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Abstract 
Anthropogenic carbon dioxide (CO2) emissions reduce pH of marine waters due to the absorption of CO2 and formation of carbonic acid. Estuarine waters are more susceptible to acidification because they are subject to multiple acid sources and are less buffered than marine waters.  Consequently, estuarine calcifiers may experience acidification sooner than marine calcifiers; however tolerance of estuarine calcifiers to pH changes is poorly constrained.  We analyzed 23 years of Chesapeake Bay water quality monitoring data and found that daytime average pH significantly decreased across polyhaline waters although pH has not significantly changed across mesohaline waters.  However, individual tributaries that once supported large oyster populations are increasing in pH, but current average conditions correspond to values that that reduced oyster biocalcification rates or led to shell dissolution in our laboratory experiments.  Calcification rates of juvenile eastern oysters, Crassostrea virginica, were measured in laboratory studies in a three-way factorial design with 3 pH levels, two salinities, and two temperatures. Biocalcification declined significantly over ~0.5 pH units and higher temperature or salinity mitigated this effect.  
Introduction

Increasing levels of atmospheric carbon dioxide (CO2) act as a “greenhouse gas” and also serve to lower the pH of water due to the absorption and hydrolysis of CO2 and resulting formation of carbonic acid (Doney et al. 2009). It is now well recognized that increasing acidity in marine waters lowers the availability of carbonate ions to calcifying organisms, such as pteropods and corals (Klepas et al. 2006), due to the titration of a portion of carbonate (CO32-) ions to bicarbonate (HCO3-).  What is less well-recognized is that such adverse pH effects on calcifying biota in estuarine waters may be more pronounced and interact with other variables affected by global climate change such as salinity and temperature (Portner 2008, O’Donnell et al. 2009). Estuaries are typically less buffered than oceans due to lower absolute concentrations of carbonate as well as proportionally less carbonate relative to the total dissolved inorganic carbon pool (Cai and Wang 1998). Furthermore, many ecologically and commercially important shell forming organisms reside in or rely on estuarine habitats (Dame 1996).  

 
Transfer of atmospheric CO2 to estuarine waters is only one of many processes affecting pH in estuaries (Miller et al. 2009, Soetaert et al. 2007). In particular, eutrophication and net heterotrophy (Kemp et al. 2005), watershed inputs (Salisbury et al. 2008), and dry deposition of other acid forming compounds such as sulfur and nitrogen (Doney et al. 2007), in addition to atmospheric CO2, will interact to alter the pH of estuarine waters. Due to high nutrient and organic loading and the resulting heterotrophic nature of many estuaries (Kemp et al. 2005), these water bodies can even be a source of CO2 to the atmosphere (Jiang et al. 2008). Highly variable freshwater inputs and seasonal dynamics cause estuarine carbonate chemistry and pH to be more variable than in open oceans.   The complex interaction of salinity, temperature, and pH on physiological processes make it difficult to predict potential effects of increased atmospheric CO2 on calcifying biota in estuaries that are often considered already degraded and subject to multiple anthopogenic impacts such as overfishing, eutrophication, and hydrological alteration (Lotze et al. 2006). 

