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ABSTRACT: This rev iew  exam ines the  question  w h e th er the  cu m u la tiv e  am o u n t of b en th ic  b iom ass 
rem oved  by feed ing  sh o reb irds on a certa in  in tertidal a rea  is lim ited  by th e  ren ew a l ra te  of ben th ic  food 
stocks. L im itations of cu rren t m ethods to estim ate  both p red ato ry  im pact by sh o reb irds and  h a rv estab le  
b en th ic  secondary  p roductiv ity  a re  d iscussed  first. A heuris tic  m odel is th en  p re sen te d  w hich 
su m m an ses all the  know n in te rre la ted  causal p rocesses (m echanism s) th a t co n n ec t food stocks an d  
shoreb ird  p red a tio n . Since th e  m ajority of term s in the  m odel a re  operationa l, it is possib le  to tran s la te  
them  into a sim ulation-m odel for a specific p red ato r-p rey  situation . Any in flu en ce  of b en th ic  food stocks 
on d ensities of feed in g  sh oreb irds w orks via the  p red a to r 's  se lec tion  o f accep ta b le  p re y  (i. e. availab ility  
and  profitability). S hort-term  d ensities of feed ing  shoreb ird s a re  thus lim ited  d irectly  by the  d ensity  of 
a ccep tab le  prey. C um ula tive  sho reb ird  p redation  m ay be lim ited  by th e  production  o f a ccep tab le  
biomass, w hich  is a rg u ed  to be  the crucial m easu rem en t to m ak e  to in v estig a te  w h e th e r  ben th ic  food 
supply  lim its shoreb ird  p red atio n  in the  long term . T he h eu ris tic  m odel p re sen te d  h e re  can  be  m odified 
to app ly  to o th er troph ic  system s.

INTRODUCTION

A key  p roblem  in un d e rs ta n d in g  the non-breed ing  
distribution of shorebirds  is w h e th e r  or not their  use  of 
particu lar  intertidal sites is limited by the  ben th ic  food 
supply  (Evans & D ugan  1984, Goss-Custard  1985). In 
saying this, it is of im m edia te  im portance to state w ha t  
is m e a n t  by 'their use ',  by 'being  limited' and  by 
'ben th ic  food supply'.  As I shall try to d isen tangle  
causa l processes  w hich rela te  the production of ben th ic  
food resources  to the am oun t of tha t production ev e n tu ­
ally harves ted  by foraging shorebirds, their use ' will be 
defined here  as the cum ulative am oun t of ben th ic  b io­
mass rem oved  by shorebirds  at a particular site over a 
season  or a year. (The term 'p redation  pressure '  is 
reserved  [or the description of interactions be tw een  
one p reda to r  and  one prey species.) The question  of 
w ha t  determ ines  (instantaneous) shorebird densities 
( 'their use ' in the short term) will be  implicit in the 
following discussions. Benthic food supply consist of 
'w ha t there  is' (s tanding stock/crop or biomass p re ­

sent), 'w ha t is lost' (predation  and  emigration) and  
'w h a t  extra  com es to it' (production/somatic  growth 
an d  immigration). It is, of course, the third term  which 
defines su s ta inab le  b en th ic  yield. If, on a seasona l or an 
an n u a l  basis a t  a par t icu lar  site, shorebirds  ea t  the  
sa m e am oun t  or more than  can  be rep laced  by  p roduc­
tion an d  imm igration , the  ben th ic  food supply would  
a p p e a r  limiting. An im portan t  question  m ay therefore 
be: do shoreb irds  (sometimes) harvest m ost or all of the 
b en th ic  food tha t  b ecom es  available  to them  through  
production  (plus immigration)?

Large losses due  to p reda t ion  by  shorebirds  relative 
to av e rag e  m acroben th ic  s tand ing  crops (i.e. depletion: 
Zwarts & D rent 1981, P iersm a & Engelm oer  1982, 
rev iew s in G oss-C usta rd  1980, 1984) or relative to 
an n u a l  p roduction  (Smit 1981) are  usually  considered  
to ind ica te  limiting food supplies (see N ew ton  1980 for 
som e early  warnings).  The absence  of m easu rab le  
dep le tion  then, is in te rp re ted  as food not be ing  in short 
supp ly  (Duffy et al. 1981, S chneider  1985a).

