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ABSTRACT: Population  dynam ics of the  in te rtida l m ussel popu lation  in the  River Exe estuary , Devon 
(UK) over 7 yr (1976 to 1983) a re  described . T here  w as no significant tren d  in ad u lt num bers , an d  an n u al 
varia tions w ere  sm all (1.5-fold, m inim um  to m axim um ). In contrast, the  density  of 'sp a t' m ussels (0-year) 
v aried  w idely  ( 17 x  ), su g g estin g  that a strong  d am ping  p rocess ac ted  du rin g  the  first year. C onsidering  
just first-year m ortality, failure to se ttle  on the  beds (k3) h ad  the  g rea tes t in fluence  on a n n u a l varia tions 
in total m ortality  (K). But losses in the  first w in ter a fte r se ttlem en t (k5) w ere  strongly  an d  positively 
d ensity  d e p en d en t. k3 w as inversely  density  d e p en d en t, bu t only in 6 ou t of 7 yr. O th e r first-year losses 
w ere  in d e p e n d e n t of density . A fter th e  la rg e  first-w inter m ortality  (m ean  68 %), th e re  w e re  only sm all 
gains in sum m er an d  sm all losses in w m ter for the  n ex t 4 yr. T hereafte r, in creasing ly  larg e  losses 
occurred  (m ean 39 %) each  sum m er after sp aw ning  an d  each  w in ter (m ean 24 %), d u e  m ainly  to bird  
p redation . Som e of the over-sum m er an d  over-w in ter ch an g es in ad u lt d ensities w ere  d ensity  d e p e n ­
den t, bu t their effect w as sm all and  only se rv ed  as a  fine tu n in g ' m echan ism  k eep in g  d en sitie s  w ith in  
very narrow  limits. T hough  m ortalities a t various s tag es w ere  co rre la ted  w ith the  w eath e r, th e  m ain 
featu re  of the  population  w as its p ro n o u n ced  stability, due  m ainly  to the  pow erfu l reg u la tio n  acting  
during  the  first y ear on the m ussel beds.

INTRODUCTION

Identification and  modelling of dens ity -dependen t 
regulatory processes in field and  laboratory po p u la ­
tions has b ee n  an  important goal of ecologists for the 
last half-century. D epend ing  upon  the s trength  of the 
density d ep e n d en c e  operating, even  simple d e te r ­
ministic models show a range  of population  behaviour 
(Hassel et al. 1976, May 1986) from monotonie d a m p ­
ing, th rough  cyclical changes, to chaotic changes  in 
density. Insects have frequently  b ee n  s tudied  (Crowley 
et al. 1987, Stiling 1988) bu t  com parab le  studies have 
only rarely b e e n  m ade  on m arine  ben th ic  invertebrates 
(Hancock 1973, D em pster  1975).

Research on other groups has shown tha t long-term 
population  studies are required  to detect and  m easure  
density d ep e n d en c e  (Hassell et al. 1989). The practical 
p roblem s of sam pling large, highly ag g re g a te d  (sub) 
populations in difficult terrain m ay explain  the paucity  
of long-term studies of ben th ic  m arine  species (Han­
cock 1973, Vahl 1982, Bowm an 1985, Barnett & Watson 
1986, B eukem a & Essink 1986). But, in addition, a 
particular p roblem  of studying inshore m arine benthic

com munities is tha t they te n d  to be  dom ina ted  by a few 
species (Levin 1984, Paine 1984) with  free-living, and  
often widely dispersing, p lanktonic  la rvae or proga- 
gules. In effect these  are 'open ' systems, in which 
individual species form m etapopu la tions  (Roughgar- 
den  & Iwasa 1986), consisting of m any  local su b p o p u la ­
tions, whose distribution, size and  density  m ay be 
limited' (Doherty 1983) or 'regu la ted '  (Hughes 1990) 

by the supply of larvae from the  p lank ton  ra the r  than  
by local fecundity. In contrast,  the d ispersal p h ase  in 
insect m etapopulations is usually  the adult.

In these open  popula tions of m arine  invertebrates  
there  is, therefore, the particular  p rob lem  of detec ting  
local density  d e p e n d e n c e  with in  subpopula tions 
aga inst  a  back g ro u n d  of potentia lly  massive d o m in a­
tion by p lanktonic  p ropagu le s  tha t  have  almost ce r­
tainly orig inated  from o ther  places. The relative 
im portance of the density  of settling p ropagu les  an d  of 
the  post-se ttlem ent den s i ty -d ep e n d en t  an d  density- 
in d e p e n d e n t  processes in de term in ing  adul t  density  
has  b ee n  the subject of rec en t  d e b a te  (Holm 1990). 
Unfortunately, it is difficult to resolve, b ecau se  m arine 
ecologists have te n d ed  to concen tra te  on short-term
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and  exper im en ta l  investigations of factors which struc­
ture  com m unities (M enge & Farrell 1989) and  opera te  
w ith in  small patches '  (Frid & T ow nsend  1989). H ow ­
ever, several density -re la ted  p h e n o m e n a  have  been  
descr ibed  in such studies, including d ens i ty -dependen t  
mortality (Hancock 1973, B eukem a 1982), self-thinning 
(Hughes & Griffiths 1988), density-limited growth 
(Morrisey 1987, O k am u ra  1986) and  density-re lated  
em igration  (Ambrose 1986). Therefore there  w as good 
reason  to believe tha t a long-term  population  study 
would  be  able to m easu re  the s treng th  of any density- 
d e p e n d e n t  regulatory  processes acting  on a local p o p u ­
lation.

The study w as done on the  com m on mussel M ytilu s  
ed u lis  L. in a she lte red  D evon es tuary  w here  ca ta ­
strophic mortalities d ue  to storms and  other d is tu rb ­
ance  agents ,  which dom ina te  open  rocky coast p o p u la ­
tions (Dare 1976, Sousa 1985), w ere  unlikely to occur. 
T hat  the  study area  w as well she lte red  w as important: 
the  m ussel popula tions in la rge exposed, soft-sediment 
em b aym en ts  resem ble  those on rocky shores, in that 
la rge  densities of larvae (up to IO5 m ~ 2 in M orecam be 
Bay, Dare  1976) settle onto 'clean' substrata, to form 
new, b u t  short-lived, beds. But in small sheltered  
estuaries, m ussel larvae generally  settle only onto 
existing, long-lived, beds in hydrographica lly  suitable 
a reas  (Verhagen  1982) and  their  densities are generally  
low er than  in M orecam be Bay (pers. obs. and  see this 
study). Since Dare et al. (1983) collected up to IO6 
la rvae mH1 of rope su sp e n d ed  in the w a te r  column in a 
she lte red  es tuary  in Devon, it is likely tha t there  are 
m ore larvae available to settle in such sites than  ac tu ­
ally do so. This sugges ted  tha t these  populations must 
be  regu la ted  by some factor opera ting  on the mussel 
b eds  them se lves  and  not by the  availability of larvae.

