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A B S T R A C T   

Pacific oysters (Crassostrea gigas) were introduced to the US west coast in the early 1900’s, but only regularly 
spawned in several discrete estuarine locations like Willapa Bay where conditions allowed for adult oyster 
gametogenesis as well as larval survival, retention, and settlement. Oyster industry participants have long 
recognized that the condition of marketable oysters was related to proximity of their growing areas to the ocean. 
This prompted resource managers to routinely collect data and identify trends in oyster condition index (CI) in 
this estuary. An analysis of this almost seven- decade long CI record revealed consistent trends across four 
sampling locations in Willapa Bay where 50–70% of the variability in CI was explained by a single component. 
This component of variability in CI was related most strongly to variability in the upwelling index (UI) which was 
positively correlated with CI during the summer upwelling season. A relationship with the Pacific Decadal 
Oscillation (PDO), a broader basin-scale index of temperature was also significant, but weaker and PDO was 
negatively correlated with CI. Shifts or breaks in the long-term CI record occurred in 1977/78 and 1999/2000 
with another shift related to the second component of variation in CI that occurred in 1988/1989. The change in 
1977/78 has previously been shown to correspond with a shift in the basin scale PDO, but more recent shifts 
appear to be correlated with local fluctuations in both temperature and upwelling intensity. Further investigation 
into shifts in the seasonal timing of temperature and phytoplankton as variables that control the oyster game
togenic cycle seem warranted.   

1. Introduction 

Responses of marine invertebrates to long-term changes in climate 
are less well documented than those of their terrestrial counterparts, but 
there is strong evidence that recent climate warming has influenced 
their distribution and abundance, especially where their populations can 
be more readily assessed along intertidal shorelines or for commercially 
fished species (Cloern et al., 2010; Edwards et al., 2010; Helmuth et al., 
2006; Menge et al., 2011). While there is a rich historical dataset on the 
physiology and seasonal phenology for some marine invertebrates, 
fewer long-term records have been maintained. Recent recognition of 
the anthropogenic contribution to changes in marine climate and 
obvious shifts due to more extreme climate warming events have 
resulted in new efforts to collect such data in order to make comparisons 

with these historical records (Moore et al., 2011; Sainz et al., 2019). 
Due to their commercial value and widespread distribution in coastal 

marine waters, bivalve molluscs represent marine invertebrates for 
which long-term records have often been maintained. This is particu
larly the case for Pacific oysters (Crassostrea gigas Thunberg 1793), 
recently reclassified as Magallana gigas (but see Bayne et al., 2017, 
2019), which have been widely introduced and cultured along many 
coastlines around the world (Minchin, 2007; Ruesink et al., 2005). The 
value of these oysters as a sentinel species for examining effects of 
climate change and variability has also been recently recognized, in part 
due to concern over observed changes in their distribution outside cul
ture (King et al., 2021; Thomas et al., 2018; Thomas et al., 2016). 

Pacific oysters were introduced from Japan to several estuaries along 
the west coast of North America in the early 1900s where they were 
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cultured on tidelands and replaced the oyster native to this coast (Ostrea 
lurida Carpenter 1864) as the primary harvested species (Lindsay and 
Simons, 1997; Quayle, 1988; Steele, 1964; White et al., 2009). Pacific 
oysters only initially became “naturalized” in several discrete estuarine 
locations along this coast including Willapa Bay and Dabob Bay in 
Washington state, US where conditions were favorable for adult oysters 
to undergo gametogenesis and spawn, and for larvae to survive and 
settle on suitable benthic substrates (Chapman and Esveldt, 1943). The 
shellfish industry took advantage of this “wild” set at these locations 
and/or continued to import juvenile Pacific oysters as seed from Japan 
until the advent of shellfish hatcheries in the late 1970’s (Chew, 1984; 
Clark and Langmo, 1979; Im et al., 1976; Nosho and Chew, 1991). Due 
to the importance of these two areas to the Washington state industry, 
programs were established to monitor oyster spawning, larval abun
dance, and forecast larval set at both of these locations (Lindsay et al., 
1959; Packer and Mathews, 1980). A monthly sampling program was 
also initiated to examine the condition or “fatness” of adult Pacific 
oysters, recognizing its value for assessing both the seasonal reproduc
tive cycle and relationships between potential market yield and the 
environment where the oysters were grown (Westley, 1964). This pro
gram was initiated in Willapa Bay in 1954 (Westley, 1959; Westley, 
1961) and has been maintained with some gaps through present day 
because the natural spawning and recruitment cycle of these oyster 
stocks on state established reserves continues to be an important feature 
of Pacific oyster management in this estuary (Dumbauld et al., 2011). 
This data now comprises one of the longest biological records on the U.S. 
west coast. 

