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ABSTRACT: Over 3 successive seasonal cycles (April 1986 to October 1988), field experiments were 
established within 3 intertidal levels in the sheltered rocky intertidal of Helgoland (North Sea, 
German Bight). Competitors for space (A4ytilus edulis, macroalgae), herbivores (iittorina spp.) and 
predators (Carcinus maenas) were either excluded from areas (0.25 m 2) covered by undisturbed 
communities or enclosed at natural densities on areas that were cleared before of animals and plants. 
All the experimental fields (each 0.25 m 2) were covered by cages with 4 mm gauze at the sides and a 
plexiglas top. The results of the experiments in the u p p e r i n t e r t i d a 1 (occupied by Littorina 
spp. and Enteromorpha) showed that a natural density of herbivores could not prevent  algal 
settlement and had only little influence on algal growth. Instead, abiotic factors (storms, algae 
washed ashore) decreased the stock of the green algae. Experiments in the m i d i n t e r t i d a 1, 
dominated by Myfilus (50 % cover), Fucus spp. (20 %) and grazing L. littorea (100 ind. m -2) showed 
that community structure was directly changed both by grazing periwinkles and by competition for 
space between mussels and macroalgae. Whenever Littorina was excluded, the canopy of Fucus 
spp. increased continuously and reached total cover within two years. In addition to the increase of 
Fucus spp., the rock surface and the mussel shells were overgrown by Ulva pseudocurvata, which 
covered the experimental fields during parts of the summer in the absence of herbivores. As soon as 
perennial species (fucoids) covered most of the experimental areas, the seasonal growth of Ulva 
decreased drastically. Presence and growth of macroalgae were also controlled by serious competi- 
tion for space with mussels. Established Nfytilus prevented the growth of all perennial  and 
ephemeral  algae on the rocks. However, the shells of the mussels provided free space for a new 
settlement of Fucus and Ulva. In the 1 o w e r i n t e r t i d a I (dominated by total algal cover of it:. 
serratus, herbivores such as L. littorea and L. mariae, and increasing number of predators such as 
Carcinus), the feeding activity of herbivores can neither prevent the settlement of the fucoid 
sporelings nor reduce the growth of macroalgae. F. serratus achieved a total canopy on the rock 
within one year. Doubled density of herbivores prevented the settlement of Pucus and most of the 
undercover algae. Predation by Carcinus on Littorina spp. had little influence on the herbivore 
community patterns. However, the crabs supported the establishment of macroalgae by excluding 
the mussels from the lower intertidal. In summary, the community organization and maintenance in 
the mid and lower intertidal is influenced to a high degree by biological interactions. Whereas both 
the relatively important herbivory by L. littorea and competition for space be tween mussels and 
macroalgae dominate in the mid intertidal, predation reaches it s highest relative degree of import- 
ance for community structure in the lower intertidal. 
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INTRODUCTION 

Intertidal rocky shore communities, their organisms, distribution and abundance 
have been studied worldwide during the recent decades (e.g. Stephenson & Stephenson, 
1949, 1972; Southward, I958; Lewis, 1964). The results of nearly all investigations have 
demonstrated that "amphibian,' communities are structured in correlation with gradients 
of different abiotic factors, such as vertical tide level and exposure to wave action, even 
under different climatic conditions (Ballantine, 1961; Stephenson & Stephenson, 1972; 
Dalby et al., 1978). For instance, for cold temperate regions Lewis (1964) described three 
different types of community pattern: (1) Shores dominated by barnacles (wave exposure 
high), (2) shores dominated by mussels (wave exposure intermediate) and (3) shores 
dominated by fucoid algae (wave exposure low). According to these descriptive investi- 
gations, it seemed obvious that intertidal hard bottom communities are mainly (or 
exclusively) structured and controlled by abiotic factors (cf. Dory, 1946; Lewis, 1961, 
1977). 

Our scientific knowledge in this field has drastically increased within the last three 
decades. Experimental studies on the distribution and abundance of species and their 
activity have provided many arguments for a significant role of biological interactions in 
the community structure (starting with Connell, 1961; Southward, 1964; Paine, 1966; 
Dayton, 1971). Investigations on recruiting communities destroyed by disastrous oil spills 
after nearshore tanker accidents (cf. Mann & Clark, 1978; Southward & Southward, 1978; 
Anonymus, 1981) have also focussed scientific interest on the development and mainte- 
nance of intertidal rocky shore communities. Considering the dominant species, their 
feeding habits and mechanisms of adaptions to environmental factors, four types of 
biological interactions may influence the community patterns: (1) P r e d a t i o n (see 
Connell, 1970, I975; Dayton, 1971, 1975; Paine, 1974, 1976; Menge, 1976, 1978a, 1978b, 
1983; Menge & Sutherland, 1976, 1987; Connell & Slatyer, 1977; Lubchenco & Menge, 
1978; Hughes, 1985; Marsh, 1986; Petraitis, 1987). (2} H e r b i v o r y (sometimes also 
called "grazing", though this means something different to a lotof scientists: see Paine & 
Vadas, 1969; Dayton, 1971, 1975; Connell & Slatyer, 1977; Lubchenco, 1978, 1980, 1982, 
1983; Lubchenco & Menge, 1978; Kitting, 1980; Lein, 1980; Lubchenco & Cubit, 1980; 
Underwood, 1980, 1984a, 1984b; Lubchenco & Gaines, 1981; Robles & Cubit, 1981; 
Underwood & Jernakoff, 1981; Gaines & Lubchenco, 1982; Steneck, 1982; Bertness et al., 
1983; Hawkins & Hartnoll, 1983; Cubit, 1984; Hartnoll & Hawkins, 1985; Jernakoff, 
1985a, 1985b; Petraitis, 1987). (3) C o m p e t i t o n f o r s p a c e (see Connell 1964, 1985; 
Dayton, 1971; Levin & Paine, 1974; Scheltema, 1974; Jackson, 1977a, 1977b; Lubchenco 
& Menge, 1978; Menge & Lubchenco, i981; Paine, 1984; Hartnoll & Hawkins, 1985; 
Suchanek, 1985). (4) C o m p e t i t i o n  f o r  f o o d  (seeMenge, 1972; Creese &Under- 
wood, 1982; Fletcher & Creese, 1985; Ortega, 1985; Petraitis, 1989; Quinn & Ryan, 1989). 

Results of all these publications have documented that biological interactions (= bio- 
tic factors) may play an important role in the development and maintenance of intertidal 
communities. However, as the role of biological interactions and their importance for 
community structure are still so unpredictable in a special area, it is still a field of work. 
Manipulative experiments seem to be a suitable tool to test the conflicting hypotheses of 
different models (see Underwood, 1985; Underwood & Fairweather, 1986). 

This study deals with the rocky shore communities at the northeastern intertidal of 
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the island of Helgoland. Descriptive ecological publications for this study site on the algal 
and faunal communities and their distribution are already available (i.e. Lfining, 1970; 
Kornmann & Sahling, 1977; Gillandt, 1979; Janke, 1986), but there is little information 
about colonization, succession of the communities, and the importance of biological 
interactions for their development and maintenance. Only Markham & Munda (1980) and 
Munda & Markham (1982) studied the seasonal colonization of algae and their productiv- 
ity at the nearby "Westwatt" (Fig. 1), but they ignored the possible effects of biological 
interactions on the development of communities at this study site. 

I have focussed on the following general question: Do biological interactions play an 
important role in the development and maintenance of the rocky shore communities at 
the island of Helgoland, and in which way do they change and control the community 
structure? To give an answer to this I drew attention to the following problems in detail: 

(1) Colonization and development of communities on cleared grounds at the begin- 
ning of a succession period. 

(2) Development and maintenance of undisturbed and established long-term com- 
munities, and the importance of biological interactions regarding changes within the 
populations of settling organisms. 

(3) Changes in the importance of biological interactions for the community structure 
along the vertical shore gradient. 

This investigation was started as a pilot project to create a substantial framework for 
more quantitative studies on the special controlling effects that littoral organisms may 
exert on the community and environment in which they live. 

STUDY SITE 

Location, morpho logy  and distribution of o rgan isms  

The island of Helgoland represents the only rocky shore in the southeastern part of 
the North Sea. For detailed information about the geomorphology, geography and 
genesis see Hagmeier (1930), Schmidt-Thom~ (1937), Wurster (1962), Krumbein (1975, 
1977) and Binot (1988). Today, the only authentic area of this highly erosive red 
sandstone shore is the northern site of the island (Fig. 1). All other parts were changed or 
separated from the sea by anthropogenous activities. In the west and north, the island is 
surrounded by an eroded flat rocky terrace which represents the base of the formerly 
larger island. The level of this terrace ("Felswatt"; Hagmeier, 1930; Pig. 1) slopes down 
within a distance of 300 to 400 m from mean high water level (MHW) to about mean low 
water hne (MLW; difference in vertical level: 2.4 m). The morphology of the surface is 
structured in heterogeneous patterns (Hagmeier, 1930; Janke, 1986) that provide many 
niches and microhabitats for communities of high diversity (Janke, 1986). North of the 
island, the terrace is separated by a large mole ("Nordwest-Mole", Fig. 1). Access to the 
western part ("Westwatt") is restricted to just a few days within a month, whereas access 
to the "Nordost-Felswatt" (Pigs 1, 2) is possible nearly every day in the year (except 
during storm periods). Thus the "Nordost-Pelswatt" was chosen for the experimental 
studies. This part of the terrace is sheltered from storms and high wave exposure by the 
long mole. Thus the algal and faunal communities show the typical patterns of a "very 
sheltered" community (Ballantine, 1961; Dalby et al. 1978; Janke, 1986). There are three 
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Fig. 1. Study site at the island of Helgoland (North Sea, German Bight) 

distinct vertical belts within the intertidal. Each of them is characterized by a distinct 
community.  

The u p p e r i n t e r t i d a 1 is dominated by the green algae Enteromorpha spp. 
Link (see Kornmann  & Sahling, 1977), These annua l  algae totally cover the  upper  part of 
the intertidal from mid spring to late au tumn and then regularly d i sappear  dur ing the 
winter  season. The green algal canopy is accompanied by small populat ions  of Fucus spp. 
L., especially F. spiralls L. Animals in this zone are the herbivorous per iwinkles  Littorina 
saxatills (Ohvi) (up to the supralitoral} and  L. 11ttorea (L.) (in the lower part ;  Fig. 2). The 
lower limit of the upper  intertidal is marked by a clear line where  the growth of 
Enteromorpha stops abruptly: 

The m i d i n t e r t i d a 1 is dominated by Littorina littorea and also by  beds of b lue  
mussels (Mya'lus edulis (L.}) in the mid and  lower region. Algal growth is represen ted  by 
Fucus spp. set thng on the red sandstone rock surface and  on the mussel  shells, and the 
red alga Chondrus crispus (Stackh) growing only on the rock. Dur ing  the time of 
submersion,  this zone is visited by Carcinus maenas (L.) which feeds on the dense  
populat ions of mussels  and  periwinkles. As soon as this zone becomes emersed  dur ing  
ebb tide, they return to deeper parts of the "Felswatt". 

The 1 o w e r i n t e r t i d a 1 is characterized by the dense canopy of Fucus serratus L. 
and  many  seasonal or perennial  undercover  algae [Monostroma spp. (Wittr.), Petalonia 
fascia (O. F. Mfiller), Cladophora sericea (Huds.), Acrosiphonia arct~ (Dillw.) and  
Cladophora rupestris (L), Chondrus crispus, Corallina officinalis (L.), crustose red algae]. 



Biological interactions in the rocky intert idal  of He lgo land  223 

The lower  inter t idal  is also intensively colonized by  high numbers  of subl i t toral  species  
that  survive unde r  the canopy of F. serratus (Janke, 1986) providing a moist  and  shaded  
microchmate .  This zone is mainly  occupied by  L. fittorea (grazing on both rock  and  kelp} 
and L. mariae Sacchi  & Rastelli (grazing only on Fucus blades ,  see Goodwin  & Fish, 1977; 
Janke ,  1986). Predators  are represen ted  by  the highly a b u n d a n t  Carcinus (Fig. 2) that  
migra te  up into the inter t idal  from the beg inn ing  of June  to the end of S e p t e m b e r /  
beg inn ing  of October.  

For a more  de ta i led  descript ion of the "Nordost-Felswat t" ,  the set t l ing organisms 
and  their  distr ibution,  see Janke  (1986}. 

In contrast  to other very shel tered shores, in Grea t  Britain or Norway,  that  are also 
domina ted  by  fucoids, the  communit ies  at He lgo land  lack  typical  species  hke  Ascophy1- 
lure nodosurn (L.), Pelvetia canaliculata (L.} and Patella spp. (L.). T h e p r e d a t o r y  dog- 
whe lk  Nucella lapiflus (L.} is very rare. According  to the abundance  and  dis t r ibut ion of 
the  key- spec ie s  and  to Lewis '  universal  "model"  (Lewis, 1964, p. 320), it seems  very  hke ly  
that  Littorina spp., Mytilus and Carcinus are the key  organisms for the  inter t idal  
communi ty  structure at Helgoland.  A model  of this hypothes is  is given in F igure  2 B. This 
does not  reflect  the relat ive impor tance  of biological  interact ions in correlat ion to the 
vert ical  shore  gradient .  

A b i o t i c  f ac to r s  

The is land of He lgo land  is s i tuated in the  borea l  reg ion  of the nor thern  hemisphere .  
Annua l  f luctuations of wate r  t empera ture  and sahnity are  h igh  because  of the  influence 
of the es tuar ies  of River Elbe and Weser.  For de ta i led  da ta  see Figure  3. The  da ta  reflect  a 
very  harsh  winter  in 1986/87 and an ex t remely  mild winter  1987/88. Wate r  t empera tu re  
and sal ini ty were  measu red  once a day  at the "Reede" (see Fig. 1), whe reas  air t empera-  
ture was  t a k e n  every  hour. Wave exposure  at the s tudy site was  es t imated  as "shel tered"  
to "very she l te red"  (Ballantine, 1961; Dalby  et al., 1978; Janke ,  1986}. Range  b e t w e e n  
MLW and  M H W  is 2.4 m (DHI, 1987}. The mean  per iod  of emers ion  dur ing  one t ide is 
about  6 hours  for the Enteromorpha-zone, 4 hours for the Mytilus-zone and  about  2.5 
hours for the Pucus-serratus-zone. 

