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ABSTRACT: Concurrent  with the spread of g reen  alga[ mats on tidal flats, reports of macrofauna die- 
offs under  dense  algal mats have increased in numbers .  Bivalves seem to be particularly affected by 
persistent dense  algal mats. Bivalve species with a long extendible siphon seem to be less affected 
undernea th  algal mats, but no distinction has been  made  in the past be tween species with short and 
those with long siphons. We examined effects of green  algal mats on two bivalve species with rela- 
tively long siphons, Mya arenaria and Macoma balthica, on an intertidal mudflat in New England. 
Abundances  of Nf. arenaria declined substantially during the study period when  a thick green  algal 
mat covered the mudflat  for several months.  Numbers  of the small bivalve Gemma gemma also 
decreased substantially, whereas  abundances  of M. balthica showed minimal variation during the 
time of algal coverage. Iri algae removal/addit ion experiments  numbers  of NL arenaria decreased,  
but effects were only significant in an algal addit ion to previously algal-free mudflat  areas. Abun- 
dance of M. balthica did not change  significantly in the algal removal/addition experiments.  Over 
the time penod of the experiment  (9 weeks), M. arenaria showed measurable  size increase in un- 
covered mud[let areas, but not undernea th  algal mats. Similarly, M. balthica only increased in size 
in the uncovered mud[let area. From these results it is conciuded that M. baitt~ica can survive time 
periods of dense  algal coverage because it is able to penetra te  through the algal mat  with its long 
extendible siphon, and  thus can reach wel l -oxygenated water layers above the mat. M. arenaria with 
its thick, less extendible,  siphon cannot  push through dense algal mats and therefore is more likely 
to die undernea th  persistent algal mats. 

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

G r e e n  a lgae ,  w h e r e  f o r m i n g  a d e n s e  m a t  o v e r  i n t e r t i d a l  m u d  flats or s h a l l o w  so f t -bo t -  

toms ,  a re  d e t r i m e n t a l  to s o m e  u n d e r l y i n g  s o f t - b o t t o m  i n f a u n a  (Pe rk ins  & A b b o t t ,  1972; 

N icho l l s  et  al., 1981; S o u l s b y  e t  al., 1982; Raffael l i  e t  al., 1991; Bonsdor f f ,  1992). B i v a l v e s  

in p a r t i c u l a r  a r e  a f fec ted ,  a n d  o f t e n  d ie  off in  l a r g e  n u m b e r s  u n d e r  m a t s  w h i c h  p e r s i s t  for 

e x t e n d e d  t ime  pe r iods .  Repor t s  of b i v a l v e  d ie -of fs  r e p e a t e d l y  m e n t i o n  s h o r t - s i p h o n e d  

s p e c i e s  s u c h  as  Cerastoderma spp. ,  Abra spp.  a n d  Tapes decussatus ( P e r k i n s  & A b b o t t ,  

1972; N icho l l s  e t  al., 1981; Breber ,  1985). L o n g - s i p h o n e d  s p e c i e s  s u c h  as M y a  arenaria, 

M a c o m a  sp. a n d  Scrobicularia plana r a r e l y  e m e r g e  in t h e s e  r epor t s ,  a l t h o u g h  t h e y  com-  

p r i s e  a b u n d a n t  i n f a u n a  in a r e a s  w h e r e  m a s s  g r o w t h  of g r e e n  a l g a e  f r e q u e n t l y  occurs .  W e  

w e r e  p a r t i c u l a r l y  i n t e r e s t e d  in t h e  f a t e  of t h e  so f t - she l l  c l a m  M y a  arenaria, w h i c h  is a 

c o m m e r c i a l l y  i m p o r t a n t  s p e c i e s  a l o n g  t h e  coas t s  of  N e w  E n g l a n d .  M a s s  g r o w t h  of g r e e n  

a l g a e  has  b e e n  o b s e r v e d  o n  t ida l  f la ts  in  th i s  a r e a  ( V a d a s  & Beal ,  1987; o w n  obs.) .  N e g a -  
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rive effects of g reen  algal  mats on economical ly  important  bivalves have b e e n  suspected,  

but to our knowledge  no studies have  been  conducted  to examine  this suspicion. Despite  

the substantial  spread of dense  g reen  algal  mats on tidal flats in many coastal  areas of the 

world, surprisingly little is known about  direct and indirect effects of these  algal  beds on 

commercia l ly  important  species. 

