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Abstract  

The effects of climate change, including ocean acidification and ocean heatwaves, on biological 

communities in estuaries is often uncertain. Part of the uncertainty is due to the complex suite of 

environmental factors in addition to acidification and warming that influence the growth of shells 

and skeletons of many estuarine organisms. The goal of this study was to document spatial and 

temporal variation in water column properties and to measure the in situ effects on larval and 

recently settled stages of ecologically important Olympia oysters (Ostrea lurida) and 

commercially important Pacific oysters (Crassostrea gigas) in a low-inflow estuary with a 

Mediterranean climate in Northern California. Our results reveal that seasonal inputs of upwelled 

or riverine water create important and predictable gradients of carbonate system parameters, 

temperature, salinity, dissolved oxygen and other variables that influence oyster performance, 

and that the influence of these gradients is contingent upon the location in the estuary as well as 

seasonal timing. During upwelling events (dry season), temperature, carbonate chemistry and 

dissolved oxygen had the greatest impact on oyster performance. During runoff events (wet 

season), gradients in salinity, nutrient concentrations, and total alkalinity driven by river 

discharge were comparatively more important. These results suggest that the spatial importance 

of carbonate chemistry and temperature are seasonally variable and are two of several other 

factors that determine oyster performance. We use these results to discuss future impacts on 

oysters given projected regional changes in the frequency and magnitude of upwelling and 

precipitation-driven runoff events. 
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Introduction 

Acidification and warming of the world’s oceans are at the forefront of concerns regarding the 

health of coastal ecosystems. Since the onset of industrialization, atmospheric CO2 has increased 

by 30% (Feely et al. 2004, 2008). This has driven an increase of ~0.6 °C in mean global sea 

surface temperature (Hirahara et al. 2014), and increases in marine pCO2 have reduced pH values 

in the global oceans by ~0.1 unit (Sabine et al. 2004).  However, the processes governing rates of 

acidification in estuaries are especially complex. Previous work has documented that carbonate 

chemistry in estuarine habitats can be strongly influenced by advection of corrosive upwelled 

waters from coastal oceans (Banas et al. 2007), inputs of low-alkalinity freshwater from streams 

and rivers in the surrounding watersheds (Smith et al. 1991; Smith and Hollibaugh 1997; Yao 

and Hu 2017), and diel cycling of plant photosynthesis and respiration (Wootton et al. 2008). 

Concurrent with these biological- and event-driven changes to carbonate chemistry are 

considerable spatial and temporal variation in other water column parameters, including 

temperature, dissolved oxygen, salinity, and food availability. Much work has demonstrated the 

ecological importance of multiple stressors acting in concert, highlighting the potential 

vulnerability of estuarine organisms to climate change (Breitburg et al. 2015).  Thus, measuring 

the impacts of acidification and increased temperature, relative to other water column variables, 
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on estuarine species requires understanding spatial and temporal variation in water column 

properties along seasonally variable estuarine gradients. 

 

Among the more important estuarine species at risk from changing water column properties are 

Olympia (Ostrea lurida) and Pacific (Crassostrea gigas) oysters. Olympia oysters are important 

foundation species endemic to western North American estuaries. Pacific oysters originate from 

the Asian Pacific coast but are found in temperate waters globally, either in commercial 

aquaculture or as invaders in natural systems (Herbert et al. 2016). Although there has been 

considerable work on the impacts of carbonate chemistry on commercial Pacific oysters (e.g. 

Barton et al. 2012), and limited work with Olympia oysters (Hettinger et al. 2012, 2013; 

Waldbusser et al. 2016), most of this research has taken place in laboratory and mesocosm 

settings where individual drivers are easily controlled and their impacts carefully measured. In 

natural settings, however, changes in carbonate chemistry do not happen in isolation, and oysters 

have been shown to be vulnerable to changes in temperature, salinity, dissolved oxygen, and 

food availability (Kimbro et al. 2009a; Wasson 2010; Hettinger et al. 2013; Cheng et al. 2015). 

Thus, field studies are necessary to link natural variation in the full range of water column 

variables with population responses of target species (Andersson et al. 2015; Breitburg et al. 

2015).  
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Consequently, our goal was to determine the in situ effects of seasonal and spatial water column 

variability on the performance of two oyster species in a Northern California estuary. This field-

based approach allowed us to directly link variation in biologically relevant water column 

parameters with variation in the growth and survival of individual oysters. We measured water 

column parameters at several depths and distances from the mouth of the estuary during the three 

seasonal periods of low-inflow estuaries: upwelling (spring/summer), relaxation (summer/fall) 

and runoff (winter) (García-Reyes and Largier 2012). Parameters measured included 

temperature, salinity, dissolved oxygen (DO), carbonate system (pH, dissolved inorganic carbon 

[DIC], pCO2, total alkalinity [Talk]), dissolved inorganic nitrogen (DIN; NO2, NH+
4, NO−

3), 

phosphate (PO3−
4   ), and phytoplankton biomass (chlorophyll a). We then used statistical modeling 

to determine the degree to which spatial and temporal variation in water column characteristics 

predicts oyster growth and survival.  

 

Methods 

Site Description 

Tomales Bay (38.15°N, 122.90°W) is a 20 km-long linear estuary with a mean width of 1.4 km, 

located approximately 70 km north of San Francisco Bay, CA. The bay is characterized as a low-

inflow drowned river estuary in a Mediterranean climate with oceanography and 

biogeochemistry that vary strongly by season and location along the estuarine gradient (Hearn 
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and Largier 1997; Smith and Hollibaugh 1997). Broadly, Tomales Bay can be divided into three 

oceanographic zones: outer-bay, mid-bay, and inner-bay (Smith and Hollibaugh 1997; Kimbro et 

al. 2009a), which are represented in our study as stations 4, 10, and 16 km from the mouth (Fig. 

