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ABSTRACT: Monthly increases in shell height were measured for 2 age classes (Years 0 and 1) of a
common broodstock of oysters Crassostrea gigas in 10 locations in British Columbia, Canada, over
14 mo. Measurements were also taken of several environmental variables known to affect oyster
growth. Based on comparisons of shell height growth curves, sites were grouped into low, medium and
high growth categories which were similar for both age classes of oysters. According to discriminant
function analysis, differences in salinity and particulate organic matter (POM) concentration disting-
uished low growth sites from medium and high growth areas. Medium and high growth areas were
segregated solely on the basis of food-related variables: POM, carotenoid concentration and Secchi
depth. In multiple regression analysis, chlorophyll b concentration and water temperature were signifi-
cantly correlated (for both age classes; 2 = 0.34, p < 0.001) to log;o-transformed monthly instantaneous
growth rate (Gsg) with chlorophyll b being the more important variable. Inclusion of monthly initial shell
height in the regression analysis increased r* to 0.62 and 0.44 for Year 0 and Year 1 equations
(p <0.001), respectively. Correlation of chlorophyll b to G3, may be indicative of the role of small
nanoplankton in oyster diets. Monthly oyster growth rates were primarily regulated by food supply with
temperature a secondary factor. Growth rates were highly site-specific depending on food supply and

salinity conditions.

INTRODUCTION

The rapid growth, high meat yield and relative ro-
bustness of the Pacific oyster Crassostrea gigas Thun-
berg, has led to its introduction into many parts of the
world for aquaculture. Growth in marine bivalves is
affected by the interactions of several environmental
variables, particularly water temperature and food sup-
ply (reviewed in Bayne & Newell 1983). Growth studies
have generally involved laboratory or field experi-
ments which either manipulate conditions or monitor
natural variation of these variables (Malouf & Breese
1977, Bayne & Newell 1983, MacDonald & Thompson
1985). Univariate laboratory studies have indicated that
other variables act as limiting factors to oyster growth,
including salinity {Bernard 1983), dissolved oxygen
(Davis 1975), pH (Kuwantani & Nishii 1969} and sus-
pended sediments (Loosanoff & Tomers 1948). Bivalve
growth in nature is clearly a function of several
environmental variables; however, multivariate techni-
ques have been seldom used to interpret data.
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In 5 Pacific oyster culture areas in Washington State,
USA, Westley (1965) attempted to relate monthly con-
ditions of several environmental variables to oyster
condition index or ratio of dried meat weight to internal
cavity volume. However, oyster-environment relation-
ships were not analysed using rigorous statistical
methods and condition index is not a suitable indicator
of growth (Lucas & Beninger 1985, Brown & Hartwick
in press b). More recent studies have developed regres-
sion models which predict growth of oysters
Crassostrea virginica Gmelin and C. gigas based on
water temperature and monthly weight (Dame 1972,
Hall 1984). Food availability may have an equal if not
greater influence upon bivalve growth rates compared
with temperature as evident from inter-site compari-
sons within a relatively narrow latitudinal range (Bayne
& Newell 1983, MacDonald & Thompson 1985, Brown
& Hartwick 1988, in press a).

Some studies have used multivariate analyses to
describe either production or growth of natural bivalve
populations. Appeldoorn (1983) applied principal com-
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ponent analysis to examine the influence of environ-
mental factors upon growth of soft-shell clams Mya
arenaria L. at 25 locations. Ulanowicz et al. (1982)
derived predictive equations for landings of clams in
Chesapeake Bay, USA, from water temperature and
salinity data. In the same region, spatfall of Crassostrea
virginica was correlated to salinity, precipitation and
harvest of previous years (Ulanowicz et al. 1980).

A central issue in aquaculture is performance of
exotic stocks in a new habitat rather than production of
indigeous populations. Dickie et al. (1984) showed that
a strain of mussels Mytilus edulis L. growing in their
native ‘harsh’ environment had a significant growth
advantage over mussels transplanted from an area with
more favourable conditions. Incze et al. (1980) found
that a common broodstock of mussels transplanted to 7
different locations in an estuary exhibited site-specific
growth rates.

In the present study, influences of environmental
factors upon site-specific and seasonal growth trends of
a common broodstock of Pacific oysters, in 10 locations,
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were analysed using multivariate techniques. Discri-
minant analysis was used to determine which variables
best distinguished between sites with significantly
different oyster growth rates. Multiple regression
analysis served to relate within-site growth variation to
seasonal environmental conditions.

