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ABSTRACT: Spatial growth variation of experimentally cultured blue mussels Mytilus edulis in
Tracadie Bay, Prince Edward Island, Canada, was consistent in both years of a 2 yr study. The spatial
pattern displayed reduced tissue growth along a gradient of decreasing tidal exchange from the inlet
mouth to the inner estuary. There was no indication of persistent spatial differences in seston concen-
tration among stations. The data imply that the flux of food (expressed as the product of concentra-
tion and current speed) controls the spatial variation in growth, with decreasing flux from the outer
to inner bay. Growth trajectories analysed by polynomial regression differed between years despite
spatial similarities within each year. Results of multiple regression analyses explaining mussel
growth suggested that temporal variability in seston characteristics was more important in explain-
ing growth than annual mean seston levels. Chlorophyll a and meat weight showed similar patterns
of increase during 1998. In 1999, higher summer temperatures were more important in determining
upper limits of growth, with later growth stimulation apparently in response to an autumn phyto-
plankton bloom. The pattern of spatial variability in mussel growth, representing decreased growth
rates in the inner relative to the outer bay, provided evidence that the density of mussels in Tracadie
Bay was exceeding the food supply.
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INTRODUCTION

Blue mussels Mytilus edulis have a high filtration
capacity that may deplete the water column of parti-
cles (seston), potentially causing food limitation in cul-
ture settings (Grant 1996, Dolmer 2000). The amount of
available food at local and embayment scales is depen-
dent on stocking density, seston concentration and
hydrodynamics (Dame & Prins 1998). Bivalve density
has an increasingly negative effect on growth in loca-
tions with higher water-residence times and/or shal-
lower water depth (Bacher et al. 2003). As embayments
are filled with culture, water turnover becomes limit-
ing with regard to seston renewal and, hence, food lim-
itation to growth. This limitation is most likely to occur
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in inner reaches of bays where sites are at the
extremes of tidal exchange. Mussel farms on Prince
Edward Island (PEI) occupy much of the space avail-
able for culture, and therefore a strong spatial growth
gradient within these densely stocked embayments
might be expected. The industry has grown rapidly
since the 1980s to current production levels approxi-
mating 20 000 mt annually (for further information see:
www.dfo-mpo.gc.ca). Estimates of the ability of these
embayments to sustain production levels (i.e. carrying
capacity) are required to optimise management deci-
sions in conjunction with defining the suitability of
sites for mussel culture. Space limitation in PEI via
overstocking may be indicated by slower growth rates
and lower yields (Scarratt 2000).
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There are many scales at which food limitation can
affect the growth of cultured bivalves. High density at
a local scale (e.g. within socking sleeves) may lead to
reduced growth of interior bivalves (Parsons &
Dadswell 1992, Co6té et al. 1994). Seston depletion
resulting from the distribution of bivalves on longlines
may also affect their growth in the centre of a farm
(Pilditch et al. 2001). A large-scale gradient in mussel
growth can occur as a result of the interaction between
the distribution of phytoplankton, the filtration capac-
ity of local populations, and water circulation patterns
in heavily cultured embayments (Dolmer 2000). Seston
depletion might be expected to be most severe in the
innermost part of a bay if the majority of the food sup-
ply is from incoming tides (Dowd 2000). There are sur-
prisingly few studies of spatial variation in growth of
cultured bivalves despite the potential importance of
this factor to shellfish growth.

This study investigated the relationship between
blue mussel growth and food supply within an in-
tensely cultured embayment in PEI. Mussel growth
was measured coincident with monitoring seston con-
centrations and temperature at 5 geographically dis-
tinct locations within the embayment. Growth trajec-
tories were described statistically and the interaction
between mussel growth, environmental variables, and
location examined. In addition, growth was monitored
over 2 yr, allowing measurement of interannual as well
as spatial variation.

MATERIALS AND METHODS

Study area. Tracadie Bay is a small, semi-enclosed
embayment (total area 14 km? mean depth 4 m), open-
ing to the Gulf of Saint Lawrence through a single nar-
row channel (Fig. 1); 2 deep-water channels with
strong currents (up to 70 cm s°!) branch off from the
main channel and are separated by intertidal flats.
Tides are diurnal to semidiurnal with a range of ~60 cm
(Dowd et al. 2001, Grant et al. in press). Mussels are
cultured throughout the main bay, and to a lesser
extent in Winter Bay. The embayment is normally cov-
ered by ice from late December to late April. We estab-
lished 5 sampling sites (Fig. 1) to portray the diverse
biophysical conditions within the system and locations
where mussel culture is practised.

