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In t e r f e r e n c e  c o m p e t it io n , t h e  spa tia l  
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A b s t r a c t

Studies o f  interference com petition  am ong foraging anim als generally  
assum e that variation in the spatial distribution o f  food  can be neg lect
ed . This assum ption m ay be problem atic as resource defence experi
m ents suggest that such variation is o f the essen ce  in som e interference  
m echanism s. Interpretation o f  the results o f  field experim ents on  this 
topic, how ever, is hard b ecau se o f  the w a y  these  experim ents have b een  
analysed: variation in the abundance o f  foraging anim als h as con sistent
ly  b een  treated as nuisance or as a predictor variable, w hereas it usually  
is o n e  o f  the prim e responses. We perform ed a field experim ent in 
w h ich  w e  provided w ild  ruddy turnstones (A renaria  interpres) w ith  
exp erim ental p lots that varied in the d istance b etw een  a fixed num ber  
o f  so-called  food  pits, and, using m ultivariate statistics, w e  studied  
effects on  the com bination  o f  the turnstones’ behaviour and abundance. 
We found that w h en  food pits w ere m ore spaced  out, turnstones w ere  
present in h igher num bers, w h ile  interacting less w ith  each  other, but 
that they  spent about the sam e tim e d igging for food, our m easure o f  
intake rate, at each  inter-pit d istance. These findings im ply that to  reli
ably predict the com bination  o f  the number, intake rate and am ount o f  
aggression o f  turnstones, the spatial distribution o f  food has to  be 
k now n. We w ou ld  not h ave reached this conclusion  if w e  had  u sed  u n i
variate statistics or if w e  had treated variation in forager abundance as 
m ere nuisance. M oreover, treating forager abundance as a response 
variable led  to the insight that w h ile  experim ents on  captive foragers 
usually  exclude patch choice decisions, experim ents on  free-living for
agers necessarily  involve patch choice decisions.
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In t r o d u c t io n

The intake rate of foraging animals is often negatively related to the density of 
foragers because of com petition. Com petition is generally thought to arise in 
either of two ways (Keddy 2001). Exploitative competition is the negative effect 
of others through the removal of resources. As the exploitation of resources is a 
straightforward process, this type of com petition is (presumably) relatively easy 
to understand. Interference com petition is the negative effect of others through 
direct interactions betw een individuals. Behaviours underlying interference com
petition  are various and complex (e.g., Huntingford & Turner 1987; Ens & 
Cayford 1996; Hassell 2000) and our understanding of this type of com petition 
is still rudim entary  (van der M eer & Ens 1997; Vahl et al. 2005a, b).

Students of interference com petition am ong foraging animals usually study 
the effects of forager density concurrently w ith effects of food density (van der 
M eer & Ens 1997). In this approach it is implicitly assum ed tha t variation in  the 
spatial abundance of resources (‘spatial clumping’) does not affect the interfer
ence process. This m ay well be problem atic. According to literature on resource 
defence, the ‘economically defendability’ (Brown 1964) of a given am ount of 
food should decrease w ith the surface area over which the food is spread 
(Warner 1980; Grant 1993), as both the m ovem ent costs involved w ith defend
ing a food clump and the num ber of intruding com petitors are expected to be 
higher w hen the food is spread over a larger area (Davies & Houston 1984). 
With defendability decreasing, the use of aggressive behaviour to acquire 
resources and the extent to which resources will be m onopolized should also be 
reduced w hen food is more spread out (Grant 1993). Numerous empirical stud
ies have determ ined the effects of spatial clumping on the am ount of aggression 
and resource monopolization; generally (though not unanimously) these studies 
confirm the resource defence expectations (for a review, see Vahl et al. 2005a).

The effect of spatial clumping on resource defence suggests tha t the spatial 
distribution of food has to be considered explicitly in  order to arrive at a better 
understanding of interference com petition; variation in  the spatial distribution 
of food m ay well be of the essence in  at least one m echanism  underlying in ter
ference com petition -  resource m onopolisation. Acknowledging variation in  the 
spatial distribution of food m ay therefore be crucial, especially since natural 
food distributions generally are no t hom ogeneous (Taylor 1961; Wiens 1976). 
Unfortunately, neither the literature on interference com petition, nor the litera
ture on resource defence provides clear-cut expectations on how  the spatial 
clumping of food should affect the relationship betw een forager density and 
intake rate. Some empirical studies, however, shed light on this question. At 
least four studies (Rubenstein 1981; Theim er 1987; Benkman 1988; Vahl et al. 
2005a) have m anipulated both  the spatial distribution of food and the abun
dance (i.e., either the num ber or the density) of foragers to determ ine effects
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on the am ount of aggression and intake rate. These studies found tha t the spa
tial clumping of food strongly affected the interference process, bu t that effects 
could not be understood w ithout considering variation in the relative social 
dom inance status of the foragers. Theim er (1987) and Vahl et al. (2005a), for 
instance, found tha t dom inant foragers can better monopolize food tha t is spa
tially clumped than  food tha t is dispersed, and that as a consequence, subordi
nate foragers suffer more from interference com petition w hen food is clumped 
than  w hen food is dispersed.

The extent to which these findings are im portant to understand the behav
iour of free-living animals foraging under natural conditions is still an open 
question, because the four studies m entioned above were all conducted in the 
laboratory, using captive foragers. The m ost direct approach to study w hether 
interference effects am ong free-living foragers depend on the spatial distribu
tion of food would involve m anipulation of both  the spatial distribution of food 
and the density of wild foragers (Vahl et al. 2005b). M anipulating the density of 
free-living foragers, however, is very difficult and we are not aware of any study 
tha t has attem pted to do so. Therefore, the m ost relevant data to date comes 
from studies tha t have m anipulated the spatial distribution of food in the field, 
b u t no t the density of foraging animals. Several such experim ents have been 
perform ed (Table 4.1). Quite consistently, these studies found tha t w ith increas
ing plot size (1) the num ber of foragers increased, w hereas forager density 
decreased and (2) the am ount of aggression decreased (see Table 4.1). With 
regard to the correlations betw een forager abundance and intake rate or the 
am ount of aggression, and w ith regard to effects of p lot size on intake rate and 
the am ount of aggression after correction for variation in  forager abundance, 
the studies were less consistent (Table 4.1).

Unfortunately, in terpretation of these results is not straightforward. The way 
these field experim ents have been  analysed complicates their in terpretation in 
two ways. The first com plication regards the w ay these studies dealt w ith varia
tion in  forager abundance. As m entioned above, forager abundance was an 
uncontrolled response variable in  all field experim ents, and, indeed, m ost of the 
studies reported a change in forager abundance in response to variation in the 
spatial distribution of food (Table 4.1). Nevertheless, w hen  analysing the corre
lations betw een forager abundance, intake rate and the am ount of aggression, 
some of the studies treated forager abundance as a predictor variable, either by 
including forager abundance as a covariate in  an ANCOVA (Johnson et al. 
2004) or by defining abundance categories (Balph 1977). Similarly, w hen 
studying treatm ents effects on intake rate and the am ount of aggression, several 
of the studies treated variation in forager abundance as nuisance which had to 
be corrected for statistically, either by treating forager abundance as a covariate 
in  ANCOVAs (Elgar 1987; Johnson et al. 2004, 2006), by treating forager abun
dance as a predictor variable in  regression analyses (Goldberg et al. 2001), or

93

S
p

a
t

ia
l 

c
l

u
m

p
in

g
 

& 
f

r
e

e
-l

iv
in

g
 

f
o

r
a

g
e

r
s



Ta
bl

e 
4.