EXPERIMENTAL DESIGN AND METHODS OF DATA COLLECTION 

The most  effective way  to answer  the quest ions given above  are manipu la t ive  field 
exper iments  (Underwood,  1985). Cages  (0.5 m x 0.5 m x 0.1 m, ny lon-mesh  size 4 mm, 
plexiglas  on top) were  es tabhshed  in the upper ,  mid and lower  inter t idal  for enclosure 
and/or  exclosure of a control led amount  of organisms (Fig. 4). For es t imates  of caging  
effects, communi t ies  in a reas  covered by  open cages  a n d  those in control a reas  without  
cages  were  compared .  Data  on both sessile faunal  and  a lgal  cover were  col lec ted  with a 
f rame (0.5 m x 0.5 m) d iv ided  into 25 little quadra ts  of 10 cm length,  thus represen t ing  
4 % of the  observed  exper imenta l  area. For each small  quadrat ,  cover was  es t imated  
b e t w e e n  0 /<  50 % / >  50 % (see Braun-Blanquet ,  1964; Jones  et al., 1980; Baker  & Wolff, 
1987). M e a n  devia t ion  using this method  is about  _+ 2 % total  cover of the  exper imenta l  
area. Per iwinkles  and crabs were  counted. Seasonal  migra t ing  behav iour  of crabs  was 
s imula ted  by  excluding  them from the exper imenta l  a reas  dur ing  the months  they  stay in 
the subtidal.  Carcinus maenas (mean ca rapace  width:  50 ___ 4 mm, only male) was 
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Fig. 2. Macrofauna of the rocky northeastern intertidal ("Nordost-Felswatt") of Helgoland. ~)Verti- 
cal zonation of dominant species (simplified after Janke, 1986). (~) Presumed biological interactions 

amongst dominant settlers and visitors 

included b e t w e e n  the beg inn ing  of June  up to the end of Sep tember  or beg inn ing  of 

October. Periwinkles consumed by Carcinus during enclosure were  r ep laced  at the 

beg inn ing  of the succession periods to simulate natural  conditions. Exper imenta l  areas. 

for a new succession were  mechanical ly  cleared with a steel brush and then  burnt  with 
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Fig. 3. Seasonal fluctuations of seawater sahnity (Sw), seawater temperature (Tw) and air temperature 
(Ta} at Helgoland Reede [unpublished data provided by Biologische Anstalt Helgoland (Tw) and 

Wetterwarte Helgoland (Ta}] 

portable cooker flame. Whenever  possible (weather!} data were collected monthly,  
dur ing winter every six weeks. At the beg inn ing  of the experiments,  data were taken  
over fortnightly periods to document  short seasonal changes of the communi ty  structure. 

For calculations on the accuracy of representative area size and communi ty  diversity, 
30 randomly chosen areas (0.5 m • 0.5 m} each in mid and lower and  15 in the upper  
intertidal were monitored to document  the mean  densities of a b u n d a n t  sessile settlers (for 
method see above}. Data of these pre-investigations are hsted in Table  1. To estimate the 
accuracy of the abundance  minimal  areas for each of the three shore levels, Kulczynski- 
indices (Ik; see Kronberg, 1987) were calculated (see also Table  1). For the definition of 
the abundance  minimal  area, Weinberg  (1978} assumed a quanti tat ive similarity of Ik = 
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Fig. 4. Field experiments in the northeastern rocky intertidal ("Nordost-Felswatt") of Helgoland. 
Cages for manipulative inclusion/exclusion experiments of organisms (size 0.5 m x 0.5 m x 0.1 m; 

plexiglas on top, 4 mm nylon gauze at the sides) 

0.70 as satisfactory. In all of the three vertical shore levels, Ik was higher  than  0.70 (see 
Table 1). Thus for the sessile components  of the communit ies  on the exper imenta l  areas, 
the size of the experimental  field design (0.5 m x 0.5 m) was large enough .  

It was not appropriate to consider abundances  of mobile species (Littorina spp., 
Carcinus) for this calculation. As they move around, distribution pat terns c h a n g e  accord- 
ing to the tides, light and other abiotic factors (Crothers, 1967, 1968; Elner, 1978; Elner & 
Hughes,  1978; Underwood, 1979; Hawkins  & Hartnoll, 1983). For ins tance ,  Carcinus is 
restricted to crevices and areas covered by the algal canopy during t ime of emersion, 
whereas it spreads around aI1 over the place during submersion.  Mid in ter t ida l  is visited 
by the crabs only during submersion. At ebb tide they migrate into the lower  intertidal or 
upper  subtidal  to escape from desiccation. Thus to simulate natural  popula t ions  of both 
crabs and periwinkles in the experimental  areas, mean  densities of species "were enclosed 
in the cages (see Table 1). As crabs rarely appear  in the mid intertidal d u r i n g  emersion, 
the mean  density could only be estimated. To provide a good compar ison  for data, 
populat ion density of Carcinus in the mid intertidal was assumed to be the same  as in the 
lower intertidal (= 5 ind. 0.25 m -2, see Table  1). 

Experimental  areas were divided into two classes: (1) Experimental  c a ge d  areas for 
recruit ing communit ies  including one of the hypothetical key-species in na tu ra l  popula-  
tion density; (2) Experimental  caged areas including a representat ive es tab l i shed  settle- 
ment,  but  excluding one of the hypothetical  key-species. 

In the upper  intertidal, experiments  on the established communi t ies  were not 
conducted because  of total annua l  communi ty  recrui tment  during spr ing  time. As 
mussels and crabs do not appear  in this zone (Janke, 1986), studies on their  impor tance  
for communi ty  structure in this zone were omitted. 
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Table I. Mean  population densities of dominant  key-species in the northeastern rocky intert idal  of 
Helgoland. N = individuals x 0.25 m-2; x = cover (%) x 0.25 m-2; s -- s tandard deviation; I k -- 

Kulczynski-Index (see Kronberg, 1987). For further information see text 

Upper  intertidal: Enteromorpha-zone: {15 samples) 
Enteromorpha spp. x = 90.0 s = 14.5 
Littonna saxatilis N = 15.3 s = 13.0 
~'ttorina h'ttorea N = 10.3 s = 8.4 

Ik = 0.988 

Mid intertidal: Mytilus-zone: (30 samples) 
Fucusspp. x = 20.1 s = 9.6 
Littorina littorea N = 24.9 s = 5.7 
Mytilus edulis x = 52.8 s = 26.7 

Ik = 0.782 

Lower intertidal: Fucus-serratus-zone: (30 samples) 
Fucus serratus x = 97.5 s = 8.0 
Littorina fittorea N = 25.3 s = 17.6 
Littorina mariae N = 24.2 s = 14.9 
Carcinus maenas N = 5.1 s = 5.0 

I k = 0 . 9 6 2  

A s u r v e y  of t h e  e x p e r i m e n t a l  a r e a s  a n d  t h e  o r g a n i s m s  e x c l u d e d  or i n c l u d e d  is g i v e n  

in  T a b l e  2. 

S o m e  cr i t ical  n o t e s  m u s t  b e  m e n t i o n e d  c o n c e r n i n g  t h e  e x p e r i m e n t a l  p l a n  a n d  

de s ign .  Firs t  of all  t h e r e  w e r e  n o  r ep l i c a t e s ;  t h e  si te  of e a c h  of t h e  e x p e r i m e n t a l  a r e a s  was ,  

h o w e v e r ,  l a r g e  e n o u g h  to a l l ow  t r e n d  o b s e r v a t i o n s  a n d  conc lus ions .  T h u s ,  t h e r e  w a s  n o  

p s e u d o r e p h c a t i o n .  H u r l b e r t  (1984) s u g g e s t e d  o n e  s h o u l d  p r e f e r  u n r e p l i c a t e d  l a r g e - s i z e  

f ie ld  e x p e r i m e n t s  to r ep l i c a t ed ,  b u t  s m a l l - d i m e n s i o n e d  ones .  Second ly ,  d a t a  for t e s t s  on  

s ta t i s t i ca l  s i g n i f i c a n c e  cou ld  no t  b e  p r o v i d e d .  Thus ,  on ly  o b v i o u s  a n d  d r a s t i c  c h a n g e s  

w i t h i n  t he  c o m m u n i t i e s  w e r e  u s e d  for i n f e r r i n g  c a u s e s  a n d  m e c h a n i s m s  of c h a n g e  in 

c o m m u n i t y  s t ruc tu re .  

RESULTS 

U p p e r  i n t e r t i d a l :  E n t e r o m o r p h a - z o n e  

As m e n t i o n e d  a b o v e ,  on ly  e x p e r i m e n t s  o n  r e c r u i t i n g  c o m m u n i t i e s  (2 cont ro l s ,  

r e c r u i t m e n t  w i t h  e n c l o s u r e  of h e r b i v o r e s ,  s ee  T a b l e  2) w e r e  c o n d u c t e d  in  t h e  u p p e r  

i n t e r t i d a l  (Fig. 5). 

C o n t r o 1 s. O n  b o t h  o p e n  a n d  c a g e d  con t ro l  a r e a s  Enteromorpha spp.  b e c a m e  t he  

spa t i a l  d o m i n a n t .  R e c r u i t m e n t  a n d  r a p i d  g r o w t h  of t h e  a l g a e  a l w a y s  o c c u r r e d  d u r i n g  

M a r c h  to Apri l ,  w h e r e a s  p o p u l a t i o n  d e c l i n e  s t a r t e d  in  O c t o b e r  a n d  b e c a m e  m o s t  o b v i o u s  

b e t w e e n  J a n u a r y  a n d  M a r c h .  G r e e n  a l g a l  p o p u l a t i o n s  s h o w e d  a typ ica l  s e a s o n a l  g r o w t h  

p a t t e r n .  In all  of t he  t h r e e  p e r i o d s  of v e g e t a t i o n  o b s e r v e d ,  Enteromorpha spp.  a t t a i n e d  

to ta l  c o v e r  a n d  d e c l i n e d  d ras t i ca l ly  d u r i n g  t h e  win te r .  B e s i d e s  g r e e n  a l g a e ,  Fucus spp.  

s e t t l e d  o n  b o t h  con t ro l  a r e a s  b u t  d id  n o t  c o v e r  m o r e  t h a n  40  % (Fig. 5 B, J u l y  1987). In 

add i t i on ,  t h e  c a g e d  con t ro l  a r e a  w a s  c o l o n i z e d  b y  t h e  s e d e n t a r i a n  p o l y c h a e t e  Fabncia 
sabella ( E h r e n b e r g )  for p e r i o d s  of u p  to t h r e e  m o n t h s .  T h e s e  w o r m s  r e g u l a r l y  p r o d u c e  

l a r g e  c u s h i o n s  of t u b e s  m a d e  of de t r i tus ,  s l ime  a n d  m u d ,  t h u s  p r o m o t i n g  s e d i m e n t a t i o n  of 
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smal l  par t ic les .  Wi th in  a few weeks ,  Pabricia cushions  o c c u p i e d  up  to 7 6 %  of t he  

e x p e r i m e n t a l  a r ea  (Fig. 5B, A u g u s t  1987). Inc rease  of w o r m  cushions  was  a lways  

co r re l a t ed  wi th  a d e c h n e  of Enteromorpha spp. Pe r iwink les  w e r e  not  o b s e r v e d  on  e i the r  
of t he  cont ro l  a reas  d u r i n g  the  t ime of da ta  col lect ion.  

I n c 1 u s i o n o f h e r b i v o r e s. All pe r iw ink l e s  e n c l o s e d  su rv ived  the  w h o l e  t e r m  of 

study.  Enteromorpha se t t led  in spr ing  and  i n c r e a s e d  v e r y  rap id ly  up  to total  or nea r ly  
total  cove r  of the  a rea  (1986 :96  % in M a y  a n d  June ;  1987 :100  % in July;  1 9 8 8 : 9 0  % in 

May).  C o m p a r e d  to the  control  areas,  success ion  of Enteromorpha was  s lower,  w h e r e a s  

d e c h n e  was  a c c e l e r a t e d  by  he rb ivo ry  of per iwinkles .  In cont ras t  to b o t h  cont ro l  areas ,  

Fucus spp. d id  no t  g r o w  at  all. Fabricia sabefla se t t l ed  d u r i n g  s u m m e r  for pe r iods  of up  to 
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Fig. 5. Biological interactions in the upper intertidal of Helgoland. Experiments on recruiting 
communities. | Control without cage (open). | Control with cage (caged). @) Recruiting settlement 
including herbivores (15 • Littot~na saxatilis and 10 x L. h'ttorea). Fauna: --~-- Fabricia sabella. 

Flora: ~ Enteromorpha spp., ~ -  Fucus spp. All data given as degree of cover (%) 
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about three months and produced thick tube cushions. Increase of worm cushions was 
correlated with a dechne of l~nteromorpha spp. 

M i d  in t e r t i da l :  Myti lus-zone  

Recruiting communities in the mid intertidal 

C o n t r o 1 s. Both open and caged control areas were intensively visited and  grazed 
by Littorina littorea. Only in February and  March 1987 were no per iwinkles  observed 
dur ing data collection. Mean  densities of Littorina-populations were N (s) = 30.0 (17.7) 
ind. 0.25 m -2 on the open control area and N(s) -- 31.1 (16.6) ind. 0.25 m -2 on the caged 
control area. L. mariae appeared with the establishment of Fucus spp. Space occupation 
by IvIytilus edulis started with the succession period in spring 1987 (April and  May) and 
s tagnated dur ing  winter  1987/88. At the end of the experimental  period, 20 % (open)/ 
22 % (caged) of the ground were covered by mussels. Annua l  succession of algae started 
with seasonal species such as iVIonostroma spp., Cladophora sericea a nd  Dumontia 
incrassata (O. P: Mfiller). Growth rates were very high in the b e g i n n i n g  but  they also 
decreased very quickly. None of these alga species reached more t han  28 % cover 
(Mronostroma spp., Fig. 6B, April 1988). With the onset of winter, all seasonal  algae had 
disappeared. Succession of perennia l  algae started in July 1986 with Fucus spp. Standing 
crop increased up to September  1987 on both control areas (28 % cover for open  control/ 
16 % on caged control) but  decreased during late au tumn and winter. Succession of 
Fucus spp. started again in February 1988 and reached 26 % cover on open  and  22 % on 
caged control areas. Another  perennia l  species Chondrus crispus settled on both control 
areas in August  1986 and  reached its maximum cover ~t 8 % on the open a nd  10 % on the 
caged ground (Fig. 6A, B, both August  1987). 

