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ABSTRACT- Blue mussels M ytilu s edu lis  L. and  eelgrass  Zostera m a n n a  L. commonly co-occur in 
mixed s tands  at she l te red  sites of the Western Baltic. T he  effects of m ussels on density, vegeta t ive  
p ropagat ion  and  growth of eelgrass  w ere  tes ted  experimentally .  Mussels w e re  e ither a d d e d  to 
Z. m arina  pa tches  or rem oved  from exis ting Zostera /M ytilu s  associations.  We found no effect of these  
experim en ta l  manipulat ions on the shoot density  of Z. m arina  from April to O c tober  Likewise, o b se r ­
vations on a series of p e rm a n en t  plots over 1 growth period  sh o w ed  that  ad jacen t  m usse l  pa tches  did 
not im pede  the vegeta t ive  p ropagat ion  of eelgrass  patches.  Instead  of d a m a g in g  eelgrass  by  in te r ­
fe rence  competit ion, mussels e n h an ce  eelgrass  growth. At the end of August,  p lan ts  in the M. edulis  
addit ion t rea tm en t  had a 3b % h igher  leaf a rea  than  the  controls,  w h e rea s  mussel removal  led  to an 
a rea  dec rease  of 16% com pared  to the controls. Since, at the sam e  time, the  sed im en t  p o rew ate r  co n ­
centrations of am m onium  and  p h o sp h a te  doubled  in p re sen c e  of M. edulis, we infer that  Z. marina  
is nutrient- lim ited  in the  sandy, organically poor sed im en ts  of the shallow subtidal zone. M. edulis  
facilitates Z. m arina  by the  biodeposition of o rganic  m ateria l  via faeces a n d  pseudofaeces .  A correlation 
b e tw ee n  porew ate r  am m onium  concentra t ion  and  plant size supports  the contention  that n i trogen  is 
growth  limiting. In contrast, no re la tionship was found b e tw e e n  p o re w a te r  p h o sp h a te  concentra t ion  
and p lan t  size.
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INTRODUCTION

The co-occurence of b lue mussels M ytilu s edulis  L. 
and  eelgrass Zostera m arina  L. is a w idesp read  p h e ­
nom enon  at she lte red  sites of the shallow subtidal of 
Kiel Bight [e.g. Kiel Fjord; S chw enke  (1969), authors ' 
pers. obs.]. Besides pure  Z. marina  m eadow s and  pure  
M. edulis  beds, the re  are  mixed s tands (hereafter 
called Z ostera /M ytilu s  associations). T hese  com bina­
tions form a mosaic of patches, which are  in terspersed 
with sand  (Fig. la).

There  is anecdota l ev idence for deleterious effects 
which M ytilus edulis  may have  on Zostera  spp. In in ter­
tidal seagrass  m eadow s of the W adden  Sea (North Sea), 
a rapid succession from m eadow s of Z. marina  and  
Z. nana  to m ussel beds is f requently  observed  (Ruth

© In ter-Research  1994
R esale o f full article no t p e rm itte d

1991, pers. com m ). In Kiel Bight, G ründe l (1980) 
observed the rapid conversion of an  eelgrass m eadow  to 
a m ussel b an k  with in  1 yr following heavy se tt lem en t of 
juvenile mussels. At the experim ental site of the p resen t 
study in Friedrichsort, Kiel Fjord, Kobarg  (1993) t ran s­
p lan ted  Z ostera /M ytilu s  pa tches  to g rea te r  w a te r  dep th  
to study the light limitation of Z. marina. After 3 mo in 
d ee p  water, Z. marina  w as des troyed  by M. edulis  and  
Kobarg (1993) a t tr ibuted  this to a m echanica l d am ag e  of 
the shoots by the grow ing  an d  ex tend ing  m ussel indi­
viduals. O bservations m a d e  at the study sites revea led  
tha t in u n m a n ip u la ted  patches, la teral growth  e x te n ­
sions of the dense  m ussel unders to ry  frequen tly  bent 
Z. m arina  shoots aside (Fig. lb).

On rocky shores, m ussels  are  often the top space 
competitors w hich  restrict m acroalga l distribution (e.g.
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Fig. 1 Zostera marina, M ytilu s edulis, (a) An e e lg rass /b lue  mussel pa tch  with an ad jacen t  strip of p u re  mussels at MOE 
(Möltenort,  Kiel Fjord, G erm any)  in 1.8 m  d e p th  on S ep tem b e r  6, 1993. Note the m arg in  of the mussel pa tch  ex tend ing  onto the 
bare  sa n d  a n d  the m ark ing  s take  m  the cen te r  of the picture,  (b) Detail of a den se  M. edu lis  understory  bend ing  a Z. m arina  shoot 

aside  (r). P ho tograph  was tak en  in M a rch  1993 at the exper im en ta l  site FO (Friedrichsort, Kiel Fjord) m 2 m dep th
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Dayton 1971, Paine 1971, M e n g e  1976). In contrast, 
for soft-bottom communities competition for space has 
seldom bepn  show n to structure the community 
(Woodin 1976, Peterson 1977, Brenchley 1982) Spatial 
in te rference is though t to be rare because  the 3- 
d imensional space on soft bottom provides spatial 
refuges in excess. Moreover, on soft bottom no fixed 
a t tachm ent points exist from which sessile organisms 
may push  or squeeze  competitively inferior organisms 
off the substra tum  (Peterson 1979), except in very rare 
events w h ere  infaunal molluscs settle in such a high 
density that they push  conspecifics out of the sed im ent 
(Dijkema et al. 1987).

However, mytilid mussels  are know n to com pete 
intraspecifically for space  if occurring in ep ibenth ic  
beds or clumps of conspecifics. The forces individuals 
m ay exert on their neighbours  suppress  growth 
(Fréchette & Lafaivre 1990) and  m ay even lead to shell 
deform ation (Harger 1972, Bertness & Grossholz 1985).

One m ajor  goal of this study is to test w he the r  there 
is any deleterious effect of M ytilu s  edulis  on Zostera  
marina. We hypothesize that Z. marina  shoot density 
declines over time if in te rference competition occurs. 
In an experim ental m anipulation  of M. edulis  cover­
age, we assess the effects of Aí. edulis  on Z. m anna  
densities. With a series of p e rm a n en t  plots over ad ja ­
cent patches, we test if the vegeta tive  propaga tion  of 
Z. m arina  is inhibited by the p resence  of an ad jacen t 
m ussel bank.

Besides having a potential competitive role, mussels 
are  repor ted  to fertilize co-occurring a lgae (Kautsky & 
W allentinus 1980). Therefore, the second objective of 
this study is to test w he the r  M ytilus edulis  enhances  
Zostera marina  growth by fertilization. In the case of 
m arine  angiosperms, not only w ate r  column excretion 
but also nutr ient en r ichm en t of the sed im ent by the 
mussels  m ay be responsible  for potentia l growth 
effects (Bertness 1984), since seagrasses  obta in  the 
g rea tes t  fraction of their nutr ient dem ands  via roots 
from the sed im ent (Barko et al. 1991). The biodeposits 
of pseudofaeces  and  faeces of Baltic blue mussels were  
show n to be high in n itrogen  conten t despite  having 
passed  through  the mussel intestine (Kautsky & Evans 
1987). Therefore, the effects of exper im en ta l  changes 
of M. edulis  densities on the sed im en t nu tr ien t content 
will be  assessed  as well.

MATERIAL AND METHODS

Study period and sites. Observations w ere  carried 
out from Ju n e  1992 until O ctober  1993 using SCUBA 
diving. The experim ents  w ere  run  during  1 Zostera  
m arina  growth period from April until O ctober  1993 at 
Friedrichsort (hereafter FO), Kiel Fjord, W estern  Baltic,

in a military restric ted  area. Additional observational 
data w ere  obtained, at M öltenort (hereafter  MOE) 
which is s ituated opposite to FO on the eas te rn  side of 
Kiel Fjord (Fig. 2). Salinities ranged  from 13 to 20'!& in 
the surface w ater  and  tem pera tu re s  from 1.7 to 19°C 
during the study period. A lthough no lunar tides occur 
in the Baltic Sea, irregu la r  w ind-driven  sea level 
changes  often have  an am plitude of +50 to - 5 0  cm 
around  m e an  w ater  level (MWL) and  a dec line of 
-  1 m below  MWL was a t ta ined  during  strong so u th ­
westerly  gales several times in w in ter  1992-93. T h e r e ­
fore, the upper  parts  of the Z o stera /M ytilu s  associa­
tion, but not the p e rm a n e n t  plots or exper im en ta l  
areas, w ere  exposed  to air.

Both sites are she lte red  with a maxim al w ind fetch of 
7 km and  6 km  from southerly directions for FO and  
southwesterlies for MOE, respectively (Fig. 2). MOE 
may receive swells from severe  nor thern  storms against 
w hich FO is com pletely protected . The prevailing  
wind direction in this region of E urope is so u th ­
westerly, therefore both sites are  regularly  exposed  to 
w aves of 0.3 to 0.5 m height.  The sed im ent of both  sites 
consists of well sorted, m ed iu m  g ra ined  silicate sand 
with 50 to 60%  of the dry w eigh t be long ing  to the

Schu emine
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Fig. 2. Study sit.es located in Kiel Fjord, W estern  Baltic. All 
exper im en ts  w e re  d one  in a military restr ic ted  a rea  at 
Friedrichsort  (FO), Germ any .  Additional observational  data  

w e re  ob ta ined  at M öltenort  (MOE)
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250 to 500 pm  fraction. It is poor in organic content 
[0.42 ± 0 .06%  SD loss of ignition (LOI) on bare  sand, 
n = 5].

The distribution dep th  of the Z ostera /M ytilu s  associ­
ation is b e tw e en  1.2 and  2.5 m in FO and  1.0 and  2.2 m 
in MOE. Furthe r  dow n to a dep th  of approxim ate ly  4 m 
p u re  pa tches  of Z. m arina occur. The shape  of the 
pa tches  is irregular,  rang ing  from ellipses to narrow, 
e lo n g a te d  s tructures  w hich  are  mostly o n en ta te d  
perpend icu la r  to the  shoreline. Their  extension on the 
longest axis of both p u re  Z. m arina  and  Z ostera / 
M ytilu s  pa tches  ranges  from 0.5 to approxim ate ly  5 m, 
with  a h igh  p e rc e n ta g e  of pa tches  m easu r ing  be tw een
1 an d  3 m. Those sizes w ere  chosen for the expe r i­
m en ta l  manipulations.

