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Marine heatwaves have altered ecosystems globally, including changing community composition and facilitating the spread of invasive species. In south Puget Sound, Washington (USA), non-native Pacific oysters (Magallana gigas) have been farmed extensively for almost a century and grown in enhancement sites, however, they have only recently recruited in the wild. This study explores how the appearance of Pacific oysters was related spatially (eight sites) and temporally (decade) to warmer summer water temperatures in south Puget Sound and compares oyster persistence across five sites where recruitment occurred. The largest recruitment event from 2012-2020 was in the summer of 2015, in the middle of the east Pacific Blob marine heatwave which led to warm water temperatures off the west coast of North America. Throughout the study period, the number of oyster recruits each year was positively correlated with warmer water temperatures. Oyster population densities differed across the five sites where recruitment occurred and generally declined after 2015, but showed no site by year interactions, which is consistent with spatially-variable recruitment and similar post-recruitment survival. Mean oyster shell heights also differed among sites, which could reflect different growth trajectories or recreational harvest patterns. This study supports the claim that warming sea surface temperatures may interact with species introductions to change modern biogeography.
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1 Introduction

Climate change has been predicted to aid species invasion globally (Walther et al., 2009). With changing climate, the range of many non-native species is expanding (Zacherl et al., 2003; Clements and Ditommaso, 2011; Bertelsmeier et al., 2013). Decreased performance and diversity of native species also leaves ecosystems vulnerable to generalist invasive species (Stachowicz et al., 2002; Sorte et al., 2013). One such invasive species, the Pacific oyster (Magallana gigas Thunberg, formerly Crassostrea gigas), has already established populations on every continent except Antarctica and does not yet occupy its full predicted range (Ruesink et al., 2005; King et al., 2021; McAfee and Connell, 2021).

Pacific oysters were first planted for aquaculture in Washington state, USA in 1919 (Steele, 1964) and within a few decades had established in the coastal estuary of Willapa Bay, and in the inner waters of Hood Canal (Valdez and Ruesink, 2017). In the southern Puget Sound region of Washington, where oyster aquaculture is extensive (Decker, 2015), Pacific oyster populations have recently been observed establishing outside of cultivated areas. This raises questions regarding changes to factors influencing Pacific oyster spawning and recruitment that facilitated these new populations.

Pacific oyster spawning is typically triggered at water temperatures of about 20° C (Quayle, 1969; Mann, 2009). After eggs are fertilized, larvae stay suspended in the water column for a few weeks before settling on hard substrate. The ideal temperature for larval survival and settlement during this period is about 27° C, but larvae have been shown to survive at much lower temperatures (Rico-Villa et al., 2008, 2009). Rico-Villa et al. (2009) showed more than 80% survival among larvae reared at 17° C. King et al. (2021) considered larval survival to be based on degree days above 10.55° C, with a minimal requirement in order to complete reproduction. Water temperatures in south Puget Sound have not historically achieved the temperature threshold for spawning; during our study period, the mean summer water temperature from all recordings used was 14.5° C, much lower than the typical spawning threshold of 20° C.

Following recruitment, post-recruitment oyster population metrics such as growth and mortality are also influenced by local environmental factors (Brown and Hartwick, 1988b; Ren and Ross, 2001; Chavez-Villalba et al., 2010; Deng et al., 2013). For example, Pacific oyster growth rates in British Columbia, Canada, varied based on temperature as well as salinity and particulate organic matter concentration (Brown, 1988a; Brown and Hartwick, 1988b). While it has been well documented in other areas that oyster growth and survival are influenced by local environmental factors, we do not yet know how oysters perform outside of aquaculture on rocky shores of south Puget Sound.

Field observations in many parts of its non-native range are consistent with thermal controls on Pacific oyster recruitment. In Hood Canal, Washington, oyster recruitment over five decades increased by a factor of six with each additional degree C of summer water temperature (Valdez and Ruesink, 2017). In the northern Wadden Sea, years with high summer water temperatures were correlated with high recruitment (Diederich et al., 2005). On the French Atlantic coast, high water temperatures facilitated successful Pacific oyster recruitment (Dutertre et al., 2010). While the southern Puget Sound region has historically been too cold for Pacific oyster recruitment outside of an artificial environment, periods of warmer water temperature may become more frequent with climate change.

