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Austrovenus stutchburyi
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ABSTRACT: Estuarine bivalves are exposed to spatial and temporal variations in salinity and seston
quality and quantity. This is the first study to investigate the effects of salinity reduction and phyto-
plankton availability on the survival, health and growth of a burrowing bivalve. The intertidal clam
Austrovenus stutchburyi survived 6 wk of laboratory storage in dilute seawater (20%.) at 15°C. In
salinities below 14 %o, and at low phytoplankton concentrations (<10 pg chl a I'!), clams lost weight
and mortality occurred within 4 wk of exposure. With high phytoplankton availability (>20 png chl a
I'Y), some clams survived 6 wk exposure to 7 %o.. Salinity and quality of seston over 5 shellfish beds
varied both amongst and within sites. Chl a concentration at high tide was variable between sites, but
was generally below 8 g 1. Seston total particulate matter (TPM) ranged from 25 to 400 mg 1!, and
particulate organic matter (POM) from 3 to 31 mg I"!. Clams transplanted to other sites in the estuary
quickly adapted to new environmental conditions. Average growth rates of clams caged at 4 estuary
sites for 6 mo (October 1997 to April 1998) were low, between 0.17 and 0.35 mm mo!. Total length
increment correlated positively with low-tide temperature, salinity and average chl a concentration.
After 2 mo, there was a direct linear relationship between transplanted clam standard condition
index (Clg,en) and length increment. The integrated laboratory and field studies confirm that salinity
dilution, together with low phytoplankton availability, reduces growth and condition of this shallow-

burrowing estuarine clam.
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INTRODUCTION

Estuarine benthic suspension-feeding bivalves are
exposed to spatial and temporal variations in the envi-
ronment that can affect all aspects of their behaviour,
physiology, energetics, population biology and growth
(Shumway & Newell 1984, Navarro 1988). Bivalve feed-
ing mechanisms and energetics have been extensively
studied, but the relationship between these physiologi-
cal processes and environmental factors that affect
growth is not always clear, especially for burrowing spe-
cies (Bricelj & Malouf 1984, Thompson & Nichols 1988,
Grant 1996, Iglesias et al. 1996, Hawkins et al. 1998).

Many estuarine clams have both a critical and an
optimal salinity for growth, and some species show

*Email: islay.marsden@canterbury.ac.nz

Clam condition - Salinity effects -

Resale or republication not permitted without written consent of the publisher

Growth - Seston - Quality - Quantity -

geographical differences in their salinity tolerances
(Newell 1991). Salinity has been widely implicated as
affecting the energy budget and growth of estuarine
bivalves (Shumway 1982, Kautsky 1982); however, few
studies have examined this critically. In mussels, small
reductions in salinity (ca. 10%) can reduce growth
(Gruffydd et al. 1984), and fluctuating salinities can re-
sult in mortality due to depletion of biochemical reserves
in the mussels Mytilus edulis and M. trossulus (Gardner
& Thompson 2001). In a recent study, Shriver et al. (2002)
studied the effects of salinity and food availability on the
growth of suspended juvenile bay scallops. This scallop
is usually found in high salinity estuaries, and was pre-
viously thought to have little tolerance for low or reduced
salinities. Mortality increased both with reduced salinity
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and high densities of competitors. Growth rates were
high, but interestingly, growth did not increase with
higher phytoplankton concentration. This scallop re-
search contrasts with previous research on bivalves,
including cockles, clams and mussels, where food avail-
ability is thought to be the major factor affecting bivalve
growth (Grizzle & Morin 1989, Iglesias et al. 1992,
Hawkins et al. 1998). These studies suggest a potentially
complex relationship between salinity and other envi-
ronmental variables (including food availability, quantity
and quality) and the growth of estuarine bivalves.

The endemic little-neck clam Austrovenus stutch-
buryi, locally known as the cockle or tuangi, is a
shallow-burrowing species found at mid- to low-tide
in estuaries and protected sand flats throughout New
Zealand. Its ecology and distribution have been
described by Larcombe (1971), Stephenson (1981) and
Blackwell (1984). Transplant studies by Dobbinson et
al. (1989) found that tidal height was the major factor
affecting clam growth-rate. Compared with mid- and
high-tide clams, the longer immersion period for low-
tide bivalves, together with higher food availability,
was thought to explain the high bivalve growth rates in
clam populations exposed to normal salinity conditions
(32%0 and above). Little-neck clams, however, occur
in habitats where they are exposed to reductions in
salinity down to 14 %. (Marsden & Pilkington 1995). In
estuaries, the quality and quantity of seston will vary
on different temporal scales, over tidal, lunar and
seasonal cycles, and there will also be nutrient input
from rivers and treated waste water.

The most common approach to investigating the
effects of combined environmental factors on the
growth of bivalves is to study field populations or
experimental transplants. Researchers have selected a
range of sites, but rarely have the salinity effects been
considered, even in well-studied species including
Macoma balthica and Mercenaria mercenaria (Grizzle
& Morin 1989, Harvey & Vincent 1990, 1991). Comple-
mentary laboratory studies are useful in identifying the
specific effects of particular variables, and these have
greatly contributed to our understanding of the ener-
getics and effects of food quality on the European
cockle Cerastoderma edule (Iglesias et al. 1992, Urru-
tia et al. 1996, Navarro & Widdows 1997). However,
these studies did not include salinity as a part of the
response model.

The little-neck clam is commercially harvested in
New Zealand and is of high cultural value, with many
people collecting clams for themselves. This species
has disappeared from certain areas, and a number
of unpublished field trials have assessed whether
shellfish beds can be re-established using transplants.
The success of these programmes will depend upon
whether transplants are likely to cope with environ-

mental conditions, including reduced salinity. The pre-
sent study was designed to evaluate the effects of
reduced salinity on clams through a combination of
short-term laboratory studies, long- and short-term
field transplants, and the monitoring of field popula-
tions. Clam health was assessed using a standard
condition index (Clg,ep), and the relationship between
this index and growth was quantified.

