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Results of this study suggest that laboratory growth of full-sib families of five

month old Pacific oyster spat can be predictive of growth to market size at different

grow-out sites. Seven to ten millimeter spat were selected from each of fifteen full-

sib families and commercially available polyploids. Each family was split into two

groups and exposed to either variable salinity (VS., 3-30 ppt) or constant salinity

(C.S., 30 ppt) laboratory conditions for five months, then planted at either an upriver

or downriver subtidal site in the Yaquina estuary, Oregon. After six months of

growth in the estuary, the rankings of the families based on average individual

weights, specific growth rates (SGR), survival and yields were compared between

laboratory and estuary sites.

There was a significant effect of family, laboratory treatment and site upon

final individual live weights of oysters in the estuary (P = 0.0001). The rankings of

families based on average individual laboratory weights were correlated with

average individual estuary weights at the downriver site (C.S. oysters, P = 0.010,

VS. oysters, P = 0.005), Tetraploid oysters grew to heavier final estuary weights

than either triploids or diploids, with individual CS. tetraploids averaging 79.4 g live
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weight by fifteen months of age. Laboratory family rankings based on SGRS were

negatively correlated with estuary rankings of family SGRs for all treatments (P <

0.000 1, Rho = -0.668). Rankings of families based on laboratory yields on day 60

were correlated with standardized estuary yield rankings for all treatments, except

V.S. oysters planted downriver. Laboratory yields of families were also found to be

predictive of estuary yields at an intertidally planted site in Sequim Bay,

Washington, indicating the potential for predicting yields across a wide range of sites

and culture methods (subtidal vs. intertidal).

Oyster breeding programs may realize more efficient progress from the

results of this study. If family yields at grow-out sites can be predicted from spat

yields in the laboratory, poor and average families could be identified early at the

spat stage, eliminating the need to expend resources to plant them out at test sites.
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Is The Laboratory Growth of Pacific Oyster Spat, Crassostrea gigas,
Exposed To Varying Salinities, Predictive of Their Growth in The Estuary?

INTRODUCTION

In the 1970's, large-scale hatchery production of the Pacific oyster,

Crassostreagigas, began on the West Coast of the U.S. Today, most oyster

hatcheries in the Pacific Northwest obtain their broodstock from a few bays in

Washington state. Eyed larvae or small spat are then shipped from hatcheries to

growers in West Coast states and abroad.

Unlike the trout and salmon industries, little progress has been made towards

genetically improving cultured Pacific oysters. Oyster farms do not practice

selective breeding, thus the need for federally-funded breeding programs, such as the

Molluscan Broodstock Program (M.B.P.) at Oregon State University's Hatfield

Marine Science Center in Newport, Oregon (Chew, 1997). Shellfish researchers and

industry leaders involved in M.B.P. select oyster families that produce greater-than-

average yields of market-sized oysters at various grow-out sites on the West Coast of

the United States. Yield is defined as the sum of the live weights of all family

members.

Estuarine grow-out sites on the West Coast are typically impacted by periods

of low salinity during the winter. Floods have been implicated in population crashes

of Eastern oysters, C. virginica, (Powell et al., 1994) and significant winter mortality

of Pacific oysters, C. gigas, has been reported in the Yaquina estuary, Oregon

(Feldner, pers. comm.). It would be beneficial if oyster breeding programs could

select oysters resistant to winter mortality resulting from prolonged periods of low

salinities.



Current M.B.P. protocol for selection of Pacific oysters requires one to three

years of grow-out, depending on site, for oysters to reach market size before they can

be selected based on family yields. If family yields in the estuary could be predicted

from spat yields in the laboratory, only families showing superior yields in the

laboratory would need to be planted out, saving time and labor. Furthermore,

identification of laboratory conditions allowing the earliest possible accurate

prediction of family yields at grow-out sites would be very desirable.

In the present study, individually labeled four month-old Pacific oysters from

thirteen full-sib families and two polyploid groups were either exposed to constant

salinity conditions or progressively lower salinity cycles in the laboratory. After five

months of laboratory conditions, oysters from families in each salinity treatment

were evenly divided between an upriver or downriver grow-out site in the Yaquina

estuary, Oregon. Oysters were harvested, counted and weighed after six months of

grow-out. Yields (total weights) of families in the laboratory were compared with

yields of families in the Yaquina estuary or Sequim Bay, Washington State to

determine if they showed significant correlations.
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METHODS

Test oysters

Seventy-two, 7-10 mm Pacific oysters, Crassostrea gigas, were selected,

based on size, from each of thirteen full-sib families. Broodstock used to produce

the families were from Willipa Bay, Washington State and Pipestem Inlet,

Vancouver Island, B.C. In addition, seventy-two oysters from each of commercially

available triploid and tetraploid stocks were obtained from the Yaquina Bay Oyster

Company, Newport, Oregon. The chemically produced triploids were 93% triploid

(Xin, pers. comm.) while tetraploids were assumed to be 100% tetraploid, as

fertilized eggs that fail to become tetraploid during the chemical induction process

perish (Guo and Allen, 1994). For the purpose of brevity in this study, polyploid

groups will be referred to as "families" even though individuals within the "family"

may not have been related. All oysters were approximately 4 months old at the

beginning of the experiment on December 1, 1997.

Five minute epoxy (Duro brand) was used initially to attach small plastic tags

to spat. Oysters were individually dried with tissue paper and weighed. One 2.5 mm

queen bee tag, (E.H. Thorne, LTD. UK), was glued to the lefi valve of each oyster.

Due to the limited number of digits (99) and tag colors (5) that were available,

additional 1.5 mm colored beads were also applied with a tag in order to distinguish

all individual oysters from each other. Afier the weighing process, oysters were

allowed to air dry for twenty minutes. Tagging of spat was completed by December

1, 1997, henceforth referred to as Day 0 of the experiment in this study. Thirty-six

oysters from each family were randomly assigned to either constant or variable

laboratory salinity conditions.



Individual oysters were weighed during the experiment by first drying them

with tissue paper and removing fouling organisms. First weighings occurred

between day 1 and 4, and approximately every week thereafter for the duration of the

laboratory phase of the experiment, resulting in a total often individual weighings.

An additional three weighings were made every two months during the estuary phase

of the experiment. Final weights were taken between day 335 and 342.