Interannual trends in this long-term oyster condition index (CI) data 
have been previously examined in part due to a general decline in 
condition over time that was observed after the 1970s and concerns that 
this might be a result of large increases in the number of shellfish planted 
in Willapa Bay exceeding the estuaries carrying capacity. Several au
thors have explored relationships between CI and ocean climate indices. 
Schoener and Tufts (1987) found a significant inverse relationship be
tween sea level height and CI using this data record for 1955–1985 with 
a coherent two-year frequency signal. They did not find a direct rela
tionship with local seawater temperature, but suggested that broader 
temperature records for the NE Pacific ocean seemed to relate with large 
fluctuations in CI. Ebbesmeyer and Strickland (1995) found that CI 
varied with an integrated climate index – the Pacific Northwest Index 
(PNI) and that CI also generally declined with decreased outflow from 
the Columbia River. The physical and biological processes leading to 
these empirical relationships however remained largely unexplained 
and these authors were uncertain about whether these correlations 
would continue in the future. Hare and Mantua (2000) assembled a 
diverse set of climate and biological time series including CI from 1965 
to 1997 to explore empirical evidence for common regime shifts after 
the 1989 climate event in the broader North Pacific ecosystem. Their 
analysis showed a decline of CI post-1977 which seemed to match a 
consistent large scale summertime west coast warming, a feature now 
recognized as the Pacific Decadal Oscillation (PDO). Finally, Litzow 
et al. (2020) found a nonstable relationship between the PDO and North 
Pacific Gyre Oscillation (NPGO) and several other biological indices 
including CI especially after 1989. 

The effects of coastal upwelling on estuarine hydrography, water 
column properties and resultant effects on juvenile Pacific oyster growth 
in Willapa Bay have been previously examined and modeled (Banas 
et al., 2007; Ruesink et al., 2003; Wheat et al., 2019). On event and 
seasonal time scales, upwelling-driven coastal phytoplankton blooms 
and associated water properties are advected directly into the bay which 
along with the presence of oysters and other filter feeders results in a 
gradient of high phytoplankton biomass near the mouth and lower 
biomass and a slightly different phytoplankton community up-estuary, 
particularly during the summer upwelling season when river flow is 
minimal (Newton and Horner, 2003; Roegner et al., 2002). This estua
rine gradient in water column properties has also been attributed to 

water residence time because water moves back and forth and is 
retained for longer periods away from the estuary mouth (Banas et al., 
2007) and daily tidal exchanges cause a similar gradient from the 
channels across broad intertidal mudflats to shore (Wheat et al., 2019). 
These spatial gradients are well known to shellfish growers and have 
been previously related with juvenile oyster growth across summer 
months and general production of larger oysters in this estuary, but the 
seasonal cycle of condition and its well-known relationship with 
gametogenesis in older diploid oysters (Brown, 1988; Costil et al., 2005; 
Royer et al., 2008) less explored. Mechanistic models have been devel
oped to describe growth and reproduction in Pacific oysters, (Bernard 
et al., 2011; Gasmi et al., 2017; Gourault et al., 2019) and link this to 
environmental drivers, but few studies have previously described these 
relationships in Willapa Bay (see Schumacker, 1999; Dumbauld et al., 
2021). 

Here we further examine the more than a half-century long record of 
oyster condition data collected from four locations in Willapa Bay, with 
a focus on relationships between CI and two climate indices for which 
similar long-term records exist. First, we chose the PDO to represent 
basin-scale marine climate forcing, due to the previously established 
relationship between CI and PDO and because PDO dynamics have been 
shown to be related and respond to the El Niño Southern Oscillation 
(ENSO), a second important basin scale climate indicator. The PDO also 
represents decadal scale variability in this system particularly north of 
45oN where this data was collected (Litzow et al., 2020; Macias et al., 
2012; Newman et al., 2003). Second, we chose and index of coastal 
upwelling (UI) to represent local environmental conditions due to its 
strong influence on temperature, salinity and phytoplankton availability 
for oysters in this estuary (Banas et al., 2004; Banas et al., 2007; Roegner 
et al., 2002). 

2. Methods 

2.1. Study sites 

Willapa Bay, Washington, is the third largest estuary along the West 
coast of the continental US (46o40’N, 124o0’W, Fig. 1), but relatively 
small (358 km2) and shallow with extensive intertidal mudflats that 
make up about half of this area and are therefore exposed on low tides 
(Dumbauld and McCoy, 2015; Hedgepeth and Obrebski, 1981). Most of 
the Pacific oysters in this estuary are farmed on these low to mid 
intertidal tidelands that growers either uniquely own or in relatively few 
cases lease from the state. While nine small rivers drain into the bay, the 
average monthly river flow ranges from only 17 m3 s− 1 to 390 m3 s− 1 

and the majority of that input occurs during winter months when pre
cipitation is highest (November–March) and/or during storm events in 
other seasons when river input is otherwise minimal (Banas et al., 2004; 
Hickey and Banas, 2003). Both river flow and ocean exchange are forced 
by large-scale winds, and wind-driven coastal upwelling provides the 
primary source of nutrients and resulting phytoplankton especially close 
to the estuary mouth during summer months (Banas et al., 2004; Banas 
et al., 2007; Hickey et al., 2002). The Willapa Bay estuarine gradient is 
well known to shellfish growers whom typically plant juvenile seed 
oysters south of an imaginary line (from just north of Nahcotta to just 
north of the Nemah River on the east side of the estuary, Fig. 1) where 
they reside for 1–2 years and then are transplanted to “fattening” beds 
located north of this “fattening” line for harvest after at least a second 
summer. This line also serves as a rough boundary for the locations of 
historically successful spawning and setting of Pacific oysters in this 
estuary, so growers often distribute oyster shell on beds south of this line 
to obtain a “natural” larval set and transplant these oysters to fattening 
beds north of the line (Dumbauld et al., 2011; Ruesink et al., 2018). Data 
from four sites include a location just east of the WDFW Willapa Bay 
Field station (designated as Parcel A; PA, 27.7 km from the estuary 
mouth, Fig. 1), a location closer to the estuary mouth along the east side 
of the North Beach peninsula (Stackpole; STK, 14.6 km from mouth), a 
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location about halfway between STK and PA (Oysterville; OYS, 22 km 
from mouth), and a location on the east side of the estuary, but also close 
to the estuary mouth (Stony Point; SPO, 11.6 km from mouth). 

