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INTRODUCTION

Estuaries and bays provide important habitat for a wide array of fish, bird, and invertebrate
species. Urbanization, resource use, and commercialization have resulted in drastic decreases
in the abundance of native estuarine species through habitat reduction and modifications to the
natural hydrology (Lotze, 2006; Van Dyke & Wasson, 2005). As the effects of climate change
become more pronounced, shoreline armoring in the U.S. has increased in frequency to protect
the thousands of structures located near the shoreline (NOAA Fisheries, 2020). The introduction
of breakwaters, jetties, and seawalls can fragment or eliminate natural habitats (Bulleri &
Chapman, 2010; Goodsell et al., 2007) and accelerate erosion (Gittman et al., 2015). Reductions
in native species through anthropogenic modifications can also impact critical ecosystem
services, leaving these habitats at risk for poor water quality and invasions by introduced species
(Lotze et al., 2006, Wells et al., 2019).

Non-indigenous species (NIS) have established populations in areas outside of their native
distribution, typically as a result of deliberate or accidental human activity. NIS may become
invasive if they have adverse economic or ecological consequences, including the reduction in
native species richness or abundance associated with the establishment of invasive sessile
invertebrates (Blum et al., 2007). Estuaries are highly invaded relative to the open coast (Ruiz et
al., 1997), and the introduction of aforementioned anthropogenic structures can favor the
settlement of NIS (Airoldi et al., 2015; Bulleri & Chapman, 2010; Tyrrell & Byers, 2007), including
the non-indigenous Pacific oyster, Crassostrea gigas (Scanes et al., 2016). Long-term monitoring
of NIS is necessary to identify trends between their distribution and long-term factors including
climate change and habitat transformation (Pysek et al., 2020).

Understanding the relative abundance of both native species and NIS of interest can provide a
clearer picture of the state of their populations that can be tracked through time. Density is the
number of individuals per unit area, while abundance is the overall number of individuals in an
area. Density can be used to extrapolate the abundance of individuals in an area, but sites and
habitats are highly variable in the number and diversity of animals they can support. Density and
abundance estimates can expose areas with low abundances that can be targeted for
restoration. Abundances can be estimated through various methods, including line transects,
mark-recapture, and statistical modeling. Abundance estimate methods are well-established for
mobile species including harbor porpoises (Hiby & Lovell, 1998), lake fish larvae (McKenna Jr. &
Johnson, 2009), endangered vaquitas (Jaramillo-Legorreta et al., 1999), rare blue whales
(Williams et al., 2011), and economically important blue crabs (Zohar et al., 2008). Remote
sensing via satellite imagery has be used to opportunistically estimate abundances of
congregating species (Moxley et al., 2017), marine macro-debris on the shoreline (Kataoka et
al., 2018), and intertidal algae and subtidal kelp beds (Mora-Soto et al., 2020). Plant abundance
estimates have been investigated by extrapolating the percent cover values of woody plants
(Cornwell & Ackerly, 2010), and may be applied to sessile animals. The habitats for the
organisms targeted are generally homogenized, whereas intertidal habitats are heterogenous.
Estuarine intertidal habitat can be highly variable, especially with the increase in shoreline
armoring (see example of California counties in Griggs & Patsch, 2019) and site-specific
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differences of intertidal species densities (Zacherl, unpub. data). Challenges with estimating
abundance of organisms in heterogenous environments have been addressed for invasive oyster
drills (Buhle & Ruesink, 2009), horseshoe crabs hibernating in winter (Liang et al., 2017), and
salamanders (Dodd Jr & Dorazio, 2004), but the estimates have the added complexity of
difficulty of detection. Heterogenous environments that yield patchy distributions of intertidal
swash-zone species have advised using models instead of extrapolating density measurements
(Defeo & Rueda, 2002), however, sessile mussel abundances have also been estimated using
randomly-placed quadrats along transect to determine density, which, when multiplied by
habitat area, can provide abundance estimates (Bodkin et al., 2018; Pooler & Smith, 2005).
Although changes in oyster abundance have been studied over time (Zu Ermgassen et al., 2012;
Zu Ermgassen et al., 2016), they used harvest amounts and reef size (when present) as proxies
for abundances, and did not quantify commonly-found remnant oysters settled upon habitats
other than oyster grounds. If oysters did not exist in high enough densities to form beds or reefs,
they were eliminated from consideration. Currently, oysters on the U.S. west coast rarely form
high-density oyster grounds, so new methods to estimate their abundances must be explored.

The native Olympia oyster, Ostrea lurida, is distributed from British Columbia to Baja California
(Polson & Zacherl, 2009). It was historically abundant along its range, and wild O. lurida
populations were used for aquaculture until their reefs were depleted at which point non-native
Pacific oysters imported from Japan were implanted into the estuaries to supplement the
industry (Barrett, 1963). In San Diego Bay, native oyster reefs were present but not abundant
enough to support harvest by as early as the 1930s due to pollution in the bay (Bonnot, 1935).
Today, C. gigas are well established throughout the O. lurida geographic range (Polson &
Zacherl, 2009), including in San Diego Bay (Crooks et al., 2015; Tronske et al., 2018). C. gigas
may have a facultative (Figures 1 and 2) or detrimental (Buhle & Ruesink, 2009; Krassoi et al.,
2008; Trimble et al., 2009) role in O. lurida recovery, so it is critical to establish the two species’
abundance where their distributions overlap.
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Figure 1. Possible C. gigas facultative effect on O. lurida recruitment. M. galloprovincialis shown
growing alongside the oysters.
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Figure 2. Sixteen O. lurida recruited to one C. gigas (center) on recruitment tile deployed at E
Street at 0 m MLLW in San Diego Bay, CA during the 2018 recruitment season. Example of
possible facultative effect of C. gigas on O. lurida recruitment. O. lurida may recruit in higher
abundances to oyster shell compared to introduced hard habitat.