Believing tha t  ben th ic  productivity  can predic t the
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bird  dens ity  in an  estuary, Wolff (1983) w en t  so far as to 
form ula te  the  hypothesis  tha t the n u m b e r  of b ird-days 
sp e n t  on a certain  in tertidal area  is d e p e n d e n t  on 
es tu a r in e  prim ary production  b ec au se  of the coupling 
by  e s tu a r in e  ben thos '.  In other words, ben th ic  secon ­
dary  productiv ity  bea rs  a direct relation to p redatory  
im pac t  by  w ad e rs  and  o ther  e s tu a n n e  birds, and  th e re ­
fore sets  the  limits. This view implies tha t  m e a su re ­
m e n ts  of secondary  productivity, by m arine  biologists, 
can  b e  co m pared  with  es tim ates of the  am oun t  of 
b en th ic  b iom ass rem oved  by shorebirds (cf. S chneider
1981) to see  w h e th e r  b en th ic  food supply  is the  limiting 
factor.

In this p a p e r  I set out to exam ine  the  m ethodologies  
of m e a su re m e n t  of shorebirds ' p reda to ry  im pact and  of 
b en th ic  secondary  productivity. My aim is to explore 
the  ques tion  w h e th e r  the  2 fields of study  can be 
profitably l inked  in order  to find out w h e th e r  the 
cum ula t ive  am oun t  of ben th ic  biomass rem oved  by 
sho reb irds  at a certa in  site is limited by  ben th ic  food 
supply. In b r ing ing  all causa l relations b e tw e e n  benth ic  
an im als  an d  feed ing  shorebirds  toge ther  in a dynam ic 
model,  I h ave  tried to ta k e  the issues a s tep  further than  
Baird et al. (1985) in their  recen t rev iew  of this field of 
research .

MEASURING SHOREBIRD PREDATION

T h ree  types of investigation  have  b e e n  used  to m e a ­
sure  the  cum ula t ive  am o u n t  of ben th ic  b iomass 
r em oved  by  shoreb irds  from a certain  in tertidal area:
(1) d irect m e a su re m e n t  of in take  ra tes  by shorebirds,
(2) es t im ates  of the  total ene rgy  r eq u irem en t  of the 
sho reb ird  com m unity  on a certain area, and  (3) app l ica ­
tion of p red a to r  exclosure devices.

Total p reda tion  p ressu re  es tim ates  b ased  on direct 
visual m e asu rem en ts  of in take  m ultiplied by the 
dens it ie s  of the p reda to rs  have  hitherto  only b e e n  p u b ­
lished  for s tudies  of la rge -bod ied  shoreb ird  p redators  
feed ing  on w ell-de fined  la rge-s ized  prey: oystercatch- 
ers  H a em a to p u s  spp. (Horwood & G oss-C ustard  1977, 
O 'C o n n o r  & Brown 1977, Zwarts & D rent 1981, S u th e r ­
land  1982b, H ockey  & Branch 1984, Zwarts  & W anink  
1984), curlew s N u m e n iu s  arquata  (Zwarts & W anink  
1984) an d  gulls Larus spp. (Ambrose 1986).

T he  m ost widely  u sed  m e thod  to es t im ate  the  am ount 
of b en th ic  biomass rem o ved  by shoreb irds  has  b ee n  to 
t rans la te  counts of shorebirds on certain areas 
(densities) into es tim ates  of total m etabolic  d em an d s  of 
en t ire  shoreb ird  com m unities  at the sites, via a series of 
p red ic tive  equa tions  and  assum ptions (Hulscher 1975, 
S w e n n e n  1976, Wolff e t al. 1976, G oss-C ustard  1977, 
S um m ers  1977, Evans et al. 1979, H ale  1980, Puttick 
1980, G ran t  1981, Smit 1981, Bildstein et al. 1982,

Piersm a & E ngelm oer 1982, H ockey  et al. 1983). The 
assum ptions involve: predictive equations of energy  
requ irem en ts  from body mass; the relative requ irem ent 
of free-living individuals at different times of the year 
an d  at different physiological states; average  energetic  
va lues  of the food types; and  digestive efficiencies. 
This kind of es tim ate  of p reda to ry  impact is clearly very 
susceptib le  to inaccuracies in the  assumptions, and 
requ ires  extensive data  on metabolic requirem ents.  
T hese  have, until recently, b ee n  unavailab le  for 
shoreb irds  (but see S p eak m an  1984, Kersten & Piersma 
1987).