METHODS

Ten study sites along the coast of British Columbia,
Canada, were monitored monthly between June 1984
and August 1985, except for January 1985 (Fig. 1). To
achieve a wide variation of habitat conditions, sites
were selected in existing oyster culture areas as well as
in areas where environmental conditions or conflicting
coastal developments restricted commercial culture. At
each site, 2 age classes of single oysters from a common
seed-stock were placed in separate 5-tier lantern nets
(30 cm diameter X1 m). Age classes were designated
as Year 0 and Year 1 and had initial mean shell heights
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of 21.6 mm (* 5.4 standard deviation [SD]; n = 158)
and 45.2 mm (= 8.9 SD; n = 160), respectively. Ca 160
to 170 oysters were spread evenly among net tiers in
order to minimize density effects upon growth. All nets
were attached to floating platforms and tops of nets
remained at 1 m below surface throughout a tidal cycle
except at Saanich 5 m where nets were suspended at
5m below surface. Nets were cleaned or changed
whenever density of fouling organisms appeared to
impede water circulation.

At each visit, shell heights of 20 randomly selected
oysters from each age class, were measured with ver-
nier calipers (+ 0.5 mm). Shell height was measured as
the distance from the end of the umbo to the ventral
shell margin (Galtsoff 1964). Shell height of these oys-
ters was previously shown to be highly correlated to
dried meat weight (Brown & Hartwick 1988, in press a).

Duplicate water samples (ca 2 to 4 h apart) were
taken each month for measurement of temperature,
salinity, chlorophylls a, b and ¢, carotenoids, pH, dis-
solved oxygen, total particulate matter (TPM), particu-
late inorganic matter (PIM) and particulate organic
matter (POM). A third monthly sample was usually
taken within 24 to 48 h. All water samples were col-
lected about 5 m up-current of the oyster nets at a
depth equivalent to the mid-point of the net.

Water temperature (* 0.05 C° and salinity (+0.05
ppt) were measured using a YSI Model 33 S-C-T meter.
Peabody Ryan Model 'J' thermographs provided a con-
tinous temperature record. Secchi depth (% 0.05 m)
was measured at each sampling site with a 30 cm
diameter white and black disc lowered over the shaded
side of the vessel or pier. Dissolved oxygen concen-
trations (ml O, [NTP] 17!) were determined by Winkler
titration procedure (Strickland & Parsons 1982). A port-
able Beckman pH meter was used for pH readings in
the field.

Water samples (0.5 to 1.01) for both phytoplankton
pigments and particulate matter were collected in a 31
Van Dorn bottle, then passed through a 300 um mesh to
remove zooplankton and large debris. Pigment sam-
ples were immediately filtered through 47 mm diame-
ter Millipore AA filters and quick-frozen in the field
following the method of Strickland & Parsons (1982) for
spectrophotometric determination of acetone-extracted
chlorophylls @, b and ¢ and carotenoids. Suspended
particulate matter samples were filtered in the field
through pre-weighed GF/C Whatman glass microfibre
filters, previously ashed for 2 h at 450°C. Filters were
then rinsed with 2.0 to 3.0 ml of distilled water, sucked
dry and quick frozen. TPM (mg 17!) was determined
after drying the filter at 60°C for 12 h. After ignition of
the filter at 450°C for 5 h, POM and PIM were deter-
mined from loss in weight and weight of residue,
respectively. Laboratory determination of chlorophyll

pigment extinction coefficients and particulate matter
concentrations was carried out within 1wk after
sampling.

Polynomial regressions were fitted to shell height
data for both age classes using BMDP program P5R.
The cubic polynomial equation is comparable to the
Von Bertalanffy growth model (MacDonald & Thomp-
son 1985) with additional advantages of relaxation of
the constraint for asymptotic growth and suitability for
multiple comparisons requiring a linear model (Roff
1980). To reduce multicollinearity between regression
coefficients, a x—x transformation was used throughout
(Neter et al. 1985). Order of the polynomial was deter-
mined by testing each coefficient (8o, P1. B2 - .. Bm)
against the null hypothesis of Hy: B, = 0. If the null
hypothesis was accepted, then growth was described
by a polynomial of order m—1 Pair-wise comparisons
between similar coefficients were done for all possible
combinations of sites. The possibility of making a
Type I error increases when a 2-sample test is used for
multiple comparisons (Zar 1984). This test was made
more conservative by applying the Bonferroni approxi-
mation which divides the significance level by the
number of site comparisons or n where n was 9 and 10
for Year 0 and Year 1 oysters, respectively (Neter et al.
1985). Groupings of sites for discriminant analysis
(using BMDP P7M) were based upon comparisons of
polynomials fitted to shell height data. Sites which had
non-significant differences between all similar coeffi-
cients of their respective growth polynomials were
greuped together.