The Bay mussel, Mytilus galloprovincialis, is another non-native bivalve that is established on
the west coast of North America (Fofonoff et al., 2018). Its native range is the Mediterranean,
but its invasive range is largely unknown partly because M. galloprovincialis is a morphologically
cryptic species in a species complex with four other Mytilus sp. (Fofonoff et al., 2018). M.
galloprovincialis was introduced to supplement native M. trossulus aquaculture on the west
coast of North America, including in Agua Hedionda Lagoon in San Diego County (Shaw, 1997),
but its mechanism of spread to other areas in California is largely unknown (Fofonoff et al.,
2018). M. galloprovincialis was first detected in San Diego in 1987 by molecular analysis
(McDonald & Koehn, 1988) and has since hybridized with the native M. trossulus (Braby &
Somero, 2006). M. galloprovincialis can cause reduced growth and survival of native mussels
(Shinen & Morgan, 2009). Recent mussel surveys have yielded only M. galloprovincialis or
hybrids in select southern Californian estuaries (Garcia, Walter, and Zacherl, unpublished data).

O. lurida, C. gigas, and M. galloprovincialis co-occur within estuarine intertidal habitat. Their
adult densities overlap but are partly separated by tidal elevation, where C. gigas is found at
higher tidal elevations, O. lurida is found at lower tidal elevations, and M. galloprovincialis is
found between and among the two oyster species (Figure 3). Bivalves provide important
ecosystem services (see review, Padilla, 2010). For example, oysters, as foundation species,
increase ecosystem productivity (Peterson & Heck Jr., 1999), provide water filtration, improve
water quality, and enhance available habitat (Coen et al., 2007). Oysters sequester carbon when
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they deposit carbon-rich seston into the sediment and facilitate the expansion of other carbon
sinks (Fodrie et al., 2017) and contribute to bioremediation (Dalrymple & Carmichael, 2015).

Figure 3. Example zonation of the three species of interest on a seawall in Alamitos Bay, CA in
2013. C. gigas is at the highest elevation, M. galloprovincialis is in the middle, and O. lurida is
within and below the band of mussels.

San Diego Bay has the highest percentage of hard armor on the shoreline among counties in
California (Griggs & Patsch, 2019). The San Diego Bay Integrated Natural Resources
Management Plan has reviewed the negative environmental impacts to the bay from armored
shorelines and have goals to reduce their impact and improve estuarine ecosystem health. Of
the intertidal habitat in the bay, 74% has been armored since 1859 (U.S. Department of the
Navy, Naval Facilities Engineering Command Southwest & Port of San Diego, 2013). Though the
habitat in the intertidal has changed dramatically, the artificial hard habitat is still utilized by
intertidal organisms, including by oysters and mussels. The Port of San Diego is interested in
establishing baseline abundance estimates of native O. lurida, non-indigenous C. gigas, and non-
indigenous M. galloprovincialis in San Diego Bay and monitoring them over time to inform
aquaculture and blue technology opportunities in the bay.
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STUDY OBJECTIVES

We aim to estimate bay-wide abundances of oyster and mussel species by conducting field studies
in a variety of locations around the bay with varying habitat types to assay intertidal oyster and
mussel abundance and density. This field survey potentially is the first of a recurring set of sampling
throughout San Diego Bay. In addition, we will deploy recruitment tiles to understand the current
reproductive capacity of both oyster species in the bay.

Study Questions
This final report will address the following general questions:

1. What are the densities of native Olympia oysters, Ostrea lurida and non-native Pacific
oysters, Crassostrea gigas at sites throughout San Diego Bay and how have the
densities changed over time?*!

2. What is the total estimated bay-wide abundance of both oyster species?

3. What is the strength of oyster recruitment during the summer 2020 oyster
reproductive season and how does it compare to previous years?

STUDY DESIGN & METHODS

Field Surveys

In 2020 we surveyed Ostrea lurida and Crassostrea gigas density, percent cover, bay-wide
abundance, and substratum availability at 11 sites spanning the perimeter of the Bay. These
sites were selected based on accessibility, diversity of habitat types, and were distributed
throughout the entire bay (Figure 4). When possible, we sampled multiple sites with the same
substratum availability to generate average densities on particular habitat types including pier
piling, pipe, chain-link fence, seawalls, cobble fields, riprap, and mud and sand habitats. All sites
were sampled during the summer of 2020 between the months of June and July.

At each site, we surveyed the tidal range from the waterline of the respective lower low tide to
the highest live oyster. At sites with cobble, riprap, and mud and sand, 2-3 50 m transects were
laid out to divide the habitat into equal sections to capture the density of oysters across the
available tidal range. Sites with pier piling, pipe, chain-link fence, or seawall habitat were
surveyed using a single 10-18 m transect placed above the visible oyster zone. X and y-values
were randomized for the placement of the 0.5-m length x 0.5-m length (0.25 m?) quadrats (n=38-
45 per site, n=6-45 within each habitat type). For sites with pier piling, pipe, chain-link fence, or
seawall habitat, we reduced the quadrat size to 0.5-m length x 0.15-m length (0.075 m?)
quadrats to constrain each individual quadrat to more specific tidal elevations.

