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Diurnal Fluctuations in Acidification and Hypoxia Reduce Growth and Survival of Larval and Juvenile Bay Scallops (Argopecten irradians) and Hard Clams (Mercenaria mercenaria)
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Diurnal variations in pH and dissolved oxygen (DO) concentrations are common seasonal phenomena in many eutrophic estuaries, yet few studies have investigated the concurrent effects of low pH and low DO on marine organisms inhabiting these coastal systems. Here, we assess the effects of diurnal variations in pH and DO on the early-life history of two bivalve species native to Northeast US estuaries, the bay scallop (Argopecten irradians) and hard clam (Mercenaria mercenaria). In one set of experiments, larval- and juvenile-life stage bivalves were exposed to ambient conditions (pHT ~ 7.9), two continuously-low pH levels (pHT ~ 7.3 and 7.6), and diurnal fluctuations between the ambient and low conditions yielding mean pH levels equal to the intermediate pH levels. In a second set of experiments, larval bivalves were exposed to ambient conditions (pHT ~ 7.9, DO ~ 7 mg L−1), two levels of low pH and DO (pHT ~ 7.2, DO ~1 mg L−1; pHT ~ 7.4, DO ~ 4 mg L−1) and diurnal fluctuations of both pH and DO between the ambient and low pH/DO levels that resulted in mean pH and DO levels equal to the intermediate pH and DO levels. Diurnal acidification treatments with ambient DO levels yielded survival rates for both species at both life stages that were consistent with the survival of individuals exposed to the same mean level of chronic pH with juveniles being more resistant to acidification than larvae. In contrast, when both pH and DO varied diurnally, the survival rates of larval bivalves were significantly lower than the survival of individuals chronically exposed to the same mean levels of pH and DO, an indication that bivalves were physiologically more vulnerable to concurrent fluctuations of both parameters compared to acidification alone. While both species displayed sensitivities to diurnal fluctuations in pH and DO, scallops were relatively more susceptible than hard clams. Since many shallow eutrophic estuaries presently experience diurnal cycles of both pH and DO when early-life stages of bivalves are present in estuaries, the populations of the bivalves studied are likely impacted by these conditions which are likely to intensify with climate change.
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INTRODUCTION

Two consequences of climate change are acidification and deoxygenation of world oceans (Doney et al., 2012). Beyond anthropogenically-induced changes in climate, acidification, and low oxygen conditions are inextricably linked in the ocean via the processes of respiration and photosynthesis and often display highly similar patterns in marine ecosystems (Feely et al., 2010; Cai et al., 2011; Wallace et al., 2014). In temperate coastal zones, hypoxia, or low oxygen conditions as well as acidification develop seasonally as seawater warms, bottom waters become isolated from surface waters via stratification, and rates of respiration accelerate. Many estuaries in particular, are net-heterotrophic due strong internal and external sources of organic carbon, and thus on a net-annual basis produce excess CO2 and consume O2 (Caffrey, 2004; Del Giorgio and Williams, 2005). In urbanized regions receiving excessive nutrient loads (Melzner et al., 2012; Wallace et al., 2014) or within eutrophied river plumes (Cai et al., 2011) hypoxia and acidification can occur at extreme levels. Beyond the role of excessive nutrient loads in driving this trend, specific estuarine habitats such as salt marshes are naturally enriched in organic carbon that when respired can create hypoxic and acidified conditions, particularly within warmer waters (Ringwood and Keppler, 2002; Baumann et al., 2014).

The persistence of hypoxia and acidification in coastal zones can vary from hours (Baumann et al., 2014) to months (Wallace et al., 2014), depending on the intensity of respiration and the hydrodynamics of ecosystems. In shallow, well-mixed estuaries with high rates of respiration, hypoxia and acidification can occur diurnally, as photosynthesis during the day results in high DO and pH levels, while respiration during night decrease DO and pH levels. The intensity of this process can be related to the depth of the water column, given that sediments are known to be strong sources of CO2 and sinks of O2 (Green and Aller, 1998) and their influence is inversely proportional to the depth of the water column (Gobler and Baumann, 2016). Within deeper, stratified ecosystems including oxygen minimum zones (OMZs), hypoxic and acidified water can persist for weeks, months, or longer, as benthic and/or deep water respiration continually consumes oxygen and produces CO2 faster than it is replenished via diffusion and mixing from surface waters (Paulmier et al., 2011; Wallace et al., 2014).

