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ABSTRACT: Predation by herring gulls Larus argentatus and oystercatchers Haematopus ostrale- 
gus was evaluated on a newly established mussel A4ytilus edulis bed on tidal flats of the German 
Wadden Sea. The mussel bed covered an area of 2 ha and showed a decrease in biomass of 40 % in 
the most densely covered parts from August to January. Synchronously, the extent of the mussel bed 
was reduced, resulting in a decrease of average biomass of 98 % over the whole mussel bed. From 
the beginning of August 1994 to mid January 1995, the average size of mussels increased from 10.7 
to 20.3 ram. The P/B-ratio was 0.68 in August and 0.18 between September and November. Herring 
gulls and oystercatchers were the most important mussel predators. On average, 266 herring gulls 
and 63 oystercatchers were present on the mussel bed during one low tide; 34 % of the herring gulls 
and 78 % of the oystercatchers were observed to be feeding. Herring gulls fed at a rate of 4.2 mus- 
sels per minute and oystercatchers at a rate of 1.3 mussels per minute. While herring gulls took the 
most common mussel sizes (mean: 20 mm), oystercatchers searched for the largest mussels available 
(mean: 25 ram). Herring gulls consumed 13 mussels/m 2 (0.3g AFDW) during one day and oyster- 
catchers 1.7 mussels/m ~ (0.1 g AFDW). Predation by birds was compensated by 33 % of the produc- 
tion. The proportion removed by bird predation amounted to 10 % of abundance and to 16 % of bio- 
mass (including production). Oystercatchers were responsible for 1% of the reduction in abundance 
and for 3 % of biomass. Removal was highest  in the most common size classes of mussels, mainly 
caused by herring gulls. However, the highest proportion of mussels was eaten in the largest size 
classes, mainly by oystercatchers. 

I N T R O D U C T I O N  

T h e  e p i b e n t h i c  b lue  m u s s e l s  Myti lus  edulis are  c o n s u m e d  by  s ev e ra l  b i rd  spec i e s ,  

t h e  m a i n  m u s s e l  ea t e r s  b e i n g  e i d e r s  Somateria mollissima, o y s t e r c a t c h e r s  Haematopus  
ostralegus a n d  h e r r i n g  gul ls  Larus argentatus.  P r e d a t i o n  e f fec t s  on  m u s s e l  b e d s  by  t h e s e  

s p e c i e s  h a v e  b e e n  s t u d i e d  on the  t idal  f lats of t he  N o r t h  Sea  a n d  on h a r d  b o t t o m s  of t he  

Balt ic Sea  (Milne  & D u n n e t ,  1972; Bai rd  & Mi lne ,  1981; Kautsky,  1981; Z w a r t s  & Drent ,  

1981; Worral  a n d  W i d d o w s ,  1984; C r a e y m e e r s c h  et  al., 1986; Raffaell i  et  al., 1990; E g e r -  

rup  & H o e g h  Laur sen ,  1992; F a l d b o r g  et  al., 1994; N e h l s  et  al., 1995; Hi lge r loh ,  1997). T h e  

s t r o n g e s t  effect ,  w i t h  r e g a r d  to t he  h i g h e r  food  c o n s u m p t i o n  p e r  day, w a s  o b s e r v e d  in 

e i d e r s  (Milne  & D u n n e t ,  1972; C r a e y m e e r s c h  et  al., 1986; N e h l s  e t  al., 1995). Till now,  no  
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ev idence  could be found that the annual  predat ion by birds ever  e x c e e d e d  annual  pro- 

duction (Baird & Milne, 1981; Egerrup & Hoegh  Laursen, 1992; Fa ldborg  et al., 1994; 

Nehls  et al., 1995; Hilgerloh, 1997). Thus, if predat ion by birds were  the only mussel-re-  

ducing factor, the mussel  populations would  be expec ted  to increase or to remain  at the 

same level. However ,  other  factors, such as predat ion by crabs Carcinus m a e n a s  and by 
fishes, parasi tes  and physical  factors, also contribute to the loss of biomass.  In order to 

know the signif icance of predat ion for the deve lopment  of a mussel  populat ion,  preda-  

tion by birds has to be considered in relation to those other  factors. Two very  different 

methods  of approach have  been  applied: one study was based on exclosures  (Worral & 
Widdows, 1984) and the other assessed predat ion effects by birds on tidal flats including 

several  mussel  beds (Faldborg et al., 1994; Hilgerloh, 1997). According to the results, pre- 

dation by birds could be unimportant  or account  for more than half of the loss. 

Especial ly the period of the es tabl ishment  of a new mussel  bed seems to be a crucial 

phase  because  many  of the new beds d i sappeared  after the first winter. Cons ider ing  the 

strong loss of abundance  caused by birds which may occur on a mussel  bed  over  winter  
(Zwarts & Drent, 1981; Raffaelli et al., 1990), it is not certain whe the r  p reda t ion  by birds 

plays an important  role during the deve lopmen t  of newly establ ished mussel  beds over 

the first winter. 

This study est imates the influence of predat ion by herr ing gulls and oystercatchers  

on a newly  es tabl ished mussel  bed. It invest igates  whe the r  predat ion  by these  bird spe- 
cies has an important  inf luence on the deve lopmen t  of the mussel  bed  in au tumn  and win- 

ter and whe the r  it can provoke a severe  decrease  therein.  