MATERIALS AND METHODS

Laboratory experiments. Experimental clams were
collected from Beachville (see ‘field sites and collecting
methods’ for fuller description), where they are
exposed to a seasonal and daily salinity range between
28 and 34 %o, (Marsden & Pilkington 1995). Two 6 wk
laboratory experiments investigated the combined
effects of salinity and phytoplankton availability on the
condition index of Austrovenus stutchburyi at 15°C
with a 12 h dark:light regime. An independent tidal
tank was used for each experimental condition. The
tidal tanks consisted of 2 x 45 1 plastic tanks placed
above each other with a pump to recirculate the sea-
water. The bottom tank was aerated to ensure oxygen
concentrations remained high and there was no build
up of ammonia. The seawater was collected from
Lyttleton Harbour and filtered through Whatman
GF/C glass filters. Experimental salinites were made
up by dilution using distilled water (Gruffydd et al.
1984). The salinity in each tidal tank was checked and
adjusted every 4 d, and the water was completely
replaced every 2 wk. The tidal cycle was maintained to
be the same as in the field using a delay timer, and
included a 3 h low-tide period when the pump was
stopped, and seawater was allowed to drain from the
experimental vessels in the upper tank into the lower
tank.

Expt 1 began on October 22, 1997 using 4 tidal tanks
and 12 similar groups of 15 clams, 9 to 29 mm shell
length (mean + SD, 20.1 + 4.3 mm). Twenty clams col-
lected at the start of the experiment provided initial
values for the weight relationships and condition index
(Clsphen = [dry tissue weight/shell dry weight] x 100)
(Crosby & Gale 1990). This index is thought to be a
reliable stress indicator for bivalves and, in this and
other species, is generally independent of shell length
(Rainer & Mann 1992, Marsden & Pilkington 1995).

The experimental vessels were 2 1 uncovered plastic
ice-cream containers (15 x 15 x 8 cm depth), which
were perforated to allow the seawater to drain out at
low-tide. They contained 5 cm of well-mixed fine sand
that had been collected from the estuary mouth and air
dried. The vessels for each treatment were completely
submerged in the top tank and the clams were intro-
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Fig. 1. Map of New Zealand and the Avon-Heathcote
Estuary, Christchurch, showing field sites (@, inset)
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duced after 6 h of equilibration. There were 2 salinity
treatments, 34 and 20 %o, and high or low phytoplank-
ton conditions provided by the addition of a daily
ration of Isochrysis galbana close to the evening high-
tide. Phytoplankton were harvested during the loga-
rithmic growth phase at a standard concentration,
verified at intervals by cell counts and fluorimetry
readings. Each day, 100 ml of concentrated culture (ca.
294 ug chl a I'!) was added to the high phytoplankton
treatments, and 10 ml to the low phytoplankton treat-
ments. These provided bursts of seston concentrations
in the tidal tank, on average between 5 and 10 pg chl a
I"! in the low seston treatment (values similar to con-
centrations from local oceanic seawater) and 20 to
50 ug chl al” !in the high seston treatment (values sim-
ilar to low-tide estuary sediment concentrations).
Irregular measurements were made on phytoplankton
concentrations using fluorimetry. After 2, 4 and 6 wk,
1 experimental container was randomly removed and
the clams were separated from the sed-
iment. The shell length was measured
to the nearest 0.01 mm using vernier
callipers, the tissue was dissected from
the shell, and both the shell and the

son for Expt 1) and 2 salinities, 14 and 7 %o, with high
and low phytoplankton as described earlier. Clams
used in Expt 2 were of a similar length and Clg,, to
those used in Expt 1.

Field sites and collecting methods. Clam popula-
tions were sampled from 5 mid- to low-tide shell-
fish beds close to river channels within the Avon-
Heathcote Estuary, Christchurch, South Island, New
Zealand (43°31'S, 172°44'E) during spring and sum-
mer (October 1997 to April 1998). This shallow estuary
has an average depth of approximately 1.4 m, and the
sites were chosen along an environmental gradient of
salinity, seston availability and sediment characteris-
tics (Fig. 1, Table 1). The sediments from the 2 sites
closest to the estuary mouth had a higher proportion of
sand than those (2) that were close to the rivers. Oxi-
dation was intermediate, and the sediments contained
relatively high concentrations of trace metals. Clam
populations within the estuary vary from less than

Table 1. Sediment characteristics and trace metal concentrations of, copper, zinc
and lead (pg g~') from areas close to present study sites, recorded in December

1997, as part of another research study

tissue dried at 60°C for 48 h. Site % sand % silt % clay Cu Zn Pb
Expt 2 followed on directly after
Expt 1 on December 19, 1997 using the Godwit 97-99 1.4-2.5 0.2-0.7 2 28 4
. Oxidation ~ 72-78  20.2-25.8 2.3-2.8 11 74 14
t. H , th
Same SqUIpMent. OWEVel ST W | pleasant Pt 27-47  49.8-67.6  3.1-6.0 15 100 20
5 treatments: 34% with high phyto- | geameote  47-60  38.5-56.3 1.3-2.2 7 79 17

plankton availability (a time compari-
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50 m~2 to more than 1000 m~2 (Stephenson 1981). Study
sites were selected where densities were close to or
below 200 ind. m~2 (Marsden & Pilkington 1995), and
the emersion time was up to 4 h at low tide. Clams from
each site were collected by hand after digging 20 x
20 cm quadrats and sieving through a 2 mm-mesh
garden sieve. Twenty individuals were used to assess
the initial weight relationships and Clggy.

For the laboratory and field-transfer experiments,
clams were collected from Beachville, which was the
site closest to the estuary mouth. The small clams were
collected from a small area adjacent to the main shell-
fish bed close to a rocky part of the estuary channel,
where drift algae collect.

Population samples and transplant experiments. The
weight relationships and Clg,e; of 20 individuals from
the 5 clam populations in the field were followed over
the duration of Expt 1 (October to December), with
samples taken at 2 wk intervals, 1 d after measure-
ments were made on clams in the laboratory experi-
ment. Also, to assess the effects of changing envi-
ronmental conditions on a single population, clams
from Beachville were caged at each of the 5 field sites
(Fig. 1). The experimental procedures were tested by
transplanting clams from Beachville (high salinity site)
to Heathcote (low salinity site) and comparing the sur-
vival of the transplants with those of self-transplanted
clams from Heathcote. Over a period of 3 wk there
was no mortality within the cages. The cages were con-
structed from the same 2 1 plastic ice-cream containers
used in the laboratory experiments. The sides and bot-
tom were perforated and the lid was made from 1 mm
mesh, which allowed the seawater to enter but ex-
cluded bird and fish predators. The numbered cages
contained 5 cm of the same sand used in the laboratory
experiment. At each site, 4 cages containing 20 pre-
measured clams (10 to 30 mm shell length) were set-up
close to the edge of the channel. They were tied to-
gether and labelled with a stake so they could easily be
relocated. One cage was removed at each 2 wk interval
when the natural clam populations were sampled.