! Per the contract, bay-wide abundance and density estimates will be calculated for Mytilus galloprovincialis, too.
We collected data on % cover across all sites and took photo plots at a subset of sites. These data can eventually

be converted into density estimates and used to estimate bay-wide abundance for this species. Here, we provide
a qualitative assessment of their abundance.
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Figure 4. Locations of study sites in San Diego Bay, CA, for field surveys and recruitment tile
deployments during 2020.

To determine substratum availability within the habitats we employed a point contact
technique, using a gridded 0.25 m? quadrat with 21-49 points based on the habitat type. At each
point we identified the substratum first encountered with our probe. Alga and eelgrass (Zostera
marina) points were only counted if the probe hit the holdfast. Otherwise, the alga or eelgrass
cover was moved to reveal the substratum beneath. Mobile organisms were removed and the
substrate beneath was counted. Hard substrate types encountered included wall, fence, gravel,
small rock, medium rock, large rock, boulder, concrete, pier piling, wood, terracotta, rebar,
engine, beer bottle, glass, live and dead O. lurida, live and dead C. gigas, live and dead
Amphibalanus amphitrite, live Musculista senhousia, live Mytilus galloprovincialis, live
Phragmatopoma californica, and live clam. Soft substrates included mud, sand, Codium fragile,
Zostrea marina, Ulva, Chondracanthus canaliculatus, tunicates, sea anemone, sponge,
bryozoan, and air. These data were used to assign each quadrat to a habitat type (Table 1).
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Once percent cover was quantified, we replaced the gridded quadrat with an open quadrat to
collect oyster density data. Oysters that were at least halfway into the quadrat were identified
and counted. We identified all live oysters by external examination of the shell based on
presence/absence of shell foliations (C. gigas) or by internal identification of the
presence/absence of chomata (as in Polson et al., 2009; Raith 2013). The size of the first 25
encountered oysters from each species was recorded by each surveyor across 4 surveyors for a
total of 100 oysters per species measured per site at GC, CV and GB. For the remaining sites, we
recorded the first 5 oysters encountered per quadrat until we reached 25 measured by each
surveyor across 4 surveyors for a total of 100 oysters per species measured per site. Size
frequency distribution data were not included in this final report since they were beyond the
scope of the contract but are available upon request.

To capture the tidal elevation at each site we used a Laser Mark LM-30 rotary laser by calculating
the difference in height from an established watermark at a specific time and using predicted
NOAA tidal elevations (Station ID: 9410170). We estimated the tidal elevation for each quadrat
(see Table 1 for tidal elevation range for each site).

Oyster density data were converted to per m? and then combined with data we generated on
bay-wide habitat availability (see below) to estimate bay-wide abundances for both oyster
species. We calculated density above and below 0.3 m MLLW within each site on several habitat
types including seawall, rip rap, pier pilings, cobble, soft sediment, pipe, and chain-link fence,
and then generated average densities across sites per habitat type and tidal elevation. These
averages were multiplied by the area (length * width) of each habitat around the perimeter of
the bay to generate bay-wide abundance estimates. To incorporate pipe into the perimeter, the
width of four pipes were measured and applied to all pipes found in the bay (0.9 m * 37 pipes).

Bay-wide pier piling area was estimated as 1.2 m height * 0.3 m width * 4 sides * # of pier pilings
bay-wide. However, for several reasons, we elected to use seawall density data to represent
oyster densities on pier piles: 1) we sampled only 7 pier pilings and only at a single site that may
not be representative of the bay, 2) we detected an error in our tidal elevation measurements
for the pier pilings and confirmed the error using time-stamped images of surveyors working on
the pier pilings; sorting out which quadrats to assign to which tidal elevation became
problematic, 3) we recorded unusually high O. lurida density and unusually low C. gigas density
on these pier pilings that we were not confident were representative of the bay-wide densities
on that habitat, 4) seawall was the next-best proxy for measuring densities on piling directly.

Recruitment study

We assessed recruitment of O. lurida and C. gigas by deploying concrete tiles as a proxy for
available habitat on March 22 and 23, 2020, at four sites, GC, CV, ES, and LP (Figure 4). Smooth
concrete tiles were constructed and suspended from PVC pipes modeled after Seale and Zacherl
(2009) in vertical and horizontal orientation (Figure 5) at two tidal elevations that reflect the
adult distributions of O. lurida (0 m MLLW) and C. gigas (+0.6 m MLLW; Tronske et al., 2018) (n=
5 tiles per orientation, site and tidal elevation). The PVC pipes were inserted into the mud or
sand habitat so that tiles hung approximately 12-15 cm above the ground. In addition to the
concrete tiles, we also deployed replicate (n=3) terra cotta tiles in plastic mesh cages at ES to
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standardize the recruitment substrate to previous years of collected recruitment data. Tiles
deployed at GC were damaged or lost during the study, and thus they are excluded from
analyses.

Recruitment tiles were retrieved on October 18, 2020. Tiles were processed first by capturing
an image of both sides of every tile (Figure 6 and Appendix A). Then, percent cover of organisms
on each tile was assessed using a 50-point gridded quadrat point contact technique on each side
of the tile. Substrate types included: concrete tile, terracotta tile, live and dead O. lurida, live
and dead C. gigas, live and dead Amphibalanus amphitrite, Watersipora sp., Bugula sp., Styela
plicata, and other tunicates. On both sides of the tiles, live and dead oysters were identified and
counted. The maximum length (mm) and width (mm) of all live oysters was measured. Oyster
size frequency distribution, oyster mortality, and percent cover data analyses were not included
in this final report since they were beyond the scope of the contract but are available upon
request.

