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ABSTRACT: G om pertz  growth  curves for M ytilu s  ed u lis  (L.) from two popu la t ions  w ere  der ived  from size-class analysis.  By the 
incorporation  of t ime an d  tem p era tu re  as day-degrees ,  and  of the results  of l en g th /d ry  w e ig h t  regress ions ,  e s t im a tes  w e re  m ad e  
of seasonal  c h an g es  in weight,  a n d  of fecundity  as m an t le  w e igh t  loss on  spaw ning .  The  results  a g re e d  well  w i th  i n d e p e n d e n t  
es t im a tes  of growth  m ad e  by in teg ra t in g  the results  of physiological m e a su re m e n ts  of e n erg y  ba lance .  Differences b e tw e e n  
production  es t im ates  for ind iv idual  m ussels at the two sites are d iscussed a n d  re la ted  to various physio log ica l  d ifferences,  chiefly 
the seasonal  pa tte rn  of the efficiency of absorption  of e nergy  from the in g es ted  ration. Som atic  p roduc tion  is show n  to be  
similarly  d e p e n d e n t  on t em p era tu re  in both populat ions,  but seasonally  ab norm al  t em p era tu res  a n d  a re d u ced  quali ty  of 
ava i lab le  food at one site caused  a m ark ed  reduction  in the p roduction  of gam etes.

INTRODUCTION

M any m arine  mussels  of the  gene ra  M ytilus, 
C horom ytilus, A u lacom ya  and  Perna com bine a to le r­
ance to a w ide  range  of env ironm enta l  conditions with 
a f lexibility of physiological response, reflected in v ar­
ious rates and  seasonal pat te rns  of growth, in such a 
w ay as to facilitate com parisons of the production 
potentia l of different habitats.  Com parisons of rates of 
growth of mussels from different geograph ica l  areas 
have b een  m ade  by T heisen  (1968, 1973) in D enm ark  
and  G reenland , by Seed (1973) and  Dare and  Edw ards 
(1976) in the United Kingdom, by F reem an  and  Dickie 
(1979) in C anada , H ickm an  (1979) in N ew  Zealand, 
and  by Berry (1978) and  Griffiths and  King (1979) in 
South Africa.

Estimates of the growth rates of b ivalve molluscs are 
m ade  by ana lysing  an n u a l  grow th  rings, by m e a su re ­
m ent of m ark ed  individuals,  by the analysis  of size- 
classes in  the  population, or by a com bination  of these 
procedures. Each of these  m ethods has its own a d v a n ­
tages and  d isadvan tages  (Haskin, 1954; Seed, 1976). 
More recently, Lutz (1976) has descr ibed  a direct 
techn ique  for age  determ ina tion  of mussels using  a c e ­
ta te  pee ls  of polished  and  e tched  longitud inal  sections 
of the shell (see also Jones  et al., 1978; Lutz and  
Castagna,  1980). In a w ide-sca le  study of m ussel 
growth, size-class analysis com bined  with direct ag e  
determ ina tion  of a sub-sam ple  is p robably  the  p r e ­

ferred m e thod  since an n u a l  she ll  r ings are  often in d is ­
ce rn ib le  in these  species  an d  m a rk / re ca p tu re  m ethods  
are very labour-in tensive .  H ow ever,  size-class analysis  
proves difficult in some circum stances, w h ere  rec ru it­
m ent is p ro longed  in time, w ith  inev itab le  m e rg in g  of 
the age-classes .  Even w h e n  this  type of analysis  is 
possible, it results in a s ta tem en t  of ave rag e  grow th  of 
ind iv idua ls  in the  popu la tion  and  obscures  ind iv idua l 
variabili ty  w hich, if gene tica l ly  based  (M ilkm an and  
Koehn, 1977; Innes and  Haley, 1977) can m ake  the 
deduc tion  of env ironm enta l  corre la tes  of g rowth dif­
ficult (Freem an and  Dickie, 1979).

W hatever  the  m ethod  of es t im a ting  growth in 
bivalves, the  results  are usua lly  descr ibed  by m eans  of 
a von Bertalanffy or a G om pertz  g rowth equa tion  
(Ricker, 1975). Both equa tions  w ere  u sed  by T h e isen  
(1973), who conc luded  tha t the  s igm oidal Gom pertz  
curve descr ibed  the growth of M ytilu s  ed u lis  from 
G re en lan d  to abou t half the  m ax im um  shell  length , 
w h erea s  the  Bertalanffy eq u a t io n  w as  val id  for sizes 
la rge r  th a n  one-th ird  the m ax im um  length . Both these  
growth  m odels  have  the  ad v a n ta g es  over m ore em p ir i ­
cal best-fit equa tions  of some gene ra li ty  and  com m on 
usage ,  facilita ting com parisons b e tw e e n  popula tions,  
particu larly  w h en  ca lcu la ted  to inc lude  var iance  es t i­
m ates  for the pa ram ete rs  (Bayley, 1977). However, 
cau tion  is necessary  w h e n  a t tem p ting  com parisons 
b ased  only on ind iv idual  p a ra m e te r  values (Hankioja 
an d  H aka la ,  1979).
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An a l te rna t ive  p rocedu re  for es t im ating  growth is 
based  on the  ene rgy  ba lance  equa t ion  of W inberg  
(1960). M e asu rem en t  of the various com ponents  of the 
ene rgy  b u d g e t  prov ide an  es t im ate  of grow th  potentia l 
or scope for g row th  (Warren and  Davis, 1967; Bayne et 
al., 1976) which, w h e n  in te g ra te d  over time and  
ap p l ied  to ind iv iduals  of d ifferent sizes, can be  used  to 
derive  an  ave rage  grow th curve. Physiological es t i­
m ates  of growth  allow inter- and  in tra -popu la tion  com ­
parisons of the  com ponen ts  of growth, such as differ­
ences  in  the processes  of ene rgy  ga in  and  loss.

The aims of the p resen t  p ap e r  are  to com pare the 
results  of two m ethods  of g rowth es tim ation  -  by size- 
class analysis  and  by  physiologica l m e asu rem en ts  -  in 
two popu la tions  of M ytilu s  edulis, an d  to identify  any 
differences in the  m a in  com ponents  of growth at two 
ecologically  d ifferent sites. Most of the  physiological 
data  are ta k en  from the  study reported  by Bayne and  
W iddows (1978).

