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ABSTRACT: Recruitment of benthic marine invertebrates varies greatly at different spatio—temporal
scales. For instance, population dynamics of the yellow clam Mesodesma mactroides at Uruguay
exhibit large temporal fluctuations, mainly associated with recruitment. We used data from an 8 yr
long-term study to develop an age-structured model to show that density-dependent and density-
independent forces acting together can jointly explain the population fluctuations in a sandy-beach
bivalve population of the yellow clam Mesodesma mactroides. The pure density-dependent deter-
ministic model parameterised with empirical values estimated during the 8 yr study predicted stable
dynamics. The dynamics of the deterministic skeleton was markedly influenced by the addition of a
relatively small amount of stochastic variability to fertility rates. The yellow clam population dyna-
mics seem to be driven by the combined forces of density-dependent and density-independent fac-
tors operating together. A combination of (uncorrelated) stochasticity in reproductive rates and asym-
metric intercohort interactions (density-dependent recruitment and density-dependent survival
rates) seems to be the key process generating large variability in recruitment.
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INTRODUCTION

One of the key issues in population ecology is to dis-
tinguish the relative importance of density-dependent
and density-independent factors in population dyna-
mics (Nicholson 1933, Andrewartha & Birch 1954, Roy-
ama 1992). Traditionally, there have been 2 opposing
views of population dynamics, one perceiving popula-
tion changes as being determined by density-indepen-
dent (e.g. climatic) factors only (Bodenheimer 1938,
Andrewartha & Birch 1954), the other stating that only
density-dependent factors regulate population dyna-
mics (Nicholson 1933). Although ecologists from both
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schools have long debated hotly, a synthesis seems to
have arisen during the last decade representing a 2-
dimensional view of population dynamics, one focused
on external, density-independent disturbances, the
other on intrinsic system-density-dependent dynamics
(Turchin & Taylor 1992, Turchin 1995). Nowadays, it is
generally accepted that the dynamics of natural popu-
lations are explained by the interaction of both envi-
ronmental and density-dependent factors (Royama 1992,
Higgins et al. 1997a,b, Leirs et al. 1997, Lima et al.
1999).

Most marine benthic invertebrates have complex life
cycles with a planktonic larval stage (Thorson 1950,
Gaines & Roughgarden 1985). Hence, larval dispersal,
settlement and recruitment processes may play a fun-
damental role in determining their population dyna-



98 Mar Ecol Prog Ser 207: 97-108, 2000

mics (Underwood & Denley 1984, Connell 1985,
Gaines & Roughgarden 1985, Hughes 1990, Suther-
land 1990, Menge 1991, Bertness et al. 1992, Peterson
& Summerson 1992, Nakaoka 1993). Recruitment of
benthic marine invertebrates is largely variable at dif-
ferent spatio-temporal scales (Guillou 1982, Vahl 1982,
Bachelet 1986, Rumrill 1989, Raimondi 1990, Pearson &
Munro 1991, Nakaoka 1993, Defeo 1996a, Hunt &
Scheibling 1997, Pineda & Caswell 1997). Many au-
thors have suggested that large-scale change in
oceanographic conditions, winds, temperature, salinity
and other environmental forces could generate vari-
ability in mortality during pre and early post-settle-
ment stages, thus affecting temporal and spatial pat-
terns of recruitment (Botsford 1986, Arntz et al. 1987,
Pineda 1991, Cushing 1995).

On the other hand, recruitment variability could also
occur as a result of system-intrinsic (density-depen-
dent) mechanisms operating at smaller spatial scales
(Hunt & Scheibling 1997 and references therein). In
this vein, inter-age or inter-stage density-dependent
interactions are ubiquitous in marine invertebrates
with overlapping generations (see Defeo 1996a and re-
ferences therein). In such cases, resident adults reduce
settlement and subsequent recruitment rates by either
filtering settling larvae out of the water column or seiz-
ing available space (André & Rosenberg 1991, André
et al. 1993).