On the  gen tle  slopes at both sites, the dep th  band  
with co-occurring Zostera m arina  and  M ytilu s  edulis  
is approx im ate ly  30 m  wide. The coverage  of the su b ­
s tra tum  with eelgrass, p u re  m ussel banks  an d  the 
Zostera./M ytilus  association is show n in Fig. 3. In 
M arch  1993, 39%  of the Z. m arina  m eadow s at FO 
a n d  71 % at M OE possessed  an  understory  of mussels. 
Typically, they form an almost continuous, ep iben th ic  
layer u n d e rn e a th  the  Z. m arina  canopy, and  they are 
not h u m m o c k ed  (Fig. la ,  b). The byssus th reads  of the 
mussels  a re  rarely a t tached  to Z. m arina  shoots or 
rh izom es but usually to other mussels. This allowed 
the  removal of M. edu lis  w ithout d am ag in g  Z. m arina  
p lants  (see below).

Field observations. D eterm in a tio n  o f  p la n t p a ra ­
m e te rs  o f  Z ostera  m arina:  At both sites, the  plant 
m orphology was d e te rm in ed  be tw e en  A ugust  25 and  
S ep te m b er  2, 1993, com paring  plots with an d  w ithout 
M ytilu s  edulis  from the  sam e dep th  ran g e  from 1.8 to
2 m. In each  of the 7 plots of 50 x  50 c m 2, 6 plants were  
chosen  hap h a za rd ly  by blindly pointing  into the plot

Friedrichsort (FO) 
2 m depth

Möltenort (MOE) 
1.8 m depth

30

O
0 s

I  Zostera  Q  Zostera/M ytilus Q  Mytilus

Fig. 3. Zostera marina, M ytilu s  edulis. Subs tra tum  coverage  
+ 1 SE at Friedrichsort  (FO) an d  M öltenort  (MOE) on M arch 
20 a n d  25, 1993, respectively. 16 qu ad ra ts  of 1 x 1 m 2 w ere  
p laced  at random  within a strip of 100 m leng th  and  10 m 

width paralle l  to the  shoreline

with a ruler, thus total sam ple size was n = 42. Only 
adult,  fully grow n plants w ere  m easured ,  w hereas  
those which had  recently  deve loped  from the rhizome 
w ere  ignored.

The length  of the  la rgest photosynthetically  active 
leaf was m e asu red  to the nea res t  cm an d  its w idth to 
the nea res t  0.5 mm. The leaf a rea  was calculated 
by multiplication assum ing  a rec tangu la r  shape. The 
w idth of the leaves was constant over the w hole length  
(pers. obs.). In concordance with studies on Danish 
Baltic seagrass  m eadow s (Sand-Jensen  1975), we 
found that the largest photosynthetically  active leaf of 
Zostera m arina  was in most cases the 4th youngest.

All shoot densities w ere  de te rm ined  in a reas  of 50 x 
50 c m 2 Each leaf bundle, including those recently  
formed, counted as 1 shoot. To m a k e  counts as ac cu ­
rate  as possible, the  plot area  was subd iv ided  with 2 
s takes into strips of 10 cm width. To de term ine  the 
accuracy of the m ethod, counts of shoot density  on 
3 plots w ere  rep e a te d  3 times in April. The error was 
smaller than 5%. All counts w ere  m ade  by the sam e 
observer.

To d e term ine  the ratio of aboveground  to below- 
g round  biomass, an d  the  length  of the roots in pu re  
Zostera marina  com pared  to the Zostera /M ytilus  associ­
ation, 5 destructive core samples (250 c m 2, 15 cm depth) 
w ere  taken  at MOE on S ep tem ber  1, 1993, on each  s u b ­
stratum  type. The samples w ere  d ivided into leaves 
(aboveground  biomass) and  rhizomes plus roots (be- 
low ground biomass), rinsed with fresh w ate r  and  
w eig h e d  after drying at 80 °C for 24 h. Ten roots in each 
core w ere  chosen at random  and  m e asu red  from a t tach ­
m en t base  at the rh izom e to the tip to the  nea res t  mm.

S e d im e n t analysis: Sed im ent sam ples  w ere  taken  in 
50 ml plastic vials (5 cm i.d.) which w ere  inserted  5 cm 
into the sediment. On A ugust  2, 1993, 3 samples were  
taken  in each of the 5 control plots of a M ytilu s edulis  
add i t ion /rem oval exper im en t at FO. The organic con­
tent of the  sed im ent w as d e te rm in ed  as LOI by drying 
the sam ple  at 100°C and  determ in ing  the w eight loss 
after hea ting  at 500°C for 12 h in a muffle furnace.

Porew ate r  was sam pled  in triplicate at FO on August 
26, 1993, in all 20 exper im en ta l  plots and  at MOE on 
S ep te m b er  2, 1993, in 5 Zostera m arina  plots each  in 
the p resence  and  absence  of M ytilu s  edulis. The 
sam ples  were  ob ta ined  m  situ  with 10 ml plastic 
synnges.  A plastic tip was perfo ra ted  several times and  
a 20 pm  m esh  gauze  w ra p p ed  a round  it. At 3 random ly 
chosen points, they w ere  inserted  5 cm into the su b ­
stratum  using a new  syringe for each  subsam ple . By 
gently  sucking over a period of approxim ate ly  30 s, 
10 ml of po rew ate r  was sam pled  from the 4 to 6 cm 
dep th  horizon. The chosen  dep th  lies within the 
denses t  root/rhizom e deve lopm en t (pers. obs.). S am ­
ples w ere  d eep  frozen on board  the dive boat. Since
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the concentra tion of am m onium  in the po rew ater  is 
generally  >20  pM, changes  in concentra tion due  to 
freezing w ere  considered  non-significant. In the labo ­
ratory, the sam ples  w ere  dilu ted  1:5 with distilled 
w ate r  and ana lysed  for nitrate/nitrite, dissolved am m o ­
nium and  soluble reactive phospha te  (SRP) after the 
m ethods of Grasshoff (1976), Koroleff (1976a), and  
Koroleff (1976b) modified for a smaller sam ple volume. 
In concentra tions > 150 pM, H 2S may in terfere with 
de term ination  of am m onium  and  lead  to false positive 
results of 7 to 14% (Koroleff 1976a). However, we 
assum ed  the H 2S concentra tions in the po rew ater  to be 
m arkedly  below this value since core samples never  
smelled sulfidic. The photometric  m e asu rem en ts  w ere  
corrected  for turbidity.

Shoot density, leaf leng th  an d  width, and  nutrient 
concentra tions in the  po rew ater  w ere  com pared  
b e tw e en  sites (FO and  MOE) and  be tw e en  substra ta  
with a 2 x 2 nes ted  ANOVA with site and  p resen ce /  
absence  of M ytilu s edu lis  as factors and  plot nes ted  in 
both factors. The response variables leaf length, w idth 
and  area  w ere  log-transformed, nutr ient concen tra ­
tions w ere  cubic-root-transformed and  shoot densities 
square-roo t- transform ed to rem ove heterogene ity  of 
variances. Cochran 's  test was applied  to test the suc­
cess of the transformation. The 3 leaf param ete rs  m e a ­
sured  w ere  considered  as parts  of 1 m ensura tive 
exper im ent on gene ra l  differences in leaf morphology. 
Therefore, to minimise the chance  of committing a 
type I error, the significance levels w ere  Bonferroni- 
ad justed  by dividing a  (probability of m ak ing  a type I 
error) by the num bers  of comparisons, i.e. 3. T hese  and 
all su b se q u en t  statistical analyses w ere  perform ed 
with SuperANOVA (Abacus Concepts), SYSTAT ver­
sion 5.1. (Systat, Inc.), or K ale idagraph  (Abelbeck soft­
ware), using a M acintosh  II computer.

R egression  o f sed im en t nu trien ts on Zostera  m arina  
lea f length: During la te  A ugust 1993, 20 triplicate p o re ­
w ate r  determ inations w ere  perfo rm ed  at FO and  10 
determ inations at MOE, half of each  on Zostera m arina  
plots with and  w ithout a mussel understory. S im ultane­
ously we m e asu red  leng th  of the la rges t  photosyn the ti­
cally active leaf of Z. m arina  in the sam e plots be tw een  
A ugust  26 and  S ep te m b er  3, 1993. We es tim ated  re la ­
tive differences in Z. marina  growth be tw een  treatments 
from the lengths of the la rgest intact leaves (Ham burg  & 
H om ann  1986). To do this, we a ssu m ed  tha t the rate  of 
n ew  leaf formation (the p lastochrone interval) and  
hence  the age  of the  leaves until they stop grow th  is 
similar am ong the treatm ents .  If the re  is acceleration 
with nutr ient enrichm ent,  increases  in leaf g row th  rate 
would be underes t im a ted  by this method.

In concordance with w ork done  by S and -Jensen  
(1975) we observed  tha t leaves stop growing  w h en  
they becom e the 3rd younges t  leaf of one shoot.

Since the relation be tw e en  ee lgrass  g rowth and  
nutrients  is not linear, but follows a sa tura tion-type 
function (Dennison et al. 1987, Williams & Ruckelshaus 
1993), a M onod curve was calcu la ted  b e tw e e n  the 
correspond ing  sam ple  m eans  of sed im en t po rew ate r  
(n = 3) as the in d e p e n d e n t  variable and  the  leaf length  
(n = 6) as the d e p e n d e n t  variable using a leas t-square  
approxim ation  m ethod. For am m onium  as d e p e n d e n t  
variable only, a Woolf linear transformation (leaf length/ 
am m onium  concentra tion  vs am m onium  co ncen tra ­
tion) was used  to test the significance of the regression 
by an  ANOVA.