This p a p e r  describes the  dynam ics of such a p o p u la ­
tion in the  Exe es tuary  in Devon (UK) as s tudied  by k- 
factor analysis (Varley & Gradw ell 1960, M anly 1990). 
The entire intertidal popula tion  was s tud ied  because  
mussels  are  still mobile after se t t lem en t (Thieson 1968, 
S igurdsson 1976, Board 1983) which causes errors in 
mortality es tim ates in studies restricted to one place.

SITE AND METHODS

Study area. Mussel beds occur in the seaw ard  half of 
the  she lte red  es tuary  of the River Exe, SW England  
(Fig. 1). Beds 3, 4, 30 and  31 have a shingle base  and  
are p robably  natural, but m any of the rem ain ing  beds 
in m uddy  areas  w ere  originally laid by man, though 
m ussel f ishing s topped  in the 1950's.

Surveys. The intertidal mussels  w ere  sam pled  during 
s p n n g  tides in M arch and  S ep te m b er  each year from 
S ep te m b er  1976-1983. T hese  dates  coincided with (1)
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Fig. 1. River Exe estuary , show ing location of M ytilu s edulis  
b ed s (1 to 31) in S ep tem b er 1976. Som e large  a reas of m ussels 
w ere  d iv ided  into 2 beds along n a tu ra l b oundaries, such as 
fresh w ate r stream s (Beds 3 an d  4) or d eep  ch an n e ls  (Beds 30 

and  31)

the early stages of gam etogenesis  in au tum n  (Seed 
1976), (2) the spring peak  of spat se ttlem ent (Goss- 
Custard  et al. 1980) and  (3) the arrival and  depar tu re  of 
the  m ain  w inter predator  of adult  mussels, the oyster- 
catcher H aem atopus ostralegus  L.

Mussel beds w ere  m ap p ed  to enab le  their area  to be 
determ ined. A baseline was m arked  out alongside each 
bed. Regularly spaced  transects, running  at right a n ­
gles to the baseline, were w alked  across the bed and  
the w idth m e asu red  be tw een  the 2 boundaries  using a 
pac ing  stick. Betw een  9 and  20 transects were  used  on 
each  bed, d epend ing  on its size.

Some beds were  clearly divisible into separa te  sub- 
areas  on the basis of the density and  size of the m u s­
sels. Such sub-areas  w ere  rega rded  as strata for sam ­
pling, as were  the whole of the more uniform beds. To 
give s tandard  errors of 10 to 15 % of the m ean  density, 
600 samples w ere  distributed be tw een  the 44 strata in 
proportion to their area  and  the s tandard  deviation of 
their mussel density, using values obta ined  from the 
p receding  survey. Within strata, sam ple  sites were 
p laced at random. To avoid bias, the box sam pler  (0.04 
m 2 X 10 cm) w as p laced squarely  at the tip of the toe on 
completion of the last pace w hen  the site was located. 
Any mussels p resen t w ere  placed in a labelled
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polythene bag  and  frozen until sorted on a 0.5 mm 
m esh sieve.

Two changes w ere  m ade  to this scheme. Of the 31 
beds sam pled in S ep tem ber  1976, 12 contained 82 % of 
the mussel population. Storms had  reduced  the smaller 
beds to only 2 % of the mussel population by March 
1980, so they w ere  ab a n d o n ed  and  sampling was 
restricted to the rem ain ing  12 beds (21 strata). In 
response to the very large densities and variance of 
spat mussels on Beds 30 and  31, the sampling unit used 
there was reduced  from M arch 1979 to 0.02 m 2, and  the 
n um ber  taken  doubled. T hese  2 m easures  reduced  the 
s tandard  errors to 5 to 10 % of the mean.

A ging m ussel shells. Aging bivalves is difficult if 
s ize-frequency analysis (Bhattacharya 1967) is u nsuc­
cessful and  rings caused  by reduced  growth in winter, 
spawning  or d is tu rbance can be confused. Both were 
true for our popula tion though, with experience, rings 
did prove to be  interpretable. Experience was obta ined 
by following individual mussels, of a range  of ages and 
lengths, p laced individually in n um bered  plastic rings 
(4 cm d iam eter  x 6 cm high) within cages (30 x 30 x 6 
cm) held horizontally be tw e en  stakes 25 cm above 3 
mussel beds to reduce the accum ulation  of mud. The 
cages were  constructed  of 1 cm galvanised wire weld- 
mesh ' and  lined with 2 m m  m esh  nylon cloth on the 
bottom and  5 mm m esh on top of the rings. Mussels 
were  m easured  periodically. This m ean t that the byssal 
threads had  to be  cut and  this caused  a disturbance 
ring to develop on the shell at a know n length  and  date. 
By following shells of know n history, we learned  how 
to distinguish d is tu rbance rings from annua l rings.

As a check, lines were  counted  in the inner layer of 
sectioned and  e tched  shells (Lutz 1976, Sheppard  
1984), and  in sectioned h inge  ligaments. Both m ethods 
give accurate assessm ents  of age, but w ere  too time- 
consum ing for the routine exam ination of large sa m ­
ples. T hese  tests show ed that mussels were  aged  cor­
rectly by counting external annua l shell rings in 95 % of 
cases (n = 40). Only severely dam ag e d  or distorted 
shells could not be  aged.

Aging shells from growth rings w as still very time 
consuming, bu t  their leng th  could be m easu red  rapidly. 
So, age  distribution w as calculated  from length  dis­
tribution, using an age - leng th  relationship obta ined 
from a sub-sam ple of mussels  taken  from each  b ed  in 
each  survey. T here  w as little to be  ga ined  by aging 
more than 40 %  of the total sam ple (Clarke 1982); 
therefore, shells were  g rouped  in 5 mm  length 
catagories and  40 % of each  group se lected at random. 
In practice, up p er  and  lower limits of 75 and  20 shells 
w ere  set.