MATERIAL AND METHODS

M ytilu s  e d u lis  (L.) w ere  sa m p le d  from two sites n ear  
P lym outh  (England). T he  first, ca lled  the  Lynher site, is 
s ituated  at the  confluence of the Lynher and  T am ar 
estuaries; the  second, the C a t te w a te r  site, is s ituated  at 
the cool ing-w ater  outfall of a small e lec tr ic i ty -genera t­
ing  station in the  es tuary  of the  Plym (Bayne et al., 
1977; Bayne an d  Widdows, 1978). At both  sites sa m ­
ples w ere  co llec ted  b e tw e e n  m e a n  low w ate r  of spring 
and  neap  tides w h e re  the  m ussels w ere  exposed  to air 
for an  ave rage  four hours p e r  day. T he  sam ples  for size- 
frequency  analyses  w ere  ta k e n  m onth ly  b e tw e en  Ju n e  
1973 and  A ugust 1974 (Lynher) and  S ep te m b er  1973 
and  D ecem ber  1974 (Cattewater)  by random  0.1 m 2 
quadrats ,  the  contents of w hich  w ere  sorted through 
2 mm  an d  0.5 mm  m esh  sieves to collect all m ussels  
except the sm alles t  post- larval recruits.

All m ussels  from each  q u ad ra t  w ere  m easu red  for 
shell leng th  (m axim um  anterio -poster io r  dimension). 
Twenty-five individuals ,  inc lud ing  all sizes r e p ­
resen ted  in the  quadra t,  w ere  ta k e n  for separa te  m e as ­
u rem ents  of m an tle  and  non -m an t le  tissue w eights  
after drying at 90 °C for 24 h. A further  10 ind iv iduals  
w ere  used  for analysis  of the  ene rgy  value of m an tle  
and  non -m antle  tissues separa te ly  using  a Phillipson 
micro-bom b calorimeter.

The m e asu rem en ts  of shell leng th  w ere  grouped  into 
5-mm classes and  all the resu lt ing  leng th /f requency  
tables reso lved  into G auss ian  com ponen ts  using  the 
m ethod  of B ha ttacharya (1967). F igure 1 shows the 
degree  of separa tion  of com ponen t d is tributions tha t 
was possible. A thorough  study of all ava ilab le  data  
resolved 6 s ize-classes; we m a k e  the  assum ption  tha t 
these size-classes rep resen t  separa te  age-classes.

m id -p o in t  of s i z e  c l a s s e s

Fig. 1. M ytilu s  edulis. Size frequency  analysis of shell leng ths 
us ing  the p rocedure  of Bhattacharya  (1967). In each  sam ple  5 
size classes are resolved. A: Lynher populat ion;  B: C a ttew ate r  

populat ion

Two growth models w ere  then  fitted to the  p resum ed  
age-class data:
(1) The von Bertalanffy equation:

1, =  L= [1 —e -k(t-to)]

w here  l t is leng th  at time t, Lx a constant represen ting  
the  asymptotic (or maximum) length , k a constant rep ­
resen ting  the rate at w hich  the asymptotic  length  is 
approached , and  t0 a third constant rep resen ting  time 
w h e n  1, =  0.
(2) The G om pertz  equation:

logio lt =  log10 L* [1 —e _k,(t~t,)]

w h ere  k 1 is the  rate  constant and  t t a constant rep re ­
sen ting  time w h e n  1, =  1.

Winsor (1932), S illim an (1968) and  H ankio ja  and  
H aka la  (1979) discuss the rela tive merits of these two 
growth models. The constants for each  equation  w ere  
der ived  as discussed by T heisen  (1973) and  Ricker 
(1975). Boetius (1962) and  T he isen  (1968) re la ted  the 
growth of M ytilu s  edu lis  to an  in tegration  of te m p e ra ­
ture and  time called 'day-deg rees '  (D°) and  Ursin 
(1963) incorporated  day -degrees  as the  inde p en d e n t  
variab le  in the  Bertalanffy growth equa tion  as:

1D =  L œ [1 — e - kD|D“ n >]

w h ere  1D is leng th  at D day-degrees ,  k D the  rate con­
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stant de te rm ined  as k /D y (Dy =  annua l  sum of day- 
degrees), and  D0 =  t0 Dy. D ay-degrees  may also be 
incorporated  into the Gom pertz equation:

lo g I0lD =  lo g I0 L„ [ 1 — e “k'c-,r>_D,|J

w here  D, is the day -degrees  associa ted  with  p. These 
equations were  used to include m onthly changes  into 
the descrip tion  of annua l growth in length  at the two 
sites.

Shell leng ths  w ere  re la ted  to dry flesh w eights  (m an­
tle, non-m antle  and  total) according to the allometric 
equation:

W =  a ■ Lb

Regression ana lyses  on lo g 10-transformed values  of 
w e igh t  (W) and  length  (L) w ere  carried  out for each  
sample, followed by covariance analysis  (Sokal and 
Rolf, 1969) to com pare  es tim ates  of b and  a.

M atu re  mussels  may lose a la rge proportion  of their  
body w eigh t on spaw ning  (Bayne, 1976; Griffiths, 
1977; Griffiths and  King, 1979; Thompson, 1979). Since 
a major proportion of the m ature  gonad  develops 
w ith in  the mantle , w e igh t losses from this tissue may 
be used  as an  es tim ate of fecundity. To be reliable, 
however, such estim ates should  be accom pan ied  by 
histological ev idence  of the tim ing and  duration  of 
spaw n ing  and  of the ex ten t to w hich  losses of gam etes  
rep resen t com plete or only partia l spawning. In this 
study, w e igh t changes  in the m an tle  w ere  correlated 
with  the results of a para lle l  histological study (Bayne 
and  Widdows, 1978; Lowe et ah, 1980) of ga- 
m etogenesis  in mussels from the  two sites, and  used to 
es tim ate the w eigh t losses due  to spawning.

Physiological m e asu rem en ts  were  m ade  be tw een  
M ay 1973 and  May 1975 (Lynher) and  O ctober 1973 
and  M arch 1975 (Cattewater), as descr ibed  by Bayne 
and  W iddows (1978). In the presen t p ap e r  we introduce 
corrections for the production of pseudofaeces  (i.e. 
materia l f iltered from suspension  bu t re jected  by the 
mussel prior to ingestion) and  we have ad jus ted  our 
earlier  values for absorption  efficiency.