O bserva tion s on pa tch  bou ndaries: P erm an e n t  plots 
w ere  followed th rough  time to gain  information on 
w h e th e r  (1) the p resence  of ad jacen t  m ussel beds im ­
p ed e s  vegeta tive  propaga tion  of ee lgrass  and  (2) fer­
tilization by co-occuring mussels acce le ra tes  the rate 
of vegeta tive  p ropaga tion  com pared  to pure  eelgrass 
stands. No Zostera m arina  seedlings w ere  found 
th roughou t the  study period  in the w a te r  d ep th  investi­
gated .  Thus, extension of Z. m arina  p a tches  occurred  
only th rough  vegeta tive  propagation.

The positions of borders  of approx im ate ly  50 cm 
length  w ere  sam pled  photographically  in quad ra ts  of 
50 x  50 c m 2 An accuracy of 1 cm was ach ieved  using 
m ark ing  stakes at 2 d iagonal edges.  Ten plots on the 
following com binations of pa tch  boundar ies  w ere  
chosen haphaza rd ly  within a strip of 80 m parallel  to 
the shoreline in the 1.8 to 2 m depth: (1) p u re  Zostera  
m arina  vs sand; (2) p u re  Z. m arina  vs M ytilu s  edulis-, 
(3) Z o stera /M ytilu s  vs M. edulis-, and  (4) Z ostera / 
M ytilu s  vs sand. Border type 2 could not be  sam pled  
because  a severe storm des troyed  most of the pu re  
mussel banks  on O ctober  10, 1993. The rem a in ing  p e r ­
m a n en t  a reas  w ere  carefully exam ined  3 d after the 
d is tu rbance  even t to exc lude every  border  w hich was 
appa ren t ly  d a m a g e d  by the storm, for w e  w ere  in te r ­
es ted  only in bo rder  shifts due  to grow th  processes. 
Due to the  storm, the  final sam ple  size h ad  to be 
reduced  from a p lan n ed  10 to 8 in d e p e n d e n t  pairs of 
ad jacen t patches.

T he  positions of borders  w ere  sam p led  on April 5 
and  on O ctober  18, 1993. N on-des truc t ive  sam pling  
using a cam era  with flash a t tac h ed  to a frame was 
feasible since Zostera m arina  canopy  an d  shoot density  
w ere  sufficiently low on the chosen  sam pling  dates, 
tha t is before and  after the g row th  period. T he  colour 
slides w ere  then  digitized using  an  S-VHS-Video- 
cam era  p lu g g e d  into a NeXT workstation. Using the 
digitized image, in ea ch  rep licate  plot, p a tch  b o u n d ­
aries w ere  se lec ted  in the following way: to be  in ­
c luded  into a patch, no  shoot could be  m ore  than  12 cm 
aw ay  from a conspecific. Spring an d  a u tu m n  boundary  
positions w ere  d raw n  into a coord ina te  system. The 
border  shifts w ere  quantif ied  by m e asu r in g  the  small-
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est d is tance  b e tw e en  the spring and  the  a u tu m n  bor­
d e r  at 5 random ly chosen  points of the spring border  
w ith in  each  plot. Im age analysis software was d ev e l­
oped  in our depar tm en t .  In cases of doubt, the colour 
slide w as investiga ted  using a stereo-microscope.

Five d is tances w ere  ob ta ined  for each  of the  8 rep li­
cates of one border  type, thus the total sam ple  size was 
n = 40 p ropaga t ion  d istances for each  border type. The 
d is tances w ere  (log + l)- t ransfo rm ed  to rem ove h e te ro ­
gene ity  of variances. A C ochran  test for hom oscedas-  
ticity w as  perfo rm ed  to confirm the success of the 
transformation. The 3 d ifferent bo rder  types w ere  com ­
p a re d  with a 1-way ANOVA nes ting  the 5 distances 
o b ta ined  for each  replicate  plot within the factor 
'bo rde r  type ' to account for large varia tion  with in  one 
bo rder  type.

Experim ents. C h anging M ytilu s edu lis  densities:
Two sub -experim en ts  w ere  carried  out. In a M ytilus  
edu lis  addition  experim ent, mussels  w ere  transp lan ted  
into p u re  Zostera m arina  plots and  thus artificial 
Z o stera /M y tilu s  associations w ere  produced . In a M. 
edu lis  removal expe r im en t mussels  w ere  rem oved  
from existing associations (Fig. 4a). The chosen  depth  
ran g e  w as  narrow  (1.8 to 2 m) and  identical to the other 
observa tional sam pling  sites. The exper im en ta l  layout 
was not completely  random ized,  b ecau se  prelim inary  
observations revea led  a high variability in shoot

density  and  p lan t size am ong  patches  in the sam e 
w a te r  depth . Therefore, each  sub-experim en t was p e r ­
form ed as a  random ized  block des ign  (Hurlbert 1984) 
(see Fig. 4b). Within a strip of 50 m  length  and  10 m 
width parallel to the shoreline, 5 blocks w ere  selected 
h aphaza rd ly  for each  sub-experim ent.  T he  size and 
density  of Z. marina  was chosen to be  as hom ogeneous  
as possible. The coverage of mussels in the Z ostera / 
M ytilu s  plots w as always 100% before the e x p e r im en ­
tal m anipula tion. Within each  block, the  positions of 
t rea tm en t  and  control plots w ere  chosen at random. 
The plots of 50 x 50 c m 2 w ere  p laced  d iagonal to each 
other w ithout any in te rm edia te  space to minimize 
sed im en t and  exposure  variability within each  block 
(Fig. 4a). Since both plots have  contact only at a 
q u ad ra t  corner, we assum e that in te rference be tw e en  
t rea tm en t  and  control is p robably  small.

All mussels w ere  rem oved  from M ytilus/Z ostera  
patches.  In 3 removal plots, the nu m b e r  of Z. marina  
shoots was counted  before and  after trea tm en t  to 
account for trea tm en t  effects. As g rea tes t  care was 
ta k e n  in rem oving the mussels w ithout diving gloves, 
losses of shoots w ere  minimized to b e tw e en  2 and  7 %, 
and  therefore  considered  as un im portan t  for the  ou t­
come of the experim ent. The num ber  of Z. marina  
shoots after experim ental m anipula tion  coun ted  as the 
initial value for the experiment.

a  /Wyf/'/us-removal experiment

control

/Wyf/7us-addition experiment

treatm ent

Mytilus
removed

control

treatm ent

Mytilus
added

♦ ♦
Block 1

S
Block A

50 m

Fig. 4. (a) Experim ental
t rea tm ents  and  controls and 
(b) rep resen ta t ion  of the 
exper im en ta l  block design 
of the M ytilus edu lis  a d d i ­
tion a n d  removal  ex p er i ­
ment. Blocks A to E and  1 to 
5 belong to different  su b ­
experiments .  The  size of the 

qu ad ra ts  is 50 x 50 c m 2



Reusch et al.: Fertilization of Zostera  by M ytilus 271

The rem oved  mussels of the first sub-experim en t 
w ere  immediate ly  transp lan ted  into the pure  Zostera  
m a n n a  plots which w ere  chosen to receive the t rea t­
m en t of M ytilus edulis  addition. For both experiments,  
the volume of mussels rem oved and  subsequently  
ad d e d  to ano ther  plot was about 4 d m 3. Before trans­
planting, the m ussel clumps w ere  broken  into smaller 
ag g re g a te s  because  this (1) facilitated the hom ogenous 
dispersion on the bottom, (2) p reven ted  the Z. marina  
shootlings from being bent to the g round  by b igger  
clumps, and  (3) provided a stimulus for byssus s e c re ­
tion and  a t tachm en t to conspecifics (pers. obs.). During 
the first w eek  only, wire fences of 10 x 10 m m 2 m esh 
size and  10 cm heigh t su r rounded  plots w hich received 
mussels  to p reven t the u n a t tached  anim als from being 
w ashed  aw ay from the  trea tm en t  plots due  to w ave 
action. After tha t period, most mussels  had  a t tached  to 
their ne ighbours  and  no difference b e tw e e n  natura l 
and  artificially gen e ra te d  M ytilus/Z ostera  associations 
was apparen t.  The exper im en t lasted for 7.5 mo from 
April 10 to O ctober  27, 1993. In all plots, m ussel cover 
rem a ined  at > 9 0 %  during  the experim ental period.

In both sub-experim ents ,  response variables were  
(1) the num ber  of Zostera m arina  shoots censused  
every 6 wk as described above, (2) length, w idth and 
a re a  of the largest photosynthetically  active leaf, d e te r ­
m ined  as described above, on A ugust 28, 1993, and 
(3) p o rew ate r  nu tr ien t concentra tions sam pled  in tripli­
cate in each  plot on A ugust  26, 1993.

Sta tistica l analysis: Two different hypotheses  w ere 
form ulated  on the effects of mussels on shoot density. 
The first is that the m anipula tion  of M ytilu s edulis  
cover led to differences in Zostera m arina  density  after 
6 mo of experim ental duration, i.e. on the last sampling 
date  (October 27). Therefore, O ctober densities w ere  
ana lysed  with 2 separa te  univariate  analyses of co- 
variance (hereafter ANCOVA), using  the initial density 
as covariate.

The second hypothesis  states tha t there  is a differ­
ence in Zostera m arina  density  as a result of exper i­
m ental m anipula tion  th roughou t the entire growth 
period (June to October). To test for this hypothesis, 
shoot densities w ere  ana lysed  with a multivariate 
analysis of variance (MANOVA), trea ting  the 4 post- 
manipula tive  sam pling  da tes  (June 2, Ju ly  21, S ep tem ­
ber 2, O ctober 27) as 1 d e p e n d e n t  vector (Farrell 1989; 
Howell 1992, p. 472). This m ultivaria te  analysis has  the 
a d v a n ta g e  of hav ing  a g rea te r  pow er  of detec ting  a 
real difference. At the sam e time, it minimizes the 
risk of committing a type I error and  eliminates the 
p rob lem  of n o n - in d ep e n d en c e  am ong  consecutive 
sam pling  dates  (Johnson & Field 1993). In fact, the 4 
vectors of d e p e n d e n t  variables w ere  not in d e p en d e n t  
but highly corre la ted  am ong  each  other as can be 
expec ted  in a rep e a te d  m e asu re  design. We tested  this

by com paring the covariance matrices of both t r e a t ­
m ents  and  both exper im en ts  aga ins t  the identity 
matrix (which assum es no correlation) with a likeli­
hood test (Fahrmeir & H am erle  1984, p. 74 ff.).