1).  

 

Seasons in Tomales Bay are defined by predictable associations of water column properties that 

alter hydrographic and biogeochemical gradients throughout the bay (García-Reyes and Largier 

2012). The majority of annual precipitation falls during the wet runoff season (December-

February), and the hydrographic signature is most apparent in the inner-bay zone where the 

inflow of freshwater from the surrounding watershed strongly decreases salinity and alkalinity 

and increases nutrients while the mid- and outer-bay zones remain tidally influenced (Smith et al. 

1991). The upwelling season (April-July) is characterized by strong and persistent wind events 

which drive the shoaling of deep water to the surface on the open coast. This cold, hypoxic, 

nutrient-rich, and corrosive (high-pCO2) deep water is advected into the outer-bay while high 

inland temperatures can drive hypersaline conditions in the inner-bay, thus resulting in strong 

gradients of temperature, salinity, DO, and pH (Smith et al. 1991; Hearn and Largier 1997; 

Largier et al. 1997). Differences among oceanographic zones are generally least during the 

relaxation season (August-November) which has few to no precipitation or wind-driven 

upwelling events and therefore reduced water column mixing. Mid-bay phytoplankton maxima 

are generally observed during the upwelling and relaxation seasons due to intermediate residence 
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times of tidally advected upwelled nutrients from the open coast (Kimbro et al. 2009a). While 

summer precipitation and winter upwelling can occur, these rare events have little effect on 

overall bay oceanography and biogeochemistry relative to broad seasonal patterns (Smith et al. 

1991). In addition to oceanographic and atmospheric processes, diel cycling of photosynthesis 

and respiration can strongly impact bay biogeochemistry (Wootton et al. 2008). 

Oyster natural history 

Olympia oysters (Ostrea lurida) are native to western North America from Baja California, 

Mexico, to Sitka, Alaska (Baker 1995). Spawning occurs late spring to early fall (Baker 1995). 

Adult oyster aggregations provide important habitat for diverse benthic algal and invertebrate 

communities (Kimbro and Grosholz 2006). The current distributions of Olympia oysters in many 

estuaries, including Tomales Bay, are limited by invasive predators and loss of benthic habitat 

(Ruesink et al. 2006; Kimbro et al. 2009a; Polson and Zacherl 2009).  

 

Pacific oysters (Crassostrea gigas) are native to the Pacific coast of Asia and are a widespread 

commercially cultivated species. Pacific oyster mariculture facilities exist at various sites within 

Tomales Bay. They are not naturalized and spat is imported from outside California.  

Water column measurements 

At stations 4, 10, and 16 km from the mouth of the bay, we collected water samples with a 2.5 L 

Niskin bottle at three depths: channel surface (one meter below the surface), channel bottom (one 
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meter above the benthos) and shore (one meter below surface in water < 3 m deep, within 20 m 

of the shore, and immediately shoreward of the channel depths). We recorded field 

measurements of salinity, temperature, potentiometric pH (NBS scale, pHNBS), and DO 

(saturation and mg L-1) of each Niskin sample, determined using a YSI MPS 556. pHNBS was 

calibrated using Fisher low ionic-strength buffers and converted to pH total scale (pHT) using 

CO2Calcv2.1 (Robbins et al. 2010; constants from Millero 2010). Water from each Niskin 

sample was collected for laboratory analysis of carbonate system parameters (Talk, DIC, and 

spectrophotometric pH), DIN (NH+
4, NO3

−, NO−
2), PO3−

4   , silicate, and chlorophyll a (see 

Supplemental Information for details on laboratory methods). We calculated DIC and aragonite 

saturation state (Ωarag) of the water samples with CO2Calc v2.1 (Robbins et al. 2010; constants 

from Millero 2010) from measured Talk and pHT. Ωarag is defined as the ratio between in situ 

dissolved calcium and carbonate ion concentrations to these concentrations at equilibrium with 

aragonite (Ω = ([𝐶𝑎2+])([𝐶𝑂32−])
𝐾𝑠𝑝

 ) (Feely et al. 2004; Fabry et al. 2008). Additionally, at each 

oceanographic zone in Tomales Bay (see Fig. 1) and at most depths (channel surface, channel 

bottom, shore), we used data from a network of moored sensors that continuously recorded data 

for several water column parameters including temperature and conductivity in real time (see SI 

for details). We wanted to determine the relationship between field temperatures measured 

during bottle sampling and continuous temperature measurements during this same period. 

 

Laboratory oyster culture 
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We collected adult Olympia oysters at multiple dates between 1 July 2014 and 24 April 2015 at 

sites in Tomales Bay and maintained them as broodstock in the UC Davis Bodega Marine 

Laboratory aquaculture facilities. Oysters were kept at approximately 20˚ C and fed abundant 

cultured microalgae to induce spawning. Once larvae were released from the brooding chamber 

(approximately 10-14 days after fertilization), we allowed oyster larvae to settle on sanded 10 x 

10 cm PVC tiles that had collected biofilm in seawater for 24 h. When oysters reached the 

desired size (~0.5 mm), we standardized densities (approx. 20 oysters per tile) to avoid 

competitive overgrowth. We labeled and photographed each tile one to three days prior to each 

field outplant. For larval oyster outplants, we collected standard densities of larvae after oysters 

spawned in the laboratory culture tanks and placed them into plastic containers on the day of the 

outplant, after which they were immediately transported to the field and released in mesh 

containers (see below). 

