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Editorial on the Research Topic
 Fitness of Marine Calcifiers in the Future Acidifying Ocean




INTRODUCTION

Over the last century, anthropogenic CO2 emissions via combustion of fossil fuels have caused drastic changes in oceans with sea surface temperatures increasing steadily due to global warming. In addition to ocean warming, seawater has become more acidic as more CO2 is dissolved into the world's oceans (IPCC, 2019). As CO2 emissions are forecast to accelerate in the future (Caldeira and Wickett, 2005), understanding how marine organisms are influenced by ocean acidification (OA) and warming has received substantial attention (Doney et al., 2009). Organisms which build calcareous structures for growth and protection (e.g., coccolithophores, corals, gastropods, bivalves, and sea urchins) are of particular concern because OA is expected to make calcification more energy-demanding and increase dissolution of calcareous structures (Harvey et al., 2018; Byrne and Fitzer, 2019). Consequently, the fitness and survival of marine calcifiers could be reduced, possibly affecting the integrity of marine ecosystems in view of their abundance, diversity, and ecological functions in oceans.

There is now a large body of literature which demonstrates that calcifiers can indeed be impaired by OA in various aspects, such as physiology, calcification, growth, and survival (Harvey et al., 2013). Nevertheless, growing evidence reveals that some calcifiers can prevail in the CO2-acidified environment and produce durable calcareous structures (e.g., Leung et al., 2019, 2020a; Di Giglio et al., 2020), implying their resistance and adaptability to OA. Thus, more comprehensive studies are needed to decipher how calcifiers adjust or succumb to OA and how warming modulates the impacts of OA on calcifiers. We brought together this Research Topic to address these issues and provide better insights into the fate of calcifiers in future marine ecosystems.



SUMMARY OF THE STUDIES IN THIS SPECIAL ISSUE

Ocean acidification is expected to undermine calcification (or shell building) due to the decreased carbonate saturation state and increased acidity of seawater (Byrne and Fitzer, 2019). Yet, calcification is a physiological process and thus can be affected by temperature (Clark et al., 2020), possibly leading to unexpected outcomes when warming interacts with OA. For example, crystallographic disorientation during calcification can be caused by warming in the mussel Mytilus edulis, but OA can mitigate this adverse effect (Knights et al.). Using 3D micro-computed tomography, Chatzinikolaou et al. observed that the gastropod Nassarius nitidus formed thinner and more porous shells under OA, but these negative effects disappeared when exposed to combined OA and warming. In contrast, the gastropod Columbella rustica produced thicker and denser shells under warming; however, when combined with OA, the shells became thinner and more porous (Chatzinikolaou et al.). These findings clearly indicate the species-specific nature of responses to OA and warming, probably driven by the differences in physiology among calcifiers. Identifying the mechanisms underlying the mixed responses of calcifiers to OA and warming is important to shed light on their fitness and survival in future oceans. For example, since energy is required for calcification, altering the energy allocated for calcification may underlie the response of calcifiers to future seawater conditions (Leung et al., 2020b). By studying resistant corals that can survive in the CO2-acidified environment, Agostini et al. found that they had a higher potential for energy production and inherent capacity to allocate more energy for calcification than the sensitive corals. This finding not only helps explain the inconsistent responses of calcifiers to OA, but also implies that OA-sensitive species would be replaced by OA-resistant species in future oceans.

It is noteworthy that short-term experiments (typically <3 months) using organisms within a single generation have been predominantly used for OA research due to the inherent logistical constraints of longer experiments. Despite the scientific merits, these studies could underestimate the capacity of calcifiers to accommodate future seawater conditions via long-term and multi-generational exposure (Zhao et al., 2019; Cornwall et al., 2020; Leung et al., 2021). Thus, research on transgenerational plasticity (i.e., phenotypic change in offspring in response to the environmental stress experienced by parents) is of particular interest. In this Special Issue, Harianto et al. revealed that parental exposure of the urchin Heliocidaris erythrogramma to warming for 3 months can elevate the metabolic rate of offspring as juveniles, which may facilitate their persistence to warming. By conducting transplant experiments, Kurihara et al. showed that adult coral Pocillopora acuta inhibiting the CO2-acidified habitat not only had higher calcification and net photosynthetic rates than those under control conditions, but also their larvae had higher lipid and chlorophyll contents (c.f. control larvae reared under high-CO2 conditions) that indicate greater energy availability and tolerance to OA. These results suggest that transgenerational acclimatization can be a critical mechanism allowing calcifiers to survive under future seawater conditions, which cannot be unraveled by short-term experiments.

Although calcifiers can exhibit compensatory responses (e.g., phenotypic plasticity) to counter the impacts of climate change (Leung et al., 2017; Peck et al., 2018; Glazier et al., 2020; Wang et al., 2020), trade-offs against other biological processes are often incurred. For instance, the coral Galaxea fascicularis can accommodate OA by sustaining photosynthetic performance, but the nitrogen fixation machinery is compromised as a trade-off, possibly affecting coral resilience to OA (Zheng et al.). In addition, plastic responses to climate change may not always be exhibited, depending on phenotypes. Minuti et al. showed metabolic acclimation of the gastropod Trochus maculatus to OA and warming by boosting the temperature of maximum metabolic rate; however, the upper lethal temperature decreased, implying that this gastropod is still vulnerable to warming.



CONCLUSION AND PERSPECTIVES

The studies in this Special Issue not only illustrate the impacts of OA and warming on calcifiers (e.g., physiology, calcification, and survival), but also reveal potential mechanisms driving these impacts. Importantly, the adaptive response shown by some calcifiers, such as transgenerational plasticity, indicates their potential capacity to persist in future oceans. Yet, some of them (e.g., coralline algae) are predicted to be vulnerable to future seawater conditions and therefore conservation policy should be amended to protect their populations (Simon-Nutbrown et al.). More long-term, mechanistic studies using more realistic experimental design (e.g., species interactions and habitat complexity considered) are still needed to decipher the potential fate of calcifiers in future oceans (see Figure 1 for the recommended future research directions). This would allow the use of integrative analyses (e.g., Adverse Outcome Pathway framework, Ducker and Falkenberg) to provide insights into generalities in responses and underlying mechanisms, and to give directions for management and mitigation efforts.


[image: Figure 1]
FIGURE 1. Suggested future research directions to understand how ocean acidification affects the fitness and survival of marine calcifiers by considering adaptation potential and species interaction in the community, with implications for management of ecosystems.
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Anthropogenic climate change presents a major challenge to coastal ecosystems. Mass population declines or geographic shifts in species ranges are expected to occur, potentially leading to wide-scale ecosystem disruption or collapse. This is particularly important for habitat-forming species such as free-living non-geniculate coralline algae that aggregate to form large, structurally complex reef-life ecosystems with high associated biodiversity and carbon sequestration capability. Coralline algal beds have a worldwide distribution, but have recently experienced global declines due to anthropogenic pressures and changing environmental conditions. However, the environmental factors controlling coralline algal bed distribution remain poorly understood, limiting our ability to make adequate assessments of how populations may change in the future. We constructed the first species distribution model for non-geniculate coralline algae (focusing on maerl-forming species but including crustose coralline algae associated with coralline algal beds) and showed that bathymetry, temperature at the seabed and light availability are the primary environmental drivers of present-day non-geniculate coralline algae distribution. Our model also identifies suitable areas for species presence that currently lack records of occurrence. Large-scale spatial declines in coralline algal distribution were observed under all IPCC Representative Concentration Pathways (ranging from 38% decline under RCP 2.6 up to 84% decline under RCP 8.5), with the most rapid rate of decline up to 2050. Refuge populations that may persist under projected climate change were also identified – informing priority areas for future conservation efforts to maximize the long-term survival of this globally important ecosystem.

Keywords: biodiversity, biogeography, climate change, Scotland, ecology, marine conservation, maerl, rhodolith


INTRODUCTION

Rising anthropogenic carbon dioxide (CO2) emissions are causing rapid environmental change and under some scenarios, the mean ocean surface temperature is projected to rise by up to 4.3°C by 2100 (IPCC, 2014). Geographic shifts or declines in the distribution of species and ecosystems in response to this rapid environmental change have already been observed (e.g., Bellard et al., 2012; Gallon et al., 2014; Martínez et al., 2018). This can result in significant ecosystem disruption (Hoegh-Guldberg et al., 2007; Noisette et al., 2013a; Teagle and Smale, 2018), threatening the long-term survival of key ecosystem components and the associated biodiversity and ecosystem services they provide.

Free-living non-geniculate red coralline algae are globally distributed ecosystem engineers (Foster, 2001). They give rise to three-dimensional marine habitats, and these so-called “maerl” or “rhodolith” beds have high associated biodiversity (Barbera et al., 2003; Peña et al., 2014) – supporting many rare, endemic or commercially important species (Grall and Hall-Spencer, 2003; Wilson et al., 2004; Nelson, 2009; Riosmena-Rodriguez et al., 2016) – and globally significant roles in biogeochemical cycling, particularly long-term carbon burial (Burdett et al., 2015; van der Heijden and Kamenos, 2015; Mao et al., 2020). Aggregations of free-living, non-geniculate coralline algae (maerl-beds), although found globally, are particularly abundant in the North-East Atlantic (from the Arctic Ocean to the wider North Atlantic and the Canary Islands) (Pardo et al., 2014a), with Galicia, Brittany, Norway, Ireland, and Scotland being particular strongholds (Hall-Spencer et al., 2010). In this North-East Atlantic region, beds most abundant up to a depth of ∼50 m (Pardo et al., 2014a). There are thought to be around 24 maerl-forming species found throughout the North-East Atlantic but the most common are Phymatolithon calcareum, Lithothamnion coralloides, Lithothamnion glaciale, and Lithothamnion tophiforme (Pardo et al., 2014a). These species appear to follow a thermal cline, with L. tophiforme being limited to Arctic waters, L. glaciale occurring in Arctic and sub-Arctic areas, P. calcareum stretching from the sub-Arctic to tropical waters and L. coralloides occurring from the Southern British Isles to the Canary Islands and throughout the Mediterranean (Hall-Spencer et al., 2010; Pardo et al., 2014a). However, there are uncertainties regarding species identification and hence species’ ranges, as morphological identification is difficult and few widespread molecular studies have been carried out to-date. Poor species identification additionally makes identifying species-specific environmental requirements challenging. Current evidence suggests that L. glaciale mostly occurs between 6–50 m (Perry et al., 2017a; Schoenrock et al., 2018) while L. coralloides appears to be more restricted to shallower depths, rarely being recorded below 30 m (Perry et al., 2017a). P. calcareum is also more frequently recorded in shallower waters (above 30 m) (Perry et al., 2017a), but sporadic deep-water observations are known [e.g., 80 m in the Pontian Archipelago, Mediterranean (Basso, 1998)].

Currently, all coralline algae beds are listed as “Vulnerable” or “Endangered” on the IUCN Red List (Gubbay et al., 2016). In Europe they are protected under the EU Habitats Directive and the OSPAR Commission in the North Atlantic (under “OSPAR list of Threatened and/or Declining habitats”) (Hall-Spencer et al., 2008; European Commission, 2018), supported by local implementation such as designation as Priority Marine Features in Scotland (Scottish Government, 2018). Seven marine features were included in the EU Species and Habitats Directive some of which encompassed habitats where coralline algal beds occur (e.g., “Large shallow inlets and bays” and “Sandbanks which are slightly covered by seawater at all times”) which are listed under Annex I. Two maerl-forming species (L. coralloides and P. calcareum) are additionally listed under Annex V (The Council of the European Communities, 1992; European Commission, 2016; Riosmena-Rodriguez et al., 2016; Perry et al., 2017b). Although the Habitats Directive has since been superseded into national law, it is the starting point from which most non-geniculate coralline algal bed conservation and later European legislation [e.g., the United Kingdom Biodiversity Action Plan (JNCC, 2016)] has evolved.

Habitat-forming ecosystem engineers, such as free-living non-geniculate coralline algae, modify their environment in such a way that benefits other species, for example, through the provision of shelter and food, or by the reduction of environmental stress (Hastings et al., 2007; Peña et al., 2014; Sheehan et al., 2015; Martínez et al., 2018). These ecosystems, therefore, are of high conservation concern and understanding how they may react to changing environmental conditions is important as their loss or geographic shift could pose threats to whole systems (Martínez et al., 2018; Teagle and Smale, 2018; Cornwall et al., 2019). Projected changes in marine environmental conditions, particularly ocean warming (Martin and Gattuso, 2009; Noisette et al., 2013a; Qui-Minet et al., 2019) and acidification (Porzio et al., 2011; Noisette et al., 2013b; Legrand et al., 2017; Martin and Hall-Spencer, 2017), are expected to have significant impacts on non-geniculate coralline algal distribution (Brodie et al., 2014). This is due to the consequential negative impacts on species-specific thermal niches, reduced calcification (Burdett et al., 2012a, 2018; Kamenos et al., 2013; Qui-Minet et al., 2019) and potential overgrowth by opportunistic non-calcifying algae, as has been observed during coral reef degradation (Hughes et al., 2007).

Non-geniculate coralline algal beds form biogenic reefs, which provide a myriad of ecosystem services globally that are often overlooked and their potential underestimated (Bindoff et al., 2019). These bed systems are biodiversity hotspots forming a living layer over sediments that provides habitat and supports high numbers of species including many invertebrate phyla (crustaceans, echinoderms, polychaetes, and mollusks), fleshy macroalgae, and various species which burrow either into individual free-living algae or the sediments below the bed (Jackson et al., 2004; Hall-Spencer et al., 2008, 2010; Foster et al., 2013). When compared to adjacent habitat types it was found that coralline algal beds had nearly twice the species richness (Steller et al., 2003). Similarly, non-geniculate coralline algal beds support numerous commercial fish species, often forming nursery habitats for economically important species such as cod (Gadus morhua) and hake (Melanogrammus aeglefinus) (Kamenos et al., 2004; Hall-Spencer et al., 2006; Riosmena-Rodriguez et al., 2016; Elliott et al., 2017). However, despite their importance there is still a paucity of knowledge surrounding these ecosystems and how a rapidly changing climate will affect them (Bindoff et al., 2019).

Species distribution models (SDMs) or environmental niche models (ENMs) are commonly used tools to estimate the relationships between species and environmental or spatial factors (Elith et al., 2011; Merow et al., 2013). SDMs represent an important addition to direct environmental change experiments on non-geniculate coralline algae and their associated habitats which are difficult to extrapolate to range-wide predictions (Wernberg et al., 2012), and do not take into account the spatial variability of projected changes in environmental conditions. SDMs are capable of modeling both small-scale local responses and range-wide changes, provided that datasets are available at a suitable scale.

Here, we constructed the first SDM for coralline algal beds, focusing on Scottish regional waters – a European stronghold for this habitat (Hall-Spencer et al., 2008) and of conservation priority at national and international scales (Hall-Spencer et al., 2008; JNCC, 2016; European Commission, 2018; Scottish Government, 2018). This enabled us to identify: (1) the primary environmental drivers of present-day coralline algal bed distribution, (2) previously unknown areas of occurrence, (3) regional-scale impacts of projected climate change on coralline algal bed distribution, and (4) refuge populations tolerant to projected climate change. Synthesizing this information allowed us to identify areas of priority conservation effort to maximize the likelihood of long-term survival of this globally important marine habitat.



MATERIALS AND METHODS


Study Area

Scotland is a European stronghold for non-geniculate coralline algae beds. Consequently, it was selected as the focus area for distribution modeling in this study. The study area runs from the Solway Firth in the southeast, to the northern coasts of the Shetland Isles, including the Outer Hebrides in the west (Supplementary Figure S1). Within this region “maerl beds” (i.e., aggregations of non-geniculate coralline algae) are Priority Marine Features and protected under Scottish legislation (Scottish Government, 2018), ten marine protected areas around the Scottish coastline are designated for the protection of coralline algal beds (referred to in legislation as “maerl beds”). Despite this, the true extent of these systems in Scottish waters remains unknown, and even less is known about the factors that govern their local distribution.



Species Distribution Model

Maximum entropy (MaxEnt) modeling was chosen to construct a species distribution model (SDM) for maerl-forming species (i.e., non-geniculate coralline algae) as it is effective with presence-only data, is well regarded in the literature and can be highly modified so all modeling decisions are based on biological justifications (Pearson, 2010; Elith et al., 2011; Merow et al., 2013). MaxEnt v3.4.1 (Phillips et al., 2006) was run through the R v 3.6.1 (R Core Team, 2019) package DISMO v1.4 (Hijmans, 2017) to model the species niche and construct a probabilistic distribution map of non-geniculate coralline algal beds around Scotland.



Non-geniculate Coralline Algae


Occurrence Records

Occurrence records for the study region were obtained from the Geodatabase of Marine Features in Scotland (GeMS) (Scottish Natural Heritage, 2019a) under the Open Government and Creative Commons License. Geographic locations and study area are provided in Supplementary Figure S1. The annually updated database includes observed, georeferenced occurrence records of Priority Marine Features in Scotland from 1970 to 2017 curated by Scottish Natural Heritage (SNH). “Maerl beds” are one of these features. For this study, cut-offs were imposed on occurrence data by removing entries from before 1990. This was done to increase reliability, as older records may have been subject to different environmental conditions than recent records – for example due to construction of causeways changing tidal patterns [known to have happened in several locations, for example the Vatersay causeway (1989) (Comhairle nan Eilean Siar, 2020b) or the Benbecula causeway (1983) (Comhairle nan Eilean Siar, 2020a)]. Similarly, where there was evidence of a bed no longer supporting live individuals the occurrence point was removed prior to analysis.

Keyword searches in the GeMS database for “maerl” yielded species-specific records of free-living coralline algae species (i.e., “L. glaciale” or “P. calcareum”) and records with no species identification (“maerl beds”). All records pertaining to aggregations of free-living non-geniculate coralline algae are labeled as “maerl bed” in GeMS and therefore no other search terms were needed. Within the study region species ranges overlap and species identification in coralline algae without molecular analyses can be difficult and unreliable (Pardo et al., 2014a,b). In order to maintain the maximum number of results for the model, no attempt was therefore made to split these records up into species-specific groups, however; it is assumed that the model will target the two main species in this region P. calcareum and L. glaciale. The database searching yielded 1430 occurrence records.

Although all records in the GeMS database are of free-living, non-geniculate coralline algae, not enough is known about the differentiation between this and crustose coralline algae (CCA) to conclusively say the model will only predict the distribution of free-living non-geniculate coralline algae, especially when considering free-living specimens that are grown around a non-algal core.

Observed occurrence records within the database which were not the result of a targeted survey, e.g., SeaSearch data1, have inherent amounts of observer and spatial bias (Veloz, 2009; Fithian et al., 2015). Similarly, some beds have multiple (but geographically close) location points, creating further spatial bias (Veloz, 2009). To eliminate the subsequent spatial-autocorrelation a 2-dimensional kernel density estimation of the data was created in R (R Core Team, 2019) using the package “spatstat” v1.61-0 (Baddeley et al., 2019). This was then used in the Java application OccurenceThinner (Verbruggen et al., 2013) to reduce geographical sampling bias leaving 314 occurrence points in the model.



Environmental Variables

Environmental layers were accessed from bio-ORACLE v2 (Tyberghein et al., 2012). The datasets have a spatial resolution of five arc minutes (Tyberghein et al., 2012; Assis et al., 2018). Bathymetry data were accessed through Bio-ORACLE from MARSPEC (Assis et al., 2018) and masked to the same resolution as the Bio-ORACLE datasets (Assis et al., 2018).

Environmental variables were selected for their potential links to coralline algae distribution. Initially 21 datasets were considered (Supplementary Table S1). Variables were examined for collinearity which may interfere with the performance of the model (Júnior and Nóbrega, 2018). This was done by calculating the Pearson correlation coefficient (r) between the datasets; datasets were considered collinear when −0.6 ≤ r ≥ 0.6 (Assis et al., 2018; Júnior and Nóbrega, 2018). A high degree of collinearity was observed between the 16 available variables. Where inclusion of maximum and minimum datasets created collinearity with another dataset, the mean datasets were used instead. Following analysis for collinearity, the most ecologically significant datasets were selected, according to literature evidence (e.g., Dutertre et al., 2014). These were: bathymetry (m), pH, mean diffuse attenuation coefficient (DA) (m–1), mean dissolved nitrate concentration (μmol L–1), minimum benthic temperature (°C) (i.e., average minimum temperature recorded at average seabed depth across the coastal shelf ranging from 0 to 200 m depth), mean photo-active radiation (PAR) at seabed (E m–2 year–1), mean seabed salinity (PSS), maximum current velocity at seabed (m s–1) and minimum current velocity at seabed (m s–1).

The modeled benthic datasets used here contain some inherent collinearity, however, this is negligible in the Bio-ORACLE datasets as in situ quality control has been carried out by the Global Ocean Data Analyses Project (Assis et al., 2018) and high agreement found between the interpolated benthic datasets and in situ data gathered (Assis et al., 2018). For pH and DA, benthic datasets were not available, so sea surface datasets were used. Since these may not accurately represent benthic conditions (where non-geniculate coralline algal beds are found), test models were run with and without these datasets and the probabilistic distribution maps produced compared against known occurrence data. The results of these test models showed that the overall models were more statistically robust with the inclusion of surface datasets. pH was consistently found to be the variable that contributed fourth highest to the model (10.8% of the observed distribution) and is known to be environmentally relevant to non-geniculate coralline algal survival (McCoy and Kamenos, 2015), and so warranted inclusion in the model. Additionally, when run without pH and DA, overfitting (Pearson et al., 2007; Muscarella et al., 2014) was observed [Area Under Curve (AUC) with pH and DA = 0.0757; without pH and DA = 0.108] (Supplementary Table S3). Average omission rates for the minimum training presence were higher for models without pH and DA compared to those with them (0.310 and 0.263, respectively) thus also suggesting models were more over fit without pH and DA (Pearson et al., 2007; Muscarella et al., 2014) (Supplementary Table S3). Model evaluation was conducted in the R package ENMeval v0.3.0 (Muscarella et al., 2018). Model performance was assessed based on standard statistical assessments including AUC, receiver operating characteristics (ROC) and Akaike Information Criterion (AIC) (Muscarella et al., 2014; Steen, 2019).



Spatial Distribution Model Settings

ENMeval was further used to select model parameters that enabled the most efficient model performance (Supplementary Material). The optimal settings were found to be a regularization multiplier of one, and all feature classes. Models were clamped to training conditions to avoid extrapolation uncertainty. Once these settings were established the model was run in the R package Dismo v1.4 (Hijmans, 2017). The contribution of each environmental variable was assessed by excluding it from the model and assessing the performance of the model without it (jack-knifing). Forty per cent of the occurrence data points were randomly held back for model calibration and the model was trained on the remaining 60% of the occurrence data. The resultant model performed well under cross validation and evaluation statistics (Supplementary Table S3). In the final model, the AUC value was 0.959 ± 0.008 (mean ± SD), indicating high predictive ability. Some areas of predicted distribution were not covered by presence records. Field validation of two positive prediction sites were found to be true (Daliburgh, South Uist [57.160913, −7.408005] and Kildonan [57.218810, −7.427824]) and one modeled “absence” site was confirmed to not have any free-living coralline algae or CCA present (Loch Eyenort, South Uist [around 57.230275, −7.3514]), providing further evidence of model reliability.



Threshold Selection

Implementation of thresholds was carried out in R to transform logarithmic model predictions of probability of presence of non-geniculate coralline algae to binary presences and absences (Supplementary Material).



Climate Projections

Climate projection datasets were sourced from Bio-ORACLE for Representative Concentration Pathway (RCP) scenarios 2.6, 4.5, 6.0, and 8.5 for the years 2050 and 2100 (Assis et al., 2018). These are all based on the IPCC Coupled Model Intercomparison Project (CMIP) 5 model for climate scenarios, ranging from a significant reduction in greenhouse gas emissions (RCP 2.6) to a continuation at the current level (RCP 8.5) (Assis et al., 2018). Where available, the environmental variables used to train the MaxEnt SDM were replaced with the projected future levels – this was possible for benthic temperature, salinity and current velocity (Assis et al., 2018) (Supplementary Table S2). Projection datasets for other environmental variables (pH, diffuse attenuation, nitrate concentration, photoactive radiation at seabed and bathymetry), were not available, so present-day datasets were used.



RESULTS


Present Day Coralline Algal Distribution

The top three primary environmental drivers (total explanation = 85%) of non-geniculate coralline algal bed distribution were bathymetry (51.8%), minimum benthic temperature (17.4%) and PAR at the seabed (15.8%). Sea surface pH accounted for an additional 10.8% of the association between environmental variables and non-geniculate coralline algal distribution. Coralline algal beds were predicted from the intertidal, down to 40 m depth, within a minimum temperature range of 2–9°C, a PAR range of 0–25 (E m–2 yr–1) and a pH range of 8.16–8.21. Predicted non-geniculate coralline algae habitat was spatially heterogeneous, characterized by a general east/west divide. The most suitable areas for non-geniculate coralline algal habitats were predominantly located in the coastal waters and sea lochs of the west coast of mainland Scotland, around Orkney, and Shetland (north of mainland Scotland) and around the southern islands of the Outer Hebrides (Figure 1). The east coast of Scotland is predominantly devoid of suitable areas for non-geniculate coralline algal habitats, except for the Moray Firth on the northeast mainland (Figure 1). The total area suitable for non-geniculate coralline algal bed presence during present-day conditions was predicted to be 7130 km2.
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FIGURE 1. Present-day modeled occurrence of coralline algae around Scotland as (A) probability of presence on a log likelihood scale ranging from 1 (dark red) to 0 (white), and (B) the probabilistic distribution with threshold of occurrence applied, where orange indicates presence while white (background) indicates absence.




Regional-Scale Distribution Under Projected Environmental Change

Under all RCPs, a large decrease in suitable habitat is predicted with at least a 38% decline by 2050 (Table 1). The most immediate losses in suitable habitat are in southern areas of mainland Scotland under all RCPs (Figures 2, 3). At the most extreme, under RCP 8.5 a predicted 83.7% reduction in suitable habitat for non-geniculate coralline algae was found in 2100 compared to the present-day (Figure 3E and Table 1). The north-west mainland coast of Scotland, patches around the Northern Islands and the area around the inner Moray Firth remained strongholds for non-geniculate coralline algae under all future climate projections (Figures 2, 3). No habitat that was previously unsuitable for non-geniculate coralline algal beds (present day) became suitable under any of the RCP scenarios.


TABLE 1. Predicted coralline algal bed extent around Scotland in the present-day and under Representative Concentration Pathway (RCP) emission scenarios in the years 2050 and 2100.
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FIGURE 2. Threshold maps of coralline algal bed distribution around Scotland in (A) the present-day and by 2050 under (B) RCP 2.6, (C) RCP 4.5, (D) RCP 6.0, and (E) RCP 8.5. Orange indicates predicted presence of coralline algal beds.



[image: image]

FIGURE 3. Threshold maps of coralline algal bed distribution around Scotland in (A) the present-day and by 2100 under (B) RCP 2.6, (C) RCP 4.5, (D) RCP 6.0, and (E) RCP 8.5. Orange indicates predicted presence of coralline algal beds.




Regional Variation in Distribution Under Projected Climate Change

Some areas were predicted to be more negatively affected, in terms of coralline algal distribution, by projected environmental change. This spatial variability in persistence was exacerbated under higher-emission scenarios. The Outer Hebrides – currently one of the most important regions for non-geniculate coralline algae – were predicted to experience a 29% decline in coralline algal distribution by 2050 under RCP 2.6, leaving only small patches remaining in the Sound of Barra, west of North Uist and the north of Lewis (Figure 2A). Apart from under RCP 2.6, suitable habitat in the Outer Hebrides was predicted to be restricted to small areas in the north of Lewis by 2100 and was completely lost under RCP 8.5 (Figure 3). By 2050, the Isle of Skye (Inner Hebrides) – was predicted to no longer support non-geniculate coralline algae under RCPs 6.0 and 8.5 (Figures 2D,E). Interestingly, the area east of Skye, which was deemed unsuitable for non-geniculate coralline algal beds under RCP 6.0 in 2050 was retained under RCP 6.0 in 2100, but then lost under RCP 8.5 (2100) (Figures 3D,E).

Some areas were predicted to maintain non-geniculate coralline algal populations throughout the coming decades. In the north of mainland Scotland (Loch Laxford and Ullapool/Loch Broom) and around Orkney and Shetland, high probabilities of coralline algae occurrence (>0.7) were maintained by 2100, even under RCP 8.5 (Figure 3 and Supplementary Figures S2, S3). A relatively high probability (>0.7) of persistence in 2100 under all RCPs was also predicted for Loch Sunart (mainland Scotland) and north Bute (Inner Hebrides) (Figure 3 and Supplementary Figure S3). Under RCP 2.6, 6.0, a refuge population remained on the west of Islay by 2100 (Figures 3A–C) but there was lower probability of it being maintained under RCP 8.5 (0.5–0.7) (Figure 3 and Supplementary Figure S3). There is also a small patch of habitat near Carnigaan (south-west mainland) that retains a higher probability of occurrence even under RCP 8.5 in 2100 (>0.7) (Figure 3E and Supplementary Figure S3).

Similarly, under all RCPs the inner Moray Firth retains several areas of suitable habitat by 2100 (>0.7) (Figure 3E and Supplementary Figure S3).



DISCUSSION

Free-living non-geniculate coralline algal beds are a globally distributed, ecologically important ecosystem (Pardo et al., 2014a; Riosmena-Rodriguez, 2016). Using regional-scale modeling, bathymetry, water temperature and light availability were found to be the primary environmental drivers of non-geniculate coralline algal bed distribution. Projected environmental change is predicted to have a severe negative impact on overall regional-scale coralline algal distribution in Scotland, although spatial heterogeneity in the magnitude of environmental change with the current distributional range has allowed potential future refugia to be identified – areas we propose for priority conservation status.

This regional-scale model highlights the need to understand how small-scale environmental changes affect non-geniculate coralline algae and how beds may be adapted to very localized conditions. Further investigation and understanding of both are key to fully understanding the implications of climate change for non-geniculate coralline algae populations globally.


Spatial Distributions Driven by Environmental Heterogeneity

We have identified a regional-scale east/west division in coralline algal habitat. Coralline algae have not been extensively observed on the east coast, despite extensive surveys (both grab and SCUBA) in the area (e.g., Dargie, 2001), and as the model also identifies this area as predominantly unsuitable, with a low probability of presence, this is unlikely to purely be due to a lack of colonization opportunity in this area, but more to environmental conditions. Higher temperatures on the east coast, coupled with lower current velocities, are likely to be the reason the region is predominantly devoid of non-geniculate coralline algal bed populations. It is noteworthy that overall, the differences in environmental conditions between the east and west coasts of Scotland are relatively minor, indicating how sensitive these non-geniculate coralline algal populations are to their local conditions.

Fine sediments are known to be detrimental to coralline algal survival due to smothering (Fabricius and De’ath, 2001). This may explain why the only predicted east-coast population (inner Moral Firth) is not backed up by records of non-geniculate coralline algal presence – this area is comprised of patchy gravel and sand (British Geological Survey, 2020). Where this mixed sediment is present on the west coast, coralline algae are commonly only found in areas of gravel (e.g., Sound of Barra, Outer Hebrides). This may be further compounded by dredging and shipping activities – extensive in Scotland (Fox et al., 2015) – leading to a resuspension and subsequent smothering of suitable bottom-types for coralline algal colonization. Unfortunately, substrate-type could not be included in the model due to incompatibilities in the dataset resolution.

Looking forward, the ability to identify local areas within a regional space which have the potential to support non-geniculate coralline algae but where it is currently not present highlights a potential opportunity for the translocation of populations as climate change progresses (National Species Reintroduction Forum, 2014). This is particularly pertinent given that no new areas of suitable habitat were identified under climate change scenarios, in line with other previous distributional studies on other calcified marine organisms such as corals (Freeman et al., 2013). Reef restoration is of growing conservation interest, particularly on tropical coral reefs (Suggett et al., 2019), but this is likely to be even more challenging for maerl-forming species due to their slow growth rates (Adey and McKibbin, 1970; Blake and Maggs, 2003; Brodie et al., 2014; Pardo et al., 2019), even if environmentally suitable areas can be identified.



Bathymetry and Light Availability Limit Depth Distribution

Despite low-light adaption (Burdett et al., 2012b) and known worldwide deep-water occurrences (Peña and Barbara, 2009; Hall-Spencer et al., 2010; Friedlander et al., 2014; Pardo et al., 2014a), non-geniculate coralline algal survival was limited to <40 m depth in this region of the NE Atlantic, with the majority found between 5 and 20 m depth. Mitigation of some effects of climate change may be possible for marine organisms that can shift their habitats along a vertical gradient, i.e., moving into deeper cooler waters (Jorda et al., 2020). However, our results do not predict this kind of range shift to be available for non-geniculate coralline algae because of light limitation. Increased Arctic melt-water introduction (Pan et al., 2019), may enable a downward expansion or movement of non-geniculate coralline algae populations due to clearing of the water column. If this was to occur, there would also be knock-on implications for the biodiversity associated with this habitat, which may be depth limited or increased light penetration may lead to macroalgae overgrowth. This could result in major shifts in community structure and subsequent changes in ecosystems services, as have been seen and modeled in coastal fish and invertebrate communities of Australia (Cheung et al., 2012).



Temperature Exerts Control on Latitudinal Extent

The second most important environmental driver of distribution was minimum benthic temperature – known to be a key factor in determining non-geniculate coralline algal species extent globally (McCoy and Kamenos, 2015). Where regional-scale non-geniculate coralline algal communities consist of species with differing thermal envelopes, future distributional changes may become more complex. This is the case here: the two dominant free-living species – P. calcareum and L. glaciale – have different distributional ranges that overlap but show different thermal tolerances; this may affect their survival under projected climate change (especially warming). P. calcareum, one of the dominant free-living non-geniculate coralline algal species throughout Europe (Pardo et al., 2014a; Qui-Minet et al., 2019) is at its northerly limit in Scotland, suggesting a potential capacity to tolerate warming [although this has not been supported by laboratory experimentation (e.g., Qui-Minet et al., 2019)]. Conversely, L. glaciale is at its southerly limit in Scotland (Pardo et al., 2014a) and is known to be prevalent across the Atlantic Arctic (Schoenrock et al., 2018). Calcification and temperature in L. glaciale are known to be negatively related (Kamenos and Law, 2010), suggesting projected warming over the coming century will negatively impact L. glaciale populations, supporting the habitat declines seen here. Species-specific responses to projected environmental change will thus determine the magnitude of coralline algal ecosystem change but input data at the species level was not available for this study. However, it is clear from the results presented here that coralline algal beds at the edges of their range (be that geographically, or by depth) face severe threats over the coming century and should be the focus of immediate conservation management.



Future Drivers of Distributional Change

Under all RCPs, there was a significant decrease in the amount of suitable areas for non-geniculate coralline algal habitat, but this was accompanied by high spatial variability. Warming projections for our study region were characterized by latitudinal trends in the magnitude of projected warming (higher in the south, lower in the north; Supplementary Figure S4) combined with localized areas of little warming compared to the overall trend – this local-regional scale heterogeneity in warming has also been projected globally (IPCC, 2014). Importantly, variability in warming led to the persistence of refuge populations throughout the study region. However, this may increase habitat fragmentation, which can lead to inbreeding depression and decreasing population health (Pavlova et al., 2017; Pardo et al., 2019), ultimately weakening the likelihood of long-term survival throughout the coming century and beyond.

Clamping of the SDM to conditions only encountered in the training data mean that the results presented here perhaps represent a “worst-case scenario” for the effects of environmental change – it is assumed that environmental conditions beyond present-day variability will not be suitable for non-geniculate coralline algal habitat in the future. Present-day latitudinal distributions, especially for P. calcareum, suggest this may not be representative, but the capacity for coralline algae to shift poleward is expected to be minimal because of their slow growth rates and limited dispersal abilities (Brodie et al., 2014). This contrasts with other ecosystem engineers such as kelp, for which poleward shifts have already been recorded around the world (Smale, 2020). Likewise, there may be some opportunity for in situ adaptation to changing conditions, although there is little supporting evidence to suggest this is likely to occur within the short-time frame involved, and this is confounded by a general lack of knowledge of population dynamics and the extent of sexual reproduction in non-geniculate coralline algal populations (Pardo et al., 2019).

Future non-geniculate coralline algal bed distribution may also be affected by projected declines in ocean pH (McCoy and Kamenos, 2015) – red coralline algae and their associated communities are generally considered to be highly sensitive to low pH (Martin and Gattuso, 2009; Burdett et al., 2012a, 2018; Kroeker et al., 2012; Kamenos et al., 2013, 2016; Qui-Minet et al., 2019). Thus, it would be expected that projected declines in ocean pH would further limit the distributional extent of non-geniculate coralline algae, perhaps counter-balancing the effects of clamping in the model. Unfortunately, a pH projection dataset at a suitable spatial resolution and extent was not available for inclusion in the projection modeling and so could not be tested here.



Wider Ecosystem Implications

Reduced coralline algal habitat as a result of environmental change will also have significant effects on associated species and biogeochemical cycling. This may result in large community shifts (Brodie et al., 2014), as has been previously observed e.g., during the Little Ice Age/Medieval Warm Period transition (Mao et al., 2020). Coralline algal beds are a globally important store of blue carbon (van der Heijden and Kamenos, 2015; Porter et al., 2020), with the potential to store the most carbon per unit area of all coastal ecosystems in the study area (Burrows et al., 2014, 2017). The magnitude of stored carbon in coralline algal beds is known to be positively related to water temperature (Mao et al., 2020), suggesting areas of future coralline algal persistence may also experience a proportional increase in carbon storage. However, in areas of coralline algal bed loss, disturbance to the system may release carbon that had been previously locked away for centuries if not millennia (Macreadie et al., 2019). Conversely, without disturbance, the persistence of a dead skeletal framework may enable the continued accumulation of incoming organic carbon and maintain sediment carbon stability, albeit without photosynthetic carbon sequestration.

The value of these non-geniculate coralline algal habitats, along with other biogenic reef habitats, has been broadly overlooked to-date (Sunday et al., 2017; Bindoff et al., 2019). Globally, the value of these habitats as ecosystem engineers, biodiversity hotspots and nursey habitats is still underestimated and under-protected despite the growing threat they face due to increasingly changing climates (Bindoff et al., 2019). Understanding, the environmental conditions needed to maintain these habitats and the degree to which they are locally adapted, emphasizes the need for better protection and further study of these fragile but globally important systems (Kamenos et al., 2008b; Sheehan et al., 2015; Sunday et al., 2017; Bindoff et al., 2019).



