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ABSTRACT: Growth experiments confirm that production by a bed of blue mussels (Mytilus edulis) 
may be controlled by tidal current speed through its effect on seston supply. The mechanism of this 
effect involves a downstream seston depletion and is thus applicable only to populations of mussels. 
Individual physiological responses by mussels, such as increased filtration, ingestion and assimila- 
tion rates at higher current speeds, are not involved in the enhanced bivalve production observed. 

INTRODUCTION 

Bivalve produc t ion  is cons ide red  to be  the  a ve r a ge  ra te  of change  of b iomass ,  both  
posi t ive  and nega t ive ,  of al l  i nd iv idua l s  in a spec i f i ed  popu la t i on  for a g iven  t ime 
in terval  and  is thus  equ iva l en t  to the  ave r age  p o p u l a t i o n  growth.  Factors  which  m a y  
affect the  p roduc t ion  of suspens ion  f eed ing  b iva lve  mol luscs  inc lude :  the  qua l i ty  and  
quant i ty  of ses tonic  food (S t romgren  & Craig ,  1984), h y d r o d y n a m i c  factors at the  
s ed imen t -wa te r  interface,  the  pa th  length,  dens i ty  and  musse l  s ize wi th in  the  b e d  
(Wildish & Kristmanson,  1979), in t r ins ic  phys io log i ca l  or behav iou ra l  factors, such as a 
seston concent ra t ion  m a x i m u m  b e y o n d  wh ich  f eed ing  is i nh ib i t ed  (Schulte,  1975), and  
extrinsic,  non - feed ing  factors such as p r eda t i on  (Seed,  1976) or t i da l - cu r ren t  e ros ion  
(Wildish, 1983). 

Convinc ing  e v i d e n c e  that  h y d r o d y n a m i c  factors are  impor tan t  in  cont ro l l ing  g rowth  
and  product ion  of suspens ion  f eed ing  b iva lves  is l ack ing .  The  ab i l i ty  of cur rent  s p e e d  to 
control the  growth  of suspens ion  f eed ing  b iva lve  popu la t ions  was  in doub t  b e c a u s e  of 
appa ren t ly  cont radic tory  e x p e r i m e n t a l  resul ts  (Bayne et al., 1976; Vogel ,  1981). W a l n e  
(1972) found that  j uven i l e s  of a l l  th ree  spec ies  of b iva lves ,  Mytilus edulis, Ostrea edulis 
and Crassostrea gigas, grew be t t e r  in smal l  e x p e r i m e n t a l  boxes  at s e a w a t e r  flows of 3.3 
than  at  1.3 cm • sec  -1. Ki rby-Smi th  (1972) i n v e s t i g a t e d  the  growth  of the  b a y  scal lop,  
Argopecten irradians, in an  appa ra tu s  cons i s t ing  of e igh t  p las t ic  p i p e s  s u p p l i e d  with  
na tura l  seawater ,  each  at  a d i f ferent  cur rent  speed ,  wi th in  the  r ange  0.2-12.8 cm • sec  -1. 
Results showed  that  faster  currents,  cont rary  to the  da ta  of Watne  (1972), i nh ib i t ed  shel l  
growth and  that  m a x i m u m  growth  was  o b s e r v e d  at the s lowest  current  speed .  