All environmental variables were entered into mul-
tivariate analyses after checking for high mul-
ticollinearity. The decision to apply a log transforma-
tion to a particular variable was based upon normality
of the univariate frequency distribution and patterns of
residuals from multivariate analyses (Zar 1984). For
each site, average condition of a environmental vari-
able over a particular monthly period (V) was deter-
mined by the equation.

Vo= Vit Viey/2 (1)

where V, and V;;; = means of triplicate or duplicate
field observations at the beginning and end of the
month, respectively.

Monthly instantaneous growth rate (Gjo) was entered
into multiple regression analysis as the dependent vari-
able and defined as:

Gz = (loge(H,;+/H;)/(logeD)) X 30 (2)

where H,.; = mean shell height (mm) of the current
month (n = 20); H, = mean shell height of the previous
month; D = number of days between observations
(Ricker 1975). The log, transformation of D served to
further detrend residuals in the multiple regression
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analysis. In stepwise multiple regressions (BMDP P2R),
both forward and backward stepping were used with
F-to-enter and F-to-remove values set to 3.0. Since the
purpose of the analysis was exploratory rather than
predictive, setting a low Fvalue was justified to examine
all relevant environment variables (Dixon 1983).

RESULTS

Growth in shell height for both year classes was
highly variable between certain sites. Final mean
monthly shell height (n = 20) in August 1985 ranged
from 56.6 mm (* 7.7 SD) at West Vancouver to 100.2
mm (*+ 8.7 SD) at Okeover Inlet for Year 0 (Fig. 2) and
from 68.9 mm (£ 11.5 SD) to 108.5 mm (=% 23.8 SD) for
Year 1 oysters (Fig. 3). Cubic polynomials described
shell height growth of Year O (Table 1) and Year 1
(Table 2) oysters at all sites, except Bowen Island
Year 1 where coefficients $, and f; were non-signifi-
cant. For comparative purposes, a cubic polynomial
was fitted to these data although, according to the
statistical method used, growth of this group of oysters
was significantly different. Variation in growth
between sites was largely determined by testing for
differences in coefficient 5. When 3¢ was significantly
different between 2 sites, subsequent differences were
usually found in comparisons of coefficients 3; and .
Differences between coefficient 3; were non-signifi-
cant in all comparisons. Since a x—x transformation
was used, o was shell height (y) at the study's mid-
point (x =Xx).
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Fig. 2. Crassostrea gigas. Monthly mean (n = 20) shell height
(mm) growth of Year 0 oysters at 9 sites
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Fig. 3. Crassostrea gigas. Monthly mean (n = 20) shell height
(mm) growth of Year 1 oysters at 10 sites

On the basis of shell height comparisons for either
year class, sites were placed into a high, medium or low
growth group (Table 3). Differences in growth between
sites within the same group were non-significant; how-
ever, differences between sites in different groups
were significant (p <0.05 after Bonferroni approxima-
tion). The high growth group consisted of Trevenen
Bay, Okeover Inlet and Lemmens Inlet 1 and 2. Depar-
ture Bay, Bowen [sland and Saanich 1 m and 5 m have
significantly lower growth and comprised the medium
growth group. The low growth group consisted of West
Vancouver and Keats Island (Year 1 only for Keats
Island because Year 0 nets were lost in a storm).

Environmental data, presented in detail elsewhere
(Brown & Hartwick 1988, in press a}, are summarized
here. Water temperatures ranged from a summer max-
imum of 17.0 to 21.6°C to a winter minimum of 2.5 to
7.8°C. Seasonal fluctuations were significant; however,
during a given month, temperatures varied little
between sites and there were only minor differences in
site-specific cumulative degree-days (Brown & Hart-
wick, in press a). At most sites, monthly salinity levels
remained above 20 ppt year round. The exceptions
were Bowen and Keats [slands and West Vancouver
where monthly salinity readings were frequently below
20 ppt, particularly during April to August 1985,

Phytoplankton blooms occurred bi-annually at most
sites; once in late summer or early fall (August to
October) and again in early spring (March to May).
Highest mean monthly (n = 10) chlorophyil a levels
were recorded in September-October 1984 at
Lemmens Inlet 1 (49.09 ugl ' = 40.90 SDj and Inlet 2
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Table 1. Crassostrea gigas. Parameters of polynomial regressions fitted to Year 0 shell height data from 9 sites. p<0.001 for all

regressions
Lemmens Lemmens Trevenen  Okeover Departure  Saanich Saanich Bowen West
Inlet 1 Inlet 2 Bay Inlet Bay 1m 5m Island Vancouver

pO 67.93 70.56 61.35 61.52 55.05 55.35 53.46 53.94 4541
pt 0.07 0.09 0.08 0.07 0.02 0.06 0.03 0.04 0.03
B2 (x 1079 -0.25 -0.17 -0.14 0.06 —0.21 -0.14 0.001 —0.14 —0.06
B3 (x 1079 0.26 0.24 0.19 0.24 0.22 0.14 0.21 0.16 0.11
r 0.87 0.84 0.79 0.86 0.72 0.76 0.75 0.73 0.72
n 215 243 187 187 193 198 205 229 186