MATERIAL AND METHODS 

I n v e s t i g a t i o n s  on  t h e  m u s s e l  b e d  

The study was per formed on an intertidal mussel  bed on the Neuhar l ingers ie le r  

Nacken  (53 ~ 43.25 N, 7 ~ 44.00 E), which is si tuated in the German  W a d d e n  Sea (North 
Sea) close to the vi l lage Neuhar l ingers ie l  in Lower Saxony. A heavy  fall of spat had 

resul ted in large parts of the bed be ing  covered  by newly-es tab l i shed  seed  mussels. 

Mussel  coverage  on a young  bed is more homogenous  than on a mature  bed.  Samples  
with a surface area of 38.5 cm 2 and a depth  of 10 cm were  taken in those parts of 

the seedl ing  beds which  were  most densely  covered  by mussels  (Hilgerloh & Herlyn, 

1996). 

The b iomass /m 2 was est imated with the equation:  

B = (P - S �9 S')/10 000 

where  P is the b iomass /m 2 in dense  mussel  parts of the seed l ing  beds, S the percent  of 

the whole  mussel  bed  covered  by seed mussels  and S" the coverage  (%) of seed  areas by 

mussels. S was measu red  along one transect  which  crossed the whole  musse l  bed. S' was 
es t imated from a 1 • 2 m area divided into five paral lel  sections of 20 cm width. Gaps in 

the mussel  cover  smaller  than the d iamete r  of the samples  were  ignored.  Six samples  

were  taken  at regular  intervals along the transect  used to de te rmine  S. Samples  were  

taken  4 t imes over  the period Augus t -January .  
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B i o m a s s  d e t e r m i n a t i o n  

An  e q u a t i o n  r e l a t ing  musse l  l e n g t h  a n d  i nd iv idua l  b iomass  was  o b t a i n e d  us ing  mus-  

sels f rom an a d j a c e n t  bed ,  w h e r e  y o u n g  musse l s  h a d  se t t l ed  at the  s a m e  t ime  as on the  

s tudy  site. Dry a n d  ash  w e i g h t  and  l e n g t h  of i nd iv idua l  musse l s  w e r e  d e t e r m i n e d .  Mus-  

sel l e n g t h  was  m e a s u r e d  by ca l l ipers  w i th  a p rec i s ion  of 1/100 mm.  The  f lesh  of s ing le  
musse l s  was  d r i ed  at 80 ~ for 3 days  to cons t an t  we igh t .  Ash  con t en t  was  d e t e r m i n e d  af- 

ter  c o m b u s t i o n  in a f u rnace  at 500 ~ for 24 hours  and  m e a s u r e d  to an a c c u r a c y  of +1 mg.  

T h e  re l a t ion  b e t w e e n  musse l  l e n g t h  and  b iomass  was:  

g A F D W  = 0.0008 �9 e {0.1787.b,1) 

(r 2 = 0.96; p < 0.0001), w h e r e  M is the  m u s s e l  shel l  l eng th .  T h e  e q u a t i o n  is va l id  for mus-  

sels f rom 5 to 40 m m  length .  All w e i g h t  a n d  ind iv idua l  b iomass  da ta  are  g i v e n  as a sh f r ee  
dry w e i g h t  (AFDW). 

D e t e r m i n a t i o n  of  p r o d u c t i o n  

T h e  p r o d u c t i o n  pe r  m 2 was  ca l cu l a t ed  f rom c h a n g e s  in m e a n  ind iv idua l  w e i g h t  and  
m e a n  a b u n d a n c e  us ing  the  fo l lowing  e q u a t i o n  (after Winbe rg ,  1971): 

P = ( w 2 -  wl)  �9 1/2 (nl + n,)) 

w h e r e  P is the  p roduc t i on  for a t ime in terval ;  wl  and  w~ are  the  m e a n  i nd iv idua l  w e i g h t s  

at s a m p l i n g  da tes  1 and  2; and  nl and  n 2 are  m e a n  n u m e r i c a l  dens i t i e s  at s a m p l i n g  da te s  
1 and  2. W i n b e r g  (1971) m a d e  these  ca l cu la t ions  for s ing le  size c lasses  but,  in our  study, 
all musse l s  se t t l ed  in one  s ing le  spatfa l l  a n d  so b e l o n g e d  to one  size class. 

D e t e r m i n a t i o n  of  m u s s e l  l o s s  

M u s s e l  loss pe r  m ~- was  ca l cu l a t ed  f rom c h a n g e s  in a b u n d a n c e  and  m e a n  ind iv idua l  
w e i g h t  u s ing  the  fo l lowing  e q u a t i o n  (after Winbe rg ,  1971): 

E = (n I - n2) �9 1/2 (wl + w2) 

where E is the elimination over a time interval, nl and n2 are mean numerical densities 

at sampling dates 1 and 2; and wl and w2 are mean individual weights at sampling dates 

1 and 2. 

Because of the homogeneous age structure of mussels, separation into size classes 

was again not necessary. 

O b s e r v a t i o n s  of  p r e d a t o r s  o n  t h e  m u s s e l  b e d  

Coun t s  w e r e  m a d e  2-5  days  pe r  m o n t h  f rom S e p t e m b e r  to N o v e m b e r ,  on  a total  of 10 
days.  F e e d i n g  and  n o n - f e e d i n g  birds w e r e  c o u n t e d  e v e r y  20 minu t e s  f rom the  t ime  the  

m u s s e l  b e d  first e m e r g e d  unt i l  it was  c o v e r e d .  F e e d i n g  ra te  a n d  the  con t r ibu t ion  of mus -  
sels to the  food in t ake  of ind iv idua l  birds  w e r e  o b s e r v e d  on 2 to 3 days  p e r  m o n t h  f rom 

O c t o b e r  to D e c e m b e r  (Mart in  & Bateson ,  1986): only  obse rva t ions  l o n g e r  t h a n  one  

m i n u t e  w e r e  used .  For h e r r i n g  gulls,  o b s e r v a t i o n s  be fo re  a n d  af ter  15th October ,  ca l l ed  
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"autumn" and "winter" respectively, were analysed separately because the n u m b e r  of 
gulls present  and the proportion feeding differed so much. Differences were tested by the 
Mann-Whi tney  U Wilcoxon test of the SPSS-program (Brosius & Brosius, 1995). 