Molluscs are dominant components of the estuarine benthos, serving as agents of benthic-pelagic coupling, providing food and habitat for other organisms, and are also harvested and cultivated commercially (Dame 1996). These diverse estuarine species may be especially vulnerable to long term declines in baseline pH because they occupy highly variable habitats that often present conditions at the limits of physiological tolerance. Therefore, even modest changes in pH may present conditions that on short time scales (daily) limit the availability of calcium carbonate for shell formation in oysters (Gazeau et al. 2007, Miller et al. 2009, Talmage and Gobler 2009). The once abundant oyster populations in Chesapeake Bay have been decimated by multiple factors, including inadequate fisheries management leading to habitat decline (Rothschild et al. 1994, Smith et al. 2005).  Based on evidence presented here, it is now possible that oyster populations in Chesapeake Bay have been further stressed by the anthropogenic effects and biogeochemical consequences of rising atmospheric CO2, eutrophication, and acid deposition, all of which changing the biogeochemical habitat of these organisms.  This combination of factors may be altering pH to the point that deposition of calcium carbonate and ultimately oyster shell growth will be hampered in large portions of historic oyster habitat in Chesapeake Bay (Smith et al. 2001).  Oyster stocks in Atlantic coast estuaries have been further decimated by epizootics of protistan diseases (Kennedy et al. 1996).  Ongoing stock enhancement projects often capitalize on the reduced virulence of these diseases in lower salinity (< 10) waters to provide refugia (Paynter 1999). However, these waters may now constitute unsuitable habitat for oysters, given the typically lower availability of calcium carbonate for shell growth at such low salinities, coupled with often lower pH values. For example, Ringwood and Keppler (2002) found that hard clam growth was significantly hampered by lower pH values, and these effects were more pronounced in lower salinity waters. Although reduced pH has many adverse physiological effects on aquatic organisms (Portner et al. 2004) we are focusing here on linking our experimental measurements of oyster shell growth under various combinations of salinity, pH and temperature to actual long term changes in estuarine pH. 
Here we investigate the possible consequences of concurrent changes in salinity, temperature, and pH on mollusc biocalcification using laboratory based measurements and analyses of long-term monitoring data.  
Methods
Chesapeake Bay Data Analyses
Water quality data from the Chesapeake Bay Program’s Data Hub http://www.chesapeakebay.net/dataandtools.aspx were analyzed with linear regression analyses.  Only water temperature, salinity, and pH, data from 1985 onward were used in all analyses. Quality assurance for these publically available data is detailed here: http://www.chesapeakebay.net/qualityassurance.aspx. 

Further quality control/quality assurance steps were taken in conducting these analyses by visual inspection of plots of data for extreme outliers, and only in a few instances were extreme outliers found and removed. Out of the 32525 observations used in the original data set, only 53 were removed, one for having a salinity of over 40, and the others for having pH above 9.5. The original data were arranged by the following arguments: data prior to 1985 were removed, the months of April, May, and June were assigned to the spring, and June, July, August and September were assigned to summer. Data were grouped into these two seasons as they coincide with important growth periods for adult eastern oysters (spring) and juvenile oysters (summer).  Observations with salinity between 5-18 were grouped as mesohaline, above 18 were polyhaline, and all observations that were made deeper than 1 m were removed. Once the above filters were applied to the data set, mean values of pH were calculated for each season, salinity, and year. These values were then used in a simple linear regression model of pH by year for the four salinity and season combinations to determine the overall patterns of pH change within Chesapeake Bay, resulting in an n = 24 for each linear regression. 

Regression analyses and 5-year means for pH, water temperature, and salinity on historically important oyster grounds were carried out for the Chester, Choptank, Patuxent, Rappahannock, and James Rivers and Tangier Sound. With the exception of Tangier Sound, sites within each river were identified using the Chesapeake Bay Program’s analytical segmentation scheme to analyze mesohaline sites within each river. Sites within Tangier Sound were delineated by maps of oyster distributions (Smith et al. 2001). All observations within a tributary were averaged by season and year as above for regression analyses.  However, for this analysis all available depth data were averaged for sites. Observations below 9 m were removed to avoid including data from water that may be hypoxic. Regression analyses were run for pH, water temperature, and salinity change over year from 1985 to 2008 (n = 24). Mean values for each of these tributaries were also determined as above, except data were pooled from 2003 to 2008. All statistical analyses were conducted using SAS version 9.1 (SAS Institute Inc., Cary, NC).