The MANOVA assum ptions of multi-normality  and  
m ulti-homoscedasticity  w ere  tested  independen tly  
by 2 procedures .  The 4-dim ensional normality was 
checked  on the basis of a modified Choletzky d eco m p o ­
sition, simultaneously  testing kurtosis and  skew ness  
vectors of the d e p e n d e n t  variables with a ch i-squared  
distribution (Lütkepohl 1991). M ulti-homoscedasticity  
and  -normality w ere  tested  sim ultaneously  using 
H aw kins '  test (Hawkins 1981, p roposed  by Johnson  & 
Field 1993). In both  analyses, the com puted  test statistic 
W  ex c ee d ed  the critical value (W(, = 0 0 5 : 2.492; M ytilu s  
edulis  addition  Wx = 10.58, W2 = 12.48; M. edulis  r e ­
moval W, = 12.5, W2 = 10.53). This ind icated  hetero- 
scedasticity since the  normality assumption w as already 
fulfilled. However, Johnson  & Field (1993) propose a 
check  for the d ifferences in the m ed ians  of the  tails of 
the F -dis tnbution (i.e. the d ifference of the m ed ians  of 

s of each  group; H aw kins 1981). If, in the  case of a 
b a lanced  design, the d ifference is smaller than  0.85, 
Johnson  & Field assum e that violation of the assum ption 
of hom oscedastic ity  is not harmful to the outcom e of the 
analysis. The d ifferences in our data are  m arkedly  
smaller (M  edulis  addition expt: 0.337; M. edulis  
removal expt: 0.537). Therefore, we conclude tha t it is 
legitim ate for us to perform  a MANOVA.

For hypothesis  testing, w e  chose the Pillai Trace- 
statistic and  its F -approxim ation. It is r eco m m en d ed  
by Johnson  & Field (1993) as be ing  the most robust 
aga ins t  violations of m ulti-normality  and  multi- 
homoscedasticity  com pared  to other multivariate 
statistics (e.g. Hotelling 's Trace, W ilk’s lambda).

On the sam e da ta  sets, w e  also per fo rm ed  M A N CO - 
VAs with initial shoot densities as covariates. In both 
analyses, the effect of the  initial density  (= covariate) 
was not significant. If this is the case, including the 
covariate into the analysis does not increase  the pow er  
of the test but w astes  deg re es  of freedom  due  to over- 
param etr ization  (Bernstein 1987, p. 342). Hence, the 
outcom es of the M ANCOVAs (which w ere  not dif­
feren t from the M ANOVAs considering  the factor 
M ytilu s  edulis  p resen t /absen t)  a re  not show n and  
in terpre ta t ion  of the results was entirely b ased  on 
the MANOVAs.

Additionally, the shoot densities of the 5 u n m a n ip u ­
la ted  control plots of both sub -experim en ts  w ere  
ana lysed  for all 5 sam pling  dates  (including the initial 
density  on April 10) with a MANOVA, trea ting  all s a m ­
pling dates  as 1 d e p e n d e n t  vector.

Response variable as well as covariate  shoot den s i­
ties w ere  square-roo t- transfo rm ed  to rem ove h e te ro ­
geneity  of variances.
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Effects of p resence  or ab sen ce  of mussels on Zostera  
m arina  leaf pa ram ete rs  and  sed im en t po rew ate r  
w ere  ana ly sed  with 2 sets of ANOVA models with 
blocking factor for each  sub-experim ent.  The 3 leaf 
p a ra m e te rs  m e a su re d  w ere  considered  as par ts  of one 
m ensu ra tive  exper im ent on genera l  d ifferences in leaf 
morphology. Therefore, to minimise the  chance  of 
com mitting a type I error, the  significance levels w ere  
B onferron i-ad justed  by dividing a (probability of 
m a k in g  a type I error) by the num bers  of comparisons, 
i.e. 3. Leaf length, w id th  and  area  w ere  log- trans­
form ed an d  nu tr ien t  concentra tions w ere  cubic-root- 
transform ed to rem ove he te rogene ity  of variances. 
C ochran 's  test was app l ied  to test the  success of the 
transformation.

RESULTS 

Field observations

Shoot density. The shoot densities in A ugust  at FO 
an d  M OE w ere  not significantly d ifferent in the  p r e s ­
ence or ab sen ce  of M ytilu s edulis  (Fig. 5a, Table 1). 
T he  site h a d  a significant effect on shoot density, but 
the  in teraction  term Site x M ytilu s  ab se n t /p re se n t  was 
not significant, i.e. the  effect of m ussels  on Zostera  
m arina  density  is site independen t .

Plant m orphology. In contrast to density, p lan t  m o r­
phology w as d e p e n d e n t  on the p resence  or absence  of 
M ytilu s  edulis. A t  both sites, the  length, w idth  and  
a re a  of the  la rgest photosynthetically  active leaf (in 
most cases the 4th younges t  leaf) w ere  h igher  w h en  
Zostera m arina  g rew  with an  understory  of mussels. 
The effect of the site was also highly  significant but not 
the  interaction te rm  Site x M ytilu s  ab sence/p resence ,  
i.e. the  effect of M. edulis  on Z. m arina  m orphology is 
in d e p e n d e n t  of site (Table 1, Fig. 5b to d).

Destructive sam pling  of Z ostera m arina  in MOE 
show ed  tha t the ratio of aboveg round  to below ground  
b iomass w as h igher  an d  the  roots of Z. m arina  w ere  
significantly shorter  if co-occurring with M ytilu s  edulis  
(Fig. 6e, f, Table 1).

Sedim ent param eters. Fig. 6 sum m arizes  the  differ­
ences  of various sed im en t p a ram ete rs  b e tw e en  Zostera  
m arina  p a tches  with and  without M ytilu s  edulis. At 
FO, the organic conten t of the u pper  sed im en t horizon 
(0 to 5 cm) is generally  low (means ± 1 SE: 1.02 ± 0.12% 
LOI in p u re  Z. m arina  patches, 1.60 ± 0 .13%  LOI in 
Z o stera /M y tilu s  patches).  The difference in LOI b e ­
tw een  Z. m arina  p a tches  in p re se n ce  or ab sen ce  of 
M. edulis  is significant (1-way nes ted  ANOVA, n u m b e r  
of pa tches  n = 7, total n u m b e r  of sam ples  n = 21, F. 12) 
= 8.324, p = 0.0137).

At both sites, the  p o rew a te r  of the sed im en t horizon 
(3 to 6 cm) in the  Z o stera /M y tilu s  association contains

FO MOE absent
T  100

£  80 
ó  
>, 60

O 20

en o

120

5 2

500-
CVJ
E 400- o

M ytilus
□

present

MOE

"OcD

_S 8 0-8

120

O)co
oocr

80-

4 0 -

n J—i----- —

tir.03 2 0 0  -

Fig. 5. Zostera marina. Com parison  of (a) shoot density, 
(b) leaf length,  (c) leaf width, and  (d) leaf a rea  of the largest 
photosynthetically  active leaf of eelgrass  in p re sen c e  a n d  a b ­
sence  of M ytilus edu lis  at FO and  MOE. Data from destructive  
core samples at MOE (250 c m 2) com pare  (e) the ratio of 
a b o v eg ro u n d  to b e low ground  biomass and  (f) the  root length  
of Z. m arina  with the a b se n c e /p re se n ce  of M. edulis. S a m ­
pling  period  was b e tw ee n  A ugus t  25 and  S ep tem b e r  2, 1993. 
Sam ple  size was n = 7 for shoot density. Leaf pa ram ete rs  w ere  
d e te rm in ed  in 6 h a p h azard ly  chosen, adult  p lants  on 7 rep li­
cate plots, thus total sam ple  size was n = 42. (e) Sam ple  size 
for biomass ratio is 5. (f) Ten random ly  chosen  root lengths 
w ere  d e te rm in ed  in 5 core samples,  sum m ing  up to a total 
sam ple  size of n = 50. Error b a r  is +1 SE. For statistical 

analysis see  Table  1

significantly more am m onium  and  phospha te  than pure  
Z. marina  plots (Fig. 6b, c, Table 1). Since the chance 
of committing a type I error is inc reased  in the u n ­
b a lan c ed  phospha te  analysis, the significant t rea tm en t 
effect of mussels (p = 0.0476) has to be in terp re ted  
with caution. Nitrate plus nitrite concentra tions were
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Table  1. Zostera marina. Sum m ary  of observational  d a ta  on  sed im en t  characteris tics a n d  on shoot densi ty  a n d  p lan t  morphology of 
Z. m arina  at 2 sites, FO and  MOE, in p re sen ce  or absen ce  of M ytilu s edulis. The  following ANOVA m odels  w e re  used: a 2 x 2 
ANOVA for the shoot densities with Site and  M. edu lis  a b sen t/p resen t  as factors, and  a 2 x 2 nes ted  ANOVA with plot nested  in both 
factors, Site and  M. edulis  absen t/p resen t ,  for sed im en t  p o re w a te r  concentra t ions (amm onium  and  phosphate)  and  for shoot m o r­
phology of Z. m arina  (length, width, a rea  of largest  leaf). The  root leng ths of Z. marina, a t MOE only, w e re  ana lysed  with  a 1-way 
nes ted  ANOVA with M. edu lis  absen ce  or p resence  as factor and plot nes ted  in the factor, and  the ratio of a b o v eg ro u n d  to b e lo w ­
ground  biomass w as analysed  with a simple 1-way ANOVA. Transformations of the d e p e n d e n t  variables  a re  given. After t ransfor­
mation, all da ta  fulfil the Cochran  test of hom ogene ity  of variances.  Note tha t  3 sam ples from different plots w e re  not ana lysed  for 
p h o sp h a te  since the sam ple  volume was too small. Therefore,  the n es ted  des ign  becam e  unba lanced ,  i.e. 3 plots con ta ined  only 2 
instead  of 3 replicates. C ochran 's  test was done  with the m ore  conservative  value of G ,rn,, for a g roup  size of n = 3. For leaf p a r a m e ­
ters only, the significance level was Bonferrom-adjusted  to a, lft|, = a /3  (ns: p  > 0.0166; ‘0.0166 > p > 0.0033, "0 .0 0 3 3  > p > 0.00033, 