Policy Implications

Few marine protected areas (MPAs) or special areas of conservation (SACs) around the world are specifically designated for the protection of non-geniculate coralline algal beds (Barbera et al., 2003), but the results from our study suggest their long-term large-scale distribution is at risk. Although conservation management is not able to directly protect against changing environmental conditions, it does lessen the impact of other pressures, enhancing the potential for climate change-related mitigation and/or adaptation (Roberts et al., 2017).

In our study region, although the majority of known non-geniculate coralline algal beds are located within the Scottish MPA and SAC network (Supplementary Figure S6), only ten of 217 are designated for free-living coralline algae bed protection (as “maerl beds”) (Fetlar to Haroldswick, Wyre and Rousay Sounds, Loch Laxford, Wester Ross, Loch Carron, Loch nam Madadh, Sound of Barra, Loch Sween, South Arran and Luce Bay, and Sands) (Supplementary Figure S6). Even in these areas some permitted activities (e.g., licensed fishing) may detrimentally affect this ecosystem, Scottish Natural Heritage (2019b). The placement of non-geniculate coralline algae-specific MPAs does not cover full present-day extent, and only 20% of the potential future refuge populations are currently covered (Supplementary Figures S7, S8).

Connectivity between refugia and neighboring habitats may strengthen the future persistence of non-geniculate coralline algal beds, similar to the “spill over” of ecosystem services seen in other MPA networks (Lynham et al., 2020). We therefore propose that the refuge areas (Loch Laxford, inner Moray Firth, north of Arran, north of Islay, Mainland Orkney and Mainland Shetland) should be of high conservation priority since they are expected to offer persistently suitable habitat for the coming decades – expected to be the period of most rapid distributional decline. In support of this, a current consultation by the Scottish Government and Marine Scotland, supported by Scottish Natural Heritage, aims to develop fisheries management measures to protect particularly sensitive benthic habitats and PMFs (including coralline algal beds) outside of MPAs (Marine Scotland, 2018; Scottish Government, 2019).



SUMMARY AND CONCLUSION

Non-geniculate coralline algal beds are a globally important ecosystem for biodiversity, socio-economic benefit and carbon storage. Scotland is a European regional stronghold for these coralline algal beds, but here we demonstrate their high sensitivity to projected climate change, and demonstrate the value of SDMs for understanding regional-scale environmental drivers of their distribution. Projected climate change over the coming century is predicted to leave fragmented refugia that may be more vulnerable to long-term survival and therefore should be a priority for conservation management for favorable conditions. Applications of this SDM approach to free-living, non-geniculate coralline algae in other regions around the world will enable a global network of distributional change to be determined, facilitating international-scale conservation decisions and an assessment of the knock-on implications for the future of coralline algal ecosystem service provision.

This paper highlights the need for a greater understanding of non-geniculate coralline algal bed habitats in order to prepare for various climate futures. Increased survey activity in order to better establish true presences and absences of beds, and high resolution data on environmental conditions would be appropriate places to start and allow for more detailed and in depth modeling to be carried out.
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Negative impacts of global climate change are predicted for a range of taxa. Projections predict marked increases in sea surface temperatures and ocean acidification (OA), arguably placing calcifying organisms at most risk. While detrimental impacts of environmental change on the growth and ultrastructure of bivalve mollusk shells have been shown, rapid and diel fluctuations in pH typical of coastal systems are often not considered. Mytilus edulis, an economically important marine calcifier vulnerable to climate change, were exposed to current and future OA (380 and 1000 ppm pCO2), warming (17 and 20°C), and ocean acidification and warming (OAW) scenarios in a seawater system incorporating natural fluctuations in pH. Both macroscopic morphometrics (length, width, height, volume) and microscopic changes in the crystalline structure of shells (ultrastructure) using electron backscatter diffraction (EBSD) were measured over time. Increases in seawater temperature and OAW scenarios led to increased and decreased shell growth respectively and on marginal changes in cavity volumes. Shell crystal matrices became disordered shifting toward preferred alignment under elevated temperatures indicating restricted growth, whereas Mytilus grown under OAW scenarios maintained single crystal fabrics suggesting OA may ameliorate some of the negative consequences of temperature increases. However, both elevated temperature and OAW led to significant increases in crystal size (grain area and diameter) and misorientation frequencies, suggesting a propensity toward increased shell brittleness. Results suggest adult Mytilus may become more susceptible to biological determinants of survival in the future, altering ecosystem structure and functioning.
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INTRODUCTION

Over the last century, atmospheric concentrations of CO2 have increased at an unprecedented rate resulting in changing environmental conditions on both land and sea. In the ocean, the increased absorption of CO2 due to higher atmospheric partial pressures is altering chemical reactions and driving declines in pH and (CO32–) (Doney et al., 2009) – a phenomenon referred to as ocean acidification (OA). At current CO2 emission rates, by 2100 atmospheric CO2 concentrations are predicted to exceed 1000 ppm in some instances (Stocker et al., 2013), leading to reductions in pH of between 0.3 and 0.4 units from today’s conditions (Doney et al., 2009). For marine life, changes in pH can have significant, detrimental effects on their structure and functioning (Lemasson et al., 2017a, 2018) including abnormal larval development (Kurihara et al., 2007; Kurihara, 2008), increased pressure on acid-base regulatory mechanisms (Lindinger et al., 1984; Thomsen and Melzner, 2010; Scanes et al., 2017) and changes to behavior (Queiros et al., 2015; Sadler et al., 2018).

For calcifying species, OA can be especially problematic due to disruption of the biomineralization process that is so crucial to the development of shells, exoskeletons and tests. In bivalve mollusks, the shell often consists of two polymorphs of calcium carbonate: the outer prismatic layer comprising calcite crystals, and the inner nacre layer comprising aragonite crystal tablets (Gazeau et al., 2013). Both polymorphs are formed within the extrapallial space following the catalytic conversion of CO2 to bicarbonate by the enzyme carbonic anhydrase (Marin and Luquet, 2004). This catalysis is a crucial process for calcium carbonate crystal nucleation, growth and orientation (Nakahara, 1991; Choi and Kim, 2000; Olson et al., 2013). Under normal conditions, these crystals are arranged as horizontal sheets (Checa et al., 2006; Hahn et al., 2012) but under predicted future climate conditions, crystal formation can become disordered and the crystals themselves misorientated or porous (Hahn et al., 2012; Fitzer et al., 2014a,b; Li et al., 2015; Meng et al., 2019; Figure 1). It is argued that these changes will have negative consequences for shell integrity and material properties (e.g., Beniash et al., 2010; Fitzer et al., 2015b), impacting the potential for mollusks to withstand physical and biological stress (Sadler et al., 2018).
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FIGURE 1. Mytilus sp. valves imaged using backscattered electron (BSE) imaging. Unprepared baseline Mytilus (A,B) show naturally occurring aligned crystalline structures at (A) 2500×, and (B) 10,000× magnification before specimen preparation. Prepared baseline specimens (C,D) at 2500× magnification reveal differences in prismatic and nacre layers showing (C) aligned crystalline structure as indicated by arrows, and (D) more porous structure with lack of an observable regular crystalline alignment. Mytilus exposed to elevated temperature and pCO2 (E,F) show (E) disrupted, irregular structure, and (F) a fragmented, porous nature.


The effects of OA on mollusk shell calcification and ultrastructure have largely been considered under fixed pH conditions; the experimental pH treatments are tightly controlled within a small pre-defined range and considerable negative consequences for organisms have been shown (e.g., Dupont et al., 2013). Yet increasingly, in situ measurements of pH in a range of coastal marine habitats including estuaries, kelp forests, coral reefs, and upwelling regions (Hofmann et al., 2011) reveal considerable natural fluctuations in pH (of up to 0.8 units) over short (diel) timescales (e.g., Lemasson et al., 2018). Where studies have incorporated pH fluctuations within their experiments either experimentally or by sampling organisms from sites with varying degrees of environmental fluctuation (Dufault et al., 2012; Comeau et al., 2014; Frieder et al., 2014; Ramajo et al., 2019), the impacts of OA have been less severe, perhaps due to transient exposure to less acidified conditions (Wahl et al., 2016) or that organisms originating from sites with naturally higher fluctuations in pH may be more tolerant or locally adapted to OA (Pansch et al., 2014).

Increasingly, studies are beginning to include the potential interactive effects of temperature in order to better simulate the ocean acidification and warming (OAW) environmental scenarios predicted for the end of the century. These studies have largely focused on macro-morphological change but often results appear contradictory or indicate a degree of context specificity (sensu Pansch et al., 2014); differences that may be driven by location, species, or life-history stage. For example, Lagos et al. (2016) found elevated temperatures mitigate negative impacts of OA on shell growth in Argopecten purpuratus. In Littorina littorea, Melatunan et al. (2013) found elevated temperature or reduced pH were equally detrimental to growth but effects increased in severity when combined, and Lemasson et al. (2018) found elevated temperature but not OA affected growth in oysters.

Relatively few studies have assessed the combined effects of OAW scenarios on shell ultrastructure. Independently, temperature has been shown to induce significant crystal misorientation (Olson et al., 2013), changes in thickness (Olson and Gilbert, 2012; Gilbert et al., 2017) and alteration in the overall ultrastructure (Füllenbach et al., 2014). These studies, however, have mainly been in the context of paleo-environmental proxies which arguably have limited relevance to the current, rapid changes in temperature driven by anthropogenic activities. Of the studies that have investigated the combined effects of OA and warming (e.g., Fitzer et al., 2014b, 2015b; Li et al., 2015), the evidence suggests that elevated temperatures can exacerbate ultrastructure disruption caused by elevated pCO2, although the chosen experimental conditions are not necessarily those marine organisms are expected to face in the next century.

Understanding change in the morphological characteristics of shell ultrastructure, such as changes in crystal orientation, the occurrence of coincident site lattice (CSL) boundaries between crystals, and crystal size, may provide important insights in to how organisms will respond to future climate change. Misorientation – the difference in orientation between adjacent crystals – is expected to be relatively rare under low stress conditions as the organic matrix is able to maintain a well-ordered ultrastructure. Under environmental stress (e.g., OAW scenarios), that organic matrix may breakdown leading to disordered ultrastructure and higher instances of crystal misorientation (Olson et al., 2013). Crystal misorientation can lead to an increased frequency of CSL boundaries; the boundary where the positions of a proportion of lattice sites coincide at the boundary segments between two adjacent crystals (Fortes, 1972). Some material science studies have found that low angle grain boundaries and low Sigma (Σ)-value CSL boundaries can influence material properties with increases in hardness and resistance to the spread of intergranular cracks (Lehockey et al., 2004; Arafin and Szpunar, 2009). An increased frequency of certain CSL boundaries in biomineralized structures such as calcified mollusk shells, may be an important determinant of resistance to mechanical stresses like those experienced by bivalves under predation pressure from decapods and gastropods (Elner, 1978; Sadler et al., 2018). Changes in crystal size may also indicate impacts of environmental conditions on crystal nucleation and growth mechanisms. Such changes have been shown over paleo-geological timescales (e.g., Olson and Gilbert, 2012; Gilbert et al., 2017) but have yet to be considered in the context of rapid environmental change that marine organisms are experiencing today.

This study investigated the extent to which the combination of elevated pCO2 concentrations and temperature can alter the growth and ultrastructure of Mytilus sp. Using an experimental mesocosm system able to replicate future OAW scenarios that encompasses natural fluctuations in pH, we compare changes in (i) whole organism shell growth, and (ii) crystal orientation, size, and lattice boundary formations using cutting-edge electron backscatter diffraction techniques (EBSD).



MATERIALS AND METHODS


Mussel Culture

Mussels were collected from Queen Anne’s Battery, Plymouth (50°36′40.82″N, 4°13′11.61″W), cleared of epibionts with a metal scraper, and transported back to the lab in buckets of seawater. Animals were placed in tanks containing UV-treated filtered seawater collected from the sampling location within 1 h of collection and allowed to acclimate to laboratory conditions (salinity −29.7 ± 2.3; temperature −17°C ± 0.20; pH 8.00 ± 0.04) for 2 weeks. After acclimation, 36 mussels were randomly allocated to 12 chambers (3 mussels per chamber) for 8-week. These chambers were filled with fresh UV-treated filtered sea water, also collected from the sampling location. Mean salinity was marginally higher (32.6 ± 1.3) than in the acclimation treatment as a result of natural fluctuations in salinity due to rainfall and riverine inputs. Each chamber represented one of four environmental scenarios (n = 3). By the end of the century, future climate change scenarios predict increases in sea surface temperature of 2–4°C and increases in atmospheric pCO2 of ∼600–800 ppm (IPCC, 2014) depending on the emissions (RCP) scenario. Here, we adopted a temperature increase of 3°C and pCO2 increase of 620 ppm, resulting in the following four combinations: (1) 17°C × 380 ppm pCO2; (2) 17°C × 1000 ppm pCO2; (3) 20°C × 380 ppm pCO2; and (4) 20°C × 1000 ppm pCO2. Temperature treatments were maintained using recirculating thermostatically controlled heated water baths (Aqua Medic, United Kingdom) bubbled with air or 1000 ppm CO2-enriched air (see Lemasson et al., 2018). CO2 concentrations were controlled using a CO2 gas analyzer (LI-COR LI-820, United States). Natural fluctuations in pH result from this approach as pCO2 concentrations remain static and pH changes occur as a result of fluctuations in atmospheric pressure, although these fluctuations in pH were relatively small with a maximum standard deviation of 0.1 pH units in any treatment (Supplementary Table S1). Seawater pH (SevenExcellence Multi-parameter pH probe), temperature (Omega HH802U temperature probe) and salinity (HI96822 Seawater Refractometer) were tested daily and total alkalinity (TitraLab© AT1000 series workstation) and pCO2 (Corning 965 TCO2 Analyser) were measured three times per week. Mussels were fed every other day with 10 mL of Shellfish Diet 1800 at a concentration of ∼4500 cell mL–1 (Thomsen and Melzner, 2010; Fitzer et al., 2014b). Four biometric parameters: total wet mass, shell length, shell width, and shell height were measured before and after an 8-week exposure period.

Body volume (cm3) of all individuals (N = 36) was calculated using the volume of water displaced (mL) by the mussel in a volumetric cylinder containing sea water (density of 1.025 g/cm3 at 20°C, salinity = 35). This approach controls for any water retained within the mantle. Displacement (mL) of an individual was measured at time zero (t0) and after 8-week (t8) of exposure to all experimental treatments. Sea water density was measured using a hand-held digital refractometer (D&D, The Aquarium Solution Ltd., United Kingdom). Shell dimensions (length, width, height) were measured using digital calipers (Mitutoyo, Japan) to the nearest 0.1 mm, also at t0 and t8 (Figure 2A).
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FIGURE 2. Schematic illustrating (A) dimensional features (excluding volume) measured in the macro-morphometric study, and (B) transverse section of a mussel showing the location of the shell section used in EBSD analysis and direction of EBSD scans.




Ultrastructure Data Sampling Procedure

After 8-week, all mussels were euthanized and the soft tissue removed. Two mussels per treatment were randomly chosen from the control (17°C × 380 ppm pCO2), elevated temperature (20°C × 380 ppm pCO2), and elevated temperature and pCO2 treatment (20°C × 1000 ppm pCO2) and a cross-section from the lip area of each mussel removed using a high-speed cutting wheel (Dremel, United States). Mussels from a control temperature and elevated pCO2 treatment (17°C × 1000 ppm pCO2) were not used for EBSD analysis due to logistical constraints and given that this scenario is not expected under future climate scenarios. Cross-sectional cuts were specifically made to allow examination of the ultrastructure between the prismatic and nacre layers (Figure 2B) along the growth direction in the most recently formed shell material (Checa et al., 2006; Hahn et al., 2012).

Shell samples were mounted in epoxy resin (Struers Epofix), ground [Buehler Carbimet GritTM 600 (P1200) pad] and sequentially polished with 6 μm then 1 μm diamond suspensions (Buehler MetaDi®) until a glossy appearance was achieved. Samples were then polished using a vibratory polisher (Buehler VibroMet2®) with a 0.05 μm polishing suspension (MasterPrepTM) diluted in distilled water. Samples were examined under an optical microscope (Meiji Techno EMZ-13TR, Infinity 1) to check the quality of the polished surface (Figure 1). Samples were preserved in ethanol before carbon sputter-coating (Quorum Technologies Q150T ES, United Kingdom).

Samples were examined in a variable-pressure scanning electron microscope (SEM) (JEOL 6610 VP-SEM, Japan) under high vacuum at 15 kV. Magnification, spot size, and working distance were modified between samples to optimize data acquisition. Crystallographic data were obtained using a Nordlys Nano EBSD detector with AZtec software, and analyzed using HKL CHANNEL5 post-processing software (Oxford Instruments, United Kingdom). Grains were detected using a minimum pixel number of 10 (default setting) and a critical misorientation angle of 3° as the defining criteria (Goetz et al., 2011).



Ultrastructure Parameters

Differences in the ultrastructure between samples were assessed using a combination of inverse pole figure (IPF) orientation maps, contoured pole figures, frequency distributions of grain boundary misorientation angles, Σ-value CSL boundaries, grain area, and grain diameter metrics. IPF maps using the z-direction (IPFz; perpendicular to the sample surface) as the sample reference direction were used to demonstrate patterns of variability in orientation in shell samples. IPF maps present patterns of crystallographic orientation using different colors to illustrate different orientations of EBSD measurement pixels relative to a fixed orientation. In a well-ordered ultrastructure, IPF maps would be expected to show similar orientations throughout much of the mapped site, or with different orientations restricted to definable regions. The majority of grains should appear to face a similar direction along the sample surface. In a more disordered ultrastructure, the mapped sites would be expected to show a wide variation in orientation with the direction that the grains face, relative to the sample surface, appearing more random.

Contoured pole figures (1 point per grain analysis) were used to demonstrate the variation in crystallographic orientation of individual grains relative to different planes. Ordered/orientated crystal lattices form clusters around specific orientations (i.e., single crystal fabrics), which indicates uninhibited growth, whereas disordered/misorientated crystal lattices demonstrate “preferred alignment” indicating inhibited growth. The probability of grain orientation angles (multiple uniform densities; MUD) are illustrated using pole figures.

The frequency distribution of grain boundary misorientation angles demonstrates variation in co-orientation between adjacent grains. Misorientation angle is defined as the rotation angle required to map the lattice of the boundary segment of a grain to the lattice of the adjacent boundary segment (Oxford Instruments, 2015) and the frequency distributions of the Σ values of CSL boundaries can demonstrate variation in co-orientation and fracture resistance between grains. The Σ values reflect the proportion of coincident lattice sites between the two boundary segments. For example, in Σ3 boundaries, one out of every three lattice sites are coincident between the boundary segments (Fortes, 1972). IPFz maps were annotated with the positions of grain and CSL boundaries to demonstrate the distribution of different misorientation angle ranges and Σ values, respectively.

Grain size was used to test for changes in grain formation and growth. Both grain area and diameter were included as measures of grain size, and plotted as frequency distributions, to account for the potential effect of grain shape on the latter.

Three regions (subsets) were defined for each treatment to further explore the variability in ultrastructure parameters within a single shell sample. Each region was chosen to assess crystalline structure in the outer periostracum layer (subset 1), center (subset 2), and inner nacre layer (subset 3) to determine if different regions of the shell responded differently to environmental stresses (Figure 2B shows the transverse EBSD scan direction). Statistical tests were only conducted between subsets from the same sample.



Data and Statistical Analysis

Changes in growth and body volume were analyzed using a three-factor linear mixed-effects model to test for significant changes in body volume and growth over time in response to temperature (17 and 20°C) and pCO2 (380 and 1000 ppm) concentration. Temperature and pCO2 were included as fixed factors, and “individual” was included as a random factor to account for potential differences in intra-individual responses to experimental conditions within each tank. Model reduction was performed to test for the effect of the random factor, using Akaike information criterion (AIC) to test for significance differences between the maximum (including the random variable) and reduced (excluding the random variable) model predictive power. In all analyses, there was no significant increase in AIC indicating no difference in response among individuals.

Differences in grain boundary misorientation angles, Σ-value of CSL boundaries, grain orientation angle (from pole plots), grain area and grain diameter were compared using planned pairwise Kolmogorov–Smirnov tests to compare frequency distributions (Sokal and Rohlf, 1995). All statistical tests were performed in the open source software, R (R Development Core Team, 2017) and the package “nlme” (Pinheiro et al., 2020).



RESULTS


Mussel Volume and Growth

There were significant changes in body volume depending on temperature and pCO2 conditions after 8-week (F1,32 = 11.9, p < 0.01). Mussel body volume reduced under either elevated temperature (20°C) or pCO2 (1000 ppm), but marginally increased under control (0.13 ± 0.09 mL) and elevated temperature and pCO2 conditions (0.05 ± 0.02 mL) (Figure 3).
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FIGURE 3. Change in (A) body volume (mL), (B) shell width (mm), (C) length (mm), and (D) height (mm) after 8-week exposure to four climate scenarios. Error bars show standard error. Results of post hoc pairwise comparisons are shown, where shared letters indicate no significant difference between pairwise groups (p > 0.05), and different letters indicate significant differences (p < 0.05) between pairwise groups.


There were significant reductions in both shell width and length under the OAW scenario (20°C × 1000 ppm; width: F1,32 = 9.2, p < 0.01; length: F1,32 = 5.6, p < 0.05) of 1.05 ± 0.48 mm and 0.86 ± 0.44 mm, respectively. There was no change in morphometrics under control (17°C × 380 ppm), increased temperature or increased pCO2 conditions (Figures 3B,C). There was no significant change in shell height among treatments (F1,32 = 0.56, ns, Figure 3D), although trends suggest a decrease in shell height especially under control conditions, albeit reduction among individuals being highly variable.



Ultrastructure Parameters


Grain Area and Diameter

There were significant differences in the frequency distributions of grain areas and diameters among all experimental treatments after 8-week (Kolmogorov–Smirnov paired comparisons; p < 0.001 for all comparisons). Both grain area and diameters tended toward smaller dimensions (left skew; Figure 4). Grain areas and diameters were smallest in the control treatment (17°C × 380 ppm), largest in the elevated temperature treatment (20°C × 380 ppm), and of intermediate size in the OAW (20°C × 1000 ppm) treatment. Median grain areas were 3.6 × and 2.2 × larger, and diameters 1.9 × and 1.5 × larger, in 20°C × 380 ppm and 20°C × 1000 ppm treatments respectively than in the control treatment (Figure 4). While median grain area was lower in the OAW scenario than the temperature only treatment, the maximum grain area observed in mussels from the OAW treatment was up to 7.8 × larger (12,887 μm2 vs. 1680 μm2) and 16.5 × larger than the temperature only (20°C × 380 ppm) and control treatments, respectively (Figure 4).
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FIGURE 4. Distribution of grain areas (μm2) and diameters (μm) within regional subsets of Mytilus sp. exposed to three temperature (°C) and pCO2 climate scenarios for 8-week. Thick lines of boxplots represent the median value, hinge lengths (end of box) represent the 25 and 75% quartiles from the median, and whiskers represent the 1.5 times the interquartile range (IQR) beyond the hinge. Outliers are shown as black circles.




Crystallographic Orientation and Disorientation

Change in crystallographic orientation and increased prevalence of misorientation angles were revealed by EBSD (Figure 5). Under control conditions, crystal orientation was largely well-ordered with clear evidence of single crystal fabrics (uninhibited growth) across all crystal planes (Figure 6). There were few deviations from the expected crystallographic orientation angle of 3–10° and a low prevalence of high misorientation angles (16% > 20°). Under elevated temperature (20°C × 380 ppm) and OAW (20° × 1000 ppm) scenarios, crystals along the 0001 plane also showed propensity toward single crystal fabrics; the orientation of the crystals in the elevated temperature scenario were also rotated.
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FIGURE 5. Inverse pole figure (IPF) maps with grain boundaries (left column) and coincident site lattice (CSL; right column) boundaries of Mytilus sp. shell samples grown under three climate scenarios: (A,B) 17°C × 380 ppm (Control); (C,D) 20°C × 380 ppm (Ocean warming without acidification); and (E,F) 20°C × 1000 ppm (Ocean warming with acidification). Bottom: Crystal orientation color inset key; grain boundary misorientation (strain) angles; and CSL Sigma boundaries (right column). All plots are orientated in the same way i.e., the left-hand side of the image is the outer-facing periostracum surface and the right-hand side is the inner-facing (nacre) surface (as illustrated on panel B).
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FIGURE 6. Contoured pole figures (1 point per grain analysis) showing variation in crystallographic orientation along three crystal planes (0001; 11-20; 10-10) in Mytilus sp. grown for 8-week under three climate scenarios (top: 17°C × 380 ppm; middle: 20°C × 380 ppm; bottom: 20°C × 1000 ppm). The clear single-crystal fabric observed in the control data (top row) becomes more diffuse along both short axes ({11-20} and {10-10}) as temperature (20°C × 380 ppm), or temperature and CO2 (20°C × 1000 ppm) increases.


The 11-20 and 10-10 planes of the elevated temperature treatment exhibited a major shift toward preferred alignment and a higher prevalence (∼23.1%) of misorientated angles (>20°) at the grain boundaries (Kolmogorov–Smirnov tests, p < 0.01; Figures 5, 6). This shift toward larger misorientation angles (>20°) was even more apparent in the OAW-treated mussels (41%), although crystals appeared to continue to grow as a single crystal fabric in all planes (Figure 6).

Comparison of growth between the external-facing (prismatic) layer and internal-facing (nacreous) revealed differing responses to changed environmental conditions. Focusing on the 11-20 plane only (although a similar pattern was also apparent in the 10-10 plane), Mytilus reared in elevated temperatures only (20°C × 380 ppm) showed evidence of restricted growth (preferred alignment) across the entire transverse section of the shell, in particular, within the nacreous region (Figure 7H). In comparison, Mytilus sp. grown under control (Figurse 7A,D,G) and OAW conditions continued to demonstrate single crystal fabric (uninhibited) growth, if not, with marginally lower “intensity” (Figures 7C,F,I).
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FIGURE 7. Contoured pole figures (1 point per grain analysis) showing variation in crystallographic orientation along the 11-20 crystal plane in three regions (prismatic; center; and nacreous layers) of the ultrastructure of Mytilus sp. grown for 8-week under three climate scenarios: Control (A,D,C); Elevated Temperature (B,E,H); and Elevated Temperature and pCO2 (C,F,I). The MUD value for the three treatments varies from 98.64 (baseline, 17 × 380) to 154.81 (subset 1, 20 × 1000).




Coincident Site Lattice Boundaries

Coincident site lattice boundaries were most frequent in the elevated temperature treatment (20°C × 380 ppm) followed by the OAW scenario and then the control treatment (Figures 5B,D,F). CSL boundaries in the OAW and control samples were restricted to isolated patches, whereas under elevated temperature only, CSL boundaries were distributed throughout the region, although there was no significant difference in the occurrence of these boundaries among treatments.



DISCUSSION

By the end of the century, future climate change scenarios predict increases in sea surface temperature of ∼4°C and increases in atmospheric pCO2 of ∼600–800 ppm (IPCC, 2014). Exposure of the commercially valuable mussel species, Mytilus, to conditions predicted for 2100 led to changes in body volume and shell growth at the macroscale, and alteration of shell crystallization (ultrastructure) at the microscale, although negative consequences mostly occurred under temperature as a single stressor rather than in combination with increases in pCO2. Results suggest an antagonistic relationship between temperature and pCO2 stressors on biological functioning of Mytilus.

Body volume was reduced under elevated temperature or elevated pCO2 treatments, but marginally increased under control conditions or when both temperature and pCO2 were elevated. In contrast, shell length and width reduced under elevated temperature and pCO2 (20°C × 1000 ppm) conditions, but marginally increased under elevated temperatures (20°C) only. Body volume can act as a proxy measure for the condition of the mussel; change in the mass of soft tissue filling the mantle alters the shell: tissue: mantle-volume ratio and thus water displacement, thereby indicating change in energy utilization over time in somatic tissues development or maintenance (e.g., Melzner et al., 2011; Huning et al., 2013). The reductions in volume associated with elevated water temperature or pCO2 might initially suggest an increased metabolic cost to individuals preventing soft issue maintenance, but concurrent increases in shell width and length instead suggest a reallocation of energy toward shell maintenance under these single stressor conditions. Previous studies have shown organisms can induce shell thickening (Bibby et al., 2007; Melatunan et al., 2013) or repair damage to their shells (Coleman et al., 2014) through reallocation of energy to specific physiological processes, although OAW scenarios can alter this response. For instance, Li et al. (2016) showed that OAW implemented a compensatory acid-base mechanism, metabolic depression, and up-regulation of physiological responses leading to change in calcification rates, the calcium and carbon content within shells, as well as change in shell ultrastructure. Here, the notable decreases in shell length and width under the elevated temperature and pCO2 (20°C × 1000 ppm) scenario support these previous findings, suggesting depression of some energetically expensive processes (i.e., soft tissue maintenance) and up-regulation of other physiological and biochemical functions. The observed increases in shell length and width under elevated pCO2 and ambient temperature conditions (17°C × 1000 ppm) also suggests that mussels may have some capacity to up-regulate biomineralization to maintain or grow shell material under OA (Bibby et al., 2007; Melatunan et al., 2013; Coleman et al., 2014, but see Leung et al., 2020); a process that may be driven by an up-regulation of ion and proton transport genes associated with organic matrix formation (Glazier et al., 2020).

There were also changes in the ultrastructure of mussels grown under future climate conditions. Under elevated temperature, the shell ultrastructure became disordered shifting from single crystal fabrics toward preferred alignment suggesting “restricted” growth, whilst area and diameter of individual grains became significantly larger. In contrast, under elevated temperature and pCO2, crystalline structures remained ordered as a single crystal fabric, in the same way as control mussels, suggesting OA conditions may be mitigating the effect of temperature. Both future scenarios led to increased frequencies of crystal misorientation; an indicator of stress that signifies the formation of microcracks and weakening of the shell. Previous studies have shown bivalves grown under increasing pCO2 produce a stiffer, harder calcite (prismatic) layer that is more brittle, whereas the aragonite (nacre) layer may become less stiff and softer (Beniash et al., 2010; Fitzer et al., 2015a) but see Hiebenthal et al. (2013), Mackenzie et al. (2014). While not tested here, the elongation of the crystals grown under elevated temperature and OA (20°C × 1000 ppm) suggests greater crystal malleability, not just within the nacre region of the shell but across the entire transverse section of the shell. Our results are therefore, in part, contradictory to previous studies that have reported disordered shell ultrastructure under elevated pCO2 in Mytilus (Hahn et al., 2012; Fitzer et al., 2014a,b, 2016) and other mollusks (Beniash et al., 2010); an effect argued to be further exacerbated under elevated temperature (Fitzer et al., 2014b). It should be noted, however, that our experimental future climate temperatures (20°C) were considerably higher than those used in Fitzer et al. (2014b).

Change in the physiological mechanisms that underpins ultrastructure composition remain poorly understood (Li et al., 2016). A link between ultrastructure disruption and reduced expression of calcification proteins under elevated pCO2 has been proposed (e.g., Huning et al., 2013; Fitzer et al., 2014b), although shell matrix protein candidate genes and the expression of carbonic anhydrase – the latter of which catalyzes the interconversion of bicarbonate and CO2 – appear less affected by elevated CO2 (Huning et al., 2013). Furthermore, our understanding of the interaction between protein expression, functioning, and CaCO3 formation remains limited (see Glazier et al., 2020 for a recent study in corals). A number of models have been proposed including: changes in epitaxial growth, the formation of “mineral bridges” between crystals, or alteration of the c-axis (0001 plane) orientation during the earlier stages of crystal formation (Choi and Kim, 2000; Checa et al., 2006; Fryda et al., 2010; Olson et al., 2013; Maier et al., 2014). Clarification of changes in the physiological mechanisms including gene functioning and regulation under future climate scenarios may shed light on the capacity of marine species, and especially calcifiers, to mitigate the effects of environmental change.

Our mesocosm system uses fixed input concentrations of CO2 and we do not attempt to modify these concentrations using feedback loops to control (fix) pH. Consequently, the ocean chemistry in our test system behaves in the same way as in situ seawater would i.e., a change in atmospheric pressure can lead to changes in surface water pCO2 over short timescales (Burgers et al., 2017) and fluctuations in pH (see Lemasson et al., 2018). Fluctuations can also arise from close proximity to CO2 vents (Hall-Spencer et al., 2008), the introduction of acidified water from coastal upwelling (Feely et al., 2008; Booth et al., 2012), and freshwater inputs (Aguilera et al., 2013; Waldbusser and Salisbury, 2014). Photosynthesis, respiration and the calcification and dissolution of biomineralized structures can also remove and release carbonate (CO32–) ions (Anthony et al., 2011). In marine systems, individuals may therefore be exposed to rapid and acute perturbations of pH rather than long-term, chronic exposure to reduced pH as simulated in some mesocosm experiments with conditions varying over spatio-temporal scales. The impact of OA and warming may therefore vary greatly across spatial and temporal scales (e.g., Kurihara et al., 2007; Kurihara, 2008; Thomsen and Melzner, 2010; Fitzer et al., 2015a; Lemasson et al., 2018). Any response may also be context specific and dependent upon individual factors such as the acclimatory capacity and/or evolutionary origins of the target organism (Matoo et al., 2013 and references therein; Ramajo et al., 2019; Britton et al., 2019), capacity to perform biomineralization under variable environmental conditions (Day et al., 2000), or susceptibility to dissolution depending on the mineralogy of their shells (Melzner et al., 2011; Olson et al., 2013). Indeed, current evidence indicates that natural pH fluctuations can influence the impacts of OA on bio-mineralizing organisms (Wahl et al., 2016) or have no effect, even among species within the same genera (Frieder et al., 2014; Lemasson et al., 2017b, 2018).

Should change to the ultrastructural integrity and strength of individuals occur, there are potentially important ramifications for the fitness and survivorship of bivalve mollusks in the future. Given the common role of bivalves as ecosystem engineers (sensu Jones et al., 1994) in supporting biodiversity, a reduction in shell strength may lead to greater susceptibility to predation and wider multitrophic impacts. For instance, predators of Mytilus sp. (e.g., Carcinus maenas, Nucella lapillus) typically use crushing or boring to penetrate the shell (Elner, 1978; Sadler et al., 2018). Furthermore, predators of bivalve mollusks may themselves become susceptible to OA through impacts on fitness (Whiteley, 2011; Landes and Zimmer, 2012; Sadler et al., 2018), feeding structures (Landes and Zimmer, 2012) and predatory behavior (Dixson et al., 2010; Queiros et al., 2015; Sadler et al., 2018).

In recent years, there has been a burgeoning of studies assessing the effects of future climate change scenarios on the fitness, physiology, and provision of ecosystem services in a plethora of marine species at both the macroscale, and increasingly, microscale. Many earlier studies have shown detrimental impacts of OA and warming scenarios on species performance, but increasingly, others do not (see Clark et al., 2020). Here, our results indicate that future predictions of sea surface temperature are likely to have detrimental effects on the ultrastructure of Mytilus sp., but when combined with atmospheric pCO2 concentrations predicted for 2100, those negative effects will be in part, ameliorated. These results further muddy the waters in terms of forming generic conclusions about the impact of climate change on marine organisms. It is important to recognize that in many instances, daily fluctuations in pCO2 will be experienced by organisms in surface waters, that will change over spatial and temporal scales depending on environment. This presents challenges when making predictions of a general response of organisms to future climate conditions. We therefore propose that understanding how organisms respond to small and large-scale spatio-temporal fluctuations in future environmental conditions is the next challenge to predicting impacts and further disentangling the consequences of climate change.
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Biological fitness relies on processes acting at various levels of organization, all of which can be modified by environmental change. Application of synthesis frameworks, such as the Adverse Outcome Pathway (AOP), can enhance our understanding of the responses to stressors identified in studies at each level, as well as the links among them. However, the use of such frameworks is often limited by a lack of data. In order to identify contexts with sufficient understanding to apply the AOP framework, we conducted a meta-analysis of studies considering ocean acidification effects on calcifying mollusks. Our meta-analysis identified that most studies considered the adult life history stage, bivalve taxonomic group, individual-level changes, and growth- and metabolism-related responses. Given the characteristics of the published literature, we constructed an AOP for the effects of ocean acidification on calcification in an adult bivalve, specifically the Pacific oyster (Magallana gigas). By structuring results within the AOP framework, we identify that, at present, the supported pathways by which ocean acidification affects oyster calcification are via the downregulation of cavortin and arginine kinase transcription. Such changes at the molecular level can prompt changes in cellular and organ responses, including altered enzyme activities, lipid peroxidation, and regulation of acid–base status, which have impacts on organism level metabolic rate and, therefore, calcification. Altered calcification may then impact organism mortality and population sizes. We propose that when developed and incorporated in future studies, the AOP framework could be used to investigate sources of complexity including varying susceptibility within and among species, feedback mechanisms, exposure duration and magnitude, and species interactions. Such applications of the AOP framework will allow more effective reflections of the consequences of environmental change, such as ocean acidification, on all levels of biological organization.
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INTRODUCTION

Organism fitness depends on processes acting at various levels of biological organization, all of which are affected by abiotic conditions (Prosser, 1955). The response of organisms to changing environmental conditions is, therefore, governed by cumulative effects across multiple biological levels, from molecular pathways to whole-organism processes. Ultimately, changes in organism fitness will affect population composition, ecosystem structure, and evolutionary potential (Munday et al., 2013; Queirós et al., 2014).

Marine systems around the world are experiencing unprecedented rates of abiotic change, with ocean acidification associated with rapid alterations in environmental conditions (Burrows et al., 2011). It is estimated that the oceans have absorbed almost half of the carbon dioxide emitted globally almost the past two decades (Sabine et al., 2004). Such uptake has resulted in the average oceanic pH declining by 0.1 units compared to preindustrial levels, in a process termed ocean acidification (Caldeira, 2005). In addition to reduced pH, ocean acidification also incorporates other alterations to seawater chemistry, including reduction in the calcium carbonate saturation state and alteration of the global carbon cycle (Zeebe and Wolf-Gladrow, 2001). In the future, seawater pH is predicted to undergo a 0.3–0.4 unit decrease by 2100 (Caldeira and Wickett, 2003; IPCC, 2013). As pH is measured on the logarithmic scale, this corresponds to a doubling in acidity by the end of the century and represents a profound change for future oceans.