D e t e r m i n a t i o n  of s ize  p r e f e r e n c e s  of p r e d a t o r s  

Faecal pellets of herring gulls and  mussels  opened  by hammer ing  oystercatchers 
were collected on 23rd November  1994. Hinges  of mussels were extracted from 20 pel- 
lets and  their widths were measured.  The relationship be tween  mussel  l ength  and  width 
of hinge is given in the following equat ion,  based on data from Janssand  in 1992: 

mussel  length = 3.885 - 19.593 �9 width of hinge 

(r 2 = 0.874, p = 0.0001). The equat ion is valid for widths of hinge 0.45-2 ram. 

D e t e r m i n a t i o n  of d a i l y  food  c o n s u m p t i o n  

Daily food consumption was calculated in different ways (Htippop, 1987; Goede, 
1993; Hulscher, 1974; Lasiewski & Dawson, 1967). For a rough estimation of the daily food 
consumption,  we used methods similar to those used by Meire et al. (1994) and  Scheif- 
farth & Nehls (1997), where costs for thermoregula t ion in winter  were not considered.  In 
this study, the basal metabolic rate of oystercatchers is taken from Kersten & Piersma 
(1987): 

BMR (watt) = 5.06 - weight  (kg) 0"729 

that of gulls from Aschoff & Pohl (1970): 

BMR (watt) = 3.56 - weight  (kg)0.734 

Total daily energy expendi ture  (DEE) was assumed to amount  to three times BMR 
(Drent et al., 1978~ Kersten & Piersma, 1987; Castro et al., 1992). For benthic  inver tebra tes  
a digestibility of Q = 0.85 was used (Kersten & Piersma, 1987; Zwarts & Blomert, 1992). 
Accordingly, the daily consumption is: 

E = 3 �9 BMR. (l/Q) 

Weights of herr ing gulls are known  from the breeding  period on Mel lum (Goethe, 
1961); for oystercatchers monthly m e a n  weights  were available from the Nether lands  
(Swennen,  in Cramp & Simmons, 1977), so that average daily consumpt ion  could be 
calculated for each month. I g AFDW of Mytilus edulis flesh corresponds to 20.77 kJ 
(Jansson & Wulff, 1977 and  Asmus, pers. comm.). Average daily consumpt ion  of mussels  
amoun ted  to 51 g AFDW for a herr ing gull, and  varied, according to the month ,  b e t w e e n  
43 and  52 g AFDW and 92 and 183 g AFDW for oystercatchers and  elders, respectively. 

P r e d a t i o n  m o d e l  

Simple models were used to: (a) de te rmine  the daily food consumpt ion  by herr ing 
gulls and  oystercatchers on the mussel  bed; {b) de te rmine  the area-rela ted consumpt ion  
of the predators on the mussel  bed; (c) de te rmine  the inf luence of predat ion on the mus- 
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sels. The  ca lcu la t ion  a s s u m p t i o n s  w e r e  as follows: the  m e a n  t ime  of e m e r g e n c e  of the  

m u s s e l  b e d  was  t a k e n  to be  the  m a x i m a l  t ime ava i l ab l e  for feed ing ;  the  t ime  for w h i c h  
an ind iv idua l  fed  on musse l s  was  b a s e d  on the  p ropor t ion  f e e d i n g  and  on the  l e n g t h  of 

t ime  the  m u s s e l  b e d  w a s  exposed .  C o n s u m p t i o n  p e r  low w a t e r  pe r iod  w a s  ca l cu l a t ed  

f rom f e e d i n g  ra te  in t h r ee  w a y s  a c c o r d i n g  to t he se  assumpt ions :  (i) e a c h  bird  a te  only 

musse ls ;  (ii) all u n i d e n t i f i e d  food  i t ems  w e r e  a s s u m e d  to be  mussels ;  (iii) c o n s u m p t i o n  was  
ca l cu l a t ed  by r e d u c i n g  the  total  c o n s u m p t i o n  by the  p e r c e n t a g e  of food i t ems  w h i c h  w e r e  

not  musse ls .  T h e  b i o m a s s  of the  m e a n  m u s s e l  size t a k e n  by a spec ies  was  t a k e n  as bio- 

mass  for e a c h  musse l .  C o n s u m p t i o n  pe r  24 h was  ca l cu l a t ed  by e x t r a p o l a t i n g  the  d a y t i m e  
resul ts  du r ing  low t ide  to the  fo l lowing  noc tu rna l  l ow- t ide  per iod ,  wi th  1.97 low- t ide  pe-  

r iods /24  h, as i n v e s t i g a t i o n s  s h o w e d  the  s a m e  f e e d i n g  act iv i ty  at n igh t  as d u r i n g  d a y t i m e  

(Hulscher ,  1978; Exo & Scheif far th ,  1994). A v e r a g e  a r e a - r e l a t e d  c o n s u m p t i o n  was  b a s e d  
on the  m e a n  n u m b e r  of f e e d i n g  birds d u r i n g  one  low- t ide  per iod,  r e l a t ed  to one  m 2 of 

m u s s e l  bed .  T h e  i n f l u e n c e  of p r e d a t i o n  on the  m u s s e l  b e d  was  b a s e d  on the  four  sam-  

p l ing  da te s  a n d  the  m e a n  of th ree  c o n s u m p t i o n  ra tes  c a l cu l a t ed  u n d e r  the  t h r ee  d i f fe ren t  
a s sumpt ions .  