Mussel growth. Seed stock used in growth experi-
ments were obtained from a sample of approximately
5000 juvenile mussels of uniform size collected in May
of 1998 and 1999 from a cultured stock in the inner
area of Tracadie Bay. Undersized mussels were culled;
30 mussels were randomly selected from the sample
for subsequent measurement of shell length and deter-
mination of dry meat weight. Subsamples of 500 mus-
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Fig. 1. Map of Tracadie Bay, Prince Edward Island, showing
5 sites used to assess mussel growth and environmental
parameters from May to October 1998 and 1999

sels were selected at random and transferred to each of
five 1.27 cm-mesh Vexar bags (85 x 45 x 10 cm). Each
bag was inserted into a rigid, plastic-wrapped wire-
mesh cage. The cages were then transported to the 5
sites within the embayment. Cages were tied to con-
crete blocks and buoyed to float at 2 m below the water
surface. Cages and bags were cleaned of excess foul-
ing and sediment with a stiff brush. The mussels were
transferred to clean cages and bags during the sum-
mer. A sample of 30 mussels was collected at each of
the 5 sites during 14 sampling trips in 1998 and 1999
(Table 1), and frozen until processed. The declining

Table 1. Mytilus edulis. Sampling schedule used to assess

growth and environmental parameters at 5 sites in Tra-

cadie Bay, Prince Edward Island, from May to October 1998

and 1999. Each site sample consisted of 30 mussels, 1 water
sample at mussel-cage depth, and 1 CTD cast

1998 1999
Sampling Day Days Sampling Day Days
date of between | date of between
year trips year trips
12 May 132 0® 06 May 126 0°
03 Jun 154 22 31 May 151 25
25 Jun 176 22 30 Jun 181 30
15 Jul 196 20 28 Jul 209 28
06 Aug 218 22
26 Aug 238 20 24 Aug 236 27
15 Sep 258 20
07 Oct 280 22 29 Sep 272 36
27 Oct 300 20 28 Oct™ 301 29
4Initial cohort
bSite 1 not sampled until 9 November;
sample adjusted to reflect sampling differences
‘Water sample not collected
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densities of mussels in the cages, due to successive
sampling, were assumed to equally affect mussel
growth at each site. Dry meat weight was determined
after dissecting the meat from the shell and drying at
70°C for 24 h. Shell length was determined by measur-
ing the maximum anterior—posterior axis of the shell
with an electronic calliper (+0.02 mm).

Environmental sampling. Water samples for seston
determinations were collected on 15 sampling dates co-
incident with mussel sampling (Table 1). At each site, a
water sample was collected at cage depth using a
Niskin bottle, transferred into an opaque container,
kept shaded, and processed within 3 h of collection.
Suspended particulate matter concentration (SPM,
mg 1!), was determined from single water samples of
1 to 2 1 each filtered onto washed, ashed and pre-
weighed Whatman GF/C 47 mm filters, rinsed with de-
ionized water, and frozen. Filters were dried at 70°C for
24 h, weighed to determine SPM, then ashed at 450°C
for 24 h and reweighed to determine particulate inor-
ganic matter (PIM, mg 1"!). Particulate organic matter
(POM, mg 1"!) was calculated by subtraction. The qual-
ity of the seston was expressed as percentage organic
SPM (% POM). Plant pigment concentrations (chloro-
phyll a, pg 1! and phaeophytin a, pg 1I') were deter-
mined by filtering triplicate water samples of 100 ml
onto 0.25 mm Whatman GF/C filters and freezing at
—20°C in darkness. The pigments were extracted from
the filter within 24 to 48 h of collection with 10 ml of
90 % acetone over 24 h, and analyzed using a Turner
Designs™ fluorometer equipped with a chlorophyll a
accessory kit. Water temperature (°C) at each sampling
site was recorded continuously at 15 min intervals
throughout the study using VEMCO™ minilog temper-
ature probes attached to the door of each mussel cage.
Spikes in temperature data, caused by routine lifting of
the cages, were removed. Temperature was monitored
at all sites from 12 May to 15 October in 1998 and from
6 May to 28 October in 1999. Daily water temperatures
were calculated for descriptive purposes.