1.
 F

iel
d 

ex
pe

ri
m

en
ts

 
on 

the
 

ef
fe

ct
 o

f 
the

 
pl

ot
 

siz
e 

(X
) 

on 
the

 
ab

un
da

nc
e 

(Y
i),

 t
he

 
fo

ra
gi

ng
 

su
cc

es
s 

(Y
2
) 

an
d 

the
 

fr
eq

ue
nc

y 
of 

(p
er

-c
ap

ita
) 

ag
on

is


tic
 

be
ha

vi
ou

r 
(Y

3) 
of 

fr
ee

-li
vi

ng
 

fo
ra

ge
rs

f

X

X

CU CU CU CU CU

ce ce ce ce ce

ce ce ce ce

cu cu cu cu& ~o ~o ~o e e

CN CN C"' CN CN CN CN

>O
-ace
-a

"a "a "a

|g
£

§ § a- a. a .  E— N

a
CÚ
a
a ,

(Z> t -
3

cd
a CÚ

1
3
a

1 a

o  »-H ¡=¡
 ̂ 0 y,3Z

¡ I  s
3  £  ce

Td o
o  <*>O =¡

• y Ë-o Oa -re

-ow  o;

•S ~a<u43  a;
h Qh
3 d)H Oh ^: ad 

- o  LO
2 co
f S g2 O w• ^  JP

S 'S í;

S p ,

fi B ° y>
c  S
ce ce

94

$ 
In

cl
ud

ed
 

in 
the

 
an

al
ys

es
 w

er
e 

no
rth

er
n 

red
 

ca
rd

in
al

s 
(C

ar
di

na
lis

 
ca

rd
in

al
is

), 
fie

ld 
sp

ar
ro

w
s 

(S
pi

ze
lla

 
pu

si
lla

) 
& 

w
hi

te
-th

ro
at

ed
 

sp
ar

ro
w

s 
(Z

on
ot

ri
ch

ia
 

al
bi

co
lli

s)
. 

re
fe

re
nc

es
: 

(1
) 

Ba
lph

 
19

77
, 

(2
) 

El
ga

r 
19

87
, 

(3)
 

Jo
hn

so
n 

et 
al.

 2
00

4,
 

(4)
 

Jo
hn

so
n 

et 
al.

 2
00

6,
 (

5)
 

Cr
es

sw
el

l 
19

97
, 

(6)
 

G
ol

db
er

g 
et 

al.
 2

00
1,

 
(7)

 
Pe

ar
so

n 
19

89
, 

(8
) 

M
on

ag
ha

n 
& 

M
et

ca
lfe

 
19

85



by excluding observations on higher abundances from the analyses (Cresswell 
1997). Several of these approaches violate statistical assum ptions (e.g., the 
independence of predictor variables, the absence of m easurem ent error on pre
dictor variables, and the absence of feedback effects of response variables on 
predictor variables). All of them  are unw anted, because they distract attention 
from w hat m ay be the m ost im portant effect of the spatial distribution of food -  
a change in  the abundance of foragers. The second com plication lies in the fact 
tha t none of the studies acknowledged the m ultivariate nature of their data; to 
study treatm ent effect on forager abundance, intake rate and the am ount of 
aggression, all investigators used univariate statistics. Such an approach pre
cludes the detection of effects on com binations of response variables, and it 
invokes the risk of an inflated type I error (Harris, 1975).

To solve these interpretational problems, the field experim ents could be rean
alyzed. Rather than doing so, we perform ed a new  field experim ent to describe 
effects of the spatial distribution of food on free-living foragers, and we took 
care to avoid the above-m entioned shortcom ings in the statistical analyses. In 
this experim ent, we provided wild birds w ith experim ental plots in  their usual 
foraging area, and we m anipulated the distribution of food by varying the dis
tance betw een a fixed num ber of regularly distributed food pits. We recorded 
the responses of visiting ruddy turnstones (Arenaria interpres; henceforth called 
turnstones), a species tha t we previously used to address the same question in 
laboratory experim ents on captive foragers (Vahl et al. 2005a,b). In analysing 
our experim ent, we used m ultivariate statistics and we tried to be consistent in 
acknowledging forager abundance as a response variable; ra ther than  treating 
variation in  forager abundance as nuisance, we treated it as one of the prime 
response variables. In the discussion, we examine w hether the use of univariate 
statistics and the use of ANCOVAs (which treat forager abundance as nuisance) 
would have affected our results, and we reflect on the w ay in which m ultivari
ate analysis helps to clarify the research question.

M e t h o d s

We designed our experim ent according to a random ized block design: we stud
ied the effect of one treatm ent factor -  the distance betw een food pits -  w ith 
three levels (10, 20 and 30 cm) and we blocked our observations in  groups of 
three trials (we refer to these blocks as ‘triplets’) to minimize variation due to 
m easurem ents at different m om ents in time. The experim ent consisted of 10 
triplets, each containing all three inter-pit distances once (in random  order). 
There was one missing value and hence we had 29 data points.

We studied treatm ent effects on three response variables: the number, intake 
rate and the am ount of aggressive behaviour of turnstones. As plot size varied

95

S
p

a
t

ia
l 

c
l

u
m

p
in

g
 

& 
f

r
e

e
-l

iv
in

g
 

f
o

r
a

g
e

r
s



C
h

a
pt

e
r

 
4

between treatm ents, the density of turnstones did not have a one-to-one relation
ship w ith the num ber of turnstones. Moreover, the experimental plots did not 
only attract turnstones, but also sanderlings (Calidris alba), red knots (Calidris 
canutus), laughing gulls (Larus atricilla), herring gulls (Larus argentatus), ring
billed gulls (Larus delawarensis) and starlings (Sturnus vulgaris). To see w hether 
conclusions w ould be different if m easures of abundance other than  the num ber 
of turnstones were used, we repeated all analyses using (1) the density of tum - 
stones (#m "2), (2) the biomass (kg), or (3) the biomass density (kgm-2) of all 
species present on the experim ental plot as the m easure of abundance.

