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Summary

1. T h e  im p o rta n c e  o f  re c ru itm e n t p rocesses in  d e te rm in in g  b e n th ic  p o p u la t io n  dy n am ics 
h a s  rece iv ed  c o n s id e ra b le  in te re s t  a m o n g  m a r in e  ec o lo g is ts  in  th e  la s t tw o  decades. 
O b se rv a tio n a l d e m o g ra p h ic  s tu d ie s , in  w h ich  re c ru its  w ere  fo llow ed  to  a n d  th ro u g h  th e  
a d u lt sta te , a im ed  to  e s tim a te  w h e th e r th e  v a ria tio n  in  th e  n u m b e rs  o f  rec ru its  is d a m p e n e d  
by d e n s ity -d e p e n d e n t p o s t - re c ru itm e n t p rocesses. T h e se  s tu d ie s  rev ea led  co n flic tin g  
re su lts  o n  th e  im p o r ta n c e  o f  p o s t- re c ru itm e n t d e n s ity  d e p e n d e n c e , b u t  w ere  p e r fo rm e d  
o v er a t m o s t a  few  years .
2 . B a se d  o n  a  s tu d y  o f  th e  d e m o g ra p h y  a n d  g ro w th  o f  th e  b iv a lv e  M a c o m a  ba lth ica  (L .) 
o n  an  in te r t id a l  f la t in  th e  D u tc h  W ad d en  S ea  fo r a p e r io d  o f  a lm o s t 30 y ears , we 
ex p lo red  th e  e x te n t to  w h ic h  th e  a m o n g -c o h o r t  v a ria b il ity  in  r e c ru itm e n t w as re flec ted  
in  th e  se c o n d a ry  p ro d u c t io n  (w h ich  re su lts  f ro m  th e  c o m b in e d  a c tio n  o f  re c ru itm e n t, 
m o r ta l i ty  a n d  g ro w th )  o f  th e  a d u l t  p o p u la tio n .
3 . S in ce  g ro w th  in  le n g th  w as  o f  th e  V on B e rta la n ffy  ty p e  a n d  p o s t - re c ru itm e n t in s ta n 
ta n e o u s  m o r ta l i ty  ra te  w as  a p p ro x im a te ly  c o n s ta n t fo r e a c h  c o h o r t ,  p ro d u c t io n  c o u ld  
b e  exp lic itly  w r it te n  in  te rm s  o f  th e  fo llo w in g  p a ra m e te r s :  re c ru it  d en sity , c o n d it io n  
( r a tio  o f  m a s s  to  c u b ic  le n g th ) , V on B e rta la n ffy  g ro w th  coe ffic ien t, a sy m p to t ic  c u b ic  
le n g th , a n d  e x p e c te d  life  sp a n .
4 . D e c o m p o s in g  th e  a m o n g -c o h o r t  v a ria b ility  in  p ro d u c t io n  in  te rm s  o f  th e  c o v a rian ce  
m a tr ix  o f  th e se  p a ra m e te r s  rev ea led  th a t  m o s t o f  th e  v a r ia n c e  in  p ro d u c t io n  c o u ld  be  
a tt r ib u te d  to  y e a r - to -y e a r  v a r ia b il ity  in  re c ru it  density .
5 . S m all n eg a tiv e  c o v a ria n c e s  b e tw e e n  re c ru it d e n s ity  a n d  a sy m p to t ic  size a n d  ex p ec ted  
life s p a n  in d ic a te d  w e a k  d e n s ity  d e p e n d e n c e  a f te r  re c ru itm e n t.
6 . T h e  m a jo r  c a u se  o f  te m p o ra l  v a r ia tio n  in  a b u n d a n c e  a n d  p ro d u c t io n  is in te r -a n n u a l 
v a r ia tio n  in  re c ru itm e n t a n d  c o m p e tit io n  fo r  re so u rce s  seem s to  p lay  a  sm a ll ro le  in 
a ffec tin g  p o s t - re c ru itm e n t p o p u la t io n  d en sity  a n d  p ro d u c tio n .

K ey-w o rd s : M a co m a  balth ica , p o p u la tio n  regu la tion , rec ru itm en t lim ita tion , so ft sedim ents.
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Introduction

M any populations living in m arine benthic habitats 
have dispersive propagules. A fter spending som e tim e 
in  the w ater colum n, the surviving larvae try  to  settle 
on  the sea floor. Such benthic populations are often 
characterized as open systems, i.e. i t  is assum ed th a t 
th e  local adu lt stock has effectively no  effect on the 
num ber o f  new individuals th a t try  to  settle in the local 
population . T he question o f w hether the variability in 
larval supply, i.e. th e  num bers o f  po ten tia l settlers, is
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m aintained when the anim als grow older, has attained 
considerable theoretical and em pirical interest. This 
interest has focused on two points (Ó lafsson, Peterson 
& A m brose 1994; B ooth  & B rosnan 1995). The first 
po in t concerns the settlem ent process itself. A lthough 
the local stock m ay have little o r no  effect on  the larval 
supply, the local adu lt popu lation  may influence the 
chance o f a  successful settlem ent for an individual 
larva. The second po in t, which is also the concern o f 
the present paper, is to  w hat extent density-dependent 
post-settlem ent processes dam pen the variation in the 
num bers o f successful settlers. In  order to  be m ore spe
cific about what is m ean t by successful settler, it is use
ful to  reiterate a t this po in t the distinction between 
settlem ent and recruitm ent (K eough & D ownes 1982;
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Connell 1985; Ólafsson et al. 1994). Settlem ent o f larvae 
to  the seafloor is an instantaneous process, and is in 
fac t no t measurable. Instead recruitm ent is m easured, 
which is always defined in som e practical way, for 
example as the density o f  post-larvae a t som e specific 
time (which in  some studies may mean m onths after the 
settlem ent phase has been com pleted). Hence, recruit
m ent is necessarily the integrative result o f  larval supply 
rate, settlement success and early post-settlement mortality.

