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THESIS ABSTRACT

Rose Nina Rimler
Master of Science
Department of Biology
March 2014
Title: Larval Supply, Settlement, and Post-Settlement Performance as Determinants of
the Spatial Distribution of Olympia Oysters (Ostrea lurida) in Coos Bay, OR

The Olympia oyster, Ostrea lurida, was overharvested in the early 20" century
and is now the focus of restoration efforts in estuaries along the west coast of North
America. These efforts would be aided by a better understanding of patterns of larval
abundance, settlement behavior, and post-settlement performance of oysters in estuaries
throughout its range. In Coos Bay, Oregon, all three of these components of the oyster
life cycle were investigated at multiple sites. Like adult oysters, larvae were restricted to
the upper portion of the bay, although larvae were supplied to sites in the upper bay
where settlement was low. Settlement and post-settlement growth was highest at sites of
high adult density. These results indicate that in O. lurida, as in many other marine
invertebrates, the adult population is subject to bottlenecks at the larval and juvenile

stages that can vary spatially.

This thesis contains previously unpublished co-authored material.
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CHAPTER 1
GENERAL INTRODUCTION

Ostrea lurida, the Olympia oyster, is the only oyster native to the west coast of
North America north of central Baja California (Polson et al., 2009). It was synonymized
with Ostrea conchaphila by Harry (1985) but recent molecular work confirmed the
original taxonomic distinction between a southern species (O. conchaphila) and a
northern species (O. lurida) (Polson et al., 2009). It is typically found in the mesohaline
portion of estuaries and tidal bays (Baker et al., 2000; Peter-Contesse and Peabody, 2005)
and is more tolerant of full strength seawater than it is of freshwater (Gibson, 1974). It is
intolerant of freezing temperatures and requires a temperature of 13-16°C to reproduce
(Peter-Contesse and Peabody, 2005).

Opysters of the genus Ostrea brood their larvae, unlike those of Crassostrea and
Saccostrea which broadcast release eggs and sperm. Broadcast spawning is the ancestral
condition, and brooding has apparently evolved once and has been retained by all
descendant lineages (O Foighil and Taylor, 2000). Larvae are planktotrophic, swimming
and eating with a ciliated velum. Like other bivalves, when larvae of O. lurida are first
released, at 165-189 um long, they lack a distinctive umbo shape and resemble the letter
“D;” therefore, they are known as D-stage veligers (Strathmann, 1987). When larvae of
O. lurida reach about 205 pm, they develop a knob-shaped umbo which can be
distinguished from the larva of C. gigas by the relatively obtuse angle of its slope (Brink,
2001). Settlement occurs when the veligers are about 300 pm long (Strathmann 1987)

and 1s aided by the larval foot, an organ that is resorbed in oysters, along with the velum,



during metamorphosis as the animal cements itself to the substratum (Coon et al., 1985).

Like many native oysters, populations of O. lurida have declined significantly
within the past century. A variety of stressors have been blamed for worldwide native
oyster loss, including degradation of estuarine habitat, pollution, overharvesting,
introduced diseases, introduced predators, parasites, and competition from in situ
aquaculture of the commercially important non-native species Crassostrea gigas (Groth
and Rumrill 2009, Jackson et al., 2001, Lenihan and Peterson 2004). In the case of O.
lurida, overharvesting for a post-Gold Rush market in the late 19" and early 20™
centuries decimated populations along the species range. Remnant populations persist in
a number of estuaries from British Columbia to Mexico, but the number and extent of
populations are believed to be nowhere near their historical abundance (Polson and
Zacherl 2009, Gillespie 2009). There is little information available to quantify that
historical abundance (Brumbaugh and Coen, 2009). Modern-day blocks to success of O.
lurida vary by estuary, but habitat loss, lack of suitable substrata, non-native oyster drills,
and pollution have all been implicated (Barrett, 1963; Grosholz et al., 2008; Harris,
2004).

In Coos Bay, Oregon, evidence from dredge spoils and shell mounds indicates
that a population of Ostrea lurida was present historically but was wiped out by a
tsunami or earthquake before the arrival of Europeans to the area (Baker 2000, Groth and
Rumrill 2009). While an intentional reintroduction in Coos Bay failed in 1917,
individuals were discovered in Coos Bay in the late 1980’s (Baker et al., 2000). Since
then the population has remained patchy but persistent, even expanding slightly at the

edges of its range. Genetic analysis suggests that the current Coos Bay population



consists of individuals derived from those in Willipa Bay, WA that may have been
transported to Coos Bay on the shells of C. gigas brought to the estuary for commercial
purposes (Stick, 2011).

Recently, researchers have taken an interest in restoring populations of Ostrea
lurida. Re-establishing this species is likely to be beneficial in a number of ways. While
the benefits of a large population of O. lurida are likely overstated in the case of water
quality (Ermgassen et al., 2013) other environmental benefits are clear. Because oysters
settle gregariously, they tend to form relatively large patches of hard substrata in the
otherwise soft-bottom environment of the estuary. This creates a unique habitat for a
number of sessile species. Fish, too, find refuge in oyster beds. Dense oyster beds and
reefs can even alter the flow of the estuary itself, dissipating wind and wave energy near
shorelines (Ruesink et al., 2005, Jackson et al., 2001).

This species is also of economic and cultural significance. Native species,
especially in urbanized settings like estuaries, carry a special cultural value (Garibaldi
and Turner, 2003). Indigenous peoples harvested O. lurida for thousands of years before
the West Coast was colonized (Groth and Rumrill, 2009), and its culinary value is still
recognized today. A thriving, self-sustaining oyster population in Coos Bay could be
harvested recreationally and even commercially. Currently, O. lurida is not harvested
outside of Washington, so such a fishery would be unique and a potential attraction for
tourists to visit southwestern Oregon.

This thesis is part of a larger project aimed at assessing the reproduction and
population dynamics of O. lurida in Coos Bay, with the ultimate goal of informing future

restoration efforts. As part of this project, the gonad structure and gametogenesis of the



Coos Bay population of O. lurida was analyzed over the course of a year (Oates 2012),
and larval supply was measured throughout the bay (Pritchard 2013). This thesis
contributes information about the later portion of the life cycle of O. lurida: settlement
and post-settlement performance.

Chapter II is co-authored with Catharine Pritchard and describes the relationship
between settlement and supply at five to six sites throughout the bay for two consecutive
years. In Chapter III, post-settlement mortality and growth of two size classes of oyster
were measured at two to four sites throughout the bay for six months. Combined, these
studies sought to identify the population bottleneck, or bottlenecks, that determine the
spatial distribution of the adult population of O. lurida in Coos Bay. Seasonality of larval
abundance, settlement, and post-settlement growth were also elucidated, and are
compared with patterns observed in other estuaries. This information can be used to
pinpoint the best possible restoration sites within Coos Bay and inform restoration of O.
lurida elsewhere; it is also a useful addition to the body of knowledge concerning marine

invertebrate population dynamics.



CHAPTER 1II

LARVAL SUPPLY AND SETTLEMENT OF OSTREA LURIDA IN COOS BAY, OR

Catherine E. Pritchard and I developed and carried out much of the experimental
protocol of this chapter together. Ms. Pritchard was responsible for the construction and
maintenance of larval traps and for the analysis of their contents, while I was responsible
for the construction and maintenance of settlement plate equipment and for the analysis
of settlement. The larval data and some of the figures were supplied by Ms. Pritchard; the

settlement data, most of the figures, and all of the text in this chapter is my own.

INTRODUCTION

Approximately 70% of temperate nearshore benthic invertebrates produce eggs
and larvae which temporarily inhabit the pelagic environment before settlement (Pineda,
2000). This planktonic stage results in dispersal and together with settlement shapes, in
large part, the spatial and temporal distribution of such species. Larvae must contend
with, or take advantage of, water movement that sweeps them to or away from suitable
habitat. Successful settlement also depends on a variety of biotic and abiotic factors
including hydrodynamics, behavior, substrate suitability, predation, and mortality
(Connell, 1985). Many studies have sought to understand the relationship between larval
availability and settlement in structuring intertidal communities (Dudas et al., 2009;
Gaines et al., 1985; Jenkins, 2005; Jonsson et al., 2004; Minchinton and Scheibling,
1991; Pineda et al., 2010; Raimondi, 1990; Satumanatpan and Keough, 2001; Shinen and
Navarrete, 2010). The results of these studies have been mixed, emphasizing the need to

assess these factors on a case-by-case basis. In some cases, settlement choice was a



greater factor than larval supply in determining adult distribution patterns (Jenkins, 2005,
Shinen and Navarrete, 2010), in others, larval supply was more important (Gaines et al.,
1985, Minchinton and Scheibling, 1991, Raimondi, 1990). Such information is important
for the protection and management of benthic marine species, whether for the purpose of
designing marine reserves, managing fisheries (Pineda, 2000), predicting the spread of
invasive species (Bohn et al., 2013) or mitigating the effects of estuarine habitat loss.

The Olympia oyster, Ostrea lurida, provides an opportunity to study the
relationship between larval supply and settlement and how this relationship may structure
the population within an estuary. While larvae can go offshore and populate other
estuaries (Carson, 2010), open-coast populations are very rare (Coe 1932) and self-
recruitment within an estuary seems to be the major method of sustaining populations
(Carson, 2010; Stick, 2011). Recent work found larvae of all ages within the Coos ay
estuary, and found that larvae occupy deeper portions of the water column during falling
tides when currents are relatively weak, suggesting the larvae of this species have some
ability to vertically migrate; together, these results suggest that these larvae are not
advected offshore and then returned to the estuary (Garcia-Peitero, L. unpub.). Therefore,
in this species, the effects of large-scale offshore water movement are muted and within-
estuary hydrodynamics prevail, followed by behavior and biotic processes like predation
and mortality (Pineda, 2000).

O. lurida 1s also a worthwhile study organism because it is the target of
restoration efforts up and down the west coast of North America, including Coos Bay. It
has never fully recovered from overharvest for a post-Gold Rush market, even though it

has not been routinely commercially harvested in nearly a century. Habitat degradation,



limitation of substrata, invasive predators, and parasites are likely to blame, although
factors vary among estuaries (Gillespie, 2009; Grosholz et al., 2008; Meyer et al., 2010;
Wasson, 2010; White et al., 2009). The history of O. lurida in Coos Bay differs from the
history of this species in other estuaries. It was not present in Coos Bay from about 1700,
after a major siltation event likely caused by a tsunami, to the 1980’s (Baker et al., 2000).
It was likely introduced to the bay as spat on the shells of Pacific oysters, Crassostrea
gigas, imported for commercial use (Groth and Rumrill, 2009). C. gigas is still grown in
Coos Bay commercially, but does not appear to compete for space with the native oyster:
the population of C. gigas is not self-sustaining in this estuary because water temperature
rarely exceeds its spawning threshold (however, larvae and spat of C. gigas are
occasionally reported; see Results below). Despite its unusual origin, the Coos Bay
population is of interest to those wishing to increase the numbers of O. lurida in general
(see Chapter I).

Efforts to encourage a healthy oyster population, whether for restoration or
commercial purposes, often require importing seed from hatcheries or other estuaries.
This is an expensive, labor-intensive strategy. Encouraging a self-sustaining population is
much more efficient than re-seeding oyster beds in the event of reproductive failure. If
larvae are present in the water column near a site of interest, and if they settle
successfully at this site, then adding substrate in the form of shell or rock may be enough
to increase the population. In order to find such sites in Coos Bay, we quantified larval

supply and settlement at several sites through the estuary in 2012 and again in 2013.



MATERIALS AND METHODS
Site selection

Coos Bay is a drowned river-mouth estuary located on the southern coast of
Oregon, USA. Except for occasional individuals found on hard substrate in the lower
estuary, such as the Charleston docks, the population of O. lurida is confined to the
upper, mesohaline portion of the estuary (Baker et al., 2000; Groth and Rumrill, 2009 and
see Figure 1). Individuals are typically found attached to hard substrata in the middle and
lower intertidal of mudflats and areas with rip-rap, such as the runway of the Southwest
Oregon Regional Airport (S. Rumrill, pers. comm.). They are also present subtidally in
the upper arm of the bay, with increasing density up-estuary (Baker et al., 2000).