(1) P s e u d o f a e c e s .  W iddows et al. (1979) es t i­
m a ted  the seston (=  total part icu la te  m atte r  in su sp e n ­
sion) concentra tions at which pseudofaeces  production 
was in it ia ted  by M ytilu s  ed u lis  of different sizes in the 
Lynher. We have ca lcu la ted  from these  data, and  from 
unpub lished  information from W iddows (pers. comm.), 
a re la tionsh ip  be tw e en  the  threshold  concentra tion  of 
seston above w hich  ingestion  rate  does not increase 
with  further increase  in concentra tion  of suspended  
particu la te  m atter  (T : mg I-1) and  the dry flesh w eight 
of the mussel (W; g):

T =  5.4W° 19 (n =  5; r2 =  0.72)

We assum e the same rela tionship  to hold for mussels

from both  sites, w h ich  are similar in the ir  total seston 
concentra tions. The energy  va lue  of total seston was 
ca lcu la ted  from W iddows et al. (1979) and  took se aso n ­
ally variab le  values  from 1.8 J m g-1 in the au tu m n  and 
w in ter  to 4.6 J mg~* in the summer.

(2) A b s o r p t i o n  e f f i c i e n c y .  Bayne et al.
(1979) recorded  a re la tionsh ip  b e tw e e n  absorp tion  effi­
ciency e and  the proportion  of o rgan ic  m atte r  (POM) 
p resen t in the seston:

e =  0.5 lo g 10 O — 0.32 (n =  26; r2 =  0.76)

w h ere  O is (POM/Total seston) • 100. We have  used  
this re la t ionsh ip  here, in favour of the  values  orig inally  
pu b l ish ed  by Bayne and  W iddows (1978).

RESULTS 

A nalysis of Size C lasses

The sm allest size class, w h ich  w as  iden tif iab le  in  the 
sum m er with  a m ode b e tw e e n  0.5 an d  0.6 cm, was 
ta k en  to rep resen t  m ussels  in the ir  first sum m er  after 
se t t lem en t (i.e. the  I-year class) since these  ind iv iduals  
w ere  too large to have  resu lted  from a larval se t t lem ent 
in the  sam e year. B ecause these ind iv iduals  w ere  p ro b ­
ably not sam p led  non-selectively, due  to the m esh  
sizes used  in s ieving the samples, they w ere  exc luded  
from su b se q u en t  analysis. Larger sizes w ere  assum ed  
to rep resen t successive age  classes and  their  m odal 
lengths ca lcu la ted  from each  sample, to inc lude  year- 
classes II to VI. The m eans  of these  m odal values, 
r ep resen t ing  ave rage  an n u a l  shell leng ths  at each  site, 
w ere  as follows:

Year class Lynher site C a ttew a te r  site

II 1.33 cm 1.46 cm
III 2.87 cm 2.94 cm
IV 4.25 cm 3.99 cm
V 5.31 cm 4.77 cm

VI 6.06 cm 5.42 cm

D erivation of Growth Equations

F igure  2 shows a modified  Ford Walford plot 
(log10 lt vs log i0 l t+1) constructed  to es t im ate  L„ and  k 1 
in the G om pertz equa t ion  for the Lynher site. The line 
of bes t  fit was:

lo g 10 lt + , =  0.537 lo g 10 1, +  0.39

from w hich  k 1 was ca lcu la ted  to be  0.584 an d  lo g 10 L„ 
to be  0.838. C om par ing  the results  of sim ila r  treat-
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Fig. 2. M y tilu s  edu lis. M odif ied  Ford-W atford plot to est im ate  
p a ram e te rs  for the  G om per tz  g row th  eq u a t io n  for two p o p u la ­

tions: circles: Lynher; squares :  C a ttew a te r

m ents  for both  Bertalanffy and  G om pertz equa tions  for 
M y tilu s  ed u lis  from both  sites:

Fit Lynher C a ttew a te r

Gom pertz : k l 0.584 0.611
L« 6.89 cm 6.35 cm

Bertalanffy: k 0.222 0.237
L , 9.38 cm 8.13 cm

V alues  for t0 and  w ere  es t im ated  by plott ing

, -  It)
ln 1;

(for the Bertalanffy fit) or

j  (logro U  -  logio U
" I  lo g ]0 lt

(for the G om pertz  fit) aga in s t  time in years, fitting 
straight l ines by least squares  regression  analysis, and 
solving for t0 and  t , , respectively. The results  were:

Fit Lynher C a ttew ate r

G om per tz  ( t ,): 1.77 1.50
Bertalanffy (t0): 1.32 1.04

The re levant m ean  annua l growth equa tions  can now 
be w ritten  as:

(1) Lynher Gompertz:  l o g 10 1, =  0.838 [1—e~° 584 (,_L771]
Bertalanffy: 1, =  9.38 [ 1 — e“° 222 (» — *-32|j

(2) C a ttew ate r  Gompertz :  lo g 10 1, =  0.803 [1 - e -06U|t_1501]
Bertalanffy: 1, =  8.13 [1 — e -0 237<1_ 104>]

These equations are p lo tted  in F igures 3 (Lynher
site) and  4 (Cattew ater  site) toge ther  with  m odal year- 
class estimates, inc lud ing  those for year-c lass I. The 
data  strongly sugges t  a s igm oidal growth form, so that

Y e a r s
Fig. 3. M ytilu s  edulis. Von Bertalanffly (B) a n d  Gom pertz  (G) 
growth  curves for ind iv iduals  from the Lynher site; squares :  

est im ates (mean ±  SD) of m odal  shell  leng ths

Y e a r s
Fig. 4. M ytilu s  edulis. Von Bertalanffly (B) an d  Gom pertz  (G) 
g rowth  curves for indiv iduals  from the C a ttew a te r  site; 

squares :  est im ates (mean ±  SD) of m odal  shell  leng ths
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the Gompertz  models provide the bet ter  fit. However, 
the Bertalanffy model provides an a d e q u a te  fit to the 
data  for the larger  individuals  and  this equa tion  possi­
bly predicts more realistic asymptotic lengths. This is 
in good ag re em e n t  with T heisen  (1973). Both e q u a ­
tions ag ree  in suggesting  a more rapid  rate  of growth 
for sm aller  individuals,  and a smaller m axim um  
length, at the C a ttew ate r  site.