Em pirical studies, which have followed recruits to 
the adult state, have been m ainly perform ed in  inverte
brate com m unities a t in tertidal rocky shores and in 
coral-reef fish comm unities (D oherty  &  W illiam s 1988; 
M enge & Farrell 1989; B ooth & B rosnan 1995), and to 
a  m inor extent in soft-sedim ent com m unities (Olafsson 
et al. 1994). Som e o f  these studies showed only a weak 
relationship between densities o f  recruits and  sub
sequent adult population size (Möller &  Rosenberg 1983; 
Pfister 1995), bu t o ther studies revealed cases where the 
density o f  recruits was reflected in adu lt population  
density long after settlem ent (Jensen & Jensen 1985; 
Raim ondi 1990). M ost o f  the observational studies in 
which recruits are followed through to  the adu lt stage 
were perform ed only over a  few years, generally 2-3 
years. A m ong the longest studies reported  are the ones 
by Bertness et al. (1992) on barnacles, and  M cG rorty  & 
G oss-C ustard (1993) on mussels, b o th  lasting  8 years.

Post-recruitm ent density dependence m ay appear 
in terms o f  increased m ortality  when the density of 
recruits is high. It may also arise in term s o f  reduced 
growth in length o r a lowered condition  (m ass per cubic 
length) o f  individual animals. For example, Jensen 
(1993) observed a decrease in  grow th rate  in the cockle 
Cerastoderma edule (L.) when recruitm ent densities 
were high. Together, recruitm ent, m ortality  and growth 
determ ine  th e  secondary  p ro d u c tio n  o f  an  ad u lt 
p o p u la tion . Long-term  observational studies in  which 
bo th  m ortality  and grow th are  followed through the 
ad u lt p o p u la tio n  are  v ir tu a lly  lack ing , an d  m ost 
secondary  production studies in the m arine benthic 
h ab ita t have been perform ed over relatively sh o rt 
periods (M öller & Rosenberg 1983; Brey & H ain  1992; 
N oda 1997), bu t see Beukema (1980).

We estim ated the density, age structure, length and 
mass d istribution  o f a benthic popu lation  o f  the bivalve 
M acom a balthica in the W estern W adden Sea, The 
N etherlands, over a tim e span o f  abou t 30 years. These 
long-term  data  on the dem ography and grow th o f  this 
bivalve species allow us to  explore w hether density- 
dependent post-recruitm ent processes occur. We there
fore describe the tem poral variability  in secondary  
production  during the benthic life-phase in term s o f 
th e  variability in recruit density, m ortality  and individ
ual grow th and in term s o f  their covariation. A  negative 
covariation between recruit density and subsequent 
survival rate o r growth indicates dam pening o f  recruit
m ent variability. We defined recruitm ent as the density 
o f  the 0-year class M. balthica at the end o f  the settlement 
period (i.e. a t the end o f  their first w inter). Basically,

this separates the highly mobile first life phase, including 
a pelagic phase, a  first settlem ent a t the lower intertidal 
zones, a g radua l move to  th e  higher zones and finally a 
second settlem en t at the lower zones, from  the m ore- 
or-less sessile later p a rt o f  life (Beukema 1993).

Van Straalen (1985) and A ldenberg (1986) developed 
a fram ew ork  th a t perm its a  general form ulation  o f 
secondary p roduc tion  in term s o f  three characteristics: 
renewal (recruitm ent) rate, m ortality  and individual 
growth. T hey  based their, w ork on the standard  dem 
ographic theory  o f  age- and stage-structured popula
tions in continuous time, mathematically framed in terms 
o f  partial differential equations (M etz & D iekm ann 
1986; De Roos 1995). In o rder to  avoid the use o f partial 
differential equations, w ith which m any ecologists are 
n o t fam iliar, we fram e the p roblem  in  term s o f  e le
m en ta ry  p ro b ab ility  theory. N ex t, we d iscuss the 
specific case o f  exponentially d istributed  life span  and 
Von B ertalanffy grow th. This case is relevant for our 
study popu lation  o f  M. balthica.

To sum m arize, by exam ining a long-term  data  series 
o f  the dem ography and grow th o f  a bivalve population  
living in the intertidal soft-sedim ent habitat, we explore 
to  w hat extent the tem poral variability in secondary 
production  can be explained by recruitm ent variability.

