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THESIS ABSTRACT
Mark Stephen Oates
Master of Science
Department of Biology
June 2013

Title: Observations of Gonad Structure and GanetagTiming in a Recovering
Population ofOstrea lurida (Carpenter 1864)

From January 2012 to December 2012 | collectedt agisters from two intertidal
populations on a monthly basis in the Coos BayaggiDregon for histological analysis
of their gonads. Gametogenesis and spawning oeasosally from May through
September, when water temperatures exceed €4 with brooding oysters found from
July through September. Oocyte diameters incresiggificantly from May to June, and
from June to July within oyster populations at Hag/inlet and Coalbank Slough,
respectively. Male gametogenesis initiated in Miaaynes Inlet and in June at
Coalbank Slough. Dry meat condition values incrdasgnificantly during periods of
reproduction and decreased following the reproglacteason’s end. Condition index
values for Coalbank Slough were consistently lotan those at Haynes Inlet,
suggesting poor nutrition or physiological str&3alinities below recorded physiological
thresholds are believed to be the primary envirantaidactor influencing the

discrepancy in reproductive activity at Coalbanéugh.
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CHAPTER |

GENERAL INTRODUCTION

The Olympia oysteQstrea lurida (Carpenter 1864), is the only native oyster on
the west coast of the United States (Baker, 19985Mw, 2009). Commercial
exploitation of the species began in 1851 anddaukar extirpation in many estuaries
(Kirby, 2004). Today, populations persist in esiemand bays ranging from central
British Columbia to Baja California (Dall, 1914; l&spie, 2009; Polson et al., 2009a).
Olympia oysters provide ecological services inftren of habitat for estuarine biota,
biofiltration, protective shoreline buffers, anchdefication (Baker, 1995; Kimbro and
Grosholtz, 2006; Dinnel et al., 2009; Groth and Rlin2009; McGraw, 2009;
Brumbaugh et al., 2010; Beck et al., 2011).

Ostrea lurida belongs to the smaller of the two commerciallywleated ostreid
genera (the other beirifrassostrea) (Ahmed, 1975), with average shell lengths of 3.5-
4.5 cm, occasionally reaching sizes of 9 cm (PEtmtesse and Peabody, 2005; Gilespie,
2009). Olympia oysters are typically associatedh\wgtuaries or bays with salinities
above 24, but are capable of thriving in full sgémseawater (Baker, 1995; Peter-
Contesse and Peabody, 2005) and tolerating exptussedinities of 0-5 for up to 4
weeks (Gibson, 1974).

Olympia oysters are protandrous sequential hernogjiks, maturing first as
males then alternating sexes after every spawniagt€Coe, 1931a, 1931b, 1932,
1934). Females brood their young from fertilizattbrough to the D-veliger stage of
development before releasing them as free swimianvge (Hori, 1933; Hopkins,

1937). The first published observations of spawmm@lympia oysters were conducted



by Stafford (1913) off the coast of British ColurabLater studies published by Coe
(1931a, 1932h, 1932, 1934) investigated the seadgan@etogenic timing in La Jolla,
California. Numerous reproductive studies have lskmmted to sister species within the
genusOstrea. The most popular, due to its value as a comniestak, is the European
flat oysterOstrea edulis (Orton, 1927, 1931, 1933; Loosanoff and Davis, 3 9ilson

and Simons, 1985; Abellan et al., 1989; ShpigeB9l@a Silva et al, 2009), however
other species have also been investigated, indu@imomades (Siddiqui and Ahmed,
2002),0. stentina (El Gharsalli and Aloui-Bejaoui, 2011), af chilensis (Jeffs and
Hickman, 2000).

Olympia oyster populations have struggled to rec@ince the majority of
harvesting pressures were removed over 80 year§Taigable et al., 2009; White et al.
2009b). Remnant populations, however, still petsisiughout its historical range
(Dinnel et al. 2009; Blake 2010). Recent studieshdentified reproductive limits,
inadequate availability of substratum, poor postugment survival, predation, and
competition as potential inhibitors to full popudat recovery (Groth and Rumrill, 2009;
White et al., 2009a).

As Olympia oyster populations began their preoistdecline in the late 1800s
and early 1900s, efforts to restore natural popnatwere largely abandoned (Trimble et
al., 2009), replaced instead by large-scale comalarariculture ofCrassostrea gigas
(Thunberg, 1793), a faster growing and more pdfutblerant species (White et al.
2009a). In the last ten years, interest in nativsder restoration has resurfaced. Projects
aimed at restoring native oyster populations aresatly underway in estuaries within

every state along the west coast of the UniteceSt@W/hite et al. 2009b; Groth and



Rumrill, 2009; Dinnel et al. 2009; Buhle and Rué&si®009; Polson and Zacherl, 2009b)
and British Columbia.

The history oOstrea lurida in Coos Bay, Oregon is unique to populations found
elsewhere along the west coast of North Americail&\European settlers found no
evidence of extant oyster populations in the baynupeir arrival in the 1850s, fossilized
shell deposits discovered along the shoreline @bthy reveal a distinct historical
presence. These deposits are thought to be desgimblges and the remains of Native
American shell middens, suggesting Olympia oystene once abundant in Coos Bay as
well as an exploited food source for indigenousypagons (Baker, 1995). Shells from
these locations have been aged at approximatelyd@®@ through the use of radiocarbon
dating (Groth and Rumrill, 2009). Groth and Rum{2009) have suggested that a
tsunami and/or large fire initiated a massive seditation event, suffocating oyster beds
and contributing to localized extinction within thay. Olympia oysters are believed to
have been inadvertently reintroduced to the bainduhe late 26 century.Crassostrea
gigas, imported to Coos Bay from Willapa Bay, Washingtonaquaculture are believed
to have carried Olympia oysters as epibionts oim #iells as “hitch-hikers” (Baker and
Terwilliger, 2000). Olympia oysters soon becamestablished across the eastern arm of
Coos Bay.

The early life history of Olympia oysters is aitopf great concern to restoration
efforts. Reproductive seasons, larval abundanoekssettlement success may vary
widely in different habitats, highlighting the imqpance of regional observations and site-
specific data (Stafford, 1913; Coe, 1931a; HopKi®37). In Coos Bay, investigations

have been conducted investigating seasonal labeeddance (Laura Peteiro, unpublished



data) and seasonal settlement patterns (Sawyey@ny, 2011), however, little
information exists on the regional reproductivedabrs and underlying gametogenic
mechanisms for this species. In this study | wikmine seasonal gametogenesis, dry
meat condition indices, and the presence of brapdysters as indicators of reproductive
activity in Ostrea lurida and compare reproductive periods at two sitesimitie bay. |

will also investigate possible physical and biotadiparameters that may influence the

timing of regional reproductive events.