Calcification Rates 

Oysters were reared at a salinity of 32 and the low salinity treatment (16) oysters were acclimated to the new salinity by diluting the seawater with river water in the holding tank to reduce the salinity at a rate of 2 d-1. During acclimation and holding periods, oysters were fed a diet of cultured Isochrysis spp. (Tiso) strain CCMP1324, raised in similar salinities to that of the oysters, and supplemented with Shellfish Diet 1800 (Reed Mariculture, Campbell, CA). The high salinity water was collected from the University of Delaware, Lewes Seawater Facility and the low salinity water was collected from the Chesapeake Biological Laboratory’s seawater system. 

Shell calcification rates were measured on groups of approximately 300 juvenile oysters that were 1-2 mm shell height and totaled roughly 1-2 g live weight. During experimental measurements, oysters were held in 55 ml flasks containing 50 ml of water maintained at one salinity and temperature combination with three pH levels. Experimental runs were replicated to utilize different salinity/temperature combinations. Two levels of temperature and two levels of salinity were used, resulting in four experimental runs, each run having three pH treatments (Table 1) with four replicates.  In the mid and low pH treatment flasks pH was controlled by injecting CO2 into an airstream bubbled into each flask whilst measuring pH within flasks. The high pH treatment was bubbled with only air.  One control flask per treatment combination was used with no oysters to monitor pH and alkalinity over the course of the experiment.
Immediately following the addition of oysters to flasks, a 4.0 ml sample was taken from each control flask to determine the initial alkalinity (t = 0).  Water samples (4 ml) were taken by syringe from all flasks every 5 h for periods up to 15 h. Alkalinity data were examined immediately following each determination, and measurements were concluded if the rate of change had appeared to slow due to container effects. Prior studies have shown that changes in alkalinity due to calcification occurs linearly (Gazeau et al. 2007); therefore departures from linearity would be due to container effects.   

Water samples were passed through a 0.2 μm filter cartridge and diluted with a 0.7 M NaCl solution in order to have enough sample for a two-point titration to measure alkalinity (Edmond 1970). Temperature and pH were recorded using an Orion 938007MD micro temperature probe, Thermo-scientific 8103BN combination semimicro pH electrode and Thermo-scientific 5 star pH meter (Thermo Fisher Scientific Inc., Waltham, MA).   The NBS scale was used for calibrating the pH probe with a 3 point calibration curve, and pH standards were checked over the course of each experimental run to verify the calibration. Additionally, at each sample time an alkalinity standard was measured to ensure analytical consistency. The change in alkalinity over time in each flask was used to calculate the calcification rates of the oysters (Smith and Key 1975), assuming that any other processes contributing to alkalinity change in the flask were negligible. Due to the small volume of water in the flasks, relative to the volume of samples removed, we converted the alkalinity concentrations to an absolute alkalinity within each flask and corrected these values for the amount of alkalinity removed at each sample time. The volume of water removed at each sample time was determined from weight and density. 
Statistical analysis of calcification measurements 

Calcification data were analyzed with a three-way analysis of variance including interaction effects. The three-way interaction of temperature, salinity, and pH was not significant and dropped from the model. Since all two-way interactions were significant, the estimated least-squares means for each of these two-way combinations are presented. Differences among treatment combinations within each two-way interaction were evaluated using t-tests with a Bonferroni correction for multiple pairwise comparisons at  = 0.05. Assumptions of normality and heteroscedasticity were verified by visual inspection of residual distributions as well as Shapiro-Wilk’s test for normality, and Hatley’s f-max test for heteroscedasticity.    

Results

Our analysis of monitoring data from 1983 to 2008 from the Chesapeake Bay Program revealed statistically significant declines in seasonally averaged daytime pH within polyhaline surface waters (> 18) (Fig. 1). The rate of decrease, in both spring and summer, exceeded those found in the open Pacific Ocean (Doney et al. 2009), where pH decrease is attributed solely to increasing atmospheric CO2. Although no statistically significant trends were found in the mesohaline (5 to 18) region of the mainstem Bay, a general increasing trend in pH was seen in the summer months, with some locations reporting pH values well above 9.0. Furthermore, we found that many mesohaline tributaries that once supported historically productive oyster grounds, exhibited a statistically significant increasing pH (Table 2), likely due to increased primary production related to eutrophication. 

