum ed  o r  re jec ted  
d u rin g  the previous trial. In itia l prey densities were res to red  
befo re  the n ex t trial th ro u g h  th e  add ition  o f  fresh  mussels. 
In  add ition , th e  sandy sed im en t on  th e  fo rag ing  p latfo rm  and  
all prey item s were renew ed after 5 (b ird  densities 4, 8, o r  16) 
o r  10 (b ird  density  1 o r  2) trials. In  th e  tu m sto n e  experim en t, 
the  m ealw orm  supply was renew ed an d  th e  seaw eed cover was 
rep laced  after each trial.

E xperim ental design  and statistical analysis

In  the k n o t experim en t, we stud ied  the  effects o f  the fixed 
factors bird density (A: 1, 2, 4, 8, an d  16 birds) an d  prey density 
(B: 50 an d  200 m ussels). A lthough  we re fe r to fac to r A  as bird 
density, it cou ld  also be in te rp re ted  as group size because we 
m an ipu la ted  th e  n u m b e r o f  birds o n  a 1 m  2 p latform  (see 
A renz, 2003; Fernandez-Juricic e t al., 2004; Lim a, 1990). We 
con tro lled  fo r variability am ong  individual birds by using 
a ran d o m  facto r focal bird (y: 10 d iffe ren t b irds). In  th e  tu m ­
stone experim en t, we also stud ied  th e  effects o f  th e  fixed 
factors bird density (A: 1, 3, 5, 9, an d  13 birds) an d  prey density 
(B: 50 a n d  200 m ealw orm s), b u t in  add ition  we stud ied  the 
effect o f  the fixed factors refuge present (C: yes o r  no) and  
dominance position (D: d om inan t, in te rm ed ia te , a n d  subord i­
nate) . T he  ran d o m  facto r focal bird was nested  w ithin the 
dom inance  position  (y[D ]: five d iffe ren t tu rnstones p e r  dom ­
inance  position). B oth experim en ts follow ed a  split-plot 
design (A ppendix).

T reatm ent leve ls

T he range o f  b ird  densities we used  in  th e  experim en ts encom ­
passes an d  exceeds densities usually seen in  the  field (which, 
fo r b o th  species, will usually n o t exceed  1 m ~ 2; Fuller, 2003; 
Vahl an d  Piersm a, personal observation). Still, the densities are 
well below the physical m axim um  an d  the  m axim um  observed 
in  systems w here food  is extrem ely  ab u n d an t. For instance, in 
Delaware Bay, USA, w here knots an d  tu rnstones feed  o n  the 
eggs o f  ho rseshoe crabs (Limulus polyphemus', T sipoura and
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Burger, 1999), b ird  densities can  be ab o u t th ree  times the 
m axim um  density  used  in  this ex perim en t (Vahl a n d  Piersm a, 
personal observation). U sing b ird  densities tha t exceed  the 
na tu ra l levels at com parab le  resource densities may h e lp  us 
to u n d e rs tan d  why na tu ra l b ird  densities are  generally  lower.

We used  prey item s th a t resem bled  th e  na tu ra l prey an d  
th a t were easy to  get. Mussels are  am ong  th e  favorite prey 
species o f  knots (Zwarts a n d  B lom ert, 1992), an d  a lthough  
m ealworm s are n o t p art o f  th e  n a tu ra l d ie t o f  tu rnstones, they 
resem ble o th e r  invertebrates in c luded  in  the  d ie t (especially 
th e  larvae o f  wrack flies [C oelop idae], Fuller, 2003) a n d  are 
strongly favored by tu rnstones (W hitfield, 1990). T he low (50) 
an d  h igh  (200) experim en ta l prey densities used  lie w ithin the 
range o f  densities observed in  the field  fo r bivalves (Piersm a 
e t al., 1993a) an d  o th e r  invertebrates (Fuller, 2003). We b u r­
ied  th e  m ussels in  th e  soft sed im en t o f  the forag ing  tray (as 
som etim es occurs on  in te rtida l flats; P iersm a T, personal ob ­
servation) in o rd e r  to im pose som e search  tim e o n  th e  knots.

T he presence  o f  a refuge may well affect o ppo rtun ities  fo r 
resource m onopo liza tion  an d  th e  ou tcom e o f  com petition  
experim en ts (Lomnicki, 1988). We there fo re  in c luded  this 
fac to r in  the tu m sto n e  experim en t.

W intering  tu rnstones are know n to form  dom inance  h ie r­
archies (M etcalfe, 1986); the h igh  fam iliarity am ong  tu rn ­
stones in o u r  experim en ta l facility p robably  en h an ced  this 
process. Because dom inance  status was assigned on  basis o f 
th e  position  in  the d om inance  hierarchy, d om inance  was trea­
ted  as an  absolute a ttrib u te  ra th e r  th an  as a  relative quality 
(Francis, 1988).