S t u d y  s y s t e m  a n d  s u b j e c t s

The experim ent was conducted a t one of the beaches of Delaware Bay, U.S.A., 
on five days betw een 24  and 30 May 2003. Delaware Bay is one of the most 
im portant spring stopover sites for shorebirds along the east coast of North 
America (Clark et al. 1993). Turnstones are am ong the m ost abundant species 
in  the bay, w ith peak counts of over 100.000 individuals (Clark et al. 1993). 
The m ain food source for turnstones foraging in  this bay are the eggs of horse
shoe crabs (Limulus polyphemus; Tsipoura & Burger 1999). Turnstones forage 
on loose eggs tha t are brought to the beach surface by the re-working of waves, 
tides, and bioturbation of horseshoe crabs and other fauna (Kraeuter & Fegley 
1994; Sherm an et al. 1994) b u t they are also able to dig up clusters of eggs 
buried in the sand (Sullivan 1986; Tsipoura & Burger 1999). In doing so, they 
attract individuals of several other species (Myers et al. 1979) tha t cannot reach 
buried eggs themselves. In 2003 the am ount of food on the beaches was rela
tively low (Smith & Bennett 2004) and turnstones got crab eggs m ainly by dig
ging for them  in the sediment.

S t u d y  s it e  a n d  e x p e r im e n t a l  set-u p

The experim ent was perform ed a t one beach in the village Reed’s Beach, Cape 
May County, New Jersey. This beach is quite small (depth x w idth: 10 x 90 m). 
It is unique in  tha t it is enclosed by 2 m  high walls on all b u t the bay-side. 
Hence, the beach has a basin-like appearance. Since this beach was completely 
flooded a t high tide, and since at low  tide the birds would be far out on the 
m udflats, we conducted all trials a t incoming or outgoing tides (X ± SD = 
2.32 ± 0.33 h before and 1.34 ± 0.46 h after high tide). Triplets took 45 m in at 
m ost (X ± SD =  34.6 ± 5.3 min).

In each trial we created one experim ental plot a t approxim ately 3 m  from the 
w ater line. To m ark experim ental plots for the observers, we placed black 
stones, which were abundant on the beach, on their com ers. Each plot con
tained 25 food pits, positioned in a regular 5 x 5  grid. Food pits were holes of 
approxim ately fixed size and cylindrical shape; we created them  by pressing a 
film canister in the sand (diam eter: 31 mm; depth: 51 m m ). In each pit, we
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placed a spoonful of crab eggs (X ± SD =  4.2 ±  0.7 g, N =  50), corresponding 
to approxim ately 750 eggs (1 gram  of eggs =  183.1 ± 16.3 eggs [based on 9 
egg counts]), and a thin layer of sand (5.7 ±  0.2 ml, N =  10) to cover the eggs. 
The upper 4 cm of each pit was left em pty so tha t foragers could easily see the 
food pits. Eggs used in  the experim ental trials were isolated from sedim ent sam 
ples by élutriation, and had been stored at 4 °C for a t m ost one day. The experi
m ental food pits resembled the pits turnstones dug themselves to reach buried 
egg clusters, both in  size (depth: 51.3 ± 7.4 mm, N =  16) and shape, and tu rn
stones were eager to forage in  them . Importantly, food a t the experim ental plot 
was abundant and easy to gather relative to food in the direct neighbourhood of 
the experim ental p lot (as w as also clear from the strong preference of foragers 
for the experim ental p lo ts).

Between trials we experim entally varied the distance betw een food pits. The 
smaller two experim ental inter-pit distances (10 cm and 20 cm) fell below  the 
size range of turnstones (length: 210 -  255 mm; Haym an et ah, 1986). Never
theless, m onopolization of multiple food pits required the turnstones to move 
actively betw een food pits at each of the three inter-pit distances. While varying 
the distance betw een food pits, we kept constant the num ber of food pits per 
p lot and the num ber of eggs per food pit. Consequently, the size of the experi
m ental plot (0.25, 1.00 or 2.25 m 2) and the density of food pits (100, 25 or 11 
#m"2) varied concurrently w ith inter-pit distance. We think tha t the sim ultane
ous variation of several aspects of the distribution of food is inevitable in experi
m ents on the effect of the spatial distribution of food.

During each trial we recorded the behaviour of birds on the experim ental 
p lot w ith a video-cam era (Sony dcr-trv 900e), positioned on the veranda of one 
of the elevated houses bordering the beach. Experimental plots were only 20-30 
m  away from the camera. Although birds tha t foraged on the experim ental plot 
could see the observer and the camera, this did not seem to affect them, proba
bly because they w ere used to people, and because the observers were not actu
ally on the beach.

E x p e r im e n t a l  p r o c e d u r e

The same two observers (WKV & KM) conducted all trials together. To create an 
experim ental plot, one observer set foot on the beach from the site opposite to 
tha t of the camera. In doing so, he necessarily disturbed the birds foraging on 
the beach, which readily took off for another beach. However, new  birds would 
arrive even before the observer had left the beach, and the first birds generally 
started to feed on the experim ental plot w ithin the first m inute after prepara
tion. Video-recording started w hen the first turnstone entered the experim ental 
p lot and lasted for five m inutes. Trials in which (at any m om ent) more than 
three laughing gulls, an d /o r  more than  one herring guii or ring-billed guii were 
present w ere excluded from the experiment.
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V id e o  a n a l y s is  a n d  r e c o r d e d  b e h a v io u r

We analysed our video-recordings a t one-fifth of norm al speed, using The 
Observer 4.1 Event Recorder (Noldus Inform ation Technology 2002). To m ini
mize start-effects, such as a gradual rise in the num ber of foragers, we discard
ed the first 60 s of each record. To limit effects of resource depletion, digestive 
constraints and satiation, we additionally discarded the last 60 s of each record. 
Thus, we restricted all analyses to a 180 s time span. Because of an external dis
turbance one trial only lasted for about 220 s. After exclusion of the first 60 s, 
we therefore had only a 160 s interval for analysis. We extrapolated response 
variables for this trial by m ultiplying all events w ith a factor 180 /  160.

We calculated the abundance (either the num ber or the density) of foragers 
as the average of 5 s interval counts of the num ber of individuals per species on 
the experim ental plot. Collective biomass was estim ated by summ ing for all 
species the product of the average num ber of individuals (Table 4.2) and the 
m edian body mass of an  individual (sanderling: 71.5 g; turnstone: 137.0 g; red 
knot: 152.5 g; laughing guii: 320.0 g; big guii: 802.5 g; m ass values from del 
Hoyo et al. 1996, and starling: 82.5 g; Feare 1984). Note that, we grouped her
ring gulls and ring-billed gulls in the category “big gulls’, because our subjective 
observations suggest tha t the two species had the same effect on turnstones.