We measured larval supply and what we called “settlement” of O. lurida at five
sites in 2012 and six sites in 2013. “Settlement” is defined here as the observation of
recently settled oysters, or new recruits, present on plates at the time of collection after
two weeks in the field; in other words, we measured individuals that settled and then
survived for up to two weeks. We chose sites along a salinity gradient from marine-
dominated to river-dominated: Empire (43.35912°N, 124.31152°W); Airport, added in
2013 (43.40515°N, 124.26945°W); Haynes Inlet (43.44070°N, 124.22086°W);
Downtown Coos Bay (43.37852°N, 124.21559°W); Coalbank Slough (43.35590°N,
124.2091°W); and Catching Slough (43.36366°N, 124.17705°W) (Figure 1). Haynes
Inlet, Downtown Coos Bay, and Coalbank Slough are all within the known distribution of
the species and adults were present at all three sites. Empire and Catching Slough are
both outside the adult distribution of the species. The site we called “Airport” is a mudflat

close to the Southwest Oregon Regional Airport, which is just outside the lowermost



portion of the oyster’s distribution; no adults were present at this site. However, adults of
O. lurida are known to occur in the rip-rap along the airport runway, about 1 km north of
our study site. The sites varied to some degree in terms of available substrata: Haynes
Inlet, Downtown Coos Bay, and Coalbank Slough were a mixture of rubble and mud;
Empire was dominated by bedrock; Airport was primarily mud with occasional shells,
and Catching Slough was primarily muddy with some shell. While we did not quantify
substrate at each site, we can provide estimates of substrate availability at each site for
comparison purposes. At Empire, most of the intertidal is characterized by large flat
bedrock rather than cobble, and the mud present is relatively shallow. Little of the rubble
associated with adults of O. lurida is present at this site. The Airport site is a large
mudflat lacking rubble, rock, or other hard substrate except for occasional clamshells.
The mud here is fairly deep. At Haynes Inlet, much of the mudflat is covered in rocks,
rubble, and shell of varying sizes, to which adults of O. lurida are often attached singly or
in clumps. This type of hard substrate gives way to soft mud and patches of eelgrass in
the lowest part of the intertidal. The substrate at Downtown Coos Bay is similar to what
is found at Haynes Inlet, although less extensive. Less of the shoreline at Downtown
Coos Bay is covered with rock and cobble than the shoreline at Haynes Inlet, and the
mud is especially deep at this site. The intertidal at Coalbank Slough is a mix of rock,
cobble, shell, and soft, deep mud, with the density of rock and cobble comparable to that
at Haynes Inlet. Lastly, at Catching Slough, some rock, cobble, and shell can be found but
the site is primarily a relatively deep mudflat.

At Catching Slough, our equipment was knocked over after our first collection

date; we were also concerned for our own safety when accessing the equipment at that
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Figure 1. Distribution of adults of Ostrea lurida in Coos Bay (adapted from Groth and
Rumirill, 2009). Blue dots indicate oyster presence and red dots oyster absence (dots are
based on surveys in 2006 as reported in Groth and Rumrill 2009). Black circles indicate
sampling sites for the present study. Red line indicates US Highway 101.
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spot, so we moved everything from the rocky slope on the north side of the Catching
Slough Bridge to the mudflat just underneath it, on the west side of the bridge. At each
site, we sampled in the low intertidal, approx. 30.5 cm below MLLW (referenced to
Downtown Coos Bay) so that our equipment would be accessible at the lowest tides of
the month but submerged as much as possible. We sampled approximately every two
weeks during spring tides. In 2012, we deployed sampling equipment in July and first
collected it in early August; our last collection date was in November. This was about the
same time frame when previous researchers observed larvae and new recruits of O. lurida
in Coos Bay (Garcia-Peitero unpublished; Sawyer, 2011). However, our first trap sample
in August 2012 contained more larvae than samples taken at later dates, so we suspected
that we missed the beginning of the spawning season. Therefore, we began sampling in
May the following year. Due to time constraints imposed by staggered graduation
schedules, we stopped sampling larval supply in August 2013, but continued to sample

settlement through November (see Appendix A for collection dates).

Trap design and larval identification

We used passive larval traps to sample the plankton for larval supply of O. lurida.
This was for two reasons: 1) Like settlement plates, traps sample plankton continuously
for the entire length of time they are deployed, and 2) traps could be placed in the
intertidal alongside settlement plates. Larval traps have previously been deployed
successfully in the intertidal (Gaines and Bertness, 1993; Todd, 2003). We modified the
basic trap design (Yund et al., 1991) to ensure trap efficiency in the high-velocity tidal
flows observed in Coos Bay. Each trap was composed of a funnel (7 cm x 5 cm PVC

reducer and funnel), a PVC tube (61 cm x 5 cm), and a base (Figure 2). The base of the

11



trap consisted of five separate parts: a 5 cm PVC coupler, a 5 cm x 2 cm PVC reducer, 2
cm male and female PVC screws, and a 2 cm diameter PVC stake. We used 5 replicate
tubes per site, although occasionally the traps would be knocked over or lost, reducing
our number of replicates. The stakes were pounded into the substrate until the reducer
was flush with the substrate, and the traps were screwed into the stake so that they could
be removed without removing the stake from the substrate. Each trap was filled prior to
deployment with a solution of 10% formalin buffered with borax and filtered seawater.
The solution was dyed with Rose Bengal, which turns organic matter pink—this helped
when larvae was sorted from sediment during analysis of trap contents. The dye also

allowed for visual confirmation that the fluid was retained in the trap during deployment.

7 cm x 5 cm PVC reducer with orange funnel
screwed inside

5 cm x 61 cm schedule 40 PVC tube

5 cm x 5 cm coupler, over both bottom of
tube and 5 x 1.9 cm reducer

Female PVC screw component
Male PVC screw component

1.9 cm PVC “stake”

Figure 2. Larval trap.
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On each collection date, traps in the field were exchanged for a second set and the
field traps were taken back to the lab for analysis. The contents were poured through a
145 pum sieve and each trap was rinsed well to ensure collection of all particles. The
contents in the sieve were then rinsed and preserved in 5% formalin-buffered seawater.
Samples were examined on an inverted microscope, and the whole sample was inspected.
Larvae of O. lurida were divided into categories: 1) D-stage, or larvae that had not yet
formed a knob-shaped umbo and 2) umbo-stage, or older larvae that had already
developed the umbo (Loosanoff et al., 1966; Shanks, 1991). While D-stage bivalves in
general are difficult to identify, D-stage of O. lurida were distinguishable from other D-
stage bivalves by their relatively smooth, round shape (Figure 3). In 2013, our
identifications of both D-stage and umbo-stage O. lurida were confirmed by sequencing

the 18S gene region of larval bivalves captured in plankton tows (Pritchard, 2013.)

Figure 3. D-stage larva of Ostrea lurida

13



Settlement plate design and new recruit identification

Settlement plates were square, 15.24 cm?, unglazed, off-white ceramic tiles,
which had been previously used in settlement studies of O. lurida in Yaquina Bay (C.
Eardley, pers. comm.). The plates were bolted to PVC “T” shaped holders, which held
one plate per arm of the T, as in Seale and Zacherl (2009). Each arm was 30 cm long, and
the vertical portion was 61 cm long. The vertical portion of each T was reinforced with
rebar, which was pounded into the substrate at each site (Figure 4). We used four
replicate T’s at each site, each holding two plates, for a total of eight replicate plates per
site. Each plate was parallel to the substratum, and only the underside of each plate was
examined for new recruits. The T’s were placed next to, rather than “in front of” the traps
(relative to the flood/ebb currents) in order to minimize the possibility of formalin
leaking onto the plates. The distance between each trap and its adjacent T was between
0.5 and 1 m. The T’s were positioned so that the plates would be roughly level with the
tops of the traps, within about 30 cm.

Like the traps and on the same sampling schedule, the plates were replaced with a
second set upon collection; the T’s remained in the field and the plates were exchanged
by unscrewing one set from the arms of the T’s and replacing them with the second set.
In order to develop a biofilm that might enhance settlement, plates were always soaked
for a minimum of 12 hours in running seawater in the lab before deployment. Field-
collected plates were brought back to the lab and held in running seawater until they
could be counted. Each plate was subsampled. To subsample, a plastic grid was laid over

the plate and 15 squares, each 6.45 cm?, were chosen using a random number generator.
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About 42% of each plate (96.8 cm? of 232.26 cm? total area) was inspected. Plates were
examined using a dissecting microscope and epiluminescent lights. Only intact oysters
were counted. Identification of bivalve recruits was based on size, attachment method
(byssal thread vs. cement), and overall shape. Only intact oysters were counted, and
identification to species was based on umbo shape (Loosanoff et al., 1966, Baker pers.
comm.) By this criterion, new recruits of Crassostrea gigas were observed on the first set
of plates collected after deployment in 2012, on August 2 and 3. No C. gigas were
observed thereafter in 2012 or ever in 2013 (see Introduction). After analysis, plates were
carefully scrubbed and rinsed with freshwater. Once all plates from all sites were

counted, scrubbed, and rinsed, they were all placed in running seawater at the same time

until the next deployment date.

Figure 4. PVC “T” settlement plate holder with settlement plates.
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To examine the relationship between larval supply and new recruits, least squares
linear regressions were run at three sites: Coalbank Slough, Downtown Coos Bay, and
Haynes Inlet. In 2012, Catching Slough was excluded because of missing data, and
Empire was excluded because there was no settlement. In 2013, Catching Slough,

Empire, and Airport were all excluded due to negligible or no settlement.

Physical data

HOBO data loggers (Onset Computer Corp.) recorded temperature and
conductivity (U24-002) and water level (U20-001-01-Ti) every ten minutes. Water level
loggers were used to compare emersion times across sites. The loggers were mounted
inside PVC pipes in which holes had been drilled to allow for water to flow in and out of
the pipe. Later, we attached rebar to the pipe. We pounded the pipe or the attached rebar
into the substrate at each site adjacent to the sampling apparatus within 0.5 and 1 m. We
were careful to align the position of the logger inside the pipe so that it was
approximately level with the tops of the traps and with the plates, or about 0.61 m off the
ground. One temperature/conductivity logger was placed at each site, but as we were in
possession of only three water level loggers, we were not able to measure water level
simultaneously at all sites. Instead, we kept one water level logger at Hayes Inlet
continuously, and moved the other two from site to site so that at least one month of data
was available for each of the other sites. These loggers record pressure. Immersion
(logger covered by water) and emersion (logger exposed to air) were inferred from the
data by noting each data point for which the loggers recorded a pressure below 102 kPa,

or a value approximately equal to atmospheric pressure. These values were assumed to
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record logger emersion. All values greater than 102 kPa were assumed to record logger
immersion. The fraction of time loggers were emersed out of the total time the loggers
were in the field was then calculated for each site. The logger at Coalbank Slough
appears to have failed since the data do not reflect a tidal cycle. To estimate emersion
time at this site, we measured tidal height relative to MLLW at our Coalbank Slough site
and used this information along with tide height predictions from the program JTides (v
5.2), which gives a tide height value every ten minutes, to calculate time when equipment
would have been emersed or immersed. Ideally, we would have cross-checked this
method with the logger method at a site with both types of data available; however, time
constraints and tide schedule prevented this.

Salinity and temperature data are reported in Appendix B. These values are
minimum, maximum, and mean of the data points logged (one data point per ten minutes)
within each two-week time interval. The mean daily range, or mean of the means of the
difference between maximum and minimum temperature recorded each day (from
midnight to midnight) within each two-week time interval, is also reported. We did not
exclude temperature data during periods when loggers were likely exposed to air, so the
temperature data discussed below and presented in the Appendix includes temperatures
when the equipment was exposed. Outlier salinity data was removed from analysis,
because it may have represented logger error. The salinity data from the
temperature/conductivity logger is compromised because the loggers were inaccurate in
environments that experienced large fluctuations in salinity, which we discovered when

the loggers were recalled by Onset Computer Corp. in April 2013. Because the error is
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non-linear, no correction can be applied and as a result, our salinity data should be

evaluated with caution.

RESULTS
Temperature

In general, O. lurida spawns at water temperatures between 13 and 16°C (Peter-
Contesse and Peabody, 2005), but in Coos Bay specifically it spawns at water
temperatures above 15°C (Oates 2013). In 2012, average temperature only exceeded the
15°C spawning threshold once at Empire, in early August (see Appendix B for
temperature and salinity values). At Downtown Coos Bay and Haynes Inlet, the average
temperature was greater than 15°C from the beginning of our sampling period until mid-
September. At Coalbank Slough and Catching Slough, average temperature was above
15°C until early October.