2.2. Condition index (CI) calculation 

Although several different methods have been used, bivalve condi
tion relates a measure of the meat biomass to that of the shell or the 
volume of the shell cavity (Abbe and Albright, 2003; Crosby and Gale, 
1990; Lawrence and Scott, 1982; Zeng and Yang, 2021). Condition of 
oysters in Willapa Bay from 1954 to 1998 was measured using the 
Westley method (Westley, 1961) which was adapted from original work 
by Medcof and Needler (1941) for eastern oysters Crassostrea virginica. 
Archimedes principle which assumes that oyster meats have approxi
mately the same density as water is used to obtain the shell cavity vol
ume and is calculated as follows: 

CI =
Dry body wt x 100

[whole wt.in air − whole wt.in water] − [shell wt.in air − shell wt.in water]

(all weights recorded in g) 
Oysters were collected, all fouling organisms removed and then first 

weighed in air (whole weight = wet weight of whole animal in air), then 
suspended in seawater using a hanging balance and measured again 
(whole weight in water). Oysters were then opened and tissues removed, 
dried (48 h at 50o C followed by 48 h at 100 ◦C) and weighed (dry body 
wt). The shells were then weighed again both in air and submersed. This 
method was evaluated and standardized (Westley, 1961) and biologists 
collected 20 individual adult oysters of similar size (generally about 2 
years old, volume = 125 cc.) at each location once every month. Oysters 
were pooled and measured together to make these monthly assessments 
for each location, so no estimate of error was obtained for each indi
vidual monthly value. After a detailed comparison with several other 
methods Schumacker (1999) found a consistent relationship between 
condition collected using this technique and the gravimetric method 
(Lawrence and Scott, 1982) which is less prone to error and much easier 
to conduct on individual oysters so that error can be estimated. Sample 
size was increased to 30 oysters of the same size which were collected at 

each of the same locations and the gravimetric technique was adopted 
thereafter, so all monthly values became averages from 1999 to 2021 
and individual oyster condition was calculated as follows: 

CI =
Dry body wt x 100

[whole wt.] − [dry shell wt.]

(all weights recorded in g) 
These measures are mostly the same as above so whole weight rep

resents the weight of oysters in air before the tissue is removed, but dry 
shell weight now represents valves from each individual oyster that have 
been dried alongside meats in an oven. Pre- 1999 values were then 
converted to gravimetric equivalents using the relationship: Gravi
metric = Westley-0.905/1.180 (n = 504, r2 = 0.9126; Schumacker, 
1999). 

2.3. Data processing 

The length of the condition index time series was slightly different at 
Parcel A (1955–2021), Stackpole (1960–2021), Stony Point 
(1954–2021), and Oysterville (1963–2016) due to differences in when 
data collection was initiated at each site and in the case of Oysterville 
when sampling program was terminated. Missing values were also 
prevalent in these records when sampling could not be conducted for 
various logistical and funding challenges. Missing values (>6 per year) 
were present primarily in 1979, 1982 and 1983 at all sites comprising 
13.5%, 16.3%, 15.5% and 19.6% of the entire time series at PA, STK, 
SPO and OYS, respectively. 

The annual seasonal pattern in this data set has previously been 
examined (Dumbauld et al., 2021) and we replicated that analysis here 
by first examining monthly means for the entire data set at each of the 
four locations. Then to characterize seasonal differences in long-term 
variability of CI at each site, we aggregated data into 3-month seasons 
to reduce the number of missing values due to irregular monthly sam
pling noted above, with winter representing December (of the previous 
year) – February, spring as March–May, summer as June–August, and 
autumn as September–November. Coastal upwelling and downwelling 
alternations are very periodic physical events outside Willapa Bay but 
annual occurrences produce consistent effects on nearshore biological 

Fig. 1. (a) Map of four locations in Willapa Bay where oysters were sampled. (b) Average monthly values of gravimetric condition index (± SE) measured at these 
locations. Vertical dashed lines represent divisions between upwelling (May – September) and downwelling (October – April) seasons. Also shown is dashed line 
across the estuary known as the “fattening line” by shellfish growers. 
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variables (Banas et al., 2007). Considering this forcing and coupling, we 
also calculated seasonal averages and anomalies for two broader sea
sonal cycles (October of the previous year to April representing the 
downwelling season and May to September for the upwelling season). 
We then normalized these seasonal averages by removing corresponding 
long-term means and dividing by standard deviations to obtain stan
dardized anomalies (Jones and Hulme, 1996) which provide an alter
nate visual representation of variation above or below the long-term 
average and explored interannual patterns in CI at each site by plotting 
both mean values and anomalies. 

We examined relationships between CI long-term variability and two 
climate indices: 1) the Pacific Decadal Oscillation (PDO) which repre
sents basin scale sea surface temperature variations (SST) for the North 
Pacific (north of 20◦N) (data accessed at http://research.jisao.washingt 
on.edu/pdo/PDO.latest), and 2) the coastal upwelling index (UI, m3 s− 1 

per 100 m coastline at latitude 45◦N) which represents local environ
mental forcing factors that impact oyster condition (NOAA Environ
mental Research Division, data accessed at https://oceanview.pfeg.noaa 
.gov/products/upwelling/dnld). 

