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Population dynamics of the mussel Mytilus edulis: 
spatial variations in age-class densities of an 

intertidal estuarine population along 
environmental gradients
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Institute of Terrestrial Ecology, Furzebrook Research Station, W areham, Dorset BH20 5AS, United Kingdom

ABSTRACT : This p a p e r  tests the  hypothesis that the densities of m ussels M ytilu s edu lis  in the estuary  of 
the River Exe, SW England, vary a long the 2 main directional gradients :  the d is tance upstream  a n d  the 
distance upshore.  The  densities of different age-c lasses of m ussels on the  12 main mussel b e d s  of the 
estuary  are described. The  variation in the density of each  age-c lass  w as  th en  inves tiga ted  by multiple- 
regress ion  analysis. In addition to testing for the effect of dis tance  u p s tream  an d  upshore ,  the effect of 4 
other env ironm enta l  factors, which could also affect mussel density, w e re  exam ined.  These  were: the 
softness (muddiness) of the substra tum, the bed  area, the f latness of the subs tra tum  surface a n d  the 
proportion covered  by algae.  In the p resence  of these  4 variables, both  the dis tance  u ps tream  a n d  the 
d is tance upshore  (m easured  as exposure  time) h ad  a consistently significant effect on all adu lt  age- 
classes. Mussel densities decl ined  gradually  upstream . On the o ther hand ,  their densities p e a k e d  at 
in te rm edia te  to high levels of exposure  time. A comparison of the s tan d ard  partial  regress ion  coeffi­
cients revea led  that exposure  time had  consistently the grea tes t  effect on mussel density  across all age- 
classes. Exposure time also h ad  the dom inant  effect on the averag e  ag e  of adult  mussels, with mussels 
living longer on beds  that w ere  exposed for only a short time at low w a te r  Spat mussels only settled 
am ongs t  adults.  With the effect of adult  density tak en  into account, spa t  density  was lower on soft, 
m ud d y  beds. The  conclusion is that  the main env ironm enta l  g rad ien t  along which the populat ion  
dynamics of mussels in the Exe estuary  must be v iew ed  is exposure  time.

INTRODUCTION

It has b een  usual in studies of population  dynamics to 
treat as the population  a group of organism s living 
within a conveniently  s tudied area  and  then  to study as 
a whole the population  processes taking place within it. 
Of course, this is merely a convenien t abstraction 
because, in reality, population densities and  processes 
vary spatially along environm enta l grad ien ts  tha t exist 
at several levels of scale. Because immigration and 
emigration occur at most levels of scale, population  size 
and density in one area may dep e n d  as much on 
processes taking place in other places as on those in the 
study area  itself. W atkinson 's  (1985) study of Cakile 
edentula  (Bigel.) Hook provides a good exam ple of 
population processes varying along environm enta l g ra ­
dients that define the species niche. The population 
dynamics in one p lace may not be  fully understood 
unless studies are also m ade  on other groups which

interact th rough  im m igration and  em igration  with the 
study population  itself (Lomnicki 1978, 1980, Allen & 
Barker 1990). This is especially so at levels of scale that 
are small com pared  with the mobility ran g e  of the 
organism  concerned. As the level of scale considered 
increases, the dynam ics will be less affected by m ove­
m ents and  will becom e increasingly dom ina ted  by the 
interplay  b e tw e en  birth and  d ea th  rates. A quite 
defensib le viewpoint, in fact, is tha t  one is dea ling  with 
a 'population ' only w h en  studying the level of scale at 
which m ovem ents  have  only trivial effects and  n u m ­
bers are de te rm ined  almost entirely by b irth  and  dea th  
rates. With organism s tha t have a g rea t  potentia l for 
dispersal, such as m any  m arine  invertebrates,  this 
would  m ean  studying an  enorm ous geog raph ic  area, 
and  this is impractical. On the o ther  hand , the com ­
b ined  properties of m any  local groups, or the  m eta- 
population ',  will d e p e n d  not only on the interactions 
b e tw e en  them  (Connell 1985, R oughga rden  et al. 1985,
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R oughgarden  & Iwasa 1986, Hastings & Wolin 1989, 
H ughes  1990, Su ther land  1990, Taylor 1990) bu t  also 
on the processes taking p lace  within each  group, such 
as den s i ty -d ep e n d en t  mortality (Hancock 1973, 
B eukem a 1982); self-thinning (Hughes & Griffiths
1988); density-limited growth (Okam ura 1986, Mor- 
risey 1987) and  den s i ty -d ep e n d en t  emigration  
(Ambrose 1986). Studies within particular localities 
therefore have  an  im portan t role to play, though  they 
n ee d  to be  considered within a fram ework of the larger, 
or m eta-popu la tion  of w hich  they are only a part.  The 
EC COST 647 p rogram m e is a rare a t tem pt to describe 
variations in popula tion  processes in se lec ted  species 
th roughou t their geograph ic  ran g e  in w estern  Europe 
(Lewis et al. 1982, Bowm an & Lewis 1986, Kendall & 
Lewis 1986, Lewis 1986).