 

We cultured Pacific oyster larvae and juveniles using similar methods described above. Larvae 

were shipped from the Whiskey Creek Shellfish Hatchery, Tillamook, OR (standard importation 

permit # 2015-3787, CA DFG). Once competent (typically two to three weeks), larvae were 

allowed to settle on 10 x 10 cm PVC tiles.  
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Both Olympia and Pacific oyster broodstock and settled juveniles were exposed to seasonally 

variable chemical environments (i.e. DO, pH, Talk) within the aquaculture facilities which could 

have influenced later performance in the field but was beyond the scope of this experiment.  

 

Juvenile outplant experiments 

We randomly assigned tiles with juvenile oysters to one of nine possible locations in Tomales 

Bay: one of three stations representing the three oceanographic zones (4, 10 or 16 km from the 

mouth) and one of three depths in the water column (channel surface, channel bottom, or shore) 

in each zone (Fig. 1). We affixed two PVC pipes with five tiles each to mooring lines at 1-2 m 

above the substrate for channel bottom depths and 1-2 m below the surface for channel surface 

depths. Shore sites consisted of two PVC racks with five tiles each that maintained tiles at >1 m 

below the surface (see Supplemental Information for experimental design). All tiles at all depths 

were submerged even at the lowest tides.  

 

Olympia oyster deployments took place during periods of storm-based runoff (December 2014 

and January 2016), upwelling (June and August 2015), and relaxation (October 2015) while 

Pacific oyster deployments were limited to runoff (January 2016) and relaxation (October 2015) 

events. All deployments lasted for approximately one month. We recovered all tiles in one day 

and brought them to the lab where we cleaned and photographed each tile within 24 h. We used 
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photos taken both before and after deployment to measure growth and mortality of individual 

oysters on each tile. We measured the difference in maximal length from the umbo to the outer 

shell edge, and shell area using image analysis software (IMAGEJ version 1.46; National 

Institutes of Health, Bethesda, MD, USA) and mortality by comparing before and after photos 

for missing oysters. Length and area were highly correlated (Pearson’s r = 0.93) so we focused 

our analyses on length.  

Larval outplant experiments 

We deployed laboratory-spawned Olympia larvae to the same depths (channel surface, channel 

bottom, and shore) and stations (4, 10, and 16 km from the mouth) in Tomales Bay during the 

upwelling season (July 2015) to coincide with the natural timing of oyster spawning and 

settlement (Pritchard et al. 2015). Larvae were outplanted in PVC pipes with 100 µm mesh 

secured over each end (see Supplemental Information for additional description of the enclosure 

design). Lab trials showed that this created adequate water flow while at the same time retaining 

all larvae (see Becker et al. 2007). We estimated larval density in the laboratory prior to 

deployment to ensure approximately equal numbers of larvae per enclosure.  

 

Larval deployment lasted five days in order to have sufficient time to quantify site specific 

growth and survival differences while avoiding the possibility of losing larvae to settlement. 

Within 24 h of retrieving oyster deployments, we estimated larval mortality by counting the 
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number of empty shells relative to the number of filled shells under a microscope (lens 

magnification of 10 X). We photographed six fields of view per enclosure using a 

Micropublisher 5.0 RTV digital camera (QImaging) mounted on the microscope and estimated 

sizes of all larvae in each field of view by measuring the maximum shell length using image 

analysis software (mean = 20, SD = 12). 

Statistical analysis 

All analyses were conducted in R (version 3.4.3; R Core Team 2017). We conducted several 

types of analyses using the environmental data from the discrete samples to determine the 

influence of temperature, salinity, carbonate chemistry, nutrients, phytoplankton biomass and 

other water column variables on oyster performance. We also tested whether the discrete samples 

effectively captured spatial and seasonal variability in the bay by comparing these data to 

continuous measurements of temperature and salinity, and a temperature proxy for Ωarag. The 

discrete samples were a good representation of the continuous data, thus we are confident basing 

our analyses on these discrete data (see Supplemental Information for information on continuous 

monitoring, data analysis, and results).  

 

Water column analysis 

We examined patterns of variation among the water column variables to determine the degree of 

collinearity. These patterns differed dramatically by season, with directions and magnitudes of 
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associations changing between seasons. Using a reduced predictor data set to avoid collinearity 

(Table 1; see Supplemental Information for eliminated variables), we conducted ordination 

analyses to assess the separation of the water column variables among seasons (runoff, 

upwelling, and relaxation), stations in the three oceanographic zones (outer-, mid-, and inner-

bay) and the three depths at each station (channel surface, channel bottom, and shore). Analysis 

included principal component analysis (PCA) and non-metric multidimensional scaling (nMDS) 

of standardized predictor variables (mean = 0; SD = 1) using the vegan package (Oksanen et al. 

2018). We examined each season separately to evaluate the Euclidean separation of water 

column variables by station and depth using permutational multivariate analysis of variance with 

Euclidean distance matrices. For these analyses, we categorized the discrete water samples into 

seasons and treated all samples across stations and depths as independent. We examined 

chlorophyll a from the bottle samples using ANOVA to explicitly test for spatial and seasonal 

variation in phytoplankton biomass, including the presence of the persistent mid-bay 

phytoplankton maximum (Kimbro et al. 2009a).  