2.4. Statistical analysis 

Analysis of variance (ANOVA) on mean CI values across years was 
first used to examine the effect of both calendar and upwelling down
welling season and location on CI (AOV in R, R development team 
2020). We then analyzed temporal variability in CI using two statistical 
tools: 1) Principal Component Analysis (PCA), a more traditional tool 
used most often in community analyses and 2) Dynamic Factor Analysis 
(DFA), a more recently implemented method in ecological studies. Goals 
were to determine whether these two methods produced consistent re
sults and to avoid mischaracterizing results due to limitations of each 
method. 

While most often used to examine patterns in ecological community 
data, PCA has also been used to isolate the most dominant mode of 
variability patterns in time series variables (Hare and Mantua, 2000). 
For this study, multivariate PCA analyses were run using Primer (Clarke 
and Gorley, 2006) and PC scores were plotted against year to examine 
interannual variability of CI. The eigenvectors (loadings) quantify cor
relations between each of the time series and dominant PCs, primarily 
the first and second PC in this study. The eigenvalues determine the 
fraction of total data variance explained by each PC. We conducted PCA 
analysis separately for both CI data only and CI with environmental co- 
variables PDO and UI. Correlations between the first PC score data series 
representing the most dominant temporal variability pattern across sites 
and corresponding PDO and UI data series were then examined using 
least squares linear regression models. 

DFA is a multivariate statistical method similar to PCA, but it is 
specifically designed for time- series ordination (Holmes et al., 2018; 
Zuur et al., 2003). Here we follow the methods of Ward et al. (2019) and 
Hunsicker et al. (2022) and use a Bayesian implementation of DFA to (1) 
summarize the variability in oyster CI from the four sampling sites by 
estimating the number of temporal patterns (‘trends’) that best capture 
the observed variation, (2) identify relationships between variability in 
the CI and two climate variables, PDO and UI, and (3) determine the 
probability of regime shifts in the identified trend over time. All analyses 
were conducted using the bayesDFA package in R (Ward et al., 2019; 
Ward et al., 2022). 

To summarize the variability in oyster CI, we used model selection 
tools to identify the best supported DFA model and number of shared 
trends. Specifically, we identified support for (1) the number of latent or 
shared DFA trends (n = 1–2), (2) a fixed versus estimated trend variance 
(using a prior on the standard deviation, σw, of σw~Normal(0,1)), (3) the 
most appropriate error structure for the oyster CI data (whether the 
times series had equal (shared) or unequal (unique) observation errors), 
and (4) and process errors drawn from a multivariate Student-t distri
bution or a normal distribution. 

We identified the best-performing models for both upwelling and 
downwelling seasons based on the Leave-Future-Out Cross Validation 
Information Criterion (LFO-CV) because it properly accounts for time 
series structure (Burkner et al., 2020). For each model formulation, we 
applied the LFO-CV method by first fitting the model to all years of data 
prior to year T (i.e., training data, years 1, 2, …, (T-1)) and then using 
the fitted model to predict the trend value in year T (i.e., test data). We 
repeated this process for 10 years, starting with 2021 as year T and 
working back to 2012, and then calculated the expected log predictive 
density (ELPD) across those time steps. Models with the highest ELPD 
were deemed the best supported models. We used this same approach to 
evaluate whether the performance of the DFA model was improved 
when PDO or UI were included as covariates in the model. If one or both 
climate time series increased variability explanation in the models, it 
would indicate that variability in the CI is strongly correlated with the 
two climate variables (this methodology is similar to PCA including both 
CI and PDO, UI). 

Once the best supported oyster condition DFA models for the up
welling and downwelling seasons were identified, we estimated the 
presence of different regimes or shifts in shared CI trends by applying 
hidden Markov models (HMM) to the estimated trends from the DFA, as 
described by Ward et al., 2019. We evaluated support for regimes by 
using the posterior trend estimates from each model as input. The 
Bayesian Leave-One-Out Cross Validation information criterion (LOO- 
CV, Vehtari et al., 2017) was used to identify the data support for the 
number of regimes (n = 1–3). The model with the lowest LOO-CV value 
was deemed the best model. 

Finally, simple linear regressions were applied using the first PC 
score time series and most common trend values from the DFA models to 
examine consistency between the two methods. 

3. Results 

3.1. Seasonality 

Oyster condition followed a similar seasonal pattern at the four sites 
with lowest CI in winter increasing over spring to the highest CI in 
summer and then declining again in autumn (Fig. 1). The peak CI value 
in summer appeared to occur slightly earlier (June) at PA and OYS than 
at STK and SPO (July). Univariate tests demonstrated significant site and 
season differences, but no interaction (ANOVA, site, F = 232.70, df = 3, 
p < 0.001, season, F = 60.01, df = 3, p < 0.001; interaction F = 1.28, df 
= 9, p = 0.239). Oysters at STK had the highest CI in all four seasons 
followed by Oysterville, Stony Point and the lowest CI was observed at 
Parcel A (Table 1). In general CI was about 2 units higher during the 
upwelling season at all sites than during the downwelling season at all 
sites (Table 1) and this difference was also significant with no significant 
interaction between factors (ANOVA, location F = 122.954, df = 3, p <
0.001, upwelling season, F = 75.74, df = 1, p < 0.0.001, interaction F =
0.42, df = 3, p = 0.742). 