To determ ine intake rate and the am ount of aggression, we recorded the 
behaviour of focal turnstones. As focal individual we chose the turnstone closest 
to the centre of the experim ental plot. W hen a focal turnstone left the experi
m ental plot, we continued the analysis by recording the behaviour of a new  
focal bird. We approxim ated intake rate by m easuring the time spent digging in 
the food pits (%); w hen ‘digging’, turnstones w ere actively routing w ith their 
bill through the sand. We could not m easure intake rate directly, because plot 
size restricted the extent to which we could zoom in on the turnstones. 
However, digging time and intake rate (the num ber of swallowing m ovements)

Table 4 .2 . The number of individuals per species observed on the experimental plot. Given are 
the averages per treatment with the associated standard deviations and maxima in brackets

species 10

inter-pit distance (cm) 

20 30

turnstone 2.9 (1.3; 4.9) 9.4 (1.6 11.5) 12.1 (4.5; 20.9)

sanderling 2.0 (1.9; 4.9) 3.8  (2.8 7.6) 8.3 (8.2; 21.1)

red knot 0.1 (0.1; 0.3) 0.1 (0.4 1.2) 0.2 (0.4; 1.4)

laughing guii 0.4 (0.4; 0.9) 0.5 (0.5 1.4) 0.6 (0.9; 2.2)

‘big gulls’ 0.1 (0.1; 0.3) 0.0 (0.1 0.2)

COOOOÖ

s tarling 0.1 (0.1; 0.3) 0.1 (0.1 0.4) 0.2 (0.3; 0.7)
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were strongly correlated (R2 =  0.91, F i;67 =  641.7, P <  0.01) in  an observa
tional dataset gathered on nearby beaches by systematically recording the 
behaviour of foraging turnstones for 60 s (N =  68). We m easured the am ount 
of aggression as the num ber of intra-specific agonistic interactions tha t focal 
turnstones perform ed per trial (# /1 8 0  s). Interactions comprised ‘fighting’, 
‘attacking’, ‘threatening’, ‘avoiding’ or ‘escaping’ (for a detailed description of 
the la tter four interaction behaviours: see Vahl et al. 2005b). In analyses based 
on all species, the am ount of aggression was m easured as the rate of all (intra- 
and inter-specific) interactions perform ed by focal turnstones.

D a t a  t r a n s f o r m a t io n  a n d  h y p o t h e s is  t e s t in g

We analyzed our data using the GLM procedure in SYSTAT 10 (SPSS Inc. 
2000), treating both  ‘triplet’ and ‘inter-pit distance’ as categorical factors. This 
procedure is able to handle missing values. In all graphs tha t include inform a
tion on triplets, we replaced the missing value w ith the associated treatm ent 
average. We log-transform ed all response variables (Vahl et al. 2005a, b). In the 
analyses, we did not replace the missing value; to study the effects of our treat
m ent factor, we ran  a MANOVA on the com bination of the three response vari
ables -  the num ber of turnstones, the time spent digging and the rate of in tra
specific interactions. We repeated this analysis trice, using either the density of 
turnstones, the biomass of all species or the biomass density of all species as 
m easure of abundance. In each of the four MANOVAs, we used a 0.01 signifi
cance level. This implies tha t the overall experim entwise error rate did not 
exceed 0.04. We judged assum ptions of norm ality and hom oscedasticity by 
visually inspecting probability plots (Miller 1997).

R e s u l t s

The distance betw een food pits had a significant effect on the com bination of 
the num ber of turnstones on the experim ental plots, their intake rate, and the 
am ount of their aggression (Table 4.3). There was alm ost no overlap betw een 
the com bination of the three response variables at the three inter-pit distances, 
as is clear from both  the m ultivariate representation -  the three clouds of 
points were clearly separated (Figure 4.1 A) -  and from the strong correlation 
betw een the inter-pit distance and the first canonical varíate (Table 4.3). The 
m ost pronounced effect w as on the com bination of the num ber of turnstones 
and the of am ount of their aggression (Figure 4 .ID ), and on the com bination of 
the num ber of turnstones and their intake rate (Figure 4.1B); the com bination 
of the am ount of aggression and intake rate was no t so m uch affected (Figure 
4.1C). The com bination of response variables a t the smallest inter-pit distance 
differed m ainly from tha t at the two larger inter-pit distances in  that fewer turn-
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Table 4 .3 . The effect o f inter-pit distance (X) on the number of foragers (Y i), the percentage 
of time turnstones spent digging (Y2) and the rate of agonistic interactions (Y3 ). Given are 
MANOVA results, the canonical correlations regarding inter-pit distance (X), and the associated 
canonical loadings, on log-transformed data Effects significant at the 0.01 level are indicated 
by bold P-valuesf

df

m ultivariate ANOVA 

Yi Y2 Ys 

va lue! p P

triplet 2 7 ,4 4 0.19 1.2 0.25

inter-pit distance (X) 6, 30 0.05 18.0 <0.01

canonical correlation analysis

X correlations loadings

r X2 d f P Yi y 2 y 3

variate 1 0.97 76.3 6 <0.01 -0.70 -0.17 0.08

variate 2 0.46 5.9 2 >0.05

t  The MANOVA results indicate th a t the com bination of the three (log-transform ed) response vari
ables differs significantly betw een the three inter-pit distances, but not betw een the ten  triplets. The 
canonical correlation analysis gives the correlation (r) betw een inter-pit distance (X) and tw o canoni
cal variâtes, w hich are com pound variables form ed by the linear com bination of response variables 
th a t results in the greatest am ount of am ong-group to w ithin-group variation. Inter-pit distance is 
strongly and significantly correlated  w ith  the first canonical varíate, but not w ith  the second. The 
canonical loadings indicate the correlation betw een the first canonical variate and  each of the three 
response variables; as it tu rns out, it is the num ber of tu rnstones (Yi) th a t is m ost closely aligned 
w ith  the first canonical variate.
$ Value given is Wilks’ lam bda; other m ultivariate statistics led to identical conclusions.

stones were present a t the sm allest inter-pit distance (Figs 1A, D and G). The 
com bination of response variables, however, also differed betw een the two larg
er inter-pit distances; w hen food pits were 20 cm apart, the turnstones, which 
were present in slightly low er num bers than w hen food pits were 30 cm apart, 
in teracted more w ith each other (Figs 1A, D and F).

The effect of inter-pit distance on the com bination of response variables is 
furtherm ore apparent from the correlations am ong the responses variables 
(Table 4.4); inter-pit distance affects the correlation betw een the num ber of 
turnstones and both  the time spent digging (Figure 4.1B) and the rate of ago
nistic interactions (Figure 4 .ID ). Especially the la tter correlation depends much 
on w hether or not variation in inter-pit distance is acknowledged. Overall, that 
is , w hen  variation in inter-pit distance is neglected, the num ber of turnstones is 
uncorrelated w ith the rate of agonistic interactions, while w hen variation in 
inter-pit distance is acknowledged, the num ber of turnstones and the am ount of 
aggression are clearly positively correlated (Figure 4 .ID).
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Figure 4 .1 . Effects o f the distance betw een food pits on the three response variables -  the 
number of turnstones, the time spent digging (our measure of intake rate) and aggression. In 
all panels, symbols (circles, triangles and squares) indicate inter-pit distance (10, 20 and 30  
cm, respectively). Panel A gives the three-dimensional relationship betw een the three response 
variables. The panels B-D and the panels E-G give the two- and one-dim ensional projections 
of this three-dimensional relationship, respectively. Note that panel E features twice. In panels 
A-D symbols represent averages per trial. In panels B-D ellipses indicate the 95% confidence 
intervals o f the m ean for each inter-pit distance (confidence intervals for the intermediate 
treatment level are dashed). In panels E-G symbols represent averages per treatment level, 
and error bars indicate one standard error of the treatment averages. The thin grey lines con
nect observations within triplets; they represent the ten blocks of our randomized block 
design.
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Table 4 .4 . Correlations among the three (log-transformed) response variables -  the number of 
turnstones (Yi), the time spent digging (Y2), and the intra-specific interaction rate (Y3). For 
each pair of response variables, the simple (unconditioned) correlation coefficients are given, 
as well as the 1 st, and 2 nd order correlation coefficients conditioned on either the block factor 
triplet, the distance between food pits (X), or both (as indicated by the set of variables given 
within braces) t