I n c l u s i o n  o f  c o m p e t i t o r s  f o r  s p a c e .  A mussel  popula t ion  of natural  
mean  density (50 % cover) was enclosed in the experimental  area (Fig. 7 A). As soon as 
the experiments  were initiated, mussels started to occupy more space though not 
increasing in numbers .  By June  1986, 1Pfytilus edulis covered 74 % of the rock surface, but  
then kept  constant  cover up to March 1987. In spring 1987 many  juveni le  mussels 
(~ 4 ram) settled on top of the old ones or next  to them. Cover increased up  to 82 % in 
October 1988. Of the perennia l  algae, Fucus spp. appeared in May 1986 and  grew up 
steadily both on mussel  shells and rock, covering the whole exper imental  area  be tween  
May to October 1988. Succession of seasonal algae started with IVlonostroma spp. in May 
1986, which, however,  was replaced within a month by Ulva pseudocurvata Koeman. 
Ulva showed a pronounced  seasonal growth cycle, covering all or most of the ground 
during spring and  summer  and disappearing in winter. In spring and s u m m e r  1988, Ulva 
appeared with a maximum cover of only 6 %, settling exclusively on blades of Fucus spp. 

I n c 1 u s i o n o f p r e d a t o r s. Predators in the mid intertidal were represen ted  by 
the shore crab Carcinus maenas. Five individuals (estimated natural  popula t ion  density) 
were enclosed in a cage (Fig. 7 B). Recruitment of seasonal algae started in May i986 
with Nlonostroma spp. followed by Ulva pseudocurvata in June  1986. As descr ibed in the 
previous chapter, Ulva showed a very conspicuous seasonal growth cycle th roughout  the 
whole period of study, covering all or most of the ground dur ing spring and  summer  and. 
(nearly) d isappear ing in winter. The first of the perennia l  algae to settle was  Chondrus 
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Fig. 6. Biological interactions in the mid intertidal of Helgoland. Experiments on recruiting com- 
munities, I. @ Control without cage (open). (~)Control with cage (caged). Fauna: --~-- Littodna 
littorea, --| L. mar/ae, --�9 Mytilus edulis. Flora: - ~  Cladophora sericea, - -~  Monostroma spp., 
- ~  Fucus spp., ~ Chondrus crispus, - - ~  Dumontia incrassata. All data given as degree of cover 

(%) or number of individuals (N) 

cdspus  (May 1986) which grow up to 6 % cover (July I986). In April 1987, the Chondrus 
stock had disappeared.  Fucus spp. settled in June  1987 and establ ished a small stock (up 

to 8 % cover in May / June  1987) until the end of the exper imenta l  period. Fucus blades 

were  consumed by Carcinus. In October 1987, a small colony of juveni le  Mytilus settled 
but  was consumed within a month (May to June  1988) by Carcinus. 

I n c 1 u s i o n o f h e r b i v o r e s. Herbivores in the mid intertidal were  represen ted  
by the periwinkle Littorina littorea. 25 individuals (estimated natural  populat ion density) 

were  enclosed in the cage (Fig. 7 C), All per iwinkles  enclosed survived the whole  term of 
data  collection. Algal  set t lement was very low compared  to ungrazed  communit ies  

init iated at the same time (see Fig. 7 A, B). Cladophora ser/cea was the only seasonal  alga 

that sett led during all succession periods coming up be tw een  March and July and 

disappear ing be tween  August  (1986) and October  (1987). Highest  degree  of cover 
occurred in July 1988 (20%). Other seasonally growing a lgae  were  Petalonia fascia 
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Fig. 7. Biological interactions in the mid intertidal of Helgoland. Experiments on recruiting com- 
munities. II. ~)Inclusion of competitors for space (Mytilus edulis). (~ Inclusion of predators (Carcin us 
maenas). �9 Inclusion of herbivores (Littorina littorea). Fauna: --O-- IVIytilus edulis. Flora: - -~-  
Cladophora sericea, - - ~  Monostrorna spp., ~ Ulva pseudocurvata, --~ Fucus spp., -Y- Petalonia 

fascia, --0- Chondrus cfispus. All data given as degree of cover (%) 

(March to May 1988) and Monostroma spp. (April 1988). The first pe r e nn i a l  alga to 
estabhsh itself was Fucus serratus (March 1988), reaching highest  cover i n  June  (14 %). 
Space was occupied by, besides algae, juvenile  1Vlytilus edulis which first settled in 
August  1986, growing up to final cover Of 6%. Recruitment by invas ion  of juveni le  
mussels h a p p e n e d  in July 1987 and August  1988, leading  subsequen t ly  to increased 
occupation of space either immediately (1987) or during the following months  (in 1988). 
Space occupation also increased with the growth rate of established mussels.  

Established communities in the mid intertidal 

C o n t r o I s. Both open and  caged control areas were intensively vis i ted and  grazed 
by Littorina h'ttorea (Pig. 8). Only in February and March 1987 were no  periwinkles 
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o b s e r v e d  dur ing  da t a  col lect ion.  M e a n  dens i t ies  of Littorina popu la t ions  w e r e  N (s) = 23.9 
(8,5) ind. 0.25 m -2 on the  o p e n  control  a r ea  and  N = 27.3 (9.4) ind. 0 . 2 5 m  -2  on the  c a g e d  

control  area.  In addi t ion,  L. mariae sporadica l ly  a p p e a r e d  on Pucus spp. S e a s o n a l  

m a c r o a l g a e  se t thng  on  control  a reas  w e r e  Cladophora sericea, Petalonia fascia a n d  

Dumontia incrassata. N o n e  of t he se  a lgae  r e a c h e d  more  than  10 % cover .  Fucus spp. 

d o m i n a t e d  a lga l  v e g e t a t i o n s  on  bo th  o p e n  and  c a g e d  control  a reas  a n d  d o u b l e d  the i r  

c a n o p y  f rom 18 % (20 % on the  c a g e d  control) to 40 % (42 %). A s u d d e n  d e c r e a s e  on  the  
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Fig. 8. Biological interactions in the mid intertidal of Helgoland. Experiments on established 
communities. L | Control without cage (open). | Control with cage (caged). Fauna: --0-- Littorina 
h'ttorea, --6)-- L. mariae, --�9 Mytilus edulis. Flora: - - ~  Fucus spp., -V- Petalonia fascia, - 0 -  
Chondrus crispus, --{E-- Dumontia incrassata. All data given as degree of cover (%) or number of 

individuals (N) 
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open control area be tween  February  and  March 1987 was followed by a period of 
accelerated growth. Besides Fucus spp., the only perennia l  alga to settle on the control 
areas was Chondrus cnspus. On the. open control area it grew up to 20 % cover but  did 
not exceed more than 4 % on the caged control area. Mussel  beds on control areas 
expanded  steadily dur ing the period of study. As soon as the exper iments  ha d  started, 
Mytilus edulis b e g a n  to occupy more space {maximum 6 %) though not  increas ing in 
numbers .  From July to October 1986 many  juvenile  mussels settled on adul t  ones. During 
the two following succession periods, they changed position and  occupied ne w  space on 
the ground: 

E x c l u s i o n  of  c o m p e t i t o r s  f o r  s p a c e .  At the b e g i n n i n g  of the experi- 
ment,  algae and  mussels were removed from the experimental  area. M e a n  populat ion 
densities of Littonna 11ttorea (25 individuals) and Carcinus maenas (5 individuals} were 
kept  enclosed in the experimental  area (Fig. 9A), Periwinkles consumed by crabs were 
replaced at the beg inn ing  of the succession periods to simulate na tu ra l  conditions. 
Seasonal algal settlers at the beg inn ing  of the succession period were Monostroma spp., 
Dumontia incrassata (observed in all years) and Petalonia fascia (only in  spring 1988). 
There was no continuous es tabhshment  of perennia l  macroalgae. Fucus spp. settled in 
June  1986 but  disappeared again in September 1987, not exceeding more than  10 % 
cover. Second recrui tment  of this alga occurred in May 1988. This httle stock stayed unti l  
October 1988 reaching 4% cover. Chondrus crispus also settled in J u n e  1986 but  
disappeared in October 1987 not exceeding a maximum cover of 8 % dur ing  the summer.  
I_u'ttorina was reduced by Carcinus. The crabs consumed 52 % of the per iwinkles  in 1988 
and  28 % in both 1986 and 1987. 

E x c 1 u s i o n o f p r e d a t o r s. At the beg inn ing  of the experiment ,  crabs were 
removed from the experimental  area. Mean  populat ion densities of I_u'ttorina littorea (25 
individuals}, Mytilus edulis {cover of 50 %} and perennia l  macroalgae (Fucus spp., cover 
20 %) were enclosed in the cage {Fig. 9 B). Sett lement of seasonal macroalgae  was very 
sparse. Only C1adophora sericea settled during June  and July of 1986 reaching a 
max imum cover of 4 %. Fucus spp. showed high stability dur ing the whole  period of 
study with a shght t endency  towards expansion. Maximum cover was reached  in  August  
1988 (28 %). Space occupied by mussels expanded  steadily during the period of study. As 
soon as the experiments  had started, Mytflus began  to occupy more space (maximum 
6 %) though not increasing in numbers .  During all the summer  periods observed, many  
juveni le  mussels settled on the es tabhshed adults but  migrated to free g round  space in 
spring of the following year, thus leaving new ground to a new invasion of juveni les  on 
the older parts of the mussel  beds. At the end of the study term, the musse l  bed  covered 
80 % of the ground. 

E x c 1 u s i o n o f h e r b i v o r e s. At the beg inn ing  of the experiment ,  periwinkles 
were removed from the experimental  area. A mean  populat ion density of MytiIus edulis 
{cover of 50 %), Carcinus maenas (5 individuals) and perennia l  macroalgae (Fucus spp., 
cover 18 %) was enclosed in the experimental  area {Fig. 9 C). While herbivores  were 
excluded, macroalgae became very abundan t  settlers. Succession of seasonal  algae 
started in May 1986 with Monostroma spp. reaching a maximum cover of 20 %. It was 
followed by Ulva pseudocurvata in June.  U1va showed a distinctive seasonal  growth cycle 
throughout  the whole study term, covering all or most of the ground dur ing  spring and 
summer  of 1986 and  1987 and (nearly) disappearing in winter. In spr ing and  summer  
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Fig. 9. Biological interactions in the mid intertidal of Helgoland. Experiments on established 
communities. It. C) Exclusion of competitors for space (Mytilus edulis). 0 Exclusion of predators 
(Carcinus maenas). Q Exclusions of herbivores (~'ttorina littorea). Fauna: - - O - -  Littorina littorea; 
--�9 Mytilus edulis. Flora: -E-  Cladophora sericea, - -~  Monostroma spp., -m- UTva pseudocurvata, 
- ~  Fucus spp., -V- Petalonia fascia, ~ Chondrus crispus. All data given as degree of cover (%) or 

number of individuals (N) 

1988, Ulva appeared with a maximum cover of only 28 %. In contrast to earlier observa- 
tions, Ulva did not grow on mussel  shells and  rock but  exclusively on blades of Fucus spp. 

Perennial  algae (i.e. Fucus spp.) increased steadily from 18 % cover in April 1986 to 
100 % in March 1988, thus covering the whole experimental  area and settl ing on both 
mussel shells and rock. Chondrus crispus settled be tween  June  and September  1986 
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reaching a max imum cover of 4 %. Mussels constantly occupied about  half of the 
experimental  area but  were always preyed upon by Carcinus during summer  months. 
The crabs reduced A4ytilus populat ions by 14 % in 1986 and 11% in 1987. The recruit- 
ment  rate of the mussels compensated for tile loss by predat ion caused by Carcinus 
be tween  au tumn  and spring unti l  May 1988, when  Mytilus covered 64 %, Predation 
activity of Carcinus during the summer  1988 was higher than dur ing the previous 
summers  (47 % reduction). At the end  of the study term, A,fytilus covered only 34 % of the 
experimental  area. 

Lower  i n t e r t i da l :  Fucus-serratus-zone 

Recruiting communities in the lower intertidal 

C o n t r o 1 s. Both open and caged control areas were intensively visited a nd  grazed 
by Littorina spp. Only in February and March 1987 were no periwinkles observed dur ing 
data collection. Highest  densities of L. littorea populations observed were 26 individuals  
on the open control area and 34 individuals  on the caged control area (both June  1988; 
Fig. 10A,B). L. mariae appeared in August  1986 following the es tabhshment  of Fucus 
serratus. Mean  densities of periwinkles on control areas are hsted in Table 3. 