3.2. Interannual variability 

Patterns of interannual change in oyster CI were coherent across all 
four sites (r > 0.5, p < 0.0001) and were observed in both mean CI 
values and the CI anomaly (Figs. S1 and S2). We therefore only display 
time series plots and contrast trends for STK and PA hereafter, because 
these two locations were closest and furthest to the estuary mouth 
(Fig. 1) and oysters had the highest and lowest average CI at these two 
sites, respectively (Table 1, Fig. S1). Visual analysis of average CI during 
the upwelling and downwelling season revealed similar interannual 
patterns at both PA and STK with multi-year decreases from the late 
1970s through early 1980s and from the late 1980s to early 1990s and 
an increase from the late 1990’s through the early 2000’s (Fig. 2). These 
patterns were observed at both locations, but there was a multi-year 
decrease in the early 1970s at PA during the upwelling and summer 
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seasons only, and CI fluctuated more in summer and autumn seasons at 
STK than at PA (Figs. 2 and S3). Higher mean values of CI at STK than at 
PA were apparent throughout the entire time series, and the difference 
became gradually larger from the late 1970s on, and much greater after 
the mid-1990s (Figs. 2 and S3). While interannual variability was 
generally coherent between the two sites in each season, there were 
some years when the difference between locations changed in opposite 

directions. For example, CI remained low in the 1990s at PA, while it 
stayed high or even increased at STK. 

Patterns in the CI anomaly could more easily be divided into three 
distinct time segments: mostly above the long-term mean before 1977, 
mostly below this mean during 1978–1999 (except for 1988/89, during 
the downwelling season), and above the mean again from 2000 onwards 
(Fig. 2). The long-term pattern in the CI anomaly was similar for both PA 

Table 1 
Seasonal averages of CI (±SD), and number of monthly values (n) for each time series at four sampling locations in Willapa Bay.  

Site Winter Spring Summer Autumn 

Stackpole 8.2 (2.0), n = 170 9.1 (2.2), n = 159 10.5 (2.5), n = 143 9.4 (2.3), n = 153 
Oysterville 7.2 (2.1), n = 136 8.3 (2.0), n = 136 9.3 (2.7), n = 128 8.2 (2.3), n = 126 
Stony Point 6.1 (1.5), n = 179 7.1 (1.9), n = 181 8.6 (2.4), n = 167 7.0 (2.1), n = 167 
Parcel A 4.5 (1.3), n = 179 5.6 (1.5), n = 178 6.3 (2.0), n = 169 4.9 (1.7), n = 167    

Downwelling Upwelling 

Stackpole 8.6 (2.1), n = 375 10.2 (2.4), n = 247 
Oysterville 7.7 (2.2), n = 312 9.0 (2.5), n = 214 
Stony Point 6.5 (1.7), n = 409 8.2 (2.4), n = 281 
Parcel A 4.8 (1.5), n = 409 6.1 (2.0), n = 281  

Fig. 2. Mean CI at Parcel A (PA) and Stackpole (STK) during (a) upwelling and (b) downwelling seasons. Standardized anomalies of CI at Parcel A (PA) and Stackpole 
(SP) during (c) upwelling and (d) downwelling seasons. 
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and STK, but the above mean magnitude was lower pre-1977 at STK 
than that at PA, and higher post-1999. These patterns in the anomaly 
also held across conventional calendar seasons (Fig. S5). 

3.3. Principal component analysis 

Since the CI time series at Oysterville was shorter than that for the 
other sites, initial PCA analysis were conducted for three sites (PA, STK 
and SPO) and for all four sites at both four-season and two-season 
temporal resolutions. Results were similar, so we show only those for 
the longer time series at three sites here. The oyster condition time series 
from these 3 sites loaded similarly on the first axis (PC1) which 
explained 64 to 74% of the total variance (Figs. 3 and 4) while PC2 only 
explained 14–23% of total variance. The fraction of the variance 
explained by PC1 was slightly lower in autumn (64%) and summer 
(65.2%). Correspondingly, the eigenvector distribution showed that PA, 
STK and SPO had similarly sizable explanations (loadings) to PC1 
variance in individual seasons. The PC2 fractions were all much lower 
than PC1 and ranged between 14 and 24%. In each of the vector plots 
(Figs. 3 and 4), STK had negative and sizable loadings while PA had 
positive and sizable loadings to PC2. SPO had negligible loadings to PC2 
in most cases except upwelling, spring and autumn seasons when it had 
the highest positive and sizable loadings. Similar eigenvector patterns 
and PC component variances were derived in all-season data series (4- 
season and 2-season) combined PCA (Fig. S5). 

Common dominant trends of CI change shared by the three sites are 
evident in the time series of PC1 scores where two time shifts are 
identifiable in 1977–1978 and in 1999–2000 for both upwelling 
downwelling and four calendar seasons (Figs. 5 and S6). Times series of 
PC2 scores revealed the same shift around 1977/1978, but a shift also 
seemed to occur around 1988–1989 (Figs. S7, S8). PC 1 and PC2 score 
time series patterns for all seasons combined showed the same time 
shifts (Fig. S9). 