■ " p  < 0.00033). All o ther significance levels are: ns, p > 0.05; ‘0.05 > p  > 0.01, “ 0.01 > p > 0.001, ‘ " p  < 0.001

D ep en d e n t  variable 
Transformation

Source of variation df MS F P

Shoot density Site 1 6.481 4.392 0.0468 ‘
x  = nF M ytilu s  a b se n t /p re s e n t 1 3.060 2.074 0.1628 ns

Site x M ytilu s  a b se n t /p re s e n t 1 0.2323 0.1574 0.6950 ns
Error 24 1.4757

Porew ater Site 1 0.4935 0.4377 0.5177 ns
a m m onium M ytilu s  a b se n t /p re s e n t 1 9.1693 8.1321 0.0115 ‘

X II Site x M ytilu s  a b se n t /p re s e n t 1 0.1434 0.1272 0.7260 ns
Plot no. (Site, M ytilus  a b sen t/p resen t ) 16 1.1275 4.7691 0.0001 ■■■
Error 40 0.2364

Porewater Site 1 0.1797 2.589 0.1272 ns
p hospha te M ytilus  a b se n t /p re s e n t 1 0.3195 4.605 0.0476 ‘
x  -  3\  y Site x M ytilu s  a b se n t /p re s e n t 1 0.0004 0.0059 0.9398 ns

Plot no. (Site, M ytilu s  ab sen t/p resen t) 16 0.0694 1.288 0.2557 ns
Error 37 0.0539

Leaf length Site 1 1.406 34.984 0.0001 •••
x =  log y M ytilu s  a b se n t /p re s e n t 1 0.468 0.468 0.0023 “

Site x M ytilu s  a b se n t /p re s e n t 1 0.001 0.022 0.8842 ns
Plot no. (Site, M ytilu s  a b sen t/p resen t ) 24 0.040 4.486 0.0001 •••
Error 139 0.009

Leaf width Site 1 0.318 48.574 0.0001
x  = log y M ytilu s  a b se n t /p re s e n t 1 0.088 13.405 0.0012 "

Site x M ytilu s  a b se n t /p re s e n t 1 0.002 0.349 0.5601 ns
Plot no. (Site, M ytilu s  a b sen t/p resen t ) 24 0.007 1.296 0.1774 ns
Error 139 0.005

Leaf a rea Site 1 3.061 76.986 0.0001 • "
x=  log y M ytilu s  a b se n t /p re s e n t 1 0.961 24.182 0.0001

Site x M ytilu s  a b se n t /p re s e n t 1 0.0003 0.008 0.9276 ns
Plot no. (Site, M ytilu s  ab sen t/p resen t) 24 0.040 1.742 0.0252 ns
Error 139 3.174

Root length M ytilu s  a b se n t /p re sen t 1 0.9682 11.902 0.0087 "
x  = log y Plot no. (M ytilu s  a b sen t/p resen t ) 8 0.0813 3.9394 0.0005 " •

Error 90 0.0206

A boveground  to b e lo w ­
g round  biomass ratio M ytilu s  a b se n t /p re s e n t 1 0.3133 10.693 0.114 ns
(no transformation) Error 8 0.0293

always at the detec tion  limit (< 1 pM). As can  be 
expected  in r ed u c ed  sediments,  they contribute very 
little to the total inorganic n itrogen  available to the 
rh izosphere  of Z. m arina  an d  w ere  therefore excluded 
from further data  analysis.

R egression b etw een  sedim ent nutrient concentra­
tion and growth. Plotting the am m onium  po rew ater

concentra tions aga inst  leaf leng th  results in a s a tu ra ­
tion-type, hyberbolic  function w hich  levels off at 
approxim ate ly  75 pM  am m onium  at M OE and  100 pM  
at FO (Fig. 7a). The ca lcu la ted  regress ion  equa tion  
according to a M onod m odel explains 71 % and  34 % of 
the variation in leaf leng th  at M OE an d  FO, re sp e c ­
tively. The ANOVAs on the Woolf l inearized da ta  w ere
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Fig. 6. Zostera marina, M ytilu s edulis. S ed im en t  p a ram ete rs  
on eelg rass  plots in a b sen ce  and  p re sen c e  of b lue  m ussels at 
Friedrichsort  (FO) and  M öltenort  (MOE). M e a n  (+ 1 SE) of 
(a) loss of ignit ion LOI, (b) sed im en t  p o re w a te r  concentra tion  
of am m onium , an d  (c) of soluble reac tive  p h o sp h a te  (SRP) are 
shown. T h ree  subsam ples  w ere  tak en  in 7 plots for d e te r ­
m ina tion  of organ ic  con ten t  (LOI), thus total sam ple  size was 
n = 21; trip licate  p o re w a te r  subsam ples  w ere  tak e n  on 5 plots, 
thus the  total sam ple  size was n = 15 for po re w a te r  p hospha te  
a n d  am m onium . For statistical analysis of d a ta  see  Table 1

highly significant for both sites (at FO p = 0.00004, at 
M OE p < 0.00001; Fig. 7b).

In contrast to am m onium , no such re la tionship 
exists be tw e en  p o rew ate r  p h o spha te  concentra tions 
an d  the  leaf leng th  of Zostera m arina  (Fig. 7c). 
Except for 3 h igher  values, all concentra tions are 
found within a ran g e  of 3 to 11 pM  soluble reactive 
p h o sp h a te  in the porewater .  No regression  formula 
w as ca lcula ted  because  of this obvious lack of co rre­
lation.

O bservations on Z o stera /M y tilu s  borders. T here  was 
no ev ident effect of ad jacen t M ytilus edulis  patches on 
the  vegeta tive  p ropaga tion  of Zostera m a n n a  w hen  
analysing  the  p ropaga tion  d istances with a 1-way 
ANOVA with plot nes ted  in border  type (Fig. 8, Table 2). 
F urthe rm ore ,  Z. m arina  did not p ro p ag a te  faster w hen  
co-occurring with M. edulis. T here  w as a considerable 
variation am ong the  sam pled  plots w hich w ere  nes ted  
with in  one border  type. This was largely  due  to the 
i r regu la r  sh ap e  of the  p ropaga t ing  m eadow  edge. 
H en ce  within one plot, som e propaga tion  distances 
w ere  zero while other rh izom es p ro p a g a te d  some 
30 cm. However, abso lu te  p ropaga tion  rates w ere  very 
similar am ong  levels of the factor 'border '  (n = 40, 
m e an  propaga tion  ± SE from April 4 to O ctober  18,
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Fig. 7. Zostera marina. Leaf leng ths  of Zostera  m e a su re d  
b e tw ee n  August  26 and  Sep tem b er  2, 1993 as function of the 
am m onium  (a, b) a n d  p h o sp h a te  concentra t ions (c) in the 
s ed im en t  po rew ate r  at Stns FO and  MOE on u n m an ip u la ted  
plots. Half of them  h ad  a M ytilu s ed u lis  understory. For 
amm onium , the co rrespond ing  M onod equat ion  was d e te r ­
m ined  by a leas t -square  approxim ation  and  is given (a), 
(b) Woolf l inear t ransform ation  of the da ta  in (a). The  signifi­
cance  of the l inear plot was checked  by ANOVA. Their 
p -va lues  are given. Each da ta  point rep re sen ts  the m ean  of 
3 nu tr ien t  de te rm ina tions  an d  6 leaf m easu rem en ts .  No e q u a ­
tion or l inearization was calcula ted  for p h o sp h a te  becau se  of 

the a p p a re n t  lack of correlation

1993: Z o stera /M ytilu s  into M. edulis  13.27 ±0 .96  cm, 
Z ostera /M ytilus  into sand  14.6 ± 1.45 cm, Z. marina  
into sand  13.3 ± 1.50 cm).
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Fig. 8. Zostera marina, M ytilu s edulis. C om parison of the 
vegeta t ive  p ropagat ion  of different borders  of eelgrass 
pa tches  over 6 mo. In each  of the 8 in d e p e n d e n t  replicate 
plots on one border  type, 5 p ropaga t ion  d is tances of the 
m ead o w  edge  w ere  randomly ob tained  b e tw ee n  the position 
of the  pa tch  bo rder  on April 4 a n d  on O c tober  18, 1993. Total 
no. of samples per border  type is 8 replicates x 5 d is tances per 
replicate  = 40. M ean s  (+1 SE) of the  replicate  plots a re  shown 
separa te ly  to em phasize  the considerable  scatter  within one 
border type. The  unfilled la rge  blocks r e p re sen t  the overall 
m eans  for one border  type. Their  SEs are  given in the text. 

See Table  2 for statistical analysis

Experim ents

E xperim en ta l  effects of M ytilu s  ed u lis  on  Zostera  
m arina  density. The M ytilus edulis  addition/rem oval 
exper im ent show ed  no nega tive  influence of M. edulis  
on Zostera m arina  density  (Fig. 9a, b). N either  the 
addition of M. edulis  to Z. m arina  patches nor the 
removal of mussels from existing Z ostera /M ytilus  a s ­
sociations resu lted  in significant changes  of Z. m arina  
shoot density  at the final sam pling  date. The results of 
the analyses are sum m arized  in Table 3 (M. edulis  
addition experiment) and  Table 4 (M. edulis  removal

Table  2. Zostera marina, M ytilu s edulis. O ne -w ay  nes ted  
ANOVA com paring  the vegeta t ive  p ropagat ion  of Z. m arina  
pa tches  from April 4 to O c tober  18, 1993, am o n g  3 different 
border  types: (1) Z o s te ra /M y tilu s  association p ro p ag a t in g  into 
M. edulis, (2) Z o s te ra /M y tilu s  association p ro p ag a t in g  into 
bare  sand, and  (3) Z. m arina  p ro p ag a t in g  into bare  sand. Five 
d is tances b e tw ee n  the April and  O c tober  border  positions 
ob ta ined  at ran d o m  in each  replicate  plot w ere  n es ted  in 
factor border  type. Distances w e re  ( log+l)-transform ed to ful­
fil Cochran 's  test of hom ogene i ty  of variances.  Significance as 

in Table  1

experiment).  Both ANCOVAs de tec ted  no significant 
d ifference in shoot density  on the final sam pling  date  
(October 27). N one of the interactions b e tw e en  initial 
density  and  M. edulis  a b s e n t /p re se n t  w ere  significant, 
i.e. the ANCOVAs w ere  legitimate.