A nalysis of data. Mussels becom e adult in their sec­
ond year, w hen  they develop a gonad  and  first spawn. 
Mussels live for 10 or more years, and  the study lasted

only 7 yr. Therefore, it w as not possible to follow a 
group of cohorts th roughou t their adult  life, as is 
required  by k-factor analysis (Dempster 1975). This 
techn ique  was therefore only used  to com pare  m o r­
talities be tw e en  s tages within the first year  (Year 0). 
Tests for density d e p e n d e n c e  in adults w ere  carried out 
on each  age-class, from 1 to 9+ yr, using the different 
cohorts available (the 1975 to 1982 cohort at age  1 yr, 
the 1974 to 1981 cohort at age  2 yr,. . .).

K-factor analysis during the first year. The life cycle 
begins in au tum n  and  early w inter  w h en  prim ary oo­
cytes develop and  adult  females ach ieve m axim um  
weight.  Each female re leases  eggs in ba tches  th ro u g h ­
out the following spring and  summer, and  by July  most 
are spent. After 6 w k or more in the p lank ton  and  
primary se ttlem ent stages (Bayne 1964, 1976, M cG rath  
et al. 1988), p lan tig rade  larvae settle am ong  adults on 
es tab lished  beds  or on suitable substra ta  to form new  
beds.

The first s tage in the life cycle w h en  density  
es tim ates could be m ade  was of the p lan t ig rades  and  
recently-se ttled  spat on the beds  in March. B ecause the 
life cycle was considered  to beg in  in the  p reced ing  
au tum n  with egg  production, ‘Year 0 ‘ actually covered 
a period of 18 mo. Cohorts w ere  referred  to by their 
year  of settlement. Thus, eggs within females in S ep ­
tem ber  1976 gave rise to the 1977 cohort, sam pled  as 
p lan tig rades  in M arch 1977. By M arch  1978, they h ad  a 
single ring and  w ere  considered  to be  1 yr old.

In k-factor analysis,  failure by females to p roduce  the 
maximal potential n u m b e r  of eggs is r eg a rd e d  as m or­
tality. In this study, it w as defined  as the maxim al value 
m e asu red  for any es tuary  in SW E ngland  (Bayne 
et al. 1983) and  was es t im ated  using  the expression: 
No. eggs  = 4.94 x IO6 AFDW, w here  AFDW = ash-free 
dry w eigh t of adult  female flesh in g (B. L. Bayne pers. 
comm.). Total w eigh t of female flesh w as calculated  
from the length  f requency  distribution and  an  ex p re s­
sion rela ting  AFDW to length, assum ing  a 1:1 sex ratio. 
AFDWs w ere  es tim ated  for each  b ed  in S ep tem ber  
1976 by drying the flesh of random ly selected  mussels  
at 80 °C, to constant weight. The expression w as AFDW 
(g) = 0.0127 +  0.0031 -t- 2.748 ±  0.065 x leng th  (mm). 
Potential maximal egg  production  w as ca lcula ted  for 
each  b ed  and  sum m ed  to give es tuary  totals, for each  
survey.

Failure to produce the m ax im um  potentia l eggs  may 
result from a failure to grow  to maxim al size and  th e re ­
fore to maximal reproductive potential, or from a failure 
of animals of a given size to produce  the m aximal 
n u m b e r  of eggs. The la tter could not be  m easured ,  
therefore its importance, though  likely to b e  small, 
could not be  assessed. However, m ussel leng th  was 
m e asu red  so the first form of failure could be  estimated. 
M axim al potentia l leng th  at each  age  w as defined
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either  as the maxim al length  recorded  on each  bed, or 
as the m axim al leng th  recorded anyw here  within the 
estuary. Table l a  sum m arises the density m e asu re ­
m ents  m ade  for each  cohort to calculate potential losses 
of eggs and  other mortalities i temised in Table  lb.

To identify the key factor, which explains the most 
variance b e tw e e n  years in the  total mortality d u n n g  the 
eg g  and  larval stages, each  k was plotted aga inst K. 
T he  largest positive slope w as defined as the  key factor 
(Podolor & Rogers 1975). Correlation coefficients w ere  
also calculated  because  a factor could have  a strong 
slope, bu t  poor correlation (Dempster 1983).

Tests for den s i ty -d ep en d en t  mortality in w hich log 
survivors S is reg ressed  aga inst  log initial density N 
assum e no errors in the  m e asu rem en t  of N. In practice, 
bo th  N and  S w ere  es tim ated  and  so prone to error, 
which will cause  the slope of the relationship to be 
u nder-es t im ated  (Slade 1977). No satisfactory m ethod  
has  yet b ee n  devised to overcome this problem, but 
those available w ere  used  here: (1) the  conservative 
(Slade 197?) reversed  axes test (Varley & Gradwell 
1968), (2) the  less rigorous m ethod  of Bartlett (1949), as 
u sed  by Hassell et al. (1987), (3) a major axis regression 
test (after Smith (1973], bu t  with confidence limits for 
the slope given by Eq. (29.63) in Kendall & Stuart 
[1979]). A further difficulty is that all these  assum e that

mortality k is linearly re la ted  to log N. Smith (1973) 
sugges ted  that k w as more likely to be  lineary rela ted  
to N than log N. This model w as also tested using 
M ethods (1) and  (2) on k aga inst N. M ethod (3) was 
inappropria te  because the scales on the 2 axes w ere  so 
different that the error variances could not be assum ed 
to be the same, as the m ethod assumes.

RESULTS 

General trends 1976 to 1983

N either  the highly variable num ber  of spat, nor the 
much less variable num ber  of adult  mussels, showed 
any trend  over the study period (Fig. 2a). The densities, 
however, changed  because  the area occupied by m us­
sels decreased  by 24%  (Fig. 2b,i). Thus densities of 
adults as a whole (Fig. 2b,ii), and  some individual age- 
classes (Fig. 3a) and  size-classes (Fig. 3b) did increase 
over the study period (Table 2). In effect, the sam e 
num ber  of mussels w ere  com pressed into a smaller 
area, mainly during three periods of contraction in the 
winters of 1976 to 1977, 1979 to 1980 and  the sum m er 
of 1981.