In the t rophic  group mutua l  exc lus ion  hypothes is ,  Wi ld i sh  (1977) s u g g e s t e d  that  
both  depos i t  and  suspens ion  feeders  a re  food l imi t ed  and  that  an  impor t an t  l imi t ing  
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factor is t ida l  cur rent  veloci ty.  For suspens ion  f e e d ing  animals ,  the  mechan i sm of food 
l imi ta t ion  is cons ide red  to involve  seston deple t ion .  Wi ld i sh  & Kris tmanson (1979, 1984) 
have  m o d e l l e d  the  condi t ions  u n d e r  wh ich  ses ton dep le t i on  might  occur and have 
e x p e r i m e n t a l l y ' v e r i f i e d  a d o w n s t r e a m  seston dep l e t i on  effect above  a b lue  mussel  bed 
(Wildish & Kris tmanson,  1984). Expe r imen ta l  ver i f ica t ion  of seston dep le t i on  is a neces- 
sary, but  not sufficient,  s tep in e s t ab l i sh ing  that  suspens ion  feed ing  an imals  may  be food 
l imi ted .  It is the  pu rpose  of the  growth  expe r imen t s  de sc r ibed  here  to es tab l i sh  whether  
p roduc t ion  of smal l  e x p e r i m e n t a l  popu la t ions  of b lue  musse ls  may  be  growth  l imi ted  by 
the ses ton d e p l e t i o n  effect. A p r e l i m i n a r y  test  is also made  on the effect of current 
ve loc i t ies  and  dens i ty  on b lue  musse l  product ion.  

MATERIALS AND METHODS 

Growth  e x p e r i m e n t s  wi th  the  b lue  mussel ,  Mytilus edulis, were  m a d e  in an 
appa ra tu s  b a s e d  on the des ign  of Ki rby-Smi th  (1972) wi th  local  musse ls  ob ta ined  from 
nea r  l ow-wa te r  mark.  A cons tant  h e a d  box con ta in ing  s e a w a t e r  p u m p e d  from near  the 
Biologica l  Sta t ion wharf,  St. Andrews ,  N.B., s u p p l i e d  e igh t  1.5-m long p lex ig lass  tubes 
of 7 cm in te rna l  d i a m e t e r  (Fig. 1). The  flow rate  th rough  each  tube  was  ad jus t ab le  by 
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Fig. 1. Side elevation diagram of the Kirby-Smith growth tube apparatus 

I Outlet 
tube 

c h a n g i n g  the out le t  p ipe  d i a m e t e r  and  was  m e a s u r e d  by  co l lec t ing  a t imed  sample  of 
k n o w n  volume.  Plast ic  mesh  inserts ,  d i v ided  into ten  equa l  compar tments ,  were  sl id into 
each  of the  tubes.  In the  current  s p e e d  exper imen t ,  four musse ls  (size range  0.5-11.8 g 
we t  weight )  we re  se l ec t ed  so tha t  each  could  be  iden t i f i ed  by  size and were  p l a c e d  in 
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each compar tment  so that the total weight  in  each was the same. In the dens i ty  
experiment,  a mussel  size range  of 1.5-3,59 g wet  weight  was selected to min imise  
individual  differences. Mean  sizes for each t rea tment  were 2.53 g with two nomina l  
current speeds and  four densi t ies  tested. Indiv idual  mussels  in this exper iment  were 
marked with a n u m b e r e d  half-circular  tag of 1.5-cm diameter ,  g lued  to one of the valves. 
Wet weight  to the neares t  1 mg was ob ta ined  for each musse l  ini t ia l ly  (W0) and  on 
terminat ion  of the exper iment  (W0. Growth was expressed as the m e a n  percen tage  
change in weight  per day per  mussel :  

Wa- W0× 100 
W 0 × N  

where  N was the durat ion of the exper iment  in  days. The p l an  area occupied by the 40 
mussels in each tube  of the current  speed exper iment  was 1.5 × 0.07 = 0.11 m z, 
equiva lent  to a densi ty  of a 364 musse ls /m 2. In the densi ty  exper iment ,  densi ty  was 
calculated in the same way. Because equal  weights  of mussels  were al located to each 
compartment ,  it was possible to compare  t rea tments  directly without  ad jus t ing  for ini t ial  
weight  which affects the growth achieved by an  ind iv idua l  mussel.  Daily seawater  
temperatures  were recorded and  current  speed est imates  made  by d iv id ing  the observed 
flow rate (cm 3 • see -1) by the area of the tube  cross section (cmZ). 