Data analyses. Temporal trends and location re-
sponses of mussel shell length and meat growth were
examined using within-subject regression models
(Brown 1988, Hopkins 2000 at www.sportsci.org/
resource/stats). Second-order polynomial regressions
(Y= A+ BX + CX?) for each site and for each year, de-
rived from repeated measurements, were used because
mussel growth trajectories displayed monotonic but
non-linear relationships. Multicolinearity between re-
gression coefficients was reduced by using an (X — X)
transformation (Neter et al. 1996). A, B and C regres-
sion coefficients were extracted for further analyses.
Due to normalization with the mean, the A coefficient
(i.e. intercept of polynomial regressions) is the calcu-
lated value of shell length or meat weight at the mid-

point of the sampling year. The B coefficient (linear
function) provides an average daily rate of change (i.e.
d™!) in shell length or dry meat weight from the begin-
ning to the end of the sampling period; i.e. a measure of
net growth which integrates seasonal as well as initial
differences in the size of individual mussels used as
stock. The C coefficient (quadratic function) describes
the degree of change in growth rates from mid-sum-
mer. The mid-point of the sampling year occurred on 4
August in 1998 and 2 August in 1999. Each polynomial
regression coefficient was divided by its standard error
to obtain a t-statistic to evaluate its usefulness as a pre-
dictor (using SPSS regression analysis). Pair-wise com-
parisons of regression coefficients were then made be-
tween sites and years using an independent t-test (f =
IC,— C|/NSE? + SE? ) (Motulsky & Christopoulos 2003)
with Bonferroni corrections. Dry meat weight values at
Site 1 on Year Day (YD) 300 and at Site 2 on YD 280
were removed because meat weight loss was probably
associated with observed spawnings.

Identification of temporal trends and associations
between environmental and mussel growth variables
was made by construction of a Pearson correlation (r)
matrix. Variable relationships were visually examined
to assess linearity assumptions prior to analyses.
Appropriate data transformations were employed
when an assumption was violated. Percent (%) POM
was arcsine-transformed. Homoscedasticity was veri-
fied using Levene's test (Snedecor & Cochran 1989)
prior to conducting each analysis of variance.

In addition to growth variables derived from polyno-
mial regression, the period of peak annual shell length
and dry meat weight (October values) were compared
between sites for each year using 1-way analysis of
variance. Bonferroni-adjusted post-hoc multiple com-
parisons were employed to determine statistical differ-
ences. To compare values between years, mixed-
effects nested analyses of variance (year within site)
were performed on mussel shell length and dry meat
weight in late October, and on seston parameters
within a site. Linear contrast tests were employed for
post-hoc comparisons.

Forward stepwise multiple regressions were used to
assess the association between environmental vari-
ables and mussel size (meat weight). Potential predic-
tor variables were water temperature, concentrations
of chlorophyll a, POM and SPM, and % POM values.
VEMCO™ minilog temperature values were averaged
between sampling dates at each of the 5 sites to pro-
duce a variable of comparable interval to seston. Water
temperature readings in July 1998 at Site 1 were not
included in analyses because of equipment malfunc-
tion. Departures from normality and homogeneity of
variance were checked to assess the best fit of regres-
sion models to the data.
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Fig. 2. Mytilus edulis. Mussel shell length (mm) and meat

weight (g) growth curves at the 5 study sites from May to

October 1998 and 1999. Each data point represents average of

~30 mussels. Meat weight values for October removed in 1998
for Sites 1 and 2 because of spawning

RESULTS
Mussel growth
Growth trajectories

Regression provided a reliable method for describ-
ing shell length and meat weight trajectories for the
experimentally grown mussels (Fig. 2, Table 2). Sec-
ond-order polynomial functions were fitted to all data
for comparative purposes. Shell length increase was
curvilinear in 1998 and distinctly linear in 1999 (Fig. 2).
The quadratic term (C coefficient) for shell length was
significantly negative at all sites in 1998 reflecting the
slowing of shell growth later in the year (Table 2). This
term was not significant in the regressions fitted to
shell length in 1999. Meat weight trajectories were also
different between years (Fig. 2) but changes in dry
meat weight were less consistent among sites in 1998.
The C coetficient was not significant at Sites 1 and 2
(i.e. constant growth), but was significantly negative at
Sites 3, 4 and 5 where plateaus in meat weight were
apparent in 1998 (Fig. 2, Table 2). In 1999, changes in
dry meat weight at all sites were consistent with an ini-
tial decline in weight followed by increases after mid-
summer (Fig. 2). The linear function for meat growth in
1999 at Site 5 was non-significant but with the addition
of a quadratic function, the regression was significant
at p = 0.10, and the R? significantly increased by 74 %
(Table 2). Therefore, a second-order polynomial was
also fitted to this data for comparative purposes. The
quadratic coefficient C was significantly positive across
sites (Table 2), reflecting the exponential upward trend
during the latter half of the year.