Figure 5. PVC pipe with suspended concrete tiles at La Playa, San Diego Bay, CA in March
2020.
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Figure 6. Treatment tiles post-deployment on underside and upper side of tiles orientated
horizontally to the water surface. Tiles were deployed at La Playa, E Street, and Chula Vista
Wildlife Reserve in San Diego Bay, CA from March to October, 2020. Scale = 10 cm.

Bay-wide Habitat Estimates

We used Google Earth, an open-access database of satellite imagery, to determine substrate
type along the entire shoreline of San Diego Bay. A combination of satellite imaging and in-
person photos (when available) of the areas were used to identify and measure the distance (in
meters) of various habitat types (Figure 7). We characterized cobble as any rock <0.3 m (1 ft)
and boulder or rip rap as > 0.3 m (1 ft) in diameter. All satellite photos were captured from 2018
— 2020, per Google Earth. We categorized all substrata into seven types: cobble, fence, pier
pile, pipe, boulder (includes rip rap and concrete slabs), seawall, and soft (includes sand and
mud). Large areas under structures held by pier pilings where the substrate could not be
determined were categorized as “unknown.” Pier pilings were counted and are assumed to be
underestimated due to the lack of adequate satellite or in-person images provided in Google
Earth.
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Figure 7. Example of shoreline measured in Google Earth. Satellite imagery was taken at high
tide.

Data analysis

Differences in 2020 densities of O. lurida and C. gigas on the underside of tiles were assessed
(separately) as a function of site, tidal elevation, and their interaction using two-way ANOVAS.
We also evaluated whether there were differences in density as a function of species and
habitat type and their interaction using two-way ANOVAS.

Assessing density changes over time was challenging because of slight variation in the data
collection methods (we collected data in 2013 across a limited tidal range centered around O m
MLLW), but was possible. These data were analyzed by undergraduate scholars participating in
the Southern California Ecosystem Research program at CSUF as part of a summer course, BIOL
301, Problems in Environmental Biology under the tutelage of Dr. Zacherl and Dr. Bill Hoese,
and their research poster, presented at the Society for the Advancement of Chicanos and Native
Americans in Science (SACNAS), a conference of national significance, is included in Appendix B.
Differences across years (2013/2014 vs 2017 vs 2020) in O. lurida and C. gigas density were each
tested using one-way analysis of variance (ANOVA) separately for lower (<+0.38 m MLLW) and
higher tidal elevations (>+0.38 m MLLW).

To assess variation in recruitment across sites in 2020, differences in the number of O. lurida
and C. gigas on the underside of concrete tiles were assessed (separately) as a function of site,
tidal elevation, and their interaction using two-way ANOVAS. To understand if the magnitude
of recruitment in 2020 was high or low, we examined archived caged recruitment data from E
Street previously collected by the Zacherl lab from 2015-2019, combined with 2020 recruitment
data. We tested for the effects of year, tidal elevation, and their interaction for each oyster
species separately using two-way ANOVAS. Lastly, to understand whether differences in
recruitment among sites were maintained from year to year, we again examined archived
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recruitment data from 2017-2019 at Glorietta Bay, Grand Caribe and E Street at 0 m MLLW
where we tested for the effects of site, year and their interaction on recruitment for each
species separately, again by using two-way ANOVAS. For comparisons among vertically and
horizontally deployed recruitment tiles from 2020, we analyzed for the effects of treatment
(horizontal upper vs. horizontal underside vs. vertical seaward vs. vertical shoreward), tidal
elevation, and their interactions on recruitment separately for each species and site.

All data used in the above ANOVAs were square root or log transformed if they did not meet
the ANOVA assumption for equal variances. If unequal variances persisted in the data after
transformations, then data were rank-transformed and analyzed in non-parametric ANOVAs. If
main effects or interaction effects were present, then post-hoc Tukey tests determined the
differences among response factors. All ANOVAs were completed in JMP version 14.

RESULTS

Oyster Densities and Tidal Elevation

O. lurida densities across all sites surveyed in 2020 at the lower tidal elevations (<0.3 m) ranged from
0 to 401.0 oysters/m? and at the higher tidal elevations (>0.3 m) ranged from 0 oysters/m? to 147.5
oysters/m? (Table 1). C. gigas densities across all sites surveyed in 2020 were generally lower than
O. lurida at the lower tidal elevations, ranging from 0 oysters/m? to 115.7 oysters/m?, and ranging
from 0 oysters/m? to 255.1 oysters/m? at the higher tidal elevations. O. lurida showed trends for
higher densities at lower tidal elevations but this effect was site-dependent (2-way ANOVA, 2-way
interaction, site*elevation, p<0.0001, Figure 8), and only statistically significant at Hl and KB. C. gigas
displayed an inverse pattern, having significantly higher densities at higher tidal elevations at 5 of
11 sites (2-way ANOVA, 2-way interaction, site*elevation, p<0.0001, Figure 9).

