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Introduction

Coastal marine ecosystems, are particularly susceptible to climate change. One such threat is atmospheric heatwaves, which are predicted to increase in frequency, duration, and intensity. Many intertidal organisms already live at the edge of their thermal tolerance limits and heatwaves can outstretch an organism’s ability to compensate in the short term. In June 2021 the Pacific Northwest region of North America, including the Salish Sea, experienced  a significant atmospheric heatwave during some of the lowest tides of the year. This was followed by numerous reports of dead and dying intertidal marine organisms region-wide. A semi-quantitative rapid assessment found a range of both species- and location-specific effects but generally recorded widespread negative impacts to intertidal shellfish species across the Salish Sea. 





Methods

Following these results, we opportunistically analyzed data collected by intertidal bivalve resource managers from the region. These datasets allowed us to examine regional density and size data for clam and oyster populations before and after the heatwave to increase our quantitative understanding of heatwave effects. 





Results

We found a range of responses including positive and negative effects of the heatwave on clam and oyster density. While we generally found small changes in bivalve size, some site-species combinations displayed large shifts in size frequency. Many of our analyses did not indicate even moderate statistical support, even with large changes in the mean, driven in part by high variability in the data. Time intervals between surveys, ranging from 2 to over 25 months, had little effect on observed variability indicating that any heatwave-induced effects may be masked by variability inherent to the population ecology and/or survey methodology. 





Discussion

This analysis has highlighted the need for intertidal resource managers, and the greater research community, to consider alternative survey approaches designed to constrain variability in order to detect the effects of acute or extreme events. With the effects of climate change predicted to become more intense, targeted survey approaches may be needed to detect the effects and implications of such events and to continue effective management of intertidal bivalves in the Salish Sea and worldwide.
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1 Introduction

Coastal marine ecosystems are particularly vulnerable to the impacts of climate change due to their exposure to both terrestrial and marine environments (Harley et al., 2006; Doney et al., 2012). Rising sea levels, ocean acidification, increased severity of extreme weather events, and elevated temperatures are all predicted to impact coastal ecosystems and human communities, challenging current research and management paradigms (IPCC, 2021). Atmospheric heatwaves, defined as periods of anomalously high air temperatures, are one such extreme weather event that can have devastating effects on these ecosystems and their associated biota (Vázquez, 2021; He et al., 2022a; White et al., 2023). Unfortunately, the frequency, intensity, and duration of atmospheric heatwaves have increased in recent years and are projected to continue increasing in the coming decades (Perkins et al., 2012; Hobday et al., 2016; Vose et al., 2017; IPCC, 2021). Despite the recognized vulnerability to extreme weather events, scientists and resource managers have limited understanding of the episodic or persistent effects, positive or negative, of the increased occurrence of atmospheric heatwaves on coastal marine ecosystems. Due in part to this limited understanding of what effects may be, scientists and resource managers may also be limited in how to best measure these effects. Acute thermal stress events, such as atmospheric heatwaves, can have short- and long-term detrimental effects on marine species (Hochachka and Somero, 2002; Harley, 2008; Sunday et al., 2019) including bivalves (Fousiya et al., 2022; Masanja et al., 2023). Temperatures that exceed thermal tolerance limits cause tissue damage that may be severe enough to cause short-term physiological and behavioral disruptions (sublethal stress), or imminent death. Tissue damage that is initially undetected may eventually result in decreased growth rate, reproductive output, or longevity due to the energetic cost of repair (Hochachka and Somero, 2002). These effects are especially pronounced in invertebrates, all of which are ectothermic. Intertidal marine invertebrates are particularly vulnerable to thermal extremes given they already live in environments where small differences in tidal elevation and microhabitat can be critical to survival (Helmuth et al., 2002; Gilman et al., 2015). Although short-term exposure to moderate thermal stress may confer stress tolerance (Pasparakis et al., 2016; Bible et al., 2020), the persistence of an atmospheric heatwave over several days may prevent recovery between low tides. Furthermore, such an event may heat shallow marine waters and the surrounding substrate thereby limiting the ability of the water to serve as a thermal refuge at high tides.

The threat of atmospheric heatwaves to bivalves has recently gained considerable research attention considering their increasing frequency and severity. Recent studies, from both persistent and repeated heatwaves, have documented changes to gene regulation and broad increases in metabolic processes indicating general physiological stress (He et al., 2022a, b; Masanja et al., 2023; Liang et al., 2024). These studies suggest that some mortality could lag as physiologically stressed organisms may have initially compensated but died later. Furthermore, short-term thermal stress may require long recovery periods (Fousiya et al., 2022) suggesting that even after the conditions have returned to normal, bivalves may have prolonged physiological stress that potentially decrease survival.

Mollusks found in estuarine ecosystems, particularly intertidal bivalves, represent vital components of community health and well-being and have supported Indigenous peoples for millennia (Garibaldi and Turner, 2004; Toniello et al., 2019; Reeder-Myers et al., 2022). Intertidal bivalves also provide important ecosystem services and support valuable commercial fisheries and aquaculture operations (Newell, 2004; Dumbauld et al., 2009; van der Schatte Oliver et al., 2018; Smith et al., 2023). The southern Salish Sea, which encompasses the marine inland waters of Washington State including Puget Sound and the Strait of Juan de Fuca, is a partially-mixed and highly productive estuarine system that supports diverse bivalve populations, including both native and naturalized clam and oyster species (Dethier, 2006). Many of these intertidal bivalve species support commercial, recreational, and subsistence fisheries that involve a unique co-management structure in which the Washington treaty tribes and the State of Washington’s Department of Fish and Wildlife (WDFW) are jointly responsible for the management of fisheries resources, including shellfish1, and providing equal (50/50) harvest opportunity for treaty tribes and state citizens2.