Table 3. Recruiting communities in the lower intertidal. Mean densities of I~'ttorina littorea and L. 
rnariae on control areas between April 1986 and October 1988 (N = individuals x 0.25 m-2; s = 

standard deviation) 

Species Open control area Caged control area 

Li t tor ina h'ttorea N = 9.9 (s = 8.3) N = 19.6 (s = 11.4) 
[_a'ttorina mar iae N = 10.0 (s = 9.0) N = 12.0 (s = 10.0) 

Of the seasonal  algae, Ulothrixspp. Kfitzing was the first to occupy free space and  this 
grew up to 50 % cover on both control areas (May 1986, Fig. 10A, B). In June /Ju ly ,  it was 
replaced by Ulva pseudocurvata. Maximum cover of Ulva was reached at the b e g i n n i n g  of 
August  1986 (46 % on open control area, 92 % on caged control area) and d isappeared  
be tween  November  and January. Other seasonal algae appear ing for short periods dur ing  
the summer  were Cladophora sericea and Dumontia incrassata (Fig. 10A, B). F. serratusas 
the most obvious perennia l  alga species appeared on open control areas in May  and  June  
1986 growing up very fast and covering the whole experimental  area be t w e e n  April 1987 
and  October 1988. In May 1987, Spirorbis spirorbis (L.) settled on blades of F. serratus on 
the caged control area and occupied more than 70 % of the blade surface by October  1988. 
Fucus blades on the open control area were not settled by this polychaete. Other  perenn ia l  
algae appear ing in 1986 were Chondrus crispus and Cladophora rupestris. In contrast to 
the set t lement  on the open control area, both of them did not estabhsh on the caged  control 
area until  the end of the study term. Chondrus crispus reached maximum cover in August  
1986 (28% on open control, 18% on caged control; Pig. 10). The only  pe renn ia l  
macrofauna species settling on the ground was Balanus crenatus Brugui~re which first 
appeared  in September  1987. The httle stock was spread around all over the surface 
reaching a max imum cover of 6 % on both control areas. 
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Fig. 10. Biological interactions in the lower intertidal of Helgoland. Experiments on recruiting 
communities. I. Q Control without cage (open}. | Control with cage (caged). Fauna: --0-- Littorina 
littorea, --| L. mariae, --(}-- Balanus crenatus, --{)-- Carcinus maenas. Flora: ~ Cladophora 
rupestris, - - ~  Cladophora sericea, ~ Monostroma spp., ~ Ulothrix spp., ~ Ulva pseudocur- 
rata, -&- Fucus serratus, - 0 -  Chondrus crispus, ~ Dumontia inerassata. All data given as degree 

of cover (%) or number of individuals (N) 

I n c 1 u s i o n o f p r e d a t o r s. Predators in the lower intertidal were  represen ted  by 
the shore crab Carcinus maenas .  Five individuals (estimated natural  populat ion density) 

were  enclosed in the exper imental  area (Fig. 11 A). Recrui tment  of seasonal  a lgae  started 
in May 1986 with Ulothrix spp. covering up to 24 % of the area. U/va p s e u d o c u r v a t a  

appeared  in June  1986 showing a distinctive seasonal  growth cycle throughout  the whole  

study term by covering all or most of the ground during spring and summer  (up to 82 % in 
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July  1988) and  near ly  d i sappear ing  in winter.  C h o n d r u s  c r i spus  set t led in small  stocks 
b e t w e e n  M a y  and  July  1986. P u c u s  s e r ra tu s  first a p p e a r e d  in March  1987 reach ing  
max imum cover  in M a y  1988 (20 %).. P u c u s  blades  were  consumed  by  C a r c i n u s  during 
summer.  The crabs caused  character is t ic  lacerat ions of the b l ades  while consuming  them. 
Especial ly  b e t w e e n  October  1987 and  May  1988, t=. s e r ra tu s  recovered  and  g rew up to 
28 % cover. After  the crabs had  been  inc luded  P. s e r ra tus  dec reased  down to a cover of 
2 %  in October  1988. 

I n c l u s i o n  o f  p r e d a t o r s  a n d  h e r b i v o r e s .  Predators  and  herbivores  in 
the lower  in ter t ida l  are r ep resen ted  by  Carc inus  m a e n a s ,  L i t tor ina  l i t torea  and  L. mar iae .  

Five individuals  of C a r c i n u s  (only dur ing  the summer  season) and  25 ind iv idua ls  of both  
t i t t o r i n a  species  were  enclosed in the  exper imenta l  a rea  (Fig. 11 B). Per iwinkles  con- 
sumed by  the crabs were  r ep laced  in the beg inn ing  of the succession pe r iod  to s imulate  
na tura l  conditions.  No seasonal  a lgae  were  observed  in this a rea  dur ing  the per iod  of 
study. The first pe renn ia l  a lga  to appea r  was C h o n d r u s  c r i spus  (beginning  of June  1986), 
r each ing  a max imum cover in October  1987 (16 %). F u c u s  s e r ra tu s  a p p e a r e d  at  the  end of 
June  1986 and  b e c a m e  the dominant  set t ler  in this area,  g rowing  s teadi ly  to cover the  
whole  g round  b e t w e e n  Sep tember  1987 and October  1988. B a l a n u s  c r e n a t u s  set t led in 
httle pa tches  in Augus t  1986 covering a max imum of 4 % of the  ground  in S e p t e m b e r  and  
October  1988. Both Li t tor ina  species  were  p r eyed  upon by  Carc inus .  Crabs  consumed  the  
whole  popula t ion  of L. m a r i a e  dur ing the per iod  of enclosure.  The L. l i t torea  popula t ion  
was r e d u c e d  by  a max imum of 32 % (= 8 individuals,  1986 and 1988). 

I n c l u s i o n  o f  h e r b i v o r e s .  Herbivores  in the  lower  in ter t ida l  were  rep-  
r e sen ted  by  I.u'ttorina l i t torea (grazing on the rock and the b l ades  of macroa lgae)  and  L. 
m a r i a e  (grazing exclusively on b lades  of P u c u s  spp.). Exper iments  were  d iv ided  into two 
sections: (1) Invest igat ions  on recrui t ing communit ies  inc luding  na tura l  popula t ions  of 
herbivores ,  and  (2) para l le l  invest igat ions on recruit ing communi t ies  inc lud ing  popula-  
tions of herb ivores  in lower, natural  and  double  densities.  

(1) Recrui t ing communit ies  inc luding a natura l  popula t ion  of herb ivores  (Fig. 11 C). 
25 individuals  of both  Li t tor ina  species  were  enclosed in the  expe r imen ta l  area.  Dead  
per iwinkles  were  r ep laced  in the beg inn ing  of the annual  succession per iods  to s imulate  
na tura l  condit ions (constant  densi ty  of herbivores).  All indiv iduals  of L. l i t t o rea  survived 
dur ing the whole  per iod  of study. In contrast,  the popula t ion  of L. m a r i a e  was  r e duc e d  by  
36 % b e t w e e n  July  and Augus t  1986. By the beg inn ing  of the next  success ion period,  
52 % (April 1987) of the  populat ions  had  died. The mortal i ty  rate  of L. m a r i a e  was lower  
dur ing 1987 and  1988. The first a lga  species  to settle was C h o n d r u s  cr ispus ,  appea r ing  in 
May  1986 and  reach ing  a max imum cover of I8 %. In Feb rua ry  1987, C h o n d r u s  disap-  
pea red  but  se t t led  aga in  in Apri l  1988 with maximum cover  in Augus t  (16 %). P u c u s  

s e r ra tu s  first a p p e a r e d  in June  1986 and became  the dominan t  a lga  on this exper imenta l  
area. It g r ew  up s teadi ly  reach ing  total cover of the ground  in Augus t  1987. Besides  algae,  

Fig. 11. Biological interactions in the lower intertidal of Helgoland. Experiments on recruiting 
communities. II. | Inclusion of predators (Carin us maenas). | Inclusion of predators and herbivores 
(5 x Carcinus maenas, 25 x Littorina littorea, 25 x L. mariae). �9 Inclusion of herbivores (25 x Lit- 
torina h'ttorea, 25 x L. mariae). Fauna: n o n  I.uttorina littorea, --(D-- L. mariae, --�9 NIytilus edub's, 
--(}-- Balanus crenatus. Flora: ~ Ulothrix spp., -U-  Ulva pseudocurvata, ~ Fucus  spp., --0-. 

Chondrus crispus. All data given as degree of cover (%) or number of individuals (N) 
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juveni le  h/Iytilus edulis occupied  free space in Augus t  1986 (4 %) and e s t a b l i s h e d  a small  
musse l  b e d  by  cover ing up to 8 % of the rock (September  and  October  1988). 

(2) Recrui t ing communit ies  including populat ions  of herbivores  e i t h e r  at lower, 
na tura l  or doub le  density. To s tudy the impor tance  of graz ing  pressure  o n  a lga l  succes- 
sion, addi t ional  exper iments  were  ini t ia ted in Apri l  1987. Lower, n a t u r a l  and  double  
densi t ies  of Littorina fittorea were  enclosed in c leared areas  (Fig. 12). 

C o n t r o l s  (Fig. 12A, B). Both open and  caged  control a reas  w e r e  intensively 
vis i ted and  g razed  by  L. littorea. Iu'ttorina mariae a p p e a r e d  in Augus t  1987 fol lowing the 
es tab l i shment  of Fucus serratus. Mean  densi t ies  of per iwinkles  on control a r e a s  are  hs ted 
in Table  4. Fucus serratus a p p e a r e d  on the control areas  in May  and J u n e  1987 growing 

Table 4. Recruiting communities in the lower intertidal. Parallel inclusion of herbivores at different 
densities. Mean densities of Littorina fittorea and L. mariae on control areas between April 1986 and 

October 1988 (N = individuals • 0.25 m-2; s -- standard deviatiorL) 

Species Open control area Caged control area 

Littorina littorea N = 17.6 (s = 9.1) N = 25.7 (s = 13.7) 
Littorina rnariae N = 7.2 (s = 5.9) N = 6.2 (s = 5.7) 

up to cover  the  whole  ground of control areas  in May  1988. Perennia l  u n d e r c o v e r  a lgae  
(Chondrus crispus and  Cladophora rupestris) set t led in M a y  1987. Chondrus crispus 
r eached  m a x i m u m  cover  in Sep tember  1987 (46 % on open/22 % on c a g e d  control) and  
then  slowly d e c r e a s e d  until October  1988. Cladophora'rupestris showed  s lower  but  more  
constant  growth  rates  reaching  a seasonal  p e a k  on the caged  control a r e a  in June  1988 
(30 %}. Se t t l ement  of seasonal  a lgae  was sparse.  Only  Dumontia incrassata a p p e a r e d  
(March 1988, on both  control areas) reaching  max imum cover at the end  of M a y  (22 %/  
34% ; Fig. 12A, B). 

R e c r u i t i n g  c o m m u n i t i e s  i n c l u d i n g  h e r b i v o r e s  a t  l o w e r ,  
n a t u r a l  a n d  h i g h e r  d e n s i t i e s .  (Fig. 12 C, D, E). Communi ty  success ion on 
areas  g razed  by  different  numbers  of per iwinkles  showed a dist inct ive difference in 
recrui t ing pat tern .  Succession on areas  enclosing a lower  dens i ty  (15 ind iv idua l s  of 
Littorina littorea) s tar ted  in June  with the appe a ra nc e  of both  seasona l  (Cladophora 
sericea, Ulva pseudocurvata) and perenn ia l  a lgae  (Fucus serratus, Cladophora rupestris, 
Chondrus crispus). Up to October,  seasonal  vege ta t ion  domina ted  the ground ,  but  then 
d i sappeared .  Af te rwards  F. serratus grew up very  fast cover ing the whole  exper imen ta l  
a rea  at the end  of May  1988. The only seasonal  a lga  set t l ing in spr ing  of 1988 was 
Dumontia incrassata reaching  a max imum of cover  (18 %) at  the  end of May .  The  area  
enclosing a na tu ra l  densi ty  of herbivores  (25 individuals  of L. littorea) l a c k e d  se t t lement  
of seasonal  a lgae.  Set t lement  of undercover  pe renn ia l  a lgae  was lower  than  in the 
exper iment  desc r ibed  before, but  P. serratus deve loped  in nea r ly  ident ica]  pa t te rns  (cf. 
Fig. 12 C, D). Success ion on the area  inc luding double  herb ivore  dens i ty  (50 ind iv idua ls  of 
L. littorea) was charac te r ized  by  a lack  of rich se t t lement  of both  seasona l  a n d  pe renn ia l  
macroalgae .  Only  Chondrus crispus appeared ,  r each ing  a m a x i m u m  cover of 10 %. On all 
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three exper imenta l  areas, juvenile A,fytilus eduh's settled be tween  August  and Sep tember  

1987 establishing small mussel  beds. These  mussel  beds survived until the end of the 

exper iment  while constantly occupying more space. Maximum cover on all exper imenta l  
areas was reached  in October 1988 ( 6 % / 6 % / 1 0 % ;  Fig. 12C, D,E). 
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Fig. 12. Biological interactions in the lower intertidal of Helgoland. Experiments on recruiting 
communities. III. ~) Control without cage (open). O Control with cage (caged). �9 Inclusion of 
herbivores at lower density (15 • Littorina littorea). @ Inclusion of herbivores at natural density 
(25 • L. fittorea). (~ Inclusion of herbivores at double density (50 x L. fittorea). Fauna: --~-- 
Dynamena pumfla, --Q-- Littor~na littorea, --| L. mariae, --0-- A/Zytilus edulis. Flora: - [ ~  
Cladophora rupestris, -4D- Cladophora sericea, ~ Ulva pseudocurvata, --A- Fueus serratus, --0- 
Chondrus crispus, -{E- Dumon~'a incrassata. All data given as degree of cover (%) or number of 

individuals (N) 
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Established communi t ies  in the lower  intertidal 

C o n t r o 1 s. Resul t s  of c o m m u n i t y  s u c c e s s i o n  on  b o t h  cont ro l  a r e a s  a re  s h o w n  in  

F igu re  13 A a n d  B. In con t ras t  to t h e  o p e n  contro l  area ,  da t a  on  the  c a g e d  con t ro l  a r e a  

w e r e  co l l ec t ed  only  b e t w e e n  Apr i l  1986 a n d  Apr i l  1987. Both o p e n  a n d  c a g e d  contro l  

a r e a s  w e r e  i n t e n s i v e l y  v i s i t ed  a n d  g r a z e d  by  Littorina littorea a n d  L. mariae.  H e r b i v o r e s  

w e r e  f o u n d  n e i t h e r  on  the  c a g e d  cont ro l  a r e a  in  F e b r u a r y  1987 no r  on  t h e  o p e n  cont ro l  

a r e a  b e t w e e n  N o v e m b e r  1987 a n d  Apr i l  1988. M e a n  d e n s i t i e s  of p e r i w i n k l e s  on  b o t h  

cont ro l  a r e a s  are  h s t e d  in Tab le  5. S e a s o n a l  m a c r o a l g a e  d id  no t  se t t l e  o n  e i t h e r  of t h e  