T ab le  la . D escription of the 6 s tag e  density  estim ates m ade du rin g  Year 0. E] to E3 are  calcu la ted  estim ates of po ten tial egg
production , N 3 to N6 m easu red  densities on the m ussel beds

Stage
density

estim ate

D escription

E. M axim um  po ten tia l egg  p roduction  (MPEP) in Sep tem ber, b a sed  on. the eggs th a t w ould  have b e en  p ro d u ced  if 
all the  a d u lt m ussels, at each  age, had  ach ieved  the m axim um  leng th  ever reco rded  an yw here  in the estuary  for 
th a t age

E'i MPEP b ased  on the eggs th a t w ould  have b e en  p ro d u ced  if all the adults, at each  age, had  ach ieved  the 
m axim um  len g th  for th a t age  reco rded  on the  particu la r b ed  w here  they  w ere grow ing

e 3 A ctual p o ten tia l eg g  production  calcu la ted  from ac tu a l len g th s of m ussels m easu red  in the surveys

N , D ensity of sp a t on beds in M arch

n 5 D ensity of sp a t on beds in the  follow ing S ep tem b er

n 6 D ensity  of 1-ring m ussels in the  follow ing M arch

T ab le  lb . D escrip tion  of the 5 s tag e  m ortalities estim ated  for Year 0

M ortality  D erivation D escription

k | =  IogE! -  IogE -2 Loss of p o ten tia l eggs due  to d ifferences in grow th  of ad u lt fem ales on d ifferent beds w ithin years
k2 = logE 2 -  logE3 Loss of p o ten tia l eggs d u e  to d ifferences in grow th of ad u lt fem ales from year to year, w ithin beds
k 3 =  logE3 -  logN 4 Losses in p lan k to n  and  prim ary  se ttlem en t s tages or failure to settle  in the estuary
k4 = logN* -  lo g N 5 F irst-sum m er losses on beds
k 5 =  logEä -  logNr, F irst-w in ter losses on beds

K = kj + k2 + k 3 F k3 +  k 5 Total m ortality  in Y ear 0 is the sum  of ind iv idual s tage  m ortalities
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Fig. 2. G en era l tren d s  1976 to 1983; (a, i) to ta l n u m b er of 
M ytilus edu lis  sp a t (0 yr); (a, ii) total n u m b er of adults; (b, i) 

bed  area ; (b, ii) ad u lt density

C hanges in density betw een  age and size-classes

There w as a large reduction in density during the 
first year on the beds (Fig. 4a). There was then little 
change  until the fifth year, w hen  density once aga in  
declined rapidly. Few individuals older than  10 yr were

0-year

: 5 "yr 
■ 6 -yr

found. The sam e trends occurred  w h en  size, ra ther  than 
age-classes, w ere  plotted (Fig. 4b). The grea tes t  
decrease  occurred b e tw e e n  the smallest size-classes; 
i.e., at or soon after se ttlement.  In both cases, the 
coefficient of variation b e tw e en  years was grea tes t  
during the early and  late stages of life w hen  the average  
rate of change  in densities w as also fastest (Fig. 4a, b).

Gains and losses of m ussels in relation to age

Following the highly variable rates of recru itm ent to 
the mussel beds  and  su b se q u en t  losses in the first 
sum m er (March to Septem ber),  there  w as a m ean  loss of 
68.2 ±  6.8 % during  the first w inter  (Septem ber to 
March) (Fig. 5). For the next 4 yr, there w ere  only small 
gains in sum m er an d  small losses in winter. From the  6th 
year onwards, there w ere  increasingly  large losses each  
year both in sum m er (mean 38.6 ±  3 .7% ) and  w inter 
(mean 24.1 ±  2.9%). But not all of these  changes  in 
density  w ere  significantly different from zero. Because 
the data w ere  skewed, t- tests w ere  carried out, at the 5 
and  1%  probability levels ( ' ,  Fig. 5), using  net  
proportional change  on a logarithmic scale to approx i­
m ate  normality. T hese  tests show ed  tha t there w as a 
significant increase  in density, from immigration, only in 
the 4th summ er; bu t  significant losses occurred in the 
6th to the 10th sum m ers  and  in the 1st and  6th to the  8th 
winters.
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Fig. 3. M ytilus edulis. C h an g es in density  w ith tim e, by (a) ag e  an d  (b) leng th . V ertical b a rs are  9 5 %  confidence  in tervals.
I = S ep tem b er and  | = M arch va lues
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T ab le  2. M ytilu s edulis. T rends in density  ag a in st tim e by  age  and  leng th , ns: not significant

A ge
class

(Year)

Slope of 
regression  

b

V ariance  Level of 
ex p la in ed  significance

r 2% p

Length
category

(mm)

Slope of 
regression  

b

V ariance
expla ined

r 2%

Level of 
significance 

P

0 13.43 3.8 ns < 2 7.65 1.2 ns
1 4.56 35.5 p <  0.05 3-5 4.65 19.2 ns
2 1.65 24.8 ns 6-10 2.61 9.8 ns
3 2.29 35.4 p <  0.05 11-20 3.97 19.0 ns
4 2.13 38.6 p < 0.05 21-30 3.79 64.2 p < 0 .0 1
5 0.90 10.9 ns 31-40 4.33 63.2 p < 0 .0 1
6 0.14 0.3 ns 41-50 0.28 0.7 ns
7 -0 .1 5 0.8 ns 51-60 1.65 0.1 ns
8 -0 .1 7 3.9 ns 61-70  + -0.94 79.5 p < 0 .0 1
9 + -0 .1 2 4.5 ns

1-9  + 10,68 39.5 p <  0.05
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Fig. 4. M ytilu s edulis. C h an g es in m ean  density  (1976 to 1983) 
a n d  coefficients of varia tion  (CV%) by (a) ag e  and  (b) leng th . 
CV%  : error of estim ation  of m ean  d ensities a n d  n a tu re  of 
d istribu tion ; h igh  va lues ind ica te  ag g reg a tio n , low  va lues a 

m ore even  d istribu tion

Small clumps of mussels w ere  seen  to m ove be tw e en  
b eds  within the Exe, F u ther  substantia l quantities of 
adults  w ere  s torm-driven into the  estuary, and  onto 
Bull Hill in particular. Such immigrations w ere  seen  in 
the w inter  of 1977/78 an d  in the au tum n  of 1983. The 
la rges t  of these in 1983 resulted  in significant increases 
(p <  0.05, t-tests) through  immigration in the density  of
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Fig. 5. M ytilus edulis. A rithm etic m ean  gains an d  losses (% 
change) in sum m er (■) an d  w in ter (□) in re la tion  to age. 
V ertical bars: 2 s tan d ard  errors; ',  ' statistically  significant 
c h an g es  in density  at p < 0 .0 5  and <0.01 respectively , using  
n e t p roportional ch an g e  an alysed  on a log scale  to ap prox i­
m ate  to norm ality. T he null hypothesis of no n e t ch an g e  was 

re jec ted  w hen  x ±  t x  s tan d ard  error did no t include  zero

1, 2 and  3 yr-olds of 92, 54 and  46 % respectively. 
T hough  not observed directly, immigration was also 
ind icated  by a significant increase (p <  0.05, t-test) in 
the density of young adults in the sum m er of 1982.