There were differences in the relative importance of
the sampling location within each year in addition to

Table 2. Mytilus edulis. Coefficients of regressions (Y = A + BX + CX?) fitted to average mussel shell length and meat weight
data at 5 sites in Tracadie Bay from May through October 1998 (9 samples per site) and 1999 (6 samples per site). Goodness-of-fit
(R?) and significance (p) of regression and regression coefficients (A, B, C) are indicated. *p < 0.05, **p < 0.01, ***p < 0.001

Coef- Shell length (mm) at Site Dry meat weight (g) at Site

ficient 1 2 3 4 5 1 2 3 4 5

1998
A 39.40*** 38.73*** 42.14*** 38.37*** 38.35*** 0.361*** 0.383*** 0.506*** 0.387*** 0.329***
B 0.11***  0.09*** 0.09***  0.08***  0.07*** 0.315*** 0.230*** 0.115** 0.161*** 0.108** (x10?%
C  -0.39** -0.49*** -0.87*** -0.48** -0.44* (x10°) 0.067 -0.058 -0.292** -0.119* -0.109* (x10%
R? 0.996 0.993 0.992 0.985 0.952 0.967 0.970 0.953 0.943 0.902
p e o e e s e o e or o

1999
A 42.09***  40.55*** 39.71*** 39.46*** 39.89*** 0.273*** 0.233*** 0.178*** 0.169*** 0.198***
B 0.08***  0.06***  0.05*** 0.05*** 0.05** 0.164**  0.125** 0.012 0.037 0.011* (x10?)
(& 0.05 0.00 0.03 0.05 -0.06 (x10%  0.238* 0.208* 0.165**  0.197** 0.136* (x10%
R? 0.989 0.981 0.982 0.967 0.947 0.924 0.924 0.883 0.934 0.762
P ax o e o . s o « o 0.056
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Fig. 3. Mytilus edulis. Comparisons of average (+2 SE) annual

polynomial regression coefficients (A, B, C) fitted to mussel

shell length (mm) and dry meat weight (g) at the 5 study sites

from May to October 1998 and 1999. Significant differences

between sites within same year indicated above bars, and

between years at similar sites on bars. *p < 0.05, **p < 0.01,
**%kp < 0.001

the difference in the shape of the growth trajectories
between years (Table 2). In 1998, Site 3 dominated
growth prior to mid-summer where the largest mid-
summer shell length and heaviest mid-summer, meat
weight occurred while shell length and meat weight at
the other 4 sites were comparable by mid-summer (A
coefficient, Fig. 3). The fastest overall growth occurred
in shell length and meat weight (B coefficient) at Site 1
from mid-summer into autumn 1998, and the greatest
negative impact on growth occurred at Site 3 (signifi-
cantly smaller C coefficient, Fig. 3). The increase in
meat weight was relatively more important than the
shell length increase at Site 2 in 1998, while mussels at
Sites 3, 4 and 5 showed poorer meat growth (B coeffi-
cients, Fig. 3). In 1999, shell length and meat weight
were ranked from the outer to inner bay, with Site 1
dominating in size and growth rate (Fig. 3). The growth
rate indicated by the B coefficient in 1999 demon-
strated a site-effect with overall growth in meat weight
at Sites 1 and 2 far exceeding that at the 3 inner sites
(Fig. 3). There was no significant difference detected

Shell length Dry meat weight
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Fig. 4. Mytilus edulis. Average (+1 SD) shell length (mm) and

dry meat weight (g) at the 5 study sites during late October

1998 and 1999 in Tracadie Bay. Each bar represents an

average of ~30 mussels. a: reduced weight due to spawning;
further details as in Fig. 3

in the rate of increase (C coefficients) of meat weight
among sites during the latter part of 1999.

Annual variation

Shell length and meat weight at the end of the
growth experiments in October each year provided a
‘final’ measure of net growth that integrates seasonal
dynamics as well as initial differences in the size of
individuals used as stock. In both years, Site 1
achieved the greatest shell length, and final size was
larger in 1999 than in 1998 (Fig. 4). Site 3 stood out as
being greater in shell length than Sites 2, 4 and 5 in
1998 and having greater shell length in 1998 than in
1999. Inner Sites 4 and 5 displayed no difference in
final shell length within or between years.

Dry meat weight in October 1998 had reduced inter-
site differences related to weight reduction due to
spawning at Sites 1 and 2 (Fig. 4). The innermost Site 5
had the smallest final meat weight. Compared to 1998,
dry meat weight in October 1999 was more distinct
with respect to site (Fig. 4) with Sites 1 and 2 dominant
as in the growth rate results from the regression analy-
ses (Fig. 3). Interannual comparisons of October meat
weight showed significantly greater growth in 1998
than in 1999 (Fig. 4), reflecting the generally poor
growth performance seen at Inner Sites 3 to 5 in 1999.