In this study we moni tored  the seasonal  abundance  of Mya arenaria, G e m m a  gemma 
and Macoma balthica along a tidal t ransect  of a New England mud flat. In order to 
examine  the effect of g reen  algal mats on the two bivalve species with long siphons 

(A4. arenaria and M. balthica), we conducted  exper iments  in which we r em oved  or added  

algae on the intertidal mudflats. M. arenaria has a relatively thick and sturdy siphon, 

whereas  Aft. balthica has a thin and very mobile  siphon. G. gemma has a short s iphon and 
lives close to the sed iment  surface. All three species co-occur on tidal flats in N e w  Eng- 

land, but only M. arenaria is of commercia l  interest. Stocks of M. arenaria can fluctuate 

substantially and the reasons for these fluctuations often remain undiscovered  (Wallace, 
1997). In our study we examined  the impact  of green  algal mats on All. arenaria and the 

co-occurr ing M. balthica. 

MATERIALS AND METHODS 

S t u d y  a r e a  

The study was conducted  in Lowes Cove, an intertidal mudflat where  only dur ing the 
last few years dense  green  algal mats have  been  observed (own observations). Mya arena- 
ria, A4acoma balthica and Gemma gemma are abundant  in Lowes Cove, and  clam-dig-  

gers f requent ly exploit  the soft-shell clam resources on this mudflat. Lowes Cove  is a shel- 
tered  cove on the Damariscotta River Estuary, Maine, USA, where  salinities are about  32, 

and water  tempera tures  vary over the course of the year be tween  -1~  and 19"C. The  
sed iment  in the cove is silty to silty clay; the organic matter  content of the sed iments  va- 

ries be tween  2.5 % in the intertidal and 3.5 % in the shallow subtidal (Thiel, 1997). Green  
a lgae  cover  large parts of the mudflats dur ing the late summer  through fall, w h e n  up to 

375 g dry weight  m -2 have  been  measu red  (Thiel & Watling, in press). The  g reen  alga 
Enteromorpha profifera is the major  componen t  within the dense algal mats  in Lowes 

Cove. 

S u r v e y  

Sed iment  samples  were  taken with cores of 176 cm 2 surface area to a dep th  of 15 cm, 
and s ieved with a 500-]~m mesh. Six repl icate  samples  were  taken at each  of 5 stations 

along a tidal transect from the upper  intert idal  to the shallow subtidal (Fig. 1). All 5 sta- 
tions were  sampled  in May, August  and N o v e m b e r  1994 and in Februa ry /March  1995. 

E x p e r i m e n t s  

Two exper iments  were  conducted  over  a 9 -week  period be tween  2 S e p t e m b e r  and 4 
N o v e m b e r  1995 w h e n  large areas of the mudflat  were  covered by green  algae.  In one ex- 

pe r imen t  (= large-scale  experiment)  we  r emoved  algae from an area wi th  thick algal 
mats, in a second exper iment  we es tabl ished small algal mat  plots in a nea rby  area which 
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Fig. i. Study area in Lowes Cove, Maine, with the five sampling stations along tidal transect, and 
the sites of the two experiments conducted in au tumn 1995; light shading - tidal flats, dark 

shading - areas commonly covered by green  algal mats 

h a d  no t  p r e v i o u s l y  b e e n  c o v e r e d  by  g r e e n  a l g a e  ( s m a l l - s c a l e  e x p e r i m e n t  - Fig.  1). W i t h -  

in  e a c h  a rea ,  6 r e p l i c a t e  s a m p l e s  (176 c m  2 s u r f a c e  a r ea )  w e r e  t a k e n  to a d e p t h  of 15 cm 

a n d  s i e v e d  o v e r  a 2 - r a m  m e s h .  Th i s  m e s h - s i z e  w a s  s e l e c t e d  as  t h e  1995 - r ec ru i t s  w e r e  

a l m o s t  c o m p l e t e l y  a b s e n t  f rom t h e  e x p e r i m e n t a l  si tes.  All  c l a m s  r e t a i n e d  o n  t h e  2 - r a m  

m e s h  w e r e  c o u n t e d  a n d  t h e i r  s ize  m e a s u r e d .  