To fulfill management obligations, Washington State co-managers conduct intertidal bivalve population surveys, using standardized field methods, on selected tidelands across the region. These standard survey methods are designed for a specific management purpose — to allow co-managers to assess the status of existing clam and oyster resources at a specific location upon which a sustainable harvest biomass is based (Campbell, 1996; Point No Point Treaty Council (PNPTC), 1998; Bradbury et al., 2005). Population surveys generally target the following managed bivalve species: Manila clams (Ruditapes philippinarum) and Pacific oysters (Magallana gigas = Crassostrea gigas), which are naturalized or commercially-grown and represent the most-economically important species in the region; and native clams [native littleneck clams (Leukoma staminea), butter clams (Saxidomus gigantea), and cockles (Clinocardium nuttallii)], that are cultural keystone species for western Washington tribes and compose much of the recreational, subsistence, and/or commercial fisheries-targeted native intertidal clam biomass (Garibaldi and Turner, 2004; Dethier, 2006). Since 2007, surveys conducted by WDFW have also included purple varnish clams (Nuttallia obscurata) to track the increase in this non-native species and to determine standing stock for removal fisheries. These long-standing survey methods were originally tailored to the distribution patterns of Pacific oysters, Manila clams, and native littleneck clams to estimate total standing stocks on an annual basis with an accepted margin of error of ≤ 30% coefficient of variation (Campbell, 1996). Additional, yet comparable, survey designs target the only oyster native to the eastern Pacific Coast, Olympia oysters (Ostrea lurida), which have been reduced to < 5% of its original (circa 1850) population in this region (Blake and Bradbury, 2012). This species is now the subject of numerous regional restoration efforts and holds broad co-management and stakeholder interest (Ridlon, 2021).

From 26 - 29 June 2021, the Pacific Northwest region of North America, including the Salish Sea, experienced the most significant atmospheric heatwave event in recorded history for the area (Philip et al., 2021; White et al., 2023). Daytime high temperatures were 10° to 20°C above average for three to four consecutive days, with multiple locations breaking all-time temperature records. This atmospheric heatwave, which is distinct from a marine heatwave, coincided with the lowest daytime low tides of the year and some of the lowest in the 18.6-year tidal cycle exposing intertidal bivalves to anomalously high air temperatures for extended periods of time over multiple days (Figure 1). During and immediately following the heatwave event, numerous reports of dead and dying marine organisms were made throughout the region. On-the-ground observations, gathered through a structured semi-quantitative assessment, indicated a range of species-specific and location-specific effects but generally recorded widespread negative impacts to intertidal shellfish species across the Salish Sea (Raymond et al., 2022). These observations were not surprising given that bivalves are primarily sessile, lack options for thermoregulation, and are known to be adversely affected by increased temperatures and heatwaves (Domínguez et al., 2021; Masanja et al., 2023). Clams and oysters live in close contact with beach sediments, exposing them to conductive heating of sand and mud, and bivalves that are buried in wet sediments lose the opportunity for evaporative cooling (Helmuth, 1998). Thus, when an extreme heatwave occurs, intertidal bivalves are generally exposed to conditions that pose a high risk of thermal stress.




Figure 1 | Study area in the southern Salish Sea and sampling sites. Temperature and water level data measured at PT - Port Townsend and BI - Budd Inlet. In temperature and water level plots, the gray shaded area represents the time frame of the heatwave in June 2021. Vertical dashed lines indicate solar noon. Horizontal lines in temperature plots indicate 1991 - 2020 mean summer (June-August) high (orange) and low (light blue) temperatures. Red shaded temperature regions represent the duration of time when temperatures exceeded two standard deviations above 1991 - 2020 mean summer high temperature. PT temperature and water level data was obtained from the National Oceanic and Atmospheric Administration (NOAA) tide station 9444900. BI temperature data was obtained from the Evergreen State College weather station and water level data from NOAA tide station 9446969.



In response to this significant mortality event, regional co-managers and stakeholders identified a pressing need for a quantitatively robust regional assessment of the heatwave’s impacts to inform future bivalve resource management and, ultimately, ensure sustainability of valuable shellfish resources. The purpose of this assessment was to gather and analyze existing clam and oyster population datasets from before and after the June 2021 heatwave in the southern Salish Sea to better understand both species- and/or location-specific short-term acute atmospheric heatwave effects. We opportunistically targeted use of the co-manager/stakeholder bivalve population surveys because they were the best data available to evaluate the effect of the June 2021 heatwave on wild populations. We were able to utilize these data because surveyors used the same methods before and after the heatwave. Here, we analyze bivalve population survey data from 20 sites covering 10 common bivalve species collected before and after the June 2021 heatwave to quantify effects of the heatwave on organism density, mean size, and population size distribution. Building off initial observations of the heatwave’s impact collected immediately following the event (Raymond et al., 2022), we hypothesized that the effect of the heatwave on clam and oyster populations would be large enough to detect apart from natural variability, and therefore, identifiable in available population survey data when examining metrics of density and size.




