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Increased Thermal Sensitivity of a Tropical Marine Gastropod Under Combined CO2 and Temperature Stress
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The ability of an organism to alter its physiology in response to environmental conditions offers a short-term defense mechanism in the face of weather extremes resulting from climate change. These often manifest as multiple, interacting drivers, especially pH and temperature. In particular, decreased pH can impose constraints on the biological mechanisms which define thermal limits by throwing off energetic equilibrium and diminishing physiological functions (e.g., in many marine ectotherms). For many species, however, we do not have a detailed understanding of these interactive effects, especially on short-term acclimation responses. Here, we investigated the metabolic plasticity of a tropical subtidal gastropod (Trochus maculatus) to increased levels of CO2 (700 ppm) and heating (+3°C), measuring metabolic performance (Q10 coefficient) and thermal sensitivity [temperature of maximum metabolic rate (TMMR), and upper lethal temperature (ULT)]. Individuals demonstrated metabolic acclimation in response to the stressors, with TMMR increasing by +4.1°C under higher temperatures, +2.7°C under elevated CO2, and +4.4°C under the combined stressors. In contrast, the ULT only increased marginally in response to heating (+0.3°C), but decreased by −2.3°C under CO2, and −8.7°C under combined stressors. Therefore, although phenotypic plasticity is evident with metabolic acclimation, acute lethal temperature limits seem to be less flexible during short-term acclimation.

Keywords: thermal physiology, ocean warming, ocean acidification, metabolic function, physiological plasticity, acclimation, marine gastropod


INTRODUCTION

Physiological responses to abiotic conditions, mediated by individual organisms, manifest as population- and ultimately community-level responses. Therefore, identifying the mechanisms by which the survival and fitness of individual organisms change in response to environmental extremes will help determine broader ecosystem effects to ongoing climate change (Pörtner, 2008). Changes in body temperature are often among the most commonly studied responses for ectothermic marine invertebrates as temperature plays a large part in controlling cellular to physiological reactions, which in turn affects metabolism, growth and reproductive rates (Grigaltchik et al., 2012; Sinclair et al., 2016). Even small changes in the environment can cause a broad range of physiological responses due to variation among and within species (Harley et al., 2017; Wang et al., 2018). In particular, there has been an increasing focus on the physiological impacts of heatwaves, which are increasing in magnitude and frequency, increasing the likelihood that organisms are being subjected to thermal conditions beyond their optimal and lethal limits (Lannig et al., 2010; Sinclair et al., 2016).

Large variation in responses, even within a species, highlights that genetic variation and variability in physiological plasticity can affect the likelihood that populations survive short-term extremes (Wang et al., 2018). Should enough individuals be able to acclimate to novel conditions during extreme events, populations and communities may be able to handle future conditions better than currently predicted (Seebacher et al., 2014). Phenotypic plasticity allows organisms to respond to stressful environmental conditions and is thought to be determined by environmental selection pressure and an organism’s sensitivity to change (Parmesan and Yohe, 2003; Hoffmann and Sgró, 2011). For example, intertidal species are naturally exposed to large variation in temperature, regularly being exposed to extremes, and as such are typically already living much nearer their thermal maxima. Consequently, intertidal species generally demonstrate at least phenotypic plasticity in their thermal optima but little capability of increasing upper lethal limits (Stillman and Somero, 2000; Nguyen et al., 2011). In contrast, subtidal organisms are generally considered to live in a relatively stable environment and therefore thought to exhibit lower plasticity but potentially a greater capacity for acclimation.

Importantly, however, we understand considerably less of how organisms acclimate to changes in multiple stressors, particularly temperature and altered pH due to increases in CO2 concentrations (Gunderson et al., 2016; Kroeker et al., 2017). We know especially little about the ability of subtidal species to modulate their physiology in response to multiple stressors, since until recently it has largely been assumed that subtidal environments are temporally and spatially stable (Bates et al., 2018). With the advent of increased ability to monitor environmental conditions such as temperature and pH at finer temporal and broader spatial scales, it is now apparent that these environments are anything but stable and that underwater “weather” is an important yet relatively understudied feature of the marine environment (Bates et al., 2018). For example, in coastal habitats pH can fluctuate by an entire unit within hours to days (Kelly and Hofmann, 2013; Hofmann et al., 2014). Changes in temperature can likewise occur over a broad range of temporal and spatial scales, from increases of several degrees due to solar heating (or decreases due to upwelling) to seasonal increases of the same magnitude that can last several months (Bates et al., 2018; Pansch et al., 2018). Therefore, understanding the ability of organisms to remodel their physiology is crucial to predict their capacity to respond to, and persist under, combinations of environmental stressors such as increasing CO2 concentrations and temperature (Hoffmann and Sgró, 2011; Seebacher et al., 2014).