Analysis  of seston deple t ion in  a Kirby-Smith growth tube  is d e p e n d e n t  on the ratio, 
F, of the seawater  which is filtered by mussels  to the total flow. F for each exper imenta l  
compar tment  can be es t imated from: 

nXY 
F - - -  

138.5 U 

where n is the compar tment  n u m b e r  start ing with inlet  = 1 . . .  outlet = 10, Y is the 
mean  mussel  p u m p i n g  rate t reated here as a constant  of 2 1 . hr -~ . mussel  -1, X is the 
n u m b e r  of mussels  in  each compartment ,  U is the current  speed in  cm - sec -~, and  the 
value 138.5 converts U to the flow uni ts  of the numerator .  

RESULTS 

At current  speeds less than  1.95 cm • sec -1, greater  growth was observed in the inlet  
half of the tubes (Table 1). One- ta i l ed  t-tests showed that at the five slowest current  
speeds inlet  growth was s ignif icant ly  greater  at p -- 0.10 for all t rea tments  and  for the 
two in termedia te  current  speeds (0.45 and  0.75 cm. sec -1) the s ignif icance level  reached 
p --0.05.  At 1.95 cm. sec  -1 and  two higher  current  speeds, growth was statistically 
equal  at both inle t  and  outlet  ends  of the tubes. This is because,  at slower current  speeds, 
mussels  nea r  the inlet  capture a major  proport ion of seston and  cause deple t ion  further 
clown the tube. Seston deple t ion  was also found in  the low flow t rea tments  of the Kirby- 
Smith (1972) bay scallop exper iments  and  has b e e n  exper imenta l ly  examined  in  a 
s imulated benth ic  boundary  layer (Wildish & Kristmanson,  1984). 

If the seawater  pass ing down a Kirby-Smith tube  could be sui tably  separated,  it would  
all be  filtered by the mussels  w h e n  it reached  the first compar tment  where  F I> 1.0. If 
mussel-f i l ter ing efficiency were  100 %, then  beyond  this compar tment  there would  be 
no seston avai lable  for downst ream mussels.  In reality, the concentra t ion  of seston 
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Table 1. Wet weight  growth of blue mussels of 0.5-11.8 g initial wet  weight  in a Kirby-Smith growth 
tube apparatus for eight current speeds  at constant density of 364 mussels - m -2. Experiment 

init iated on 15. 10.82 terminated 31 days later. S.E. = standard error 

Current speed Overall Growth as mean  percentage wet  weight  
c m .  sec -  1 percentage  g • day -~ - mussel  -~ 

losing weight  Compartments  

Overall Inlet Outlet 
1-I0  1-5 6-10 

S.E. X S.E. 

0.10 0.005 59 0 0.03 0.05 - 0.05 
0.13 0.003 60 - 0.06 0.06 0.02 - 0.15 
0.40 0.010 29 0,22 0.06 0.33 0.15 
0.45 0.012 40 0,13 0.17 0.44 - 0.13 
0.75 0.025 22 0.12 0.07 0.26 - 0.01 
1.95 0.018 15 0.27 0.04 0.30 0.31 
3.50 0.079 13 0.28 0.04 0.30 0.30 
3.89 0.077 18 0.29 0.08 0.34 0.27 

a v a i l a b l e  for m u s s e l  f e e d i n g  is no t  a s i m p l e  f u n c t i o n  of d o w n s t r e a m  d i s t a n c e ,  as is 

i m p l i e d  b y  t h e  f r a c t i o n a l  f low ana lys i s ,  b e c a u s e  of t h e  m i x i n g  of t he  u n f i l t e r e d  a n d  

m u s s e l - f i l t e r e d  s e a w a t e r  a n d  l ess  t h a n  p e r f e c t  m u s s e l - f i l t e r i n g  e f f i c i ency .  For  l a m i n a r  