2 Materials and methods



2.1 Data aggregation and pre-processing

We leveraged the collaboration built from the initial semi-quantitative assessment of heatwave effects on intertidal shellfish to gather quantitative data on clam and oyster populations measured before and after the June 2021 heatwave in the southern Salish Sea (Raymond et al., 2022). We identified potential data contributors who routinely survey clam and oyster populations as part of their shellfish management, research, and/or restoration activities and had collected data before and after the heatwave. Our request comprised a diverse group of shellfish co-managers and researchers representing state, non-profit, and tribal organizations. We received data from the following contributors (in alphabetical order): Jamestown S’Klallam Tribe, Jefferson County Marine Resource Committee, Port Gamble S’Klallam Tribe, Puget Sound Restoration Fund, Skagit County Marine Resource Committee, Swinomish Indian Tribal Community, Squaxin Island Tribe, and Washington Department of Fish and Wildlife.

For inclusion in the analyses, we required that data from each contributor had been collected using the same survey methods and in the same location, before and after the heatwave. Due to the inherent variation in the timing and frequency of surveys across contributors, we defined ‘before’ heatwave data as those collected up to 3 years prior to June 2021 and ‘after’ heatwave data as those collected between 1 July 2021 and 30 September 2021. Clam and oyster data from all contributors were collected following similar standard field methods for quantitative sampling of population abundance and biomass (Campbell, 1996; Barber et al., 2012, 2019). Briefly, contributors primarily conducted surveys within a delineated area, representative of the local clam or oyster bed, and collected data within various grid structures such as evenly spaced transect lines with evenly spaced quadrats starting from a random point (i.e., systematic random design) with two exceptions that implemented haphazard quadrat placement within a delineated area. Each contributor may have made slight modifications from these methods; however, the overall goal of estimating the site-specific population size remained the same. Furthermore, these methods and resulting data are the same used among Washington State and tribal co-managers to manage intertidal bivalve populations, and therefore represent the best available population data of these species across a regional scale.

Raw data from each contributor were reviewed for errors and any formatting or data anomalies were resolved. Any data submitted only as size-frequency was converted to counts given that all sampled individuals were measured. Clam and oyster density was presented as counts per square meter (Supplementary Table S1). To ensure consistency in our comparative assessments, the total area surveyed (m2) before and after the heatwave must have been within 10% of each other for the site to be included in the analysis. We recognize that the standard survey methodology may not be optimized for all bivalve species. To account for this, we filtered density data for each before/after (B/A) survey pair to only include records where a species was present in at least 10% of quadrats sampled both before and after the heatwave. We also collated organism size (shell length) data where available. Most contributors counted all focal species at their sites regardless of size, except for surveys performed by WDFW which aims to measure at least 300 oysters per survey and at least 30% of all clams in sampled quadrats, then these data are filtered to exclude clams < 38mm and oysters < 64mm to represent legal sized individuals. Because our analytical framework (described below) was designed to test for heatwave effects within a site and species, our approach controls for this and other slight methodological differences among contributors. We filtered size data to only include sites where at least 30 individuals were measured both before and after the heatwave. After applying our filters for data inclusion, we analyzed densities at 42 before/after survey pairs and size at 27 survey pairs (Table 1).


Table 1 | Key to sites, species, date for before and after heatwave surveys and available data.



Upon collating survey data, 25 out of 42 B/A survey pairs had conducted before surveys in spring/early summer 2021 and the remaining 17 B/A survey pairs had before surveys between 2018 and 2020 (Table 1). We chose to include data from survey pairs with before surveys that were conducted prior to 2021 because many sites are not surveyed every year and excluding these data would drastically reduce spatial and species coverage of the analysis.




2.2 Analysis

Analyses were designed to evaluate the effect of the June 2021 heatwave by comparing clam and oyster density, mean size, and size distribution within each unique site-species B/A survey pair. This approach helped control for methodological variability among contributors as only one contributor sampled at each site and site-specific factors such as beach aspect, sediments type, or water flow. For each comparison, we computed three measures from the density and size data: (1) mean (+/- SD), (2) percent difference (before vs. after heatwave), and (3) Cohen’s D effect size (+/- 95% CI). Additionally, we used Kolmogorov–Smirnov tests (hereafter KS tests) to compare size distributions before and after the heatwave where data was available. Cohen’s D effect size is a statistical approach to evaluate the strength of an observed effect and was calculated using the ‘cohen.d’ function with pooled standard deviation in the ‘effsize’ package in R (Torchiano, 2020). Cohen’s D produces a range of values with no strict cut-off that determines significance or strength. However, general guidelines suggest Cohen’s D of ±0.2 or less are a small effect, ± 0.2 – ± 0.5 a moderate effect, ± 0.5 – ± 0.8 a large effect, and greater than ±0.8 a very large effect. KS tests were performed with the ‘ks.test’ function with two-sided p-values in the ‘dgof’ package in R (Arnold and Emerson, 2011). All analyses were performed in R 4.2.1.