Table 2. Crassostrea gigas. Parameters of polynomial regressions fitted to Year 1 shell height data from 10 sites. p<0.001 for all

regressions
Lemmens Lemmens Trevenen Okeover Departure Saanich Saanich Bowen Keats West
Inlet 1 Inlet 2 Bay Inlet Bay 1m 5m Island Island Vancouver

pO 88.68 81.76 88.20 84.23 70.66 73.51 69.68 71.15 58.38 56.71
B! 0.09 0.13 0.01 0.02 —0.006 0.01 0.01 0.02 0.01 0.03
B2 (x 1073 -0.55 —-0.45 -0.14 0.02 -0.31 -0.15 -0.09 —-0.02 0.03 -0.08
B3 (x 1079 0.21 0.10 0.24 0.24 0.19 0.14 0.19 0.06 0.14 0.09
r 0.74 0.73 0.75 0.58 0.46 0.44 0.61 0.36 0.52 0.44
n 205 190 161 189 219 191 190 166 196 214

Table 3. Crassostrea gigas. Summary of comparisons between polynomial equations fitted to Year 0 and Year 1 shell height data
from 10 sites. * p<0.05; ns: not significant
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(38.93 ug 17! + 22.99 SD). Subsequent blooms of lower ugl™* (£2.07 SD), respectively, during June-July
magnitude occurred at these sites during March—April 1985. Multiple phytoplankton blooms observed in
1985. Maximum monthly means (n = 2) at Trevenen Saanich Inlet 1m and 5m had maximum monthly
Bay and Okeover Inlet were 11.36 (£ 3.32 SD) and 8.96 means (n = 2) of 12.48 and 15.28 ugl1~! (+2.28 SD),
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respectively, during the period April to June 1985,
Based on comparisons of cumulative chlorophyll a-
days, overall monthly chlorophyll a levels at Saanich
Inlet and Departure Bay were the lowest among all
sites while Lemmens Inlet, Trevenen Bay and Okeover
Inlet had the highest (Brown & Hartwick, in press a).
Annual maximum chlorophyll a levels (9.79 to 47.28
ugl™! at Bowen Island, West Vancouver and Keats
Island coincided with low salinity readings in May and
June 1985. Nutrient inputs associated with large vol-
ume freshwater discharges from nearby river systems
during the spring probably increased phytoplankton
biomass at these sites (Parsons et al. 1969, Stockner et
al. 1979); however, pigment concentrations were much
lower throughout the rest of the year.

Particulate organic matter (POM) levels closely
corresponded to monthly trends in phytoplankton pig-
ment concentrations. Maximum monthly mean (n = 3)
POM levels occurred during September 1984 at
Lemmens Inlet 1 (10.90 mg1~! +7.60 SD) and Inlet 2
(9.70 mg 17! +0.42 SD). High monthly mean (n = 3)
concentrations were also observed at Trevenen Bay
(6.25 mg1~! +0.1 SD) and Okeover Inlet (6.00 mg 17!
+ 0.42 SD). The remaining sites had much lower (<5.0
mg 17! monthly POM levels. Monthly mean PIM con-
centrations ranged between 1.0 and 16.0 mgl™' at
Lemmens Inlet, Saanich Inlet, Trevenen Bay and
Okeover Inlet. Lower monthly concentrations, ranging
between 0.0 and 8.0 mgl~!, occurred at Bowen and
Keats Island and West Vancouver.

At most sites, Secchi depth appeared to follow trends
in phytoplankton biomass with maximum depth (> 10
m) in the winter and minimum depth (2 to 5 m) during
phytoplankton blooms. Dissolved oxygen levels ranged
between 5.12 and 11.97 mg 1™ which converted into a
range of percent saturation of 73 to 209 %. Measured
pH values varied little between sites and ranged
between 7.80 and 9.27.