A-C
600 T <0.3 m MLLW
> 0.3 m MLLW
500
A
€ 400
3
§ 300
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o A-C, E-F
200 G AE G 1 I
CH I I I CEG | Cl
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o I o AI-c Dy I D, G-J I L
0 I T H_-J J ) I I’ F, H;J = A-J
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Figure 8. O. lurida density across sites in San Diego Bay in 2020 at high and low tidal elevations. Error

bars=1 SE. Different letters above bars indicate statistically significant differences based upon post-
hoc Tukey HSD tests.
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Figure 9. C. gigas density across sites in San Diego Bay in 2020 at high and low tidal elevations. Error
bars=1 SE. Different letters above bars indicate statistically significant differences based upon post-
hoc Tukey HSD tests.

Oyster Densities and Habitat Type

Across all sites, O. lurida densities (averaged across all tidal elevations) ranged from 11.6 oysters/m?
to 473.9 oysters/m? on hard substrate. C. gigas densities (averaged across all tidal elevations) ranged
from 22.3 oysters/m? to 290.9 oysters/m? on hard substrate. Both species experienced their lowest
overall densities in soft sediment, and trended toward their highest densities being represented on
a pipe located at Kellogg Beach (Figure 10). Densities of the two species were similar among half of
the surveyed habitat types (2-way ANOVA, 2-way interaction, oyster species*habitat type,
p<0.0001). O. lurida densities were higher than C. gigas densities on pier pilings and pipe, though
none of these differences were statistically significant (post-hoc Tukey comparisons, p>0.05 for each
listed habitat type). However, C. gigas densities were significantly higher than O. lurida on seawall,
riprap, and fence (Figure 10).
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Figure 10. Oyster density across habitat types in San Diego Bay in 2020. Error bars=1 SE. Different
letters above bars indicate statistically significant differences based upon post-hoc Tukey HSD tests.

Oyster Density Across Time

O. lurida densities within each site fluctuated across years with no apparent overall trend across
sites; at the lower tidal elevation, they declined significantly at CV and GC (ANOVA p<0.05 for both
sites), and fluctuated at GB (Appendix B, Figure B-5); at the higher tidal elevations, densities were
stable at two sites (ANOVA, P>0.05), but increased at GB (ANOVA, p>0.05). C. gigas densities were
generally stable at the lower tidal elevation, but increased greater than 5X at two of three sites
(ANOVA, P<0.05 at CV and GB) at the higher tidal elevation and remained the same at one site (GC)
where their density was already high (Appendix B, Figure B-5).

Mussel Density

While we did not quantify mussel density in our open quadrats, density was exceedingly low. M.
galloprovincialis averaged <0.1% cover on substrata across all sites. The highest M.
galloprovincialis cover was at Kellogg Beach where they accounted for 5.4% of the cover on
habitats at that site (Figure 11), and 94% of the point contact data recording this mussel species
across all sites were taken at Kellogg Beach.
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Figure 11. M. galloprovincialis found at Kellogg Beach, San Diego Bay, CA in July 2020.

Perimeter and Abundance Estimates

Visual surveys using Google Earth revealed that the perimeter of San Diego Bay is comprised
mostly of hard substrata that may facilitate oyster recruitment (80.7%, Table 2, Figure 12).
Approximately 78.4% of this is made up of human introduced substrate, including riprap and
seawalls upon which C. gigas densities were higher (Figure 10). Both oyster species were present
on each type of hard substrate but at exceedingly low densities on the soft substrate that
comprised 18.9% of the bay perimeter. Due to limitations in Google Earth, we could not identify
the habitat on ~1.6% of the total bay perimeter. Visual estimates of pier pilings from docks,
piers, and other structures revealed an estimated 63,768 pier pilings which provides additional
available habitat for both oyster species and M. galloprovincialis. Pier pilings varied in size and
material, but limitations in Google Earth prevented further categorization. Pipes and chain link
fence jutting into the bay added additional oyster habitat to the perimeter of the bay (746 m),
while boat launches and outfalls do not provide habitat for oysters (254 m, or <0.01% of San
Diego Bay perimeter). While tracing the perimeter of the bay, a possible oyster reef was found
in Harbor Island (32.727515°N, 117.194366°W, Figure 13).

The estimated bay-wide abundance for O. lurida is 34,318,947, about 1.3 times more than C.
gigas at 26,014,313 oysters (Table 2). Both species are most commonly found on rip rap, with
54% of O. lurida and 46% of C. gigas found on this habitat, which is the most common habitat in
the bay.
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Table 2. Total perimeter (m), percentage of total perimeter, O. lurida and C. gigas abundances
(# of individuals) and % of habitat sampled by the field surveyors in June-July, 2020 for
shoreline habitats around San Diego Bay, CA. The “Other” category is combined habitats that
comprise 2% of total habitat, including pipe, boat launch, outfall, and unknown.

31%

Habitat type Perimeter % of O. lurida C. gigas % of Habitat
(m) Perimeter Abundance Abundance Sampled

Rip rap 41,764 42.2% 18,426,989 11,934,938 0.75%
Seawall 30,307 30.6% 2,900,035 3,516,397 0.53%
Soft 18,727 18.9% 154,030 437,752 1.78%
Cobble 5,550 5.6% 585,575 631,670 2.90%
Other 1,832 1.9% 12,252,318 9,493,555 N/A
Grand Total 98,181 100.0% 34,318,947 26,014,313

:::?L::;d 77,621 78.4%

# pier pilings 63,768 11,867,854 9,324,493

42%

Rip rap
Seawall

m Soft
m Cobble

Other

Figure 12. Percentage of shoreline habitat per habitat type along the perimeter of San Diego
Bay, CA. “Other” includes pipes, chain-link fence, outfalls, boat launch ramps and unknown
habitats that could not be determined from Google Earth satellite images. Importantly, pier
pilings are not included in this perimeter figure but were quantified for bay-wide oyster
abundance estimates.
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€ San Diego, California

igure 13. Possible oyster reef discovered below the rip rap in Harbor Island, San o Bay, CA.

