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ABSTRACT: I studied the effects of habitat structure, provided by an eelgrass Zostera marina canopy, 
on shell growth rate and recruitment of CO-occurring blue mussels Mytilus edulis in the Western Baltic 
Sea. M .  edulls in clumps consisting of 10 and 30 indiv~duals were tagged and placed in unvegetated 
areas and in the centers of small, medi.um and large eelgrass patches (0.8 to 1.6 m. 1.6 to 3.2 m,  and 
>4 m across, respectively). Inside eelgrass, M. edulis growth was approximately one-third of that in 
adjacent unvegetated areas, regardless of vegetated patch size and mussel clump size. In contrast, 
mussel recruitment, assessed as abundance of 1 to 5 mm long juveniles, was enhanced by the presence 
of eelgrass, and was highest In medium-sue eelgrass patches where luveniles were -3x as dense as In 
clumps on the sand flat. Populations of anlrnals dssoc~ated with seagrasses can thus be enhanced and 
depressed simultaneously by the plant canopy, depending on the response variable. Moreover: the qpa- 
iial SLI uciure oi the vegetatlon, In this case eelgrass patch diameter, may be important for one response 
variable (recruitment) but irrelevant for another (shell growth). 
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INTRODUCTION 

Habitat structure, the physical arrangement of 
objects in space (Bell e t  al. 1991), has a major influence 
on the distribution of species. On marine soft bottoms, 
the leaf canopies of seagrasses provide habitat for 
many epibenthic animal species in an otherwise un- 
structured environment (Orth 1992). Gregarious sus- 
pension feeders such as blue mussels Mytilus edulis L. 
and M. tr.ossulus Gould con~monly co-exist with eel- 
grass Zostera marina L. in coastal areas of the northern 
temperate zone such as the Baltic Sea (Bostrom & 
Bonsdorff 1997), the Canadian east coast (Robertson & 
Mann 1984, author's pers. obs.), and the North Sea 
(Ruth 1991). Some posltive feedback between popula- 
tions of M. edulis and Z. marina has already been iden- 
tified in the Baltic Sea. Mussels enhanced eelgrass 
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growth by means of fertilization if kept in check by 
mussel predators (Reusch et al. 1994). In the same 
study, there was no interference effect of mussels on 
eelgrass, although individual leaf shoots were dam- 
aged by M. edulis. Mussel abundance was enhanced 
by eelgrass because the canopy acted as a collector for 
drifting mussel clumps and also reduced the risk for 
dislodgement of established mussel beds by waves 
during storms (Reusch & Chapman 1995). In addition 
to the observations from the Baltic, there are reports of 
enhancement of mussel recruitment through the pres- 
ence of an eelgrass canopy from other northern tem- 
perate shores (Newell et al. 1991, Short et al. 1991). 

Here, I present the results of an experiment assess- 
ing the effects of eelgrass on recruitment rates and 
individual growth of blue mussels Mytilus edulis. Pre- 
vious studies have demonstrated the importance of the 
small- and medium-scale spatial structure of seagrass 
meadows for growth and survival of associated bi- 
valves (e.g. Irlandi & Peterson 1991, Irlandi 1994, 
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1996). Therefore, in addition to the effects of eelgrass 
presence/absence, I also assessed the influence of spa- 
tial scale, i.e. of eelgrass patch size, on M. edulis 
because many Zostera marina beds in the western 
Baltic Sea display a patchy structure. 

MATERIALS AND METHODS 

I carried out all observations and experiments at 
Maasholm, Kiel Bight, Germany, Baltic Sea (54"41'N, 
10°0O'E), by means of snorkeling or scuba. Maasholm 
is situated 3 km from the mouth of the outer Schlei 
estuary, a shallow (1 to 6 m depth), soft-bottom embay- 
ment which is dominated by adjacent Kiel Bight water 
masses. This dominance is reflected in the salinities, 
which are similar to Kiel Bight proper and range from 
13 to 15 g kg-' during the summer months (Schramm et 
al. 1996). Water temperatures ranged from 15 to 24°C 
during the study period (H. K. Lotze & B. Worm unpubl. 
data). 