CHAPTER Il
GAMETOGENIC ANALYSIS OF OLYMPIA OYSTER POPULATIONSN COOS

BAY, OREGON

INTRODUCTION

The Olympia oysterQstrea lurida (Carpenter, 1864), is the only native oyster
species along the west coast of Canada and thedJ&tates with a range extending from
Sitka, Alaska to Baja, California (Dall, 1914; Bak#995). Found predominately in
intertidal and subtidal estuarine environments (Cetoal. 2000)Q. lurida are
considered ecosystem engineers for their abilifyiter seawater for particulate matter as
well as provide food and shelter for a multitudeajanisms (Baker, 1995; Beck et al.,
2011; Gray and Langdon, 2012). In addition to tlkeewlogical value, Olympia oysters
are commercially exploited and support highly padfle fisheries (Korringa, 1976).
Usually preferring to settle on hard substrat@mlurida is commonly found attached to
other oysters, large boulders, rip-rap, gravel/éebdnd wood (Baker, 1995; Groth and
Rumrill, 2009).

Ostrea lurida, once native and abundant in Coos Bay, suffemetbsively recent
extinction event, followed by a subsequent reinticaibn (Baker, 1995; Baker and
Terwilliger, 2000; Groth and Rumrill, 2009). In et years, great attention and
resources have been expended to understand thendgnaf re-establishing this
ecologically and commercially valuable species imithe estuary.

One area of particular concern is seasonal reptiv@uactivity. Olympia oysters
are protandrous, sequential hermaphrodites (C@4,a94931b, 1932, 1934).

Gametogenesis of both sexes takes place withitveoneof fluid-filled pockets,



otherwise known as gonad follicles, located indbenective tissue between the mantle
epithelium and the digestive diverticula (Andred879). Gonad follicles are often
observed with the simultaneous presence of maldeandle gametes. Juveniles begin
developing their gonads in as little as 8 weeksrafettiement. Proliferation of male
gametes occurs quickly, in some cases producirggamads within as little as 5 months
after settlement (Coe, 1931a; Coe, 1932). Thropgsreodic contractions of the
adductor muscle, tightly packed balls of 250-200€rsatozoa are released into the
water column via the excurrent siphon (Coe, 193ddpkins, 1937). Before male
spawning is complete, female gametogenesis proseitiiia the same individual oyster
alongside the remnants of the previous male pliasaation in female phase oysters is
stimulated by the presence of male gametes takertha incurrent siphon (Coe, 1931a).
Ripe oocytes are released into the excurrent chawibere spasmodic contractions and
relaxations of the adductor muscle help force thiemough the gill ostia and into the
incurrent chamber of the mother where fertilizatomeurs (Hopkins, 1937). Depending
on environmental conditions, oysters may switclcfiomal sexes 2-3 times in a given
breeding season (Coe, 1932).

Female Olympia oysters provide a measure of bpwotection to their offspring.
Once fertilized, embryos develop within the incatrehamber for a period of 12 (Coe,
1931a) to 17 days (Stafford, 1913), then are rekkasto the water column as
planktotrophic veligers. Hopkins (1937) observdut@d period of approximately 9-14
days with larvae growing at a rate of 12 micronsgagy. Individuals ranging from 23.5-
36.8mm shell length were observed to carry brooois between 70,000 to 350,000

embryos/larvae with an average brood of 215,00k, 1937). Based on



observations of functional guts in broodi@gtrea circumpicta larvae (Kang et al., 2004),
Ostrea lurida larvae are presumed to feed on phytoplankton linoagvia the mother’s
incurrent water flow. Regional differences in brampacity and average sizes for
brooding oysters have yet to be investigated.

Periods of spawning in Olympia oysters have bé&emgly correlated to seasonal
increases in water temperature. Coe (1931a, 19382)onducted experiments in La
Jolla, California in which he followed the gametomeprogress of newly settleol
lurida juveniles. By setting out blocks of oysters of Wmoages and sampling at regular
intervals, he characterized the gona®ofurida and determined that this species
alternates its sexuality throughout its lifetimeldkionally, he found that spawning was
induced when water temperatures of “@@&vere maintained. Hopkins (1937) collected
daily samples of adult oysters from dikes conse&dah Puget Sound Washington and
observed brooding individuals immediately followiagpike in minimum water
temperature to ~P&, indicating this temperature as a spawning trigigeboth of these
cases breeding periods varied strongly based @osakirends in water parameters.
Oysters in La Jolla, California had a spawning sead ~7 months, while reproduction
in the seasonally colder waters of Puget Sound hWgsn was restricted to a period of
3-4 months. Even further north, Stafford (1913)fduhat populations d@. lurida in
British Columbia were limited to a spawning perifcbnly 3 months. The reproductive
season of this species appears to be reducedhariagitudes where water temperatures
exceed the spawning threshold for increasinglytgbeniods of time. Laboratory analyses
have corroborated field data with spawning tempeeatrecorded at 1€ (Hori, 1933

Imai et al., 1954). Santos (1992) revealed thatesgsnay spawn at temperatures from



12-21°C, although oysters spawning at lower temperatio@s as many as 8 weeks to
produce larvae after the detection of gametogenesis oysters at 21C took 2-3.5
weeks and produced significantly more larvae. SaateZacherl (2009) suggested that
temperature is unlikely to be the sole determimaspawning periodicity after reporting
settlement patterns that did not conform to thogeeted with the observed temperature
regime. This suggests that other environmentalpat@s must be taken into account for
their potential influence on reproduction. Of pautar interest to this study are salinity
and chlorophyll-a concentrations. Salinity vamadely within estuaries and
environments subjected to salinities of 15 or lodemonstrate deleterious effects on
their resident oyster populations (Gibson, 1974 fepercussions of salinity for
gametogenesis have not yet been explore@fturida, although Butler (1949) explored
this topic withCrassostrea virginica. Little is known of the effects of phytoplankton
production on the reproduction ©f lurida although strong relationships between
increases in food availability and reproductiondndeen demonstrated @strea edulis
(Cano et al., 1997).