T h e  p r e s e n t  e v a l u a t i o n  of p r e d a t i o n  d e m o n s t r a t e s  h o w  p r e d a t i o n  ef fec ts  can  be  eva -  

l u a t e d  wi th  a m i n i m u m  of b io log ica l  data.  P reda t ion  effects  w e r e  c o n s i d e r e d  in a u t u m n  
a n d  w i n t e r  only, b e c a u s e  the  n e w l y  e s t ab l i shed  musse l  b e d  was  not  d i s c o v e r e d  unt i l  the  

e n d  of Ju ly  and  b e c a u s e  musse l  a b u n d a n c e  wi th in  the  s e e d  a reas  and  the  c o v e r a g e  of the 
w h o l e  musse l  b e d  d i m i n i s h e d  d rama t i ca l l y  ove r  half  a year.  

This  e v a l u a t i o n  is pre l iminary ,  as s eve ra l  a s sumpt ions  m a y  l ead  to an  over-  or u n d e r -  

e s t ima t ion  of c o n s u m p t i o n .  T h e  la t ter  is va l id  in the  case  of the  ca lcu la t ion  of the  m e a n  
b iomass  of musse l s  e a t e n  by e a c h  of the  two species .  P reda t ion  m a y  be  o v e r e s t i m a t e d  

o v e r  the  first mon ths ,  as the  p re f e r r ed  musse l  size was  d e t e r m i n e d  in N o v e m b e r .  P reda -  
t ion m i g h t  be  u n d e r e s t i m a t e d  b e c a u s e  the  a v e r a g e  l e n g t h  of c o n s u m e d  musse l s  w a s  ta- 

k e n  as basis for the  e s t ima t ion  of the  m e a n  b iomass  of a m u s s e l  and  b e c a u s e  the  re la t ion  

b e t w e e n  m u s s e l  s ize a n d  b iomass  was  not  l inear.  P reda t ion  m a y  be  o v e r e s t i m a t e d ,  as the  
l a rge r  musse l s  a re  m o r e  l ike ly  to be  s e e n  if shel ls  o p e n e d  by oys t e rca t che r s  are  co l l ec t ed  
( S p e a k m a n ,  1990). 

RESULTS 

D e v e l o p m e n t  of  t h e  m u s s e l  b e d  

T h e  m u s s e l  b e d  was  e s t ab l i shed  on N e u h a r l i n g e r s i e l e r  N a c k e n  in s u m m e r  1994 and  
c o v e r e d  an  a r e a  of 18 979 m 2. By the  e n d  of N o v e m b e r ,  it h a d  r e a c h e d  a h e i g h t  of 45 cm. 

In the  mos t  d e n s e l y  c o v e r e d  parts,  a b u n d a n c e  as we l l  as b iomass  d e c r e a s e d  by 75 % and  
40 %, respec t ive ly ,  b e t w e e n  the  b e g i n n i n g  of A u g u s t  and  mid  Janua ry .  But  o v e r  the  

w h o l e  m u s s e l  bed ,  a b u n d a n c e  d e c r e a s e d  by 99 % and  b iomass  by 97.6 % o v e r  t he  s tudy  
per iod .  

Biomass  i n c r e a s e d  in A u g u s t  bu t  d e c r e a s e d  o v e r  the  fo l lowing  m o n t h s  (Fig. 1) as 

a resu l t  of two p roces se s :  the  g r o w t h  of ind iv iduaI  musse l s  (Fig. 2) a n d  a d e c r e a s e  of 

a b u n d a n c e  (Fig. 3). O v e r  the  w h o l e  s tudy  pe r iod  the  l e n g t h  of musse l s  i n c r e a s e d  f rom 
10.7 + 2.7 m m  (n = 945) to 20.3 _+ 3.6 m m  (n = 235) (Hi lge r loh  & Her lyn ,  1996). In Augus t ,  

b iomass  i n c r e a s e d  b e c a u s e  the  d e c r e a s e  in a b u n d a n c e  was  c o m p e n s a t e d  by  g r o w t h  of 
i nd iv idua l  musse l s .  F r o m  S e p t e m b e r  to N o v e m b e r ,  b i o m a s s  d e c r e a s e d ,  b e c a u s e  musse l s  
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Fig. 1. Average biomass at the sampling dates (linear interpolation between dates). Day 11 = 5th 
Aug. 1994, day 45 = 2nd Sept, 1994, day 124 = 23rd Nov. 1994, day 175 = 13tb Jan. 1995 

grew less per day compared to August  (Fig. 2), and  at an insufficient rate to compensa te  
for the decreas ing abundance  (Fig. 3). In December  and January, mussels  did not grow, 
so that a decrease in abundance ,  and also in biomass, cont inued (Fig. 1). 

Production was highest  in August  (Fig. 4) because  of the high a b u n d a n c e  (Fig. 3) and 
strongest growth of individual  mussels  (Fig. 2). The product ion/biomass ratio (P/B) was 
0.76 in the seed beds. For the period of September  to November, the P/B ratio was only 
0.19. Over the whole mussel  bed the P/B ratios, as a whole, were 0.68 and  0.18 respec- 
tively. 