I selected Maasholm for the experiment because both 
blue mussels Mytilus edulis L. and eelgrass Zostera 
marina L. are abundant on the sandy substratum of 
this site (author's unpubl. data). Moreover, eelgrass 
patches of a large size range were present (0.5 to 8 m in 
diameter) in the shallow subtidal zone (1 to 2 m), allow- 
ing a test of eelgrass patch size on individual growth 
rates and recruitment of the mussel population. The to- 
tal vegetation cover of the eelgrass bed in a mapped 
area of 20 X 40 m was 28%. Thus, vegetated patches 
were sufficiently isolated from one another by at least 
1.5 m of sand flat, minimizing the effects of neighboring 
vegetation on any patch selected as an experimental 
unit. At Maasholm, M ,  edulis mainly occur as clumps 
consisting of 5 to 100 individuals attached to one an- 
other by means of their byssus. Usually abundant mus- 
sel predators such as green crabs Carcinus maenas and 
seastars Asterias rubens are rare at the site and were 
absent during the study period (author's unpubl. obs.), 
obviating the need to consider habitat-specific mortal- 
ity rates through predation in the experimental deslgn. 

In order to address the effects of eelgrass presence 
and patch size on mussel shell growth and recruitment 
rates, I constructed mussel clumps using adult individ- 
uals collected at the site. Immediately after collection, I 
separated the adult mussels and removed all juveniles 
(< l0  mm shell length). Mussels (standard length + SE = 
28.09 * 0 3 mm, N = 300) were then tagged for 24 h in 
a solution of calcein (Sigma chemj.ca1 No. C08751 in 
aerated ambient seawater (100 mg I-', pH = 8.0). The 
tagging efficiency in Mytilus edulis, determined in a 
subsample of 50 individuals, was 80%. Because wave- 
and current-induced drift of mussel clumps is common 
in soft-bottom areas such as the western Baltic (Reusch 

& Chapman 1995), I let the mussels attach to an artifi- 
cial solid substratum to facilitate the recovery of exper- 
imental individuals. The mussels were first placed onto 
one large (1 X 1 m) sheet of polyethylene mesh fabric 
(mesh size 10 X 10 mm, gauge size 2 mm) which was 
fixed on the sand flat in the field. I allowed the mussels 
3 d to attach to the fabric by means of their byssi. The 
mesh was then cut to obtain mussel clumps consisting 
of the desired number of individuals. The polyethylene 
substratum had no effect on mussel survival and 
growth in a previous study (Reusch & Chapman 1997). 

Four small ( l 0  individuals each) and 4 large (30 indi- 
viduals each) mussel clumps were placed in the center 
of each of the following 4 habitats: (1) unvegetated 
sand flat; (2) small eelgrass patch (0.8 to 1.6 m in diam- 
eter); (3) medium eelgrass patch (1.6 to 3.2 m in diam- 
eter); and (4) large eelgrass patch (>4 m in diameter). 
The eelgrass patch diameter refers to the length of con- 
tinuous vegetation parallel to the shore. Wind-driven 
currents at the site run only alongshore (author's 
unpubl. obs.) and I assumed that the alteration of these 
current patterns by the vegetation would be the most 
likely effect influencing mussels. I selected the loca- 
tions for the mussel clump transplantations haphaz- 
ardly within an  area of 150 m (parallel to shore) X 20 m 
(perpendicular to shore). Each mussel clump was 
placed in a different eelgrass patch or sand flat and, 
thus, represented an independent observation. The 
clumps attached to the meshes were fixed in the 
selected experimental locations with 20 cm long 
stakes. Mesh and stakes were completely buried in the 
sediment. To avoid effects of nearby vegetated 
patches, I ensured that each eelgrass patch was at least 
2 m from others. In the sand flat treatments, all mussel 
clumps were more than 3 m away from any vegetation. 