As field studies of population  processes have 
inc reased  in n u m b e r  and  scope, more a t tention is being  
given to the role of spatial variations in population 
dynamics. This has  inc luded  studies of populations of a 
species in different places at the sam e level of scale 
(Bayne & Worrall 1980, Griffiths 1981, Bayne et al. 
1983, B ushek  1988, H arvey & Vincent 1989, 1990, Pos- 
s ingham  & R oughgarden  1990, Wilson 1990) and  in the 
sam e place at different levels of scale (Hassell et al. 
1987, Jones  et al. 1987, Southwood et al. 1989, 
Raimondi 1990). The p resen t  study w as des igned  to 
exam ine  the ex ten t  to which the u n d ers tand ing  of the 
dynam ics of the  mussel M ytilu s  edulis  L. population  
occurring within the study  es tuary  as a whole 
(McGrorty et al. 1990) would  be  he lped  by studies of 
the individual m ussel beds  which comprise it. Practical 
limitations restricted the study  to these 2 levels of scale, 
though  studies at finer levels of scale (within beds) 
and  at la rger  levels of scale (betw een  estuaries) are 
p lanned . This p ap e r  tests the hypothesis  tha t  the 
densities of mussels  vary a long the 2 main directional 
g rad ien ts  within the estuary; the distance upstream  
and  the  distance upshore. But because  o ther  factors 
tha t could affect mussels m igh t also vary a long the 
sam e gradients,  it was also necessary  to take their 
effect on mussel density  into account. Later pape rs  will 
consider how the dynam ics on individual beds vary 
a long the environm enta l g rad ien t  and  com bine to 
d e term ine  the  dynam ics of the  intertidal m ussel p o p u ­
lation as a whole.

METHODS

Study area. The work w as done on the Exe es tuary  in 
sou thw est  England. T here  w ere  few subtidal mussels 
and  most mussels occurred  on 31 intertidal beds. M any 
beds w ere  small and  several d isappea red  during the 
study, conduc ted  from S ep te m b er  1976 to S ep tem ber

1983. Most of the adult (> 1 yr old) mussels (91 %) and  
spat (95 %) occurred on just 12 of the beds. The density 
and  age-distribution of the mussels varied considerably 
be tw e en  these beds, which were  therefore se lec ted  for 
study (Fig. 1). Each one was sam pled  every S ep tem ber  
and  March. The sampling techn ique  and the m ethod 
used  for m easuring  and  age ing  mussels is described in 
detail in McGrorty et al. (1990). In brief, 600 quadra t  
sam ples  of 0.04 or 0.02 n G 2 in area  w ere  collected from 
the 12 beds according to a stratified random  scheme. 
M ussels w ere  counted, m easu red  to the neares t  mm 
and  a g e d  by counting external growth' rings. Bed 
areas w ere  calculated from m aps based  on a series of 
parallel lines m easu red  across each  bed  each  time it 
was sampled.

Environm ental variables. The reasons for selecting 
the variables, the m ethods used  to m easure  them  and 
their 5-letter abbrevia ted  nam es are as follows.

D istance upstream  in the estuary of the R iver Exe. 
(DUPEXj: A  bed 's  distance from the sea could affect 
the supply  of p lan tig rade larvae available to settle on it 
since m any  may choose to settle on the first b ed  they 
encoun te r  and  the distance a free-floating p lan tig rade 
is carried up the estuary will d ep e n d  on the time during 
the flood tide w h en  it enters the estuary. The distance 
up the estuary will also affect the salinity of the  w ater  
column, and  so the growth and  survival rates of the 
mussels (Bayne 1965, Rem ane & Schlieper 1971, Seed 
1976, Essink & Bos 1985). Salinity was not measured, 
but there  appears  to be little decline in salinity at high 
water, w hen  the mussel beds  are covered, until above 
the upstream  limit of mussels  at Lympstone (Murray 
1980). Distance up  the estuary may also affect the
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Fig. 1. The Exe estuary, SW England, showing the 12 mussel 
beds  studied
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supply of p lank ton  food (Smaal et al. 1986, Smaal & von 
Stralan 1990) as it is progressively dep le ted  by su sp e n ­
sion feeders  in the m ud and  sand flats (Peterson & 
Black 1987, V incent et al. 1989) and  by the mussel beds 
them selves (Wildish & Kristmanson 1984, Frechette  & 
Bourget 1985a, b). DUPEX was m easu red  as the dis­
tance from the mid-point of the bed  to the mid-point of 
the es tuary  at the m outh  be tw e en  Dawlish W arren and 
Exmouth (Fig. 1).

D istance upshore, m easu red  as the am ount of tim e  
the b e d  is ex p o sed  at lo w  tide  (EXPOS): This would 
affect the time available for spat to settle over the high- 
tide period, the time available each tidal cycle for 
mussels to feed, the relative proportion of the time they 
are vu lnerab le  to m arine and  terrestrial predators  and 
the proportion of the time they are exposed  to adverse 
climatic conditions, such as high or low tem peratures  
and  heavy  rainfall (Lewis 1964, Seed 1976, S uchanek  
1985, M e nge  & Farrell 1989). The times the first and 
last parts  of a b ed  w ere  exposed and  covered on the 
receding  and  advancing tides respectively were 
recorded. The mid-point be tw een  the first and  last 
exposure and  be tw e en  the first and last covering were 
then calculated. The time be tw e en  these 2 mid-points, 
over the low w ater  period, was then expressed  as a 
proportion of the time be tw e en  the first and  the second 
h igh  water.  The m easu rem en ts  w ere  m ade  s im ultane­
ously on all beds on a typical spring and  a typical neap 
tide. The average  of these 2 values was used  as the 
m easure  of exposure time.