One recent example of elevated water temperatures in Puget Sound was the Blob marine heatwave, a region of elevated surface temperature that began off the coast of North America in the winter of 2013-2014 and spread to the coast by 2014 (Bond et al., 2015). The Blob caused surface temperatures of up to 3° C warmer than usual and lasted from 2014 through 2017 (Bond et al., 2015). The Blob had widespread repercussions for marine life, including large phytoplankton blooms causing the spread of a neurotoxin, changes in community composition in California kelp forests, and mortality of fishes in the larval stage (McCabe et al., 2016; Rogers et al., 2020; Michaud et al., 2022). While the Blob originated in the Pacific, warm water abnormalities spread to the Salish Sea in 2014 and elevated water temperatures were observed throughout the Salish Sea (Khangaonkar et al., 2021). There is currently no literature exploring the possible influence of the marine heatwave on Pacific oyster populations in this region.

The recent appearance of wild Pacific oysters in south Puget Sound led us to address the following objectives in our study: determining 1) how many cohorts of oysters have recruited over a decade of monitoring in south Puget Sound; 2) whether there is a relationship between oyster recruitment and water temperature across years and regions and whether the elevated temperatures caused by the Blob could have facilitated reproduction; and 3) how population dynamics (density and shell size) differed among sites since initial recruitment. We predicted that oyster recruitment would increase with increasing summer water temperature and that population dynamics would differ among sites.




2 Materials and methods



2.1 Study sites

Puget Sound is a section of the Salish Sea consisting of an inland fjord system in Washington state. The southern basin of Puget Sound extends south from a sill at the Tacoma Narrows and has multiple offshoots including Carr Inlet, the location of many of our study sites (Barnes et al., 1954). Inflow comes to Puget Sound from the Strait of Juan de Fuca and various rivers. At the shallow sills, up to half of outflow water is pushed back towards land and recycled, increasing basin residence time (Ebbesmeyer et al., 1988). Mean residence time in Carr Inlet, the western region of our study, is 6-11 days and flushing time is 12-17 days (Premathilake and Khangaonkar, 2022). Mean residence time in the Tacoma Narrows, near our eastern sites, is 0.7 days at depth and 1.2 days at the surface (Babson et al., 2005).

In this study, Pacific oysters were counted as part of a twice-yearly intertidal survey at eight sites (beaches) in south Puget Sound: Penrose Point State Park (Penrose), Purdy Sand Spit (Purdy), Kopachuck State Park (Kopachuck), Tacoma DeMolay Sandspit Nature Preserve (DeMolay), Maple Hollow Park (Maple Hollow), Gig Harbor Old Ferry Landing (Gig Harbor), Austin Park at txwaalqəł Estuary (Austin Estuary), and Sunrise Beach Park (Sunrise) (Figure 1). Beach monitoring was carried out by the nonprofit organization Harbor WildWatch. Quadrat data were collected once in winter (December/January) and once in summer (end of May/June/early July) beginning in 2013 (Table 1). The sites were distributed in two distinct water bodies, with five in a western region along the perimeter of Carr Inlet, and three in an eastern region of more active water exchange near the Tacoma Narrows sill (Figure 1). These western and eastern water bodies are at similar latitudes but separated by a landmass and have distinct water temperature regimes. All sites except Austin Estuary included hard substrate suitable for oyster settlement, mainly rock surfaces, at tidal heights of 0.3 m relative to mean lower low water (MLLW) and above.




Figure 1 | South Puget Sound, Washington (USA) showing intertidal survey sites, stations for monthly measurements of water temperature, and station for hourly measurements of air temperature.




Table 1 | Beach monitoring site names, GPS locations, and corresponding water temperature stations used in the study.



