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ABSTRACT: A long-term analysis of the structure of a bivalve population consisting of the wedge clam
Donax hanleyanus is described for an exposed temperate sandy beach of Uruguay. The potential
effects of human harvesting on the sympatric bivalve Mesodesma mactroides (yellow clam) and of
salinity were analyzed through time and space (longshore variation). Inter- and intra-annual fluctua-
tions of the different population components (recruits, juveniles and adults} were detected. D. han-
leyanus showed uneven periods of abundance, with the occurrence of peaks of different magnitude
that appeared related to fluctuations in the fishing effort targeting on the yellow clam. D. hanleyanus
showed a marked longshore variability in population structure and abundance along the 22 km of
sandy beach sampled. Spatial variations in salinity and also in the amount of fishing effort exerted on
M. mactroides seem to be key factors in explaining this variation. This study suggests that further
research on sandy beach populations should include human activities as important factors affecting
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long-term trends.
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INTRODUCTION

Exposed marine beaches are physically stressed
environments (sensu McLachlan 1983, 1988), and the
invertebrate populations and communities living there
are usually considered to be regulated mainly by
physical factors. Thus, it is thought (McLachlan 1988,
1990) that the best way to understand population
variability in these ecosystems is to document
responses to abiotic factors. However, there is a con-
spicuous lack of information on the biotic factors (e.g.
larval-adult interactions) as well as human-induced
impacts (e.g. fishing activities) that are involved.

In contrast to the numerous studies conducted on
populations and communities of exposed rocky shores
(Paine 1984, Castilla & Paine 1987 Castilla 1993, Navar-
rete et al. 1993), the macrofauna from exposed sandy
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beaches, which makes up the greatest proportion of
most open shores (McLachlan 1990), has usually been
the focus of short-term/instantaneous research, mainly
related to community structure and zonation (Jaramillo
1978, Donn 1987, McLachlan 1990, Jaramillo & Mc-
Lachlan 1993). Very little is known about the long-term
consequences of natural or human-induced distur-
bances on the structure and dynamics of sandy beach
populations.

The wedge clam Donax hanleyanus (Philippi, 1845)
(Bivalvia: Donacidae) occurs along the Atlantic coast of
South America, from the state of Espiritu Santo (Brazil)
(Narchi 1978) to Punta Mogotes, Buenos Aires Pro-
vince (Argentina) (Penchaszadeh & Olivier 1975). This
intertidal filter-feeder has a maximum adult size of
35 mm, and rarely lives for more than 3 yr (Penchas-
zadeh & Olivier 1975, Defeo unpubl.). It is common on
the reflective beaches, with coarse sediments and
sharp slopes, of the coast of Uruguay {Pollovero 1984).
However, it has also been categorized as an important
species on the dissipative sandy beaches, with gentle
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slopes and fine grain size, of the coasts of Brazil
(Gianuca 1983), Argentina (Olivier et al. 1971, Pen-
chaszadeh & Olivier 1975) and Uruguay (Defeo et al.
1992, de Alava 1993). In this setting, it is sympatric
with the yellow clam Mesodesma mactroides (Bivalvia:
Mesodesmatidae), in a community dominated by the
latter.

Both species inhabit the 22 km of continuous sandy
coast from Barra del Chuy to La Coronilla, Uruguay. In
addition to natural biotic and abiotic factors, 2 forms
of human-induced perturbation affect the nearshore,
benthic environment in this area: (1) the freshwater
discharge {Andreoni Canal) from a wide plain basin
used for agriculture and cattle rearing, and subjected
to agro-chemicals (Defeo 1993a); and (2) direct ex-
ploitation of Mesodesma mactroides and the physical
disturbance associated with this harvest.

Mesodesma mactroides is commercially exploited
with hand tools, notably shovels, mainly during austral
summer months (December to March). The extraction
of clams produces sediment disturbance which makes
the substratum unsuitable for settlement, and there
may be incidental damage to the unexploited size
classes (i.e. less than 50 mm length) (Defeo 1993a).
Although Donax hanleyanus is not commercially
exploited, it occupies the same intertidal fringe as
M. mactroides, and so also may be incidentally
affected by harvesting activities.