N =  29 

pair

simple

(partial) correlation coefficients 

1st order 2nd order

set I's set rs set I's set rs

Y1Y2 {-} 0.59 {X} 0.50 {triplet} 0.61 {triplet, X} 0.36

Y1Y3 {-} 0.13 {X} 0.65 {triplet} -0.04 {triplet, X} 0.61

Y2Y3 {-} -0.09 {X} 0.01 {triplet} -0.19 {triplet, X} -0.03

t  The effect of the distance between food pits on the correlations between the response variables can be studied in 
two ways: (1) simple correlations can be compared w ith first order partial correlations conditioned on the distance 
between food pits, and (2) first order partial correlations conditioned on the block factor triplet can be compared 
with the second order partial correlations conditioned on both the block factor triplet and the distance between food 
pits.

T u r n s t o n e  d e n s it y

Even though turnstones were present in higher num bers w hen  the distance 
betw een food pits was larger, their density was lower a t this condition. Effects 
on the num ber and the density of turnstones could be different because the dis
tance betw een food pits also affected the size of experim ental plots; the surface 
area of experim ental plots was nine times larger w hen food pits were far apart 
than  w hen  food pits were close together. Analyses based on the density of tu rn 
stones yielded qualitatively the same results as analyses based on the num ber of 
turnstones: inter-pit distance had a strong (r =  0.89) and significant effect on 
the com bination of the three response variables (Wilks’ lam bda =  0.17, F6,3o = 
7.1, P <  0.01). The m ain difference betw een the three inter-pit distances was in 
the com bination of turnstone density and intake rate and in the com bination of 
turnstone density and the am ount of aggression: w hen food pits were 30 cm 
apart, turnstone density w as about half of that a t the two sm aller inter-pit dis
tances (Figure 4.2B), w hereas intake rate was som ew hat higher and the 
am ount of aggression lower than at the two smaller inter-pit distances. That 
turnstone density did not differ significantly betw een the 10 cm and the 20 cm 
treatm ent suggests that the increase in  the num ber of turnstones betw een these 
two treatm ent levels was proportional to the corresponding increase in  plot 
size.
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Figure 4 .2 . The effect o f the distance betw een food pits on (A) the number and (B) the densi
ty of turnstones, and on (C) the biomass and (D) the biomass density of individuals of all 
species on the experimental plot. Symbols represent averages per inter-pit distance, error bars 
represent one standard error of these averages, and thin grey lines connect observations w ith
in triplets and represent the ten blocks. Note that panel A corresponds to Fig. 2.1G.

A ll  s p e c ie s

Effects of inter-pit distance on the biomass and the biomass density of the indi
viduals of all species together were similar to effects on the num ber and density 
of turnstones (Figure 4.2). With increasing distance betw een the food pits, the 
biomass of all species together increased (Figure 4.2C), bu t no t so m uch as to 
be proportional to the increase in  plot size; therefore, the biom ass density of all 
species together decreased w ith inter-pit distance (Figure 4.2D). Effects on the 
rate of intra- and inter-specific interactions together w ere also similar to those 
on the rate of intra-specific interactions alone (Figure 4.3). Even though the 
num ber of individuals of species other than  turnstones w as substantial, most 
interactions of focal turnstones were directed a t conspecifics; a t all three inter- 
p it distances, the rate of inter-specific interactions (Figure 4.3B) was m uch
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Figure 4 .3 . The effect of the distance betw een food pits on (A) the rate o f intra-specific inter
actions, (B) the rate o f inter-specific interactions, and (C) the rate of all (intra- and inter-spe- 
cific) interactions. Symbols represent averages per inter-pit distance, error bars represent one 
standard error o f these averages, and thin grey lines connect observations within triplets and 
represent the ten blocks. Note that panel A corresponds to Figure 4.1F, but that the ordinate 
has a different range.

low er than  the rate of intra-specific interactions (Figure 4.3A). Most inter-spe- 
cific interactions comprised of attacks and threats towards the m any sanderlings 
tha t tried to share the food pit owned by the focal forager, and escapes and 
avoidances from the occasional guii tha t was attracted by the experim ental plot. 
Statistically, treatm ents effects on biomass and biomass density w ere also highly 
com parable to those on the num ber and the density of turnstones, respectively.

D is c u s s io n

The spatial distribution of food strongly affected the behaviour and success of 
the free-living foragers participating in  our experim ent. M ultivariate analysis 
showed tha t it was the com bination of, especially, the num ber of turnstones and 
the am ount of their aggressive behaviour tha t depended on the spatial distribu
tion of food. Inspection of the correlation coefficients also revealed tha t the cor
relation betw een the num ber of turnstones and both  their intake rate and their 
aggressive behaviour depended on the distance betw een food pits. The im m edi
ate lesson that can be draw n from this finding is tha t there was no t a one-to- 
one relationship betw een the am ount of food and the com bination of the three 
response variables; the same am ount of food yielded a different com bination of 
the three response variables, depending on the spatial distribution of the food.
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This implies tha t to reliably predict the number, intake rate and am ount of 
aggressive behaviour of turnstones, the spatial distribution of food has to be 
known. Additionally, these findings imply tha t the pressure exerted by tum - 
stones on their prey varied w ith the distance betw een food pits; w hen food was 
spaced out, the product of intake rate and the num ber of foragers (the ‘foraging 
pressure’) was higher (Figure 4.4). This illustrates the idea tha t reduced preda
tion pressure as a result of increased predator interference m ay be an im portant 
advantage of clumping to prey, as was pointed out by Taylor (1977). Although 
clearly outside the scope of this study, this suggests tha t the small-scale distribu
tion of food m ay ultim ately affect the dynamics of both predators and their 
prey.

100 -

10 -

1 0  2 0  3 0

inter-pit 
distance (cm)

Figure 4 .4 . The estim ated foraging pressure per inter-pit distance. Foraging pressure w as cal
culated as the product of the average number of turnstones and the time spent digging per 
trial. Symbols represent averages per inter-pit distance, error bars represent one standard 
error of these averages, and thin grey lines connect observations within triplets and represent 
the ten blocks.