Exposure to elevated CO2 and temperatures at levels expected in the coming century (or even much sooner) have been shown to have greater effects on marine ectotherms than the stressors in isolation (Byrne, 2011; Byrne and Przeslawski, 2013; Brothers et al., 2016; Carey et al., 2016). For example, tropical urchins (Echinometra sp.) suffer far greater reduction in growth and higher metabolic activity when exposed simultaneously to elevated CO2 (∼860–940 μatm) and temperature (ambient +2 to 3°C) than when either is considered alone (Uthicke et al., 2014). Intertidal limpets not only have higher sensitivity to hotter environments under elevated CO2 concentrations, but at a population level have greater variation in individual responses to temperature, signifying that some individuals have greater ability to alter their tolerance limits (Wang et al., 2018). Such variable responses ultimately determine the potential for acclimation and plasticity within populations, producing a selective advantage by extending the organism’s physiological (fundamental) niche. Critical thermal maximum and minimum (CTMAX and CTMIN) are commonly used to assess the temperature beyond which organisms can no longer supply adequate oxygen to cells to fuel metabolism (Pörtner, 2010). Elevated CO2 in conjunction with increased temperature can alter thermal acclimation of metabolic capacity by decreasing the CTMAX, potentially resulting in a greater susceptibility to global heating (Manríquez et al., 2019). Whether organisms can shift their maximum threshold temperatures will therefore provide an indication of the extent of the ability of populations and species to respond to rapidly changing environmental conditions.

Here we assessed the acclimation potential of a key grazing subtidal gastropod to elevated levels of CO2 and temperature, in particular the ability to alter metabolic performance (Q10 coefficient), shift their temperature of maximum metabolic rate (TMMR) or their upper lethal temperature (ULT). The gastropod Trochus maculatus is commonly found in shallow subtidal habitats in Hong Kong, feeding on a variety of different micro- and macroalgae, playing an important role in maintenance of benthic habitats (Cox and Murray, 2006; Maboloc and Mingoa-Licuanan, 2013). We experimentally tested the influence of elevated CO2 and temperature on the physiology of T. maculatus to determine their acclimation potential in the face of ongoing and future climate change. We tested the hypothesis that whilst elevated temperature would cause a shift in metabolic thresholds, the addition of elevated CO2 would inhibit this effect. Under ocean heating, an inability to increase upper lethal temperatures, either through phenotypic plasticity or longer-term acclimation, would likely lead to population declines and loss in ecological function.



MATERIALS AND METHODS


Field Collection

Adult gastropods (Trochus maculatus) are widely distributed in south-east Asia and the central Western-Pacific Ocean found in shallow coral and rocky reef habitats, and commonly collocated with other benthic grazers such as sea urchins (Cox and Murray, 2006; Maboloc and Mingoa-Licuanan, 2013). In Hong Kong, the sub-tropical climate exposes these organisms to cold winters with lows of ∼16°C, and warm summers, with shallow marine water temperatures having reached a maximum of 31°C locally (Environmental Protection Department (EPD) Hong Kong, 2019). T. maculatus were collected from subtidal rocky substrate (∼1–4 m depth) in Clearwater Bay (Shek Mei Tau), Hong Kong (22°16′58.5′′N 114°17′40.6′′E) and taken to the Swire Institute of Marine Science (SWIMS) where they were transferred immediately into indoor plastic aquaria (12 L) (n = 15 per treatment with 1 individual per tank) with flow-through, sand-filtered seawater at ambient summer conditions (28°C, Hong Kong summer average for subtidal waters). Each aquarium was aerated with ambient air and maintained 12:12 day/night lighting conditions with LED lights fitted above the tanks. Food was provided ad libitum as turf-forming and filamentous algae growing on rocks taken from the field collection site during acclimation and experimental treatments.