An in d e p e n d e n t  es tim ate of age for M ytilu s  ed u lis  
from the Lynher site was k indly m ade  by R. A. Lutz 
(see Lutz, 1976; Lutz and  Castagna,  1980, for p roce­
dure), who exam ined  6 specim ens, 3 each  of m ean  
shell leng th  5.5 ±  0.2 cm and  6.7 ±  0.4 cm:

A ge (years)
(Lutz, pers. comm.)

5.5 
9.0

Length (cm)
Lutz Gom pertz  Bertalanffy

5.5 ±  0.2 
6.7 ±  0.4

5.5
6.7

5.7
7.7

Incorporation of Temperature into the 
Growth Equations

In the analysis that follows w e treat only the  Gom- 
pertz equations for each site. M onthly day-deg rees  (D°; 
based  on w ate r  tem pera tu re  only) w ere  h ighe r  at the 
C a ttew ate r  than  the Lynher from N ovem ber  to May 
(Fig. 5); an n u a l  varia tion w as g rea te r  at the Lynher.

co
o

o

C N
o

Total an n u a l  d ay -deg rees  were: Lynher, 4620 D°; 
Cattew ater,  5550 D°. Incorporation into the Gom pertz  
equa tions  yielded:

Lynher:
Cattewater:

lo g ,0 1D =  0.838 [1 - e - 1'3xl0",lD 8!72>] 
lo g ,o 1D =  0.803 1x10 ,|D^83231]

In this t rea tm en t two assum ptions are made: (1) that 
the value for L^-is in d e p e n d e n t  of tem perature ,  and  (2) 
that the 'b iological zero' for growth  of M ytilu s  ed u lis  
occurs at 0 °C. The first of these  assum ptions is p rob ­
ably incorrect (Theisen, 1973) bu t  is un like ly  to be a 
serious constra int in these  exam ples  (Ursin, 1963). The 
second assum ption  is cons idered  reasonable .  The 
G om pertz  equa tions  w ith  d ay -deg rees  w ere  used  to 
calculate  m onthly  va lues  for shell leng ths for su b se ­
quen t es tim ation  of g row th  in  w eigh t from le n g th /  
w e igh t regressions.

Length/W eight Relationships

All regressions of dry flesh w eig h t  (W; mg) an d  shell 
leng th  (L; mm) w ere  h igh ly  significant and  in no case 
was there  a no tew orthy  difference b e tw e e n  the  results 
of functional and  GM  regress ion  procedures  (Ricker, 
1975). For m ussels from the Lynher site covariance 
analysis dem ons tra ted  no significant difference b e ­
tw een  es t im ates  of slope (b) in the allometric re la t io n ­
ship, and  a com m on expression

W =  a- L2 (n =  300; r2 =  0.92)

was accepted ,  w ith  seasonal variab ili ty  in a. For the 
C a ttew ate r  site, however, covariance analysis  in d i­

en

io
cu

>N

o

0-9

7

5

0-3

Fig. 5. M y tilu s  edulis. Monthly and  cum ula tive  day-degrees  
(DD) for two sites; circles: Lynher; triangles:  C a ttew a te r

Fig. 6. M y tilu s  edulis. Dry flesh w e ig h ts  (g) of 6-cm shell 
leng th  ind iv idua ls  in two populat ions,  ca lcu la ted  from 
m onth ly  len g th /w e ig h t  reg ress ion  analyses;  squares :  Lynher; 

circles C a ttew ate r
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ca ted  significant differences b e tw e e n  es tim ates  of b. 
The da ta  w ere  th e n  g rouped  accord ing  to season  and  
the  following expressions derived:

S um m er  (June to August) : W =  a -L 2 70±0n
A utum n  (Sep tem ber  to November) : W =  a ■ L3 l7-° 13
W inter  (Decem ber to February) : W =  a ■ L3 3111109
S pring  (March to May) : W =  a • L2 44±023

S easonal ch anges  in w eigh t for ind iv iduals  of 6 cm 
shell  leng th  from both popula tions  are show n in F igure 
6, d em ons tra t ing  the la rge an n u a l  f luctuations in 
w e ig h t  at  both  sites.

Energy Value

R egression analysis  show ed  no significant change  
b e tw e e n  en e rgy  va lue  g_1 of tissue with  ch a n g e  in dry 
flesh w eig h t  of the  m ussels  b e tw e e n  0.1 and  1.0 g dry 
w e ig h t  (F =  0.14 for 1, 105 deg re es  of freedom). A na ly ­
sis of var iance  also dem ons tra ted  no significant differ­
ence  b e tw e e n  m ussels  from the  two sites (F =  3.09 for 
1, 10 d.f.). W e h ave  therefore ta k e n  a s ing le  overall 
m e a n  va lue  of 21.8 ±  1.7 J m g -1 dry flesh w eigh t  as the 
en e rgy  va lue  for M ytilu s  ed u lis  tissue in this study. 
This is w ith in  the  range  norm ally  found for m arine  
b iva lves (Beukem a and  De Bruin, 1979).

is evident, w ith  positive growth in the sum m er and 
nega tive  growth in the winter. The am p litude  of 
annua l changes  in w e igh t was g rea ter  in mussels at the 
Cattew ate r  and, particularly  in the older year classes, 
the seasonal increase in w e igh t w as in it ia ted  ea rlier  in 
the  Lynher (February) than  the C a ttew ate r  (April). Loss 
in w eigh t by older m ussels  in the  Lynher be tw e en  Ju n e  
and  A ugust co incided w ith  the first of two periods of 
spawning; a later spaw n ing  in October resu lted  in 
further loss of w eigh t which was accen tua ted  by the 
period of nega tive  growth in the winter.  At the  C a tte ­
w ate r  site there w as no sum m er loss of w eigh t (and no 
sum m er spawning); sp aw n in g  occurred  in S ep tem ber /  
October and  was followed by a long period of nega tive  
growth (see also Fig. 6).