3.4. Dynamic factor analysis 

The best models for oyster condition indices in Willapa Bay during 
the upwelling and downwelling seasons were one-trend models (Fig. 6, 
Table S1). The best model for the upwelling season included shared 
(equal) observation variances across the four time-series and support for 
heavy-tailed deviations (Student-t distribution) of the latent trend and a 

fixed trend variance. The best model for the downwelling season was the 
same as the upwelling season model except that it included support for 
unique (unequal) observation variances across time-series (Table S1). 
The estimated trends demonstrate potential shifts in oyster condition 
around 1980 and 2000 (Fig. 6, Table S1), and oyster condition time 
series from all four sites loaded strongly and negatively on the trends 
(Fig. 7, Table S1). The direction of the loadings indicates that there was 
an increase in oyster condition prior to 1980 and after 2000 and a 
decrease in oyster condition between 1980 and 2000. Evidence of these 
shifts in the trends is supported by our regime detection analysis, which 
demonstrated that two-state models best described the latent trends for 
the upwelling and downwelling seasons, based on the LOO-CV (up
welling season: one-state = 401.1, two-state = 7.8, three-state = 24.9; 
downwelling season: one-state = 450.8, two-state =5.7, three-state =
16.7, Fig. 8). The shifts coincide with switches between negative (cold) 
and positive (warm) PDO regimes in the northeast Pacific. However, in 
comparing models of oyster condition with and without climate cova
riates, we found that models without climate predictors outperformed 
models that included covariates (Table S1). This indicates that there is 
only a weak correlation between CI and the PDO and upwelling indices 
at the seasonal timescale. 

3.5. Correlations between CI long-term variability and environmental 
variables 

Relationships between CI and PDO/UI varied by season (Fig. 9). PDO 
and UI exhibited no changing relationships with CI during downwelling, 
winter and spring seasons. Both PDO and UI correlated with CI during 
upwelling, summer and autumn seasons. PDO values increased in in the 
opposite direction to CI while UI increased in the same direction. 

Results of least squares linear regression analysis confirm these re
lationships between CI and environmental covariates. In the case with 
all-seasons combined, UI had significant effects on the dominant CI 
trend (PC1 score time series) (p < 0.0001 and R2 = 0.22, 0.24, Table 2). 
Adding PDO only slightly enhanced model performance (R2 = 0.23). In 
individual seasons, PDO and UI effects together explained most of the 
variance in CI during upwelling and summer seasons (p = 0.004 and 
0.01) and R2 = 0.18 and 0.16, respectively). During the upwelling sea
son, the PDO effect was slightly higher than UI (R2 = 0.13 vs 0.08). 
Finally, there was also a weak correlation between the PDO and CI in 
autumn (R2 = 0.08, p = 0.03). 

Fig. 3. Eigenvector patterns derived from Principal Component Analysis (PCA) of CI time series at three sites, PA, STK, and SPO in (a) downwelling and (b) up
welling aeasons. 
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3.6. Comparisons between PCA and DFA 

Upwelling season PC1 scores time series correlated significantly with 
DFA derived mean trend values during the same time period (R2 = 0.86, 
p < 0.0001). The same correlation result was found for downwelling 
season which indicates that both methods capture the dominant CI 
variation pattern. 

Although PDO and UI as covariates did not produce the best model 
compared to models without them, least squares regression analysis 
found the most dominant trend value series (DFA) during upwelling 
season was significantly but weakly correlated with CI (R2 = 0.08, p <
0.03) and with UI (R2 = 0.15, p < 0.002). However, there was no sig
nificant correlation with either variable during the downwelling season. 
These results match those for correlations between CI and PC scores 
(Table 2). 

4. Discussion 

An analysis of the almost seven- decade long record of oyster con
dition index measured at four locations in Willapa Bay revealed 

consistent trends across sampling locations where 50–70% of the vari
ability in CI was explained by a single component. Further analysis of 
two long-term indices of climate revealed that this component of vari
ability in CI was related most strongly to variability in upwelling (UI) 
which correlated positively with CI during summer or during the up
welling period, while the relationship to the broader basin-wide PDO 
index was weaker and negative at the same time. Shifts in the long-term 
record occurred in 1977/78 and 1999/2000 with another possible shift 
related to the second component of variation occurring in 1988/1989. 
The change in 1977/78 has been previously identified and corresponds 
with a cold to warm phase shift in the basin scale PDO, but the more 
recent shift appears to be corelated with more local fluctuations in both 
temperature and upwelling intensity. 

4.1. Seasonal dynamics 

The seasonal cycle of CI we observed for C. gigas in Willapa Bay 
averaged across years was consistent with that widely documented for 
these bivalves and generally attributed to resource allocation with an 
increasing amount of energy devoted to reproduction during spring and 

Fig. 4. Eigenvector patterns derived from Principal Component Analysis (PCA) of the CI time series at three sites, PA, STK, and SPO in: (a) winter (W), (b) spring 
(Sp), (c) summer (Su) and (d) autumn (Au), respectively. 
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summer, and subsequent decrease when gametes are spawned or 
partially spawned and later resorbed in the fall and winter (Grant, 1996; 
Royer et al., 2008; Steele and Mulcahy, 1999). This seasonal dynamic 
has been widely studied and modeled for both C. virginica (Abbe and 
Albright, 2003; Austin et al., 1993; Galtsoff, 1964; Medcof and Needler, 
1941; Rainer and Mann, 1992; Rheault and Rice, 1996; Soniat et al., 
1989) and C. gigas (Chavez-Villalba et al., 2003; Enriquez-Diaz et al., 
2009; Kang et al., 2000; Mason and Nell, 1995; Ubertini et al., 2017). 