In summary, annual and spatial differences were
more pronounced for meat weight growth than for
shell length growth (Fig. 3). Regression analyses of
shell and meat growth trajectories indicated superior
net growth performance at Site 1, followed by Site 2.
The most rapid shell and meat growth during the study
occurred prior to mid-summer 1998 at intermediate
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Fig. 5. Average daily water temperature (°C) recorded at the
5 study sites from May to October 1998 and 1999

Site 3, but this growth was not sustained. Shell length
and meat weight were similar throughout most of the
embayment by mid-summer 1998, but differed be-
tween the inner and outer areas in mid-summer 1999
(A coefficient, Fig. 3).

Environmental conditions
Water temperature and salinity

Water temperatures in Tracadie Bay during 1998 and
1999 increased from <10°C in May to summer maxima
approaching 25°C in early August followed by a
decrease to <10°C in October (Fig. 5). Sustained daily
water temperatures >20°C, a level potentially limiting
to mussel growth, were less frequent in 1998 (32 d dur-
ing mid-July through early August) than in 1999 (74 d
during late June through mid-September). Tempera-
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Fig. 6. Derived salinity values (from CTD casts) recorded at
the 5 study sites from May to October 1998 and from May to
September 1999
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Fig. 7. Average (+1 SD) seston variables in Tracadie Bay, from

May to October 1998 and from May to September 1999 (n =5

sites). SPM: suspended particulate matter; POM: particulate
organic matter

ture records were similar at the 5 sampling sites in
each of 1998 and 1999 (Fig. 5).

Salinity at sampling sites ranged between 25.8 and
28.31in 1998 (12 May through 27 October) and between
26.7 and 30.3 in 1999 (31 May through 29 September)
(Fig. 6). Salinity was relatively stable during 1998 but
decreased over time in 1999. Lower salinity values in
spring 1998 compared to 1999 (Fig. 6), were associ-
ated with greater rainfall. Consistently higher salinity
values were generally recorded at outer embayment
Site 1, and lowest values were recorded at inner
embayment Site 5.

Seston

Seston parameters (SPM, POM, % organic SPM and
plant pigments) varied seasonally in Tracadie Bay dur-
ing 1998 and 1999 (Figs. 7 & 8). In 1998, maximum
average concentrations of SPM occurred in mid-May
and early August (9.9 mg I"!) and minimum concentra-
tions in June and September (Fig. 7). Peaks in % POM
values corresponded to minimum concentrations in
SPM, with maximum values in June followed by a
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smaller peak in mid-September (Fig. 7C). Concentra-
tions of POM remained relatively stable throughout
1998, ranging from 1.0 to 1.9 mg 1!, with the exception
of a major peak in early August (Fig. 7B). In 1999, SPM
concentrations showed minor variation, with values
below 4 mg I'! during most of the sampling year
(Fig. 7C). A small peak was recorded in late May, with
a maximum concentration of 6.2 mg 1! recorded in
September. In contrast to SPM concentrations, % POM
values decreased significantly over the sampling sea-
son (r = 0.359, p = 0.039) and ranged from 40 to 60 %
(Fig. 7A).

Chlorophyll a concentrations increased significantly
during each of the 1998 and 1999 sampling seasons
(Pearson correlation coefficients, 1998: r = 0.745,
p < 0.001; 1999: r = 0.575, p < 0.001) (Fig. 8). Chloro-
phyll a concentrations increased from a minimum of
0.5 pg I'! in mid-May to a maximum of 3.3 pg 1! in mid-
September 1998 (Fig. 8). The % chlorophyll a:total
plant pigment ratio in 1998 ranged from 40 to 60 %
throughout the sampling year (Fig. 8). Chlorophyll a
concentrations in 1999, followed SPM variations,
peaked in late May, declined in July and then
increased to maximum concentration of 5.7 pg 1! in
late September (Fig. 8A). The % chlorophyll a:total
pigment ratio remained relatively stable (67 to 76 %)
during the 1999 sampling season, and was generally
higher than values in 1998 (Fig. 8B).

Increased SPM concentrations were not associated
with increased chlorophyll a concentrations in 1998
(r=0.093, p > 0.05) but were in 1999 (r=0.582, p < 0.001)
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Fig. 9. Pearson correlation analyses between seston parame-

ters in Tracadie Bay from May through September 1999.
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Fig. 10. Relationship between organic content (% POM) and

SPM (mg 17!) of seston collected from May to October 1998 in

Tracadie Bay. Line fitted by least-squares: % POM = 0.64

(£0.07 SE) % SPM 0092001, swhere R? = 0.66, residual df = 43,
p <0.001

(Fig. 9). Variations in POM concentrations were mar-
ginally associated with SPM concentrations in 1998 (r =
0.664, p < 0.001) and highly associated with SPM con-
centrations in 1999 (r = 0.922, p < 0.001) (Fig. 9). How-
ever, the organic content of the seston (% POM)
decreased in 1998 from a maximum of 91 % to a mini-
mum of 5% with increasing SPM concentrations up to
21 mg 1! (Fig. 10). This relationship was not significant
in 1999 (p > 0.05).