Several theoretical and empirical studies (Gurney et
al. 1980, Nisbet & Gurney 1982, Gurney & Nisbet 1985,
Desharnais & Liu 1987, Liu & Cohen 1987, Dennis et al.
1995, Shimada & Tuda 1996, Constantino et al. 1997,
Higgins et al. 1997a) have demonstrated that density-
dependent interactions between different age or stage
classes could generate a rich spectrum of deterministic
dynamic behaviours. In particular, high and low
frequency-dynamics may arise in Age 0 cod (Gadus
morhua) populations by interaction between intra-
and intercohort density-dependence and stochasticity
(Bjernstad et al. 1999, Stenseth et al. 1999). However,
there are few studies modelling such kinds of density-
dependent systems in natural populations, especially
in marine invertebrates (but see Nakaoka 1996, 1997,
Botsford 1997, Higgins et al. 1997a,b).

Here we develop a mathematical model that in-
cludes density-dependence and stochastic processes to
show that both forces can jointly explain the popula-
tion fluctuations in a sandy-beach bivalve, the yellow
clam Mesodesma mactroides. First, we describe the
relationships between demographic parameters (i.e.
age-specific survival and fertility) and population den-
sity. Second, we use these relationships to develop a
density-dependent age-structured model. Third, we
examine the dynamic behaviour predicted for the
deterministic skeleton (i.e. density-dependent mecha-

nisms). Finally, we analyse the effects of adding exter-
nal stochastic perturbations to the model.

MATERIALS AND METHODS

The yellow clam life cycle. The yellow clam Meso-
desma mactroides is one of the most common bivalve
molluscs in the Atlantic sandy beaches of South Amer-
ica (Defeo 1989). It is a fast-growing, short-lived spe-
cies, with a maximum life span of ca 3.5 yr (Defeo et al.
1992b). It presents a high fecundity (5300000 eggs
female™!) and a complex life cycle that includes a lar-
vae phase with a variable pelagic stage (approx. 1 mo
between the peak of mass maturation and recruitment
to the beach: Masello & Defeo 1986, Defeo 1996b), and
a post-metamorphic benthic phase. The life cycle of
the yellow clam can be divided into 4 age classes:
(1) Age 0, recruits, which represent juvenile individu-
als settled in the intertidal zone after the larval stage
from January to May, peaking in March and April
(87 % of the total: Defeo et al. 1992b); (2), (3), (4) sexu-
ally ripe individuals. Mean size at first maturity is
almost 43 mm (Masello & Defeo 1986), corresponding
approximately to the 1 yr-old individuals. Sex composi-
tion follows a 1:1 ratio (Masello & Defeo 1986).

Study site. The most important population (highest
densities) of Mesodesma mactroides on the Atlantic
coast of Uruguay occurs in Barra del Chuy beach, a
22 km uninterrupted sandy coastal belt (33°40'S,
53°29'W: Defeo et al. 1986, Fig. 1) enclosed by 2
water outlets, the Chuy stream and the Andreoni
Canal. Barra del Chuy is a beach with a gentle slope
(4 %) and fine sand (2.22¢) (Defeo et al. 1992a), and
has the highest species diversity, total density and
biomass of the sandy beaches of Uruguay (Defeo et al.
1992a).

Sampling design. Mesodesma mactroides population
was monitored monthly from March 1983 to March
1985, and seasonally (at least 4 times a year) from 1985
to 1990. A systematic sampling design was employed:
22 equidistant transects, perpendicular to the shore-
line, were set along Barra del Chuy beach; along each
transect, sampling units (SUs) were obtained at 4 m
intervals, from the base of the sand dunes to the shore-
level, where 2 successive SUs without clams were
recorded (controls). The SUs were obtained with a
corer, 28.2 cm in diameter and 40 cm in depth. Some
200 SUs were taken during each sampling period.
Demography was independent of the sample location
along the transects perpendicular to the shoreline:
organisms, especially recruits and juveniles, are sub-
ject to swash-mediated movements and are mixing
fairly periodically. Although the yellow clam does dis-
play some seasonal zonation patterns (Defeo et al.
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1986), it can be considered as consisting of perfectly
mixed age/length groups without any remarkable
zonation gradients across the beach for the purposes of
this paper. Defeo (1996a, 1998) used this assumption
during a long-term analysis of the fishery. The sedi-
ment of each sample was sieved separately through a
0.5 mm mesh, and all clams retained in each sample
were measured (max. valve length) and counted. The
full size range (1 to 76 mm) was recorded for all sample
periods, with >100 000 individuals measured through-
out the study. The annual dynamics of the yellow clam
population is characterised by large variability in
recruitment (Fig. 2).