 

Oyster growth and survival analysis 

We used linear mixed-effects models with the lme4 and lmerTest packages in R (Bates et al. 

2015, Kuznetsova et al. 2017) and generalized linear models to understand the effects of water 

column variation on juvenile and larval oyster growth and survival. We conducted separate 

analyses for each season (upwelling, runoff, relaxation). Experimental outplants included growth 

This article is protected by copyright. All rights reserved.



15 
 

and survival of Olympia oysters in all seasons, growth and survival of Pacific oysters in the 

runoff and relaxation seasons, and growth and survival of larval Olympia oysters in the 

upwelling season. For all analyses, we examined residual structure and log-transformed growth 

data when necessary to meet assumptions of the analyses (see Supplemental Information for 

additional details). We conducted post-hoc pairwise comparisons using Tukey tests in the 

lsmeans package (Lenth 2016). In addition to season-specific linear models, we also compared 

mean growth values across species and seasons using Welch’s t-test. 

 

Using two sets of linear mixed-effects models per season, we tested the effects of water column 

variation on oyster growth, defined as �𝑓𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ−𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ

� ∗ 𝑑𝑎𝑦𝑠 𝑑𝑒𝑝𝑙𝑜𝑦𝑒𝑑-1, and 

survival. We fit a separate model for each season. The first set of models tested the interaction of 

stations (4, 10, and 16 km from the mouth) and depth within each station (channel surface, 

channel bottom, shore) on juvenile Olympia and Pacific oyster growth and survival, and larval 

Olympia size and survival. We assumed that individual oyster responses could be correlated on 

the same settlement tile and therefore included tile as a random effect in all of our models of 

individual oyster responses. In model runs where there was no significant interaction between 

station and depth, we removed the interaction term and reran the model.  
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The second set of models determined the influence of water chemistry on oyster growth and 

survival. For these analyses, we used the first and second principal components from our water 

column analysis (see above) for each season as a predictor variable. We analyzed whether these 

principal components had a direct effect on individual oyster growth and survival, and included a 

random effect of settlement tile to account for any influence of settlement tile on growth.  

 

Results  

Water column analysis  

Water column parameters and their associations differed strongly by season (Table 1, 3) and 

location in the bay, as seen in the nMDS plots (Fig. 2), consistent with past studies on Tomales 

Bay (see Site Description). Permutational ANOVA results showed significant differentiation 

among stations during runoff season (F2,28 = 2.8, R2 = 0.16, p = 0.01) with no significant 

variation across depths (Table 3). The most important variables distinguishing runoff season 

water column properties were consistent with riverine derived variables, including temperature, 

salinity, nutrients (PO3−
4   , NH+

4, NO−
3, NO2), silicate, chlorophyll a, and carbonate chemistry (Talk 

and pCO2) (runoff-season PC1 and PC2; see Table 1). Minimum salinity recorded from bottle 

samples during the runoff season were 13.1 and 17.4 PSU in the mid- and inner-bay, 

respectively. Water column properties also differed significantly by station (F2,56 = 7.9, R2 = 

0.22, p = 0.001) for upwelling season with no significant effect of depth (shore, channel surface, 
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channel bottom) (Table 3). Variation in upwelling-season water column properties was most 

driven by temperature, DO, carbonate chemistry (pHT, Talk, Ωarag, tCO2, pCO2) and nutrients 

(PO3−
4   , NO−

3, NO2) (upwelling-season PC1 and PC2; see Table 1), consistent with the chemical 

signature of upwelled waters (i.e. low pH, low DO, and high DIN). Water column properties 

differed significantly by depth (F2,102 = 2.4, R2 = 0.03, p = 0.02) and station (F2,102 = 36, R2 = 0.4, 

p = 0.001) during the relaxation season (Table 3), suggesting depth stratification. Differences 

were driven by temperature, salinity, carbonate chemistry (Talk, pHT, tCO2, pCO2), chlorophyll a, 

silicate, and nutrients (NH+
4, PO3−

4   ) (relaxation-season PC1 and PC2; see Table 1).  

 

Temperature recorded during event-driven bottle sampling was positively and strongly correlated 

with the mean of the continuous temperature during oyster outplants (Pearson’s r = 0.96, t = 

16.9, df = 25, p < 0.001). The magnitude of site-level differences in temperature differed by 

season, with the strongest difference in the summer (Figure S2). Therefore, while the event-

driven bottle samples used for our analysis did not capture daily variability, they effectively 

captured the average condition experienced by the oysters and the seasonal and spatial variation 

in water column properties.  

 

Chlorophyll a concentrations during the upwelling season showed non-significant trends toward 

higher chlorophyll a levels in our bottle samples from the mid-bay compared to the inner-bay 
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(F2,37 = 2.9, p = 0.06). We did not observe differences in chlorophyll a concentrations throughout 

the bay in the relaxation or runoff seasons. 