Softness of the substrata (SOFTY): On rocky shores 
and  in la rge  exposed  em baym ents ,  mussel spat settle 
on firm, clean substra ta  (Dare 1976, Seed  1976). In 
sheltered  estuaries with soft sediments, they settle p re ­
dominantly  on existing beds, am ongst the byssus 
th reads of adults (McGrorty et al. 1990). Soft, m uddy 
beds are likely therefore to deter  settlement, partly 
because  few hard  and  clean surfaces occur there and 
partly because  many byssus threads may be buried  in 
mud. In addition, es tablished mussels cease filter-feed­
ing w h en  high concentrations of sed im ent occur in the 
w ate r  column (Widdows et al. 1979). The softness of the 
substra tum  was m easu red  on each  b ed  in April 1978 by 
d ropping a steel rod from a fixed heigh t and  m easuring  
the distance it pen e tra te d  the sed im ent be tw e en  m u s­
sels. On each bed, 25 m easu rem en ts  w ere  m ade  at 
random, and  the m ean  value calculated.

A rea of the b ed  (BAREA): Large beds m ay have a 
h igher  chance than  small ones of spat being  carried 
over them  by the tide and, if they are gregarious (Seed 
1976), spat may be a t tracted  to, or more likely to settle 
on, large concentrations of mussels. Bed area  was 
m easured  as described in M cGrorty et al. (1990).

U nevenness of the substratum  surface (FLATY). 
Since the  a t tachm ent of m ussel la rvae on algal fila­

m ents and  on byssus th reads  is en h a n ce d  by w ate r  
agitation (Eyster & P echenik  1987), more spat may 
settle on beds with an  uneven  surface w here  w ate r  
tu rbu lence may be high. H igher  rates of tu rbu lence 
m ight also allow a g rea te r  proportion of the w ate r  
column to be filtered by the mussels, thus increasing  
their food supply. The evenness ,  or flatness, of each  
bed  was m easu red  optically. An orange  ball, 30 cm in 
diameter,  was pulled over the  surface of the bed  along 
a series of lines, each  te rm inating  at the edge  of the 
bed. The location the line b e g a n  and  its direction w ere  
chosen at random. An observer, s tanding  at the start of 
the line, w a tched  the ball as it w as pulled aw ay  and  
recorded  the proportion of the line over w hich the ball 
could be seen  th rough  a mirror p laced  20 cm above the 
substratum. The m ean  of 20 such m e asu rem en ts  was 
u sed  as the estim ate of b ed  flatness, h igh  values in d i­
cating tha t the bed  w as flat.

P roportion  co v ered  b y  a lgae (ALGAE): In gales, the 
w hip lash  m ovem ent of surface a lgae  (Lewis 1964), and 
the increased  drag and  lift if they are a t tached  to each 
other (Witman & S uchanek  1984), can dislodge ep iben- 
thic species, including mussels. On the other hand, 
algal cover may provide a sheltered, dam p  habitat, 
which reduces  dessication stress and  so aid survival of 
newly settled larvae (Dayton 1971, Baxter & Jones
1989). On each  bed, 25 random ly p laced  50 x 50 cm 
quadra ts  w ere  ta k en  and  the proportion of each  that 
was covered in a lgae  g a u g e d  by eye. The m ean  value 
m easured  the proportion of the bed  covered by algae.

RESULTS 

Patterns of m ussel density and change in density with  
age w ithin the estuary

The densities of each  age  class of mussel, an d  the 
pat tern  of change  in density  with age, varied b e tw e en  
the different beds. It is convenien t to first describe the 
patterns  of spatial variation in both  characteristics by 
reference to the position of a bed  a long just one of the 
grad ien ts  within the estuary, the  d istance upstream. 
This is done in Fig. 2 which shows the m e an  densities 
recorded  over all the 15 S ep tem ber  and  M arch sa m ­
pling occasions b e tw e e n  1976 and  1983. The possible 
effect of environm enta l factors other than  DUPEX on 
the pa t te rns  observed  are  investiga ted  later by multi- 
ple-regression analysis.

First-year mussels

These were  the recently-se ttled  p lan tig rade  larvae 
and  spat tha t  settled on a b e d  b e tw e e n  one M arch  and
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Fig. 2. M ytilu s  edulis. M ean  densities on each  b ed  from 1976 
to 1983 of each  age  class of m ussels in M arch  (black bars) and 
S ep tem b er  (open bars). H istograms are p laced  approxim ate ly  
accord ing  to the positions of the beds  within the  estuary. 
Arrows indicate  the age  after w hich  there  w as a m arked  

increase  in mortality

the nex t (referred to collectively as spat). The most 
noticeable  aspec t  of their  distribution w as the huge  
p rep o n d e ra n ce  of spat, in both  M arch  and  Septem ber, 
on the  2 la rge beds (30 and  31) n e a r  to the m outh  of the 
es tuary  (Fig. 2). On the east side, w here  beds  occurred 
well up  into the estuary, spat density  dec lined  g ra d u ­
ally with d istance up the  estuary. Beds only occurred  in 
the lower reaches  on the w est side but spat densities in 
M arch  w ere  h igher  than  on beds  at the sam e point on 
the east side.

This difference b e tw e en  the 2 sides of the  estuary 
w as m uch  smaller by S ep tem ber  because  the re  was a 
consistent ch a n g e  in densities over the sum m er that 
w as re la ted  to distance up the estuary. On average, 
spat densities decreased  b e tw e en  M arch and  S ep ­
tem ber  in the dow nstream  beds  on both  sides of the 
es tuary  (Beds 1, 3, 4, 27, 30, 31), w hereas  they 
increased  on the upstream  beds  (Fig. 3a). Spat 
densities decreased  be tw e en  M arch and S ep tem ber  in 
m ore years than  they inc reased  on these  dow nstream

beds, while the reverse was the case in the upstream  
beds (Fig. 3b). In other words, the es tablishm ent of spat 
on the  dow nstream  beds occurred predom inantly  in 
spring whereas, on the  ups tream  beds, it mainly occur­
red  la ter in the summer. Since, on average, 87 % of spat 
within the  whole estuary es tablished them selves on the 
dow nstream  beds  (71 % on just 2 beds, 30 & 31), spat 
se ttlem ent overall was spring-dominated.