Demographic data: survival and fertility estimates.
Demographic estimates of Mesodesma mactroides were
obtained from Brazeiro & Defeo (1999). In that previ-
ous study, we estimated its annual age-specific sur-
vival probability and fertility during 8 consecutive

years (1983 to 1990), using the methodology for post-
breeding census developed by Caswell (1989). The fol-
lowing 2 paragraphs briefly summarise the estimation
procedures (for details see Brazeiro & Defeo 1999):

To obtain the annual age distribution, all individuals
collected in each year, immediately after recruitment,
were grouped into 5 age classes (0 to 4) according to
the age-size key derived from a seasonal version of the
von Bertalanffy growth model (Defeo et al. 1992b). The
estimated relative abundance of each age class (I;) was
employed to calculate the age-specific survival proba-
bilities (S;), as follows:

(1)

Because the yellow clam population was not station-
ary, S; values were corrected by the observed popula-
tion growth rate (A) recorded each year (see Eberhardt
1988). S, is zero because no individuals of
Age Class 4 survive at the end of the 4th year
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100 km

of life.

To estimate the fertility (F), i.e. the average
number of Age Class 0 individuals (recruits)
generated per adult female, the number of
recruits found in each year was partitioned
among the corresponding reproductive fem-
ales.

Density-dependent effects on reproduc-
tive and survival rates. We define the repro-
duction process as the transition from eggs
through planktonic larvae to intertidal O-
group individuals. This extended reproduc-

tive process is highly variable between years;
the sources of this between-year variability

may be associated with density-dependent
individual interactions and stochastic vari-
ability. We modelled reproductive processes
under 2 assumptions: (1) density-independent
reproductive rate; (2) density-dependent re-

productive rate. To allow stochastic variation
in the reproductive process of the yellow
clam, we used the following relationship:

Rt = eat

(2)
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where e%t represents the per capita reproduc-
tive rate (number of yellow clam females pro-
duced by an adult female); we assume that o,
is normally distributed with mean a and con-

Fig. 1. Geographical location of study beach (Barra del Chuy), Uruguay.
The most important population of Mesodesma mactroides on the At-
lantic coast of Uruguay occur in Barra del Chuy beach, a 22 km unin-
terrupted sandy coastal belt (33°40'S, 53°29' W: Defeo et al. 1986). This
beach is flanked by 2 water outlets, the Chuy stream and the Andreoni
Canal. Barra del Chuy is a dissipative beach with a gentle slope (4 %)

and fine sand (2.22¢)

stant variance (0%). We estimate the repro-
ductive rate from data estimating mean and
variance; under this assumption the per
capita reproductive rate was log-normally
distributed across years (Bjornstad et al.
1999). Under a further assumption, we as-
sumed that the reproductive rate is affected
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Fig. 2. Mesodesma mactroides. Population trajectories ob-
served during the period 1983 to 1990: (—@ —) total popula-
tion, (-- O --) recruits, and (--- @ ---) adults

by density-dependent interactions. In previous studies,
this yellow clam population has shown an overcom-
pensatory stock-recruitment relationship (SRR) de-
scribed by a Ricker (1954) model (Defeo 1996a, 1998).
This model, which has been used to describe the SRR
of molluscs (Hancock 1973) and beetles (Hastings &
Constantino 1987, 1991), suggests overcompensation
(i.e. an inhibition of recruitment at high adult densities).
Therefore, we modelled the reproductive rate as a neg-
ative function of adult population density at time ¢ (A,);

Ry = f(AY) (3)

We used 3 different functional relationship to model
density-dependence in reproductive rates: (1) a linear
function; (2) a log-linear function; (3) an exponential neg-
ative function. The best model was selected using the
small-sample corrected Akaike information criterion
(AIC,) (Hurvich & Tsai 1989, see Bjornstad et al. 1995
for a detailed explanation in an ecological context). The
most appropriate model will be that minimising the
AIC,. =-2log(likelihood) + 2p + 2(p+ 1)(p + 2)/(n—-p-2),
where p is the number of parameters and n is the sam-
ple size. A difference of <1 in the AIC, may be consid-
ered 'insignificant’; this represent a rule of thumb in
AIC-based selection procedures (Sakamoto et al. 1986).