K-factor analysis of young stages

Key factor

Failure to settle in the estuary (k3) was the key factor. 
It had  the largest regression coefficient (Table 3) and 
thus the grea test influence on annua l vana tions in the 
total generation  mortality (K) within Year 0. It also had
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T able  3. M ytilus edulis. Key factor in Year 0: o rd inary  re g re s ­
sion coefficients (b) and corre lation  coefficients (r) for in d i­
v idual m ortalities (k) against total gen era tio n  m ortality (K). k, 
and  k-2 are losses of po ten tial eggs, k 3 failure to se ttle  on the 
beds, k j losses during  the first sum m er and  k5 losses during 

the first w in ter

x, y b r M ean k,

K, k, 0.050 0.353 0.106
K, k . 0.124 0.365 0.316
K, k 3 3.839 0.723 5.814
K, k„ -2 .401 -0 .5 0 0 -0 .0 3 7
K, k 5 -0 .6 1 2 -0 .4 1 9 0.618

T able  4. M ytilu s edulis. Key factor in Year 0: o rd inary  re g re s­
sion coefficients (b) and  correlation  coefficients (r) for in d i­
vidual m ortalities (k) ag a in st total g en era tio n  m ortality  (K), 

om itting  k 3

All years W ithout 1977 cohort
M ean M ean

b r k¡ b r k¡

K, k ; -0 .0014 -0 .0463 0.106 -0 .0745  -0 .759 0.107
K, k 2 0.0288 0.3920 0.316 -0 .1160 -0 .589 0.323
K, k4 0.9910 0.9590 -0.037 0.6610 0.595 0.123
K, k 5 -0 .0188  -0 .0598 0.618 0.6690 0.601 0.607
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C o h o rt

Fig. 6. M ytilus edulis. C om parison of total m ortality  (K) of 1977 
to 1982 cohorts of m ussels w ith ind iv idual m ortalities (k3 to k 5) 
in Y ear 0, from p o ten tia l eg g s to 1-yr-old adu lts (Table lb), kj 
and  k 2 = losses of po ten tial eggs; k3 =  failure of larvae to 
settle  in the estuary; k 4 and k5 = first sum m er and  first w inter 
losses respectively , on the  beds. K =  kj + k 2 + k3 + k4 + k5

by far the largest m ean  value and, therefore, the g re a t ­
est influence on the level of the total mortality (Fig. 6). 
On average,  the density  of spat on the beds  in M arch 
rep resen ted  only 0.0002 % of the actual potentia l egg  
production (E3) presen t in the population the preceed-  
ing Septem ber.

Because k3 was so dominant,  the data  were  r e ­
analysed  with this factor exc luded  to assess the relative 
im portance of the rem ain ing  individual mortalities. The 
first-summer mortality (k 4) then  had  the la rgest r e g re s ­
sion coefficient (Table 4) and  was highly correla ted 
with the total mortality (K — k3). This w as entirely due 
to the 1977 cohort which, having failed to settle in 
spring, was recruited  gradually  th roughou t the sum m er 
and  so had  a large nega tive  k-value. W ithout the 1977 
cohort, the coefficients (Table 4) for k 4 and  k5 w ere  very 
similar, so their effect on variations in total mortality 
was also similar. But ks had  a h igher  m ean  value and  
was more im portant in determ in ing  the  level of the 
total genera tion  mortality. The first-winter mortality 
(ks) was therefore the most im portant mortality after k 3.

Density d ep e n d en c e

Only first-winter loss (k5) was closely and  positively 
density  d e p e n d e n t  (Fig. 7b), but even  this w as not 
supported  by all the tests of significance (Table 5). It 
reached  significance with the major axis regression  test 
and  also with the reversed  axes test w h e n  k 5 was r e ­
gressed  aga inst N 5 ra the r  than logN 5. T here  is th e re ­
fore some ev idence  tha t the g rea te r  the density  of 0- 
year mussels in S eptem ber ,  the g rea te r  was the  m orta l­
ity during the following (first) winter.

Most of the rem ain ing  mortalities w ere  in d e p e n d e n t  
of density. k 3 w as significantly inversely density  
dependen t ,  bu t  only w h en  the exceptional cohort of 
1977 was excluded: with that year  included, the re la ­
tionship bec am e  not only non-significant bu t also 
reversed  its sign (Table 5). Nor were  any  of the m or­
talities re la ted  significantly to the densities of older 
mussels  w h e th e r  these  w ere  defined as young  (1 to 4 yr 
old), old (5+ yr old) or all adults (r2 = 0 .4 -4 7 % , p >  
0.05). k 2 was exc luded  from this analysis as the density  
of adults had  a major influence on the calculation of the 
densities of eggs. It is therefore concluded  tha t the  only 
density  d e p e n d e n c e  in Year 0 occurred  over the  first 
w inter  after the spa t  had  settled on the beds, and  
d ep e n d e d  on the density  of spat in the p receed ing  
autumn.

Effect of w ea ther

Despite the h ighest  potential eg g  production in S e p ­
tem ber  1976, se tt lem en t on the beds in spring 1977 w as
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Fig. 7. M ytilu s  edulis. Re­
gression  analyses, (a) In ­
versely  d e n sity -d e p en d e n t 
failure to se ttle  on the  beds 
in M arch, k3, ag a in st d en si­
ty of p o ten tia l eg g s (logE3) 
in th e  p re ce ed in g  S ep ­
tem ber: w ithou t 1976 (the 
1977 cohort), k 3 =  38.69 -  
3.931ogE3, r2 =  8 3 % ; w ith 
the  1977 cohort, r2 = 2% . 
(b) D ensity d e p e n d e n t first 
w in ter losses on th e  beds, 
ks, ag a in st the  d ensity  of 
m ussel sp a t (logN5) in S e p ­
tem ber, k 5 =  0.69 logN 5 -  

1.20, r2 = 93%

the lowest recorded. This followed an  exceptionally  hot 
sum m er  an d  exceptionally  w et w inter  and  spring. 
Therefore, k-values w ere  reg ressed  aga inst air te m p e r ­
ature, rainfall and  the n u m b e r  of days with gales d u ­
ring the  period over which the  mortality opera ted  
(Table 6).

E gg losses due  to an n u a l  variation in female growth 
(k2) correla ted  with the inc idence of gales in summer. 
Failure to settle on the beds  (k3) correla ted with ra in ­
fall. Mortality during  the first w in ter  (k5) inc reased  in 
w arm er  than  ave rage  w inters and  dec reased  with 
inc reased  rainfall in winter; though  the  significance of 
the  la tter d e p e n d e d  entirely on the twice ave rage  ra in ­
fall in 1976/77.