The density of first-year mussels on most beds 
dec reased  sharply b e tw e en  Sep tem ber  and  the follow­
ing M arch (Fig. 2). A very powerful dens i ty -dependen t 
mortality factor opera ted  over the w inter on this age- 
class (McGrorty et al. 1990) so that, in general, 
densities decreased  most on beds where, in September, 
spat densities had  b ee n  highest. Consequently , by the 
time mussels  reached  1 yr of age  in March, the var ia­
tion in density be tw e en  beds was m uch  less than  had  
been  the  case during the first year (Fig. 2).

Adult mussels

From the beg inn ing  of their second year  in March, 
densities decreased  with age  on all beds. However, the 
p a t te rn  of change  varied considerably be tw e en  them  
(Fig. 2). Densities ch a n g ed  very little on most beds 
b e tw e en  M arch in Year 2 and  Sep tem ber  in Year 4. In 
fact, significant trends aga inst date  occurred only on 
3 beds: a decrease  in density  on Bed 31 (r = -0 .92 ,  
p <0 .01)  and  increases on Beds 22 (r = 0.85, p <0 .01) 
and  25 (r = 0.75, p <0.05). The change  was within 
± 2 5  % in 10 of the 12 beds. Nonetheless,  w hen  the
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Fig. 3. M ytilu s  edulis. C h a n g e  in the densi ty  of spat mussels 
b e tw ee n  M arch  and  Sep tem b er  on each  bed, o rdered  accord­
ing to their position up the estuary, (a) M ean  over-sum mer 
p e rcen tag e  change  during  the 7 yr (b) N um bers  of years 
w hen  beds g a ined  spa t  over the su m m er  Lines w ere  fitted by
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Fig. 4. M ytilus edulis. M e a n  p e rce n ta g e  ch ange  in the 
densities of mussels b e tw ee n  2 and  4 yr old on each  bed. Beds 
are o rdered  according to their position up  the estuary. The 
overall t rend is described by the regress ion  equation: M ean  % 
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Fig. 5. M ytilus edulis. M ean  density ( ±  2 s tandard  errors) of 
the 2- to 4-yr-old mussels on each  bed. Beds are ordered  
according to their position up the estuary. The  decline in 
density with distance up the estuary  is described by the 
regression equation: Adult  density  (2-4 yr) m -2 = 172.45 -  

41.68 DUPEX (km); r = -0 .8 0 ,  p <0.01

estimates of 3 observers ag re ed  closely and  the m ean  
ag e  at which the decrease  s tarted varied  b e tw e e n  4.6 
(Bed 1) and  6.6 yr (Bed 22).

The m ean  age  of all adults (> 1 yr old) varied 
be tw e en  3.06 (Bed 31) and  4.22 yr (Bed 13) and  also 
increased  up the es tuary  (Fig. 2). Like the densities of 
all other age  classes, the densities of old mussels  (5 or 
more years old) decreased  upstream  (Fig. 6a), but 
nonetheless  formed a h igher  proportion of the adult 
population  as a whole (Fig. 6b). In other words, mussels 
on the upstream  beds  occurred  at lower overall 
densities but survived longer and  thus had  a h igher  
average  age.

C orrelates of m ussel density and change in density  
with age within the estuary

This section tests the  hypothesis  tha t these  large 
differences b e tw e en  beds  in the densities of the various 
age  classes w ere  re la ted  to the 2 directional gradients,  
the distance ups tream  and  d istance upshore, or e x p o ­
sure time. A multip le-regression analysis w as used  so 
tha t  their effect could be  es tim ated  in the p resence  of 
the  other 4 variables  m easured .
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change  on each bed  over the period w as expressed  as a 
percen tage,  there  was a significant trend  across beds 
(r = 0.74, p <0 .01)  for the dow nstream  beds to lose 
mussels and  for the upstream  b eds  to gain  them  (Fig. 4). 
Even so, com pared  with earlier (0 to 1 yr) and  later (5 to 9 
yr) periods, num bers  cha n g ed  relatively tittle on most 
beds be tw e en  Years 2 and 4. A veraged  over this age 
range, density  decreased  upstream  (Fig. 5).

After this period, the densities of adults on most beds 
beg a n  to decrease  sharply, but at an ag e  which varied 
b e tw e en  beds (Fig. 2). The age  at which this occurred 
was first es tim ated approxim ately  by eye. It w as then 
de term ined  more precisely as the point of intersection 
of 2 straight lines d raw n  through  the cumulative 
density curve on either side of the initial estimate. The
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Fig. 6. M ytilu s edulis, (a) M ean  densi ty  of older (> 5  yr) adu lt  
mussels on each  b ed  over the 7 yr T he  up -es tuary  decline  in 
density  is described  by the regress ion  equation:  Adult  densi ty  
( > 5  yr) m -2 = 1 3 1 .3 6 -2 7 .4 3  DUPEX (km); r =  -0 .6 8 ,  p< 0 .0 1 .  
(b) Proportion of older adult  mussels on each  bed. The  up- 
estuary  increase  in the  proportion of older m ussels is 
described  by the regress ion  equation:  Proportion of adults 

> 5  yr = 0.044 DUPEX (km) + 0.079; r =  0.74, p < 0 .0 1
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Patterns of association am ongst the 
environm enta l van a b le s

The values  of each  variable for each  bed  are shown 
in T able  1.