Both MANOVAs revea led  tha t there  w as also no ef­
fect of M ytilus edulis  on Zostera m arina  density th ro u g h ­
out the whole experim ental period (April to October).

Before m anipulation  on April 10, the 10 Z ostera / 
M ytilus  plots of the M . edulis  removal exper im en t 
show ed a t rend  of hav ing  a h igher  shoot density  com ­
pared  to the pure  Z. m arina  plots before m anipula tion  
(1-way ANOVA, shoot density square-root- transform ed 
n = 10, F-l la i = 3.199, p = 0.0905). However, this dif­
ference w as not consistent with the outcom e of a
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Fig. 9. Zostera m anna , M y tilu s  edulis. Eelgrass  densi ties  in 
50 x 50 cm- during  1 g row th  period from April 10 to O c to ­
ber 27, 1993. T he  experim en ta l  effects of (a) the addit ion  of 
M. ed u lis  to Z. m arina  plots and  (b) the removal  of M . edu lis  
from Z ostera /M ytilu s  association plots on densi ty  of Z. marina  
a re  show n com p ared  to the u n m an ip u la ted  controls.  Values 
w ere  ob ta ined  at approxim ate ly  6 w eek ly  in tervals  an d  are  
m ean s  (± 1 SE) of 5 replicates. For statist ical analysis see 

Tables 3 & 4

Source of variation df MS F P

Border type 2 0.062 0.266 0.7689 ns
Sam ple  no. 21 0.233 3.022 o.oooi •••
Error 96 0.077

L
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Table  3. Zostera m arina , M ytilu s edulis. Univariate  analysis of covariance (ANCOVA) and  multivariate analysis of variance 
(MANOVA) on the effect of b lue  m usse l  addition on eelgrass  shoot density. The  ANCOVA tests if shoot densities a re  different on 
the final sam pling  da te  (October 27), tak ing  into account  the  initial, post-m anipulat ive  shoot densi ty  as covariate. A test of h o m o ­
g enei ty  of slopes was d one  prior to the analysis.  In the MANOVA, the 4 post-m anipu lat ive  sam pling  da tes  (June  2, Ju ly  21, S e p ­
tem b e r  2, O c tober  27, 1993) w ere  t rea ted  as 1 d e p e n d e n t  vector. Shoot n um bers  as response  variable, as well as the initial d e n ­
sity in the  case  of the ANCOVA, w ere  square- roo t  t ransform ed to remove h e te rogene i ty  of variances. The univariate  da ta  fulfil 
C ochran 's  test of hom ogene i ty  of var iances and  the multivariate  da ta  fulfil a modified Haw kin 's  test of multi-normality 

a n d  -homoscedastic ity  (Johnson & Field 1993). Significance as in Table  1

Analysis Source of varia tion df MS F P

H o m ogenei ty  of slopes Initial densi ty  x M ytilu s  a b se n t /p re s e n t 1 0.157 0.442 0.531 ns
Error 6 0.356

AN COVA Initial density 1 2.471 7.551 0.029 ■
M ytilu s  a b se n t /p re s e n t 1 0.536 1.637 0.241 ns
Error 7 0.327

Analysis Source of variation Pillai Trace F Hyp. df Error df P

MANOVA M ytilu s  a b se n t /p re sen t 0.2747 0.473 4 5 0.756 ns

MANOVA, considering the shoot densities in the 
control plots on all 5 sam pling  dates  as d e p e n d e n t  
variables. This analysis re jec ted  the hypothesis  tha t 
Z. m a n n a  has  a h igher  density  in the p resence  of 
M. edulis  du r ing  the entire  growth period (1-way 
MANOVA, Pillai Trace = 0.829, F(5i4J = 3.889, p = 0.106). 
T hese  results  are  in concordance  with the ob se rv a ­
tional data  on shoot densities descr ibed  above (Fig. 5a, 
Table 1).

Effects of M ytilu s edu lis  on Z ostera  m arina  leaf 
m orphology and porew ater nutrient concentrations.
As a co nsequence  of the exper im en ta l  treatm ent, all 
m e asu red  characteristics of p lan t  morphology, i.e. the 
length, width and  area  of the  la rgest leaf, cha n g ed  
significantly (Fig. 10c, e, Tables 5 & 6). W here  M ytilu s  
edulis  was added , the  leaf a re a  inc reased  by 35%  
com pared  to Z o stera /M ytilu s  control plots, and  this is 
almost precisely  the d ifference in p lan t  size in similarly

configured unm an ipu la ted  plots at FO (leaf a rea  is 
36%  h igher  with M. edulis  at FO, and  48%  at MOE, 
respectively; Fig. 10e). The removal of M. edulis  
revea led  a smaller effect: the d ec rease  in leaf a rea  in 
mussel-free plots was only 16% and  the decrease  in 
leaf width not significant at all (Fig. 10d, e, Table 6).

O bservational differences in sed im en t nutr ient ch a r ­
acteristics and  p lan t morphology b e tw e e n  Zostera  
m arina  stands with and  without an  understory  of m u s­
sels are  in concordance with the experim ental results. 
The po rew ate r  concentra tions of both am m onium  and 
phospha te  almost doubled  after the  addition of mussels 
(Fig. 10a, b). The removal of mussels  caused  the p h o s ­
ph a te  concentra tions to d ec rease  in the  m an ipu la ted  
plots. Only for po rew ate r  am m on ium  in the M ytilus  
edu lis  removal experim ent,  did w e fail to detec t a 
significant difference be tw een  plots with an d  without 
M. edu lis  (Fig. 10a, Table 6).

Table  4. Zostera marina, M y tilu s  edulis. Separa te  univariate  analysis of covariance (ANCOVA) and  mult ivariate  analysis of 
variance (MANOVA) on the effect of M. edu lis  removal  on Z. m arina  shoot densi ty  on the last sam pling  da te  only in case  of the 
ANCOVA, a n d  on all 4 sam pling  da tes  during  the  g rowth  period (June 2, Ju ly  21, S ep tem b er  2, O c tober  27, 1993) in the  case  of 

the  MANOVA. For further details  see  Table  3; significance as in Table  1

Analysis Source of variation df MS F P

H om ogenei ty  of slopes Initial densi ty  x M ytilu s  a b se n t /p re s e n t 1 0.003 0.004 0.953 ns
Error 6 0.798

ANCOVA Initial density 1 4.377 6.398 0.039 •
M ytilu s  a b se n t /p re s e n t 1 0.216 0.316 0.592 ns
Error 7 0.684

Analysis Source  of variation Pillai Trace F Hyp. df Error df P

MANOVA M ytilu s  a b s e n t /p re s e n t  0.4351 0.425 4 5 0.501 ns
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Fig. 10. Zostera marina, M ytilu s edulis. Effects of experim ental  
addition and  removal of M. edulis  on (a) sed im en t  po rew ate r  c o n ­
centrat ions of am m onium  and  (b) p hospha te  com pared  to u n m a n ip ­
u la ted  controls,  and  (c to e) leaf p a ram ete rs  of Zostera. M e a su re ­
m ents  of p lan t  morphology and  sed im en t  p o rew ate r  w e re  done 
b e tw ee n  A ugust  26 a n d  28, 1993. Triplicate sed im en t  sam ples w ere  
tak en  and  6 adult  plants w ere  m ea su re d  in each  plot, thus sam ple  
size was n = 15 for porewater  analysis and  n= 30 for leaf morphology. 
Error bar  is +1 SE. See Tables  5 & 6 for statistical analysis of da ta
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Thus, the M ytilu s edulis  add ition /rem oval exper i­
m en t provides ev idence that the m orphology of indi­
vidual plants is in fact d e p e n d e n t  on the p resence  or 
absence  of mussels and  not on an  u n know n  covarying 
factor, and  that in addition, sed im en t characteristics 
are  a l te red  by the p resence  of M. edulis.

DISCUSSION  

Com petition

The experim ental results concern ing  the change  of 
M ytilu s edulis  densities, as well as field observations, 
show ed no negative  effect of mussels  on the shoot 
density  and  p lan t morphology of Zostera marina. This 
also holds true  for the vegeta tive  p ropaga tion  of 
Z. m arina  pa tch  m arg ins which are  not in f luenced by 
the p resence  of an  ad jacen t m ussel patch . The rate  of 
the m arg in  projection into bare  sand  com pared  to p ro ­
jection into M ytilus edulis  p a tches  during  1 growth 
period show ed  only small, non-significant differences.