In 2013, average temperature exceeded 15°C briefly in early August at Empire
and in early July at Airport. Average temperature was above 15°C at Downtown Coos
Bay from the beginning of sampling through early July, after which the logger at this site
malfunctioned. Average temperature at Haynes Inlet reached 15°C in early July and
stayed above that threshold until early September. Like Downtown, logger malfunction at
Coalbank Slough and Catching Slough resulted in lost data. At Coalbank Slough, data are
only available from late August and early September, and at Catching Slough, data are
only available from the beginning of sampling through mid-July. During these periods,

average temperature was consistently above 15 °C.
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We present temperature data that includes periods when equipment was likely
exposed to air, although critical spawning temperatures refer to water temperature,

because aerial exposure time appears to have been minimal (see below);

Water level

Water level data are available from Haynes Inlet for the entirety of our sampling
period, but data from the other sites are only available for portions of the sampling period
because we were only in possession of three loggers (see Methods). The logger at
Coalbank Slough appears to have malfunctioned, since the data do not indicate a tidal
cycle. Over the periods a logger was recording at each site, our equipment was emersed,
or exposed to air, 1.1% of the time at Empire, 1.6% of the time at Airport, 1.7% of the
time at Haynes Inlet, 3.4% of the time at Downtown Coos Bay, and 1.5% of the time at
Catching Slough. According to the rough approximation of emersion time at Coalbank
Slough, our equipment at this site was exposed 0.3% of the time (Table 1).

Emersion time was very similar at Empire, Airport, and Haynes Inlet. At
Downtown Coos Bay, our equipment was emersed slightly more often than at any other
site. Most dissimilar was the emersion time at Coalbank Slough, which was an order of
magnitude less than at the other sites. The following data are larval and recruit counts
divided by estimated immersion time; both raw and adjusted data are in Appendix A.

Table 1. Proportion of time equipment was immersed and emersed at each site.
Empire | Airport Haynes Inlet Downtown | Coalbank Catching

Proportion of 0.989 0.984 0.983 0.966 0.997 0.985
time immersed

Proportion of 0.011 | 0.016 0.017 0.034 0.003 0.015
time emersed
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2012 Larval supply of O. lurida

We observed the highest numbers of larvae on our first two collection dates, in
early and mid-August, after which larval abundance steadily decreased (Figure 5 and
Appendix A). Very few larvae were observed after mid-September, and none after
October 1%,

Both D-stage and umbo-stage larvae were most abundant at Downtown Coos Bay,
with a peak of 147+£29.4D-stage larvae per trap and 70.1+8umbo-stage larvae per trap.
They were also relatively abundant at Coalbank Slough, with a peak of 78.2+35.4 D-
stage larvae per trap and 15.7+4.6 umbo-stage larvae per trap, and less abundant at
Haynes Inlet, with a peak of 60.3+10.7 D-stage larvae per trap and 30.8+6.3 umbo-stage
larvae per trap. Few larvae of either kind were observed at Empire. Data on Catching
Slough larvae are not available for mid-August and late-August intervals (see Methods).
Data from early August and mid-September indicate low larval supply at this site, except

for a slight increase to 13.2+3.8 umbo stage larvae per trap in mid-September.

2013 Larval supply of O. lurida

In 2013, both D-stage and umbo-stage larvae peaked in late July (Figure 6). D-
stage larvae were present in highest numbers at Downtown Coos Bay, Catching Slough,
and Coalbank Slough. Umbo-stage larvae were present in highest numbers at Downtown
Coos Bay, with relatively high numbers of umbo-stage larvae at Catching Slough and

Coalbank Slough on this date.
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2012 Settlement

Settlement was observed from early August through October 1% (Figure 7A).
Settlement peaked in mid- to late August at both Downtown Coos Bay and Haynes Inlet.
At Coalbank Slough, settlement was consistently low, with a peak occurring in late
August. Data from mid-August are missing from Catching Slough (see Methods) but data
from early and late August indicate very low settlement. At Empire, no new recruits were

ever observed.

2013 Settlement

In 2013, new recruits were observed from late June through mid-September,
although the bulk of settlement occurred from early July through early September (Figure
7B). There was a large settlement peak in early July. Average settlement was higher at
Haynes Inlet than at Downtown Coos Bay, but the difference between the two sites was
not significant (F=0.573, p=0.571). Like in 2012, settlement was consistently low at
Coalbank Slough and settlement also peaked slightly later at this site, in late July rather
than early July. Settlement was brief and low at Catching Slough. Finally, no recruits

were observed at Empire or at the newly added Airport site.

Settlement vs. larval supply, 2012
Least-squares linear regressions of both D-stage and umbo-stage larval abundance
against number of new recruits on the same date were not significant (Figure 8A, 9A,

Table 2 Because larvae of O. lurida have a pelagic larval duration of 7-23 days
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(Strathmann, 1987), settlement recorded two or even four weeks later might correlate
better with larval supply of a given sampling period. Indeed, linear regressions between
numbers of umbo-stage larvae and numbers of new recruits two weeks (one sampling
interval) later were significant at Haynes Inlet and Downtown Coos Bay even when a
Bonferonni correction was applied (a=0.05/3 or 0.017) and with the small sample size of
4 (Figure 9B; Table 2). The correlation (R=0.903) of umbo-stage larvae against lagged
recruits at Coalbank Slough is not significant, but this is likely a result of small sample
size: this relationship would be significant if there were six data points instead of just
four. Small sample size may also account for the non-significance of D-stage larvae
against lagged settlement at Downtown Coos Bay and Haynes Inlet despite the apparent
correlation (R=0.983 and 0.934). Regressions between larvae and recruits recorded four

weeks (two sampling intervals) later were not significant. (Figure 8C, 9C).

Settlement vs. larval supply, 2013

Regressions comparing larval supply with settlement in 2013 produced very
different results from those in 2012 (Figures 10 and 11.) Catching Slough, Empire, and
Airport were excluded from these analyses due to low or no settlement. The only
significant relationships were those between D-stage and umbo-stage larvae and new
recruits of the same sampling date and only at Coalbank Slough (Figure 10A, 11A) at o=
0.017 and n=5; again, low sample size may prevent the significance of some correlations,
such as D-stage and umbo-stage larvae and new recruits without lag at the other two sites

(Table 2).
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Table 2. Correlation coefficients and p-values for all regression analyses.

Umbo-stage
Year Lag? Site D-stage larvae larvae
R=0.269; R=0.266;
2012 | No lag Coalbank Slough p=0.661 p=0.666
R=0.451; R=0.395;
2012 | No lag Haynes Inlet p=0.446 p=0.511
R=0.078; R=0.215;
2012 | No lag Downtown Coos Bay | p=0.901 p=0.729
R=0.626; R=0.903;
2012 | Two-week lag Coalbank Slough p=0.374 p=0.097
R=0.983; R=0.986;
2012 | Two-week lag Haynes Inlet p=0.017 p=0.014
R=0.934; R=0.994;
2012 | Two-week lag Downtown Coos Bay | p=0.066 p=0.006
R=0.824; R=0.237;
2012 | Four-week lag Coalbank Slough p=0.383 p=0.848
R=0.863; R=0.744;
2012 | Four-week lag Haynes Inlet p=0.337 p=0.466
R=0.962; R=0.797;
2012 | Four-week lag Downtown Coos Bay | p=0.176 p=0.413
R=0.911; R=0.931;
2013 | No lag Coalbank Slough p=0.011 p=0.007
R=0.482; R=0.806;
2013 | No lag Haynes Inlet p=0.333 p=0.053
R=0.728; R=0.714;
2013 | No lag Downtown Coos Bay | p=0.101 p=0.111
R=0.179; R=0.008;
2013 | Two-week lag Coalbank Slough p=0.773 p=0.989
R=0.213; R=0.283;
2013 | Two-week lag Haynes Inlet p=0.731 p=0.645
R=0.318; R=0.318;
2013 | Two-week lag Downtown Coos Bay | p=0.602 p=0.602
R=0.615; R=0.582;
2013 | Four-week lag Coalbank Slough p=0.385 p=0.418
R=0.971; R=0.730;
2013 | Four-week lag Haynes Inlet p=0.029 p=0.270
R=0.859; R=0.840;
2013 | Four-week lag Downtown Coos Bay | p=0.141 p=0.160
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DISCUSSION
Timing of larval occurrence and settlement of O. lurida in Coos Bay

Larvae of O. lurida were present from early August through late September in
2012 and peaked in early August. However, since the peak in larval supply occurred
during our first sampling interval, the actual peak may have happened before we began
sampling that year. This suspicion is reinforced by the fact that the 2012 “peak” consisted
of many fewer larvae than the 2013 peak. For example, we collected a mean of 70.1£8
umbo-stage larvae on our first sampling date in Downtown Coos Bay in 2012 and a mean
of 189.4£29.9 umbo-stage larvae at that site during our peak sampling interval in 2013.
Therefore, the actual peak in larval abundance in 2012 may have occurred before we
started sampling in 2012.

In 2013, we observed larvae of O. lurida in the water column from early June
through our last sampling date in mid-August with a peak in mid-July. While it appears
that larval presence may have occurred earlier in the year in 2013 than in 2012, this
observation might actually be an artifact of changing our sampling dates. Our first
collection date was in early June rather than early August, and our last collection date was
in mid-August rather than late November. We found that younger larvae were distributed
temporally in much the same way as older larvae.

In 2010, larvae of O. lurida were found in weekly plankton tows in Coos Bay
from late July, about six weeks after sampling began, through early October, when
sampling ended. Larval presence peaked twice: once in mid-August and again in mid-

September (Garcia-Peteiro, unpublished).
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In this study, only recruits of O. lurida that survived to be counted on a sampling
date were included in our assessment of “settlement”. “Settlement” can refer to the
behavior of a competent larva when it contacts appropriate substrate or to the observation
of survival of post-larvae for some period of time. Because we cannot tease apart
settlement as behavior from settlement as survival of post-larvae within our two week
sampling period, we refer to the individuals we counted on plates as “new recruits.”
These recruits could have settled that day or could have settled up to two weeks prior;
indeed, spat size ranged from less than 300 pm to over 1 millimeter, although individuals
at either extreme were less common than oysters somewhere in the middle of that range.
Since high mortality has been observed in young oyster settlers, particularly in the first
week after settlement (Roegner and Mann, 1995, Michener and Kenny, 1991) it is
possible that we missed at least some of the oysters that settled during each interval.

The timing of settlement in Coos Bay appears to vary from year to year. In 2010,
shell bags hung off a dock near our Downtown Coos Bay site collected new recruits from
mid-August through early December and peaked in October (Sawyer, 2011). In 2012,
settlement on plates in the low intertidal occurred from early August through early
October and peaked in mid- to late August (Figure 7A). In 2013, settlement at these same
sites occurred from early July to early September and peaked in early July (Figure 7B).
To summarize, the settlement period of O. lurida in Coos Bay has been observed to start
as early as July and to end as late as December, with a peak in settlement occurring in
July, August, or October of different years.

Settlement in summer to early fall of O. lurida observed in Coos Bay is generally

consistent with observations of settlement of O. lurida from other estuaries [it should be
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noted, however, that these studies sampled at different frequencies, which can affect
settlement patterns (Michener and Kenny, 1991; Pineda, 2000)]. Our observations of a
slight variation in timing of settlement between years are also consistent with variations
seen in multi-year studies in other estuaries. In Puget Sound, settlement varied between
years and with location but generally occurred between June and October and peaked
multiple times every summer (Hopkins, 1937). In Tomales Bay, CA, settlement occurred
between August and November and peaked in September one year and August the next
year (Deck, 2011). Other sites in California seem to depart from the summer and fall
pattern. On the Scripps Institute pier in La Jolla, CA, an anomalous open coast population
of O. lurida settled from April to November (Coe, 1932). In one estuary in Southern
California, settlement occurred from May to June and peaked in June; in a slightly more
southern estuary, settlement occurred from June to February, again with a peak in June
(Seale and Zacherl, 2009). Natural recruitment was observed from December to February
one year in San Francisco Bay (Grosholz et al., 2008). We saw only one peak in
settlement, which, as described above, has been the case for some researchers in other
estuaries but not for all.

There is also evidence that the population in Coos Bay occasionally experiences
reproductive failure. In 2011, plankton tows failed to capture larvae of O. lurida although
similar tows, by the same scientist, in 2010 had captured these larvae at densities up to
50/m? (Garcia-Peitero, L. pers. comm.). Settlement, too, may have been a failure that
year. In 2011, I made an attempt to quantify settlement using the same methods of a
previous researcher in 2010 (Sawyer 2011). Settlement was assessed on shell bags hung

off a dock in Downtown Coos Bay every two weeks from September through December
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but no settlement was observed during that period. It is worth noting that in 2013,
settlement had ended by September, so it is conceivable that sampling began too late in
2011 for settlement to be observed. However, the fact that plankton sampling in 2011
returned no larvae of O. lurida lends support to the hypothesis that there was a
reproductive failure for this species in Coos Bay in 2011. Unusually low settlement

seasons have been reported in California (Deck, 2011; Grosholz et al., 2008).