The active aquaculture and enhancement of Pacific oysters in south Puget Sound could serve as broodstock for recruitment in the region but not as a direct source of outplanted oysters at our study sites. The Washington Department of Fish and Wildlife (WDFW) has created oyster enhancement plots at both Penrose and Kopachuck, where seeded cultch is placed nearly annually. Our study sites at these two beaches were sufficiently separated from the WDFW enhancement sites that no settled oysters from the WDFW sites would move to our sites. At Penrose, all our transects were more than 100 meters from the WDFW site and separated from it by a small point and spit. At Kopachuck, all transects were more than 250 meters from the Kopachuck WDFW site. Thus, there is little anticipated impact on our study sites from WDFW stock enhancement activity.




2.2 Field data collection



2.2.1 Intertidal data

At each winter and summer sampling event, two types of data were collected on Pacific oysters: counts per quadrat and shell height. No Pacific oysters were ever found in the eastern region during our whole study period. At each sampling event, five 0.25 m2 quadrats were placed along a transect of 12.5 m at each of two tidal heights (+0.3, +1.5 m MLLW) (Figure 2). So, each site had 10 samples, five in the mid- and five in the upper-intertidal range. Transects were placed randomly on the beach, not in extant oyster beds, and maintained the same location, within a few meters, throughout all sampling dates. Pacific oysters were counted in each quadrat, and these counts were used to determine site-level densities at each time point. At Penrose beginning in summer 2019, transects covered a larger area and included 10 quadrats per elevation (20 samples per site), and then from summer 2020 onward they included 15 quadrats per elevation (30 samples per site). Mean oyster density (0.25 m-2) was calculated at each of the five western sites for each data collection date (twice annually) and for each tidal elevation (+0.3, +1.5 m MLLW), providing 10 independent samples (transects) at each sample date. Descriptive statistics were calculated for the western region at each sample date (mean, standard error, sample size), as well as in the eastern region where no Pacific oysters were found in quadrats.




Figure 2 | Image of a 0.25 m2 quadrat containing Pacific oysters (Magallana gigas) taken at Kopachuck State Park, 1.5 m tidal height, on 8 June 2020. The tape marking the transect line is visible in the center of the quadrat.



Measurements of oysters were made in the same vicinity as transects at each western site but not necessarily in quadrats. Up to about 100 individuals were measured along the longest shell axis (= shell height, nearest 1 mm). To sample oyster heights, surveyors started at a random location on the beach with oysters present and measured every oyster along that tidal elevation until approximately 100 measurements were met, or there were no more oysters present. When no oysters were present in that location, a new location was chosen among those not previously sampled until approximately 100 oysters were measured. Oyster shells were inspected for small recruits, as well as all sizable rock surfaces, to avoid bias towards larger, more obvious individuals. While there were Olympia oyster (Ostrea lurida) beds in these regions, our sample site tidal heights were too high for Olympia recruits, and Olympia oysters were not found in these quadrats throughout the study period.




2.2.2 Air temperatures

Air temperatures were measured hourly in Tacoma, east of the study locations, within 26 km of every beach site and water temperature station (National Weather Service; Climate (weather.gov)). Mean monthly temperatures were downloaded for July and August, and summer air temperature for each year was defined as the mean of July and August temperatures.




2.2.3 Water temperatures

Surface water temperatures were measured monthly at two stations close to the study sites through a monitoring program by the Washington Department of Ecology (apps.ecology.wa.gov/eim/search). We used the mean temperature in the top three m on the August collection date at each station to describe annual summer water temperature from 2012 through 2020. The Commencement Bay station was associated with the eastern region. The Carr Inlet station was associated with the western region (Figure 1; Table 1). No water temperature data were collected in August 2020, and these were interpolated from the positive linear relationship between water and air temperature for the years 1999-2021, calculated at 15.3° C at the western side (F(1,16)=14.93, R2 = 0.45, p<0.01), and 13.4° C at the eastern side for August 2020 (F(1,20)=35.45, R2 = 0.62, p<0.01).