T he  third approach, w hich has met most popularity 
in the  N ew  World, is to use cages to exc lude shorebirds, 
b u t  not other ben th ic  p redators  such as crabs, shrimps 
an d  fishes, from foraging on certain areas. The differ­
en c es  b e tw e en  s tand ing  crop outside and  inside the 
p red a to r  exclosure after periods of p redation  are taken  
to be  indicative for the  p redatory  im pact of shorebirds 
(Hancock & U rquhart  1965, Goss-Custard  1977, Boates 
& Smith 1979, Bloom 1980, Duffy et al. 1981, Schneider  
& H arrington 1981, Walters et al. 1981, Q uam m en  
1984, S chneider  1985b). In some studies, cages to 
exc lude  both avian  and  non-avian  ben th ic  predators 
w ere  applied  (Kent & Day 1983, Q u a m m e n  1984). A 
com parab le  approach,  of using exclusion cages, has 
b e e n  extensively used  by m arine  biologists to study the 
complexities of ben th ic  com munity structure ' (Young 
et al. 1976, Edw ards & H u eb n e r  1977, Virnstein 1977, 
1979, Arntz 1978, Reise 1978, 1985, Peterson 1979, 
H olland  et al. 1980, Nelson 1981, M ahoney  & 
Livingston 1982, Federle  et al. 1983, Ambrose 1984, 
Botton 1984a, b, Sum m erson  & Peterson 1984, G ee et 
al. 1985). The in terpre ta t ion  of the results of exclosure 
exper im en ts  is sometim es difficult b ecau se  the exper i­
m en ta l  cages m ay have  other effects than  simply 
exc lud ing  shorebird  p reda tion  (Huiberg & Oliver 1980, 
Q u am m en  1981). Sed im en t alteration, the  inclusion or 
attraction  of u n w an te d  p redators  ( 'other predators 
m ove in to reap  the  rew ard ':  Goss-Custard  1980), and 
selective immi- or em igration  of the s tudied prey 
species, are the most com mon problems. Exclosures are 
therefore  most likely to be successfully applied  in 
short- term  studies in a reas  with tittle environm enta l 
dynam ics (sedim ent alteration), and  during periods of 
heavy  shorebird preda tion  (m easurable effects, and a 
relatively smaller im pact of possible al ternative p re d a ­
tors). So far, only Piersma (1986b) has a t tem pted  to 
com pare  the outcom es of all 3 m ethods of m easuring 
shorebirds ' p reda tory  impact. In that study, the differ­
en t  m ethods  to es tim ate  the  cum ulative predation  by 
m igra ting  shorebirds on a population  of the polychaete 
w orm  N ereis diversicolor  in a small es tuary  in Morocco 
dur ing  2 mo in spring, gave results rang ing  from 85 to 
120 % of the ave rag e  of the  3 estimates.
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PRODUCTION OF BENTHOS

The labour-in tensive  field and  laboratory work, and 
com plicated  calculations, that are required  to arrive at 
es tim ates  of secondary  production in benthic  o rg an ­
isms are usefully sum m arized  by Crisp (1984). I refer 
the reader  to his p ap e r  for details.  A shor thand  for 
sum m ariz ing  the productivity of a given species on an 
an n u a l  basis is the P/B-ratio (annual production 
d iv ided by ave rag e  biomass). Com parisons of P/B-val- 
ues  am ong  benth ic  species have led to the gene ra l iza ­
tion tha t P/B-values are negative ly  correlated with 
lifespan (that is: the shorter the  lifespan (i. e. average  
age!), the  h igher  the relative productivity) with no 
g rea t  differences in the  lifespan/relative productivity 
re la tionship b e tw e en  different taxonomic groups 
(Blueweiss et al. 1978, Robertson 1979). This m eans  
tha t  regu la r  m e asu rem en ts  of ben th ic  biomass, with 
som e k n o w ledge  abou t the  ag e  distribution and  the life 
histories of the  ben th ic  species u nder  study, could lead 
to useful es tim ates of the annua l ben th ic  production at 
a certain  site (Beukema 1981). This is a hopeful p e rs ­
pec tive  for the shorebird-biologist in te rested  in the 
secondary  productivity of a study site (see e.g. Piersma
1982).