Magnitude of settlement

We observed a greater density of spat during periods of peak settlement than what
was observed by researchers in California observed: 20.2/100 cm? in 2012 and 55.5/100
cm? in 2013, compared with 11/100 cm? (Seale and Zacherl, 2009), 15/100 cm? (Deck,
2011), and 10/100 cm? (Grosholz et al., 2008). Of course, these measurements were all
taken at different tidal heights, at different sampling intervals, and with different
settlement materials. It is even more difficult to compare our results with those of
Hopkins (1937) in Puget Sound, because he used bags of shell to collect spat rather than
tiles. He reported a maximum of 372 spat on one side of one shell. We can only make a
very rough estimation: if we assume he used C. gigas shells measuring on average about
25.4x12.7 cm, that would be 115 spat per 100 sq cm, a higher density than we observed

on our tiles.

Location of larvae and new recruits of O. lurida in Coos Bay
Two of our field sites were included in surveys of adults in 1996-97 and 2006:

Haynes Inlet and Downtown Coos Bay. Oysters were more dense at Downtown Coos Bay
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(6.7 individuals/m? in 96-97 and 61.3 individuals/m? in 2006) than at any other site
surveyed (Baker et al., 2000; Groth and Rumrill, 2009). Our results suggest that this high
density may be due to high larval supply (Figures 5 and 6) as well as high settlement
(Figure 7) although it could also be the result of more available hard substrata, higher
post-settlement survival, or better growth (see Chapter III). Also, in 2012, a significant
linear relationship was found between larvae and recruits lagged two weeks at this site so
that there was one recruit for every 2.8 umbo-stage larvae—a relatively high proportion
(see below).

Adult O. lurida at Haynes Inlet were less dense than at Downtown Coos Bay
when surveyed in 96-97 and 2006 (0.7 individuals/m? in 96-97 in 96-97 and 4.7
individuals/m? in 2006). Our results suggest that, in addition to fewer available larvae,
this difference in density may be due to fewer recruits per larvae. There was a significant
linear relationship between umbo-stage larvae and recruits lagged two weeks in 2012
such that there was only one recruit for every 5.5 umbo-stage larvae.

Coalbank Slough was not surveyed as part of these previous studies (Baker et al.,
2000; Groth and Rumrill, 2009), although adult O. lurida are present at this site. Larvae
of O. lurida were relatively abundant here but settlement was low. Additionally, the ratio
of recruits to larvae was very low. In 2013, there was a significant relationship at this site
between both D-stage and umbo-stage larvae and recruits of the same sampling date, such
that there was only one recruit for every 138.31 D-stage larvae and 37.88 umbo-stage
larvae.

No adult O. lurida were present at Catching Slough, but this was not due to low

larval supply. Larval supply at this site was relatively high in 2013 (Figure 6) but
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settlement was vanishingly low (Figure 7). Low substratum availability would be a
reasonable hypothesis as to why there are no adults at this site despite high larval supply,
but the fact that larvae failed to settle when given artificial hard substrata in the form of
tiles, and/or died within the first two weeks of settlement, implies that recruitment
limitation, rather than substratum limitation, is the impediment to adults living in this
area.

There were no adult O. lurida present at either Empire or Airport, and larvae are
apparently not supplied in large numbers to these sites. This result provides evidence for
the existence of a “null zone” in the bay located near the McCullough Bridge. In
estuaries, “the null zone” refers to a portion of the estuary upwards of which estuarine
water is retained during the relatively dry summer. Lack of freshwater input increases
residence times in estuaries, so that the water mass from the head of the estuary does not
exit the estuary on the falling tide. Since larvae are spawned in the summer, this
phenomenon may prevent dispersal of larvae spawned up-estuary past the null zone
(Largier et al., 1997, Pritchard 2013). However, the presence of adult oysters on the
runway of the Southwest Oregon Regional Airport and on the docks in Charleston, both
locations that are down-estuary from the proposed location of the summer null zone,
suggests that this explanation is only part of the story. How adults came to occupy these
locations, how the timing of the reproductive cycle of adults at these lower estuary sites
compares to adults in other parts of the estuary, and where their larvae are transported, is

not known and could be the subject of future investigations.
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Change in relationship of larval supply to settlement

The significant linear relationships between larval supply and settlement found at
several sites in 2012 did not occur in 2013. Sample size was greater by one data point in
2013, and yet correlation coefficient (R) values were much lower. This decoupling of
settlement from larval supply could have been caused by a decrease in settlement success,
an increase in post-settlement mortality, or a combination of the two. While recruitment
events may look “chaotic” and with respect to larval supply, this “chaos” may actually
reflect ignorance of environmental factors at play (Yoshioka, 1982, 1986). Settlement in
this species can be affected by a number of factors including substrate type and salinity
(Sawyer, 2011). We can rule out the influence of substratum type as we used the same
settlement material both years. We cannot, however, rule out change in salinity between
the two years. While our salinity data are unreliable due to logger error, we can use
precipitation data as a proxy for salinity: higher precipitation would increase freshwater
input, which would lower the salinity of the bay. In 2013, high precipitation occurred
earlier in the year than in 2012 (Figure 12). Sawyer (2011) found a decrease in settlement
with decreasing salinity in the lab, and Hopkins (1937) found that higher settlement was
correlated with higher salinity (but did not separate higher salinity from other factors like
pH, current speed, and tide). However, Sawyer (2011) also observed settlement in the
field during periods of relatively high precipitation that would likely be correlated with
low salinity (Figure 13), which suggests that settlement is not necessarily deterred by

periods of low salinity.
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Lower salinity has been correlated with poor survival in O. lurida. In a laboratory
experiment, 100% of adult O. lurida died after 49 days at salinities less than 10; 17%
died after 49 days at a salinity of 15 (Gibson, 1974). Additionally, a large-scale die-off of
adult O. lurida in 2006 in San Francisco Bay was attributed to a period of heavy rainfall
and decreased salinity (Grosholz et al., 2008). The estuarine distribution of adults of O.
lurida also suggests that lower salinity is not tolerated by this species, as adults are not
generally found at salinities under 20 (Baker et al., 2000). In 2012, in our study, peak
settlement occurred during a period with no precipitation, and moderate settlement
occurred during a period of moderate precipitation (Figure 14). In 2013, in contrast, peak
settlement occurred during a period of moderate precipitation (Figure 15). Whether
moderate precipitation (and associated lower salinity) deterred settlement or not, it likely
inhibited the survival of newly settled oysters. This shift in peak settlement from a period
of no precipitation to a period of moderate precipitation could be responsible for higher
post-settlement mortality and a poor relationship between supply and settlement in 2013.

The high spatial and temporal variability observed in this study is in accordance
with observations of populations of O. lurida in other estuaries. Larval supply varied in
terms of both magnitude and location between years. Settlement magnitude also varied,
although the two sites where settlement was greatest were consistently Haynes Inlet and
Downtown Coos Bay. Settlement can drain larval supply (Gaines 1985) but because the
provenance of these larvae is unknown—were they released at Haynes Inlet, Downtown
Coos Bay, Coalbank Slough, or elsewhere?—the effect of settlement as a drain on larval

supply here 1s unknown. Using laser ablation inductively coupled mass spectrometry to
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match veligers to a place of origin was used successfully in San Diego (Carson, 2010).
Perhaps this technique could be used in a future study in Coos Bay.

Because we found high settlement at sites of high adult density, we hypothesize
that restoration efforts would best focus on locations where adult densities are already
high. Locations without adult oysters or with very few adult oysters should be carefully
assessed in terms of larval supply, settlement, estuarine retention time, and temperature
before addition of cultch or spat is undertaken.

In addition to providing valuable information for those interested in restoring O.
lurida in Coos Bay and elsewhere along the west coast of North America, we have also
contributed new information to the field of marine invertebrate population dynamics. The
majority of such studies focus on barnacles, which have a very different life history than
O. lurida. O. lurida is a brooded, planktotrophic veliger that metamorphoses at settlement
and whose dispersal outside of estuaries is limited. As in barnacles, we found that
assessing larval abundance separately from settlement provided a more thorough

understanding of the factors controlling the adult population of O. lurida.

BRIDGE

Chapter II quantified larval supply and settlement and explored the relationship
between these two stages in the life cycle of Ostrea lurida. Chapter 111 will measure
survival and growth of oysters after settlement. These three stages in the oyster life
cycle—larva, settler, and recently metamorphosed juvenile—present three potential
bottlenecks to a self-sustaining adult population at any given location. Larvae may not be

supplied to an area, as was the case for Empire and Airport; they may arrive but fail to
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settle, or die immediately after settlement, as was the case at Catching Slough and, to a
degree, Coalbank Slough; or they may arrive, settle, and survive for a period of time, but
die before reaching sexual maturity. Oyster mortality and growth was measured during
the winter, when oysters pause gametogenesis, and into the spring and summer, when

gametogenesis accelerates (Oates 2013).
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CHAPTER III
POST-SETTLEMENT PERFORMANCE OF OLYMPIA OYSTERS (OSTREA LURIDA)
IN COOS BAY, OR
INTRODUCTION

Like many marine invertebrates, the oyster Ostrea lurida has a pelagic larval
stage and benthic juvenile and adult stages. In its benthic stage, it is sessile: therefore,
habitat selection at settlement is a critical factor in the individual’s future success
(Larsson and Jonsson, 2006). Once an individual has settled, its performance as a
juvenile—its survival and growth—determines whether and when it will become a
reproductively active member of the population. Settling in an area where conditions are
favorable is necessary for oysters to survive the period between settlement and sexual
maturity, since very young animals are often more vulnerable to both biotic and abiotic
factors (Gosselin, L.A. and Qian, P., 1996, 1997, Griffiths and Gosselin, 2008; Howard
and Goldberg, 2001). Furthermore, settling in area where the individual is likely not just
to survive but also to grow can determine when the animal reaches sexual maturity. Fast-
growing individuals of this species can reproduce within the same season they are born,
while slower-growing oysters typically reach sexual maturity the following year (Coe,
1932).

For these reasons, understanding the post-settlement performance of this species
is a crucial step in elucidating the determinants of its spatial distribution. Such
information is valuable for researchers who hope to restore this species in estuaries on the
west coast of North America, where it is native. O. lurida has never fully recovered from

a period of overharvest in the late 19™ century. In Coos Bay, Oregon, an inadvertently-
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introduced population has been growing since at least the 1980’s (Baker et al., 2000, see
Chapter I). There is considerable interest in encouraging the growth of this population in
order to improve the health and biodiversity of the Coos estuary. Additionally, this

species is of cultural and economic value (see Chapter I).

Restoration efforts are likely to involve the laying down of shell or rock to act as
settlement material (cultch), but choosing locations to place cultch is often the result of
guesswork. Recent work suggests that the population of this estuary may be subject to
different kinds of bottlenecks at different locations (see Chapter II). This chapter assesses
the suitability of some of these locations for potential oyster restoration in terms of post-
settler performance by monitoring growth and survival of two different size classes of

oyster at two to four locations throughout the Coos estuary over a six-month period.

MATERIALS AND METHODS

Four sites were selected in Coos Bay, Oregon according to the known range of the
adult population of O. lurida, which is mainly restricted to the mesohaline portion of the
upper estuary (Figure 1). Haynes Inlet (43.44070°N, 124.22086°W); Downtown Coos
Bay (43.37852°N, 124.21559°W); and Coalbank Slough (43.35590°N, 124.2091°W)
were all within the range of the adult oyster and had adult oysters present. Catching
Slough (43.36366°N, 124.17705°W), in the upper, fresher part of the estuary near the
mouth of the Coos River was outside the range of adults. These four field sites were
among the six sites where we also assessed larval supply and settlement of this species
(see Chapter II).

Opysters used in this study were taken from spat-collecting shell bags that had

been placed under a railroad bridge in Coalbank Slough in the summer of 2010 (S.
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Rumrill, pers. comm.). In December 2012, shell bags were removed from Coalbank
Slough and sorted. Two size classes of oysters were selected and used: “medium” (17.5-
27.5 mm shell height) and “small” (2-7 mm shell height). Height (distance from umbo to
the ventral margin of the shell), length (the longest distance on the anterior-posterior axis
of the shell, perpendicular to height), and surface area of each oyster was recorded at
each sampling interval, but only analyses of length will be reported in order to compare
results from this study with other studies that recorded oyster length. The average height
of the medium size class was 22.13+0.50 mm (95% CI) and the average length was
21.90£0.85 mm (95% CI). The average height of the small size class was 4.77+0.40 mm
(95% CI) and the average length was 4.66+£0.45 mm (95% CI).