Field measurements. At each low-tide collection,
200 ml water samples were taken from the channel,
and ca. 2 to 3 mm of sediment from the exposed inter-
tidal mudflat surface was removed for temperature,
salinity (refractometry) and chl a (fluorimetry, cali-
brated using a chl a standard) measurements. In late
November, the seston availability at high tide was
assessed from samples from both the surface water and
just above the sediment-water interface over the clam
beds at each site. Four 200 ml samples were collected
to estimate chl a by fluorimetry together with a 1 1
seston sample. The sample was filtered through pre-
weighed and ashed glass filters to estimate total seston
(total particulate matter; TPM), and then ashed at

400°C for 4 h for estimates of organic and other volatile
solids (total volatile solids; TVS). Two independent
samples from each water mass were collected for
salinity measurements and an average temperature
recorded during sampling. In early December, similar
measurements were made at the sediment-water
interface over the shellfish beds by collecting a 11
water sample each hour over a 6 h period from 3 h
before high tide to 3 h after high tide.

Growth experiment. The 6 mo experiment was set
up in early October at all 5 sites using 6 numbered
cages (as in the transplant experiment described ear-
lier) containing 15 pre-measured individuals collected
from Beachville. Although the original experimental
design included a transplant back to Beachville, this
was unsuccessful because of human interference and
instability of the cages within the established shellfish
bed. Cages were checked weekly and any accumu-
lated sea lettuce (Ulva lactuca) was removed. Each
cage was placed randomly, at least 50 cm apart, at the
low-tide level. One of the cages was recovered from
each of the remaining 4 sites bimonthly up to April
1998. The cages were returned to the laboratory where
the clams were measured. New growth could easily be
seen on the shell margin, acting as a natural marker
(Dobbinson et al. 1989). The starting length was
checked to identify the individuals, and the length
increment calculated for all living individuals. Mea-
surements were not made on dead individuals that
were retained within the cage. The clams were mea-
sured and weighed as described previously. Field-
clam populations were sampled on the days that the
transplant clams were collected; weight relationships
and Clg,; were calculated for 20 individuals from each
site at the start of the growth experiment, and then
for 10 clams at the remaining time intervals.

Statistical analyses. For Austrovenus stutchburyi, as
for other bivalves, there was a significant effect of body
size, represented by shell length (x), on the total dry
tissue weight (y), following the power function y = ax?,
where a is the intercept and b the slope of the line
(Harvey & Vincent 1990, 1991, Grant & Thorpe 1991).
Data were therefore logarithmically transformed to
produce linear relationships so that the best-fit regres-
sion lines could be compared by analysis of covariance
(ANCOVA). This analysis tests for significant differ-
ences in the transformed dry weight (regression-line
elevations) allowing for differences in the transformed
shell length, provided that there are no significant dif-
ferences between the regression coefficients (slopes)
of the lines. All data from the laboratory experiments,
the natural field populations and the field transplants
were examined for weight differences using correla-
tion and regression analysis. In all cases, there was a
significant effect (p < 0.05) of shell length on the tissue
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dry weight. Where significant differences 0.09 A a a
were found, Tukey's multiple comparison 0.08 - b b b b b p
post-hoc test was used to group regression c} 0.07 1 Cc ccgh Cece ¢ .
relationships that were similar. t d g ddgc ddy d g d

The dry weight condition index, Clg,ey, for .E' 0.067 © e e e e e
Austrovenus stutchburyi was independent £ 0.05 4
of shell length and values were compared g 0.04 4
using 1- or 2-way ANOVA. Prior to analyses, E 0.03 -
homogeneity and normality of data were 'i 0.02 1
tested as described in Zar (1999). To com- <
pare temporal changes in clam Clg,; within 0.01 1
and amongst sites, repeated-measures 0+
ANOVA was used and the means compared 34pptH 20pptH 34pptL 20pptL
by multiple comparisons using Tukey's B
method. In the growth experiment, the inde- 7
pendent length increments were compared 6
using 1-way ANOVA following logarithmic a
transformation. The ANOVA results were cf 5
considered to be significant if p < 0.05. § 4.

Environmental and seston data contained £
few replicates, and comparisons between 5 3-
sites and/or over time were made using 1- or % 5
2-way ANOVA, using arcsine transforma- 3
tions for % TVS data. All analyses were done 14
using Statistica version 6.0.

0+ L
34pptH 20pptH 34pptL 20pptL

RESULTS

Laboratory experiments

Salinity and food combination

\EI Start B2 weeks R4 weeks 006 weeks \

Fig. 2. Austrovenus stutchburyi. Effects of 34 and 20 %. salinity on weight

In Expt 1, all clams collected from Beach-
ville survived 6 wk laboratory exposure to
salinities of 34 and 20%.. The mean dry tis-
sue weight in the 4 salinity/food combina-
tions ranged between 0.06 and 0.1 g. There
was a significant effect of experimental regime on the
weight relationships (Fig. 2A) (ANCOVA Fyj effects =
2.95; p < 0.001). There was no loss in the adjusted-
mean tissue dry weight throughout the 6 wk period,
regardless of food availability. There was a slight
increase in tissue weight at 34 %. with high phyto-
plankton availability after 4 wk and also in the 34 %o
low phytoplankton treatment after 6 wk (Tukey's post-
hoc test). There were significant differences in mean
Clihen (ANOVA F = 3.65). However, following 2 wk of
laboratory storage, the value was similar for all treat-
ments (Fig. 2B) (ANOVA F=1.61; p = 0.10), remaining
within narrow limits from 4.2 to 5.1 regardless of the
salinity and food regime. Thus, on exposure to 20 and
34 %o increased phytoplankton availability did not
result in consistent increases in either the body dry tis-
sue weight or Clgep.