R ecord ed  behavior and resp on se  variables

We analyzed trials using  T he O bserver 3.0 Event R ecorder 
(Nolclus In fo rm ation  Technology, W ageningen, the N eth er­
lands). To lim it effects o f  resource d ep le tion , digestive con ­
straints an d  satiation, fo rag ing  behavior, an d  success was 
m easu red  d u rin g  th e  first 60 s o f  each  trial. O u r om ission 
o f  th e  rem a in d er o f  each  trial from  th e  video analysis also 
served to avoid p o ten tia l encl-effects (e.g., b irds an tic ipating  
th e  e n d  o f  a trial). E ach trial was analyzed by two observers 
together, a n d  all trials were exam ined  twice. T he first analysis 
was p e rfo rm ed  at one-fifth o f  n o rm al speed  using the side- 
view record ing . T he second  analysis, p e rfo rm ed  in  real tim e 
using  th e  top-view record ing , was used  to verily the observa­
tions from  the side-view tape. In  b o th  experim en ts, five be­
havioral categories were d istinguished , each consisting o f 
several behaviors (Figure 1 ).

In  b o th  species we stud ied  th e  effect o f  trea tm en t on  intake 
rate, d e fin ed  as th e  n u m b e r o f  prey item s swallowed p e r  u n it 
o f  total tim e (# s_1). Because n o t all prey item s fo u n d  were 
consum ed , we also stud ied  the effect on  prey-discovery rate, d e ­
fined  as th e  n u m b e r o f  prey  item s fo u n d  p e r  u n it o f  total tim e 
(# s_1). To investigate the causes o f  in te rfe ren ce  effects, we 
calcu lated  time allocation, d e fin ed  as th e  total n u m b e r o f  sec­
onds allocated  to each  o f  the five behavioral categories (s), 
an d  prey-encounter rate, d e fined  as the n u m b er o f  prey items 
fo u n d  p e r  u n it o f  search  tim e (# s_1). As d ifferences in  prey- 
en co u n te r ra te  may reflect b o th  d ifferences in  prey density 
an d  changes in  forag ing  behavior, we also calculated  the 
searching efficiency, d e fined  as the p ro p o rtio n  o f  available prey 
fo u n d  p e r  u n it search  tim e (m 2 s-1 ; i.e., we divided the prey- 
en co u n te r rate  by the initial prey density  [e ither 50 o r 
200 m -2 ] ; this m easure approxim ates the  instan taneous a rea  
o f  discovery [see H olling , 1959, P iersm a et al., 1995] bu t d e ­
viates from  it as p rey  density  was n o t constan t th ro u g h o u t 
a trial). In  th e  calculation  o f  these response variables we ex­
c luded  prey item s tha t h ad  b een  re jec ted  befo re  th e  focal b ird  
fo u n d  them .

Figure 1
Ethogram  of foraging and interacting turnstones, with sketches of 
the behavioral categories recorded in the video analysis. The same 
ethogram  was used for the knots.

M issing values and their treatm ent

N ot all trials were successful. In  the kno t experim en t, th e  focal 
b ird  failed to forage norm ally in  a n u m b e r o f  trials. Instead , it 
spen t its tim e peck ing  at the p lum age m ark, p reen ing , o r 
be ing  highly inactive. Som e o f  these trials were successfully 
rep ea ted  in  the 2 clays after the initial experim en ta l period. 
However, as forag ing  was again  n o t no rm al in  n in e  o f  these 
rep ea ted  trials, a  second  rep ea t was p e rfo rm ed  on  th e  th ird  
clay after the experim en ta l period . In  total, this resu lted  in  
283 successful trials an d  hence  17 m issing elata points. In  the 
tu m sto n e  experim en t, fo rag ing  behavior was in te rru p te d  in  
11 trials, e ith e r clue to d is tu rbance  by a  b ird  tha t lan d ed  in  the 
w ater o r  because th e  focal b ird  was p reen ing . Each o f  these 
trials was rep ea ted  at th e  e n d  o f  the sanie experim en ta l clay. 
This resu lted  in  300 successful trials.

Data transform ation

For the  statistical analysis we assum ed tha t th e  various trea t­
m ents h a d  a  m ultiplicative effect o n  the response variables. 
We there fo re  log-transform ed all m easurem ents, as general 
linear m odels assum e th a t effects in terac t in  an  additive way. 
D ata on  tim e allocation  is com positional (A itchison, 1986);

B ehavioral ca teg o ry  D escription

Focal bird s e a rc h e s  for food 
using  e ith e r vision or touch, 
T actile  s e a rc h  re fe rs  to  probing 
th e  m ud  with the  tip of th e  bill 
(knots) or rooting th rough  
s e a w e e d  (tu rn stones).

H and le Focal bird is in physica l c o n tac t 
with a  p rey  item. A distinction is 
m a d e  b e tw e en  p rey  previously 
und isco v e red , p rey  previously 
re jec ted  (knots) a n d  p rey  sto len  
from  o th e rs .

In teract Focal bird e ith e r Initiates an  
in teraction  by tak ing  up a  
th re a ten in g  position or by moving 
quickly to w ard s  th e  o p p o n en t, o r 
re sp o n d s  to  a  th re a ten in g  or 
attack ing  non-focal bird by 
m oving aw ay  from  th is  opponen t.

Vigilant Focal bird is looking a round  
(h ead  up): v ig ilance e n c o m p a s s e s  
a le r tn e s s  d irec ted  a t o th e r birds 
(actually  a  form of in teraction) an d  
th a t to w ard s  so m e  o th e r a s p e c t  of 
th e  env ironm ent, a s  no  distinction 
could reliably b e  m ad e .