We recognized that larger time intervals between surveys have greater potential for environmental and biological factors, other than the heatwave, to affect clam and oyster populations. To investigate this, we plotted the coefficient of variation (CV) — defined as the standard deviation divided by mean — of species densities in three general time categories: B/A surveys conducted within the same season (within 4 months); B/A surveys separated by one sampling season (between 10 and 15 months); and B/A surveys separated by two or more sampling seasons (greater than 25 months). We computed the mean and standard deviation of the coefficient of variation when population data for a single species were available across multiple sites for a time category.





3 Results



3.1 Regional patterns

The June 2021 heatwave had a wide range of effects on clam and oyster density and size, varying both among and within species and sites. Twenty-four of 42 B/A survey pairs showed a decrease in density after the heatwave, yet the percent differences in density was wide-ranging from an 85.0% decrease to a 471.6% increase (Figure 2A; Supplementary Table S1). While many surveyed species displayed considerable changes in density (> +/-25%), these percent differences often did not correspond to moderate or large Cohen’s D effect size values. We found small changes (< +/-5%) in organism size in 19 out of 27 sites (Figure 3A; Supplementary Table S2). No B/A survey pairs provided evidence of a large positive heatwave effect (effect size ≥ 0.5) on organism size; however, we did find evidence of a large negative heatwave effect (effect size ≤ -0.5) on organism size in four out of the 27 sites associated with Pacific oysters (Figure 3B; Supplementary Table S2). Tests for differences in size distribution found statistical evidence (p-value range < 0.001 to 0.043) of a change in size distribution in 10 out of 27 B/A survey pairs, mostly associated with Pacific oysters and Manila clams (Figure 4; Supplementary Table S2).




Figure 2 | Percent difference (A) and Cohen’s D effect size (+/- 95% CI) (B) of species density before and after the June 2021 heatwave. Note percent difference of Manila clams at site E and Pacific oysters at site M and O extend beyond plot axes but are listed as values.






Figure 3 | Percent difference (A) and Cohen’s D effect size (+/- 95% CI) (B) of species mean size before and after the June 2021 heatwave.






Figure 4 | Size-frequency histograms of species - site with significant (KS tests p ≤ 0.05; Supplementary Table S2) difference in size distribution between before (blue) and after (orange) the June 2021 heatwave. Note that figure axes scaled to each data distribution.






3.2 Effects on clams

We found a decrease in clam density at 16 of 27 sites after the heatwave with all sampled species exhibiting declines for at least one site (Figure 2A; Supplementary Table S1). Cockles display the most dramatic declines, with two out of two sites surveyed displaying reduced density after the heatwave with a mean decrease of 44.6%. Manila clams also showed declines in density at seven out of 10 sites with a mean decrease of 22.8%. Conversely, 11 out of 27 sites showed increased clam densities after the heatwave with native littleneck clams exhibiting increases at three out of five sites with a mean increase of 31.6%. While many clam species display seemingly large (> +/- 25%) percent differences in density (Figure 2A), these differences often did not correspond to moderate or large Cohen’s D effect size values (Figure 2B). Only two out of 27 clam B/A survey pairs showed a large effect (effect size > +/- 0.5) of the heatwave, Manila clams at site Y (effect size = -0.6; -0.16 – -1.04 95% CI) and native littleneck clams at site F (effect size = -0.56; -0.1 – -1.01 95% CI), both of which indicate a negative effect.

Clam size declined after the heatwave at 11 out of 20 sites with an overall mean change in size of -0.26% (Figure 3; Supplementary Table S2). In general, effect sizes are small, often near and/or overlapping zero, suggesting little to no effect of the heatwave. However, we did observe four instances of significant changes in size distribution including Manila clams at site R (p < 0.001), U (p = 0.043), and Y (p = 0.009), and purple varnish clams at site S (p = 0.009; Figure 4; Supplementary Table S2). For Manila clams, changes in size distributions and directionality were site-specific. Site R had a significant increase in mean size from 39.6 mm (+/- 6.7 mm SD) to 40.4 mm (+/- 6.3 mm SD) due to a decrease in mostly small (< 30 mm) clams. Site U had a significant reduction in mean size from 40.4 mm (+/- 4.4 mm SD) to 39.7 mm (+/- 4.4 mm SD) due to a decrease in mostly larger (40-50 mm) clams. Site Y had a significant reduction in mean size of 47.1 mm (+/- 7.3 mm SD) to 45.1 mm (+/- 9.6 mm SD) due to an increase in small (< 30 mm) individuals and decrease in nearly all other size classes. Purple varnish clams at site S had a significant increase in mean size from 36.4 mm (+/- 6.0 mm SD) to 37.4 (+/- 6.3 mm SD) due to a decrease in small (< 30 mm) individuals and slight increase in very large individuals (> 50 mm).




3.3 Effects on oysters

Consistent with the clam results, we observed a large range of heatwave effects on the density of Pacific and Olympia oysters spanning -32.4% to 471.6% and -85.0% to 78.6%, respectively (Figure 2A; Supplementary Table S1). Four out of six sites showed increases in Pacific oyster density with a mean increase of 186.5%. Only sites L and S showed decreases in Pacific oyster density. Olympia oysters displayed the opposite pattern with declines in density at six out of nine sites with a mean decrease of 44.5%. Consistent with clams, these seemingly large changes in oyster density did not correspond to moderate or large effect sizes (Figure 2B). Only Pacific oysters at site M showed a large positive effect (effect size = 0.83; 1.3 - 0.35 95% CI), and Olympia oysters at sites L and O showed a large negative effect (effect size = -0.76; -0.2 - -1.31 95% CI and -0.67; -0.3 - -1.04 95% CI, respectively) of the heatwave.