Ocean acidification is recognized to negatively impact many calcifying organisms, including mollusks (see reviews by Kroeker et al., 2010; Gazeau et al., 2013 and references therein). Such impacts are of concern given that mollusks fulfill numerous ecological roles (Gazeau et al., 2013), provide an abundance of ecosystem services (Lemasson et al., 2017), and represent an aquaculture industry that was worth US $19 billion globally in 2016 (FAO, 2016). The effects of ocean acidification on calcifying mollusks have been suggested to result largely from impacts on the development of calcified structures, as well as their maintenance via enhanced erosion and dissolution due to the increased porosity of the shells' internal microstructure (e.g., Marshall et al., 2008; Nienhuis et al., 2010; Rodolfo-Metalpa et al., 2011; Fitzer et al., 2015, 2016, 2019; Meng et al., 2018; Byrne and Fitzer, 2019; Leung et al., 2020a). Although calcification represents one of the physiological processes most susceptible to ocean acidification (Kroeker et al., 2010), studies have only relatively recently started to unravel the complex drivers of such effects (e.g., Meng et al., 2018; Clark et al., 2020; Leung et al., 2020b). Currently, the key mechanism impairing calcification under ocean acidification is considered to be the exacerbation of the energetic costs of maintaining internal pH homeostasis under the increased concentration of protons in the surrounding seawater (Barry et al., 2011; Stumpp et al., 2011; Waldbusser et al., 2015; Cyronak et al., 2016; Fitzer et al., 2016). The required reallocation of metabolic resources to maintain calcified structures appears to occur at the detriment of other physiological processes including growth, reproduction, and immune system function (Wood et al., 2008; Scanes et al., 2014; Garilli et al., 2015; Harvey and Moore, 2017; Leung et al., 2017; Telesca et la., 2019). Promisingly, some calcifying mollusks can buffer the effects of acidification through energy reallocation (Leung et al., 2020b), adjusting internal pH (Zhao et al., 2018), and adjusting the mineralogical composition of their shells (Leung et al., 2017, 2020a). It is important to note, however, that such adaptive capacities may be considerably reduced when acidity is modified to more extreme levels, indicating that processes associated with calcification may lack the capacity to overcome the challenges of future acidification (Leung et al., 2020a). Of particular concern are changes occurring in oysters, which are a group of considerable economic and ecological importance (see Lemasson et al., 2017 and references therein). For oysters, acidification is considered to reduce individual fitness by generating energetically costly effects in early life history stages that are then carried over to later stages (Hettinger et al., 2013). Specifically, acidification can decrease larval metamorphosis by up to 30% (Talmage and Gobler, 2009), as it alters the expression of proteins involved in energy production and calcification (Dineshram et al., 2016). Such changes can lead to later life stages experiencing abnormal development, decreased body size, and altered shell properties (Parker et al., 2009; Hettinger et al., 2012; Gazeau et al., 2013).

While a general understanding of the pathways by which ocean acidification influences marine calcifiers is being developed, confidence may be increased where more rigorous synthesis approaches are used. That is, the above description of effects of ocean acidification on calcification is based on a “qualitative literature review” approach, where we selected the portion of evidence we felt best described the process (Falkenberg et al., 2018). A more objective approach could be the application of a conceptual framework that synthesizes the sequential cascade of responses initiated by environmental stressors, specifically the Adverse Outcome Pathway (AOP) framework (Ankley et al., 2010). AOPs were first developed in 1992 to bring together key information on the sequential consequences of toxicants across biological processes (Ankley et al., 2010). The subsequent adoption of AOPs in toxicology has gained momentum (Leist et al., 2017), leading to the design of online databases gathering information on a myriad of stressors and their impacts (Society for Advancement of AOPs, 2020).

To date, the AOP framework has yet to be used to address ocean acidification, with few examples of its application to global change parameters (but see Hooper et al., 2013). Nonetheless, the effects of human-driven global change (e.g., increased temperatures, hypoxia, or ocean acidification) are akin to human-derived toxicants, as they represent potentially lethal threats to organisms. Successful application of the AOP framework within the context of global change will depend on sufficient data availability for different: (a) life history stages, (b) taxonomic groups, (c) biological responses, and (d) response variables. Where the required data exist, application of synthesis frameworks, such as the AOP, can enhance our understanding of the generality of responses identified in studies of each level, as well as the links between those observed from molecular, to physiological, and population levels. Thus, AOPs would provide a unique and comprehensive tool to address climate-related impacts on ecosystems and the species within them (Figure 1; Hooper et al., 2013; Falkenberg et al., 2018).


[image: Figure 1]
FIGURE 1. Conceptual diagram of the Adverse Outcome Pathway (AOP) linking the effect of the toxicant, considered to be ocean acidification, with the mechanistic toxicity pathway, and adverse outcomes (based on Ankley et al., 2010).


Here, we explore the potential for developing more accurate predictions of ocean acidification effects on organism fitness based on empirical data using the AOP framework. To identify the contexts in which there would be sufficient understanding to apply the AOP framework, we conducted a meta-analysis of studies considering the effects of ocean acidification on calcifying mollusks. Findings were organized to recognize our understanding of acidification across: (a) life history stages, (b) taxonomic groups, (c) biological levels, and (d) response variables. We then used the identified literature to construct an AOP for calcification in an organism and life stage we found to be well-studied. Where the AOP approach is developed, advanced, and informed by a greater number of studies, it will ultimately enhance our ability to relate findings across levels of biological organization.



METHODS


Literature Search and Suitability Criteria

The meta-analysis followed Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, which provide an evidence-based set of requirements for conducting and reporting meta-analyses. First, a standardized search for peer-reviewed research articles about the effects of ocean acidification on marine mollusks was conducted on Web of Science, Scopus, and Science Direct in October 2019. The search string used was TS = [(“ocean acidification” OR “marine acidification” OR “seawater acidification”) AND (“mollusc” OR “mollusk”)], the language was restricted to English, and no constraints were placed on the publication year.

The initial search identified 5,850 potentially relevant papers, which were then screened to determine their eligibility. Specifically, studies were narrowed to peer-reviewed research relating to contemporary climate change. Papers included in our analysis are those that considered the effect of a control “ambient” acidification treatment and at least one “future” acidification treatment as based on the author's opinion of “ambient” and “future” levels of ocean acidification. These treatments needed to be achieved using commonly accepted methods, with studies that manipulated carbonate chemistry with acid addition excluded (following criteria outlined by Harvey et al., 2013). All the abstracts were then read from the retained papers, and the full manuscripts obtained for those studies that indicated in their title, abstract, or keywords that relevant data could be collected (n = 517 papers). These papers were then read, and 267 papers were included.

For each of the included papers, we extracted information on the considered: (a) life history stages, (b) taxonomic groups, (c) biological levels, and (d) response variable groups. For studies that included more than one life history stage, taxonomic group, biological level, or response variable in the reported experiment(s), all separate life history stages, taxonomic groups, biological levels, and response variables were included as long as they met our overall criteria for inclusion. Response variables were grouped into the most commonly considered metrics (i.e., calcification, survival, growth, reproduction, development, and metabolism) as employed in previous meta-analyses (e.g., Gazeau et al., 2013; Harvey et al., 2013). Additionally, counts of the numbers of life history stages, taxonomic groups, biological levels, and response variables groups were made to determine the number of levels of each characteristic considered in each study.



Statistical Analysis

Chi-squared tests were used to examine differences in the frequency of (a) life history stages, (b) taxonomic groups, (c) biological levels, and (d) response variable groups considered in each study, as well as the frequency of the number of factors listed above (1, 2, or >2 factors). All tests were done in GraphPad Prism v 8.42.



AOP Framework Development

Studies considering the adult Pacific oyster, Magallana gigas, were then used to develop an AOP addressing the cascading mechanisms resulting in effects on calcification in response to acidification in adults of this species. This case study was selected as the focal life history stage (adult), taxonomic group (bivalve), biological level (individual), and response variable of interest (calcification) were well-represented in our meta-analysis relative to other levels. To develop the AOP, results from our meta-analysis were grouped according to the biological level of organization and organized into the major outcomes of studies, termed key events (KEs), caused by acidification. The KEs were then organized into a causal sequence starting with the molecular initiating event (MIE) (i.e., the reduction in external pH), progressing through the hierarchical levels of organization, and culminating in the outcomes (referred to as adverse outcomes, AOs, under the AOP terminology) at the organism and population level. Each KE is connected by key event relationships (KERs), which describe how alterations in upstream events (lower levels of organization) relate to the downstream modifications (higher levels of organization). The number of studies supporting each KE for M. gigas in the present meta-analysis is indicated. If certain KEs were not supported by these studies, plausible linkages with further evidence from other bivalve species were added. Further information on existing guidelines for constructing AOPs is available on the publicly accessible knowledgebase (Society for Advancement of AOPs, 2020).




RESULTS

There were significant differences in the proportion of studies across: (a) life history stages [[image: image] = 273.371, p < 0.0001; Figure 2A], (b) taxonomic groups [[image: image] = 479.696, p < 0.0001; Figure 2B], (c) biological levels [[image: image] = 475.324, p < 0.0001; Figure 2C], and (d) response variable groups [[image: image] = 160.139, p < 0.001; Figure 2D). In terms of life history stages, there was a higher proportion of studies considering adults (60%) than each of the other stages (i.e., embryos, larvae, and juveniles were all <20%; Figure 2A). While less well-studied than adults, the effects of acidification on earlier life stages is relatively well-understood, as 16% of studies in our review consider larvae and another 15% consider juvenile life stages, comprising 117 studies total (60 and 57 studies, respectively). Across taxonomic groups, almost three-quarters of the studies examined effects on bivalve species (70%), with the next most commonly considered group gastropods (22%) (Figure 2B). The majority of studies considered individual level responses (65%; Figure 2C), primarily focusing on response variable groups relating to growth (27%), metabolism (26%), survival (16%), and calcification (13%; Figure 2D).


[image: Figure 2]
FIGURE 2. The proportion of studies considering different levels of (A) life stages, (B) taxonomic groups, (C) biological levels, and (D) response variable groups. Note the difference in scale on the y-axis of (D).


The number of levels of each characteristic considered in a study varied across the categories of interest. That is, the majority of studies considered just one life history stage [90%; [image: image] = 397.011, p < 0.0001; Figure 3A], taxonomic group [94%; [image: image] = 448.472, p < 0.0001; Figure 3B], or biological level [73%, [image: image] = 209.598, p < 0.0001; Figure 3C]. In contrast, the number of response variable groups more often considered two or more levels, although there was a significant difference in the number of levels considered [[image: image] = 11.048, p < 0.01; Figure 3D].


[image: Figure 3]
FIGURE 3. The proportion of studies considering different numbers of levels of (A) life stages, (B) taxonomic groups, (C) biological levels, and (D) response variable groups.


The AOP that links the molecular initiating event of reduced seawater pH to the adverse effect of altered calcification and effects at higher levels highlights what is currently understood regarding the related pathways for M. gigas (Figure 4). A direct pathway supported by the literature on M. gigas is via the molecular downregulation of cavortin transcription. A second supported pathway to changes in calcification is via the molecular level change of downregulated genes encoding metabolic pathways, including kinase transcription. These changes lead to the cellular- and organ-level responses of altered enzyme activities and increased lipid peroxidation, which can lead to a depressed metabolic rate that is, in turn, linked with altered calcification. Similarly, the downregulation of genes encoding metabolic pathways can also lead to the deregulation of acid–base status, decreased metabolic rates, and altered calcification rates (although there is no M. gigas-specific support for this deregulation). The consequences of altered calcification are also considered in the AOP; altered calcification can potentially prompt organism-level changes in shell thickness that lead to increased mortality and ultimately population level declines.


[image: Figure 4]
FIGURE 4. The Adverse Outcome Pathway (AOP) linking the effects of ocean acidification (red border) to calcification (blue border) and its effects on Magallana gigas as supported by the studies assembled in the present meta-analysis. The number of studies supporting each step is denoted by n = X. Solid arrow lines represent established linkages with quantitative data documented for M. gigas, whereas dotted arrow lines represent linkages supported with data considering other bivalves.




DISCUSSION

Forecasting the effects of ocean acidification on calcifying organisms, and the associated ecosystems and human societies, will benefit from the use of structured frameworks informed by sufficient experimental evidence. Here, we identified that such an approach may be more suitable for certain groups; in the context of marine mollusks, greater evidence is available for particular life history stages (adults), biological levels (individuals), taxonomic groups (bivalves), and response variables (metabolism, growth, survival, and calcification). Promisingly, there is potential that the existing evidence can be used to inform structured frameworks, such as the Adverse Outcome Pathway. Here, we consider the impact of ocean acidification on a well-represented life stage, biological level, taxonomic group, and response variable, specifically the calcification of individual adult oysters, M. gigas. The resulting AOP reveals the extent of repercussions across biological levels as a result of simulated acidification treatments. It allows us to conclude that, at present, the pathways by which ocean acidification is known to impact calcification in M. gigas is via the downregulation of cavortin and kinase transcription. As gaps in the existing literature are filled, more complex AOPs will be able to be developed.


Characteristics of Existing Literature Regarding Effects of Ocean Acidification on Mollusks and Their Implications for AOP Development

Characteristics of the existing literature identified in meta-analyses will determine our ability to develop well-informed frameworks. Promisingly, here we identified that a range of response variables were relatively well-represented in the current literature (i.e., growth, metabolism, and survival; Figure 2D). Moreover, the number of response variables considered in each study was typically two or above, indicating that we are developing an understanding of how responses relate to each other across groups (Figure 3D). That is, where a number of response variables are considered, particularly within a single study, this provides key information for subsequent AOPs in terms of how processes affect one another both within, and across, levels of organization.

Our meta-analysis also revealed traits of the existing literature that could be strengthened to enhance the development of future AOPs. In this context, it is worth noting that an emphasis has been placed on considering a single life history stage within each study, typically the adults (Figures 2A, 3A). Such a focus on the adult life stage, and the omission of others, limits our capacity to understand how effects differ across life stages and also how effects on early life stages, such as the embryo, can influence later life stages. For example, studies in our meta-analysis considering early life history stages identified that larvae experienced negative responses in metamorphosis and development (Scanes et al., 2014; Dineshram et al., 2016; Wang et al., 2017) likely due to changes in the expression of proteins related to energy production (Dineshram et al., 2012, 2015, 2016). Similarly, a certain taxonomic group, specifically the bivalves, was the focus of the majority of studies (Figures 2B, 3B), considering that a broader range of taxonomic groups will be important given the potential for varying responses to manifest, even among closely related groups (reviewed by Doney et al., 2009). Moreover, we identified that fewer studies consider “lower” level processes (i.e., molecular or cellular), with the majority focused on those that manifest at the individual level (e.g., growth, respiration; Figure 2C). In addition, the majority of studies considered one biological level (Figure 3C). Altogether, these traits of the existing literature confer challenges to scaling effects and understanding how responses are connected. For instance, connecting across levels will allow us to understand how responses at the molecular level, such as altered gene expression patterns, may generate outcomes for processes operating at the cellular or organ levels (Harvey et al., 2013). Overall, consideration of the less commonly studied groups identified here—be they life history stages, taxonomic groups, or biological levels—will improve our understanding regarding the generality of responses and, therefore, AOP development.



Considering the Effects of Ocean Acidification Using the AOP Framework

The AOP constructed here for the calcification of the oyster M. gigas indicates biological pathways impacted by ocean acidification (Figure 4). In this application of the AOP framework, the reduction in external pH is considered to be the molecular initiating event (MIE). The changes in external pH associated with ocean acidification can then be detected by the oysters through several mechanisms, including signaling peptides (Roggatz et al., 2016), ingestion of acidified water (Jaeckle, 2017), or direct contact (O'Donnell et al., 2013). Once detected, the associated molecular signal is then transmitted and received.

When the chemical signal associated with ocean acidification is received, effects can be observed at the molecular level. Anticipated molecular level changes include the decreased expression of genes involved in the calcification process, such as the transcription of cavortin, a gene involved in shell deposition (Itoh et al., 2011; Wei et al., 2015). In addition, the MIE can also lead to molecular changes that result in decreased expression of arginine kinase (AK) and adenosine triphosphate (ATP), which are fundamental components in metabolic pathways (Dineshram et al., 2012; Wei et al., 2015; Evans et al., 2017).

The changes at the molecular level can then generate changes at the cellular and organ level. Here, we anticipate that the downregulation of genes encoding metabolic pathways would lead to changes in enzyme activities, increases in lipid peroxidation, and deregulation of the acid–base status (e.g., extracellular acidosis). These changes subsequently alter the individual level rates of energetic expenditure and metabolism (Michaelidis et al., 2005; Wang et al., 2017), which are linked with decreased calcification rates.

Impacts on the individual level process of calcification can then scale up to affect “higher” levels of organization. That is, our meta-analysis and subsequent AOP highlight that altered calcification can lead to impaired shells in oysters; for example, ocean acidification has led to a drop in shell hardness and stiffness in the oyster Magallana angulata (Meng et al., 2018). Such changes have been shown to result in increased mortality in other bivalves. That is, thinner shells are weaker, which directly increases the prevalence of shell microfractures and reduces shell resistance (Dickinson et al., 2011), increasing the susceptibility of individuals to predation (Fitzer et al., 2016). Indirect effects can, however, alter the direct effect of ocean acidification on shell structure. That is, where energy-rich food is available under ocean acidification, calcifiers can build shells that are thicker, more crystalline, and more mechanically resilient (Leung et al., 2019). Where such resources are not available, these responses not possible, and shells impaired, the increased mortality at the individual level can then lead to a decline in the size of the overall population.

In addition to highlighting what is known regarding the effects of ocean acidification, constructing this AOP also highlighted areas of uncertainty. That is, while the AOP reveals links from the chemical changes driven by ocean acidification through the various levels of biological organization to the population responses, there is still uncertainty regarding many key steps and their effects. This uncertainty occurs despite M. gigas representing a relatively well-studied species. Such uncertainty results as the existing experimental literature makes few connections across levels of biological hierarchy, with extensive variations identified where such connections have been made (e.g., Dineshram et al., 2012; Wei et al., 2015). The strength of links from lower to higher biological levels of organization may also vary, which is not taken into account under the AOP framework. For example, an impact with strong links across levels would be reduced antioxidant activity, which lowers immune system function and directly impacts individual survival (Wang et al., 2017). In contrast, an impact with weaker or less direct links across levels would be a reduction in metabolic efficiency, which represents a malleable response with largely indirect effects on individual fitness through energy reallocation (Cao et al., 2018). Connections across biological levels, therefore, require further consideration as, despite our limited understanding, they are recognized to play a key influence in the overall response of mollusks (Queirós et al., 2014) and other calcifying taxa to environmental change (Calosi et al., 2013; Palumbi et al., 2014).



Recommendations for Future AOP Development

The development of AOPs considering the impacts of environmental stressors associated with global change, such as ocean acidification, provides an opportunity to explore the impacts of more complex scenarios. Some key aspects of complexity that could be considered in future iterations of this framework include varying susceptibility within and among species; feedback mechanisms; stressor duration, magnitude, and co-occurrence; as well as species interactions.


Varying Susceptibility Within and Among Species

In the future, the AOP framework could be used to consider mechanisms underlying varying responses that have been found, for example, between populations across large spatial areas (e.g., Parker et al., 2010; Ginger et al., 2013; Kraft et al., 2014; Falkenberg et al., 2019; Telesca et al., 2019; Clark et al., 2020), among distinct populations of the same species (e.g., Stapp et al., 2016), among closely related species (Vihtakari et al., 2016), and across different taxonomic groups (e.g., Kroeker et al., 2010). For example, recent studies considering a range of ectotherms from different taxonomic groups have suggested that Nab/Kb ATPase, a major cellular ATP consumer (Wieser and Krumschnabel, 2001), may be broadly susceptible to the effects of acidification (Pörtner et al., 2004; Lannig et al., 2010). If AOPs were to be constructed for a range of organisms representing diverse taxonomic groups, and all the pathways included impacts on the Nab/Kb ATPase, it would indicate the general importance of this pathway. In contrast, if the AOPs did not reveal this expected pattern, it would highlight that there are greater differences among taxonomic groups than anticipated. In addition to providing insight into conserved mechanisms across species, AOPs also have the potential to reveal divergent processes that lead to varied responses. For example, the mechanisms that cephalopods and some echinoderms use to maintain internal pH under acidification contrast with the processes used by bivalves. That is, cephalopods and some echinoderms can partially or fully restore their internal pH through the use of extracellular respiratory pigments and accumulation of bicarbonate (Gutowska et al., 2010); in contrast bivalves, which lack these pigments, are unable to adjust their internal pH in this way (Collard et al., 2013). Such differences would be revealed in the AOPs constructed for species of these groups.



Feedback Mechanisms—Between and Within Biological Levels

Despite the broad outcomes of ocean acidification being relatively well-documented, the implications of processes acting between and within biological levels require further consideration (Figure 5). Of particular interest are feedbacks moving between biological levels from “higher” to “lower” levels (e.g., compromised immune system affecting metabolic pathways; Figure 5C) and within-level feedback cycles (e.g., reduced individual growth affecting energy expenditure affecting reduced individual growth, etc.; Figure 5B). Feedback mechanisms between biological levels could be explored using the AOP framework where outcomes at higher levels of biological organization are linked to their consequences for processes at lower levels. An example of such feedbacks includes the effect of reduced organism level metabolic rate altering cellular- and organ-level processes, specifically enzyme activity and increasing lipid peroxidation (Wei et al., 2015; Wang et al., 2017). The AOP framework also provides an opportunity to explore within-level impacts. For instance, at the level of the organism, changes in the process of calcification and development may subsequently affect metabolic rates (e.g., in sea urchin; Stumpp et al., 2011).


[image: Figure 5]
FIGURE 5. The Adverse Outcome Pathway (AOP) linking the effects of (A) ocean acidification (red border) to calcification (blue border) and its effects on Magallana gigas, amended to incorporate (B) within-level feedback mechanisms (orange borders indicate added examples of responses and arrow lines indicate added pathways), as well as (C) interaction effects from higher to lower levels of biological organization (purple arrow lines indicate added pathways). The number of studies supporting each step is denoted n = X. Solid arrow lines represent established linkages with quantitative data documented for M. gigas, whereas dotted arrow lines represent linkages supported with data considering other bivalves.




Stressor Duration, Magnitude, and Co-occurrence

Developing AOPs with recognition of the features of treatments used, such as the duration, magnitude, and co-occurrence of stressor exposure, will allow for more nuanced understanding of anticipated effects. In terms of duration, it would be useful to incorporate information on whether each of the observed outcomes occurred in a matter of hours, days, weeks, or years, potentially developing separate AOPs for each of these timescales. Where information on the longer timescales is available, this could facilitate inclusion of the evolutionary responses to climate change in AOPs (see Munday et al., 2013 and references therein). Long-term responses to stressors spanning several generations are gaining increased interest, which could allow incorporation of the role of epigenetics (Turner, 2009) and carry over effects (Parker et al., 2010). Another important development will be the incorporation of information regarding the relationship between dose dependency and expected outcomes, an issue that has only relatively recently been addressed (e.g., Hooper et al., 2013). The level of the stressor considered may play a key role in the responses observed as biological responses may be characterized by distinct “thresholds” or sensitivities (e.g., May, 1977). Moreover, the combination of stressor exposure duration and magnitude will be important to consider; exposure to shorter and stronger treatments may lead to considerably different responses than longer and weaker exposures (Kroeker et al., 2010, 2019). Finally, environmental stressors will occur in combination, and this could modify their effects. For instance, the effects of ocean acidification can be altered where this condition interacts with higher temperature (Leung et al., 2020b) and salinity (Przeslawski et al., 2015) to affect organisms, including those of particular concern, such as oysters (Thiyagarajan and Ko, 2012; Ginger et al., 2014). The effect can also be dependent on other factors, such as life history stage considered, with acidification and temperature found to have positive effects on larval growth but lead to an increase in overall mortality (Parker et al., 2017). Stressor identity is also likely to be influential. When acidification is combined with increased salinity, it has negative effects on attachment and metamorphosis of developing oysters, but such effects were not observed when combined with elevated temperature (Thiyagarajan and Ko, 2012; Ginger et al., 2014). Consequently, an important role of AOPs will be to combine independent AOPs created for each stressor to identify common effects overlapping across separate pathways. In this way, AOPs may be used to better understand the complexity of responses including the duration magnitude and synergy of stressors.



Multiple Species and Their Interactions

The AOPs developed for individual species could be assembled together to form large networks that depict the impacts of stressors on whole ecosystems. Where these links are made, it could allow for species interactions to be incorporated into studies applying the AOP framework. For instance, such a network approach could allow representation of the impacts that result from the degradation of shallow-water oyster reefs to reduce biodiversity and eventually result in profound shifts in composition from a calcareous-dominated system to one dominated by non-calcareous species (Christen et al., 2012; Rossoll et al., 2012). Where such networks are created for a range of sites characterized by similar ecosystems, this could allow improved understanding of the similarities or differences in responses to ocean acidification and the underlying mechanisms. In particular, comparisons of AOPs developed for species and communities in naturally acidified conditions such as volcanic seeps, areas of upwelling, lagoons, and estuaries may be of particular interest for predicting the impacts of future ocean conditions (see studies by Tunnicliffe et al., 2009; Thomsen et al., 2013; Basso et al., 2015).





CONCLUSIONS

Here, we highlight how the AOP framework can be applied to consider the effects of a climate stressor, specifically ocean acidification, on a process of interest in a key organism, specifically oyster calcification. This application highlights that such an approach can effectively bring together key findings from existing literature to demonstrate how responses may manifest. Looking forward, the AOP framework may provide a novel approach to consider mechanisms by which ocean acidification, and other climate drivers, have an effect and alter organism function, ecosystem structure, and benefits provided to human societies.
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Coral reefs are one of the most susceptible ecosystems to ocean acidification (OA) caused by increasing atmospheric carbon dioxide (CO2). OA is suspected to impact the calcification rate of corals as well as multiple early life stages including larval and settlement stages. Meanwhile, there is now a strong interest in evaluating if organisms have the potential for acclimatization or adaptation to OA. Here, by taking advantage of a naturally acidified site in Nikko Bay, Palau where corals are presumably exposed to high CO2 conditions for their entire life history, we tested if adult and the next-generation larvae of the brooder coral Pocillopora acuta originating from the high-CO2 site are more tolerant to high CO2 conditions compared to the individuals from a control site. Larvae released from adults collected from the high-CO2 site within the bay and a control site outside the bay were reciprocally cultivated under experimental control or high-CO2 seawater conditions to evaluate their physiology. Additionally, reciprocal transplantation of adult P. acuta corals were conducted between the high-CO2 and control sites in the field. The larvae originating from the control site showed lower Chlorophyll-a content and lipid percentages when reared under high-CO2 compared to control seawater conditions, while larvae originating from the high-CO2 site did not. Additionally, all 10 individuals of adult P. acuta from control site died when transplanted within the bay, while all P. acuta corals within the bay survived at both control and high-CO2 site. Furthermore, P. acuta within the bay showed higher calcification and net photosynthesis rates when exposed to the condition they originated from. These results are one of the first results that indicate the possibility that the long-living corals could enable to show local adaptation to different environmental conditions including high seawater pCO2.

Keywords: coral, high-CO2, local adaptation, trans-generation acclimatization, naturally acidified site


INTRODUCTION

Coral reefs are highly susceptible to ocean acidification (OA) which is caused by increasing concentrations of atmospheric carbon dioxide (CO2; Hoegh-Guldberg et al., 2007). Seawater pH is expected to decrease by about 0.2–0.4 units compared to present levels of 8.1 by the end of this century according to the RCP scenarios (IPCC, 2014). Because the seawater calcium carbonate saturation (Ω) decreases with OA, the calcification rate of most calcifiers including corals, is expected to decrease in the future ocean (Kleypas et al., 2005; Chan and Connolly, 2013). Additionally, OA has been reported to impact multiple life stages of corals, including fertilization (Albright and Mason, 2013), larval (Nakamura et al., 2011; Putnam et al., 2013), and settlement (Doropoulos et al., 2012), suggesting strong impacts of OA on corals and coral reef ecosystems.

Meanwhile, more recent studies reported that the responses of marine calcifiers to OA could vary among species and even among populations or individuals within a species (Kroeker et al., 2010; McCulloch et al., 2012). These findings stimulate ideas about acclimatization or adaptation potential of organisms to OA (Pandolfi et al., 2011; Kelly and Hofmann, 2012; Sunday et al., 2014; Vargas et al., 2017). Indeed, some experimental studies demonstrated potential existence of genetic variations (e.g., sea urchins: Sunday et al., 2011) or phenotypic plasticity (e.g., corals: Putnam et al., 2016) to high pCO2 environment. Additionally, acclimatization by “trans-generational plasticity” such that offspring of parents exposed to OA can show higher tolerance to OA have also been indicated (Munday, 2014; Lamare et al., 2016; Thomsen et al., 2017). When the parents of anemone fish were cultured under high pCO2, it was found that the effects of high pCO2 were absent or reversed in terms of the survival or size of their juveniles (Miller et al., 2012). Putnam and Gates (2015) studied the trans-generational acclimatization potential of the coral Pocillopora damicornis to high pCO2 and temperature conditions, and found that the exposure of coral parents to those conditions may alleviate stress in next-generation larval stages. However, one of the limitations of these studies are that the exposure time of parents to the OA condition is restricted to a limited period of time or life stages (e.g., 1.5 months for the coral P. damicornis). Although evolution experiments studying the processes of adaptation to high pCO2 using short generation organisms such as phytoplankton are now available (Lohbeck et al., 2012), we still lack for understanding multigeneration effects of OA on particularly long-living organisms such as corals (Torda et al., 2017). In this context, organisms living in naturally acidified sites such as on CO2 vents (Hall-Spencer et al., 2008; Fabricius et al., 2011; Inoue et al., 2013) and sheltered lagoon (Shamberger et al., 2014; Golbuu et al., 2016) can be an ideal model to test adaptation potential and trans-generation responses to high pCO2 (Calosi et al., 2013; Harvey et al., 2016; Welch and Munday, 2017).

Here we focused on the coral Pocillopora acuta living in Nikko Bay, Palau, where the seawater shows naturally low pH and high pCO2 conditions with the aim of testing for the first time if adult and the next-generation larval stages of corals exposed to low pH for their entire life cycle show potential adaptation response to the OA. Seawater pH within Nikko Bay is 0.2–0.3 lower than that outside the bay, which is suggested to be caused by the net decomposition and net calcification by the organisms within the bay (Shamberger et al., 2014; Golbuu et al., 2016; Kurihara et al., unpublished data). The seawater residence time within the bay is also known to exceed 70 days (Golbuu et al., 2016), suggesting that the organisms within the bay may be genetically isolated from outside the bay (e.g., vermetid Cerasignum maximum: Soliman et al., 2019). This is likely so for P. acuta a brooder species, which releases larvae that mostly settled within 1–2 days (Kopp et al., 2016); they are thus suggested to have less dispersion capacity compared to spawning corals (Isomura and Nishihira, 2001; Nishikawa et al., 2003). This species has recently been identified as a cryptic species of coral P. damicornis complex (Schmidt-Roach et al., 2013).

In this study we tested if the adults and the larvae of P. acuta originating from the high-CO2 site within Nikko Bay are more tolerant to high pCO2 conditions compared to the adult and larvae from the control site outside the bay, respectively. To examine this hypothesis, we first conducted a reciprocal cultivation of larvae released from high-CO2 and control site corals P. acuta under experimental control or high pCO2 seawater conditions and evaluated their physiology including photosynthesis, respiration, zooxanthella density, chlorophyll-a (Chl-a) concentration, and lipid content. Additionally, reciprocal transplantation of adult colonies was conducted between the high-CO2 and control site in the field, to evaluate their fitness by examining survival rate and physiology including calcification, photosynthesis, and respiration rate.



MATERIALS AND METHODS


Coral Collection for Larval Experiment

Five different colonies of the coral P. acuta were collected from each of two sites (high-CO2 and control site, both 4–5 m depth) in Palau on March 15, 2018 that have different seawater pCO2 concentrations. The high-CO2 site was within Nikko Bay (7°19′13.2″N, 134°30′00.6″ E) where seawater pCO2 is naturally high (1,123 μatm/pH 7.77) and represents the value expected by the end of this century (RCP 8.5 IPCC). The control site was outside of Nikko Bay (7°18′15.3″N, 134°30′01.4″ E) where seawater pCO2 shows normal concentrations (mean±SD: 416 ± 73 μatm/pH 8.15 ± 0.06, n = 3, Table 1) equivalent to present conditions (Table 1). The high pCO2 and low pH condition within the bay is suggested to be caused mainly by high dissolved inorganic carbon (DIC) and low alkalinity resulting from net decomposition and net calcification by the organisms within the bay which has a high seawater residence time (Shamberger et al., 2014; Golbuu et al., 2016; Kurihara et al., unpublished data). In addition to seawater pCO2, the average seawater temperature was also slightly higher (about 1.0°C) and the light intensity significantly lower within Nikko Bay compared to the control site (Supplementary Figure 1). The bottom seawater pH and salinity at both sites were measured by casts of a multi-parameter water quality sensor (AAQ-RINKO, JFE Advantech Co., Ltd., Japan). Bottom seawater samples were also collected three times using a Van Don water sampler for the measurement of total alkalinity (TA) and nutrient concentrations. Seawater TA was measured using an auto burette titrator (ATT-05, KIMOTO, Japan) with precision evaluated by analyzing certified reference materials (CRMs) supplied by the A. Dickson laboratory, Scripps Institution of Oceanography. Seawater for nutrient concentration analysis (4 replicates per sampling) was filtered through pre-combusted filters and frozen until measurement using an AACS II (BRAN+LUEBBE, Table 1). Seawater temperature and light intensity were recorded using temperature data logger (U22-001, HOBO V2, Onset Corp., United States) and light quantum (DEFI-L, JFE Advantech Co., Ltd., Japan) data loggers installed at each site for around 2 weeks (Supplementary Figure 1).


TABLE 1. Seawater carbon chemistry and nutrient concentration measured at control and CO2 site at field where the adult corals for the larval experiment was collected and seawater carbon chemistry during the larval experiments in laboratory.
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Experimental Set-Up for Larval Experiment

After collection, all corals were immediately brought to the Palau International Coral Reef Center (PICRC) and each 5 colonies was placed individually within 10 aquaria (36 × 22 × 26 cm) in which seawater pCO2 was maintained at the comparable condition as where the corals were collected (control condition: 504 ± 164 μatm/pH 8.09 ± 012; high-CO2 condition: 1301 ± 465 μatm/pH 7.74 ± 0.15, n = 16) (Table 1). Seawater pCO2 was controlled by bubbling running seawater pumped from the ocean in front of PICRC with air mixed with either CO2 gas or air only. Flow rates of CO2 gas and air were controlled by mass flow controllers (SEC-E40, HoribaSTEC, Japan). Seawater pH (NBS scale) and salinity were measured, respectively, using a pH sensor (SenTix 940-3) and salinity sensor (TetraCon 925) connected to a multi-parameter portable meter (WTW Multi 3420, Germany). Seawater was sampled from aquaria for TA measurement and seawater pCO2 and DIC was calculated using the CO2sys program of Lewis and Wallace (1998).



Coral Larvae

Two days after coral sampling, corals started to release larvae, which peaked on March 20 and 21 and lasted for about 1 week. Coral larvae were collected each day in a plastic container with a plankton mesh side installed at side of each aquaria every night (19:00) such that seawater exiting the aquaria flowed into the containers. Larval collection last for 6 days. The next morning (6:00), all larvae released at the same day from the adult colonies that were collected from the same site condition (control or high-CO2 site) were pooled, and about each 150 larvae released from control or high-CO2 site adults were allocated into plastic container (750 ml) filled with the same control or high-CO2 seawater used for adults. Although we lose the genetical differentiation, larvae released from different colonies were pooled to get enough number of samples for the following measurements. Those larvae that following measurements were conducted the same day the larvae were collected, were designated as the Day 0 sample (2 treatments: larvae released from corals from the control and high-CO2 sites and reared under the same control or high-CO2 seawater conditions, respectively). After collecting larvae for Day 0, each 150 larvae released from control and high-CO2 sites adults were reciprocated into containers (3–4 containers per treatment according to the released number of larvae) containing either control or high-CO2 seawater and cultured for 5 days, designated as the Day 5 sample (4 treatments: larvae released from coral from the control and high-CO2 sites and reared, reciprocally, under both control and high-CO2 seawater conditions, respectively). The same procedure written above was repeated for 6 days using the larvae released from control and high-CO2 sites adults each day. Seawater within the containers was changed every day and seawater temperatures were controlled by keeping the containers within a running seawater bath. The following measurement were conducted for the Day 0 and Day 5 samples, respectively.



Larval Metabolic Activity

Light photosynthesis and dark respiration rate of the Day 0 and Day 5 larvae samples were measured for all treatments. The symbiotic zooxanthella of pocilloporid corals such as P. acuta are known to be transmitted directly from the adult to the larvae (Atoda, 1947). Ten larvae from each treatment were held in air-tight 2 ml glass vials containing pre-filtered control or high-CO2 seawater. After 20 min acclimatization, oxygen concentrations were measured with a fiber optic oxygen electrode (FIBOX 3, PreSens) for 5 min every 30 min under LED light (83 ± 5 μmol photon m–2 s–1) or dark conditions. This measurement was conducted for 9–12 replicates consisting of 10 larvae for each of the 2 and 4 treatments at Day 0 and Day 5, respectively.



Larval Zooxanthella Density and Chlorophyll-a Concentration

To evaluate the density of zooxanthella and chlorophyll-a (Chl-a) concentration in the larvae, each 10 larvae group used for the photosynthesis and respiration rate measurement were pooled into a 1.5 ml microtube, and homogenized with a micro-homogenizer. Thereafter, 150 μl of filtered seawater was added, mixed again and 50 μl of the homogenized sample was used for counting zooxanthellae numbers by a hemocytometer. The remaining 100 μl sample was filtered through pre-combusted (450°C, 4 h) GF/F glass filters, and Chl-a was extracted within a N,N-dimethylformamide (DMF) solutions, and measured using a Trilogy fluorometer (Turner Design) following Holm-Hansen et al. (1965) method.



Adult Zooxanthella Density and Chlorophyll-a Concentration

Since we found differences in the zooxanthella density and Chl-a concentration in coral larvae from the control and high-CO2 sites, we also evaluated the density of zooxanthella and Chl-a concentration of adult colonies. A piece of an additional 4 colonies of P. acuta were sampled from each site after all the larval experiments were complited. After collection, they were immediately brought to PICRC and the tissue from each coral piece was removed using a waterpik and filtered seawater. After homogenizing the seawater containing the coral tissue, the sample was centrifuged three times and zooxanthellae numbers counted using a hemocytometer. Additionally, a known amount of the sample was filtered through pre-combusted (450°C, 4 h) GF/F glass filters, extracted with DMF and Chl-a measured using the Trilogy fluorometer. The surface area of each piece was measured using the aluminum foil technique (Marsh, 1970) and the zooxanthella density and Chl-a concentration was standardized by surface area.