Large-scale experiment 

W e  c a r e f u l l y  c l e a r e d  a n  a r e a  of 25 m 2 of i ts  t h i c k  g r e e n  a l g a l  l a y e r  (in t h e  f o l l o w i n g  

t e r m e d  ' c l e a r e d ' ) .  T h e  r e m o v e d  a l g a e  w e r e  p l a c e d  in  a n  i m m e d i a t e l y  a d j a c e n t  25 m 2 

a r e a  ( ' d o u b l e - c o v e r ' ) ,  w h e r e  m o s t  of t h e m  s t a y e d  d u r i n g  t h e  e x p e r i m e n t a l  pe r iod .  

S u r r o u n d i n g  a r e a s  w i t h  u n d i s t u r b e d  a t g a l  m a t s  s e r v e d  as  cont ro l s ,  6 r e p l i c a t e  s a m p l e s  
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were taken  in each of the three plot areas (the 'cleared' ,  the 'double-cover '  and the 
'control'). Sampl ing of the three areas was done at the beg inn ing  and end  of the experi- 
ment.  For each plot, the M a n n - W h i t n e y  U-test was used to test for differences in bivalve 
a b u n d a n c e  be tween  the beg inn ing  and  the end  of the experiment.  Student 's  t-test 
was used to test for differences in size be tween  the beg inn ing  and the end  of the experi- 
ment.  

Small-scale expeDment 

We collected g reen  algae and  covered 6 small experimental  plots (each plot 1 m 2) 
with an artificial dense  algal mat  ( 'algal plots') in an area not covered by algal mats 
dur ing  the 1995 season. The algae in these plots were kept in place by about  20 small 
wooden  anchors (about 1 cm in d iameter  and 25 cm long). In a second set of 6 plots (each 
plot 1 m 2) we placed only the wooden anchors as a control for potential  effects of these 
anchors ( 'anchor-plot'). Undisturbed areas in immediate  vicinity of the two sets of plots 
served as controls. 

Six random replicates were taken from the control area at the be g i nn i ng  and  end of 
the experiment ,  and  one sample each was taken from each of the 6 'algal plots' and from 
each of the 6 'anchor  plots' at the end of the experiment.  A one-way ANOVA was used 
to test for differences be tween  the different treatments.  

RESULTS 

S e a s o n a l  a b u n d a n c e  of b i v a l v e s  a l o n g  t ida l  t r a n s e c t  

Mya arenaria reached numbers  of up to 6000 individuals  m -2 in the upper  intertidal, 
but  number s  in the lower intertidal and shallow subtidal  were much lower (Fig. 2). In the 
upper  intertidal there was a strong increase of M. arenaria a bunda nc e  immedia te ly  after 
the yearly spatfall (Fig. 2). Most newly settled M. arenaria disappeared dur ing  the months 
following the spat fall. Macoma balthica showed the same spatial distr ibution pat tern as 
M. arenaria with highest  abundances  in the upper  intertidal (Fig. 3). There  was little 
seasonal  variation in M. balthica a b u n d a n c e  in the upper  intertidal (Fig. 3). The small 
bivalve Gemma gemma was very a b u n d a n t  in the upper  intertidal (Fig. 4), but  numbers  
decreased substantial ly during the time period of dense  algal coverage at this station 
(Fig. 4). 

Effects  of a l g a l  r e m o v a l / a d d i t i o n  o n  M y a  arenaria a n d  M a c o m a  balthica 

Large-scale experiment  

Both Mya arenaria and Macoma balthica decreased in numbers  over the t ime period 
of the exper iment  in all three areas (control, cleared, double-cover), but the changes  were 
not  significant (Mann-Whi tney  U-test, p > 0.05) (Fig. 5). In the cleared area, M. arenaria 
significantly increased in size (t-test, p < 0.01), whereas  no size change  was recognizable  
in the other two areas (control*cover, double-cover) over the 2-month period (t-test, 
p > 0.05; Fig. 6). No significant size changes  were observed for M. balthica (t-test, p > 0.05; 
Fig. 6). 