O th er

S ea rch

Focal bird is p reen in g  its fe a th e rs  
or pecking  its identification m ark.
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Figure 2
Foraging success o f knots (a) and turnstones (b) at initial prey densities 50 (black) and 200 (white). For both species, foraging success is given as 
prey-discovery rate (circles). Intake rate was identical to prey-discovery rate in turnstones but no t in knots, as only knots did not consum e all prey 
items discovered. Therefore intake rate (squares) is given only for knots. Values above the graph indicate the estim ated average num ber o f prey 
items rem aining after 60 s at prey density 50 (bottom  row) and prey density 200 (top row). Symbols represent the means in accordance with the 
ANOVA model, that is, the least square means, and error bars represent one standard deviation of these means.

the sum  o f  th e  tim e allocated  to the various behavioral cate­
gories is constra ined  at 100%. We there fo re  used  ratios o f  tim e 
allocation  fo r analysis.

For all response variables based  o n  th e  n u m b e r o f  prey item s 
swallowed o r  discovered, we ad d ed  the value o n e  to avoid 
taking logarithm s o f  zero. For elata o n  tim e allocation , zero 
rep lacem en t was achieved by using th e  p ro ced u re  fo r non- 
essential zeros in  com positional elata (A itchison, 1986). As the 
tim e spen t in te rac ting  necessarily took  a value o f  zero w hen 
th ere  was only o n e  forager, th e  analysis o f  in te rac ting  tim e 
(univariate, exclud ing  b ird  density  1 ) was p e rfo rm ed  sepa­
rately from  th e  analysis o f  tim e allocation  involving o th e r  
behavioral categories (m ultivariate, inc lud ing  b ird  density  1 ). 
We do  n o t p resen t any in fo rm ation  o n  th e  behavioral category 
“other," as very little tim e was allocated  to this categoiy  (for 
knots a n d  tu rnstones, th e  average p e r  trial was 1.1 an d  0 . 8  s, 
respectively) an d  as it was n o t affected by any o f  th e  experim en­
tal factors. We ju d g e d  assum ptions o f  norm ality  a n d  hom osce- 
clasticity by visually inspecting  probability  plots (Miller, 1997).

H ypothesis testing

D ata were analyzed using the GLM p ro ced u re  in  SYSTAT 
10 (SPSS Inc., Chicago, IL). T he kno t experim en t was an a­
lyzed in accordance  with the standard  split-plot design. We 
g ro u p ed  in te rac tion  term s betw een the b lock fac to r an d  the 
w hole p lo t factors in th e  w hole p lo t e rro r  term  an d  those 
betw een the b lock fac to r an d  th e  subplo t fac to r in  the subplot 
e n o i ' term . R eplacem ent o f  th e  17 m issing values using the 
harm on ic  m ean  m e th o d  (Miller, 1997) hardly  affected test 
outcom es. T herefo re , tests based o n  the 283 successful trials 
a re  p resen ted .

T he design o f  th e  tu m sto n e  exp erim en t was n o t perfectly  
balanced  with respect to th e  d is tribu tion  o f  b ird  density  over 
plots. A lthough  this causes no  p rob lem s fo r the GLM p ro ce­
d u re , th e  estim ated  siuns-of-squares are  n o  lo n g er in d e p e n ­
d en t, an d  som e cau tion  m ust be exercised  with th e ir 
in te rp re ta tio n . In  th e  GLM m odel, we g ro u p ed  four-way in te r­
actions in  the e rro r  term , against w hich we tested  all term s 
tha t in c luded  th e  ran d o m  facto r focal b ird . Effects o f  the 
fac to r refuge p resen t were tested  against th e  plots; all o th e r  
term s were tested  against th e ir  in te rac tion  with the ran d o m  
facto r focal bird.

RESULTS

Intake rate and prey-discovery rate

Individuals o f  b o th  species discovered few er prey  item s 
at h ig h e r b ird  densities an d  low prey density  (Figure 2; 
Table 2a). F rom  the  lowest to the  h ighest b ird  density  studied , 
prey-cliscoveiy ra te  m ore  th an  halved (Figure 2 ). T he four-fold 
increase in  prey density  resu lted  in  approxim ately  a doub ling  
o f  prey-cliscoveiy rate. T urnstones consum ed  alm ost all prey 
they discovered, an d  there fo re  th e ir  in take ra te  was affected 
by b ird  density  (-f4,48  =  104.6, p <  .01 ) an d  prey density  (Fj 12 =  
204.2, p  <  .01) in  th e  sam e way as th e ir  prey-cliscovery rate. 
Knots, however, re jec ted  som e o f  the  prey item s they had  
found . Because few er prey item s were re jec ted  at h ig h e r b ird  
densities a n d  at th e  low prey density, th ere  was no  straightfor­
w ard effect ofbircl density  (f j.is  =  3.5 , p ~  .03) a n d  prey  density 
(f j.is  — 17.1, p  <  .01) on  in take rate (Figure 2a), despite 
changes in  prey-cliscovery rate. Appar ently, knots com pensated  
fo r a red u ced  prey-cliscoveiy ra te  by becom ing  less critical in 
th e ir  accep tance o f  prey item s.