T here  remain, however, at least 3 problem s inheren t  
to the  des ired  com parisons be tw e en  the  relevant val­
ues  for ben th ic  production and  the part of it rem oved  by 
feed ing  shorebirds. The first is d ue  to the  fact tha t not 
all the p roduced  benth ic  b iomass is always available  
an d  accep tab le  to shorebirds  (Goss-Custard 1969, 
G oss-Custard  & C h arm an  1976, Evans 1979, Pien- 
kowski 1981, P iersma 1986a, Zwarts & W anink 
unpubl.).  For example , availability of ben th ic  animals 
m ay be low ered  by the  animals bury ing  d ee p er  into the 
sed im en t (Reading & M cGrorty 1978) or by showing 
less visible surface activity (Pienkowski 1983b). And 
even  if a p rey  is available  to a specific p reda to r  it n eed  
not always be  acceptable: it m ay lack a critical nutrient 
or it m ay be smaller than  the  lowest acceptab le  size 
(T inbergen 1981, Zwarts & W anink  1984). The overall 
availability of ben thos m ay well differ significantly 
b e tw e e n  different geograph ica l  areas. For example, 
du r ing  w in ter  the b iomass of accep tab le  benthic o rg an ­
isms is very low on the  Banc d 'A rguin  in M auritania 
(Engelm oer et al. 1984), bu t  more than  th ree-quarters  
of it is found in the  top 5 cm of the  sed im ent and  
therefore  easy  to come by for small-bodied shorebirds. 
This contrasts with the  situation in w estern  Europe, 
w h e re  in w inter  m uch  of the h igher  total acceptable 
b iom ass is found d e e p e r  than  5 cm in the substrate 
(Reading & M cGrorty  1978, Zwarts 1984, pers. comm.)

The second  problem  is re la ted  to current m ethods of 
m easu r ing  and  calculating secondary  ben th ic  p roduc­
tion (this point is illustrated in Fig. 1). The usual calcu-
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Fig. 1. E x p lanation  of th e  m ethods to ca lcu la te  p roduction  and  
e lim ination  in one  g row ing  cohort of a b e n th ic  spec ies (after 
C risp  1984). If in the  low er size-freq u en cy  g ra p h  the  h a tch ed  
a re a  is in c luded , the  'to ta l' curve show s how  th e  cohort grow s 
in th e  ab sen ce  of s ize-selec tive  p red atio n . If th e  h a tc h ed  a rea  
is not in c luded , th e  rem ain in g  curve show s th e  g row th ' of the  
cohort w ith th e  se lec tive  p red atio n  on the  in d iv id u a ls la rg e r 

th an  th e  low er size accep tan ce  th resho ld

lation m e thods  for production (P) and  elimination (E) of 
a cohort of a g iven ben th ic  species assum e tha t m orta l­
ity w ith in  a cohort is in d e p e n d e n t  of the individuals ' 
size. However, in several shoreb ird  species lower 
acce p ta n ce  th resholds  for prey  acceptabili ty  have b ee n  
show n (above, Zwarts & W anink  1984). Indeed, se lec­
tion for la rge r  sized prey  than  the available  ave rage  is 
p robab ly  a com m on p h en o m en o n  in shorebirds  (e.g. 
Ens 1982, H ulscher  1982, Su ther land  1982a, H ow ard  & 
Lowe 1984) an d  o ther  ben th ic  preda to rs  (e.g. crabs: 
Kneib 1982, Botton 1984b). If mortality of a ben th ic  
species  is m ainly due  to a p reda to r  with  such a lower 
acce p ta n ce  threshold  (i.e. only the  large individuals of 
a cohort are  fed upon), then  the  growth increm ents  
(W 2—W l),  an d  therefore production  (P), are  u n d e re s t i ­
m ated .  In such cases, part of the productivity  escapes 
the  ca lculations unnoticed,  straight into the  s tom achs of 
the  predators . In theory  this can lead to mortalities 
b a s e d  on actual in ta k e  ra tes  of the  p reda to r  being  
h ig h e r  th a n  concurren t  production /e lim ination  
es t im ates  b ased  on cohort-grow th analyses.

Thirdly, shoreb irds  m ay feed on reg e n e ra t in g  parts  
of ben th ic  organism s (e.g. curlew s feed ing  on the 
siphons of Scrobicularia plana, Ens & Zwarts 1980), the 
p roduction  of w hich  aga in  escapes  the  calculations. 
A lthough  this type of p redation  is know n  to be  m ainly 
d u e  to shrimps, crabs and  flatfishes (De Vlas 1979, 
1985, Peterson & Q u am m en  1982, Zwarts  1986), tail-
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a n d  s iphon-feed ing  by shoreb irds  may well prove to be 
a s ignificant p reda tion  pressure  in some situations.