Fecundity

C ovariance analysis  of regressions re la ting  m antle  
dry w eigh t to shell leng th  ind ica ted  a significant 
he terogene ity  am ongst slopes (b values) in the 
allometric equa tions  at both  sites. However, pooling 
the data  according to season resu lted  in acceptab le

T ab le  1. M ytilu s  edulis. Values for b an d  a (Ĥ  S.D.) in the 
allometric equation relating dry w eigh t  of mantle tissue (W;

mg) to shell  leng th  (L; cm) for two populat ions:  W = a L6

Growth in W eight

D ata  from the  le n g th /w e ig h t  regressions w ere  used  
to convert es t im ates  of growth in leng th  (from the 
G om pertz  equations ,  ca lcu la ted  m onth ly  aga in s t  day 
degrees)  to m onthly  es tim ates  of growth  in w e igh t  (Fig. 
7). T he  s trongly seasonal n a tu re  of growth  at both  sites
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Fig. 7 M y tilu s  edu lis. G row th in w e ig h t  over 5 years  in two 
populat ions;  solid line: Lynher; b ro k en  line; C a ttew a te r

Population  M onth /Year b +S.D. a +S.D.

Lynher

Catte­
water

Ju n e  1973 3.77 + 0.38 0.127 ± .026
July 3.77 + 0.38 0.146 + ,095
August 3.77 + 0.38 0.106 ± .022
Sep tem ber 4.40 + 0.46 0.060 ± .010
October 4.40 + 0.46 0.040 ± .009
Novem ber 4.40 + 0.46 0.025 ± .004
D ecem ber 4.08 + 0.40 0.031 ± .005
Ja n u a ry  1974 4.08 4- 0.40 0.021 + .011
March 4.84 + 0.48 0.010 ± .001
April 4.84 + 0.48 0.051 ± .003
Ju n e 3.77 0.38 0.139 ± .045
August 3.77 i 0.38 0.030 ± .007
S ep tem b er  1973 4.09 + 0.45 0.067 ± .033
N ovem ber 4.09 + 0.45 0.050 + .010
Ja n u a ry  1974 4.14 ± 0.32 0.100 + .013
February 4.14 ± 0.32 0.048 ± .007
April 4.11 ± 0.30 0.035 ± .005
May 4.11 ± 0.30 0.080 .013
July 3.37 ± 0.32 0.310 ± 119
Sep tem b er 4.09 ± 0.45 0.058 ± .012
October 4.09 ± 0.45 0.042 ± .006

homogeneity , and in tercep t values (a) were ad justed  
accordingly  (Table 1). Estimates of w e igh t  losses due 
to spaw n ing  were  derived  from the following reg res­
sions of m an tle  w eigh t aga ins t  shell length:
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Lynher: Ju ly /August,  1973;
S ep tem ber/O ctober ,  1973; 
June /A ugust ,  1974 

Cattewater:  Sep tem ber/N ovem ber ,  1973;
S eptem ber/O ctober ,  1974

The ca lcu la ted  spaw n ing  losses (W ‘ ; mg) were  then 
re la ted  to the total body w eights  (W; g) before s p a w n ­
ing and two equations from the pooled data derived:

Lynher: W  =  104 ±  23.W140±013 (n =  18, r2 =  0.93) 
Cattewater:

W  =  21 ±  2.W 129±0 09 (n =  12, r2 =  0.91)

The slopes of these two rela tionsh ips  are similar; at 
sim ilar body weights, however, the w e igh t losses 
w hich  w ere  taken  to rep resen t fecundity  w ere  g rea te r  
in M ytilu s  ed u lis  from the Lynher. In addition, mussels 
at  the Lynher site spaw ned  twice during  the  year, 
com pared  with  a single spaw n ing  in the Cattew ate r  
(Lowe et al., 1980).

Physiological Estimation of Growth

Pseudofaeces Production

Above a certain  concentra tion  of particu la te  m atter  
in suspension, the ingestion  rate  of M ytilu s  ed u lis  is 
held  constant by the production  of pseudofaeces  (Wid­
dows et al., 1979), up  to a very h igh  seston concen tra­
tion (> 150 m g-1) above which both  clearance rate 
(litres of w ate r  c leared  of seston by the ind iv idual 
mussel) and  pseudofaeces production decline. The 
rela tionships  be tw e en  the production of pseudofaeces, 
the seston concentra tion  and  the size of the m ussel are 
complex. (Foster-Smith, 1975; W iddows et al., 1979). 
Using the expression for the  threshold  concentra tion  of 
seston quo ted  earlier  (T =  5.4W° 19), w e  have ca lcu ­
la ted  the proportion of m ateria l c lea red  from su sp e n ­
sion that is subsequen tly  rejected  as pseudofaeces by a 
mussel w e igh ing  0.5 g dry w eigh t of flesh (Fig. 8) for 
com parison with  values taken  from Foster-Smith 
(1975) for a similarly sized m ussel feed ing  on a su sp e n ­
sion of Phaeodactylum  cells. The form of the two 
curves is similar. However, the  m ussels  feed ing  on 
natura l  particu la tes  show a h ig h e r  th reshold  concen t­
ration for pseudofaeces production.

In the p resen t study, w h en  m easu red  clearance rates 
w ere  m ult ip lied  by observed  seston concentra tions 
(data from Bayne and  Widdows, 1978), the values all 
exceeded  the threshold  for m ax im um  ingestion  rate, T, 
signifying the production of pseudofaeces  by mussels  
at both  sites. We have therefore ca lcu la ted  ingestion  
rate  ( J h '1) as the w eight-correc ted  value  for T m u lt i ­
p lied  by clearance rate and  converted  to energy  units

Absorption Efficiency

F igure 9 com pares  ca lcu la ted  and  observed  values  
for absorption  efficiency at bo th  sites; d ifferences w ere  
s light for most m onths of the year.
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Fig. 9. M y tilu s  edu lis. C om parison  of ca lcu la ted  a n d  observed  
absorp tion  effic iencies (e) in two populat ions.  O p e n  circles: 
o bse rved  (Bayne and  Widdows, 1978); c losed circles: c a lcu ­
la ted  (see text a n d  Bayne et al., 1979). A: Lynher  populat ion;

B: C a ttew ate r  popu la t ion

using  the seasonally  var iab le  ene rgy  va lue  for total 
seston.