In Expt 2,—where clams were exposed to 34, 14 and
7 %o— although the mean Clg,; was lower (4.8) than

relationships of clams provided with high (H) or low (L) phytoplankton
diet at 15°C (Expt 1). (A) Adjusted-mean tissue dry weight (g), and (B)
condition index (+SD). Means from regression lines that were similar

share the same letter

at the start of Expt 1 (5.2), the Clg,ey valves were simi-
lar for all 3 salinities (repeated-measures ANOVA).
Exposure time, phytoplankton concentration and salin-
ity affected clam survival. Clams did not survive 4 wk
exposure to 14 %o, or 6 wk exposure to 7 %o salinity and
low phytoplankton. There was 50 % mortality at 7 %o
with high phytoplankton following 6 wk exposure. All
individuals survived in the remaining treatments, and
there was similar variation in their mean tissue dry
weights. There was a significant effect of treatment
on the adjusted-mean dry weight (Fig. 3A) (ANCOVA
Fon effects = 5.72; p < 0.001), with significant weight gain
following 2 wk exposure to 7 %o with high phytoplank-
ton. Clams were able to maintain their body weight for
up to 4 wk when exposed to salinities down to 7 %o in
the presence of high phytoplankton. There was signif-
icant weight loss after 6 wk exposure in all treatments,
except for control clams, which maintained their initial
body weight. The Clg,ey of clams in all treatments
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0.09- A Fig. 3. Austrovenus stutchburyi. Effects of 14 and 7
a %o salinity on weight relationships of clams pro-
5 0.08 + vided with high (H) or low (L) phytoplankton diet at
g 0.07 ~ 15°C (Expt 2). Also included is the 34 %0 high phyto-
> 0.06 - plankton experiment used as a control for Expt 1.
': 0.05 - (A) Weight-adjusted mean (g), and (B) condition in-
g | Q d.ex. (+SD). Means from regression lines that were
£ 0.04 § similar share the same letter, Clg,.; values with
g 0.03 4 § * differ significantly from the starting value
2.0.02 - N
<001 §
N
0 34pptH 14pptH 7optH 14pptL ‘ ZoptL larger individuals with an adjusted-mean dry
tussue weight of more than 0.6 g (Fig. 4A).
;B EStart W2 weeks 54 weeks 6 wesks| Both site and time affected the weight rela-
: tionships of field clams (ANCOVA Fy effects =
o 6 - 21.78) over the 6 wk duration of Expt 1.
? g The adjusted-mean dry tissue weight for
g N . N * . Beachville clams was higher than Oxidation
£ * % clams, which was higher than those from the
_§ 31 other sites. Beachville clams maintained a
:g 2 | high body .weight throughout the 6 w1.< period,
o whereas, in clams from the other sites, the
1 adjusted dry weight differed occasionally
0+ ‘ ‘ . (Tukey's post-hoc test). Site also significantly
34pptH 14pptH 7pptH 14pptL 7pptL affected clam Clg,; (Fig. 4B) (repeated-
Salinity and food combination measures ANOVA F = 17.01). There was no
15 A

declined significantly after 6 wk (Fig. 3B)
(ANOVA F = 5.72).

Both the adjusted-mean dry tissue weight
and the Cl,.; were sensitive to the experi-
mental regime, and these results confirm that
Austrovenus stutchburyi is capable of surviv-
ing in low salinity conditions for considerable
periods, providing that there are sufficient
food resources available.

MW Start 02 weeks B4 weeks B6 weeks

Adjusted-mean dry wt (g)

Beachville Godwit Oxidation Pleasant Heathcote
Natural populations

Austrovenus stutchbyri from all sites
showed a linear relationship between log
shell length and log dry tissue weight, and
between log shell length and log dry shell
weight (data not presented). At Beachville,
which is the site closest to the estuary mouth,
the population structure was dominated by

Condition index + SD

Fig. 4. Austrovenus stutchburyi. Weight relation-
ships in 5 field populations over the 6 wk duration
of Expt 1. (A) Adjusted-mean tissue dry weight (g).
Means from regression lines that were similar
share the same letter. (B) Condition index (+SD);
those with * differ significantly from other values Site

Beachville Godwit Oxidation Pleasant Heathcote
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effect of sampling time (F = 1.06, p = 0.37),
but there was a significant interaction
between site and sampling time (F = 2.52).
The Clghey of Oxidation clams was higher
than clams from other sites after Week 4
(Fig. 5B), and at this time the Clg,,; of
Heathcote clams was significantly lower
than other samples (Tukey's post-hoc test).
These results suggest that the Clg,y of field
populations is not a predictable indicator of
tissue weight increase over a 6 wk period.

Adjusted-mean dry wt (g)

Six-week transplant experiment

The tissue-weight relationships of clams
transplanted from Beachville to other sites
varied amongst sites and with exposure
time (Fuy effects = 16.79, p < 0.001). Clams
from the same collection used for Expt 1,
caged back to their original site, maintained
the same adjusted-mean weight over 6 wk
(Fig. 5A). Heathcote clams also maintained
their initial tissue weight for 4 wk. In con-
trast, clams transplanted to Godwit and
Pleasant Pt recorded significant weight loss
following only 2 wk exposure at the new
site. The Cl, of the transplanted clams
(Fig. 5B) was more variable over time than
in clams from the established field popula-
tions. There was a significant effect of site
and time on Clg,, of transplanted clams
(ANOVA F = 19.22), and for all sites, with
the exception of Oxidation, the Clg,; was
significantly reduced following 6 wk expo-
sure (Tukey's post-hoc test).

Condition index + SD

Environmental variables

Over the 6 wk duration of Expt 1 and the corre-
sponding field transplant experiment, there were dif-

Table 2. Low-tide field measurements recorded on 4 sampling
occasions during the 6 wk of Expt 1 and field experiments

Site Seawater Channel Channel Sediment
temperature salinity chl a chl a
(°C) (%o) (mgI™) (g1
Beachville 14.5-18 22-30 3.3-4.3 11.3-16.5
Godwit 14-15 22-30 4.3-12.2 15.0-25.0
Oxidation 13.8-15 20-29 7.0-8.1 14.4-21.1
Pleasant Pt 15-17 8-15 7.1-11.4 19.1-25.0
Heathcote 14-15 8-12 8.8-12.8 4.6-34.4

Beachville

Beachville

Godwit Oxidation Pleasant Heathcote

W Start [0O2weeks 4 weeks BEB6 weeks

Heathcote

Oxidation Pleasant

Site

Godwit

Fig. 5. Austrovenus stutchburyi. Weight relationships of clams collected

from Beachville and transplanted to 5 sites within the estuary during Expt

1. (A) Adjusted-mean weight (g), and (B) condition index (+SD). Means

from regression lines that were similar share the same letter; Clg,.; values
with * differ significantly from the starting value

ferences amongst the sites in salinity and chl a concen-
trations, both in seawater on the sediment surface and
channel seawater (Table 2). Lowest salinities were
recorded from Heathcote and Pleasant Pt, reflecting
their further distance away from the estuary mouth.
Surface sediment seawater chl a concentrations consis-
tently exceeded channel chl a concentrations. Lowest
concentrations occurred at Beachville, the site closest
to the open sea. The low-tide seawater temperature
range was similar for all sites.