Recruitment across sites and tidal elevations in 2020
In 2020, oyster recruitment was relatively low for both O. lurida and C. gigas compared to previous
years. Importantly, no Mytilus galloprovincialis recruitment was observed.

O. lurida recruited exclusively to 0 m MLLW on the underside of horizontal concrete tiles across all
sites in 2020, and at that elevation, their recruitment ranged from an average of 1.2 to 15 oysters
on the undersides of tiles (2-way ANOVA, 2-way interaction, site*tide, p=0.0182, Figure 14). O. lurida
recruited in highest abundances to tiles at ES compared to CV or LP at 0 m MLLW. C. gigas
recruitment ranged from an average of 0 to 3 oysters per tile and recruited in highest abundance at
ES but in equal abundances to 0 and 0.6 m MLLW (2-way ANOVA, site effect, p=0.0012, Figure 15).
Importantly, at LP, the major space occupiers on the underside of horizontal concrete tiles were
non-indigenous Styela plicata at 0 m MLLW and non-indigenous Hydroides elegans at 0.6 m MLLW
(Figure 6, Appendix A).

A
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Figure 14. Number of O. lurida on the underside of horizontal concrete tiles deployed at 0 and +0.6
m MLLW in 2020 at sites in San Diego Bay, CA. Error bars=1 SE. Different letters above bars indicate
statistically significant differences based upon post-hoc Tukey HSD tests.

20 0 m MLLW
0.6 m MLLW
L) 15
2
¥ 10 A
>
() B B
© 5
o . iﬁ 0
0 e
cv ES LP

Figure 15. Number of C. gigas on the underside of horizontal concrete tiles deployed at 0 and +0.6
m MLLW in 2020 at sites in San Diego Bay, CA. Error bars=1 SE. Different letters above bars indicate
statistically significant differences based upon post-hoc Tukey HSD tests.

Recruitment across years and tidal elevations at ES

To examine how the magnitude of 2020 oyster recruitment compared to previous years, we
evaluated recruitment across a 6-year time period at ES on caged terra cotta tiles. O. lurida
recruitment varied at ES across years and across tidal elevations, but sometimes the variation
between elevations was more striking than in other years (2-way ANOVA, 2-way interaction,
year*elevation, p<0.0001, Figure 16). O. lurida recruitment was the lowest in 2015 with an average
of 2.4 O. lurida/tile, and the highest in 2018 with an average of 69.6 O. lurida/tile. No O. lurida were
found at 0.6 m MLLW in any of the years. Similar to O. lurida, C. gigas had its lowest recruitment
yearin 2015 with an average of 0.12 oysters/tile and its highest recruitment in 2018 and 2019, where
the highest average was 19.78 oysters/tile in 2019; it also consistently recruited in higher numbers
to +0.6 m compared to 0 m MLLW (2-way ANOVA, effect of year, p<0.0001, and tidal elevation,
p<0.0001, Figure 17). Qualitatively, C. gigas recruited in lower numbers than O. lurida across years
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at ES, but recruited to both 0 and 0.6 m MLLW with highest abundances to 0.6 m MLLW (compare Y
axes on Figures 16 and 17).
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Figure 16. Number of O. lurida recruited to the bottom of caged terra cotta tiles deployed at 0 and
+0.6 m MLLW during each recruitment season from 2015-2020 at E Street in San Diego Bay, CA. Error
bars=1 SE. Different letters above bars indicate statistically significant differences based upon post-
hoc Tukey HSD tests.
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Figure 17. Number of C. gigas recruited to the bottom of caged terra cotta tiles deployed during
each recruitment season from 2015-2020 (left) and at 0 and +0.6 m MLLW (right) at E Street in San
Diego Bay, CA. Error bars=1 SE. Different letters above bars indicate statistically significant
differences based upon post-hoc Tukey HSD tests.
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Oyster recruitment across sites and years

To evaluate whether high recruitment years were consistent across sites, we examined archived
recruitment data from caged terra cotta tiles at ES, GC and GB at 0 m MLLW from 2017-2019. High
recruitment years for O. lurida were not consistent across sites at 0 m MLLW, and the magnitude for
recruitment varied across sites, too. O. lurida recruitment was highest at ES in 2018 with 69.6
oysters/tile while highest recruitment at GC and GB was in 2017 with 145 oysters/tile and 16.8
oysters/tile, respectively (2-way ANOVA, 2-way interaction, site*year, p<0.0001, Figure 18). At GC
and GB, O. lurida recruitment the lowest in 2019, but 2019 recruitment at ES was statistically
equivalent to 2018, the highest recruitment year at ES. GC and GB show a negative trend of oyster
recruitment across time, while ES does not follow that trend.

Like O. lurida, C. gigas recruitment strength was not consistent across years or sites. Recruitment
was highest at ES in 2019 with an average of 11.6 oysters/tile but highest at GC in 2018, with 11.0
oysters/tile (2-way ANOVA, 2-way interaction, site*year, p<0.0001, Figure 19). At GB, no C. gigas
recruited to tiles at 0 m MLLW during the evaluated time period. C. gigas recruitment was equally
low across sites in 2017. Unlike O. lurida, C. gigas recruitment positively correlates with year for ES,
but GC and GB do not follow a discernable trend.