 

Oyster growth and survival 

Juvenile Olympia oyster growth during the runoff season was significantly lower throughout the 

bay compared to upwelling and relaxation seasons (F2,2214 = 1411, p < 0.001) with only slight 

differences across stations and depths (Fig. 3). Growth was significantly lower in both the outer-

bay channel surface (t = 3.65, df = 64.8, p = 0.01) and inner-bay channel bottom sites (t = -3.78, 

df = 63.8, p = 0.01) compared with the mid-bay shore site where we observed highest growth 

(see Supplemental Information Table S1 for model output and pairwise comparisons based on 

Tukey tests). The first PC axis was a significant negative predictor of juvenile Olympia oyster 

growth (t = -4.55, df = 54.3, p < 0.001; see Table 4a). Juvenile Olympia oyster survival was high 

across all sites (Fig. 3). Survival was lowest at inner-bay channel sites (z ≤ -4.15, p < 0.001) and 

the outer-bay channel bottom (z ≤ -4.2, p < 0.001), and highest at the mid-bay and shore sites (z 

≥ 3.8, p ≤ 0.004; see Supplemental Information Table S2 for model output and pairwise 

comparisons). As with growth, the first PC axis was a significant negative predictor of Olympia 

oyster survival (z = -2.13, p = 0.03). Therefore, low growth and low survival of juvenile Olympia 

oysters during the runoff season were associated with water masses that were less saline, less 

alkaline, and high in nutrients and chlorophyll a, consistent with freshwater runoff driving 

reduced oyster growth and survival in the inner-bay. 
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Juvenile Pacific oyster growth during runoff season was significantly greater than Olympia 

growth (t = 5.7, df = 88, p < 0.001; see Table 2). Juvenile Pacific oyster growth mirrored patterns 

observed in Olympia oysters with inner-bay channel bottom growth significantly lower than 

growth at shore sites (t ≤ -3.35, df = 76, p ≤ 0.03; see Fig. 4, Table S3). However, the first PC 

axis was a significant positive predictor of juvenile Pacific growth during runoff season (t = 2.5, 

df = 20, p = 0.02; see Table 4b). Juvenile Pacific survival was significantly lower at the inner-

bay channel surface site compared to sites with the highest observed survival: mid- and inner-bay 

shore and outer-bay channel bottom (z ≤ -3.51, p ≤ 0.04; see Fig. 4, Table S4) and the first PC 

axis was a significant negative predictor of juvenile Pacific survival during runoff season (z = -

2.45, p = 0.01). This suggests that, like Olympia oysters, Pacific oyster survival during the runoff 

season was similarly negatively affected by exposure to freshwater runoff while juvenile Pacific 

oyster growth was positively associated with freshwater runoff.   

 

Our across-season analysis indicated that Olympia juvenile growth was greatest during the 

upwelling season (F2,2214 = 1411, p < 0.001; see Table 2). However, our within-season analysis 

indicated that most of that growth is driven by oysters growing in the warmer inner-bay sites. 

Growth was significantly lower in the outer bay compared to mid- and inner-bay sites (t ≥ 8.0, df 

= 100, p < 0.001; see Fig. 3, Table S1), consistent with bay locations more influenced by 

advected upwelled water from the open coast (Fig. 2). The first PC axis was a significant positive 

This article is protected by copyright. All rights reserved.



20 
 

predictor of growth (t = 7.9, df = 120, p < 0.001) while the second PC axis was a significant 

negative predictor of growth (t = -3.5, df = 98, p < 0.001; see Table 4a), suggesting that higher 

juvenile Olympia oyster growth during upwelling season was associated with water masses in 

the mid- and inner-bay that were warmer, more alkaline, and had high DO, pH, Ωarag, and low 

pCO2 (Table 1). In other words, oysters that were not directly exposed to upwelled waters such 

as those in the lower bay grew more during this season. Survival was lowest at the channel 

surface in the inner bay (z ≥ 4.29, p < 0.001; see Fig. 3, Table S2) and was not significantly 

predicted by either the first or second PC axes.  

 

Olympia larval growth during upwelling season (August 2015 outplant) showed similar patterns 

as juvenile growth with lowest values observed in the outer-bay channel bottom compared to 

mid-bay channel surface site (t ≤ -3.59, p ≤ 0.01; see Fig. 5, Table S5). The first and second PC 

axes were not significant predictors of growth. Larval survival was highest at outer-bay shore 

and mid-bay channel bottom sites (z ≥ 3.7, p ≤ 0.007) and lowest at outer-bay and inner-bay 

channel sites (z ≤ 3.7, p ≤ 0.007; see Fig. 5, Table S6). The first PC axis was a significant 

negative predictor of larval survival (z = -3.58, p < 0.001) suggesting that low larval survival 

during upwelling season was associated with water masses that had high nutrient concentrations, 

low DO, high pCO2, and low Ωarag, consistent with upwelled water leading to greater larval 

mortalities.  
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Overall growth of juvenile Olympia oysters during the relaxation season was significantly higher 

than the runoff season and lower than the upwelling season (F2,2214 = 1411, p < 0.001; see Table 

2). Within-season analysis indicated that mid-bay growth was higher than in the inner-bay (t = 

2.9, df=14, p = 0.02; see Fig. 3, Table S1), and neither the first nor second PC axis was a 

significant predictor of Olympia growth during the relaxation season (Table 4a). Proportional 

survival of juvenile Olympia oysters was low throughout the bay with no significant differences 

in survival across sites (Fig. 3, Table S2). The first PC axis was a significant negative predictor 

of Olympia oyster survival (z = -2.37, p = 0.02) and the second PC axis was a significant positive 

predictor (z = 3.47, p < 0.001). This suggests that higher Olympia oyster survival during the 

relaxation season was associated with water masses that had higher chlorophyll a and nutrient 

concentrations, , pCO2, temperature, salinity, silicate, and  alkalinity, and lower pH. Juvenile 

Pacific oyster growth did not differ significantly from Olympia oyster growth, with no 

significant difference in growth among sites (Fig. 4, Table S3) and no significant effect of PC 

loadings on growth (Table 4b). Juvenile Pacific oyster survival was significantly lower in the 

inner bay compared to the mid-bay (z = 3.3, p = 0.002; see Fig. 4, Table S4) with no significant 

effect of PC loading.  