Two weeks after the initiation of the experiment on 
24 June 1997 I counted the eelgrass shoot density (in 
50 X 50 cm quadrats) and the shoot height (3 plants 
patch-') in each of the 24 experimental eelgrass 
patches. Mean + SE Zostera marina shoot height (62 + 
1.8 cm) was independent of eelgrass patch size 
(ANOVA, p = 0.47). There was a tendency for shoot 
densi.ty to increase with patch size (ANOVA, p = 0.09). 
Mean *SE shoot density per 0.25 m2 pooled over all 
treatments was 32 + 1.9 (N = 24). 

The experiment ran until 23 August 1997 (60 d). 
After retrieval, I counted juvenile mussels (shell length 
1 to 5 mm) in each experimental mussel clump as a 
measure of recruitment. Since mussel recovery varied 
considerably among clumps (3 to 42  mussels recov- 
ered) and recruitment densities were a strong linear 
function of the number of adult mussels remaining in a 
given clump (linear regression, p = 0.02), I standard- 
ized the number of juvenile mussels by dividing by the 
number of live adult mussels. 
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After bleaching all adult Mytilus edulis in 4 %  
sodium hypochlorite solution (household bleach), shell 
growth increments were determined under UV-epiflu- 
orescence at 16x magnification. I calculated specific 
shell growth rates over the entire 60 d period as 
In (final length) - ln (initial length). Specific growth 
rates were not corrected for initial size differences 
(Kaufn~ann 1981) because all tested growth models 
(von Bertalanffy, power, Gompertz) yielded only a poor 
fit (coefficient of determination R2 < 0.11). In addition, 
the differences in initial mussel sizes among plots and 
treatments were small and not significant. 

RESULTS 

After the 60 d experimental exposure, I recovered on 
average (*SE) 8.9 * 0.9 live mussels from the small and 
22.7 + 1.5 from the large mussel clumps. The number 
of recovered individuals was independent of eelgrass 
presence and patch size (l-way ANOVA, F3,26 = 1.103, 
p = 0.37). In a total of 290 mussels (= 5996 of recovered 
individuals) a clear calcein growth ring was incorpo- 
rated into the shell and allowed measurement of 
growth. The percentage of tagged individuals in the 
patches was, thus, lower than the initial tagging rate of 
individuals (80%), indicating that non-tagged adult 
mussels immigrated to the experimental clumps. The 
expe~i~rientai design became unbalanced because 1 
small mussel clump designated as a large eelgrass 
patch treatment was erroneously assigned to the sand 
flat (thus N = 9 for sand flat and N = 7 for eelgrass) and 
1 medium eelgrass patch treatment could not be relo- 
cated (thus N = 7) 

Effects of eelgrass on mussel growth 

Within the center of eelgrass patches, mussel growth 
was approximately one-third of that in adjacent un- 
vegetated areas (Fig. 1). During the 60 d exposure, an 
average individual of 28 mm shell length grew 

Table 1 Analysis of the effects of eelgrass Zostera marina pres- 
ence and patch size on the spec~flc growth rates [In (final shell 
length) - In (initial shell length)] of Mytilus edulis through a 
2-way (4 X 2) ANOVA. For each experimental mussel clump, 
only 1 value for mean growth rate was obtained. Data meet 

the assumption of variance homogeneity (Cochran's test) 

Mussel density 
Eelgrass X Density 12 0.75 0 5 3  
Residual 23 16 

a, ,a 0 0 2  - 
V) 2 - - .- G 

O -  

sand small med~um large 

flat eelgrass patch size 

Fig. 1 Mytilus edulis. Mean specific shell growth rates + SE 
on unvegetated sand flat and in eelgrass Zostera marina 
patches of 3 different diameters Data were pooled over M. 
edulls density because this factor was not significant (Table 1) 

1.61 mm in length on the sand flat and only 0.56 mm 
inside the eelgrass. The marked reduction in growth 
rates was independent of the size of the vegetated 
patches and almost equal in small, medium and large 
eelgrass patches (Fig. 1). There was no interaction of 
eelgrass patch size with adult mussel density ( l 0  or 30 
individuals per clump). The main factor 'mussel den- 
sity' was also not significant (Table 1).  