In the present study we explore the following ques-
tions: (1) How does harvesting of Mesodesma mac-
troides affect temporal patterns of population vari-
ability and structure of the unexploited wedge clam
D. hanleyanus? (2) Are the 2 forms of human-induced
perturbations (freshwater discharge and harvesting
activities} important in determining variations in abun-
dance of the wedge clam population along the beach?
To this end, we carried out long-term monitoring of
both the population structure and abundance of D.
hanleyanus and the fishing activities (catch and effort
data) on M. mactroides. The 8 yr study included a
32 mo experiment during which fishing was totally
excluded (see Defeo 1993a and de Alava 1993 for
details on the human exclusion experiment).

METHODS

Study area. The study area comprised 22 km of con-
tinuous sandy beach from Barra del Chuy (33°40'S,
53° 20" W) to La Coronilla (33° 50" S, 53° 27" W) on the
Atlantic coast of Uruguay (Fig 1). This is a dissipative
beach (sensu McLachlan 1990), with fine to very fine,
well-sorted sands, a gentle slope, heavy wave action,
a wide surf zone and large aeoclian tide ranges. The
physiognomy of this shoreline is determined mainly by

the prevailing winds and wind-driven surf off the
South Atlantic (Etchichury & Remiro 1971, de Alava &
Defeo 1991).

The beach is delimited by a freshwater stream at
each extreme: Chuy Stream in the north, and Andreoni
Canal, 800 m south of La Coronilla (Fig. 1). Large vari-
ations in salinity values within the surt zone have been
documented in both time and space (from 0.5 to 30 ppt:
Defeo 1993a}, and these are explained by the fresh-
water discharges at the 2 extremes of the beach (Defeo
et al. 1986). The Andreoni Canal is also known to dis-
charge pesticides and high concentrations of sus-
pended solids (Méndez & Anciaux 1991). In this study,
variations in salinity are taken as an indicator for the
presence of agricultural discharges, the effects of
which are beyond the scope of this paper.

This stretch of beach has the highest richness of ben-
thic macrofauna (mesh size = 0.5 mm) in Uruguay
(Defeo et al. 1992). It also has high, aperiodic values of
primary production (6 x 10° cell™!) throughout the year
(Bayssé et al. 1989}, and hence has been described as
the most southerly of a chain of exposed sandy beaches
(Defeo & Scarabino 1990) which form semi-closed
ecosystems (sensu McLachlan 1980).

Sampling procedures and data analysis. Samples
of clams were collected monthly from March 1983
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Fig. 1 (a) Geographic distribution (+) of the wedge clam
Donax hanleyanus. (b) Study area on the eastern coast of
Uruguay. (c) Location of the 4 fishing grounds along the
22 km of beach sampled between Chuy Stream and Andreoni
Canal; Barra del Chuy and La Coronilla are also shown
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through March 1985, and seasonally (at least 4 times a
year) from 1985 to 1990, according to a systematic
design developed to evaluate the stock of Mesodesma
mactroides. Transects perpendicular to the shoreline
were set up every kilometer from Barra del Chuy
(transect 1) to La Coronilla (Transect 22), with sam-
pling stations on each transect beginning at the base of
the dunes and continuing at 4 m intervals to the sea-
ward limit of the clam bed, until at least 2 consecutive
stations yielded no wedge clams. More than 200
samples were taken during each sample period. At
each station, a sheet metal cylinder, 28.2 cm in dia-
meter and 40 cm deep, was used to remove the sedi-
ment. Each sample was sieved through a 0.5 mm mesh,
and the organisms retained were collected and later
measured in the laboratory with a vernier caliper along
the greatest valve length. Measurements were recorded
to the nearest 0.5 mm, and covered the full range of
Donax hanleyanus sizes: 1 to 33 mm. From February
1988 to March 1990, intensive monthly sampling was
conducted in the middle of the study area (Transect
10). Here, 8 additional transects were set up perpen-
dicular to the shoreline and spaced 8 m apart. Stations
were established and sampled in the manner de-
scribed above. Also during this period, additional
sampling was carried out monthly near the Andreoni
Canal (Transect 23). During this intensive sampling,
more than 50 samples were analyzed each month, in
addition to those collected from the entire study area.