2.3 Data analysis



2.3.1 Recruitment

Beach surveys occurred at eight sites annually, but these were distributed in two regions of different water temperature, east and west, and we considered each region as a sample. The overall approach was 1) define the fraction of recruits at each site based on shell height measurements, 2) multiply recruit fraction by oyster density in quadrats to determine site-level density of recruits, 3) choose the maximum between recruitment calculated in winter and summer as the site-level recruitment magnitude for the prior summer, 4) calculate mean recruitment magnitude across sites in each region (which was always zero in the eastern region), 5) in order to use a Quasi-Poisson model, which requires integer values, scale these recruitment estimates to a beach area in which an integer number of recruits would appear, and 6) relate regional recruitment to water temperature, with region as an additional predictor.

For step one, we applied a clustering algorithm to size-frequency distribution of oysters [Mclust package (v5.4.7, Scrucca et al., 2016) in R (R Core Team, 2020)] to statistically determine the number of Gaussian distributions that best described the data while accounting for model complexity. If a cluster was identified with a mean shell height<35 mm, these were considered recruits (Figure 3). Recruits were also identified as the first appearance of oysters at any site. The fraction of recruits was multiplied by oyster density in quadrats to estimate recruit density in quadrats (step two). In the years we estimated recruitment to have occurred, our estimates were supported by observation of small oysters settled on hard substrate, visually identified as recruits.




Figure 3 | Size frequency histograms of Pacific oysters (Magallana gigas) at Kopachuck State Park (red) and Maple Hollow Park (blue), in south Puget Sound, Washington. Histograms show evidence of multiple recruitment cohorts.



Step three was necessary because recruitment was not apparent in beach sampling until the following winter or summer, when oysters were large enough to observe. The maximum of these two estimates of recruit density was used to define the previous year’s recruitment magnitude. In step four, the mean recruit density across all the western sites for each year was calculated. We chose to use a Quasi-Poisson model due to the large number of zero-recruitment years. To use a Quasi-Poisson model, which requires integer values, in step five we scaled the mean recruit density from step four to recruits per 10 m2 because recruits were scarce at one m2. Specifically, density 0.25 m-2 was multiplied by 40 and rounded to the nearest integer. Recruitment never occurred at the eastern sites, so the recruitment magnitude estimate for the eastern sites was always zero. Annual recruitment magnitude was the response variable, and summer temperature and region were fixed effects in a Quasi-Poisson regression model.




2.3.2 Density

We explored several possibilities regarding post-recruitment oyster density. A continuous increase in oyster density over time would suggest continued recruitment after the initial event. An overall decrease in density after the initial event would signal a pattern of one large recruitment with minimal later recruitment. Different density patterns over time at each site could reflect differing survival at each site. To explore these options, we conducted Poisson regression analysis with density of oysters as the response variable, and with site, time since initial recruitment, and their interaction as fixed effects. The sample size for this model was two transects at each of the five western sites from summer 2015 to summer 2021. We used a model comparison approach (Akaike’s Information Criterion, adjusted for small sample size) to determine which fixed effects to maintain in the model.




2.3.3 Size

Three sites, Kopachuck, Maple Hollow, and Penrose, had recruitment events in both 2015 and 2017. Mean shell heights were calculated in winter of 2017 and 2020 after removing individuals likely to have originated from recruitment after 2015 from the analysis. Specifically, oysters <60 mm were dropped from the 2020 analysis. The 60 mm cut-off was chosen because the clustering algorithm identified multiple clusters at Maple Hollow in 2020, and 60 mm was the largest shell height in the smallest size class. No oysters were removed from the 2017 analysis because the clustering algorithm identified a single size class at each site in 2017. We used t-tests to compare the mean oyster sizes between different sites in the same year and the same site in different years to gain insight into growth rates.