Why is it tha t  in te rference com peti tion be tw e en  
mussels  and  the co -occunng  m acrophy te  Zostera  
m arina  does not occur? In fact, spatial competition has 
seldom been  found to s tructure soft-bottom com ­
munities. The key to these com m unity  regula tion  
differences b e tw e en  soft and  h ard  bottom lies in the 
m echanism s by which mussels  m ay competitively 
exclude m acroalgae  or sessile organisms. Peterson 
(1979) dist inguishes 2 principal m echan ism s of in te r ­
ference  competition on h ard  substrata: (1) heavy  se tt le ­
m en t and  overgrow th  and  su b se q u en t  suffocation and  
starvation of the overg row n organisms; and  (2) d irect 
in te rference by crush ing  or prying other organism s off 
the surface of the prim ary substra tum . Despite heavy  
se ttlem ent of M ytilu s  edulis  p lan tig rades  in sum m er  
1992 and  1993 (pers. obs.), M echan ism  1 was not 
observed  during  the study period in Kiel Fjord or in the 
ad jacen t Kiel Bight at several subtidal stations. Direct 
in te rfe rence  is rare  accord ing  to Peterson (1979), since 
on soft bottoms, competitively inferior organism s may 
easily find a spatial refuge from competition in the 
3-dim ensional space  w hich  is available.
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Table  5. Zostera marina, M ytilu s  ed u lis . O n e -w ay  ANOVA (with b locking factor) on the effects of experim ental  addition of 
M. ed u lis  to Z. m arina  pa tches  on nu tr ien t  concentra t ions of s ed im en t  p o re w a te r  and  on m orphology of the largest  p h o tosyn the t­
ically active leaf of Z. marina. T he  Block x T rea tm en t  interactions w ere  tes ted  in adv an ce  and  are  not shown. N one  of them  was 
significant.  After transformation, which  is given below, all d e p e n d e n t  variables fulfil C ochran 's  test for hom ogeneity  of variances. 
Note  that  3 sam ples from different plots w e re  not ana lysed  for phosphate .  Thus, the  design  becam e unba lanced ,  i.e. 3 ex p er i ­
m en ta l  plots had  only 2 replicates. This increases  the  chance  of committing a type I error. Nevertheless ,  the analysis is shown 
since the ou tcom e is h ighly significant. T he  Cochran  test was perform ed  with a G(cril| for a group  size of n = 3. For leaf p a r a ­
m ete rs  only, the significance level was B onferroni-adjus ted  to a d(ijusted = a /3  (ns: p > 0.0166; ‘0.0166 > p >  0.0033, " 0 .0 0 3 3  > p > 

0.00033, "  ‘p < 0.00033). All o ther  significance levels are: ns, p > 0.05; ‘0 . 0 5 > p > 0 .0 1 ,  "0 .0 1  > p > 0 . 001, ‘ ‘ "p < 0.001

D e p e n d e n t  variable 
Transform ation

Source of varia tion df MS F P

P o rew a te r  am m onium M ytilu s  a b se n t /p re s e n t 1 0.6271 12.30 0.0018 “
x  = log y Block 4 0.0373 0.7305 0.5800 ns

Error 24 0.0510

Po rew a te r  phospha te M ytilu s  a b se n t /p re s e n t 1 0.4053 10.643 0.0037 ‘
x = log y Block 4 0.0593 1.558 0.2223 ns

Error 21 0.381

Leaf leng th M ytilu s  a b se n t /p re s e n t 1 0.0917 9.431 0.0033 "
x = log y Block 4 0.1514 15.58 0.0001 ■■■

Error 54 0.0097

Leaf width M ytilu s  a b se n t /p re s e n t 1 0.0490 11.25 0.0015 ”
x =  log y Block 4 0.0016 0.3767 0.8243 ns

Error 54 0.0044

Leaf a rea M ytilu s  a b se n t /p re s e n t 1 0.2747 12.52 0.0008 "
x  = log y Block 4 0.1731 7.889 0.0001

Error 54 0.0219

H o w e v e r ,  t h e  c o m m u n i t y  s t u d i e d  d i f f e r s  f r o m  a t r u e a v a i l a b l e  s p a c e is r e d u c e d  to  2 d i m e n s i o n s .  T h is
s o f t - b o t to m  s i t u a t i o n b e c a u s e  b o t h  o r g a n i s m s  a r e i n c r e a s e s  t h e  l ik e l i h o o d  fo r  s p a c e  to  b e c o m e  a  l im i t i n g
r e s t r i c t e d  w h o l l y  (M y t i lu s  e d u lis )  o r  p a r t i a l l y  (Z o s te r a r e s o u r c e  c o m p a r e d  to  e n d o b e n t h i c 3 - d i m e n s i o n a l
m a r in a )  to  t h e  2 - d i m e n s i o n a l  s e d i m e n t  s u r f a c e .  T h u s , s o f t - b o t to m  c o m m u n i t i e s . In th is r e s p e c t ,  t h e

Table  6. Zostera m anna , M ytilu s  edulis. O n e -w ay  ANOVA (with blocking factor) on the effects of removal  of M. edu lis  from
Z o s te ra /M y tilu s  a ssociations on nu tr ien t  concentra t ions in the sed im en t  p o rew ate r  and  on the  m orphology of the largest ph o to ­
synthetically  active leaf of Z. marina. Only for leaf width  was there  a significant Block x T rea tm en t  interaction (p = 0.0497). Note
tha t  the  d es ig n  is u n b a la n ce d  for p h o sp h a te  data ,  since 2 sam ples from 2 different plots w e re not analyzed. See Table  5 for

fur ther  details . Significance as in Table 1

D e p e n d e n t  variable Source of varia tion df MS F P
Transformation

Porew ater  am m onium M ytilu s  a b se n t /p re s e n t 1 0.6077 1.5361 0.2272 ns
x  = \ y Block 4 3.3065 8.3575 0.0002 "■

Error 24 0.3956

Po rew a te r  p hospha te M ytilu s  a b se n t /p re s e n t 1 0.4645 18.274 0.0003 "■
x  = log y Block 4 0.0757 2.9794 0.0416 ‘

Error 22 0.0254

Leaf leng th M ytilu s  a b se n t /p re s e n t 1 0.0546 8.414 0.0054 ‘
x = log y Block 4 0.0401 6.183 0.0004 "

Error 54 0.0065

Leaf width M ytilu s  a b se n t /p re s e n t 1 0.0048 1.756 0.1907 ns
x = log y Block 4 0.0029 1.051 0.3995 ns

Error 54 0.0028

Leaf a rea M ytilu s  a b se n t /p re s e n t 1 0.0920 7.147 0.0099 ‘
x = log y Block 4 0.0397 3.083 0.0233 ns

Error 54 0.0129
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Zostera /M ytilus  association rep resen ts  an  in term edia te  
b e tw e en  a true soft-bottom and  a hard-bottom  s itua­
tion. Moreover, mussels are  know n to suppress  the 
growth of conspecifics if occurring in beds or clumps, 
not only by competition for food, but also via spatial 
competition (Harger 1972, Bertness & Grossholz 1985, 
Fréchette  & Lafaivre 1990). To do this, they n eed  not be 
anchored  to a primary rocky substrate. Therefore, 
squeez ing  and  crush ing  of Z. m arina  shoots m ay be a 
potentia l m echanism  by which mussels affect eelgrass 
(Fig. lb).

Direct in te rference of Zostera m arina  by mussels  was 
observed  by Ruth (1991, pers. comm.) in intertidal 
Z. marina  m eadow s of the W adden  Sea and  by Kobarg 
(1993) w ho transp lan ted  Z. m arina  in boxes to g rea ter  
w ate r  dep th s  to study the  effects of light limitation. 
While the situation in the W adden  Sea m ay be  com ­
pletely different from the Baltic, our results seem  to 
contradict K obarg 's  observations. In terference co m p e­
tition by mussels  squeez ing  the shoots of Z. marina  
seem s only p lausible if space  is limiting and  mussel 
patches  cannot ex tend  further. We believe tha t this 
was the case in Kobarg 's experim ents,  since the 
mussels  covered  the exper im en ta l  plots completely 
and  a t tached  to the edges  of the plastic boxes. The 
forces they could exert on the shoots w ere  h igher  com ­
p a re d  to mussel patches  which have  the possibility 
■of ex tend ing  tow ards sandy  edges  (Fig. la). Instead, 
space for ep ibenth ic  plants or animals is never  limiting 
in the dep th  range  investigated. Approxim ately  50%  
of the a rea  at FO and  60%  at MOE consists of bare 
sand  devoid of Z. marina  and  M ytilu s  edulis  (Fig. 3).

The ultimate reason for a lack of in te rference com ­
petition m ay be the f requen t  biological and  physical 
d is tu rbance  of m ussel patches  w hich never  let cover­
ag e  by mussels  increase  beyond 20% . The recru itm ent 
of M ytilu s  edulis  and  h ence  pa tch  extension is p r im ar­
ily controlled by preda tion  from the seastar  A sterias  
rubens, w h e rea s  physical d is tu rbance  is the main 
source of mortality for mussel adults (Reusch & C h a p ­
m an  unpubl.) During the  w inter  1992-1993, most of 
the m arked  p u re  mussel patches neighbouring  
Z ostera /M ytilus  pa tches  w ere  des troyed by storms 
(pers. obs.). Furtherm ore, in 4 out of 8 m ark ed  
Z ostera /M ytilus  patches,  mussels w ere  w ash e d  away 
while Z. m arina  rem a ined  intact. As a consequence,  
mussel patches  inside or outside eelgrass m eadow s 
rarely a t ta ined  a size la rge r  than  2 m diameter.  We 
assum e tha t this is below  the limit at  w hich forces 
exer ted  by the cum ulative growth  of M. edulis  
individuals h a rm  eelgrass  shoots.

Although several studies show ed  tha t mytilid 
mussels in terfere with m acroalgae  (Dayton 1971, Paine 
1974 for M ytilu s  californianus-, Paine 1971 for Perna 
canaliculus-, M e n g e  1976 for M . edulis), there  is recen t

experim ental ev idence  that M. edu lis  is not com peti­
tively superior to fucoid a lgae  on North Atlantic rocky 
shores (Janke 1990, M cCook & C h a p m a n  1991).

It m ay be questioned  w h e th e r  the  time scale, i.e. 
1 g row th  period from spring to autum n, is sufficient 
to exc lude the possibility of competition occurring 
be tw e en  mussels  an d  ee lgrass  over a longer period. 
We found no ev idence  for this, since none  of the above 
m en tioned  4 Z ostera /M ytilu s  plots, in which M ytilu s  
coverage survived the w in ter  storms, deve loped  into a 
pure  m ussel b an k  over a  period of 17 mo.

Fertilization of Z ostera  m arina

Instead of d am ag in g  eelgrass, m ussels  have  a posi­
tive effect on Zostera m arina  growth. The m echan ism  
of this facilitation is the b iodeposition of nutr ient-r ich  
m ateria l by the mussels  onto the sed im en t surface. The 
m ineralization of the organic m ateria l increases  the 
am oun t of nu tr ien ts  available to the rh izosphere  of 
Z. marina.