TOD

TO
O

2.0 22  2.4 2.6 2.8 3.0
logN 5 

Initial dens ity  m -2

Patterns in adult mortality

Density d ep e n d en c e

Evidence of dens i ty -dependen t  mortality of adults 
w as found only for their 10th sum m er and  2nd winter, 
and  of inverse density  d ep e n d en c e  only in the 5th 
winter. However, the proportion of the variation in the 
mortality of an age-class expla ined  by these rela tion­
ships w as small (Table 7) and  the weak, inverse density 
d ep e n d en c e  in the 5th w inter p robably  arose by

T ab le  6. M ytilu s edulis. C orrela tion  coefficients (r) b e tw ee n  
m orta lities (k-values) and  w e a th e r variab les m easu red  over 
the  6 mo prior to or d u n n g  w hich the  m ortality  w as acting. 
O nly those  adu lt s tag es a re  in cluded  for w hich significant 
corre lations w ere  found; ’ an d  "  ind ica te  significant co rre la ­
tions at the  5 an d  1% probability  levels respectively . A dult 
s tages ind ica te  the  age  of the  m ussels e.g. 2nd sum m er refers 

to 1-yr-olds in their second sum m er, n = 7, 1976 to 1983

M ortality T em pera tu re , 
dev ia tion  

from 30 yr 
av erag e  (°C)

Rain,
% of 
30 yr 

av erage

Days
w ith
gales

First y ea r
ki 0.163 0.307 0.617
k 2 0.316 0.564 0.830-
k 3 -0 .5 4 6 0.831- -0 .5 7 9
k4 -0 .2 8 2 -0 .0 6 9 0.210
k5 0.812 ‘ -0 .7 6 2 - 0.420

Adults
k  2nd sum m er -0 .7 6 6 - -0 .1 2 7 -0 .8 0 2 -
k 2nd w inter 0.795- -0 .3 2 5 -0 .0 5 3
k 6th sum m er -0 .8 6 5 - -0 .2 2 3 -0 .3 4 3
k 7th sum m er -0 .7 8 7 - -0 .5 6 2 -0 .631
k 8th sum m er -0 .7 1 8 -0 .477 -0 .8 9 8 - •
k 9th sum m er -0 .0 2 9 -0 .1 1 5 -0 .8 4 5 -
k 10th sum m er -0 .2 4 5 -0 .4 6 5 -0 .7 5 9 -

T ab le  5. M ytilu s  edulis. D en sity -d ep en d en t m ortality  in  Y ear 0: o rd inary  reg ression  coefficients (b) and  the  proportion  of variance 
ex p la in ed  (r2) for ind iv idual m orta lities (k) ag a in st log d ensities before  the  m ortality o p erated . E ,, E2 and  E3 are  estim ates of 
po ten tia l e g g  p ro d u c tio n  pe r m 2 of m ussel bed . N 4 a n d  N 5 a re  d ensities of sp a t in M arch and  the  follow ing S ep tem b er respectively . 
Results of 3 tests for d en sity  d e p en d e n ce  a re  show n: p < 0 .0 5  in d ica tes  th a t th e  test supports the  hypo thesis of d en sity -d ep en d en t 

m ortality  a t th e  5 % level of p robab ility , ns: no support; na: tes t not appropria te . '  1977 cohort om itted

Y. x b _2o/ r /o R eversed
axes

B artlett's M ajor
axes

k i , logE, 1.69.IO“3 0.01 ns ns ns
k 3, logEi 0.557 51.00 ns ns ns
k 3, logE3 1.354 2.00 ns ns ns
k 3, logE3- -3 .9 2 6 82.60 p <  0.05 p < 0 .0 5 p <  0.05
k4, logN 4 0.792 79.50 ns ns ns
k4, logN 4 " 0.275 18.00 ns ns ns
ks, logN 5 0.685 92.90 ns ns p <  0.05
ks, Ns 7 .43 .IO"4 78.80 p <  0.05 ns na
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T able  7. M ytilu s edulis. A dult d en sity -d ep en d en t m ortality: o rd inary  reg ression  coefficients (b) for ind iv idual s tag e  m orta lities (k- 
values) ag a in st th e  density  (N) before  the  m ortality  o p erated . Only those  s tag es for w hich  th e  h y p o th esis  of d e n sity -d e p en d e n t 
m ortality  w as su p p o rted  a t the  5 % probability  level (p <  0.05) by one or m ore tests are  p resen ted . M ajor axis test did not support

the  hypothesis at any stage, ns: not significant

Period of m ortality y, x b r2%
T ests for density  d e p en d e n ce  

R eversed  axes B artle tt's

10th sum m er k, logN 1.098 50.9 ns p <  0.05
k, N 0.085 57.8 p <  0.05 p <  0.05

2nd w inter k, logN 0.741 63.8 ns ns
k, N 0.004 68.2 p < 0 .0 5 ns

5th w inter k, logN -0.414 49.6 ns p <  0.05

chance, as the range  of values was very narrow, and  
formed only a tight cluster of points w h en  plotted.

In the case of the 10th sum m er mortality a grea ter  
proportion of the variance was explained w hen  m orta l­
ity was regressed  aga inst  the density of all adults and  
not just that of the 10-yr-olds them selves (Table 8). 
Second-w inter  mortality was also rela ted  to the density 
of all adults, though  a g rea ter  proportion of the v a r ­
iance was explained  by plotting k aga inst the density  of 
only the young adults (1 to 4 yr). There was no evidence 
tha t the mortality of any  other adult  age-class was 
rela ted  to the density  of other adults, except w hen  the 
1983 data  w ere  omitted. T h en  mortality during the 4th, 
5th and  6th sum m ers w as also significantly re la ted  to 
the total density of young  or all adults (Table 8). In each 
case, the 1983 k-value w as la rge and  negative, the 
result of storm-driven im m igration into the es tuary  in 
the w eek  prior to sam pling  (own obs.).

Effect of w ea ther

Losses in the second  sum m er were  g rea tes t  in cooler 
than  average  years and  lowest in years with the most 
gales (Table 6). Losses in the second w inter  w ere  g rea t­

est in w arm er  than  ave rage  years. T herea fte r  losses in 
w inter  w ere  not re la ted  to any  of the m easures  of 
w ea ther  used. Losses in sum m er increased  in the 6th 
and  7 th years in cooler than  ave rag e  years and  
dec reased  in the 8th, 9th an d  10th year  as the incidence 
of gales increased.