CO2 and Temperature Manipulation

We tested the effects of two CO2 conditions [400 ppm/8.1 pH (control) and 700 ppm/7.8 pH (elevated)] and two temperatures [28°C (control) and 31°C] in fully crossed combinations (n = 15 per treatment) representing the present day and IPCC RCP 6.0 scenario for the year 2100, and the highest locally experienced temperatures. After a 2-week acclimation period to ambient conditions in the laboratory, CO2 and temperature were raised to treatment conditions gradually over a period of 2 days and maintained for 12 weeks. Aquaria were placed within water baths to help maintain thermal stability, with each aquarium containing a submersible glass heater to control temperature to the pre-designated treatment. Each aquarium was supplied with an independent, intermittent flow-through system which allowed daily water changes with sand-filtered seawater taken from the bay at SWIMS. CO2 treatment conditions were maintained by bubbling each individual aquarium with air that was pre-mixed to the treatment CO2 concentration using gas flow meters (Masterflex® Direct-Reading Variable-Area Flowmeters with Valve for Air and CO2, with Masterflex® Correlated and Direct-Reading Variable Area Flowmeter Multitube Frames Cole-Palmer, Ill, United States). The pH and temperature in each aquarium were monitored using a handheld multiprobe twice per day (Seven2go, Mettler Toledo, OH, United States). Salinity was measured once weekly and water samples were analyzed weekly for total alkalinity using an Alkalinity Titrator (T50, Mettler Toledo, OH, United States). Seawater carbonate parameters [CO2, bicarbonate (HCO3 –) and carbonate (CO3 2–) ion concentration] and calcite and aragonite saturation states (Ωcal and Ωara) were calculated using CO2SYS program for Excel (Lewis and Wallace, 1998) with constants from Mehrbach et al. (1973) as adjusted by Dickson and Millero (1987) from recorded temperature, pH and TA values (Table 1).


TABLE 1. Seawater carbonate physio-chemical parameters during the experimental period.
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Thermal Ramps

After 12 weeks at treatment conditions, n = 10 individuals were subjected to gradually increasing temperatures over a thermal ramp in order to assess how their metabolic rates changes after exposure to treatment conditions, to determine the Q10 coefficient, the upper lethal temperature (ULT) and temperature of maximum metabolic rate (TMMR). Individual gastropods were placed into sealed respirometry chambers (0.5 L) with filtered, oxygen saturated seawater which had been CO2 treated according to the relevant treatment. Each chamber was placed into a water bath set at 17°C (average winter seawater temperature in Hong Kong) with a small water pump placed in the bath to maintain a homogenous temperature. After being left for 30 min for the gastropods to settle, the temperature was increased by 2°C per hour until all animals died (lack of reaction to physical stimulus). After every 1 h (2°C) increment, temperature was held constant for 30 min for the metabolic rate to be recorded. Oxygen concentration within the respirometry chambers was recorded before and after each 30 min incubation using an internal optical oxygen spot measuring system (Fibox4, PreSens). Metabolic rate MO2 (mg L–1 g FW–1 h–1) was calculated using the following equation:

[image: image]

where ΔO2 is the linear regression slope of oxygen concentration over time (mg L–1 h–1), V is the volume of seawater (L), and W is the fresh weight of the gastropod (g). Blank chambers with no organisms inside were used to account for any possible biological activity in the water and deducted accordingly.



Temperature Coefficient (Q10)

The Q10 coefficient was calculated using metabolic rate data from the thermal ramp, and calculated from the rates at 10°C below and up to the TMMR [TMMR based off the data from an Exponentially Modified Gaussian Function (EMG) model described below] using the following equation:
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where R is the metabolic rate (R1 and R2 are the metabolic rate at T1 and T2, respectively), and T is the temperature (°C).



Morphological Biometrics

We also measured morphological parameters at the beginning and end of the experimental period to test for any physical changes caused by elevated CO2 (reduced pH), relating to total weight, shell size and shape (n = 15). The total weight of each intact individual (g), height and width were recorded (mm) before and after exposure to the experimental treatments. These dimensions were then used to calculate measures relating to shell shape, i.e., aspect ratio, which was determined as width: height. The values of these measures were calculated for each individual as percentage change between the values at the beginning and end of the experimental exposure period.