4.2. Estuarine gradient and ocean influence in Willapa Bay 

CI was higher at the three sites (Stackpole, Oysterville, and Stony 
Point) located closer to the mouth of Willapa Bay than at Parcel A, a site 
closer to the southern end of the estuary and just south of the feature 
recognized by shellfish growers as the “fattening line” (Chapman and 
Esveldt, 1943; Hedgepeth and Obrebski, 1981) where there was a 
greater drop in CI during summer, presumably due to spawning events. 
Shellfish growers traditionally plant small oysters or seed south of this 
line and then transplant them to areas north of the line after they reach 
market size to increase meat weight and avoid this spawning affect. This 
within estuary variation has also been previously documented elsewhere 
and related to environmental parameters like temperature, salinity and 
both quantity and quality of food (phytoplankton or chlorophyll) that 
influence growth and reproduction (Brown and Hartwick, 1988; 
Dutertre et al., 2009; Gasmi et al., 2017). Temperature and available 
food are likely the most important factors influencing oyster condition in 
Willapa Bay during summer months as well, with the intrusion of 
upwelled nearshore oceanic water into this estuary especially during 
relaxation events. This has been shown to result in a north to south 
gradient in temperature, chlorophyll a (Chla), phytoplankton produc
tion and phytoplankton species composition with colder but phyto
plankton rich waters occurring near the estuary mouth (Newton and 
Horner, 2003; Roegner et al., 2002; Ruesink et al., 2003). Banas et al. 
(2007) used an oceanographic model to demonstrate that water resi
dence time was much shorter north of a line stretching across the middle 
of the estuary, such that oysters grown north of this line regularly 
experienced these intrusions of oceanic phytoplankton while oysters 
grown south of the line did not. This model also suggested that oysters 
distributed farther from the mouth would potentially be subject to 
drawdowns of this food source by oysters and other benthic grazers 
distributed north of the line. 

Seawater temperatures are also typically higher south of this line, 

Fig. 5. Time series of PC1 scores showing the most dominant common trend pattern across three sites, PA, STK and SPO in (a) downwelling and (b) upwelling season. 
The fractions of overall variance explained by PC1 are shown. 

Fig. 6. Shared trend with 95% credible intervals of oyster condition variability 
during a) the upwelling period (May–September) and b) downwelling season 
(October–April) between 1960 and 2021. 
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oysters are more likely to spawn during summer months resulting in 
lower condition for several months thereafter. This gradient and effect is 
perhaps most evident in similar oyster condition data collected for a 
shorter period (1968–1978), but at a broader array of locations in 
Willapa Bay, that demonstrate a consistent drop in CI at several loca
tions south of this fattening line including Parcel A (Dumbauld et al., 
2021). Nonetheless, CI can also vary at smaller spatial scales as evi
denced by results of a reciprocal transplant experiment where greatest 
CI was observed for oysters transplanted well away from the estuary 
mouth, but at a location along the Willapa River where Chla values were 
higher (Schumacker, 1999). Oyster growth and condition have also been 
shown to be influenced by the tidal gradient and local estuarine hy
drography which can move the same parcel of water over adjacent 
oysters and other benthic filter feeders repeatedly and thus deplete the 
concentration of phytoplankton on shorter temporal scales (Wheat and 
Ruesink, 2013; Wheat et al., 2019). 

4.3. Interannual variation and relationships with ocean climate 

Despite the consistent difference in average CI by location, our re
sults also confirm a coherent long-term pattern in oyster CI at all of the 
sampling locations in Willapa Bay with the majority of this interannual 
variation explained by a single component. The best fitting DFA models 
also resulted in a single trend using data from all four locations. The 
results of both analyses were generally the same when data was sepa
rated by either calendar or upwelling/downwelling seasons yet the 
principal component of variation was only weakly related to the basin 
scale PDO or the more local upwelling index that we chose to represent 
ocean climate (positive with upwelling in summer and negative with 
PDO in autumn). Only weak correlations between this principal 
component and these ocean climate indices were found in a subsequent 
regression model, but the positive relationship with UI was most 
consistent. The DFA also suggests that correlations between CI and the 
climate indices are weak; models without climate covariates 

outperformed models that included PDO or UI. Previous researchers 
investigating this long-term record for CI have also documented signif
icant but weak relationships with ocean climate. Schoener and Tufts 
(1987) examined the first 30 years of this data (1955–1985) and found a 
significant inverse relationship between sea level height, and CI with a 
phase lag and changes in sea level height preceding those in CI by 
several months. While they documented the lowest condition index on 
record to that point in time corresponding with a warm 1982–1983 El 
Niño and a break in the CI record in 1978 with lower CI values corre
sponding with generally warmer ocean temperatures thereafter, they 
did not find a direct relationship between CI and sea surface tempera
ture. Instead, they speculated that extreme temperatures experienced 
during this ENSO event and the changes in sea level height resulted in 
lower CI because the water and therefore phytoplankton present along 
the coast were affected by these conditions. Hare and Mantua (2000) 
assembled a diverse set of climate and biological time series including CI 
from 1965 to 1997 to explore empirical evidence for common regime 
shifts after the 1989 climate event in the broader North Pacific 
ecosystem. They found that several of the biological variables including 
CI had large loadings on a single variance component consistent with 
that for sea surface temperature in the eastern North Pacific and a break 
in the CI record post-1977 which was consistent with the large basin 
scale regime shift and summertime west coast warming that they and 
others had previously documented. Oyster condition was the only non- 
salmon biological record of change for the northern California Current 
ecosystem examined in an evaluation of relationships between regional 
ecological processes and the PDO and North Pacific Gyre Oscillation 
(Litzow et al., 2020). These authors found a recent widespread weak
ening of these relationship including that for CI after 1988/89 sug
gesting that these correlative relationships to indices with fixed 
statistical values are not stable and that more mechanistic models are 
necessary to make predictions. 