Research regarding of how concurrent acidification and hypoxia impacts marine life is in its infancy. For decades, studies have documented how low oxygen affects ocean organisms, but these studies either ignored pH levels or, in most cases, treated seawater with nitrogen gas and thus basified, rather than acidified, seawater (Gobler et al., 2014). There have been few studies that have examined how concurrent low oxygen and low pH affect marine life. Some studies have found that low oxygen effects tend to dominate over pH effects (Kim et al., 2013) while others have found that the combined effects of acidification and hypoxia are more severe than the effects of each individual stressors and that impacts in bivalves can be age-dependent (Gobler et al., 2014; Steckbauer et al., 2015). Keppel et al. (2016) reported that diel-cycling of DO decreased growth rates of the eastern oyster, Crassostrea virginica, but diel-cycling of pH did not. Finally, Clark and Gobler (2016) compared the effects of chronic hypoxia and acidification to diurnal fluctuations in CO2 and O2 on larval bivalves and found that diurnal exposure to low pH and/or low DO rarely altered, and never fully eliminated, the negative effects of hypoxia and/or acidification even when the diurnal cycles yielded higher mean pH and DO levels. This outcome suggested that the magnitude of pH and DO fluctuations may be too intense and/or the duration of normoxic and normocapnic conditions are not of a long enough duration to permit the bivalve larvae to overcome the physiological stress of hypoxia and acidification.

The purpose of this study was to expand on the work conducted by Clark and Gobler (2016) and to further clarify the effects of static vs. diurnally-fluctuating low DO and low pH on early-life stage bivalves. First, this study compared responses of larval and juvenile life-staged bay scallops (Argopecten irradians) and hard clams (Mercenaria mercenaria) to chronically-low pH and diurnal fluctuations in pH. Next, this study contrasted diurnal acidification only with that of diurnal changes in pH and DO in unison, a condition that occurs naturally in ecosystems (Baumann et al., 2014; Wallace et al., 2014). Finally, this study established two separate levels of chronically-low pH and DO to compare outcomes to those found for individuals exposed to the diurnal fluctuations to understand whether responses were more similar to the mean or minimum exposure levels of pH and DO.

METHODS

Manipulation of Carbonate Chemistry and DO

Replicate (n = 4) 8 L polyethylene vessels were used for experiments and filled with UV-sterilized, 0.2 μm filtered seawater from Old Fort Pond in Shinnecock Bay, NY, USA (salinity = 30). A constant temperature of 23–24°C was maintained by placing experimental vessels in water baths heated by Delta Star® heat pumps. Two types of experiments were conducted. The first involved the manipulation of only pH while the second involved simultaneous manipulations of both pH and DO. For first set of experiments, treatments of control (~7.9), intermediate (~7.5), and low pHT (~7.2) were established and carbonate chemistry was maintained by bubbling mixtures of concentrated 5% CO2 gas and ambient air into the experimental vessels (details below). An additional treatment of diurnal pH was included where pH oscillated between control and low pH conditions every 12 h (details below; Figure 1). For the second set of experiments, pH and DO levels were altered in unison and four treatments were established: A control treatment (pHT ~ 7.9, DO ~7.0 mg L−1), a chronic-intermediate pH-DO treatment (~7.5, ~4.0 mg L−1), a chronic-low pH-DO treatment (~7.2, ~2.0 mg L−1), and a diurnally-fluctuating pH-DO treatment that resulted in the control (e.g., ambient conditions) pH and DO levels by day and the low pH and DO levels at night. Daily-mean levels were similar to the intermediate pH-DO treatments (~7.5, ~4.0 mg L−1; details below; Figure 1). The range of pH and DO variations in all diurnal treatments was consistent with daily fluctuations observed within temperate estuaries in the Northeast US (Ringwood and Keppler, 2002; Baumann et al., 2014; Wallace et al., 2014).
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FIGURE 1. Example of diurnal fluctuations in pH and DO from an experiment with A. irradians larvae. Each day from 0900 to 2100 h, ambient air was bubbled into the experimental vessels to maintain a pHT of ~7.9 and DO concentrations of ~7 mg L−1. From 2100 to 0900, CO2 and N2 gases were used to create acidic and hypoxic conditions with a pHT of ~7.2 and DO concentrations of ~2 mg L−1. Shaded regions depict “night” conditions when gases were introduced to lower pH and DO.