Fig. 2. N u m b e r s  of Mya arenaria (ind. m ~ __. 1 std err.) at the five different stat ions of the tidal 
t ransect  in Lowes Cove; at each  sampl ing  date six replicates (176 cm 2 surface area, 15 cm deep) were  
taken at each  of the stat ions and  sieved over  a 500-pro mesh; samples  taken in May, Augus t  and  

N o v e m b e r  1994 and  Feb rua ry /March  1995 
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Fig. 3. N u m b e r s  of Macoma balthica (ind. m -2 _+ 1 std err.) at the five different s tat ions of the tidal 
t ransect  in Lowes  Cove; see also legend to Fig. 2 
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Fig. 4. N u m b e r s  of G e m m a  g e m m a  (ind. m -2 • 1 std err.) at the five different stations of the tidal 
t ransect  in Lowes Cove; see also legend to Fig. 2 
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Pig. 5. A v e r a g e  n u m b e r s  {ind. 176 cm -2 ~: 1 s td  err.) of (a) Mya arenaria a n d  (b) Macoma balthica in 
t he  th ree  d i f ferent  a r ea s  {cleared, d o u b l e - c o v e r  a n d  control} of the  l a rge - sca l e  e x p e r i m e n t ;  6 repli-  
ca tes  (176 crn 2 s u r f a c e  a rea ,  15 c m  deep)  were  t a k e n  in e a c h  a rea  at the  b e g i n n i n g  a n d  e n d  of the  
e x p e r i m e n t  a n d  s i e v e d  over  a 2 - m m  m e s h ;  for e a c h  ploL the  M a n n - W h i t n e y  U- tes t  w a s  u s e d  to tes t  
for d i f f e rences  in b iva lve  a b u n d a n c e  b e t w e e n  t he  b e g i n n i n g  a n d  t he  e n d  of t h e  e x p e r i m e n t ;  

n ,s ,  p > 0.05 
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Fig, 6. A v e r a g e  s izes  of Nfya arenana a n d  Macoma balthica (in m m  + 1 s td  err.) in the  t h r ee  d i f fe rent  
a r ea s  (cleared,  d o u b l e - c o v e r  a n d  control) of the  l a rge - sca l e  expe r imen t ;  all c l ams  f rom the  6 repli-  
ca tes  for e a c h  r e s pec t i ve  a rea  a n d  e a c h  r e spec t ive  s a m p l i n g  da t e  we re  pooled;  all c l ams  r e t a i n e d  on 
a 2 - r am m e s h  i n c l u d e d  in analys is ;  S tuden t ' s  t - tes t  w a s  u s e d  to tes t  for d i f f e rences  in s ize  b e t w e e n  

t h e  b e g i n n i n g  a n d  the  e n d  of the  e x p e r i m e n t ;  n.s .  p > 0.05, ~ p < 0.05 
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Small-scale exper iment  

Number s  of Mya arenaria in the a lgal  plots in N o v e m b e r  were  s ignif icant ly  different  
from the numbers  in control plots in S e p t e m b e r  (one-way ANOVA, p < 0.05), but  not from 
those in the  anchor  plots and  the control a rea  in N o v e m b e r  (Fig. 7a). No signif icant  
change  was  obse rved  in the abundance  of Macoma balthica (Fig. 7b). iV(. arenaria were 
s ignif icant ly la rger  in both exper imen ta l  plot types  and  in the control plots in N o v e m b e r  
than in the control  plots in Sep tember  (Fig. 8). In November ,  MI. arenaria in the a lgal - f ree  
control  a reas  were  also signif icantly la rger  than  those in the  anchor and  a lga l  plots. Only 
the M. balthica from the control plots in N o v e m b e r  were  signif icantly di f ferent  from the 
control  plots in S e p t e m b e r  (Fig. 8). 