Information on the reproductive cycle of Olympigster populations within Coos
Bay is limited. Regional data on gametogenesisspagvning is essential for
conservation of Olympia oysters and for the desibeffective restoration efforts within
the estuary. In particular, information pertaintoghe timing of spawning,
environmental influences and other life-historytgrare critical to develop management
strategies to foster self-sustaining populatiorss Pproject seeks to resolve many gaps in
the knowledge about reproduction for this spedt@st and foremost, | will characterize

the reproductive cycle @. lurida within the Coos Bay estuary. In this study, |



determined the timing of initiation, peak produati@and cessation of gametogenesis. |
then worked to discern which environmental variatdluence the regional patterns of
reproductive activity observed. | then compared pepulations of oysters within Coos
Bay to determine how variation in habitat condiionay influence reproduction.
Additionally, | observed individuals in the procedsdrooding larvae to estimate brood
size and to determine developmental stages.
METHODS

A total of 960 oysters were studied during 201@proximately 240 oysters were
used to calculate condition indices and the remgifi20 oysters were used for
histological analysis.
Study Sites and Ambient Environmental Conditions

Monthly field collections oD. lurida took place from January 2012 until
December of that year. Two Coos Bay intertidal tedbiwere sampled at an elevation of
~.3 m above the mean low tide line. The rocky imdatthabitat of Haynes Inlet (Figure
1) (43°26'32.20"N, 124°13'17.53"W) and the mudfiabitat of Coalbank Slough (Figure
1) (43°21'35.71"N, 124°12'25.60"W) were chosen wuneir large populations of
Olympia oysters and accessibility. During each rlynsampling, forty large specimens
(>30mm Shell length) were collected along a 10@ansect line on the shoreline of
Haynes inlet, while habitat constraints limited trensect at the Coalbank Slough
mudflat to 50 m. Each sampling event took placagi@ndomly assigned points on a
permanent transect line within each habitat. Eachth) 40 sampling points were
assigned to each transect by randomly choosingrdbeuout of 100 forty times and

assigning those numbers to meter marks on thegctahse. For each assigned meter



mark and it's corresponding 1 meter interval, gdaoyster in the closest proximity to the
line was haphazardly sampled. Organisms were toatespto the laboratory on ice and

left in flowing seawater tables for no more thanh®irs before processing.

Fig. 1. Map of Coos Bay estuary with study sites markedh siairs. The black star
corresponds to the Haynes Inlet study site anavtiite star corresponds to the Coalbank

Slough study site.

Monthly measurements of ambient hydrological patams were recorded on
every sampling date and on dates halfway betwemplgay events from May to

September. Temperature and salinity were measwiad a YSI 650 MDS probe, and

10



triplicate water samples were collected in darlgaaé bottles for chlorophyll-a analysis
in the lab.

All oysters were measured for shell length (bdsgnmabo to ventral shell margin)
using calipers. Each monthly site sample was sudbelivfrom the original 40 into a
group of 30 for histological analysis and a grofip@for a condition index (Grant and
Tyler, 1983a). Oysters were randomly assigned ga@sed on the result of a coin flip.
Histological Analysis

The visceral mass was excised from shucked oyatetplaced in Davidson’s
fixative (2 parts formalin, 3 parts 95% ethanopdtt glacial acetic acid, 3 parts RO
water) for a period of 24-48 hours. Tissues weaadferred to 70% ethanol for storage.
After at least 24 hours of storage, tissues warewed from solution and a razor blade
was used to excise a ~7mm cross-section of theralstass, which included gonad,
digestive gland and gill tissue. These sectiongwansferred to 95% ethanol for ~12
hours. Tissues in 95% ethanol were put through@®d 6thanol changes for ~2 hours per
change to ensure complete dehydration. Tissuestivendeft to clear in toluene for ~24
hours followed by a transfer into molten paraffimxfor at least 24 hours to complete
infiltration. Infiltrated specimens were embeddegaraffin blocks with three specimens
to a block. Using a rotary microtome, 7 micrometlebons of gonad tissue were
sectioned and placed in a warm water bath forctineg. Sections were mounted on
slides and left to adhere on a slide warmer foessh\hours. Two slides per three
specimen block were prepared, with at least theegans per mounted ribbon. Using the
acidophilic nuclear stain, hematoxylin, and thedméuslic cytoplasmic stain, eosin,

tissues were dyed to enable visualization of gdisasties (Coe, 1931a; Galigher and

11



Kozloff, 1971; da Silva et al., 2009). Slides wareunted using Permount mounting
medium and glass cover slips.

Sections were observed under an Olympus BX50 cangbbght microscope at
40x magnification. Male and female gametes are sameaunevenly distributed
throughout the gonad in this species (Coe, 1982Moore, personal communication),
so all tissue sections on both slides were consttduring the analysis to minimize the
potential for confounded results.

Sex Category

To accommodate hermaphroditism in this specissexacategory scheme was
adopted from gametogenic studiesOstrea edulis by da Silva et al. (2009) (Figure 2).
The following scale of six sex categories was used:

¢ Indeterminate (1)Follicles are either collapsed or empty. No reaidjamete

material can be found in follicles

e Male solely (M):Follicles contain only male gonad material.

e Female solely (F)Follicles contain only female gonad material.

e Hermaphrodite with both sexes equally represert#5): Follicles contain

approximately half male and half female gonad niater

e Hermaphrodite predominantly male (HPNfpllicles contain predominantly male

but also some female gonad material.

e Hermaphrodite predominantly female (HPFllicles contain predominantly

female but also some male gonad material.

12



ical sections ©Oftrea lurida, showing all six sex
categories and various maturity stages. A. Mapes gonad. B. Hermaphrodite
predominately male, ripe male gonad, partially speavfemale gonad. C.
Hermaphrodite with both sexes represented equglly,male gonad, advanced
gametogenesis in female gonad. D. Hermaphrodigopnenately female, partially
spawned male gonad, advanced gametogenesis inefgmadhd. E. Female, ripe
gonad. F. Indeterminate, no gonad activity.

13



Maturity Stage

Each individual was assigned a maturity stage ranrabrresponding to its level
of gonad development (Figures 3 and 4). This schessembles similar constructs used
for O. edulis (Mann, 1979; da Silva et al, 2009) andstentina (EI Gharsalli and Aloui-
Bejaoui, 2011). Hermaphroditic individuals wereenuwo scores, one to delineate male
stage and one for female stage:

e Inactive Gonad (Stage OYto evidence of gamete development. Specimen is

either immature, experiencing a resting stage batvepawning cycles, or
undergoing reproductive failure. This maturity stagjexclusively reserved for
the Indeterminate (I) sex category.

e Early Gametogenesis (Stage Nlptable expansion of gonad follicles. In males,

male gamete proliferation is observed. Spermat@gand spermatocytes
observed in abundance, with some spermatids prdsdemales, the gonad is
composed of primarily oogonia with some small oesyfdiameter ~15-30n).

e Advanced Gametogenesis (StageRirther expansion of gonad follicles. In

males, all cell stages in the spermatic seriepi@®gent. The majority of the
follicle is filled with the developing germ linen females, developing oocytes
line the follicle wall with some occupying the ficle lumen (diameter ~30-
80um).

e Ripe Gonad (Stage 3follicles have expanded to fill most of the spbetveen

the digestive gland and mantle epithelium. In males majority of the follicle is
devoted to mature sperm balls. In females, ripgi@sgdiameter ~90-110n
(Loosanoff, 1963)) line the follicle walls and fithe follicle lumen.