Because of wide differences in spatial distribution of
fishing effort and catches of Mesodesma mactroides
along the beach (Defeo 1993a), the study area was
divided into 4 fishing grounds for the purpose of
grouping data from the fishery (see Defeo et al. 1991
for details), with boundaries set at right angles to the
coastline: A, Transects 1 through 5; B, Transects 6
through 10; C, Transects 11 through 15; and D,
Transects 16 through 22 (Fig. 1c). No fishing activities
were ever observed between Transect 22 (La Coro-
nilla) and 23 (Andreoni Canal).

Wedge clams were categorized into 3 size classes:
recruits, 1 to 5 mm; juveniles, 5.5 to 15 mm; and adults,
>15 mm (de Alava 1993). The mean size at first matu-
rity (15 mm; Penchaszadeh & Olivier 1975) was used to
identify the adult component. Average mean density of
each size class was calculated for every sampling
period, by transect, by fishing ground, and also as an
overall average for each sample period.

The period of wedge clam recruitment was found
to occur between February 1 and May 31 (de Alava
1993). In both 1988 and 1989 the main peak in recruit-
ment occurred between 2 seasonal samplings (de
Alava 1993), so the best data for interpreting the sea-
sonal peak of recruitment came from the intensive
sampling at Transect 10. Thus, for these 2 years data on

recruitment by fishing ground was not obtained, and
only an estimate for the entire beach was available.

Daily records of fishing effort (man-hours d-!' and
number of trips) and catches per fishermen were main-
tained by fishing ground from 1984 to 1987 and from
1990 onwards. Monthly catch data records for Meso-
desma mactroides were available from 1983. Both
fishing effort and annual harvest increased steadily
from 62 t in 1981 to 219 t in 1985 (Defeo 1989). After
1985 there was a marked drop in catches and catch per
unit effort; a human exclusion experiment was carried
out along the entire beach between April 1987 and
November 1989, at which time the resource was judged
to have recovered (Defeo 1993b, Defeo et al. 1993).

Sea surface salinity was measured during each
sampling period with a Beckman salinometer at odd-
numbered transects, and also at Transect 22. During
the period of intensive sampling, between February
1988 and March 1990, salinity was measured at Tran-
sects 10, 22 and 23.

RESULTS
Temporal variations

The average annual density of Donax hanleyanus
population showed a clear increase over the 8 yr study
period; the lowest value was registered in 1984 (19 ind.
m~2) and the highest in 1990 (178 ind. m~?%). Variation
in density values was highest in 1987, the first year that
the Mesodesma mactroides fishery was closed, and
lowest the 3 previous years (1984 to 1986).

This increasing trend in average annual density was
similar for each of the 3 size classes. However, both re-
cruit and juvenile densities showed greater seasonal
variation than adult densities (Fig. 2a, b). Recruits com-
monly showed a strong peak in density during the sum-
mer and autumn (February to May), notably in 1983,
1987 and 1990, with the highest value of 322 ind. m~2
recorded in summer 1990 (Fig. 2a). The 4 yr period be-
tween 1983 and 1987 — before the closure of the fish-
ery — was characterized by a long series of low values,
never above 50 ind. m~2 The high summer peak in re-
cruits in 1987 occurred just when the Mesodesma mac-
troides fishery was closed, and the even higher peak in
summer 1990 occurred just as the fishery was reopened
in December 1989, after 32 mo of having been closed.

Average seasonal densities of juveniles (Fig. 2b)
revealed a similar pattern, showing peaks in the
summers of 1983, 1987 and 1990. There was also a
strong winter peak in 1988 (125 ind. m~2%), just 1.5 yr
after the Mesodesma mactroides fishery had been
closed in April 1987. The period before the closure of
the fishery showed low and constant average seasonal
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1989, density stayed above 100 ind. m~~.

Seasonal densities of adults (Fig. 2c) were consis-
tently below 50 ind. m~% from the beginning of the
study until spring 1988, when they peaked at 112 ind.
m~2. From that point on, density values were above
75, and frequently greater than 100 ind. m~% They
peaked again in spring and summer 1990 (179 ind.
m~?). Hence, a year after the closure of the Meso-
desma mactroides fishery, the adult wedge clam pop-
ulation began to rise steadily from its previous low
base.