The 1978 shift in CI that corresponds with and has been previously 
linked most closely to the basin-scale ocean climate (PDO) index was 

Fig. 7. Posterior distributions for loadings on all four time-series associated with the oyster condition index trend for (a) the upwelling season (May–September) and 
(b) the downwelling season (October–April). 
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again evident in our analyses. While we also observed a shift in average 
CI and an anomalous positive CI anomaly in 1989, we document a 
second more dramatic shift in the standardized CI anomaly in 1999 with 
greater CI and similar trends occurring at all locations thereafter. As
sociation of values after this shift with the PDO are less certain and 
perhaps related to the weak but variable relationship we observed with 
local nearshore oceanography (UI). The PDO has recently also been 
correlated to phytoplankton community structure in the nearshore 
coastal ocean (Du et al., 2015) and in San Francisco Bay (Cloern et al., 
2007) with cool PDO phases associated with a diatom rich community 
and warm phase communities with increased diversity and abundance 
of dinoflagellates. These authors have shown apparent phytoplankton 
community and species level responses to the local physical environ
ment during recent marine heatwaves, and yet also found that the Chla 
signature and overall phytoplankton biomass remained high despite this 
temperature shift (Bond et al., 2015; Du and Peterson, 2018; Peterson 

et al., 2017). The heatwaves have also been linked to harmful algal 
blooms coastwide (McCabe et al., 2016). This enhanced food supply 
could at least in part explain the recent increase in CI values beginning in 
2000 and the breakdown we observed in the relationship between the 
PDO anomaly and oyster condition at this point in time. 

These shifts in CI could also represent similar shifts in the seasonal 
gametogenic cycle and spawning events, since multiple triggers 
including temperature, but also food and even disturbance events, can 
be associated with the latter (Dutertre et al., 2009; Ubertini et al., 2017). 
A preliminary re-examination of the seasonal CI record during the three 
periods identified in our analyses, suggests that peak condition occurred 
in July at both STK and PA during cool PDO years prior to 1978 
(Fig. S10). The seasonal cycle and peak in condition became less defined 
but occurred later at STK closer to the estuary mouth thereafter, with 
distinctly higher average CI values occurring across seasons at this 
location, especially after 1998. The lack of a distinct peak could reflect 
the recent use of triploid oysters on beds where they were sampled at 
STK which may still develop gonads, but generally do not spawn and 
devote more energy to somatic tissues (Allen and Downing, 1986; 
Normand et al., 2008). Peak CI was instead progressively earlier 
occurring in June from 1978 to 1997 and in May after 1998 at PA where 
only diploid oysters would have been sampled. While the seasonal 
pattern in UI was consistent across time periods, the seasonal pattern in 
PDO differed dramatically, especially after 1998 (Fig. S10). A 1999 shift 
in climate has been previously associated with seasonal changes in 
biological communities in San Francisco Bay (Cloern et al., 2010; Cloern 
and Jassby, 2012) and could be linked to the oyster gametogenic cycle 
with cooler temperatures promoting autumn phytoplankton blooms 
when oysters would be expected to recover from spawning and/or 
resorb gametes. Similar long-term records collected along the coast of 
Europe showed that Pacific oyster spawning and mortality were more 
closely linked to Chla and phytoplankton abundance than to seawater 
temperature, yet timing of seasonal spikes in temperature could trigger 
gametogenesis (Gourault et al., 2019; Thomas et al., 2016). Researchers 
there documented a significant but lagged relationship between values 
of the North Atlantic Oscillation and oyster mortality two months 
thereafter. A closer evaluation of these seasonal shifts in timing of the 
gametogenic cycle with a focus on temperature and available phyto
plankton may lead to a more mechanistic explanation for these multi
decade shifts in CI along the US west coast. While the shellfish growers 
have long been aware of and adapted their practices to take advantage of 
within estuary spatial gradients and seasonal patterns in oyster growth 
and condition, understanding the factors driving these larger scale shifts 
will continue to be useful especially in the face of ongoing climate 
change. This could allow for adaptation and strategies to mitigate the 
effects of more frequent marine climate anomalies and potential shifts in 
condition which have also been linked to stressful conditions and sum
mer mortality events. 

5. Conclusion 

Two important shifts were identified in the multi-decade record of 
Pacific oyster (Crassostrea gigas) condition index (CI) measured at four 
locations in Willapa Bay, an estuary that contributes a substantial 
portion of US West Coast oyster aquaculture production. The first shift 
from higher to lower condition occurred in 1977–1978 and had been 
previously correlated with the Pacific Decadal Oscillation, a basin scale 
change in ocean temperature and climate. A second shift from lower to 
higher condition in 1999–2000 appears to be correlated with fluctua
tions in ocean climate as well, since 50–70% of the interannual vari
ability in CI could be explained by a single component that was related 
most strongly to variability in the local upwelling index. Oyster condi
tion was highest at locations closest to the estuary mouth, a pattern long 
recognized by oyster growers and recently tied to estuarine hydrody
namics and water residence time. The multidecade scale shifts in CI may 
also be linked to changes in the seasonal seawater temperature cycle and 

Fig. 8. Results of Hidden Markov Models (HMM) showing state probability for 
latent trends in the oyster condition indices during the A) upwelling season 
(May–September) and B) downwelling season (October–April) between 1960 
and 2021. The best model invoked two states or regimes, and the median 
probability (and 95% credible intervals) of being in one state versus the other 
is shown. 
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timing/composition of phytoplankton blooms, both variables that are 
widely recognized to control the oyster gametogenic cycle and should be 
further examined. 
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