A HEURISTIC MODEL

Since th e re  are  various practical problem s and  causal 
p rocesses  tha t  in terfere crucially with a t tem pts  to in te r­
p re t  any  re la tionsh ips b e tw e e n  secondary  productivity 
an d  its exploita tion by shorebirds, I b eg a n  to doubt the 
value  of th e  generaliza t ions by e.g. Schneider  (1981) 
an d  Wolff (1983). M ore importantly, I w ondered  
w h e th e r  a com parison b e tw e e n  es tim ates  of 
shoreb irds '  p reda to ry  im pact and  benthic  production 
can  ev e r  show us w h e th e r  or not cum ulative shorebird 
p red a t io n  is limited by food supply. This was the  in c en ­
tive to sum m arize , in the  form of a heuristic model, all 
the  k n o w n  causa l processes  tha t  rela te  ben th ic  stocks

to shorebird  p redation  and  shorebird  p redation  to 
b en th ic  stocks.

In the  model, shown in Fig. 2, I have tried to incorpo­
ra te  all the  know n direct cause-effect relations in 
ben thos-shoreb ird  interactive systems. Published cor­
relations (e.g. Myers et al. 1980, P ienkowski 1983a, c) 
w ere  exam ined  to see w h e th e r  the  relation was direct 
or w orked  via one or more other processes, Yet, aiming 
at be in g  com prehensive m ade  this m odel more compli­
ca ted  than  m ight be  necessary  for any given situation 
w h e re  only part of the  causal processes (mechanisms) 
play  a role. Therefore, for most specific situations the 
m odel can be  simplified to contain only the m e c h a n ­
isms which are (considered) crucial. A lthough the 
m ode l in Fig. 2 describes in principle only the in te rac­
tions b e tw e en  one benth ic  invertebrate  and  one 
shoreb ird  species, it can  be ex tended  to include other 
shoreb ird  species by 'a d d in g 1 one or more such models

tim e of the year
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Fig. 2. A h euris tic  m odel to d esc rib e  the  d irect causal in te rac tions b e tw een  a shoreb ird  species and  one  of its b en th ic  p rey  at a 
p a rticu la r in te rtid a l site. H eavy  rectan g les: a ttrib u te s  of shoreb ird  p redato rs; ligh t rectang les: a ttrib u tes  of m acroben th ic  prey; 
ro u n d e d  rec tan g le s: non-b io log ical variab les; circles: links to o th er d im ensions (sho reb ird /m acro b en th ic  species in teraction  
system s). Key:

|— T he one  is com posed  of the  o th er —------ — C orrelation

 ■- Proven  or su sp ec ted  causal re la tion  »— 1*1----- — C ausa l action w ork ing  via the  process X
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(at the top circle on the right). A limitation is that 
p reda tion  by (benthic) p reda tors  o ther  than  shorebirds 
is en te red  as a constant. Since there m ay well exist 
feedback  re la tionships be tw e en  shorebird  and  benthic

fish- and  inverteb ra te -p reda tion ,  the model should 
even tua lly  b e  e x te n d e d  to include the o ther  p reda to r  
categories.  Currently , the deta iled  k n o w ledge  required  
for bu ild ing  such an  extension is not yet available.

T ab le  1. D efinitions of b iological term s in the  m odel of Fig. 2 in a lp h ab etica l order. OT: o p erationa l term ; (N)OT: no t-yet 
opera tio n a lized  term ; NOT- non-opera tional term . E xam ples of units a re  g iven  in b rackets

T erm Definition OT (N)OT NO T

A ccep tan ce  th resho ld M inim ally req u ired  profitability  of in g es ted  prey  (mg s"1); m ay add itionally  
in co rpora te  m inim al critical n u trien t co n ten t (protein, nuneral)

X

A n tip red a to r b eh av io u r T actics to rem ain  out of p red a to r s reach  (burying, sw im m ing or ru n n in g  away) X

A vailability B eing d e tec tab le  an d  w ith in  reach  of a sh o reb ird  s bill X

B ehaviour a t cap tu re Intensity  of body m ovem en t after cap tu re X

C om petition  w ith in Effects on som atic g row th  or rep roductive  o u tp u t w ith in c reased  d ensities X
a n d  b e tw ee n  species of o th er m acroben th ic  anim als
Daily e n erg y  in tak e (R equired) en erg y  in tak e  pe r day (kJ d"1) X

D ensity  (m acrobenthos) N u m b er of b en th ic  ind iv idua ls pe r un it a rea X

D ensity  (shorebirds) N u m b er of sh o reb irds p e r unit area X

D epth D istance b e tw een  u p p e r p a rt of prey an d  surface  of th e  sed im en t X