f lows,  m i x i n g  in  t h e  r ad i a l  d i r e c t i o n  of t h e  t u b e  is w e a k  a n d  a s i g n i f i c a n t  p r o p o r t i o n  of 

t h e  s e s t o n  s u p p l y  b y p a s s e s  t h e  m u s s e l s ,  By con t ras t ,  in t u r b u l e n t  f lows,  m i x i n g  in  the  

r a d i a l  d i r e c t i o n  is m o r e  e f f e c t i v e  a n d  c o n s e q u e n t l y  t h e  s e s t o n  s u p p l y  r e m a i n s  g r e a t e r  in  

its p a s s a g e  a l o n g  t h e  t u b e  t h a n  in  l a m i n a r  f lows.  I n d i v i d u a l  c o m p a r t m e n t  g r o w t h  ra tes  

a n d  c o m p a r t m e n t s  w h e r e  F > 1.0 a r e  s h o w n  in  T a b l e  2. T h e  t r a n s i t i o n  f rom l a m i n a r  to 

t u r b u l e n t  f l o w  in  a n  e m p t y  t u b e  w o u l d  o c c u r  at  a b o u t  3 c m .  s ec  - I .  

W i t h  m u s s e l s  a n d  p l a s t i c  m e s h  i n s e r t s  in  t h e  t ube ,  t h e  t r a n s i t i o n  wi l l  b e  l e ss  s h a r p  

Table 2. Mean percentage  change in weight  per  day per  mussel  for each compartment at different 
current speeds.  Compartment  1 is at the inlet end. Data in italics: F > 1.0; e lsewhere  F < 1.0, Note 

that outlet-limited growth is present  up to U = 0,75 cm • sec -1 

Compartment  Current speed (cm. sec -1) 

No. 0,10 0.13 0.40 0,45 0.75 1,95 3,50 3,89 

1 0.24 0.00 0.46 0.28 0.26 0,27 0.17 0.36 
2 0 . 1 7  0.00 0.25 0,35 0.43 0.19 0.11 0.22 
3 - - 0 . 0 1  0 .34  0.65 --0.10 0,17 0.24 0.34 0.53 
4 --  0 .14  -- 0 .43  0.22 2.04 0,03 0.26 0.42 0.38 
5 -- 0 . 0 2  0 .21 -- 0.04 0.22 0.32 0.29 0.34 0.10 
6 -- 0 . 0 3  -- 0 . 3 7  0.12 - 0,56 0,03 0.23 0.22 0.70 
7 0 . 0 4  - -  0 . 1 3  --  0 . 1 5  - 0,13 0.06 0.62 0.35 0.14 
8 - - 0 . 0 5  - - 0 . 0 3  0 . 0 5  - - 0 . 0 3  --0.77 0.19 0.32 0.09 
9 - - 0 . 0 8  - - 0 .  I 1  0 . 5 7  0 . 0 4  0.18 0.14 0,36 0.33 

10 - - 0 . 1 0  - - 0 . 0 7  - - 0 . 0 2  - - 0 . 0 9  0.26 0.27 0.17 0.02 
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but the flow rates tes ted wil l  encompass  both l aminar  and tu rbu len t  condit ions.  This 

interpretat ion is suppor ted  by the  p resence  of a t ransi t ional  a rea  in our data  (Table 2) 

where  F < 1.0, in tubes up to U = 0.75 c m ' s e c  -1, and where  seston dep le t ion  is 
confirmed by the presence  of grea te r  inlet  than outlet  growth (Table 1). At U ~> 1.95 

cm. sec -1, no ev idence  of di f ferences  in inlet  versus out let  growth is p resent  (Table 1) 

and in all cases F ~< 0.30, consis tent  wi th  seston dep le t ion  effects be ing  absent,  In these 
condit ions and with  an increase  in current  speed  up to 3,89 cm - sec -1, there  is no 

increase in overal l  growth and each  of the three  h i g h e r  current  speed  t rea tments  in 