On average, mussel  toss amoun ted  to 201.51 mussels/m2/day, or 4.28 g AFDW/m2/ 
day, Abundance  was reduced in August  by 32 %, by 74 % from September  to November  
and  by 94 % by January. Biomass and  production decreased by 35 % in August ,  by 80 % 
from September  to November  and  by 94 % from November  to January.  Dur ing  the study 
period as a whole, total production amounted  to 296 g AFDW/m 2 and  total loss to 33047 
mussels  or 617 g AFDW/m 2. Over the study period, there was clearly a large net  loss of 
mussel  biomass. 

N u m b e r  a n d  f e e d i n g  ra te  of b i r d s  

The two most significant mussel  eaters on this mussel  bed at low tide were  herr ing 
gulls and oystercatchers. On average,  266 herr ing gulls and  63 oystercatchers were 
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Fig, 2. Average weight of an individual mussel at the sampling dates (linear interpolation between 
dates) (For explanations regarding the days, see legend of Fig. 1) 

present.  Herr ing gull numbers  were more variable compared to those of oystercatchers 
(Table 1). On average,  34 % of herring gulls and  78 % of oystercatchers were observed 
feeding (Table 1). 

Extremely high numbers  of herr ing gulls were present  from the second half of Octo- 
ber  onwards, and  the proportion feeding was higher  than previously recorded (Table 2) 
(P < 0.0001). 

The proportion of mussels in the diet was 74 % in herring gulls and 69 % in oyster- 
catchers (Table 3). Oystercatchers fed at a rate of 1.3 to 1.4 food items per  minu te  while 
herr ing gulls fed at a rate of 4.1 to 5 items. On average,  mussels  were taken  by oyster- 
catchers and by herr ing gulls at the rates of 1.3 and 4.2 per  minute,  respectively 
(Table 4). 

M u s s e l  s izes  p r e f e r r e d  b y  p r e d a t o r s  

The m e a n  sizes of mussels ea ten  by herr ing gulls and  oystercatchers were 
19.76 _+ 6.82 mm (n = 1398) and 25.48 +_ 2.66 mm (n = 308), respectively. Herring gulls fed 
on the most common size classes of mussels on the bed  whereas oystercatchers preferred 
the largest sizes; the corresponding biomass for the mean  mussel  length  amoun ted  to 
0.027 g AFDW for herr ing gulls and  to 0.076 g AFDW for oystercatchers. 
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Fig. 3. Effect of predation on abundance (linear interpolation between dates}. Dashed line = abun- 
dance at the beginning, and assuming no subsequent change; dotted line = loss of abundance 

caused by predation by birds; continuous line = total loss of abundance 

Da i ly  c o n s u m p t i o n  of b l u e  m u s s e l s  by  an  i n d i v i d u a l  b i r d  

Daily consumpt ion by a single herr ing gull was 742 mussels  or 20 g AFDW on aver- 

age, ranging  be tween  15 to 23 g AFDW. Thus, on ave rage  39 % of the dai ly food re- 
qu i rement  was met  by consuming mussels. In autumn, a herr ing gull ate 500 mussels  per  

day, corresponding to 13.5 g AFDW and 26 % of the daily food demand.  In winter, 1125 
mussels or 30.4 g AFDW were  ea ten  by herr ing gulls per  day, equiva len t  to 60 % of the 

daily food demand.  Over  the study period, an oystercatcher  consumed 523 mussels  per  

day, corresponding to 39.7 g AFDW. Thus 83 % of daily food demand  was me t  by consu- 

ming  mussels. 

A r e a - r e l a t e d  c o n s u m p t i o n  of m u s s e l s  

Over  one low tide period, 5-8 musse l s /m z, cor responding  to 0.2-0.4 g AFDW, were  

ea ten  by herr ing  gulls over  the study per iod as a whole.  In autumn, th ree  mussels  
(0.088 g AFDW) and in winter, 31 mussels  (0.761 g AFDW) were  ea t en  per  m 2 and 

day. Oystercatchers  cofisumed 1.7 mussels  per  m 2 daily, cor responding  to 0.129 g 

AFDW. 
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Fig. 4. A v e r a g e  b i o m a s s  at s a m p l i n g  dates ,  p roduc t ion ,  total e l imina t ion  a n d  e l imina t ion  by p reda-  
tion b e t w e e n  s a m p l i n g  da te s  

Table  1. A v e r a g e  n u m b e r  of f e ed i ng  a n d  n o n - f e e d i n g  he r r ing  gul ls  a n d  oys t e r ca t che r s  on the  m u s -  
sel bed  d u r i n g  one  low t ide ( ave r age  of 10 low tides) 

Mini-  25 % M e d i a n  Ari thm,  75 % M a x i -  C o u n t s  
m u m  m e a n  m u m  (n} 

Herring gull 
Total 1 66 212 266 + 242 384 1043 160 
F e e d i n g  0 16 40 112 + 145 183 601 160 
Not  f e e d i n g  1 40 122 154 _+ 133 238 608 160 
% f e e d i n g  0 15,26 28.73 33.84 + 23 52.95 90 160 

Oystercatcher 
Total 1 24 63 63 + 43 92 180 153 
F e e d i n g  0 19 43 48 + 34 77 147 153 
Not  f e e d i n g  0 4 8 15 -+ 18 22 102 153 
% f e e d i n g  0 71.66 82.46 77.98 + 21 91.95 100 153 
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Table 2. Average  n u m b e r  of feeding and  non-feeding  herr ing gulls, subdivided in a u t u m n  and 
winter  

Mini- 25 % Median  Arithm. 75 % Maxi-  Counts  
m u m  mean  m u m  (n) 