Since clusterings of sites based upon comparisons of
growth polynomials were similar for both age classes,
only one discriminant function was determined, con-
sisting of 2 canonical variables {CV) {Table 4). Signifi-
cant variables included by step-wise selection criteria

were water temperature and salinity, and logo-trans-
formed POM, Secchi depth, carotenoids and dissolved
oxygen. The function was highly significant (Bartlett's
¥* = 73.2, p <0.001, df = 12, n = 92) and appeared to
best distinguish low growth sites from medium and
high growth sites (Fig. 4). In the classification matrix,
low growth group cases were categorized correctly
85.0 % of the time while percentages of cases properly
classified for medium and high groups were 52.8 %
and 72.2 %, respectively.

In Table 4, the relative contribution or importance of
a particular variable in the discriminant function was
evaluated by its correlation (1) to each CV (W. Krane,
Dept of Psychology, Simon Fraser Univ., Burnaby, BC,
Canada, pers. comm.). CV1 primarily distinguished
low growth sites from medium and high growth sites on
the basis of salinity (r= 0.78), POM (r= 0.58) and
Secchi depth (r = 0.35). Medium and high growth sites
were separated from each other by CV2 for which POM
(r= 0.69), Secchi depth (r= —0.58) and carotenoids
(r= 0.39) were the most important variables. Salinity
had a lower correlation to CV2 indicating that salinity
differed much less in comparison to food supply
between medium and high growth sites. Water temper-
ature and dissolved oxygen have very low correlations
to both CVs because for any given month conditions
were similar among sites.
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Fig. 4. Scatter plot showing separation of growth groupings of
sites by the 2 canonical variables

Table 4. Coefficients of discriminant function and correlations (1) of variables to canonical variables (CV)

Variable Ccv1
Salinity 0.206
log:, POM 1.303
log:a Secchi depth 5.743
log;¢ carotenoids 1.176
logn dissolved oxygen 4.445

Water temperature 0.112

CV2 Correlation to CV1 Correlation to CV2

0.010 0.78 0.20

5.178 0.58 0.69
—8.364 0.35 -0.58
—2.102 0.05 0.39
-4.997 0.13 0.21
—-0.115 0.08 0.04
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Monthly instantaneous growth rates (Gzo) were
almost twice as high for Year 0 oysters (Fig. 5) as for
Year 1 oysters (Fig. 6). For both age classes, maximum
growth rates occurred in July and August 1984 and
gradually declined over the fall months to zero in winter.
Growth increased in spring of 1985 but summer growth
rates were considerably lower than those of the previous
year. According to step-wise multiple regression analy-
sis of growth and environmental data, chlorophyll b
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Fig. 5. Crassostrea gigas. Monthly instantaneous growth rates
for Year O oyster shell height at 9 sites
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Fig. 6. Crassosirea gigas. Monthly instantaneous growth rates
for Year 1 oyster shell height at 10 sites

concentration (Fig. 7) and water temperature (see
Brown & Hartwick, In pressa), explained 34 %
(p < 0.001) of variation in log;o-transformed instantane-
ous growth rate in both age classes (Table 5).
Chlorophyll b had a greater influence on growth rate
than water temperature, based on comparison of stand-
ardized partial regression coefficients which indicate
relative influences of individual independent variables
upon the dependent variable (Zar 1984).

Bivalve growth rate is known to be a function of size
and age, so initial shell height of each monthly period
was included as an independent variable in a second
set of regression analyses (Bayne & Newell 1983, Hall
1984). Inclusion of initial size increased the explained
proportion of growth variation for Year 0 and Year 1
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Fig. 7. Monthly mean (n = 3) chlorophyll b concentration
(mg 174 at 10 sites

oysters to 62 % (p < 0.001) and 44 % (p < 0.001),
respectively (Table 5). For Year O oysters, initial size
had a negative influence on growth rate while water
temperature and salinity had lesser, positive effects
and chlorophyll b was excluded. Initial size also had a
negative influence on Year 1 growth rate but water
temperature had a positive effect of almost equal mag-
nitude. Chlorophyll b and salinity had positive but
reduced influences, in comparison to the previous
analysis which excluded initial size as a variable.

DISCUSSION

In the present study, differences in site-specific
growth curves were related to variations in salinity and
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Table 5. Crassostrea gigas. Multiple regression equations of monthly instantaneous growth rate (Gyo) against environmental
factors and initial size. Standardized regression coefficients are in parentheses. All regressions are highly significant (p <0.001).
CB: chlorophyll b (ug 17'); WT: water temperature (°C); S: salinity (ppt); IS: monthly initial shell height (mm)

i Step 1 Step 2 Step 3 Step 4 r n

Year 0

log1pGao = —0.026 + 0.370log,,CB + 0.014 WT 0.34 106
(0.388) (0.292)

10910G3o = 1.111 = 0.783log 1S +  0.016 WT + 0.011 S 0.62 106
(—0.642) (0.345) (0.194)

Year 1

10g16Gao =  -0.046 + 0287logcCB -+ 0.009 WT 034 115
(0.422) (0.262)

log10G3o = 0.856 + 0.141log1oCB + 0011 WT — 0576log;plS + 0.008 S 0.44 115
(0.207) (0.321) (~0.370) (0.214)

food supply. Monthly growth rates were largely
affected by oyster size, food supply and water tempera-
ture.