The delivery rate of gases was controlled by a series of Cole-Parmer® gas regulators, single-channel flowmeters, and/or multi-channel gas proportioners. Carbon dioxide gas was used to manipulate pH levels while and nitrogen gas to manipulate DO concentrations as described by Gobler et al. (2014). To mimic diurnal patterns of pH and DO concentrations, Alcon solenoid valves were attached to compressed gas tanks and ambient air lines and were controlled with a Rain Bird-® timer (Clark and Gobler, 2016). During daytime cycles (0900–2100 h), valves on the ambient airlines were opened and the valves controlling the flow for mixed gases (CO2, N2,and CO2N2) were closed to establish ideal pH and DO (pHT = 7.9; DO = 7.0 mg L−1) conditions. At night (2100–0900 h), the valves on the appropriate CO2, N2, or CO2N2 gas tanks were opened to establish low pH and/or DO conditions.

Measuring Salinity, Temperature, pH, and DO

Salinity was measured using a YSI 600QS multi-parameter water quality sonde and temperature was logged every 15 min using a HOBO® U-002-64 Data Logger (Onset). Measurements of pHT were made daily using a Honeywell Durafet Ion Sensitive Field Effect Transistor (ISFET)-based pH sensor calibrated with a seawater pH standard (Dickson, 1993). Every 15 min, in the diurnal treatments, pH values were measured and logged with a Thermo-Scientific Orion STAR A321 pH meter to quantify diurnal patterns of pH. A Clark-type electrode YSI 5100 oxygen meter was used to make daily DO measurements and DO was logged every 15 min on a HOBO® U26 dissolved oxygen logger (Onset) in the diurnal treatments. Prior studies have found these instruments measure levels of dissolved oxygen that are indistinguishable from discrete measurements made with Winkler titrations (Gobler et al., 2014).

Samples were obtained for dissolved inorganic carbon (DIC) analysis at the beginning and end of each experiment and were quantified using an EGM-4, Environmental Gas Analyzer-® (PP Systems) system after separation of gas and liquid phases with a Liqui-Cel-® Membrane (Membrana). For all diurnal treatments, samples were collected and analyzed from the end of both the day and night cycles. To determine the precision and accuracy of DIC measurements, Dr. Andrew Dickson's (University of California San Diego, Scripps Institution of Oceanography) certified reference material for DIC was analyzed during each analytical run (mean percent recovery of DIC across all analytical runs: 103 ± 6%). DIC levels, along with pH, temperature, salinity, pressure, phosphate, silicate, and carbonic acid dissociation constants recommended for estuarine waters (Millero et al., 2006) were analyzed with the CO2SYS program (http://cdiac.ornl.gov/ftp/co2sys/) in order to quantify levels of pCO2, Ωcalcite, Ωaragonite, carbonate, and total alkalinity. Since pH values in some experimental treatments fluctuated widely each day and since pH is on a log scale, mean pH values were determined by first converting pH to [H+] concentrations. Mean [H+] concentrations were then converted back to pH.

Care and Maintenance of Organisms

All organisms used for this study were marine invertebrates and as such, ethical approval for their use was not required. Larval and juvenile A. irradians and M. mercenaria were obtained from the East Hampton Town Shellfish Hatchery located in Montauk, NY, USA. Experimental vessels (8 L) were stocked with either 10,000 D-stage larvae (<24 h) or 15 juveniles (initial size of juvenile A. irradians = 2 ± 0.1 mm; M. mercenaria = 7 ± 0.5 mm). All shellfish were fed a diet of live-cultured algae (4 × 104 cells mL−1; Isochrysis galbana) daily (Kraeuter and Castagna, 2001; Helm et al., 2004). Full water changes were performed twice-weekly for experiments involving larval shellfish, during which the entire contents of each experimental vessel was carefully poured over a 64 μm sieve to capture larvae. Larvae collected on the sieve were condensed into a 50 mL container and 2 mL aliquots were removed and preserved with a 3% solution of buffered formalin phosphate to assess mortality, size (distance from the umbo to furthest-leading ventral edge), and developmental stage (veliger, pediveliger, or fully-metamorphosed) at each time-point using a compound microscope with Nikon DigiSight Color Digital Camera System (DSVi1) and ImageJ software. Live larvae were distinguishable from dead larvae by the pigmentation, presence or absence of internal organs, and whether or not valves were fully intact. Percent metamorphosis was determined based upon the total number of surviving larvae at each time-point. Larval experiments concluded when the majority of individuals had fully metamorphosed within control treatments, 11 and 15 days for M. mercenaria and A. irradians respectively. Final growth rates (μm day−1) were calculated using initial (length at 24 h post-fertilization) and final shell lengths.