Upwdller systems

Laboratory culture systems consisted of two identical, semi-recirculating

systems, one for constant salinity (C.S.) conditions and one for variable salinity

(V.S.) conditions. A 91.4cm wide x 182.9 cm long x 25.4 cm deep rectangular

fiberglass rearing tank was held in position above a 111.8 cmx 111.8 cmx 60.0 cm

sump tank by a wooden stand (Figure 1, Page 5). Fifteen upwellers were mounted in

each rearing tank. Upwellers were constructed out of 11.4 1 polyethylene buckets.

Thirty-six oysters from each family were distributed among 15 large upwellers in

each of the two systems by randomly placing two oysters from each family into

every upweller. Distribution of oysters from each family among all upwellers rather

than placing each family in one upweller avoided the confounding effect of upweller

on family performance. Stocking density did not exceed 95 spat/m2 in upwellers.

Micro-algae were continuously pumped into each system at an average final

concentration of approximately 50,000 cells/mI. This cell concentration insured that

food availability was not growth limiting (Malouf, 1977). Mixed suspensions of

Chaetoceros calcitrans, Isochrysis galbana, Rhodomonas sp. and Thalassiosira

pseudonana were fed to the oysters. Algal cell concentrations were determined daily

using a Coulter Counter (Model # ZBI) and Channelyzer (Model #256). An

adjustable ball valve maintained a flow rate of 4.2 L/min. through every upweller.



Figure 1. The variable salinity system created salinity cycles based on salinity data from Yaquina Bay, Oregon. A 75.6 1/mm

capacity recirculating pump provided water movement for 18 upwellers (A). A conductivity sensor (B) monitored salinity
and was linked to a control computer (C). Salinity was adjusted by salt water (D) or fresh water (E) electric ball valves. A
stand pipe (F) drained waste water. An algae line delivered microalgae and a temperature probe recorded temperature every
second (not shown). The constant salinity system was identical except for the absence of an adjustable salinity control.



A magnetic drive pump (Little Giant TE-5-MD-SC), pumped water into the rearing

tank from the lower sump tank. The constant salinity system was supplied with 31-

33 ppt. and 10-13 °C seawater from a seawater reservoir. This was slightly warmer

than ambient seawater temperatures 1.5 km from the Pacific ocean (Appendix A).

Flow through each ball valve was monitored at least bi-weekly. Water temperature

was measured and recorded electronically using probes and software purchased from

Remote Measuring Systems, inc. Water temperature between systems differed by

not more than 0.2 °C.

The variable salinity (VS.) system possessed additional features. Salinity

data collected by a salinity monitor in Yaquina Bay was used to model realistic

salinity cycles that were generated in the VS. upweller system by a Macintosh

computer controller. Periodic salinity measurements taken throughout the year

always demonstrated a lower salinity at the upriver site (Appendix A). The

magnitude of the difference varied with season and tide. Typical summer cycles at

the downriver and upriver sites ranged from 26-32 ppt and 26-30 ppt respectively,

whereas winter salinity cycles ranged from 15-30 ppt and 10-25 ppt, respectively.

However, heavy winter rainfall could temporarily modify the downriver cycle to 5-

30 ppt and the upriver cycle to 2-15 ppt. Therefore, 30 ppt and 5 ppt served as upper

and lower salinities for the V. S. upweller system.

Salinity in the VS. system was monitored by a conductivity sensor (Omega

Engineering, Inc. model CDE-3625P) attached to a transmitter that in turn

communicated with an ADC-1 unit (Remote Measuring Systems, Inc.). A software

package, (EnvironMac, by Remote Measuring Systems, Inc.) processed the signal

from the ADC-1 unit (Figure 1, Page 5) and activated electric ball valves

(ASAHI/AMERICA Electromni) attached to seawater and freshwater lines in order

to control salinity. By regulating inflow rate, fresh water lowered the salinity of the
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VS. tank, simulating salinity changes of the Yaquina estuary due to tidal cycles and

seasonal rainfall.

Salinity cycles were started on day 29 (December 30) of the laboratory phase

of the experiment. Salinity was cycled between 20 and 30 ppt over six hour periods.

After two weeks, the minimum salinity was decreased to five ppt. The extremes of

the salinity cycle tolerated by oysters were determined by monitoring oyster growth

rates and physical condition (i.e. color, weakened adductor muscle, etc.) On day 60,

the maximum salinity level was lowered to 15 ppt while the minimum salinity was

lowered to three ppt, to simulate an extreme flood event. The oysters were returned

to a 5-30 ppt salinity cycle on day 95.

Grow-out

Yaquina Bay, in Newport, Oregon, is a small, coastal-plain estuary. Mean

water depth is 4m and bottom area is approximately 1.4 x 10 m (Callaway, et al.

1988). The downriver and upriver study sites were located 1.5 km and 11.2 km,

respectively, from the mouth of Yaquina Bay.

After the laboratory portion of the experiment was completed on day 165

(May 14, 1998), each family from each laboratory treatment was randomly divided

into two groups and planted at the two sites in the Yaquina estuary to test the effect

of site on family performance. The lantern nets used for this part of the study were

made up of five, square compartments, with 8 mm nylon mesh. Each lantern net

compartment was 48.3 cm wide by 21.6 cm deep. A temperature logger (Optic

Stowaway) was placed into the third compartment from the top of one lantern net at

each site. The nets were suspended off docks at the downstream and upstream sites.

Two members of each oyster family were allocated to each level of every lantern net



to eliminate the confounding effect of compartment on family performance.

Stocking density did not exceed 70
oysters/rn2 in lantern nets.

All nets used in the study were lifted and shaken once a week, in order to

remove sediment. Another benefit of shaking the lantern nets was to prevent oysters

from growing into one another or the mesh of the net. During weighings, the lantern

nets were cleaned with a high-pressure power washer to remove fouling algae,

barnacles and mussels.

Twelve of the oyster families planted subtidally in the Yaquina estuary were

also planted on the intertidal grounds of the Jamestown S'Klallam Tribe, Sequim

Bay, Washington. Sequim Bay is characterized by cool water temperatures and high

salinity, with little influence from rivers (Langdon, pers. comm.). Fifty oysters from

each family were planted in each often replicate 99.1 cm long x 50.8 cm wide, 1.3

cm mesh polyethylene bags (Norplex) on day 186 (June 4, 1998). Weighing was

conducted on day 504 (April 18, 1999).