Low growth sites (Keats Island and West Vancouver)
frequently have mean monthly salinity lower than
20 ppt while higher salinity levels occurred at sites in
medium and high growth groups. According to Quayle
(1969) and Bernard (1983), somatic growth in
Crassostrea gigas occurs between 16 and 31 ppt with
optimal conditions ranging from 20 to 25 ppt. Low
salinity levels (<20 ppt) are more likely to be limiting to
growth since C. gigas has been successfully cultivated
in highly saline ponds of almost 40 ppt (King 1977). In
adverse salinity conditions, the oyster may close its
shell and cease feeding (Pierce 1971). Rapid fluctua-
tions in salinity impart a significant metabolic cost and
ventilatory recovery may take several days in oysters
subjected to salinity changes greater than 10 % (Ber-
nard 1983). Acclimation to low salinity levels at low
growth sites and Bowen Island would have been espe-
cially difficult during periods of high freshwater run-off
from the nearby Fraser River in spring and summer
when salinity levels sometimes fluctuated between
12.5 and 21.5 ppt over a tidal cycle (J. R. Brown
unpubl.). Reduction in assimilated ration due to shell
closures and additional metabolic costs associated with
maintenance of osmotic balance under a stressful salin-
ity regime may explain lack of growth in oysters at
West Vancouver and Keats Island, even during ele-
vated food concentrations between May and July 1985.

Indices of food supply, particularly POM, were
highly important in separation of growth categories.
Correlation between POM and oyster growth is in
agreement with previous findings (Malouf & Breese
1977, Widdows et al. 1979). A high scope for oyster
growth (as defined by Bayne & Newell 1983) would
have occurred at sites where high POM:TPM ratios
coincided with peak annual water temperatures.

POM:TPM ratio at Lemmens Inlet sites ranged from
88.0 % insummerto 25,0 % inwinter (Fig. 8). Ratios were
generally reduced for low growth sites, such as West
Vancouver whichranged from 39.0t0 52.0 % . High ratios
occasionally occurred at other medium and low growth
sites but usually during months with low water tem-
peratures or critical salinity levels which would have
caused an overall reduction in scope for growth.
Widdows et al. (1979) concluded that the proportion
of total seston comprised of POM could be as important
as absolute concentration because a high PIM concen-
tration could dilute ingested ration. Growth of cultured
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scallops Chlamys islandica (O. F. Miller} was inhibited
when POM was less than 20 % of total seston (Vahl
1980, Wallace & Reinsnes 1985); however, Bernard
{1983) proposed that feeding behaviour and mecha-
nisms in oysters are adapted to maximum particle con-
centrations in the environment. The addition of low
amounts of silt to algal cultures fed to Mytilus edulis
significantly increased growth over that of mussels fed
pure algal solutions (Kierboe et al. 1981), possibly
because silt particles can absorb organic compounds
(Bayne & Newell 1983). Newell & Jordan (1983) sug-
gested that Crassostrea virginica can maintain a posi-
tive energy balance even when relative amounts of
food particles are low through active particle selection
and ingestion. In the study sites, the range of PIM
concentrations (0.0 to 16.0 mg 17?) was far below levels
(>75.0 mg 17?!) perceived to limit oyster growth (Ber-
nard 1983).

In some environments, a significant portion of POM
is refractory and not utilized as food by suspension
feeders (Widdows et al. 1979, Soniat et al. 1984). In the
present study, POM concentrations generally followed
chlorophyll a levels from which usable food ration for
suspension feeders can be estimated. In natural phyto-
plankton populations, the carbon:chlorophyll a ratio
can vary between 25 and 60, depending upon species
composition and nutritional condition (Strickland 1960,
Parsons & Takahashi 1973). In British Columbia waters,
the predominant phytoplankton are members of
Chlorophyceae and Skeletonema spp. (Stockner & Cliff
1875, Stockner el al. 1979), thus a ratio of 26 is a
suitable approximation (Parsons 1961). Phytoplankton
organic matter (OM) was calculated from the equation
OM = 2.14 x C, where C is the amount of phytoplank-
ton carbon (mg) determined from the carbon-
:chlorophyll a ratio (Widdows et al. 1979, Soniat et al.
1984). In Lemmens Inlet, percentage of TPM composed
of OM was highest (8.9 to 22.6 %) in June to October
1984 and lowest (0.0 to 0.2 %) in winter (Fig. 9). West
Vancouver had a maximum of 31.0 % in June 1985 and
a minimum of 0.0 % in November 1984. At this site,
periods with the highest percentage of phytoplankton
organic matter coincided with lowest annual salinity
levels which probably caused the observed low growth
rates in oysters.