Inter-correlations b e tw e en  environm enta l variables 
occurred  b e tw e en  4 of the variables (Table 2). 
U pstream  beds  te n d ed  to be  exposed  for a shorter time 
(r = 0.65, p < 0 .05)  and  to h av e  softer substra ta  (r = 
0.65, p < 0 .05) .  It would  therefore be expected  that, in 
general,  b ed s  exposed  for a short time would  have  had  
softer substra ta  but,  superficially, this w as not so (r = 
— 0.07, ns). The reason  is tha t the  softness of the su b ­
stratum  var ied  with  bo th  d is tance upstream  and  e x p o ­
sure time. W hen  partial correlation coefficients were  
calculated, the substra tum  becam e softer both 
ups tream  (r = 0.79, p <0 .01)  and  upshore  as the  expo ­
sure time inc reased  (r = 0.79, p <  0.01). The softness of 
the subs tra tum  therefore inc reased  a long both of the 
directional g rad ien ts  tha t w ere  a l igned  at r ight-angles  
to each  other. The upstream  b eds  also te n d e d  to be 
flatter than  the dow nstream  b eds  (r = 0.77, p <0.01). 
N either  b ed  area  or algal cover was intercorre lated  
closely with any  of the other variables or with each  
other. In the  m ult ip le-regression analysis, the 
logari thms of SOFTY and  ALGAE were  used  as their

Table  1. Values of the env ironm en ta l  v an ab le s  m ea su re d  on 
each  m ussel bed. See ‘M ethods '  for full definitions of variables

Bed DUPEX
(km)

EXPOS
(%)

SOFTY
(cm)

BAREA
(ha)

FLATY
(%)

ALGAE
(%)

1 1.351 45.1 15.8 5.56 68.8 26.6
3 1.522 31.8 7.5 4.42 97.0 26.2
4 1.558 29.1 7.6 6.15 51.5 30.4

13 3.929 18.6 13.2 1.52 100.0 24.2
14 3.788 22.3 14.7 2.04 91.8 22.6
20 3.009 28.6 16.2 9.36 85.3 41.4
22 2.761 17.2 17.4 3.86 100.0 18.0
25 2.443 28.3 16.6 8.08 85.4 15.2
26 1.982 36.1 15.2 6.47 65.2 2.8
27 1.735 39.5 14.2 1.26 45.2 33.6
30 0.779 28.9 3.9 7.46 39.3 0.4
31 0.814 32.1 3.8 7.69 25.3 0.4

Table  2. A simple (Pearson) correlation (r) matrix am ongs t  all 
the  env ironm en ta l  variables

DUPEX EXPOS SOFTY BAREA FLATY

EXPOS -0 .6 5 1
SOFTY 0.647 -0 .0 7 0
BAREA -0 .427 0.204 -0 .2 1 6
FLATY 0.774 -0 .5 2 7 0.621 -0 .3 1 3
ALGAE 0.404 0.036 0.427 -0 .2 7 0 0.413

effect was though t likely to decrease  beyond low val­
ues. The EXPOS and  its square  were  used to allow for 
non-linear effects. The logarithms of mussel densities 
w ere  used to equalise the variance. The data used w ere  
the density estimates from the 8 Sep tem ber  surveys of 
each of the 12 beds, giving a total sample size of 96.

Densities of adult mussels

The results of the regression analyses on the densities 
of adult mussels are sum m arised  in Table 3. The first 
part  (A) shows the simple R2 be tw een  each  variable and 
the density of each  age-class of mussel.  The second part 
(B) shows the significant variables chosen by step-down 
multiple-regression analysis.  Adult density was defined 
in 3 ways: as the m ean  densities of all adult  mussels from 
1 to 9 yr old ('YR1-9'), as the m ean  densities of young (2 
to 4 yr old; YR2-4') and  as the m ean  density of old (6 to 
9 yr old; ‘YR6-9’) mussels.

Individually, all the associations shown in Table 3A 
w ere  statistically significant; with a sam ple size of 96, 
an  R2 of just 0.04 is significant at  the 5 % level. But as 
Table 3B shows, bed  area  and  algal cover sometimes
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Table  3A. Environmental correlates of various m easures  of the density  of adult  mussels as defined in the text. Values a re  R2 -  the 
proportion of the variance in the d e p e n d e n t  variable exp la ined  by each  in d e p e n d e n t  variable  on its own

D ep en d en t
variable

DUPEX EXPOS Quadrat ic  in 
EXPOS

ln SOFTY BAREA FLATY ln ALGAE

ln Y R l-9 0.613 0.511 0.713 0.162 0.209 0.557 0.208
ln YR2-4 0.605 0.558 0.745 0.148 0.201 0.527 0.186
ln YR6-9 0.275 0.124 0.320 0.090 0.078 0.280 0.114

Table 3B. Significant env ironm enta l  corre lates of the density  of adult  mussels, an d  the  proportion of the va r iance  in the  d e p e n d e n t  
variable  (R2) exp la ined  by them  in combination, w hen  all 6 in d e p e n d e n t  variables w e re  e n te red  in a s tep -d o w n  multiple 
regress ion  analysis, b: regress ion  coefficient, SE: s tan d ard  error of b; SPRC: s tandard  partial  regress ion  coefficient (b x  SD); p: 

probability: ' s ignificance a t p < 5  %, ' '  p < l  %,  p < 0 .1  %; ns: not significant