Collectively, the seston results point to an inter-
annual variation in seston dynamics for the bay. In
1998, there were higher peaks in turbidity, with lower
organic content and more degraded phytodetritus
(lower % chlorophyll). In 1999, the phytoplankton ap-
peared responsible for more of the suspended parti-



164 Mar Ecol Prog Ser 297: 157-167, 2005

Table 3. Analyses of variance for seston parameters in Tra- 1999
cadie Bay from May to October 1998 and May to September _ = Site |
1999. SPM: suspended particulate matter; POM: particulate o S?f ’
ic matter. *p < 0.05, **p < 0.01 1" 1e
organic matter. "p P % Site 3
e o Site 4
Variable, Source df MS F P
Chlorophyll a
Site 4 1.309 2.567 0.19
Error 4 0.510
Year 1 21.420 41.995**  0.003 0.1 . . . X I
Error 4 0.510 15 05 05 15 25 10 12 14 16 18 20 22
Site (Year) 4 0.510 0.279 0.89 In chlorophyll a (ug 17" Temperature (°C)
Error 65 1.830
Phcjleophytin a Fig. 11. Mytilus edulis. Regression plots of significant envi-
Site 4 0.599 1.901 0.2% ronmental predictor variables for mussel meat weight in Tra-
Error 4 0.315 . cadie Bay in 1998 and 1999, showing meat weight (1998) as a
Year 1 2.385 17.090 0.014 function of In-transformed chlorophyll a concentrations; and
E.rror 4 0.315 meat weight (1999) as a function of temperature. Lines: mean
Site (Year) 4 0.315 0.635 0.64 predicted responses £95 % CI
Error 65 0.496
SPM?
Site 4 0.502 0.604 0.68 Mussel growth and environmental associations
Error 4 0.831
Efraorr i gég? 2:597 018 Multiple regression analyses indicated significant re-
Site (Year) 4 0:831 1.946 0.11 lationships between mussel meat weight and changes
Error 65 0.427 in chlorophyll a and water temperature (Table 4). The
POM? regression model for 1998 indicated that chlorophyll a
Site 4 0.368 0.573 0.70 concentrations explained 54 % of the observed varia-
Error 4 0.643 tion in meat weight and the model for 1999 identified
Year 1 0.748 1.165 0.34 . .
Error 4 0.643 water temperature as the most important variable
Site (Year) 4 0.643 2.489 0.052 explaining variations in meat weight (Table 4, Fig. 11).
Error 65 0.258 The scatter of observed values around the mean pre-
n-transformed dicted response for each regression model generally

cles and their increased organic content, with a
higher percentage of fresh photopigments. Corre-
spondingly, phaeophytin a concentrations were sig-
nificantly greater in 1998 than in 1999, whereas
chlorophyll a concentrations were significantly
greater in 1999 than in 1998 (Table 3). Site differ-
ences in Table 3 are not significant, indicating that
the effect of mussels on their food supply could not
be detected by infrequent spot samples at the various
locations.

showed larger values for meat weight at Sites 1 and
2 and lower values at Sites 4 and 5 (Fig. 11). These
results suggest that meat growth was more closely tied
to food supply in the poorer food year (1998).

DISCUSSION

Mussel growth has been compared between differ-
ent estuaries (Mallet & Carver 1995), but there are few
studies that examine spatial variation in growth within
estuaries. Most studies have been conducted at a small

scale, e.g. growth measured relative to
variables such as raft position (Mueller

Table 4. Mytilus edulis. Stepwise multiple regressions describing relationship

between mussel meat weight as a function of environmental effects in Tracadie

Bay in 1998 and 1999. Potential predictor variables included water temperature;

In-transformed concentrations of chlorophyll g, organic particulate matter (POM)

and suspended particulate matter (SPM); and arcsine-transformed percent
organic SPM (% POM). *p < 0.05, ***p < 0.001

Mussel variable Year Model R? P
Meat weight 1998 0.292 + 0.139 (Chlorophyll a)  0.54*** 0.000
Meat weight 1999 0.467 - 0.011 (Temperature) 0.21* 0.022