Fig. 8. M y tilu s  edu lis. Proportion of pa r t icu la te  m ateria l  
c leared  from suspens ion  re jec ted  as pseu d o faeces  ( ind iv idu­
als of 0.6 g dry t issue weight)  as a function  of seston c o n cen t ­
ra tion  (mg dry  w e ig h t  I"1); squares :  v a lues  ca lcu la ted  from 
Foster-Smith (1975); solid line: re la t ionsh ip  de r ived  from the 
eq u a t io n  (see text) for the th resho ld  concen tra t ion  for m a x i ­

m al inges tion  rate
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The Scope for Growth

This w as ca lcu la ted  from the ene rgy  ba lance  e q u a ­
tion of W inberg  (I960);

C =  P +  R +  U +  F 
w h ere  C =  inges ted  ration

P =  production, both  som atic  (Pg) 
and  germ inal  (Pr)

R =  respira tory  hea t  loss 
U =  ene rgy  lost as excreta  
F =  energy  lost as faeces 

The abso rbed  raton, A, is C X e, w here  e is the 
efficiency of absorption. Production (Pr +  Pg) can then  
be exp ressed  as a function of A, R and  U:

P =  A -  (R -t- U), 
and  is ca lled  the  'scope for growth '.

The sope for grow th  of an  ind iv idual  M ytilu s  edu lis  
from each  site was ca lcu la ted  in m onth ly  increments,  
start ing  w ith  an  ind iv idual  of 100 m g dry flesh w eigh t 
on 1 J u n e  of the  th ird  sum m er  after se ttlem ent.  M ussels 
from the  Lynher site w ere  a s su m ed  to spaw n  in Ju n e  
and  Sep tem ber ,  those from the  C a ttew ate r  in  S ep ­
tem ber  only. The results  of s im u la ted  growth over 5 
years are  p lo tted  in F igures 10 and  11 toge ther  with  
g row th es t im ates  using  the  G om pertz  equations.
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Fig. 10. M ytilii s edulis. C om par ison  of growth  in w e igh t  
(Lynher site) as ca lcu la ted  from age-c lass  analysis (broken 
line) and  from physio log ica l  es t im a tes  of the scope for growth 

(solid line)

The m a in  fea tures  of the two growth curves are 
sim ilar for m ussels  at each  site viz. periods of nega tive  
growth in the  w in te r  and  posit ive growth in the su m ­
m er and  au tum n. T here  is rea so n ab le  ag re em e n t  also 
in the  m e a n  w eigh ts  p red ic ted  for each  ag e  class, 
a l though  m ax im um  an n u a l  w eigh ts  are som ew hat 
overes t im ated  at the C a t tew ate r  site by the physio log i­
cal derivation. The grow th  curves agree  in p red ic ting  
an  ea r l ie r  recovery to positive growth  in the  Lynher
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Fig. 11. M y tilu s  edulis. C om parison  of growth in w e igh t  
(C attewater  site) as calcu la ted  from age-c lass  analysis (bro­
k en  line) and  from physiological e s t im ates  of the scope for 

growth (solid line)

than  in  the  Cattewater,  and  a g rea te r  am plitude  to the 
an n u a l  g rowth pat tern  at the la tter site.

DISCUSSION

A nnual rates of growth in leng th  w ere  similar in 
M ytilu s  ed u lis  at the two sites studied, w ith  ind iv idu ­
als tak ing  approxim ate ly  5 years from se tt lem ent to 
grow to 5 cm shell length. However, w h en  differences 
in am b ien t w ate r  tem pera tu re s  w ere  ta k en  into 
account, by incorporating  time and  tem pera tu re  as 
day-degrees,  the  rates of g rowth in the Cattew ate r  
w ere  seen  to be  less than  in the Lynher, in spite of 
h ighe r  tem pera tu re s  at the  former site. This w as u n e x ­
pec ted  since, in general,  rates of growth of m arine  
invertebrates  increase w ith  rise in tem pera tu re  over 
the  ecological range  of the  species  (e.g. Newell,  1979). 
The h ighe r  tem pera tu res  in the C a ttew ate r  occurred in 
the w in te r  and  spring and  the  implication  is that this 
unseasonab le  rise in te m pera tu re  at a time of poor food 
quality  (Bayne and  Widdows, 1978) caused  a reduction 
in the  rate of growth.

The rates of growth in leng th  at both sites w ere  low 
com pared  w ith  many pub lished  values for m arine  m u s­
sels, a l though  they w ere  of the same order as some 
other  littoral popula tions (Seed, 1976). In the more 
recen t l iterature, Griffiths and  King (1979), Griffiths
(1980) and  W allace (1980) have recorded A ulacom ya  
ater, C horom ytilus m erid iona lis  (both from South 
Africa) and  M ytilu s  ed u lis  (from Norway), respectively, 
as requ ir ing  5 to 6 years to grow to 5 cm length. Growth 
in other situations m ay be m uch  more rapid, with 
ind iv iduals  reach ing  5 cm in less than  18 months; e.g. 
Perna perna  in South Africa and  N ew  Z ealand  (Berry,

L
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1978; H ickm an, 1979), C. m erid iona lis  on the west 
coast of South Africa (Du Plessis, 1977) and  M  edu lis  
in su sp e n d ed  cultivation in Spain  (Mason, 1976). Rates 
of growth of M. ed u lis  in North America have recently 
been  com piled  by Lutz (1980); they vary over the range 
ind icated  here  i.e. 5 cm shell length  reached  from <2 
to >  6 years. Some of this variation in growth rate can 
be exp la ined  by tem pera tu re  differences, as d em o n ­
strated by ca lculat ing  growth in leng th  (mm) p e r  1000 
D° (although non-linear  rela tionships b e tw e en  age, 
rate of growth and  D° m ake  com parative use of such 
data  difficult). H ickm an  (1979) m ade  this calculation 
from various stud ies  of mussels grown in su sp e n d ed  
culture (values ran g e d  from 8.9 to 15.2 mm  per 1000 
D°) ; some values  for lit toral popula tions are lis ted in 
T able 2, but w ith  no corrections m ade  for he igh t on the

Tab le  2. M ytilu s  edulis. Rates of growth expressed  as mm 
increase  in shell  leng th  p e r  1000 day degrees,  from various 

locations. +  C a lcu la ted  by Theisen,  1968

Location
Rate of 
growth 

(mm per  
1000 D°)

Authority

Conway; North Wales 3.3 Savage  (1956) +
Oresund; D enm ark 7.0 Boetius (1962)
W ad d en  S e a ; D enm ark 8.3 T heisen  (1968)
Disko; G reen lan d 5.5 T heisen  (1973)
M ena i  Straits; North Wales 4.5 Dare and Edwards

(1976)
Lynher; Cornwall,  U.K. 3.2 This study
Cattewater ;  Devon, U.K. 3.2 This study

shore (Baird, 1966). Rem ain ing  differences in growth 
rate m ay still be  considerable.