Effects on oyster size were also species- and site-specific. For example, Olympia oysters at site I showed an overall reduction in size (-21.8%) with a large effect size of -0.59 (-0.45 – -0.73 95% CI), whereas site H showed an increase in size (10.9%) with a moderate effect size of 0.30 (0.71 – -0.11 95% CI). All five Pacific oyster sites showed a reduction in size after the heatwave, with a mean decrease of 28.7% with a moderate to large effect size (Figure 3B; Supplementary Table S2); the greatest declines in mean size were at sites J (-38.8%), M (-36.8%), and S (-34.8%). This decline in mean size is further evident by the significant change in Pacific oyster size frequency distributions at all sites (Supplementary Table S2, KS test, p < 0.001). Driving this decline in mean size is a notable shift to smaller size classes (< 50 mm) in the after-heatwave surveys (Figure 4). This demographic shift to smaller-sized Pacific oysters coincided with the large increases in Pacific oyster density described above and may be evidence of a large recruitment event. A similar observation was made for Olympia oysters at site I with the significant change in size distribution (KS test, p < 0.001) largely driven by an increase in the count of smaller (< 40 mm) individuals (Figure 4).




3.4 Variability

Mean values and effect size of clam and oyster densities and size displayed a high degree of variation for many B/A survey pairs, resulting in poor strength of evidence of heatwave effects (Figures 2, 3; Supplementary Tables S1, S2). In some cases, results also varied across relatively small spatial scales. For example, Olympia oyster density at sites C and D (separated by ~1.5 km) displayed opposite patterns, 30.8% decrease and 78.6% increase, respectively, following the heatwave. In contrast, Olympia oyster density at sites G and H (separated by ~300 m) reported similar changes after the heatwave (Figure 2). We suggest that these patterns may reflect the inherent biological and environmental heterogeneity that can be difficult to tease apart from heatwave effects.

Background variability in population estimates was expected and can be attributed to three features of the survey data: (1) duration of time between before and after surveys (i.e., sampling interval), (2) inherent variability of the population, and/or (3) other aspects of inherent variability of the survey design such as sampling area/resolution and seasonality. Our examination of coefficient of variation (CV) helps describe and potentially isolate these features of the data. It is reasonable to assume that the CV of ‘before’ surveys captures the natural variability in the population induced by background environmental and biological factors. The CV of ‘after’ surveys can be assumed to capture variability induced by the 2021 heatwave, plus background environmental and biological factors affecting the population in the time between surveys. As such, B/A survey pairs conducted within a season (i.e., shorter sampling intervals) may be primarily influenced by the heatwave while B/A survey pairs separated by a season or more (i.e., longer sampling intervals) have greater potential for factors beyond the heatwave to influence the population, including management activities such as enhancement and harvest, thereby increasing variability. Our results indicate that in many cases CV was similar between before and after surveys across distinct sample intervals within a species (Figure 5). Exceptions include Pacific oysters before/after survey pairs separated by 10-15 months (sites J, K, M, O, and S) for which there is evidence of a juvenile recruitment event (Figure 4), and Macoma spp. and Manila clams separated by > 25 months at a single site (site D).




Figure 5 | Coefficient of variation of bivalve density by species and sample interval. Sample interval is defined by three discrete groups; before and after samples that were (i) collected within the year 2021 (< 4 months), (ii) before samples collected in 2020 and after samples collected in 2021 (10 - 15 months), and (iii) before samples collected in 2018 or 2019 and after samples in 2021 (> 25 months). Values above each group represent the number of sites used to calculate coefficient of variation. When n > 1, mean and SD is displayed.







4 Discussion

The June 2021 heatwave that spanned much of the Pacific Northwest was an unprecedented weather event that was virtually impossible without the effects of climate change (Philip et al., 2021; White et al., 2023). Using the best available shellfish population dataset in the southern Salish Sea, we found variable and unexpected effects of the heatwave on intertidal bivalve density and size. Among all species and sites examined, we found a wide range of responses including large decreases in density; unexpected increases in density; mostly small changes in mean size; and in some instances, broad shifts in size distribution. High variability in the data complicated our assessment of impacts, often precluding statistical confidence of heatwave effects. While these results provide insight on the effects of the heatwave, more importantly they reveal key features of the available survey data and present a more nuanced picture of heatwave effects compared to observations made immediately after the heatwave (Raymond et al., 2022). As such, we suggest that the most compelling outcome of this work is that current bivalve management surveys, which are designed and perform adequately for estimating biomass of target species on co-managed beaches in the southern Salish Sea, are not the best tool for quantifying the impacts of acute or ‘extreme’ events on bivalve populations at specific sites or across the region. This result highlights the need to examine bivalve, and resource management in general, in new ways to respond to and prepare for the effects of climate change.



