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Abstract

:

Corals are globally important calcifiers that exhibit complex responses to anthropogenic warming and acidification. Although coral calcification is supported by high seawater pH, photosynthesis by the algal symbionts of zooxanthellate corals can be promoted by elevated pCO2. To investigate the mechanisms underlying corals’ complex responses to global change, three species of tropical zooxanthellate corals (Stylophora pistillata, Pocillopora damicornis, and Seriatopora hystrix) and one species of asymbiotic cold-water coral (Desmophyllum pertusum, syn. Lophelia pertusa) were cultured under a range of ocean acidification and warming scenarios. Under control temperatures, all tropical species exhibited increased calcification rates in response to increasing pCO2. However, the tropical species’ response to increasing pCO2 flattened when they lost symbionts (i.e., bleached) under the high-temperature treatments—suggesting that the loss of symbionts neutralized the benefit of increased pCO2 on calcification rate. Notably, the cold-water species that lacks symbionts exhibited a negative calcification response to increasing pCO2, although this negative response was partially ameliorated under elevated temperature. All four species elevated their calcifying fluid pH relative to seawater pH under all pCO2 treatments, and the magnitude of this offset (Δ[H+]) increased with increasing pCO2. Furthermore, calcifying fluid pH decreased along with symbiont abundance under thermal stress for the one species in which calcifying fluid pH was measured under both temperature treatments. This observation suggests a mechanistic link between photosymbiont loss (‘bleaching’) and impairment of zooxanthellate corals’ ability to elevate calcifying fluid pH in support of calcification under heat stress. This study supports the assertion that thermally induced loss of photosymbionts impairs tropical zooxanthellate corals’ ability to cope with CO2-induced ocean acidification.
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1. Introduction


Anthropogenic emissions are predicted to cause sea-surface warming [1] and ocean acidification (OA)—a process that lowers seawater pH and aragonite saturation state [2] (ΩA). OA increases both the dissolution rate of CaCO3 shell/skeleton [3] and the rate at which new shell/skeleton is formed [4]. Tropical scleractinian corals are carbonate producers [5] that acquire nourishment via symbiotic photosynthetic zooxanthellae and from heterotrophic feeding [6]. They are vulnerable to warming as many exist near the upper end of their thermal tolerance limits [7]. Warming beyond a coral’s thermal tolerance may cause the loss of photosymbionts—a process known as bleaching.



Coral calcification occurs in the coral’s calcifying fluid, which is influenced by both external seawater chemistry and the coral itself [8]. Corals elevate saturation state of this fluid through a combination of pH elevation via the active removal of protons using membrane-bound Ca2+-ATPase proton pumps [8,9,10,11,12,13,14] and DIC elevation [15,16]. Photosynthesis may aid pH elevation by supplying the necessary ATP required to drive Ca2+-ATPase proton pumps. Under ocean acidification, the formation of CaCO3 is more energetically costly [11,17,18], although this energetic cost is negligible compared to the total proportion of energy produced through photosynthesis [8]. Photosymbionts may therefore play a crucial role in mitigating the impacts of OA on corals by providing enough ATP to increase ion pumping rates in support of calcification. Photosynthesis may also be responsible for metabolic DIC elevation at the site of calcification, as implied by long-term seasonal variations in the concentration of DIC in the calcifying fluid [16]. Under warming, bleaching may impair coral calcification by reducing the amount of photosynthate that is translocated to the coral host, thereby increasing the coral’s reliance on heterotrophic feeding [6], decreasing the metabolically derived DIC pool, and, potentially, reducing the amount of ATP available for proton-regulation in support of calcification.



Although tropical scleractinian corals generally exhibit parabolic calcification responses to ocean warming that are centered on their thermal optima [19], their calcification responses to OA are more nuanced. Many species exhibit reduced calcification rates [20,21], while others exhibit threshold responses [22], parabolic responses [19,21], or no calcification response to acidification [13,23,24].



This highlights the complexity of coral biomineralization, which can be biologically mediated by the secretion of skeletal organic molecules (SOM) such as adhesion, signaling, and structural proteins (e.g., calmodulin and sulphated acidic proteoglycans) [25,26,27]. The abundance of these SOMs in the calcifying fluid has been shown to alter the rate and morphology of aragonite precipitated [28,29,30,31,32].



Cold-water corals that inhabit deeper aphotic environments generally lack zooxanthellae and acquire nourishment exclusively through heterotrophic feeding [33]. The systems for regulating calcifying fluid pH (pHCF) within azooxanthellate corals may therefore differ from zooxanthellate corals. Azooxanthellate corals exhibit reduced skeletal density [34], reduced calcification rate [35], and altered rates of respiration and feeding [36] in response to OA, but increased calcification rates under elevated temperature [35,37].



Numerous studies have investigated the isolated effects of ocean acidification (e.g., [11,24,38,39]) and thermal stress (e.g., [40]) on coral pHCF. However, the present study—along with its companion paper [41]—are the first to investigate both the independent and combined effects of warming and acidification on coral pHCF. These empirical constraints, combined with photosymbiont and calcification data for the three tropical coral species, yield insight into the mechanism by which warming and acidification interact to so negatively impact coral growth. Examining the roles that pHCF regulation and symbiont abundance play in the coral calcification response to OA and warming should improve understanding and prediction of how different species of corals will respond to future global change.



We investigate these relationships by culturing three species of tropical zooxanthellate corals (Stylophora pistillata, Pocillopora damicornis, Seriatopora hystrix) and one azooxanthellate cold-water species (Desmophyllum pertusum, syn. Lophelia pertusa) under control (tropical = 28 °C, cold-water = 9 °C) and elevated (tropical = 31 °C, cold-water = 12 °C) temperatures at near-present-day (451–499 ppm), year 2100 (885–1096 ppm), and year 2500 (2807–3194 ppm) pCO2 scenarios [1]. Coral calcifying fluid pH was measured with proton-sensitive microelectrodes. Symbiont abundance of the zooxanthellate corals was estimated based on coral color to investigate the role of photosymbionts in the coral calcification response to warming and acidification.



This work is a companion paper to Guillermic et al. [41], which investigated the impacts of pCO2 and temperature on the calcifying fluid chemistry and calcification rate of two tropical species of scleractinian corals, S. pistillata and P. damicornis. The present study builds upon its companion paper by investigating these relationships for two additional species of scleractinian corals—the tropical species S. hystrix and the cold-water species L. pertusa. The present study also includes photosymbiont data for all three tropical coral species cultured under all experimental treatments.