Although there were broad trends of pH change across Chesapeake Bay (Fig. 1), we highlight here average values and trends in mesohaline portions of tributaries that once supported  important oyster grounds; The Chester, Choptank, and Patuxent Rivers, and Tangier Sound in Maryland and the Rappahannock and James Rivers in Virginia (Table 2).  We have divided these data into seasons with April, May, and June being most important to new shell growth of adult oysters, and June, July, August, and September being important to larval development as well as settlement and growth of juveniles (Kennedy et al. 1996). In general these tributaries showed increasing pH with the spring and summer pH values being similar within oyster grounds, with the exception of the Patuxent River (Table 2).  Additionally, oyster grounds along the western shore flanks of mainstem polyhaline Chesapeake Bay (Smith et al. 2001) also appear to have suffered significant declines in pH (Fig. 1). Although the absolute pH values were higher in this polyhaline region of the Bay than the mesohaline grounds, the decreases in polyhaline pH over the last 25 years exceeds the rate of decline found in the Pacific Ocean (Doney et al. 2009) by a factor of three. 

In laboratory studies we found a complex change in biocalcification rates by juvenile C. virginica in response to variations in temperature, salinity, and pH (Fig. 2, 3). All of the main effects (pH, salinity, and temperature) as well as the two-way interactions in our three-way factorial design were statistically significant; however the three-way interaction was not statistically significant (Table 3).  The absolute pH values within a treatment level (e.g. High pH) varied among experimental runs of different salinity-temperature combinations (Table 1). This discrepancy was due to the fact that initial pH values for the lower salinity waters were lower, and we did not try to increase the pH to match the higher salinity water. The High pH treatments therefore are unamended natural waters, or may be seen as a control treatment with no addition of CO2. Due to significant two-way interactions in the ANOVA, calcification rates were estimated by least squares means and pairwise comparisons made for each two-way interaction (Fig. 2, 3).  Despite the significant interactions, our results clearly showed that under both lower salinity (= 16) and lower temperatures (20°C) calcification rates steadily decreased as pH dropped.  Conversely, at higher temperature (30°C) and salinity (= 32), calcification rates did not significantly change as pH declined from high to mid pH; however calcification rates dropped precipitously at the lowest pH. Additionally, calcification rates were not significantly affected by salinity at higher temperatures, although at lower temperatures there was a large salinity effect (Fig. 2B).  

Discussion

It may initially seem paradoxical that pH values are not declining uniformly throughout the entire estuary as might be expected based on increasing atmospheric CO2. This paradox arises for treasons associated with daytime sampling regime and the down-estuary dynamics that occur with bloom and respiration cycles. The monitoring program’s measurement of pH occur primarily during daylight hours, often within areas of intense primary production associated with phytoplankton blooms that are ubiquitous in the mesohaline mainstem Chesapeake Bay (Kemp et al. 2005).  In this mesohaline region of the Bay high concentrations of anthropogenically derived nitrogen and phosphorus support such high rates of photosynthesis in algal blooms that at times most available dissolved CO2 is taken up by primary production (based on high pH values).  This increase in pH also drives the speciation of inorganic carbon away from CO2 to an extent that carbon becomes the limiting factor for primary production, rather than nitrogen or phosphorus. Therefore, it seems very likely that increasing atmospheric CO2 may potentially increase primary production in some locations where rates of primary production may be currently CO2 limited.  This still means, however, that at night and down-estuary locations away from intense primary production increasing atmospheric CO2 may reduce pH, and in turn adversely affect shell bearing molluscs.