The density-dependent relationships on survival
rates for each age-class was fitted using generalized
linear models, GLM (McCullagh & Nelder 1989); we
used a binomial error structure and a logit link func-
tion. We tested if the number of recruits and/or the
number of adults were better predictors of the age-
specific survival rates, in order to determine the

strength of the intra- and intercohort interactions in
survival rates. In addition, we explored what type of
functional relationship better describe the density-
dependent effects on survival by using the predictor
variable (density) in a linear or log-linear fashion at the
logit scale. For example, Bjernstad et al. (1999) demon-
strated log-linear density-dependence in the survival
rates of the Skagerrak coastal cod populations. We
used the AIC, value to select the best models.

The age-structured model. In this paper, we used an
age-structured model to formalise the life cycle of the
yellow clam. Our starting point was the classical age-
structured model of Leslie (1945) (see also Caswell
1989), but we included density-dependent and sto-
chastic terms.

We initially assumed that the per capita egg produc-
tion, hatching and survival to Age 0 was density-inde-
pendent, but with stochastic variation. The per capita
reproductive rate is given as a random variable (Engen
& Lande 1996, Stenseth et al. 1999). Also, we consid-
ered the Age Class 0 as individuals at the beginning of
the benthic life, i.e. as recruits (Nakaoka 1993). Thus,
the production of recruits of Age Class 0 in the Year
t+11is given by

Notr1 = Nigorge- €%t (4)

where N is recruit numbers, N; , ; are adult numbers,
and o, is a sequence of normally distributed random
variables, so that exp(a,) is log normal (Engen & Lande
1996), given that recruitment variability is an impor-
tant source of population uncertainty in marine benthic
species (e.g. Raimondi 1990, Pineda & Caswell 1997).
On the other hand, assuming density-dependence in
reproductive rates gives the following relationship for
the number of recruits at time ¢ + 1;

NO,t+1 = f(N1+2+3,t) 'N1+2+3,t (5)

where the function f describes the functional relation-
ship between the per capita reproductive rate and the
adult population numbers. Intracohort and intercohort
density-dependent interactions may reduce the sur-
vival of the individuals through the different age clas-
ses; the transitions across the different ages may be
formalised by the following relationships;

L 0 9

1 = N, O
Nita = N DD“e—(B—vwo,t—uwa,t)D

g 1 C
Niwi Dﬂl+e—[ﬁ—vﬂbg(No,[)—ucnog(Na,t)]E (7)

N =

where 3, yand p are positive constants determining the
density-independent survival rate at low densities, and
the reduction in survival due to density-dependent
effects of the recruits and adults, respectively, and
were estimated from the data.
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RESULTS

On the basis of a density-independent per capita re-
productive rate Mesodesma mactroides adult female
produce approx. 7.8 eggs that successfully hatch,
metamorphose and enter the Age 0 group. However,
there is a negative density-dependent effect on repro-
ductive rates of the yellow clam (Fig. 3). A negative
exponential model [kexp(-BN;)] seems to describe well
the functional density-dependent relationship of the
density on reproductive rates, where k is the maxi-
mum number of recruits produced by a female at low
densities, B is the density-dependent coefficient, and
N,is adult density (Table 1, Fig. 3). The parameter esti-
mates give a maximum of 18.45 recruits produced by a
female at low adult densities; the negative, density-
dependent coefficients (k =—-0.014) have a 95 % CI that
does not include 0.

The linear functional relationship (at logit scale) ap-
pears to represent density-dependent effects on sur-
vival rates better than the log-linear. The parameter y
that represents density-dependent effects of the Age 0
group is negative, and the 95% CI does not include 0.
In contrast, the parameter p, which represents the
effects of adult density in survival rates, was both pos-
itive and negative and its 95 % CI includes 0 (Table 2).

y = 18.46 * exp(-0.014*)

20
R2=0.63

Number of Age 0 group individuals/Number of adult females

]
0 | | | | |
0 50 100 150 200 250
Density of adults (t)

Fig. 3. Mesodesma mactroides. Best model fitted to relation-
ship recruits (Age 0 individuals) produced by adult female
and adult population density. Negative exponential model
was best (using Akaike information criteria) for describing
this relationship. Note that a negative model for the per
capita reproductive rates gives rise to a Ricker's (1954) stock-
recruitment model (see Defeo 1996a, 1998)

Table 1. Mesodesma mactroides. Model selection for relation-
ship between per capita reproductive rates (number of re-
cruits produced by an adult female) and adult population
density. Best model was a negative exponential function with
parameters k = 18.46 and B = -0.014, where k = maximum
number of recruits produced at low densities, and 3 = nega-
tive density-dependent effects of adult population. In bold:
selected model

Model Deviance AIC,
Exponential 115.30 57.98
Linear 138.17 59.43
Log-linear 116.10 58.03

The selected models for the age-specific survival rates
showed that recruit density (Age 0 group) was the
main factor reducing survival rates in all age-classes
(Table 2, Fig. 4). The negative effects of the Age 0
recruits on adult survival were stronger for the older
age-classes.