Table 5. Established communities in the lower intertidal. Mean densities of IAttofina littorea and L. 
mariae on control areas be tween April 1986 and October 1988 (N = individuals x 0.25 m-2; s = 

standard deviation) 

Species Open control area Caged control area 

Littorina fittorea 
IV 1986-IV 1987 N = 13.4 (s = 8.5) N = 19.0 (s = 9.0) 
IV 1986- X 1988 N = 13.1 (s = 7.8) no data  

Littorina mariae 
IV1986- IV1987  N =  19.2 ( s =5 .1 )  N =  7.9 (s = 8.5) 
IV 1986- X 1988 N = 13.1 (s = 7.8) no data  

cont ro l  a reas .  Fucus serratus d o m i n a t e d  the  cont ro l  a reas ,  c o v e r i n g  all o f  t h e  g r o u n d  

b e t w e e n  Apr i l  a n d  O c t o b e r  1986. In N o v e m b e r  1986,al l  s t ipes  of Pucus p l an t s  on t h e  

c a g e d  cont ro l  a r e a s  b r o k e  at  t he  b a s e s  a n d  w e r e  w a s h e d  away .  In A p r i l  1987 y o u n g  

shoo t s  of F. serratus a p p e a r e d  aga in .  E s t a b h s h e d  u n d e r c o v e r  a l g a e  h k e  Chondrus  crispus 
a n d  Cladophora rupestris s h o w e d  e i t he r  dras t ic  s e a s o n a l  g r o w t h  r a t e s  a n d  d ec l i n e  

(Chondrus crispus) or also less  f l uc tua t i ng  p o p u l a t i o n  c h a n g e s  (Cladophora ru_pestris). 
M e a n  d e n s i t i e s  of Chondrus crispus a n d  Cladophora rupestris  on b o t h  c o n t r o l  a r e a s  a re  

h s t e d  in T a b l e  6. Bes ide s  a lga l  v e g e t a t i o n ,  h y d r o z o a n  co lon ies  of D y n a m e n a  pumfla  (L.) 

s e t t l ed  on  b o t h  contro l  a r eas  d u r i n g  p e r i o d s  of succes s ion .  O n  c a g e d  c o n t r o l  a r eas  t h e  

h y d r o z o a n s  s u r v i v e d  the  w i n t e r  s e a s o n  1986/87 a n d  d i s a p p e a r e d  in M a r c h  I987. 

Table 6. Established communities in the lower intertidal. Mean cover of dominant  perennial 
undercover algae (Cladophora rupestris, Chondrus crispus] on control areas b e t w een  April 1986 and 

October 1988 (~ = cover % x 0.25 m'2;  s = standard deviation) 

Species Open control area Caged control area 

Cladophora rupestris 
IV 1986-IV 1987: ~ = 20.8 (s = 3.4) ~ = 16.5 (s = 1.9) 
IV 1 9 8 6 - X  1988: E = 25.9 (s = 8.3) no data 

Chondrus crispus 
IV 1986-IV 1987: E = 31.0 (s = 7.0) E = 11.9 (s = 5.5) 
IV 1 9 8 6 - X  1988: E = 33.8 (s = 13.1) no data 
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Fig. 13. Biological interactions in the lower intertidal of Helgoland. Experiments on established 
communities. I. ~)Control without cage (open). O Control with cage (caged; data collection stopped 
in April 1987). Fauna: -*~-- Dynamena pumfla, --0-- Im'ttorina littorea, --(b-- L. mariae, --~-- Balanus 
crenatus. Flora: -{]- Cladophora rupestris, -~- Fucus serratus, --A- Laminana digitata, -4~ Chondrus 

crispus. All data given as degree of cover (%) or number of individuals (N) 

E x c l u s i o n  o f  c o m p e t i t o r s  f o r  s p a c e .  At the beg inn ing  of the exper iment  
all sessile species  (algae, barnacles ,  mussels  and  hydrozoans) except  Fucus serratus were 
removed  from the exper imenta l  area. Mean  popula t ion  densi t ies  of Littorina littorea and 
L. mariae (25 individuals  of each species) and  Carcinus maenas  (5 individuals)  were  
enclosed on the exper imenta l  a rea  (Fig. 14 A). Both Littorina species  were  r e d u c e d  by  
Carcinus. Crabs consumed  the whole  popula t ion  of L. mariae dur ing the per iods  of 
enclosure.  The L. fittorea popula t ion  dec l ined  by  36 % (= 9 individuals) .  In November  
1986 all st ipes of Fucus plants  on the caged  control a rea  broke  at the  bases .  In Apri l  1987, 
juveni le  p lants  of F. serratus a p p e a r e d  aga in  (8%). NIonostroma spp. was  the only 
seasonal  a lga  to grow, appea r ing  in March 1987 and  reach ing  ma x imum cover in Apri l  
1987 (32 %). Free  space was also occupied  by  Dynamena pumfla  and Balanus crenatus. 



244 Klaus Janke 

Z5- 

20- 
--~ 15- 

, l ~ , ,  ,~, ~ 
,, ~, , :"  ~--e'" 

,,, ' ,  : ~...~-~ 

/ /  ...~..~-~" ..... @- ..... ~: 

A ' H ' J  'J ' A ' S ' 0 " N ' O l  J ' F ' M ' A ' M ' J  'J ' A ' S ' 0 '  

' . ' ' . . ' ' .  - '  JL 

80 

~ 6o 

~ 1.0. 

20 

0 
A I M ' j  ' j ' A ' S ' O I N ' O I  j ' F 'M 'A 'M~  j ' l  ' A ' S '  0 ' 

1987  1 9 8 8  

h5 3@ r 39 40 

. t  , - '  If t I ..t l ' .  
.g:H / ~ , /  

~od ,' --. ,' ~ . ~ "  

- -  o l  . .. -----<~r':  , ..:..._, , , , ~ A 'M 'J ' J 'A 'S '0 'N 'D IJ  F'M A'M J J'A S 0 

100 . . . . . .  

80 

o~ 6o 

~o 

20 

0 A' 
1 9 8 7  1988 

~00" 

8 0 -  

a~ 60- 

20- 

0 

100 

Qo 
~ 6 0  

L..~ /.0 

ind: 15 x L.li#orea /'- "-"- "- "- 

/ 

. 

1987 1988 

ind: SO x L. l i t t o r e a  

�9 - . ~ : : r  . . . . .  4 
'M'J 'J 'AIS'0 'N'DI  J 'F'MIA'M'J 'J 'A 'S '0 '  

1987  1988  

100- 

~ 60- 
~ . 

20- 

0 

�9 A �9 �9 �9 �9 

A ~ M ~ j ' j ' A ' S ' 0 ~ N '  0 H ' j ' j ~ A ' S ~ O  ~ 

Fig. 14. Biological interactions in the lower intertidal of Helgoland. Experiments on established 
communities. II. | Exclusion of competitors for space (~Iytilus edulis, macroalgae). | Exclusion of 
predators ( Carcinus maenas}. �9 Exclusion of herbivores (Littonna littorea). Fauna: --~-- Dynamena 
pumfla, --0-- ~'ttorina littorea, --| L. marlae, --0-- h, Iytilus edulls, --(}-- Baianus crenatus. Flora: 

Cladophora rupestris, - ~ -  Monostroma spp., ~ Fucus serratus, --0-- Chondrus cdspus. All 
data given as degree of cover (%) or number of individuals (N) 
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Hydrozoan  colonies first a p p e a r e d  in June  1986 reaching  a max imum cover of 26 % (June 
1986) and  m e a n  cover densi ty  of about  16%. B. crenatus set t led in Sep tember  1986 
occupying  2 % of the ground until  the end of the s tudy  term in Apri l  1987. 

E x c 1 u s i o n o f p r e d a t o r s. At the beg inn ing  of this exper iment ,  crabs were  
r emoved  from the exper imenta l  area. Mean  popula t ion  densit ies  of both Littorina littorea 
and L. mariae (25 individuals  each) and perenn ia l  macroa lgae  (Fucus serratus, 100 %; 
Cladophora rupestris, 28 % ; Chondrus crispus, 32 %) were  kep t  enclosed in the cage  (Fig. 
14 B). All  individuals  of L. h'ttorea survived dur ing the whole  per iod  of study. 56 % of L. 
mar /ae  d ied  be tween  November  1986 and Apri l  1987. F. serratus covered all of the 
ground  b e t w e e n  April  and  October  1986. In November  1986, all st ipes of Fucus plants  on 
the caged  control a rea  broke at the bases.  In Apri l  1987, juveni le  plants  of F. serratus 
a p p e a r e d  aga in  (6 %). Perennial  undercover  a lgae  dec reased  dur ing the per iod  of study. 
Chondrus crispus d i sappea red  in November  1986, but  se t t led aga in  in Apri l  1987. 
Cladophora rupestn's r emained  until Apri l  1987 but  dec reased  down to 10 % cover 
(= 36 % of cover in Apri l  1986). Besides algae,  juveni le  Mytilus edulis occupied  free 
space  in Sep tember  1986 (4 %) and es tab l i shed  a small  mussel  bed.  

E x c 1 u s i o n o f h e r b i v o r e s. At the beg inn ing  of this exper iment  per iwinkles  
were  r emoved  from the exper imenta l  area. Mean  popula t ion  densi ty  of Carcinus maenas 
(5 individuals) ,  Fucus serratus (cover 100%) and also small  stocks of Cladophora 
rupestris (10 %) and Chondrus crispus (12 %) were  enclosed  in the exper imenta l  a rea  
(Fig. 14 C). F. serratus covered all of the ground  b e t w e e n  Apri l  and  June  1986 and  then  
decreased ,  d i sappear ing  in November  1986. Most  of the stock was r educed  by  Carcinus. 
The crabs r educed  F. serratus by 50 % b e t w e e n  June  and  the beg inn ing  of October  1986. 
In November  1986 all st ipes of Fucus plants  r ema ined  b roken  at the bases.  Chondrus 
crispus dec reased  down to 4 % cover in Apri l  1987, but  r eached  a max imum cover of 14 % 
in June  1986. Cover  by Cladophora rupestris r ema ined  near ly  constant  dur ing the per iod  
of study. 

DISCUSSION 

B i o l o g i c a l  i n t e r a c t i o n s  in  t h e  r o c k y  i n t e r t i d a l  of H e l g o l a n d  

The results  of the exper iments  p resen ted  above  confirm that  biological  interact ions 
p lay  an impor tant  role in the rocky inter t idal  communi ty  structure at Helgoland.  Figure  
15 summar izes  schemat ical ly  the changes  of the re la t ive  impor tance  of compet i t ion for 
space,  of herbivory,  and of predat ion  in re la t ion to the ver t ical  shore level  and  some other  
factors. 

Upper in tertidal 

Data col lected in the upper  intert idal  reveal  Enteromorpha spp. as dominan t  com- 
peti tors for space. It became  obvious that  herbivores  cannot  inhibi t  the se t t lement  and  
dominant  occupat ion of space by  Enteromorpha spp., but  they did both slow down a lgae  
growth and accelera te  its seasonal  decline.  Fabricia-cushions caused  a distinctive 
decrease  of Enteromorpha cover, as they promoted  sed imenta t ion  of mud  and detritus. 
Aggrega t ions  of these  polychaetes  are well  known from the "Westwat t" - in ter t ida l  (Fig. 
1), where  they  locally exclude mats  of g reen  a lgae  from the rock. In the inter t idal  of 
"Nordost-Felswat t"  they  are very sparse. As Fabricia-cushions were  not observed  around 
the exper imenta l  area, their  appea rance  is very  l ikely caused  by  "caging-effects"  and  
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Fig. 15. Factors controlling the community structure along the vertical shore gradient in the rocky 
intertidal of Helgoland. All factors are not shown to scale but to relative degree of importance 
(redrawn and transposed to the communities found at Helgoland after Hawkins & Hartnoll, 1983) 

thus do not represent  natural  conditions. Usually, they do not play an impor tan t  role in 
the communi ty  pat tern in the upper  intertidal at "Nordost-Felswatt". 

Following Remmert ' s  definition (Remmert, 1984, p. 260) the simple s t ructured com- 
muni ty  in the Enteromorpha-zone can be characterized by low constancy,  low stability 
but  high resil ience (Fig. 16}. According to Remmert, communit ies  of h igh stability 
withstand dis turbances  from outside without changing communi ty  structure; com- 
munit ies  that do not  change their structure during the seasons are of h igh  constancy; if 
communit ies  change  because of disturbances from outside and  reach a ga i n  very quickly 
their former climax they are characterized by high resihence. 

Unexpected or seasonal disturbances (storms followed by large amoun t s  of kelp 
washed ashore) cause total decline of the vegetat ion but  recrui tment  in spring, summer  or 
early au tumn happens  within a few days or weeks. Disturbances in late a u t u m n  or winter  
are not followed by recruitment of the community because  o f  un favourab le  climatic 
conditions. 

Mid in tertldal 

The results presented  here confirm the hypothesis that biological in teract ions  play an 
important  role in  communi ty  structure in the mid intertidal of Helgoland. A compar ison  of 
the envi ronmenta l  controls shows no distinctive differences in communi ty  deve lopment  
and  main tenance .  Thus, possible "caging effects" were of minor impor tance  for the 
community  structure on experimental  fields. An explanat ion is n e e d e d  for the lack o{- 
Littorina littorea on the control areas in February and March 1987. This p h e n o m e n o n  was 



Biological interactions in the rocky inter t idal  of He lgo land  247 

o o , 

b,. 