2. Materials and Methods


2.1. Overview of Experimental Design


Three species of tropical scleractinian corals (S. pistillata, P. damicornis, and S. hystrix) were cultured under three ocean acidification (OA) scenarios established by modification of pCO2 at control and elevated temperatures (control acidification: 28.29 °C ± 0.01 s.e./466 ppm ± 8; 31.72 °C ± 0.06/499 ppm ± 9; moderate acidification: 27.88 °C ± 0.02/925 ppm ± 15; 30.83 °C ± 0.02/885 ppm ± 12; high acidification: 28.17 °C ± 0.02/2807 ppm ± 119; 30.93 °C ± 0.02/3194 ppm ± 135) in four replicate tanks at each treatment for 62 days in April–June 2016 (Table 1). The control temperature treatment was assigned to fall within the natural temperature range of coral reefs in Fiji (26–29 °C), where these corals were collected [42]. Likewise, the elevated temperature was assigned to be just above the bleaching threshold (30–30.5 °C) for corals in Fiji [42]. Simultaneously, the cold-water coral L. pertusa was cultured under three OA scenarios at control and elevated temperatures (control acidification: 8.86 °C ± 0.02/451 ppm ± 24; 12.17 °C ± 0.03/494 ppm ± 16; moderate acidification: 9.07 °C ± 0.03/1096 ppm ± 99; 12.52 °C ± 0.04/1079 ppm ± 60; high acidification: 8.83 °C ± 0.02/2864 ppm ± 222; 12.67 °C ± 0.03/3167 ppm ± 202) in four replicate tanks at each treatment for 33 days in April–May 2016 (Table 2). Corals were acclimated to laboratory conditions for one week and then to experimental conditions for an additional two weeks prior to the start of the experiment. Calcification rates, pHCF, and relative photosymbiont abundance were quantified during the experiment (details below).




2.2. Coral Husbandry


Experiments were carried out in the MAREE marine experimental facility at the Leibniz Centre for Tropical Marine Research (ZMT). Specimens of the tropical scleractinian coral species S. pistillata and P. damicornis were obtained from DeJong MarineLife (Netherlands). Colony-level information was not available for these specimens. Specimens of the tropical scleractinian coral species S. hystrix were obtained from an experimental stock colony provided by the ZMT. Fragments of the cold-water coral L. pertusa were obtained from four colonies of an experimental stock culture provided by the Marine Biogeochemistry Department of the Helmholtz Centre for Ocean Research in Kiel (GEOMAR), previously collected at a depth of ca. 200 m at Nord-Leksa Reef in Trondheimsfjord, Norway. Coral fragments (S. pistillata = 65, P. damicornis = 63, S. hystrix = 52, and L. pertusa = 43) were mounted onto 3 cm x 3 cm plastic egg-crate stands using cyanoacrylate epoxy and assigned a unique identifier. Each treatment was replicated in four tanks. Equivalent size ranges of specimens were maintained across treatments. Coral specimens obtained from larger colonies were randomly distributed amongst pCO2 and temperature treatments and replicate tanks. Coral specimens that died before the completion of the experiment were promptly removed from the tanks so as not to impact the remaining live corals in the experiment. Additional details about the number and weight of individuals in each treatment are provided in Section S1 of the Supplementary Online Material.



After 1-week of acclimation at control conditions, temperature and pCO2 were then incrementally increased to treatment levels over an additional week, after which time coral specimens were acclimated to treatment conditions for an additional week prior to the experiment. All coral specimens were cultured in 10-L replicate tanks supplied with seawater from 244-L sumps, where water filtration, temperature control, and pCO2 control occurred. Seawater was filtered with protein skimmers, mechanical filters, and activated charcoal. All tropical coral aquaria were illuminated with 150 lux using actinic blue and white aquarium lights on a 12-h light/dark cycle. Aquaria holding the cold-water coral L. pertusa were not illuminated as this species lives below the photic zone. Each experimental treatment containing L. pertusa specimens (comprised of 4 replicate tanks) shared a water source with a separate reservoir containing five specimens of the king scallop Pecten maximus cultured as part of a separate experiment [43]. Seawater was filtered with protein skimmers, mechanical filters, and activated charcoal before returning to the L. pertusa tanks.



During acclimation and experimental periods, the tropical corals were fed 1-day old Artemia salina nauplii hatched from ca. 40 mg of eggs. Approximately 10 mL of concentrated live nauplii were introduced into each replicate tank every second day. The food mixture was pipetted directly adjacent to each coral specimen. Specimens of L. pertusa were fed the same diet supplemented with 20 mL of Calanus finmarchicus concentrate (Goldpods) suspended in the initial aliquot of Artemia salina. Corals were fed at the end of the day, and all filtration material was cleaned the following morning.




2.3. Seawater Chemistry Manipulation and Measurement


Measured and calculated carbonate system parameters are summarized in Table 1 and Table 2. Experimental tank pCO2 was maintained by vigorously bubbling mixtures of CO2-free air and CO2 into the 244-L treatment sumps with microporous sparging tubes. The pCO2 of the bubbled gases was achieved by mixing compressed CO2-free air and compressed CO2 with solenoid-valve mass flow controllers at flow rates proportional to the target pCO2 conditions. Natural seawater, originally collected from Spitsbergen, Norway, was continuously added to each of the 244-L sumps at a rate of 0.6 L/hour. Temperature (s.e.) for the tropical corals was maintained at 28 (0.02) °C and 31 (0.06) °C using 125-watt aquarium heaters (EHEIM), controlled with a programmable thermostat. Temperature for L. pertusa was maintained at 9 °C (0.03) and 12 °C (0.04) using aquarium chillers (Aqua Medic).



Temperature, pH, and salinity of all replicate tanks were measured three times per week using a multi-electrode probe (WTW Multi 3430 Set K). Samples for the analysis of dissolved inorganic carbon (DIC) and total alkalinity (TA) were collected weekly from each of the replicate tanks at midday and used to calculate other carbonate system parameters using the program CO2SYS [44]. Nutrient concentrations ([NO3−], [PO43−], and [NH4+]) of all replicate tanks were measured weekly. Additional details about the methods used to measure the carbonate system and nutrient concentrations of replicate tanks are provided in Section S2 of the Supplementary Online Materials.




2.4. Calcification Rates


Calcification rates were calculated from the change in estimated dry weight of all coral fragments over the experimental period. Dry weights were estimated from buoyant weight measurements taken at the start and end of the experimental period according to the following empirically derived relationships:


Stylophora pistillata: Dry weight (g) = 1.919 × Buoyant Weight (g) + 7.677;










Pocillopora damicornis: Dry weight (g) = 1.662 × Buoyant Weight (g) + 8.777;










Seriatopora hystrix: Dry weight (g) = 1.668 × Buoyant Weight (g) + 8.493;










Lophelia pertusa: Dry weight (g) = 1.594 × Buoyant Weight (g) − 0.206;








where the precision of this relationship is equivalent to the standard error of the regression (S. pistillata: 0.060 g; P. damicornis: 0.053 g; S. hystrix: 0.068 g; L. pertusa: 0.023 g). Additional details about the methods used to calculate calcification rate via buoyant weights are provided in Section S3 of the Supplementary Online Materials.