Statistical Analysis

Two-factor ANOVAs were used to test for the effects of CO2 (ambient control vs. elevated) and temperature (control vs. elevated) (fixed and orthogonal) on weight (total weight), shell morphology (height, width) and aspect ratio (width: height) using Euclidean distance in PERMANOVA for PRIMER 7. An Exponentially Modified Gaussian Function (EMG) model was fitted for metabolic rates over the temperature ramp to extract the TMMR, ULT, and to model the change in metabolic rate over the temperature ramp. Temperature coefficient (Q10) data were analyzed using a two-way ANOVA analysis with Tukey’s post-doc test, both of which were performed using RStudio Version 1.1.463 with 95% confidence intervals with all analysis.



RESULTS


Thermal Ramps and Critical Limits

Metabolic rates of the gastropods across thermal ramps were well described by the Exponentially Modified Gaussian Function, demonstrating a positive relationship with temperature up until the temperature of maximum metabolic rate (TMMR) followed by a sharp decline to lethal limits which resulted in mortality (ULT). The TMMR increased from 31.6°C in the control treatment to 35.6°C in the high temperature treatment, 34.3°C in the high CO2 treatment and 36°C in the combination treatment (Figure 1 and Table 2). The ULT did not increase following exposure to elevated temperature (47.5°C vs. 47.8°C in control and elevated temperature, respectively). In contrast, high CO2 caused in a decline in the ULT to 45.2°C (−2.3°C decrease), and an even greater decline of 8.7°C in the ULT under the combination of high CO2 and temperature (38.8°C; Figure 1 and Table 2).
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FIGURE 1. Thermal ramps showing metabolic rates (mg L –1 g FW –1 h –1) of the gastropod Trochus maculatus (n = 10) after 12-weeks exposure to (A) control conditions (28°C, 400 ppm) (B) high temperature (31°C, 400 ppm) (C) high CO2 (28°C, 700 ppm) and (D) a combination of both high temperature and CO2 (31°C, 700 ppm). Curves are modeled using an Exponentially Modified Gaussian Function.



TABLE 2. Temperature at maximum metabolic rate (TMMR) and upper lethal temperature (ULT) as described by an Exponentially Modified Gaussian Function (EMG) model for Trochus maculatus after 12-weeks exposure to elevated temperature (31°C) and elevated CO2 (700 ppm).
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Temperature Coefficient (Q10)

Elevated CO2 negatively affected the temperature coefficients (Q10 rates) of T. maculatus, with individuals exposed to elevated CO2 having Q10 values >25% lower than under ambient CO2 [two-way ANOVA, F(1, 1) = 4.3, P = 0.04, Figure 2 and Table 2]. In contrast, there was no significant effect of elevated temperature [two-way ANOVA, F(1, 1) = 0.06, P > 0.05] or for the interaction between temperature and CO2 [two-way ANOVA, F(1, 1) = 0.79, P > 0.05] on Q10 rates.
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FIGURE 2. Temperature coefficients (Q10) of gastropods acclimated to different temperatures (28 and 31°C) and CO2 concentrations (400 and 700 ppm) (n = 15). Temperature coefficient values were calculated for each individual gastropod, as the respiration rate at 10°C below and up to the corresponding TMMR for that treatment. Bars represent mean Q10 of all individuals in the given treatment ± standard error.




Morphological Biometrics

As could be expected from exposure to elevated CO2 for relatively short periods (relative to lifespan), none of the experimental treatments caused any significant change to gastropod weight or shell morphometrics over the length of the experiment (Figure 3 and Supplementary Tables S1, S2).
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FIGURE 3. Gastropod biometrics after 12-weeks exposure to control conditions (28°C, 400 ppm), high temperature (31°C, 400 ppm), high CO2 (28°C, 700 ppm) and a combination of both high temperature and CO2 (31°C, 700 ppm). (A) Aspect ratio (width: height); (B) total weight (g); (C) shell height; and (D) shell width (mm) (n = 15). Values are percentage change from prior to exposure to experimental conditions ± standard error.




Experimental Conditions

The control treatment at 28°C–400 ppm had a measured pH of 8.08 ± 0.02 and calculated CO2 (μatm) of 329.9 ± 15.7, with similar pCO2 conditions found in the higher temperature treatment at 31°C–400 ppm, with a pH of 8.08 ± 0.02 and calculated CO2 (μatm) of 330.0 ± 19.4. In the higher CO2 treatment at 28°C–700 ppm, there was a lower measured pH of 7.81 ± 0.01 and higher calculated CO2 (μatm) of 721.8 ± 8.90 compared with the controls. Lastly, with the higher temperature and higher CO2 treatment at 31°C–700 ppm, there was a lower measured pH of 7.82 ± 0.01 and higher calculated CO2 (μatm) of 683.9 ± 18.4 compared with the controls (Table 1).