T urnstones occupying d ifferen t dom inance  positions dis­
covered (Table 2a) an d  consum ed  ( f 9,12  — 1-0, p  ~  -39) an  
equal n u m b er o f  p rey  item s. In  add ition , an  equal n u m b er 
was discovered (Table 2a) an d  consum ed  (f j,g =  3.7, p  =  .09) 
in  th e  absence a n d  presence  o f  a refuge. In  fact, th e  m ain 
effect o f  th e  p resence  o f  a refuge was a small increase in  the 
n u m b e r o f  times a b ird  flew o ff the forag ing  p latfo rm  d u ring  
an  experim en ta l trial (average 0.12 versus 0.05). As m ovem ent 
caused d istu rbance , this resu lted  in  a small increase in  the 
n u m b e r o f  in teractions. As in take rate  a n d  prey-cliscoveiy rate  
o f  tu rnstones d id  n o t d ep en d  o n  e ith e r d om inance  position  
o r  the absence o r  p resence  o f  a refuge, we do  n o t fu r th e r 
discuss th e  effects o f  these factors on  tim e allocation  and  
p rey-encoun ter rate.

T im e allocation  and prey-encoim ter rate

T he red u c tio n  in  prey-cliscoveiy ra te  with increasing  b ird  
density  is generally  assum ed to be caused by an  increase in 
tim e spen t in terac ting , w hich, in  tu rn , results in  a red u c tio n  in 
tim e spen t searching. In d eed , tim e spen t on  in teractions 
increased  m onoton ically  with b ird  density  in  b o th  species 
(Figure 3; Table 2 b ). However, in te rac ting  tim e seem ed  to have 
a  m arg inal effect on  search ing  tim e because b o th  species
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Table 2
GLM test results for knots and turnstones on prey-discovery rate (a), tim e allocation (b and c) and prey-encounter rate (d)

Prey-discovery rate T i / ( T s + T h + T v ) Tv/T s, Th/T s Prey-encounter rate

Factor df SS F P df SS F P df r F P df SS F P

Knots
Between plots

Block “t” 2 2.5 2 3.0 4,324 0.9 2 0.6
Bird density “A” 4 14.9 9.6 < .01 3 244.1 18.3 <.01 8,14 0.1 10.3 <.01 4 9.5 7.4 <.01
Prey density “B” 1 8.7 22.4 < .01 1 2.2 0.5 .49 2,1 0.5 10.4 <.01 1 10.4 32.5 <.01
A X B
W hole plo t error

4
18

1.6
7.0

1.1 .41 3
14

6.7
62.2

0.5 .69 8,14
36,324

0.8
0.7

0.5 .86 4
18

1.8
5.8

1.7 .24

W ithin plots
Focal bird “y” 9 29.5 13.0 < .01 9 70.4 2.4 .01 18,324 0.4 9.5 <.01 9 12.4 5.2 <.01
A X y 36 8.8 1.0 .53 27 118.5 1.3 .14 72,324 0.6 1.4 .03 36 10.2 1.1 .36
B X y 9 3.3 1.5 .17 9 37.3 1.3 .26 18,324 0.9 1.2 .24 9 2.2 0.9 .49
A X B X y 
Subplot error 
Total

36
163
283

6.6
41.1

0.7 .87 27
129
225

76.9
419.7

0.9 .64 72,324 0.7 0.9 .64 36
163
283

8.8
42.8

0.9 .58

Turnstones 
Between plots

Refuge “C” 
Plot “r |(C )”

1
8

1.0
1.9

4.1 .08 1
8

30.3
16.8

14.5 .01 2,7
16,74

0.3
0.8

7.0 .02 1
8

0.7
2.5

2.4 .16

W ithin plots
Subplot “E,(r| [C] ) ” 10 3.2 10 9.2 20,74 0.7 10 3.8
Bird density “A” 4 46.1 100.9 < .01 3 134.9 31.5 <.01 8,94 0.2 18.6 <.01 4 50.8 59.8 <.01
Prey density “B” 1 48.3 212.6 < .01 1 1.1 0.7 .43 2,11 0.1 81.0 <.01 1 68.3 215.1 <.01
Dom inance “D” 2 1.4 0.9 .42 2 25.9 1.9 .20 4,22 0.6 1.3 .29 2 2.2 1.7 .22
Focal bird “y(D )” 12 9.0 4.7 < .01 12 83.7 5.8 <.01 24,74 0.1 6.8 <.01 12 7.6 3.2 <.01
A X B 4 2.6 4.6 < .01 3 6.2 1.7 .18 8,94 0.6 3.1 <.01 4 0.6 0.8 .50
A X C
Interaction terms
Error
Total

4
215

38
300

0.8
31.6

6.1

1.1 .38 3
172

24
240

12.5
230.6

28.7

3.0 .04 8,94 0.8 1.0 .44 4
215

38
300

0.4
42.9

7.5

0.4 .78

Time could be allocated either to searching (Ts), handling (TH), vigilance (Tv), o r interacting agonistically with o ther birds (T:). Treatm ent 
effects on time allocation were tested separately for effects on  interacting time at bird densities h igher than  1 (b) and time spent on o ther 
behaviors at all bird densities (multivariate; c). All tests were perform ed on  log-transformed data after zero values had been treated as described in 
the text. To simplify representation, nonsignificant higher-order interaction terms in the tum stone experim ent are grouped (“interaction 
term s”). Effects significant at the .05 level are indicated by bold p  values. 

a Multivariate test statistic used is Wilks’ X.

sp en t less th an  10% o f th e ir  tim e o n  in teractions. O th e r 
aspects o f  th e  b ird s’ tim e allocation  ap p ea red  to be a t least 
as im portan t.