Mussels from the  C a ttew ate r  site had  lower values 
for annua l growth in w eigh t than  those from the 
Lynher, but w ith  a g rea ter  am p litude  in w e igh t in any 
single year. There w ere  differences also at the two sites 
in the tim ing and  the duration  of the annua l periods of 
w eigh t increase and  decrease, and  in fecundity. 
Fecundity  in both  popula tions w as som ew hat lower 
than  other p ub l ished  values for M ytilu s  ed u lis  (Table 
3). V alues in Table 3 w ere  ca lcu la ted  from Thom pson  
(1979); the slopes in the expressions re la t ing  w eigh t 
loss on spaw ning  to body w eigh t  are all g rea ter  than  
one (range 1.12-1.51) and  the w e igh t  loss (in mg) for an 
individual of 1 g dry flesh w eig h t  ranges  from 21 to 471 
mg. Thom pson recorded  annua l varia tion  in  fecundity  
w ith in  popula tions of mussels; there  are also cons ider­
ab le  be tw een -popu la t ion  differences. In a study of 
mussels  from the vicinity of a the rm al d ischarge H ines 
(1979) recorded reduced  gonad  indices and  body con-

Tab le  3. M y tilu s  edulis. Equations desc rib ing  dry w e ig h t  loss 
on spaw ning  ( W ,  in mg; calcu la ted  from changes  in m antle  
dry weight)  as re la ted  to total dry body w eigh t  before s p a w ­

n ing  (W, in g) for different populat ions

Population Allometric
equation

Authority

Bellevue: max. W  = 3 9 8 .W 1 ' 2A Thom pson  (1979)
min. W  = 2 9 4 .W' :24 Thom pson  (1979)

Long Island: W" = 3 0 8 .W ' 2b9 Thom pson  (1979)
Petpeswick: max. W ‘ =  471 .W ’ 481 Thom pson  (1979)

min. W  =  2 7 7 .W '4ai Thom pson  (1979)
Lynher: W  = 1 0 4 .W mo This study
Cattewater: W ' =  21 .W 129 This s tudy
M othecom be: W  =  193. W IS1 Worrall (unpubl.)

dition indices  w hich  he ascr ibed  to stressful t e m p e ra ­
tures, a conclusion sim ilar to our own.

The good ag re e m e n t  b e tw e e n  es tim ates  of growth  by 
size-class d iscrim ination  and  by physiological m e a ­
surem ents  suggests  tha t some of the  features of the 
seasonal pa t te rns  of growth m ight be exp la ined  by a 
closer analysis  of the physiologica l data. Bayne and 
W iddows (1978) dem ons tra ted  a correla tion b e tw e en  
rates of oxygen  consum ption  and  the seasonal 
g am etogen ic  cycle in M ytilu s  ed u lis  from the  Lynher 
and  C a t te w a te r  sites,- no s ignificant correlations 
em erged  b e tw e en  oxygen  u p ta k e  and  tem pera tu re  or 
the concentra tion  of pa r t icu la te  o rgan ic  matter. The 
rate  of c lea rance  of particles  from suspension  w as 
nega tive ly  co rre la ted  with the concentra tion  of total 
seston.

In tak ing  these  ana lyses  further, correla tion coeffi­
cients w ere  ca lcu la ted  b e tw e e n  m onth ly  growth rates 
(ln W 2 -  ln Wj, from the size class analysis) and  e i ther  
(a) the ratio of par t icu la tes  c lea red  from suspension  (in 
Joules) to the sum of en e rgy  losses due  to respira tion  
and  excretion, or (b) the  ratio of absorbed  ration to the 
sum m ed  ene rgy  losses. For mussels at the  Lynher site 
the first correla tion w as  not s tatis tically  significant 
(r2 =  0.31; 10 d.f., P >  0.05) w hereas  the second corre la ­
tion was h ighly  significant (r2 =  0.94; P <  0.001). For 
mussels  from the  C a tte w a te r  both  correlations w ere  
s ignificant (r2 =  0.69 and  0.81, respectively). At both  
sites the  concentra tions of seston ex ceeded  the 
threshold  concentra tions for pseudofaeces  production, 
so tha t the am ount of m ater ia l  in ges ted  rem a ined  at a 
m ax im um  th roughou t the  year.  How ever, the  p ropo r­
tion of this  seston com posed  of o rgan ic  m atte r  was 
h igh ly  var iab le  with  season  and  m uch  more so in the 
Lynher (variance : m e an  ratio =  540 %) than  in the 
C a ttew ate r  (290 %).

T hese results  em phas ise  the im portance  of the ration 
in affecting the seasonal growth  pattern ,  a l though  it is 
not the total seston ava ilab le ,  nor even  the total
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am oun t  of par t icu la te  o rganic matter, bu t  the  p ropo r­
tion b e tw e e n  these  two var iab les  w hich  w as s ignific­
ant. The efficiency with w hich  the ind iv idual mussels 
abso rbed  useful energy  from m ater ia l  ingested ,  ra ther  
th a n  the  ra te  of feed ing  p e r  se, controlled the  supp ly  of 
energy, and  this efficiency (e), as well as the  total 
am oun t of ava ilab le  energy, w ere  both a function of the 
proportion  of o rganic  m atte r  in the in ges ted  seston. At 
the  C a t te w a te r  site, total seston an d  the  proportion  of 
o rgan ic  m atte r  co-varied  du r ing  the year, bu t  this w as 
not so in  the Lynher (see also W iddow s et al., 1979), 
resu lt ing  in a lack  of significant correla tion b e tw e en  
the  am oun t  of m ateria l c lea red  from suspension  and  
g row th  at the la tte r  site.