Larval Dry Weight

To evaluate the larval dry weight, each 20 larvae from Day 0 and Day 5 samples were collected on pre-combusted and pre-weighted GF/F glass filters (450°C, 4 h) from each of the 2 and 4 treatments at Day 0 and Day 5, respectively. Filters were frozen at −80°C and then freeze-dried and weighted, and the weight per larvae was calculated. Each filter with 20 larvae were used as a replicate, and the replicate number per treatment was 4 to 13 (see Figure 4 for detail).



Larval Lipid

To evaluate the lipid content, 50 larvae from Day 0 and Day 5 samples were collected on pre-combusted and pre-weighted GF/F glass filters (450°C, 4 h) for each of the 2 and 4 treatments at Day 0 and Day 5, respectively. Filters were frozen at −80°C until lipid analysis. Each filter with 50 larvae were used as a replicate, and the numbers of filter replications per treatment was 3 to 6 (see Figure 5). All filters were first freeze-dried, weighted and the lipids extracted following Harii et al. (2010). Briefly, lipids were extracted within a 6:4 dichloromethane:methanol solution, and concentrated by removing water with Na2SO4 and the amount of extracted lipid weighted. The amount of lipid was calculated as the percentage of lipid per larvae by dividing the extracted lipid weight by the dry weight of 50 larvae and the number of larvae.



Adult Experiment

To evaluate the possibility of any acclimatization or adaptation responses of adult colonies, 10 different colonies of P. acuta were collected from the same sites that corals were sampled for larval collection; the high-CO2 site within Nikko Bay and the control site outside the bay in February 2017. All colonies collected were immediately brought to PICRC, and two nubbins of about 5–7 cm2 were taken from each colony and glued to plastic screws. Two days later, the buoyant wet weigh of all 40 P. acuta nubbins were measured with an electronic balance (0.1 mg precision, HR-200, A&D, Japan) according to Davies (1989). Thereafter, each 20 nubbins (10 nubbins originated from control and 10 nubbins from high-CO2 sites) were set into a mesh panel (ca. 1 m2), and the nubbins were reciprocally transplanted back to each of the high-CO2 and control sites till October 2017. This transplantation period was decided so that the corals experience the two different seasons (dry season: February to May and wet season: July to September) at Palau (Watanabe et al., 2006). Seawater carbon chemistry at each site was measured six times during the transplantation as explained above (Table 2).


TABLE 2. Seawater carbon chemistry measured at control and CO2 site at field where the adult corals were reciprocally transplanted for 7 months.

[image: Table 2]After 7 months, all nubbins were re-collected, and brought back to PICRC for photosynthesis rate, dark respiration rate and buoyant wet weight measurements. Additionally, seawater from each site was collected to use for the following photosynthesis and respiration rate measurements. Although most coral nubbins were alive, all of the 10 nubbins that were collected at the control site (outside of Nikko Bay) and transplanted to the high-CO2 site (within Nikko Bay) died, and hence we could not take any measurement for those nubbins.

Photosynthesis and dark respiration were measured in 500 ml air-tight glass chamber with stir bars during the daytime under meta-halide lump (250 μmol photon m–2 s–1), and during the nighttime under dark conditions, respectively. Each glass container was filled with the seawater from the same site the corals were retrieved from and submerged within a water bath to control seawater temperatures. Oxygen concentrations were measured with a fiber optic oxygen electrode (FIBOX 3, PreSens) for 1 min every 15 min. After photosynthesis and dark respiration measurement, the buoyant wet weight of all nubbins was measured, and calcification rates were calculated based on the change in dry weight measured before transplantation. All photosynthesis, dark respiration and calcification rates were normalized by surface area.



Statistical Analysis

The larval data measured at Day 0 were analyzed with a student t-test between the two sites the parental colonies were collected from (control and high-CO2 sites). When the data did not meet the assumption of normality, data was analyzed with a Wilcoxon rank test. The larval data measured at Day 5 were analyzed by 2-way ANOVA (Type III was used for all unbalanced designed data) with fixed factors of the site that parental colonies were collected from (control and high-CO2 site) and the environment larval were cultured under (control and high-CO2 conditions) and their interactions. For the photosynthesis, dark respiration and calcification rates of adult corals, because we could not get data for the nubbins from the control site transplanted to the high-CO2 site, data were analyzed with restricted maximum likelihood (REML) with the 3 treatments (from control-transplanted to control, from CO2-transplanted to CO2, from CO2-transplanted to control) as a fixed factor and colonies as a random effect. Variables with significant interactions were examined further with Tukey’s honest significant differences (HSD) test. Assumptions of normality and variables were tested and transformed for analysis when necessary. Statistical analysis was carried out in R (R.2.7.2).



RESULTS


Larval Experiment

The larval net photosynthesis rate measured at Day 0 just after released from the adults collected at the high-CO2 site within Nikko Bay was significantly higher than larvae from the control site adults (student t-test, t = −4.7, p = 0.0001, Figure 1). Respiration rates were not significantly different among the two larval groups (student t-test, t = −0.4, p = 0.69). After the larvae were reciprocally cultivated at control or high CO2 seawater for 5 days, photosynthesis rate of the larvae cultured at high-CO2 was significantly higher than control seawater regardless of the seawater conditions where they originated from [F(1,32) = 8.68, p = 0.005], with no interaction (Figure 1 and Table 3). Respiration rate did not differ based on origin of the parents, or the culture condition, with no interaction between the two factors [F(1,32) = 1.65, p = 0.20, Figure 1 and Table 3].
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FIGURE 1. Net photosynthesis and respiration rates of Pocillopora acuta larvae released from adults collected at control (white bar) and high-CO2 sites (black bar) at Day 0, and at Day 5 after larvae from the control site were reared under control (white bar) or high CO2 (light gray) conditions, and larvae from high-CO2 site were reared under high CO2 (black bar) or control (dark gray) conditions. At Day 0, differences among larvae from control and high-CO2 sites were compared by t-test, and asterisk shows significant differences. At Day 5, both net photosynthesis and respiration did not show significant differences among larvae originating from control and high CO2 parents, or among larvae cultured under control and high CO2 conditions. The replicate number are shown as n in the graph. Average ± SD.



TABLE 3. Two-way ANOVA table for larval experiments.

[image: Table 3]Zooxanthella densities of larvae released from adults originating from the high-CO2 site were significantly higher compared to larvae from control adults at Day 0 (t-test, t = −3.2, p = 0.003, Figure 2). A similar trend was also observed at Day 5, where zooxanthella densities in the larvae originating from high-CO2 adults were significantly higher compared to larvae from control adults, regardless of the seawater conditions they were cultured under [F(1,36) = 9.31, p = 0.004], with no interaction [F(1,36) = 1.86, p = 0.18, Figure 2 and Table 3]. Chl-a concentrations did not differ among larvae released from adults originating from control and high-CO2 sites at Day 0 (Wilcoxon-rank test, p = 0.09, Figure 2). However, at Day 5, Chl-a of the larvae originating from high-CO2 adults was significantly higher than control larvae [F(1,32) = 59.9, p < 0.001], with a significant interaction among parent origin and the seawater condition that larvae were cultured under [F(1,32) = 10.25, p = 0.003, Table 3]. The Chl-a of larvae released from control adults cultured under high-CO2 seawater was significantly lower than the other larvae (Tukey’s HSD, Figure 2). In addition to the larvae, both zooxanthella density (t-test, t = −5.6, p = 0.001) and Chl-a (t-test, t = −2.4, p = 0.05) of adult corals originating from the high-CO2 site were significantly higher than in adults originating from the control site (Figure 3).


[image: image]

FIGURE 2. Zooxanthella density and Chl-a concentrations in Pocillopora acuta larvae released from adults collected at control (white bar) and high-CO2 (black bar) sites at Day 0, and at Day 5 after being reciprocally reared under control or high CO2 conditions. At Day 0 differences among larvae from control and high-CO2 sites were compared by t-test and Wilcoxon-test, respectively. Asterisk shows significant differences among control and high CO2. At Day 5, both zooxanthella density [F(1,36) = 9.31, p = 0.004] and Chl-a [F(1,36) = 59.9, p < 0.001] of the larvae originating from high CO2 adults were significantly higher compared to larvae originating from control adults. Additionally, Chl-a showed a significant interaction among the parent origin and the seawater condition that larvae were cultured under [F(1,32) = 10.2, p = 0.003, Table 3]. Different letters show significant differences among treatment by Tukey’s HSD. The replicate number are shown as n in the graph. Average ± SD.
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FIGURE 3. Zooxanthella density and Chl-a concentration of Pocillopora acuta adults collected at control (white bar) and high-CO2 (black bar) sites. Asterisks show significant differences among control and high CO2 adults analyzed by t-test. The replicate number are shown as n in the graph. Average ± SD.


The dry weight of the larvae released from control adults was significantly higher than the larvae released from high-CO2 adults at Day 0 (Wilcoxon-rank test, p = 0.02, Figure 4). However, after 5 days of culture, the dry weight of larvae did not show any significant differences among parent origin [F(1,18) = 0.23] and the seawater condition that larvae were cultured under [F(1,18) = 0.95, Figure 4 and Table 3]. Lipid concentrations in larvae released from control and high-CO2 adults did not show any significant differences at Day 0 (t-test, t = 0.9, p = 0.39, Figure 5). However, after 5 days of culture, the lipid concentration displayed an interaction effect among the origin of adults and the conditions the larvae were cultured under [F(1,17) = 7.74, p = 0.01, Figure 5 and Table 3]. When the larvae released from adults originating from the control site were cultured under high CO2 seawater, lipid concentrations were significantly lower than when the larvae were cultured under control conditions (Tukey’s HSD, Figure 5). Meanwhile, larvae released from adult originating from the high-CO2 site did not show any difference when cultured under control or high-CO2 seawater.
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FIGURE 4. Dry weight of Pocillopora acuta larvae released from adult collected at control (white bar) and high-CO2 (black bar) sites at Day 0, and at Day 5 after being reciprocally reared under control or high CO2 conditions. At Day 0, differences among larvae from control and high-CO2 sites were compared by Wilcoxon rank test, and asterisk shows significant differences. At Day 5, dry weight did not show significant differences among larvae originating from control and CO2 parents, or among larvae cultured at control and CO2 conditions. The replicate number are shown as n in the graph. Average ± SD.
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FIGURE 5. Lipid percentage in Pocillopora acuta larvae released from adults collected at control (white bar) and high-CO2 site (black bar) sites at Day 0, and at Day 5 after being reciprocally reared under control or high CO2 conditions. At Day 0, differences among larvae from control and high-CO2 sites were compared by t-test. After 5 days of culture, the lipid concentration display an interaction effect among the origin of adult and the condition of seawater the larvae were cultured under [F(1,17) = 7.74, p = 0.01]. Different letters show significant differences among treatment by Tukey’s HSD. The replicate number are shown as n in the graph. Average ± SD.




Adult Experiment

While only one nubbin collected at the control site and transplanted to the control site died, all 10 nubbins derived from each 10 different colonies collected at control site and transplanted to the high-CO2 site died after 7 months. No nubbins collected from the high-CO2 site and transplanted to the control or high-CO2 sites died. Calcification rates for the nubbins collected from the high-CO2 site and transplanted to their original high-CO2 site were significantly higher than the nubbins collected from the high-CO2 site and transplanted to the control site [REML, F(2,18.5) = 4.60, p = 0.02, Figure 6]. Additionally, net photosynthesis rates in the nubbins collected from the high-CO2 site and transplanted to their original high-CO2 site was significantly higher than the nubbins transplanted to the control site from both the control and high-CO2 site [REML, F(2,19.1) = 13.56, p = 0.0002, Figure 6].
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FIGURE 6. Calcification, net photosynthesis, and respiration of adult corals collected from control and high-CO2 sites and reciprocally transplanted to control or high-CO2 site for 7 months. All coral nubbins that were collected from the control site and transplanted to high-CO2 site died after 7 months. Adult corals collected from the high-CO2 site and transplanted to their original high-CO2 site shows significantly higher calcification, net photosynthesis and respiration rates, which are shown by different letters. The replicate number are shown as n in the graph. Average ± SD.




DISCUSSION

Although tropical coral reefs provide number of ecological functions and economic values, we still lack information on whether long-living corals have the capacity to show acclimatization or adaptation responses to the environmental change (Torda et al., 2017). Here we first found that adult corals and the next-generation larvae which are potentially exposed for multigeneration to naturally acidified environment show higher fitness under their condition similar to their original sites. These results provide, insights for the potential of corals to acclimatize or adapt to the environmental change including CO2 conditions.

The P. acuta larvae released from adults originating from the high-CO2 site showed significantly higher photosynthesis rates, which may be due to the higher zooxanthellae density of larvae from the high-CO2 site compared to those from the control site. Since the adult P. acuta colonies originating from the high-CO2 site also showed higher zooxanthella density compared to the control site colonies, it appears that the amount of zooxanthella in the parent can affect amount transmitted to larvae, suggesting strong parental effects on next generation. Reasons for adult corals from the high-CO2 site within Nikko Bay showing higher zooxanthellae densities may related to (1) the high seawater pCO2 concentration, which may enhance primary production, (2) the slightly higher nutrient concentrations (Table 1) or (3) the lower light intensity observed within the bay (control site: 336 ± 341 μmol photon m–2 s–1, high-CO2 site: 71 ± 95 μmol photon m–2 s–1, Table 1, Supplementary Figure 1). Previous studies demonstrated increased ammonium concentrations induced proliferation of zooxanthella in both adults (Muller-Parker et al., 1994) and larvae of P. damicornis (Gaither and Rowan, 2010). In addition, zooxanthella density has been reported to increase under low light intensity by the increase in the zooxanthella division and decrease in zooxanthella degradation, which has been suggested to be an acclimation strategy of corals to low light environment (Falkowski and Dubinsky, 1981; Stimpson, 1997; Titlyanov et al., 1999). Hence all the above factors can be suggested as reasons for the differences observed in the high-CO2 adults. For Chl-a, although there was no significant differences among control and high-CO2 larvae at Day 0, after 5 days of culture, the Chl-a was significantly lower in larvae originating from the control site cultured under high-CO2 conditions, while larvae from the high-CO2 site did not show any change between control and high-CO2 conditions. This may suggest that, although larvae from parents living at control corals show some potential stress responses to high pCO2 seawater, larvae from high-CO2 corals are able to tolerate a wide range of pCO2 concentration.

The dry weight of the larvae released from the adults originating from the high-CO2 site was lower compared to larvae from the control site at the Day 0, suggesting that they were smaller in size or of lower density. Interestingly, the same trend in the production of smaller larval size was observed when the adult of P. damicornis adult were culture under high CO2 and high temperatures for 1.5 months (Putnam and Gates, 2015). Here we measured the dry weight instead of larval size because we found it difficult to measure the swimming larval size correctly, but we expect that the larval dry weight correlates well with their volume. The production of smaller larvae has been suggested to be a potential adaptive plasticity of adults under predictable stressful conditions (Crean and Marshall, 2009; Putnam and Gates, 2015), which can also be the case observed in this study. However, here we did not observe any potential stress responses such as declines of physiological performance in either larvae or adult corals from the high-CO2 site. Additionally, after 5 days of culture, the dry weight of larvae from all conditions did not show any significant differences, suggesting that the initially low dry weight may not negatively affect the subsequent development of the larvae from the high-CO2 site. Interestingly, although we were not able to prove statistically because we did not count the number of larvae released per colony, we observed that the summed number of larvae released by the 5 colonies from the high-CO2 site was larger (total of 1383 larvae from 5 colonies) compared to the control site (total of 875 larvae from 5 colonies, Figure 7A). Additionally, same trend was also found for the corals collected on September 2017 (those larvae were not used for the present study) from the same high-CO2 site (total of 1262 larvae from 5 colonies) compared to the control site (total of 919 larvae from 5 colonies, Figure 7B). Although further studies should be conducted before make any firm conclusion, this may suggest that corals from the high-CO2 site tend to release a larger number of larvae of smaller size compared to the corals at control site, which can be a potential adaptation strategy of the corals living within this high-CO2 Nikko bay.
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FIGURE 7. Larval number released each day from the adult corals collected from control and high-CO2 sites on 2018 (A) and 2017 (B). Larval number are the sum of 5 colonies collected from each site. Larvae start to be released around the null moon.


Another difference that was found among larvae from the control and high-CO2 sites was that the larvae from control site cultured under high-CO2 conditions for 5 days shows significantly lower lipid percentage. Larvae from the high-CO2 site did not show any differences in lipids among control and high CO2 conditions. Several studies have indicated that corals may need further energy to compensate for their internal pH when reared under low pH (Cohen and Holocomb, 2009; Allemand et al., 2011; Edmunds, 2011), so excess use of lipid could be expected in larvae from the control site reared under high CO2. Meanwhile, larvae from the parents originating from the high-CO2 site seems to be acclimatized or adapted to the high-CO2 seawater. Larval lipid content has also been suggested to be used as energy for locomotion and mucus secretion (Richmond, 1987; Gaither and Rowan, 2010). Although we did not observe any clear differences in larval locomotion, effects of CO2 on these biological activities can also be expected (Bergman et al., 2018). In any case, since the lipid content of larvae has been proposed as an important factor affecting the duration of the larval period (Harii et al., 2007), and larvae with larger amounts of lipid may benefit post-settlement by growing faster (Richmond, 1987), larvae from the high-CO2 site within Nikko Bay are likely to be conferred an advantage compared to larvae from the control site when under high-CO2 conditions.

In addition to larval responses, reciprocal transplantation of adult corals showed that while all corals originated from Nikko Bay survived when transplanted to either control or high-CO2 sites at Nikko Bay, P. acuta colonies originated from the control site were not able to survive within the bay, suggesting the existence of strong selection within the bay. Though, here we need to take into account the fact that all transplanted corals originated outside and inside the bay were put together at same mesh, there might have other interactive effects that influenced their survival. But, because only the out-side corals transplanted within the bay died, even though the corals originated from out-side and in-side the bay were put randomly at the same mesh, it seem that is more likely that the coral mortality rate was influenced by their origin rather than by the mesh. Additionally, considering the fact that corals within the bay showed higher fitness of high calcification and net photosynthesis rates when exposed to the condition they originated from compared to the control condition, it can be suggested that P. acuta living in Nikko Bay are well adapted to the conditions found within the bay. Although we also need to note that not only seawater pCO2 concentration but also several other conditions, such as light intensity, temperature and nutrient concentrations, all differ between the control site and the high-CO2 site (Table 1). Of particular note, light intensity within the bay was less than half that compared to the control site (Supplementary Figure 1), which is mainly due to the higher turbidity (control site: 0.3 ± 0.15 FTU, CO2 site: 1.8 ± 0.8 FTU). Additionally, seawater temperatures were about 1°C higher within the bay (Supplementary Figure 1). Some previous studies indicated that Pocilloporidae corals may have a higher tolerance to high pCO2 condition compared to other corals such as the Acroporidae (Putnam et al., 2013; Comeau et al., 2014). Hence the low survival of P. acuta corals from the control site transplanted into the Nikko Bay may be a response to the synergistic impacts of a range of conditions: high pCO2, high temperature, and low light. Although we cannot evaluate the genetic mechanisms as here we lack of molecular approaches, Vidal-Dupiol et al. (2013) revealed that several genes related to calcification, heterotrophy and autotrophy were up-regulated in P. damicornis adults reared under low pH conditions. Epigenetic phenotypic plasticity to high pCO2 by DNA methylation has also been found in the coral P. damicornis (Putnam et al., 2016) and Stylophora pistillata (Liew et al., 2018). Additionally, the change in expression of several genes in P. damicornis larvae reared under OA and high temperature conditions has also been reported (Rivest et al., 2018). Future studies evaluating the potential interactive effects of other environmental factors and the potential genetical differences in corals within the bay are needed for better understanding the mechanisms driving their tolerances.

Although there are several uncertainties, the seawater environmental condition found within Nikko bay has been suggested to be maintained for at least 5000 years (Golbuu et al., 2016). This time period could be long enough for selecting individuals that shows higher fitness to the environmental conditions found within the bay which may have been amplified by the trans-generation acclimatization responses. Additionally, gradual change of the environmental condition including seawater pCO2 found from outside toward the bay (Kurihara et al., unpublished data) may allow the step by step acclimatization of corals to the environment found within the bay. Long-living and high dispersal capacity corals have been suggested to have less capacity of transgenerational epigenetic inheritance to effect rapid phenotypic change to the environmental change (Torda et al., 2017), however, this is one of the first results that indicate the possibility that corals could show local adaptation to high CO2 and other conditions including high temperature and high turbidity. Though, interpretation of these results should take into account the fact that future OA is expected to occur at whole ocean and at the speed of few decades, the present study gives strong insight for the ability of corals to acclimatize or adapt to different environmental conditions. Future studies evaluating the genetical background of those corals within this bay may give important insights for the potential conservation strategies such as assisted evolution (van Oppen et al., 2017) and understanding the mechanism of organisms to acclimatize and adapt to different environmental conditions, including high pCO2 seawater concentration.
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Coral communities around the world are projected to be negatively affected by ocean acidification. Not all coral species will respond in the same manner to rising CO2 levels. Evidence from naturally acidified areas such as CO2 seeps have shown that although a few species are resistant to elevated CO2, most lack sufficient resistance resulting in their decline. This has led to the simple grouping of coral species into “winners” and “losers,” but the physiological traits supporting this ecological assessment are yet to be fully understood. Here using CO2 seeps, in two biogeographically distinct regions, we investigated whether physiological traits related to energy production [mitochondrial electron transport systems (ETSAs) activities] and biomass (protein contents) differed between winning and losing species in order to identify possible physiological traits of resistance to ocean acidification and whether they can be acquired during short-term transplantations. We show that winning species had a lower biomass (protein contents per coral surface area) resulting in a higher potential for energy production (biomass specific ETSA: ETSA per protein contents) compared to losing species. We hypothesize that winning species inherently allocate more energy toward inorganic growth (calcification) compared to somatic (tissue) growth. In contrast, we found that losing species that show a higher biomass under reference pCO2 experienced a loss in biomass and variable response in area-specific ETSA that did not translate in an increase in biomass-specific ETSA following either short-term (4–5 months) or even life-long acclimation to elevated pCO2 conditions. Our results suggest that resistance to ocean acidification in corals may not be acquired within a single generation or through the selection of physiologically resistant individuals. This reinforces current evidence suggesting that ocean acidification will reshape coral communities around the world, selecting species that have an inherent resistance to elevated pCO2.

Keywords: ocean acidification, hermatypic corals, mitochondrial electron transport activity, biomass, resistance


INTRODUCTION

Ocean acidification and ocean warming are threatening the existence of coral reefs. The latest IPCC report warns that if meaningful reductions in CO2 emissions does not happen soon, 99% of coral reefs could disappear by the end of the century (IPCC, 2018). The effects of ocean warming on hermatypic corals are readily observable with a dramatic increase in the frequency and severity of massive coral bleaching events in recent years (Hughes et al., 2018). Recent studies have shown that ocean acidification has already reduced the community calcification rates of reefs. For instance, Albright et al. (2016) chemically manipulated seawater carbonate chemistry of a section of a reef to attain pre-industrial carbonate concentration and aragonite saturation state levels, increasing reef net calcification by ca. 7%. Ultimately ocean acidification may cause some reefs to shift to net dissolution in the near future (Eyre et al., 2018). Hermatypic corals and other calcifying organisms are considered among the most vulnerable to ocean acidification, as the decrease in oceanic pH and carbonate ions concentration makes the precipitation of calcium carbonate (aragonite in the case of corals) more energetically costly (Cohen and Holcomb, 2009).

In hermatypic corals, the calcification process occurs in a semi-isolated space located between the calicoblastic tissue and the already formed skeleton. At this site of calcification, corals elevate the aragonite saturation state by expelling protons, pumping in calcium ions and maintaining a high concentration of carbonates. This tight regulation of the calcifying fluid chemistry allows corals to maintain high calcification rates and for some species to even maintain an elevated saturation state of the calcifying fluid under reduced seawater Ωaragonite (Holcomb et al., 2014; McCulloch et al., 2017). However, this regulation comes at a cost as the active ion transport required to maintain the elevated pH (Holcomb et al., 2014) and/or calcium ions (DeCarlo et al., 2018) is achieved via the activity of Calcium-ATPase (Zoccola et al., 2004). In addition, bicarbonate ion concentration and the resulting aragonite saturation state are also tightly regulated through the activities of multiple enzymes and ion transporters (Bhattacharya et al., 2016). The energy required for the activity of those enzymes and transporters is produced by the coral host in the form of ATP through the mitochondrial electron transport system (ETSA) and oxidative phosphorylation of the respiration process (Chalker and Taylor, 1975; Galli and Solidoro, 2018).

The dependence of calcification on the capacity of energy (ATP activities) production is supported by the observation of a high number of mitochondria in the calicoblastic tissue (Tambutté et al., 2007), the suppression of light calcification by oxidative phosphorylation inhibitors (Chalker and Taylor, 1975), the expression of the enzymes and transporter involved in calcification which is limited to calicoblastic cells, and the correlation between the ETSA activities with calcification rates in both healthy and bleached corals (Agostini et al., 2013, 2016; Higuchi et al., 2018). Electron transport system activities can be measured by isolating fragmented mitochondrial membranes of the host tissue, and measuring the reduction of an artificial tetrazolium substrate (by the mitochondrial complex II) in the presence of a saturating concentration of the coenzyme NADH (Packard, 1971; Agostini et al., 2013). The transfer of electrons from complex II is deemed to be the slowest reaction in the chain and therefore would limit the following reaction including the production of ATP. Therefore, ETSA can be used to assess the coral potential for energy production (i.e., ATP).

Most studies on the effects of ocean acidification on coral calcification are conducted in laboratories under highly controlled environments and over relatively short timescales (Gattuso et al., 2015). Short experimental durations (days to weeks) do not allow corals to acquire complete acclimation to high pCO2 conditions and are clearly insufficient for achieving adaptation (multi-generation evolution) or ecological adaptation (selection of resistant species and/or individuals) to these conditions (Riebesell et al., 2010). Natural analogues such as volcanic CO2 seeps have increasingly been used to complement laboratory experiments (Hall-Spencer et al., 2008), allowing the physiological study of corals that have fully acclimatized to elevated pCO2 throughout at least their entire post-settlement lives (Noonan et al., 2018). At such natural analogues for future conditions, ocean acidification has drastically decreased the coverage and diversity of corals (Fabricius et al., 2011; Inoue et al., 2013; Enochs et al., 2015; Agostini et al., 2018). Since corals found in the acidified areas of CO2 seeps are ecologically adapted to the elevated pCO2 conditions (i.e., capable of surviving), those species for which individuals are found in reasonable numbers have been designated as winning species, while those that are very rare or absent from the elevated pCO2 areas are the losing species (sensu Fabricius et al., 2011).

The dichotomy of a species being either a “winner” or a “loser” may be inappropriate to encapsulate the range of effects of ocean acidification on hermatypic corals, but it has facilitated the distinction between traits that contribute toward the resistance of corals to ocean acidification. Here we present a study using two CO2 seeps, one located in the coral reefs off the coast of Normanby Island in Papua New Guinea, and the other in the coral communities off the coast of Shikine Island in Japan. The aim of the study was to highlight general physiological traits that distinguished winning species that are resistant to ocean acidification (present in the elevated pCO2 areas) from losing species that are sensitive to ocean acidification (almost or entirely absent in the elevated pCO2 areas but common in the control sites at ambient pCO2). The physiological traits studied were protein contents as a proxy for tissue biomass, and coral host mitochondrial electron transport system activities (ETSA) as a proxy for energy production, either normalized by coral tissue surface area or coral host protein contents. ETSA normalized by tissue surface area (surface area-specific ETSA) represents the potential energy production while ETSA normalized by protein contents of coral tissue (biomass-specific ETSA) represents the biomass specific potential energy production. Three hypotheses were tested (Figure 1).
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FIGURE 1. Physiological traits (Protein per surface, surface area-specific ETSA and biomass-specific ETSA) of coral specimens belonging to winning species and losing species were used to test three hypotheses. (1) Inherent physiological traits of coral species resistant to ocean acidification: Physiological traits of corals in control areas; (2) Physiological plasticity as an acclimation response to ocean acidification: Physiological traits of corals transplanted from control areas into control and elevated pCO2 areas (seep); (3) Selection or acquisition of resistance to ocean acidification: Physiological traits of corals found naturally in both elevated pCO2 (seep) and control areas (n indicates the number of coral specimens used for each species and each CO2 condition).



(1) Inherent physiological traits of coral species resistant to ocean acidification: Are inherent physiological traits related to biomass and energy production linked with the resistance to ocean acidification? This hypothesis was tested by measuring traits in individuals sampled in control areas only, thereby excluding potential stress responses and any acclimation/adaptation to elevated pCO2 conditions.

(2) Physiological plasticity as an acclimation response to ocean acidification: Can resistance to ocean acidification be acquired over a short timescale (4–5 months) via physiological plasticity? This was tested by conducting transplantation experiments of winning and losing coral species from the control areas to the same control areas, and from the control areas to the elevated pCO2 areas.

(3) Selection or acquisition of resistance to ocean acidification: Can the physiological traits required to tolerate ocean acidification be acquired either during the lifetime of individuals or through the selection of resistant individuals? This was tested by assessing the changes in protein contents and ETSA of winning and losing species that are naturally found in both the elevated pCO2 areas and nearby (non-acidified) control areas.





MATERIALS AND METHODS


Sampling Sites

The study was conducted at two well-known CO2 seeps. Previous studies at these two sites showed that the main driver of the difference in benthic communities between control and elevated pCO2 sites was the increase in pCO2. No difference in depth, total alkalinity, and temperature were found between sites (Uthicke and Fabricius, 2012; Fabricius et al., 2014; Agostini et al., 2018; Harvey et al., 2019; Witkowski et al., 2019; Cattano et al., 2020). At both seeps, the released gas is composed of more than 97% CO2 with minimal concentrations in toxic gas such as hydrogen (Fabricius et al., 2011; Agostini et al., 2015). The first seep is located on the coast of Normanby Island in Papua New Guinea, and it has been extensively described in Fabricius et al. (2011) and following papers. The control area close to the CO2 seep is a well-developed fringing reef showing a high diversity and coverage of corals. This control site experienced pHT (mean ± SD) of 7.96 ± 0.03, corresponding to a pCO2 of 468 ± 37 ppm and Ωaragonite of 3.25 ± 0.17. In comparison, only few species of corals were found in the elevated pCO2 area, with the coral community clearly dominated by massive Porites spp., although a few massive or sub-massive Favids, and a few branching corals of different species were present where space was available. The carbonate chemistry at this elevated pCO2 area was: pHT (mean ± SD) 7.66 ± 0.22, corresponding to a pCO2 of 1,429 ± 1,027 ppm and Ωaragonite of 1.83 ± 0.69. The second seep system used in this study is located off the shore of Shikine Island in Japan which was first described in Agostini et al. (2015, 2018) and following papers. Situated at a latitude of 34°N, this site is at the transition between sub-tropical and temperate zones. Due to the oceanographic context of the region, waters off Shikine Island show low CO2 concentrations with pCO2 often dropping down to 300 ppm. Large tabular Acroporids, sub-massive and encrusting corals (e.g., Favids and Porites) inhabit the control areas of these warm temperate reefs. In contrast, the area close to the seeps shows a very low abundance of corals and an ecosystem mostly dominated by turf algae (Harvey et al., 2019). There, the only corals recorded are a few small colonies of Porites heronensis, Dipsastraea speciosa and two small colonies of Acropora solitaryensis. This area close to the seeps, hereafter “elevated pCO2 area” has the following carbonate chemistry conditions: pHT (mean ± SD) of 7.81 ± 0.09 corresponding to a pCO2 of 769 ± 225 ppm and a Ωaragonite of 1.76 ± 0.28. In contrast, the control areas located in an adjacent bay to the seeps are at ambient seawater carbonate chemistry: pHT (mean ± SD) of 8.14 ± 0.06, pCO2 of 309 ± 46 ppm and Ωaragonite of 3.30 ± 0.35 (Harvey et al., 2018). Coral sampling and transplantation were conducted at both the Normanby and Shikine study sites, and in both the elevated pCO2 and control areas.



Coral Samples

A total of 107 coral samples across 12 species were used, with 47 (across 7 species) sampled in Papua New Guinea under CITES permit 016132, and 60 (across 5 species) sampled in Shikine Island under permit Tokyo Prefecture 29-12. Fragments (5–10 cm2 in size) of individual colonies were randomly sampled using chisel and hammer by a SCUBA diver. Care was taken to remove potentially attached algae or fauna. All colonies sampled were healthy and did not show signs of bleaching or tissue necrosis. Each coral species was categorized as a winning species if they were commonly found in the elevated CO2 zones, or as a losing species if they were commonly found in the control zones but were absent or very rare from the elevated CO2 zones. Previous literature available on the distribution of coral species for the two locations was also taken into consideration, namely Fabricius et al. (2011) and Agostini et al. (2018) for the Normanby Island and Shikine Island seeps, respectively. Figure 1 summarizes all the species and coral specimens that were used.


(1) Inherent physiological traits of coral species resistant to ocean acidification: Physiological traits of corals in control areas



For the analyses designed to test hypothesis (1) Inherent physiological traits of coral species resistant to ocean acidification, fragments from colonies of the losing species Acropora millepora, Acropora florida, and Acropora tenuis for the Normanby site, and Acropora cf glauca and Acropora solitaryensis for the Shikine site, were sampled from the control areas. These were compared to traits measured on specimens from winning species sampled always at the control areas, Pocillopora acuta and massive Porites spp. for the Normanby site and Dipsastrea speciosa and Porites heronensis for the Shikine site.


(2) Physiological plasticity as an acclimation response to ocean acidification: Physiological Traits of corals transplanted from control areas into control and elevated pCO2 areas



To test hypothesis 2, we transplanted corals from the control areas into the elevated CO2 areas as well as into the same control site, the latter to test for transplantation effects. In Normanby, three losing species: A. millepora (control n = 4 and elevated pCO2 n = 3), A. tenuis (control n = 3 and elevated pCO2 n = 3), A. florida (control: n = 3 and elevated pCO2 n = 3), and one winning species: P. acuta (control n = 3 and elevated pCO2 n = 2), were transplanted from the 1st October 2016 to the 23rd January 2017. At the Shikine site, 12 individuals from the losing species A. solitaryensis and 12 individuals from the winning species P. heronensis were transplanted from the 22nd February 2018 to the 19th July 2018 into each site (n = 6 at each site for each species). Large fragments (>10 cm2 in surface area) of healthy colonies of the various species were haphazardly sampled from the control areas using chisel and hammer, avoiding the base of the colonies and parts with clearly visible lesions. The fragments were glued to PVC tiles using epoxy glue and randomly attached to metallic grids (90 × 60 cm) that were fixed 10–20 cm above the seabed using metallic anchors at a depth of 3–6 m at the respective sites. In Normanby, the samples were collected and immediately transplanted. In Shikine, the transplantation field setup was done 1 month after sampling the coral fragments. During that month, the fragments were allowed to recover from the sampling in outdoor aquarium with running seawater at the Shimoda Marine Research Center, University of Tsukuba, Japan. At the end of the transplantation period, coral fragments were retrieved and measured on board the research vessels.


(3) Selection or acquisition of resistance to ocean acidification: Physiological traits of corals found naturally in both elevated pCO2 and control areas



For the analyses designed to test hypothesis 3, we compared the physiological traits of winning and losing species where colonies could be found in both the control and elevated pCO2 area. Although winning species could be found and collected easily in both areas (P. acuta, massive Porites spp. at the Normanby site, and D. speciosa and P. heronensis at the Shikine site), only the losing species A. millepora (Normanby site) and A. solitaryensis (Shikine site) could be collected in both areas. Physiological traits of the specimens found in control and elevated pCO2 areas were compared. In addition, the traits of the specimens naturally found in the elevated pCO2 area were compared to the traits of corals transplanted from the control areas to the elevated pCO2 areas during the transplantation experiment.



ETSA and Protein Measurements Methods

The sampled fragments of colonies were immediately treated after collection, either aboard the M/B Chertan in Normanby, or at the Shikine Island Field Station (Shimoda Marine Research Center, University of Tsukuba) on Shikine Island. Coral tissue was removed using a custom air-gun connected to a source of compressed air in 10 ml of 0.2 μm filtered ice-cold seawater. Symbiodiniacea were pelleted by centrifugation (600 g, 15 min) and the coral host ETSA and protein contents were measured using the supernatant. All steps were conducted on ice to limit the degradation of the mitochondrial ETSAs. ETSA were measured under saturating concentrations of the NADH and NADPH coenzymes, in the presence of the artificial substrate INT ([4-iodophenyl]-3-[4-nitrophenyl]-5-phenyl-2H-tetrazolium chloride), following the protocols detailed in Agostini et al. (2013) with the following modifications. Filtered seawater instead of phosphate buffer saline was used for the blanks and for dissolving the reagents, and ETSA were extracted by placing 1 ml of the tissue slurry supernatant in 1.5 ml microtube in a sonic bath at 100 KHz for 10 min. For protein contents, 1 ml of the supernatant was stored at −20°C until measurement, which was carried out using the Bradford method (Bradford, 1976). Coral surface areas were determined by the wax method (Stimson and Kinzie, 1991).



Statistical Analysis

For all hypotheses the same physiological traits were used as response variables: protein contents (coral surface area normalized protein concentration), surface area-specific ETSA (coral surface area normalized ETSA), and biomass-specific ETSA (ETSA normalized by the host protein contents). For hypothesis 1, we tested for differences in those physiological traits between winning and losing species using a generalized linear mixed model (Gamma, link: identity) with resistance as a fixed effect (two levels: “Winning” and “Losing”) and location (two levels: “Shikine,” “Normanby”) as a random effect in order to account for the associated variability. For hypothesis 2, we assessed the effect of a short-term exposure to elevated pCO2 (4 months at the Normanby and 5 months at the Shikine seeps) compared to control conditions, for both winning and losing species. This used a generalized linear mixed model (Gamma, link: identity) with resistance (two levels: “Winning” and “Losing”) and CO2 condition (two levels: “Control,” “elevated pCO2”) as fixed effects, and species as a random effect.