Longshore variations
The wedge clam population
To dampen the effect of temporal fluctuations in
stock and recruitment, average annual densities per

transect were normalized; this procedure frees the
data from the effect of scale (Austin & Greig-Smith
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Fig. 2. Donax hanleyanus. Seasonal fluctuations in density

{mean + SE) in the study zone. (a} Recruits; (b} juveniles;

and (c) adults. The period during which the Mesodesma

mactroides fishery was closed (April 1987 to November
1989) is also indicated. Su: summer; Wi: winter

1968, Green 1979). The transformed data showed that
the abundance of recruits was lowest in Transects 12
through 22 (grounds C and D), declining sharply in the
transects closest to the Andreoni Canal (Fig. 3a). A
decrease in abundance at Transect 1 (northern
extreme) was also evident. Adults showed a steady
decrease in abundance from Transect 17 to 22, but the
transects north of 17 showed no clear spatial trend,
except a marked drop in abundance at Transect 1
(Fig. 3b). As the data (whether raw or variously trans-
formed) did not meet the assumption of homoscedas-
ticity (p < 0.01, Bartlett and Cochran tests), nonpara-
metric tests were employed to evaluate differences
among transects. Normalized data of recruitment dur-
ing recruitment time and mean annual densities of
adults (mean per transect; all 8 years pooled) differed
significantly among transects, according to the Fried-
man nonparametric analysis of variance (Y242, =
40.20; p < 0.01 for recruits and %252 = 34.19, p < 0.03
for adults). The gradient mentioned above, especially
in transects belonging to ground D (i.e. Transects 16 to
22), accounted for these differences (Fig. 3a, b).
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Fig. 3. Donax hanleyanus. Longshore varnability. (a) Recruit
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A significant positive correlation (r = 0.57; p < 0.01)
between density of juveniles plus adults (A) and den-
sity of recruits (R) in transect i for year y was observed
during the recruitment period (February to May). A
model] of the form:

_ b
R, = aA,

(a=2.40; b=0.637) best described the relation between
the longshore spatial variation of recruits and adults for
the 22 transects in the 8 years analyzed (Fig. 4).

Salinity
Fig. 5 shows the spatial variation in salinity values

during the wedge clam recruitment period (February to
May) for 5 of the 8 years of study. Mean values were
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Fig. 4. Donax hanleyanus. Scatter diagram of recruit density
plotted against juvenile + adult density (mean values) per tran-
sect during each recruitment period, between 1983 and 1990

generally about 27 ppt; however, in 1985 they rose to
31 ppt, and in 1986 they dropped to 19 ppt. In all 5 years
there was a consistent pattern of lower values at the
south end of the study area (Transect 22). In 1984 and
1988 there were also markedly lower values in salinity
at Transect 1; however, during the other 3 years there
was no such pattern (Fig. 5). The data obtained in
1988-1989 from the intensive sampling, although lim-
ited to Transects 10 {27 = 1 ppt), 22 (24 = 2 ppt) and 23
(5 £ 3 ppt), were consistent with these general patterns.

The Mesodesma mactroides fishery and its eifect
on the Donax hanleyanus population

Heterogeneous allocation of fishing effort seems to
be a consistent feature in the exploitation of Meso-

SALINITY (ppt)
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TRANSECT

Fig. 5. Spatial variability in mean salinity values at the time of
Donax hanleyanus recruitment for 5 of the 8 years analyzed
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slopes was rejected (F; 5 = 4.23; p < 0.024), which
could denote a dissimilar capacity for recruitment suc-
cess and recolonization (Fig. 7: grounds A to C). From Y L =]
the linear regression analyses, the greatest recruit-

desma mactroides in the study site, as has been shown 100
in previous studies (Defeo et al. 1986, 1991). The 90
largest catches were recorded in the central fishing 804
grounds B and C (Fig. 6). ' N -0 z

Average density of wedge clam recruits per fishing ? CLOSED
zone during the recruitment period showed a signifi- = %07 é SEASON
cant inverse relation to fishing effort (in number of T 504 Z
trips) exerted on Mesodesma mactroides in fishing % 40l ?
grounds A, B and C, but notin D (Fig. 7). An analysis of © ZE
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ment density (311 recruits m~?) in the absence of fish- Fig. 6. Time series of yellow clam Mesodesma mactroides

ing effort should be expected in ground A, and the catches per fishing ground 1984 to 1990. Between autumn

lowest in ground D. (April) 1987 and spring (November) 1989 the fishery was
closed