D ep en d en t
variable

DUPEX EXPOS EXPOS2 ln SOFTY BAREA FLATY ln ALGAE Intercept R2

ln Y R l-9 b
± S E
SPRC
P

-0 .4285
0.0855

-0 .4358

0.3031
0.0350
2.3645

-0 .00452
0.00056

-2 .1 7 2 8

0.7651
0.1475
0.4114

ns

-0 .0 0 9 9 9
0.00272

-0 .2491

-0 .0 9 7 8
0.0358

-0 .0 6 0 6

1.1480 0.853

ln YR2—4 b
±  SE 
SPRC 
P

-0 .3 9 4 2
0.0922

-0 .4 0 0 9

0.3289
0.0378
2.5657

-0 .00470
0.00061

-2 .2593

0.6913
0.1590
0.3717

ns

-0 .0 0 8 1 9
0.00293

-0 .2 0 4 2

-0 .1 0 4 6
0.0386

-0 .2584

-0 .1 0 9 0 0.851

ln YR6-9 b
± S E
SPRC
P

-0 .7456
0.1637

-0 .7 5 8 3

0.3560
0.0713
2.7772

-0 .00649
0.00118

-3 .1 1 9 7

1.2360
0.2649
0.6646

-0 .0 0 7 5 8
0.00317

-0 .1 9 7 8

-0 .0144
0.0044

-0 .3590
ns

-0 .6 2 2 0 0.517

lost their significance w h e n  the effects of the other 
variables were  taken  into account. The high standard  
partial regression coefficients for EXPOS and EXPOS2 
show tha t exposure time had  the largest association 
with variations in mussel density. The variable DUPEX 
h ad  a much smaller effect but, nonetheless, the results 
are consistent with the main hypothesis  being  tested; 
both distance upstream  and  exposure time reta ined 
their significance at a high level in the presence  of the 
other significant variables.

The relationship be tw e en  adult  density  and  exposure 
time w as in all cases non-linear  because  both EXPOS 
and EXPOS2 w ere  highly significant. The relationship 
is illustrated in Fig. 7a for adults of all ages. On its own, 
the guadra tic  expression of exposure time explained 
71.3% of the variation in adult  density  (Table 3A). 
Adult density increased  with exposure time over two- 
thirds of the range  encountered ,  bu t decreased  at 
h igher values; they w ere  h ighest  within the range  of 30 
to 40 % exposure time. Fig. 7b shows the relationship 
with distance upstream, with the effect of exposure 
time held constant. T here  is no ev idence of non-linear­
ity in these data.
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T he  results w ere  similar irrespective of how adult 
density  w as defined, and  YR 1-9 is used  h ere  simply to 
sum m arise  and  illustrate the trends  revea led  by the 
analysis. An ANOVA revealed  tha t 87.2 % of the var ia­
tion in m ussel dens ity  on the 12 beds over the  8 S e p ­
te m b er  surveys w as due  to differences b e tw e en  beds, 
w ith  only 1.2 % be ing  a t tr ibu ted  to differences be tw een  
years. Clearly the m ult ip le-regression analysis was 
primarily  concerned  with  explain ing  spatial variations 
in m ussel  density.

The relative im portance of the 6 variables  in accoun t­
ing  for the  spatial variations in the  densities of each 
age-class  a re  g rap h e d  in Fig. 8. This shows the  s ta n d ­
ard  partia l regression coefficients b e tw e en  the  density 
of each  age-class an d  the 6 environm enta l  variables. 
M usse l density  was most affected by both  EXPOS and  
EX POS2 over the entire  age  range .  T hough  their effect 
was small in comparison, both  SOFTY and  DUPEX had  
an  increasing  effect with age. It is surprising that the 
dens ities  w ere  h igher  w here  the substra ta  w ere  softer.

How ever  this may have been  an artefact because  
densities were  som ew hat lower on the flatter beds, and 
these  were  also generally  the softer ones. The other 
variables had  very little effect. The results are consist­
en t  with the hypothesis  that both the distance upstream 
and  upshore  had  a consistent effect on the densities of 
all adult  age-classes. Of all the variables considered, 
the distance upshore, EXPOS, h ad  by far the greatest 
effect.

Longevity

Table 4 summ arises the environm enta l correlates of 
various m easures  of the ages to which mussels lived on 
the various mussel beds. Age was defined in 4 ways: 
the proportion of adults that w ere  6 yr and  older 
( 'PROPOLD’); the m ean  age  of adul t  mussels ( MEAN- 
A G E); the age  above which only 5 % of mussels occur­
red  ('OLDEST 5 %  ) and, finally, the age  at which the

Tab le  4A. E nvironm enta l  correlates of various m easures  of the ag e  of adu lt  mussels as defined in the text. Values are R2 -  the 
proportion of the var iance  in the d e p e n d e n t  variable  exp la ined  by each  in d ep e n d en t  variable  on its own

D e p en d e n t
v an ab le

DUPEX EXPOS Q uadratic  in 
EXPOS

ln SOFTY BAREA FLATY In ALGAE

PROPOLD 0.207 0.291 0.313 0.065 0.110 0.150 0.055
M EAN AGE 0.185 0.203 0.229 0.088 0.088 0.169 0.089
OLDEST 5 % 0.137 0.224 0.231 0.043 0.084 0.089 0.040
PLATEND 0.119 0.112 0.112 0.042 0.039 0.073 0.067