4.1 Comparison to initial assessment

Raymond et al. (2022) documented a range of effects of the 2021 heatwave on clam and oyster species in the southern Salish Sea, ranging from unprecedented high mortality to local pockets of resilience for some species. A key finding of this semi-quantitative, rapid assessment was that observed effects of the heatwave appeared to be site- and/or species-specific. Therefore, we expected to find a similar range of effects in this study but anticipated gaining more robust quantitative support of field observations. In some instances, we expected to detect large changes in bivalve density and size distributions with strong statistical support given the dramatic descriptions of mortality at some sites and species in Raymond et al. (2022) and other sources (e.g., WDFW Intertidal Bivalve Program pers. comm., White et al., 2023). While we did find multiple instances of decreased density after the heatwave, very few of these changes had even moderate statistical support (as determined by effect size > ± 0.2 with confidence intervals not overlapping zero). Our analysis also found some changes in mean size and broad shifts in size distribution, but again few instances had even moderate statistical support. Due to constraints with available survey data, this study was not able to test for or detect any geographic patterns of heatwave impacts as observed in Raymond et al. (2022). Those authors hypothesized that region-wide patterns were driven, in-part, by the timing of low tide during the heatwave. While we still consider the timing of the low tide to be an influential factor in heatwave impacts to intertidal bivalves, the spatial range of the data analyzed for this study was limited compared to the broader scope of Raymond et al. (2022) – covering less than 25% of the latitudinal range – and may not have had broad enough coverage to detect such geographic patterns.

Our quantitative analysis did not statistically support the broad scale of negative effects described by local data collectors in Raymond et al. (2022), and further confirmed by some co-managers maintaining site-specific harvest closures or harvest reductions in certain cases due to the conspicuous lack of certain bivalve species (Swinomish Fisheries pers. comm. 2023, Squaxin Fisheries pers. comm 2023). We attribute the lack of statistical support of heatwave effects to the inherent variability in the survey data, which is discussed in detail below, and acknowledge that our results could also be an artifact of having a more limited scope of survey data compared to the broader range of observations in the rapid assessment. This lack of statistical support does not imply that these bivalve species were not physiologically stressed as observations made immediately after the heatwave identified clear and widespread impact to intertidal organisms (Raymond et al., 2022; White et al., 2023) and the current body of research has described both chronic and acute stress of bivalves associated with increased temperature (Masanja et al., 2023 and references therein). Thus, in comparing the results of this quantitative study to that of the Raymond et al. (2022) rapid assessment, it could be concluded that we did not gain an increased understanding of heatwave effects by taking this more in-depth quantitative approach. However, we find it both informative and encouraging that these two distinct assessment approaches provide similar evidence and insights on the highly variable effects of the heatwave event on intertidal bivalves.




4.2 Variability and heatwave effects

Variability in the data was anticipated, however, our findings of large percent changes, particularly in species density, with small associated effect size was an unexpected result. Three types of variability associated with features of the survey data merit discussion in relation to our results: (1) sources of variability associated with the duration of time between before and after surveys (i.e., sampling interval), (2) population-level variability and, (3) sampling error inherent to the survey methods (aside from the time lapse between surveys) such as seasonality, survey area and sampling resolution.

Our analysis of CV among the three different survey intervals found that although several B/A survey pairs were separated by one sampling season or more (≥ 10 months), large shifts in CV were not generally observed. The overall similarity in CV between B/A survey pairs across sample intervals suggests that heatwave effects fall within the expected range of natural variability. However, there are two exceptions, all of which we interpret to be due to factors other than the heatwave: (1) The five Pacific oyster sites surveyed 10-15 months apart, and for Manila clams and Macoma spp. surveyed > 25 months apart at site D (Figure 5) that we believe have plausible explanations. The notable difference in CV among the five Pacific oyster sites surveyed 10-15 months apart can be explained by the demographic shift to greater numbers of smaller individuals in the after survey, likely an indication of seasonal juvenile recruitment (Figure 4). (2) Differences in CV for Manila clams and Macoma spp. surveyed > 25 months apart occurred at the same location, site D. These may be attributed to site-specific variability in population distributions rather than the sample interval. Known enhancement activities have influenced Manila clam distribution at site D resulting in high patchiness and large differences in survey-to-survey variability based on random placement of sample plots. Macoma spp. occupy different habitats than the other clams in this study (Dethier, 2006), and site D has a highly varied beach habitat, so random plot placement may not have consistently sampled Macoma spp. patches from survey-to-survey.

Natural population-level variability and sampling error inherent to the survey methods may interact in ways that skew or obscure our ability to statistically detect changes in the population. Population-level variability in bivalve populations in soft-sediment habitats has been widely described in the Salish Sea and elsewhere (McArdle and Blackwell, 1989; Morrisey et al., 1992; Lima et al., 2000; Dethier, 2006; Beukema and Dekker, 2020) A recent time-series analysis of native bivalve species including cockles (Clinocardium nuttallii), butter clams (Saxidomus gigantea), and native littleneck clams (Leukoma staminea) in the southern Salish Sea indicated that statistically significant changes in bivalve populations may only be detectable at the decadal scale due to natural population variability (Barber et al., 2019). Barber et al. (2019) also found that species-specific changes may be driven by both large-scale (e.g., native clams species exhibiting population synchrony associated with North Pacific Gyre Oscillation) and local factors (e.g., site-specific, population-level responses by cockles). Variability in natural growth rates is an important factor of population-level variability. Differences in growth rates in response to environmental factors including food availability, weather conditions, water quality and flow, beach aspect, tidal elevation and sediment type has been well documented across several species of intertidal clams and oysters (e.g., Bourne and Smith, 1972; Houghton, 1973; Paul and Feder 1973; Ratti, 1978; Goong and Chew, 2001; Beukema et al., 2009; Vânia et al., 2014; Ortega et al., 2016). Such spatial variation in bivalve growth parameters (shell length and weight) is taken into consideration by Washington resource managers when using their allometric relationship to generate clam and oyster biomass estimates for co-managed stocks (Bradbury et al., 2005; Barber et al., 2012). Given the available data and resulting design of our analysis, we were unable to account for how large-scale and local factors influencing bivalve population variability may have interacted with the stress of the heatwave but acknowledge that many bivalve populations included in our analyses exhibited site-specific responses and no synchronous effects were identified.