 

Discussion 

This study clearly demonstrates that seasonal processes such as coastal upwelling and river input 

during floods can significantly influence the water chemistry of the Tomales Bay estuary and 
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likely many similar estuaries in regions dominated by Mediterranean climates or strong coastal 

upwelling (Largier et al. 1997, Hickey and Banas 2003). We have linked this spatial and 

temporal variation in water column chemistry to the growth and survival of key bivalve species 

in this system: the ecologically important Olympia oyster, and the commercially important 

Pacific oyster. In particular, our results demonstrate the lethal and sub-lethal impacts of changes 

in water chemistry and hydrography associated with both upwelling and terrestrial river run-off. 

Since climate models project changes in the frequency and intensity of wind-driven summer 

upwelling and winter rainfall events (Cayan et al. 2008, Sydeman et al. 2014), these results will 

enable more quantitative estimates of how future changes will impact the growth and survival of 

these species. 

 

During the winter runoff season, cold temperatures and low phytoplankton levels corresponded 

with low oyster growth throughout the bay. The lowest rates of growth and survival for both 

Olympia and Pacific juvenile oysters were observed in regions most impacted by freshwater 

inflow, though based on PC analysis, Pacific juveniles are less susceptible than Olympia 

juveniles to runoff events. Our runoff season observations are likely an underestimate of riverine 

impacts on bay hydrography and oyster performance as our study took place during the late 

stages of a record-breaking California drought (Robeson 2015; supplemental material). However, 

it is notable that even though salinity never reached lethal low levels as identified in laboratory 

experiments (Wiltshire 2007; Cheng et al. 2015; Gray and Landon 2018), oyster performance in 
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the inner bay was still significantly negatively impacted. Pacific and Olympia oysters respond to 

low salinity conditions by reducing pumping activity, leading to decreased food consumption 

and gas exchange and this effect is observed even at moderately reduced salinity levels (< 20 

psu) when measured over short (1 day) time series (Gray and Langdon 2018). Our results 

demonstrate the lethal and sublethal effects of chronic (1 mo.) exposure to moderate terrestrial 

runoff which includes reduced salinity in addition to low alkalinity and high pCO2. 

 

During the spring/summer upwelling season, oyster performance reflected the competing 

stressors of corrosive yet nutrient-rich upwelled water and high water temperatures, conditions 

that are also observed in outer coast estuaries in the Pacific Northwest (Hickey and Banas 2003). 

While growth during this season was highest overall, likely due to the combined effects of 

warmer average temperatures and greater food availability (Kimbro et al. 2009a), we still 

observed the detrimental effects of upwelled water and stressfully high temperatures on Olympia 

larval and juvenile oysters. As Olympia oysters spawn during the late spring to early fall (Baker 

1995), larval oysters were outplanted during the upwelling season to reflect realistic exposure to 

environmental conditions. Reduced larval growth and survival in the outer-bay where larvae 

were exposed to undersaturated water with respect to aragonite is consistent with some 

laboratory findings (Hettinger et al. 2012, 2013, but see Waldbusser et al. 2016). Research in 

controlled settings also suggests that this exposure to corrosive water during early life stages has 

negative carry-over effects at later juvenile stages which could influence later ecosystem 
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functioning (Hettinger et al. 2012). Likewise, Cheng et al. (2017) demonstrated reduced oyster 

performance under high temperatures in reduced food conditions, as is often observed in the 

inner bay during upwelling season (Kimbro et al. 2009a). Our PC analysis also suggests that 

oyster juvenile growth and larval survival was impacted by DO concentrations which were low 

in the outer- and inner-bay due to upwelling and reduced mixing, respectively. Together, the 

results from the upwelling season highlight the importance of considering multiple stressors and 

spatial refugia when estimating the response of organisms to environmental change.     

 

During the relaxation season, the water column was characterized by reduced water column 

mixing and resultant stratification due to the lack of stressful inputs of freshwater or corrosive 

upwelled water (García-Reyes and Largier 2012). Despite these relatively stable oceanographic 

conditions, survival rates for both oyster species during this period were generally lower 

compared to the other seasons. While we did not observe a significant mid-bay phytoplankton 

peak (Kimbro et al. 2009a), we did find significantly higher mid-bay Olympia oyster growth and 

trends toward higher Pacific oyster growth suggesting some mid-bay benefit for oyster growth, 

as well as higher oyster survival associated with higher chlorophyll a concentrations.   

 

Our results reflect the direct effects of abiotic water column properties on oyster performance. 

We found no indication of predation pressure such as shell holes created by oyster drills and no 

This article is protected by copyright. All rights reserved.



25 
 

predators were present on recovered plates. While there were variable levels of fouling on plates 

(e.g. tunicates and bryozoans), we observed no patterns between oyster survival or growth and 

fouling. Additionally, disease prevalence among Olympia oysters in Tomales Bay is exceedingly 

low and disease-related mortalities within Pacific oyster farms occur during upwelling season 

when we did not outplant Pacific oysters (Moore et al. 2011). Densities of both oyster predators 

and fouling organisms are known to increase along gradients of temperature and salinity on 

natural substrates and may represent seasonal and spatial stressors that were not included in this 

study (Kimbro et al. 2009b, Osman et al. 2010, Chang et al. 2018).  