Data analysis

Individual weights and estuary specific growth rate (SGR) of oysters were

analyzed by ANOVA at a significance level of P<0.05. Residual plots of all data

were examined to check that assumptions of ANOVA were met using the software

package Stat View (Abacus Concepts, Inc.). Fishers protected LSD was used to

determine significance differences among family average individual weights. Linear

regression was used to determine relationships among family average individual

weights, survival and yields. Spearman Rank Correlations (SRC) were used to

compare rankings of families based on: 1. lab and estuary average individual

weights per family, 2. average lab SGRS and individual estuary weights per family,

3. average lab SGR and estuary SGR per family, 4. lab and estuary yields per



family in the Yaquina estuary and Sequim Bay, Washington and 5. Yaquina estuary

survival rates per family at the upriver and downriver sites.

Specific growth rates for individual oysters were calculated to using the

following equation:

(1) SGR (ln(flnal weight/initial weight))/(final time-initial time)

Family growth rates were calculated from the average of individual SGRs.

Standardized estuary yields (SEY) for each family and group planted in Yaquina Bay

were calculated by using the following equation:

(2) SEY = (Av. mdiv. final oyster wt. per fam.)(fam. estuary surv.)(100 oysters)

Equation (2) was used to calculate standardized family estuary yields based

on the estuary survival of an identical number (100) of oysters planted initially in the

estuary for each family.
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RESULTS

Effects of laboratory and estuarine conditions on oysters

As salinity decreased from 30 ppt to 16 ppt in the V.S. system, all oysters

open and feeding. Oysters began to close at 15 ppt while most were closed at 13.5

ppt. The 5-30 ppt cycle continued until day 60 of the experiment when the salinity

cycle was changed to 3-15 ppt. VS. oysters ceased growing when the maximum

salinity was lowered to 15 ppt. On day 89, VS. oysters' shells became chalky and

would frequently open when exposed to the air, in contrast to the tightly closed CS.

oysters. The 5-30 ppt tide cycle was resumed on day 95 (Figure 2, Page 11).

Although V.5. oysters growth rate increased after the flood episode ended, their lab

growth rate continued to be slower than that of CS. oysters.

After the oysters were planted in the estuary on day 165 (May 14), growth

rates for both VS. and CS. oysters increased compared with lab rates (Figure 2,

Page 11). Data loggers collected water temperature information from day 175 to day

276 (June-September) at both sites in the estuary. The upriver site water temperature

averaged 17.5 °C, ranging from a maximum of 22.3 °C during mid-July to a

minimum of 12.9 °C during late June. The downriver sites water temperature

averaged 12.9°C, i.e. 4.6°C lower than that of the upriver site, ranging from a

maximum of 17.5°C during mid-July to a minimum of 9.7°C during early September

(Appendix A). At the first estuary weighing on day 225 (July 13), many of the

oysters from the upriver site had the same chalky, pale, low luster appearance of VS.

oysters exposed to the low salinity cycle in the laboratory.

At the second estuary weighing on day 280 (September 6), it was observed

that downriver oysters had much heavier barnacle and mussel fouling than upriver

oysters. Recently deceased mussels, Mytilus sp., attached to the floating docks at the



Figure 2. Average growth of Pacific oyster, ('rassos,'rea gigas, families over a one year period. Thirteen
diploid full-sib families and two polyploid groups of four month old spat averaging 0.15g +1- 0.08g live weight
were grown in the lab and then transferred to the Yaquina estuary. Each familiy was split into two groups
in the laboratory and either exposed to variable salinity (V.S., 30-3 ppt) or constant salinity (C.S., 30 ppt)
conditions. AfIer 166 days, CS. and V.S. groups were each split into two groups and planted either 11.2 km
or 1.5 km from the mouth of the Yaquina estuary.
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upriver site were observed at that time. The weight of the biofouling was 20% of

some oysters examined. All fouling organisms were removed before the oysters

were dabbed dry and weighed.

Individual live weights

ANOVA indicated that family and site had a significant effect (P = 0.000 1)

upon individual, estuary weight (Table 1, Page 13). Exposure to the VS. or CS.

system during the spat stage had a significant effect on individual estuary weight (P

= 0.000 1). There was a significant interaction effect between family and estuary site

(P = 0.0277) and between lab treatment and estuary site (P = 0.0002, Table 1, Page

13). Convergent growth between CS. and V.5. oysters of family 12 occurred at the

upriver site (Appendix B). No convergent growth between C.S. and VS. groups

occurred in other families at either site. SRC analysis indicated a significant

correlation between rankings of families based on early (day 30) average individual

lab weights and final (day 165) lab weights for VS. and C.S. treatments (P = 0.006

and P = 0.002, respectfully). According to SRC analysis, the overall rankings of

individual oysters based on day 60 weights were correlated with their rankings based

on final estuary weights (Rho = 0.63 3, P< 0.00 1). Linear regression analysis

confirmed these results (R2 = 0.394, P<0.001).

Individual specific growth rates

ANOVA indicated that family, site and treatment all had a significant effect

on specific growth rates (P = 0.000 1) of oysters in Yaquina estuary (Table 2, Page

13). Additionally, ANOVA indicated an interaction effect between family, site and

lab treatment on estuary specific growth rate (P = 0.03 for both).
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Table 1. ANOVA of the effects of family, treatment and site on final estuary
individual live weights for thirteen Pacific oyster, C. gigas, families and two
polyploid groups. Families were subjected to constant or variable salinity
conditions in the laboratory and then planted out at either upriver or downriver
sites in Yaquina estuary, Oregon.

Source of Variation d.f. Sum of Squares Mean Square F-Value P-Value
Family 14 4.77E 4 3.41E 3 2.29E 1 0.0001
Lab Treatment 2.79E 4 2.79E 4 1 .88E 2 0.0001

Estuary Site 3.27E 3 3.27E 3 2.1 9E 1 0.0001
Family *Estuar Site 14 3.88E 3 2.77E 2 1.86 0.0277
Family * Lab Treatment 14 2.87E 3 2.04E 2 1.38 0.1593
Estuary Site * Lab Treatment 1 2.06E 3 2.06E 3 1.38E 1 0.0002
Residual 618 9.20E 4 1.49E 2

Table 2. ANOVA of the effects of family, treatment and site on estuary specific
growth rates for thirteen Pacific oyster, C. gigas, families and two polyploid
groups. The estuary growth period is defined as the entire period between
plant-out and final harvest in the Yaquina estuary.