Do good  spat-years lead to m ore adults?

Despite the constancy of adult  num bers  (Fig. 2a, ii), 
their density  did vary a little in relation to how  much 
spat h ad  settled in previous years. For example , the 
increase in the total n u m b e r  of adult  mussels  in March 
1979 (Fig. 2a, ii) was due  to an  increase  in the 1-yr 
group which followed the 1978 p ea k  in spat (Figs. 2a, i 
an d  3a). O n the other hand , the  1979 p e a k  in spa t  did 
not follow through  to an  increase  in the n u m b e r  of 
adults  in later years.

To test the deg ree  to w hich  variations in adul t  n u m ­
bers  could be  traced  back  to variations in spat se ttle­
ment, the  densities of cohorts as spat w ere  plotted 
aga inst  their su b se q u en t  densities as adults. With only 
7 years of data  available, this could only b e  done for 
cohorts up to the ag e  of 4 yr old (Fig. 8). All slopes were

T able  8. M ytilu s  edulis. D en sity -re la ted  ad u lt m ortality: o rdinary  reg ress io n  coefficients (b) for in d iv idual s tag e  m orta lities (k- 
values) ag a in st the  density  (logN) of 'young ', 1 to 4/5-yr-old, or all, 1 to 9 /10-yr-o ld  ad u lts as a g roup  before  the  m orta lity  o p erated . 
Only those  s tages for w hich  the  hypo thesis of d en sity -d ep en d en t m ortality  w as su p p o rted  a t the  5 % probab ility  leve l (p <  0.05) by  
one or m ore tests a re  p re sen ted . M ajor axis tes t did no t support the  h y po thesis a t any s tag e, ns: no t significant. ‘ 1983 d a ta  om itted

T ests for density  d e p en d e n ce
Period of m ortality y, x b r2o/ r /o R eversed  axes B artle tt s

10th sum m er k, logN !_10yr -7 .280 71.9 p < 0 .0 5 ns
2nd w in ter k, lo g N a_9yI 2.858 69.8 p < 0 .0 5 p <  0.0 5

k, logN ,_ 4 Vr 2.178 75.2 p < 0 .0 5 ns
4th su m m er' k, logN i_5yr 1.068 90.4 p < 0 .0 5 p < 0 .0 5
5th su m m er' k, logN !_5yr 1.000 73.5 p <  0.05 ns

k, logN j.ioyr 1.523 87.2 p <  0.05 p <  0.05
6th su m m er' k, lo gN ,_10yr 1.303 69.1 p < 0 .0 5 ns
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Fig. 8. M ytilu s  edulis. R egression an aly ses of the  density  of 
sp a t (0-yr: x) ag a in st their su b seq u e n t d ensities at ag es 1, 2, 3 
an d  4 yr (y): at 1 yr (•), n = 7, y = 0.066x + 77.99, r2 = 53 %, ns 
and  y = 61.88 logx +  52.20, r2 =  66% , p < 0 .0 5 ; a t 2 yr (■), 
n = 6, y =  0.024X + 80.11, r2 = 27 %, ns and  y = 27.771og x + 
19.63, r2 = 50 %, n s ; a t 3 yr (o), n  = 5, y = 0.012x + 85.54, r2 = 
94 %, p < 0 .01  ; at 4 yr (*), n  = 4, y = 0.043x + 70.28, r2 = 96% , 
p < 0 .0 5 . ns: re la tionsh ip  is not significant a t the  5 %  p ro b a ­

bility level

positive. Thus, in general,  cohorts with more spat p ro ­
duced  more young  adults  of age  1 to 4 yr. A grea ter  
proportion of the variance for cohorts at age  1 and  2 yr 
was in fact explained  by using log spa t  densities, su g ­
ges ting  tha t density  levelled off above a certain point. 
Furthe r  analysis ind icated  tha t  a ceiling density  of ca 
130 m -2 and  95 n% 2 existed for 1-yr-old and  2-yr-old 
individuals, respectively.

DISCUSSION

T hough  a num erical model of the population 
dynam ics of the intertidal mussels  of the Exe is still in 
p reparation ,  on overall synthesis can  be  attem pted. 
M any mussel spa t  in large intertidal areas, like 
M orecam be  Bay (Dare 1976) and  the W adden  Sea 
(Beukem a 1982), settle onto stony 'skears ' or sand  to 
form new  beds. In these  areas, g rea t variability in 
rec ru itm en t is ea rn ed  th rough  almost completely to the 
adul t  biomass. In small es tuaries spa t  rarely settle e lse­
w here  than  on es tablished beds. In the  Exe the  highly 
variable recru itm ent was quickly and  strongly dam ped. 
In fact, the 17-fold annua l variation in spa t  density  in 
spring was reduced  to a 1.5-fold vana tion  in the 
densities of adults more than  1 yr old. The cause  of this 
dam ping  was the pow erful first-winter, d en s i ty -depen ­
d en t  mortality of the 0-yr class on the m ussel beds.

This mortality w as p robably  caused  mainly by 
juvenile  crabs Carcinus m aenas. In a trial field exper i­

m en t over a single h igh-w ater  period, 96 to 100% (n -  
6) of 2 to 16 mm  spat w ere  lost w h en  no adult  mussels 
w ere  present, w hereas  only 30 to 53 % d isappeared  
w hen  older mussels w ere  p resen t (p <  0.001). The 
rem ain ing  broken  shells showed that they had  been  
ea ten  by crabs (Dare et al. 1983). Indeed  crabs are the 
m ain  predator  of commercial seed ' mussels (Dare & 
Edw ards  1976) and  'c rab-proof fences im proved yields 
4 to 5fold (Davies et al. 1980). Juvenile  crabs are vora­
cious predators of benthic invertebrates  (Jensen & J e n ­
sen 1985, Reise 1985), including young mussels (Rey­
nolds 1969, H arger  1972, W alne & D ean  1972), and 
experim ents  have shown that they can greatly 
decrease  prey  populations (Gee et al. 1985).

Of the potential predators, only crabs w ere  ab u n d a n t  
on the Exe mussel beds. O ther  potentia l predators, 
such as dogw elks (Kitching et al. 1959, H ughes  & 
Dunkin 1984) and  starfish (Dare 1982, O ’Neill et al. 
1983), w ere  rarely seen, and  shorebirds seldom eat 
small mussels on the Exe. Nor was there any evidence 
that disease or parasites were important. Competition 
from adults for food or space was not im portant either 
because spat mortality (k3 to k5) was un re la ted  to adult 
density. This is in contrast to the cockle Cerastoderm a  
edule, where adults exert a strong negative  influence 
on se ttlem ent and  survival of spat (Hancock 1973). It 
seem s likely, therefore, that crabs w ere  the major 
killers of mussel spat in the Exe estuary.