The significant d ifferences in p lan t  m orphology and  
size which w ere  p roduced  by the  experim ental 
removal and  addition of mussels give s trong ev idence 
tha t M ytilu s  edulis, and  not an  u n know n  covarying 
factor, is responsible  for an  inc reased  grow th  of 
Zostera m arina. A lthough actual g rowth rates w ere  not 
m e asu red  due  to time constraints, w e  believe it to be 
legitim ate to correla te  p lan t  morphology with growth 
because  the exper im en ta l  blocks w ere  chosen  to be  as 
hom ogeneous  as possible. Therefore, w e  assum e tha t 
in April, all p lants s ta r ted  to grow  from the sam e av e r­
age  size.

It is well know n  tha t leaf m orphology is a function 
of the  nu tr ien t conditions to w hich Zostera m arina  
is exposed  (Short 1983b). Plants are  smaller and  
the  leaves are  n a r row er  u nder  nu tr ien t  deficiency 
(Philip 1936, Short 1987). The ratio b e tw e en  a b o v e ­
g round  and  be low ground  biomass becom es smaller 
and  the length  of the  roots increases  (Barko et al. 
1991). All these  morphological characteristics are  
concordant with the  results  of the p resen t  study and  
w e conclude tha t g row th  of Z. m arina  is nu tr ien t 
limited in Kiel Fjord.

The responses  of shoot densities to nu tr ien t en r ich ­
m en t vary  in the  literature. W hereas  Short (1983b) 
found a significantly h ighe r  shoot density  in nutrient-  
poor sediments, O rth  (1977) observed  inc reased  d e n ­
sity after exper im en ta l  fertilization of Zostera m arina. 
O ur da ta  indicate no effect of h ighe r  sed im en t nutr ient 
levels on the density  of Z. marina.

T here  is an  ongoing  d eb a te  concern ing  the  relative 
im portance of n itrogen  vs phosphorus  limitation in 
seagrasses .  G row th  w as found to be  n itrogen  limited
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in several studies (Short 1983a, b, Williams & Ruck- 
e lshaus  1993). However, M urray  et al. (1992) repor ted  
in c reased  growth in Zostera m arina  after phosphorus 
addition  to the  sediment. O ur da ta  indicate  tha t nitro­
g en  is limiting for eelgrass  g row th  on the organically 
poor sed im ents  of the  very shallow subtidal (1 to 2.5 m 
depth)  of Kiel Fjord. We infer this from the  lack of a 
correla tion b e tw e e n  p o rew ate r  ph o sp h a te  co ncen tra ­
tion and  leaf leng ths  in this study, indicating  tha t p h o s ­
p h a te  is of minor importance.

T he  sa tura tion  concentra tions for p o rew ate r  a m m o ­
n ium  (75 pM  in FO and  100 pM  in MOE), which w ere  
derived  graphically  from the  ca lcula ted  regression 
equations ,  fall well within the  range  of concentra tions 
d o cu m en te d  for grow th  sa turation  of Zostera m arina  in 
the  li tera ture  (Short & McRoy 1984, Dennison et al. 
1987, Williams & Ruckelshaus 1993). T hese  co ncen tra ­
tions of p o rew ate r  am m on ium  are  n ev e r  encoun te red  
at M OE and  very seldom at FO.

Recently, P edersen  & Borum (1993) fertilized a Baltic 
Z ostera m arina  popula tion  with  a com bined  N:P:K 
fertilizer. In a non -rep lica ted  experim ent,  they found a 
m odera te ,  but significant (7 % to 24 %) inc rease  in leaf 
e longation  rate in fertilized plots co m pared  to control 
plants. Since, during  summer, the sed im ents  of their 
s tudy  site had  a m arked ly  h ighe r  am m onium  co n c en ­
tration in po rew a te r  than  our sed im ents  (240 to 300 pM 
co m pared  to 17 to 110 pM at FO and  16 to 70 pM at 
MOE) a n itrogen  limitation of Z. m arina  g row th  in the 
Kiel Fjord is very likely.

The rem oval of M ytilu s  edu lis  from Z o stera /M ytilu s  
associations show ed  a smaller effect on p lan t p a r a ­
m eters  co m pared  to the  addition t rea tm en t  (Fig. 10c 
to e). W here  M. edulis  was experim entally  removed, 
plants a t ta ined  a la rge r  size th a n  those in Z. m arina  
control plots. This suggests  the p re se n ce  of a pool of 
b iodeposited  organic m atte r  in the  sed im en t which 
m ineralizes  over a longer period and  continues to fer­
tilize Z. m arina  for some w eeks  after mussel removal. 
In the M. edulis  addition trea tm ent,  the  d irect ex c re ­
tion of am m onium  and  the p roduction  of rapidly 
d eg ra d a b le  b iodeposits  by m ussels  starts imm ediate ly  
after the  addition.

If M ytilu s  edu lis  occurrence  is a major source of vari­
ation in the sed im en t nu tr ien t status and, as a con ­
sequence ,  for p lan t  morphology, the high plot-to-plot 
variability am ong  Zostera m arina  as well as Z ostera / 
M ytilu s  pa tches  m ay reflect the history of a patch. It is 
p robab le  tha t p u re  Z. m arina  p a tches  with relatively 
la rg e  p lan ts  once h ad  a M. edulis  unders to ry  for a ce r ­
tain  time before mussels w ere  w a sh e d  aw ay  by w inter 
storms. Likewise, in Z ostera /M ytilu s  patches  having 
small plants, Z. m arina  may exist in association and 
thus u n d e r  nu tr ien t  en r ichm en t for a few w ee k s  only. 
Storms not only destroy associations, bu t can  ch a n g e  a

Z. m arina  patch  within a few hours into an association 
th rough  drifting adult  mussel clumps. T hey  are  as 
im portan t for the formation of Z ostera /h fy tilu s  associa­
tions as is mussel recru itm ent (Reusch & C ha p m a n  
unpubl.).

Similarly, the  h igh  rate  of mussel patch  fluctation 
may have in fluenced the  com parison of p ropagation  
rates. In contrast to studies of Kenworthy & Fonseca 
(1977) and  Williams (1990) who reported  tha t the  rate 
of seagrass  colonization of b are  sand  is acce lera ted  
with fertilization, w e w ere  not able to detec t differ­
ences in propaga tion  rates am ong  M ytilu s edulis  fer­
tilized eelgrass and  p u re  eelgrass stands. O ne possible 
explana tion  is tha t time delay be tw e en  fertilization 
and  p lan t  response  in the form of increased  vegeta tive  
sprouting is longer than  1 vege ta tion  period. Since 
pa tch  fluctuation of m ussel beds is high at both sites, 
the time period of co-occurrence with mussels of the 
se lec ted  Zostera m arina  patches m ay be too short to 
detec t a response. The propaga tion  rates we found are 
in concordance with m aximal rhizome elongation rates 
repo r ted  in the literature (Duarte 1991).

For soft-bottom colonizing angiosperms, very few 
other  facilitating non-consum er  p lan t-an im al in te rac­
tions have yet b ee n  s tudied experimentally. Bertness 
(1984) w orked  on the interaction be tw e en  the cord 
grass Spartina alterniflora  and  a mytilid mussel, G eu ­
kensia  dem issa, in nor theas te rn  USA salt marshes. In 
accord with the p resen t study, S. alterniflora  benefited  
from the  fertilization by the m ussel th rough  a h igher  
net production an d  an  e leva ted  ratio of aboveg round  
to be low ground  biomass.

E cological im plications

Since 1950, the W estern  Baltic has  received  inc reas­
ing nutr ient input from hu m a n  activity (Larsson et al. 
1985). As a consequence,  the b iomass of macrozoo- 
ben thos and  especially filter-feeding molluscs has 
inc reased  above the  halocline due  to inc reased  food 
supply  (Cederwall & E lm gren 1980). The Fucus ve s i­
culosus  com munity of the Baltic p ro p e r  has been  
rep laced  by mussels  near  the lower distribution limit of 
F. vesiculosus  (Kautsky et al. 1992). In Kiel Bight, the 
m acrozoobenthos b iomass in general,  and  especially of 
b lue mussels, has inc reased  since 1960 (Brey 1986). 
Eutrophication may favour filter feeders, while sea- 
grasses including Zostera m arina  a re  know n to be 
w e a k e n e d  by eu t rophicat ion- induced  turbidity in 
m any  parts  of the world (Orth & M oore 1983, G iesen  et 
al. 1990, Walker & M cC om b 1992). A lthough  few hard  
da ta  are  available, these  processes  are  also likely to 
have  occurred  in Kiel Fjord since this site receives 
even  m ore an th ropogen ic  nutr ients  than  the open  Kiel
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Bight due  to the d ischarge of the Schw entine  River 
(Stienen 1986).

Our data  from Kiel Fjord indicate tha t the 2 
processes, the decline of eelgrass and  increase of 
mussel biomass, do not reinforce each  other. Instead, 
an  understory  of mussels mitigates nutrient limitation 
of Zostera marina. Since the dep th  distribution of ee l ­
grass has m oved upw ards  due to light limitation 
(Kobarg 1993), the principal distribution range  of 
Z. m arina  in Kiel Fjord becom es more and  more 
restricted to the very shallow subtidal (1 to 3 m depth). 
In these depths, the sed im ents  are  often sandy and  
organically poor since organic m atte r  never  ac cu m u ­
lates due  to w ave exposure.

Additionally, mussels may even improve the light 
transm ittance to eelgrass by decreas ing  w ate r  turbidity 
through  their filtering activity.

This study p resen ts  ev idence that deterioration 
of Zostera m arina  s tands by mussels  does not occur 
in 2 shallow subtidal sites. This may change  if, after 
a series of calm winters w ithout major d is tu r­
bances, most of the sand  becam e covered by m u s­
sels. We hypothesize that large mussel patches 
which develop in this way may be able to destroy 
Z. marina  simply by force of their com bined growth 
extensions.

We suggest that future w ork should be d irected  to 
test the hypotheses w hether  (1) there  are  conditions 
u nder  which an understory  of mussels may harm  ee l­
grass and  (2) the co-occurrence of Z. marina  and 
M ytilu s edulis  is a trade-off b e tw e e n  beneficial effects 
for eelgrass th rough mussel fertilization and  negative 
effects th rough  interference.
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