Source of Variation d.f. Sum of Squares Mean Square F-Value P-Value
Family 14 0.0005 3.87E -5 8.79 0.0001
Lab Treatment 1 0.00 16 1.60E -3 3.63E 2 0.000 1

Estuary Site 0.0001 1.00E -4 2.34E 1 0.0001
Family *Estuary Site 14 0.0001 8. 15E -6 1.85 0.0286
Family * Lab Treatment 14 0.0001 8.15E -6 1.85 0.0285
Estuary Site * Lab Treatment 1 1. lOE -5 1. 1OE -5 2.51 0.1138
Residual 618 0.0027 4.40E -6
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Correlations between laboratory and estuary family performances

Average individual weights per family

SRC analysis was used to determine the relationship between the rankings of

families based on early, mid and late average individual lab weights and final

average individual estuary weights. When family rankings based on average

individual weights at day 30 were compared to rankings based on final estuary

weights, significant positive correlations for both C.S. and V.S. oysters planted

downriver were observed (P = 0.010 and 0.005, respectively. Table 3, Page 15).

Upriver oysters did not exhibit a significant correlation between day 30 lab and

estuary family rankings. Regression analysis indicated that family average

individual live weights for CS. oysters on day 60 were significantly correlated with

combined (both grow-out sites) average individual final estuary weights (P = 0.008,

R2 = 0.60, Figure 3, Page 16). By day 30, regression analysis also indicated that lab

and downriver estuary weights of oysters were significantly related (P = 0.005, R2 =

0.65, Figure 4, Page 17).

ANCOVA was used to correct final individual estuary weights for

differences in initial plant-out weights. The analysis indicated that the effect of

initial plant-out weight of oysters on final estuary weight was significant but the

effect of family was not (Appendix C). SRC analysis indicated that only

downstream V.S. oysters demonstrated a significant relationship between the ranking

of families on day 60 with their corrected final weight rankings (Rho = 0.58 1, P =

0.030, Appendix C). Likewise, linear regression analysis indicated only downstream

VS. oysters demonstrated a significant relationship between average individual

weight per family on day 60 and their corrected average individual estuary weight

(R2 = 0.480, P = 0.004, Appendix C).



Table 3. Spearman Rank Correlations of early (day 30), mid (day 60) and final (day 165) average individual lab
weights and final average individual estuary weights of Pacific oyster, C. gigas, families planted in Yaquina
estuary. Oregon. Thirteen families and two polyploid groups were grown in the lab under constant or variable
conditions for five months then planted at either upriver or downriver sites in the Yaquina estuary. Oysters were
harvested after six months in the estuary.

Average Individual
Wt. Per Family After
Time in Lab (days)

30

60

165

Average individual Estuary Wt. Per Family
Constant, Upriver Constant, Downriver Variable, Upriver Variable, Downriver

Not sign if.
Rho = 0.511

P =0.020
Rho = 0.625

P =0.008
Rho = 0.714

P = 0.010
Rho = 0.679

P = 0.009
Rho 0.704

P = 0.001
Rho = 0.879

Not signif.
Rho 0.321

Not signif.
Rho = 0.454

Not signif.
Rho = 0.521

P = 0.005
Rho = 0.75

P = 0.002
Rho 0.836

P = 0.003
Rho 0.807



Figure 3. Relationship between average individual laboratory weight on day 60 for oysters cultured
under constant salinity and average individual final estuary weight 3 10 days later for thirteen full-sib
diploid Pacific oyster families and two polyploid groups. Data from downriver and upriver oysters
were combined and averaged.
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Figure 4. Relationship between average individual laboratory weight on day 30 for oysters cultured under
variable salinity and average individual final downriver estuary weight 310 days later for thirteen full-sib
Pacific oyster families and two polyploid groups.
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When rankings of individual lab weights on day 60 and individual final

estuary weights within each family were analyzed by SRC, oysters within one third

of the families demonstrated significant correlations (Appendix C) and the

significant correlations were not consistent across families and treatments. Linear

regression analysis results were similar (Appendix C).

Specific growth rates

SRC analysis indicated a positive, significant (P <0.05) relationship between

family rankings based on average lab SGR and average individual final estuary

weight, for every group except for upriver C. S. oysters. Significant, negative

correlations between rankings of individual lab and estuary SGRs for oysters were

observed (Rho = -0668, P <0 0001).

Family survival

Laboratory survival rates among families were similar for C.S. and V.S.

treatments (R = 0.94, P = 0.0006), averaging 61.7% (Appendix D). Survival in the

estuary varied from 98.7% for C.S. families at the upriver site, to 92.9% for upriver

V.S. families. Regression analysis indicated that a family with high laboratory

survival generally showed high estuary survival (P = 0.04), although the fit of the

regression was poor (R2 = 0.31). SRC analysis indicated that rankings of families

based on survival were only significantly correlated for C.S. oysters planted at the

downriver site (P 0.02, Table 4, Page 19).

Rankings of family lab survival rates under C.S. and VS. conditions were

positively correlated with family rankings based on final average individual lab

weights (P = 0.02 and 0.04 respectively).
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Table 4. Spearman Rank Correlations of laboratory and Yaquina estuary
survivals of eleven Pacific oyster families and two groups of polyploids.
Two families had individuals removed for other tests and were therefore
excluded from the analysis below. Oysters were grown in either variable
or constant salinity laboratory conditions and then planted either upriver o
downriver in the Yaquina estuary, Oregon.

Correlations of Laboratory and Yacjuina Estuary Survival

Constant, Upriver Constant, Downriver Variable, Upriver Variable. Downriver
P = 0.358 P = 0.019* P = 0.231 P = 0.711

Rho=O.265 Rho=O.673 Rho=O.346 Rho=-O.107
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Yields per family

qquina Bay, Oregon

Tetraploid standardized estuary yield (SEY) was ranked highest at the end of

the first growing season, with potentially 6.86 kg of oysters produced from 100,

0.1 5g oysters (Figure 5, Page 22). SEY for combined sites on day 340 was

correlated with lab yield for upriver and downriver CS. oysters as early as day 30 (P

= 0.030 and P = 0.027, respectively. Table 5, Page 21). SEYs and family lab

yields were not significantly correlated for VS. oysters planted downriver, however,

SEYs of V.S. oysters planted upriver were significantly correlated (P = 0.042) with

family lab yields by day 60.