Tab le  4B. Significant env ironm en ta l  corre lates of the age  of adu lt  mussels, and  the proportion of the v a n a n c e  in the d e p en d e n t  
variable  (R2) exp la ined  by them  in combination, w h e n  all 6 in d e p e n d e n t  variables w ere  en te red  in a s tep-dow n multiple  
regress ion  analysis, b: regress ion  coefficient; SE: s tan d ard  error of b; SPRC: s tandard  partial  regress ion  coefficient (b x SD); p: 

probability ; ' s ignificance at p < 5  %, 1 ' p < l  %, ' ' ' p < 0 .1  %; ns: not significant

D ep en d e n t
variable

DUPEX EXPOS EXPOS2 ln SOFTY BAREA FLATY ln ALGAE Intercept R2

PROPOLD b
±  SE 
SPRC 
P

-0 .0 3 4 5
0.0168

-0 .0 3 5 1
ns

-0 .000125
0.000025

-0 .0 6 0 0

0.0715
0.0240
0.0384

-0 .000886
0.000287

-0 .0231
ns ns

0.2115 0.398

M EAN AGE b
± S E
SPRC

-0 .000585
0.000122

-0 ,2 8 1 4

0.3740
0.1088
0,2011

3.1535 0.270

P ns ns ns ns ns

OLDEST 5 % b
±  SE 
SPRC 
P

-0 .4 1 2 5
0.1711

-0 .4 1 9 5
ns

-0 .00121
0.00026

-0 .5 8 1 6

0.7245
0.2429
0.3896

-0 .00839
0.00291

-0 .2188
ns ns

7.5229 0.328

PLATEND b
± S E
SPRC

-0 .000663
0.000191

-0 .3 1 8 6

0.1538
0.0571
0.2480

5.8334 0.173

P ns ns ns ns ns
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adult densities b eg a n  to decrease  sharply 
('PLATEND'). Once again, most of the simple values of 
R2 were  significant (Table 4A). The multiple-regression 
analysis selected  a m uch  reduced  suite of variables. In 
all cases, the most consistent and  highly significant 
correlate with the largest s tandard  partial regression 
coefficients was exposure time (EXPOS2). The relation­
ship was negative  suggesting  that the mussels lived for 
longer on beds at the lower levels of the shore. N one of 
the other variables had  as consistent an  effect, with 
such high levels of significance, across all definitions of 
age.

The variation in the proportion of the adults that 
were  6 yr and  older is used  to illustrate the trends found 
by the multiple-regression analysis. An ANOVA 
revealed  tha t 47.9 % of the variation in PROPOLD was 
due  to differences be tw e en  beds, with only 9.3 % being 
due  to differences be tw e en  years. Therefore the 
regression was dealing  primarily with spatial variations 
in adult  mussel age. Of the variables considered, the 
quadra tic  in exposure time on its own (Table 4A) 
accounted  for 31 % of the variation in PROPOLD which 
is 78 % of the variation explained by the regression 
equation  as a whole (Table 4B). Its relationship with 
EXPOS2, which was selected by the m ult ip le-regres­
sion analysis,  is shown in Fig. 9.

First-year mussels

Spat mussels only settled on the Exe am ongst  adults, 
so the density of first-year mussels was closely corre­
lated with adult density  (Fig. 10a). Accordingly, adult 
density (1 to 9 yr olds combined; 'YR 1-9') was included 
in the suite of vanab les  whose possible effects on the 
density of first-year mussels ('YRO') w ere  examined. 
The only variable that had  a significant effect ad d i­
tional to that of adult  density was the softness of the 
substratum. The equation  was:

ln YRO = 2.80 + 0.851 ln Y R l - 9  -  1.13 SOFTY;
R2 -  76.3 %

In other words, with the effect of adult  mussels taken 
into account, spat densities w ere  lower w here  the sub ­
stratum was soft and  m uddy (Fig. 10b).

DISCUSSION

There were  m arked  spatial variations in the densities 
of the various age-classes of mussels over the estuary. 
By far the h ighest densities of spat mussels in March, 
during the main se ttlem ent period, occurred  on the 2 
largest beds  at the mouth  of the estuary. Spat densities 
declined sharply upstream. But the pa t te rn  changed

som ew hat by S ep tem ber  because, on average, the 
densities of spat on the dow nstream  beds  d ec reased  
over the sum m er while those on the upstream  beds  
continued  to increase.
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T h ere  are  2 explanations for the te n dency  for spat to 
occupy the  2 la rge dow nstream  beds  first in spring, 
ne i the r  of which has yet b ee n  tested. O ne  is tha t the 
supply  of spat, p e rh a p s  for hydrographic  reasons 
(Scheltem a 1971), was lower in the h igher  reaches  of 
the  river so tha t recru itm ent rates w ere  low. On this 
hypothesis ,  the initial difference b e tw e en  the upstream  
an d  dow nstream  beds  in spat densities would  be 
d im in ished  by the continuing low-level supply over the 
su m m er  period. The lower supply of spa t  ups tream  
could itself be  due  ei ther  to an inability to p en e tra te  far 
up  the  es tuary  or to their being  rem oved  from the  water  
column w h e n  they pass  over the dow nstream  beds. 
During  the  period of m ax im um  tidal flow (from ca 40 % 
flood), the  m ain  curren t  passes  directly over Beds 30 
and  31, w h ich  are s ituated  just inside the  m outh  of the 
estuary. If a large proportion of the spat choose to settle 
in the  first suitable p lace they encounter,  the density  of 
spa t  in the  w ate r  could be  m uch  red u ced  before re a c h ­
ing any  of the  o ther  b ed s  upstream  (Jackson 1986).