Bird density  h a d  a strong  effect on  the tim e allocation  o f 
knots (Figure 3a,b; Table 2c), m ost obviously in  the  n o n lin ea r 
effect on  th e  tim e sp en t vigilant a n d  searching. V igilance tim e 
in  knots was h ighes t a t a  very low o r  very h igh  b ird  density  and  
search ing  tim e neatly  m irro red  this p a tte rn  (Figure 3 a ,b ). 
B ird density  also red u ced  prey -encoun ter rate, th a t is, the  
n u m b er o f  p rey  item s en co u n te red  p e r  second  sp en t search­
ing  (Figure 4a; Table 2d). However, a lthough  knots fo u n d  
few er prey item s, total han d lin g  tim e d id  n o t decrease m ark­
edly w ith increasing b ird  density  (Figure 3a,b), as th e  p e rcen t­
age o f  p rey  item s re jec ted  was lower a t the h ig h e r b ird  
densities. T im e allocation  o f  knots d e p e n d e d  slightly o n  prey 
density  (Figure 3a,b; Table 2c), p robably  because they en ­
co u n te red  m ore  prey  p e r  second  sp en t search ing  w hen prey 
density  was h igh  (Figure 4a; Table 2d). T he search ing  effi­
ciency, th a t is, th e  p ro p o rtio n  o f  available prey fo u n d  p e r  u n it 
search tim e, was also d ifferen t a t the two prey densities (Tgis =  
202.5, p  <  .01; Figure 4b).

For tu rnstones, the m ain  effect o f  b ird  density  was a  strong  
red u c tio n  in  p rey-encoun ter ra te  (Figure 4c; Table 2d). As

a consequence, th e  birds spen t less tim e h an d lin g  a t h ig h er 
densities (Figure 3c,d). A lthough  p a tte rn s  in  vigilance and  
search ing  tim e qualitatively resem bled  those observed in  
knots, th e  effects in  tu rnstones w ere less p ro n o u n ced  (Figure 
3c,d). T urnstones en co u n te red  ab o u t th ree  tim es m ore  prey 
w hen prey density  was h igh  th an  w hen it was low (Figure 4c; 
Table 2d), an d  therefo re , they also spen t m ore  tim e han d lin g  
an d  less tim e search ing  (Figure 3c,d). Prey density  d id  no t, 
however, affect vigilance o r  in terac ting  tim e (Figure 3c,d; 
Table 2 b ) . T he search ing  efficiency d id  n o t d ep en d  on  prey 
density  (Tj.12 =  1.3, p  =  .27; Figure 4d).

T hus, b ird  density  in d u ced  a low er prey-discovery ra te  in  
knots th ro u g h  effects o n  b o th  vigilance an d  search ing  tim e 
an d  th ro u g h  changes in  p rey -encoun ter ra te , w hereas the 
prey-discovery ra te  in  tu rnstones was low ered m ainly th ro u g h  
a red u ced  prey-encoun ter rate.

D ISC U SSIO N

E xploitative and in terferen ce  com p etition

In  b o th  knots an d  tu rnstones, prey-discovery ra te  decreased  
with increasing  b ird  density  (Figure 2). This indicates th a t fo r



Vahl e t al. • Interference com petition in red  knots and  ruddy turnstones 851

5 0  m u s s e l s
40 -

30 -

a> 2 0 -

2 0 0  m u s s e l s

«=ô

5 0  m e a lw o r m s
40 -

«

30 -esoo
Is
a)
E

a
oH

0 4 8 12 16

2 0 0  m e a lw o r m s

0 4 8 12 1 6

B ird  d e n s i t y  ( # m ': B ird  d e n s i t y  ( # m ':

Figure 3
Total am ount of time allocated 
to searching (filled circles, 
open circles), being vigilant 
(filled triangles, open trian­
gles), handling (filled squares, 
open squares), and interacting 
with o ther birds (filled dia­
m onds, open diam onds) by 
knots (a and b) and turnstones 
(c and d) at prey densities 50 
(a and c) and 200 (b and d). 
Symbols represent least square 
means, and error bars repre­
sent one standard deviation of 
these means.

b o th  species th e  m ain  effect o f  th e  presence  o f  conspecifics 
was negative. T he decrease in  prey-cliscovery ra te  was b rough t 
ab o u t by b o th  form s o f  com petition  (explo ita tion  a n d  in te r­
fe ren ce), as b o th  resource d ep le tio n  (Figure 2) an d  tim e 
spen t in te rac ting  (Figure 3) were positively re la ted  to b ird  
density. A lthough  it is n o t possible to quantify  the relative 
im portance  o f  exp lo ita tion  an d  in te rfe ren ce  in  these experi­
m ents, a  closer look at the prey-cliscovery rates shows that 
resource  dep le tio n  a lone  can n o t accoun t fo r the observed 
negative effect. A fter th e  60-s observation  p eriod , the am oun t 
o f  rem ain ing  food  (185 [knots] o r  113 [tu rnstones]; Figure 2) 
at th e  h ighest b ird  density  an d  th e  h igh  initial prey density 
was still at least twice as h igh  as the initial am o u n t o f  food  fo r 
solitary foragers at the low prey density. However, desp ite  this 
d ifference in  food  density, prey-cliscovery rate  in  th e  la tte r 
cond ition  was slightly h ig h e r th an  th a t in  the fo rm er cond i­
tion. This suggests th a t p a rt o f  th e  observed effect was also clue 
to in te rfe rence , w ithout ru ling  o u t o th e r  explanations, such as 
rem oval o f  th e  m ost de tec tab le  prey  (W anink a n d  Zwarts, 
1985). Clearly, a  p ro p e r  d istinction  o f  th e  two form s o f  com ­
pe tition  requires an  ex perim en t in  w hich food  is n o t dep le ted .