Regression analysis of SEY per family against average individual weight per

family on day 30 indicated a significant positive relationship (P 0.0 10, R = 0.557,

Figure 5, Page 22).

Seguini Bay, Washington

When separated by laboratory treatment, rankings of families based on

laboratory yield under V.S. conditions were correlated with rankings according to

Sequim Bay SEYs of siblings by day 30 of the laboratory experiment (Table 6, Page

23). Furthermore, regression analysis indicated a significant relationship (P =

0.02,Figure 6, Page 24) between average family lab yields (for CS. and VS.

treatments combined on day 60) and yields after 500 days of grow-out in Sequim

Bay.



Table 5. Spearman Rank Correlations of early, mid and final lab yields of Pacific oyster, C. gigas, families and
final standardized estuary yield for oysters planted in Yaquina estuary, Oregon. Thirteen full-sib oyster families and
two groups of polyploids were grown under constant or variable salinity conditions in the lab for five months, then
planted at two sites in the Yaquina estuary. Oysters were harvested after six months (day 340) in the estuary.
Yield was defined as the sum of the weights of all family members. Standardized yield was calculated as each familys
mean individual estuary weight multiplied by a standardized number of oysters planted out (100), multiplied by the
family estuary survival.

Family Yield in the
Lab After Time (days)

30

165

Family Yield in Yaquina Estuary
Constant, Upriver Constant, Downriver Variable, Upriver Variable, Downriver

P = 0.030 P = 0.027 Not signif. Not signif.
Rho =0.626 Rho =0.637 Rho=0.489 Rho =0.555

P = 0.0 19
Rho = 0.676

P=0.01l
Rho = 0.736

P = 0.010
Rho = 0.747

P = 0.003
Rho = 0.846

P = 0.042
Rho = 0.588

P = 0.032
Rho = 0.621

Not signif.
Rho = 0.560

Not signif.
Rho = 0.555



Figure 5. Relationship between laboratory yield on day 30 for CS. oysters and standardized Yaquina estuary yield on
day 340. Yield was calculated by averaging values for upriver and downriver upriver sites.
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Table 6. Spearman Rank Correlations of early (day 30), mid (day 60) and final (day 165) lab yields of Pacific oyster
C. gigas, families and total estuary yields for their siblings planted in Sequim Bay, Washington state. Twelve oyster
families were raised in the lab and split into two groups. One group was over-wintered in Yaquina estuary, Oregon,
then planted in Sequim Bay, Washington. The other group of siblings was kept in either a constant or variable
salinity lab environment for five months. Weighings at the Sequim site were conducted on day 500. Yield was defined
as the sum of the whole weights of all surviving family members.

Family Yield in Lab Family Yield in Sequim Bay
Afler Time (days) Constant Salinity Variable Salinity

30 Not signif. P = 0.041
Rho=zO.573 Rho=0.615

60 P =0.029 P =0.011
Rho = 0.657 Rho 0769

165 P=0.026 P=0.015
Rho =0.671 Rho = 0.734



Figure 6. Relationship between laboratory family yield on day 60 and yields of siblings planted intertidally
in Sequim Bay, Washington on day 500. By definition, yield was equal to the sum of the whole weights of
all surviving oysters in a family.
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DISCUSSION

This study suggests that prediction of relative average individual weights and

yields per family after five months of growth at different sites was possible based on

average individual weights and yields per family after 30 to 60 days of laboratory

culture. However, prediction of individual oyster estuary weights within families

based on individual laboratory weights was not possible.

A positive relationship was found between family laboratory specific growth

rate and average individual family estuary weight for all experimental treatments

with the exception of C.S. oysters planted upriver. Thus, it was possible to predict

average individual final estuary weights of families, based on the family's specific

growth rate in the laboratory. A positive relationship was found between family

rankings based on lab and estuary SGRs, suggesting that relative growth in the lab

was predictive of relative growth in the Yaquina estuary. According to ANCOVA

analysis however, relative family growth rates in the lab were predictive of relative

family growth rates in the estuary only for V.S. oysters planted downstream.

Experimental results indicated that relative estuary yields of families could be

predicted based upon their relative laboratory yields. After as little as 30 days of

laboratory culture, a correlation was found between family rankings based on

laboratory and standardized Yaquina estuary yields for oysters under C.S. lab

conditions. Furthermore, relative yields of families in the laboratory were found to

be predictive of relative family yields at an intertidal site in Sequim Bay,

Washington, therefore, laboratory yields after 60 days of culture could be predictive

of grow-outs yields for different sites and culture methods (subtidal vs. intertidal).

Results presented in this paper offer evidence of correlations between spat

and adult average individual weights for families but not for individuals within
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families. In comparison, the earliest significant, positive correlation between

weights of juvenile and two-year old Chilean oysters, Ostrea chilensis, was found at

14 months (Toro and Newkirk, 1990). Haley and Newkirk (1977), reported that the

largest Eastern oysters, C. virgin/ca, of a year class maintained their rank the

following year. Newkirk and Haley (1982) reported growth of the European oyster,

0. edulis, at age two years was positively correlated with growth in subsequent

years. Correlations between the growth of oysters aged less than 2 years and that of

older oysters were not significant.

Much of the research on growth of oysters has focused on the relationship

between larval and spat growth rates, using individuals not families. Haley et al.

(1975) found that larval growth rate was positively correlated with spat growth rate

of C. virgin/ca, as did Newkirk et al. (1977), Haley and Newkirk (1977) and Losee

(1979). Newkirk et al. (1977) noted that larval growth rates were positively

correlated with juvenile growth rates up to nine months post-set. However, Newkirk

and Haley (1982) did not find a significant correlation between larval growth rate

and juvenile growth rate of European oysters, 0. edulis. Likewise, Losee (1979)

found no significant correlation between larval growth rate and time to market size

of adult C virgin/ca. A possible explanation for the discrepancy in the results

reported by other researchers may be that environmental factors affect early life

stages differently from later life stages.