3 Results



3.1 Recruitment

No Pacific oysters (Magallana gigas) occurred at any of our study sites in south Puget Sound prior to the winter of 2016 (Figure 4). In 2016, oysters appeared at all five of the western sites as a single cohort identified by a clustering algorithm (Table 2). These oyster appearances would be due to settlement in the previous year (2015), after three survey years with no evidence of any earlier recruitment. After the first recruitment event at the five western sites in 2015, recruitment occurred (based on observations of recruits in the following year) in all years except 2016 and 2018. Oysters were never recorded at any of the three eastern sites. While there were WDFW oyster enhancement plots at Penrose and Kopachuck, we are confident that the enhancement sites did not impact our study due to the distance and barriers between our study transects and the enhancement sites. Additionally, the WDFW plants only spat on shells, but we did not see any spat on shells in any of our transects in the original waves of recruitment. In these waves, we saw only spat on rock or on barnacles. This indicates that the recruits we observed were there due to larval dispersal rather than physical transport out of the enhancement areas. Only after there were large adults on the transects did we see spat on shell, and even that was predominated by spat on the outside of the shell instead of spat on the nacreous layer as is most common in enhanced areas. Additionally, no adult Pacific oysters were observed at either of the sites with WDFW enhancement plots when the transects were established and for the first two years of the monitoring period, when active enhancement was occurring.




Figure 4 | Mean Pacific oyster (Magallana gigas) density per 0.25 m2 quadrat measured twice annually at each of the five western (warmer) sites in south Puget Sound, Washington, from summer of 2013 to summer of 2021. At each of the sites, error bars show standard error of ten quadrats, five at 0.3 m and five at 1.5 m tidal elevation relative to mean lower low water (N=10). Penrose Point State Park time series shows only the original ten quadrats. No oysters appeared at the three eastern (cooler) sites.




Table 2 | Beach sites and the years in which recruitment occurred at those sites (the summer six to twelve months before recruits were observed).



Summer water temperatures were typically warmer near the western than eastern sites (western mean=15.7° C, eastern mean=14.0° C, t(18)=6.1, p<0.001) (Figure 5). Surface water temperatures on the western side usually exceeded 15° C in summer and were reliably 1 to 2° C warmer than on the eastern side. Both stations were similar in having their warmest temperatures during the study period in 2014-2015. The warmest air temperature in the study period was also in 2015. The 2014-2015 warm water event could be attributed to the Blob marine heatwave in the eastern Pacific off the coast of North America, which occurred between 2013 and 2016. The air was relatively warm in 2017-2018 but the point temperatures for water did not track this pattern of elevated air temperatures.




Figure 5 | Mean summer air temperatures and mean water temperatures in south Puget Sound, Washington, during the study period. Western (Carr Inlet) and eastern (Commencement Bay) stations are divided by a peninsula, with the western station deeper into Puget Sound. Intertidal surveys in the western and eastern region were collected within 13 km of the western and eastern water temperature stations, respectively. Water temperatures are shown as the mean for measurements taken at 0.5 m, 1.0 m, 1.5 m, 2 m, 2.5 m, and 3 m depth from the surface on one day in August each year. Air temperature, collected hourly in Tacoma, Washington, is shown as the mean for July and August.



We found that increased August surface water temperature was associated with increased oyster recruitment magnitude (Quasi-Poisson regression, McFadden Pseudo- R2=0.41, df=15, p=0.03; Figure 6). The recruitment analysis used mean small oyster density over an entire region, not each individual site, because there was only one water temperature station available in each region. Each additional degree C in summer water temperature was associated with an increase in recruitment magnitude by a factor of 5.67 (Figure 6). Using another Quasi-Poisson model with region as an additional predictor, we found that region was not a significant additional predictor of recruitment magnitude (Quasi-Poisson regression, McFadden Pseudo-R2=0.43, df=1, p>0.99). The following equation describes the relationship estimated through Quasi-Poisson regression between water temperature and number of recruits per 0.25 m2:




Figure 6 | Recruitment of Pacific oysters (Magallana gigas) per 10 m2 in relation to August water temperature. Each data point is the mean of observed recruitment across two transects at three eastern or five western sites. Line represents expected mean recruitment across three eastern or five western sites calculated with a Quasi-Poisson regression model based on temperature.