This phenomenon was also reflected in the strong
inverse relation between the mean density of recruits

at recruitment time averaged over the entire beach p < 0.013) monotonically decreasing exponential func-
and the catch of yellow clams during the same period tion of the form
for the 8 years studied (Fig. 8a). A significant (r = -0.82; R, = 173e70021C,
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Fig. 7. Bivariate correlation per fishing ground between Donax hanleyanus recruitment density and the corresponding fishing
effort exerted on Mesodesma mactroides. Years without fishing activity were not considered (see 'Methods’)
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was fitted, where R, is the recruitment density during
recruitment time of year y and C, is the recorded
Mesodesma mactroides catch. The above relationship
was also observed when considering the annual mean
density corresponding to the juvenile + adult population
components pooled together and the total annual catch
(r=-0.75; p < 0.03; Fig. 8b). The function fitted was:

A, = 107e 0007

4

where A, is the density of juveniles + adults averaged
over all transects during year y and C, is the corre-
sponding catch.

DISCUSSION

In a recent overview, Castilla (1993) called attention
to the scarcity of studies on the effects of humans on
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ment time and (b) on an annual basis. Data from the intensive

sampling survey was employed to estimate the mean recruit-
ment density for 1988-1989 (see 'Methods’)

coastal invertebrates, even though humans are likely
to constitute the key factor (‘capstone’) which disturbs
or alters populations, communities and/or ecosystems,
generating cascading effects which affect their struc-
ture and functioning (Estes & Palmisano 1974, Moreno
et al. 1984, Castilla & Duran 1985, Duréan & Castilla
1989). The long-term study of the wedge clam popula-
tion described here, constitutes one of the first exam-
ples in the literature on sandy beaches that illustrates
the effects of human activities on intertidal populations.

Donax hanleyanus showed temporal variations in
density, with peaks occurring when fishing effort
exerted on the yellow clam Mesodesma mactroides
was lowest. The highest densities of D. hanleyanus
occurred consistently throughout and immediately
after the human exclusion experiment; the peaks dur-
ing the period of exploitation (1983, 1987) coincided
with the lowest M. mactroides catches and fishing
effort. Moreover, when the area was closed to fishing
(from April 1987 to December 1989}, recruitment pro-
moted a rapid increase in population growth to a level
above that observed during exploitation.

Two facts derived from the long-term analysis of
Donax hanleyanus abundance and the intensity of
fishing activity on Mesodesma mactroides would sug-
gest a potential ecological interdependence between
the 2 suspension-feeding bivalves: (1) density of the
wedge clam (recruits as well as juveniles plus adults)
was inversely correlated with the size of yellow clam
catches; (2) maximum abundances of both recruits and
adults of M. mactroides during the period of exploita-
tion occurred between 1984 and 1985 (Defeo 1993b),
coinciding with the period of lowest wedge clam popu-
lation abundances (see Fig. 2) and the highest catches
of yellow clam (see Fig. 6). The divergence in the rela-
tion of the 2 clams to fishing suggests a dissimilar
response to human disturbance, and hence a possible
competitive dominance of M. mactroides in the colo-
nization of the released space after harvesting. It must
be emphasized that recruits and adults of D. han-
leyanus and recruits and juveniles of M. mactroides
occur at similar depths in the sediment (Defeo et al.
1986); thus an intense competitive interaction resulting
from competition for space could bhe expected as a
primary mechanism of population regulation (see also
Peterson & Andre 1980). Interspecific competition
for space has been suggested to be one way M. mac-
troides and D. hanleyanus are regulated on Argentin-
ian coasts (Penchaszadeh & Olivier 1975). Intense
interactions between age classes of the sympatric surf
clams Mesodesma donacium and Donax peruvianus
from the Pacific sandy beaches of South America, have
also been proposed (Arntz et al. 1987).