A no ther  major  seasonal cycle in these  m ussels  was 
tha t  of gam etogenes is  and  spaw ning .  Two fea tures  
d is t ingu ished  m ussels  from the  two sites viz. two 
sp a w n in g s  p e r  year  in the  Lynher com pared  with  one 
only (in the autumn) in the  C a ttew ater,  an d  a h ighe r  
fecundity  p e r  spaw n ing  in the  Lynher. For m ussels in 
the  Lynher the  loss of w e ig h t  in the  w in te r  (46 %) was 
less th a n  in the  C a ttew ate r  (67 %) and  the  per iod  of 
w e ig h t  g a in  in  the  spring s ta rted  earlier .  Exper im en ta l  
w ork  w ith  b iva lves  (Sastry, 1968, 1970; G im azane,  
1972; Bayne, 1975) dem onstra tes  tha t  gam etogenes is  
m ay be m ti t ia ted  by a rise in te m p era tu re  only if 
sufficient nu tr ien t  reserves w ith in  the animal,  or food 
in the  environm ent,  are p resen t.  Stressful tem pera tu res  
in the  w in te r  and  spring in  the  C a ttew ater,  toge ther  
with  poor ration  conditions, possibly inh ib i t  g a m e ­
togenesis  following the  sp aw n in g  in the  autumn, 
w h erea s  in the Lynher, gam etogenes is  can  be  m a in ­
ta in ed  in  the  w in te r  and  spring, resu lt ing  in a sp a w n ­
ing in the  sum m er. This p a t te rn  for the Lynher appears  
typical of m any  mussel popu la tions  (Gabbott, 1976; 
Bayne, 1976; Lowe et al., 1980). T em p era tu re  and  
ration  conditions during  the sum m er  w ere  su itab le  at

both sites for sufficient gam etogenesis  to occur for an 
au tu m n  spawning, a l though  w ith  a lower fecundity  in 
the Cattewater.

The seasonal changes  in body weight, inc luding 
those due  to spawning, result in very variable turnover 
ratios (PW"1, w h ere  P is production  of bo th  somatic 
tissues and gam etes, and W is the m ean  body w eigh t or 
energy  content) during  the year. For example , for in d i­
v iduals  in  yea r  class IV, m onthly  P W-1 var ied  from 
-  0.34 to +  0.42 in the  Lynher and  -  0.59 to -I- 0.66 in 
the Cattewater.  W hen ca lcu la ted  annua lly  (Table 4), 
M ytilu s  ed u lis  from the Lynher are seen  to have been  
more productive, w ith  h ighe r  turnover ratios and  a 
g rea ter  proportion of energy  d irec ted  towards rep ro ­
duction (Pr) than  mussels in the  Cattewater.

B e an n g  in m ind the know n tem pera tu re  differences 
at the  two sites, the PW ratios from T able  4 w ere 
p lo tted  aga inst cum ulative  day degrees  (Fig. 12). The 
result  dem onstra tes  tha t somatic production per  unit 
body w eigh t (Pg W“1) w as similar at both  sites w hen  
tem pera tu re  differences w ere  ta k en  into account, but 
tha t gam ete  production  per  unit  body w eig h t  (PrW-1) 
w as considerably  less in the  Cattewater.  Previous 
exper im en ta l  work in this laboratory has dem onstra ted  
reduced  fecundity  in mussels  exposed to tem pera tu re  
and  nutritive stress (Bayne et al., 1978); the present 
results  suggest  a similar p h enom enon  occurring n a tu r ­
ally in the Cattewater.

This study  illustrates the mutua] advan tages  of 
growth es tim ates  and  physiological s tudies in explor­
ing difference in the  production poten tia l by ind iv idu ­
als of the sam e species at different sites. The growth 
es tim ates  identif ied  difference in overall growth rates 
and  in the details  of the seasonal cycle. The physio log­
ical studies (see also Bayne and  Widdows, 1978) su g ­
gest a num ber  of factors likely to cause the observed 
growth differences; perhaps  the most str ik ing of these

T ab le  4. M y tilu s  edulis. M ean  ind iv idua l  b iom ass (W; body e n erg y  content  in June),  production  (P =  total production; 
Pg =  som atic  production; Pr = g a m e te  production),  turnover  ratios (P ;W) and reproductive  effort (Pr/P 100) for indiv iduals

from two sites in sou thern  E ng land

Location Years of 

se t t lem en t

W

(kJ)

P

(kJ y " 1)

Pg

( k J y - ' )

Pr 

(kJ y “ 1)

P W

o o

Lynher 3-4 1.92 4.52 4.30 0.22 2.35 4.8
4-5 6.22 6.39 5.56 0.83 1.03 12.9
5-6 11.78 6.76 5.01 1.75 0.57 25.9
6-7 16.79 6.22 3.57 2.65 0.37 42.6
7-8 20.36 5.54 2.21 3.33 0.27 60.1

C attewater 3-4 2.74 3.72 3.67 0.05 1.35 1.3
4-5 6.41 3.86 3.74 0.12 0.60 3.1
5-6 10.16 3.11 2.87 0.24 0.31 7.8
6-7 13.02 2.23 1.89 0.34 0.17 15.2
7-8 14.92 1.48 1.09 0.39 0.10 26.2
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Fig. 12. M y tilu s  edulis. T urnover  ratios for somatic production  
(PgW-1; o pen  squares,  o pen  circles) an d  for g am ete  p ro d u c ­
tion (PrW-1; closed squares,  c losed circles) for indiv iduals  

from Lynher (squares) and  C a ttew ate r  (circles) sites

is variab le  absorption  efficiencies, w hich  reflect differ­
ences in the  quality  of the physiologically  ava ilab le  
ration at the  two sites. The tem pera tu re  differences 
that also character ise  the two sites, coupled  with differ­
ences in ration, have a major  effect on the fecundity  of 
the mussels. W hen these studies are l inked  with  es t i­
m ates  of mortality and  recru itm ent (Freeman and 
Dickie, 1979; Bayne and  Worrall , unpublished) a com ­
p rehensive  u n d ers tand ing  of production differences 
becom es possible.
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crit ically read in g  the manuscript.  This w ork  forms part  of the 
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