For experiments involving juvenile shellfish, water was exchanged in each experimental vessel twice weekly. Survival was assessed daily, whereby dead individuals, deemed so by their gaping shells and/or lack of response to external stimulate, were removed. Initial and final size, determined using digital calipers, was used to determine growth rates. Juvenile experiments were concluded after ~1 month.

Data Analysis

All statistical analyses were performed using RStudio (http://www.cran.r-project.org) statistical software. Survival and development data were arcsine-square-root transformed before analysis. A one-way analysis of variance (ANOVA) was used to detect differences in survival, development, and growth among treatments for all experiments (Table 1). A Shapiro–Wilk's test was used to verify experimental data was normally distributed and Bartlett's test was used confirm homogeneity of variance amongst each dataset. When significant differences were detected, a Tukey's honest significant difference test (Tukey HSD) was used to identify the source of variance. All results were deemed significant at α ≤ 0.05.


Table 1. Mean (± standard deviation) pH, pCO2, saturation states of calcite and aragonite, total dissolved inorganic carbon (TDIC), carbonate, total alkalinity (TA), salinity, and temperature for the larval Argopecten irradians diurnal acidification experiment.
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RESULTS

Diurnal Acidification Experiments with Larval Bivalves

Survival of larval A. irradians was significantly reduced by low pH (one-way ANOVA; p < 0.001; Figure 2A; Table 1). Larvae exposed to control and intermediate pH levels (pHT = 7.94 ± 0.06 and 7.60 ± 0.03, respectively) experienced 36 ± 2 and 21 ± 11% survival (±standard deviation), respectively, whereas the percentage of larvae that survived in low pH treatments (pHT = 7.33 ± 0.07; survival = 7 ± 5%) was significantly lower than the intermediate (Tukey HSD; p < 0.05) and control (Tukey HSD; p < 0.01) treatments, but not different than the diurnal treatments (mean pHT = 7.47 ± 0.43; survival = 15 ± 3%; Figure 2A; Table 1). Low pH conditions slowed larval growth (one-way ANOVA; p < 0.001) and delayed metamorphosis (one-way ANOVA; p < 0.001) relative to control treatments, whereas intermediate and diurnal pH treatments had no discernible effect on growth or development (Figures 2B,C). Larvae grew at a rate of 11 ± 5 μm day−1 in low pH treatments, 26 ± 4 μm day−1 in control treatments, 20 ± 2 μm day−1 in intermediate pH treatments, and 22 ± 3 μm day−1 in diurnal pH treatments (Figure 2B). Twelve days post-fertilization, 88 ± 5, 58 ± 22, and 61 ± 19% of A. irradians larvae had metamorphosed in the control, intermediate, and diurnal treatments respectively, while only 13 ± 19% had metamorphosed in low pH treatments (Figure 2C).
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FIGURE 2. Survival (A), growth (B), and development (C) of Argopecten irradians larvae in the diurnal acidification experiment (Table 1). Percent metamorphosis was determined 12 days post-fertilization. Error bars represent standard deviation (n = 4). Lowercase letters indicate significant differences among treatments.



Low pH (pHT = 7.29 ± 0.06) significantly reduced survival (one-way ANOVA; p < 0.05) of larval M. mercenaria, although there was no effect of intermediate (pHT = 7.58 ± 0.04) or diurnally-fluctuating pH treatments (mean pHT = 7.54 ± 0.36; Figure 3A; Table 2). Larvae reared under control (pHT = 7.91 ± 0.02), intermediate, and diurnal pH conditions displayed survival rates of 27 ± 3, 23 ± 2, and 25 ± 5%, respectively, whereas the survival of larvae in the low pH treatment was 15 ± 5%, significantly lower than all other treatments (Tukey HSD; p < 0.05; Figure 3A; Table 2). Growth and development of M. mercenaria larvae did not differ significantly among experimental treatments (one-way ANOVA; p > 0.05; Figures 3B,C).
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FIGURE 3. Survival (A), growth (B), and development (C) of Mercenaria mercenaria larvae in the diurnal acidification experiment (Table 2). Percent metamorphosis was determined 18 days post-fertilization. Error bars represent standard deviation (n = 4). Lowercase letters indicate significant differences among treatments.