Once oysters were sorted by size class, individuals were haphazardly selected and
bonded with Z-spar epoxy to the smooth underside of unglazed ceramic tiles. Some of the
medium and all of the small oysters were attached to shells of other living or dead
oysters. In the case of those attached to shells, the shell was epoxied to the tile, and in the
case of larger oysters not attached to another shell, the individual itself was epoxied to the
tile. Seven to eight medium-size individuals were attached to each of four plates, for a
total of 30 at Catching Slough, 30 at Coalbank Slough, 29 at Downtown Coos Bay, and
29 at Haynes Inlet. Fewer small-size individuals were available, so only five individuals
were attached to each of four plates, which were outplanted at Haynes Inlet and Coalbank
Slough only. Several small individuals on the Haynes Inlet plates were crushed during the
epoxy process, so there were only 17 of these individuals at Haynes Inlet as opposed to
20 at Coalbank Slough. Each tile was numbered and each individual identified

numerically by marking, with permanent marker, an area of the tile next to the animal.
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The tiles were bolted to PVC “T” shaped holders (Seale and Zacherl, 2009), which each
held two plates (Figure 2). Each T was 61 cm high, and each arm 30 cm long. The
vertical part of the T was reinforced with rebar, which was pounded into the substrate.
The T’s were deployed at approximately 35 cm below MLLW, between 0.5 and 1 m
apart.

Plates with oysters were placed in the field and sampled four times at four to ten
week intervals to follow growth and survival over six months. Oysters were measured
with calipers and photographs were taken. In the case of medium-size individuals, the
entire plate was photographed; for small-size individuals, a picture was taken of each
individual oyster. Plates with attached oysters were placed in the field on January 10, 11,
and 12, 2013. Because settlement in Coos Bay occurs in the summer and fall (see Chapter
IT) the winter is an appropriate time of year to assess post-settlement mortality. Sampling
continued every four to six weeks (February 8-10, March 29-30, and April 27-28) until
April, after which plates remained in the field but were not assessed again until the study
concluded on July 9-10.

On sampling days, oysters were measured and photographed in the field.
Mortality was also recorded. An oyster was marked as “dead” if the shell was present but
empty, present and gaping, or if only the lower valve was present. It was recorded as
“missing” if the oyster itself or the oyster and the shell to which it was bonded were
absent from the epoxy, or if the epoxy and the oyster or epoxy and shell were gone.
Average oyster size over time was analyzed using size data from all oysters alive at each

sampling date; seasonal oyster growth was analyzed using size data only from oysters

47



2006 Qualitative survey results
+ Natwe opsier prasence

. Natve opster absence

Downtown
Coos Bay

0051 3 3 "S:!:b ’;,
Mrometnrs :‘/;‘“_,’, -

Figure 1. Distribution of adults of Ostrea lurida in Coos Bay (adapted from Groth and
Rumirill, 2009). Blue dots indicate oyster presence and red dots oyster absence (dots are
based on surveys in 2006 as reported in Groth and Rumrill 2009). Black circles indicate
sampling sites for the present study. Red line represents US Highway 101.
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Figure 2. A) PVC “T” with two plates attached.
B) Close-up of plate with oysters attached

alive in July. Growth rates were calculated by finding the difference in length of each
individual oyster still alive between the beginning and end of the season in question, or of

the total experiment, and dividing that difference by the number of days in that period.

Physical data

HOBO (Onset Computer Corp.) temperature and conductivity loggers (U24-002)
recorded temperature and conductivity every ten minutes at each site. Loggers were
deployed in a PVC housing drilled with holes to allow water to flow in and out and
attached to rebar which was then pounded into the substrate. Loggers were positioned in
the housing so that they were approximately even with the plates supported on T’s. The
average temperature of all ten-minute data points for each week of deployment was
calculated and is presented below. All temperature data points are included in this
analysis, even during periods when the logger and plates were likely exposed to air.

Although these loggers measured salinity, those data are not reported because the loggers
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were found by the manufacturer to erroneously report salinity when deployed in places
like estuaries where salinity fluctuates; these loggers have subsequently been recalled.
HOBO (Onset Computer Corp.) water level data loggers (U20-001-01-Ti) were
also employed at each site, although not simultaneously. One logger remained at Haynes
Inlet continuously, and the other two were moved from site to site. Loggers recorded
pressure every ten minutes. To estimate aerial exposure (emersion) and submersion in
water (immersion) times from these data, any data point greater than 102 kPa was
considered “immersed” and any data point below 102 kPa was considered “emersed.” For
each site other than Coalbank Slough, where the logger appears to have malfunctioned,
the total time of logger emersion was divided by the total time the loggers recorded in
order to get an estimate of proportion of time loggers (and plates) were emersed. At
Coalbank Slough, a rough approximation of emersion time was made by comparing
estimated tidal height of our equipment with tide heights reported in the program JTides
(v 5.2) and counting anything less than our tide height as “emersed” and anything greater
as immersed. Emersion values subtracted from 1 are reported as estimates of the time the

loggers were immersed.

RESULTS
Temperature

The average weekly temperature at all sites during the winter was similar, with
Haynes Inlet tending to be slightly warmer (Figure 3). In the summer, Haynes Inlet and
Downtown Coos Bay were of very similar temperature, and Catching Slough was

warmer. Data are unavailable for Coalbank Slough after April.
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Water level

Proportion of time equipment was emersed, or exposed to air, was similar at
Haynes Inlet and Catching Slough (0.017 and 0.015, respectively), slightly larger at
Downtown Coos Bay (0.034) and smaller at Coalbank Slough (0.003) (see Table 2,

Chapter II).

Survival

On average, less than half of the medium size class oysters on each plate survived
to July at Haynes Inlet and Catching Slough, and more than half survived at Coalbank
Slough and Downtown Coos Bay (Figure 4A); survival was significantly different among
sites (F=3.491, p=0.05) but Holm-Sidak multiple pairwise comparisons were not
powerful enough to identify the source of the difference at p<0.05 (p=0.094). Average
survival was higher at Coalbank Slough than at any other site.

None of the small oysters survived to July. Within the small size class, a large die-
off occurred at Coalbank Slough after the February sample date (Figure 4B).

There was no clear relationship between size and mortality within each size class
(Figures 5 and 6) except that within the medium size class, the very largest oysters
survived every month. Site was not a statistically significant factor in average length at
death within the medium size class (F=0.747, p=0.533) or within the small size class
(F=2.957, p=0.097). Therefore, the lengths at death of oysters pooled from all sites are
presented below. “Missing” oysters are treated as a category separate from dead or living.

There was no clear pattern as to the incidence of “missing” oysters either (Figures

5 and 6). Missing individuals could have been removed by predators, or could have fallen
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Figure 3. Average weekly temperature, calculated data loggers recorded every ten
minutes. Temperature when equipment was likely exposed is included.

from the plate as a result of a failure of the epoxy. No effort was made to locate the
missing oysters or the shells to which the oysters were attached, because the individuals
would likely have been washed away or buried. The highest incidence of missing oysters

occurred at the last measurement date among the small size class at Haynes Inlet.

Growth

By the end of observations in July, medium oysters at Haynes Inlet were larger
than oysters at any other site (Figure 7, Table 2). Among the medium oysters, site was a
significant factor in oyster growth rate (F=18.339, p<0.001). O. lurida at Haynes Inlet
grew significantly faster than at any other site (p<0.001 at Catching, p=0.003 at
Coalbank, and p=0.005 at Downtown Coos Bay, one-way ANOVA, Tukey pairwise
Slough (p=0.05, one-way ANOVA, Tukey pairwise comparison). Within the small size
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comparisons) and those at Downtown grew significantly faster than those at Catching
class, comparing growth between Coalbank Slough and Haynes Inlet from January to
March (the last date for which growth data is available for both sites) indicated that site

was not a significant factor in growth rate (F=0.399, p=0.572).

DISCUSSION
Growth rate, estimated age, and survival of oysters

Growth rates observed in this study (Table 1) are low when compared with
growth rates of O. lurida observed elsewhere (Deck, 2011; Dinnel et al., 2009; Grosholz
et al., 2008; Trimble et al., 2009). It should be noted that some of these estimates come
from studies that followed oyster growth over the summer only, when oysters typically
grow faster (Sellers 1984). In San Francisco Bay, CA, O. lurida grew between 0.03
mm/day and 0.10 mm/day, depending on location within the estuary, when followed for
an entire year (Grosholz et al., 2008). In Tomales Bay, CA, a cohort of O. lurida in the
intertidal (which at the initiation of the study measured, on average, 15 mm length) grew
between 0.09 and 0.16 mm/day one summer, and between 0.042 and 0.074 mm/day the
next. Again, growth varied with location in the estuary (Deck, 2011).

Another study in Tomales Bay found growth to vary between 0.03 mm/day and
0.3 mm/day (Kimbro et al., 2009) in the summer, depending on location. In Fidalgo Bay,
WA, O. lurida at initial length 24.8 mm grew 0.05 mm/day between May and November

and 0.02 mm/day thereafter (Dinnel et al., 2009). In Willapa Bay, WA, O. lurida at initial
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Table 1. Growth of O. lurida in Coos Bay

Average
growth
Average rate,
Average =2 f
growth rate. April-
prowi e, January-April | July (mm
Total growth | Jan-July (mm S :
- , (mm < 95% +95%
(mm + 95% +95% CU/ C day) CI/ day)
Site Size CI) day) - ’
. 9.52= 4.09| 0.05+ 0.02 | 0.003x= 0.03 0:14 -
Havnes Inlet Medium 0.03
Downtown Coos 3572427 0.02%0.02)0.008£0.01 0.06 =
Bay Medium 8 0.04
A 326 1.09( 0.02+0.01| 0.01%0.02 0.0
Coalbank Slough | Medium = e 0.03
" -0.003 & 0.004 =
Catching Slough | Medium bl 0.007 | 9-01+ 0.009 0.02
- G= 0.005=0.003 | N/A
Haynes Inlet Small 0262028 NA
0.0004£0.10 | N/A
0.0333£7.62 03
Coalbank Slough | Small 17 NA (Jan- March)

length 2 mm grew roughly 0.37 mm/day in late summer and early fall, 0.01 mm/day in
the winter, and about 0.08 mm/ day in the spring and early summer (Trimble et al.,
2009).To summarize, the range of growth rates of O. lurida is 0.01 mm/ day to 0.37 mm/
a day; or, roughly, 0.2 mm /month to 10 mm/month. The lowest positive growth rate we
observed in Coos Bay, during the winter, was 0.09 mm/month among medium size
oysters and 0.012 mm/month among small size oysters, and the fastest rate, during the
spring and early summer, was 4.2 mm/month among medium size oysters. O. edulis
reaches a shell length of 60 mm in 2-5 years, for an average growth rate of 1-1.67
mm/month (Richardson et al., 1993), although faster growth has been reported (Carlucci
et al., 2010). C. virginica grows, on average, 1.67 mm/month (Sellers), during the first

nine months after setting and C. gigas grows 3.33- 4.17 mm/ month during the first year
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after setting (Pauley et al., 1988) but these studies do not distinguish seasonal growth
rates.

The variation in growth rates observed in O. lurida is likely due to seasonality, but
may also be due to differential growth rate of oysters of different ages. Our study is
unique among those cited above in that we followed two size classes of oysters
simultaneously, so that the effect of season could be differentiated from the effect of
oyster size. Unfortunately, all the small oysters died before the July sampling date, so we
can only compare the winter growth rates of these two size classes. Growth rates of
medium and small oysters in the winter were not significantly different (F=0.581,
p=0.455) although the test may not have been powerful enough to detect a difference
(power of the performed test with 0=0.05 is 0.048, much less than the desired power of
0.8). Given the attenuation of growth with age seen in other bivalve species, one would
expect the growth rate of very young oysters to grow faster than older oysters (Gaspar et
al., 1999; Hall Jr. et al., 1974; Jones et al., 1978; Roegner and Mann, 1995; Tanabe,
1988). It should be noted, however, that a San Francisco Bay survey found that growth
rate did not vary with size of O. lurida (Grosholz et al., 2008).

It seems likely that growth among the small oysters would have accelerated in the
summer months. Estimating oyster age using the winter and summer growth rates
supports this hypothesis. The oysters used in this study originally settled and grew in
Coalbank Slough. Settlement at that site in 2012 occurred from early August through
mid-September, so the young-of-the-year here would have been four or five months old.
Using the summer growth rate observed in medium oysters at Coalbank Slough (0.03

mm/day), the average small oyster (length 4.66 mm) would have been just over four
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months old at the time of collection in December 2012. However, using the winter
growth rate of 0.01 mm/day, the same oyster would have been just over 15 months old. It
is unlikely that an individual of O. lurida would reach only 4.66 mm in over a year: in
one year, young-of-the-year O. lurida in Washington grew to 30 mm (Dinnel et al., 2009).