Sampling error inherent to the survey methodology may also contribute to unaccounted for variability. To be broadly applicable to regional co-managed bivalve resources, population surveys must be standardized. Compromises are therefore made with respect to sampling resolution (spacing of sample plots), population distribution types (e.g., uniform, aggregated), seasonality of surveys, topographic anomalies, and other naturally-occurring sources of variability. Therefore, the standard survey methodology may inadvertently lead to observations of change in a population, or lack thereof, that are artifacts of the survey design itself. For example, the general pattern of low strength of evidence of heatwave effects - effect size - observed here is partially driven by zero/near zero skewed data (Supplementary Figure S1). These zeros are at least a partial artifact of survey design and bivalve population abundance and/or distributions. We recognize that there are geospatial and/or advanced statistical methods that could have been applied to account for this drawback of the survey design; however, such approaches were outside the scope of this study which was to utilize existing co-managed bivalve datasets and apply straightforward quantitative approaches to evaluate the effect of the 2021 heatwave.

Our examination of CV of species density across survey intervals indicates a consistent magnitude of variability for most species and sites examined (Figure 5). This suggests that the population surveys that were opportunistically used in this study of heatwave effects are not prone to large shifts in variability and, therefore, effective for their intended management purpose (i.e., to obtain annual biomass estimates, with known precision, on which to assess a sustainable level of harvest). This finding indicates that factors affecting bivalve populations, including the 2021 heatwave and other environmental and biological factors, either have little effect on the variability of bivalve populations or the effects cannot be resolved with the current data and, by extension, the survey design.




4.3 Next steps and recommendations

Patterns of variability and the data resolution needed for effective management raises broader questions on our understanding of the dynamics of intertidal bivalve populations and application of survey methods, especially in the face of a changing climate. We acknowledge that our opportunistic approach, to use existing co-managed bivalve data to examine the effect of the anomalous 2021 heatwave, was not what the survey method was intended for. Due to the limited capacity of co-managers to complete multiple annual regional surveys, there would have been a novel management benefit if our results demonstrated that existing surveys could also be utilized to detect and quantify effects of acute or extreme events on bivalve resources. However, our analysis revealed that using existing survey methods is problematic due to background variability and challenges the efficacy of these surveys to quantify the effect of acute events. We therefore recommend exploring alternative survey designs and/or analytical methodologies as an important next step. We suggest defining meaningful units of change relevant to objectives, then considering the utility of broad semi-quantitative surveys, fixed reference sites, and focus on metrics of specific concern.

We recommend the following should be considered prior to designing new survey methods in order to maximize utility to the community and/or individuals posing the question. (1) Definition of “change”; i.e., how much environmental and/or biological change is meaningful change? and (2) identifying appropriate timeframes for measuring impacts. It is especially important to note that the definition of meaningful environmental change may vary based on the individual, community, or management entity. For example, a relatively small loss in biomass of a culturally-important bivalve will have a disproportionately large impact on Indigenous communities who are reliant on the species, and often cannot move to unaffected regions, and may be socioeconomically disadvantaged (Lynn et al., 2013; Poe et al., 2016). Alternatively, ecologists may focus on change that is biologically meaningful for the species and/or ecological community (e.g., recruitment success), whereas a shellfish manager may be concerned with effects to total harvestable biomass. Careful consideration must also be given to the frequency and duration upon which sampling occurs to ensure that the change or impact of interest can be detected.

A long-term dataset tracking microbenthic animals, including bivalves, from the Wadden Sea, Netherlands, may offer insight into best practices for detecting acute change in intertidal systems. These, researchers established several permanent sites and transects that are resampled biannually (Beukema and Cadée, 1997; Beukema and Dekker, 2020). By resampling fixed transects twice a year, they remove the variability associated with the systematic random sampling methods deployed in the surveys we analyzed and have been able to pinpoint change in biomass associated with variables such as sea surface temperature and eutrophication (Beukema and Dekker, 2020). Such fixed and repeated sampling approaches are particularly useful for long-term monitoring or conducting before-after-control-impact (BACI) studies where permanent sampling plots or transects are established in areas prior to an acute event or environmental perturbation. These types of study designs are particularly useful for detecting impact or monitoring resilience/recovery.

As with many ecological studies, the need to determine impacts of acute events is not only to determine cause, but to be able to predict impacts to populations due to future events with similar characteristics. However, biological mechanisms can also influence the timeframe of measurable impacts to a particular system. Therefore, individuals designing new quantitative surveys will need to consider that different tools may be needed to detect differential impacts. For example, our study looked directly at change in bivalve density and size following the heatwave. Yet, significant loss of reproductively mature adults during the heatwave may manifest itself as lower recruitment rates the following year and as lower harvestable biomass in the number of years it takes for a particular species to reach an adult size. Future studies could choose to focus on quantifying baseline bivalve recruitment data at selected sentinel sites where permanent sampling locations are established for the sole purpose of measuring interannual recruitment variation.