Table 2. Mean (± standard deviation) pH, pCO2, saturation states of calcite and aragonite, total dissolved inorganic carbon (TDIC), carbonate, total alkalinity (TA), salinity, and temperature for the larval Mercenaria mercenaria diurnal acidification experiment.
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Diurnal Acidification Experiments with Juvenile Bivalves

Relative to control (e.g., ideal) pH treatments, survival of juvenile A. irradians was significantly reduced by low pH (pHT = 7.13 ± 0.03; Tukey HSD; p < 0.05), intermediate pH (pHT = 7.49 ± 0.04; Tukey HSD; p < 0.01), and diurnally-fluctuating pH conditions (mean pHT = 7.57 ± 0.43; Tukey HSD; p < 0.001; Figure 4A; Table 3). In the control treatment (pHT = 7.92 ± 0.05), 92 ± 6% of individuals survived whereas low, intermediate, and diurnally-fluctuating pH treatments displayed 57 ± 25, 47 ± 9, and 40 ± 12% survival, respectively, levels significantly lower than the control (Tukey HSD; p < 0.05) but not significantly different from each other (Tukey HSD; p > 0.05; Figure 4A). There was no effect of pH on the growth of juvenile A. irradians (Figure 4B). The differing levels of pH (Table 4) used in experiments did not significantly alter the survival and growth of juvenile M. mercenaria (Figures 5A,B).
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FIGURE 4. Survival (A) and growth (B) of juvenile Argopecten irradians in the diurnal acidification experiment (Table 3). Error bars represent standard deviation (n = 4). Lowercase letters indicate significant differences among treatments.




Table 3. Mean (± standard deviation) pH, pCO2, saturation states of calcite and aragonite, total dissolved inorganic carbon (TDIC), carbonate, total alkalinity (TA), salinity, and temperature for the juvenile Argopecten irradians diurnal acidification experiment.
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Table 4. Mean (± standard deviation) pH, pCO2, saturation states of calcite and aragonite, total dissolved inorganic carbon (TDIC), carbonate, total alkalinity (TA), salinity, and temperature for the juvenile Mercenaria mercenaria diurnal acidification experiment.
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FIGURE 5. Survival (A) and growth (B) of juvenile Mercenaria mercenaria in the diurnal acidification experiment (Table 4). Error bars represent standard deviation (n = 4). Lowercase letters indicate significant differences among treatments.



Diurnal Acidification and Hypoxia Experiments with Larval Bivalves

Chronic and diurnal exposure to low pH and low DO significantly (one-way ANOVA; p < 0.05) reduced survival of larval A. irradians (Figure 6A). The survival of larval A. irradians in the control (38 ± 11%; pHT = 7.89 ± 0.00; DO = 6.87 ± 0.25 mg L−1) was significantly (Tukey HSD; p < 0.05) greater than larvae at intermediate levels (26 ± 6%; pHT = 7.48 ± 0.05; DO = 4.08 ± 0.41 mg L−1) which was significantly (Tukey HSD; p < 0.05) greater than larvae exposed to low (16 ± 4%; pHT = 7.22 ± 0.05; DO = 1.38 ± 0.45 mg L−1) and diurnal (6 ± 1%; mean pHT = 7.61 ± 0.26; mean DO = 4.11 ± 2.80 mg L−1) treatments (Figure 6A; Table 5). Both the low and diurnal treatment slowed growth (one-way ANOVA; p < 0.001) from 13 ± 1 μm day−1 in both the control and intermediate pH-DO treatments to 7 ± 1 and 10 ± 0.4 μm day−1 in the low and diurnal pH-DO treatments (Figure 6B). Continuously-low pH and DO also significantly delayed development (one-way ANOVA; p < 0.05), while exposure to intermediate and diurnally-fluctuating pH and DO had no effect. After 15 days, 32 ± 8, 36 ± 4, and 32 ± 13% of larvae had metamorphosed in the control, intermediate, and diurnal pH-DO treatments respectively, whereas only 13 ± 3% had metamorphosed in the low pH-DO treatment (Figure 6C).


[image: image]

FIGURE 6. Survival (A), growth (B), and development (C) of Argopecten irradians larvae in the diurnal pH - DO experiment (Table 5). Percent metamorphosis was determined 12 days post-fertilization. Error bars represent standard deviation (n = 4). Lowercase letters indicate significant differences among treatments.