The purely density-dependent deterministic model
parameterised with the empirical values estimated
during the 8 yr study and density-dependent repro-
ductive rates predicted stable dynamics, with an equi-
librium density of 421 and 43 ind. m~2 for recruits and
adults, respectively. The predicted values for recruits
were close to the average observed density (350 ind.
m2, which varied between 122 and 763 m™?) but the
predicted adult density was lower than that observed
(97 ind. m~2, which varied between 19 and 235 m2).

The dynamics of the deterministic skeleton was
markedly influenced by the addition of a relatively
small amount of stochastic variability to fertility rates,
but the predicted dynamics was consistent (in mean
values and variability) with the empirical data (Fig. 5).

To each simulated time series we estimated the cor-
responding spectral densities (Chatfield 1989, Bjern-
stad et al. 1996). We summarised the decomposition of
the simulated time series by means of the periodogram
expressed in terms of frequency (yr!). Because the
periodogram is not a good estimator of spectral density
when large variances are present, we present the
smoothed spectral density using a Gaussian kernel to
create weighed averages of the spectra and a lag win-
dow of 7 yr. Because our original time series data cov-
ered only 8 yr, the spectral results of the model outputs
represent speculations about the potential real dyna-
mics and should not be considered as proper model
validations. The simulated recruitment dynamics dis-
played a spectral density with no clear dominant fre-
quency; however, biannual and multiannual oscilla-
tions with a 3 yr period appear to be important
(Fig. 6A). On the other hand, the adult dynamics dis-
played a spectral density having a multiannual oscilla-
tion pattern having a period of around 5 yr (Fig. 6B).
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Fig. 4. Mesodesma mactroides. Logit density-dependent mod-
els fitted to relationships between survival rates of different
age classes and recruit (Age 0 group) density

DISCUSSION

We developed an age-structured model for the pop-
ulation dynamics of the yellow clam Mesodesma mac-
troides that includes density-dependent interactions in
survival and recruitment and year-to-year variation in
reproductive rates. The results strongly suggest that
the interaction between the intrinsic system (density-
dependent) forces and environmental (density-inde-
pendent) factors may produce the temporal fluctua-
tions observed in the yellow clam population, with
recruitment playing a major role (see also Seijo &
Defeo 1994). Particularly, the model seems to repro-
duce well yellow clam dynamics for recruits (but pre-
dicted adult densities were less than those observed),
with density-dependent mechanisms generating a sta-
ble equilibrium in the absence of stochastic distur-
bances.

The estimated negative exponential function for the
relationship of the per capita recruitment rates is con-
sistent with the overcompensatory stock-recruitment
relationship described by a Ricker's (1954) model pub-
lished earlier by Defeo (1996a, 1998). This model,
which has been used to describe the SRR of molluscs
(Hancock 1973) and beetles (Hastings & Constantino
1987, 1991), suggests overcompensation (i.e. an inhibi-
tion of recruitment at high adult densities). In this case,
a potential mechanism could be passive filtering of set-
tling larvae by adults, a major process explaining set-
tlement inhibition by established suspension feeders
(Woodin 1976, Crowe et al. 1987, André & Rosenberg
1991, André et al. 1993). Also, sediment-mediated
interactions through feeding activity may also change
adjacent physical properties of the sediment, thus
inhibiting settlement (Rhoads & Young 1970, Rhoads
1974). Wide variations in fishing intensity generated
by the yellow clam fishery closure provided a rela-
tively large range of spawning stock and recruitment
sizes, thus enabling a confident SRR estimation with a
short time-data series. Our data indicated that adult
individuals may suppress recruitment. Consequently,
exploitation levels of the adult component of the popu-
lation may influence intraspecific mechanisms, such as
inhibition of recruitment. It is important to note that
another potential source of recruitment inhibition by
adults in many marine invertebrate populations may
be chemical interactions (Rittschof 1990, Satuito et al.
1996); however, they have not been estimated for our
study population.