For hypothesis 3, we tested for the differences in physiological traits for coral specimens found naturally in the elevated pCO2 areas compared to those found in the control areas, for both winning and losing species. This used a generalized linear mixed model (Gamma, link: identity) with resistance (two levels: “Winning” and “Losing”) and CO2 condition (two levels: “Control,” “elevated pCO2”) as fixed effects, and species as a random effect. Finally, the response to elevated pCO2 observed for coral specimens used in hypothesis 2 (“short exposure”) and hypothesis 3 (“life-long exposure”) were compared using a generalized linear mixed model (Gamma, link: identity) with resistance (two levels: “Winning” and “Losing”) and exposure duration (two levels: “short exposure,” “life-long exposure”) as fixed effects and species as a random effect. All analysis and visualizations were performed with the R statistical programming languages (R Core Team, 2020) using the RStudio IDE1 and the following packages: tidyverse (Wickham et al., 2019), ggplot2 (Wickham, 2016, p. 2), rstatix (Kassambara, 2020), patchwork (Pedersen, 2019), and lme4 (Bates et al., 2015). The code and raw data are available at https://gitlab.com/agoremix/oa-resistance.



RESULTS


(1) Inherent physiological traits of coral species resistant to ocean acidification: Physiological traits of corals in control areas



The amount of protein normalized per coral surface area was more than twofold higher in losing species compared to winning species (175 ± 20 and 73 ± 15 μg cm–2, respectively; GLMM, resistance: t-value = 5.510, p < 0.001; Figure 2A and Supplementary Tables 1, 2.1). Mean surface area-specific ETSA was higher for losing species compared to winning species (15.0 ± 1.1 and 11.8 ± 1.2 μg O2 h–1 cm–2, respectively, Figure 2B and Supplementary Table 1) but the difference was marginally non-significant (GLMM, resistance: t-value = −1.921, p = 0.055; Supplementary Table 2.2). This resulted in the biomass-specific ETSA being fourfold greater in the winning species compared to the losing species (0.46 ± 0.14 and 0.11 ± 0.01 mg O2 h–1 mg–1 protein, respectively, GLMM, t-value = 2.039, p = 0.041; Figure 2C and Supplementary Tables 1, 2.3).
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FIGURE 2. Protein per surface (A), ETSA per coral surface area (B) and ETSA per protein contents (C) (mean ± SE) in losing (black bars, sensitive to OA, n = 26) and winning coral species (gray bars, resistant to OA, n = 21), collected in the control areas. Individual points show the mean value per species with circles for species from the Normanby site and triangles for species from the Shikine site (see Supplementary Table 1). Two-way GLMM (Resistance with Location as a random factor) results are presented in the top-right of each panel (see Supplementary Table 2 for more detailed statistics).



(2) Physiological plasticity as an acclimation response to ocean acidification: Physiological traits of corals transplanted from control areas into control and elevated pCO2 areas



The four losing species tested (Acropora millepora, Acropora tenuis, Acropora florida, and Acropora solitaryensis) on average showed ∼40% decrease in their protein contents (Figure 3A and Supplementary Table 3) following a 4 or 5 months acclimation to elevated pCO2 conditions (from 147 ± 17 μg cm–2 at the control sites to 87 ± 13 μg cm–2 at the elevated pCO2 sites). The two winning species did not exhibit such a decrease, maintaining their protein contents at 87 ± 17 and 97 ± 15 μg cm–2 after transplantation to the control and elevated pCO2 sites, respectively (GLMM: CO2 condition x resistance, t-value = 2.064, p = 0.039; Supplementary Table 4.1).
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FIGURE 3. Mean (±SE) protein per surface (A), ETSA per coral surface area (B) and ETSA per protein contents (C) in losing species (black bars), and winning species (gray bars) specimens transplanted from the control areas to the control areas (control) and elevated pCO2 areas (seep) for 4–5 months (losing species specimens: control n = 14, seep n = 5; winning species specimens: control n = 20, seep = 16). Points and lines show the mean and response per species with dashed and plain lines representing species from Shikine and Normanby CO2 seeps, respectively (see Supplementary Table 3). Two-way GLMM: CO2 condition x resistance with Species as a random factor) results are presented in the top-right of each panel (see Supplementary Table 4 for more detailed statistics).


The response of surface area-specific ETSA (Figure 3B and Supplementary Table 3) following a 4–5 months acclimation to elevated pCO2 conditions showed a similar pattern to protein contents, with losing species showing a decrease in activity (from 13.3 ± 1.4 μg O2 h–1 cm–2 at the control areas to 9.6 ± 1.5 μg O2 h–1 cm–2 at the elevated pCO2 areas), and winning species showing relatively little change (10.1 ± 1.5 μg O2 h–1 cm–2 at the control sites to 9.2 ± 1.1 μg O2 h–1 cm–2 at the elevated pCO2 sites). The different responses exhibited by winning and losing species following transplantation into elevated pCO2 conditions resulted in a significant interaction (GLMM: CO2 condition x resistance, t-value = 811.0, p < 0.001; Supplementary Table 4.2).

For biomass-specific ETSA (Figure 3C and Supplementary Table 3), two patterns were observed with either a trend of increasing activity (Acropora tenuis, Acropora florida, and Pocillopora acuta) or remaining at similar levels of activity (Acropora solitaryensis, Dipsastraea speciosa, and Porites heronensis). However overall there was no significant response following transplantation into elevated pCO2 conditions, regardless of the resistance of the species (GLMM: CO2 condition, t-value = 1.747, p = 0.081; resistance, t-value = 0.393, p = 0.695; CO2 condition × resistance, t-value = −0.573, p = 0.567; Supplementary Table 4.3).


(3) Selection or acquisition of resistance to ocean acidification: Physiological traits of corals found naturally in both elevated pCO2 and control areas



For those coral specimens found naturally, only the losing species showed a difference in the amount of protein per surface area between control and elevated pCO2 areas (Figure 4A and Supplementary Table 5). The mean amount of protein for those specimens collected at the elevated pCO2 areas (86 ± 12 μg cm–2) was half that of the specimens collected at the control areas (183 ± 26 μg cm–2). This decrease was consistent for the two losing species tested: A. millepora and A. solitaryensis, at the Normanby and Shikine CO2 seeps, respectively. The mean amount of protein for winning species remained the same between specimens collected at the elevated pCO2 and control areas (GLMM, CO2 condition x resistance, t-value = 2.435, p = 0.015; Supplementary Table 6.1).
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FIGURE 4. Mean (±SE) protein per surface (A), ETSA per coral surface area (B) and ETSA per protein contents (C) in losing species (black bars) and winning species (gray bars) species sampled at the control areas (control) and elevated pCO2 areas (seep) (losing species specimens: control n = 14, seep n = 5; winning species specimens: control n = 20, seep = 16). Points and lines show the mean and response per species with dashed and plain lines representing species from Shikine and Normanby sites, respectively (see Supplementary Table 5). Two-way GLMM (CO2 condition x resistance with Species as a random factor) results are presented in the top-right of each panel (see Supplementary Table 6 for more detailed statistics).


The response of ETSA in coral specimens exposed to life-long elevated pCO2 conditions varied greatly among species. The amount of surface area-specific ETSA (Figure 4B and Supplementary Table 5) did not differ between specimens sampled in either control or elevated pCO2 areas (GLMM, CO2 condition: t-value = −0.146, p = 0.884) for both the winning nor losing coral species (GLMM, resistance: t-value = −0.603, p = 0.546) with no significant interaction (CO2 condition x resistance: t-value = 0.493, p = 0.622; Supplementary Table 6.2). Biomass-specific ETSA (Figure 4C and Supplementary Table 5) were five times higher in the winning species (0.46 ± 0.14 mg O2 h–1 mg–1 protein) compared to the losing species (0.093 ± 0.014 mg O2 h–1 mg–1 protein) (GLMM, resistance, t-value = 3.519, p = 0.0004) but did not differ between CO2 conditions for neither winning or losing species (GLMM, CO2 condition: t-value = 0.381, p = 0.703; CO2 condition x resistance: t-value = −0.473, p = 0.636; Supplementary Table 6.1).

The response to life-long exposure to elevated pCO2 (hypothesis 3) was consistent with the response observed during the transplantation of specimens from control areas to elevated pCO2 areas (hypothesis 2) (Supplementary Tables 3, 5 and Supplementary Figure 1). No significant differences were observed in the response of coral specimens to the different periods of exposure to elevated pCO2 for the mean amount of protein (GLMM, Exposure Condition, t-value = 0.685, p = 0.4936; Supplementary Figure 1A and Supplementary Table 7.1), surface area-specific ETSA (GLMM, Exposure Condition, t-value = −1.400, p = 0.1615; Supplementary Figure 1A and Supplementary Table 7.2), or biomass-specific ETSA (GLMM, Exposure Condition, t-value = −0.433, p = 0.665; Supplementary Figure 1A and Supplementary Table 7.3), in either losing or winning species (no significant interactions; GLMM, p > 0.05; Supplementary Tables 5, 7).



DISCUSSION

Climate change and ocean acidification will likely transform coral communities leaving only the most resistant species (Hughes et al., 2018) and individuals (Matsuda et al., 2020). Natural analogues such as CO2 seeps can reveal ecological shifts in the composition of coral communities and highlight which physiological traits are associated with a higher resistance to ocean acidification. Here we found that resistant winning species had a lower biomass per coral surface area compared to losing species, while at similar levels of mitochondrial electron transport activities (ETSA). This resulted in a higher ETSA per biomass in the winning species. These traits were interpreted as the capacity of winning species to allocate more energy toward inorganic growth compared to losers which allocate more energy toward somatic growth. These traits are inherent to winning species and were not acquired following exposure to elevated pCO2 since they were observed in specimens that were found in both the control and elevated pCO2 areas. This capacity could generally not be acquired by the losing species, whether through physiological plasticity (following 4–5 months or lifelong acclimation to elevated pCO2 conditions) or through the selection of specimens that show physiological traits associated with resistance to ocean acidification (a high biomass-specific energy production potential) (see Figure 5). The responses following acclimation to elevated pCO2 differed among species, with some winning species showing changes in their energy allocation depending on the pCO2 levels they were maintained under. This demonstrates that winning species are still affected by ocean acidification, with their response either corresponding to some acclimation mechanisms that aims to increase their fitness under elevated pCO2 or a negative impact of ocean acidification on their physiology. This highlights that the dichotomy of “winner” versus “loser” as previously proposed is too restrictive, and while informative, it does not accurately reflect the variety of responses and acclimation strategies of corals to ocean acidification.
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FIGURE 5. Synthesis and interpretation of the main results for hypothesis (1) Inherent physiological traits of coral species resistant to ocean acidification: Physiological traits of corals in control areas, Hypothesis (2) Physiological plasticity as an acclimation response to ocean acidification: Physiological traits of corals transplanted from control areas into control and elevated pCO2 areas, and Hypothesis (3) Selection or acquisition of resistance to ocean acidification: Physiological traits of corals found naturally in both elevated pCO2 and control areas.


A higher biomass or tissue thickness can provide more protection at the site of calcification (Jokiel, 2011; Rodolfo-Metalpa et al., 2011; Strahl et al., 2015; Kline et al., 2019) which allows for a better control of the aragonite saturation state and maintenance of inorganic growth under elevated pCO2 conditions (Trotter et al., 2011; Holcomb et al., 2014). Individuals that can survive within the naturally acidified environment represent individuals whose physiological traits conferred them with sufficient resistance to ocean acidification as well as being ecologically capable of competing for primary space. In our study, the winning species exhibited a lower biomass in terms of their protein content normalized per coral tissue surface area. For example, despite their imperforated skeleton and low tissue biomass Pocilloporids are considered as resistant to ocean acidification (Comeau et al., 2014). Conversely, the higher protein contents found in losing species suggests that these species may require a larger amount of energy for somatic growth and the maintenance of this biomass (Kaniewska et al., 2015). This suggests that the amount of biomass covering the skeleton does not directly relate to a species’ resistance to ocean acidification, instead the costly maintenance of biomass could reduce the ecological fitness of losing species under elevated pCO2.

The mitochondrial ETSA, which represents the maximum potential rate of the respiratory electron transfer and therefore production of ATP, was similar or even slightly higher (albeit non-significantly) for the losing species compared to winning species when normalized by coral surface area. This finding reinforces the unexpected result that winning coral species do not achieve a greater resistance to ocean acidification through an increased biomass and/or availability of energy. Instead, the lower biomass and similar ETSA per coral surface area resulted in higher ETSA per biomass in the winning species. The resistance of winning coral species to ocean acidification could be linked with a different allocation strategy of energy between inorganic growth and somatic growth, with winning species allocating a greater amount of energy toward inorganic growth. As ocean acidification increases the energetic cost of calcification (Cohen and Holcomb, 2009), a higher energy production potential (ETSA) could allow for a stronger maintenance of the aragonitic saturation state at the site of calcification, enabling the maintenance of inorganic growth even under elevated pCO2 (McCulloch et al., 2012). This increased energetic potential relative to biomass would additionally support other metabolic processes important for the resistance against ocean acidification, such as high fecundity (Albright, 2011), protein synthesis (Edmunds and Wall, 2014), or the maintenance of other anabolic pathways (Kaniewska et al., 2015).

In the present study, coral species that are sensitive to ocean acidification showed a decrease in their biomass regardless of whether they were acclimatized for 4–5 months or exposed for their entire lifetime to elevated pCO2. Similar decreases in biomass have been observed across multiple studies (Edmunds and Wall, 2014; Strahl et al., 2015; Wall et al., 2017) with the response attributed to an impairment of protein anabolism due to elevated pCO2. Two of the losing coral species (A. florida and A. tenuis) transplanted into the elevated pCO2 conditions exhibited similar traits to the winning species, which themselves were unaffected by the change in pCO2. This suggests that certain losing species are capable of demonstrating some physiological plasticity related to energy allocation. However this was not observed for the two other species (A. solitaryensis and A. millepora) tested and this plasticity did not translate into an overall increase in the biomass-specific energy production potential. Our observations support that resistance to ocean acidification cannot be acquired within a single generation (Comeau et al., 2019). Physiological traits of corals transplanted to elevated pCO2 areas did not differ from those exhibited by corals that were found and sampled in the elevated pCO2 areas: losing species exhibited a decrease in biomass which did not translate into an increase in biomass-specific energy production potential compared to winning species that were mostly unaffected by the elevated pCO2. As specimens from losing species are rarely found in the elevated pCO2 areas as well as often being of smaller size, this suggest that such short-term plasticity through the downregulation of metabolic processes may not be viable in the long term.

Although the different acclimation periods to elevated pCO2 altered the specific responses of the species, the general patterns observed here were mostly consistent for corals tested in two radically different biogeographic regions, the coral reefs of Papua New Guinea and the marginal warm-temperate coral communities of Japan. The lower aragonite saturation state found in high latitudes suggests that the coral species there could have a higher tolerance to ocean acidification (Kleypas, 1999; Yara et al., 2012). However, the parameters tested in our study did not reveal a remarkable difference in terms of energy allocation between tropical and temperate coral species. This suggest that other traits, either physiological or ecological, may contribute toward the resistance to ocean acidification.

The importance of calcification and somatic growth in determining the resistance of scleractinian corals to ocean acidification remains poorly understood. Our findings suggest that species resistant to ocean acidification have a lower maintenance cost for biomass compared to more sensitive species. This could allow for more energy to be allocated toward inorganic growth providing them with an ecological advantage under high CO2. The losing species did not exhibit these physiological traits and could not even acquire them through physiological plasticity or the selection of individuals. Instead, losing species exhibit a stress response under elevated pCO2 whereby their biomass cannot be maintained. Taken together, unless adaptation rapidly occurs, losing species will lack the resistance required to survive future acidification, leaving only those species that possess an inherent resistance to ocean acidification. Such radical selection will likely result in a major loss of diversity and associated functioning in coral communities around the world.
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Ocean warming (OW) and acidification (OA) affects nearly all aspects of marine organism physiology and it is important to consider both stressors when predicting responses to climate change. We investigated the effects of long-term exposure to OW and OA on the physiology of adults of the sea urchin, Heliocidaris erythrogramma, a species resident in the southeast Australia warming hotspot. The urchins were slowly introduced to stressor conditions in the laboratory over a 7-week adjustment period to three temperature (ambient, +2°C, +3°C) and two pH (ambient: pHT 8.0; −0.4 units: pHT 7.6) treatments. They were then maintained in a natural pattern of seasonal temperature and photoperiod change, and fixed pH, for 22 weeks. Survival was monitored through week 22 and metabolic rate was measured at 4 and 12 weeks of acclimation, feeding rate and ammonia excretion rate at 12 weeks and assimilation efficiency at 13 weeks. Acclimation to +3°C was deleterious regardless of pH. Mortality from week 6 indicated that recent marine heatwaves are likely to have been deleterious to this species. Acclimation to +2°C did not affect survival. Increased temperature decreased feeding and increased excretion rates, with no effect of acidification. While metabolic rate increased additively with temperature and low pH at week 4, there was no difference between treatments at week 12, indicating physiological acclimation in surviving urchins to stressful conditions. Regardless of treatment, H. erythrogramma had a net positive energy budget indicating that the responses were not due to energy limitation. To test for the effect of parental acclimation on offspring responses, the offspring of acclimated urchins were reared to the juvenile stage in OW and OA conditions. Parental acclimation to warming, but not acidification altered juvenile physiology with an increase in metabolic rate. Our results show that incorporation of gradual seasonal environmental change in long-term acclimation can influence outcomes, an important consideration in predicting the consequences of changing climate for marine species.
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INTRODUCTION

Many of the key challenges in predicting the ecological consequences of climate change stem from the fact that organisms are confronted with multiple biotic and abiotic stressors, which often interact (Boyd and Brown, 2015; Przeslawski et al., 2015; Boyd et al., 2017; Goldenberg et al., 2017). The impacts of global warming and ocean acidification are intricately linked as approximately 90% of the Earth’s heat and 25% of anthropogenic CO2 emissions are absorbed directly into the ocean (Gattuso et al., 2015). Further, marine heatwaves (MHW) are a major climate change stress in many regions (Babcock et al., 2019; Holbrook et al., 2019).

Ocean warming (OW) increases the body temperature of marine ectotherms, affecting metabolism and most biological processes (Brown et al., 2004; Somero, 2012). Concurrently, ocean acidification (OA) alters the carbonate saturation states in sea water which may alter the metabolic costs associated with acid–base regulation and calcification, with evidence of reduced biomineral production and hypercapnia (Byrne et al., 2013; Kroeker et al., 2013; Thomsen et al., 2015; Byrne and Fitzer, 2019). Given that warming and acidification both influence key metabolic processes, stressor interactions are inevitable with biological responses affected in unexpected ways (Kordas et al., 2011; Boyd and Brown, 2015; Boyd et al., 2017). This highlights the uncertainty as to our understanding of the drivers of ecosystem change in a high CO2 world. For example, increased temperature affects both oxygen demand and the supply of oxygen in water (Pörtner, 2010; Christensen et al., 2011; Schulte, 2015) and may limit oxygen delivery, restricting metabolism and exacerbating the energetic demands elicited by OA (Dillon et al., 2010; Deutsch et al., 2015; Lefevre, 2016).

Exposure to combined warming and acidification often causes negative impacts that are either additive (e.g., increased metabolism in sea urchins, Carey et al., 2016) or synergistic (e.g., increased photosynthesis in foraminifera, Schmidt et al., 2014). However, positive or neutral responses have also been observed, such as in the development and thermal windows of echinoderm larvae (Karelitz et al., 2016) and the growth of sea urchins and mussels (Keppel et al., 2015; Dworjanyn and Byrne, 2018), and reproduction in many taxa (Harvey et al., 2013). Warming can ameliorate the negative effects of acidification on biological processes such as calcification, but within limits (Sheppard Brennand et al., 2010; Dworjanyn and Byrne, 2018). Critical gaps remain in our understanding of the ability of marine species to acclimatize or adapt to global change stressors within and across generations as most studies involve short-term acute experiments where the stress is immediate and so is delivered at a pace unrealistic with respect to global change. Organisms respond differently to more gradual introduction to a stressor and long-term acclimation (Dupont et al., 2013; Byrne et al., 2020; Uthicke et al., 2020). In general, acclimation to increased temperature decreases thermal sensitivity over time (Seebacher et al., 2014), and if this coincides with gamete development, can have positive carryover effects in conveying stress resilience to offspring (Pechenik, 2018; Byrne et al., 2020).

Warming and/or acidification have broadly deleterious effects on sea urchin growth, behavior, metabolism, reproduction and immune defense and disease, with response magnitude influenced by the stressor levels used (Byrne et al., 2011a, b, 2013; Brothers et al., 2016; Carey et al., 2016; Delorme and Sewell, 2016; Sweet et al., 2016; Manríquez et al., 2017; Dworjanyn and Byrne, 2018; Byrne and Fitzer, 2019; Byrne and Hernández, 2020). Global change experiments with sea urchins and other marine invertebrates that incorporate an acclimation period show that outcomes differ from the acute, shock-type approach (e.g., Dupont et al., 2013; Munguia and Alenius, 2013; Bellworthy et al., 2019; Uthicke et al., 2020). For Strongylocentrotus droebachiensis, a decrease in fecundity was observed after 4 months exposure to acidification (−0.3 pH units), but not after 16 months (Dupont et al., 2013). For Sterechinus neumayeri, exposure to warming (+2°C) and acidification (−0.3 to −0.5 units) over 2 years diminished the negative effects of these stressors on metabolism and reproduction (Suckling et al., 2015; Morley et al., 2016). For Echinometra sp. a 20-month exposure to warming (+1°C, +2°C) and acidification (−0.2 to −0.3 units) had no effects on growth, respiration and reproduction (Uthicke et al., 2020). Similar acclimatory responses are reported for corals (Stylophora pistillata) and crustaceans (Paradella dianae) exposed to warming and acidification (Munguia and Alenius, 2013; Bellworthy et al., 2019).

Acclimation as an important mechanism of phenotypic plasticity to adjust to changing habitat conditions within and across generations (Ghalambor et al., 2007). Parental stress history can influence stress responses in offspring (Byrne et al., 2020). The temperature at which gametes develop determines the thermal tolerance of fertilization and offspring development in a range of species (Byrne, 2011; Byrne et al., 2011b). However, the progeny of S. intermedius were negatively affected by parental exposure (15 months) to warming (Zhao et al., 2018). Acclimation of S. droebachiensis in OA (14 months) through gonad maturation had some positive carryover effects for surviving offspring, although mortality was high (Dupont et al., 2013). In S. purpuratus acclimation in OA conditions (4.5 months) increased embryonic growth and altered the transcriptome (Wong et al., 2018), but it is not known if these responses are negative or positive. For Echinometra sp. acclimation of parents to warming and acidification had negative carryover effects for larvae (Karelitz et al., 2020).

We examined the combined effects of warming and acidification in an acclimation experiment with the sea urchin Heliocidaris erythrogramma and outcomes for offspring reared in these stressors. This species is ecologically important in structuring subtidal habitats across temperate Australia through its grazing ecology (Keesing, 2020). In the southeast region H. erythrogramma resides in a hotspot where habitat warming is the global change stressor of primary concern (Babcock et al., 2019). In a preconditioning single stressor acclimation study, where temperature was gradually increased (+2–4°C) followed by a 14-week exposure, this species exhibited some capacity to acclimate to moderate warming (+2°C) but struggled to survive at a higher (+4°C) temperature increase (Harianto et al., 2018). Here, we build on this research using a preconditioning period that involved a gradual introduction to warming (+2°C, +3°C) and acidification (−0.4 pH units) levels over 7 weeks in the flow-through aquaria to facilitate adjustment of the urchins to new conditions. This was followed by >5 months of acclimation under a natural pattern of seasonal temperature (offset at +2°C and +3°C) and photoperiod change at two pH levels (ambient pHT 8.0; −0.4 units: pHT 7.6). The treatments are commensurate with current and ongoing warming projections for the region, although recent MHWs which have extended for months have resulted in temperature increase at the levels used here (Oliver et al., 2018; Babcock et al., 2019).

Over 22-weeks we monitored survival and metabolic rate was measured at weeks 4 and 12 to evaluate physiological responses over two experimental periods and assess the acclimation response. Feeding, assimilation efficiency, excretion and survival were also recorded. As maintaining energy is key to long-term survival, the physiological parameter data were used to model scope for growth (SfG). This bioenergetics framework is used to quantify performance and energy budgets and has been applied to assess the impacts of warming and/or acidification on marine invertebrates including gastropods and sea urchins (Hill and Lawrence, 2006; Zhang et al., 2015, 2016; Delorme and Sewell, 2016). We used the SfG model to explore whether changes in the energy budget may be associated with the responses of H. erythrogramma. This approach allowed us to integrate multiple physiological traits under a single response metric to achieve a better understanding of the vulnerability of H. erythrogramma to warming and acidification.

We maintained H. erythrogramma for 22 weeks through the period of intense gonad development of local populations (September–December, see Laegdsgaard et al., 1991), a physiologically demanding period (Powell et al., 2020) to assess how they would survive in treatments and generate gametes with which to generate F1 progeny. The fast development of this species which metamorphoses within a week was used as a model to investigate carryover effects of parental acclimation. Offspring were reared to the juvenile in OW and OA conditions and their metabolic rate and growth were measured to determine if parental stress history altered these parameters.

We hypothesized that: (1) gradual introduction to warming and acidification conditions followed by acclimation would enhance tolerance to these stressors as seen in high survivorship (2) increased temperature and acidification would interact to affect metabolic rate, feeding rate and ammonia excretion rate (3) physiological adjustments to warming and acidification would be evident over acclimation time and (4) that there would be interactions between parental acclimation environment and offspring metabolic rate. Finally, as warming trends in the region are linked to increased disease in H. erythrogramma and that +4°C is close to the thermal tolerance of this species (Sweet et al., 2016; Harianto et al., 2018), we expected to see deleterious effects compounded over time at the upper level of warming used (+3°C).



MATERIALS AND METHODS


Specimen Collection and Experimental Treatments

Heliocidaris erythrogramma (44.15 ± 3.25 mm test diameter, n = 100) were collected from the subtidal (2–3 m depth) and selected for size at low tide, at Milk Beach (33°51′23.3″S, 151°16′1.1″E) and Bottle and Glass Point (33°50′52.7″S, 151°16′12.4″E) in June 2014. Sea surface temperature (SST) at the time was 15.3°C. The urchins were transported to the Sydney Institute of Marine Science (SIMS) in Chowder Bay and were held in aquaria (80 L) supplied with ambient flow-through, filtered sea water (FSW, 70 μm, 1.5 L min–1). After 1 week, they were randomly allocated into six treatments, based on three temperature profiles (ambient +0°C, elevated +2°C and +3°C, adjusted weekly according to the mean SST profile determined from 5 years of in situ data (Supplementary Figure 1) and two constant pH levels (ambient: pHT 8.0, low: pHT 7.6). For each treatment, we used three replicate tanks (28 L) with 10 urchins per tank. The flow-through conditions ensured that the entire volume of the tanks was turned over 15 times per day.

Experiments were conducted in a controlled temperature room for precise adjustments of water temperature and pH in the flow through delivery system. Room lighting was adjusted weekly to reflect the diurnal sunrise/sunset cycle using a digital 24-h timer. Adjustments to water parameters were made in header tanks before the water was channeled to treatment tanks with the high flow-through rate reducing tank effects. Each header tank was supplied with FSW (20 μm) using a thermocouple-solenoid feedback system that mixed warm (25°C) and cold (14.5°C) filtered FSW (20 μm) in a 2 L mixing chamber to supply temperature-controlled water consistently. Each header tank was also equipped with a heater (75 W, EHEIM GmbH & Co KG, Germany) attached to a temperature controller (model 7028/3, TUNZE Aqraientechnik GmbH, Germany) as a second level of temperature control. Sea water pH was maintained using a mixed CO2 system, where a thermally compensated, low-flow controller valve (Parker Hannifin, OH, United States) and a proportional–integral–derivative controller, updated every 10 s, were used to precisely inject food-grade CO2 (BOC, Australia) into ambient air that had been scrubbed of CO2. The CO2-mix was bubbled vigorously and continuously into all header tanks using ceramic diffusers. The header tanks, diffusers and treatment tanks were checked, changed and cleaned frequently.

Increased temperature and acidification levels were changed gradually over 7 weeks and no mortality occurred. Temperature was increased at a rate of 1°C every 6 days until target temperatures were achieved. Sea water pH was lowered at a rate of −0.1 pHT units every week. These manipulations were performed on a staggered schedule so that all treatments achieved target conditions in the same week (Figure 1A). After 7 weeks the treatment temperatures were (mean ± SD) ambient (15.6 ± 0.4°C), +2°C (17.6 ± 0.4°C) and +3°C (18.6 ± 0.3°C). During the acclimation period, temperature levels were regulated to achieve the mean weekly temperature over the same period (Figure 1A) determined from reference data collected from loggers deployed in the H. erythrogramma habitat (2009–2014) (Supplementary Figure 1). Treatment temperatures were generally kept within ±0.4°C (max, min) of reference temperatures (see Supplementary Table 2), while mean measured pH values over the same period were pHT 8.0 ± 0.02 SD and pHT 7.64 ± 0.09 SD. Treatment temperatures and photoperiod followed the natural change that occurs from winter to summer. During the period of gonad growth, around which this study was scheduled, day length changes from 10 h in July to 14 h in December (data from Sydney Observatory). Because temperature affects CO2 solubility and temperatures were changing every week, the system maintained constant pHT (not CO2 ppm) within each treatment (Figure 1B). With the pH encountered in the subtidal environment at Chowder Bay, there is little seasonal change, with most variation associated with diurnal flux (range pHT 7.9–8.07; Runcie et al., 2018). For the experiment we used pHT 7.6 as representative of a projected pH scenario of a decrease in ocean pH by up to 0.4 pH units by 2100 (Collins et al., 2013).


[image: image]

FIGURE 1. Temperature (A) and pH (B) profiles and measurements taken daily. One replicate tank for every treatment was selected at random for measurements. Shaded regions are the pre-acclimation adjustment periods for temperature (pink) and pH (blue), respectively. (A) Colored lines represent the planned temperature profiles (ambient, +2°C, +3°C), which change every week and the dots represent actual temperatures measured (see also Supplementary Table 1). Black dots are the reference temperatures collected from in situ loggers deployed in Chowder Bay from 2009 to 2014, averaged by day (see Supplementary Figure 1). (B) Black lines represent the reference profiles of constant pHT levels (8.0, 7.6) and initial adjustments. Actual measurements are indicated by shapes (triangle: 8.0; circle: 7.6). The actual mean measured pH values were pHT 8.0 (SD = 0.02, n = 378) and pHT 7.64 (SD = 0.09, n = 384). Colors represent the temperature group (see legend).


Temperature was logged using PT1000 resistance temperature detectors attached to a Graphtec multifunction logger (model GL840, Graphtec Corporation). Sea water pH was measured every 1–2 days to assess how acclimation treatments were tracking (Figure 1B) and was determined spectrophotometrically on the total scale with a custom-built pH sampling system connected to an Ocean Optics USB4000+ fiber optic spectrometer, using m-Cresol dye indicator (Acros Argonics, catalog number 110585000, Lot A0321770) and calculated according to Liu et al. (2011). The measurements were calibrated to certified reference material (CRM) for CO2 in sea water (Batch 139) following SOP 6b in Dickson et al. (2007). In addition, temperature, pH and salinity of the tanks across treatments were independently checked every 1–2 days using a Canter 376 RTD thermometer, a Vernier LabQuest 2 salinity sensor and a WTW Multi 3420 pH probe, respectively, to test for consistent conditions. The pH probe was calibrated using high precision buffers (pH 4, 7 and 10, ProSciTech).

For analysis of total alkalinity (AT), water samples (330 mL) were taken randomly from experimental tanks every 2 to 3 weeks (n = 36 samples across all treatments). AT was determined by potentiometric titration (907 Titrando, Metrohm), calibrated using sea water CRMs (Batch 139, Dickson et al., 2007). Carbonate chemistry parameters pCO2, calcite and aragonite saturation states ΩCa and ΩAr were calculated using the “seacarb” package in R (Gattuso et al., 2020) using the constants for K1 and K2 from Lueker et al. (2000), the constant for Kf from Perez and Fraga (1987) and the constant for Ks from Dickson (1990), as recommended by Dickson et al. (2007) (Supplementary Table 1).



Animal Maintenance and Monitoring

The sea urchins were fed on a mixed diet of Ecklonia radiata and Sargassum spp. suspended in kelp-based agar (MSC CO, Kyeongnam, Korea). To prepare the food, the algae were rinsed in fresh water, dried at 50°C for 48 h, and then ground into fine powder and mixed with agar powder (1:4 by weight). This was then mixed with FSW (20 μm) (1:10 by weight) at ∼80°C. The agar was left to cool and solidify for 45 min and then cut into 1 to 2 cm2 cubes. The urchins were fed twice a week by placing three to four cubes on top of each individual ensuring that each animal received the same amount of food in excess during the experimental period. They were checked daily for survival and condition (e.g., spine loss, bald patch disease, see Sweet et al., 2016) over 22 weeks (155 days). Dead individuals were removed immediately. Uneaten food and feces were removed every 2 days.

As the experimental period coincided with the time when local H. erythrogramma populations undergo gonad development to spawning, and we employed a seasonal temperature and daylength cycle in our experiments, we expected spontaneous gamete release to occur. During the spawning season, which starts in October and would be expected to continue through the experimental period (Laegdsgaard et al., 1991), the tanks were monitored for released eggs. Spawning is readily detected as H. erythrogramma releases large, buoyant eggs that become trapped at the water surface. As appears typical for H. erythrogramma (Byrne, pers. obs.), spawning occurred at night in all treatments. We could not determine how many individuals spawned and so the observations were recorded as an indication that the animals were close to their natural physiological/reproductive cycle but were not statistically analyzed.



Metabolic Rate

Routine weight-specific metabolic rate, MO2 was estimated by intermittent-flow respirometry at two time-points (week 4 and 12), using a random sample of 10 specimens from tanks across each treatment that were not fed for 5 days prior to measurement. They were transferred individually into 1 L respirometry chambers in individual water baths. Each chamber contained an oxygen sensor spot (SP-PSt3-NAU, PreSens GmbH, Germany) for the detection of dissolved oxygen concentration using an external multi-channel sensor (OXY-10-mini, PreSens). A magnetic stirrer ensured even mixing of water. The specimens were allowed to adjust to the chambers under flow-through conditions for 30 min prior to respirometry measures. At week 4, the temperatures were 16.6, 18.6, and 19.6°C and at week 12, were 20.7, 22.7 and 23.7°C for the ambient, +2 and +3°C treatments, respectively.

To measure oxygen uptake, the chambers were sealed, and dissolved oxygen (DO, mgO2 L–1) was measured every 10 s until a 10% decrease in DO was recorded. The chamber was then flushed, and the measurement repeated. Background respiration was determined by recording FSW-only blanks (n = 8) to correct the recordings for background respiration and instrument drift. At the end of each measurement, sea water weight was calculated by deducting chamber, stir bar and urchin wet weights from the total weight of the chamber, and then converted to volume using sea water density estimated from current temperature, salinity and barometric air pressure (Fofonoff and Millard, 1983).

Weight-specific MO2 (mgO2 L–1 h–1 kg–1) was calculated manually using the R package ‘respR’ (Harianto et al., 2019) and the equation (Lighton, 2008):
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where ΔO2 is the linear regression of O2 concentration over time (mg L–1 h–1), V is the volume of the sea water available (L) and W is the wet weight of the urchin (kg).



Ammonia Excretion

Ammonia excretion rate was determined at 12 weeks after respiration experiments. Ten specimens were randomly selected from each treatment and transferred into 1 L chambers supplied with flow-through FSW at the same treatment conditions and left to rest for at least 45 min. Initial water samples were carefully collected (50 mL, 0,22 μm) and frozen. The chambers were then sealed and left in the water baths for 3 h before final water samples were collected. Background ammonia levels were determined by repeating the procedure without a specimen (n = 3 treatment–1). The water samples were immediately frozen and stored in the dark until they were analyzed spectrophotometrically (within 10 days) for total ammonia (Parsons et al., 1984). Spectrophotometric readings were obtained at 640 nm on a microplate reader (CLARIOstar Microplate Reader, BMG LABTECH, Offenburg, Germany) and calibrated using daily blanks and a standard ammonium solution. Ammonia excretion rate (U, μg kg–1 h–1) was calculated according to the equation:
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where NC is the concentration of ammonia (μg at–N L–1), W is the weight of the specimen in kg and T is the time elapsed in hours. Ammonia concentration (NC) is determined using the equation:
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where Es and Eb are the standard and corrected spectrophotometric extinction values of the blue indophenol color formed with ammonia, respectively, and V is the volume of the chamber (L). The precision of this technique (±0.1 μg at–N L–1) was determined using the equation (Parsons et al., 1984):
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where h is the precision at the 1 μg at–N L–1 level, and n is the number of determinations.



Feeding Rate and Assimilation Efficiency

Feeding trials were conducted in week 13 where the temperatures were 20.1, 22.1, and 23.1°C for the ambient, +2 and +3°C treatments, respectively. Ten random specimens from each treatment were transferred into individual tanks (4 L) supplied with flow-through FSW (6 L h1) at the same treatment conditions. They were starved for 6 days in their new environments before feeding trials commenced, using the same agar-based food mixture used in routine feeding. The initial wet weight of the diet was determined, and the food was added to each tank in excess. Food-only autogenic controls were used to determine background changes in agar composition (n = 24).

After 48 h, unconsumed food was carefully collected and oven dried at 80°C for 48 h, and then reweighed. Fecal pellets were also collected for calculations of assimilation efficiency (see below). The specimens were removed from the tanks, blotted briefly with a paper towel, and weighed. To convert the initial wet weight (Wwet) of the food to their dry-weight equivalents, the wet:dry ratio of the food was determined in a regression analysis of wet to dry weights (W) (n = 60, r2 = 0.82, p < 0.01), and determined as:
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Feeding rate (C, mg day–1 kg–1), was calculated by subtracting the final dry weight (WT1) from the initial dry weight (WT0), with adjustments for background changes and specimen weight (Wsp) and adjusted by time (T):
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Fecal samples were dried at 60°C for 48 h and weighed. These samples were then ashed in a muffle furnace at 500°C for 2–3 h and re-weighed to determine their ash-free dry weight (AFDW). Assimilation efficiency (A) was calculated using the Conover method (Conover, 1966):
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where F and E denote the AFDW:dry weight fraction measured in the diet and the feces, respectively. All weights were determined using the same analytical balance accurate to 0.0001 g.