Spat seem  only able to protect them selves by settling 
d eep  within the byssal threads of the a lready e s tab ­
lished adults. In fact on the Exe, there w as a strong 
positive correlation (r = 0.750, p <  0.05) be tw een  the 
densities of settled spat in M arch and adult  densities on 
the beds. F requent exam ination of potential se ttlem ent 
sites around  the estuary show ed that p lan tig rades and 
spat rarely occurred e lsew here  than  in the byssal 
th reads of adults. Thus in contrast to cockles, spat 
survival benefitted from the presence  of adults, at least 
until the beg inn ing  of their first winter. After that, 
m any had  grown too la rge to be pro tec ted  by the 
byssus and  were  once more exposed to predation. This 
was the period w hen  the strong dens ity -dependen t 
mortality operated.

A nother in teresting consequence  of adults providing 
pro tec ted  space for spat is that the failure of larvae to 
settle  on the beds (k3) was inversely density  dependen t .  
H igh densities of adults p roduced  both large num bers  
of spat and la rge am ounts  of protective byssal space, so 
tha t over 6 of 7 yr, large adult num bers  allowed large 
num bers  of spat to be recruited  to the beds. The ex cep ­
tion was 1977 w hen  the spring spat se ttlem ent failed, 
clearly because  most of the  byssus w as bur ied  by liquid 
mud. By producing negative  density  d ep e n d en c e  in the 
p re-se t t lem en t p h ase  and  positive density  dep e n d en c e  
in the post-se ttlem ent phase, crabs m ay thus have had
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2 directly opposing effects on the dynam ics of their 
mussel prey.

The dens ity -dependen t check during the first winter 
on the beds was so powerful that the num bers  of 
animals surviving to 1 yr old varied within only very 
narrow limits be tw een  years. The regression coefficient 
of first winter mortality, k5l on logNs was 0.685, so that 
above the critical density ' (Hassell 1975) of 57 m -2 , few 
extra individuals survived as the population density 
increased (Fig. 9). Though  several periods of density 
d ep e n d en c e  subsequently  occurred during the m us­
se l’s life, these seldom contributed  much to the 
dynamics of the population because  such a strong r e g ­
ulatory factor had  already acted  upon it. That is, the 
critical densities above which the later mortality rates 
increased were  seldom reached.

Any annua l variation in adult  num bers  that did occur 
resulted  from (1) small dens ity - independen t mortalities 
probably linked to the weather , (2) storm-driven 
immigration, probably  from the sub-littoral and  (3) the 
incompletely dam p ed  follow-through' to the adult 
population of some larger than normal spat recruit­
ments. The last point m eans  simply that, despite  being 
the most powerful regulatory factor, the first-winter 
mortality was not perfectly com pensating.

Up to 4 yr old, small w inter losses w ere m atched  by 
small sum m er gains. But after the 5th year, there were 
increasing post-breed ing  losses in sum m er (Worrall & 
Widdows 1984) and  losses from predation  by oyster- 
catchers H aem atopus ostralegus  in winter. Each year, 
these birds ate some 25 % of the most productive size-
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Fig. 9. M ytilu s edulis. Effect of first w in ter d e n sity -d ep en d en t 
m ortality, k 5, on the proportion  of sp a t surviv ing in M arch as 
the  initial density  in S ep tem b er (N5) increased . C urve ca lcu ­
lated  the  using  eq u ation  k 5 = 0.6851ogN5- 1.204. Arrows: 

ran g e  of densities reco rded

classes of mussels be tw e en  30 and  60 mm  long (Durell 
& Goss-Custard  1984, Goss-Custard  & Durell 1984), 
just before they b e g a n  spawning. O ystercatchers thus 
had  2 negative  effects on mussel dynamics. First they 
reduced  the num ber  of eggs re leased  into the p lankton  
and, second, they rem oved  the byssal se t t lem en t space 
for p lan tig rades  and  the protected  space for spat. Of 
the 2 effects, the removal of se ttlem ent space is likely to 
have been  the more im portant since so few of the eggs 
actually reached  this stage anyway. O ystercatchers 
also ea t cockles in their second winter, w hen  there  are 
large den s i ty -d ep e n d en t  losses (Horwood & Goss- 
Custard  1977). As in mussels  the loss of adults  results in 
the production of few er eggs. But unlike mussels, in 
which spat recru itm ent to es tab lished  beds  declines as 
adult  density  falls, in cockles more spa t  are recruited. 
Thus, p redation  by oystercatchers on the 2 species 
causes opposite results.

M ytilu s  edulis  has  a strategy com mon am ong  m arine 
ben th ic  invertebrates  of producing  very large num bers  
of small eggs  and  p lanktonic  larvae, of which only a 
very small proportion survive to settle and  establish 
them selves on the seabed . However, there  are differ­
ences b e tw e en  species in the details of popula tion  
dynamics. The inverse relationship b e tw e en  total stock 
and  spat in cockles, a t tr ibuted  to cannibalism  and  com ­
petition with adults  (Hancock 1973, D em pster  1975) is 
avoided  by ano ther  intertidal lamellibranch, M acom a  
balthica, and  by M. edulis  by spat settling initially 
aw ay from the adult  beds, and  only at a la ter s tage 
m igrating  onto them  (Bayne 1964, B eukem a 1982). 
Subsequently , there w as a den s i ty -d ep e n d en t  loss of 
spat in both  M. balthica  in the W a dden  Sea and  in M. 
edulis  in the Exe, bu t the timing was different.  In M. 
balthica  (Beukema 1982) the major den s i ty -d ep e n d en t  
losses occur in sum m er  on the nursery  areas, after 
which they migrate in w inter onto the adul t  beds. In M. 
edulis, on the Exe, the secondary  se tt lem ent of spat 
occurs earlier during  spring and  summ er, and  the 
major losses occur af te rw ards on the adult  beds  in 
winter. Thus, though  the overall s trategy is similar, 
differences occur in the population  dynam ics during 
the critical first yea r  w h en  there are large losses.

A ck n o w led g e m e n ts .  W e th an k  Dr J. P. D em pster an d  Dr M. G. 
M orris for constructive  critisism  of the  m anuscrip t. W e also 
th an k  all the  s tu d en ts  w ho h e lp ed  to collect, sort an d  m easu re  
seem ing ly  en d less  b ag s  of m ussels.
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