The number of days between the start and end buoyant weight measurements was then used to standardize %-calcification to a daily rate. Coral skeletons were also labeled with the fluorescent dye calcein (30 mg Se-Mark liquid calcein/kg-seawater) for 5 days prior to the initial buoyant weighing to identify skeletal material produced exclusively under the experimental conditions. Although all four species of corals recorded the calcein marker in their coral skeleton, rates of linear extension could not be reliably measured from the calcein marker because the dye was not incorporated into the skeletons in a consistent manner (see Section S4 of the Supplementary Online Materials for images of coral uptake of the calcein dye).




2.5. Estimating Coral Photosymbiont Index


The tropical coral specimens were photographed alongside the Coral Watch Coral Health Chart color scale [45,46,47] (Section S5 of the Supplementary Online Materials) under 150 lux (i.e., equivalent lighting to their experimental treatments) at the end of the experimental period to estimate relative photosymbiont abundance (a proxy for bleaching) of the coral specimens. This method involved extracting red-band color of the live coral tissue and the color scale and then assigning each pixel within the coral tissue image a discrete score (1–5) relative to the red-band values of the color scale (Figure 1). Additional details about the methods used to process photographs used for the estimation of photosymbiont index are provided in Section S5 of the Supplementary Online Materials.




2.6. Measurement of Calcifying Fluid pH


Calcifying fluid pH was measured using proton-sensitive liquid ion-exchanger (LIX) microelectrodes produced at the Max Planck Institute for Marine Microbiology (MPIMM) using a modified version of the technique described in De Beer et al. [48]. In brief, green soda lime glass microcapillary tubes (Schott model 8516) were held in a heated coil and pulled to a target tip diameter of ca. 10 µm, yielding final diameters of 8–20 µm. These were then silanized to produce a hydrophobic surface that allowed the adhesion of the LIX membrane. The microcapillary tubes were filled with ca. 300 µm of degassed, filtered electrolyte (300 mM KCl, 50 mM sodium phosphate adjusted to pH 7.0) using a plastic syringe with a 0.1-mm tip. The microcapillary tubes were then backfilled with LIX containing a polyvinyl chloride (PVC) epoxy to prevent leakage of electrolyte by submerging the tips of the microcapillary tubes in LIX and apply suction to the other end of the tube until the PVC-containing LIX was drawn into the tip of the microcapillary by 100–200 µm. Microcapillary tubes were encased in a Pasteur pipette for shielding, with the pulled tip of the microcapillary tube protruding ca. 2 cm beyond this casing. This casing was filled with a 0.3 M KCl solution and connected to the reference electrode with an Ag/AgCl wire to minimize electrical noise. Microelectrodes were left for 24 h after construction to allow for stabilization of the LIX membranes.



All microelectrode equipment (millivolt meter, National Instruments DAQ Pad 6020E, laptop, cables, micromanipulator, VT80 Micos motor arm, lab stands, Zeiss Stemi SV6 binocular microscope) was set up adjacent to the experimental tanks to minimize transport stress for the corals. Two reservoirs of seawater, sourced from the corresponding experimental treatment tanks, were established next to the microelectrode system. These reservoirs were bubbled with the corresponding treatment gases and maintained at the corresponding treatment temperature using aquarium heaters or chillers. The seawater was circulated between the two reservoirs through two 5.4 L flow-through chambers (30 × 12 × 15 cm). All pH microelectrode measurements were performed within these smaller flow-through chambers.



Measurements of calcifying fluid pH were made in the flow-through chambers filled with treatment seawater. Light levels in these chambers were measured using a digital lux-meter positioned next to the target coral polyp and were maintained at 150 lux. All corals were acclimated to the microelectrode chamber until polyp extension was observed prior to measurements (minimum of 10 min). Measurements of calcifying fluid pH were performed on three replicate individuals per treatment, with one measurement obtained for each individual. Calcifying fluid pH measurements were obtained for all species in all pCO2 treatments under the control temperature treatment. Due to constraints on time and resources available for the experiment, calcifying fluid pH measurements under the high temperature treatment were only obtained for one species (S. pistillata).



The proton-sensitive LIX microelectrodes were used to measure both seawater and calcifying fluid pH. Before and after measurement of calcifying fluid pH, all microelectrodes were calibrated at the treatment temperature with pH 7 and 9 NBS buffers. The vertical position of the microelectrode was controlled with one-micron precision using a motorized micromanipulator. The microelectrodes were slowly inserted with a micromanipulator through the coral tissue into the upper portion of the coral calyx, between septal ridges and proximal to the thecal wall, until the skeleton was reached. This positioning of the electrode was verified by a shift in the pH profile [14] (Figure 2). A vertical pH profile (Figure 2) was then obtained by moving the microelectrode out of the calyx into the adjacent seawater. This profile was obtained in 1 µm steps for the first 20 µm, followed by 5 µm steps out into the surrounding seawater.



The 1-µm spatial resolution of the micromanipulator allowed for the positioning of the electrode within the thin calcifying fluid immediately adjacent to the coral skeleton. If the skeleton was inadvertently contacted during this positioning, it is possible that the tip of the microelectrode would break and render it dysfunctional. It was visually evident if the microelectrode tip broke upon contact with the skeleton, and this would also result in an abrupt voltage anomaly, often followed by a drift in the voltage even while the electrode was in a fixed position. The pH profile was aborted if there was evidence of any of these issues and then reinitiated with a new microelectrode.



The calibration and microelectrode pH data were processed by parsing scatter-plots of the data into three zones, which were annotated at the time of data collection. The calibration data were parsed as pH 7 buffer and pH 9 buffer. The microelectrode pH data were parsed as calcifying fluid, tissue, and seawater. Notes recorded during the original measurements were used to assist in identifying boundaries of adjacent zones. Measured mV within each zone of the calcifying fluid measurements were converted to pH using the calibration regression produced for each microelectrode. The ∆[H+] was calculated for each measured coral as the difference between the proton concentration ([H+]) of the coral’s surrounding seawater and the [H+] of the coral’s calcifying fluid, both measured with the calibrated, proton-sensitive LIX microelectrodes.