1996, Fuentes et al. 2000). Similarly,
studies of seston depletion have been
made at localized small-scales (Newell
1990, Fréchette & Grant 1991, Navarro
et al. 1991, Pilditch et al. 2001), and
indicate that the concentration as well
as the delivery of food determines the
capacity of a location to support
growth. At bay-wide scales, Dolmer
(1998) measured shell growth in
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Mytilus edulis at various locations in a Danish sound
but did not measure environmental factors to correlate
with growth. Camacho et al. (1995) conducted 90 d
mussel growth experiments at 3 locations in a Spanish
estuary and found that phytoplankton availability con-
trolled live weight increase. The long-term growth re-
sponse of cultured mussels associated with strong
environmental gradients in estuaries and bays has not
been addressed despite the potential importance of
these gradients to mussel production. This is, however,
an effective way to test potential food limitation. In our
study, reduced growth was documented in areas dis-
tant from tidal renewal over an embayment-wide
scale. In addition to spatial variation, there has been
little attention paid to interannual variation in growth,
especially experiments which begin with new juve-
niles in the second year. Spatial growth variation was
consistent each year despite the differences between
the 1998 and 1999 mussels (different initial size and
reproductive activity) and the 1998 and 1999 growing
conditions (food supply and temperature).

The spatial distribution of mussel growth in Tracadie
Bay must be interpreted in terms of hydrodynamic gra-
dients, internal primary production, interannual differ-
ences in the culture environment, the effects of tem-
perature on bioenergetics and spawning, and the
extent of mussel culture in the bay. Tidal transport is a
major source of food replenishment for suspended
mussel culture in small, semi-enclosed Atlantic Cana-
dian inlets (Carver & Mallet 1990, Penney et al. 2001).
In Tracadie Bay, a net SE flow along incoming chan-
nels results in higher currents and salinities in the
outer embayment (Dowd et al. 2001, Grant et al. in
press). The best mussel growth occurred in the outer-
most part of the bay in a high salinity area with fast
tidal currents (Site 1 near the entrance to the Gulf of
Saint Lawrence). Mussels in this area are exposed to
renewed tidally transported food from outside the
embayment (Dowd et al. 2001). Diminished tidal cur-
rents towards the head of the embayment (Dowd et al.
2001), combined with filtering by the dense culture of
mussels, undoubtedly reduced the food supply and
reduced mussel growth in the inner embayment.

The data imply that the flux of food, expressed as the
product of concentration and current speed, controls
the spatial variation in growth with decreasing flux
from outer to inner Tracadie Bay. We have not docu-
mented the gradient of fluxes in the present study, but
previous modelling and field work in Tracadie Bay
unequivocally established that there is reduced flush-
ing in the interior of the bay as well as reduced particle
exchange with the coastal ocean (Dowd 2005, Grant et
al. in press). This is consistent with previous ideas
relating seston depletion to the balance of tidal food
renewal and removal due to suspension feeding (Dame

& Prins 1998), as well as previous field studies of raft-
cultured mussels in Spain (Camacho et al. 1995), and
bottom-cultured clams in the USA (Grizzle & Lutz
1989). Dowd (2003) modelled seston dynamics in Tra-
cadie Bay and predicted that seston flux differed by an
order of magnitude between inner and outer parts of
the bay. Our study examines food delivery from the
animal context, expressing food limitation through
reduced growth along a flux gradient.

Seston concentration may be examined as a forcing
variable instead of flux, but a consistent inner—outer
gradient in this variable corresponding to gradients in
growth is not always preserved due to tidal and hydro-
dynamic variations affecting seston concentration and
distribution. In addition, the Winter Bay region is a
source of upland nutrients that may have a local influ-
ence on primary production and seston concentration.
Temporal variations in seston characteristics may vary
such that discrete seston samples would not be
expected to characterize even average conditions.
There was no indication of persistent spatial differ-
ences in seston concentration among sites. The signifi-
cance of the multiple regression analyses demon-
strated the strength of the mussel growth-food
interaction, which was detected using only single
water samples. Dowd's (2003) seston model of Tracadie
Bay indicates that seston levels in the bay are con-
trolled by flushing in the mouth of the bay, and by
mussel grazing and internal primary production at the
head of the bay. In this case, the water samples reflect
an interaction between incoming depleted seston and
internally produced and resuspended seston. Samples
taken over shorter time scales suggest the importance
of both resuspension and estuarine flushing to seston
concentrations (Grant et al. in press). The influence of
mussels has also been suggested in calculations by
Meeuwig (1999) that indicated a strong negative rela-
tionship between mussel and phytoplankton biomass
in PEI embayments with mussel culture.