._~ .o_ 
OJ tO  

m 

_E>, 

| 
~ /,<~.sfabilify . . . . . . . . . . . . . .  

low ,~ TROPHIC COMPLEXITY = high 
high -- VERTICAL LEVEL ,~ low 

| 
__ _/herbivory 

~ predation 

,oo0e '-- 
low -TROPHIC COMPLEXITY - high 
high - -  VERTICAL LEVEL low 
high EXPOSURE low 
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(changed after Menge & Sutherland, 1976) 

obviously caused  by  very low air t empera tu res  that  c ha nge d  the behav iour  of the 
per iwinkles .  To escape  from death  by  frost they all moved  to rockpools  w h e n  emersed  
and wa i ted  for the  oncoming high tide, cont inuing graz ing  activities when  submersed .  
This behav iour  does not exclude the possibihty of grazing activity on the control  areas  
dur ing  February  and  March 1987. 

C o m p e t i t i o n  f o r  s p a c e .  Competi tors  for space could be  d iv ided  into two 
groups:  (1) pe renn ia l  species  (i.e. Mytflus edufis, Fucus spp., Chondrus crispus) and  (2) 
seasona l  species  (i.e. Ulva pseudocurvata, Monostroma spp., Cladophora sencea, 
Petalonia fascia, Dumontia incrassata). At the beg inn ing  of the succession periods,  the 
vege ta t ion  was genera l ly  domina ted  by  seasonal  species  (i.e. g reen  algae).  Fast  dechne  
of these  species  in summer  or au tumn was obviously caused  by  fluctuations in seasonal  
chmatic  factors but  not  inf luenced by  se t t lement  of pe renn ia l  species.  For instance,  see 
deve lopmen t  and dechne  of Ulva and IVIonostroma spp. (Figs 7, 9). W h e n e v e r  present ,  
Mytflus became  the dominant  competi tor  for space,  excluding a lgae  from the rock but  
also providing free space  for se t t lement  on its shells. The dominant  compet i tor  amongs t  
the perenn ia l  a lgae  was Fucus spp. Wheneve r  herbivores  were  excluded,  Fucus spp. 
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set t led in high densi t ies  and  ou tcompeted  all other  a lgae  wi thin  two vege t a t i on  periods.  
Even fast g rowing  seasonal  species  l ike Ulva pseudocurvata were  p r e v e n t e d  from 
se t t lement  on rocks and musse l  shells. Instead,  space  for se t t l ement  w a s  p rov ided  on 
Fucus blades .  On this substratum, Ulva b lades  showed  h e a v y  lacera t ion  caused  by  
mutual  friction and  mechan ica l  stress of the  b lades  dur ing  floatation. Seasona l  a lgae  
were  not ou t compe ted  w h e n e v e r  Fucus spp. occurred at na tura l  dens i t ies  (about  20 % 
cover), Fucus spp.  growing on the ground  were  ou tcompe ted  by  Mytilus, b u t  the  mussels  
provided  n e w  space  for se t t lement  on their  shells. In contrast  to the rock surface,  mussel  
shells do not  provide  secure holdfast  for many  years.  Occasional ly,  Fucus plants  
dec reased  the popula t ion  dens i ty  of Mytilus, especia l ly  w h e n  a lgae  b e c a m e  very  large  
and p romoted  removal  of the mussels  by  wa te r  turbidity.  Such events  r e d u c e d  musse l  
beds  on control  a reas  in the mid  inter t idal  (Figs 6, 8). 

P r e d a t i o n. Compared  to exper iments  on the impor tance  of compet i t ion  for space 
or herbivory,  s tudies  on preda t ion  were  carr ied out only dur ing  s u m m e r  to s imulate  
natura l  conditions.  Predat ion by  crabs is also restr ic ted to per iods  of submers ion .  Thus, 
effects of p reda t ion  were  not that  obvious. In fact there  were  some c ha nge s  in communi ty  
structure caused  by  crab predat ion.  Results showed that  musse ls  w e r e  r e duc e d  by  
Carcinus maenas. Broken shells  in the cages  showed  the cause  of the  dec l ine  of mussels.  
During the pe r iod  of study, the growth ra te  of mussel  beds  c o m p e n s a t e d  the  loss by  
predat ion,  but  in the exper iment  Carcinus r educed  Mytilus edulis by 57 % within one 
summer  (see Fig. 9 C, June  to October  1988). Thus, it is very l ikely  that  Carcinus prevents  
recrui tment  of mussels  on free space.  W h e n e v e r  Mytilus se t t led  within c a g e s  inc luding 
crabs, they  were  consumed within very short  per iods  (for ins tance  see  Fig. 7 B). Carcinus 
also r educed  es tab l i shed  musse l  beds  on all exper imenta l  fields, w h e n  they  were  
enclosed toge the r  (see Figs 7B, 9 A  and  C; ment ioned  before  also by  Crothers ,  1967; 
Ropes, 1968; Reise, 1977, 1978). If crabs were  exc luded  from the e x p e r i m e n t a l  areas,  
Mytilus es tab l i shed  and grew up at low but  constant  growth rates  (see Figs.  7 A and  C, 
9 B). These  resul ts  and  in terpreta t ions  do not  expla in  the  growth  of musse l  b e d s  observed  
on control a reas  occupied  by  es tabl i shed  communi t ies  (Fig. 8). D e v e l o p m e n t  of Mytilus 
stock on these  areas  indicate  that  the Carcinus densi ty  (5 individuals)  enc losed  in the 
cages  was p robab ly  much h igher  than in na tura l  populat ions  in the mid in ter t idal .  

The results  also indicate  the controll ing effects of p reda t ion  by  Carcinus maenas on 
populat ions  of herbivores  (Littorina littorea). Broken Littorina shells in the  c a g e s  showed 
that  even adul t  per iwinkles  (up to 4 cm in shell  height)  were  consumed  by  the crabs. 
Reduction of L. littorea (28 % in 1986 and 1988, 52 % in 1 9 8 7 ) d i d  not  p romo te  algal  
se t t lement  or growth  rates. Obviously,  p reda t ion  pressure  of c rabs  on pe r iw ink l e s  did  not  
cause such a dis t inct ively low rate of herbivory  that  could cause  a more  in t ens ive  algal  
set t lement .  

Results in Figure  7 B show a negat ive  correlat ion b e t w e e n  Carcinus maenas and  
Fucus spp. This p h e n o m e n o n  can be in te rpre ted  as a caging  effect. Crabs  usua l ly  prefer  
predat ion  to herbivory,  but  they accept  Fucus for food, if noth ing  e l se  is offered. 
Experiments  in the labora tory  could verify this hypothesis  and  the resul t s  in this cage  
exper iment  in the lower  inter t idal  (Fig. 11 B). In fact, this constel la t ion does  not  reflect  
natura l  condit ions in the inter t idal  of Helgoland.  Unlike Fucus serratus, Ulva pseudocur- 
vata was not  consumed  by the crabs and thus could es tabl ish  in typical  s e a s o n a l  pat tern.  
Other p reda tors  (such as fish and birds) were  not inc luded  in this s tudy a l t hough  they 
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possibly p lay  an impor tant  role. Up to now there have been  no special  invest igat ions  
about  this p rob lem in the rocky intert idal  of He lgo land  that  provide  da ta  for serious 
est imations {see Vauk  & Prfiter, 1987; Krfil~, 1988). 

H e r b i v o r y. Compared  to all other manipula t ive  exper iments  in the  mid  intert idal ,  
the exc losure /enc losure-exper iments  with herbivory showed the most  obvious and  dis- 
t inctive changes  in communi ty  succession and maintenance .  Results clearly demons t ra te  
that  herbivores  control both  seasonal  and  perenn ia l  algal  growth and  set t lement .  Thus, 
they hmit  h igh cover by  a lgae  in the Mytilus-zone. Wheneve r  Littorina littorea was 
excluded,  seasonal  g reen  a lgae  (i.e. Monostroma spp., Ulva pseudocurvata) g r e w  very 
quickly showing a typical  seasonal  growth pa t te rn  (cover of more  than  90 % in summer)  
and  (sometimes total) decline.  In the surrounding open field, on control a reas  and  on 
exper imenta l  a reas  inc luding  per iwinkles ,  Ulva did not occur. Growth  rates of Ulva were  
also hmi ted  by  the occurrence of perenn ia l  a lgae  (Fucus spp.) if they  came to cover  most 
or all of the ground.  L. h'ttorea also l imited succession and growth  rates of Fucus spp.  On 
exper imenta l  a reas  excluding per iwinkles ,  growth rates of Fucus spp. acce le ra ted  rapid ly  
to reach  total cover of the ground  within 26 months.  

Summariz ing  these  results and  the biological  structure found in the  mid  inter t idal  
before exper iments  were  s tar ted (see Pig. 2 A), the mid inter t idal  communi ty  is domi- 
na ted  by  pe renn ia l  species  such as Littorina fittorea, Mytilus eduh's and  Fucus spp. 
Fol lowing Remmert ' s  definit ion (Remmert, 1984, p. 260), the Mytilus-zone communi ty  is 
charac ter ized  by  h igh  stabili ty (probably high constancy) and low resi l ience (see Fig. 16). 
Major  unexpec t ed  or seasonal  d is turbances  causing a serious dechne  of dominan t  sessile 
species  may  have  an impor tant  effect on the communi ty  structure for a long pe r iod  as the 
recrui tment  rates  of the dominant  settlers (e.g. Mytilus) will t ake  at leas t  more than  three  
per iods  of succession (probably many  more) to reach  the former communi ty  pat tern .  

Lower in tertidal 

The results p re sen ted  here  demonst ra te  that  biological  in teract ions  p lay  an  impor-  
tant  role in the communi ty  structure in the lower  intert idal  of Hetgoland.  Unfortunately,  a 
comparison of the controls shows distinct differences in communi ty  d e v e l o p m e n t  and 
main tenance  (see Figs 10, 13). Thus "caging effects" definitely p l ayed  an impor tan t  role 
in communi ty  structure on the exper imenta l  fields. These  "caging  effects" m a k e  it 
difficult to in terpre t  the results on exper imenta l  areas, but  they  also indicate  a p robab le  
impor tance  of abiotic factors, the  influence of which on communi ty  has  so far been  
neglec ted .  An  explana t ion  is n e e d e d  for the lack  of Littorina littorea on the control  areas  
in February  1987. 

C o m p e t i t i o n  f o r  s p a c e .  The competi tors  for space  obse rved  dur ing  the 
per iod  of s tudy could be  d iv ided  into two groups:  (1) pe renn ia l  species  (i.e. Fucus 
serratus, Cladophora rupestris, Chondrus crispus, Mytilus edulis, Balanus crenatus) and 
(2) seasonal  species  (i.e. Ulva pseudocurvata, Monostroma spp., Cladophora sericea, 
Petalonia fascia, Dumontia incrassata, Dynamena pumfla}. As in the mid  inter t idal ,  the 
beg inn ing  of succession per iods  were  genera l ly  domina ted  by  seasonal  spec ies  (i.e. 
g reen  algae).  Past  dechne  of these  species  in summer  or au tumn was  obviously caused  by  
fluctuations in seasonal  chmatic factors but  not  inf luenced by  se t t lement  of pe renn ia l  
species.  For instance,  see deve lopmen t  and decl ine  of Ulva pseudocurvata and  Mono- 
stroma spp. These  pat terns  were  suppressed  wheneve r  Fucus serratus r e a c he d  a high 
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pe rcen tage  of cover. As this dominan t  and  fas t -growing species  cove red  the whole  
ground  within one yea r  after total c learance,  se t t lement  and  d e v e l o p m e n t  of seasona l  
species  inc luding typical  pa t te rns  of seasonal  growth and  decl ine we re  only obse rved  
dur ing the first per iod  of succession (1986). If succession and growth of F. serratus were  
control led and l imited (by Carcinus, see  Fig. 11A), seasonal  species  (i.e. U/va) b e c a m e  
dominan t  competi tors  for space and showed character is t ic  seasonal  p a t t e r n s  of occur- 
rence.  Set t lement  of Myti lus  edulis p layed  only a subordinate  role in compet i t ion  for 
space.  Mussel  beds  could only es tabl ish  if Carcinus rnaenas was exc luded .  At  the end  of 
the  studies, Myti lus  r eached  a max imum cover of 10 % on exper imenta l  f ields,  ind ica t ing  
that  growth rates  of mussel  beds  in the  mid and lower  intert idal  were  a b o u t  the same 
dur ing  the first pe r iod  of colonization. Nei ther  pe renn ia l  nor s e a s o n a l  a lgae  were  
ou tcompe ted  by  Myti lus  in the lower  inter t idal  as the growth rate of musse l s  was  not  h igh  
e n o u g h  to enable  the mussels  to become  t h e  dominant  compet i tor  for space .  Chondrus 
crispus and Cladophora rupestris did not  settle on mussel  shells. Cag ing  effects s topped  
growth  and further es tabl i shment  of Fucus serratus on some e x p e r i m e n t a l  areas.  This 
effect was observed  w h e n e v e r  the p lants  had  grown to a length  of a b o u t  35 cm. Two 
months  before  F. serratus broke  at the  bases,  the thall i  b e c a m e  rough,  d ry  and  par t ly  
lacera ted .  Phylloids were  intensively set t led by  epibionts  (i.e. Spirorbis spirorbis, Flus- 
trellidra hispida, Elachista fucicula) and  covered by  about  70 % before  t h e  st ipes b roke  
away.  This effect was  very l ikely p romoted  by  the flat cages  because  the  a l g a e  could not 
float within them. Thus, epibionts  were  not w iped  away  mechan ica l ly  b y  ne ighbour ing  
plants.  Intensive growth of epibionts  on F. serratus is a typical  p h e n o m e n o n  in the  
"Nordost -Felswat t"  especia l ly  at very  she l te red  areas  next  to the mole  (see  Fig. 1). It d id  
not  seem sensible  to continue da ta  collection on those exper imenta l  a r e a s  where  Fucus 
had  been  e l iminated  by  caging effects. Those exper iments  were  s topped  at  the  beg inn ing  
of new succession per iods  in spr ing (April). F. serratus was also e l imina t ed  by  Carcinus 
maenas  w h e n e v e r  the crabs had  nothing else to consume. This must  also b e  in te rp re ted  
as a caging  effect (see above). 