Mollusc shell growth depends on the animal’s ability to precipitate CaCO3 into an organic matrix that provides the framework for their shell (Wilber and Saleuddin 1983).  If small decreases in calcification results in a weaker or smaller shell over time, juvenile bivalves will be increasingly susceptible to predation and a plethora of mortality factors (Kennedy et al. 1996, Newell et al. 2000, 2007).  Indeed, recent work shows that dissolution is likely a significant mortality factor for juvenile infaunal bivalves in marine muds (Green et al. 2009). The significant effect we found of salinity and temperature on calcification in conjunction with pH indicates that climate related changes to estuaries, such as Chesapeake Bay, may have additional complex effects on oyster shell growth, with higher temperatures possibly mitigating decreases in pH (Fig. 2b).  Our results clearly demonstrate that further acidification of the water from atmospheric CO2 loading will impair shell growth, relative to higher pH conditions. 
Many important shell-forming organisms rely on estuarine habitats for part or all of their life cycle; therefore it is important to measure pH effects on biocalcification in different salinities and temperatures.  In our experiments, the salinity-pH interactions (Fig. 2a) indicate that low pH will most adversely affect eastern oysters inhabiting lower salinity waters.  Oyster restoration in Maryland has, however, centered on the lower salinity waters (Paynter 1999) due to the decreased incidence of oyster diseases in these habitats (Kennedy et al. 1996). Importantly, several of these lower salinity sites had past 5-year average pH-salinity combinations that we found resulted in decreased shell growth or even dissolution in our experimental treatments (Table 1, Fig. 2A).  Although these lower salinity habitats may provide refuge from disease, they may not be geochemically suited for sustained populations of oysters. However, the monitoring data presented here are for surface waters during daylight hours and hence these values do not take into account diurnal declines in pH associated with metabolic CO2 production by autotroph respiration at night, nor respiration of organic matter in the benthos. Yates et al. (2007) reported that even in a high salinity sub-tropical lagoon that should be well buffered pH was 0.2 units lower at night than during the day.  Our experiments found rapid shell growth response to changes in pH, although the cumulative effect of diel variations in pH on longer-term shell growth remains unknown. As pH varies so will shell growth (this study, Miller et al. 2009, Gazeau et al. 2007) and it is possible that the integrated effects of pH may determine overall shell growth over days to months. Below certain threshold pH values shell dissolution occurs, but if this is for limited periods, the animal should be able to recover.  This is analogous to the periodic dissolution of shell by declines in pallial cavity pH induced by the accumulation of anaerobic metabolites during aerial exposure (Burnett.1988)  Additionally, if biologically driven rates of shell accretion occur faster than dissolution rates (Fig. 2, 3), calcifying organisms may be able to be net shell producers in the face of extended periods of low or oscillating pH (Green et al. 2009). Although speculative, these constitute critical questions to be answered regarding the impact of acidification on economically and ecologically important shell forming species in variable coastal and estuarine habitats. 

Oysters require a hard substrate for recruitment (Kennedy et al. 1996), and in natural populations this is primarily the calcium carbonate shells of living and dead oysters. Therefore dissolution of shell by declines in pH may alter the dynamics and shell budget of oyster reefs. The loss of shell from oyster reefs is a major impediment to achieving oyster restoration goals in Chesapeake Bay (Smith et al. 2001, Mann and Powell 2007, Schulte et al. 2009) and in other estuaries (Powell et al. 2006). Our analyses of pH data suggests that polyhaline portions of Chesapeake  Bay will become increasingly corrosive to oyster shell (Fig. 1) and that pH conditions in many oyster grounds are already unsuitable (Table 1). This conclusion is based on pH alone; the fate of oyster shells in the estuary however is also controlled by other factors such as sedimentation, bioerosion, and harvesting (Smith et al. 2005, Mann and Powell 2007, Schulte et al. 2009).  In developing a shell budget for the Delaware Bay estuary, Powell et al. (2006) noted non-linear trends with salinity in terms of shell half-life. A rich literature exists on taphonomy and fate of biogenic calcium carbonate, however, little is known regarding the role of pH and biogeochemistry on shell budgets of estuarine oyster reefs. Although our data analyses suggest conditions are becoming less suitable for oysters and their reefs, some mechanisms may allow oysters to grow in more acidic environments. Individual oysters may be buffered by the reef-shell they are attached to, especially during early life stages. Shultze et al. (2009) found that oyster growth and survival on high relief reefs was significantly better than on lower relief reefs in a tributary of Chesapeake Bay. It seems likely that along with the advantages of decreased sedimentation and changes in flow dynamics around the reefs, that providing a habitat well above the sediments, where significant release of metabolic acids occurs, also conveys an advantage of less acidic conditions. However, it is not known to what extent actively growing oysters may derive carbonate from dissolution of the reef versus non-reef associated carbonate.  Our study does highlight the potential threat of estuarine acidification to oyster reefs, and reinforces concerns of others in regards to viewing shell material as an important resource of the estuary (Gutierrez et al. 2003, Powell et al. 2006, Powell and Klinck 2007). 