The following factors may affect oyster growth and survival: stocking

density, distribution within the culture system, variation in water and air

temperatures among sites, seasons and years, algal species diversity and density,

water exchange, biofouling on oysters and nets, subtidal versus intertidal culture

methods, disease organisms, salinity and turbidity (Newkirk, 1978, Mallet and

Haley, 1983, Jarayabhand and Newkirk, 1989, Pierce et al., 1992, Spencer et al.,
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1992, Smith et al., 1995, Toro et al., 1995 and Sheridan etal., 1996). The present

study utilized low stocking density, i.e. in the upwellers, subtidal lantern nets in the

Yaquina estuary and intertidal mesh bags at Sequim Bay allowing the full expression

of growth potential from every oyster during the laboratory and estuary phases.

Furthermore, oysters were evenly distributed within individual upwellers while

oysters in the lantern nets were redistributed weekly. This is an important difference

between the present study and the majority of previous studies with the notable

exception of Smith et al. (1995) and Sheridan et al. (1996). These researchers

attached individual oysters to boards suspended in the water in order to avoid

crowding effects.

Genetic-environmental interactions between families and culture conditions

were evident in this experiment (Table 1, Page 13). The effect of site on individual

live weight of oysters was dependent upon the family. Similar results have been

reported C. gigas (Robinson and Horton, 1987), C. virginica (Newkirk, 1978) andM

mercenaria (Rawson and Hilbish, 1991). Sibling Pacific oysters grown in three

different bays along the West Coast, demonstrated considerable variation in adult

meat weights between sites (Robinson and Horton, 1987). Growth rates of different

larval Eastern oyster populations were affected by the seawater salinity of the

cultures (Newkirk, 1978). Relative growth rates of families of juvenile hard clam,

M. mercenaria, varied depending upon the plant-out site (Rawson and Hilbish,

1991).

A significant, negative correlation (P <0.0001) was found between the

rankings of families based on lab SGRs and SGRS of families planted in the Yaquina

estuary, suggesting that relatively fast growing families raised under constant or

variable salinity in the laboratory grew relatively slower in the estuary (Appendix H).



If families had grown rapidly in the lab, their large size at plant-out was sufficient to

maintain a weight advantage for the duration of this study.

Tetraploid oysters were ranked first in both average individual estuary weight

of C.S. oysters and standardized estuary yield (Figure 3, Page 16), whereas C.S.

triploids ranked sixth in average individual estuary weight. However, VS. triploids

were ranked fourth for average individual estuary weight at the downriver site and

for standardized estuary yield at both sites (Figures 4-5, Pages 17, 22). In a previous

grow-out experiment, Davis, (1989) compared weights of sibling diploid and triploid

Pacific oysters at two sites in Washington after two years of growth, finding triploids

out-performed diploids by possessing greater final weights. Shpigel et al., (1992)

concluded that triploid Pacific oysters grew to heavier final weights than diploids at

elevated water temperatures (30°C), yet weighed less than diploids at ambient (8°-

15°C) water temperatures. Following a large scale grow-out experiment at 13 oyster

farms in ten Australian estuaries, Hand et al., (1998) reported sibling triploids were

30% heavier in final weight than diploids and were also found to have significantly

higher survival rates than diploids. A combination of intertidal and subtidal culture

techniques were utilized by the 13 oyster farms. Triploid laboratory survival in the

present study was excellent, as was C.S. survival at both the upriver and downriver

sites. In contrast to Hand et al., (1998) the present study indicates that upriver VS.

triploid survival was lower than many diploid families (Appendix D).

The variable salinity treatment did not significantly improve the survival of

families at the grow-out sites, nor were survival values under variable conditions in

the laboratory predictive of family survival at the grow-out sites. This was curious

because some research has demonstrated that populations of Eastern oysters have

different abilities to thrive under low salinity conditions, suggesting that salinity

responses in oysters may be genetically determined (Pierce et al., 1992). It is
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possible that V.S. conditions in the laboratory did not accurately mimic estuary

conditions associated with low salinity events. Variables such as temperature, food

quality and quantity and turbidity may interact with salinity in the estuary, possibly

contributing to oyster mortality under low salinity, high rainfall conditions. Low

survival rates of some families were related to prior treatment of oysters grown in the

nursery system.

Convergent growth was noted between C.S. and VS. upriver oysters of

Family 12 (Appendix B). All other families exhibited divergent growth throughout

the experiment. The convergent growth observed for Family 12 might have been an

expression of age-dependent, programmed growth, known as compensatory growth.

Compensatory growth of hard clams, M. mercenaria, in South Carolina was

described by Eldridge and Eversole (1981).

Prediction of individual oyster estuary weights within families based on

individual spat weights was not possible, suggesting that relatively heavy spat don't

always grow into relatively heavy adults. In contrast, there was a good correlation of

lab and estuary rankings based on average family weights. The implications of these

findings are that hatcheries should select spat for plant-out based on family average

individual weights and yields rather than weights of individual oysters. In practice,

mass oyster spawnings produce spat that are continually sieved to cull smaller

individuals, without regards to family origin. The results of this study suggest that

mass selection is more appropriate for clam aquaculture (Hadley et al., 1991).

Of particular interest is the observation that laboratory yields were positively

correlated with estuary yields at both subtidal Yaquina sites and the intertidal site at

Sequim Bay, Washington (Figures 5-6, Pages 22,24). Commercial hatcheries would

prefer producing spat at a single site that show predictably good yields as adults at

multiple sites. SRCs between family laboratory yield rankings and estuary yield
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rankings in the Yaquina estuary were significant by day 60 for CS. and VS. oysters

planted upriver or downriver, with the exception of VS. oysters planted downriver

(Table 5, Page 21). SRCs between rankings of laboratory yields and rankings of

Sequim Bay yields for families became significant for both C.S. and VS. oysters by

day 60 (Table 6, Page 23). The significance of SRC between rankings of V.S. family

yield and rankings of Sequim Bay estuary yields were higher than for CS. families.

It is possible that conditions in the VS. system better reflected interrupted feeding

periods typical of the intertidal culture conditions at Sequim Bay. With the VS.

system, periods of low salinity (<14 ppt) forced oysters to close, interrupting feeding

in the same way as exposure to air forces oysters to close in the intertidal zone.