Table  1 results in stat is t ical ly equa l  g rowth  (p = ,001). 
Density in f luenced  the pe rcen t age  of mussels  losing we igh t  as we l l  as the overal l  

mean  growth ach ieved  (Table 3) at the s low current  speed.  As with  current  speed  

Table 3. Growth of blue mussels of 1.5-3.5 g initial wet weight in a Kirby-Smith growth tube 
apparatus at two current speeds and four densities. Duration of the experiment was 34 days 

(initiated on 11.7. 1983) 

Current speed Density Overall Growth as mean percentage wet weight 
cm . sec -1 No./m 2 percentage g - day -1 • mussel -1 

losing Compartments 
weight Overall Inlet Outlet 

1-10 1-5 6-10 
X S.E, X S.E, 

0.10 0.005 91 0 0.23 0.05 0.33 0.13 
0.10 0.004 273 8 0.22 0.05 0.39 0.08 
0.09 0.004 455 14 0.13 0.04 0.25 0.02 
0.08 0.003 909 20 0.10 0.02 0.18 0.02 

1.47 0.031 91 0 0.57 0.10 0.51 0.64 
1.53 0.025 273 0 0.59 0.07 0.56 0.61 
1.42 0.034 455 0 0.59 0.06 0.70 0.47 
1.32 0.038 909 2 0.59 0.04 0.67 0.51 

exper iment ,  this effect is due  to seston dep le t ion  because  one- ta i l ed  t-tests show that  
growth at the inlet  end  is s ignif icant ly  grea te r  (p = 0.05) than at the out le t  end  in all four 

low current -speed  treatments .  The  growth  data  also indicate  that seston was  of h ighe r  
qual i ty and/or  concentra t ion dur ing the densi ty  e x p e r im e n t  than in the cur ren t - speed  

experiment .  The mean  t empera tu re  dur ing the former was 12.9 °C which  is near ly  2 °C 

h igher  than in the cur ren t - speed  expe r imen t  and this may  have  in f luenced  seston supply 

and b iva lve  growth response.  

The fractional vo lume  of seawate r  f i l tered by the musse ls  at the h igh  current  speed  is 
F < 1.0 for most compar tments  but  for compar tment  10 at the h ighes t  dens i ty  F > 1.0. 

This sugges t ion  of seston dep le t ion  is conf i rmed by s ignif icant ly  grea te r  (p = 0.05) inlet  
than outlet growth at the two h ighes t  densi t ies  of Table  3. However ,  this effect is small  
because  overal l  growth for each  of the h igh  current  speed  densi t ies  is stat ist ically 

indis t inguishable  (Table 3), By contrast, most of the compar tments  at the low current  
speed have  F > 1.0 (Table 4). Because  F is affected by densi ty  e v e n  the first compar tmen t  
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Table 4, Mean percentage change in weight per day per mussel for each compartment at a current 
speed of ~0.09 cm • sec -1 and various densities. Data in italics: F>  1.0 

Compartment No. of mussels per compartment 
No. 1 3 5 10 

1 0.51 0,67 0.40 0 ,40 
2 0.24 0.53 0 .23 0.24 
3 0.16 0.09 0.05 - -0 .04  
4 0.53 0.22 0. I I  0.02 
5 0.23 0.18 0.35 0.23 
6 0.28 0.05 0.02 0.03 
7 0 .00 0 .17  0.04 -- 0.03 
8 0 .17  0.09 0.00 0.04 
9 0 .13 0.05 0.02 0.01 

10 0.03 0 .02 0.01 0.02 

with 10 mussels  exper iences  refi l ter ing (Table 4) and  it is thus not surpr is ing that growth 
was s ignif icant ly  greater  at the inle t  when  compared to the outlet end  (Table 3). 