 

Future projections of regional climate change suggest several changes that will be intensified in 

the future. The frequency and intensity of upwelling events is likely to increase as the result of 

increased wind stress in the central region of the California coast (García-Reyes and Largier 

2010). This increased upwelling will likely increase the presence of hypoxic and barely- or 

under-saturated waters with respect to Ωarag that could be tidally advected into coastal estuaries 

like Tomales Bay (Feely et al. 2010). Accompanying this increase in wind-driven upwelling is a 

projected increase in inland temperatures leading to higher inner-bay temperatures and hyper-

saline conditions (Cayan et al. 2008). Given the demonstrated stressful nature of both corrosive 

waters and exceedingly high temperatures, the mid-bay refuge for Olympia and Pacific oysters 

observed in this study may shrink, with potentially severe ecosystem and economic 

consequences.  
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Increased interannual variation in precipitation is also projected in the future (Cayan et al. 2008). 

The subsequent inflow of freshwater from the surrounding watershed into the bay could increase 

the variability of salinity and Ωarag during the wet season, including increasing the frequency and 

intensity of pulse run-off events. These extreme run-off events have been linked to atmospheric 

rivers in nearby San Francisco Bay, and result in mass oyster mortality events (Cheng et al. 

2016). We observed reduced Olympia and Pacific oyster performance in regions impacted by 

moderate levels of riverine runoff, therefore increased frequency or duration of high precipitation 

events could severely negatively impact native and commercial oyster populations. Additionally, 

changes to both upwelling and runoff seasonality will likely impact the duration and 

characteristics of the relaxation season, a period of general atmospheric stability that coincides 

with Olympia oyster spawning (Pritchard et al. 2015). As demonstrated in this study, Olympia 

oyster larvae are vulnerable to exposure to upwelled waters and high temperature inner-bay 

conditions, both of which may occur later in the season in the future (García-Reyes and Largier 

2010; Cayan et al. 2008).  These conditions are likely responsible for the strong interannual 

variation in recruitment seen in Olympia oysters at this site (Kimbro et al. 2018) and projected 

climate change could increase recruitment variability in the future. 

 

By linking precipitation and upwelling events with spatial and temporal variation in growth and 

survival of oysters, we provide the basis for understanding how the population dynamics of two 
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important species in western estuaries are likely to be affected by future climate change. Current 

thinking about climate change impacts in habitats like coastal estuaries suggest that the most 

important impacts of climate change are likely to be experienced by the increasing frequency and 

magnitude of extreme climate events. By quantifying the changes in water column properties due 

to episodes of dry season upwelling and wet season river inflows and their impacts on oyster 

demography, we now have substantially extended our ability to predict future changes in oyster 

demography under increasingly extreme climatic events in this region.  
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Figure Legends 

Figure 1: Map of Tomales Bay, including the oyster deployment stations labeled by distance 

from the bay mouth in kilometers. Black circles represent the shore sites while gray circles 

represent the channel sites.  

Figure 2: Non-metric multidimensional scaling (nMDS) plots of z-transformed environmental 

parameters across the estuarine gradient during the (A) runoff, (B) upwelling, and (C) relaxation 

seasons using a Euclidean dissimilarity index. Shapes indicate sampling stations: 4 km (circle), 

10 km (triangle), and 16 km (square) from the mouth of the bay. Stress in two-dimensions and 

statistical output (R2 and p) from permutational multivariate analysis of variance are noted for 

the analysis of each respective season. 

Figure 3: Proportional daily growth (top) and proportional survival (bottom) of juvenile Olympia 

oysters during the runoff, upwelling, and relaxation seasons. Bar height and errors represent 

mean and standard error, respectively. Bar colors represent the experimental depths: channel 

bottom (white), shore (gray), and channel surface (black). For seasons with a significant 

interaction of station and depth, letters (a and b) above the bars indicate significant differences (p 

< 0.05) among depths within a given station. For seasons with no significant interaction between 

station and depth, stations indicated by a bar below the station label on the X axis are 

significantly different from stations without underline bars.  
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Figure 4: Proportional daily growth (top) and proportional survival (bottom) of juvenile Pacific 

oysters during the runoff and relaxation seasons. Bar height and errors represent mean and 

standard error, respectively. Bar colors represent the experimental depths, including channel 

bottom (white), shore (gray), and channel surface (black). For seasons with a significant 

interaction of station and depth, letters (a and b) above the bars indicate significant differences (p 

< 0.05) among depths within a given station. For seasons with no significant interaction between 

station and depth, stations indicated by a bar below the station label on the X axis are 

significantly different from stations without underline bars.  

Figure 5: Length in mm (top) and proportional survival (bottom) of larval Olympia oysters 

during the upwelling season. Bar height and lines represent mean and standard error, 

respectively. Bar colors represent the experimental depths, including channel bottom (white), 

shore (gray), and channel surface (black). Letters (a and b) above the bars indicate significant 

differences (p < 0.05) among depths within a given station. 
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Tables 
Table 1: Loadings for the first (PC1) and second (PC2) Principal Components axes for water 

column properties, separated by season.  