2.7. Statistical Analysis


Statistical analyses were carried out in R. Corals that did not survive the experimental period (see Section S1 of the Supplementary Online Material) were excluded from analyses. A series of linear mixed effects models (lmers) were performed to investigate the influence of seawater pCO2 and temperature on coral physiology (calcification rate, calcifying fluid pH, Δ[H+], photosymbiont index), with treatment tank specified as a blocking factor [49]. Akaike information criterion (AIC) was used to estimate the relative amount of information lost by any given model [50]. The final model was chosen based on the lowest AIC score (whereby a lower score reflects a better fitting model) and highest R2, which reflects the goodness of fit (from 0 to 1, 1 being a perfect fit) (see Section S6 of the Supplementary Online Material for AIC model selection tables). The normality and homoscedasticity of the chosen tests were then analyzed using diagnostic plots (QQ-plot, residuals vs. fitted plot), and normality was tested using a Shapiro–Wilk test. Color scores were square-root transformed to meet the assumption of normality. If an interaction term was significant, the individual levels of that interaction were examined in their own linear mixed effects models to interpret main effects.



Analysis of co-variance (ANCOVA) was used to investigate the impacts of seawater pCO2, temperature, and species on calcification rate, thereby allowing interspecific comparisons of the impacts of OA and warming on coral calcification rate. An ANCOVA was also used to make interspecific comparisons of the impact of OA on calcifying fluid pH and Δ[H+] of different coral species. The latter analyses excluded individuals from the elevated temperature treatment, as calcifying fluid pH was only obtained for one of the three coral species in this treatment.



Linear mixed effects models were used to examine the impact of photosymbiont index, as a proxy for photosymbiont abundance, on calcification rate. Multiple linear models were generated, starting with the model that contained the most terms (i.e., modeling calcification rate as a function of seawater pCO2, temperature, and photosymbiont index). Final interpretations of the data were based upon the models that maximized R2 and minimized AIC (see Table S8). An alpha of 0.05 was used for all models, whereby any relationship with a p-value of <0.05 was deemed statistically significant.





3. Results


3.1. Predictors of Calcification Rate


The calcification rate of all coral species (Figure 3) was significantly impacted by the interaction between seawater pCO2 and temperature (statistical significance indicated by p-value ≤ 0.05; Table S4). Calcification rate significantly increased with pCO2 under control temperature for all three tropical species, but showed no change across pCO2 treatments under elevated temperature for S. pistillata or P. damicornis, and decreased with increasing pCO2 under elevated temperature for S. hystrix. Temperature had a significant negative effect on calcification rate in all tropical species (Table S4. Calcification rate of the cold-water azooxanthellate coral L. pertusa declined significantly with increasing pCO2 at both temperatures, but showed a significantly stronger response to pCO2 under the control temperature (Figure 3; Table S4).




3.2. Calcifying Fluid Chemistry


The pHCF of all four coral species was significantly greater than the pH of the corals’ surrounding seawater (pHSW) after 30 days of exposure to ocean acidification and warming (Figure 4A–D; lmer, S. pistillata: p < 0.001; P. damicornis: p = 0.002; S. hystrix: p = 0.013; L. pertusa: p = 0.002). The pHCF of all four species declined significantly with increasing pCO2 under control temperatures (Table S5), and, also, for S. pistillata under elevated temperature (S. pistillata was the only species for which pHCF was measured at both control and elevated temperature; Figure 4). Under the elevated temperature treatment, pHCF of S. pistillata remained higher than pHSW, but was significantly lower than pHCF at the control temperature (Table S5). The cold-water coral Lophelia pertusa exhibited the steepest decline in pHCF with increasing pCO2 (Figure 5).



All four coral species increased their ∆[H+] (i.e., seawater [H+]—calcifying fluid [H+]) in response to increasing seawater pCO2 (Figure 4E–H, Table S6). The ∆[H+] of S. pistillata was significantly influenced by the interaction between pCO2 and temperature (Table S6). In this species, there was no difference in ∆[H+] between the two temperature treatments under control pCO2. The ∆[H+] increased with pCO2 under both temperature treatments, but this increase was significantly greater in the control temperature treatment.




3.3. Estimated Coral Photosymbiont Index


Both S. pistillata and P. damicornis exhibited a lower photosymbiont index (i.e., lower estimated photosymbiont abundance) under the elevated temperature treatments (Figure 6, Table S7). Photosymbiont index significantly increased in both S. pistillata and P. damicornis when pCO2 was elevated from control conditions (Figure 6, Table S7). The photosymbiont index of S. hystrix was significantly negatively correlated with the interaction between temperature and pCO2, whereby photosymbiont index increased significantly with increasing pCO2 under the control temperature treatment, but showed no change in response to pCO2 in the elevated temperature treatment.




3.4. Investigating the Role of Photosynthesis in Calcification


The calcification rate of S. pistillata was best predicted by the significant interaction between photosymbiont index and temperature, whereby photosymbiont index was positively correlated with calcification rate under both temperatures, but the slope of this correlation was significantly greater under the control temperature treatment (Figure 7A, Table S8). The calcification rate of S. hystrix was best predicted by a model that included both photosymbiont index and temperature independently. Photosymbiont index had a positive linear relationship with calcification rate under both temperatures, but the slope of this relationship significantly decreased in the high temperature treatment (Figure 7B, Table S8). The calcification rate of P. damicornis was best predicted by a model that contained photosymbiont index, seawater pCO2, and temperature (Table S8). The only significant predictor of calcification rate of P. damicornis was the interaction between photosymbiont index, temperature, and pCO2 (Figure 7C, Table S8).





4. Discussion


4.1. Calcification Response to pCO2 and Thermal Stress


Prior studies have shown that S. pistillata and P. damicornis both exhibit resilience in their calcification response to ocean acidification [13,51,52], while S. hystrix [53] tends to exhibit more negative responses. The present study, however, shows that, in the absence of thermal stress, these three common species of tropical zooxanthellate corals exhibit increased rates of calcification in response to a one-month exposure to CO2-acidified conditions. Although the disparity between the results of the past and present studies on these species could be due to differences in experimental design, such as experimental duration, the method used to measure calcification rates, temperature treatments, and/or light levels, these findings provide compelling evidence that, under certain circumstances (e.g., absence of thermal stress), some tropical zooxanthellate coral species can tolerate OA over at least one-month intervals.



Under the elevated temperature treatment (31 °C), the calcification rates of all three tropical coral species were reduced compared to the control temperature, but were unchanged by increasing pCO2, showing that thermal stress effectively impaired the zooxanthellate corals’ calcification response to CO2-induced OA. However, it should be noted that warming can have either positive or negative effects on coral calcification rate, depending on whether the warming causes temperatures to approach or exceed, respectively, the coral’s thermal optimum [19,21,54,55].