Scope for Growth (SfG) Parameters

To explore the influence of temperature and pH stressors on the growth potential of H. erythrogramma, we constructed an SfG model using data from respirometry and ammonia analyses (week 12) and feeding trials (week 13). Details of parameter data, coding and analysis are provided in the Supplementary Data. Oxygen consumption was converted to energy equivalent values to calculate the energy lost in respiration per day (RE) using a conversion factor of 14.14 J mg–1 O2 (Elliott and Davison, 1975). A conversion factor of 0.025 J g–1 ammonia (Elliott and Davison, 1975) was used to estimate the energy equivalent of the energy lost due to ammonia excretion per day (UE). The energy available from food (CE) was calculated with bomb-calorimetry using an automatic adiabatic bomb calorimeter (Gallenkamp, London). The calorimeter was calibrated for the heat of combustion of 1 g of benzoic acid (26.493 kJ g–1) to determine the approximate effective heat capacity of both the bomb chamber and the mass of the water within the calorimeter chamber (CS Mean 10.27 ± 0.07 kJ°C, n = 3).

The diet was dried in an oven at 60°C to remove moisture. Approximately 1 g of the diet was used each time to determine gross energy by combustion and an average value (12.67 ± 0.25 S.D. kJ g–1, n = 6) was obtained using the equation:
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where ΔT (°C) is the change in temperature – detected using a Beckmann thermometer – between the initial and post-combustion of the sample, CS is the effective heat capacity of the system (bomb chamber and water), and WS is the weight of the diet sample (g).

To calculate scope for growth (SfG) we used the equation adapted from Winberg (1960):
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where CE is the energy obtained from diets, A is the assimilation efficiency, RE is the energy lost in respiration and UE is the energy lost due to ammonia excretion. All energy-related units are in kJ g–1 day–1, while assimilation efficiency is a proportion.



Spawning and Offspring Rearing

The gametes of H. erythrogramma that had been acclimated to two temperature (ambient, +2°C) and two pH levels (pHT 8.0, pHT 7.6) were used to generate offspring. There were insufficient spawners in the +3°C treatments to use for this experiment. The urchins were induced to spawn by injection of 0.5 ml of 0 M KCl. Although they had previously spawned during acclimation (see below), H. erythrogramma has continuous gamete production over the breeding period (Laegdsgaard et al., 1991). Gametes from at least three females and five males from each parental acclimation group were pooled and 500–1000 of the pooled eggs were placed in custom-built plankton kreisels, 100 ml volume (Supplementary Figure 2) in a controlled temperature room. There were three kreisels for each of 16 treatments, four temperatures (18°C, 20°C, 22°C, 24°C), two parental temperature conditions (ambient, +2°C) and the two parental pH levels (pHT 8.0, pHT 7.6) established as above and in a fully factorial design in a flow-through experimental water delivery system, with a header tank system similar to the adult experiment, with full turnover of water every 2 min to maintain conditions and circulation of larvae. The four temperatures reflect the range that the larvae encounter during the breeding season and recent warm summers and also included the thermal environment of the parents (21–24°C range). The eggs were fertilized (∼104 sperm mL–1) and fertilization was checked after 5 min by examining counts of 100 randomly selected eggs to ensure >90% fertilization. The flow-through system (50 mL min–1) was turned on to start the flow of experimental water and to wash away excess sperm. The kreisels had a 50 μm mesh covered outflow ports allowing constant flow of treatment water and gentle agitation of the embryos.

Heliocidaris erythrogramma has rapid development and by day 3.5–4 the larvae in all treatments were competent to settle as they had developed the five primary podia that are used to settle on the substrate. By day 4.5–5 most larvae had settled on the surface of the kreisels and completed metamorphosis to the juvenile which involves resorption of the larval tissue as juvenile structures develop. We did not document larval development as previous studies have shown that H. erythrogramma can develop normally in the temperature and pH conditions used, albeit with differential mortality of sensitive genotypes (Byrne et al., 2011a). Our primary interest was to span metamorphosis to the F1 advanced juveniles at 14 days old. It was not possible to follow mortality as dead embryos and larvae disintegrate quickly and were washed out of the system. Temperature and pH were monitored daily in kreisels across treatments (Supplementary Table 3). For AT, sea water samples (330 mL) were taken randomly from experimental treatments three times over the 2 weeks. Other carbonate chemistry parameters (Supplementary Table 3) were determined as described above.

Metabolic rate, MO2 of the juveniles was estimated using constant volume respirometry on day 14, 9–10 days after settlement. The respirometry chambers were 2 ml borosilicate glass vials with silicon septum lids (Thomas Scientific, United States). Oxygen concentration within the glass vials was measured using needle microsensors (PreSens) attached to 4 and 10 channel meters (OXY-10 and OXY-4 micro, PreSens). From each kreisel 50 juveniles were randomly collected and placed in the respirometry chamber filled with 0.22 μm FSW at the same treatment conditions they were reared in. Background respiration was measured in 4–6 vials containing only treatment water, measured separately for each group of juveniles. Thus, we had 50 juveniles in each of the three replicates for 16 treatments. Respirometry experiments ran for 12–15 h in the dark and oxygen concentrations did not drop below 85% air saturation at the end of the measurements. Temperatures were kept constant using water baths. The juveniles were photographed using an Olympus microscope and digital camera and test diameter was measured using ImageJ (NIH). Metabolic rates were scaled to the average test diameter per kreisel (pmol O2 h–1 juvenile–1 μm–1).



Statistical Analyses

Analyses were performed in R (v 3.4.5). The survival time for each specimen was determined by the number of days from time zero (when the acclimation period started) to the end of the experiment, a total period of 155 days. Survival data were analyzed using Kaplan–Meier log-rank analysis, with right censoring, to determine whether temperature and pH affect survival time. In addition, a Cox proportional hazards model (Cox, 1972) was fitted using survival as a function of temperature and pH to assess the effects of each stressor on mortality risk. The fitted Cox regression met the assumption of proportional hazards (Schoenfeld residual tests, Grambsch and Therneau, 1994; p = 0.673). As no interactions were found between temperature and pH (Cox proportional hazards regression, z = 0.61, df = 3, p = 0.54), the analysis was repeated with only the main effects tested. Post hoc tests for the differences between treatments were determined using pairwise tests of significance corrected using the Benjamini–Hochberg (BH) false discovery rate method (Benjamini and Hochberg, 1995).

Metabolic rate data were first analyzed by constructing a generalized linear mixed model of metabolic rate as a function of relative temperature (ambient, +2°C, +3°C) and pH (8.0, 7.6). To avoid the potential effect of survival bias, the two measurement time points (week 4 and 12) were analyzed separately. Feeding rate and ammonia excretion rate data were also analyzed as above with the response variable as a function of temperature and pH. For all analyses, the nested effects of tank, temperature within tank and pH within tank were added as a random parameter in the models, and then tested using a likelihood ratio test on random effects, which were all not significant (p ≥ 0.9 for all tests). To test for interactions, the nested terms were excluded from the final linear models to prevent confounding (Schielzeth and Nakagawa, 2013). ANOVA was performed on the linear models using Type III sums of squares when interactions were present, or Type II sums of squares when they were not (Langsrud, 2003).

For metabolic rate data, there were no statistically significant interactions between temperature and pH at 4 weeks (F2,54 = 0.2, p = 0.93), thus the data were re-analyzed to test for main effects only. For feeding and ammonia excretion rate data, there were no statistically significant interactions between temperature and pH (F2,47 = 1.07, p = 0.35 and F2,54 = 2.31, p = 0.11, respectively) and so the interaction term was also excluded before ANOVA was performed on each model. Prior to modeling tests, data were checked visually and statistically (if necessary) for normality using the Shapiro–Wilk test of normality (Royston, 1983), and homogeneity of variances using the Fligner–Killeen Test (Conover et al., 1981). Where treatment conditions were indicated to be significantly different, estimated marginal means (EMM, i.e., Least-Squares Means) were used to develop linear estimates, and then analyzed using the post hoc Tukey Highest Significant Difference (HSD) test to identify the significance between temperature-pH combinations. Significance was determined at p ≤ 0.05 for all tests.

For SfG, as the parameters used to construct the model were obtained from different individual sea urchins (i.e., the urchins were not tagged) and so the metric was calculated using treatment-averaged parameters (thus, n = 1), as in previous sea urchin studies (Stumpp et al., 2011; Delorme and Sewell, 2016). We constructed the SfG model using all the physiological parameter data to provide an overall indicative assessment of the impacts of the acclimation treatments on H. erythrogramma, but statistical analyses were not performed.

Interactions between parental treatments and offspring metabolic rate and size data were compared using analysis of covariance (ANCOVA). Parental temperature and pH were categorical variables, offspring temperature and pH were continuous covariates, and all possible interactions between all variables were included. The random effect of kreisel was tested using the ‘lmer()’ function in the ‘lme4’ package, which was not significant (general linear mixed-effects model, p > 0.05). Therefore, ANCOVA was performed using the ‘car’ package, with type III error to test for main effects and the interaction terms. For metabolic rate, there were no significant three-way interactions (p < 0.05), thus the terms were removed and the model reanalyzed. For growth, there were no two or three-way interactions, thus the model was analyzed for main effects only using type II error.




RESULTS


Survival

There was a significant effect of treatment on survival (logrank test, χ2 = 61.23, df = 3, p < 0.001) (Figure 2). As single stressors, the +2°C and decreased pH treatments (pHT 7.6) did not affect survival (>80% survival at 22 weeks). The +3°C, treatments resulted in decreased survival regardless of pH level (p < 0.001, hazard ratio: 17.2, 95% CI: 5.27–56.25). These treatments intersected the median survival threshold after 14–20 weeks (Figure 2). Cox proportional hazards analysis showed a greater risk of mortality in urchins exposed to increased temperature compared with decreased pH (hazard ratios of 3.38 and 0.47, respectively). Post hoc results (pairwise tests, BH-corrected) showed that urchins acclimated to +3°C had significantly lower survival compared to all other treatments (p < 0.01 for all pairwise combinations), with no significant differences in all other pairwise comparisons. At week 22, urchins acclimated to +3°C and pH 7.6 had the lowest survival at 33% (Figure 2).
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FIGURE 2. Survival of H. erythrogramma acclimated to three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) levels in six treatments. Letters indicate treatments that differed (pairwise tests, with Benjamini–Hochberg [BH] false discovery rate corrections, p < 0.05). The horizontal line is the median survival threshold; vertical lines show times of data collection at 4 and 12 weeks of acclimation.




Metabolic Rate

After 4 weeks of acclimation, the metabolic rate of H. erythrogramma was significantly influenced by increased temperature (F2,54 = 15.9, p < 0.001) and decreased pH (F1,54 = 23.4, p < 0.001) with no interaction between stressors (Table 1). Generally, metabolic rate increased by up to 35% with warming and 25% with reduced pH. At week 4, the combined effects of warming and acidification were additive, increasing metabolic rate by up to 56% (Figure 3A). Post hoc comparisons of estimated marginal means using Tukey’s HSD showed that 10 of 15 pairwise comparisons differed significantly as shown in the pairwise-value plot (Supplementary Figure 3).


TABLE 1. Analysis of variance on the effects of increased temperature and decreased pH on the metabolic rate data from Heliocidaris erythrogramma after acclimation in three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) treatments analyzed separately after 4 and 12-weeks.
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FIGURE 3. Metabolic rate of H. erythrogramma acclimated for (A) 4 and (B) 12 weeks in three temperature (ambient, +2°C, +3°C) and two pHT (white: 8.0, blue: 7.6) levels in six treatments. The top and bottom of the boxes represent the interquartile range (IQR) between the 25th and 75th percentile (Q1 and Q3, respectively). The horizontal line represents the median (Q2), the horizontal dotted line represents the mean, and the vertical lines (whiskers) represent the range of the data computed as follows: less than Q1 – 1.5 IQR (bottom whisker); greater than Q3 + 1.5 IQR (top whisker).


At 12 weeks of acclimation, metabolic rate responses were significantly affected by warming (F2,51 = 9.49, p < 0.001) and acidification (F1,51 = 16.37, p < 0.001), with a significant interaction between these stressors (F2,51 = 10.5, p < 0.001; Table 1) resulting in an antagonistic effect on metabolic rate (Figure 3B). Thus, at week 12 warming and decreased pH elevated metabolic rate by 9% and 18%, respectively, and in combination reduced metabolic rate by up to 3%. Post hoc comparisons of estimated marginal means using Tukey’s HSD showed that two of 15 pairwise comparisons differed significantly (Supplementary Figure 3). At pH 7.6, the +0°C and +3°C groups differed significantly (p < 0.001), and at +0°C, the pH 8.0 and pH 7.6 groups differed significantly (p < 0.01). No other pairwise differences were statistically significant (Supplementary Figure 3).



Feeding and Ammonia Excretion Rates

Feeding rate was significantly influenced by increased temperature (F2,49 = 13.5, p < 0.001), but not pH, with no interaction between temperature and pH (Table 2 and Figure 4A). Tukey’s HSD pairwise comparisons showed that feeding tended to decrease with increasing temperature, and that +2°C and +3°C decreased feeding at pHT 7.6 (p = 0.001 and p = 0.008, respectively), but not at pHT 8.0.


TABLE 2. Analysis of variance on the effects of increased temperature and decreased pH on feeding and ammonia excretion rate data from Heliocidaris erythrogramma after 12 weeks acclimation in three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) treatments.
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FIGURE 4. Feeding rate in dry food weight (A) and (B) ammonia (NH3) excretion rate of H. erythrogramma acclimated for 12 weeks in three temperature (ambient, +2°C, +3°C) and two pHT (white: 8.0, blue: 7.6) levels in six treatments. The top and bottom of the boxes represent the interquartile range (IQR) between the 25th and 75th percentile (Q1 and Q3, respectively). The horizontal line represents the median (Q2), the horizontal dotted line represents the mean, and the vertical lines (whiskers) represent the range of the data computed as follows: Q1 – 1.5 IQR (bottom whisker); greater than Q3 + 1.5 IQR (top whisker).


Urchins acclimated to elevated temperature treatments had significantly higher ammonia excretion rates (F2,56 = 8.94, p < 0.001; Figure 4B), with no effect of decreased pH and no interaction between temperature and pH (Table 2). Tukey’s HSD showed that at ambient pHT 8.0, acclimation to +2°C increased ammonia excretion by 1.3-fold (df = 54, p = 0.016), but not at +3°C (p = 0.099). At pHT 7.6, acclimation to +2°C did not significantly affect ammonia excretion (p = 0.29), but acclimation to pHT 7.6 and +3°C, increased excretion 1.5-fold (p = 0.016).



Scope for Growth

The scope for growth model for H. erythrogramma, incorporating metabolic rate, feeding rate, ammonia excretion rate and assimilation efficiency data, showed that there was a net positive energy budget under all experimental scenarios of warming and acidification after 12 weeks of acclimation (SfG > 0, Figure 5). Further, the energy acquired through feeding (with food in excess) contributed to most (>90%) of the energy budget (Table 3). While H. erythrogramma acclimated to low pH recorded a 16% increase in SfG (1.17 kJ g–1 day–1), exposure to +2°C and +3°C reduced overall SfG by 31–41%. In urchins acclimated to both stressors, overall SfG was reduced the most by 42–45%.
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FIGURE 5. Scope for growth (±SD) of H. erythrogramma acclimated to three temperature (ambient, +2°C, +3°C) and two pHT (white: 8.0, blue: 7.6) levels. The model was determined from measurements of metabolic rate, feeding rate, ammonia excretion rate and assimilation efficiency. n = 1.



TABLE 3. Scope for growth (SfG) in Heliocidaris erythrogramma.
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Spawning

Synchronous spawning occurred overnight on 7 and 24 October (week 7 and 10, respectively) with the first event occurring all treatments and the second spawning event only occurring in the +3°C treatments and combined +2°C/7.6 pHT treatments. These events involved males and females as indicated by the presence of developing embryos which progressed through larval and juvenile stages (data not shown).



Offspring Metabolic Rate and Size

There was a significant interaction between parental temperature treatment and offspring metabolic response to temperature (GLMM ANCOVA, F3,22 = 24.78, p < 0.001; Table 4). Juvenile metabolic rate increased significantly with temperature (F1,22 = 11.06, p < 0.003; Table 4). Parental acclimation to increased temperature (2°C above ambient) resulted in increased juvenile metabolism at higher temperature (Figure 6). At 24°C, the difference in metabolic rates between juvenile groups was up to 30% depending on whether their parents had been acclimated to increased temperature. Parental acclimation to acidification had no effect on juvenile metabolic rate (F1,22 = 1.68, p = 0.21). Low pH, regardless of parental environment, had no effect on juvenile metabolic rate (F1,22 = 0.24, p = 0.63).


TABLE 4. Generalized linear models (GLMM) analyses of covariance (ANCOVA, Type III) on the effect of parental acclimation environment (ambient, +2°C, +3°C; pHT 8.0, pHT 7.6) and offspring rearing treatment (18°C, 20°C; 22°C, 24°C; pHT 8.0, pHT 7.6) on juvenile metabolic rate in H. erythrogramma.
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FIGURE 6. Mean metabolic rate (±SE) of 14-day-old juvenile offspring of H. erythrogramma parents that were acclimated for 3 months at two temperature (black outline: ambient, red outline: +2°C) and two pHT (white: 8.0, blue: 7.6) levels (A,B). The juveniles were reared in a range of temperatures (18–24°C). n = 3.


With respect to offspring test diameter, pHT 7.6 caused a statistically significant reduction in juvenile size of about 4% from 404 mm ± 2.25 (SE) to 387 ± 1.86 (SE) (F1,953 = 38.1, p < 0.001; Supplementary Figure 4), regardless of parental acclimation to warming (F1,953 = 0.003, p = 0.95) or acidification (F1,953 = 1.99, p = 0.16). Temperature had no effect (F1,953 = 1.32, p = 0.27).




DISCUSSION

Long-term acclimation to warming and acidification, in parallel with the seasonal cycle of temperature and photoperiod, affected the survival, feeding, metabolism and ammonia excretion rates of H. erythrogramma. The high temperature offset (+3°C) caused significant mortality while the other treatments did not affect survival. For metabolic rate, temperature and pH did not interact at 4 weeks of acclimation, but significant, antagonistic interactions were detected at 12 weeks, where at pHT 7.6, metabolic rate decreased with increasing temperature. It appears that while the effect of temperature and pH were clear at 4 weeks where pH had a significant effect on metabolic rate and +3°C influenced almost every treatment, these differences in variation became less distinct after 12 weeks of acclimation. Scope for growth values were positive in all treatments, indicating that energy surplus (excess food) was adequate to support energy demands. We found no evidence of interactive effects of the two stressors on survival, feeding rate and ammonia excretion. Parental acclimation to warming (+2°C), but not acidification altered the physiology of juvenile offspring with an increase in metabolic rate.

Warming (+3°C) regardless of pH was the main driver of mortality risk (∼3-fold) in H. erythrogramma, while low pH was associated with a much lower risk of death (∼0.5-fold). The latter is similar to that found previously for this species (Byrne et al., 2009, 2011a; Harianto et al., 2018). Interestingly, in the +3°C treatments, ∼25% mortality occurred by week 10 when the highest temperature treatment had reached 24°C. This was not expected as temperatures below 24°C were not lethal after several months in previous studies (Carey et al., 2016; Harianto et al., 2018). However, 24°C which occurred ∼3 weeks later in the +2°C treatments – did not cause similar levels mortality. This points to the influence of timing of the increased temperature and the normal biological cycle. Warm conditions early may have created a mismatch between the photoperiod and temperature cues that control physiological processes associated with seasonal reproduction (Laegdsgaard et al., 1991). Successful spawning at the correct time in the +2°C treatment reflects gametogenic entrainment by the daylength cue with the onset of gamete release fine-tuned by temperature (Laegdsgaard et al., 1991). It appears that the earlier arrival of “summer” temperatures in the +3°C treatment was stressful. Heliocidaris erythrogramma matures from winter to spring, a metabolically intensive period as nutrients accumulate in the gonads (Laegdsgaard et al., 1991; Byrne and Sewell, 2019; Powell et al., 2020). Spontaneous spawning occurred in all treatments at the expected time and the gametes were fertile. This indicated that normal gametogenesis occurred, likely due to incorporation of seasonal temperature and photoperiod conditions, factors known to entrain gonad development in H. erythrogramma (Laegdsgaard et al., 1991), as also found for Echinometra sp. maintained in climate change conditions in conjunction with the seasonal cycle of light and temperature (Uthicke et al., 2020). In contrast, gonad development is inhibited or impaired in H. erythrogramma (Harianto et al., 2018) and other sea urchin species when in held in constant elevated temperature treatments (Uthicke et al., 2014; Brothers and McClintock, 2015; Delorme and Sewell, 2016; Morley et al., 2016).

For H. erythrogramma the thermal offset above ambient had negative consequences at +3°C, but not at +2°C. Our expectation that gradual introduction to warming conditions and acclimation would enhance tolerance to increased temperature seemed to be met in the +2°C treatment. The effect of the 1°C difference in sensitivity would not have been detected if seasonal profile of environmental change and prolonged acclimation were not incorporated into our investigation. This shows that understanding the effects of seasonal change on biological processes is vital for predicting how species will respond to ocean warming (Kreyling and Beier, 2013; Thompson et al., 2013). With respect to current interest in adaptive potential and the strong influence of environmental conditions on gonad development, this is a key consideration for marine climate change studies investigating carryover effects from parent to offspring (Karelitz et al., 2019, 2020; Byrne et al., 2020). For a better understanding of the impact of natural change in pH in the H. erythrogramma habitat as might be altered by ocean acidification, it would have also been interesting to incorporate the day–night diurnal change in pH with an offset. However, the source population only experiences a range of ∼0.07 pH units (Runcie et al., 2018).

As single stressors, increased temperature and reduced pH had a clear, positive effect on the metabolic rate of H. erythrogramma after 4 and 12 weeks of acclimation. This was expected. It is well-known that temperature modulates physiological activity in ectotherms (Brown et al., 2004; Dillon et al., 2010; Somero, 2012), and pH affects acid–base physiology associated with maintaining homeostasis in echinoderms (Catarino et al., 2012; Collard et al., 2013). Combined warming and acidification resulted in an increase in metabolic rate of H. erythrogramma at week 4 when the treatments were 16.6°C, 18.6°C and 19.6°C. There were no interactions between stressors, which was a similar outcome to a previous study where this species was kept in constant warm-low pH conditions (+5°C, −0.4 pHT) for 8 weeks (Carey et al., 2016). However, after 12 weeks, there was an antagonistic interaction between temperature and pH resulting in decreased metabolic rate, likely due to metabolic depression. Metabolic depression is a known stress response of many organisms faced with deleterious conditions as lowering of metabolism is an effective mechanism to conserve energy and maximize fitness in response to extreme temperatures (Storey and Storey, 1990; Guppy and Withers, 1999). Metabolic depression in H. erythrogramma was a stress response to exposure to combined warming and acidification over months, as this response was not observed when the sea urchins were exposed to each stressor individually. For H. erythrogramma these results indicated that the urchins may have experienced energetic trade-offs between the needs of routine metabolism and important processes such as feeding, reproduction and ATP allocation (Angilletta et al., 2009; Pörtner, 2010; Pan et al., 2015). Our results differ from that found for Echinometra sp. where there were no effects on metabolism after a 20-month acclimation to warming (+1°C, +2°C) and acidification (−0.2–0.3 pH units) (Uthicke et al., 2020). Comparison between the two studies is, however, difficult as different stressor levels and respirometry methods were used.

Exposure to low pH over 13 weeks did not significantly affect feeding, excretion and survival rates of H. erythrogramma, even when combined with warming (+2°C), suggesting that this species was able to successfully compensate for the potential effects of acidification on these traits and that gradual introduction of stressor levels and acclimation may have facilitated tolerance. Energetic trade-offs would be necessary to maintain acid–base balance, as metabolic rate did not increase with warming and low pH. However, the observed depression of metabolic rate in H. erythrogramma due to combined warming and acidification would limit the energy available to maintain these processes. While metabolic depression might be a necessary response to maintain the balance between energy supply and demand (Guppy et al., 1994; Guppy and Withers, 1999; Guderley and St-Pierre, 2002), in the longer term it can lead to a decrease in energy budget and reproduction as seen in gastropods and urchins (Stumpp et al., 2011; Zhang et al., 2015). This reduction of metabolic rate would be expected to impair the ability to persist in the face of habitat warming and acidification. Energetic responses to acidification conditions are also evident in long term studies of H. erythrogramma, other sea urchins and other marine invertebrates reared in acidification conditions, a result attributed to energetic constraints as seen in their smaller size, reduced biomineral production and lower gonad production/fecundity (Mos et al., 2016; Hu et al., 2018; Byrne and Fitzer, 2019; Johnson et al., 2020).

With respect to SfG, the levels determined here for H. erythrogramma (∼0.5–1.0 kJ g–1 day–1) were higher than that obtained for two other sea urchin species Arbacia punctulata (0.16–0.19 kJ g–1 day–1) and Lytechinus variegatus (0.17–0.18 kJ g–1 day–1) when subject to feeding and temperature treatments (Hill and Lawrence, 2006). For H. erythrogramma, increased temperature appeared to reduce SfG. For A. punctulata there was a slight increase in SfG with increased temperature (+8°C), and for L. variegatus this level of warming caused a decrease in SfG (Hill and Lawrence, 2006). In contrast, Evechinus chloroticus had a lower SfG at control temperature (0.14–0.18 kJ g–1 day–1) and this was reduced with increased temperature (+6°C) (0.03–0.05 kJ kg–1 day–1; Delorme and Sewell, 2016). It is difficult to compare SfG levels with these studies due to different approach to analyses. In our case all parameters were empirically determined (data and analyses are available as links provided in the section “Data Availability Statement” below).

To date, most long-term warming and acidification experiments with adult echinoderms have not incorporated seasonal change in temperature and daylength (e.g., Suckling et al., 2015; Carey et al., 2016; Morley et al., 2016; Dworjanyn and Byrne, 2018). Morley et al. (2016) presented the longest (40-month) study on the Antarctic sea urchin Sterechinus neumayeri. They found that acclimation to stable warming and acidification conditions diminished the negative effects of these stressors on feeding bioenergetics, with no differences between stress-acclimated (+2°C, −0.3 and −0.5 pH units) and ambient-acclimated sea urchins. After 2 months acclimation to constant warming and acidification conditions (+5°C, −0.5 pH units) Carey et al. (2016) showed evidence of metabolic acclimation in H. erythrogramma. In the only other study to incorporate seasonal change in temperature and photoperiod, Echinometra sp. exhibited full metabolic rate acclimation after 20 months in warming and acidification conditions (+1°C, +2°C; 0.2–0.3 pH units) although they had elevated ammonium excretion (Uthicke et al., 2020). We also noted increased ammonia excretion at +2°C and +3°C for H. erythrogramma. In the single study where a temperature offset (+2°C) from the seasonal trend was used, a 3-month exposure to this experimental treatment was lethal to Paracentrotus lividus (∼100% mortality) (Yeruham et al., 2015). This study did not incorporate a gradual introduction to increased temperature.

As expected, the juveniles exhibited an increase in metabolic rate in response to being reared at warmer temperature. In contrast to the feeding larvae of sea urchins and oysters (Stumpp et al., 2011; Parker et al., 2017) as well as larger H. erythrogramma (11–80 mm test diameter) (Carey et al., 2016) low pH as a single stressor or together with warming did not cause an increase in the metabolic rate of the juvenile H. erythrogramma, with the difference between the present and previous studies was the long pre-acclimation and acclimation times which is likely to have influenced out results. The increase in juvenile metabolic rate in response to warming was accentuated in the offspring of the warm acclimated (+2°C) parents seen in a 30% increase in metabolic rate at 24°C. The increased metabolic rate as a carryover effect of larvae from low pH exposed parents is likely to place a strain on the energy budget of the juveniles and so the response may be maladaptive. A similar response of increased metabolic rate of the larval progeny of warm acclimated parents is reported for Echinometra sp., although this was combined with low pH (pH 7.8) and so it is not known if the response was due to increased temperature, increased acidification or the combination (Karelitz et al., 2020). The influence of parental thermal history on offspring thermotolerance is seen in comparison of the performance of H. erythrogramma from different latitudes (Byrne et al., 2011b). For the progeny of the +2°C treatment adults there appears to have been transgenerational effects with adult acclimation linked to the offspring thermal stress response, which if occurs in nature may be an important mechanism to facilitate persistence, but for adaptation would need to be conveyed beyond the F1 generation. The larvae that reached the juvenile stage are likely to represent a subset of resilient larvae as well as due to the transgenerational carryover effects of parental conditioning (Byrne et al., 2011a, b, 2020). The resilience of the juvenile stage is likely due to selective mortality of sensitive individuals at the larval stage. Due to the flow through conditions, dead offspring were washed from the system. Larval survivorship data are needed to more fully understand the influence of sensitive and resistant genotypes on overall adaptive capacity. We do not know if thermotolerance would have been seen in progeny of +3°C acclimation parents as there were insufficient spawners. However, as this level of warming incurred high mortality, it is likely that gamete quality would have been marginal with negative effects for development.

Our findings underscore the need for a multifactorial and integrative approach to predicting the effects of climate change stressors on marine species as they show how physiological responses can change the interpretation of sensitivities to climate change (Gunderson et al., 2016). For adult H. erythrogramma increased energetic costs of OA may interact with warming to affect metabolism in ways that contrast with single stressor effects and there was a heightened larval metabolism depending on adult acclimation history. The 3°C increase in temperature caused significant levels of adult mortality in our treatments and an indication of reproductive failure, but these effects were not seen in the +2°C treatment. As H. erythrogramma showed little tolerance to +4°C in previous studies and recent regional increase in habitat temperature is linked to disease and mortality (Sweet et al., 2016; Harianto et al., 2018) we expected that we might see negative effects at +3°C, as we did. Six weeks at this level of warming approached lethal tolerance limits for H. erythrogramma. This indicates that H. erythrogramma in the region currently live close to their lethal temperature as they experience MHW and temperatures approaching 25°C (Harianto et al., 2018). However, larval transport of H. erythrogramma. to cooler climes will be facilitated by the strong poleward flow (see Byrne et al., 2011b) potentially avoiding the “wrong-way” migration shown elsewhere (Fuchs et al., 2020).

Finally, our results contribute to an increasing body of research (Hu et al., 2018; Byrne et al., 2020) that show the need to consider the influence of acclimation in assessing prospects for phenotypic adjustment and adaptation in marine species in the face of a changing climate.
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Supplementary Figure 1 | Mean weekly temperature (±SD) for Chowder Bay from 2009 to 2014. Data were obtained from loggers deployed in situ at 3 m depth at the level of the sea urchin habitat and used to design the temperature profile of the elevated temperature treatments (see Figure 1). Colors represent the adjustment (blue) and acclimation (red) periods of the experimental treatments, respectively. The shaded region (gray) is the max/min of the temperatures recorded.

Supplementary Figure 2 | Diagram of the kreisel containers used to rear of H. erythrogramma to the juvenile stage. Filtered sea water was supplied at a rate of 50 mL min–1. At the water enters the kreisel it generates a continuous circular flow keep the embryos and larvae in suspension until they settle.

Supplementary Figure 3 | A graphical view of pairwise p-values from Tukey’s Honest Significant Difference (HSD) test, performed on the estimated marginal means (EMM) of treatment groups results, for comparisons of performance of metabolic rate in six treatments of three temperatures (ambient, +2°C, +3°C) and two pHT levels (8.0, 7.6). Separate analyses were performed at (A) 4 weeks and (B) 12 weeks. Factor levels are plotted on the vertical axis, and p-values are plotted on the horizontal axis. Numbers are the EMM values and vertical lines connect the levels being compared. P-values smaller than 0.05 indicate significant differences between paired levels. The p-value scale is non-linear.

Supplementary Figure 4 | Mean test diameter (±SE) of 14-day-old juvenile offspring of H. erythrogramma parents that were acclimated for 3 months at two temperature (black outline: ambient, red outline: +2°C) and two pHT (white: 8.0, blue: 7.6) levels. The juveniles were reared in a range of temperatures (18–24°C). n = 960.

Supplementary Table 1 | Carbonate system conditions (±SD) during the 22 weeks of acclimation of Heliocidaris erythrogramma in six treatments of three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) levels. AT, total alkalinity; DIC, dissolved inorganic carbon, ΩCa and ΩAr, calcite and aragonite saturation states, respectively. n = 6.

Supplementary Table 2 | Weekly, sampling-averaged temperatures (°C + SD) for three temperature profile treatments (ambient +0°C, elevated +2°C and +3°C), logged over 22 weeks of acclimation for the sea urchin Heliocidaris erythrogramma. Temperatures were adjusted weekly according to the mean SST profile determined from 5 years of in situ data (Supplementary Figure 1).

Supplementary Table 3 | Carbonate system conditions (±SD) in offspring treatments of four temperatures (18°C, 20°C, 22°C, 24°C) and two pHT levels (8.0, 7.6). AT, total alkalinity; DIC, dissolved inorganic carbon, ΩCa and ΩAr, calcite and aragonite saturation states, respectively. n = 3.
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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.
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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).

[image: Table 2]


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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The supply of metabolites from symbionts to scleractinian corals is crucial to coral health. Members of the Symbiodiniaceae can enhance coral calcification by providing photosynthetically fixed carbon (PFC) and energy, whereas dinitrogen (N2)-fixing bacteria can provide additional nutrients such as diazotrophically-derived nitrogen (DDN) that sustain coral productivity especially when alternative external nitrogen sources are scarce. How these mutualistic associations benefit corals in the future acidifying ocean is not well understood. In this study, we investigated the possible effects of ocean acidification (OA; pHs 7.7 and 7.4 vs. 8.1) on calcification in the hermatypic coral Galaxea fascicularis with respect to PFC and DDN assimilation. Our measurements based on isotopic tracing showed no significant differences in the assimilation of PFC among different pH treatments, but the assimilation of DDN decreased significantly after 28 days of stress at pH 7.4. The decreased DDN assimilation suggests a nitrogenous nutrient deficiency in the coral holotiont, potentially leading to reduced coral calcification and resilience to bleaching and other stressful events. This contrasting impact of OA on carbon and N flux demonstrates the flexibility of G. fascicularis in coping with OA, apparently by sustaining a largely undamaged photosystem at the expense of N2 fixation machinery, which competes with coral calcification for energy from photosynthesis. These findings shed new light on the critically important but more vulnerable N cycling in hospite, and on the trade-off between coral hosts and symbionts in response to future climate change.

Keywords: ocean acidification, coral calcification, carbon fixation, nitrogen fixation, symbiosis, photosynthesis


INTRODUCTION

Nutritional interactions are a key reason why scleractinian corals, the main reef builders in the oceans, thrive in the oligotrophic tropical waters where nitrogen (N) sources are particularly scarce (Muscatine and Porter, 1977; Cardini et al., 2014; Peixoto et al., 2017). The obligate relationship between corals and Symbiodiniaceae is the basis of a functioning reef ecosystem. The coral host provides the endosymbionts with inorganic nutrients for photosynthesis, and in turn acquires photosynthetically fixed carbon (PFC) from the symbionts in the form of glycerol, glucose, amino acids, and other organic compounds that the host cannot synthesize independently (Rowan, 1998). Symbiodiniaceae, hence, play a central role in the trophic foundation of coral reef ecosystems (Silveira et al., 2017) and in the formation of the physical reef structure (Tambutté et al., 2011).

Other microbes are increasingly being recognized as important to the health of the corals and in coral reef biogeochemistry, particularly diazotrophs including dinitrogen (N2)-fixing bacteria and archaea (Lema et al., 2014; Peixoto et al., 2017). N2 fixation is one of the main sources of new N in the ocean necessary to sustain marine primary productivity, particularly in coral reef ecosystems where the availability of nitrogenous nutrients can be low (Benavides et al., 2017). Diazotrophs are able to fix N2 utilizing the nitrogenase enzyme, which cleaves the triple bond of the N2 molecule to form bioavailable ammonium (NH4+; Zehr and Kudela, 2011). In this context, endosymbiotic photosynthesis-dependent diazotrophic cyanobacteria were discovered in the coral tissue of Montastraea cavernosa (Lesser et al., 2004), and N2 fixation activity has been detected in several coral species (Lesser et al., 2007). High throughput sequencing has subsequently identified diverse communities of non-cyanobacterial diazotrophs associated with numerous scleractinian corals from varying geographical regions (Fiore et al., 2010; Olson and Lesser, 2013), exemplifying their importance in meeting nutritional demand of corals (Fiore et al., 2010; Cardini et al., 2014). At the ecosystem level, up to 11% of the N used in coral reef primary production is provided by diazotrophs in supporting the productivity of that ecosystem (Cardini et al., 2014; Lema et al., 2016). The ability of corals to overcome N limitation may determine their success in oligotrophic waters, ultimately influencing the distribution and abundance of coral reefs (Fiore et al., 2010). Additionally, Symbiodiniaceae and associated bacteria form calcifying structures termed symbiolites (Frommlet et al., 2015). This bacterial–algal calcification, induced by Symbiodiniaceae photosynthesis through the assimilation of CO2 and HCO3– and the release of hydroxyl ion from carbon (C) concentrating mechanism, implies that symbiotic bacteria might also facilitate coral calcification (Frommlet et al., 2018).

As a result of anthropogenically-driven increase in the ocean concentration of carbon dioxide (CO2), tropical coral reefs are highly vulnerable to ocean acidification (OA). This is because the ecosystem structure depends on calcium carbonate-secreting organisms, which are subject to negative impacts of changing ocean carbonate chemistry associated with OA (Byrne et al., 2013; Leung et al., 2017, 2020; Mollica et al., 2018). It has been estimated that coral reefs may transition from net calcium carbonate accretion to net dissolution by the end of this century (Hoegh-Guldberg et al., 2007; Dove et al., 2013; Enochs et al., 2016; Eyre et al., 2018). OA not only inhibits calcification, reduces photosynthesis and species diversity directly, but also indirectly impacts coral-associated microbes, thereby potentially disrupting the normal function of the coral holobiont. This loss of function may in turn impact coral reef ecosystems as a whole (Moya et al., 2012; Kaniewska et al., 2015). However, N2 fixation activities in the coral holobiont may moderate the host’s response to stress (Rädecker et al., 2015). The increased transfer of diazotrophically-derived nitrogen (DDN) to endosymbiotic Symbiodiniaceae occurs particularly under conditions of low availability of external nutrients or during stress (Bednarz et al., 2017, 2019). Moreover, N2 fixation may be particularly important for providing nutrients to the host under stressful conditions, especially when Symbiodiniaceae are lost from host tissues (Fine and Loya, 2002). Therefore, N2 fixation may play a key role in regulating coral–Symbiodiniaceae symbiosis.