While the num ber of turnstones increased w ith inter-pit distance, the density 
of turnstones decreased. This shows tha t the relationship betw een the num ber 
of foragers and surface area is no t one-to-one; ju st as the relationship betw een 
the num ber of foragers and the am ount of food, this relationship depends on 
the spatial distribution of food. Effects on the biomass and the biomass density 
of all species on the experim ental p lot strongly resembled these effects on the 
num ber and the density of turnstones, suggesting tha t effects of the spatial dis
tribution of food are general over species, conform the findings of Pearson 
(1989). The general conclusion tha t can be draw n from tests tha t use either 
turnstone density, all species biom ass or all species biomass density as m easure 
of abundance, is the same as tha t from tests tha t use the num ber of turnstones:
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the spatial distribution of food affects the com bination of the abundance, intake 
rate and am ount of aggression of free-living foragers.

As p lot size, food density and inter-pit distance varied concurrently, we can
n o t determ ine to w hich of these three aspects of the food distribution the for
agers responded. Although this m ay seem as a flaw to the experim ental design, 
we think that sim ultaneous variation of various aspects of the distribution of 
food is inevitable. Indeed, in  all field experim ents on the effect of the spatial 
distribution of food, several aspects of the distribution of food varied concur
rently. We think that effects of the various aspects of food distribution can only 
be disentangled by perform ing a sequence of experiments tha t vary in  the 
aspects of food distribution that are sim ultaneously m anipulated. Meanwhile, 
we need to be careful in  attribution  treatm ent effects to specific aspects of the 
food distribution, and we need to take in  account the subtle differences 
betw een experim ents w hen com paring experiments.

C o m p a r i s o n  w i t h  p r e v io u s  w o r k

Our results deviated from those of previous field experim ents in tha t none of 
the previous experim ents detected effects on the com bination of response vari
ables. To see w hether we would have reported different m ain effects of the spa
tial distribution of food on each of the three response variables if we had not 
analysed our data using m ultivariate statistics, we perform ed ANOVAs on each 
of the three response variables (see APPENDIX A). Similarly, to study w hether 
we would have draw n different conclusions regarding the correlations of the 
num ber of foragers w ith intake rate and am ount of aggression and regarding 
the treatm ent effects after correction for variation in the num ber of foragers, we 
perform ed ANCOVAs on intake rate and am ount of aggression, w ith the num ber 
of turnstones as a covariate (see APPENDIX B).

Based on the ANOVA test results we would have concluded tha t the distance 
betw een food pits had a significant m ain effect only on the num ber of tum - 
stones on the experim ental plot, and not on their intake rate, nor on the 
am ount of their aggression. These findings would have corresponded to the 
results of Balph (1977) and Johnson et al. (2004, 2006), w ho also found the 
num ber of foragers to increase w ith plot size, and to the results of Johnson et 
al. (2006), w ho also reported p lot size not to affect intake rate (Table 4.1). 
However, these results would have contradicted the general finding that 
am ount of aggression decreases w hen  food is spaced out. Based on the ANCO- 
VA test results, we would have concluded tha t neither the distance betw een 
food pits nor the num ber of turnstones affected the intake rate of turnstones, 
and that both the distance betw een food pits and the num ber of turnstones 
affected the rate of intra-specific interactions. These results would have corre
sponded to those of Balph (1977), Johnson et al. (2004) and Cresswell (1997) 
in  the treatm ent effects found after correction for variation in the num ber of

106



foragers, bu t they would have differed from the results found by m ost other 
field experim ents w ith regard to the correlations betw een the num ber of for
agers w ith intake rate and am ount of aggression (Table 4.1).

A d d e d  v a l u e  o f  t h e  m u l t iv a r ia t e  a n a l y s is

The m ost obvious virtue of our m ultivariate analysis is that we were able to 
detect an  effect of the distance betw een food clumps on the com bination of the 
num ber of foragers and the am ount of their aggression. This would no t have 
been possible if we w ould have use univariate statistics, w hether we had cor
rected for variation in  the num ber of turnstones (ANCOVA) or not (ANOVA). 
The use of statistical tests, however, should no t be m ade dependent on the 
experim ental results only. Rather, tests should be selected on the basis of their 
m atch w ith the experim ental design. The use of ANCOVAs to detect treatm ent 
effects in experim ents in  which forager abundance is a response variable, for 
instance, can no t be justified because it violates several statistical assumptions 
(Sokal & Rohlf 1995). For instance, analysis of covariance assumes independ
ence of the covariate and the response variable. That forager abundance would 
be independent of either intake rate or am ount of aggression is no t at all obvi
ous. Feedback effects of the rate of intra-specific interactions on the num ber of 
turnstones, are, for instance, quite likely, given that the prime reason of aggres
sion m ay be to lower the num ber of competitors. Similarly, analysis of covari
ance assumes that the covariate itself is not affected by the treatm ent. In most 
field experiments, the num ber of foragers was affected by the spatial distribution 
of food. In our experiment, the num ber of turnstones was even the response 
variable that was affected m ost strongly by the distance betw een food pits. Also, 
analysis of covariance assumes that the covariate is m easured w ithout error and 
that it is under control of the investigators. Such was clearly not the case for the 
num ber of turnstones and therefore the ANCOVA results may be biased.

Perhaps more importantly, however, the correct identification of the relation
ship betw een the various variables involved in the experim ent helps to clarify 
the w ay in  which the experim ental results are to be interpreted. In experiments 
in  which the num ber of foragers is an uncontrolled response variable, feedback 
effects of aggression and intake rate on the num ber of foragers are possible; in 
response to changes in  am ount of aggression and intake rate, foragers m ay 
adjust their distribution over food patches. Interpretation of the results of such 
experim ents therefore requires considerations on patch choice decisions of the 
foragers. In experim ents in which the num ber of foragers is experim entally con
trolled and thus a predictor variable, on the contrary, feedback effects of aggres
sion and intake rate on the num ber of foragers are deliberately excluded and 
experim ental results can be interpreted w ithout considerations on patch choice. 
This implies tha t w hether or not the num ber of foragers is experim entally con
trolled actually changes the research question that can be addressed. If the
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num ber of foragers is experim entally controlled, the effects the spatial distribu
tion of food on intake rate and am ount of aggression can be studied per se; if 
the num ber of foragers is no t experim entally controlled it is the consequences 
of these effects on the distribution of foraging animals over patches of food and 
the resulting relationships betw een the num ber of foragers, intake rate and 
am ount of aggression tha t can be studied. These are different things; even w hen 
the same effects of the spatial distribution of food on intake rate and am ount of 
aggression per se operate in  experim ents in which the num ber of foragers is 
experim entally controlled as in experim ents in  which the num ber of foragers is 
n o t experim entally controlled, these two kinds of experim ents can yield differ
en t results. One im plication of this insight is tha t it can not easily be determ ined 
w hether captivity affects the relationship betw een spatial clumping, aggression 
and intake rate. To ju st compare results of experim ents on free-living foragers 
w ith results of experim ents on captive foragers does no t suffice, because these 
experim ents differ in  w hether they used captive or free-living foragers and  in 
w hether or no t they excluded patch choice decisions.
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A p p e n d i x  4 A :  U n iv a r ia t e  a n a l y se s

To study w hether univariate analysis of each of the three response variables 
w ould have led to different conclusions than the m ultivariate analysis, we rean
alyzed our data using ANOVAs on intake rate, on the rate of intra-specific in ter
actions and on the num ber of turnstones, after log-transforming each of these 
three response variables. In these ANOVAs, inter-pit distance (X) was included 
as a (categorical) treatm ent factor, and triplet as a (categorical) block factor. To 
facilitate com parison of conclusions w ith conclusions draw n in the m ain text, 
we used a 0 .0 1  significance level in all tests in both  appendices.