Over the 6 h period surrounding high tide, seston
availability and composition varied amongst the sites
(Fig. 6). Chl a concentration varied with immersion
time and location (2-way ANOVA Fjjies = 4.0, Fime =
3.5), with highest variation at Godwit and Heathcote.
At Beachville, the chl a concentrations were similar
over the high-tide period, but they were consistently
below concentrations recorded from Oxidation and
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Fig. 6. Seawater and seston variability at the transplant sites over a 6 h period

surrounding high tide during Week 4 of the field transplant experiment and lab-

oratory Expt 1: mean salinity (%o); seawater temperature (°C); total particulate

matter, TPM (mg 17!); chl a concentration (ug I!); total volatile solids, TVS
(mg 1'Y); and %TVS

influenced by freshwater input. The
average TVS values ranged from 5 to 31
mg~!, and %TVS from 8 to 60. There
were, however, no patterns that could be
explained due to site or immersion time.
Over the sampling period, there was
temperature variation of ca. 2°C, with
significant differences amongst sites but
no significant effect of emersion time (2-
way ANOVA Fyjios = 4.7, Fiime = 0.3). The
highest temperature was recorded at
Oxidation and the lowest at Heathcote.
Salinity varied over the high tide, both
within and amongst sites (Fgjes = 16.1;
Fimmersion time = 8.1). Salinities were lowest
(15 to 20%0) at the sites influenced by
river inputs and highest (>30%.) at sites
closest to the estuary mouth. Over the 3
h surrounding the predicted time of high
tide, the salinity exceeded 26%. at all
sites.

At high tide, there was significant vari-
ation in chl a concentrations of surface
seawater and seawater at the sediment-
water interface (Fig. 7) (2-way ANOVA
Fiites = 253.8; Fyater mass = 89.9; Finteraction =
168.9). Highest chl a concentrations
occurred in the surface seawater at
Oxidation, which receives waste-water
discharge from setting ponds at high
tide. At the 2 sites closest to the estuary
mouth, the salinity was the same for the

Pleasant Pt. Average values for total particulate matter 2 water masses, but for the other sites the surface sea-
(TPM) varied between 25 and 400 mg I"!, with no con- water was more saline. TVS also varied between the
sistent pattern amongst sites or with time. Values were sites, but the values were similar for both water
highest 3 h before or 3 h after high tide at the sites most masses. In contrast with other results, the TPM values
— 40 ~ &
xX .
= 30 2 40
2 E
T 20 s
T 10 o
(7] =
0 0
Beachville ~ Godwit  Oxidation Pleasant Heathcote Beachville  Godwit  Oxidation Pleasant Heathcote
‘T': 20 = 20
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p 12 ;,E, 10
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M Surface OBottom

Fig. 7. Comparison of surface seawater variables with those from the sediment-surface interface at transplant sites during Week 4
of the field transplant experiment and laboratory Expt 1: salinity (%.); total particulate matter, TPM (mg I"!); mean chl a (pg 1I'!);

and total volatile solids, TVS (mg 17!
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Table 3. Low-tide field measurements, seawater temperature,
salinity range and chl a, recorded during sampling over 6 mo
(October to April 1997) of the field growth experiment

Site Temperature Salinity Channel
range (°C) range (%o) chla (ug1?)
Godwit 14-22 22-28 9.3-15.4
Oxidation 14-20 20-26 11.4-19.6
Pleasant Pt 15-20 8-21 6.6-10.6
Heathcote 14-20 8-23 8.3-13.8

were irregularly variable, with the highest value at the
sediment-water interface over the Oxidation shellfish
bed.

Growth studies

During the growth study (October to March), low-
tide temperatures during sampling were similar at the
4 sites (Table 3), with highest temperatures recorded in
February (late summer). Of the environ-
mental factors measured, salinity variation

was the feature that distinguished between 0.5
sites. In clams from the natural popula- =
tions, the adjusted-mean tissue dry weight % 0.4 1
varied amongst the sites (Fig. 8A) _E‘
(ANCOVA  Fy effects = 8.26). Oxidation € 0.3 1
clams were significantly heavier than “E’
Heathcote clams for all sampling dates. 3 0.2 4
At 3 of the sites there was little temporal 'g'
variation in the adjusted-mean dry weight E 0.1 1
over 6 mo. However, at Pleasant Pt there 0.

was a significant weight increase from
October to December.

The Clgp of the established clam popu-
lations was variable amongst sites and at
the different time intervals (Fig. 8B)
(repeated-measures ANOVA F;. = 10.74,
P < 0.001; Fiype = 12.27, p < 0.001, Fije x time
= 5.02, p < 0.001). Clg,ey was similar over
the 6 mo period in clams from Heathcote
and Pleasant Pt. However, at Oxidation,
Clghen Was significantly higher in December
than in the other months and, at Godwit,
it significantly declined from October to
April (Tukey's post-hoc test). The Clgey of
field populations was negatively correlated
with low tide chl a concentrations, and
there was no correlation with either low-
tide salinity or temperature (Table 4).

At the start of the experiment, clams from

Condition index + SD

>

Godwit

Godwit

recorded from Pleasant Pt (40 %) followed by Oxida-
tion (27 %), Heathcote (22%) and Godwit (9%). The
weight relationships amongst transplants differed over
6 mo (Fig. 9A) (ANCOVA Fyj eftects = 11.75, p < 0.001)
and divided into 7 groups with the same mean values
(Tukey's post-hoc test). Clams from Oxidation
recorded significant weight gain between February
and April. At Godwit and Pleasant Pt, the transplanted
clams maintained their body weights, contrasting with
Heathcote clams which continued to loose weight from
December to February. The Clg,o (Fig. 9B) varied sig-
nificantly amongst sites (ANOVA F = 8.11), with high
values for clams transplanted to Oxidation. However,
at each site, the Clg,; of transplanted clams was
similar in December, February and April (Tukey's post-
hoc test).