Few studies have investigated the calcification response of corals to combined ocean acidification and warming. While some of the studies show a negative response to these combined stressors [55], others contrast the results of the present study by showing no interactive effects of ocean acidification and warming [21,56,57]. The results presented here show that the impacts of ocean acidification on the calcification rates of three Pocilloporid coral species are exacerbated by warming. Because OA and global warming typically occur in tandem during major perturbations to the Earth’s carbon cycle, both throughout Earth history [58] and as a consequence of anthropogenic CO2 emissions [59], future CO2-induced global change poses a substantial threat to these coral species.



The calcification rate of the cold-water azooxanthellate coral L. pertusa declined under elevated pCO2 at both temperatures. This negative calcification response to pCO2 was weaker under the elevated temperature. Notably, the direction of the pCO2-temperature interaction for the cold-water azooxanthellate species was opposite that of the three tropical species. Lophelia pertusa exhibited net dissolution when seawater pCO2 reached ca. 1000 ppm, although low levels of calcification have been previously observed for L. pertusa under similar conditions [34,35,60]. These conditions are predicted to occur in the surface open ocean by the end of the 21st century [1] and earlier in high-latitude cold-water environments [61]—suggesting that this cold-water ecosystem engineer, whose reef-systems function as nursery ground for a number of commercially important fish species [62], may be unable to form reefs beyond this century. However, the observation that increased temperature partially mitigates the impact of OA agrees with the results of longer-term studies [35], and suggests that the impacts of global change on this species will vary with temperature across latitude and depth, as this species can inhabit seawater ranging from 4 to 14 °C [63,64].



The differences in calcification response to ocean acidification shown here may arise from differences in the physiology and ecology of tropical vs. cold-water corals. Although tropical corals exist close to their thermal limits and are therefore vulnerable to even small amounts of warming, azooxanthellate cold-water corals can generally tolerate a wider temperature range [65]. Elevated respiration rates have been observed for L. pertusa in warmer temperatures [66]. Thus, an increase in temperature may boost metabolic rates to partially mitigate the impacts of OA on calcification in the high pCO2 treatments. The species of tropical corals studied here are colonial and, thus, share resources between closely packed polyps [67]. These polyps are connected by coenosarc tissue, which covers and protects the skeleton [68]. The high degree of tissue cover exhibited by tropical corals means that the skeleton is well protected from dissolution, which may explain the lack of negative calcification response (i.e., lack of net dissolution) for the tropical corals in this study. Their shared gastrovascular system allows the distribution of metabolites generated from coral respiration and zooxanthellate photosynthesis across the colony, which could yield further resilience against ocean acidification. In contrast, L. pertusa is a pseudocolonial species [69] that produces single polyps on the end of stalk-like branches. The coenosarc connecting these branches is often partially absent in laboratory specimens and in wild specimens during the winter, leaving regions of exposed skeleton vulnerable to dissolution [65]. This lack of connectivity between polyps and the presence of exposed skeleton may increase the vulnerability of L. pertusa to ocean acidification.



Alternatively, the increased solubility of CO2 in colder waters caused ΩA of the L. pertusa treatments to be 0.12–0.70 units lower at 9 °C than at 12 °C for a given pCO2 condition. This may have caused higher rates of skeletal dissolution in the high-pCO2 treatments maintained at the lower temperature, although the rate of dissolution of coral skeletons should be higher under the higher temperature treatments for equivalent ΩA [3]. Since the buoyant weight method [70] used here yields only a net rate of calcification, i.e., mass of new skeleton produced through gross calcification minus mass of exposed skeleton lost through gross dissolution, it is not possible to determine whether the positive impact of the interaction between pCO2 and temperature on L. pertusa calcification rate was driven by increased gross calcification or reduced gross dissolution (or a combination of these factors) in the high-temperature, high-pCO2 treatments. Additionally, it was not determined whether OA impacted the density of coral skeleton, which could increase the fragility of the reef framework that these corals form [71].



The responses observed in the present study are consistent with other laboratory studies showing that scleractinian corals exhibit a wide range of calcification responses to OA [13,19,20,21,22,23,24,52,72]. Some of this variability may arise from differences in experimental design, such as the amount of food provided to the corals, the levels of irradiance, and the duration of the experiment. Nevertheless, this high variability in calcification response patterns across and within species indicates that a greater understanding of the mechanisms that drive coral responses to OA is needed.



The present study was conducted over an eight-week interval, with a total of three weeks of acclimation to laboratory and experimental conditions, and should, therefore, be considered intermediate in duration. As with any experimental OA study, it is possible that the duration of exposure may influence results, as corals may function normally over short timeframes, but exhibit impaired function over longer timeframes as a result of cumulative stress and/or depletion of metabolic resources [19]. Alternatively, corals may exhibit impaired responses shortly after exposure to the treatment conditions due to shock, but acclimate to the treatment conditions over longer timeframes. Prior laboratory-based studies have shown that tropical corals exhibit variable degrees of acclimation to OA over relatively short timescales [19,24,73], whereas acclimation of L. pertusa has been observed over longer timescales [74]. The large inter- and intra-specific differences in coral response to OA across experiments and timeframes underscores the need for additional research into the long-term effects of OA on coral calcification.




4.2. Role of Calcifying Fluid pH Regulation in Coral Response to pCO2 and Thermal Stress


Coral calcifying fluid pH elevation has been widely cited as a mechanism for promoting calcification under conditions of ocean acidification [8,11,14]. Although pHCF declined in all four species under elevated pCO2, it always remained higher than pHSW. Notably, coral species that showed the highest degree of control over pHCF in the present experiment, and thus the shallowest slope of change in pHCF in response to changing seawater pCO2, also exhibited the greatest increase in calcification rate when pCO2 was increased, suggesting that pHCF regulation confers resilience to corals exposed to OA.



These trends are consistent with prior estimation of coral pHCF from boron isotopes [10,38,39,41,75,76,77], pH-sensitive fluorescent dyes [12], and pH-sensitive microsensors [9,11]. Previous studies of the effects of ocean acidification on calcification site pH show that both S. pistillata and P. damicornis elevate pHCF above seawater pH, and that this elevation increases under ocean acidification [13,52]. These results are consistent with the findings here, although the measured pHCF was considerably higher in the present study compared to previous studies.



The present study used pH-sensitive microelectrodes, whereas prior studies on both S. pistillata and P. damicornis [52], and P. damicornis [13] used confocal microscopy to image pH-sensitive SNARF-1 dye in coral microcolonies grown on glass slides and boron isotope systematics, respectively. Differences in pHCF could be due to differences in methods of culturing and/or pHCF-estimation, or due to genotypic differences between cultured specimens. Of the three methods used to estimate pHCF (pH-sensitive dyes, boron isotopes, and pH-sensitive microelectrodes), pH-sensitive microelectrodes typically yield the highest pHCF [11], although a side-by-side comparison of pHCF measured with pH-sensitive dye and pH microelectrodes on the same specimens yielded comparable results [14].