14



o Partially Spawned (Stage Hollicles are partially empty and have been reduce

in size with large amounts of residual mature gasstill present. In males, large
amounts of spermatozoa remain while the rest ofpleematic series is absent. In
females, large quantities of post-vitellogenic desyremain, sometimes alongside
residual pre-vitellogenic oocytes and the develgpinale line of the subsequent
sexual phase. Phagocytes may be present at thes sta

e Resorbing (Stage 5kollicles are greatly reduced in size from thevpmes stage,

with only small amounts of mature gametes remainimgjviduals expressing
this stage for one sexual phase may also contameigs of the subsequent sex
phase. Spermatogonia or oogonia may be presem iacinus. Presence of

phagocytes is ubiquitous.

Oocyte Diameter

Sections containing female gonad material werdqgraphed under an Olympus
BX50 compound microscope at 40x magnification usir@anon PC1192 digital camera.
Photographs of two complete gonad sections (ome &ach slide, randomly selected)
were taken for each individual. For each oystéota of 100 oocytes, each with apparent
nuclei and nucleoli, were measured for diametea(Gand Tyler, 1983b) using ImageJ
image processing software. Average egg sizes witliividuals contributed to the

determination of the female maturity stages oudimethe previous section.
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Fig. 3. Micrographs of histological sections ©Oftrea lurida, showing all five male
maturity stages. A. Early gametogenesis. B. Advdmgaenetogenesis. C. Advance
gametogenesis from lower magnification. D. RipeagbrE. Partially spawned. F.
Resorbing.

16



female maturity stages. A. Early gametogenesiddvanced gametogenesis. C.
ripe gonad. D. Ripe gonad from lower magnificatiBnPartially spawned. F.
Resorbing.

17



Condition I ndex

A condition index was employed to provide a roeglimate of monthly
gametogenesis and spawning activitie®olfurida populations (Gibson, 1974). Oysters
assigned to condition index analysis were leftZéthours in running seawater tables to
provide an opportunity for feces and pseudofecdsteliminated (Hawkins and Rowell,
1987). Individuals were thoroughly scrubbed of epits, and then kept in seawater until
processing to ensure that the shell cavity remainkkdf fluid before measurement.
Whole weights (g) of each oyster were taken afdehandividual was patted dry with a
Kim-wipe. Following storage in a -20 freezer, the visceral mass of each oyster was
excised and dried for 24 hours in a ¥0®ven. Dried tissues were then weighed to the
nearest milligram. Shells from freshly shucked eystvere patted dry with a Kim-Wipe
and weighed (g).

This study employed the use of the condition inpieoposed by Lawrence and
Scott (1982) and later modified by Hawkins and Rib{2€87), wherein dry soft tissue
weight (g) is held as a function of internal sloalVity capacity (g) (Equation 1). This
method has been popular within studies of manye@sggenera (Crosby and Gale, 1990;

Cano, 1997; Abbe and Albright, 2003).

Eg. 1. Condition index formula proposed by Lawrence anottSd.982)

CI dry soft tissue wt (g) x 1000

internal shell cavity capacity (g)
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Statistical Analysis

An ANOVA test was used to determine if the meamthly condition index
values for the 12 month period are significantlfyedtent. ANCOVA was run with the dry
flesh weight as the dependent variable, shell leagtthe dependent variable, and sample
month as the factor. This analysis allowed forttheking of increases in flesh weight,
while simultaneously compensating for the effedlidlength and allometric growth.
Tukey HSD pairwise comparisons were run to dissaggnificant differences in condition
between months. Pearson correlation coefficiente walculated between each
environmental parameter and the monthly conditnaex measurements. Multiple
regression analysis was also used to determineotimdined predictive capability of
temperature, salinity, and chlorophyll-a on comdfitindex. A Kruskal Wallis test was
used to determine if mean oocyte sizes were sggmfly different across the 12 month
period. Steel-Dwass pairwise comparisons were eyedlto determine significant
increases or decreases in diameters between mavitllkexon tests with bonferroni
adjusted p-values compared sample sites for eaeim gample date. Contingency table
analysis was conducted to determine significariedihces between maturity stage
between sample sites as well as sex category betseample sites over the course of the
2012 sampling period.
RESULTS
Ambient Environmental Parameters

Temperature fluctuated seasonally in Haynes amet Coalbank Slough (Figure
5). The highest temperatures in Haynes Inlet wecerded in June (18.8€) and the

lowest in March (8.38C). Coalbank Slough’s highest temperature wasrdecbin July
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(19.67 C) while its lowest temperature was detected mudey (7.18 C). During 2012,
temperature differences between sites were tygiedfl C for any given sampling date.
However, between July and September, water tempegsaat Coalbank Slough were
consistently 1.5-2C above those of Haynes Inlet. This result issumprising, as the
upper estuary is less subject to cold oceanic watiexes than mid estuary sites
(Gibson, 1974; Kimbro et al., 2009).

Salinity demonstrated a seasonal sinusoidal pattégth low spring values slowly
transitioning to high autumn values (Figure 5) @thbsites. In Haynes Inlet, salinity
ranged from 30.79 in September, to as low as I2[Fecember. For Coalbank Slough,
salinities failed to reach the highs of Haynestiribeit demonstrated a September peak of
28.45, while its lowest salinity value of 4.5 ocad during May and December. Haynes
Inlet recorded consistently higher salinity valtigan Coalbank Slough. Differences in
monthly salinity values ranged from 2.3 to 12.3n@sn sites.

Due to equipment malfunction, Chlorophyll-a valwesre not collected for
January through March of 2012. Chlorophyll-a valtese steadily during the summer
months at both sites (Haynes: 8.6idL in August; Coalbank: 9.59 in June) and showed
marked decline during the winter season (Hayn@83g/L in December; Coalbank:
0.966ug/L in December) (Figure 5). Chlorophyll exhibitiedge fluctuations during

summer.
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Seasonal Shiftsin Sex Categories

Table 1 and Figure 6 show the percentages anubdisbns of sex category
observations in 2012, combining results from botlalGank Slough and Haynes Inlet.
During the period between January and May, fenfgleud predominately female
hermaphrodites (HPF) far outweighed all other aaieg detected, ranging from 43-58%
and 18-30% respectively. Combined, males (M) aed@minately male hermaphrodites
(HPM) comprised an average of 10% of each mon#msgde for this period. The male to
female ratio began to reverse in June, with inénggsroportions of male- dominated
gonads. Males and predominately male gonads peaksmindance in August,
constituting a combined 73% of the sample. Durlregrhonths of July and August, F
individuals disappeared entirely. Male (M) and HPMportions fell steadily into the
winter months, restoring the male to female ratibserved during January through May.
Hermaphrodites with both sexes represented eq(tdBs) accounted for no more than
ten percent of each months sample with the exaeptidune at 16%. Shell size was not
a significant predictor of sex category was nohifigant (Kruskal Wallisy? = 2.7370;
df = 5; p = 0.7405), indicating that sex was ndedained by oyster size.
Contingency table analysis revealed significarfed&nces in sex category ratios between
the two sitesy® = 23.996; df = 5; p = 0.0002), most notably in thenber of
indeterminate (I) individuals. During the 2012 sédimgp period, there was a marked
difference in the number of indeterminate individu&Vith the exception of April,
Coalbank Slough samples contained at least oneidchail with empty follicles with no
gonad material (Figure 8). Indeterminate individya¢aked in abundance between May

and September with as many as 5 individuals (20%afthly sample) detected in June
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and August, coinciding with water temperatures &b¥ C. In contrast, Haynes Inlet
contained only sporadic and isolated indetermimat&viduals and no occurrences during

the peak observed in Coalbank Slough (Figure 8).