Table 5. Mean (± standard deviation) pH, dissolved oxygen (DO), pCO2, saturation states of calcite and aragonite, total dissolved inorganic carbon (TDIC), carbonate, total alkalinity (TA), salinity, and temperature for the four treatment larval Argopecten irradians diurnal acidification and hypoxia experiment.
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Exposure of larval M. mercenaria to low (pHT = 7.24 ± 0.04; DO = 1.32 ± 0.30 mg L−1) and diurnally-fluctuating pH-DO (mean pHT = 7.41 ± 0.34; mean DO = 4.02 ± 3.00 mg L−1) significantly (Tukey HSD; p < 0.05) reduced survival to 15 ± 5 and 10 ± 4% compared to the control (pHT = 7.87 ± 0.03; DO = 6.92 ± 0.13 mg L−1) and intermediate (pHT = 7.43 ± 0.03; DO = 3.92 ± 0.34 mg L−1) pH treatments that had survival of 29 ± 4 and 20 ± 4%, respectively (Figure 7A; Table 6). Continuously-low pH and DO conditions significantly (p < 0.05; Tukey HSD) slowed the growth of M. mercenaria larvae relative to control treatments. Growth among the remaining treatments was not statistically different (p > 0.05; Tukey HSD). Delays in development were only observed in M. mercenaria larvae exposed to lower pH and DO (Tukey HSD); p < 0.05; Figure 7C). Eleven days post-fertilization, 61 ± 4% of larvae had metamorphosed in the control treatment, whereas only 41 ± 7, 28 ± 9, and 24 ± 7% had metamorphosed in the intermediate (Tukey HSD; p < 0.05), diurnal (p < 0.001), and low pH-DO (Tukey HSD; p < 0.001) treatments respectively (Figure 7C).
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FIGURE 7. Survival (A), growth (B), and development (C) of Mercenaria mercenaria larvae in the diurnal pH - DO experiment (Table 6). Percent metamorphosis was determined 12 days post-fertilization. Error bars represent standard deviation (n = 4). Lowercase letters indicate significant differences among treatments.




Table 6. Mean (± standard deviation) pH, dissolved oxygen (DO), pCO2, saturation states of calcite and aragonite, total dissolved inorganic carbon (TDIC), carbonate, total alkalinity (TA), salinity, and temperature for the four treatment larval Mercenaria mercenaria diurnal acidification and hypoxia experiment.
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DISCUSSION

Low oxygen and low pH conditions are a common feature of many eutrophic estuaries today and these conditions are expected to be intensified by climate change in coming decades (Diaz and Rosenberg, 2008; Doney et al., 2009). While the detrimental effects of hypoxia and acidification on marine life have been well-studied, the combined impacts of these stressors are poorly understood (Gobler et al., 2014). Early-life stage bivalves are spawned during early-summer months, a period when pH and DO can be concurrently low but also undergo sharp diurnal changes (Ringwood and Keppler, 2002; Wootton et al., 2008; Baumann et al., 2014). Prior studies investigating the effects of continuous acidification and hypoxia on early-life stage bivalves have found these stressors can have additive and synergistically-negative effects (Gobler et al., 2014) and that diurnal variation in these conditions do not provide a refuge for larval-stage bivalves (Clark and Gobler, 2016). This study builds on these findings by demonstrating that although diurnal exposure of larvae to low pH alone yielded survival rates consistent with chronic exposure to similar mean pH conditions, the concurrent cycling of both pH and DO to low levels on diurnal time-scales yielded lower survival outcomes than individuals exposed to chronic levels of the same mean levels (e.g., intermediate treatments) of pH and DO. This study further demonstrated that juvenile-stage bivalves are more resistant to acidification, both chronic and diurnal, than larval stages and that A. irradians is more vulnerable to acidification than M. mercenaria. Collectively, these findings bring novel insight regarding the fate of bivalve populations in current and future coastal ecosystems.

During the past decade, acidification has been identified as a considerable environmental threat to early-life stage bivalves (Talmage and Gobler, 2009; Gazeau et al., 2013; Kroeker et al., 2013). Early-shell formation in bivalve larvae is an energetically expensive process that becomes an even greater challenge when acidification reduces the availability of carbonate ions (Pörtner, 2008; Waldbusser et al., 2013) and recent studies have emphasized the significant physiological stress wrought by enhanced acid-base regulation (Pörtner et al., 2004; Sokolova, 2013; Waldbusser et al., 2015). While chronic exposure to acidification has been shown to lead to enhanced mortality in larval and juvenile A. irradians, larval M. mercenaria, and slowed growth in juvenile M. mercenaria (Talmage and Gobler, 2010, 2011; Gobler and Talmage, 2013), in this study exposure to only diurnal acidification provided some relief from these effects. For example, for both species, larval-stage growth, survival and development were not statistically different to the rates found within the chronic-intermediate acidification treatments with highly similar mean pH levels, despite nightly excursions into extremely low pH conditions. This finding implies that when experiencing only the stress of acidification, these bivalve larvae can resist, daily extreme acidification (pHT ~ 7.3) if such excursions are followed by extended normal pH conditions.