Measurements of pHCF using pH-sensitive microelectrodes are challenged by the difficulty in assessing the precise location of the microelectrode tip relative to the coral’s calcifying fluid. This challenge was addressed in the present experiment through the creation of pHCF profiles as the pH microelectrode was withdrawn from the calcifying fluid, thus allowing characterization of the calcifying fluid pH compared to intratissue and/or gastrovascular pH (Figure 2), as was conducted in previous studies [14,78]. Additionally, the pHCF of two coral species in the present study (S. pistillata and P. damicornis) was estimated by coral skeletal δ11B to provide a side-by-side comparison of these independent approaches to measuring pHCF [41]. A significant correlation was found between pHCF measured using these two methods, increasing confidence that the measurements obtained here represent pH of the calcifying fluid. The offset between the two approaches was attributed to the two techniques measuring pHCF over different timescales—with skeletal δ11B recording a time-averaged value of pHCF and pH microelectrodes recording a more instantaneous value of pHCF [41].



Although numerous studies have shown that OA reduces coral pHCF, few have investigated the combined impact of warming and OA on pHCF. In the present study, microelectrode measurements of the pHCF of S. pistillata were measured in all pCO2 and temperature treatments. The prescribed temperature increase resulted in a significant decline in pHCF for each of the three pCO2 treatments. Under heat stress, corals may receive less nourishment from their photosymbionts to support pHCF regulation due to thermally induced bleaching and/or may divert energy from the regulation of pHCF towards tissue repair.



Assuming that the coral calcifying fluid is ultimately derived from the coral’s surrounding seawater [79], the extent to which a coral mitigates the impacts of OA by removing protons from its calcifying fluid can be grossly estimated (excluding the effects of buffering) from the difference between the [H+] of the calcifying fluid and the [H+] of the surrounding seawater (i.e., ∆[H+]). All four coral species exhibited increased ∆[H+] under elevated pCO2 treatments, suggesting that more energy is allocated to pHCF regulation under elevated pCO2. The ∆[H+] was lower in the high-temperature treatment in S. pistillata, suggesting that less energy is available to maintain elevated pHCF when the corals experience thermally induced symbiont loss—potentially due to a commensurate decrease in photosynthate translocated to the coral host.




4.3. Role of Photosymbionts in Coral Response to pCO2 and Thermal Stress


In order for corals to allocate more energy toward removing protons from their calcifying fluid under OA conditions, they must divert energy from other activities and/or increase their energetic intake [80]. Zooxanthellate corals obtain energy from two sources—heterotrophic feeding and photosynthate translocated from their algal symbionts. As corals are sessile suspension feeders, they are limited in the extent to which they can increase heterotrophic feeding, although they may increase feeding rates if sufficient food is available [81,82]. Alternatively, enhanced photosynthesis under OA may play an important role in driving proton elevation under OA.



Using the well-established colorimetric method of Siebeck et al. [45] to estimate the abundance of zooxanthellae via the photosymbiont index, it was shown that the populations of photosymbionts from S. pistillata and P. damicornis were significantly reduced in the high temperature treatment compared to the initial values. This is consistent with prior work showing that prolonged heat stress can lead to expulsion of zooxanthellate and tissue damage, a process termed ‘bleaching’ [83]. However, in this study, the photosymbiont index increased in response to increasing pCO2 under both temperature treatments, suggesting that the photosymbionts within all three Pocilloporid tropical corals benefited from the increased availability of dissolved inorganic carbon (DIC). The alleviation of carbon limited photosynthesis could free up energy for elevating pHCF and/or the production of carbon concentrating enzymes (e.g., carbonic anhydrase [84]), thereby aiding calcification under the control temperature [68,85,86]. The zooxanthellae’s apparently positive response to increasing DIC also suggests that dissolved inorganic nutrients (DIN) were sufficient and in the correct balance (i.e., Redfield ratio) to sustain photosynthesis [87,88]. This link between enhanced photosynthesis and enhanced calcification under the elevated pCO2 and control temperature treatment is consistent with the observed correlations between photosymbiont index and calcification rate in S. pistillata and S. hystrix across all treatments.




4.4. Proposed Mechanistic Framework for Zooxanthellate Coral Response to pCO2 and Thermal Stress


We propose the following mechanistic framework to explain the zooxanthellate coral responses to OA and warming observed in this study. Under the control temperature and pCO2 conditions, zooxanthellae fix DIC as carbohydrates (photosynthate), which is then used by the coral hosts as an energy source for all physiological activities, including elevation of pHCF in support of calcification [4,8,89,90]. When OA occurs without thermal stress, high pCO2 enhances photosynthesis in the coral species investigated and increases their photosymbiont index. Under conditions of elevated pCO2, enhanced photosymbiont productivity (evidenced by increased photosymbiont index in this study), will result in a greater abundance of byproducts that may be used by the coral host to increase proton removal from the calcifying fluid (evidenced by elevated Δ[H+]). The combination of elevated pHCF and elevated DIC (due to elevated pCO2) under OA conditions may allow some species of corals to maintain an ΩA in their calcifying fluid that is comparable to or, perhaps, greater than those exhibited under non-acidified conditions [11]—hence, their observed ability to maintain constant or, in some cases, elevated rates of calcification under OA.



Although CO2-induced OA appears supportive of calcification for these three species under the control temperature, this support breaks down in the high temperature treatment. The thermal stress induced in this treatment caused a reduction in the abundance of the corals’ algal symbionts (evidenced by their reduced photosymbiont index), which was accompanied by a reduction in Δ[H+] (i.e., proton removal) and calcification rate of S. pistillata under each of the elevated pCO2 treatments. It appears that the thermally induced reduction in photosymbiont index eliminated the benefit of enhanced photosynthesis under conditions of elevated pCO2, thereby leaving the coral with fewer resources (e.g., translocated photosynthate) for elevating pHCF. It should also be noted that thermal impairment of the enzymes used to remove protons from the coral calcifying fluid (e.g., H+/Ca2+-ATPase [9,91]) may have contributed—along with reduced photosymbiont index—to declines in pHCF and Δ[H+] observed for S. pistillata in response to thermal stress. Additionally, the different responses shown in the control and high temperature treatments could be due to a temperature-induced shift in the strategy used by the coral to elevate aragonite saturation state in their calcifying fluid. In natural reef systems, it has been shown that coral pHCF is most elevated in the winter months [16]. Although pHCF is still elevated in the warmer summer months, it is elevated to a lesser extent, and DIC elevation appears to be the primary means of raising ΩA [16]. These observations are consistent with and provide a potential explanation for the results of the present study.