There appeared to be a fundamental temporal
change in seston quality and quantity between years
beyond spatial differences in seston flux. The negative
relationship between SPM and % POM in 1998 sug-
gests that resuspended particles were important in
some of the seston samples (Hawkins et al. 1996, 1998).
Wind-induced resuspension serves to decrease the
quality of the food available to mussels while increas-
ing the total quantity available (Berg & Newell 1986,
Cranford et al. 1998). In 1999, there was a positive rela-
tionship between SPM and both POM and chlorophyll,
indicating that higher particle loads were associated
with phytoplankton. Based on these observations, 1999
may be predicted to have been a superior growth year
to 1998. The net growth (meat weight at the end of the
sampling period) was in fact significantly greater in
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1998 than in 1999. This implies that it is not the annual
characterization of seston that is important but the
temporal characterization. In 1998, chlorophyll showed
a fairly linear increase during the year that was
reflected in the linear pattern of meat weight for that
year. These similar trends account for the significant
regression between chlorophyll and meat weight for
1998. Site 3 at the mouth of Winter Bay showed accel-
erated growth for 1998 even compared to the outer
sites. Rainfall in May and June 1998 was 3 to 6 times
more than in 1999 (Environment Canada climate sum-
maries), potentially resulting in nutrient enrichment
from agricultural runoff and subsequent phytoplank-
ton blooms in Winter Bay. Agricultural activities on PEI
exert a large influence on nutrient levels within sur-
rounding embayments (Meeuwig 1999). In 1999, meat
growth had a slow start, but poor food supplies early in
the year are not obvious from the seston record. There
was increased growth late in the year corresponding to
a surge in chlorophyll a, with much of the weight gain
due to gonad development in preparation for spawn-
ing. An autumn phytoplankton bloom, typical of the
area (Brylinski & Sephton 1991), occurred in Septem-
ber 1999, resulting in the highest chlorophyll a concen-
trations (~6 g 1) observed in the study. These differ-
ences indicate that the food environment is variable,
and that a 'typical’ year may be elusive when con-
structing boundary conditions for use in models of
culture carrying-capacity.

Growth trajectories analyzed with polynomial re-
gressions provided useful insights into the spatial varia-
tion in growth. Curves have been applied to describe
and compare bivalve growth rates in many studies (see
review Seed & Suchanek 1992). The von Bertalanffy
growth equation is a common example of using regres-
sion for this purpose, but it does not have the flexibility
in shape that we were able to obtain using polynomials.
For example, the spatial variation in growth was similar
in both sampling years but the growth trajectories, par-
ticularly for meat weight, differed between years. In
1998, meat weight became increasingly asymptotic
from the outer to inner sites. The outer site trends were
linear without the indication of food limitation implied
by the asymptote of Sites 3, 4 and 5. In 1999, mussels at
the outer sites appeared to grow exponentially follow-
ing their early-year inactivity. However, this gain was
increasingly attenuated going from outer to inner sites,
to the extent that there was little or no net increase in
meat weight at Sites 3, 4 and 5.

Annual and spatial differences in mussel growth
were much more pronounced when measured as meat
weight than as shell length. Meat weight exhibited
substantial decreases and increases in response to
endogenous and exogenous factors during 1999, while
shell length growth rates remained stable. These data

confirm the suggestion by Grant (1999) that meat
weight is a much more sensitive growth parameter to
environmental change than shell length. Shell growth
in mussels can even continue at sub-maintenance food
levels despite a loss in meat weight (see review by
Hawkins & Bayne 1992). We examined condition index
as a growth variable that incorporated shell and tissue
growth, but this variable offered no further insight
than tissue weight alone.

The emphasis of our study was on the effects of food
on mussel growth, but temperature is important in de-
termining upper limits to growth as well as spawning.
Temperature was the only significant variable in the
1999 multiple regression for tissue weight, although it
explained only 21 % of the growth variance. Sustained
periods of water temperatures above 20°C from late-
June to mid-summer 1999 probably had a negative ef-
fect on growth. Depending on food availability, mussels
acclimate and establish a stable scope for growth over a
wide temperature range below 20°C, but metabolic
compensation (respiration and clearance rates) above
20°C declines rapidly (Bayne et al. 1976 [review], Wid-
dows 1978). Decreased growth and/or mortality in mid-
summer are a result of warm water temperatures to-
gether with limited food availability on the Atlantic
coast of Canada (Myrand et al. 1998). Substantial in-
creases in meat weight occurred from mid-summer into
autumn at all sites during 1999, indicating improved
growing conditions throughout the embayment. An in-
crease in water temperature will initiate gamete pro-
duction if sufficient food is available (Bayne & Worrall
1980). This was apparently the case in autumn 1999.

The pattern of spatial variability in mussel growth,
representing decreased growth rates in the inner bay
relative to the outer bay, provides evidence that the
density of cultured mussels in Tracadie Bay was
exceeding the available food supply. This study
demonstrated that the use of sentinel mussels, concur-
rent with basic environmental monitoring, provides
a practical approach to assess bay-wide shellfish
management practices.
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