Effects of eelgrass on mussel recruitment 

Most of the mussel recruits found on their adult con- 
specifics were small ( c 3  mm shell length) and, thus, 
most likely represented primary settlers. Mussel 
recruitment intensity displayed a dome-shaped func- 
tion of patch size (Fig. 2 ) .  Recruitment rates, standard- 
ized to the number of adult mussels in each clump, 
were highest in medium-sized eelgrass patches (1.6 to 
3 . 2  m in diameter), where they were 2 . 8 ~  higher than 

sand small medium large 

flat eelgrass patch size 

Fig. 2. Mytilus edulis Mean number of juveniles (shell length 
1 to 5 mm) per adult in each clump i SE as a function of eel- 
grass Zostera marina presence and patch diameter The over- 

all ANOVA model is marginally significant (see text) 
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in the mussel clumps on the sand flat. Recruitment 
densities declined with further increase in eelgrass 
patch size (diameter z 4 m).  The overall ANOVA was 
only marginally significant (square root transformed 
counts, l-way ANOVA, MS ,,,,, = 0.1 13, F,,,, = 2.8, p = 
0.059) because the error variances for juvenile Mytjlus 
edulis densities within treatments were high. In a 
planned contrast, comparing all vegetated habitats 
with the sand flat, pooled recruitment rates were 
approximately double inside eelgrass compared to the 
sand flat treatment, a difference which was significant 
(square root transformed counts, MS,,,,, = 0.49, F,,,, = 
4.37, p = 0.046). 

DISCUSSION 

Two population parameters in soft-bottom inhabiting 
blue mussels Mytilus edulis, individual growth and 
recruitment rates, were markedly different among eel- 
grass Zostera marina patches and adjacent sand flats. 
Whereas recruitment rates approximately doubled 
inside the vegetation, mussel growth rates were 
reduced by almost two-thirds. The effect of spatial 
scale, i.e. eelgrass patch size, also varied between the 
2 response variables. The diameter of vegetated 
patches probably influenced recruitment rates but did 
not affect mussel growth rates. 

Although the increase in mussel recruitment inten- 
sity with the presence of the aquatic vegetation was 
only marginally significant, the present findings are 
consistent with those from eelgrass beds in the North- 
west Atlantic (Newel1 et al. 1991, Short et al. 1991) and 
with data collected in 1992/1993 at another site in the 
Western Baltic Sea (Reusch 1994). In that latter study, 
on 4 of 5 quarterly dates, I found juvenile mussel abun- 
dances to be 2 to 4x  higher in mussel beds occurring 
together with an eelgrass canopy than in pure mussel 
beds and clumps. I did not differentiate eelgrass patch 
size which varied between 1 and 4 m, thus correspond- 
ing to the small and medium Zostera manna patches of 
the present study whi.ch showed an enhancement of 
recruitment. Therefore, it is likely that small to 
medium patches have a positive effect on the number 
of mussels settling on adult Mytilus edulis patches. 
Whether this enhancement is compensated by a settle- 
ment shadow (Orth 1992) once the patch size increases 
beyond 4 m remains to be verified. 

This study was not devoted to identification of poten- 
tial mechanisms through which a macrophyte canopy 
affects mussel individual growth and recruitment. 
Rather, as a starting point, I intended to assess the 
nature of the effects of eelgrass on mussels as a func- 
tion of eelgrass presence and patch size. It is likely that 
the alteration of water movement inside the canopy is 

responsible for the effects observed. The upright 
blades of seagrasses represent large roughness ele- 
ments (Nowell & Jumars 1984) which markedly alter 
the hydrodynamic regime inside the canopy through 
momentum extraction (Gambi et al. 1990). Conse- 
quently, on a mechanistic basis, the responses of 
bivalves to aquatic vegetation have been successfully 
related to altered current regimes and food supply in 
some studies (e.g. for shell growth: Irlandi & Peterson 
1991, T. B. H. Reusch & S. L. Williams unpubl.; for 
recruitment: Eckman 1989). 