P r e d a t i o n. Predat ion by  Carcinus maenas  plays  an impor tan t  role  in the com- 
muni ty  structure in the  lower  intert idal .  Populat ions of herbivores  were  e i ther  heavi ly  
r educed  (Littorina littorea) or totally ex t inguished  (L. mariae). Crabs  first p re fe r red  the  
smal ler  and  more del ica te  L. mariae but  changed  their  feed ing  hab i t s  after hav ing  
ex t inguished  them to consume L. fittorea. Populat ion decrease  of the  he rb ivo res  caused  
by  Carcinus did not  init iate a h igher  growth  rate of macroa lgae .  Thus, it s e e m s  very  hke ly  
that  the es tab l i shment  and growth of Pucus serratus is not control led b y  pe r iw ink l e s  (see 
Figs 14 A, B; see also below). Cont inuous reduct ion of Littorina spp. might  not  cause  any 
further change  in the  growth of F. serratus, as the young  sporel ings  se t t le  dur ing  those 
per iods  of the yea r  (winter and spring) when  preda t ion  activity in the in te r t ida l  is ve ry  
low. Thus, the young  plants  ~ be  r educed  by  popula t ions  of he rb ivo res  that  are  
temporar i ly  not control led by preda tors  dur ing the "sensit ive" per iods  of t he  year.  

H e r b i v o r y. The activity of herb ivores  for the control of mac roa lgae  seems  to p l ay  
a less impor tant  role in the communi ty  structure in the lower  than in the  m i d  intert idal .  
Natura l  densi t ies  of Littorina spp. could ne i ther  p reven t  the  se t t lement  n o r  r educe  the 
growth  rate  of Fucus serratus. Even when  the popula t ion  of L. littorea w a s  r e d u c e d  by  
40 % there  were  no enhanced  se t t lement  and growth rates  of F. serratus. Growth of 
macroa lgae  s lowed down if the popula t ion  of L. littorea was doub led .  Under  this 
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circumstance,  se t t lement  of fucoids was total ly inhibi ted .  Extremely  h igh  herbivore  
popula t ion  densit ies,  as descr ibed  before,  occur red  in the field in small  patches ,  espe-  
cially at those locat ions where  drift ice had  e roded  a n d  c lea red  the rock of a lgae .  In fact, 
regular  observat ions  showed  that  those pa tches  r e m a i n e d  open  for more  than two years .  
Set t lement  and  growth of seasonal  a lgae  were  s t rongly  control led by L. littorea. Mono- 
stroma spp. and  Ulva pseudocurvata could only grow, if per iwinkles  were  e i ther  
exc luded  or reduced.  Recrui tment  by  pe renn ia l  unde rc ove r  a lgae  (Cladophora rupestris, 
Chondrus crispus) was not  significantly s lowed down  by herbivores .  Their  popula t ions  
f luctuated and suffered very obviously from the lack  of Fucus f loatat ion within the cages.  
L. mariae as a character is t ic  settler on Fucus b lades  d id  not p lay  an  impor tant  role in the  
se t t lement  and  growth of macroa lgae  on the ground.  Reduct ion of the  L. mar /ae  popula-  
Lion was high if F. serratus was absent ,  but  the dea th  ra te  b e c a m e  smal ler  as soon as the 
fucoids had  set t led and  grown. Decrease  of these  a l g a e  led to a dec l ine  of the popula t ion  
of L. mariae. These  observat ions support  p rev ious  results  by  Barkman  (1955), van  
Dongen  (1956), Bakker  (1959) and Underwood  (1972, 1979) that  showed the essent ia l  
d e p e n d e n c e  of L. obtusata {= L. littoralis L.) on fucoid a lgae .  The authors  of these  
pubhcat ions  did  not  (could not) divide their  popu la t ions  of per iwinkles  into those of L. 
obtusata/littorafis on the one hand  and  the sympat r ic  L. mariae on the other  hand  (see 
Goodwin  & Fish, 1977). In contrast, L. littorea is not conf ined to special  grounds.  Around 
He lgo land  and  the G e r m a n  North Sea shore, this p rosobranch  l ives both on m u d d y  and  
sandy bottoms, on moles,  rocks and macroa lgae  (Reise, 1985; Janke ,  1986). However ,  
there  seems  to he  a preference  for hard  bot tom u n d e r g r o u n d  (personal  observat ion,  
unpubl.) .  Set t lement  and  growth of epibionts  on F. serratus (i.e. Ceramium rubrum, 
Spirorbis spirorbis, Plustrellidra hispida (Fabricius), Dynamena pumila) did not  signifi- 
cant ly reduce  L. mar /ae  as has been  descr ibed  before  by  S tebb ing  (1973) for L. obtusata. 
Instead, mechanica l  rub-down caused  by  b lades  of ne i~hbour ing  plants  and  wa te r  
turbulence  seem to p lay  a more impor tant  role. W h e n e v e r  free f loatat ion of the p lants  was 
l imited (in the cages),  epibionts  set t led in la rge  n u m b e r  and g rew up very  quickly  to 
occupy up to about  70 % of the b lade  surface. 

Set t lement  and  growth  of juveni le  Mytilus edufis were  not p r even t ed  or r educed  by  
activities of herbivores .  A reason for this is that  the size of the musse l  brood at  the  t ime of 
se t t lement  is a l r eady  too large to be  consumed  by the per iwinkles .  Se t t lement  of Balanus 
crenatus and juveni le  colonies of Dynamena pumila were  also not inf luenced by  
per iwinkles .  

In contrast  to observat ions in the mid intert idal ,  recru i tment  and  total g round  cover 
by  Fucus spp. are comple ted  much faster  (within about  a year) fol lowed by  the se t t l ement  
of pe renn ia l  undercover  a lgae  in the shade  of the Fucus canopy.  Also, fluctuations of the 
algal  stock within es tab l i shed  communit ies  seem to be  low. 

Summariz ing  these  results and  the biological  s tructure found in the lower  inter t idal  
before  exper iments  were  started (see Fig. 2 A}, the lower in ter t idal  communi ty  seems  
l ikely to be  domina ted  by  perenn ia l  species  l ike Littorina littorea, Fucus spp. and  
perenn ia l  undercover  algae.  Following Remmert ' s  definit ion (Remmert,  1984, p. 260), the 
communi ty  in the Fucus-serratus-zone can be  charac te r ized  by  a stabil i ty near ly  as high 
as in the Mytilus-zone (probably high constancy} but  with h igher  res i l ience (see Fig. 16). 
Unexpec ted  or seasona l  d is turbances  causing serious decl ine  of dominan t  sessile species  
may  cause highly signif icant  changes  within communi ty  structure, but  as the recru i tment  
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rates of dominan t  (and also perennial)  spec ies  are high, r e ins ta tement  of the  former 
communi ty  s tructure may  not take  more than  about  a yea r  after the  b e g i n n i n g  of the  
following succession period.  Thus, the deg ree  of resi l ience of the communi ty  is h igher  
than in the mid intert idal ,  b u t  not as  high as in the uppe r  intert idal .  

B i o l o g i c a l  i n t e r a c t i o n s  w i t h i n  s h e l t e r e d  r o c k y  i n t e r t i d a l  c o m m u n i t i e s :  c o m p e t i -  
t i on  for  s p a c e ,  p r e d a t i o n ,  a n d  h e r b i v o r y  

There  is no doub t  that  biological  in teract ions  p lay  an impor tant  role in  the  structure 
of the  in ter t idal  rocky shore communi ty  at  the  Is land of Helgoland.  The re la t ive  degree  of 
impor tance  of each  compet i t ion  for space,  p reda t ion  and  herb ivory  c h a n g e s  according  to 
the  vert ical  level  on the  shore.  The fol lowing conclusions on their  impor t ance  and  change  
a long the ver t ical  shore grad ien t  are compared  with h tera ture  previously  publ i shed .  

Competition for space 

Compet i t ion  for space is a very impor tan t  factor in controlhng the  communi ty  
structure in rocky inter t idal  communit ies ,  especia l ly  at h igh  shore leve ls  and  wave  
exposed  sites (see M e n g e  & Sutherland,  1976). In the  upper  unter t idal  of He lgo land ,  the  
most successful  compet i tors  are  g reen  a lgae  (Enteromorpha spp.). They  domina te  over  
pe renn ia l  fucoids (i.e. Fucus spiralis, F. vesiculosus), as they  overg row most  of their  
sporel ings  and  p reven t  them from growing  up. If sporel ings of Fucus spp.  survive and  
grow to a cer ta in  size they  become dominan t  competi tors  to the g reen  a lgae ,  but  this 
seems  to occur rarely.  Abiot ic  factors, especia l ly  desiccation, may  also p l a y  an impor tant  
role in the numbers  of species  that  can occur as competi t ive settlers. For ins tance ,  Mytilus 
edulis beds  are  ou tcompe ted  from upper  inter t idal  zones because  of cons tan t  des iccat ion 
stress (Seed, 1969a, 1969b; Suchanek,  1985}. Othe~ compet i t ive  m a c r o a l g a e  usual ly  
found in .upper inter t idal  zones (e.g. Pelvetia canaliculata) do not  occur a r o u n d  Helgo-  
l and  as most  of them m a y  not  wi ths tand the high annua l  f luctuations of t empera tu re  
(Lfining, 1985} and the highly erosive rock of the island. Lubchenco (1983) has  a l r eady  
inves t iga ted  compet i t ion for space b e t w e e n  P. vesiculosus and sea sona l  g reen  a lgae  
(Enteromorpha spp., Ulva spp.}, but  her  results  were  based  on popu la t ions  in rockpools.  
She also desc r ibed  green  a lgae  as more  compet i t ive  to fucoids, as long as there  were  no 
grazing per iwinkles .  But if the g reen  a lgae  were  consumed by Littorina littorea, F. 
vesiculosus could sett le and  establ ish constantly.  Thus Lubchenco (1983) demons t r a t ed  
exemplar i ly  that  compet i t ion for space can have  the function of a m e c h a n i s m  controll ing 
communi ty  structure within a rocky intert idal .  There  are  many  ind ica t ions  that  her  
observat ions  also reflect  the controlhng mechan i sm in the uppe r  in te r t ida l  at Helgoland .  
Small  pa tches  of Fucus spp. spread  a round  all over  the F, nteromorpha-zone showing  that  
Fucus spp. is ab le  to wi ths tand constant  stress caused  by  abiotic factors  (see also 
Schonbeck  & Norton, 1978, 1980), but  dominance  of Bnteromorpha spp .  restricts the  
distr ibution of fucoids. 

In the mid  inter t idal  where  physiological  stress decreases  (for m a r i n e  species),  the  
impor tance  of compet i t ion for space becomes  more obvious as a con t ro lhng  factor. At  
Helgotand,  Mytilus edulis becomes  the most dominant  compet i tor  for s p a c e  exc luding  
both  seasona l  (Dumontia incrassata) and  pe renn ia l  macroa lgae  (Pucus spp. ,  Chondrus 
crispus} from rocky surfaces. Correspondingly ,  mussels  provide  new space  on the surface 
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of their shells, which is used by Pucus spp. Thus, fucoids are not excluded by the mussels 
but are very hkely limited by grazing activities of periwinkles (see below). These 
observations correspond with conclusions of Suchanek (1985). He found out that mussels 
may play an important role worldwide as dominant competitors for space within shel- 
tered rocky intertidal zones as long as they do not have to suffer from predation pressure 
of large or very effective predator populations such as starfish, crabs or carnivorous 
prosobranchs. In contrast, Hartnoll & Hawkins (1980, 1985) have demonstrated during 
long-term studies that successful competitors for space can be outcompeted within long 
periods by other competitive species. For instance, in the rocky mid intertidal of British 
shores, populations of dominant competitors such as fucoids and barnacles oscillate over 
many years. This phenomenon seems to be influenced by herbivory of Patella vulgata 
showing exemplarily interactions between two different types of biological factors 
causing drastic changes within the community structure. 

Community structure changes drastically at Helgoland within the fringe between 
mid and lower intertidal. Mytilus edulis disappears and Fucus serratus becomes the 
dominant competitor for space. The intense occupation of space by the macroalgae can 
be explained by high activity of crabs preying on the mussels and thus promoting other 
competitors for space. P. serratus appears as the most competitive algae species within 
the lower intertidal. During the first season of succession, seasonal green algae dominate 
the algal community but with the beginning of the second period of growth, a canopy of 
P. serratus completely covers the ground promoting perennial undercover algae (e.g. 
Cladophora rupestris, Chondrus crispus). 

]Exclusion experiments have revealed competition for space as an important factor in 
controlling the community structure of rocky intertidal communities. The relative degree 
of its importance changes with the vertical level on the shore and the relative degree of 
importance of both predation and herbivory (see below) and, of course, with abiotic 
factors. Development and maintenance of littoral hard bottom communities and the 
importance of competition for space to control the community patterns have not yet led to 
a generalizing model (see Menge & Sutherland, 1976, 1987; Connell & Slatyer, 1977; 
Sutherland & Karlson, 1977; Paine, 1984). There are many factors that may play an 
important role in the succession of a cleared rock surface. Besides biological interactions 
and fluctuations of abiotic factors, there are other circumstances to be considered to 
understand succession and the patterns of how organisms occupy free space (Osman, 
1977). There are for example: (a) seasonal effects on larval recruitment; (b) larval 
selectivity for different substrates, specific growth rates and mechanisms of competition 
between solitary and colonial species; (c) rates and seasonal aspects of reproduction; (d) 
size of the substrate free for occupation. 