Table 1. Distribution (%) of sex categories across samgies during the 2012 sampling
period.

Sex Category Haynes Inlet  Coalbank Slough
Indeterminate 1.1 7.2

Male 12.8 14.7
Hermaphrodite Predominately Male 24.4 15.6
Hermaphrodite Both Sexes Equally Represented 7.2 8.1
Hermaphrodite Predominately Female 253 24.4
Female 29.2 30
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Maturity Stage

Male and Female oysters both demonstrated a urihsodnmer peak in
advanced gametogenesis (Stage 2) and ripenese @tdgring the summer (Figures 9
and 12), when water temperatures exceed@@ 1Below this temperature,
gametogenesis ceased with partially spawned (Staged resorbing (Stage 5) gonads
dominating. During the winter, it was common tadfifollicles containing large quantities
of unspawned, residual gametes from the previquedeictive season.
Male Phase

Cumulatively, male oysters analyzed during 201@\sd predominately Stage 4
or Stage 5 gonads from January to April, with intiétent, isolated detections of early
gametogenesis (Stage 1) (Figure 9). During theavimonths, in the absence of
gametogenic activity, residual spermatozoa persistéhe follicle lumen and gonoducts
of many oysters. Stage 1 males began to appeargarlnumbers when water
temperatures exceeded’in May, peaking in abundance in June (25% of male
sampled). Stage 2 males also reached their gredtestiance in June (37% males
sampled), followed by a peak in ripe Stage 3 irdligils in July (38% of males sampled).
Stage 1 through Stage 3 individuals gradually dediuntil October, when they
cumulatively constituted less than 8% of males dadyglisappearing entirely in
December. Shell length showed no significant refedhip with male phase (Kruskal
Wallis; y? = 5.8269; df = 4; p = 0.2125).

Contingency table analysis revealed significaffecences in male phase
presence between the two sitgd% 16.495; df = 4; p = 0.0024). Stage 5 oystersengl

nearly 50% of the sample in Coalbank Slough (Fidurg far outweighing the totals
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from Haynes Inlet. A greater proportion of Stagen8 Stage 2 individuals were observed
in Haynes Inlet, although fewer Stage 1 individwa¢se also observed at this site (Figure
10). It is also interesting that the timing of #appearances was noticeably different
between sites. While Stage 1 males appeared indsaphet in high numbers in May,
Coalbank Slough exhibited a one month delay, dslihot exhibit Stage 1 males until

the month of June.
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Fig. 9. Monthly abundances of five male maturity stagesl(eding Stage 0) from
Haynes Inlet and Coalbank Slough during the 20h®p$iag period. N = 60
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Fig. 10. Monthly abundances of five male maturity stages!(eling Stage 0) from
Haynes Inlet during the 2012 sampling period. N= 30
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Female Phase

Cumulatively, in Coos Bay, low levels of StageriStage 2 individuals persisted
throughout the year, although egg size and follrdieime were not large enough to
signal substantial gametogenic activity (Figure. My had the highest number of Stage
1 females (40% of May sample and 44% of femalegaip with developing oogonia
and uniformly small oocytes scattered throughoetftlicles. This spike was followed
by a peak in Stage 2 individuals during the morithume (45% of females and 38% of
sample). In July, the highest number of ripe indiingls was detected, constituting 13% of
the females sampled. As with the male gametestantid residual gamete carryover
was observed outside of the breeding season. Sahtiecytes of varying sizes remained
attached to the shrinking follicle walls of spawnedividuals (Figure 4E). Shell length
did not have a significant relationship with femaiaturity stage (Kruskal Wallig;> =
1.7626; df = 4; p = 0.7793).

Contingency table analysis revealed no significhiférence between prevalence

of female maturity stages between sitgs= 4.388; df = 4; p = 0.3560). As with the male
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Maturity Stages, female gametogenesis appearedarience a delay in Coalbank
Slough. Ripe females could be found from June fe®eber in Haynes Inlet (Figure
13), while ripe individuals in Coalbank Slough wémited to the months of July and

August (Figure 14).
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Fig. 12. Monthly abundances of five female maturity sta@e<luding Stage 0) from
Haynes Inlet and Coalbank Slough during the 20h2péag period. N = 60
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Oocyte Diameter

Figure 15 illustrates the monthly variation in gtecdiameter for both Haynes
Inlet and Coalbank Slough. Both sites exhibitedtreély low values during the winter
months and large increases in egg diameter duerniggs of elevated water temperature,
chlorophyll-a, and salinity.

In Haynes Inlet, egg diameters varied significantter the seasons (Kruskal
Wallis; ¥? = 34.8728; df = 11; p = 0.0003; Figure 15). Framudry through May, egg
sizes declined gradually and consistently. From kajune a significant increase in egg
diameter was detected (Steel-Dwass pairwise cosgarz = 3.84271; p = 0.0068),
followed by another gradual decline and levelingfoom September through December.
In Coalbank Slough, egg diameter varied signifitaoter the 2012 sampling period
(Kruskal Wallis;y? = 64.2224; df = 11; p < 0.0001; Figure 15). Franuary to June,
average oocyte diameter gradually declined, wighltivest mean value observed in May
(Average = 25um SD= 6.06). Pairwise comparisons reveal that betwieine and July, a

significant spike in egg diameter occurred (SteelaBs; z = 3.84271; p = 0.0004)
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followed by a significant drop from July to Septeeniiz =-4.1864; p = 0.0017) and th
a significant incrase from September to October (z = 3.53428; p 210

Month by month comparisons of egg diameter betveges showed that Coalba
slough had significantly lower egg diameters thaymes Inlet during the month of Ju

(Wilcoxon; x% = 14.3759; df = 1p < 0.0001).
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Fig. 15. Mean monthlychanges in oocyte diameters with SE bars (N = Haftes pe
month)

Condition I ndex

In Haynes Inlet, condition index varied significigrmver the 12 month peric
(ANCOVA; F = 2.5791; p = 0.005{Figure 1§. Condition index demonstratec
significant negative relationship with shell lengiid was included as a covariate in
analysis.Shell length did not significantly differ betweeronths at Haynes Inle
(ANOVA; F = 1.4054; p 0.1809). From January through March, montimgex vales

averaged 7.62 (SD = 1.38), demonstrating an upweandl. A decline i oyste condition
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indices occurred between the months of March ang fidliowed by a steady rise in the
index values leading to a significant increase betwthe months of May and July
(Tukey HSD; p = .0365). Average index values weaghdst during the months of July
and August. A steady and significant decline iruealfollowed the August peak into
November (Tukey HSD; p = 0.0324).