All transplanted clams, regardless of site, had the
same increase in shell length between October and
December (mean = 0.74 mm, SD = 0.36). However,
between December and April, shell growth was vari-
able depending on site (Fig. 9C) (ANOVA F = 13.38).

Heathcote

Oxidation Pleasant

M Oct

ODec HEFeb &Apr

Oxidation Pleasant Heathcote

Site

Fig. 8. Austrovenus stutchburyi. Weight relationships of field populations,

October 1997 to April 1998. (A) Adjusted-mean dry tissue weight (g), and

(B) condition index (+SD). Means from regression lines that were similar

share the same letter. At each site, Clg,e values with * differ significantly
from other values

Beachville used in the growth experiment
had a mean tissue (xSD) dry weight of
0.043 + 0.026 g. Highest mortality was
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Table 4. Correlation coefficients describing the relationships between length increment and condition index with low-tide envi-
ronmental variables. LM, monthly length increment (mm); L, total length increment (mm); TCI, condition index of transplanted
clams; TS, water temperature at the start of the growth period (October 1997); TE, temperature at the end of the period (April
1998); Chas, chl a concentration at the start of the experiment; ChakE, chl a concentration at the end of the experiment; FCI, con-
dition index of field population, SalS, salinity at start of the experiment; SalE, salinity at end of the experiment; Tv, seawater
temperature variation; S, average salinity; Cha, average chl a. The critical value for p < 0.05 is 0.53

LM L TCI TS TE ChaS  ChaE FCI SalS SalE Tv S Cha

LM

L 0.08 1

TCI 0.83 0.23 1

TS -0.52 0.69 -0.33 1

TE 0.07 -0.17 -0.05 0.38 1

ChaS -0.07 0.49 -0.16 0.56 0.64 1

ChaE -0.29 0.40 -0.05 0.15 0.37 -0.03 1

FCI 0.56 -0.30 0.36 0.40 0.28 -0.41 -0.58

SalS 0.24 0.54 0.16 0.36 0.14 0.22 0.12 0.08 1

SalE 0.18 0.42 0.10 0.30 0.03 0.36 0.20 -0.02 0.67 1

Tv 0.36 -0.53 0.18 -0.84 0.82 -0.72 0.12 0.41 -0.14 -0.16 1

S 0.11 0.52 0.06 0.44 0.03 0.27 -0.13 0.06 0.93 -0.81 -0.26 1

Cha -0.28 0.61 -0.17 0.48 -0.17 065 -073 -0.72 0.21 0.39 -0.40 0.26 1

007 - A ODec MFeb & April At Oxidation, shell growth was continuous
5 ' from October to April. At Heathcote, clam
L; shell-growth appeared inhibited between
> December and February, but by April the
s length increase was similar to the clams at
g Oxidation. In contrast with these results,
?!, there was no increase in shell length
§ between December and April for Godwit
E‘ and Pleasant Pt clams. Calculated over the

Condition index + SD

Length increment + SD (mm)

Godwit

Oxidation

Pleasant Pt

Godwit

Godwit

Oxidation

Pleasant Pt
b

b ¢ b

cd ¢

d d

Heathcote

Heathcote

Oxidation

Site

Pleasant Pt

Heathcote

6 mo period, the growth rates were ca.
0.35 mm mo ! for Oxidation, 0.25 mm mo "
at Heathcote, 0.19 mm mo! at Godwit and
0.17 mm mo™! at Pleasant Pt. For the 2 latter
sites, more than 70% of the total growth
occurred between October and December.

For all sites and time intervals combined,
the total length increment of transplanted
clams correlated positively with water tem-
perature, low-tide salinity at the start of the
growth period, and the average concentra-
tion for chl a (Table 4). The mean growth
increment per month was positively corre-
lated with the CI of the transplanted and
established field populations. The Clg,; of

Fig. 9. Austrovenus stutchburyi. Field growth
rates and weight relationships of clams trans-
planted from Beachville to 4 sites for 2, 4 and 6 mo
between October 1997 and April 1998. (A) Ad-
justed-mean dry weight (g), (B) condition index
(=SD); and (C) average total length increment
(+SD, mm). Means that were similar share the
same letter
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Fig. 10. Austrovenus stutchburyi. Relationship between
length increment (mm) and condition index (Clg,ey) for clams
transferred from Beachville in October 1997 and measured
following 2, 4 and 6 mo exposure. Data from all sites were
combined for each time interval. Also shown are the regres-
sion equations and the correlation coefficients. In December
there was no significant relationship between the 2 variables

the field populations was correlated with average chl a
concentration and water temperature, but not with
low-tide salinity. Chl a concentration was positively
correlated with seawater temperature.

The relationship between shell length increment and
Clghen was investigated by regression analysis by com-
bining the data from all of the sites at the different time
periods. There was no relationship at the end of the
first 2 mo, but following 4 and 6 mo, Clg,, was a reli-
able predictor of the length increment (Fig. 10).

DISCUSSION

In its estuarine habitat, the shallow-burrowing clam
Austrovenus stutchburyi is subjected to fluctuations
in salinity and food supply. The combined results
from the present study show clearly that prolonged
exposure to low salinity can stress the clams and

reduce their condition, tissue weight and shell
growth. The salinity response, however, depends
upon both the quality and abundance of seston, in
particular phytoplankton, determined by chl a con-
centrations.

Laboratory study

High phytoplankton availability did not result in
marked tissue-weight gain of Austrovenus stutchburyi
when exposed to seawater salinities of 34 and 20 %o..
Clams held in the laboratory at 15°C had similar dry-
weight relationships and Clg,e; to both field trans-
plants and natural populations. These results contrast
with some other studies, where laboratory-held
bivalves, provided with a unialgal food supply, were
unable to maintain their condition compared with
field populatins (Kierboe et al. 1981, Bricelj et al.
1984, Lu & Blake 1996). However, when clams were
exposed to salinities < 14 %o there was mortality in the
low phytoplankton treatment and the Clg,, was
reduced. This change represents a loss in body tissue
weight and most likely reflects increased energy
demands of osmoregulation (Davenport 1979), altered
metabolism (Navarro 1988) and/or disruption of the
feeding mechanism. When exposed to extremes of
environmental salinity, A. stutchburyi, like other
marine and brackish-water molluscs, rapidly with-
draws the exhalent siphon, closes the valves and
reduces pumping rates, heart and ciliary beat (Daven-
port 1979, Gruffydd et al. 1984). Shell closure can
delay exposure to unfavourable conditions, and the
fluid inside the mantle cavity buffers internal tissues
from the external environment (Shumway 1977).