However, investigations into the coral nutrient were mainly focused on C fixation (Tremblay et al., 2012; Hoadley et al., 2015), and few on N2 fixation (Bednarz et al., 2017; Lesser et al., 2019). The effects of OA on these processes remain largely unknown and there is simply one study on N2 fixation response to OA according to the best of our current knowledge (Rädecker et al., 2014). N2 fixation rates can be detected through the acetylene reduction assay (Capone, 1993) and the 15N2-tracer method (Montoya et al., 1996). The former is an indirect method, converting acetylene produced to overall rates of N2 fixation but usually overestimating the rates. Instead, the latter allows measurement of the net N2 fixation directly, simply by adding filtered seawater enriched with 15N2 gas to the incubation to ensure consistency of 15N2 concentrations (White et al., 2020). In this study, we used H13CO3– and 15N2 as tracers and performed indoor experiments to mimic OA conditions (pHs 7.7 and 7.4) relative to the ambient condition in the field (pH 8.1 as control) to investigate: (i) Whether OA would affect PFC and DDN assimilation in the ecologically important scleractinian coral G. fascicularis; (ii) Is there a correlation between the C/N flux and coral calcification and how they interact with each other to cope with OA.



MATERIALS AND METHODS


Experimental Setup

Twelve colonies of healthy, adult G. fascicularis with surface areas ranging from 10 to 15 cm2 were collected from Changjiang (110°65′E, 19°25′N), Hainan, China, at noon in July 2015. The corals were cultivated in an aquarium with approximately 1,000 L of recirculated artificial seawater for up to 3 months of acclimation. The coral genotype was identified as the mt-L1 type of G. fascicularis (Lin et al., 2017). A detailed description of the aquarium setup and water quality has been reported elsewhere (Zheng et al., 2018a). Photosynthetically active radiation (PAR) of 150 ± 25 μmol photons m–2 s–1 was provided on a 12 h/12 h photoperiod using metal halide lamps (Phillips, Amsterdam, Netherlands). The live rock containing denitrifying bacteria was used to stabilize the water quality by removing dissolved inorganic nitrogen (DIN; Li et al., 2017). The DIN and dissolved inorganic phosphorus (DIP) concentrations were all < 0.05 μM.

Fragments (∼3 cm in diameter) of G. fascicularis were grown in the aquarium until coral tissue entirely covered the skeleton. Ninety coral fragments were randomly and equally assigned to three 100-L experimental tanks (30 fragments per tank), each maintained at a specific pH (8.1, 7.7, and 7.4). The carbonate chemistry was manipulated by bubbling pure CO2 gas (99% purity) into the artificial seawater in the experimental tanks to maintain the pH (total scale, pHT) levels (Supplementary Table 1) with a pH-stat system (CO2SYS ZB-LS 3.0; Xiamen, China), which monitors and regulates the pH every second with an accuracy of ± 0.02 pH unit (Zheng et al., 2018b). The pH in each tank was recorded every 5 min by the CO2SYS ZB-LS 3.0 (Supplementary Figure 1).

The three tanks were maintained at a salinity of approximately 34 ppt and a temperature of 27°C, and irradiated on a 12 h/12 h photoperiod with 150 μmol photons m–2 s–1 of PAR provided by T5HO lamps (ATI, Hamm, Germany). Submersible pumps (EHEIM, Deizisau, Germany) were used to ensure a high level of seawater circulation and easy dissolution of the CO2 gas into the seawater. A protein skimmer (Bubble Magus, Jiangmen, China) was used to maintain the inorganic nutrients at low levels (Supplementary Table 1).

While parallel, independent replicate tanks were not used per each pH treatment, the water quality was well maintained over the course of experiment and no statistical differences were found among the tanks for all the environmental parameters measured except the pH (Supplementary Table 1). Given that the number of replicate coral fragments in each tank was high and comparable to those in previous studies (Rädecker et al., 2014; Kurman et al., 2017), the resulting data should be regarded as reliable as in other OA studies that also adopted a single tank for each pH treatment (Barkley et al., 2017; Comeau et al., 2017; Kurman et al., 2017; Coronado et al., 2019). Additionally, the tanks were rigorously cleaned weekly to eliminate “tank” effects and ensure stable water quality throughout the experiment.



Monitoring of Water Quality and Carbonate Chemistry

A total of 300 mL seawater was sampled weekly for the measurement of inorganic nutrient concentrations (PO43–, NO3–, NH4+, and SiO32–) and carbonate chemistry (pH and total alkalinity: TA). Saturated mercuric chloride (7 mg mL–1) was added to preserve the water samples. An aliquot of 100 mL seawater was used for the measurement of inorganic nutrients using a 7,230 Spectrophotometer (Jingmi, Shanghai, China). The pH was measured using a 3,430 portable meter (WTW, Munich, Germany) that was calibrated daily, and TA was measured by potentiometric titration following the standard procedure (Dickson et al., 2007). Changes in seawater carbonate chemistry were calculated from pHT and TA using the CO2 Sys Excel Macro (Lewis et al., 1998).



Measurement of Photochemical Efficiency

The photochemical efficiency of the algal symbiont was assessed using an underwater chlorophyll fluorometer (Diving-PAM; Walz, Effeltrich, Germany) that measured the quantum yield of chlorophyll a fluorescence. Measurements of the maximum quantum yield (Fv/Fm) and effective quantum yield (ΔF/Fm′) of photosystem II (PSII) were conducted 2 h into the dark and light periods, respectively, in every 14 days (n = 6).



Measurement of PFC and DDN Assimilation

The 13C and 15N stable isotopic tracing experiment was carried out to quantify the rates of PFC and DDN assimilation in the coral holobiont. The DDN and PFC assimilation rates were measured using the dissolution method (Großkopf et al., 2012). In summary, 15N2 pre-dissolved seawater was made with 15N2 gas (98.9 atom%, Cambridge Isotope Laboratories) following the procedure of Shiozaki et al. (2015). Seawater was filtered through 0.2 μm membrane, degassed using Sterapore membrane unit (20 M 1,500 A: Mitsubishi Rayon Co., Ltd., Tokyo, Japan), and filled into 2-L Tedlar bags. Twenty milliliter, of 15N2 was injected into each seawater-filled bag, which was tapped slightly until complete dissolution of the gas. The coral fragments were incubated, with one fragment per 1-L polycarbonate bottle (Nalgene, Rochester, NY, United States, the actual volume is ∼1,225 mL) filled with 100 mL of the 15N2 pre-dissolved seawater and 1,125 mL seawater from the corresponding experimental tanks (pHs 8.1, 7.7, and 7.4). The 13C-labeled sodium bicarbonate (99 atom% 13C; Cambridge Isotope Laboratories) was added in parallel with 15N2 at a final tracer concentration of 70 μmol⋅L–1. The incubation lasted 24 h (12 h light/12 h dark; 150 μmol photons m–2⋅s–1). Coral fragments were sampled at the start and end of the isotope tracer experiment to assess the PFC and DDN assimilation rates. Since OA has negligible effect on coral respiration (Comeau et al., 2017; Van der Zande et al., 2020), a 24-h incubation represents the net assimilation of PFC, which has subtracted the respiration of consumed metabolites. The samples collected prior to the incubation were also used to assess the natural isotope ratios δ13C and δ15N. Samples were immediately snap-frozen in liquid nitrogen followed by storage at −80°C until further processing.

Coral tissue was detached from the skeleton using a WaterPik, filtered onto pre-combusted (450°C, 4 h) 0.3 μm GF-75 filters (Advantec, Taiwan, China) and dried at 60°C overnight. The isotopic values were determined using a Delta V plus isotope ratio mass spectrometer (Thermo Fisher Corporation, Carthage, MO, United States) interfaced with a Flash HT 2000 elemental analyzer (Thermo Fisher Corporation, Carthage, MO, United States). International reference material (USGS40) with a different amount of C/N and certified δ13C and δ15N values of −4.5 and −26.2‰, respectively, was inserted every 5 samples to check the drift and to ensure the accuracy of the measurements. The reproducibility for δ13C and δ15N measurements were both better than 0.3‰. The PFC and DDN assimilation rates were calculated by using equations proposed by Hama et al. (1983) and Montoya et al. (1996), respectively.



Measurement of Coral Calcification

The coral calcification rates were determined using the buoyant weight method measuring increase in skeletal mass, as reported previously (Davies, 1989). Briefly, the coral fragments were suspended in seawater beneath an analytical balance that weighs to an accuracy of 0.01 mg. Optimal weighing conditions were reached when the air temperature was stable and close to that of the seawater. A total of eight replicates (n = 8) of coral fragments were measured at two timepoints (day = 14 and 28).



Statistical Analysis

Differences in water quality (pH, TA, pCO2, and inorganic nutrients) and all parameters among the pH treatments were compared using one-way analysis of variance (ANOVA). The effects of pH and time on the physiological parameters (ΔF/Fm′, Fv/Fm, calcification) were tested using two-way ANOVA. The post-eriori Tukey’s test was followed when the differences were significant (p < 0.05). Data were checked for normality and homogeneity (Shapiro-Wilk and Levene tests, respectively), and when necessary were transformed to achieve ANOVA assumptions. All data were expressed as an average value ± standard error (SE). Statistical analysis was performed using IBM SPSS Statistics 23 (IBM Corp., Armonk, NY, United States).




RESULTS


Water Quality and Carbonate Chemistry of Seawater

The results of the water quality and carbonate chemistry analyses of seawater are shown in Supplementary Table 1. Over the 28-day experimental period, temperature and salinity were kept at 27 ± 0.3°C and 34 ± 0.1 ppt, respectively. No differences in the water temperature and salinity were found among the pH treatments. The inorganic nutrient concentrations were low and comparable to those in the field, with approximate concentrations of 0.03−0.05 μM for phosphate (PO43+), 0.45−0.58 μM for nitrite (NO2–), < 0.05 for nitrate (NO3–), 0.18−0.51 μM for silicate (SiO32–), and 0.35−0.84 μM for NH4+. Although the average values were higher at pH 7.4, there were no significant differences among the three pH treatments (Supplementary Table 1; p = 0.287 for PO43+, p = 0.964 for NO2–, p = 0.563 for SiO32–, and p = 0.665 for NH4+).

Data from a total of 8,064 measurements recorded in each tank by the CO2SYS ZB-LS 3.0 system indicated that each treatment pH was very stable during the entire experimental period (Supplementary Table 1 and Supplementary Figure 1). The standard error was ± 0.01 at pHs 7.7 and 8.1, and ± 0.02 at pH 7.4 (Supplementary Table 1). The TA was approximately 2,600 μM, and there were no significant differences among treatments (Supplementary Table 1; df = 2, F = 1.655, p = 0.244). Because of the relatively high TA (relative to 2,300 μM in the field), the aragonite saturation state (Ωarag) value at pH 7.7 reached 3.29, but rapidly reduced to 1.79 at pH 7.4. The concentration of carbonate (CO32–) declined under OA conditions (Supplementary Table 2; df = 2, F = 3,337, p < 0.001) but other carbonate parameters, including pCO2, CO2, and HCO3–, increased (p < 0.001).



Photochemical Efficiency of the Algal Symbiont

Statistical analysis showed no significant pH × time interactions for Fv/Fm (Table 1; df = 4, F = 0.726, p = 0.579), and no significant differences among the pH treatments (Table 1; df = 2, F = 1.403, p = 0.257) or times (Table 1; df = 2, F = 1.775, p = 0.182). The trend for ΔF/Fm′ was similar to that for Fv/Fm, but the values of ΔF/Fm′ declined significantly from 0.58 ± 0.01 at pH 8.1 to 0.49 ± 0.02 at pH 7.4 after 28-day stress (Figure 1, Table 1, and Supplementary Table 3; df = 2, F = 3.351, p = 0.043).


TABLE 1. Two-way ANOVA for physiological parameters as a function of pH and time.

[image: Table 1]

[image: image]

FIGURE 1. Photochemical efficiency of G. fascicularis over the course of the experiment: the maximum quantum yield (Fv/Fm) and effective quantum yield (ΔF/Fm′) of PSII. Values are expressed as mean ± SE from six determinations (n = 6). The asterisk (*) represents significant difference in the ΔF/Fm′ between pH 7.4 and other pH treatments (p < 0.05).




PFC and DDN Assimilation Rates

Galaxea fascicularis exhibited detectable gross PFC and DDN assimilation under control and OA conditions (Figure 2). At day 0, the assimilation of PFC and DDN were similar among all treatments (6.55–6.80 nmol Ctracer μmol Ctissue–1 d–1 for PFC assimilation, and 0.16–0.17 nmol Ntracer μmol Ntissue–1 d–1 for DDN assimilation; Supplementary Table 3 and Figure 2). The OA treatments did not affect PFC assimilation rates (Figure 2A and Table 2; F = 0.884, p = 0.461), but the DDN assimilation rates decreased at pH 7.4 (0.03 ± 0.02 nmol Ntracer μmol Ntissue–1 d–1) compared with those at pH 8.1 after 28-day stress (Figure 2B and Table 2; F = 7.454, p = 0.024). For natural isotope ratio, no significant effect was found for δ13C values (Figure 2C and Table 2; F = 2.053, p = 0.223), but the δ15N values decreased significantly at pH 7.4 compared with those at pH 8.1 after 28-day stress (Figure 2C and Table 2; F = 7.313, p = 0.033).
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FIGURE 2. The assimilation rates and isotope values of G. fascicularis (mean ± SE) over the course of the experiment. (A) The PFC and (B) DDN assimilation rates at the start and end of the different pH treatments. (C) Carbon and (D) nitrogen stable isotope values for the coral holobiont at the start and end of the different pH treatments. Values are expressed as mean ± SE of three determinations (n = 3). The asterisk (*) represent significant difference between pH 7.4 and pH 8.1 (p < 0.05).



TABLE 2. One-way ANOVA for physiological parameters as a function of time.
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Calcification Rate

There were no significant pH × time interactions for coral calcification (Table 1; df = 2, F = 0.426, p = 0.656), and no significant differences among times (Table 2; df = 2, F = 2.586, p = 0.115), but significant differences among pH treatments were found (Table 1; df = 2, F = 5.968, p = 0.005). At pH 8.1, G. fascicularis maintained stable calcification rates, averaging 0.22 ± 0.05% week–1 and 0.18 ± 0.05% week–1 during the first and the second 14 days of growth, respectively (Supplementary Table 3 and Figure 3A). The calcification rates at pH 8.1 were significantly higher than those at pH 7.4 during the first (−0.01 ± 0.03% week–1) and the second 14 days (−0.14 ± 0.13% week–1), and significant carbonate dissolution was found at pH 7.4 (Figure 3A). The coral calcification rate decreased at pH 7.7, but was not significantly different from that at pH 8.1 (Figure 3A). Generalized linear models showed a significant positive relationship between the calcification rate and Ωarag over the experimental period (Figure 3B).
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FIGURE 3. The calcification rates of G. fascicularis (mean ± SE) over the course of the experiment. (A) Values are expressed as mean ± SE from eight determinations (n = 8); The asterisk (*) represent significant difference between pH 7.4 and pH 8.1 (p < 0.05). (B) Relationship between coral calcification rate and the aragonite saturation state (Ωarag) based on the measurements after 14 days (dotted) or 28 days (solid) of different pH treatments. The p-values associated with each generalized linear model are shown. Shades surrounding the trend lines indicate 95% confidence level.





DISCUSSION

Our measurements revealed that the effective quantum yield of the algal symbiont in G. fascicularis decreased significantly at pH 7.4 after 28 days of OA stress, but the algal maximum quantum yield and the coral assimilation of PFC did not appear to be affected by OA (Figures 1, 2A). Conflicting results of OA impact on algal photosynthesis have been reported, ranging from decreased photochemical efficiency in Acropora millepora at pH 7.6−7.7 and pH 7.8−7.9 (Kaniewska et al., 2012) and negative effects of long-term OA on coral productivity (Anthony et al., 2008), unaffected photosynthesis in A. digitifera at pH 7.56 (Takahashi and Kurihara, 2013), to enhanced net photosynthesis in Porites spp., A. millepora, and Pocillopora damicornis around volcanic CO2 seeps (pH 7.8) (Strahl et al., 2015). For many plants, acidification has a “fertilizing effect” on photosynthesis, as high pCO2 alleviates C limitation in the Calvin cycle, and facilitates greater rates of photosynthesis compared with those under ambient conditions (Vogel et al., 2015). The absence of the “fertilizing effect” of OA on photosynthesis in G. fascicularis suggests that this phenomena might be species-specific and maximum carbon fixation in the coral may have already attained under normal ambient pH condition. This could also be due to the fact that Symbiodiniaceae are located within the gastroderm of the coral host (i.e., not in direct contact with seawater) and thereby cannot efficiently sequester CO2 in acidified seawater. As a result, host respiration probably provides some CO2 that is easier to accesses than the external dissolved inorganic carbon to Symbiodiniaceae for photosynthesis (Furla et al., 2000). Moreover, the virtually unaffected assimilation of PFC in corals could be tied to the stable Symbiodiniaceae community. Symbiodiniaceae have been shown to be able to thrive in low pH and a stable Symbiodiniaceae community under OA may be expected to provide PFC to the coral holobiont (Noonan et al., 2013). This was further confirmed by the results of δ13C values showing no difference among different pH treatments (Figure 2C). The natural C isotope abundance has been used to understand the balance of autotrophy and heterotrophy in hermatypic corals (Wall et al., 2020), with the δ13C values positively relating to the photosynthate or autotrophic input (Tremblay et al., 2015; Allgeier et al., 2020). Therefore, the similar δ13C values among different pH treatments suggest stable PFC assimilation.

Microbes involved in N cycling may be fundamental to coral resilience to climate change (Rädecker et al., 2014, 2015). Rapid and significant decrease in DDN assimilation rates under OA (pH 7.71 with pCO2 1,080 μatm) has been reported in Seriatopora hystrix based on the acetylene reduction assay (Rädecker et al., 2014). In this study, the rates of DDN assimilation were differentially affected depending on the severity of the OA stress, with a non-significant decrease at pH 7.7 and a significant sharp decline at pH 7.4 (Figure 2B). The unaffected DDN assimilation at pH 7.7 may be attributed to the homeostasis of microbial, particularly diazotrophic community, whereas the marked decrease of DDN assimilation at pH 7.4 may be related to the disordered symbiosis with diazotrophs. Evidences that corals maintain high bacterial compositional stability under mild OA conditions (pH 7.9) have been reported in A. millepora and S. hystrix (Webster et al., 2016; Glasl et al., 2019). In contrast, a break in the coral–bacterial symbiosis and marked changes in bacterial abundance and diversity were found under severe OA (Morrow et al., 2015; Zaneveld et al., 2017). The abundance of cyanobacterial symbionts and Endozoicomonas sp., which were proposed to contribute to N cycling, was significantly reduced in the coral microbiome at a CO2 seep (Morrow et al., 2015). These findings imply that OA may disrupt the community structure of microbes involved in N cycling, which poses a threat to coral growth and calcification. The significant decrease in coral calcification rates under OA in the present study (Figure 3A) may also be attributed to the disordered processes associated with calcifying bacteria, such as the recently discovered photosynthesis-induced, bacterial—algal calcification (Frommlet et al., 2015, 2018), or changes in the community structure of some symbiotic cyanobacteria that promote calcium carbonate formation (Durak et al., 2019; Nitschke et al., 2020).

The δ15N values is positively correlated with the availability of N nutrient or heterotrophic input in coral holobiont (Donovan et al., 2020), therefore, the declined δ15N values at lowed pH in the present study (Figure 2D) suggest reduced N utilization and heterotrophy in G. fascicularis under OA conditions. In N-replete corals, acquisition and translocation of PFC were significantly higher and thus resulted in enhanced host calcification (Langdon and Atkinson, 2005; Béraud et al., 2013). Conversely, N-deficient corals showed reduced metabolism and nutrient limitation, leading to reduced calcification rates and decreased symbiont growth and density (Wiedenmann et al., 2013; Ezzat et al., 2015). The combined reduction of DDN assimilation rates and δ15N natural isotope abundance under OA in G. fascicularis (Figure 2) potentially may have compromised the coral calcification, although interpreting this in symbiotic corals is difficult because calcification is affected by various processes (Karcher et al., 2020).

Corals have the capacity to maintain elevated pH levels in calcifying fluids despite decreased seawater pH (Mcculloch et al., 2012). However, the upregulation of calcifying fluid pH is believed to be an energy-requiring process that involves removal of protons from the calcifying fluid by Ca2+ ATPases (Tambutté et al., 2011). In this study, the coral calcification rates decreased linearly with prolonged acidification and were negatively correlated with the corresponding Ωarag of the seawater. Hence, a lowering of the Ωarag makes the calcification process more energy consuming (Hohn and Merico, 2012). Furthermore, the N cycle is driven by complex and unique microbial transformations that are energetically expensive. For example, N2 fixation requires at least 16 ATPs to reduce N2 to NH3 (Benavides et al., 2017). It has been found in corals that N2 fixation was inhibited when photosynthesis was blocked, but could be recovered if glucose was added (Shashar et al., 1994), suggesting that N2 fixation strongly depends on photosynthesis to meet its energetic demands (Garcia et al., 2013). As calcification and N2 fixation are both energy-intensive processes, they probably compete for energy within the coral holobiont. Because PFC assimilation was not increased under OA condition, the increased energy demand to cope with OA stress must create an energy deficit and result in decreased rates of DDN assimilation and calcification.

Based on our measurements and published modeling data (Benavides et al., 2017), we propose a conceptual model of C and N fluxes in the coral holobiont under non-OA vs. OA conditions (Figure 4). Under non-OA control condition, fixed inorganic nitrogen, mostly in the form of NH4+, is primarily available to the Symbiodiniaceae, whereas the ingestion and digestion of diazotrophic cells provides organic nitrogen (e.g., in the form of amino acids) to the coral host. The release of organic carbon and energetic substrates from Symbiodiniaceae thus enhances diazotrophic growth and subsequent DDN assimilation, actively promoting coral calcification. On the contrary, OA triggers decreases in the overall assimilation of DDN, leading to insufficient organic nutrient supply to the growth and metabolism of the coral host, further exacerbating the coral calcification. To cope with this limited nutrient availability and imbalance between organic and inorganic nutrients, the coral appears to have evolved a trade-off mechanism to conserve and recycle the remaining fixed inorganic nitrogen to temporarily satisfy the demand of Symbiodiniaceae for barely unaffected assimilation of PFC and energy supply to the holobiont. The contrasting impacts of OA on PFC and DDN assimilation strongly suggests the flexibility of corals to sustain a largely undamaged photosystem and coral–algal symbiosis at the expense of N2 fixation machinery and/or change in the coral–bacterial symbiosis. While this strategic trade-off might work temporarily, it should be noted that long-term loss of bioavailable N would limit Symbiodiniaceae growth and photosynthesis, ultimately suppressing coral resilience to OA (Anthony et al., 2008). Taken together, the findings and proof-of-concept model presented in our study highlight the importance of N cycling and nutrient dynamics for calcifying organisms such as corals to adapt and acclimatize to future acidifying oceans (Thomsen et al., 2013; Leung et al., 2019). In this light, we emphasize the need for research focusing on other essential elements, such as N, which have important roles in addition to C in shaping marine symbioses.
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FIGURE 4. Schematic diagram illustrating the effects of OA on translocation and flux of fixed carbon and nitrogen in the coral holobiont. Shown are conceptual models under (A) Non-OA and (B) OA conditions. The diazotrophs provide fixed inorganic nitrogen to the Symbiodiniaceae, whereas direct ingestion and digestion of diazotrophic cells is a primary pathway of organic nitrogen to the coral host. The fluxes of carbon (black) and nitrogen (blue) are represented as arrows, the width of which corresponds to the levels of the flux. The thickness of coral epidermis corresponds to the resulting coral calcification rates at different conditions. Zoox., zooxanthellae; inorg.N, inorganic nitrogen; org.N, organic nitrogen.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

Corals were collected under permit number 2014003 for the Domestication and Breeding of Aquatic Wild Animals, issued by Department of Ocean and Fisheries of Hainan Province of the People’s Republic of China.



AUTHOR CONTRIBUTIONS

XZ, TS, and LY conceived and designed the study. CW performed the experiments, with the help from HS for isotopic measurements, XD for water quality assessment, and GN for statistical analysis. XZ, CW, and TS interpreted the data and wrote the manuscript. All authors read and approved the final version of the manuscript.



FUNDING

This work was supported by the National Key Research and Development Program of China (Grant Nos. 2016YFA0601203 and 2020YFA0607602), the National Natural Science Foundation of China (Grant Nos. 41876119 and 41976127), the Scientific Research Foundation from the Fujian Provincial Station for Field Observation and Research of Island and Coastal Zone, administered by the Third Institute of Oceanography, Ministry of Natural Resources of China (Grant No. TIO 2019017).



ACKNOWLEDGMENTS

We are grateful to Yuanchao Li and Shiquan Chen from Hainan Academy of Ocean and Fisheries Sciences for assistance in coral sampling, and Yan Li and Wencong Huang for help with aquaria maintenance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.644965/full#supplementary-material



REFERENCES

Allgeier, J. E., Andskog, M. A., Hensel, E., Appaldo, R., Layman, C., and Kemp, D. W. (2020). Rewiring coral: anthropogenic nutrients shift diverse coral-symbiont nutrient and carbon interactions toward symbiotic algal dominance. Glob. Chang. Biol. 26, 5588–5601. doi: 10.1111/gcb.15230

Anthony, K. R. N., Kline, D. I., Diazpulido, G., Dove, S., and Hoeghguldberg, O. (2008). Ocean acidification causes bleaching and productivity loss in coral reef builders. Proc. Natl. Acad. Sci. U.S.A 105, 17442–17446. doi: 10.1073/pnas.0804478105

Barkley, H. C., Cohen, A. L., McCorkle, D. C., and Golbuu, Y. (2017). Mechanisms and thresholds for pH tolerance in Palau corals. J. Exp. Mar. Biol. Ecol. 489, 7–14. doi: 10.1016/j.jembe.2017.01.003

Bednarz, V. N., Grover, R., Maguer, J. F., Fine, M., and Ferrier-Pagès, C. (2017). The assimilation of diazotroph-derived nitrogen by Scleractinian corals depends on their metabolic status. MBio 8:e02058–16. doi: 10.1128/mBio.02058-16

Bednarz, V. N., van de Water, J. A., Rabouille, S., Maguer, J. F., Grover, R., and Ferrier-Pagès, C. (2019). Diazotrophic community and associated dinitrogen fixation within the temperate coral Oculina patagonica. Environ. Microbiol. 21, 480–495. doi: 10.1111/1462-2920.14480

Benavides, M., Bednarz, V. N., and Ferrier-Pagès, C. (2017). Diazotrophs: overlooked key players within the coral symbiosis and tropical reef ecosystems? Front. Mar. Sci. 4:10. doi: 10.3389/fmars.2017.00010

Béraud, E., Gevaert, F., Rottier, C., and Ferrier-Pagès, C. (2013). The response of the scleractinian coral Turbinaria reniformis to thermal stress depends on the nitrogen status of the coral holobiont. J. Exp. Biol. 216, 2665–2674. doi: 10.1242/jeb.085183

Byrne, M., Lamare, M., Winter, D., Dworjanyn, S. A., and Uthicke, S. (2013). The stunting effect of a high CO2 ocean on calcification and development in sea urchin larvae, a synthesis from the tropics to the poles. Philos. Trans. R Soc. Lond. B Biol. Sci. 368:20120439. doi: 10.1098/rstb.2012.0439

Capone, D. G. (1993). “Determination of nitrogenase activity in aquatic samples using the acetylene reduction procedure,” in Handbook of Methods in Aquatic Microbial Ecology, eds P. F. Kemp, J. J. Cole, B. F. Sherr, and E. B. Sherr (London: CRC Press), 621–631. doi: 10.1201/9780203752746-74

Cardini, U., Bednarz, V. N., Foster, R. A., and Wild, C. (2014). Benthic N2 fixation in coral reefs and the potential effects of human-induced environmental change. Ecol. Evol. 4, 1706–1727. doi: 10.1002/ece3.1050

Comeau, S., Carpenter, R. C., and Edmunds, P. J. (2017). Effects of pCO2 on photosynthesis and respiration of tropical scleractinian corals and calcified algae. ICES J. Mar. Sci. 74, 1092–1102. doi: 10.1093/icesjms/fsv267

Coronado, I., Fine, M., Bosellini, F. R., and Stolarski, J. (2019). Impact of ocean acidification on crystallographic vital effect of the coral skeleton. Nat. commun. 10, 1–9. doi: 10.1038/s41467-019-10833-6

Davies, P. S. (1989). Short-term growth measurements of corals using an accurate buoyant weighing technique. Mar. Biol. 101, 389–395. doi: 10.1007/BF00428135

Dickson, A. G., Sabine, C. L., and Christian, J. R. (2007). Guide to Best Practices for Ocean CO2 Measurements. Sidney, BC: North Pacific Marine Science Organization.

Donovan, M. K., Adam, T. C., Shantz, A. A., Speare, K. E., Munsterman, K. S., Rice, M. M., et al. (2020). Nitrogen pollution interacts with heat stress to increase coral bleaching across the seascape. Proc. Natl. Acad. Sci. U.S.A. 117, 5351–5357. doi: 10.1073/pnas.1915395117

Dove, S. G., Kline, D. I., Pantos, O., Angly, F. E., Tyson, G. W., and Hoeghguldberg, O. (2013). Future reef decalcification under a business-as-usual CO2 emission scenario. Proc. Natl. Acad. Sci. U.S.A. 110, 15342–15347. doi: 10.1073/pnas.1302701110

Durak, G. M., Laumann, M., Wolf, S. L. P., Pawar, A., Gebauer, D., and Böttcher, T. (2019). Pseudo-biomineralization: complex mineral structures shaped by microbes. ACS Biomater. Sci. Eng. 5, 5088–5096. doi: 10.1021/acsbiomaterials.9b00387

Enochs, I. C., Manzello, D. P., Kolodziej, G., Noonan, S. H., Valentino, L., and Fabricius, K. E. (2016). Enhanced macroboring and depressed calcification drive net dissolution at high-CO2 coral reefs. Proc. R. Soc. B Biol. Sci. 283:20161742. doi: 10.1098/rspb.2016.1742

Eyre, B. D., Cyronak, T., Drupp, P., De Carlo, E. H., Sachs, J. P., and Andersson, A. J. (2018). Coral reefs will transition to net dissolving before end of century. Science 359, 908–911. doi: 10.1126/science.aao1118

Ezzat, L., Maguer, J. F., Grover, R., and Ferrier-Pages, C. (2015). New insights into carbon acquisition and exchanges within the coral-dinoflagellate symbiosis under NH4+ and NO3– supply. Proc. Biol. Sci. 282, 20150610. doi: 10.1098/rspb.2015.0610

Fine, M., and Loya, Y. (2002). Endolithic algae: an alternative source of photoassimilates during coral bleaching. Proc. Biol. Sci. 269, 1205–1210. doi: 10.1098/rspb.2002.1983

Fiore, C. L., Jarett, J. K., Olson, N. D., and Lesser, M. P. (2010). Nitrogen fixation and nitrogen transformations in marine symbioses. Trends Microbiol. 18, 455–463. doi: 10.1016/j.tim.2010.07.001

Frommlet, J. C., Sousa, M. L., Alves, A., Vieira, S. I., Suggett, D. J., and Serôdio, J. (2015). Coral symbiotic algae calcify ex hospite in partnership with bacteria. Proc. Natl. Acad. Sci. U.S.A. 112, 6158–6163. doi: 10.1073/pnas.1420991112

Frommlet, J. C., Wangpraseurt, D., Sousa, M. L., Guimaraes, B., Medeiros da Silva, M., Kuhl, M., et al. (2018). Symbiodinium-induced formation of microbialites: mechanistic insights from in vitro experiments and the prospect of its occurrence in nature. Front. Microbiol. 9:998. doi: 10.3389/fmicb.2018.00998

Furla, P., Galgani, I., Durand, I., and Allemand, D. (2000). Sources and mechanisms of inorganic carbon transport for coral calcification and photosynthesis. J. Exp. Biol. 203, 3445–3457.

Garcia, N. S., Fu, F.-X., and Hutchins, D. A. (2013). Colimitation of the unicellular photosynthetic diazotroph Crocosphaera watsonii by phosphorus, light, and carbon dioxide. Limnol. Oceanogr. 58, 1501–1512. doi: 10.4319/lo.2013.58.4.1501

Glasl, B., Smith, C. E., Bourne, D. G., and Webster, N. S. (2019). Disentangling the effect of host-genotype and environment on the microbiome of the coral Acropora tenuis. PeerJ 7:e6377. doi: 10.7717/peerj.6377

Großkopf, T., Mohr, W., Baustian, T., Schunck, H., Gill, D., Kuypers, M. M., et al. (2012). Doubling of marine dinitrogen-fixation rates based on direct measurements. Nature 488, 361–364. doi: 10.1038/nature11338

Hama, T., Miyazaki, T., Ogawa, Y., Iwakuma, T., Takahashi, M., Otsuki, A., et al. (1983). Measurement of photosynthetic production of a marine phytoplankton population using a stable 13C isotope. Mar. Biol. 73, 31–36. doi: 10.1007/BF00396282

Hoadley, K. D., Rollison, D., Pettay, D. T., and Warner, M. E. (2015). Differential carbon utilization and asexual reproduction under elevated pCO2 conditions in the model anemone, Exaiptasia pallida, hosting different symbionts. Limnol. Oceanogr. 60, 2108–2120. doi: 10.1002/lno.10160

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., et al. (2007). Coral reefs under rapid climate change and ocean acidification. Science 318, 1737–1742. doi: 10.1126/science.1152509

Hohn, S., and Merico, A. (2012). Effects of seawater pCO2 changes on the calcifying fluid of scleractinian corals. Biogeosci. Discuss. 9, 2655–2689. doi: 10.5194/bgd-9-2655-2012

Kaniewska, P., Campbell, P. R., Kline, D. I., Rodriguezlanetty, M., Miller, D. J., Dove, S., et al. (2012). Major cellular and physiological impacts of ocean acidification on a reef building coral. PLos One 7:e34659. doi: 10.1371/journal.pone.0034659

Kaniewska, P., Chan, C. K. K., Kline, D., Ling, E. Y. S., Rosic, N., Edwards, D., et al. (2015). Transcriptomic changes in coral holobionts provide insights into physiological challenges of future climate and ocean change. PLos One 10:e0139223. doi: 10.1371/journal.pone.0139223

Karcher, D. B., Roth, F., Carvalho, S., El-Khaled, Y. C., Tilstra, A., Kurten, B., et al. (2020). Nitrogen eutrophication particularly promotes turf algae in coral reefs of the central Red Sea. PeerJ 8:e8737. doi: 10.7717/peerj.8737

Kurman, M. D., Gomez, C. E., Georgian, S. E., Lunden, J. J., and Cordes, E. E. (2017). Intra-specific variation reveals potential for adaptation to ocean acidification in a cold-water coral from the Gulf of Mexico. Front. Mar. Sci. 4:111. doi: 10.3389/fmars.2017.00111

Langdon, C., and Atkinson, M. J. (2005). Effect of elevated pCO2 on photosynthesis and calcification of corals and interactions with seasonal change in temperature/irradiance and nutrient enrichment. J. Geophys. Res. Oceans 110:C09S07. doi: 10.1029/2004JC002576

Lema, K. A., Clode, P. L., Kilburn, M. R., Thornton, R., Willis, B. L., and Bourne, D. G. (2016). Imaging the uptake of nitrogen-fixing bacteria into larvae of the coral Acropora millepora. ISME J. 10:1804. doi: 10.1038/ismej.2015.229

Lema, K. A., Willis, B. L., and Bourne, D. G. (2014). Amplicon pyrosequencing reveals spatial and temporal consistency in diazotroph assemblages of the Acropora millepora microbiome. Environ. Microbiol. 16, 3345–3359. doi: 10.1111/1462-2920.12366

Lesser, M. P., Falcón, L. I., Rodríguez-Román, A., Enríquez, S., Hoegh-Guldberg, O., and Iglesias-Prieto, R. (2007). Nitrogen fixation by symbiotic cyanobacteria provides a source of nitrogen for the scleractinian coral Montastraea cavernosa. Mar. Ecol. Prog. Ser. 346, 143–152. doi: 10.3354/meps07008

Lesser, M. P., Mazel, C. H., Gorbunov, M. Y., and Falkowski, P. G. (2004). Discovery of symbiotic nitrogen-fixing cyanobacteria in corals. Science 305, 997–1000. doi: 10.1126/science.1099128

Lesser, M. P., Morrow, K. M., and Pankey, M. S. (2019). N2 fixation, and the relative contribution of fixed N, in corals from Curaçao and Hawaii. Coral Reefs 38, 1145–1158. doi: 10.1007/s00338-019-01863-z

Leung, J. Y. S., Chen, Y., Nagelkerken, I., Zhang, S., Xie, Z., and Connell, S. D. (2020). Calcifiers can adjust shell building at the nanoscale to resist ocean acidification. Small 16:e2003186. doi: 10.1002/smll.202003186

Leung, J. Y. S., Connell, S. D., Nagelkerken, I., and Russell, B. D. (2017). Impacts of near-future ocean acidification and warming on the shell mechanical and geochemical properties of gastropods from intertidal to subtidal zones. Environ. Sci. Technol. 51, 12097–12103. doi: 10.1021/acs.est.7b02359

Leung, J. Y. S., Doubleday, Z. A., Nagelkerken, I., Chen, Y., Xie, Z., and Connell, S. D. (2019). How calorie-rich food could help marine calcifiers in a CO2-rich future. Proc. Biol. Sci. 286:20190757. doi: 10.1098/rspb.2019.0757

Lewis, E., Wallace, D., and Allison, L. J. (1998). Program Developed for CO2 System Calculations. Upton, NY: Brookhaven National Lab.