In Washington State, co-managers and affiliated researchers were engaged throughout the initial semi-quantitative effort (Raymond et al., 2022), and this current quantitative approach for assessing heatwave impacts. This not only provided data and valuable insights on patterns, but also built a diverse network that is now actively addressing how to prepare for documenting the next acute event. In December 2022, co-managers and affiliated researchers met to discuss the draft findings of the analyses presented here. In response, they have formed a rapid response planning team to develop supplemental survey approaches to quantifying the impacts of extreme events on intertidal bivalves. Based on our findings here, and our experiences as researchers and resource managers, a rapid assessment, similar to that of Raymond et al. (2022), may be a useful first approach to help identify when, where, and for what species, appropriate quantitative tools may be applied. Through this analysis and those of Raymond et al. (2022), we found the climate change induced extreme weather events have forced us to consider intertidal bivalve ecology and management in a new light. Moving forward, an adaptive approach may be needed to prepare for and respond to the effects, increased severity, and frequency of extreme weather events. The need for a new approach transcends intertidal bivalves and the Salish Sea to natural resource management worldwide as no ecosystems or socioecological systems will be immune from the effects of a changing climate.
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A Ostrea lurida ‘ Olympia oyster 12-Jun-18 10-Jul-21 X -
B Ostrea lurida Olympia oyster 15-Jun-18 8-Jul-21 X -
c Ostrea lurida © Olympia oyster 25-May-21 15-Jul-21 x -
D Clinocardium nuttallii Cockle 17-Jun-19 21-Jul-21 X X
D Leukoma staminea Littleneck clam 17-Jun-19 21-Jul-21 X X
D Macoma spp. Macoma clam 17-Jun-19 21-Jul-21 X -
D Mya arenaria Softshell clam 17-Jun-19 21-Jul-21 X X
D Ostrea lurida Olympia oyster 24-May-21 26-Jul-21 b€ =
D Ruditapes philippinarum Manila clam 17-Jun-19 21-Jul-21 bi¢ X
D Saxidomus gigantea Butter clam 17-Jun-19 21-Jul-21 p.C X
D Tresus capax Horse clam 17-Jun-19 21-Jul-21 X X
i Clinocardium nuttallii Cockle 27-May-21 20-Jul-21 X -
E Leukoma staminea Littleneck clam 27-May-21 20-Jul-21 X X
E ‘Macoma spp. Macoma clam 27-May-21 20-Jul-21 X -
E Ruditapes philippinarum Manila clam 27-May-21 20-Jul-21 X -
E Saxidomus gigantea Butter clam 27-May-21 20-Jul-21 X X
F Leukoma staminea Littleneck clam 23-Jun-21 10-Aug-21 X X
F Ruditapes philippinarum Manila clam 23-Jun-21 10-Aug-21 X X
G Ostrea lurida Olympia oyster 25-May-21 18-Aug-21 X -
H Ostrea lurida Olympia oyster 27-May-21 26-Jul-21 X X
1 Ostrea lurida Olympia oyster 2-Aug-20 26-Jul-21 X X
7 Crassostrea gigas Pacific oyster 8-Jul-20 19-Aug-21 X X
] Leukoma staminea Littleneck clam 14-Jun-21 8-Aug-21 X -
] Mya arenaria Softshell clam 14-Jun-21 8-Aug-21 X -
] Nuttallia obscurata Purple varnish clam 14-Jun-21 8-Aug-21 X X
] Ruditapes philippinarum Manila clam 14-Jun-21 8-Aug-21 X b4
K Crassostrea gigas Pacific oyster 8-Jul-20 19-Aug-21 X X
L Crassostrea gigas Pacific oyster 28-May-21 20-Aug-21 X -
L Ostrea lurida Olympia oyster 28-May-21 20-Aug-21 X -
M Crassostrea gigas Pacific oyster 9-Jun-20 6-Aug-21 X X
o Crassostrea gigas Pacific oyster 17-Aug-20 i 9-Jul-21 X X
o Ostrea lurida Olympia oyster 17-Aug-20 9-Jul-21 X =
R Leukoma staminea Littleneck clam 27-Apr-21 10-Aug-21 X X
R Mya arenaria Softshell clam 27-Apr-21 10-Aug-21 X -
R Ruditapes philippinarum Manila clam 27-Apr-21 10-Aug-21 X X
S Crassostrea gigas Pacific oyster 1-Aug-20 20-Aug-21 X X
S Nuttallia obscurata Purple varnish clam 28-May-21 22-Aug-21 X X
s Ruditapes philippinarum Manila clam 28-May-21 22-Aug-21 b ¢ X
U Ruditapes philippinarum Manila clam ‘ 7-Jun-21 8-Jul-21 X X
w Ruditapes philippinarum Manila clam 26-Jun-20 13-Jul-21 X X
X Ruditapes philippinarum Manila clam ‘ 24-Jun-21 19-Jul-21 X X
Y Ruditapes philippinarum Manila clam 31-Mar-21 7-Jul-21 X X

Row shading differentiates sites.