Autumn 
Total 1 38 98 139 • 125 237 460 98 
Feed ing  0 7 21 28 + 30 39 180 98 
Not feeding 1 23 75 110 + 112 185 420 98 
% feeding 0 9.92 19.65 22.79 • 19.14 30.56 90 98 

Winter 
Total 31 313 41I  467 • 246 618 1043 62 
Feeding  10 117 217 244 + 157 330 601 62 
Not feeding 20 139 198 223 + 135 273 608 62 
% feeding 9.37 37.38 53.73 51.30 + 17.15 64.25 83.74 62 

Table 3. Food items of feeding oystercatchers  and herr ing gulls 

Species h4ytilus Cdrcinus Worms Other  Not N u m b e r  Minutes  
edulis maenas  (%) musse ls  identi- of food ob- 

(%) (%) (%) fled (%) i tems (n) se rved  

Oysterca tcher  69.02 1.96 0.39 7.06 21.57 255 177.9 
Herr ing gull 73.8 0.3 11.4 0 14.6 403 97 

Table 4. Feeding rate per  minu te  of herr ing gulls and oystercatchers  

25 % Median  Arithm. 75 '% Minutes  N u m b e r  
m e a n  obse r ve d  of birds 

Herring gull 

(1) Only blue  musse l s  2.41 3.33 4.24 • 3.15 5 35 15 

(2) Blue musse l s /  3.92 5.14 5.02 _+ 1.80 5.74 34.7 13 
not identified 

(1) and (2) 2.90 4.48 4.60 + 2.60 5.65 69.7 28 

Total 2.61 4.18 4.07 + 2.62 5.15 97 37 

Oystercatcher 
(1) Only blue musse l s  0.885 1.43 1.28 • 0.38 1.59 25.5 5 

(2) Blue musse l s /  0.836 1.36 1.42 _+ 0.67 1.82 65.8 14 
not  identified 

(1) and  (2) 0.93 1.43 1.38 • 0.60 1.64 91.3 19 

Total 0.93 1.32 1.39 • 0.74 1.70 177.9 40 
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Ef f ec t  of p r e d a t i o n  on  m u s s e l  b i o m a s s  a n d  a b u n d a n c e  

The pe r cen t age  of observed  loss in musse l  abundance  a t t r ibutable  to herr ing gulls 
and  oys terca tchers  was 2 % in August,  9 % from S e p t e m b e r  till November  and 30 % in 
D e c e m b e r  and January.  Over  the whole  s tudy period,  the loss of a b u n d a n c e  due  to pre-  
dat ion was 10 % (Fig. 3). The pe rcen t age  of the obse rved  loss in mussel  b iomass  attri- 
bu tab le  to birds was  5 % in Augus t  (Fig. 5), 13 % from Sep t ember  till N o v e m b e r  and 36 % 
in D e c e m b e r  and  January.  Over  the whole  Study period,  16 % of the b iomass  loss could 
be exp la ined  by  p reda t ion  of her r ing  gull  and  oystercatcher,  and  preda t ion  was com- 
p e n s a t e d  by 33 % of the  product ion.  

Loss  of a b u n d a n c e  in  s i ze  c l a s s e s  of m u s s e l s  b y  p r e d a t i o n  

Predat ion  affected the f requency dis t r ibut ion of mussel  size classes. Grea tes t  losses 
occurred in the m e d i u m  size classes due to in tensive p reda t ion  by birds from October  to 
December ,  caused  mainly  by herr ing gulls (Fig. 5). Cons ider ing  indiv idual  size classes, 
the grea tes t  effect is found in the larger  size classes (Fig. 6) because  of p reda t ing  oyster-  
catchers.  
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Fig. 5. Number of mussels of each size class eaten by oystercatchers (dashed line) and by herring 
gulls (dotted) during three months. Total number eaten by the two bird species = firm line 
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(dashed line) during three months. Total number eaten by the two bird species = dotted line 

DISCUSSION 

Dai ly  food  c o n s u m p t i o n  

Oystercatchers spent  most time on the mussel  bed feeding and probably  obta ined  all 
their daily food requi rement  from there. In contrast, the percentage  of he r r ing  gulls 
feeding on the mussel  bed was low and  their daily food demand  was not me t  by mussels  
alone. Oystercatchers specialize in feeding on intert idal  organisms, while her r ing  gulls 
are omnivorous and  can use other food sources and  places. In addit ion to mussels ,  they 
probably consumed energetical ly rich food over a short period at high tide outside the 
mussel  beds. 

On Spiekeroog (Hilger!oh, unpubl .)  mussels  provided 42 % of the food of herr ing 
gulls in summer.  This is in accordance with other studies performed over longer  periods 
in other parts of the Wadden  Sea (Dernedde, 1993; Ehlert, 1961; Hartwig & S6hl, 1979; 
Meijering,  1954; Spaans, 1971) in which mussels  on average contr ibuted to 30 % of the 
food of these gulls. 

The increased n u m b e r  of herr ing g u l l s o n  mussel  beds in winter  compared  to other 
seasons, a long with their higher food d e m a n d  there, may be related to the loss of other 
food sources, such as, for example, the discharge from crab fishery, and  the growth of 
mussels  to a more profitable size for herr ing gulls. 
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F e e d i n g  ra te  

Feeding  rates vary according to the size of prey and  to other characteristics such as 
shell thickness (Goss-Custard et al., 1993). Oystercatchers took mussels at a rate of 1.3 to 
1.4 mussels per minute.  This rate was much higher than that observed in the study of 
Zwarts & Drent (1981), where mussels of comparable size were eaten at a rate of 0.45 
mussels  per minute.  The difference may be explained by higher interference due to 
higher density of oystercatchers on the sample plots in their study (Zwarts & Drent, 1981). 
Feeding  rates of herring gulls lay be tween  4.1 and 5 mussels per minute.  There are no 
comparable  data from other areas on the feeding rates of mussels. 