This study documented stage-specific vulnerability of bivalves to acidification. The larval life stages of both species were highly vulnerable to low pH conditions in terms of growth, survival, and development, while juvenile-life stages were less affected. Neither species exhibited slower growth in response to low pH conditions, and only bay scallops displayed reduced survivorship. Prior work has demonstrated that bivalve larvae tend to be the most sensitive life stage to acidification (Widdicombe and Spicer, 2008; Talmage and Gobler, 2011; Gazeau et al., 2013), likely due to the very large energy expenditure associated with initial calcium carbonate shell formation (Waldbusser et al., 2013, 2014). For example, within 48 h of fertilization, larvae precipitate roughly 90% of their body weight as calcium carbonate (Waldbusser et al., 2013), a process that is severely disrupted under low pH conditions (Gobler and Talmage, 2013; Waldbusser et al., 2013).

The larval-life stages can be a significant population bottleneck for bivalve molluscs (Kraeuter et al., 1981; Kraeuter and Castagna, 2001). In the field, <1% of spawned individuals reach post-set (i.e., juvenile) life-stages (Vance, 1973; Fegley, 2001). Here, we demonstrate that extreme-diurnal variation in pH and DO in coastal areas may further limit shellfish recruitment in highly productive or eutrophic regions experiencing such conditions. Future climate changes may depress the baseline and/or enhance the intensity of such diurnal fluctuations (Wootton et al., 2008; Miller et al., 2009) and may add additional selective pressure on shellfish populations, especially during initial life stages. Prior studies have shown that acidification induced mortality can depress the productivity of whole bivalve populations (O'Leary et al. submitted). Further, bivalve shellfish perform several ecological functions within coastal marine ecosystems such as the establishment of critical habitat (Tolley and Volety, 2005; Abeels et al., 2012), decreasing coastal erosion (Meyer et al., 1997; Coen et al., 2007), and improve the surrounding water quality through the removal of suspended particulates (Officer et al., 1982; Wall et al., 2008). Finally, shellfish also provide a significant source of income and economic stimulus within coastal communities (Shumway et al., 2003; Ekstrom et al., 2015). Therefore, extreme variations in pH and DO on diurnal time-scales may represent a current and potentially growing threat to these ecologically and economically valuable marine resources.

Juvenile stages of bivalves were less vulnerable to acidification than larvae stages. In contrast to larvae, juvenile-stage bivalves can rely on internal stores of inorganic carbon to synthesize calcium carbonate shell (Gazeau et al., 2013), making them less vulnerable to physiological stressors. For hard clams, M. mercenaria, the age-specific vulnerability has been identified previously, with older individuals such as those used in this study being more resistant to low pH conditions (Green et al., 2009; Gobler et al., 2014). Interestingly, such resistance can be lost in juvenile hard clams when they are concurrently exposed to acidification and hypoxia (Gobler et al., 2014), a finding consistent with the results of this study, at least for larval stages (see below).

During this study, both stages of M. mercenaria were markedly more tolerant to acidification than A. irradians, a finding consistent with prior studies of these two species (Talmage and Gobler, 2009, 2010). Juvenile hard clams were entirely tolerant of the low pH they were exposed to, a trait potentially related to their position in the seabed relative to bay scallops. Scallops are epifaunal, live on the sediment surface, and are thus exposed to overlying water column chemistry, whereas hard clams are infaunal, burrowed in coastal sediments that are naturally acidified and are often exposed to porewaters that are undersaturated in calcium carbonate (Green and Aller, 1998; Green et al., 2009). The differential vulnerability of these populations to acidification has important implications for regional restoration efforts (e.g., Tettelbach et al., 2015). Future efforts in regions where both bivalve species exist and diurnal patterns of pH and DO are extreme may seek to focus on the more resilient, M. mercenaria, over A. irradians, which is more susceptible to the imminent intensification of acidification predicted to occur this century (Doney et al., 2009; O'Leary et al. submitted).