DISCUSSION 

Bivalves Mya arenaria, Macoma balthica and  G e m m a  g e m m a  d e c r e a s e d  in abun-  
dance  dur ing  the t ime per iods  of a lgal  mat  coverage  in the mid intert idal .  The  decl ine  in 
a b u n d a n c e  was much more substant ia l  for M. arenaria and G. g e m m a  than for M. 
balthica. In algal  r emova l /add i t ion  exper imen t s  no effects on M. balthica a bunda nc e s  
were  observed,  whe reas  numbers  of M. arenaria signif icant ly dec reased  unde r  a thick 
exper imen ta l  a lgal  mat  in one of two exper iments .  

The  mass  growth  of dense  algal  beds  in many  coastal  areas  of the wor ld  dur ing  the 
last decades  have  been  re la ted  to inc reased  levels of eut rophicat ion (e.g. Perkins & 
Abbott ,  1972; Buttermore,  1977; Nicholls et al., 1981; Soulsby et al., 1982; Reise, 1983, 
1984; Reise et al., 1989; Raffaelli et al., 1989, 1991; Bonsdorff, 1992; I saksson  et al., 1994; 
Peterson et  al., 1994; Reise & Siebert ,  1994). Strict measu res  regard ing  s e w a g e  effluents 
have  improved  the s i tuat ion in some areas  (Hardy et al., 1993). 

Algal  mats  have a signif icant  impact  on the communi ty  composi t ion wi thin  the un- 
der ly ing  soft-bot toms (Thrush, 1986; Everett ,  1994; Norkko  & Bonsdorff, 1996a, b). The 
dense  algal  mats can cause  immedia t e  dea th  in under ly ing  infauna due  to r educed  oxy- 
gen - supp ly  and increased  concentra t ions  of toxic subs tances  such as H2S a n d  NH4 § (Per- 
kins & Abbott ,  1972; Nicholls et al., 1981; Soulsby et al., 1982; Raffaelli et al., 1989, 1991; 
Bonsdorff, 1992), they may  preven t  recruits  from en te r ing  the sea bed  (Olafsson, 1988; 
Bonsdorff, 1992) or they  may  indirect ly  affect the sof t-bot tom infauna by p rov id ing  shel-  
ter  to ep iben th ic  p reda tors  (Isaksson et  al., 1994). Where  a lga l  mats  pers is t  over  long time 
periods,  they  start  d e c a y i n g  on the lower  s ide and  the under ly ing  sed imen t s  can  become 
comple te ly  anoxic.  Due to res t r ic ted e x c h a n g e  with the  over lying w e l t - o x y g e n a t e d  wa-  
ter  column, the  waters  t r apped  under  the d e c a y i n g  a lga l  mats  m a y  reach  hypoxic  levels 
(Norkko & Bonsdorff, 1996a, b). Large number s  of the or iginal  soft-bottom infauna  inclu- 
d ing  bivalves  may  die  off when  covered  by pers is ten t  a lga l  mats. A m o n g  the bivalves,  
species  with short  s iphons are  most severe ly  affected by anoxic si tuat ions under  the al- 
gal  mats  (Perkins & Abbott ,  1972; Nicholls  et al., 1981; Breber, 1985; M e t z m a c h e r  & Reise, 
1994). In our s tudy we did not  observe  any  obvious de t r imenta l  effects of the  a lgal  mats  
on the b iva lve  M. balthica, despi te  the  fact that  the  algal  mats  pers i s ted  for t ime per iods  
of severa l  weeks .  Similarly, Hull  (1987) found that  M. balthica a b u n d a n c e s  d id  not s igni-  
f icantly dec rea se  under  expe r imen ta l  a lgal  plots, but  Perkins  & Abbot t  (1972), Bonsdorff 
(1992) and Norkko  & Bonsdorff (1996b) m e n t i o n e d  nega t ive  effects of a lga l  mats on 
M. balthica, par t icular ly  juveni le  individuals .  Under  a lgal  mats, we often obse rved  me-  
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Fig. 7. Average  n u m b e r s  (ind. 176 cm -2 2:1 s td err.) of (a) A/lya arenaz~a and  (b) Macoma  balthica in 
the two types  of smal l -sca le  expe r imen ta l  plots (algal plots and  anchor  plots) and  in the  control  plots; 
6 control repl ica tes  were  t aken  at the  b e g i n n i n g  and  6 at the  e n d  of the  exper iment ,  a n d  at the  end  
of the e x p e r i m e n t  one  sample  was  t aken  in each  of 6 repl icate  algal  plots (each plot  1 m 2) and  each  
of 6 repl icate  anchor  plots (each plot 1 m2); s amples  (176 cm 2 surface  area, 15 cm deep)  w e r e  s ieved  
over  a 2-ram mesh;  black lines indicate  tha t  no s ignif icant  d i f fe rences  were  found  - o n e - w a y  