Total food material may also include non-algal sour-
ces of organic matter such as detritus or bacteria.
Widdows et al. (1979} and Soniat et al. (1984) utilized a
comprehensive ‘food’ measurement for suspension
feeders which was the sum of measured lipids, car-
bohydrates and proteins. Over oyster beds in Galveston
Bay, Texas, Soniat et al. (1984) determined that ‘food’
made up a maximum of 11 % of total seston. In waters
of southwest England, 25 % of the seston consisted of
‘food’ during peak annual periods (Widdows et al.
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1979). In both studies, chlorophyll a concentrations
corresponded to ‘food’ levels and during annual max-
imum ‘food’ levels in the seston, phytoplankton organic
matter comprised 68.0 to 69.7 % of the measured com-
ponents, therefore, in British Columbia waters, total
food ration may be even higher than estimated if non-
algal sources are also considered.

Secchir depth was negatively correlated to CV2
which distinguished medium from high growth sites.
Correlation of POM and carotenoids to CV2 suggests
that Secchi disc transparency at medium and high
growth sites was affected by phytoplankton or POM.
Conversely, Secchi depth was positively correlated
with CV1 which separated low growth sites from
medium and high growth sites. High correlation of
salinity to CV1 is indicative of the effect freshwater
influx has on low growth sites, therefore, Secchi disc
visibility at these sites may be more significantly
affected by suspended sediment concentrations associ-
ated with Fraser River run-off (Harrison et al. 1983).

Temperature was not a significant factor in distingu-
ishing between sites with different growth characteris-
tics because temperatures for a given month were
similar among sites (Brown & Hartwick 1988, in
press a). Monthly water temperatures in well-mixed
coastal waters vary little within the latitudinal range
covered in the field study (Thomson 1981). Over much
wider latitudinal distances, however, differences in
mean annual water temperatures were correlated to
site-specific vanation in Crassostrea virginica growth
(Butler 1953).

Group separation by the discriminant function may
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have possibly been improved by inclusion of variables
related to fouling organisms and water currents. Low
growth sites, West Vancouver and Keats Island, and 2
medium growth sites, Bowen Island and Departure
Bay, occasionally had heavy mussel settlements which
have been shown, qualitatively, to have a negative
impact on oyster growth (Michael & Chew 1976).
Medium growth sites generally had weaker tidal flow
and water exchange compared to high growth sites.
Depletion of food sources may have occurred in the
immediate vicinity of oysters under these conditions,
causing a reduction in energy intake. Much stronger
tidal flows were observed at Trevenen Bay and
Okeover Inlet, which have similar oysters growth rates
but lower POM and chlorophyll a concentrations com-
pared to other high growth sites in Lemmens Inlet.
Water currents have been shown to increase bivalve
filteration rates slightly (Walne 1972) but of greater
importance may be the number of food particles per
unit time coming into contact with the bivalve
(Fréchette & Bourget 1985).

Food supply, water temperature and, to a lesser
extent, salinity were the principal environmental fac-
tors affecting monthly growth rate according to multi-
ple regression analysis. For both Year 0 and Year1
oysters, however, these variables accounted for less
than half of the seasonal variation in growth. Initial size
had a considerable effect on growth rates because
growth efficiency in bivalves declines with increasing
age and size (Bayne & Newell 1983). Inclusion of a size
variable greatly increased the proportion of variance
explained by the Year 0 growth regression model.
Year 1 growth model fit was less improved by the
addition of monthly initial shell height, which indicated
that other possible variables influenced growth in older
oysters. Gametic production may have affected growth
since Year 1 oysters were capable of spawning by sum-
mer 1985 (Quayle 1969) and some gonadal material
was observed in dissected oysters. Reallocation of
energy from somatic growth to gametic production
occurs in giant scallops Placopecten magellanicus
(MacDonald & Thompson 1986), and could be the final
determinate of growth rate in mature bivalves (Bayne &
Newell 1983).