Using the overall average growth rate observed in the medium size oysters at
Coalbank Slough of 0.02 mm/day, the average oyster in the medium size class (length
21.9 mm) would have been 3 years old in December of 2012. However, no oyster used in
this study could have been more than 2.5 years old, as the spat-collecting shell bags were
first deployed in the summer of 2010. Therefore, growth at this site may vary between
years, or these oysters may slow down growth, at least in terms of shell accumulation, as
they age. Future studies should compare small, medium, and very large oysters
simultaneously to find the effect of age on growth rate.

Size class did affect survival, although only when comparing medium and small
oysters. Survival was clearly higher among oysters in the medium size class than among
those in the small size class, which is consistent with previous findings (Grosholz et al.,
2008) (Figure 4). However, we did not find evidence for size-dependent mortality within

these size classes.

Growth and survival variation among sites

We observed significantly different survival and growth of O. lurida on a
relatively small spatial scale, which has been the case for researchers working in other
estuaries (Deck 2011; Grosholz et al., 2008; Kimbro et al., 2009; Trimble et al., 2009).

These researchers have offered a variety of explanations as to why oysters in one part of
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the estuary fare better or worse than those in another part of the same estuary, including
chlorophyll concentration, temperature, aerial exposure, presence of the invasive oyster
drill Urosalpinx cinerea, predation, and competition for space.

Concentration and delivery of nutrients can affect oyster growth (Kimbro et al.,
2009). Chlorophyll-a data from Coos Bay in 2012 show that concentration of nutrients
can vary within this estuary: chl-a was higher at Coalbank Slough than at Haynes Inlet in
the spring but lower in the fall (Oates 2013). Current speeds, too, may have differed at
our study sites, which can affect oyster filtration rates; faster current has been associated
with higher filtration rate and better growth (Walne, 1972). Currents at our Haynes Inlet
study site are faster than at any other site, which may be a factor in the higher growth
seen at Haynes Inlet (Coast & Harbor Engineering technical report, 2010).

Temperature was very similar at all sites during the summer, when oysters grew
most, so the significant growth advantage observed at Haynes Inlet is likely due to
another factor.

While the invasive oyster drill U. cinerea has not been reported in Coos Bay
(McLean, 2007, Groth, S. pers. comm.) there are certainly other potential predators in this
estuary, including crabs, sea stars, and carnivorous snails (Baker et al., 2000; Harper,
1991; Koeppel 2011; Pineda, 1994). Oysters occupying the fresher portions of the upper
estuary may have an advantage in terms of decreased predation pressure, since many of
these species are intolerant of brackish conditions and occupy the lower portion of the
bay (Gunter, 1955; Shanks and Butler, 2013). During periods of high precipitation, which
typically occur during the fall and winter on the Oregon coast, salinity in Coos Bay

decreases dramatically; in fact, a transect in January of 2013 found salinity to be as low
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as 5 near the mouth of Coalbank Slough (O’Neill, M. unpublished). In Crassostrea
virginica, growth rate slowed at lower salinity but mortality was not significantly
different between young and old oysters at low salinity (Loosanoff 1952).

According to pressure data collected by water level loggers, oysters were likely
exposed to air for very similar amounts of time at each site; the greatest amount of aerial
exposure occurred at Downtown Coos Bay, where oysters were exposed to air 2% more
often at any other site. Longer immersion time led to faster growth in O. lurida in
Tomales Bay (Deck, 2011) as well as in C. virginica in Virginia (Bartol et al., 1999;
Roegner and Mann, 1995), and in C. gigas in Australia (Sumner, 1981), and anecdotal
evidence of commercial oyster growers suggests that oysters fare better in man-made
dikes than in the intertidal (Matthiessen, 1970). A difference in immersion times might
also explain a difference in survival, as aerial exposure is a known cause of oyster
mortality (Roegner and Mann, 1995; Trimble et al., 2009). Whether or not a 2% increase
in aerial exposure time is enough to affect growth rate or survival is unclear. Oysters at
this site grew and survived relatively well, but perhaps they would have grown and
survived even better if submerged more often. According to our estimate, oysters at
Coalbank Slough were exposed to air the least; perhaps this explains the relatively high
survival among medium size oysters at this site, although growth here was poor. The
effect of immersion time on growth is not always consistent, however: O. lurida in
Washington grew slower when immersed longer, which the authors suggest was due to
increased competition from fouling organisms (Trimble et al., 2009), and Crassostrea

rhizophorae in Jamaica grew equally well subtidally and intertidally (Littlewood, 1988).
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Deck (2011) found that competition from other members of the fouling
community reduced growth of O. lurida in Tomales Bay. While the fouling community
on these plates was not quantified, we noticed differences among sites in the communities
present. Both Haynes Inlet and Downtown Coos Bay plates were dominated by barnacles
and, in the summer, hydroids; Coalbank Slough plates also collected barnacles, but
generally had fewer hydroids and for a shorter period of time; Catching Slough plates
tended to be relatively bare.

A variety of factors may explain the growth and survivorship of O. lurida we
observed in Coos Bay. As in other estuaries, temperature, salinity, immersion time,
predation, and current speed are all possible contributors. While survival was highest
within medium size oysters at Coalbank Slough, survival within small oysters was poor,
and growth in both size classes was mediocre; therefore, we do not recommend Coalbank
Slough as a restoration site. Survival at Haynes Inlet was fairly low, but oysters grew well
here. Haynes Inlet may be a suitable restoration site for O. lurida. Oysters at Downtown
Coos Bay grew and survived fairly well despite experiencing slightly longer aerial
exposure times, which suggests that Downtown Coos Bay is also a suitable restoration
site. Lastly, Catching Slough oysters did not survive or grow particularly well, making it

an unsuitable site for restoration.
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CHAPTER 1V
GENERAL CONCLUSION
The main goal of this thesis was to assess the suitability of different locations
within the Coos estuary as potential restoration sites for the Olympia oyster, O. lurida.
Although this is a fairly specific goal, our results can help inform restoration efforts in
other estuaries; they also contribute to the fields of reproductive biology of O. lurida and

marine invertebrate population dynamics.

Recommendations for restoration of O. lurida in Coos Bay

On average, medium size oysters were most likely to survive the winter at
Coalbank Slough than at any other site. High survival within medium oysters at Coalbank
Slough was unexpected because several other measures of oyster health and reproductive
success indicate that this is not an area where oysters thrive: small oysters did not survive
the winter here, growth was relatively low (Chapter III), settlement was low (Chapter II),
and adult oysters in 2012 had a lower condition index here than those at Haynes Inlet
(Oates 2013.) However, this was the source of the oysters used in the growth and survival
study (Chapter III). Also, these oysters were exposed to air less often than at any other
site, which is a confounding factor that could explain increased survival within the
medium size class here. Still, adult oysters are present in Coalbank Slough, so perhaps
higher survival (of oysters that survive their first winter) accounts for their presence here
more than any other factor. Coalbank Slough is not recommended as a restoration site in
Coos Bay, although adults of O. lurida are abundant nearby, under the Isthmus Slough

Bridge. Researchers intent on restoring the oyster population in this area might choose to
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focus on the location under the Isthmus Slough Bridge and not on the location under the
Coalbank Slough Bridge.

Opysters survived relatively well and grew relatively fast at Downtown Coos Bay,
where the adult population of O. lurida was more dense that at any other site surveyed in
both 1996-1997 and 2006 (Baker et al., 2000; Groth and Rumrill, 2009). Slightly
increased aerial exposure time at this site may be a confounding factor, although if
anything increased exposure time would likely decrease survival and growth rate.
Additionally, larvae at this site were abundant and settlement was high. The density of
adults at this site could be attributed to relatively high survival and growth as well as high
larval supply and settlement, but could also be attributed to more available substrate for
settlement. Downtown Coos Bay is recommended as a restoration site.

Opysters at Catching Slough grew slowly and survived moderately well. Catching
Slough is outside the range of the adult oyster and close to the mouth of the Coos River,
so it was not expected to be an area where oysters thrive. Larval supply to this site was
relatively high, but settlement was very low. Because our measurement of settlement
excluded any settlers that died within a two-week period, “low settlement” could include
both lack of settlement and high early post-settlement mortality. We have no information
about survival of young oysters at this site because we did not deploy small oysters here.
Therefore, the barrier to success of O. lurida at this site is likely low settlement success,
high post-settlement mortality, or a combination of the two. Regardless, Catching Slough
is not recommended as a restoration site.

Medium size oysters outplanted at Haynes Inlet were less likely to survive than at

any other site and small size oysters did not survive the winter here; however, growth at
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this site was significantly faster than at any other site. Oysters were less dense here than
at Downtown Coos Bay (Baker et al., 2000; Groth and Rumrill, 2009); this is likely due
to a combination of moderately high larval supply and settlement, mediocre survival, and

possibly, fast growth. Haynes Inlet is recommended as a restoration site.

Comparison with other estuaries

O. lurida 1s not well-studied compared with other marine invertebrates of the
Pacific Northwest and with other, more commercial, oyster species. Our results are in
agreement with observations of settlement timing in other estuaries, but we saw
somewhat higher peak settlement densities. We also observed settlement variability on
both spatial and temporal scales and a reproductive failure year, as has been the case in

other estuaries.

Comparison with other assessments of population bottlenecks

We found that larval supply restricted the population to the adult range and
settlement restricted the population further to areas where adult density is high. Growth
appeared to accentuate this pattern, although the effect of survival was less clear.
Therefore, within the range of the adult oyster, settlement was the bottleneck that
restricted the population to certain sites. A similar finding was reported in barnacles in the
Atlantic (Jenkins, 2005). We also found that precipitation could disrupt the relationship
between larval supply and settlement, so larval supply should not be used as a proxy for

settlement, as cautioned by other researchers (Pineda 2000, Yoshioka 1986).
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General recommendations for restoration of O. lurida and future studies

In Chapter II, we found that larval supply restricts O. lurida to the upper part of
the Coos estuary, while settlement success controls the population within that range.
Therefore, it is reasonable to hypothesize that in general, areas of high adult density are
more likely to be successful restoration sites than areas lacking adults or with low adult
density. Efforts to seed oysters or add cultch to an area where no or few adult oysters are
present should be preceded by careful assessment of existing larval supply and
settlement, as well as an understanding of the hydrodynamics of the region that might
influence larval retention. While the relation of temperature and salinity to settlement
success (or to growth and survival, see below) is unclear, water temperature at a potential
restoration site should exceed the local spawning threshold with some frequency so that
spawning can occur.

In Chapter 111, we confirmed the results of other researchers in terms of the
seasonality of oyster growth and the higher mortality of very young oysters. We also
found that oysters grew faster in the summer at the sites where adult density was the
highest, accentuating the pattern dictated by larval supply and settlement. Again, these
results indicate that restoration efforts are more likely to succeed at sites where adult
density is higher. Furthermore, we recommend that those interested in comparing oyster
growth rates should follow oysters in the summer, as growth in the winter was negligible;
or if oysters are followed over a year, growth data should be collected at least once a
season to accurately assess oyster growth patterns. We also recommend that because
mortality of very young oysters was high, those interested in following such a cohort

should use a large sample size.
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APPENDIX A

COLLECTION DATES AND COUNTS OF LARVAE AND RECRUITS

Site Year | Date Mean D- Mean D- Mean Mean Mean Mean
collected | stage larvae | stage larvae | umbo- umbo- recruits per | recruits
per trap per stage stage 100 cm? per 100
(#95% CI) | trap/prop of | larvae per | larvae per | (£95% CI) | cm?/ prop
time trap (£95% | trap/ prop of time
submerged | CI) of time submerged
(#95% CI) submerged (#£95% CI)
(£95% CI)
Empire 2012 | 8/3 0 0 0 0 0 0.0
Empire 2012 | 8/18 1.3£1.7 1.3+1.7 0.3+0.7 0.3+0.7 0 0.0
Empire 2012 | 8/30 1.5¢1.1 1.5<1.1 0 0.0+0.0 0 0.0
Empire 2012 | 9/15 1+2 1.0£2 1+2 1+2 0 0.0
Empire 2012 | 9/29 0 0 0 0 0 0.0
Empire 2012 | 10/14 0 0 0 0 0 0.0
Empire 2012 | 10/29 0 0 0 0 0 0.0
Haynes 2012 | 8/2 59.3£10.5 60.3£10.7 30.3+6.2 30.8+6.3 2.71+0.85 2.8+0.9
Inlet
Haynes 2012 | 8/16 46+9.9 46.8+10.1 27.3+6.8 27.8+6.9 5.95+1.20 6.1+1.2
Inlet
Haynes 2012 | 8/29 15.8£11.4 16.1£11.6 342 3.1+2 5.69+2.10 5.8+2.1
Inlet
Haynes 2012 | 9/13 6.7£7.9 6.8+8.0 2.7£2.8 2.742.8 1.68+0.93 1.7+£0.9
Inlet
Haynes 2012 | 9/30 0 0 0 0 0.52+0.38 0.5£0.4
Inlet
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Haynes 2012 | 10/13 0 0 0 0 0 0.0
Inlet