M echanism s o f  in terferen ce  com p etition

Most m echanistic  m odels o f  in te rfe ren ce  com petition  assum e 
tha t anim als in te rac t over individual food  item s (e.g., 
G iraldeau an d  Caraco, 2000; Sirot, 2000; Stillm an e t al., 
1997). In  o u r  experim en ts, k leptoparasitic  events were absent 
an d  prey density  h ad  n o  significant effect on  in te rac ting  tim e. 
T herefo re , it is very unlikely tha t in teractions took  place over 
individual food  item s. Many o f  th e  aggressive in terac tions we 
observed were d irec ted  to search ing  anim als, suggesting that 
in teractions co n ce rn ed  small food  patches ra th e r  th an  ind i­
vidual food  item s. It seem s th a t o u r  cu rren t u n d ers tan d in g  
o f  the adaptive value o f  the behavioral m echanism s o f  in te r­
ference  com petition  is still rudim entary , despite  its cen tral 
im portance  to all m echanistic  approaches to the study o f 
in te rfe ren ce  com petition .

Increases in b ird  density  red u ced  the prey-cliscovery rate  
th ro u g h  changes in  b o th  prey-encoun ter ra te  (Figure 4) and  
tim e allocation  (Figure 3). Effects on  tim e allocation  were 
m ore  com plex  than  the m o no ton ie  effects on  in teracting  
a n d  search ing  tim e assum ed by m odels o f  in te rfe ren ce  com ­
petition . Several d istinct processes m ay jo in tly  accoun t fo r this 
com plex  effect.

At low b ird  densities, search ing  tim e increased  with b ird  
density, while vigilance tim e decreased. V igilance was espe­
cially red u ced  in  knots, w here th e  presence  o f  a  second  b ird  
resu lted  in the reduc tion  o f  vigilance tim e by approxim ately  
o n e  th ird . Such a red u c tio n  has often  b een  observed 
(B eaucham p, 1998) an d  m ay have b een  a  response to an  in ­
crease in  vigilance at th e  g roup  level (e.g., L im a, 1995) o r 
o th e r  beneficial effects o f  fo rag ing  in  th e  presence  o f  o thers, 
such as the d ilu tion  o f  p red a tio n  risk (e.g., Lim a, 1990). 
A ssum ing th a t this “group-size effect’’ increases with the ex­
ten t to w hich species naturally  fo rm  groups, the  observed 
d ifference betw een th e  two species in  th e  red u c tio n  in vigi­
lance tim e is in  line with th e  observation  tha t knots gener­
ally occu r in  b igger g roups in  the field  th an  tu rnstones 
(Myers, 1984).

At h igh  b ird  densities search ing  tim e decreased  with b ird  
density, while in te rac ting  tim e an d  vigilance tim e increased. 
Such effects o n  search ing  an d  in te rac ting  tim e have been  
assum ed in  m odels o f  in te rfe ren ce  com petition , b u t we fo u n d  
the  size o f  th e  increase in  in te rac ting  tim e to be very small. 
However, it is well know n tha t vigilance behavior can  serve 
several functions (B eaucham p, 2001; D esportes e t al., 1991; 
R obinette  an d  H a, 2001 ), som e o f  w hich cou ld  be in te rp re ted  
as in teracting . V igilance may, fo r instance, serve to prevent 
o thers from  m o u n tin g  su d d en  attacks o r  serve to spo t o p p o r­
tunities fo r k leptoparasitism  on  resources discovered by 
o thers (Sm ith e t al., 2001). T herefo re , acknow ledging tha t 
som e in terac tions m ay well have b een  subtle (scored as vigi­
lance) ra th e r  than  obviously agonistic (scored as in terac­
tions), p a rt o f  the expected  increase in  in terac tions may 
have b een  reflec ted  by the increase in  vigilance tim e.
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T he increase from  th e  lowest to th e  h ighest b ird  density 
led  to a decrease in  p rey -encoun ter rate. This was especially 
ap p aren t in  tu rnstones, w here han d lin g  tim e also decreased  
with increasing  b ird  density. T he decline in  p rey-encounter 
ra te  will partly  have resu lted  from  increased  resource dep le ­
tion  at h ig h e r b ird  densities. M ost likely, in te rfe ren ce  add i­
tionally low ered prey-encoun ter rate, especially so in  knots 
w here resource d ep le tio n  was low. H igh b ird  density  may, 
fo r instance, have resu lted  in  a loss o f  co ncen tra tion  clue to 
m ultip le  tasking (Dukas, 1998) o r  a loss o f  con tro l over the 
search  p a th  (Cresswell, 1997).