Theoretical framework

LIFE SPAN AND MASS AT DEATH

Suppose th a t the life span (age a t death) o f  an individual 
is a  continuous random  variable X  whose probability 
density function  is given by f ( x ) ,  where f ( x )  = 0 when 
X <  0. The cumulative d is tribu tion  function is

F { x )= \f{ t)d t  eqn 1
t= o

and the survival function is S (x ) = 1 -  F(x).
The contribution o f each individual to  the production 

o f  the population  can be defined as its mass a t death. 
Now assume that the mass-age function (growth function) 
is a fixed m onotonously increasing function G (X ), for 
which holds tha t G(0) =  W0 and l i m ^ .  G (x) = IV,. 
This means th a t the random  variable m ass a t death  W  
is a  function G{X) o f  age a t death. Let

^ ^ l  = g (x ) , or G (x) = WQ+ X\g { t)d t  eqn 2

T hen, the cumulative d istribu tion  function o f  W  is

F Jw ) = F[G  ' (vv) ] eqn 3

and  thus the probability density function o f W  is

f { w )  = dF^ w) -  dF{G~\w)) dG ~\w )
dw dG ~\w ) dw  e q n 4

= A g-\w)) ^ M

or in a short-hand notation
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ƒ ,( * )  =
JwK 7 dw g (x)

eqn 5

T he expectation o f the m ass at death  follows from

W"  ,
£ ( W ) = j f v(w)wdw z = jf^ x )~ G (x )d w  

o aw
= J f(x )G (x )d x eqn 6

Defining production  as the expectation o f  m ass at 
death  also provides a theoretical justification  for the 
so-called ‘removal sum m ation’ m ethod for m easuring 
p roduction  in  the field, where for each age class

eqn 7

th e  frac tio n  o f  the po p u la tio n  th a t dies a t th a t p a r 
ticu la r age, which approxim ately equals À x / ( x ) ,  is 
m ultiplied by the mass at death G (x). Sum m ation over 
all age classes leads to the following approxim ation for 
the production  per individual: L f( x )G (x )A x .  A ltern
ative m ethods to estim ate production  in the field can 
also be related to  the expectation o f  m ass at death 
E {W )\ partia l integration o f

E (W ) = \ f ( x )G (x ) d x

gives

E (W ) =  W0 + jS (x )g (x )d x eqn 9

or, using g(x) = dw/clx and S J w ) = S[G  '(w)],

E ( fV )=  W0 + J S w (w)dw eqn 10

where the integrals from  the right-hand term  are the 
basis o f  the ‘grow th-increm ent-sum m ation’ and  ‘Allen- 
curve’ m ethod, respectively (R igler & D ow ning 1984). 
T his shows th a t in principle these two la tter m ethods 
only differ from  the ‘rem oval-sum m ation’ m ethod  in 
im plicitly subtracting  m ass a t b irth  from  the expected 
m ass a t death. So, these two latter m ethods m ust either 
add  mass at b irth  or take in to  account reproductive 
production  in order to  arrive at the to ta l secondary 
production . Alternatively, the ‘rem oval-sum m ation’ is 
som etim es used, but w ith subtracting  m ass at b irth  
from  the m ass a t death. Yet, in tha t case reproductive 
production  m ust be explicitly added in order to  arrive 
a t the to ta l production . See Van S traalen  (1985) for fu r
ther details. T he expected lifetime p roduction  o f  a 
cohort (a group o f individuals recruited at the sam e 
tim e) is the num ber o f  recruits multiplied by the 
expected m ass at death  E (fV ).

EXPO NEN TIAL LIFE SPAN AND VON 
BERTALANFFY GROWTH

A ssum e that the instantaneous m ortality  ra te  r(x) = 
f ( x ) /S ( x )  is constant: r(x) = X. This means th a t th e  life

span Y is exponentially distributed, with probability dens
ity function  f ( x )  =  Xe~Xx, survival function S{x) = e~Xx, 
and  expected life span E {X ) = MX.

A ssum e further th a t growth is o f  the Von Bertalanffy 
type. L et L (x )  be the shell length at age x. Then

dL{x)
dt

= y ( L „ - L ( x ) ) eqn 11

where y  is the Von Bertalanffy growth param eter and 
L„  is the asym ptotic length. A  physiological basis for 
the Von B ertalanffy growth model has been provided 
by K ooijm an (1993), whose dynam ic energy budget 
(DEB) m odel reveals tha t under constan t food condi
tions grow th is o f  the Von Bertalanffy type.

In tegration  leads to  L{x) = 1 -  e'yx) and G (x) =
(J)Ll, (1 -  e~yx)3, where the so-called condition param eter 
<() relates cubic shell length to  mass (and hence incor
porates b o th  the specific density, relating volume to 
mass, and a  shape coefficient relating cubic shell length 
to  volume). The expected mass a t death is

E (JV )=  ] f(x )G (x )d x  =]xe~Xx<pL3J l  -  e~yxf d x  eqn 12

which equals (see the Appendix) 

3 (  y -2 y-3 yeqn 8 E(W)=<t>L
\ ( y  + A )-(2y+  A)-(3y + X)

eqn 13

Thus, if the life spans o f individuals from  cohort i are 
identically distributed and if  these individuals follow 
the sam e grow th trajectory, the expected lifetime 
coho rt p roduction  (per un it area) equals

r,-2y,"3y, eqn 14p¡ =  U f.L t  ¡ ,
•M.(r¡ + Aí)-(2rí + Á,.)(3r/ + a,.)

where p, is the initial cohort density.