Ocean acidification has been referred to the “other CO2 problem” (Doney et al. 2009) because it is also a consequence of increasing atmospheric CO2, in addition to the “greenhouse gas” effect. The capacity of the world’s water bodies to absorb CO2 and the resulting hydrolysis of carbonic acid is well understood and may be predicted relatively easily. Responses of calcifying organisms, scales and timing of pH and alkalinity variability, and the role of other biogeochemical processes and environmental variables in regulating estuarine pH are less well understood but represent critical problems.  As research advances in understanding the consequences of coastal acidification it is vital to recognize that the effects of anthropogenic increases in CO2 are the same regardless if it is derived from the burning of fossil fuels or from net heterotrophy associated with eutrophication (Frankignoulle et al. 1998). The magnitude and variability of estuarine pH due to eutrophication enhanced respiration will certainly be larger over short time scales than the gradual increase from atmospheric CO2. However, increasing atmospheric CO2 may permit greater primary production in regions that are currently carbon limited, ultimately leading to higher respiratory production of CO2 and consequently larger variability in pH in these regions. Although pH is highly variable in estuarine waters, our analyses of long term Chesapeake Bay pH data and laboratory experiments with eastern oysters highlight the importance in recognizing possible shifting baselines (Jackson et al. 2001) in these systems and physiological thresholds for calcifying organisms. Accounting for interacting climate related effects of temperature, salinity, and pH in estuaries is vital to understanding the potential acidification impacts to estuaries and their dependent living resources. 
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Tables
Table 1. Experimental conditions for each experimental run. Temperature and salinity were constant throughout the experiment; pH and alkalinity are initial conditions in the experimental flasks.  Alkalinity is in milliequivalents L-1, and temperature is in oC.
	Date Run
	Temp. 
	Salinity
	pH Treatment
	pH
	Alkalinity 

	3-Oct-08
	20
	32
	High 
	8.29
	2.0520

	
	
	
	Mid 
	7.66
	2.0634

	
	
	
	Low
	7.56
	2.0408

	
	
	
	
	
	

	8-Oct-08
	30
	32
	High 
	8.14
	2.1099

	
	
	
	Mid 
	7.85
	2.1484

	
	
	
	Low
	7.43
	2.1152

	
	
	
	
	
	

	10-Oct-08
	30
	16
	High 
	7.92
	1.2478

	
	
	
	Mid 
	7.66
	1.2458

	
	
	
	Low
	7.46
	1.2274

	
	
	
	
	
	

	15-Oct-08
	20
	16
	High 
	7.76
	1.1979

	
	
	
	Mid 
	7.52
	1.1548

	 
	 
	 
	Low
	7.41
	1.1601


Table 2- Mean seasonal pH, salinity, and surface water temperature (wtemp) and significant annual trends at historically important oyster grounds in Chesapeake Bay. Spring and summer defined in text. Water temperature is in oC. Mean values are averages for 2003-2008 and changes in parameters are change in units per year, from significant regression slopes from 1985 to 2008. n/s = non significant regression at  = 0.05.