The second  possibility is tha t the availability of settl­
ing  space  w as limited to different deg re es  on the  vari­
ous beds. Spat only settle am ongst  clean adult  byssus 
th reads  on the Exe (McGrorty et al. 1990). On this 
explanation , the 2 large, g rave l-based  beds  at the 
mouth  of the es tuary  would be se ttled  most by spat in 
spring b ec au se  a la rge proportion of the byssus th reads 
of the num erous  adults there  w ould  be free from mud. 
T he u ps tream  beds  w ere  m uch  more m u ddy  than  Beds 
30 and  31, and  the  analysis revea led  a strong aversion 
by spa t  mussels  for soft substrata.  On this hypothesis, 
the  inc rease  in spat density  b e tw e en  M arch  and  S e p ­
te m b er  on the ups tream  beds  would  have  b ee n  due to 
an  inc rease  in the se ttlem ent space  available during 
the in te rven ing  months. For example, gales m ight have 
s tr ipped  m ud  from within clumps of adults, allowing 
the spat to es tablish them selves  before further depos i­
tion occurred. But w ha tever  the explanation, the  huge  
densities of spat settling on the 2 la rge dow nstream  
beds  in the spring dom ina ted  the pa t te rn  of se ttlem ent 
over the estuary. As a result, spat se t t lem en t as a whole 
occurred  mainly in spring.

The mortality occurring over the first w inter  was 
strongly den s i ty -d ep e n d en t  (McGrorty et al. 1990) and  
red u ced  the  initial variation in spa t  density  be tw e en  
the beds. C om pared  with earlier and  later periods in 
the mussels  life, the density  ch a n g ed  ra the r  little on 
most beds  over the nex t 2 or 3 yr. However, the re  was a 
significant tendency  for upstream  beds to gain  2- to 3- 
yr-old mussels  and  for dow nstream  beds  to lose them. 
This strongly implies tha t some ups tream  m igration of 
adul t  mussels  was tak ing  place, p robab ly  by 'rafting',  
w hich was observed  on a nu m b e r  of occasions, driven 
by the prevailing  southwesterly  gales.

In addition to this, the  age  at which adul t  densities

started  rapidly to decline was h igher upstream  than  on 
the  dow nstream  beds. This may reflect a lower m ortal­
ity rate  of the older individuals on the ups tream  beds, 
but may also have resulted  from the continuing arrival 
of imm igrants from the dow nstream  beds. But as a 
consequence  of this, the proportion of the  adults that 
w ere  relatively old (> 5 yr old) was also h igher on the 
upstream  beds, even though  their absolute  densities 
w ere  lower than  further downstream. As a result, the 
mid-point of the  population  of each age class m oved 
gradually  up  the  estuary as the mussels aged: it oc­
curred  on Bed 31 for 0-yr mussels but, for 9-yr a nd  older 
mussels, it occurred on Bed 26.

The multiple regression analysis confirmed that the 
distance of a bed  up  the estuary had  a significant effect 
on the densities of adult  mussels. But it also showed 
tha t the proportion of the tidal cycle for which a bed 
was exposed w as a far more important variable. The 
densities of adult  mussels te n d ed  to p ea k  on beds with 
m ean  exposure times of be tw een  30 and  4 0% , with 
densities decreas ing on h igher  and  lower level beds. 
Because the upstream  beds w ere  generally  low-lying, 
these  exposure times w ere  mainly found on the mussel 
beds in the lower reaches  of the estuary. It was th e re ­
fore their level on the shore, ra ther  than  their position 
at the mouth of the estuary, which explains w hy adult 
m ussel densities w ere  generally  h igher  in the lower 
reaches  of the estuary.

Nonetheless,  the additional negative  effect of dis­
tance up the estuary on adult  density suggested  that 
adul t  densities dec lined  upstream  over and  above any 
effect of decreas ing  exposure time. H ow ever it is pos­
sible that the quadra tic  equation  only imperfectly ca p ­
tured  the effect of exposure time and  that, as a result, 
the appa ren t  influence of distance up the estuary was 
spurious. Further work is required  to test this possi­
bility.

As McGrorty et al. (1990) found for annua l variations 
in spat fall over the estuary as a whole, the  consider­
able spatial variations in spat density  revealed  by this 
study were re la ted  closely to the densities of adults on a 
bed. It seems tha t any spat failing to settle am ongst the 
byssus th reads of adults were  quickly consum ed by 
crabs. But the softness of the substra tum  h ad  an  ad d i­
tional, and  highly significant, negative  effect. This was 
probably  because  the adult  byssus threads were 
covered in m ud and  thus inaccessible to spat,  and  some 
of those that did settle were  subsequently  sm othered 
by further deposits of mud. Taking into account the 
effect of adult mussel density, spat densities w ere lower 
on the beds w here  the substra tum  was muddy, these 
generally  occurring upstream  and  at the h igher  levels 
of the shore.

A num ber  of the other variables had  a small effect on 
mussel densities at particular ages. However, the dis­



M cG rorty & G oss-C ustard : Spatia l varia tions in density  of M ytilu s  edu lis 201

tance upshore, or exposure time, had  the dominant 
effect over the entire life of the adult.  Since spat only 
settled am ongst  adults, spat se ttlem ent was also closely 
re la ted  to exposure time. The conclusion of the study is 
that the main environm ental g rad ien t along which the 
population dynam ics of mussels in the Exe estuary 
m ust be v iew ed is exposure time, and  this will be 
investigated  in a subseguen t  paper.
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