For b o th  species m ore  prey item s w ere en co u n te red  
w hen th e  initial prey density  was h igh  th an  w hen it was low 
(Figure 4a an d  c). For tu rnstones, th e  search ing  efficiency, 
th a t is, the  p ro p o rtio n  o f  available prey fo u n d  p e r  u n it search 
tim e was th e  sam e at b o th  prey densities, ind icating  tha t 
changes in  p rey -encoun ter ra te  were only clue to th e  h ig h e r 
n u m b er o f  prey  item s. For knots, o n  the contrary, th e  search­
ing  efficiency was low er w hen the food  density  was h igh . This 
indicates th a t changes in  the p rey -encoun ter ra te  o f  knots 
w ere clue n o t only to th e  h ig h e r n u m b e r o f  p rey  item s bu t 
also to d ifferences in  th e  b ird s’ behavior at th e  two prey d e n ­
sities. Such behavioral d ifferences cou ld  be caused by a red u c­
tion  in  th e  efficiency o f  th e  prey-cletection system (Piersm a 
e t al., 1998) o r  in  m otivation o r  by a d ifference in  th e  fre­
quency with w hich b u ried  prey item s were rejected.

G enerality o f  in terferen ce  e ffec ts

In te rfe ren ce  effects w ere sim ilar in  knots an d  tu rnstones in 
term s o f  in te rac ting  tim e, b u t may have d iffered  in  term s o f 
vigilance tim e. Effects o f  fo rager density, however, were cer­
tainly n o t genera l because fo rager density  affected  o th e r  as­
pects o f  the  fo rag ing  behavior o f  th e  two species differently. 
T he red u c tio n  in  vigilance tim e at low b ird  densities, foi- 
instance, was m ore  p ro n o u n ced  in  knots, w hereas tu rnstones 
suffered  m ost from  a red u c tio n  in  p rey -encoun ter rate. This 
may have b een  clue to in trinsic d ifferences betw een the  two

species (e.g., search  m ode o r  p erfo rm ance  o f  digestive organs; 
see Battley an d  Piersm a, 2005) o r  to d ifferences in  the envi­
ro n m en t because prey species an d  substrate type d iffered  as 
well. In  view o f  this com plex  in terp lay  o f  in te rfe rence , dep le ­
tion , an d  vigilance effects, we th in k  it is w rong to assum e 
a  genera l effect o f  fo rager density  w hen m odeling  in te rfe r­
ence com petition . F u tu re  research  shou ld  a ttem p t to u n d e r­
stand  how  each  o f  the behavioral m echanism s involved is 
affected by fo rager density, in  o rd e r  to p red ic t how th e ir  com ­
b in ed  effect d epends on  characteristics o f  the  species a n d  its 
env ironm ent.

R elevance to  fie ld  situations

C onditions in  th e  experim en ta l facility obviously d iffered  
from  those en co u n te red  in  th e  field  a n d  birds in  o u r study 
may well have a lte red  th e ir  behavior accordingly. In  particular, 
th ree  aspects o f  o u r  experim en ts may h am p e r d irec t in te rp re ­
tation  o f  th e  conclusions fo r a  n a tu ra l setting.

T he h igh  rate  o f  prey re jec tion  by knots in  th e  p resen t 
experim en t is uncom m on  in free-living individuals (Vahl and  
Piersm a, personal observation). This change in  behavior 
may be exp la ined  by various artificial aspects o f  o u r experi­
m en ta l setup , such as the relaxed  clim atic conditions, the 
ab u ndance  o f  food  o n  offer, the h igh  predictability  o f  food, 
an d  the relatively sho rt fasting period . As a consequence, the 
relevance o f  the observed effects o f  fo rager density  o n  in take 
rate  (bu t n o t prey-cliscovery rate) is probably  qu ite  lim ited. 
Instead , the cond itional re jec tion  o f  prey item s h in ts at flex­
ibility o f  behavior an d  shows tha t social in terac tions m ay affect 
forag ing  success even in the absence o f  no ticeab le  effects on  
in take rate. Sim ilar behavioral flexibility has b een  observed in  
oystercatchers (Haematopus ostralegus) in  response to experi­
m en ta l variation in tide leng th  (Sw ennen et al., 1989).

C ontrary  to o u r expectations, dom inance  position , inc luded  
as a  fac to r in  th e  tu m sto n e  experim en t, d id  n o t affect any o f 
the response variables. It is unlikely th a t we assigned dom i­
nance  positions incorrectly, as o u r assessm ents o f  dom inance
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before a n d  after the exp erim en t were strongly co rre la ted  
(S pearm an ran k  co rre la tion  coefficient rs 25 =  .88, p  <  .001). 
An alternative exp lana tion  is tha t in  the experim en ta l setup , 
birds could  n o t actually benefit from  th e ir  social dom inance  
because they w ere n o t able to  m onopolize  resources (Myers, 
1984). Interestingly, the p resence  o r  absence o f  a  refuge d id  
n o t in te rac t statistically w ith dom inance  position  to explain  
forag ing  param eters. This indicates th a t this refuge was no t 
en o u g h  to allow fo r m onopo liza tion  o f  resources. A pparently, 
the tu rnstones p re fe rred  to e n d u re  social harassm en t on  the 
forag ing  p latfo rm  over staying on  a  p latfo rm  with no  food  at all.