In Coalbank Slough, oyster condition also varigmisicantly over the 2012
sampling period (ANCOVA; F = 2.5791; p = 0.0048heB length again demonstrated a
significant negative correlation to condition indedues and was factored into the
analysis. Shell length did not significantly difteetween months at Coalbank Slough
(ANOVA; F = 1.7265 p = 0.077). From March to Juaesignificant decrease in values
was detected (Tukey HSD; p = .0310). A significaictease in values was detected
between June and September (Tukey HSD; p = .088B)wed by a gradual decrease in
values through December. Coalbank Slough demoadtrainsistently lower average
condition index values when compared to Hayneg,laled the values in Haynes Inlet
were 9% to 57% higher for any given month sampléxkre appears to be striking
similarity in the patterns of mean index variationthese two sites. While these patterns
were in close alignment for the months from Jandiaryugh May, Coalbank Slough falls
behind Haynes Inlet in June, experiencing a pradnghase of low condition. Despite
the one month delay, patterns in index variationdfoalbank Slough continue to follow
those set by Haynes Inlet.

Monthly temperature values showed a significarsitpe linear correlation with
Haynes Inlet condition values (R = 0.037087; n=;3198 0.0359), however

demonstrated a significant negative linear relaim with Coalbank Slough condition
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values (R =.034832; n = 120; p = 0.0412). Salin@glues demonstrated a significi
positiverelationship with condition index in Haynes Inl&t € 0.120361; n = 119; p
0.0001), but not in Coalbank Slough. Chlorop-a measurements showed a signific
inverse relationship with condition index in Coalkalough (R =.048168; n = 90 .
0.0377), but thiselationshigwas not present in Haynes Inlefising data from Apri
through December, multiple regression analysistified temperature, salinity ar
chlorophyll-a as significant predictors of condition index ayHes Inlet (R = 24.1175;
=90; p<0.0001), Temperature achlorophylla identified as significant predictors

condition at Coalbank Slough (R = 0.116999; n =[£6;0.0045
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Fig. 16. Mean condition index values with SE bars for Hayimst and Coalban
Slough.
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Brooding of Embryos and Larvae

Brooding oysters were found in Haynes Inlet iry,JAlugust and September.
Larvae observed in July had reached the 4-celestdgevelopment indicating that
fertilization had occurred within the previous 2dubhs (Hori, 1933; Strathmann, 1987).
Brooders in subsequent months contained shellegevedtage larvae with rounded shell
hinges and no pigmentation, otherwise known as tevsick” (Hopkins, 1937). This
stage of development is typically reached afterda¥s of development (Hori, 1933;
Strathmann, 1987)

In Coalbank Slough, brooding oysters were deteictddily and September.
Embryos found in July had reached the blastulafgiasstage of development indicating
fertilization within the prior 24-48 hours (Hori933; Strathmann, 1987). Brooders in
subsequent months held shelled veligers also intévdick” stage.

Estimated brood counts measured between 79,50818h800 embryos and
larvae, falling within the values reported previlgua the literature for this species
(Hopkins, 1937).

DISCUSSION

The summer peak in oyster reproduction is condrwéh that reported in
previous literature for reproductive patterns dfesOstrea lurida populations (Stafford,
1913; Coe, 1931a; Hopkins, 1937; Seale and Zac2@0dP). The spawning season
commenced in late June to early July and continlmexigh mid to late September with a
peak in July/August. This 3-4 month spawning pergsimilar to the observed interval

that Hopkins (1937) described in Puget Sound, Wagbn.
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Male maturity stages showed a distinct onset afejagenesis. Large-scale
gametogenesis initiated when seawater temperatu@sos Bay reached ~146.
Seawater temperatures in the estuary jumped fron5*b4-18 C from May to June,
which corresponded to a marked increase in gameitogetivity. Critical spawning
temperatures foD. lurida have been recorded between 22u5d 168 C (Coe, 1931b;
Hori, 1933 Hopkins, 1937; Imai et al. 1954; Sardbal., 1992) so it is conceivable,
considering when ripe males were present, thaeoy$iad begun to spawn shortly after
the June sampling period. The diminished presehdewveloping and ripe males during
the month of September suggests an end of thedegtive period. Female maturity
stages were somewhat ambiguous when used to tetemtset of female gametogenesis
because Stage 1 and Stage 2 individuals pershstedgh the winter months. It is
unlikely that females were gametogenically actiuer the period since temperatures
(7-12 C) were below those previously cited for reprodigctictivity in this species (Coe,
1931b; Hori, 1933; Hopkins, 1937; Imai et al., 19S4ntos et al., 1992). In January
through May, it was rare to find oocytes greatant@Oum in diameter and no oocyte
was found with a diameter greater thanu®d, indicating an absence of ripe (Stage 3)
females. Oysters identified as Stage 1 or Stager2 most likely female oysters that
began gametogenesis shortly before temperaturepehidelow the critical threshold,
leaving their gametogenic progress in stasis thrabg winter season (Coe, 1932).

The appearance of ripe (Stage 3) female maturtyes is clarified when
considered alongside the significant rises in olepocyte diameters, in June for
Haynes Inlet and in July for Coalbank Slough. Thadiaeneter increases coincided with

the peak in advanced and ripe female maturity stageerved during those months. In

36



Coalbank Slough, the decrease from July to Septemimeost likely attributable to the
spawning of mature eggs during the reproductive@eg@Ren et al., 2003; Castanos et
al., 2009; Kim et al., 2010; Ebharsalli and Aloui-Bejaoui, 2011); however, the
significant rise into October suggests that fengaleetogenesis was beginning anew
during that period.

The presence of brooding oysters suggests thaidegtion begins in early to
mid July and ceases toward early to mid Septemiirtamperatures ranging from 15 to
19°C at both sites. High chlorophyll-a concentratidosing the summer indicate that
food was relatively plentiful during the reprodwetiperiod as well, which is consistent
with studies linking food availability to reprodiuat output in oysters (Cano et al., 1997).

Hopkins (1937) observed a lunar periodicityOstrea lurida spawning cycles in
populations occupying oyster dykes in Puget Sowwakhington. Oysters preferentially
spawned shortly after neap tides during his stédtyrough | did not test for this
periodicity, my observations of embryonic and ladevelopment in brooding oysters
lend support to his hypothesis. Embryos and lawi#l@n and between sites were found
at similar stages of development, an indication tihey had been produced from one
event or multiple events in a short period of tilBeooders observed in July were found
at 4-cell and blastula stages of development, wHich (1933) observed after 1 day of
development. Larvae found in August and Septemieee found at shelled veliger stages
known as “white sick”, a larval stage occurringea#-5 days of development (Hori,
1933). An examination of tide charts in 2012 (NOAes and Currents) and the
developmental stages of the larvae, suggests angpgevent 0-5 days after the neap

tide prior to the collection date. While my samplsize for this inference is too low to be
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statistically viable, the preliminary data indic#ttat this subject warrants further
investigation.