Haynes 2012 | 10/30 0 0 0 0 0 0.0
Inlet

Haynes 2012 | 11/15 0 0 0 0 0 0.0
Inlet

Downtown | 2012 | 8/2 142+28.4 147+29.4 67.7+7.7 70.1+8 0.39+0.53 0.4+0.5
Coos Bay

Downtown | 2012 | 8/19 89+39.8 92.1+41.2 58.3£18.7 | 60.4+19.4 | 19.52+6.00 | 20.2+6.2
Coos Bay

Downtown | 2012 | 8/30 43.7+12.2 45.2+12.6 23+5.2 23+5.4 18.74+£7.07 | 19.4+£7.3
Coos Bay

Downtown | 2012 | 9/15 6.8+3.3 7.0+£3.4 11.5£2.9 11.943 4.27+1.85 4.4+1.9
Coos Bay

Downtown | 2012 | 10/1 342 3.1+2.1 0 0 0.39+0.37 0.4+0.4
Coos Bay

Downtown | 2012 | 10/14 0 0 0 0 0 0.0
Coos Bay

Downtown | 2012 | 10/29 0 0 0 0 0 0.0
Coos Bay

Downtown | 2012 | 11/14 0 0 0 0 0 0.0
Coos Bay

Coalbank | 2012 | 8/3 78+35.3 78.2+35.4 11+4.1 11+4.1 0.9+0.81 0.9+0.8
Slough

Coalbank | 2012 | 8/18 75.7+17.4 75.9+17.5 15.7+4.6 15.7+4.6 0.39+0.37 0.4+0.4
Slough

Coalbank | 2012 | 8/30 38+13.1 38.1£13.1 8.3+4.6 8.3+4.6 1.68+1.75 1.7+£1.8
Slough

Coalbank | 2012 | 9/13 18.5+8.7 18.6+8.7 4+2.9 4+£2.9 0.65+0.76 0.7+£0.8
Slough
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Coalbank | 2012 | 9/30 0 0 0.5+1 0.5+1 0 0
Slough

Coalbank | 2012 | 10/13 0 0 0 0 0 0
Slough

Coalbank | 2012 | 10/30 0 0 0 0 0 0
Slough

Coalbank | 2012 | 11/14 0 0 0 0 0 0
Slough

Catching 2012 | 8/2 8 (n=1) 8.1+0 0 0 0.52+0.38 0.5+0.4
Slough

Catching 2012 | 8/30 N/A NA N/A NA 0.13+0.25 0.1+0.3
Slough

Catching 2012 | 9/14 8+£2.3 8.1+2.3 13+3.7 13.2+3.8 0 0.0
Slough

Catching 2012 | 9/29 0 0 0 0 0 0.0
Slough

Catching 2012 | 10/14 0 0 0 0 0 0.0
Slough

Catching 2012 | 10/29 0 0 0 0 0 0.0
Slough

Catching 2012 | 11/14 0 0 0 0 0 0.0
Slough

Empire 2013 | 6/10 0 0 0 0 0 0.0
Empire 2013 | 6/24 0 0 0 0 0 0.0
Empire 2013 | 7/9 0.3+0.7 0.3+0.7 0.7+0.7 0.7+0.7 0 0.0
Empire 2013 | 7/23 4+2 4.0+£2 0 0 0 0.0
Empire 2013 | 8/7 1.3+1.3 1.3+1.3 0.7.£0.7 0.7+0.7 0 0.0
Empire 2013 | 8/19 0.3+0.7 0.30+0.7 0 0 0 0.0
Empire 2013 | 10/8 N/A N/A N/A NA 0 0.0
Empire 2013 | 10/21 N/A N/A N/A NA 0 0.0
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Empire 2013 | 11/5 N/A N/A N/A NA 0 0.0
Empire 2013 | 11/19 N/A N/A N/A NA 0 0.0
Airport 2013 | 6/9 0 0 0 0 0 0.0
Airport 2013 | 6/23 6.3+0.7 6.4+0.7 1.3+0.7 1.3+£0.7 0 0.0
Airport 2013 | 7/8 10.3£7.9 10.548 1443 .4 14.2+£3.5 0 0.0
Airport 2013 | 7/22 19+6.8 19.3+6.9 12.3+1.3 12.5+1.3 0 0.0
Airport 2013 | 8/6 2.3+£2.8 23+2.8 1.3+£1.7 1.3+1.7 0 0.0
Airport 2013 | 8/18 0.3+0.7 0.30+0.7 0.3+0.7 0.3+0.7 0 0.0
Airport 2013 | 9/4 N/A N/A N/A NA 0 0.0
Airport 2013 | 9/17 N/A N/A N/A NA 0 0.0
Airport 2013 | 10/7 N/A N/A N/A NA 0 0.0
Airport 2013 | 11/18 N/A N/A N/A NA 0 0.0
Haynes 2013 | 6/8 0 0 0 0 0 0.0
Inlet

Haynes 2013 | 6/24 35.3+12.1 35.9+12.3 3.3+1.7 3.4+1.7 0 0.0
Inlet

Haynes 2013 | 7/9 42+43.1 42.7+43.8 44+49 44.8+49.8 | 54.54+19.28 | 55.5+19.6
Inlet

Haynes 2013 | 7/23 54.3+44.1 55.2+44.9 37.7+£35 38.4+35.6 | 8.66+2.39 8.842.4
Inlet

Haynes 2013 | 8/5 16+3.9 16.3+4.0 4.7+1.7 4.8+1.7 0.52+0.54 0.5+0.5
Inlet

Haynes 2013 | 8/19 9.7+4.7 9.9+4.8 0.7£0.7 0.7£0.7 0.13+0.25 0.1+0.3
Inlet

Haynes 2013 | 9/5 N/A N/A N/A NA 0.13+0.37 0.1+0.4
Inlet

Haynes 2013 | 9/18 N/A N/A N/A NA 0 0.0
Inlet

Haynes 2013 | 10/8 N/A N/A N/A NA 0 0.0
Inlet

Haynes 2013 | 10/21 N/A N/A N/A NA 0 0.0
Inlet
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Haynes 2013 | 11/5 N/A N/A N/A NA 0 0.0
Inlet

Haynes 2013 | 11/19 N/A N/A N/A NA 0 0.0
Inlet

Downtown | 2013 | 6/9 642 6.2+2.1 0 0 0 0.0
Coos Bay

Downtown | 2013 | 6/24 23.7+11.4 24.5+11.8 543 5.243.1 0 0.0
Coos Bay

Downtown | 2013 | 7/10 99+5.9 102.5+6.1 83+15.6 85.9£16.1 | 31.54+£8.9 32.749.2
Coos Bay

Downtown | 2013 | 7/22 201+15.3 208.1+15.8 | 183+28.9 | 189.4+£29.9 | 20.03+4.48 | 20.7+4.6
Coos Bay

Downtown | 2013 | 8/7 53.7£16.5 55.6x17.1 48.7+11 50.4£11.4 | 1.16+0.97 1.2+1.0
Coos Bay

Downtown | 2013 | 8/18 0.7£1.3 0.7+1.3 0.7+1.3 0.7+1.3 1.29+0.74 1.3+0.8
Coos Bay

Downtown | 2013 | 9/4 N/A N/A N/A NA 0.9£1.04 0.9+1.1
Coos Bay

Downtown | 2013 | 9/17 N/A N/A N/A NA 0.26+0.51 0.3+0.5
Coos Bay

Downtown | 2013 | 10/7 N/A N/A N/A NA 0 0.0+0.0
Coos Bay

Downtown | 2013 | 10/20 N/A N/A N/A NA 0 0.0+0.0
Coos Bay

Downtown | 2013 | 11/4 N/A N/A N/A NA 0 0.0+0.0
Coos Bay

Downtown | 2013 | 11/18 N/A N/A N/A NA 0 0.0+0.0
Coos Bay

Coalbank | 2013 | 6/8 1.5£2.9 1.5£2.9 0 0 0 0.0
Slough
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Coalbank | 2013 | 6/24 8+3.9 8+3.9 0 0 0.37+0.25 0.4+0.3
Slough

Coalbank | 2013 | 7/10 154.3+17.6 | 154.8£17.7 | 33£10.8 33.1+10.8 | 0.73+0.51 0.7+0.5
Slough

Coalbank | 2013 | 7/23 269.7£116.4 | 270.5+£116.8 | 77+27.5 77.2+27.6 | 2.37+1.64 2.4+1.6
Slough

Coalbank | 2013 | 8/6 74+16 74.2+16 28+7.8 28.1+7.8 0.37+0.25 0.4+0.3
Slough

Coalbank | 2013 | 8/19 12+4.5 12+4.5 5.3+0.7 5.3+£0.7 0.48+0.33 0.5+0.3
Slough

Coalbank | 2013 | 9/5 N/A N/A N/A NA 0 0.0
Slough

Coalbank | 2013 | 9/18 N/A N/A N/A NA 0.77+0.53 0.8+0.5
Slough

Coalbank | 2013 | 10/8 N/A N/A N/A NA 0 0.0
Slough

Coalbank | 2013 | 10/21 N/A N/A N/A NA 0 0.0
Slough

Coalbank | 2013 | 11/5 N/A N/A N/A NA 0 0.0
Slough

Coalbank | 2013 | 11/18 N/A N/A N/A NA 0 0.0
Slough

Catching 2013 | 6/9 242 2.0+2 0 0 0 0.0+0.0
Slough

Catching 2013 | 6/23 12.3+7.5 12.5+7.6 2.342.6 2.3+2.6 0 0.0+0.0
Slough

Catching 2013 | 7/8 43+24.5 43.7+£24.9 32.2425.7 | 32.7£26.1 | 0.65+0.66 0.7+0.7
Slough

Catching 2013 | 7/22 193.3£22.4 | 196.2422.7 | 135.3+17.5 | 137.4+17.8 | 0.52+0.38 0.5+0.4
Slough
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Catching 2013 | &/5 61.7£20 62.6+20.3 50.3£10.1 | 51.1+10.3 0.0+0.0
Slough
Catching 2013 | 8/18 17.34£8.3 17.6+8.4 9.7+1.7 9.8+1.7 0.0+0.0
Slough
Catching 2013 | 9/4 N/A N/A N/A NA 0.0+0.0
Slough
Catching 2013 | 9/18 N/A N/A N/A NA 0.0+0.0
Slough
Catching 2013 | 10/7 N/A N/A N/A NA 0.0+0.0
Slough
Catching 2013 | 10/20 N/A N/A N/A NA 0.0+0.0
Slough
Catching 2013 | 11/4 N/A N/A N/A NA 0.0+0.0
Slough
Catching 2013 | 11/18 N/A N/A N/A NA 0.0+0.0
Slough
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APPENDIX B

ENVIRONMENTAL PARAMETERS

Mean

Mean Daily Daily

Mimmum  [Mean Mviax [Fange MinimumMean Max [Eange

Temperatureg Temperaturetemperature lemperature Salimity  |SalimtySalintySalinity