When Austrovenus stutchburyi was maintained in
low salinity conditions, a phytoplankton-only diet close
to 5 pg I'! provided insufficient nutrients for survival.
This is a similar result to that for the brackish water
mussel Choromytilus chorus, where the scope-for-
growth becomes negative at 15%. (Navarro 1988). New
Zealand little-neck clams, like some other estuarine
bivalves, Mya arenaria, Mercenaria mercenaria, Ana-
dara granosa and Macoma balthica (Broom 1982,
Arnold et al. 1991, Harvey & Vincent 1991, Newell
1991), appear more salinity tolerant than mussels or
scallops (Navarro & Gonzalez 1998). Although imme-
diate valve closure occurs in A. stutchburyi at salinities
below 14 %o (pers. obs.), the clams acclimate to lower
salinities over a 2 wk period. The remarkable ability of
A. stutchburyi to maintain body condition at a low
salinity with high phytoplankton availability suggests
a flexible feeding mechanism, whereby clams are able
to capture and assimilate food over a wide concentra-
tion range.
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Field populations

Many environmental and other factors affect the
condition and growth of estuarine bivalves, and for this
and other species, tidal level and density are amongst
the most important (Walker & Tenore 1984, Manzi et
al. 1986, Dobbinson et al. 1989, Arnold et al. 1991, Har-
vey & Vincent 1991, Marelli & Arnold 1996). These fac-
tors were not considered in the present study because
all the shellfish beds were at the same tidal elevation,
population densities were similar, and there were few
epibionts potentially competing with clams for food
(Shriver et al. 2002). Seasonal trends in the weight
relationships of Austrovenus stutchburyi were similar
to those recorded for this species both within the study
estuary and elsewhere in New Zealand (Larcombe
1971, Stephenson 1981, Marsden & Pilkington 1995).
Clams retain low tissue body-weight over winter (June
and July), then weight increases rapidly as a result of
somatic growth and gamete development in spring.
Previous studies have suggested that spawning occurs
in January or February, and in the present study there
was weight loss, attributed to spawning in Oxidation
clams between December and February. This site, with
its intermediate salinity conditions and high phyto-
plankton and seston availability, appeared optimal for
growth amongst the sites tested in field experiments.
At Godwit (high salinity) and Pleasant Pt (low salinity)
there was continuous weight gain but no loss that
might be associated with spawning. At Heathcote,
another low salinity site, there was no weight gain in
field populations over the entire 6 mo period, and
mature gonads were never observed. These results
confirm spatial and temporal variations in growth,
which could affect the reproductive activity of the
clams within the estuary.

Food resources

Many cockles and clams that live in estuaries have
variable food sources due to natural and anthropogenic
inputs, and these tend to be variable over different time
scales (Fegley et al. 1992, Eisma & Li 1993, Hawkins et
al. 1998). In addition, within shallow estuaries, like the
Avon-Heathcote, wind and tide driven currents resus-
pend the bottom sediments (Zurburg et al. 1994, Guar-
ini et al. 1998). If the sediments are mainly inorganic,
then with increasing seston loads there will be a corre-
sponding decrease in the organic component of the
food resource. This can affect the feeding efficiencies
and potentially the growth of some estuarine species
(Urrutia et al. 1996). High seston loads were found in
the Avon-Heathcote, reflecting differences in location
and anthropogenic inputs. TPM was within the range

25t0 400 mg 1!, with highest values closest to the rivers
and lowest values near the estuary mouth. The organic
fraction was similar to other studies (Oviatt & Nixon
1975), between 5 and 31 mg 1, comprising between 8
and 60 % of the total seston. At low tide, the organic
fraction of the seston was most likely enhanced by ben-
thic microalgal production, as in Grant et al. (1990) and
Kang et al. (1999). Also, at 1 site (Oxidation), high-tide
values were elevated following the release of treated
effluent from settling ponds. Around high tide, the chl a
concentration at the sediment-water interface of the
shellfish beds was variable between sites, and gener-
ally low, between 5 and 8 pg I"!. These concentrations
are the same as the seawater flowing into the estuary
from Pegasus Bay (Marsden 1999). Previous studies
have reported much higher chl a concentrations in
estuaries, ranging between 15 and 27 ug 1! in sum-
mer, and values are 10 ug 1! in autumn (Kaufman et
al. 1983). While the high-tide chl a concentrations
recorded in the present study would not provide suffi-
cient energy for positive scope-for-growth in some
bivalves, they would support maximal growth in the
mussel Mytilus edulis (Clausen & Riisgard 1996). How-
ever, in the bay scallop (Shriver et al. 2002) and the
New Zealand little-neck clam, food concentrations of
less than 5 pg I"! appear to limit growth. In considering
the food quality of the seston available to the clams, it
must be stressed that there are inaccuracies in estimat-
ing food availability. The chl a measurements recorded
during this study were measured directly over the
shellfish beds, and seston availability could have been
lowered due to the feeding activity of the bivalves
(Muschenheim & Newell 1992).

Field transplants

Although a number of field studies have evaluated
the effects of tidal currents and seston availability on
the growth of bivalves using field transplants (Wilson
1987, Shriver et al. 2002), few have investigated the
effects of these variables on infaunal species. In the
hard clam Mercenaria mercenaria, which is taxonomi-
cally close to Austrovenus stutchburyi (Jones 1979),
growth rate differed by approximately 11 % between
sites. (Grizzle & Morin 1989). These differences corre-
lated with seton fluxes with only a 5.7 % difference due
to sediment type. M. mercenaria growth depended on
density (Marelli & Arnold 1996), and growth rates
were higher in sand than mud, where it is thought that
silt and clay may interfere with the feeding mecha-
nism. In the present study, there were dramatic differ-
ences in growth rate between sites, with a 50% dif-
ference in the length increment between individuals
from the fastest and slowest growing areas. The slow
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growing individuals were from sites dominated by low
salinities, and these sites also had a higher proportion
of silt and clay in the sediments.