On the other hand, the density-dependent relation-
ships found in survival rates of all age-classes strongly
suggest the existence of competitive interactions for
both space and resources between individuals. For
instance, individual growth rates are negatively rela-
ted with population density, which strongly suggests
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Fig. 5. Mesodesma mactroides. Time trajectories of stochastic model dynamics of Age 0 group (recruits) and adult individuals over
100 yr using fitted parameter values (Tables 1 & 2 and ‘Results’). Shown are 100 yr of simulation after a transient period of 900 yr

Table 2. Mesodesma mactroides. Model selection for linear models describing density-dependent effects on age-specific survival

rates. We used 2 functional forms, linear and log-linear, in a logit scale, with binomial error structure and logit link function. Para-

meters are Intercept, representing density-independent survival rate for each age-class; Yy, representing effects of Age 0 group on

age-specific survival rates; and |, representing density-dependent effects of adult individuals on age-specific survival rates. AIC,

= small-sample corrected Akaike information criterion (Hurvich & Tsai 1989; see Bjornstad et al. 1995 for detailed explana-
tion in an ecological context). In bold: selected models

Model Intercept (SE) Y (SE) U (SE) Deviance AIC,
Age 0 group
Linear -1.457 (0.26) -0.0025 (0.0008) - 0.0514 0.223
-2.59 (0.31) - 0.0036 (0.0026) 0.137 7.065
-1.736 (0.27) —-0.0023 (0.0006) 0.0025 (0.0014) 0.030 10.36
Log-linear 1.632 (1.40) —-0.69 (0.25) - 0.0706 2.45
—-2.986 (1.05) - 0.174 (0.25) 0.162 8.26
0.92 (1.66) -0.67 (0.25) 0.14 (0.18) 0.062 26.44
Age 1 group
Linear 0.037 (0.29) -0.0033 (0.0008) - 0.132 6.81
-1.234 (0.43) - 0.0017 (0.041) 0.604 17.47
—0.045 (0.39) —-0.0033 (0.0009) 0.00082 (0.002) 0.127 20.57
Log-linear 4.04 (1.77) -0.905 (0.32) - 0.238 10.95
—-0.923 (1.39) - —-0.044 (0.34) 0.621 17.66
4.38 (2.31) -0.92 (0.36) —-0.070 (0.24) 0.233 24.81
Age 2 group
Linear 1.55 (0.68) —0.0044 (0.0017) - 0.819 19.60
0.172 (0.66) - —-0.0032 (0.0066) 1.911 25.53
1.902 (0.85) —-0.0046 (0.0019) —0.0039 (0.0047) 0.710 35.59
Log-linear 6.95 (3.61) -1.20 (0.62) - 1.16 22.04
1.95 (2.03) - -0.51 (0.50) 1.67 24.61
9.24 (4.17) —-1.26 (0.64) -0.529 (0.41) 0.639 33.77
Age 3 group
Linear 3.30 (0.56) —-0.0068 (0.0013) - 0.280 11.91
0.76 (0.82) - —-0.0023 (0.0008) 2.53 27.51
3.46 (0.64) —-0.0068 (0.0013) —-0.0026 (0.0038) 0.253 25.38
Log-linear 14.47 (3.82) —2.36 (0.64) - 0.520 16.32
2.43 (2.51) - —-0.46 (0.60) 2.328 26.91
15.30 (3.52) -2.22 (0.52) —-0.44 (0.33) 0.370 28.05
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strong effects on population dyna-
mics of this species (Defeo 1998);
e.g., the concurrent effects of an
intense freshwater discharge from
the Andreoni Canal and a high har-
vesting level that peaked in 1985
seem to be responsible for the dras-
tic reduction in adult density and
recruitment failure in 1986 (Defeo
1993). These factors also affected
sympatric unharvested clams in the
same study area (Defeo & de Alava
1995, Defeo 1998). In addition to the
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Fig. 6. Mesodesma mactroides. Spectral density of (A) recruit (Age 0 group) and
(B) adult (Ages 1+2+3+4) dynamics. Lines represent smoothed spectral density to
create weighed averages of spectra using a lag window of 7 yr. Smoothed periodo-
grams are on a 10° log scale, where unit is decibels. Smoothing was done using S-
plus function spectrum with span of the modified Daniel window specified as c(7, 7)