We found that the distance betw een food pits had a significant effect on the 
num ber of turnstones on the experim ental plots (F2 4 7  =  66.5, P < 0.01), but 
not on the intake rate of these turnstones (F2 4 7  =  3.8, P =  0.04), nor on the 
am ount of their aggressive behaviour (F2 4 7  =  3.2, P =  0.07). The largest m ain 
effect on the num ber of turnstones was betw een the two smallest inter-pit dis
tances; w hen food pits were 2 0  cm apart, more than three times as m any tu rn
stones were attracted by the same num ber of food pits and the same am ount of 
food than  w hen food pits were 10 cm apart (Figure 4.1G). The intake rate of 
turnstones, m easured as the percentage of time tha t focal turnstones spent dig
ging, increased w ith the distances betw een food pits, b u t treatm ent averages did 
not differ significantly (Figure 4 .IE). Similarly, the rate of intra-specific interac
tions was lower w hen food pits were 30 cm apart than w hen they were 10 or 20 
cm apart, bu t the overlap betw een treatm ents was substantial, and this effect 
was not statistically significant (Figure 4 .IF). The block factor triplet did not 
explain variation in any of these three responses (statistics not shown; Figs IE, F 
and G).
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A p p e n d ix  4 B :  A n a l y s e s  o f  c o v a r ia n c e

To study w hether a univariate analysis tha t treats the num ber of foragers as a 
predictor variable would have led to different conclusions than the m ultivariate 
analysis presented in  this paper, we reanalyzed our data using ANCOVAs on log- 
transform ed intake rate and log-transform ed rate of intra-specific interactions. 
In these ANCOVAs, inter-pit distance (X) was included as a (categorical) treat
m ent factor, triplet as a (categorical) block factor, and the num ber of turnstones 
as a covariate (C). Additionally, the interaction betw een the treatm ent factor 
and the covariate (X-C) was included.

W ith regard to intake rate, we found the slope of the regression line of intake 
rate on the num ber of turnstones to be the same for all three inter-pit distances 
(as indicated by the non-significance of the interaction term  (X-C): F2 4 4  = 1 .7 ,  
P =  0.22). After removing the interaction term  from the model, we found that 
intake rate actually did no t depend on the num ber of turnstones (as indicated 
by the non-significance of the covariate (C): F1 1 6  =  2.3, P =  0.15). After 
removing the covariate from the m odel (which reduced the model to a simple 
ANOVA) we found tha t the distance betw een food pits did no t significantly 
affect intake rate either (X: F2,17  =  3.8, P =  0.04). Based on this analysis, we 
would conclude tha t intake rate w as about the same a t each inter-pit distance 
and tha t variation in  intake rate w as independent of variation in the num ber of 
turnstones.

Performing the same analysis on the rate of intra-specific interactions, we 
found the slope of the regression line of am ount of aggression on the num ber of 
turnstones to be the same for all three inter-pit distances (X-C: F2 4 4  =  0.8, P = 
0.48). After removing the interaction term  from the model, we found that the 
rate of intra-specific interactions w as significantly affected by both  the distance 
betw een food pits (X: F2 4 6  =  9.3, P <  0.01) and the num ber of turnstones (C: 
F t,16 =  9.3, P <  0.01). Post hoc com parisons (Bonferroni m ethod) revealed 
tha t it w as the largest inter-pit distance that differed significantly from the two 
smaller ones (1 vs 2: -0.49, P =  0.08; 1 vs 3: -0.85, P <  0.01; 2 vs 3: -0.36, P < 
0.01). Based on this analysis we w ould conclude tha t inter-pit distance signifi
cantly affected the turnstones’ am ount of aggressive behaviour, as did the num 
ber of turnstones.
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A f t e r t h o u g h t s  o n  c h a p t e r  4

W hen forager density is not under experim ental control, foragers m ay adjust 
their distribution over food patches. We argued therefore that in such studies 
the density of foragers should be treated as an uncontrolled response variable, 
ju st as intake rate and the am ount of aggression are. Only in experim ents in 
which forager density is experim entally controlled, effects of forager density on 
intake rate can be studied per se. Here, I present three ideas tha t follow on this 
insight. First, I discuss how  the experim ent presented in chapter 4 can be in ter
preted as a patch choice experim ent. Second, I discuss the relationship betw een 
the generalized functional response and the aggregative response. Third, I dis
cuss the extent to which the generalized functional response can be determ ined 
through observations on foraging animals tha t are free to choice am ong food 
patches.

A  SEQUENTIAL PATCH CHOICE EXPERIMENT

The general approach to study patch choice decisions is to provided several 
patches to one or more foraging animals sim ultaneously (for a review: see 
Tregenza, 1995). Our experim ent was no t set up in such a way. Instead, in  each 
trial, we provided free-living birds w ith a single experim ental food patch. This 
set-up can be interpreted as a ‘sim ultaneous’ patch choice experim ent in which 
foragers could choose betw een the experim ental patch and ‘the environm ent’. 
Interpreted in this way, our experim ent would make a ra ther w eak patch choice 
experim ent, because we have little quantitative inform ation about the quality of 
the environm ent. However, there m ay be another, more fruitful w ay of looking 
a t our experiment.

To minimize variation due to m easurem ents at different m om ents in  time, 
we perform ed trials in groups of three (‘triplets’), w hereby each treatm ent level 
of the factor inter-pit distance featured once in  each triplet. Under the assum p
tion that the environm ent was constant throughout triplets, the w ithin-triplet 
response of the free-living birds to the three treatm ent levels can be interpreted 
in  term s of patch choice. Such an in terpretation would render our experim ent 
as a sequential patch choice experim ent. Let me make this clear by com paring 
predictions of the ideal-free-distribution m odel w ith our experim ental results.

In its original form (Fretwell and Lucas 1970), the ideal-free-distribution 
m odel predicts patch quality to affect the num ber of foragers, b u t no t their 
intake rate; more foragers should gather in  the better patches, b u t as a conse
quence the intake rate of all foragers should be the same (no predictions are 
m ade regarding the am ount of aggression). If the intrinsic quality of patches is 
assum ed to increase w ith the extent to which food is spaced out, these predic
tions of the ideal-free-distribution m odel would imply tha t the num ber of tu rn
stones on the experim ental plots should be higher w hen food is more spaced
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out, w hereas the time spent digging (our m easure of intake rate) should be the 
same at each of the three inter-pit distances. Thus, interpreted as a sequential 
patch choice experiment, our data would actually m atch the predictions of the 
ideal-free-distribution model. Although this m atch should be treated w ith cau
tion1, I think the example nicely shows how  our experim ent can be interpreted 
as a sequential patch choice experiment.