In Olympia oysters, the rates and timing of gamgetesis are thought to be
dependent on temperature, stored reserves, andf@dbility (Mann, 1979; Wilson
and Simons, 1985; Shpigel, 1989; Santos et al2)1%®deed, observed spawning
temperatures for this study were consistent witiséhpreviously established fOstrea
lurida with a threshold temperature of ~14&%observed for spawning. Phytoplankton
was also in its highest abundance during the sumndicating that nutritional
conditions were conducive to spawning activity.

Temperature and food abundance failed to expleardifferences in gametogenic
activity observed between sites. In May, while tenapure and chlorophyll-a
measurements were relatively equivalent (<1@)5oysters in Haynes Inlet experienced
high rates of early and advanced male/female gayeatsis (Stage 1 and Stage 2),
Coalbank Slough oysters demonstrated represseld lefvgametogenesis, with few
instances of Stage 1 individuals and no sign oj&tamales or females. June saw
marked increases in the number of Stage 2 and Stagsters for this upper estuary
location, however, the site failed to produce thee proportions of ripe females until
July. Egg diameters did not increase significaatiyil July in contrast to oysters in
Haynes Inlet, where they increased in June.

A likely contributing factor to these observatiaoaghe low salinity regime
experienced by oysters in Coalbank Slough. Samibelow 15 have been found to be
extremely stressful for this species, inducing 90%stality in populations kept for six

weeks at a salinity of 10 (Gibson, 1974). Whileew@dence of freshwater exposure was
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observed during my study, sub-15 salinity measunésngersisted throughout the winter
and early spring (Figure 5). Ninety percenCoéssostrea virginica, in environments
experiencing chronically low salinities and frequiashwater exposure, underwent a
two- month delay in gametogenesis when comparegsters from more consistently
saline estuarine environments (Butler, 1949). Adeaingametogenesis was not observed
in oysters from Coalbank Slough until salinity wagher than 13, suggesting a threshold
for gametogenic activity. Salinity is thought topact gametogenesis indirectly. Hopkins
(1936) found that oysters exposed to periods ofdalwity close their valves or cease
pumping water over their gills to prevent physiotad damage. As a result, the ability to
feed is greatly reduced, forcing individuals toyreh stored reserves to survive. This
depressed feeding rate would also explain why oy#teCoalbank Slough consistently
had lower condition index values than those in ¢syinlet despite being exposed to
equivalent, if not greater chlorophyll-a concentias.

Salinity can also be offered as an explanatiorotber findings. Butler (1949)
found that 33% of his oyster populations in lowirsies were of indeterminate sexes,
while he noted a distinct absence of indetermisatecategories in high salinity
environments. While only 7% of Coalbank Slough eystwere found to be
indeterminate in my study, <1% of oysters from Hzg/inlet were observed in the same
condition, suggesting that these sites confer wiiffelevels of fitness to their oyster
populations. Oysters may exhibit a reduced tolexdaclow salinities at higher
temperatures (Gibson, 1974), which may explairpteks in indeterminate individuals

for Coalbank Slough during the summer months.
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Rises and declines in the condition index from N@apecember coincided with
the presence and absence of ripe maturity stagesmareasing and decreasing oocyte
diameters, providing a providing a rough illustoatiof seasonal reproductive activity
(Ren et al., 2003; Castanos et al., 2009; Kim.e28l0; ElGharsalli and Aloui-Bejaoui,
2011). Relatively higher temperature and food adlity may have contributed to the
upward trend in oyster condition throughout the swan however, the pronounced drop
in condition experienced by oysters at both siteldlay is harder to explain. Santos et al.
(1992) showed that condition indexes decreaseifteaaysters transplanted to higher
temperature environments from lower temperature.ofdewever, this decrease in
condition was attributed to spawning activity, whigas not detected until July in the
present study. Phytoplankton concentrations appearbe increasing at the time of the
condition drop, which suggests that food limitatthd not spur the loss of body mass.
Because this event coincided with a°2z3increase in water temperature and lower
seasonal salinity at each site, it is possible ¢latated metabolic activity from
heightened body temperatures and increased phgsialstress from lower salt
concentrations spurred a rapid consumption of tnahial reserves. It should also be
noted that the lowest average egg diameters weoeded during the period of very low
condition index at each site and the beginnindiefsummer rise in condition index
values coincided with the steep increase of egaelier.

This study focused exclusively on intertidal oygtepulations. While subtidal
populations have been observed by SCUBA divergarshipping channel of Isthmus
Slough in Coos Bay (Baker 1995), they were notstigated in this study. There is some

evidence to suggest that characteristics of remtomiuin subtidal populations may differ
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from those of intertidal populations. For examjiégrtidal and subtidal populations of
Crassostrea virginica were compared to assess discrepancies in gamet@pivity
(Brousseau, 1995). In that study, intertidal oystthibited only one reproductive
period, whereas subtidal populations exhibited penods, with the second being
arrested and held over the winter. However, thengnof the onset of gametogenesis in
both the subtidal and intertidal populations wasilgir. Spawning was delayed by one
month for some intertidal populations and an ex¢éengbawning period was also
observed.

Sawyer and Young (2011) obsern@strea lurida settlement from September to
December in Coos Bay. They noted a distinct peaeitier abundance in the two week
period before October 5th. Accounting for an apprately 10 day brood period and 30
day planktonic larval duration (Hopkins, 1937),eambk in gametogenesis and spawning
should be observed during mid to late August. OQlzgems in 2012 of brooding
individuals and large quantities of ripe males terdales during August suggest a
similar settlement pattern likely occurred in 2@k2it did in the 2010 season. The
detection of ripe individuals and brooders in midythrough mid-September 2012 also
is also consistent with the two month window ofreased settlement observed during the
2010 season from mid-September through mid-November

Stafford (1913) cautioned that his studies of@dpctive timing inOstrea lurida
should not be used to draw sweeping conclusionstahe exact dates of spawning.
Nearly one hundred years later, the same limitatoan be applied to my observations in
Coos Bay. With a limited dataset spanning only &md one reproductive season

respectively, neither his study, nor my study cdagdused to reliably estimate the exact
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timing of reproductive events. Periodic reproduetiailure has been observed and
documented in this species (Laura Peteiro, unputdislata) and the underlying causes
are still unclear. However, what these studiesrdwige is a framework for estimating
reproductive timing based on the environmental ipatars needed for spawning.
Measurements of temperature, salinity, and foodatlity can be used to better inform
management strategies and restoration efforts.