In  this study we investigated th e  effects o f  trea tm en ts on  
instan taneous in take ra te  to allow a d irect com parison  with 
m odel assum ptions. W hen  in te rp re tin g  these results fo r field 
situations, it shou ld  be realized  th a t w hat foragers are  striving 
to m axim ize is fitness ra th e r  th an  instan taneous in take rate  
an d  tha t processes m in im ized  o r  excluded  from  o u r experi­
m ents m ay also play a role. R esource d ep le tio n  an d  digestive 
constrain ts, fo r instance, have b een  shown to be o f  im por­
tance fo r th e  long-term  in take ra te  o f  knots, to g e th e r with 
social in te rfe ren ce  (van Gils an d  Piersm a, 2004).

Im plications

In  o u r  experim en ts, increased  fo rager density  led  to red u c ­
tions in  the forag ing  success o f  th e  two species th ro u g h  bo th  
resource  d ep le tio n  an d  social in te rfe rence . T hus, o u r  results 
su p p o rt the idea  tha t in te rfe ren ce  com petition  is an  im por­
tan t fac to r in d e te rm in in g  th e  forag ing  success o f  w aders, as is

assum ed w hen po p u la tio n  dynam ic m odels th a t inc lude  in ­
te rfe rence  com petition  are app lied  to waders. However, in te r­
ference  com petition  may well occu r fo r reasons o th e r  than  
those considered  in  these m odels, an d  th e  m echanistic  basis 
o f  effects o f  b ird  density  m ay be m ore  com plex  than  assum ed. 
In  o u r experim en ts, fo rager density  affected  forag ing  success 
th ro u g h  an  increase in  tim e spen t in terac ting , a decrease 
in  vigilance tim e, a n d  a  decrease in p rey-encoun ter rate. 
A lthough  sim ilar m echanism s ap p ea red  to be at work, th e ir 
im portance  differed. This im plies tha t o u r  c u rren t know ledge 
o f  th e  behavioral m echanism s causing in te rfe ren ce  com peti­
tion  is n o t sufficient to bu ild  robust m odels fo r the popu la tion  
dynam ics o f  waders.

A PPE N D IX

D esign  o f  the experim en ts

T he m ultifactorial kno t experim en t (fixed factors bird density 
A  with five levels: 1, 2, 4, 8, an d  16 birds; a n d  prey density B with 
two levels: 50 an d  200 mussels: ran d o m  facto r focal bird y with 
10 levels; i.e., 10 d ifferen t knots) follow ed a split-plot design 
(see Table AÍ a ) , in  w hich the two fixed factors A an d  B were 
am ong-plot factors. E ach o f  the resu lting  10 plots (factor A  X 
fac to r B com binations) co n ta in ed  10 subplots, o n e  fo r each 
focal b ird  (factor y). These 10 p lots (i.e., 100 subplots) were 
rep lica ted  in th ree  successive blocks, w here b lock was trea ted  
as a  ran d o m  facto r ( i  w ith th ree  levels). B oth the o rd e r  o f 
subplots w ithin plots a n d  o f  plots w ithin blocks was com pletely

Table AÍ
Schem atic representation o f  the statistical designs used  in the experim ent with knots (a) and turnstones (b)

a knots b turnstones

Block T ] X2 T 3 Plot TlfiCys T |„ ;  C.. TlloiCno

Plot 1; A |B 5o ... 10; A I6B2oo .- Subplot

Subplot

Y.

yi(DSUb)

y..(D.)

Focal bird (dominance)

YsiDdoni)

A ¡B 2oo a ¡ b 50

A¡Bjo A¡B2oo

aThe index “¡’’represents one of the five levels of the factor bird density (A)
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random ized  in  dm e. Plots took  h a lf  a day, blocks took  five 
consecutive days, an d  the w hole exp e rim en t took  15 days.

T he m ultifactorial tu m sto n e  exp erim en t (fixed factors bird 
density A  w ith five levels: 1, 3, 5, 9, an d  13 birds; prey density B 
with two levels: 50 a n d  200 m ealworm s; refuge present C with 
two levels: yes a n d  no ; dominance position D w ith th ree  levels: 
d o m in an t, in term ed ia te , an d  subord inate ; ran d o m  facto r focal 
bird nested within dominance y[D ] with five d iffe ren t tu rnstones 
p e r  dom inance  position) also follow ed a split-plot design (see 
Table A lb ) , b u t th e  fixed fac to r C was the only am ong-plot 
factor. For each o f  the  two levels o f  C, five replicate  plots 
(random  facto r T|) were laid  ou t. Each p lo t co n ta in ed  two 
subplots (ran d o m  facto r £,). W ithin  each  subp lo t 15 trials were 
perfo rm ed , o n e  fo r each o f  th e  15 focal birds (y [D ]). M ore­
over, w ithin each  p lo t, each  o f  the 30 com binations o f  the 
factors p rey  density  (B) an d  focal b ird  (y), was used  once. 
B oth th e  o rd e r  o f  trials w ithin subplots an d  the o rd e r  o f  plots 
were com pletely  random ized  in  tim e. Regardless o f  the plot- 
subp lo t struc tu re , the five levels o f  the fixed fac to r b ird  density 
(A) were a ttrib u ted  a t ran d o m  over th e  300 trials. Each sub­
p lo t took  1 day, each  p lo t took  2 days, an d  th e  w hole exper­
im en t lasted  20 days.
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