The role of symbiotic zooxanthellae in conferring resilience to corals exposed to OA is also highlighted in the stark contrast observed between the tropical and deep-sea coral responses to OA. Cold-water corals are azooxanthellate and thus do not receive the benefits of enhanced symbiont photosynthesis under elevated pCO2. Although Δ[H+] of the cold-water species was comparable to that of the tropical species under OA, proton regulation of the calcifying fluid probably consumes a greater proportion of the total resources of the cold-water species (which acquires no resources from photosynthesis) than that of the tropical zooxanthellate species. This may leave proportionally fewer resources (compared with the tropical species) for other processes associated with calcification in the cold-water species, such as the production of organic matrices that may initiate crystal nucleation [92], which may explain the more negative calcification response to OA exhibited by L. pertusa.




4.5. Limitations of Laboratory-Based Experiments


The results described here were obtained in a controlled laboratory setting. In their natural reef environments, tropical corals experience fluctuations in temperature and carbonate chemistry across daily [93,94,95] and seasonal [96,97] cycles, whereas corals inhabiting deeper, colder waters experience more stable environments. Thus, differing degrees of prior exposure to fluctuations in pH could contribute to the differential responses of the tropical and cold-water coral species observed here. The enhanced decline in pHCF under elevated temperature exhibited by the tropical corals could also result from a shift in strategy for elevating calcifying fluid ΩA from pHCF elevation to DIC elevation, as has been shown to occur seasonally in a natural reef system [16]. Future research is necessary to assess whether the responses observed here hold in more dynamic temperature and pH environments.





5. Conclusions


Global warming is considered to be amongst the greatest threats facing coral reefs, and OA is emerging as an equally grave threat. We show that warming has a more negative impact than OA on three species of zooxanthellate tropical corals, whereas OA has a more negative impact than warming on an azooxanthellate cold-water coral. This study also provides insight into the role of photosymbionts in corals’ response to OA. Specifically, the enhancement of symbiont photosynthesis under higher-pCO2 conditions appears to mitigate the negative effects of OA on tropical zooxanthellate corals by providing resources that assist in the maintenance of elevated calcifying fluid pH in support of calcification. This resilience, however, is impaired when OA is combined with thermally induced reductions in the abundance of the coral’s photosymbionts (i.e., ‘bleaching’), which limits the extent to which the coral holobiont can utilize the elevated DIC via photosynthesis. These results highlight the threat that ocean warming and acidification pose for tropical and cold-water corals, especially when occurring in tandem.
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Figure 1. Representative images used in the estimation of relative photosymbiont abundance. Panel (A) depicts a healthy, unbleached coral from the control temperature, high pCO2 treatment (color score = 5.69). Panel (B) depicts a partially bleached coral from the high temperature, high pCO2 treatment (color score = 4.56). 






Figure 1. Representative images used in the estimation of relative photosymbiont abundance. Panel (A) depicts a healthy, unbleached coral from the control temperature, high pCO2 treatment (color score = 5.69). Panel (B) depicts a partially bleached coral from the high temperature, high pCO2 treatment (color score = 4.56).



[image: Jmse 10 01106 g001]







[image: Jmse 10 01106 g002 550] 





Figure 2. An example of a vertical pH profile generated during measurement of the coral calcifying fluid pH. This particular pH profile was generated for a specimen of S. hystrix cultured in the ‘1000 ppm pCO2, 28 °C’ treatment. 






Figure 2. An example of a vertical pH profile generated during measurement of the coral calcifying fluid pH. This particular pH profile was generated for a specimen of S. hystrix cultured in the ‘1000 ppm pCO2, 28 °C’ treatment.



[image: Jmse 10 01106 g002]







[image: Jmse 10 01106 g003 550] 





Figure 3. The relationship between pCO2 and coral calcification rates at ambient and high temperature ((A) = S. pistillata, (B) = S. hystrix, (C) = P. damicornis, and (D) = L. pertusa). Shaded boundaries represent 95% confidence intervals. Calcification rate was significantly impacted by an interaction between pCO2 and temperature for all coral species. 
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Figure 4. The effect of seawater pCO2 on calcifying fluid pH (n = 3 individuals per treatment; panels (A–D)) and Δ[H+] (panels (E–H)) for three species of tropical corals ((A,E) = S. pistillata; (B,F) = S. hystrix, and (C,G) = P. damicornis) and one species of cold-water coral (L. pertusa; (D,H)). The impact of elevated temperature on the response of S. pistillata to increasing pCO2 is also shown (panels (A) and (E)). Increasing pCO2 was significantly associated with declining calcifying fluid pH and increasing Δ[H+] for all four coral species. The calcifying fluid pH of S. pistillata decreased significantly in response to a 3 °C increase in temperature, and Δ[H+] significantly responded to an interaction between increased pCO2 and increased temperature. Shaded boundaries represent 95% confidence intervals. Solid black lines represent seawater pH under control temperature; dashed black line represents seawater pH under high temperature. 
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Figure 5. Slopes of regressions calculated from linear mixed effects models investigating the impacts of pCO2 and temperature on calcification rate, calcifying fluid pH, and Δ[H+]. Significant differences were found amongst the slopes of the different coral species’ calcification responses to ocean acidification and warming. No significant difference was observed amongst the slopes of the different coral species’ calcifying fluid pH response to ocean acidification. The slopes of the different coral species’ proton regulation response (i.e., Δ[H+]) to ocean acidification were not significantly different from each other. Vertical bars represent 95% confidence intervals. 
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Figure 6. The effect of seawater pCO2 and warming on the color score of the three species of tropical corals ((A): S. pistillata; (B): S. hystrix; (C): P. damicornis)). Color score is a proxy for photosymbiont abundance (‘bleaching’), where 0 = bleached and 6 = healthy. Trendlines indicate significant correlations between seawater pCO2 and color score at 28 (orange) and 31 (red) °C. The color score of both S. pistillata and P. damicornis increased in response to increasing pCO2 (lmers, S. pistillata, p < 0.001; P. damicornis, p = 0.001) and decreased in response to a 3 °C temperature increase (lmers, S. pistillata, p < 0.001, P. damicornis, p = 0.001). Color score of S. hystrix was significantly impacted (indicating bleaching) by an interaction between pCO2 and temperature (lmer, p < 0.001), whereby color score increased significantly with increasing pCO2 at 28 °C (lmer, p < 0.001) but showed no significant change with increasing pCO2 at 31 °C (lmer, p = 0.056). Shaded boundaries represent 95% confidence intervals. 
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Figure 7. The relationship between coral color score and calcification rate of three species of tropical corals ((A): S. pistillata; (B): S. hystrix; (C): P. damicornis). Color score is a proxy for photosymbiont abundance (‘bleaching’), where ‘0’ = bleached and ‘6’ = healthy. Trendlines indicate significant correlations between color score and calcification rate at 28 (orange) and 31 (red) °C. Temperature significantly impacted the relationship between color score and calcification rate of S. pistillata, and caused a significant decline in calcification rate of S. hystrix. No significant relationship existed between calcification rate and color score of P. damicornis, and temperature had no significant impact on this relationship. Shaded boundaries represent 95% confidence intervals. 
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Table 1. Average calculated parameters for the tropical corals and all treatments: pCO2 of the mixed gases in equilibrium with seawaters (pCO2 (gas-e)), pH on seawater scale (pHSW), carbonate ion concentration ([CO32−]), bicarbonate ion concentration ([HCO3−]), dissolved carbon dioxide ([CO2]SW), and aragonite saturation state (ΩA). Average measured parameters for all treatments: salinity (Sal), temperature (Temp), pH on NBS scale (pHNBS), total alkalinity (TA), and dissolved inorganic carbon (DIC). ‘SE’ represents standard error and ‘n’ is the sample size.
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n