Reduced m'ussel growth rates in the present study 
are most likely due to a reduced food supply as water 
slows down entering the canopy (Reusch & Williams 
unpubl.). Mechanistic explanations why mussel re- 
cruitment was enhanced through eelgrass were beyond 
the scope of the study. Possibly, the turbulence 
induced by the upright eelgrass leaves increases the 
chance for settlers to come into contact with the bottom 
(Eckman 1990). In addition, inside the canopy, Mytilus 
edulis plantigrades can settle on the much larger sur- 
face area of the eelgrass leaves (e.g. Short et al. 1991). 
Juvenile M. edulis attach to the blades for a short time 
period only to move to the bottom once the Zostera 
marina leaf is shed (every 30 d; author's unpubl. data), 
thereby increasing the recruitment rates to adult M. 
edulis clumps or beds. 

The literature abounds with examples of increased 
faunal abundance and diversity in seagrass meadows 
compared to nearby unvegetated areas (overview in 
Orth 1992). Fauna1 densities are often enhanced 
because inside the vegetation sediment disturbance is 
reduced (e.g. Orth 1977), predation rates are lower 
(e.g. Summerson & Peterson 1984), and faunal recruit- 
ment rates are higher (e.g. Eckman 1989). Negative 
effects have been reported less frequently (but see 
Kerstvill 1949). I am not aware of any study demon- 
strating that the presence of macrophytes simultane- 
ously enhances and depresses populations of associ- 
ated fauna depending on the response variable. With 
respect to different microhabitats within the canopy of 
seagrasses only, Ambrose & Irlandi (1992) identified a 
trade-off between predation risk and growth for juve- 
nile Argopecten irradians living attached to eelgrass 
blades. The predation rates on the bivalves decreased 
with proximity to the sediment surface, whereas their 
individual growth rates increased along the same 
gradient. 

Given the 2 opposite effects of eelgrass on Mytilus 
edulis identified in this study, it is not possible to 
decide whether the overall effect of eelgrass on associ- 
ated mussel populations is positive, neutral, or nega- 
tive. For this purpose, it will be necessary to model 
M, edulis population growth with a stage-structured 
model over an entire year, incorporating all relevant 
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transition probabilities between size stages. In addi- 
tion, positive effects of the vegetation which captures 
drifting mussel clumps and the reduced risk of dis- 
lodgement by waves for clumps inside the eelgrass 
should be incorporated (Reusch & Chapman 1995). 

The growth of clams Mercenaria mercenaria on the 
North American East Coast is often higher inside sea- 
grass canopies than outside (e.g. Peterson et al. 1984, 
Irlandi & Peterson 1991, Irlandi 1996). Higher growth 
rates of M. mercenaria have been successfully related 
to increased food availability inside the vegetation 
(Judge et al. 1993). In contrast, this study, and parallel 
experiments in southern California, USA, on the 
effects of eelgrass on populations of another gregari- 
ous mussel, Musculista senhousia (Reusch & Williams 
unpubl.) revealed marked reductions in bivalve 
growth inside eelgrass, which were paralleled by 
lower food availability and water movement inside the 
canopy. These conflicting results suggest that general- 
izations on seagrass-bivalve interactions are not possi- 
ble given our present knowledge. More experiments 
are needed to identify the critical properties of (1) the 
structure and species composition of the aquatic vege- 
tation, (2) the taxonomic affiliation of the bivalve spe- 
cies, and (3) the hydrodynamic regime at the site (e.g. 
tidal vs wind-driven currents) to predict vegetation 
effects on bivalve populations. 
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