DISCUSSION

Whether organisms can withstand altered environmental conditions brought about by global climate change depends on the capacity for their physiological mechanisms to adjust and acclimate to continually changing local conditions. Here, we demonstrate that a key subtidal gastropod, T. maculatus, showed the potential for acclimation to higher temperatures, but this effect was diminished by coincident elevated CO2. When exposed to hotter conditions alone, the temperature at which metabolic rates are the highest (TMMR) increased, but the upper lethal temperature (ULT) was static, which would suggest that when exposed to elevated temperatures alone T. maculatus can display metabolic plasticity but that the upper lethal limits are relatively fixed and cannot increase. Deviation from energetic homeostasis as a result of sub-optimal conditions is generally thought to be due to energetic demands exceeding energy gain, which can be compensated for with increased consumption (Leung et al., 2017) or elevated metabolic flux to sustain the ATP demand (Lannig et al., 2010). These strategies are time-limited, meaning that a lack of compensatory feeding to fulfill new higher energy demands and capacity for cellular energy generation results in metabolic depression, an adaptive strategy used across all animal phyla (Guppy and Withers, 1999; Marshall et al., 2011), suggesting lack of energy acquisition may have played an important part in this species’ response. This energy mismatch is exacerbated further when the stressors are combined, as it is likely that the energetic stress of the CO2 exposure drove mortality at lower temperatures. The increased TMMR under future conditions (combined elevated CO2 and temperature) is therefore likely to be due to the influence of temperature- induced acclimation, meaning that energetic demands at a given temperature would be lower than prior to acclimation (Seebacher et al., 2014; Leung et al., 2021). In contrast, the reduction in ULT under these conditions would not likely pose a major offset to this acclimation in the near future for subtidal organisms as environmental conditions should not reach the reduced ULT (∼39°C when current summer extremes are ∼32°C). For intertidal organisms, however, this benefit would be eliminated by the greater reduction in upper threshold temperatures whenever elevated CO2 exposure occurs because they are regularly exposed to extreme temperatures (up to 55°C intertidal rock temperature recorded in Hong Kong; Ng et al., 2017).

The effects of CO2 and temperature on biological functions have been shown to be synergistic across numerous taxa, with the extent of the effects dependent on life-stages and species-specific sensitivities (Dupont et al., 2010; Byrne and Przeslawski, 2013; Hardy et al., 2014). For example, hypercapnia reduces oxygen partial pressure in the haemolymph of crabs (Cancer pagurus) during progressive warming (when exposed to 1% CO2) as well as a 5°C decline in the upper thermal limits of aerobic scope, substantially narrowing the thermal window of this species (Metzger et al., 2007). A similar effect was demonstrated with green abalone (Haliotis fulgens) under a combination of hypoxia and hypercapnia, which elicited large changes to metabolic rates, as well as strong accumulation of amino acids, osmolytes and anaerobic end products during moderate temperatures (Tripp-Valdez et al., 2017), indicating the species had reached critical limits and entered a state severe stress (Pörtner, 2010; Tripp-Valdez et al., 2017). In contrast, higher molluscs can regulate acid-base balance by upregulating HCO3– to compensate for hypercapnia induced respiratory acidosis, thus avoiding loss of metabolic equilibria or disrupting aerobic capacity (e.g., the cephalopod Sepia officinalis; Gutowska et al., 2010). Therefore, the capacity for acid-base regulation is highly variable, particularly among invertebrates, and plays an important role in defense against CO2-induced physiological stress. Based on the reduction in metabolic function in our species under hypercapnia, we suggest that it is likely that our study species may not have the capacity to regulate acid-base balance to a large degree.