Therefore, although exposing families to periodic low salinities in the V.5. system

did not appear to increase survival of oysters in the estuary, the V. S. system may

increase the accuracy in predicting family yields at intertidal grow-out sites.

However, the CS. oysters were the most consistent predictors of growth and yield

across all treatments, indicating that more work is needed to develop a system that

accurately mimics conditions in the estuary.

Oyster breeding programs may realize more efficient progress from the

results of this study. Due to limitations of resources and labor, the number of

families that can be produced and evaluated at test sites each year is often limited. If

family yields at grow-out sites can be predicted from spat growth in the laboratory,

poor and average families could be identified in spat growth experiments,

eliminating the need to expend resources required to plant them out at test sites.

Further research needs to address the relationship between larval performance

and the performance of adults at grow-out sites. An ability to predict adult oyster

yields from larval performance would allow breeding programs and hatcheries to cull

entire families or groups in the hatchery when the initial investment of time and
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resources was at a minimum. It would be simple to discard poor families at the

larval stage and replace them with better families. A larger number of individuals

per family should be used if the present study is repeated. The ANCOVA results

(Appendix C) suggest that the failure to detect a family effect may have been due to

low numbers of oysters per family and high variance among individual weights.

Studies examining correlations between spat yields and adult yields of

diploid and polyploid Pacific oysters over a wide range of grow-out conditions

representative of West Coast commercial culture should also be considered. For

example, study sites from Alaska to California should be planted intertidally and

subtidally in both low and high productivity sites.
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CONCLUSION

Average individual laboratory weight per family of five to six month old

Pacific oyster spat produced from 15 full-sib and polyploid families was found to be

predictive of family average individual weights of adults after six months of grow-

out. Prediction of individual oyster estuary weights from spat weights was not

possible. Results presented in this paper indicate large spat selected from

commercial mass spawnings may represent relatively few crosses. The current

practice of selecting large individuals produced from mass spawnings, without

regard to family origin, could therefore lead to genetic inbreeding. Selection of fast

growing broodstock should thus be conducted on a family basis.

Tetraploid oysters were found to be superior to triploids and diploids, in that

they showed average individual estuary weight and standardized estuary yield. VS.

and CS. triploids ranked fourth and sixth, respectively in average individual estuary

weight among the fifteen families. In comparison, previous experiments in

Washington and Australia found triploid oysters out-performed diploids in final

weight and survival. In the present study, triploid laboratory survival was excellent,

as was C.S. survival at both the upriver and downriver sites, however VS. triploid

survival upriver was below the average for all families.

Constant salinities are currently used to produce oyster larvae. Further

studies should be conducted with the VS. system to support the results obtained in

the present study.

Relative family laboratory yield was predictive of relative family yields both

in the Yaquina estuary and in Sequim Bay, Washington. The ability to accurately

predict family yields at different grow-out sites has great potential in oyster breeding
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programs. Poor families could be eliminated in the spat stage, thereby reducing

resources required to plant them out at test sites.
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Figure Al. A comparison of typical summer salinity cycles at the
downriver and upriver sites in the Yaquina Bay estuary, Oregon.
Automated data loggers recorded the cycle on June 3, 1999. Winter
salinity profiles would show upriver salinity dropping to 5 ppt or lower,
with a high tide salinity of approximately 18 ppt.
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Figure A2. Temperature profile of the upriver site, located 11.2 km from
the mouth of the Yaquina River, Oregon. A data logger was placed two
meters below the surface in a lantern net containing research oysters. Data
was recorded from June through September 1998.

22

20

16

14

12

I'S'

Maximum 17.5

Average 12.9

Minimum 9.7
S

4ç,. IS

.. ..

1;jfl

..... S.

M J J A S

Figure A3. Temperature profile of the downriver site, 1.5 km from the
mouth of the Yaquina River, Oregon. A data logger was placed two
meters below the surface in a lantern net containing oysters.



APPENDIX A (Continued)

Table Al. Yaquina Bay water temperatures and salinities for 1996, recorded at
the downriver site in Newport, Oregon. Automated data recorder probes were
located mid-water, suspended off a dock at the Hatfield Marine Science
Center.

Month Temp Salinity
(*C) (ppt)

January Max 10.4 Max 32.3
Mm 3.3 Mm 7.5
Ave 8.6 Ave 25.1

February Max 10.6 Max 30.8
Mm 3.9 Mm 3.5
Ave 8.8 Ave 23.1

March Max 11.3 Max 32.1
Mm 4.7 Mm 19.6
Ave 9.2 Ave 28.5

April Max 12.5 Max 33.3
Mm 6.1 Mm 6.9
Ave 10.6 Ave 26.9

May Max 13.4 Max 33.4
Mm 5.8 Mm 17.2
Ave 10.6 Ave 29.3

June Max 13.4 Max 33.9
Mm 4.9 Mm N/A
Ave 9.8 Ave 27.5

July Max 13.7 Max 34.5
Mm 4.4 Mm 21.7
Ave 9.1 Ave 31.5

August Max 14.0 Max 34.0
Mm 4.8 Mm 18.6
Ave 9.0 Ave 28.7

September Max 13.6 Max 33.9
Mm 4.2 Mm 17.5

Ave 10.2 Ave 26.8

Month Temp Salinity
(*C) (ppt)

October Max 11.7 Max 32.7
Mm 3.9 Mm 19.3

Ave 9.3 Ave 26.5

November Max 14.1 Max 29.0
Mm 5.1 Mm 6.3
Ave 8.7 Ave 24.8

December Max 8.6 Max 25.6
Mm 5.8 Mm 4.3
Ave 7.3 Ave 17.0
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Figure B I. The convergence of growth curves over a ten month period during 1998 for a Pacific oyster,
('. gigas, full-sib family planted 11.2 km upriver on the Yaquina River, near Newport, Oregon. Family 12
was the sole family out of 1 5 tested that exhibited compensatory growth, which was only observed at the
upriver site.
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APPENDIX C

Table C 1. Spearman Rank Correlations of individual lab weights
(day 60) within families with individual final estuary weight (day 340).

Table indicates significance at P < 0.05.