B iomass ,  p r o d u c t i o n  a n d  e l i m i n a t i o n  

Some authors compare the biomass/m 2 present  at the start of a period with the bio- 
mass /m 2 subsequent ly  ea ten  by birds (Kautsky, 1981; S w e n n e n  et al., 1989; Nehls, 1989; 
Egerrup & Hoegh Laursen, 1992; Meire et al., 1994). However, as mussels may go on 
growing, production also has to be taken into account. Within our study period of five and 
a half months, 296 g AFDW/m 2 were produced on the mussel  bed. The highest  produc- 
tion occurred in August  (147 g AFDW/m2; Fig. 5). On a mature  mussel  bed of the German  
Wadden  Sea, the P/B ratio amounted  to 0.36 (Asmus, 1987). On a newly establ ished mus- 
sel bed product ion general ly is much higher. However, on the studied mussel  bed the P/B 
ratio amounted  to 0.68 and was unusual ly  low for a newly established mussel  bed. In this 
case it can be explained by the extreme loss of abunda nc e  and the fact that only au tumn  
and winter  were considered. In our study the P/B ratio decreased during the first au tumn  
whereas  in Morecambe Bay for example, the product ion remained at a high level over 
the first 16 months  (Dare, 1976) resulting in a P/B ratio of 1.1 to 3.4 (Asmus, 1987). 

When the production of all mussels over half a year is compared with the biomass 
ea ten  by birds, just one third of the production is enough to compensate  for the losses 
caused by the birds. On other mussel  beds, the proportion of annua l  production predated 
varied be tween  39 and 83 % for eiders (Milne & Dunnet ,  1972~ Nehls et al., 1995), 
amounted  to 40 % for oystercatchers (Craeymeersch et al., 1986) and varied be tween  
45 % and  90 % when  eiders, oystercatchers and herr ing gulls were predat ing (Baird & 
Milne, 1981; Egerrup & Hoegh Laursen, 1992; Faldborg et al., 1994; Nehls et al., 1995). 
On the mussel  bed of the Neuharl ingers ie ler  Nacken,  the total loss due to all factors 
amounted  to 617 g AFDW/m 2, of which only 16 % was taken  by birds. 

The parameter  ,, el imination" helps to evaluate  the relevance of predat ion in relation 
to other e l iminat ion factors but it is also - together with the parameters  of biomass and 
production - a measure  for characterizing the development  of the mussel  bed. According 
to the biomass at the beg inn ing  of the study, the production and  the el iminat ion later on, 
it is apparen t  that el imination exceeded production and  that consequent ly  biomass of the 
mussel  bed had to decrease strongly. 

T h e  i n f l u e n c e  of p r e d a t i o n  on  the  a b u n d a n c e  a n d  b i o m a s s  of m u s s e l s  

During the study period, 10 % of the loss in a b u n d a n c e  was caused by predation,  of 
which 1% was due to oystercatchers and  9 % to herr ing gulls. A re-evaluat ion of the 
results of Zwarts & Drent (1981) shows that the proportion of predat ion that was due to 
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oystercatchers amounted  to 50 % of the total losses over half a year (May to November),  
if 30 to 50 % were covered by mussels. Winter  losses amounted  to 40 % of the initial abun-  
dance.  That study, however, was conducted  on a mature  mussel  bed and  only mussels  
larger than 40 mm were considered. Al though the absolute n u m b e r  of mussels  removed 
by birds was higher  in our study - though the mussels were smaller - the effect was less 
because  of the very high density of mussels present  at the beg inn ing  and  the strong 
decrease afterwards. Different feeding bird species were observed in these studies. While 
many  herr ing gulls and  few oystercatchers fed on the newly established mussel  bed of 
the Neuhar l ingers ie ler  Nacken,  no herr ing gulls feed where mussels are larger, whereas  
oystercatchers do feed on larger mussels, as revealed by the Dutch study. Compar ing  the 
results of both studies, the prel iminary conclusion is that, on young and uns tab le  mussel  
beds predat ion by birds is not as important  as on mature  mussel  beds. 

In contrast to these results, Worral & Widdows (1984) found out that only 16 % of the 
total annua l  mussel  mortality at Linher r iver/Plymouth was caused by preda t ing  oyster- 
catchers. The highest  mortality was due  to death at spawning  in the b igger  mussels. 
According to a regional  study on the tidal flats of Lower Saxony, predat ion  by birds 
amounted  in one year to 9 % and  in another  year to 15 % of the annua l  loss of the mussel  
biomass (Hilgerloh, 1997). The mussel  populat ion was characterized by a high proportion 
of young mussels, of which most were e l iminated  in winter  by physical factors. In con- 
trast, a regional  study in the Danish Wadden  Sea showed that potential predat ion  by birds 
caused 64 % of the annua l  loss (Faldborg et al., 1994). But as it was assumed that 100 % 
of the daily food demand  of oystercatchers, herr ing gulls and  eiders is met  by mussels, 
the predat ion estimates were far too high. In one other study carried out on a young  mus- 
sel bed (Raffaelli et al., 1990), it was assumed that eiders accounted for near ly  100 % of 
the total loss of abundance .  The ducks removed 80 % of the a bunda nc e  dur ing  winter. 
These results contrast with ours at Neuhar l ingers ie ler  Nacken,  where only 16 % of the 
loss of biomass could be expla ined by predat ion by birds, with 3 % of the loss due to 
oystercatchers. The differences can be expla ined by differences in the preda t ing  species. 
Eider ducks eat far more than do oystercatchers or herr ing gulls. Al though eiders were 
important  predators of mussels in the tidal flats of Spiekeroog (Hilgerloh, 1996, 1997), 
they were not observed in our study area. We concluded that the inf luence of predat ion 
by herr ing gulls and  oystercatchers on the newly establ ished mussel  bed  was very small. 
A much higher  loss was probably caused by other factors, such as gales, crabs, heat  
exhaustion, undernour i shment ,  diseases, freezing and  parasites. Crabs C a r c i n u s  m a e n a s  