A growing body of literature has documented the common and widespread nature of concurrent hypoxia and acidification in estuaries, particularly those that are eutrophic (Cai et al., 2011; Melzner et al., 2012; Wallace et al., 2014) and has shown that these conditions can be chronic or can vary diurnally in parallel with ecosystem metabolism (Ringwood and Keppler, 2002; Yates et al., 2007; Baumann et al., 2014). Due to the intimate linkage of DO and CO2 associated with photosynthesis and respiration, the examination of only acidification or hypoxia without consideration of the other co-stressor is environmentally unrealistic. Similarly, in shallow, eutrophic estuaries, the consideration of only the continuous exposure of marine animals to acidification and hypoxia may not be reflective of ecosystem conditions. This study, therefore, sought to consider concurrent, diel changes in pH and DO reflective of the manner in which these variables cycle in shallow, temperate estuaries during summer (Ringwood and Keppler, 2002; Yates et al., 2007; Baumann et al., 2014). The patterns, intensity, and duration of diel acidification and hypoxia in coastal ecosystems can result in an infinite number of experimental combinations and conditions. By using two levels of acidification and hypoxia, this study expanded on prior investigations (Clark and Gobler, 2016) and provided two benchmark conditions to compare the diurnally cycling pH and DO to: the same mean conditions and the low, minimum condition achieved at night only. While the absolute levels of low pH and DO used in this study were more severe than coastal shelf ecosystems (Wootton et al., 2008; Hofmann et al., 2011; Cornwall et al., 2013) they were consistent with observations made in temperate estuaries during summer months (Ringwood and Keppler, 2002; Baumann et al., 2014).

During this study, the combined effects of hypoxia and acidification were more severe than those observed for acidification alone. For both larval clams and scallops, growth, and survival rates under diurnally-fluctuating pH and DO were significantly lower than the rates for individuals continuously exposed to the same mean pH and DO levels (e.g., intermediate conditions in Figures 6, 7). Instead, survival rates for both species under diurnally-fluctuating pH and DO were equal to rates experienced by individuals in the “low” treatments that were, on average, chronically exposed to pH levels 0.3–0.4 units lower and DO levels more than 2 mg L−1 lower. This finding of diurnal fluctuations yielding more dire physiological outcomes is consistent with studies of isopods and calcifying algae exposed to diurnal acidification (Alenius and Munguia, 2012; Cornwall et al., 2013). It is also consistent with our prior study examining only one level of pH and DO during which the performance of larval bivalves experiencing diurnal acidification and/or hypoxia was generally worse than that of individuals exposed to the same mean conditions (Clark and Gobler, 2016). Here, by examining multiple levels of pH and DO, the quantitative extent of impairment due to diurnal changes in acidification and hypoxia was identified and affirmed that large diurnal changes in pH and DO have strong negative effects on early-life stage bivalves. While bivalves have a series of physiological adaptions to acclimate to low pH and low DO including acid-base regulation, anaerobic metabolism, and metabolic depression (Grieshaber et al., 1994; Guppy and Withers, 1999; Hochachka and Lutz, 2001; Wu, 2002; Michaelidis et al., 2005), it would seem these processes are ineffective against the combined level and variation of acidification and hypoxia at least for larval bivalves which may have more poorly developed physiological systems for resisting physiological stress. While it is probable that juvenile-stage bivalves with more well-developed physiological systems may be better able to adapt to diurnal changes on pH and DO, this has yet to be explored.

In conclusion, the effects of diurnal acidification alone on early-life stage bivalves were consistent with the effects consistent exposure to the same mean levels of pH, indicating the individuals could tolerate extreme acidification if normal pH conditions were encountered for an extended period daily. In contrast, the dual, diurnal variation in pH and DO associated with acidification and hypoxia yielded survival rates for larval bivalves that were not statistically different to individuals experiencing drastically lower levels of pH and DO. Given that high rates of ecosystem metabolism in eutrophic estuaries can causes pH and DO to undergo large diurnal changes (Ringwood and Keppler, 2002; Yates et al., 2007; Baumann et al., 2014) during the times of the year when early-life stage bivalves are present in estuaries (Kraeuter and Castagna, 2001; Shumway and Parsons, 2011), it is likely that these conditions have diminished and shaped abundances and growth rates in some bivalve populations (O'Leary et al. submitted). In the absence of nutrient abatement to lessen extremes in eutrophic-driven acidification and hypoxia (Wallace et al., 2014), it should be expected that climate change will lead to both greater extremes and lower levels of pH and DO (Rabalais et al., 2002; Miller et al., 2009; Feely et al., 2010) and thus lead to even greater losses for these populations.
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