	

Where r represents the estimated number of recruits per 0.25 m2 and t represents temperature in degrees C. This model estimates that there would be more than one recruit per 0.25 m2 at a water temperature at or above 16.4° C.




3.2 Density

Our density analysis showed evidence of one large recruitment event followed by decreases in density along with evidence of different recruitment but similar survival across sites. The mean density of Pacific oysters of any size among the western sites reached a maximum of 4.96 oysters per 0.25 m2 in the summer of 2016, six months after the first appearance outside of aquaculture and WDFW enhancement sites. Densities then generally decreased over the next few years (Poisson regression, time coefficient=-0.24671, df=118, p<0.001), despite evidence of low levels of additional recruitment (Figure 4). Models with and without inclusion of the site by time interaction had similar AIC values (AICc=1629 in both cases), so the simpler model without the interaction was preferred. Purdy had lower overall oyster density than the other sites (Poisson regression, df=118, Purdy coefficient=-1.63184, Purdy SE=0.27937). Kopachuck, which had by far the largest initial recruitment event, maintained the largest total oyster density at the end of the study (Figure 4).




3.3 Size

Post-recruitment oyster sizes varied across sites. Mean oyster shell heights were calculated in 2017 and 2020 at Maple Hollow, Kopachuck, and Penrose, excluding oysters that were obviously new recruits and therefore only tracking growth of the large cohort from 2015. Shell height was higher at Maple Hollow than at Penrose in 2017 [t(40)=-4.12, p=0.001] (Figure 7). Mean shell height between Maple Hollow and Kopachuck in 2017 was the same [t(95)=-1.60, p=0.1], as was mean shell height between Kopachuck and Penrose [t(57)=-0.74, p=0.5] (Figure 7).




Figure 7 | Size of Pacific oysters (Magallana gigas) in winter 2017 and winter 2020 at three sites in south Puget Sound, Washington. Each data point represents the mean height of oysters measured (up to ~100), excluding those that were likely new recruits (the smallest size class identified with a clustering algorithm or<60 mm in length in 2020). Error bars show standard error.



In 2020, oyster size also differed by site (Figure 7). The mean shell height at Maple Hollow was significantly higher than that of Kopachuck [t(134)=-5.20, p<0.001] and that of Penrose [t(176)=-6.23, p<0.001], while Kopachuck and Penrose had the same mean shell height in 2020 [t(148)=0.56, p=0.6]. Maple Hollow had a significant increase in mean shell height between 2017 and 2020 [t(74)=-5.07, p<0.001], as did Kopachuck [t(155)=-19.33, p<0.001] and Penrose [t(183)=-13.09, p<0.001], which is strong evidence that some oysters from the initial recruitment event survived for the entire study period.





4 Discussion

This study suggests that in areas where cooler water temperatures once restricted invasion by inhibiting spawning and larval survival, rising water temperatures may induce spawning and support the establishment of non-native marine species. High summer water temperatures in the years of the Blob marine heatwave could have initiated spawning or facilitated larval survival and supported wild recruitment of Pacific oysters in a region where the oyster has been grown for many decades in aquaculture and mariculture. Of our study sites, those with warmer water conditions all experienced recruitment and those with colder water conditions did not show evidence of recruitment. These results could be due to water temperatures passing the threshold for spawning, or they could be caused by larval dispersal from elsewhere with survival increased at warmer temperatures.