Despite a general high variability of recruitment pattern of httoral hard bottom 
communities there is an amazing correspondence of the results presented here with 
conclusions of investigations carried out under similar conditions (Southward & South- 
ward, 1978; Markham & Munda, 1980). The results support the hypothesis that free space 
will first be occupied by seasonal green algae but without excluding further settlement 
and growth of perennial species. If predation pressure is low, at least mussel beds settle 
and outcompete algae from the rock, but they provide a secondary substrate for algal 
settlement. Ignoring the hypothetical influences of predation and herbivory on commun- 
ity structure the succession of free space within the mid and low intertidal can be 
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characterized by three phases: seasonal green algae > perennial algae > mussel beds. In 
fact this predictable development ~ usually be disturbed and changed by other 
biological interactions and/or abiotic factors thus preventing a possible "chmax" of 
succession, dominated by the influence of cor'npetition for space. At sites exposed to wave 
action, the development of the communities changes drastically. Mostly they are domi- 
nated by barnacles, but seasonal aspects are important in the prediction of species that 
will become the dominant competitor (Caffey, 1985). For smaller habitats  cleared of 
organisms (like experimental plates, shells of mussels, boulder fields) other sequences of 
succession could be demonstrated (e.g. Sousa, 1979; Kay & Keough, 1981): serpuhd 
worms > bryozoans > sponges > ascidians > destruction (winter). 

Again, abiotic factors and biological factors can change the development  and pattern 
of the community. Menge & Sutherland (I976, 1987) have p roposeda  model  suggesting 
that the influence of herbivory and (especially) predation on the community structure will 
increase with the complexity of the community and therefore weaken  the relative 
importance of competition for space as a controlhng factor. The results presented here 
support their view. In contrast to the upper intertidal where competition for space seems 
to be the only biotic factor controlling community pattern, the mid and lower intertidal 
community patterns are also highly influenced by herbivory and predation. 

Predation 

From the beginning of the experiments, it was obvious that experiments on the 
importance of predation on the community structure would become the most problemati- 
cal part of this investigation. One reason for this is that not all presumable predators such 
as fish and birds (see Gibson, 1982; Feare & Summers, 1985; Marsh, 1986; Vauk & Prfiter, 
1987; Prfiter, 1988) could be included in the investigations. Another problem was the 
high mobility of the Carcinus maenas, which made it very difficult to est imate the natural 
population density especially in the mid intertidal. Changes in the community structure 
caused by the crabs were limited because of their seasonal occurrence in the intertidal 
(only 4 months a year). Nevertheless, predation by Carcinus plays an important  role in 
the community structure in lower parts of the intertidal by reducing populations of 
periwinkles and mussels. In the mid and lower intertidal, predation on Littorina littorea 
did not promote algal growth, but a control of the population density of the periwinkle 
seems to be very likely. In the mid intertidal, loss of mussels caused by crab predation or/ 
and environmental stress is compensated by the growth and recruiting rates of Mytilus 
edulis. In the lower intertidal Carcinus excludes the mussels from settlement, thus 
indirectly promoting growth of Fucus serratus and other macroalgae. Therefore, the 
importance of predation as a controlhng factor of community pattern increases from mid 
to lower intertidal. Other investigations (e.g. Kitching et al., 1959; Elner, 1978; Elner & 
Hughes, 1978) have also demonstrated the importance of Carcinus for the  community 
structure in the lower intertidal. Following Suchanek (1985) they are a decisive factor in 
controlling the lower limits of distribution of mussel beds. This opinion is supported by 
the results presented here. Petraitis (1987) did not agree with this opinion. His experi- 
ments, performed in New England, USA, under similar chmatic conditions, demonstra ted 
that the occurrence of mussels in a sheltered bay was not due to lack of predators.  These 
could be seen commonly at the study sites. He considered (1) a possible dominance of. 
mussels caused by occasional initiations of new beds, or (2) expansions of existing beds. It 
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is most hkely that successful initiations of new beds would be very rare but recruitment of 
and into existing beds should lead to maintenance and expansion of existing beds. The 
experiments carried out at Helgoland reveal that predation by Carcinus can prevent 
successful initiation of new beds, but it seems very unlikely that the crabs can completely 
displace existing beds. 

Another important predator on mussels (and barnacles} in boreal rocky intertidal 
communities is the dog whelk Nucefla lapillus (syn. Thais lapillus). The predation activity 
of Nucella has already been intensively studied, showing significant changes in barnacle 
populations but smaller reduction rates on mussel beds compared to Carcinus maenas  or 
starfish (Connell, 1961; Menge, 1972, 1976, 1978a, 1978b, 1983; Barnett, 1979; Hughes & 
Dunkin, 1984a, 1984b; Crothers, 1985; Hughes & Drewett, 1985; West, 1986}. On 
Helgoland, IV. lapfllus is rare, but personal communications with senior scientists 
revealed that this species once was more abundant. Today, Nucefla has httle effect on 
mussel and barnacle populations. Menge (1972, 1976, 1983) analysed the importance of 
physical factors to describe the relationship between predators and their prey. Following 
his arguments, the predation intensity of N. lapfllus decreases with the exposure to wave 
action (Menge, 1983; see also Underwood, 1985). Canopy macroalgae (fucoids, lamina- 
rians) mainly occurring on sheltered shores provide a moist and favourable microchmate 
for dogwhelks promoting higher rates of predation. This opinion is in contrast to the 
development of Nucella populations at Helgoland. Although the Nordwest-Mole has 
sheltered the Nordost-Felswatt (built in 1940), Nucella populations have decreased there, 
whereas they have been able to keep up a significantly higher population density in the 
wave exposed "Westwatt" (Janke, not publ.). Carcinus prefers sheltered and moist 
microhabitats. The crabs are obviously more sensitive to wave exposure and physiologi- 
cal stress (e.g. desiccation) than Nucella as their patterns of distribution show (South- 
ward, 1958; Lewis, 1964; Stephenson & Stephenson, 1972; Dalby et al., 1978). Whenever 
different groups of predators (crabs, starfish, carnivore prosobranchs) occur at one site in 
the rocky intertidal, crabs are the most effective consumers (Menge, 1983}. Menge (1983) 
also proposed that the general predation pressure increases with an increasing number of 
predator groups, especially when morphologically different types occur consuming 
different resources. Menge & Sutherland (1976, 1987) have proposed that, in general, 
predation activity increases from upper to lower parts of the shore and thus with 
increasing complexity of the shore. The results of the experiments presented here support 
this opinion. The relative importance of predation by Carcinus maenas  as a controlhng 
factor for the community structure increases drastically in the lower intertidal. There are 
few data available that describe the importance of predation by birds as a controlling 
factor, although these can be important consumers. Especially periwinkles are eaten by 
birds in large numbers (Pettitt, 1975; Marsh, 1986). On Helgoland, seagulls (Larus spp.) 
and waders (e.g. Haematopus ostralegus} partly take their food from the rocky intertidal 
preferring periwinkles, mussels, polychaetes and crabs (pers. observation, unpubl.). As 
there are not many birds in the intertidal zone, predation pressure caused by birds is 
presumably low. Only a few pairs of oystercatchers breed during summer, and most of 
the migrating birds pass through after/before the crabs have migrated down to/up from 
the sublittoral region. In addition to the crabs, mussels and periwinkles are consumed by 
seagulls and oystercatchers throughout the year. There are some quantitative data 
concerning the food spectrum of Laridae around Helgoland (Vauk & Pr~iter, 1987; Prfiter, 
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1988), but  it does not  seem to be  meaningfu l  to include them in this d iscuss ion as they  do 
not  comprise special  da ta  on bird  p reda t ion  in the  inter t idal .zone.  

Herbivory 

Herbivory causes the most striking changes in the community structure of the rocky 
intertidal at Helgoland. The relative importance again changes with the vertical level on 
the shore as was demonstrated before for competition for space and predation. The 
influence in the upper intertidal is very low. Increase and dechne of Fnteromorpha 
populations can be slowed down and accelerated a hire, respectively, by Littorina spp., 
but the algae are not prevented from covering the whole ground, thus promoting other 
species to settle and compete with Enteromorpha spp. Obviously, physical stress is too 
high for the periwinkles. Consequently, they react with lower grazing activity and a 
reduced physiological turnover rate (see Underwood, 1972, 1979; Newell, 1979; Hawkins 
& Hartnoll, 1983; Hell & Eichelberg, 1983; Kronberg, 1983). Investigations performed at 
the American Atlantic coast (e.g. Menge 1976; Lubchenco, 1978, 1980, 1982, 1983; 
Lubchenco & Menge 1978) and British coast (Hartnoll & Hawkins, 1985) support the low 
ability of herbivores to control algae (e.g. green algae) in upper intertidal areas. In 
contrast, Lein (1980) could demonstrate that L. littorea controls the populations of 
Blidingia and Enteromorpha in the inner Oslofjord (Norway). He observed the phenome- 
non of characteristic periwinkle frond-grazing which reduces the algae at the edges. 
These observations seem to contradict the results collected at Helgoland but can be 
described by differences in the environment. In the inner Oslofjord, the vertical level 
between MHW and MLW is very small and the green algae are situated in a lower 
vertical level than at Helgoland. Consequently, periwinkles do not suffer that much from 
physiological stress and find more favourable conditions to graze on the algae. Robles & 
Cubit (1981) described reductions of green algae in the upper intertidal zone caused by 
grazing activities of dipteran insect larvae. These results cannot be compared with those 
from Helgoland although these herbivorous dipteran larvae (Clunio marinus Haliday) do 
occur (especially in the "Westwatt"; Caspers, 1951) but only in small numbers (Janke, 
1986). In the mid intertidal of Helgoland, herbivory by Littorina causes striking changes 
in the community pattern. The periwinkles exclude seasonal green algae (Ulva pseudo- 
curvata, Monostroma spp.) and reduce the settlement and growth of Fucus spp. from 
I00 % cover down to about 20 %. Control of Fucus populations caused by periwinkle 
grazing activity has also previously been described by Petraitis (1987). In contrast, others 
have reported that L. littorea is unable to prevent fucoid estabhshment (Sundene, 1973; 
Menge, 1976; Lubchenco, 1978; 1982, 1983; Lubchenco & Menge, 1978; Keser et al., 
1981; Keser & Larson, 1984). Petraitis (1987) has also reported that mussel recruitment 
can be influenced by intense herbivory. Periwinkles indirectly depress their estabhsh- 
ment by reducing densities of juvenile barnacles and cyprid larvae which in turn promote 
mussel recruitment. These results are not relevant to the communities at Helgoland 
which lack large populations of barnacles (see Janke, 1986). 

In Great Britain, wave-exposed sites are colonized by barnacles [Chthamalus spp. 
(L.), Elminius modestus Darwin and Semibalanus balanoides (L.)], l impe t s  (Patella 
vulgata) and fucoids (Fucus spp.). Within this system, the graz ing  act iv i ty  of Patella 
controls the se t t lement  and growth of the a lgae  and thus inf luences the  compet i t ion  for. 
space  be tween  a lgae  and barnac les  (Hawkins & Hartnoll ,  1983). Dur ing a long- term 
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study, Hartnoll & Hawkins (1983) could show that herbivory can have the function of an 
important regulative factor that causes recurrent oscillations in community structure. 

The influence of predation and herbivory on the intertidal hard bottom community 
structure belongs to those phenomena which are easy to predict, replicate and verify (see 
Underwood, 1980, 1985; Lubchenco & Gaines, 1981; Underwood & Jernakoff, 1981; 
Gaines & Lubchenco, 1982; Hawkins & HartnoU, 1983; Lubchenco et al., 1984; Under- 
wood & Denley, 1984). At Helgoland, the importance of herbivory for community 
structure decreases from the mid to lower intertidal. Especially the settlement and growth 
of Fucus serratus are not controlled by natural densities of herbivores, as even a 
drastically decreased population density of herbivores does not promote fucoid growth 
(but settlement of seasonal green algae, as long as they are not overgrown by F. serratus). 
Thus, reduction of Littorina spp. by Carcinus maenas does not cause a distinctive change 
in community structure in the lower intertidal. It has previously been shown that the 
significant decrease of Littofina spp. below the Fucus-serratus-zone is not caused mainly 
by predation but by their physiology and behaviour (see Evans, 1948; Newell, 1979; 
Underwood, 1979; Branch, 1981; Heil & Eichelberg, 1983), especially patterns of 
behaviour adapted to tidal rhythms (see Underwood, 1972; Hawkins & Hartnoll, 1983; 
Hartnoll & Hawkins, 1985). Lubchenco (1978) demonstrated that selective herbivory of L. 
fittorea can be a controlling factor for algal diversity. Following her observations, there 
are two main factors controiling the vegetation pattern: (1) preference of periwintdes for 
dominant species, and (2) the intensity of herbivory on the algal community. For rockpool 
communities on the New England rocky shore she found out that the highest species 
diversity occurred at intermediate Littorina densities as long as the snails preferred 
competitive dominant algae (here Fucus spp.). As soon as the preferred food was 
competitively inferior, L. littorea decreased algal diversity. Thus Lubchenco (1978) 
concluded that the effect of consumers on plant species diversity depended  on the 
relationship between herbivore food preference and competitive abilities (and adaptions) 
of the plants. Her results also indicated that herbivores (and also predators) do not only 
increase or decrease species diversity of their food but are potentially able to cause both. 
Lubchenco also provided a list of algae that are either preferred or neglected by L. 
fittorea. Fucus serratus, Cladophora rupestris and Chondrus cxispus belong to the latter 
group, thus being indirectly promoted by the periwinkles. Previous investigations (e.g. 
van Alstyne, 1988) have indicated some reasons for the behaviour of the periwinkles. The 
experiments demonstrated that fucoid plants are able to produce polyphenolic substan- 
ces in order to avoid being consumed when attacked by herbivores. Cladophora rupestris 
is rejected because it contains sulphuric acid. Chondrus crispus might be neglected 
because of its leathery consistency (Lubchenco & Menge, 1978). These results may 
explain both the dominance of Fucus serratus as the competitive dominant canopy algal 
species and Chondrus crispus and Cladophora rupestfis as dominant undercover algae in 
the lower intertidal at Helgoland. Lubchenco & Cubit (1980) also demonstrated that 
intertidal algae may change their stature and growth during periods of high herbivory. 
However, these considerations derived from observations in warm temperate regions are 
probably not relevant to the community at Helgoland. 
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