Increased concentrations of CO2 can directly affect shell-forming invertebrates by erosion of calcium-carbonate containing skeletons or decreasing calcification rates (Feely et al., 2004; Kroeker et al., 2010; Harvey et al., 2013). Some gastropods, including Trochidae species, have a nacreous layer in their inner shell structure which is formed by hexagonal platelets of aragonite along with other microstructures of aragonite and calcite which are unique to some gastropods and cephalopods (Chunhabundit et al., 2001; Nudelman et al., 2006). A meta-analysis by Kroeker et al. (2010) of the biological responses to ocean acidification including survival, calcification, growth and reproduction highlighted that organisms which use less soluble, more stable forms of calcium carbonate (CaCO3) (e.g., some sea urchins), such as the trochid gastropod in this study, are more resilient to ocean acidification that those which utilize less stable and less soluble forms. While we did not see any significant shell erosion and this could be interpreted as a more resilient shell chemistry, the experiment here was explicitly designed to test for the physiological effects of the stressors which manifest over shorter exposures. Therefore, whilst the immediate impact of these environmental stressors on key physiological processes will determine the ability of an organism to maintain energetic homeostasis, as well as plasticity and critical limits of thermotolerance, the impact of these stressors on shell formation and degradation should be considered over the longer term.

Although the temperature at which metabolic rate is at its peak appears to be plastic, critical limits are far less flexible in terms of acclimation, but rather more susceptible to reduction under stress. Indeed, with the added effect of CO2, upper lethal temperatures decreased substantially. This phenomenon has been demonstrated within a unique wild population of European perch fish (Perca fluviatilis) which had been warmed 5–10°C over three decades by the thermal discharge of a nearby nuclear power plant. Whilst the chronically heated population displayed thermally compensated resting cardio-respiratory functions, maximum temperature threshold limits exhibited little to no thermal compensation across generations, suggesting that whilst metabolic functions can be flexible, critical limits show much less plasticity (Sandblom et al., 2016). Lack of compensation in lethal limits as oceans gradually warm therefore reduces overall aerobic scope of organisms by narrowing the thermal window between habitat temperature and upper limits, resulting in species operating closer to the bounds of their functional capacity and subsequently leaving them vulnerable to more acute changes in temperature during events such as heatwaves (Pörtner and Farrell, 2008; Hemraj et al., 2020).

The relationship between plasticity and lethal temperatures is largely negative, with strong negative correlations between thermal plasticity and CTMAX (Armstrong et al., 2019). Whilst the shift in TMMR found here may demonstrate plasticity and acclimation to higher temperatures, the inability of this gastropod to substantially shift its lethal limits may not favor this species under continual climate change and especially exposure to heatwaves (Pansch et al., 2018; Leung et al., 2021). Given limited resources and the high maintenance cost of thermal response strategies, a greater acclimation potential but elevated vulnerability to acute exposure due to inability to shift threshold temperatures, highlights the importance of addressing multiple proxies for physiological responses to warming rather than chronic acclimation potential alone (Magozzi and Calosi, 2015; Armstrong et al., 2019)… Nevertheless, even with the impact of CO2 causing a decrease of ∼9°C the upper lethal temperature to 38.8°C, this still lies well above any temperature experienced in the region (highest summer seawater temperature experienced in Hong Kong in the past 10-years ∼31°C, Environmental Protection Department (EPD) Hong Kong, 2019). Of greater concern are longer-term metabolic effects and potential for energetic deficits which make mortality more likely at temperatures below the lethal limits (Mertens et al., 2015; Leung et al., 2018). Therefore, consideration of the additional effect of other environmental stressors that moderate gastropod biological processes (Marchant et al., 2010; Falkenberg et al., 2014) which may consequently exacerbate sensitivity to temperature should be considered when aiming to determine the long-term survival of populations of marine species.
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400 ppm  28°C 316 / 475 / 1.85
31°C 35.7 +4.1 4738 +0.3 1.65
700ppm  28°C 34.3 +2.7 45.2 23 1.36
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The difference in Tymr and ULT in the elevated compared to the control treatment
(400 ppm, 28°C) predicted by the EMG model are also shown (in bold). Mean
temperature coefficient (Q1o) values for each treatment are shown in the last
column.
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28 400 8.08 +£0.02 27.9+0.01 2,186 £ 136 3299+ 157 552+0.12 3.66+0.08 16577.7 £ 21.7 2253+ 4.5
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Temperature and pH in each tank were measured daily (n = 15) and Total Alkalinity (TA) in each tank measured weekly (n = 15). CO» (pnatm), QCa, QAr, HCO3~ ~and
CO3 2~ were calculated based on the measured parameters using CO2SYS program for Excel (Lewis and Wallace, 1998) with constants from Mehrbach et al. (1973) as
adjusted by Dickson and Millero (1987). Values are means =+ standard error.









OPS/images/logo.jpg
’ frontiers
in Marine Science