Although we never designed our experim ent for this reason, our design m ay 
have one advantage over sim ultaneous patch choice experiments. For foragers 
it m ay be easier to distinguish betw een one experim ental patch and the envi
ronm ent than betw een two (or more) experim ental patches, because foragers 
are presum ably more fam iliar w ith their environm ent than  w ith experim ental 
patches, and because experim ental food patches usually differ less from each 
other than  from the environm ent. The downside of this is that a difference in 
knowledge of the environm ent and of experim ental patches introduces the 
question of how  animals cope w ith risk.

R e l a t in g  r e s p o n s e s

The notion tha t the in terpretation of experim ents as studying the direct causal 
effects of forager density or as studying the consequences of such effects 
depends on w hether or not forager density is experim entally controlled, m ade 
m e reconsider the relationship betw een the generalized functional response and 
the aggregative response. First, I thought about these two responses as quite 
distinct. Now I have come to think of them  as intim ately related. In the absence 
of patch choice, that is, w hen animals are forced to forage on a specific patch, 
there is bu t one relationship; the generalized functional response. As I said in 
the General introduction, this response describes the relationship betw een food 
density, forager density and intake rate. To em phasis the fact tha t it captures the 
functional response and w hat has been  referred to as the interference response, 
I think it m ay be illum inating to visualize this relationship in three dimensions, 
together w ith its two-dim ensional projections (Figure 4.5): the functional 
response and the interference response can be found by projecting the 3-d rela
tionship (Figure 4.5A) on the food density -  intake rate plane (Figure 4.5B) and 
the forager density -  intake rate plane (Figure 4.5C), respectively.

The aggregative response cannot be derived from the generalized functional 
response directly. To do so requires the use of a m odel tha t specifies how  ani
mals distribute themselves over food patches (a ‘distribution m odel’). W hat this 
m odel does, is to specify w hat com binations of food density, forager density and 
intake rate will be realized. The ideal-free-distribution m odel, for instance, pre
dicts tha t a t any m om ent in time, animals will achieve the same intake rate at 
different com binations of food density and forager density, that is, all observa
tions will lie on lines of equal intake rate (‘isoclines’; Figure 4.6A-C). Once the 
w ay foraging animals distribute themselves over food patches has been speci-
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Figure 4 .5 . Example o f a generalized functional response curve, that is, the relationship 
between food density, forager density and intake rate (A). This response extends the well- 
known relationship between food density and intake rate -  the functional response (B) -  by 
accounting for a negative effect of forager density on intake rate (C). The latter two relation
ships can visually be derived from the generalized functional response by projecting lines of 
constant forager density ƒ  and food density x  on the food density - intake rate and the forager 
density -  intake rate plane, respectively. Note that forager density is plotted on a logarithmic 
scale.

fied, the aggregative response can be found visually by projecting the general
ized functional response on the food density -  forager density plane (Figure 
4.6D). How the aggregative response can be derived from the generalized func
tional response analytically was explained by van der M eer and Ens (1997).

D e t e r m in in g  t h e  g e n e r a l iz e d  f u n c t io n a l  r e s p o n s e

One implication of the above line of thinking is tha t the generalized functional 
response can be determ ined both  in the absence and in  the presence of patch 
choice. To see tha t this is the case, it should be realized tha t all observations on 
food density, forager density and intake rate in m ulti-patch situations (i.e., in 
the presence of patch choice) lie on the generalized functional response (Figure 
4.6). This implies tha t by collecting enough data of animals foraging in m ulti
patch situations, it should be possible to determ ine the generalized functional
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Figure 4 .6 . Predictions (black dots) of the realized combinations o f food density, forager den
sity and intake rate in a four-patch system. These predictions are generated from the com bina
tion o f a generalized functional response (thin grey lines) and the ideal-free-distribution 
model. At any m oment in time, only a very limited part o f the underlying generalized func
tional response is realized; all observations on intake rate lie on a straight line. Panels A-C as 
in Figure 4 .6 . Panel D give the aggregative response, i.e. the realized combinations of food 
density and forager density. The aggregative response can be derived from the realized gener
alized functional response (A) by projecting isoclines o f intake rate on the food density - for
ager density plane (D). Note that forager density is plotted on a logarithmic scale.

response. Hence, w hether observations are gathered in the absence or presence 
of patch choice does no t determ ine w hether or no t the generalized functional 
response can be determ ined; tha t can be done either way. W hat differs betw een 
the two types of observations is the ease w ith which they allow for determ ina
tion of this relationship.

Observations on foraging animals tha t cannot choose betw een food patches 
provide the m ost straightforward w ay to determ ine the generalized functional 
response, because such observations are not affected by feedback effects of 

g aggression an d /o r  intake rate on forager density. This implies that intake rate
<j can be m easured a t any experim entally determ ined com bination of food density
ü  and forager density, and thus tha t the generalized functional response can easi
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ly be determ ined for the whole range of relevant food densities and forager 
densities. In a m ulti-patch situation, on the contrary, foraging animals can 
choose betw een food patches, and hence feedback effects m ay come into play; 
foragers m ay adjust their distribution in  response to, or even in  anticipation of, 
interference effects. As a consequence, com binations of food density and for
ager density realized in  a m ulti-patch system will not be random ; instead, they 
will be inter-correlated (i.e., there will be collinearity). Certain com binations of 
food density and foragers density will feature less often than  other com bina
tions, and some com binations m ay no t be encountered at all. For instance, of 
high forager densities on patches w ith a low  food density, or observations of 
low forager densities on patches w ith high food density will no t often be real
ized. This implies that observations gathered from a m ulti-patch system m ay 
n o t easily reveal the entire generalized functional response. In fact, the m ay 
reveal only a very small part of it. Figure 4.6 illustrates the potential severity of 
this idea: according to the ideal-free-distribution model, a t any m om ent in  time, 
all observations on food density, forager density and intake rate will lie on an 
isocline of intake rate. This isocline lies on the generalized functional response, 
b u t it reveals only a very lim ited part of it. Of course, a larger part of the gener
alized functional response m ay be revealed by collecting observations over a 
longer period of time. However, doing so m ay increase the risk of confounding 
effects of uncontrolled factors. Thus, the generalized functional response can be 
determ ined from observation of animals foraging in  a m ulti-patch situation, bu t 
this involves two risks. Observations m ay reveal only a small part of the gener
alized functional response, so tha t interference effects are likely to be underesti
m ated, and they m ay be confounded by effects of uncontrolled factors.

N o t e

1 We never designed the experim ent to study patch choice decisions, and therefore too  
much emphasis on a match betw een experimental results and the predictions o f the ideal- 
free-distribution model w ould be opportunistic. Moreover, the assumption that patch qual
ity increases w ith inter-pit distance is not obvious. As is clear from chapters 3 and 5, the 
relationship betw een the distribution of food and the intrinsic quality o f patches may well 
differ for birds o f different dominance status. Also, the failure to detect an effect on the 
time spent digging (our measure of intake rate) may indeed be actual (as predicted by the 
ideal-free-distribution m odel), but it m ay also have been due to a lack of statistical power.
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