	Tributary
	Season
	pH
	  pH
	Salinity
	Salinity
	Wtemp
	Wtemp

	Chester
	Spring
	7.67
	0.025
	8.67
	n/s
	16.89
	0.160

	
	Summer
	7.63
	0.018
	9.58
	-0.130
	25.23
	0.075

	
	
	
	
	
	
	
	

	Choptank
	Spring 
	7.98
	n/s
	10.86
	n/s
	17.08
	-0.130

	
	Summer
	7.90
	n/s
	11.48
	n/s
	25.35
	n/s

	
	
	
	
	
	
	
	

	Patuxent
	Spring 
	7.92
	n/s
	8.89
	n/s
	18.22
	n/s

	
	Summer
	7.76
	0.010
	10.18
	n/s
	26.01
	n/s

	
	
	
	
	
	
	
	

	Rappahannock
	Spring 
	7.88
	n/s
	10.81
	n/s
	17.91
	n/s

	
	Summer
	7.82
	0.011
	13.10
	n/s
	25.90
	n/s

	
	
	
	
	
	
	
	

	James
	Spring 
	7.66
	n/s
	12.60
	n/s
	19.21
	n/s

	
	Summer
	7.65
	0.007
	15.75
	n/s
	26.03
	n/s

	
	
	
	
	
	
	
	

	Tangier 
	Spring 
	7.84
	n/s
	12.55
	n/s
	18.70
	n/s

	
	Summer
	7.80
	0.005
	12.95
	n/s
	26.30
	n/s


Table 3. Significant results from the three-way ANOVA on the biocalcification experiments. The three-way interaction is not presented, as this was found to be non-significant and was removed from the model.  DF = Degrees of freedom.

	Effect
	DF
	F-value
	p-value

	Salinity
	1, 38
	39.24
	<.0001

	Temperature
	1, 38
	210.43
	<.0001

	pH
	2, 38
	117.91
	<.0001

	Salinity*pH
	2, 38
	34.89
	<.0001

	Temperature*pH
	2, 38
	7.24
	0.0022

	Salinity*Temperature
	1, 38
	33.92
	<.0001


Figure Legends
Figure 1. Annual trends in Chesapeake Bay surface water pH in the (a) Spring-Mesohaline, (b) Summer-Mesohaline, (c) Spring-Polyhaline, and (d) Summer-Polyhaline. Mesohaline includes salinities of 5 – 18, and polyhaline are salinities > 18. Mean values are based on surface waters of 1 m or less, averaged over season. Spring is defined as April, May, June, and summer June, July, August, September, corresponding to important growth periods for adults and juvenile oysters, respectively.  Error bars are the 95% confidence interval for the mean values. Data originally obtained from Chesapeake Bay Program Water Quality Database (1985-2008).

Figure 2- Biocalcification rates of C. virginica for treatment combinations of (a) salinity by pH and (b) temperature by pH estimated by least squares means from each two-way ANOVA. Units of calcification are mg of calcium carbonate per gram oyster whole live weight per day. Treatment levels of salinity, temperature, and pH are listed in Table 1.  Error bars are standard errors of the least squares means estimates. Non-significant differences among treatment combinations are noted by values falling within the black vertical bars at = 0.05.  
Figure 3- Biocalcification rates of C. virginica for treatment combinations of temperature and salinity estimated by least squares means from the two-way ANOVA. Units of calcification are mg of calcium carbonate per gram oyster whole live weight per day. Treatment levels of salinity, temperature, and pH are listed in Table 1.  Error bars are standard errors of the least squares means estimates. Non-significant differences among treatment combinations are noted by values falling within the black vertical bars at = 0.05.  
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Figure 2.
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Figure 3. 
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