 

Runoff 

 

Upwelling  Relaxation 

 

PC1 PC2 PC1 PC2 PC1 PC2 

Chlorophyll a (mg m−3) 1.06 0.43 0.55 -0.01 -0.54 -1.37 

DO (% air saturation) -0.27 -0.60 0.90 0.43 -0.79 0.56 

NH+
4 (µmol L−1)  -1.09 0.22 -0.37 0.37 1.44 -0.44 

NO2 (µmol L−1) 0.87 -0.23 -0.89 0.19 -0.63 -0.70 

NO−
3 (µmol L−1)  1.09 -0.15 -1.08 0.46 0.84 -0.15 

pCO2 (µatm) -0.97 0.28 -1.21 -0.53 1.39 -0.62 

pHT 0.04 -0.60 0.97 0.07 0.09 1.11 

PO3−
4    (µmol L−1)  1.09 0.11 -0.43 -1.08 1.54 -0.25 

Salinity (PSU) -1.16 0.10 0.29 -0.22 1.57 0.35 

Silicate (µmol L−1) 1.02 0.29 -0.12 -0.62 -0.50 -1.40 

Talk (µmol kg−1) -1.17 0.08 0.33 -1.25 1.48 -0.01 

tCO2 (µmol kg−1) 0.62 0.23 -0.60 -1.15 1.15 -0.77 

Temperature (°C) 0.04 -1.10 0.60 -1.15 1.35 0.60 

Ωarag 0.16 -0.24 1.29 -0.28 0.06 0.12 

Variance explained 0.51 0.21 0.3 0.24 0.45 0.21 
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Table 2: Summary statistics of water column parameters by season showing mean, SD, and n of 

water column parameter measurements across stations, depths, and sampling dates within each 

season (n is the number of measurements contributing to the mean and SD). 

This article is protected by copyright. All rights reserved.



41 
 

Season Runoff   Upwelling   Relaxation   

 

Mean SD n Mean SD n Mean SD n 

Chlorophyll a (mg 
m−3) 1.8 1.1 32 5.4 4.1 40 6.0 5.0 23 

DO (% air 
saturation) 109.7 22.1 24 104.6 9.1 55 96.9 9.1 86 

NH+
4 (µmol L−1)  3.8 1.7 32 1.6 2.5 55 1.3 0.9 107 

NO2 (µmol L−1) 0.6 0.3 32 0.2 0.1 55 0.2 0.1 107 

NO−
3  (µmol L−1) 7.8 6.4 32 2.1 4.7 55 0.6 1.3 107 

pCO2 (µatm) 573.6 117.0 32 586.1 141.2 61 589.3 118.7 100 

pHT 7.8 0.1 32 7.9 0.2 61 8.0 0.2 106 

PO3−
4    (µmol L−1)   1.6 0.3 32 2.0 0.7 55 2.6 1.1 107 

Salinity (PSU) 29.1 3.5 33 33.4 1.2 61 34.1 0.7 107 

Silicate (µmol 
L−1) 28.8 15.3 32 25.8 11.1 55 35.2 16.8 107 

Talk (µmol kg−1) 2131.3 119.0 32 2317.6 68.0 61 2354.0 97.1 106 

tCO2 (µmol kg−1) 2008.8 94.4 32 2136.1 67.5 61 2155.5 93.1 100 

Temperature (°C) 13.4 1.2 33 17.4 2.9 61 18.9 2.1 107 

Ωarag 1.6 0.4 32 2.2 0.5 61 2.3 0.3 100 

Olympia daily 
growth  0.013 0.01 834 0.138 0.08 1248 0.096 0.06 135 

Olympia % 
survival  0.82 0.3 89 0.62 0.3 136 0.28 0.2 34 

Pacific daily 
growth 0.024 0.02 85 NA NA NA 0.091 0.04 23 
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Pacific % survival 0.46 0.3 40 NA NA NA 0.09 0.1 39 

Olympia larval 
growth NA NA NA 0.167 0.01 341 NA NA NA 

Olympia larval % 
survival NA NA NA 0.37 0.3 106 NA NA NA 

This article is protected by copyright. All rights reserved.



43 
 

Table 3: Analysis of water column parameters (see Table 2) by station and depth for each season 

using permutational multivariate analysis of variance.  

Season 

 

 Df 
Sums of 
Squares 

Mean 
Squares      F       R2    p 

Upwelling Station 2 170.44 85.22 7.93 0.22 0.001 

 Depth 2 11.06 5.53 0.51 0.01 0.93 

 Residuals 56 601.50 10.74 

 

0.77 

  Total 60 783.00 

    Runoff Station 2 66.91 33.45 2.90 0.16 0.01 

 Depth 2 37.95 18.98 1.64 0.09 0.09 

 Residuals 28 323.14 11.54 

 

0.76 

  Total 32 428.00 

    Relaxation Station 2 546.58 273.29 36.06 0.40 0.001 

 Depth 2 36.34 18.17 2.40 0.03 0.02 

 Residuals 102 773.08 7.58 

 

0.57 

  Total 106 1356.00 
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Table 4: Results of linear mixed effects models for log-transformed growth of (A) Olympia 

oysters and (B) Pacific oysters by Principal Components axes 1 and 2 analyzed for each season.  

 

(A) 

Season Main effects Estimate  SE DF     t p 

Runoff PC1 -0.01 0.00 54.29 -4.55 <0.001 

 PC2 -0.04 0.02 49.90 -1.61 0.12 

Upwelling PC1 0.09 0.01 120.29 7.90 <0.001 

 PC2 -0.02 0.01 98.29 -3.51 <0.001 

Relaxation PC1 -0.02 0.02 32.08 -1.04 0.31 

 PC2 0.07 0.06 30.53 1.13 0.27 

 

 

      

(B) 

Season Main effects Estimate  SE DF     t       p 

Runoff PC1 0.04 0.01 20.14 2.51 0.02 

 PC2 0.08 0.08 11.32 1.07 0.31 

Relaxation PC1 -0.14 0.07 13.10 -1.85 0.09 

 PC2 0.45 0.34 15.87 1.33 0.20 
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Figures 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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