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Figure 7: Oyster demographic variables (quarterly recruitment rate, quarterly recruit size, or 

mortality rate) measured at each site plotted against the number of days that site spent below 25 

psu during the quarter of the measurement as estimated by continuous monitoring stations. 

Mortality was measured during 2013 only. Points are semitransparent to show overlap. 

Regression lines (black) are shown with 95% confidence intervals (gray band). 

 

 

 



18 
 

 



19 
 

 

Figure 8. Probability density plots of salinity at continuous monitoring stations in 2012 and 2013 

by quarter (Jan-Mar, Apr-Jun, Jul-Sep, Oct-Dec). Sites are arranged from north to south for each 

bay. For each site, the line describes the relative amount of time the water at the site is at each 

salinity level. These plots show the variation in the range of salinities each site experienced during 

the study. Seasonal trends and geographic differences between sites are clearly visible. Site 

abbreviations are given in Appendix 2. The sonde at Kirby Park was discontinued in fall 2012, so 

data represent 2012 only, and Q4 is not available. 

 

Key stressors: combining laboratory and field data 

 

Risk of air temps above high threshold 

 

Our laboratory experiments showed a significant effect of warm air temperatures (35°C 

and 40°C) on oyster survival, particularly when these temperatures followed exposure to low 

salinity (Appendix 3). The combination of low salinity and high air temperatures are experienced 

by oysters in the spring in Central California in years when late spring rains are followed by warm 

days and minus tides in the early to mid-morning. 

 

Over the course of our study, sites rarely experienced air temperatures over 35°C at Mean 

Lower Low Water, which is where oysters are the most abundant. In Central California, minus 

tides in the spring are typically early in the morning, when the air is cooler. In the summer, low 

tides are later in the morning, but localized fog keeps air temperatures cool, particularly in the 

central portion of SF Bay and at Elkhorn Slough. Fall minus tides tend to occur in the late 

afternoon, just before sunset. However, higher air temperatures are expected under climate 

change scenarios.  

 

Several sites of our sites experienced air temperatures of 30°C in May-early June. Sites at 

Elkhorn Slough, Berkeley Marina, and China Camp did not have any days over 30°C during our 

study period. Point Orient and our two South Bay sites on the west side of SF Bay, Oyster Point 

and Coyote Point had the highest number of days above 30°C (3, 4, and 4 respectively).  
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Figure 9: Probability density plots of air temperature at all sites in 2012 and 2013 by quarter (Jan-

Mar, Apr-Jun, Jul-Sep, Oct-Dec). Sites are arranged from north to south for each bay. For each 

site, the line describes the relative amount of time the water at the site is at each temperature. 

These plots show the variation in the range of temperatures each site experienced during the 

study. Seasonal trends and geographic differences between sites are clearly visible. Site 

abbreviations are given in Appendix 2. Note that Azevedo Pond (APN) is not included here, as it 

is a muted site that is continuously submerged. 

 

 

We suggest that sites that are already warmer are more vulnerable to increases in air 

temperature in the future. Our lab experiments indicated only moderately lower survival of 

oysters exposed to very high air temperatures alone; significantly more mortality occurred when 

oysters were already stressed by exposure to very low salinity. Given this, we assigned this 

parameter a moderate level of importance in the Site Evaluation Table (multiplier of 1.25). 

Effects on oysters were seen in our laboratory experiments after 3 days exposure to high air 

temperatures. We assumed a lesser effect over 1-2 days of such exposure, and a greater effect of 5 

or more days and designated our bins for site scores accordingly. 

 

 

Low dissolved oxygen 

 

Our laboratory experiments indicated that low dissolved oxygen (DO) conditions, similar 

to that experienced currently in some locations at Elkhorn Slough, negatively affect oyster growth 

(Appendix 3). We did not see differences in survival in the low DO treatments, and differences in 

growth were partially offset by warmer water. Thus, we assigned this parameter a moderate level 

of importance in the Site Evaluation Table (multiplier of 1.25). 