Regression model fit may have also been reduced by
temporal variations in environmental factors which
eluded the sampling program. Fréchette & Bourget
(1987) proposed that variability in food supply over a
tidal cycle could reduce mussel growth rate. Con-
versely, Langton & McKay (1976) found that
Crassostrea gigas spat had faster growth rates when
fed under a discontinous regime compared with a con-
tinous one. In the present study, tidal cycle fluctuations
in salinity were greater at low growth sites, but almost
equal variances in chlorophyll pigment and POM con-

centrations and water temperature were observed
among all sites (J R. Brown unpubl.).

In regression equations which lacked initial size as
an independent variable, available food as estimated
by chlorophyll b concentration was of greater import-
ance than water temperature. Elvin & Gonor (1979) also
found that food levels explained 96 % of variance of
growth of Mpytilus californianus Conrad while water
temperature accounted for only 3 %. For 2 M. edulis
populations in England, food ration explained the same
high proportion of seasonal variance in growth regard-
less whether or not temperature was included in multi-
ple regression analysis (B. L. Bayne unpubl. data in
Bayne & Newell 1983). Kirby-Smith & Barber (1974)
concluded that growth of bay scallops Argopecten irra-
dians (Say) in nature was temperature dependent pro-
vided food concentrations were not limiting. Ventila-
tion function in the Pacific oyster is greatly reduced at
temperatures below 8 to 10°C which typically occur
during winter in British Columbia (Quayle 1969, Ber-
nard 1983). Low food levels at these temperatures are
not critical because metabolic requirements of the oys-
ter are reduced (Bernard 1983). In spring and summer,
high water temperatures combined with elevated
levels of food supply result in a high scope for growth
(Mann & Ryther 1977, Bayne & Newell 1983). Such a
situation during the summer of 1984 probably induced
high growth of oysters at the high growth sites
Lemmens Inlet 1 and 2. Conversely, high water tem-
perature and low food ration have been shown to cause
negative growth in Crassostrea gigas (Malouf & Breese
1977) and M. edulis (Bayne & Widdows 1978, Incze et
al. 1980). At West Vancouver and Keats Island, low
chlorophyll a and POM levels during the month
(August 1984) of maximum annual temperature, acted
in concert with sub-optimal salinity conditions, to
reduce oyster growth.

Correlation of oyster growth to chlorophyll b rather
than chlorophyll a concentrations may be indicative of
the role of certain phytoplankton species in oyster
diets. Chlorophyll a is ubiquitous to all species of
phytoplankton but the chlorophyll a+ b system is
found only in the Classes Chlorophyceae, Euglenophy-
ceae and Prasinophyceae which are small flagellates
(<10 um length), frequently referred to as nanoplank-
ton (Parsons 1961, Parsons & Takahashi 1973). In a
British Columbia inlet, nanoplankton (5 to 60 um
length) and ultraplankton (<5 um length) were very

abundant, particularly, flagellate members of
Chlorophyceae (Pyramimonas grosii and Chlamy-
domonas sp.) and Euglenophyceae (Eutreptiella

marina) (Buchanan 1966). In an oyster culture area in
England, Askew (1972) observed a high biomass of
Chlorophyceae and Euglenophyceae species and large
populations of chlorophyll b rich phytoplankton have
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been reported in coastal waters elsewhere (Hallegraeff
1981, Vernet & Lorenzen 1987). Incze et al. (1980)
suggested that nanoplankton may be an important
nutritional component of mussel diets. Retention effi-
ciency of the filtration apparatus of Crassostrea vir-
ginica, and probably C. gigas, rises sharply as particle
size increases from 1 to 4 um then reaches a plateau
which is unchanged for particle sizes up to 12 um
(Haven & Morales-Alamo 1970). In British Columbia
waters, mean sizes (about 3.5 um) of predominant
nanoplankton species are in the retention range of
oysters (Buchanan 1966). Further studies are necessary
to determine the nutritional role of nanoplankton in the
diets of bivalves in their natural habitats.

The discriminant function and multiple regression
models presented here have potential applications in
assessing the suitability of coastal areas for oyster
culture and modelling oyster growth, respectively.
Statistical models should be used with caution in
resource management if the accuracy of prediction
beyond the range of data used in model formulation
has not been fully ascertained. In southern British Col-
umbia waters, the discriminant function could be used
to distinguish between areas of different quality for
oyster culture. However, recent efforts have derived a
model for evaluating site suitability for oyster culture
over a wider range of environmental conditions by
utilizing methods previously developed for modelling
habitat requirements of wildlife species (Brown & Hart-
wick 1988). The multiple regression model equations
presented here have been modificd into various growtl
functions and integrated with a survival component to
develop a production model for Pacific oyster culture,
which will be the subject of a future paper (Roland &
Brown unpubl.).
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