Family Constant. Upriver Constant. Downriver Variable, Upriver Variable. Downriver
3N yes yes no yes
4N yes yes no no

I no no no no
2 no no no no
5 no no nla no
6 no yes yes yes
7 no no yes no
8 no no no yes
9 no es yes no
10 yes no no no
11 yes no no no
12 no no yes no
13 yes yes yes no
14 no yes no yes
15 yes no no no

#signif. 6 6 5 4
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APPENDIX C (Continued)

Table C2. Linear regressions of individual day 60 weights with final estuary
weights for fifleen Pacific oyster families. Table indicates significance at P < 0.05

Family Constant. Upriver Constant. Downriver Variable. Upriver Variable, Downriver
3N no yes no yes
4N no 'es no yes

1 no no no no
2 no no es no
5 no yes N/A no
6 no yes yes yes
7 no no yes no
8 no no no no
9 no yes es no
10 no no no no
11 yes no no no
12 no no no no
13 yes yes yes yes
14 no yes no yes
15 yes no no no

#signif. 3 7 5 5



APPENDIX C (Continued)

Table C3 Output of ANCOVA used to correct final individual estuary weights
for differences in initial plant-out weight. P-values indicate significance of effect.

Source Constant. Upriver Constant. Downriver Variable. Upriver Variable. Downrivcr
Family 0.182 0.191 0.195 0.306

Initial Estuary <0.001 <0.001 <0.001 <0.001
Weight

Dependent: Final estuary weight.
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APPENDIX C (Continued)

Table C 4. Relationship between average oyster weights per family (day 60) and
corrected final weight.

Constant. Upriver
I

Constant. Downriver
I

Variable. Upriverl Variable. Down river
Spearman Rank
Correlation:

Rho -0.052 0.014 -0.015 0.581

P-value not signif. not sigrnf. not signif. 0.030
Linear
Regression:

R-squared 0.034 0.029 0.006 0.480
P-value not signif. not signif. not signif. 0.004



APPENDIX D

Table Dl. Survival (%) of tagged Pacific oysters in the lab. The lab
experiment began with 18 oysters per family, per treatment given below.

Family CU. Lab C.D. Lab V.U. Lab \T.D. Lab
9 83.3 83.3 83.3 77.8

10 50.0 33.3 38.9 33.3
II 83.3 77.8 77.8 88.9
13 83.3 83.3 77.8 88.9
14 55.6 72.2 94.4 66.7
15 55.6 72.2 66.7 77.8

1 27.8 27.8 27.8 22.2
2 44.4 33.3 55.6 33.3
5 22.2 33.3 22.2 22.2
6 94.4 88.9 83.3 88.9
8 22.2 33.3 22.2 33.3

4N 88.9 83.3 83.3 83.3
3N 94.4 100.0 100.0 83.3

Average 62.0 63.2 64.1 61.5
S.D. 26.4 25.5 26.6 27.7

Table D2. Survival (%) of tagged Pacific oysters in the Yaquina estuary,
Oregon. The estuary survival is based upon the numbers planted out,
not the original number of oysters at the beginning of the lab period.

Family CU. Yag. CD. Yag. VU. Yag. V.D. Yag.
9 100.0 100.0 93.3 92.9

10 100.0 83.3 100.0 100.0
11 100.0 85.7 100.0 93.8
13 93.3 100.0 100.0 100.0
14 100.0 100.0 100.0 100.0
15 90.0 100.0 100.0 100.0

1 100.0 80.0 100.0 100.0
2 100.0 100.0 100.0 100.0
5 100.0 80.0 50.0 100.0
6 100.0 100.0 100.0 93.8
8 100.0 100.0 75.0 100.0

4N 100.0 100.0 100.0 100.0

3N 100.0 100.0 88.9 100.0
Average 98.7 94.5 92.9 98.5
S.D. +1- 3.2 8.6 14.8 2.9
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APPENDIX E

Table El. Day 30 Yaquina Bay lab yield (g) and final standardized
estuary yield for thirteen frill-sib families and two polyploid groups.
Standardized estuary yield was calculated to eliminate the effects of lab
mortality on yield. All families began the estuary phase of the experiment
with the same adjusted number (n10O) of oysters.

Yaguina Bay Lab and Standardized Estuary Yield (g)
Family Day 30 Lab Yield Standardized Estuary Yield
Family4N 47.16 6857

Family 13 30.55 6051

Family3N 45.74 4935

Family6 30.14 5189

Family 9 22.27 4539
Family 11 21.86 3922

Family 15 18.29 4429
Family 14 14.06 3764
Family 2 10.56 4932
Family 10 10.51 3850
Family 8 4.76 4244
Family 1 3.69 4289
Family 5 7.18 3472
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APPENDIX F

Table Fl. Comparison of family number codes for this study and codes used
for the same families by the Molluscan Broodstock Program (MBP). All families
were from MIBP cohort 1997-4.

MBP Family New Code
78

81 2

3n 3n
4n 4n
82 5

89 6

92 7

98 8

101 9

103 10

104 11

105 12

106 13

108 14

116 15



APPENDIX G

Table GL ANOVA for effects of family, lab treatment and site on standardized
estuary yields for thirteen Pacific oyster, C. gigas, families. Families were
subjected to constant or variable salinity conditions in the laboratory and then
planted out at either upriver or downriver sites in Yaquina estuary, Oregon.

Source of Variation d.f. Sum of Squares Mean Square F-Value P-Value
Family 12 4.39E 7 3.66E 6 1.O1E 1 0.0002
Lab Treatment I 3.28E 7 3.28E 7 9.03E 1 0.0001
EstuarySite 1 3.33E6 3.33E6 9.17 0.0105
Fami1 *Estuarv Site 12 5.75E 6 4.79E 5 1.32 0.3188
Family * Lab Treatment 12 2.83E 6 2.36E 5 6.49E4)l 0.7671
Estuary Site * Lab Treatment 1 1.27E 5 1.27E 5 3.48E-0I 0.5659
Residual 12 4.36E 6 3.63E 5
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APPENDIX H

Table HI. Spearman Rank Correlation for rankings of family lab and
estuary average individual specific growth rates for upriver and downriver
sites in the Yaquina estuary, Oregon.

Lab and Estuary SGR
Control. Upriver Control. Down.river Variable. Upriver Variable. Downriver

P < 0.0001 P < 0.0001 p < 0.0001 P < 0.0001
Rho =-O.592 Rho=-O.555 Rho =-O.697 Rho =-O.590