Study area and life history

STUDY AREA

B algzand is a tidal-flat area in the w esternm ost p a rt o f  
the W adden Sea, The Netherlands. T he area ranges 
from  a coastal area above m ean-tide level w ith silty 
sedim ents to a low exposed area close to  low-tide level 
(80 cm  below m ean-tide level) tha t emerges a few hours 
at m ost and only when strong easterly w inds prevail. 
T he area that regularly emerges is abou t 45 km 2 in 
extent. More details are given in Beukema (1988) and 
Beukem a et al. (1993).

LIFE HISTORY

The bivalve Macoma balthica is one o f  the m ost com m on 
m acrobenthic species on the tidal flats in the W adden 
Sea. T he adult stage occurs at high densities (tens o r 
hundreds per n r )  on nearly all tidal flats (Beukema 1976; 
D ankers & Beukema 1983). Initial settlement o f post
larvae in spring, at a  size o f  approxim ately 280 pm , 
takes place m ainly in the lower half o f  the in tertidal
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(G ünther 1991; A rm onies & Hellwig-Armonies 1992; 
Beukema 1993). Som e weeks later, the  juveniles, w ith a 
shell length between 1 and 10 m m , occur in maximal 
num bers on  the higher tidal flats, above m ean-tide 
level (D ankers & B eukem a 1983; G ün ther 1991; 
A rm onies & H ellw ig-A rm onies 1992; Beukem a 1993). 
In  the subsequent winter m ost animals move again to  the 
middle and lower zones, where they will spend the rest 
o f  their life (Beukema 1989; Beukema 1993).

M ethods

SAMPLING AND DATA SELECTION

Between 1970 and 1998,12 random ly selected stations, 
each in the form  o f  a 1-km long transect, have been 
sam pled at the tidal flats o f  B algzand each year in late 
w inter (M arch). T he geographical position o f  each sta
tion  has been determ ined by a  starting  po in t and a 
wind direction, w hich were random ly chosen from a 
grid o f geographical coordinates and  a set o f angles, 
respectively. O ne sta tion  was n o t taken in to  account in 
the present paper, because it rarely emerges. A t each 
station 50 cores o f 0-019 n r  were taken a t a  regular dis
tance o f  20 m between two cores. All cores were taken 
to  a depth o f  30 cm and im mediately washed through a 
1-mm sieve. Shells o f  M . balthica were aged by coun t
ing the narrow  dark  year-rings due to  in terrup tion  o f  
grow th (Lam m ens 1967). N um erical density Y, b io
mass density B, and average length L  were determ ined 
for each age-class ( 0 - 4  and  5 +) separately. Only data 
for the cohorts born in the years 1969-92  (which could 
be followed from age class 0 up to  age class 5) were 
used. M ore details o f the sam pling procedure are  given 
in Beukem a (1974).

In  the rem aining p a rt o f  the paper, all biom ass data 
refer to  ash-free dry  biomass. In the present analysis, 
the  term  recruitm ent refers to  the abundance o f  the 
zero-year class a t the first sam pling occasion, i.e. a t the 
end o f their first winter.

ESTIMATING THE PRO D U CTIO N  PARAMETERS 
FOR EACH SITE-COHORT COMBINATION

F or each cohort i = 1 9 6 9 ,..., 1992, at each site k  = 1 , . . . ,  
11, non-linear regression was used to  estim ate the Von 
B ertalanffy length grow th curve

E (L ijk) = L„'ik[ 1 -e x p (-^ .;q ,* )] eqn 15

w here L ijk is th e  average leng th  and  x iJk th e  age o f  
an im als from  cohort i, age-class j  -  0 , . . . ,  4, site k. The 
0-groups were n o t exactly 1 year old a t the tim e o f  
sam pling. Age was therefore given by x ijk -  j+ x, where 
the param eter x  gives the relative length o f the growth 
period between b irth  and  the first sam pling occasion. 
T he param eters asym ptotic length L„Jk, Von Bertalanffy 
growth coefficient yik, and  the length o f  the first period 
x, were estim ated by least squares minim ization.

Similarly, for each cohort, at each site, log-linear 
Poisson regression was used for estim ating the survival
curve

log E (Y ijk) = fiik-À ,kx ijk eqn 16

where Yijk is the density o f  anim als for cohort i, age- 
class j -  0, ... ,4 ,  site k. T he param eters initial cohort 
density \x.!k and  m orta lity  rate Xik were estim ated by 
m axim izing the Poisson likelihood, which is equivalent 
to  m inim izing the deviance (M cCullagh & N eider 1989).