(see Venables & Ripley 1997)

the existence of competitive interactions for resources
(Defeo 1998). However, the nature of this interaction
seems to be highly asymmetrical; adult survival rates
are reduced due to intercohort interactions. The main
factor decreasing survival rates of adult individuals is
the density of the Age 0 group (recruits), while survival
rates of the Age 0 group are reduced by intracohort
interactions. One of the possible reasons is that recruit
density comprises on average 78 % of the total yellow
clam population; thus, the total effect of this age-class
may be the most important intra-specific competitive
force within the population.

It is widely known that fluctuations in population
density may be caused by delays in these regulatory
mechanisms (Royama 1992, Turchin & Taylor 1992).
These regulatory delays may be divided into 2 cate-
gories (see Bjornstad et al. 1998, 1999): (1) those
caused by symmetric interactions between similar in-
dividuals (same age or stage); (2) those caused by
asymmetric interactions between individuals of differ-
ent ages (adults vs recruits). Our results seem to sup-
port the existence of both kinds of individual interac-
tion in the yellow clam population. While the number
of adults appears to reduce recruitment via passive fil-
tering of settling larvae by adults, the Age 0 group
(recruits) appears to reduce the survival rate of the
other age-classes via competitive interactions.

Another integral part of the yellow clam population
dynamics is the stochastic components of the system
represented by climatic and oceanographic variables.
For instance, large salinity variations seem to have

T T above meso-scale (sensu Orensanz
& Jamieson 1998) effects of salinity
and harvesting, large-scale massive
mortality of the yellow clam oc-
curred throughout the entire geo-
graphic distribution area of the spe-
cies, including thousands of kilome-
ters of sandy beaches in Brazil,
Uruguay and Argentina (Méndez
1995, Odebrecht et al. 1995). This
mass mortality was attributed to the
passage of cold atmospheric fronts and the consequent
extremely dense accumulation of dinoflagellates in the
surf-zone. Since these massive mortality events, Meso-
desma mactroides populations throughout its bio-
geographic distribution range have not been recov-
ered (Defeo unpubl. data). It is important to note that
we define meso-scale (intermediate scale) in this study
as the spatial relation between populations within a
metapopulation. This is typically the scale of fishing
grounds and beds within which homogeneity assump-
tions with regards to the fishing process and/or dyna-
mics of harvested stocks are made in classical theory
(Orensanz & Jamieson 1998).

Some inter- and intracohort interactions such as the
passive filtering of larvae or intraspecific competition
for food or space might increase the dimensionality
and thus the complexity of yellow clam population
dynamics (Turchin & Taylor 1992, Dennis et al. 1995,
Constantino et al. 1997, Stenseth et al. 1999). In fact,
both intra- and intercohort interactions and stochastic
forces acting together can produce complex population
dynamic patterns, characterised by a bimodal spec-
trum with both cycles and low-frequency dynamics
(Bjornstad et al. 1999, Stenseth et al. 1999). It is well
known that sustained population cycles may be pro-
duced when interactions between individuals are
highly non-linear, or when weakly non-linear or linear
dynamics are disrupted by stochastic disturbances (see
Nisbet & Gurney 1982, Royama 1992, Stenseth et al.
1996). In the yellow clam, the density-dependent sur-
vival functions were weakly non-linear or almost lin-
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ear, while the density-dependent recruitment was
non-linear. In this context, some of the between-year
variability observed in recruitment of some marine
benthic invertebrates may be the result of determinis-
tic components (density-dependence) interacting with
environmental factors. Recently, Bjernstad et al. (1999)
and Stenseth et al. (1999) showed that stochastic forces
in recruitment can interact with the age-structure of a
marine fish population, and that log autoregressive
moving average (ARMA) models can be useful to rep-
resent the ecological processes behind such dynamic
patterns. In fact, our age-structured model for the yel-
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Fig. 7. Mesodesma mactroides. Simulated trajectories of Age
0 group (recruits) under 2 different scenarios: (A) simulating
population system with weak effects of adult individuals on
Age 0 group and strong effects of Age 0 group on adult indi-
viduals (by reducing density-dependent coefficient in repro-
ductive rates from -0.014 to —-0.0014 and increasing density-
dependent effects of Age 0 group on adult survival by a factor
of 10); (B) simulating population system with strong effects of
adult individuals on Age 0 group and no effects of Age 0
group on adult individuals (by using estimated density-
dependent coefficient in reproductive rates, and assuming
that adults [Age Groups 1+2+3+4 and no Age 0 group]
reduce survival in all age-classes, and increasing estimated
coefficients by a factor of 10). Shown are 150 yr of simulation
after a transient period of 850 yr