CC) ] &S] CC) Y O (G (O
Hawvnes

201 Inlet 7/20/2002 |14 47 17.30 1995 4.07 21.98 2339 2498 (144
Havnes

201 AInlet 8/3/2016 |14.59 17.53 20.25 3.95 22.01 2312 2420 W30
Haynes

201 nlet 8/17/2029 113 41 16 82 19 83 371 17.88 21.16 2435 [2.49
Havnes

201 Inlet 8/30/2013 |9.25 12 40 17.23 4.17 16.75 1731 [18.29 |1.31
Havnes

201 Inlet 0/14/1930 |[7.74 14.86 17.96 5.32 2292 2400 2503 [1.29
Havnes

201 Inlet 10/1/2013 |8 41 1413 16.04 267 2351 2431 2494 090
Haynes

201 Inlet 10/14/193018 83 13.15 16.82 2.76 10.23 2256 2492 [3.83
Havnes

201 AInlet 10/31/20157 .28 12.97 15.27 1.78 10.16 19.54 2335 542
Haynes

2013Inlet 5/25/2008 |8.38 15.90 19.87 403 8.50 19.70 [23.02 |6.46
Haynes

2013{Inlet 6/9/2024 112.03 16.99 21.09 4.62 1924 2136 [23.35 [2.80
Havnes

2013{Inlet 6/25/2009 |15.65 1962 23 8> 4.23 19 54 2120 (2323 [229
Hawvnes

2013{Inlet 7/10/2023 113.10 17.28 20.15 4.66 2148 2202 2496 204
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Haynes
2013{Inlet /24/2003 (13.23 17.15 20.75 4.13 22.17 2336 (2498 |1.69
Haynes
2013Inlet 8/6/2019 |15.16 1828 22 46 4.13 21.77 23.04 2420 [1.33
Havnes
2013{Inlet 8/20/2005 |14.66 19.11 22.57 340 16.81 1938 2435 |1.20
Haynes
2013{Inlet D/6/2018 |14.20 19 48 23 88 3.34 16.75 1724 1776 |0.535
Haynes No No N
2013{Inlet /1372008 [No data No data MNo data  [No data MNodata |data [data |data
Havnes No No MNo
2013{Inlet 10/9/2021 |No data Mo data No data  [No data Mo data |data |data |data
Haynes No No No
2013{Inlet 10/22/20058.28 11.89 13.17 1.56 MNo data |data |data [(data
Haynes No Nao Nao
2013{Inlet 11/6/2019 |7 48 11.74 13.63 1.37 MNo data |data |data |data
2013Asrport [5/24/2009 |7.63 13.52 1825 449 18.66 2339 653 [5.65
2013Arport |6/10/2023 |9.69 13.89 18.67 5.14 17.64 2412 26.75 W40
2013Asrport |6/24/2008 [12.04 1694 21.09 4.61 20.36 2283 2595 275
2013Asport [7/9/2022 1956 14.02 1741 5.60 2247 2412 2612 .72
2013Asrport  [7/23/2006 (949 13 88 17.92 523 15.02 2069 (2508 [2.00
2013Asaport  [B/7/2018 [11.09 1478 19.59 4.63 3.05 11.70 (1590 ]1.72
2013Asrport (871972004 |10.72 15.93 21.31 4.15 208 964 (1224 299
2013Asrport [9/5/2017 1258 16.93 22.95 4.65 7.56 022 [11.79 |1.51
No No N
2013 Asrport (97182007 (No data No data No data  [No data No data |data |data |data
No No No
2013 Asrport |11/4/2018 (No data No data No data  [No data No data |data |data |data
DGWﬂtﬂ“’ﬂ?;I 3.8/
2012Coo0s Bay | ' 12.12 17.93 19.8% 4.23 16.13 2233 2498 |6.34
Dmvntcu.fn&g_m g
2012Coos Bay ' 1297 1839 20.52 344 18 85 22096 (2526 M54
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Downtown|, .. ..

2012Coo0s Bay B2 15.21 17.76 19.69 5.23 20.17 2324 2489 [3.80
Dr:m'ﬂtowns__.3 1.9/15 No No Mo

2012Co0s Bay | Mo data MNo data No data  [No data Nodata |data |data |data
Downtowng_l.l 6-10/1

2012Co0s Bay | 7 |11.00 1544 17.70 456 20.82 2281 2395 .10
Downtown|, - .

2012Co0s Bay |02 101414 g5 14.70 1652 a1 2065 230 2349 |1.78
Downtown10/15-

2012Coo0s Bay |10/29 7.84 13.25 17.04 3.42 8.11 19.19 22.70 6.72
Downtown|10/30-

2012Coos Bay |11/14 831 12.77 14.36 1.69 528 1518 1951 P44
]::l-:aT.J'.'lsltn:aT.J'.'ﬂ:,“.2 1.6/

2013Coo0s Bay | ' 8.77 15.56 19.17 3.02 0.54 14.89 [20.10 |13.53
Downtown) 6/10-6/24

2013(Coo0s Bay |~ ' 10.74 16.98 19.56 4.24 0.77 1498 1956 [10.91
Downtown| :

2013Co0s Bay 22719 1457 20.04 287 B2 100 [473 jpso P92
Downtown?a.u 272 No No No

2013Coo0s Bay | ' 1241 1834 2129 494 No data |data |data |data
Downtown| 7/93.8/7 No No No

2013Coo0s Bay ' 12.21 18.03 20.35 4.22 Nodata |data |data |data
Downtowng__.ﬂ_gf.l g No Nao Mo

2013Coo0s Bay |~ 14.69 18.67 21.05 339 No data |data |data |data
Downtown] R/18.0/4 No No No

2013Coos Bay ' 12.76 1932 21.71 3.71 No data |data |data [data
D':’Wﬂt':’wﬂg_.-j_g,:l 7 No No No

2013Co0s Bay |~ 7 17.08 20.12 21.99 2.70 Nodata |data |data [|data
Dmvﬂtc:wng!.l 8-10/7 No No No

2013Coos Bay | 12,01 i 20.52 6.48 No data |data |data |data
Downtown| 10/8-10/20 No No No

2013Coo0s Bay | U678 1383 15.09 530 Nodata |data |data |data
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Downtown 1021-11/4 MNo No No

2013/Coos Bay |7.68 12.29 13.94 2.03 No data |data |data |data
D-:-wntownl 1/5-11/18 No No No

2013|Coos Bay B 3.76 11.66 12 59 244 No data |data |data |data
Coalbank

20128lough  [//20-8/5 [13.91 1954 2195 3.65 16.46 1925 2200 409
Coalbank

2012Slough  [8/4-8/18 |18.25 19.96 0.00 223 18.37 20.32 [22.35 (258
Coalbank

2012Slough  [8/19-8/30 |17.78 19.24 21.03 2.16 16.29 1879 [2143 |1.83
Coalbank

2012Slough  [8/31-9/13 [15.27 18.36 19 42 3.17 1587 1837 (1994 |182
Coalbank

2012Slough  [9/14-9/30 [B.17 16.67 19.47 6.69 352 1507 2286 |213
Coalbank

20128lough  [10/1-10/13[9.34 1569 17.92 298 3.03 336 368 |0.18
Coalbank [10/14-

20128lough  10/30 7.78 1391 17.54 362 1.72 268 [323 |066
Coalbank [10/31-

20128lough  [11/14 /.61 12 98 15.11 218 0.86 278 (362 |L73
Coalbank Mo No No

2013 Slough  [3/25-6/8 [No data [No data No data  |[No data No data |data |data |data
Coalbank No No No

2013Slough  |6/9-6/24 [Nodata  [No data Nodata |Nodata |Nodata |data |data |data
Coalbank No No No

20153Slough  [6/25-7/10 [No data [No data No data  |No data No data |data |data |data
Coalbank No No No

201381lough  [7/11-7/23 |No data o data No data  |No data No data |data |data |data
Coalbank

2013{Slough  [7/24-8/6 [12.20 19 3% 1220 5.17 19 89 2171 [23.40 (234
Coalbank

2013Slough  [8/7-8/19  |14.10 19 81 14.10 5.00 20.37 2205 345 202

2013{Coalbank [8/20-6/5 [11.40 20.46 2335 4.61 19.74 2240 2370 |1.71
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Slough
Coalbank

20138louch  [9/6-9/18 1323 20.66 22 88 537 21.30 2226 2345 |139
Coalbanlk No Mo No

2013Slough  [9/19-10/8 [Nodata  [No data Nodata |[Nodata [Nodata |[data |data |data
Coalbanlk [No No No

2013 Slough 10/9-10/21 No data No data MNo data No data No data |data |data |data
Coalbanl MNo No No

2013S1ouch 10/22-11/58.28 12.61 15.76 2.51 MNo data |data |data |data
Coalbank Mo Mo No

2013 5louch 11/6-11/18|5.86 19 85 19.85 4.17 No data |data |data |data

po1ofCRtchng 1980 | | i
Slough 15.21 1980 21.72 338 3.71 1531 2143 |1530

012 Catching 8/3-8/30 ) ] MNao No No
Sloush MNo data No data No data Mo data No data |data |data |data
Catching | ’ No

EDIESlough B0 11.86 1B.63 2048 3.30 1165 21.29 2566 |data
Catching . No

2012 o /15-9¢ -

_Dl_Einugh H13:9123 10.91 16.82 17.66 1.63 15.65 2325 2606 |data
Catching No

> E lomzn.10/1:

2EILSiu;:mg‘n 3010714 10.92 15.71 17.56 230 15.82 2252 2547 |data

o1 Catching |10/15- No
Slough 10/29 5.07 13.67 17.18 3.27 2.13 1575 2377 |data

2012 Catching |10/30- Nao

~ " 7|Slough 1114 5.02 12.74 1423 1.57 0.15 897 |16.32 |data
Catching |_ .

2013 2 15/25-6/

amdﬁ;lough P60 921 158.16 20.10 292 1.03 10.57 |1934 |16.74
Catching :

0] = 06T

th}SlDUEh 6/10-6/23 11.97 1RB.38 20.30 20.55 1.02 1329 2217 |1525
Catching .

12 5 J9A T

Lijlough BT 15.92 11.22 24 44 2.79 1.12 5.73 989 438
Catching .

o g 7927

_DBEIDugh e e 13.41 20.33 2346 534 0.78 1.71 225 |0.81
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Catching

2 f9_7/22
‘DIBSIGugh Lege 13.41 20.33 23 .46 5.34 0.78 1.71 25 081
Catching |-, =
7 23RS
“UHSiﬂugh e 1327 19.79 22.00 4.10 0.64 1.14 139 042
Catching No No No
93 £ Py
"DHSiﬂugh §/6-8/18 1794 20.13 22 35 2 64 No data |data |data |data
Catching |,, No No No
N ST L T 2079 275 B3 Nodata |data |data |data
Catching |, . ., No Na [No
2{]1351011211 /18 18.88 21.08 22.90 1.87 No data |data |data |data
013 Catching 0/19-10/7 No Mo N
Slough No data No data No data  [No data No data |data [data |data
oy o|Catching ; i No Mo Nao
LDBSlough Had-1020 No data [MNo data No data  [No data No data |data [data |data
Catching . . No No No
7 M1.11/
‘DIBSIGugh 192114 .88 12.64 1423 L.15 No data |data [data |data
Catching = No No No
2013 /5-11/18|, -
2 et M AR g 11.66 1230  [1.08 Noidigs s [t it
2012 Empire [7/19-8/3 925 12.81 17.40 446 23.57 26.57 [2792 [224
2012 Empire  [8/4-8/18 |8.96 12,79 18.17 400 23.78 26.57 [23.78 [1.74
201Empire  [8/19-8/30 [9.38 12.41 17:23 4.23 2454 2677 2772 143
201 Empire  [8/31-9/15 [9.25 1230 1642 3.96 2423 2604 [27.26 (148
2012 Empire [9/16-9/29 |9.52 11.88 15.11 3.50 21.67 2524 2708 213
No No No
201XEmpire [9/30-10/14NoData [NoData [NoData [NoData |[NoData [Data [Data [Data
10/15- No No No
201 Empire. [10/29 NoData |[NoData [NoData [NoData ([No Data [Data [Data |[Data
2013Empire  [5/25-6/10 (744 12.65 16.81 342 20.71 2412 2602 287
2013Empire  |6/11-6/24 |9.48 12.89 17.85 i 21.80 2477 [26.28 [1.81
2013Empire |6/25-7/9 11046 15.87 19.83 4.52 21.51 2389 2594 [2.12
2013Empire  [7/10-7/23 (9.09 12 .40 16.62 499 18.90 2503 2652 3.24
2013Empire  [7/24-8/7 [B.66 12.14 16.36 4. 70 24 .69 2590 2676 [1.34
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2013Empire  |8/8-8/19 [9.78 13.55 1929 432 2423 2571 2673 |1.16
2013 Empire  [9/24-10/8 |13.26 1478 16.92 1.64 19.97 2524 2667 [2.67
No Mo Mo

2013 Empire . [10/9-10/21[NoData  [NoData [NoData [NoData |[NoData [Data [Data [Data
Mo No MNo

2013 Empire . [10/22-11/5NoData [NoData |[NoData [NoData |[NoData |[Data [Data [Data
No No MNo

2013Empire [11/6-11/19NoData [NoData |[NoData [NoData |[NoData |Data [Data [Data

Appendix B. “Minimum” and “maximum’” temperature and salinity is the smallest and largest value, respectively,
recorded for these parameters during each two-week time interval; “mean” is the mean value reported within

each two-week time interval; and “mean daily range” is the mean of the daily range of values observed within
each two-week time interval. “No data” indicates missing or unusable data. Salinity statistics exclude outlier data,
which may represent logger failure or exposure; all recorded temperature data points were included in these analyses

unless logger malfunction is suspected
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