T he condition  param eter <j)(/., the individual m ass to 
cubic shell length ratio, was estim ated for each cohort i, 
a t each site k, by

2Ä
7=1

eqn 17

where the biom ass density B,Jk represents the individual 
m ass Wijk m ultiplied by th e  numerical density Yljk. The 
0-group was left out, as the biom ass density and length 
m easurem ents were m uch less accurate for this group 
than for the older age classes. The applied estimator appro
xim ates the unw eighted average over all individuals.

ESTIMATING AM ONG-COHORT VARIABILITY 
IN IN IT IA L  DENSITY

F or each coho rt i the m ean initial density p.,- was esti
m ated  by averaging over all sam ple sites. The estim ated 
am ong-cohort variance var(p,), based on all m =  24 
cohorts, no t only incorporates the variability o f  the 
underlying densities bu t it  also contains the (spatial) 
sam pling error. A  two-way Analysis o f  Variance m odel 
w ith one observation p,* per cell and with site and cohort 
as the two random  factors, was therefore used to esti
m ate the am ong-cohort variance com ponent à ; , which 
reflects the true  variability o f the underlying densities 
(Sokal & R ohlf 1981; M cArdle 1995). This leads to

Û" =  vâr(P,) -  % eqn 18

w here à  is the estim ator o f  the sam pling variance:

~ k  -  ^ + ^ )2
g 2=  - I — t

(m -  1 ){n -  1)

CLUSTER SAMPLING

eqn 19

F or the individual-related param eters (m ortality rate, 
grow th and condition  param eters) each year a cluster 
sam pling strategy was used. T he random ly selected 
sites w ere th e  p rim ary  u n its  an d  th e  ind iv iduals 
w ere the secondary units. T he estim ators were chosen 
accordingly (T hom pson 1992; pp. 113-117). F or 
example, for each cohort, the mean condition param eter 
was estim ated by
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t r <*k=\

where

5

eqn 20

eqn 21Y,k = ^ Y¡jk 
j=o

T he sam pling  variance o f  th is estim ato r is approx
im ately estim ated by (ignoring the finite population 
correction)

v a r(^ ) _  n k=\
n -  1

eqn 22

Ï Y *
U= 1

As an alternative the boo tstrap  (for each cohort, sites 
were re-sam pled 150 times) was used to estim ate the 
sam pling variance o f

Here again, the estim ator o f  the am ong-cohort vari
ance contains the sam pling variance. U nfortunately, 
no standard  theory is available to correct for this. We 
used the analogue o f the above m entioned Analysis o f 
Variance procedure to  get an  indication o f  the m agni
tude o f  the sam pling variance,

G~ =  - (ran)"
-  <f>¡ - h  +

i k
(m -  l)(n  -  1)

eqn 23

ESTIMATING PRO D U CTIO N  AND ITS 
VARIABILITY IN  TERMS OF THE UNDERLYING 
PARAMETERS

For each cohort i p roduction  p¡ was estim ated by

7 r 27,-37/
Pi = (7/ + A,)-(2 Yi + ^ )-(3y , + A,-)

eqn 24

T he w ith in-cohort sam pling variance was estim ated by 
the boo tstrap  (150 re-samples). T he variance o f log p  
can be split up  in  term s o f the covariance m atrix  o f  the 
logarithm s o f  the three param eters /i, <p, L i ,  and the 
term  between brackets, using the similarity

var(]T  log XJ  =  £  var(log x u) +

2 X S cov(log x„, log x v) eqn 25
u v<u

Hence, the sum  o f  all elem ents o f  this covariance 
matrix equals var(log p).

If the differences between y and A, are small, the complic
ated term  between brackets can be approxim ated by the 
m uch simpler expression y,/(4/\.,) (see the Appendix). This 
would enable a m ore convenient (though approximate) 
decom position o f  the variance o f  log p  in  term s o f  the 
covariance matrix o f the logarithms o f  p, (j), L i , y and 1/A,. 
Recall tha t 1/A. is equivalent to the expected life span.

SOME SYSTEMATIC ERRORS IN 
THE PR O D U C TIO N  ESTIMATES

The production  equation given above should yield post
recru itm ent production: mass at death sum med over all 
animals th a t have been recruited into the benthic popula
tion. P re-recruitm ent production (where the m ortality  
ra te  is m uch higher) is no t taken into account. H ow 
ever, for m athem atical convenience the equation was 
obtained by integrating the mass at death equation

E (W ) = ƒ f { x )  G (x)dx=  j Xe~Xx G f  1 - e yx") d x  eqn 26 
o o

from  zero instead o f from  the age at recruitm ent. So, 
post-recruitment production will be slightly overestimated. 
Yet, num erical integration revealed tha t the error was 
negligibly small, i.e. in the order o f 50 pg m~2, com pared  
to  a m ean  p o st-rec ru itm en t p ro d u c tio n  o f abou t 
1 -6 g m-2. A nother systematic error is due to  the fact tha t 
condition estimates are only based on late-winter values. 
In tra -annua l variation in condition is n o t taken in to  
account. Since the condition in late w inter is rather low, 
production  will be underestim ated. However, this holds 
for all years and the am ong-cohort variability, in which 
we were mainly interested, may not be affected too much.