D irtin ess '/a sh  con ten t Proportion ash  (g ash  [g AFDVV]"') X

D isease Im paired  h ea lth  d u e  to poisoning or p a rasite s X

E m igration  [rate] M ovem ent aw ay  from  study  a rea  (num ber pe r u n it a rea  p e r un it tim e [n m-2 d_1 
or g AFDW  m-2 d-1])

X

E n co u n ter rate N u m b er of con tacts b e tw een  p red a to r a n d  p rey  p e r u n it tim e X

E n ergetic  value kJ pe r un it m ass x  in g es ted  m ass (kJ) X

Prim ary production A m ount of food for b en th o s per unit a rea  p e r un it tim e X

H an d lin g  tim e Tim e b e tw ee n  loca ting  a p rey  an d  sw allow ing  it (a lternatively : tim e n e ed e d  
for prey  ingestion  an d  therefore  lost for search ing ) (s)

X

Im m igration  [rate] M ovem ent into the  study  area, pe r un it tim e X

In tak e  ra te In g ested  en erg y  pe r un it forag ing  tim e (mg AFDW  s_1) X

In terspecific Risk of losing a p rey  to a n o th e r species X
k lep to p arasitism
Life span D uration  of life (yr) X

M etabolic  req u irem en t M inim um  req u irem en t of cn tical n u trien t or energy , p e r un it tim e X

Elim ination Loss of b en th ic  b iom ass pe r unit a rea  p e r un it tim e (g AFDW  m~2 d"1) X

N u trien t inflow A m ount of nu trien ts  availab le  for prim ary p roduction  p e r un it tim e and  a rea X

O n to g en etic  variance V ariability  b e tw een  ind iv iduals in m orphology an d  ab ilities d u e  to varia tions in 
ex p erien ce  (age, p lace  an d  way of u pb rin g in g ) an d  g en o ty p e

X

Physiological sta te W h eth er the  b ird  is in the  process of e.g . p rem ig ra to ry  fa tten in g , territory  
se ttlem en t, egg  laying, m oult

X

P red a tio n  p ressu re A m ount of p rey  killed  p e r  um t area  p e r u n it tim e X

Priorities evaluation D ecision p rocess to ev a lu a te  req u ired  in ta k e  level ag a in s t av a ilab le  tim e, 
rap to ria l p red a tio n  risk, o ther risk, etc.

X

R aptorial p red a tio n  risk Risk of becom ing  th e  p rey  of a rap tor (m ortality  ra te  d '1) X

R eproductive  ou tpu t A m ount of e g g s an d  sperm  p ro d u ced  p e r  un it a rea  or p e r  ind iv idual X

S earch  stra teg y W ay to d e tec t an d  cap tu re  availab le  prey X

Selection  of D iscrim ination  criteria  for w h e th er or no t to cap tu re , h a n d le  a n d  in g est X
a cc ep tab le  p rey a d e te c te d  prey
Size d istribu tion F req u en cy  d istribu tion  of size classes X

Social in te rac tions W ay th a t ind iv iduals on a certa in  a rea  in te rac t X

Som atic g row th Flesh p roduction  p e r ind iv idua l per day  (mg AFDW  in d _> d_1) X

Spatfall S e ttlem en t of y o u n g est bo ttom -stages (not necessarily  a fte r a p lan k to n ic  phase) 
on study  a rea  (num bers m~2 d~‘)

X

S tan d in g  crop Total b iom ass pe r un it a rea  ( g  AFDW m"2) a t any m om ent X
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To m a k e  perfectly clear w h a t  I m ean, the  definitions 
of the  biological term s in the model are p re se n ted  in 
T ab le  1. A part from giving these definitions, 1 also 
ind ica te  w h e th e r  the term s are operational (quantifi­
able) or non-operationaJ  (of heuristic value  only). O p e r ­
a tional values are  requ ired  to translate  the model into 
s im ulation  m odels  for specific situations and  purposes 
(Peters 1977).