180 mGB
A W ES
mGC

160
140
120

100
AB ABC

BCD
CDE CDEF
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EF F
- — 0
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O. luridaftile
N sy D [0.0]
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Figure 18. Number of O. lurida recruited to the undersides of terracotta tiles deployed at 0 m MLLW
during the recruitment seasons of 2017-2019 in San Diego Bay sites, GB, ES, and GC. Error bars=1 SE.
Different letters above bars indicate statistically significant differences based upon post-hoc Tukey
HSD tests.
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Figure 19. Number of C. gigas recruited to terracotta tiles deployed at 0 m MLLW during the
recruitment seasons of 2017-2019 in San Diego Bay sites, GB, ES, and GC. Error bars=1 SE. Different
letters above bars indicate statistically significant differences based upon post-hoc Tukey HSD tests.

Oyster recruitment across tile orientations and tidal elevations

In 2020, the magnitude of oyster recruitment was consistently low on all tile orientation treatments
at 0 and 0.6 m MLLW across ES, LP, and CV, but generally trending to higher recruitment on the
undersides of concrete tiles for both species.

At ES, average recruitment of O. lurida/tile was maximized at 15 oysters/tile and average C. gigas
was maximized at 3.6 oysters/tile, both on the underside of horizontal tiles at 0 m MLLW. O. lurida
recruited in abundances at least 9 times more to the underside of horizontal tiles compared to other
treatments and tidal elevations (2-way ANOVA, 2-way interaction, treatment*tide, p<0.0001, Figure
20). C. gigas recruited in equal abundances across tidal elevations but recruited at least 5 times more
to the underside of horizontal tiles relative to other treatments (2-way ANOVA, treatment effect,
p=0. 0005; Figure 21).
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Figure 20. Number of O. lurida on concrete tile treatments deployed at various orientations at 0 and
0.6 m MLLW in 2020 at ES in San Diego Bay, CA. Shoreward and seaward-facing tiles were deployed
vertically while under and upper refer to the underside and upper side of horizontally deployed tiles.
Error bars=1 SE. Different letters above bars indicate statistically significant differences based upon

post-hoc Tukey HSD tests.
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Figure 21. Number of C. gigas on concrete tile treatments deployed at various orientations at 0 and
0.6 m MLLW in 2020 at ES in San Diego Bay, CA. Shoreward and seaward-facing tiles were deployed
vertically while under and upper refer to the underside and upper side of horizontally deployed tiles.
Error bars=1 SE. Different letters above bars indicate statistically significant differences based upon
post-hoc Tukey HSD tests.

At LP, O. lurida recruitment was maximized at 2.6 oysters/tile, again on the undersides, though the
difference among treatments was not statistically significant; they did however, recruit statistically
more at 0 m MLLW compared to 0.6 m MLLW (2-way ANOVA, effect of tidal elevation, p=0. 0011;
Figure 22). C. gigas recruitment was low with a maximum average at 0.2 oysters/tile at LP, and there
were no significant effects of tile orientation or tidal elevation on C. gigas recruitment (2-way
ANOVA, all effects, p>0.05; Figure 23). C. gigas only recruited to the underside of tiles at 0 m MLLW
and did not recruit to upper, seaward, and shoreward tile orientations at either tidal elevation at LP.
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Figure 22. Number of O. lurida on concrete tile treatments deployed at various orientations at 0 and
0.6 m MLLW in 2020 at LP in San Diego Bay, CA. Shoreward and seaward-facing tiles were deployed
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vertically while under and upper refer to the underside and upper side of horizontally deployed tiles.
Error bars=1 SE. Different letters above bars indicate statistically significant differences based upon
post-hoc Tukey HSD tests.
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Figure 23. Number of C. gigas on concrete tile treatments deployed at various orientations at 0 and
0.6 m MLLW in 2020 at LP in San Diego Bay, CA. Shoreward and seaward-facing tiles were deployed
vertically while under and upper refer to the underside and upper side of horizontally deployed tiles.
Error bars=1 SE. Different letters above bars indicate statistically significant differences based upon
post-hoc Tukey HSD tests.

At CV, O. lurida recruitment was maximized at 2.6 oysters/tile. Similar to LP, O. lurida at CV recruited
in higher abundances to 0 m MLLW, but independent of tile orientation (2-way ANOVA, effect of
tidal elevation, p=0. 0024; Figure 24). C. gigas recruitment was generally low and its average density
ranged from 0 to 0.5 oysters/tile. Similar to LP, there was no significant effects of tile orientation or
tidal elevation on C. gigas recruitment at CV (2-way ANOVA, all effects, p>0.05; Figure 25). C. gigas
did not recruit to seaward or upper tiles at 0 or 0.6 m MLLW.
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Figure 24. Number of O. lurida on concrete tile treatments deployed at various orientations at 0 and
0.6 m MLLW in 2020 at CV in San Diego Bay, CA. Shoreward and seaward-facing tiles were deployed
vertically while under and upper refer to the underside and upper side of horizontally deployed tiles.
Error bars=1 SE. Different letters above bars indicate statistically significant differences based upon
post-hoc Tukey HSD tests.
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Figure 25. Number of C. gigas on concrete tile treatments deployed at various orientations at 0 and
0.6 m MLLW in 2020 at CV in San Diego Bay, CA. Shoreward and seaward-facing tiles were deployed
vertically while under and upper refer to the underside and upper side of horizontally deployed tiles.
Error bars=1 SE. Different letters above bars indicate statistically significant differences based upon
post-hoc Tukey HSD tests.
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DISCUSSION