Results

G RO W TH, SURVIVAL AND CONDITION

T he Von B ertalanffy grow th model was fitted for each 
o f  the 256 coho rt (24) by site (11 ) com binations separ
ately (but w ith a general param eter x) and revealed an 
overall goodness-of-fit o f  R 2 = 1 -  R S S /T S S  = 0-98, 
where R S S  is the residual sum of squares (R S S  = 532 
d.f. =  776), and T S S  the  to ta l sum  o f  squares (T S S  = 
27515, d.f. =  1304). T he standard  error o f  the estim ate 
(which is the square roo t o f  the residual m ean square 
and indicates the m agnitude o f  the residual variation) 
equalled 0-83 m m . T he length o f the first growing 
period x was estim ated a t 0-64 years w ith a  95% confid
ence interval ranging from  0-611 to  0-662 years. T he 
estim ated param eters asym ptotic length L ^ ik and Von 
B ertalanffy growth coefficient yik varied, apart from a 
few outliers, between 15 and 25 m m , and between 0-4 
and 0-8 a-1, respectively.

Survival curves were fitted separately for each 
co h o rt-s ite  com bination . T he overall deviance, a  
m easure o f the goodness-of-fit related to  the likelihood, 
was 2345 (d.f. =  792). A part from a few outliers, the 
estim ated initial cohort densities [pft] and  m ortality  
rates Xik were in the range 10-300 m“2 and 0-2-0-8 a-1, 
respectively. Sim pler models (e.g. initial cohort density 
and m ortality  rate are only site dependent) fitted sig
nificantly less well, although the m odel in  which the 
site x cohort x  age in teraction  was left ou t (and thus 
assum ing th a t the m o rta lity  rate can  be m odelled  by 
a  site effect p lus a  coho rt effect only) also yielded a 
reasonable fit in term s o f  deviance (Table 1).
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Table 1. Deviance D of various log-linear models relating survival to site and cohort effects. All models assume that density 
decreases exponentially with age, except for the last model in which density decreases exponentially with age“, where a  is the 
Weibull parameter

Model d.f. D

Constant 1319 47101
Age 1318 31648
Age + site + site-age 1298 26481
Age + cohort + cohort-age 1272 17010
Age + site + site-age + cohort + cohort-age 1252 11852
Age + site + site-age + cohort + cohort-age + site-cohort 1022 3649
Age + site + site-age + cohort + cohort-age + site-cohort-age 1022 7158
Age + site + site-age + cohort + cohort-age + site-cohort + site-cohort-age 792 2345
Age“ + site + site-age“ + cohort + cohort-age“ + site-cohort + site-cohort-age“ 791 2333

Table 2. Mean, among-cohort variance, variance component, coefficient of variation and the cross-correlation coefficient with 
production, of the various production parameters: initial cohort density p. (m~2), condition <]> (kg m“3), asymptotic length Z._ (mm), 
Von Bertalanffy growth coefficient y (a-1), mortality rate 1 (a'1), and production p  (g rrf2). n -  24

Parameter Mean Variance Variance component Coefficient of variation Cross-correlation

Initial cohort density p 88-0 4-94 IO3 4-33 IO3 0-80 0-89
Condition c(> 8-26 0-410 0-367 0-08 0-18
Asymptotic length 20-1 1-36 1-12 0-06 -0-12
Growth coefficient y 0-567 6-46 IO'3 4-82 IO'3 014 0-27
Mortality rate X 0-493 1-51 IO'2 1-05 IO'2 0-25 0-20
Production p 1-58 1-02 0-93 0-64 1-00

O verall annual survival ra te  was rather similar 
am ong the six age classes. Average densities (averaged 
over all cohorts and sites) were 59-1, 34-3, 20-4, 14-1, 
7-7 and 11-2 anim als per m2, for the six age classes, 
respectively. This indicates an overall annual survival 
o f 58%, 60%, 69%, and 54%, respectively, for the first 
four age classes. T he density o f the 5 + age class was 
146% o f the density o f  the 4 years age class. This 
num ber points to  an annual survival o f 59% for the 
o lder (5 + ) age classes (using the series

j r / s j - i — fo r \p\ <1 gives Y5+= - ^ — = Y4 eqn 27
n=0

where p  is the annual survival) and  thus fits in the gen
eral pattern  o f an annual survival o f  about 60%. The 
assum ption o f  age-independent m ortality  (and hence 
an  exponential d istribution  o f the life span) was tested 
by fitting a  Weibull d istribu tion  m odel, whose survival 
function  is given by

S (x )  = e -(X*x f  eqn 28

w here the Weibull param eter a  ( a  > 0) indicates 
w hether the m ortality  rate increases w ith age ( a  >  1) or 
decreases w ith age (0 <  a  <  1) (K ooijm an 1993). The 
exponential d istribution, w here the m ortality  rate is 
constan t, is a special case o f  the Weibull d istribution, 
w hen a  = 1. T he Weibull m odel fitted slightly better 
th an  the exponential m odel, but the difference in scaled 
deviance was sm all (D /a2 = 4-04, d.f. =  1), and when 
com pared w ith X20.05 =  3-84, only m arginally signi
ficant (P  = 0-045). T he estim ate o f  the Weibull p a ra 
m eter was indeed close to  one: à  = 0.89; w ith a 95%

confidence in terval tha t ranged from  0-790 to 0-997. 
For reasons o f  parsim ony, the exponential distribution 
model seems a  reasonable choice.