A first point tha t  em erg es  from s tudying the model 
(Fig. 2) is tha t  the  in teractions b e tw e en  benth ic  s ta n d ­
ing  crop an d  density  of shorebirds work via several 
series of re la ted  causa l processes, or 'feedback  loops'. 
A n im portan t  fee d b ack  loop in Fig. 2 is the one which 
show s the  relations b e tw e e n  social (behavioural) 
in te ract ions  of feed ing  shorebirds and  their  (instan­
taneous)  density. Since in take  rate  is (eventually) n e g a ­
tively affected  by inc reases  in bird density  (via one 
d irect m echan ism  -  in te rfe rence  -  and  indirectly via 
series of causa l processes: Fig. 2), bird densities m ay 
rea ch  the  level w h ere  additiona l birds have  to leave the 
site to feed  e lsew here  b ecau se  their  in take  rem ains 
b e lo w  the  requ ired  rate. Especially in d ispersed-feed-  
ing  shorebirds, w hich  are ra the r  p rone to feed ing  in te r ­
fe rence  (Goss-Custard  1980, 1984, 1985), this may 
a l ready  h a p p e n  am idst a relative p len ty  of food. 
Indeed ,  such a behaviourally  de term ined  limitation of 
in s tan ta n eo u s  feed ing  densities may, cum ulatively 
over  a season, p rohibit  the depletion  of ben th ic  food 
stocks. F lock-feed ing  shoreb ird  species are  less sens i­
tive to feed ing  in te rfe rence  (Goss-Custard 1985) and  
are  therefore  m ore likely to dep le te  a food supply. 
F lock-feed ing  shorebirds, then, are most likely to be 
lim ited by ben th ic  secondary  productivity. G iven the 
above  possibilities, it is clear tha t  the block 'social 
in te ractions '  in Fig. 2 is an  im portan t co m ponen t  of the

model. However, the  block is also ra ther  complicated 
and, being mainly concerned  with the benthos- 
shoreb ird  interactions, I have  not ven tu red  to try and 
dissect it into its own building blocks and  the detailed 
cause-effect relations. A com prehensive review has, 
however, been  written by Myers (1984).

T he  notion tha t profitability sets a threshold  for the 
acceptabili ty  of a prey  is borrowed from and  supported  
by recen t studies of optimal foraging (theory) (Krebs et 
al. 1983). The im portance of the in te rm edia te  causal 
s teps  be tw e en  benth ic  stocks and  shorebird densities is 
fu rther  exemplified in a simplified version of this fee d ­
b ac k  loop (Fig. 3). Any influence of ben th ic  s tanding 
crop on feeding shorebird  densities 'works' via the 
selection of acceptab le  p rey  (i.e. availability and  pro ­
fitability), and  therefore any limits to shorebird p r e d a ­
tion will be  set by these  key processes.

In the  short term, (instantaneous) shorebird  p r e d a ­
tion (i.e. feeding shorebird  densities) will be  directly 
limited by the density  of accep tab le  prey. It follows that 
in the  long term, cum ulative shorebird predation  will 
also be  limited by the  production (including im m igra­
tion) of acceptab le  prey. In Fig. 3 the feedback  loop 
b e tw e e n  ben thos  and  shorebirds is called an organis- 
m ic  exp lana tory  p a th w a y  to contrast with the  trophic 
exp lana tory  p a th w a y  (as used  in other trophic ecosys- 
tem /foodw eb  models: M ilne & D u n n e i  1972, Wiens & 
Dyer 1977, Furness 1978, W arwick et al. 1979). The 
latter, non-mechanistic ,  w ay  of reasoning  implies direct 
rela tions be tw e en  primary and  secondary  production 
a n d  density  of (shore-)birds. Boldly stated, it tries to 
d iscover the limits set by food supply to shorebird 
dens ities  by simply' plotting shorebird density  as a 
d e p e n d e n t  variable of benthic  s tanding  crop or benthic  
production. However, by not taking the causal pro-

density of shorebirds

predation pressure 
on benthos

TROPHIC 
E XPL ANATORVORGANISM IC EX Pl

selection of 
acceptable prey

handling efficiency 
shorebirds

j  primary production

Fig. 3. Sim plified  sch em e of the  m ain  feed b ack  
loop b e tw een  b en th o s and  sho reb ird s in Fig. 2 
(the cau sa l ex p lan ato ry  pathw ay). O n the  righ t 
an  a lte rn a tiv e  exp lan ato ry  p a th w ay  (the 

'troph ic ') is ou tlined
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cesses into account, it is logically impossible to find the 
limits set by ben th ic  productivity to shorebird p r e d a ­
tion.

A third im portan t feedback  loop (which is in Fig. 2 
ana lysed  in ra the r  less detail than the former), is the 
pa t te rn  of interactions within benthic prey populations. 
Such interactions may have im portant implications for 
studies of predation, as is show n by the findings of Kent 
& Day (1983). They showed, in a nere id  polychaete, 
tha t  w h en  losses of adults w ere  large as a consequence  
of predation , the recru itm ent of (fast-growing) ju v e n ­
iles w as high. For this reason m easu red  densities of a 
ben th ic  prey  species rem a ined  constant over the study 
period, despite  in tensive s im ultaneous predation. In 
general,  this is most likely to h ap p e n  in benth ic  inver­
teb ra tes  with short genera tion  times and  long repro­
ductive seasons. It aga in  m eans, however, that the 
ab sence  of m easu rab le  deple tion  cannot be  in terpre ted  
s traightforwardly (e.g. Duffy et al. 1981, Schneider  
1985a). In fact, this observation does not tell us an y ­
th ing abou t the question  w h e th e r  or not food is in short 
supply.