In the present study, Donax hanleyanus showed a
marked longshore variability in population structure
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along the 22 km of sandy beach sampled. The lowest
abundances of recruits were observed in Transects 1,
22 and 23, and the highest in ground A (i.e. Transects
2, 3). This fact could be explained by the lower salini-
ties close to the Andreoni Canal, and to a lesser extent
near the Chuy Stream (Transect 1). These results agree
with those found by Defeo (1993a), who showed that
changes in physico-chemical variables (e.g. nutrients,
seston) of the coastal water near the Andreoni Canal
were responsible for the striking decline in the abun-
dance and diversity of the nearshore benthic and
phytoplanktonic communities of this beach. Over the
same study area, the abundance of marine phyto-
plankton decreased towards the Andreoni Canal, evi-
dently as a consequence of decreasing nearshore
salinity (Bayssé et al. 1989, Defeo 1993a). Bayssé et al.
(1989) documented this gradient for marine diatoms
such as Asterionella glacialis, which constitutes a basic
food source for Mesodesma mactroides and probably
for Donax hanleyanus as well (Gianuca 1983, Defeo &
Scarabino 1990). Thus, longshore variability in abiotic
(salinity) and biotic (phytoplankton) factors may also
be important in defining those areas with a greater
probability of successful recruitment. Moreover, the
large amount of sediment and sewage carried by the
freshwater discharges from the Andreoni Canal, and
the observed constant erosion of the site (Defeo 1993a),
would suggest a constantly changing environment,
and possibly a less suitable habitat for the wedge clam.

The apparent influence of salinity on the distribution
of the wedge clam suggests a pattern different from
those documented for Donax species throughout the
world. Sastre (1984) concluded that food availability
was the major factor affecting populations of Donax
denticulatus, so that abundance and maximum size of
individuals were greatest on beaches with the highest
levels of particulate organic carbon. McLachlan &
Hanekom (1979) suggested that particulate matter
from river mouths and phytoplankton blooms have a
positive effect on populations of Donax serra on South
African coasts. Similarly, Donn (1987) found that the
population structure of D. serra appeared to be
strongly skewed towards river mouths (see also Wade
1967, Ansell 1983). In this study, the spatial gradient in
density was sharper for recruits than for adults,
although the latter showed a marked reduction
towards the Andreoni Canal. Thus, the longshore dis-
tribution of the 3 D. hanleyanus population classes
(recruits, juveniles and adults) can be considered as
habitat-dependent, with decreasing abundances oc-
curring at marginal sites. Differential mortality due to
differences in salinity and food availability could affect
the distributional pattern. The occurrence of differen-
tial mortality resulting from gradients in habitat quality
has been reported by Molieza & Chessel (1976) for

Donax trunculus and reviewed by Bachelet et al.
(1992) for suspension-feeders.

The longshore distribution of Donax hanleyanus in
Uruguay could also be explained by the spatial vari-
ability in the intensity of harvesting activities. Inciden-
tal effects (shell damage) of fishing pressure were
observed for yellow clams below the size harvested
(Defeo 1993a) and are certain to also affect the wedge
clam. In addition, physical stress produced by sedi-
ment disturbance could make the substratum less
suitable for settlement. The significant correlations be-
tween wedge clam abundance and fishing effort are a
first step in identifying potential effects of harvesting
and destruction of sediment structure affecting long-
term patterns in sandy beach populations; however,
such effects need to be tested through direct quantifi-
cation of incidental damage and the effects of substrate
perturbation (e.g. mortality of wedge clams immedi-
ately after fishing manipulation versus a small control
area).

In summary, 2 different sources of human impact
appeared to produce the distribution patterns of the
wedge clam population observed in the field: (1) the
fishing activity exerted on the sympatric bivalve
Mesodesma mactroides, especially in grounds A to C;
(2) in ground D, in which fishing effort exerted on M.
mactroides was the lowest and was a less reliable pre-
dictor of wedge clam recruitment abundance, the
salinity variations caused by the Andreoni Canal. The
relative importance of the harshness of the physical
environment could outweigh the effect of human
exploitation in this zone.

As in rocky intertidal species, for which the effects of
intense fishing pressure have been well documented
(Castilla & Duran 1985, Moreno et al. 1986, Oliva &
Castilla 1986), the present study shows that humans
could also play a critical role in determining the mag-
nitude of fluctuations of sandy beach populations, not
only for the target species subjected to exploitation but
for other species in the community as well. Hence,
research on sandy beach populations should include
consideration of human activities as key factors in
regulating long-term fluctuations.
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