 

Previous field research at Elkhorn Slough has indicated an effect of low DO on oyster 

growth (Wasson et al. unpublished data) at sites where nighttime DO is very low. At these sites, 

DO is subsequently very high during the day. Researchers at Elkhorn Slough have examined the 

relationship between daytime DO measurements and nighttime hypoxia at six sites with 

continuous monitoring devices: the greater the variance from 100% saturation in daytime DO 

measurements observed, the greater the duration of nighttime hypoxia at that site (Hughes et al. 
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2011). For data collected as mg/L, this same relationship was found for the frequency with which 

measurements were greater than 11 mg/L and/or less than 7.5 mg/L. For this project, we had 

fewer samples, collected monthly, during daytime hours only. We used average deviation from 

9.25 mg/L DO (100% saturation under typical estuarine conditions) as a proxy for nighttime 

hypoxia in our assessment. Most sites in SF Bay and two in Elkhorn Slough were less than 2 mg/L 

away from 9.25 on average; most Elkhorn Slough sites were within 2-2.9 mg/L on average. As 

expected, Azevedo Pond North, a shallow, tidally muted site near an agricultural field in Elkhorn 

Slough had the highest average deviation (4.5 mg/L) and was thus rated the lowest.  

 

 

 

Risk of low salinity duration below threshold  

 

Our field data from previous projects (CALFED) documented significant interannual 

variation in freshwater flow, with clear effects of severe low salinity exposure. Near complete 

mortality was observed at northern San Francisco Bay sites following a series of strong storms in 

March 2011 (Figure 10, Chang et al., unpublished data), while earlier surveys (CA Sea Grant) 

following severe storms in January 2006 showed strong evidence of a recent massive die-off in an 

area encompassing the 2011 die-offs (Zabin et al. 2010). Such events have not been observed in 

Elkhorn Slough due to the relatively short timespan of our observations and the likely very 

infrequent occurrences there, although occasional events with very high freshwater flow have 

been documented to cause complete mortality of estuarine fauna in similar low-inflow estuaries 

such as Newport Bay (MacGinitie 1939). 

 

Multiple lab experiments support these field observations, with juvenile Olympia oysters 

suffering significant mortality when exposed to salinity levels below 10 psu for five or more days. 

Adult oysters showed a more complicated response, but low salinity levels generally caused 

increased mortality with longer exposure. However, there is evidence that among estuaries and 

even within San Francisco Bay, Olympia oysters from sites with different salinity regimes have 

divergent low salinity tolerances. In laboratory experiments, oysters from northern San Francisco 

Bay had higher survival in low salinity conditions than oysters from southern San Francisco Bay 

and nearby Tomales Bay (Bible, unpublished data). 

 



23 
 

We evaluated longer-term datasets from several monitoring programs to calculate the 

percentage of years in which salinity at our sites had dropped below 5 psu for 4 days or more. 

Most sites in the northern part of SF Bay had experienced such events in 25% of the years in the 

long-term data sets; while most mid-estuary sites at Elkhorn Slough and Central to South Bay 

sites in SF Bay had no years with these low salinity events. More severe flood years are predicted 

for the region under climate change scenarios. 

 

Due to the significant risk posed by low salinity events, we rated this stressor as high 

importance in the Site Evaluation Table. Sites experiencing low salinity events in more than 25% 

of years were also observed to be those sites experiencing significant mortality (e.g. China Camp, 

San Francisco Bay, Figure 10) and were thus rated as our highest risk category. We then selected 

bins at lower risk categories according to observed mortality rates in San Francisco Bay during 

previous low salinity events. 

 

 
 

Figure 10. Oyster density at Berkeley and China Camp field sites in San Francisco Bay showing 

significant die-off following severe low salinity event in early 2011. Data from CALFED project 

population surveys performed every two months (Chang et al. unpublished data). 
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