	
32

	
32

	
32

	
32

	
32

	
32
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Table 2. Average calculated parameters for Lophelia pertusa and all treatments: pCO2 of the mixed gases in equilibrium with seawaters (pCO2 (gas-e)), pH on seawater scale (pHSW), carbonate ion concentration ([CO32−]), bicarbonate ion concentration ([HCO3−]), dissolved carbon dioxide ([CO2]SW), and aragonite saturation state (ΩA). Average measured parameters for all treatments: salinity (Sal), temperature (Temp), pH on NBS scale (pHNBS), total alkalinity (TA), and dissolved inorganic carbon (DIC). ‘SE’ represents standard error and ‘n’ is the sample size.
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400 ppm (9 °C)

	
400 ppm (12 °C)

	
1000 ppm

(9 °C)

	
1000 ppm

(12 °C)

	
2800 ppm

(9 °C)

	
2800 ppm

(12 °C)






	
CALCULATED PARAMETERS




	
pCO2 (gas-e)

	
(ppm-v)

	
451

	
494

	
1096

	
1079

	
2864

	
3167




	

	
SE

	
24

	
16

	
99

	
60

	
222

	
202




	

	
Range

	
238–580

	
399–595

	
672–1815

	
834–1496

	
1600–4162

	
1821–4669




	

	
n

	
16

	
16

	
16

	
16

	
16

	
16




	
pHSW

	

	
8.20

	
8.21

	
7.87

	
7.86

	
7.42

	
7.42




	

	
SE

	
0.04

	
0.04

	
0.04

	
0.03

	
0.04

	
0.03




	

	
Range

	
8.01–8.54

	
7.96–8.40

	
7.62–8.12

	
7.70–8.06

	
7.17–7.67

	
7.19–7.63




	

	
n

	
20

	
20

	
20

	
20

	
20

	
20




	
[CO32−]

	
(µM)

	
244

	
289

	
121

	
140

	
52

	
60




	

	
SE

	
23

	
25

	
9

	
8

	
6

	
5




	

	
Range

	
128–486

	
149–458

	
87–201

	
102–211

	
25–99

	
35–110




	

	
n

	
20

	
20

	
20

	
20

	
20

	
20




	
[HCO3−]

	
(µM)

	
2674

	
2775

	
2794

	
2835

	
3034

	
3058




	

	
SE

	
107

	
111

	
89

	
95

	
69

	
81




	

	
Range

	
2028–3356

	
2215–3348

	
2299–3366

	
2350–3349

	
2655–3420

	
2604–3486




	

	
n

	
20

	
20

	
20

	
20

	
20

	
20




	
[CO2] (SW)

	
(µM)

	
20

	
19

	
45

	
41

	
127

	
118




	

	
SE

	
1

	
1

	
4

	
2

	
8

	
8




	

	
Range

	
11–26

	
14–24

	
28–83

	
30–59

	
72–190

	
72–187




	

	
n

	
20

	
20

	
20

	
20

	
20

	
20




	
ΩA

	

	
3.7

	
4.4

	
1.8

	
2.1

	
0.8

	
0.9




	

	
SE

	
0.3

	
0.4

	
0.1

	
0.1

	
0.1

	
0.1




	

	
Range

	
1.9–7.3

	
2.3–6.9

	
1.3–3.0

	
1.6–3.2

	
0.4–1.5

	
0.5–1.7




	

	
n

	
20

	
20

	
20

	
20

	
20

	
20




	
MEASURED PARAMETERS




	
Sal

	
(psu)

	
34.98

	
35.13

	
34.96

	
35.23

	
35.01

	
35.40




	

	
SE

	
0.02

	
0.03

	
0.03

	
0.06

	
0.02

	
0.05




	

	
Range

	
34.55–35.25

	
34.65–35.65

	
34.55–35.65

	
34.20–36.15

	
34.45–35.25

	
34.35–36.05




	

	
n

	
60

	
60

	
60

	
60

	
60

	
60




	
Temp

	
(°C)

	
8.86

	
12.17

	
9.07

	
12.52

	
8.83

	
12.67




	

	
SE

	
0.03

	
0.04

	
0.03

	
0.04

	
0.02

	
0.03




	

	
Range

	
8.5–9.4

	
11.6–12.6

	
8.7–9.4

	
12.0–12.9

	
8.5–9.1

	
12.0–13.1




	

	
n

	
60

	
60

	
60

	
60

	
60

	
60




	
pHNBS

	

	
8.07

	
8.13

	
7.80

	
7.82

	
7.39

	
7.40




	

	
SE

	
0.01

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02




	

	
Range

	
7.82–8.39

	
7.85–8.43

	
7.48–8.15

	
7.52–8.01

	
7.13–7.75

	
7.12–7.63




	

	
n

	
60

	
60

	
60

	
60

	
60

	
60




	
TA

	
(µM)

	
3245

	
3442

	
3080

	
3163

	
3157

	
3198




	

	
SE

	
148

	
161

	
93

	
106

	
80

	
87




	

	
Range

	
2355–4106

	
2601–4349

	
2598–3570

	
2609–3783

	
2752–3570

	
2759–3655




	

	
n

	
20

	
20

	
20

	
20

	
20

	
20




	
DIC

	
(µM)

	
2938

	
3083

	
2960

	
3016

	
3214

	
3235




	

	
SE

	
125

	
134

	
93

	
101

	
69

	
85




	

	
Range

	
2180–3659

	
2395–3793

	
2449–3536

	
2494–3556

	
2805–3599

	
2741–3676




	

	
n

	
20

	
20

	
20

	
20

	
20

	
20
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