Dobbinson et al. (1989) transplanted small (17 mm
shell length) Austrovenus stutchburyi from high- and
mid-tide to the low-tide region of a sheltered, almost
fully saline, sand flat. Clam shell-length increased
rapidly from September to March, as in the present
study, then slowed in autumn. However, the shell
growth rates were from 2 to 4 times faster than esti-
mates from the Avon-Heathcote. Slow growth rates
have been recorded previously for cockles, for exam-
ple Cerastoderma edule in a eutrophicated bay in the
Kattegat (Loo & Rosenberg 1989), characterised by
mass mortalities of bivalves and dense macroalgal
mats. Similar mats, comprised of Ulva sp. and
Gracilaria sp., also occur in the Avon-Heathcote during
spring and summer, and these may have contributed to
the low growth rates recorded here both for tissue
weight and shell length.

To try to understand the combined effects of salinity
and food resources on bivalve growth, Ceccherelli &
Barboni (1983) measured the growth of Mytilus gallo-
provincialis at 2 sites in Italy where the salinity range
was 11 to 29 %.. Chl a fluctuated between 18.7 + 17.2 at
Site 1 and 8.5 + 12.3 mg m~? at the other site, where
there was more suspended inorganic detritus and silt
carried by tidal floods. In that study, tissue weight
increased with food availability and reduced with
increasing quantities of silt.

In the present study, clams were relocated from an
almost fully marine site to less saline parts of the estu-
ary. There was little initial mortality, suggesting that
these clams have a fairly wide tolerance for salinity,
regardless of their prior history. Shell increase of the
transplants was positively correlated with tempera-
ture, low-tide salinity and chl a concentrations. The
New Zealand little-neck clam, therefore, has the same
growth response to increased phytoplankton and tem-
perature as many mussel species, whereby growth
increases as a function of food concentration (Bayne &
Worrall 1980, Bayne & Newell 1983, Hickman et al.
1991, Perez Camacho et al. 1995). These results, how-
ever, appear to contrast with a recent study on the scal-
lop Argopecten irradians from estuarine areas (Shriver
et al. 2002). In that study, the high growth rate was
independent of the ambient phytoplankton, which was
considered to be in excess of the consumption ability.

It might be predicted that in estuaries like the Avon-
Heathcote, which receive nutrient inputs from a num-
ber of different sources, there would always be an
abundant food supply, sufficient to maximise assimila-
tion and resulting in high growth rates. However,
seston measurements suggest that the optimal food
supply (either quantity or quality) may not always be

available, and this could reduce the growth rate and
increase mortality. In the scallop Austrovenus irradians
(Shriver et al. 2002), there was reduced growth and
decreased survival at low salinities, which also
occurred where food availability was reduced in the
presence of competitors. Both the present study and
that by Shriver et al. (2002) therefore highlight the
importance of salinity and food availability on the
growth rates of bivalves. In addition, the present study
confirms that the salinity effects become more pro-
nounced with low phytoplankton availability.

Clam condition index and growth

Numerous studies suggest that the Clg,e,; index of
Crosby & Gale (1990) is a reliable indicator of stress in
bivalves. In mussels, reduced food levels, represented
by low chl a concentrations, result in significant
declines in condition (Hickman et al. 1991, Perez
Camacho et al. 1995). In Austrovenus stutchburyi the
Clshen was not as rapid a stress indicator as the dry-
weight estimates. However, it detected differences in
clam health amongst field populations, transplants and
laboratory experiments. While in the field studies it
was not possible to establish whether the stress was
primarily due to low salinity, food availability, or some
other aspect of the environment, the laboratory studies
clearly indicated that low phytoplankton concentra-
tions were more stressful to clams than reduced salin-
ity. The present study also confirmed that the Clg,ey of
the little-neck clam reflected the growth potential.
This supports the research findings of Shriver et al.
(2002) on bay scallops, which was one of the first stud-
ies to directly relate shell growth-increment to bivalve
condition. In A. stutchburyi, the lack of a direct rela-
tionship within the first 2 mo of transplant suggests
that the initial growth rate was dependent on meta-
bolic reserves available on transfer.

There is a complex relationship between the quan-
tity of inorganic suspended sediment in the food
resources and growth in bivalves, with sediments hav-
ing either a negative or a positive effect. Particulate
inorganic matter (PIM) and silt improve algal absorp-
tion in species such as Mercenaria mercenaria (Bricelj
& Malouf 1984). Some cockles, like Cerastoderma
Edule, are able to maintain high feeding efficiencies
when exposed to fluctuations of total particulate matter
(TPM) within the range 15 to 95 mg 1! during tidal
inundation (Urrutia et al. 1996). Clams regulate clear-
ance rates and pseudofaeces production in high seston
by preferentially ingesting algal components of the
diet over a wide concentration range (Navarro & Wid-
dows 1997). A similar ability has been demonstrated in
a number of temperate and tropical bivalves (Hawkins
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et al. 1998). If, as seems likely in Austrovenus stutch-
buryi, the absorption efficiency is increased due to the
presence of silt, then this clam could compensate for
low concentrations of chl a in the seston. Similarly, if
silt had been added to the diet in the laboratory study,
the clams may have been less sensitive to the effects of
reduced salinities.

When evaluating the effects of environment on the
growth of bivalves, it is important to consider their spe-
cific feeding mechanisms and behaviour. Austrovenus
stutchburyi is unusual amongst bivalves because it has
an endogenous tidal rhythm of shell gaping and siphon
extension centred over 4 h at high tide (Beentjes &
Williams 1986). At this time, the phytoplankton con-
centrations may be relatively low but the seston tends
to be rich in organic matter. At low tide, although there
is an abundant microphytobenthic food resource, inor-
ganic material from rivers would tend to reduce the
food value. By feeding at high tide, these clams avoid
exposure to low-salinity seawater that can result in
shell closure and delay feeding. In low-salinity habi-
tats, shell closure most likely reduces feeding time and
therefore food uptake. Unless there is a high availabil-
ity of phytoplankton, there could be insufficient food
resources to maintain clam condition and promote
tissue and shell growth.
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