Higher summer water temperatures in our study were correlated with higher recruitment. Oyster recruit density in our study was estimated to increase by a factor of 5.67 per additional degree C in summer water temperature. These results support the hypothesis that Pacific oyster recruitment is correlated with water temperature and suggest that the Blob marine heatwave, which caused significantly elevated water temperatures in the Salish Sea from 2014-2017 (Khangaonkar et al., 2021), facilitated recruitment of Pacific oysters. While this study is the first to explore the influence between the elevated temperatures during the Blob heatwave and Pacific oyster recruitment in south Puget Sound, the relationship we found between recruitment and temperature mirrors results from other regions, including nearby Hood Canal, Washington, and the French Atlantic coast, along with a laboratory study. Specifically, Valdez and Ruesink (2017) found that Pacific oyster spat counts on shells from 1942 to 1992 increased by a factor of six for each additional degree C in water temperature. Hood Canal water temperatures were consistently a few degrees warmer than temperatures during our study period in south Puget Sound and were occasionally much warmer, above 22° C. In a study of Pacific oyster invasion on the French Atlantic coast, the magnitude of Pacific oyster recruitment was found to be positively correlated with warmer water temperature (Dutertre et al., 2010).

While our model agrees with previous literature in the positive relationship it shows between temperature and recruitment, it predicts far lower survival and settlement than other studies. Our model predicts that at 17° C, recruit densities would be two to three per 0.25 m2. The highest recruitment densities seen in our study were 18 recruits per 0.25 m2 at Kopachuck after the summer of 2015 at a recorded water temperature of 16.4° C. So, this level of recruitment at least must be possible with the typical concentration of larvae in the water column. Thus, our model’s predicted two to three recruits per 0.25 m2 likely represents a survival rate much lower than the 80% survival observed in Rico-Villa et al. (2009). The lower survival rates in this study could be due to lower food availability, among other possible factors [Rico-Villa et al. (2009) laboratory study provided larvae consistently more phytoplankton than could be consumed]. Another possible factor is suitable habitat availability. Larvae usually settle on oyster shells, and we did not observe recruits settled on shells in our transects until later in our study period, after the first wave of recruits had matured. In the earlier waves of recruitment, most recruits were settled on rock or barnacles.

Growth rates of newly established species can be dependent on density as well as site-specific environmental factors. Oyster shell heights in this study varied by site and these differences could have been due to a combination of differences in growth rate and/or different rates in recreational harvest. Of the three sites for which we analyzed post-recruitment oyster size, Maple Hollow consistently had the largest oysters. Larger oysters could reflect faster shell growth, although recreational harvest could have removed the largest oysters and contributed to smaller observed sizes at the other two sites, rather than oysters at these sites being growth-limited. Washington state legislature allows shucking of oysters at a minimum widest dimension of 63.5 mm. Recreational harvest is allowed at all three sites analyzed for size, but only Kopachuck and Penrose are in Department of Health Approved areas, whereas harvest is not advised at Maple Hollow. Recreational harvest levels could differ at the three sites. However, the density trends were similar across sites and not consistent with differential mortality due to harvest. Thus, we believe it is more likely that size differences may be due to environmental factors influencing oyster growth, including chlorophyll concentration, water temperature, and salinity (Brown, 1988a). Any of these factors could have been different between the three sites used in our size analysis and could have partially caused the suggested growth rate differences.

Our study supports the hypothesis that when conditions necessary for larval survival, such as ideal temperatures, are only occasionally available, species can experience one large recruitment event in a favorable year followed by minimal recruitment afterward. Regarding post-recruitment oyster survival, mean oyster density across all five western sites in this study peaked six months after initial appearance in our transects in the summer of 2016, followed by a gradual decline (Figure 4). Poisson regression analysis showed that time since the initial western recruitment event in 2015 had a significant effect on oyster density per quadrat, but site did not affect the density patterns over time, suggesting similar survival across sites but different initial recruitment. Differences in initial recruitment numbers could have been due in part to proximity to source populations. The two sites with the highest initial recruitment levels were Kopachuck and Penrose; these two sites are closest to large aggregations of enhanced Pacific oyster populations. Specifically, the largest pre-existing Pacific oyster beds in our study area are at Penrose, Kopachuck, one location 6 km from Kopachuck and from Purdy on the west side of Carr Inlet, and another location on the inside of the spit where Purdy is located. There are also some small populations 5 km across Carr Inlet from Kopachuck. Most of the possible source populations in the area are on the west side of Carr Inlet, and all are in the western region. Because Pacific oyster larvae have been predicted to be capable of dispersing up to 50 km from a source population (Robins et al., 2017), and Kornbluth et al. (2022) uses 30 km as an upper limit in a model of Pacific oyster dispersal, we suggest that local farmed and enhanced populations of Pacific oysters were capable of seeding the wild populations recorded in this study. Without finer scale studies of currents in Carr Inlet and the Tacoma Narrows region than currently exist, we cannot judge the impact of current flow on the different initial recruitment levels in our study.