are important  predators on young musse l  beds unt i l  October. So, as large areas were 
depleted of mussels at the end of November,  we presume that physical factors were the 
most important  cause of mussel  loss (Hilgerloh & Herlyn, 1996), as recorded two years 
earlier at an adjacent  young mussel  bed on the Neuhar l ingers ie ler  Nacken  (Flemming & 
Delafontaine,  1994). 

Loss of a b u n d a n c e  b y  p r e d a t i o n  w i t h i n  s ize  c l a s ses  of m u s s e l s  

On this mussel  bed herr ing gulls ate the most common mussel  sizes, as their prefer- 
red size class corresponded to the avai lable sizes (Hilgerloh, pets. observ.). Predat ion by 
herr ing gulls flatten the f requency distr ibution to make  it comparable to those of mature  
mussel  beds (Michaelis et al., 1995). Oystercatchers selected the biggest  mussels  avail- 
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ab le .  In ou r  s tudy,  p r e d a t i o n  b y  o y s t e r c a t c h e r s  h a d  n o  q u a n t i t a t i v e  ef fec t  o n  t h e  s ize  dis-  

t r i b u t i o n  of m u s s e l s .  H o w e v e r ,  f u r t h e r  g r o w t h  of t he  m u s s e l s  w o u l d  m a k e  t h e m  m o r e  at-  

t r a c t i v e  for o y s t e r c a t c h e r s ,  t h u s  a t t r a c t i n g  m o r e  o y s t e r c a t c h e r s  a n d  in th is  w a y  i n c r e a s i n g  

t h e  c h a n c e s  t h a t  t h e y  wil l  m a k e  a q u a n t i t a t i v e  effect .  T h e  s e a r c h  by  o y s t e r c a t c h e r s  for  

t h e  b i g g e s t  m u s s e l s  is f a c i l i t a t ed  b y  t h e  p h e n o m e n o n  t h a t  m u s s e l s  g r o w i n g  a t  t h e  b o r d e r  

of s e e d l i n g  b e d s  a re  b i g g e r  t h a n  t h e  o t h e r s  ( S v a n e  & O m p i ,  1991). In g e n e r a l ,  m u s s e l -  

f e e d i n g  b i rds  t a k e  a d v a n t a g e  of s p a t i a l  v a r i a t i o n  of g r o w t h  r a t e s  of i n v e r t e b r a t e s ,  in  
o r d e r  to o p t i m i z e  e f f i c i ency  of food  i n t a k e  ( W a n i n k  & Zwar t s ,  1993). 

M u s s e l  s izes  t a k e n  by  o y s t e r c a t c h e r s  o n  t h e  N e u h a r l i n g e r s i e l e r  N a c k e n  w e r e  a t  t h e  

l o w e r  e n d  of t h e  r a n g e  of t h e i r  p r e f e r r e d  m u s s e l  s izes  (Dr innan ,  1958; Ens ,  1982; Dure l l  

& G o s s - C u s t a r d ,  1984; S u t h e r l a n d  & Ens ,  1987; C a y f o r d  & G o s s - C u s t a r d ,  1990). M o s t  p ro-  

f i t ab l e  m u s s e l s  s h o u l d  h a v e  at  l e a s t  a s ize  of 40 m m  (Zwar t s  & Dren t ,  1981; Ens ,  1982; 

M e i r e  & Ervy inck ,  1986). O y s t e r c a t c h e r s  c h a n g e  to s m a l l e r  musse l s ,  if t h e  p r e f e r r e d  s izes  

a r e  no t  a v a i l a b l e  (Hi lge r loh ,  pers .  observ . ) .  A cco r d ing ly ,  t h e y  f ed  on  t h e  b i g g e s t  m u s s e l s  

a v a i l a b l e  on  t h e  N e u h a r l i n g e r s i e l e r  N a c k e n .  O n e  c a n  e x p e c t  t h a t  o y s t e r c a t c h e r s  con t i -  
n u e  to c h o o s e  t h e  b i g g e s t  m u s s e l s  o n  th i s  m u s s e l  bed .  

T h e  s e l e c t i o n  of t h e  b i g g e s t  m u s s e l s ,  as  a c o n s e q u e n c e  for t he  s i n g l e  m u s s e l ,  m e a n s  

t h a t  t h e  c h a n c e  of a m u s s e l  to b e  e a t e n  b y  a n  o y s t e r c a t c h e r  will  b e  h i g h e r  if it g r o w s  

q u i c k e r  t h a n  a v e r a g e .  H o w e v e r ,  g r o w i n g  q u i c k l y  h a s  t he  a d v a n t a g e  t h a t  t h e  s i ze  c l a s s e s  
p r e f e r r e d  by o y s t e r c a t c h e r s  a re  o u t g r o w n  s o o n e r  (Gos l ing ,  1992). 
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