DISCUSSION

It is now time to consider  w hich are the  crucial 
m easu rem en ts  to m ake  on benth ic  productivity and  
shoreb ird  foraging in order to find out w h e th e r  food 
supply  Limits cum ulative shorebird  predation. I th ink 
tha t  the  crucial m e asu rem en t  he re  is the production o f 
accep tab le  biom ass. This is the renew al rate  of o rg an ­
isms acceptab le  as food for a certain species of 
shorebird. If this renew a l ra te  w ere  to be  m easu red  and 
com pared  to actual p reda tion  pressure  it could in pr in ­
ciple b e  show n w h e th e r  food supply sets the limits in 
the  long term. (It does so if p redation  pressure  equals 
ren ew a l  rate.) Note tha t in the short term, at prey 
densities  too low to satisfy the predator,  renew a l rates 
m ay well exceed  rem oval rates. A lthough in s tan ta n e ­
ous shorebird  feed ing  densities are food-limited, 
cum ulative  shorebird  p reda tion  is not limited by the 
production  rate  of accep tab le  b iomass in such a case. 
A cceptab le  b iomass production  can thus only be limit­
ing if a site provides m in im um  (threshold) densities of 
the  favoured prey (see H ulscher  1982, p. 138, for an 
example.)

T hat the p roposed  approach  is possible indeed, is 
su g g e s ted  by recen t w ork  of Zwarts & W anink  (1984), 
on the  preda tion  of oystercatchers and  curlews on 
clams M ya arenaría. H aving  show n the  existence and 
num erical value of lower size accep tance  and  availabil­
ity (depth) thresholds for both  p reda to r  species, these 
authors  w en t  on to calculate the evolution of densities 
of accep tab le  size classes of clams in the course of 5 
seasons. Com paring  the  declines in densities of vu lner­

ably sized clams in 2 periods of p reda tion  to m easu red  
p reda t ion  pressure, Zwarts  & W anink  es t im ated  tha t in 
2 seasons  the oystercatchers  took respectively 63 % 
a n d  almost 80 % of the clams accep tab le  to them. In the 
a b sen c e  of al ternative prey, the la tter  es tim ate would 
ind icate  tha t food supply  almost Limited oystercatcher 
p reda tion  at their study site. A lthough  Zwarts & 
W an ink 's  study does not p resen t  'p roduction ' in m arine  
biological terms, it does show  the  k ind  of field ob se rv a ­
tions n e e d e d  to fruitfully link ben th ic  production and  
shoreb ird  preda tion  studies.

T he  g rea t  majority of models on ene rgy  flow in 
ecosystems, w hich are often d es ig n ed  to exam ine  poss­
ible food limitations, do not take  into account the 
availabili ty of p rey  an d  the p reda to r 's  selectivity (e.g. 
W iens & Dyer 1977, F urness  1982). This m ay reflect the 
sparsity, and  the difficulty of collecting, the re levant 
observations. However, the  ap p roach  advocated  here, 
to d isen tang le  the causa l p rocesses  opera ting  in 
es tua r ine  food-webs, obviously also applies  to other 
ecosystems. Better p redic tions on food limits to the 
a b u n d a n c e  of top -p redato rs  therefore require  more 
efforts on ana lysing  trophic m echanism s, i.e. detailed  
feed ing  ecological work.

A c k n o w le d g e m e n ts .  T he th em e  of this p a p e r  w as d ev elo p ed  
d u rin g  co -o p era tiv e  fieldw ork  an d  m any  discussions w ith  all 
th e  w a d e r p eo p le ' from G ron in g en , T exel and  e lsew h ere . 
A m ong them , I am  especially  g ra te fu l to Leo Z w arts an d  Jo h n  
D. G o ss-C u sta rd  for all th e  tim e w e could  sp en d  talk ing . T heir 
com m ents an d  those  of Je rry  A. H ogan , W im J. Wolff, Rick 
Looyen, Rudi H. D ren t an d  J. J. B eukem a h e lp ed  a lot to 
im prove  th e  m anuscrip t.
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