low clam can be rewritten in delay-co-ordinates to
obtain a simplified model for the Age 0 group, which
can be represented by an ARMA (3, 1) process. Mov-
ing average processes are capable to generate low fre-
quency dynamics (Chatfield 1989, see Stenseth et al.
1999 for an ecological example). However, our model
simulations did not exhibit low-frequency dynamics,
and only short-term frequencies were observed (cycles).
In fact, the spectral density showed biannual and 3 yr
oscillations as the main components of variation in
recruit dynamics, indicating that stochastic forces
(white noise) and density-dependent forces may inter-
act to produce recruitment variability, but there would
be no resonant effects of stochastic variability. One
possible cause may be that the estimated intra- and
intercohort interactions are too weak to give rise to
more complex dynamics, or the negative effects of the
Age 0 group on adult survival may be counterbalanced
by the negative effects of the adults on recruitment.
We explored these alternatives by simulating a yellow
clam population with strong asymmetric interactions.
First, we simulated a population system with weak
effects of adult individuals on the Age 0 group and
strong effects of the Age 0 group on adult individuals
(by reducing the density-dependent coefficient repro-
ductive rates from -0.014 to —0.0014 and increasing the
density-dependent effects of Age 0 group on adult sur-
vival by a factor of 10). Second, we simulated a popu-
lation system with strong effects of adult individuals on
the Age 0 group and no effects of the Age 0 group on
adult individuals (by using the estimated density-
dependent coefficient in reproductive rates, and
assuming that adults reduce Age 0 group survival).
Fig. 7 shows 150 yr of simulation after an 850 yr tran-
sient period was discarded. This simulation showed
that a yellow clam population with strong intercohort
interactions is capable of exhibiting both cycles and
low-frequency dynamics (Fig. 8) similar to those
observed in cod populations (Bjernstad et al. 1999,
Stenseth et al. 1999). Simulations of simple determinis-
tic and stochastic models predict that spectra will be
dominated by high-frequency (short-term) dynamics
(Cohen 1995, Engen & Lande 1996, White et al. 1996).
However, most real populations are also characterised
by low-frequency dynamics (Cohen 1995, Sugihara
1995, 1996, Halley 1996, White et al. 1996). Conse-
quently, the effects of some long-term environmental
forcing have been argued as the factor explaining the
existence of long-term dynamics in natural populations
(Halley 1996). However, recent studies have shown
that low-frequency dynamics could be generated by
intrinsic (density-dependent) mechanisms in combina-
tion with uncorrelated stochastic processes (Mira-
montes & Rohani 1998, Bjernstad et al. 1999, Stenseth
et al. 1999).
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Fig. 8. Mesodesma mactroides. Spectral density of Age 0
group of model simulations in Fig. 7. In both cases U-shaped
spectra indicate presence of cycles (short-term frequencies)
and low-frequency dynamics. Smoothed periodograms are
given on a 10° log scale, where unit is decibels. Smoothing
was done using S-plus function spectrum with span of the
modified Daniel window specified as c(7, 7) (see Venables &
Ripley 1997)

The yellow clam population at Barra del Chuy exhib-
ited important temporal fluctuations that could be
explained by the occurrence of uncorrelated environ-
mental disturbances and density-dependent factors.
The non-linear mechanisms modelled for the first time
in a sandy beach population suggest that recruitment
variability may often be caused by biological interac-
tions (density-dependent recruitment by adult density
[Age Groups 1+2+3+4] and survival limitation by re-
cruit [Age 0 group] density) interacting with uncorre-
lated environmental disturbances. On the other hand,
we modelled environmental variability as white noise,
whereas external environmental factors such as
oceanographic conditions and El Nino events could be
better described by another random distributed vari-
able; these possible effects should be considered in
future studies.
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