Some sites had overall higher density than others; Kopachuck had the largest initial recruitment event and was still highest in density at the end of the study. This initial invasion pattern matches other documented Pacific oyster invasion trajectories (Reise et al., 2017). While Pacific oysters have been grown in aquaculture in the region for over 100 years, this invasion of oysters in the wild in south Puget Sound is very new and is likely still in the “establishment phase,” as described in Reise et al. (2017) in the northern Wadden Sea. In that region, the Pacific oyster invasion began in the 1990s, when summer water temperatures remained cold and often inhibited widespread recruitment. These cold summer temperatures led to a decade of the establishment phase, where recruitment was low-level and varied as summer temperatures allowed. Warm summers after the establishment phase in the northern Wadden Sea allowed densities to surpass 1000 m-2, much higher than any densities seen in our south Puget Sound sites. This suggests that if south Puget Sound is poised to follow a similar trajectory, a period of warmer summers could drastically increase Pacific oyster abundances.

Based on our findings, we predict that future warm summers with mean water temperatures above 16 to 17° C will lead to further recruitment and larger established populations of Pacific oysters. Changing climate is predicted to lead to increased temperature abnormalities such as the Blob heat wave that occurred during our study period (Laufkotter et al., 2020). Although climate change induced marine heat waves may facilitate Pacific oyster invasion, it is important to note that overall warming temperatures may not be beneficial to Pacific oyster populations. Extreme high atmospheric temperatures can be harmful to shellfish as was seen in June 2021 when a regional atmospheric heat wave coinciding with record low tides caused mass mortality among intertidal shellfish (Raymond et al., 2022). Following the atmospheric heat wave, there was widespread mortality of Pacific oysters at all the study sites where they were present. The oysters now rarely appear in quadrats and collecting size data is no longer practical due to low sample sizes (M. Behrens, personal observation, August 2023). The balance between warming that facilitates reproduction without causing mass mortality will influence the future trajectory of wild Pacific oyster populations in south Puget Sound. Future studies modeling potential establishment trajectories of Pacific oysters in this region would benefit from consideration of other factors influencing recruitment, including salinity, which may be altered by climate change.

Bivalves, including Pacific oysters, are established ecosystem engineers (Sousa et al., 2009), and an invasive population of Pacific oysters in south Puget Sound will alter the native ecosystem. Possible changes in the native ecosystem due to Pacific oyster invasion include: competition with native oysters, alteration of food webs, increased biodiversity, and increased human foot traffic. For example, invasive Pacific oysters populations in south Puget Sound could compete with the native populations of Olympia oysters, as was seen in Willapa Bay, Washington (Trimble et al., 2009). Pacific oyster reefs could provide habitat for epifauna, increasing biodiversity, and provide foraging opportunities for migratory birds, as seen in northern Patagonia (Escapa et al., 2004). Larger oyster populations could also provide more opportunities for recreational harvest, increasing foot traffic in locations with oyster beds.

Not only will climate change likely aid Pacific oyster invasion, but climate change is expected to favor species invasion in general (Stachowicz et al., 2002; Ward and Masters, 2007). Pacific oysters globally are expanding their range poleward as water temperatures warm (King et al., 2021). Our results from Puget Sound, a basin kept cool by inflow from the Strait of Juan de Fuca in the north, suggest that warming may not simply move species poleward but also into regions kept cool by deep water intrusions from the coast. We can expect that in areas where low temperatures have previously prevented the establishment of non-native species, increased temperatures in the future will enable species invasion.
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