ANOVA, p > 0.05 
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Fig. 8. Average sizes of Mya arenaria and Macoma balthica (in mm • 1 std err.) in algal plots, anchor 
plots, and in control plots of the small-scale experiment; 6 control replicates were taken at the 
beginning and 6 at the end of the experiment, and at the end of the experiment  one sample was 
taken in each of 6 replicate algal plots (each plot 1 m 2) and each of 6 replicate anchor plots (each 
plot 1 m2); clams of the 6 replicates for each respective area and each respective sampling date were 
pooled; all clams retained on a 2-ram mesh included in analysis; black lines connected by dotted 

lines indicate that no significant differences were found - one-way ANOVA, p > 0.05 
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dium-sized and apparent ly  w e a k e n e d  M. arenaria lying on the sediment  surface, but 

never  M. balthica. In the small-scale exper iment  in which we anchored a thick algal mat 

at the sediment  surface, many bivalves M. arenaria died during the exper iment ,  but al- 

most no M. balthica. With its relat ively narrow, extendible  siphon, M. balthica can pene-  

trate through modera te ly  thick algal mats and thus reach into well oxygena ted  water  

layers. With its muscular  foot M. balthica may well be able to move upwards  in the sedi- 

ment  in response to an overlying algal mat (Norkko, 1998). In contrast, M. arenaria with 

its relat ively thick siphon and reduced  mobili ty especial ly in older individuals, might  not 

be able to push through the algal mats. Similarly, G e m m a  gemma,  which possesses  a very 

short siphon (hardly ex tend ing  beyond the shell), d i sappeared  almost complete ly  during 

the time of dense  algal coverage  in 1994. Size data from our exper iments  provide  indi- 

cation that A4. arenaria in algal-free areas  significantly increased in size dur ing the 

9 weeks  of the experiments ,  whereas  A4. arenaria under  algal coverage  did not grow sub- 

stantially in the large-scale  experiment .  The apparent  significant size increase in algal 

plots in the small-scale exper iment  is probably an artifact due to a significant die-off lar- 

gely of medium-s ized  or small individuals  (compare Figs 7 & 8) similar to what  Norkko & 

Bonsdorff (1996b) discussed for M. balthica under  artificial algal mats in the Baltic Sea. 

The apparent  growth s tagnancy of both 5//. arenaria and i~. balthica under  the algal mats 

is probably due to diminished food-supply caused by reduced  water  exchange  under  the 

algae. In our study we did not collect any data on the condition of the bivalves under  the 

algal mats. Future studies urgently need  to address this issue: Long-last ing coverage  by 

algal mats may not cause immedia te  death  but may lead to sublethal conditions for 

bivalves due to persistent  impover ished food-supply or exposure to toxic substances  (e.g. 

NH4+; cf. Foolad, 1983, cited in Hull, 1987). 

C O N C L U S I O N S  

The bivalves Nfya arenaria and IVfacoma balthica suffer under  dense  algal mats. 

Persistent algal mats can cause immedia te  dea th  in M. arenaria, but not necessari ly 

in M. balthica. Exper iments  provide indicat ion for inhibited growth and sublethal  effects 

on both species under  algal mats. Effects of green  algal  mats on intertidal mud  flats on 

the growth potential  of these and other  bivalves need  to be addressed in future studies. 
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