DISCUSSION 

Our results with b lue  mussels  in  a Kirby-Smith growth tube  apparatus  appear  to 
contradict  results for bay  scallops ob ta ined  by Kirby-Smith (1972). Some growth data 
(Wildish et al., unpub l i shed)  ob ta ined  with sea scallops in a f lume confirm Kirby-Smith 's  
result  at least  in  some condi t ions  of current  speed and  seston concentrat ions.  Reanalysis 
of these and  Kirby Smith 's  (1972) data suggests  that growth may not be  an inverse, but  a 
ramp, funct ion of current  speed with an  upper  current  speed beyond  which growth is 
l imited due  to an ind iv idua l  physiological  or behav ioura l  closing response by the 
scallop. 

The growth results ob ta ined  here confirm that product ion  of a b lue  mussel  bed may 
be l imi ted by the ava i lab le  seston supply. Our results also show the effect of current 
speed on seston supply  and  musse l  growth, a l though the results ob ta ined  are strongly 
apparatus-specif ic ,  d e p e n d i n g  also on mussel  sizes and  mussel  bed length  used. We 
suggest  that b lue  mussel,  l ike scallop, product ion is a ramp funct ion of current  speed. 
Thus at lower current  speeds growth is l imited by the seston deple t ion  effect, whilst  at 
in te rmedia te  currents  (defined by the hydrodynamic  condit ions in  relat ion to seston 
supply  and  mussel  bed  size) speed has no effect on mussel  production.  We suggest  that 
b lue  mussels  may also respond to much h igher  current  speeds by a physiological  closing, 
al though,  because  the m a x i m u m  current  speed tested in  our exper iments  was only 

4 c m . s e c  -1, we have no ev idence  on this point.  
We have also es tab l i shed  that densi ty  in f luences  the rate of seston supply and can 

result  in  downst ream deple t ion  and reduced growth unde r  some flow conditions. 
Our  results are consis tent  with ava i lab le  physiological  and  ecological  data. Thus 

Hildreth  (1976) showed that an  ind iv idua l  musse l  would  not adjust  its p u m p i n g  rate over 
a wide  range  of amb ien t  seawater  flows. Consequen t ly  increased filtration, ingest ion or 
ass imila t ion rates as a funct ion of current  speed n e e d  not be  considered as an  explana-  
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t ion  for t h e  i n c r e a s e d  p r o d u c t i o n  a t  h i g h e r  c u r r e n t  s p e e d s  t h a t  w e  o b s e r v e d .  W i l d i s h  & 

Pee r  (1983) f o u n d  t h a t  h o r s e  m u s s e l  p r o d u c t i o n  i n  t h e  B a y  of F u n d y  w a s  r e l a t e d  to  

c u r r e n t  s p e e d .  M a n y  r e p o r t s  o n  c u l t u r e d  b l u e  m u s s e l  p r o d u c t i o n  s u g g e s t  t h a t  p r o d u c t i o n  

is g r e a t e r  w h e r e  c u r r e n t  s p e e d s  a r e  h i g h e r .  T h u s  Loo & R o s e n b e r g  (1983) f o u n d  t h a t  

i n d i v i d u a l  m u s s e l  g r o w t h  w a s  s l o w e r  in  d e n s e l y  p o p u l a t e d ,  h i g h e r  c u r r e n t  s p e e d  a r e a s  

of w e s t e r n  S w e d e n  d u e  to c o m p e t i t i o n  for  a v a i l a b l e  s e s ton ,  a l t h o u g h  o v e r a l l  p r o d u c t i o n  

in  t h e s e  a r e a s  w a s  h i g h e r  t h a n  i n  a r e a s  of l o w e r  c u r r e n t  s p e e d .  W h e t h e r  t h e  r e s u l t s  

o b t a i n e d  b y  W a l n e  (1972) c a n  b e  e x p l a i n e d  b y  a s e s t o n  d e p l e t i o n  e f f ec t  or  a p p l y  

s p e c i f i c a l l y  to r e c e n t l y  s e t t l e d  s p a t  is n o t  y e t  c l ea r .  
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