M ost o f  the condition  estim ates $ik were in the range 
7 -9  kg m~3.

AM ONG-COHORT VARIABILITY

O f all five param eters (initial cohort density, condition, 
asym ptotic length, Von B ertalanffy grow th rate, and 
m ortality  rate), initial cohort density showed the high
est variability betw een cohorts (Table 2, Fig. 1). The 
coefficient o f  variation  o f  initial cohort density was 
abou t 0-80, w hereas the second highest was 0-25 for 
m ortality  rate (Table 2). In itial cohort density also had 
the highest cross-correlation coefficient with p roduc
tion, r = 0-89 (Table 2).

For all five param eters the estim ated w ithin-cohort 
sam pling variance contribu ted  only a relatively small 
p a rt o f  the am ong-cohort variance, and consequently 
the estim ated am ong-cohort variance com ponent was 
only slightly sm aller than  the estim ated am ong-cohort 
variance (Table 2). Similarly, b o o ts trap  replicates 
suggested th a t the estim ated correlations between 
param eters, using cohort means, were only to a m inor 
extent the result o f  w ith in-cohort sam pling error 
(Fig. 2). This im plies tha t the estim ated am ong-cohort- 
variances and  covariances, which follow below, were 
n o t too  m uch distorted  by sam pling errors.

The complicated term y-2y-3y[(y +  A,)(2y +  X)(3y + A.)] 
from  the production  equation  could be reliably approx
im ated by  th e  m uch  sim pler expression 0-25-ylA . 
(see also the Appendix). T he correlation coefficient
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between b o th  term s was 0-996. This result implies th a t 
the am ong-cohort variance o f p roduction  can be 
(approxim ately) decom posed in term s o f the covari
ance m atrix  o f the log-transform ed param eters initial 
coho rt density, cubic asym ptotic length, condition , 
Von B ertalanffy grow th coefficient and expected life 
span  (Table 3). T he reliability o f  the approxim ation is 
confirm ed by the equivalence between the sum  o f  all 
elem ents o f  the matrix, which equalled 0-3827, and the 
variance o f  log production , which was equal to  0-3826. 
T he estim ated  covariance m atrix  revealed th a t the

variability o f  log production  was m ainly determ ined 
by the variability o f log initial cohort density (Table 3). 
Yet, th e  variab ility  o f  log in itia l co h o rt density, which 
was 0-52, was larger than the variability o f log production 
(which was 0-38). Thus, the variability in log initial cohort 
density was n o t entirely reflected in the variability in log 
production, bu t was slightly lowered by the negative 
elements in the covariance matrix. The lowest covariances 
were those between log initial cohort density and log 
expected life span (-0-12) and between log initial cohort 
density and log cubic asymptotic length (-0-041) (Fig. 2).
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Fig. 2. (a) Cubic asymptotic length Li(cm3); and (b) expected life span 1IX (a), vs. initial cohort density p. (m 2) for each cohort, n = 24; logarithmic scales. 
For one cohort the convex hull containing 150 bootstrap samples is plotted to indicate the reliability of the estimates.

The obvious measure for post-recruitment abundance 
is initial cohort density multiplied by expected life span. 
T he accom panying covariance m atrix, which contains 
the variance o f  log initial cohort density (0-52), the vari
ance o f  log expected life span (0-06), and their covari
ance (-0-12), is a  subset o f  the m atrix o f  all production 
param eters (Table 3). A  sim ilar result as for post
recruitm ent p roduction  was therefore obtained for 
post-recruitm ent abundance: its variability was mainly 
determ ined by recruit density, but slightly dam pened 
by the negative covariance between density and life span.

Discussion

T he recognition o f  the im portance o f recruitm ent p ro 
cesses in determining benthic population and community 
dynamics, g ranted  by T horson  alm ost a  half-century 
ago (T horson 1950; T horson  1966), has received a 
renewed interest am ong ecologists (Young 1987). T he 
lite ra tu re  on recru itm ent lim itation  in m arine soft- 
sedim ent systems was reviewed by Olafsson et al. (1994). 
T hey  concluded th a t sufficient inform ation is available 
to  show th a t post-settlem ent processes (such as recruit
m en t inhibition  by adu lt invertebrates, predation, and 
food lim itation) play a significant role in population  
regulation o f soft-sedim ent benthos and  th a t recruit
m ent lim itation is no t the dom inant determ inant o f 
tem poral pa tterns in this system. However, they also 
a d m itte d  th a t n o  defin ite  s tu d y  o f  even a  sing le

popu la tion  is available to  partition  pattern  generation 
in to  pre- and  post-settlem ent processes.