Beck et al. (2011) noted that oyster reefs inRheific Northwest are either in
poor condition (90-99% lost) or functionally extifie99% lost). Restoration efforts
continue for this species in many west-coast essi@§Peter-Contesse and Peabody,
2006; McGraw, 2009), including a major effort teta@e Olympia oysters in Coos Bay
(Groth and Rumirill, 2009). Optimal sites for depiogj shell hash and other settlement
substrata, to promote oyster colonization, areueet)y sought by management
professionals (Cohen and Zabin, 2009; BrumbaughCaigen, 2009; McGraw, 2009).
This research suggests that not all estuarineitotwaare well suited for restoration
efforts, even when large populations of oysterspagsent in those locations. To
maximize output of young oysters, restoration @§f@hould target environments with
seasonally high temperature and food regimes dsawebnsistently elevated salinities.
Avoiding habitats that consistently fall below thieysiologically tolerable thresholds for

this species will maximize reproductive output awveérall oyster health.
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CHAPTER 1l
GENERAL DISCUSSION

The goal of my thesis was to elucidate temporgahtian in patterns of Olympia
oyster reproduction within the Coos Bay estuaryndal sampling at two intertidal sites
revealed that ripe males and females were presehine through September of 2012.
Additionally, brooding oysters were also observeat July through September. The
absence of brooding oysters in June does not pFaladinitive proof that spawning did
not take place during that month, as detectiorsratédrooders during periods in which
ripe gonads were observed was 0-10% per sampleeTdata suggest that intertidal
oysters in Coos Bay have a spawning period of 34ths. Coe (1931a, 1932) observed
a 7 month long spawning period off the coast ofloka, California with spawning
commencing as early as April and continuing throdigvember. My results are more
similar to the observations of Hopkins (1937) whserved spawning periods of
approximately 3-4 months in Puget Sound, Washington

Coe (1931a) suggested that an average temperdtlif® C serves as a critical
threshold forOstrea lurida spawning. Subsequent field and laboratory studaes h
suggested critical temperatures of 12-C4Hori, 1933; Hopkins, 1937; Imai et al., 1954;
Santos et al., 1992). Gametogenesis was detecidyrwhen water temperatures rose
to 14.5 C and continued through September until water tzatpres fell below this
threshold. Oysters sampled from Coos Bay in 20@izhdt demonstrate evidence of
spawning until July, when water temperatures weeatgr than 1°C. Curiously, water
temperatures in June were just as high, if notdndghan temperatures in July. In spite of

the increased temperatures, oysters collectedne, Juhile exhibiting ripe gonads, did

43



not demonstrate brooding. Temperatures in Coosapagar to have exceeded all
reported spawning temperatures for at least onghrtmefore any spawning activity was
recorded. While it is possible that spawning evamtiune were not detected in this
study, my observations suggest that additionabfaanay play a role in reproductive
timing. Seale and Zacherl (2009) did not obsereectitical temperature of $& put
forth by Coe (1931a) in their investigations inuastes in close proximity to Coe’s study
site. They suggested that other environmental blasa like salinity, in conjunction with
temperature may contribute to reproductive timipile my study measured
temperature, salinity, and chlorophyll-a, thesealdes failed to explain much of the
variability in reproductive activity. Many ambieahvironmental parameters, such as
dissolved oxygen or pH, were not measured in mgyséund should be investigated in
future reproductive investigations for this species

Significant differences in the dry-meat conditiodex were observed between
months within both sites. Oysters at both Haynést Bnd Coalbank Slough experienced
significant increases in meat condition from MayAggust and June to September,
respectively. Values peaked during these timessagrdficantly decreased during the
winter months, signaling the end of the reprodwcteason. A significant drop in
condition values occurred between March and Maig. inclear what caused such a
dramatic decline at both sites outside of the sjiagveeason.

Site comparisons in Coos Bay revealed considedifitexences in reproductive
activity. Oysters at the upper estuary site, Caattfslough, demonstrated a marked
retardation in gametogenic timing when comparealysiers at the mid-estuarine site,

Haynes Inlet. While a discernible rise in male geogenesis took place in May at
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Haynes Inlet, a similar rise was not recorded ialBank Slough until June. In addition,
egg diameters increased significantly from Mayunelat Haynes Inlet, yet a comparable
rise at Coalbank Slough was observed one month Etaminations of condition indices
taken from oysters reveal that dry meat increasssaated with gametogenic activity
occur in Coalbank Slough one month after increasetynes Inlet. While no previous
observation of gametogenic delays have been rapfimtehis species, Butler (1949)
found thatCrassostrea virginica exposed to prolonged periods of salinity belowrthe
physiological tolerances delayed gametogenesiplg two months. Gibson (1974)
demonstrated that salinities lower than 15 weresjaihygically stressful for Olympia
oysters and extended exposure to these salindiesed massive die-offs. At the
Coalbank Slough study site, salinities below 15ena@yserved for 8 months of the year,
suggesting that the resident oyster populationwnaer considerable stress.
Interestingly, gametogenesis was detected in thpsilation only when salinities above
13 were observed.

Preliminary data collected from brooding oysterggest that spawning events are
tied to lunar periodicity. Hopkins (1937) obsensgwning events shortly after spring
and neap tidal phases by assessing the develodretaga of brooding embryos/larvae
and using that data to infer fertilization timerach month’s sample, within and
between collection sites, brooding embryos werefadimilar developmental stages,
suggesting a synchronized spawning event shorftyd®bservation. By assessing the
developmental timing of embryos and larvae (H®B3; Hopkins, 1937; Strathmann,
1987) and consulting tide charts (NOAA Tides andrénts), | found that spawning

commenced 0-5 days after minimum neap tides.
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Lack of hard substrata has been identified asinhigng factor for recruitment in
several Oregon and Washington estuaries (Trimbéd ,€2009, Groth and Rumrill, 2009;
White et al. 2009b). Outplanting Gfassostrea gigas shells into areas previously devoid
of hard substrata is a common practice for restoradrojects (Cohen and Zabin, 2009;
Brumbaugh and Cohen, 2009; McGraw, 2009) and s¢ove®ate new settlement
habitat for native oysters. When choosing sitesdetoration projects within Coos Bay,
managers employing these strategies must takewauimunt the environmental
constraints that could limit reproduction. Temperat salinity, and food availability are
all factors that exert considerable control ovengtgenesis, spawning, and how
effectively a population will contribute new genigras of oysters.

Based on my findings, | would recommend selecsites for restoration that
experience seasonally high temperature and chlghealevels. While adult oysters may
tolerate wide ranges of salinity, reproductiomilsibited in upper estuarine sites that
consistently experience salinities of 15 or lowsar this reason, habitats beset by
periodic freshwater inundation and/or salinitieblethe physiological threshold f@.
lurida, should be avoided for outplanting projects. Sitethe mid-estuary, such as
Haynes Inlet, and perhaps westward toward the isednee regions of Coos Bay, would

provide maximum seasonal reproductive activity antput.
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