We recorded the first-ever abundance estimate of oysters in San Diego Bay with a method that
has not been attempted on oysters in southern California. Olympia oyster, Ostrea lurida,
abundances have been estimated using the same method in Elkhorn Slough, CA (Kerstin
Wasson, pers. comm.), but the oyster distribution, abundance, and habitat available in the
intertidal are vastly different. There, O. lurida abundance has ranged from 1,000 to ~5,000
over the past decade likely because Elkhorn Slough experiences oyster recruitment failure
during most years. Crassostrea gigas has not yet established in Elkhorn Slough. San Diego Bay,
on the other hand, has experienced regular oyster recruitment success for the past 7 years,
since we began regularly monitoring oyster recruitment, and has had an established C. gigas
population since at least the early 2000s (Crooks et al. 2015). Our study establishes a critically
important baseline (Knowlton & Jackson, 2008) for both oyster species in San Diego Bay, CA,
that will be useful as environmental conditions within our local bays and estuaries shift in the
face of global climate change (Scavia et al., 2002) and as habitat availability in the bay shifts
due to human activity (Airoldi et al., 2005).

Despite being numerically abundant and common throughout southern California and
especially within San Diego Bay (Tronske et al. 2018), neither O. lurida nor C. gigas exist in
beds or reefs that would qualify as “oyster grounds” (sensu Zu Ermgassen et al. 2012), except
in small patches at Kellogg Beach in the northern portion of San Diego Bay, and perhaps at
Harbor Island (Figure 13), though the species composition of that habitat is currently
unknown. Coast-wide, O. lurida oyster grounds and biomass are at less than 1% of their
historical amounts, and this loss of habitat has resulted in the species being characterized as
functionally extinct in a recent United States-wide survey (Zu Ermgassen et al. 2012).

Preliminary limited evidence across time suggests that C. gigas may be increasing in density
and abundance within San Diego Bay, at least at some sites (Appendix B). Patterns of change
for O. lurida were less pronounced, but O. lurida is known to vary dramatically in abundance
from year to year, and has been known to experience large die-offs due to pronounced shifts
in environmental factors, including salinity due to atmospheric rivers (Cheng et al., 2016).
However, in a recent study in San Diego Bay, O. lurida was resilient to several atmospheric
river events occurring in 2017 (unpublished, Appendix C). It will be critical to continue to
monitor changes in density and abundance across time to better establish whether patterns
we uncovered are robust or random.

Our data on shoreline armoring may indicate an increase in armored shorelines since 2013 —
approximately 78.4% of San Diego Bay’s shoreline is now armored with human-introduced
habitat and this value is a slight increase from the 74% reported in 2013, though it is unclear
whether the former estimate classified cobble as human-introduced, as we did here (U.S.
Department of the Navy, Naval Facilities Engineering Command Southwest & Port of San
Diego, 2013).
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The analyses of the Google Earth perimeter revealed that pier pilings were profoundly under-
sampled by our team, especially relative to the number of total piles (we sampled a mere
0.01% of the total) and relative to all other habitat types (Table 2), for which we were able to
sample at least 0.5 % of total habitat. Future research efforts should emphasize an increase in
sampling effort of pier piles across more sites so that we not only sample a greater percentage
of the total number of piles but further, so that we get a more accurate estimate of bay-wide
oyster densities on piles. Replacing pier pile oyster densities that we did record with seawall
oyster densities had the effect of likely underestimating O. lurida abundance (since pier pile
densities were 5 X higher than seawall densities) by more than 4.1 million oysters (12%) and
overestimating C. gigas abundance (with pier pile densities 2 X lower than seawall densities)
by about 6.6 million oysters (25%). Clearly, given the tremendously high number of pier piles
as habitat in the bay, an accurate bay-wide oyster abundance estimate critically relies upon
broader sampling of piles. To achieve comparable sampling effort to other habitats (sampling
>0.5% of the habitat), we would need to sample a minimum of 320 piles.

For all of the habitats sampled for which we reported perimeter, we should ground-truth the
observations (Kataoka et al., 2018). By ground-truthing the perimeter data, we can also better
quantify lower tidal zones that are covered in water at the time of the Google Earth Imagery.
Our perimeter data likely reflects the substrate available in higher intertidal zones, and
represents a limitation to our current study that may overestimate habitat availability for O.
lurida and artificially inflate our O. lurida abundance estimates.

We expanded oyster recruitment studies to LP and CV in 2020 and found that recruitment was
exceedingly low, but an accumulation of our recruitment data across years shows that
recruitment varies across years and sites, with poor relative recruitment in a particular year
not being necessarily representative of all years. Oyster recruitment studies should continue
at these sites to better understand the overall site-specific recruitment strength.

Moving forward, we can explore patterns from the data that were not analyzed in this report
to better understand oyster distributions across habitat types, tidal elevations, and solar
aspects in San Diego Bay (Table 3).
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Table 3. Data analysis “bucket list” of analyses outside of the objectives of the report.

Priority Analysis

1 Effect of area of the bay on adult oyster densities (North, North Central, South
Central, South)

2 Effect of solar aspect on adult densities and recruitment

3 Percent cover of non-indigenous species versus native species on recruitment tiles
and in surveys

5 Dead oyster vs. live oyster percent cover and recruitment as proxies for mortality

6 Size histograms of adult oysters and recruited oysters
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