We used dem ographic and growth data o f  a single 
in tertidal bivalve population , obtained over a much 
longer period  th an  usual. C om bining these data with a 
m odelling approach we were able to quantitatively par
tition  the am ong-cohort variability in some relevant 
characteristics o f  the post-recruitm ent population 
(such as abundance and secondary production) in 
te rm s o f  p re -rec ru itm en t (reflected in  th e  variance 
in recru it density) and post-recru itm ent (reflected in 
all o ther variances and covariances) processes. In  
accordance with the conclusion o f Olafsson et al. (1994), 
negative covariances were obtained between recruit 
density on the one hand and m axim um  cubic length 
an d  expected life span on the o ther hand. These results 
p o in t to  density-dependent growth and survival, which 
m ay  be  re la ted  to  p o st-rec ru itm en t processes such 
as food lim itation, com petition for o ther resources, 
and  predation . Nevertheless, the tem poral variation in 
abundance and production  was to a  m uch greater 
extent a ttributable to  the annual variability in recruit
m ent. T his m ight imply tha t in poor-recruitm ent years 
post-recru itm ent population  density and production 
were limited to  less than their full potential.

In  previous studies the importance o f post-recruitment 
reg u la tion  w as generally based on observed co rre la 
tio n s  between post-recruitm ent density and growth 
a n d /o r survival (often in a spatial context) o r on
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Table 3. Covariance matrix of the log-transformed production parameters: initial cohort density p. (nr2), condition <j> (kg m 3), 
cubic asymptotic length I^(m m 3), Von Bertalanffy growth coefficient y (a-1), and expected life span 1/A, (a), n = 24

9 7 1/A,

Initial density p 0-519
Condition <j> 0-012 0006
Cubic length L i -0-041 0-005 0 030
Growth coefficient y 0-023 -0-005 -0-017 0020
Life span 1/A, -0-120 0001 0-025 -0-009 0-062
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Fig. 3. Cross-correlation function of log initial cohort 
density u (m~2) and log expected life span 1/A. (a).

lack o f auto-correlation  also strengthens the validity o f 
the estim ates o f the covariances and cross-correlation 
coefficients at lag zero (Chatfield 1989).

S u m m in g  u p , o u r  re su lts  stress th e  im p o rtan ce  
o f  p rocesses d u rin g  the  early  m ob ile  life p h ase  o f  
M . ba lth ica . Yet, keeping in m ind our practical defini
tion  o f  recru itm en t (which integrates larval supply 
rate, success o f  first and second settlement, and early 
p o st-se ttlem en t m ortality), they do no t necessarily 
imply that pre-settlement processes dominate. A  previous 
study on the variability in early post-first-settlement 
m ortality  has indeed indicated density dependence 
(Beukema 1982). F u ture studies on the population 
dynamics o f  this bivalve species should therefore 
em phasize the early life-phase.

experim ental tests (always in  a spatial context) in 
which densities o f  the benthic fauna were m anipulated 
(O lafsson et al. 1994). T hese stud ies have indeed 
provided evidence for the existence o f  post-recruitm ent 
regulation, bu t we th ink  tha t an analysis o f long-term  
data, as presented here, is a  prerequisite to quantify to what 
extent density-dependent post-settlem ent processes 
truly dam pen the tem poral variation in the num bers o f  
recruits in the field. I t  should  also be stressed tha t 
studies o f  spatial variation in recruitm ent do no t nec
essarily tell too  m uch about the am oun t o r about the 
causes o f  tem poral variation. Spatial variation m ight 
to  a great extent be related to  variability in local habitat 
quality for settling larvae, whereas tem poral variation 
in recruitm ent m ight be strongly related to  fluctuating 
conditions in the pelagic environm ent.

T he data th a t we have used allowed the application 
o f  a  relatively simple production m odel (for each 
cohort a constan t instan taneous m ortality  rate, which 
appeared to  be in the sam e order o f m agnitude as the 
Von B ertalanffy grow th coefficient), w ith the advant
age th a t the variability in log p roduction  could be 
decom posed in  term s o f  the underlying param eters in  a 
rather straightforw ard m anner. D a ta  for o ther species 
(or for the sam e species but including data  from  the 
m ob ile  first life -p h ase ) m ig h t re q u ire  m ore  com 
plicated  m odels (e.g. inc lud ing  the  assum ption  o f 
age-dependent m ortality). P roduction  variance can 
then be decom posed by m eans o f  a first-order Taylor 
approximation o f  the variance o f  a  non-linear function.

We used cohorts as the units o f  observation, bu t the 
cohorts overlapped in time. T he interval between 
cohort arrivals was 1 year, which is sm aller th an  the 
average adu lt life span, which equalled about 2 years. 
So individuals from  one cohort m ay affect individuals 
from  ano ther cohort, which is n o t reflected in the cor
relation between param eters as presented above. H ow 
ever, inspection o f  the au to- and  cross-correlation 
functions for all param eters showed no  clear patterns 
(e.g. F igure 3). N o  significant auto-correlations occurred, 
except for the log-transform ed condition  param eter (J), 
w hich showed a significant b u t w eak (and hardly 
interpretable) au tocorre la tion  o f  0-49 at lag one. T he
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