Li, Y., Zheng, X., Yang, X., Ou, D., Lin, R., and Liu, X. (2017). Effects of live rock on removal of dissolved inorganic nitrogen in coral aquaria. Acta Oceanologica Sin. 36, 87–94. doi: 10.1007/s13131-017-1092-1

Lin, Z., Chen, M., Dong, X., Zheng, X., Huang, H., Xu, X., et al. (2017). Transcriptome profiling of Galaxea fascicularis and its endosymbiont Symbiodinium reveals chronic eutrophication tolerance pathways and metabolic mutualism between partners. Sci. Rep. 7:42100. doi: 10.1038/srep42100

Mcculloch, M., Trotter, J., Montagna, P., Falter, J., Dunbar, R., Freiwald, A., et al. (2012). Resilience of cold-water scleractinian corals to ocean acidification: boron isotopic systematics of pH and saturation state up-regulation. Geochim. Cosmochim. Acta 87, 21–34. doi: 10.1016/j.gca.2012.03.027

Mollica, N. R., Guo, W., Cohen, A. L., Huang, K.-F., Foster, G. L., Donald, H. K., et al. (2018). Ocean acidification affects coral growth by reducing skeletal density. Proc. Natl. Acad. Sci. U.S.A. 115, 1754–1759. doi: 10.1073/pnas.1712806115

Montoya, J. P., Voss, M., Kahler, P., and Capone, D. G. (1996). A simple, high-precision, high-sensitivity tracer assay for N2 fixation. Appl. Environ. Microbiol. 62, 986–993. doi: 10.3389/fmars.2017.00010

Morrow, K. M., Bourne, D. G., Humphrey, C., Botte, E. S., Laffy, P., Zaneveld, J., et al. (2015). Natural volcanic CO2 seeps reveal future trajectories for host-microbial associations in corals and sponges. ISME J. 9, 894–908. doi: 10.1038/ismej.2014.188

Moya, A., Huisman, L., Ball, E., Hayward, D., Grasso, L., Chua, C., et al. (2012). Whole transcriptome analysis of the coral Acropora millepora reveals complex responses to CO2-driven acidification during the initiation of calcification. Mol. Ecol. 21, 2440–2454. doi: 10.1111/j.1365-294X.2012.05554.x

Muscatine, L., and Porter, J. W. (1977). Reef corals: mutualistic symbioses adapted to nutrient-poor environments. Bioscience 27, 454–460. doi: 10.2307/1297526

Nitschke, M. R., Fidalgo, C., Simoes, J., Brandao, C., Alves, A., Serodio, J., et al. (2020). Symbiolite formation: a powerful in vitro model to untangle the role of bacterial communities in the photosynthesis-induced formation of microbialites. ISME J. 14, 1533–1546. doi: 10.1038/s41396-020-0629-z

Noonan, S. H. C., Fabricius, K. E., and Humphrey, C. (2013). Symbiodinium community composition in Scleractinian corals is not affected by life-long exposure to elevated carbon dioxide. PLos One 8:e63985. doi: 10.1371/journal.pone.0063985

Olson, N. D., and Lesser, M. P. (2013). Diazotrophic diversity in the Caribbean coral, Montastraea cavernosa. Arch. Microbiol. 195, 853–859. doi: 10.1007/s00203-013-0937-z

Peixoto, R. S., Rosado, P. M., Leite, D. C. D. A., Rosado, A. S., and Bourne, D. G. (2017). Beneficial microorganisms for corals (BMC): proposed mechanisms for coral health and resilience. Front. Microbiol. 8:341. doi: 10.3389/fmicb.2017.00341

Rädecker, N., Meyer, F. W., Bednarz, V. N., Cardini, U., and Wild, C. (2014). Ocean acidification rapidly reduces dinitrogen fixation associated with the hermatypic coral Seriatopora hystrix. Mar. Ecol. Prog. Ser. 511, 297–302. doi: 10.3354/meps10912

Rädecker, N., Pogoreutz, C., Voolstra, C. R., Wiedenmann, J., and Wild, C. (2015). Nitrogen cycling in corals: the key to understanding holobiont functioning? Trends Microbiol. 23, 490–497. doi: 10.1016/j.tim.2015.03.008

Rowan, R. (1998). Diversity and ecology of zooxanthellae on coral reefs. J. Phycol. 34, 407–417. doi: 10.1046/j.1529-8817.1998.340407.x

Shashar, N., Cohen, Y., Loya, Y., and Sar, N. (1994). Nitrogen fixation (acetylene reduction) in stony corals: evidence for coral-bacteria interactions. Mar. Ecol. Prog. Ser. 111, 259–264. doi: 10.3354/meps111259

Shiozaki, T., Nagata, T., Ijichi, M., and Furuya, K. (2015). Nitrogen fixation and the diazotroph community in the temperate coastal region of the northwestern North Pacific. Biogeosciences 12, 4751–4764. doi: 10.5194/bg-12-4751-2015

Silveira, C. B., Cavalcanti, G. S., Walter, J. M., Silva-Lima, A. W., Dinsdale, E. A., Bourne, D. G., et al. (2017). Microbial processes driving coral reef organic carbon flow. FEMS Microbiol. Rev. 41, 575–595. doi: 10.1093/femsre/fux018

Strahl, J., Stolz, I., Uthicke, S., Vogel, N., Noonan, S., and Fabricius, K. (2015). Physiological and ecological performance differs in four coral taxa at a volcanic carbon dioxide seep. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 184, 179–186. doi: 10.1016/j.cbpa.2015.02.018

Takahashi, A., and Kurihara, H. (2013). Ocean acidification does not affect the physiology of the tropical coral Acropora digitifera during a 5-week experiment. Coral Reefs 32, 305–314. doi: 10.1007/s00338-012-0979-8

Tambutté, S., Holcomb, M., Ferrier-Pagès, C., Reynaud, S., Tambutté, É, Zoccola, D., et al. (2011). Coral biomineralization: from the gene to the environment. J. Exp. Mar. Biol. Ecol. 408, 58–78. doi: 10.1016/j.jembe.2011.07.026

Thomsen, J., Casties, I., Pansch, C., Kortzinger, A., and Melzner, F. (2013). Food availability outweighs ocean acidification effects in juvenile Mytilus edulis: laboratory and field experiments. Glob. Chang. Biol. 19, 1017–1027. doi: 10.1111/gcb.12109

Tremblay, P., Grover, R., Maguer, J. F., Legendre, L., and Ferrier-Pagès, C. (2012). Autotrophic carbon budget in coral tissue: a new 13C-based model of photosynthate translocation. J. Exp. Biol. 215, 1384–1393. doi: 10.1242/jeb.065201

Tremblay, P., Maguer, J. F., Grover, R., and Ferrier-Pagès, C. (2015). Trophic dynamics of scleractinian corals: stable isotope evidence. J. Exp. Biol. 218, 1223–1234. doi: 10.1242/jeb.115303

Van der Zande, R. M., Achlatis, M., Bender-Champ, D., Kubicek, A., Dove, S., and Hoegh-Guldberg, O. (2020). Paradise lost: end-of-century warming and acidification under business-as-usual emissions have severe consequences for symbiotic corals. Glob. Chang. Biol. 26, 2203–2219. doi: 10.1111/gcb.14998

Vogel, N., Fabricius, K. E., Strahl, J., Noonan, S. H. C., Wild, C., and Uthicke, S. (2015). Calcareous green alga Halimeda tolerates ocean acidification conditions at tropical carbon dioxide seeps. Limnol. Oceanogr. 60, 263–275. doi: 10.1002/lno.10021

Wall, C. B., Kaluhiokalani, M., Popp, B. N., Donahue, M. J., and Gates, R. D. (2020). Divergent symbiont communities determine the physiology and nutrition of a reef coral across a light-availability gradient. ISME J. 14, 945–958. doi: 10.1038/s41396-019-0570-1

Webster, N., Negri, A., Botté, E., Laffy, P., Flores, F., Noonan, S., et al. (2016). Host-associated coral reef microbes respond to the cumulative pressures of ocean warming and ocean acidification. Sci. Rep. 6:19324. doi: 10.1038/srep19324

White, A. E., Granger, J., Selden, C., Gradoville, M. R., Potts, L., Bourbonnais, A., et al. (2020). A critical review of the 15N2 tracer method to measure diazotrophic production in pelagic ecosystems. Limnol. Oceanogr. Methods 18, 129–147. doi: 10.1002/lom3.10353

Wiedenmann, J., D’Angelo, C., Smith, E. G., Hunt, A. N., Legiret, F., Postle, A. D., et al. (2013). Nutrient enrichment can increase the susceptibility of reef corals to bleaching. Nat. Clim. Chang. 3, 160–164. doi: 10.1038/NCLIMATE1661

Zaneveld, J. R., McMinds, R., and Thurber, R. V. (2017). Stress and stability: applying the Anna Karenina principle to animal microbiomes. Nat. Microbiol. 2:17121.

Zehr, J. P., and Kudela, R. M. (2011). Nitrogen cycle of the open ocean: from genes to ecosystems. Annu. Rev. Mar. Sci. 3, 197–225. doi: 10.1146/annurev-marine-120709-142819

Zheng, X., Li, Y., Chen, S., and Lin, R. (2018a). Effects of calcium ion concentration on calcification rates of six stony corals: a mesocosm study. Aquaculture 497, 246–252. doi: 10.1016/j.aquaculture.2018.07.041

Zheng, X., Wang, C., Hadi, T. A., Ye, Y., and Pan, K. (2018b). An ocean acidification-simulated system and its application in coral physiological studies. Acta Oceanologica Sin. 37, 55–62. doi: 10.1007/s13131-018-1223-3


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Zheng, Wang, Sheng, Niu, Dong, Yuan and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 28 April 2021
doi: 10.3389/fmars.2021.645660





[image: image]

Morphological Properties of Gastropod Shells in a Warmer and More Acidic Future Ocean Using 3D Micro-Computed Tomography

Eva Chatzinikolaou1*, Kleoniki Keklikoglou1,2 and Panos Grigoriou3

1Hellenic Centre for Marine Research (HCMR), Institute of Marine Biology, Biotechnology and Aquaculture (IMBBC), Heraklion, Crete, Greece

2Biology Department, University of Crete, Heraklion, Crete, Greece

3Hellenic Centre for Marine Research (HCMR), CretAquarium, Heraklion, Crete, Greece

Edited by:
Jonathan Y. S. Leung, University of Adelaide, Australia

Reviewed by:
Fiorella Prada, University of Bologna, Italy
Kristina Barclay, University of Calgary, Canada

*Correspondence: Eva Chatzinikolaou, evachatz@hcmr.gr

Specialty section: This article was submitted to Global Change and the Future Ocean, a section of the journal Frontiers in Marine Science

Received: 23 December 2020
Accepted: 30 March 2021
Published: 28 April 2021

Citation: Chatzinikolaou E, Keklikoglou K and Grigoriou P (2021) Morphological Properties of Gastropod Shells in a Warmer and More Acidic Future Ocean Using 3D Micro-Computed Tomography. Front. Mar. Sci. 8:645660. doi: 10.3389/fmars.2021.645660

The increased absorption of atmospheric CO2 by the ocean reduces pH and affects the carbonate chemistry of seawater, thus interfering with the shell formation processes of marine calcifiers. The present study aims to examine the effects of ocean acidification and warming on the shell morphological properties of two intertidal gastropod species, Nassarius nitidus and Columbella rustica. The experimental treatments lasted for 3 months and combined a temperature increase of 3°C and a pH reduction of 0.3 units. The selected treatments reflected the high emissions (RCP 8.5) “business as usual” scenario of the Intergovernmental Panel on Climate Change models for eastern Mediterranean. The morphological and architectural properties of the shell, such as density, thickness and porosity were examined using 3D micro-computed tomography, which is a technique giving the advantage of calculating values for the total shell (not only at specific points) and at the same time leaving the shells intact. Nassarius nitidus had a lower shell density and thickness and a higher porosity when the pH was reduced at ambient temperature, but the combination of reduced pH and increased temperature did not have a noticeable effect in comparison to the control. The shell of Columbella rustica was less dense, thinner and more porous under acidic and warm conditions, but when the temperature was increased under ambient pH the shells were thicker and denser than the control. Under low pH and ambient temperature, shells showed no differences compared to the control. The vulnerability of calcareous shells to ocean acidification and warming appears to be variable among species. Plasticity of shell building organisms as an acclimation action toward a continuously changing marine environment needs to be further investigated focusing on species or shell region specific adaptation mechanisms.

Keywords: climate change, ocean acidification, shell density, shell thickness, shell porosity, gastropod, micro-CT


INTRODUCTION

The last three decades were the warmest period of the last 1,400 years in the Northern Hemisphere of the planet (IPCC, 2014). The upper 75 m of the sea surface have been experiencing strongest warming (0.11°C per decade) over the period 1971 to 2010 (IPCC, 2014). According to the IPCC (2014) high GHG emissions scenario (RCP8.5) the global mean surface temperature will be 1.4 - 2.6°C higher during the next 25-44 years. At the same time, the oceans have absorbed approximately 25% of all the CO2 released into the atmosphere by humans since the start of the Industrial Revolution, which has resulted in a reduction of the ocean surface pH by 0.1 units (Orr et al., 2005; IPCC, 2014). The carbonates dissolved in seawater include biogenic magnesium calcites from coralline algae, aragonite from corals and pteropods, and calcite from coccolithophorids and foraminifera (Feely et al., 2004). As the oceans become enriched in anthropogenic CO2, the chemistry of the ocean is changing because the calcium carbonate saturation state is decreased especially in cooler mid-high latitude environments (Kleypas et al., 2006). A reduction of 20-30% of mean carbonated ions has been observed in surface seawaters (Feely et al., 2004). The dissolution of particulate organic carbon in the ocean affects the calcification rates of organisms, which are predicted to decrease by 40% until 2100 if anthropogenic CO2 emissions are not reduced (Andersson et al., 2006). Biogenic calcification rates are predicted to fall below the CaCO3 dissolution rate, meaning that CaCO3 would be dissolving faster than it is being produced (Andersson et al., 2006). The impacts of ocean acidification may be first witnessed in coastal ecosystems which express higher variability in carbonate chemistry and are more unstable environments compared to the deep sea (Feely et al., 2004; Andersson et al., 2006; Harris et al., 2013).

Shell calcification processes in marine organisms can be affected by ocean acidification as has been documented for a number of molluscan taxa (Gaylord et al., 2011; Coleman et al., 2014; Queirós et al., 2015; Marshall et al., 2019; Doney et al., 2020). The scientific literature on the effects of ocean acidification on molluscs has expanded rapidly indicating a general trend of shell growth reduction under low pH conditions. For example, Nucella lamellosa in Canada inhibited its shell growth when exposed for a very short period (6 days) to a pH treatment that was 0.2-0.4 units lower than ambient (Nienhuis et al., 2010). Ries et al. (2009) indicated that shell calcification of Littorina littorea and Urosalpinx cinerea was reduced after exposure to low pH (0.1–0.2 units) for a period of 60 days. Strombus luhuanus suffered a significant reduction of growth even after a very moderate pH decrease (0.04 units) over a 6-month period (Shirayama and Thornton, 2005). However, shell growth of some other species such as Nassarius festivus in Hong Kong was not significantly affected by reduced pH (950 and 1250 μatm for 31 days) (Zhang et al., 2016), thus indicating that sensitivity to ocean acidification is species-specific and needs to be explored in fine detail (Doney et al., 2020). Similarly, shell growth of Nucella ostrina was not affected when pH was reduced by 0.5 units for a period of 6 months, although its shell became 10% weaker under predation cues (Barclay et al., 2019). Temperature as a factor alone has been also proven to affect the formation of mollusc shells, such as in Chamelea gallina that formed lighter, thinner and more porous shells at higher temperatures resulting in reduced shell fracture load (Gizzi et al., 2016). Furthermore, the combined effect of low pH (7.8) and increased temperature (28°C) in the pearl oyster Pinctada fucata significantly reduced the net calcification rate, as well as the calcium and carbon shell contents (Li et al., 2016).

The gastropod shell is enlarged by deposition of minerals from the outer edge of the mantle to the aperture lips and consists of four layers, the outer periostracum that is composed of conchin and three more CaCO3 layers (Ruppert and Barnes, 1996). Three different polymorphs of biogenic CaCO3 structures have been found in marine shells (aragonite, calcite and vaterite) that represent complex composites of one or more mineral phases and organic molecules (Nehrke et al., 2012). Calcifiers can adjust their shell strength and properties, which depend on the thickness and packing (i.e., porosity) of calcium carbonate crystals, in order to build more durable shells under ocean acidification conditions (Leung et al., 2020). Ocean acidification might be causing a shift to a more disorganized crystallographic structure in shells, thus reducing their structural integrity and the ability of marine calcifiers to biomineralise (Fitzer et al., 2015).

Some marine calcifiers will still be able to maintain synthesis of their shells even when external seawater parameters are thermodynamically unfavorable for the formation of CaCO3 because they can increase fluid pH and carbonate ion concentration at the very local site of crystal nucleation (DeCarlo et al., 2018). Shells that are composed by the less soluble form of CaCO3 (low-Mg calcite) will be less affected than others (Leung et al., 2017b). According to Ries et al. (2009), species exhibiting increased skeletal or shell dissolution under acidified conditions are mainly composed of the more soluble aragonite and high-Mg calcite CaCO3 polymorphs. Shell thickness of Subninella undulata was found to be more resilient to ocean acidification, which might be the result of the more robust periostracum layer that reduces the rate of shell dissolution (Coleman et al., 2014). On the contrary, the Japanese tritons Charonia lampas suffered increased dissolution and significant corrosive effects under acidification conditions especially in the older parts of their shell, which resulted in smoother, thinner and less dense shells (Harvey et al., 2018). Tegula funebralis showed signs of dissolution on the exterior of their shells when exposed to 0.5 pH units lower than ambient for 6 months, which was attributed to the increased presence of crystal edges and faces on their outer fibrous calcite layer potentially increasing the surface area on which dissolution can occur (Barclay et al., 2020). Thicker and architecturally more diverse shells are a fitness advantage for molluscs as an adaptation to predators (Fisher et al., 2009). Ocean acidification may not only lead to increased fragility of shells but may also elevate energetic costs for shell formation or repairing (Leung et al., 2020). The capacity of molluscs to maintain their shell calcification mechanisms under altered environmental conditions will regulate their successful adaptation and persistence in the future. Shell growth measured traditionally as shell length may continue to develop normally, even under acidified and adverse climatic conditions; however, the newly produced shells might be thinner and more fragile (Byrne and Fitzer, 2019).

In the present study, the individual and combined effects of low pH and high temperature were tested on two gastropod species, Nassarius nitidus and Columbella rustica (superfamily Buccinoidea). N. nitidus is a scavenger able to withstand a great range of salinity and temperature ranges commonly found to low sublittoral and intertidal areas (up to 15 m depth) (Eriksson and Tallmark, 1974). C. rustica is a herbivore (Taylor, 1987) and a scavenger or occasional carnivor (Starmühlner, 1969) living between rocks and in silt patches of the midlittoral zone (Delamotte and Vardala-Theodorou, 2007). Both species are abundant in the Mediterranean and are well adjusted to temperature and pH alterations since they inhabit coastal systems such as rock pools and lagoons where such fluctuations of environmental conditions are common (Wahl et al., 2016). Both species have shells consisting of the more soluble aragonite material (Bouillon, 1958; Cespuglio et al., 1999; Foster and Cravo, 2003), while in other gastropod species a more resistant mixture of low magnesium calcite and aragonite can be found (Ries et al., 2009). The morphological properties of the shell of the abovementioned two species, and more specifically their shell density, thickness and closed porosity, were examined using an advanced 3D imaging and analytical technique (3D micro-computed tomography). This method offers an additional insight in the internal shell micro-structure of the selected gastropods since it allows measurements of specific architectural parameters of the full intact shell. The selected treatments were based on the high emissions RCP 8.5 scenario of the Intergovernmental Panel on Climate Change models for the eastern Mediterranean until the year 2100 (IPCC, 2014), which is commonly referred to as the “business as usual” scenario, suggesting that this is a likely outcome if the society does not make any concerted efforts to cut greenhouse gas emissions.



MATERIALS AND METHODS


Specimen Selection and Experimental Setup

Nassarius nitidus specimens (n = 48; size range 17.7-20.8 mm; mean shell length 19.5 ± 0.8 mm) were collected from subtidal lagoons (1 m depth) in Amvrakikos Bay (Western Greece) (39°3′41″N, 20°48′14.3″E) and Columbella rustica (n = 36; size range 10.1-12.3 mm; mean shell length 11.1 ± 0.7 mm) were collected from the coast of Gournes (Heraklion, North Crete) (35°20’06.0”N, 25°16’43.9”E). Acclimatization of gastropods lasted about one month (rate: 0.05 units/10 days for pH; 0.7°C/10 days for temperature). Organisms were maintained following standard aquarist practices and were fed ad libitum. The mean ambient temperature in the natural environment was 20°C and in the warm treatments it was 23°C (future RCP 8.5 scenario prediction - increase of 3°C). The ambient pH was 8 and the low pH treatment was 7.7 (future RCP 8.5 scenario prediction - decrease of 0.3 units). The gastropods were equally divided per experimental treatment (i.e., 12 N. nitidus and 9 C. rustica per treatment), placed in individual tanks (2-4 l) and maintained under the following four experimental treatments for a total period of three months (88 days): a) one control with ambient temperature (20°C) and pH (pH = 8) (code tank 8A), b) one with ambient temperature (20°C) and low pH (pH = 7.7) (code tank 7A), c) one with warmer temperature (23°C) and ambient pH (pH = 8) (code tank 8W) and d) one with warmer temperature (23°C) and low pH conditions (pH = 7.7) (code tank 7W).

A semi-closed experimental system was used to ensure controlled experimental conditions (for details see Chatzinikolaou et al., 2017). Submerged aquarium heaters (RESUN) were used to rise temperature to the desired level in the warm treatments. A bubbling CO2 system attached to the CO2 bottles through a manometer (Gloor model 5100/10) and connected to a pH controller system (Tunze 7070/2) was used to adjust the low pH treatments. The pH electrodes were calibrated twice every month with 5.00, 7.00 and 10.00 WTW NBS buffers. Temperature and pH (on the National Bureau of Standards scale -pHNBS) were additionally measured daily (3420 WTW multi-meter), while salinity (salinometer) and oxygen (OxyGuard) were checked every two days. A submerged pump (Boyo WM-15) with additional airstones was used to ensure sufficient water circulation. In addition, 50% of the water in the experimental tanks was renewed twice a week thus maintaining a high water quality within the system (NO2 < 0.1 mg/l, NO3 < 0.5 mg/l, NH3/NH4 < 0.2 mg/l). Nitrogenous waste products were also assessed twice a week by using photometric test kits (Tetra kit). Total alkalinity (TA) was measured every two weeks according to the Standard Operating Procedure (SOP 3b) described in Dickson et al. (2007) using an open-cell titration (Metrohm Dosimat 765; 0.1 mol/kg in HCl). Measured parameters (pH and TA) were used to calculate the additional parameters of the seawater carbonate system (Supplementary Material - Table I) using CO2SYS program with the dissociation constants of Mehrbach et al. (1973) as refitted by Dickson and Millero (1987).

Three individuals of each species were randomly collected from each treatment at the end of the experiment (3 months). Specimens were anesthetized using a rising concentration of MgCl2 starting at 1.5% and gradually reaching 3.5% according to the European Directive 2010/63 EU on the protection of animals used for scientific purposes. The samples were stored at −20°C until scanning was performed.



Scanning and Reconstruction of Images

All scans were performed with a SkyScan 1172 micro-tomograph (Bruker, Kontich, Belgium) at the Hellenic Center for Marine Research (HCMR). The scanner uses a tungsten source and is equipped with an 11 PM CCD camera (4,000 × 2,672 pixels), which can reach a maximal resolution of <0.8 μm/pixel. Specimens were scanned at a voltage of 70 kV and a flux of 142 μA with an aluminum filter of 0.5 mm and images were acquired at a pixel size of 6.51 μm with a camera binning of 1 × 1. Exposure time was 6,455 msec for N. nitidus and 7,005 msec for C. rustica specimens. Scans were performed for a half rotation of 180° to minimize scanning duration, since initial tests had shown there was no significant loss of information or increase of artifacts compared to a full rotation. All scans were performed over a short period of time without recalibrating the instrument’s settings and using the exact same scanning parameters in order to ensure full comparability of the results.

Projection images were reconstructed into cross sections using SkyScan’s NRecon software (Bruker, Kontich, Belgium) which employs a modified Feldkamp’s back-projection algorithm. The scans of the same species were reconstructed using the same range of attenuation coefficients (N. nitidus: 0.04 - 0.16, C. rustica: 0.00 - 0.21) in order to obtain comparable results. The reconstructed images were stored as 8-bit PNG images due to storage limitations, since initial comparisons had shown no significant differences (p > 0.05) in the analyses results in comparison to 16-bit TIFF images.



Image Analysis

Cross section images were loaded into the software CT Analyzer v.1.14.4.1 (CTAn, Bruker, Kontich, Belgium) and the mean gray scale values of the total shell were calculated using the binary threshold module as a proxy for relative shell density. For the present analyses, no absolute density values (e.g., Hounsfield units) were required, but only comparability between the scans (relative densities). In the present study, density refers to micro-density (i.e., density of the shell material including CaCO3 and intraskeletal organic matrix) and not to bulk density which includes porosity. The range of the gray scale histogram was the same for specimens of the same species (N. nitidus: 1-255, C. rustica 40-255).

The 3D analysis was performed in each micro-CT scan using the custom processing plug-in of CTAn software, in order to calculate the closed porosity of the shell, which is the total volume of enclosed pores of each specimen, defined as a% percentage of the total shell volume. Porosity can be connected to the outer surface of the shell (open porosity) or not (closed porosity). A 3D model of the closed pores for each gastropod species was generated by the creation of a surface mesh of the closed pores using CTAn software, which was then visualized using the CTVol software (Bruker, Kontich, Belgium).

The structure thickness of each specimen was calculated using 3D analysis in CTAn software through the application of the “sphere-fitting” measurement (i.e., estimation of the mean of the diameters of the largest spheres which can be fitted in each point of the selected shell structure) (Hildebrand and Rüegsegger, 1997). Finally, a color-coded dataset was created for structure thickness in CTAn software in order to visualize the structure thickness distribution throughout each specimen. The 3D model of the structure thickness distribution was visualized through the CTVox software (Bruker, Kontich, Belgium).



Statistical Analyses

Statistical analyses were conducted using the software Minitab (version 13.2). Prior to analyses, all data were checked for normality distribution (Anderson-Darling test; normal for p > 0.05) and homogeneity of variances (Bartlett’s test; equal variances for p > 0.05). Since all data were normal and had equal variances, one-way ANOVA tests were used to test differences between treatments in density, porosity and structure thickness for both species. When necessary, post hoc analysis (Tukey’s tests) was performed to determine the significance of the factors interaction. Significant differences were considered at a threshold of α = 0.05. Confidence intervals for the Tukey’s tests are considered significant when they are not including the zero value.



RESULTS

Mean density, structure thickness and% of closed porosity for the four treatments are presented in Figure 1 for Nassarius nitidus and in Figure 2 for Columbella rustica. Results for statistical comparisons are presented in Tables 1, 2, while Tukey’s post hoc tests are presented in Supplementary Material - Table II. None of the comparisons performed for the morphological parameters of the N. nitidus full shell indicated statistically significant differences between the four treatments (Table 1, p > 0.05). The increased variability observed between individuals and the relatively low number of specimens due to the logistical constraints of performing a micro-CT analysis could possibly be the reason for this limited statistical significance; however, the observed trends can still offer a useful insight in shell architecture of N. nitidus and therefore the respective data presented in Figure 1 are being further described. Nassarius nitidus had a lower mean shell density and a lower mean structure thickness in the 7A treatment (low pH, ambient temperature) in comparison to all other treatments; however these differences were not statistically significant (p > 0.05). The 8A control treatment (ambient pH and temperature) had the highest mean density and thickness (Figures 1A,B and Table 1). The combination of low pH and warm temperature (7W) was not detrimental for N. nitidus since the respective values were more similar to the control (8A). Mean porosity of the N. nitidus shell appears to be increased in all treatments in comparison to the control (Figure 1C), although again here the increased variability between individuals eliminated the statistical significance of these differences. The 3D models used for the visualization of N. nitidus closed porosity for all treatments are presented in Figure 3. Increased porosity in both low pH treatments (7A and 7W, Figures 3A,C, respectively) is seen around the shell lip, while in both warm treatments porosity is increased closer to the shell apex (7W and 8W, Figures 3C,D, respectively).
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FIGURE 1. (A) Mean density (grey scale values) of total shell. (B) Mean structure thickness of total shell. (C) Shell closed porosity (%) for Nassarius nitidus. The horizontal axis presents the four different experimental treatments as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7). Error bars represent ± SE (i.e., variation among individuals). N = 12 N. nitidus per treatment.
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FIGURE 2. (A) Mean density (gray scale values) of total shell. (B) Mean structure thickness of total shell. (C) Shell closed porosity (%) for Collumbela rustica. The horizontal axis presents the four different experimental treatments as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7). Error bars represent ± SE (i.e., variation among individuals). N = 9 C. rustica per treatment.



TABLE 1. Mean density (gray scale values) of the total shell, structure thickness (um) and porosity% (± SE) for Nassarius nitidus in the four experimental treatments A (7A), B (8A), C (7W), and D (8W) as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7).
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TABLE 2. Mean density (gray scale values) of the total shell, structure thickness (um) and porosity% (± SE) for Columbella rustica in the four experimental treatments A (7A), B (8A), C (7W), and D (8W) as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7).

[image: Table 2]

[image: image]

FIGURE 3. Visualization of shell closed porosity for Nassarius nitidus in the four experimental treatments (A) (7A), (B) (8A), (C) (7W), and (D) (8W) as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7).


Columbella rustica indicated lower variability between individuals in comparison to N. nitidus (Tables 1, 2). The shell density of C. rustica in acidified and warmer conditions (7W) was significantly lower in comparison to all other treatments (p < 0.001, see Table II in Supplementary Material for all post hoc comparisons). On the contrary, when the temperature was increased but the pH remained at ambient values (8W), shell density was significantly higher than all other treatments (p < 0.001), including the control (Figure 2A). The exact same pattern was observed for structure thickness of the total shell in C. rustica (Figure 2B). Shells under acidified and warmer conditions (7W) were significantly thinner, while shells in warmer but ambient pH conditions (8W) were significantly thicker (p < 0.001). In addition, the% of closed porosity was significantly higher (more than double) in the acidified and warmer conditions (7W) in comparison to all other treatments (Figure 2C and Table 2, p = 0.015). The 3D models used for the visualization of C. rustica closed porosity for all treatments are presented in Figure 4, where increased porosity can be seen in the acidified and warm treatment (7W, Figure 4C).
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FIGURE 4. Visualization of shell closed porosity for Collumbela rustica in the four experimental treatments (A) (7A), (B) (8A), (C) (7W), and (D) (8W) as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7).


The distribution of structure thickness as% percentage of the shell volume for all the four treatments and for both species is presented in Figures 5A,B. The CTAn 3D analysis indicated a maximum total number of 132 classes with a range of 13 um each for N. nitidus, which were grouped as 17 classes with a range of about 100 um for each class to facilitate graphical presentation. Similarly, a maximum total number of 92 classes with a range of 13 um each was estimated for C. rustica, which were grouped as 12 classes with a range of about 100 um for each class.
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FIGURE 5. Distribution (% average shell volume) of structure thickness classes (about 100 um per class) for Nassarius nitidus (A) and Columbella rustica (B) for the four experimental treatments as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7). Stars indicate thickness ranges with statistically significant differences (p < 0.05).


The thickness of the N. nitidus shell under normal conditions (8A) ranges up to a maximum of 1608.7 um and the highest percentage of values (peak of the distribution) is found within the range of 605.7 – 709.9 um (Figure 5A). Gastropods under acidified conditions (7A) present a shift of their thickness distribution toward lower values and in this case the highest percentage is found within the range of 110.7 – 501.5 um (74.8%). The shell thickness distribution of N. nitidus which have been maintained under a combination of increased temperature and low pH (7W) is more similar to the control one (also peaks at 605.7 - 709.9 um), but again in this case a higher percentage is found within the region of lower (i.e., less dense) values (< 306.1 um). Gastropods under normal pH but warmer temperature (8W) have a peak distribution at 501.5-605.7 um and again present higher percentages at lower thickness values (< 397.3 um) in comparison to the control. A statistical comparison (ANOVA) of each thickness class separately between the four treatments confirms the above suggestions and indicates significant differences between the classes 201.9 − < 306.1 (F = 4.65, p = 0.036), 306.1 − < 397.3 (F = 5.53, p = 0.024), 397.3− < 501.5 (F = 4.66, p = 0.036), 605.7 − < 709.9 (F = 4.27, p = 0.045) and 709.9− < 801.1 (F = 3.77, p = 0.050).

The shell thickness of C. rustica under normal conditions (8A) ranges up to a maximum of 1009.5 um and the peak of the distribution is found within the range of 397.3-501.5 um (Figure 5B). Gastropods under acidified and ambient temperature conditions (7A) present a similar distribution pattern with 8A with the same maximum thickness value and the same peak for the highest percentage. When the temperature is higher, the distribution peak remains within the same range as the control, but low pH treatment (7W) results in more values toward the thinner ranges (78.4% of the shell volume with thickness <501.5 um), while normal pH (8W) results in more values toward the thicker ranges (73% of the shell volume with thickness >397.3 um). Also C. rustica under higher temperature with normal pH (8W) develop shells that reach greater maximum thickness values (up to 1204.9 um) than all the other treatments. A statistical comparison (ANOVA) of each thickness class separately between the four treatments confirms the above suggestions and indicates significant differences between the classes <110.7 um (F = 10.29, p = 0.006), 110.7-201.9 um (F = 22.33, p = 0.001), 201.9 − <306.1 (F = 7.65, p = 0.013), 605.7 − < 709.9 (F = 8.13, p = 0.011) and 709.9 − < 801.1 (F = 5.11, p = 0.035), as well as for classes >1009.5 (F = 12.58, p = 0.003) where only samples of 8W were found.

Although the statistical analysis of the full shell thickness did not indicate significant differences between the experimental treatments in N. nitidus (p > 0.05, Table 1) due to the increased variability between samples, the 3D color coded images constructed by the micro-CT analysis (CTVox) (Figure 6) and the subsequent comparisons between separate thickness classes (Figure 5A) revealed a clear degree of differentiation. Gastropods in low pH and ambient temperature (7A) had a very thin shell throughout its total structure (Figure 6A), obviously different from all other treatments. The control treatment shell (8A) is the one that visually presented the thickest areas (Figure 6B). The sample from the combined low pH - high temperature (7W) treatment had also a similar thickness pattern with the control (Figure 6C) with thicker areas located along the shell ribs and lip. The warm but ambient pH treatment (Figures 6D, 8W) was not as severely thin as the 7A was, but revealed some distinct areas close to the siphon canal and the shell lip which appeared thinner in comparison to the control.
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FIGURE 6. Color coded visualization of shell structure thickness for Nassarius reticulatus in the four experimental treatments (A) (7A), (B) (8A), (C) (7W), and (D) (8W) as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7). The bar on the bottom of the image indicates thickness scaling (cooler colors indicate thicker structures, warmer colors indicate thinner structures).


The 3D color coded images for C. rustica thickness (Figure 7) and the subsequent comparisons between separate thickness classes (Figure 5B) indicated a clear visual pattern of the impact of low pH and increased temperature in the shell structure of this species. Specimens treated under low pH and increased temperature (7W, Figure 7C) appeared thinner especially around the opening of the shell, which was also obvious for specimens treated under low pH and ambient temperature (7A, Figure 7A). The control shell (8A, Figure 7B) is clearly thicker and the shell surface appears also smoother in comparison to shells of acidic conditions. The gastropods shells maintained under higher temperature but normal pH (8W, Figure 7D) were also thickened around the opening and lip, as was also confirmed by the average shell values of the 3D analysis (Table 2, p < 0.001, Tukey’s post hoc tests in Table II, Supplementary Material).
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FIGURE 7. Color coded visualization of shell structure thickness for Columbella rustica in the four experimental treatments (A) (7A), (B) (8A), (C) (7W), and (D) (8W) as coded in the text (8A: 20°C and pH = 8; 7A: 20°C and pH = 7.7; 8W: 23°C and pH = 8; 7W: 23°C and pH = 7.7). The bar on the bottom of the image indicates thickness scaling (cooler colors indicate thicker structures, warmer colors indicate thinner structures).




DISCUSSION

The shell degradation of gastropods as a result of ocean acidification (low pH) has been documented in previous studies for several species (Bibby et al., 2007; Gazeau et al., 2013; Melatunan et al., 2013; Queirós et al., 2015; Chatzinikolaou et al., 2017; Harvey et al., 2018; Barclay et al., 2020). The capacity of marine organisms to construct calcium carbonate (CaCO3) shells and skeletons can be impaired by reduced pH (Doney et al., 2009). It is evident that such impacts are very much species specific and for some species the effects are more detrimental than others (Byrne and Fitzer, 2019; Barclay et al., 2020). Building and maintaining marine biomaterials under ocean acidification depends on the balance between calcification and dissolution, while ocean warming has the potential to ameliorate or highlight some of the negative effects on shell strength and elasticity (e.g., weaker shells with less dense biominerals and increased porosity) (Byrne and Fitzer, 2019). Therefore, it is interesting to compare the shell morphological characters of different species which are living in different micro-habitats or are characterized by different modes of life, in order to define what might be the factors of increased susceptibility for some specific species in comparison to others. Different species are characterized by different vulnerability and tolerance responses regarding ocean acidification and warming, and this variability may affect their ecological interactions and the respective marine habitat biodiversity (Chatzinikolaou et al., 2017). The effects of ocean acidification on the growth and shell production by juvenile and adult shelled molluscs are variable among species and even within the same species, precluding the drawing of a general picture (Gazeau et al., 2013). Conventional metrics previously used to quantify shell growth need to be enriched with methods for evaluating changes to biomineral structure and mechanical integrity caused by ocean acidification (Byrne and Fitzer, 2019).

The authors of the present study have previously investigated the effects of acidic conditions on the density of specific shell regions of Nassarius nitidus and they have reported a reduction of 38.1% in the shell lip, 51.4% in the lip distal (newest regions) and 47.7% in the apex (oldest region) (Chatzinikolaou et al., 2017). In the present study, a more thorough examination for the same species was performed during which the full shell was examined instead of isolated shell regions. In addition, while the previous study investigated only differences in shell density, the present study also investigated additional morphological characters of the shell, such as enclosed porosity and thickness. Although the results of the present study did not indicate statistically significant differences between treatments for N. nitidus, they can still be considered as a valuable informative insight into the architectural shell properties of this species using an innovative 3D imaging analysis technique. As observed in the present study, low pH affected (although not significantly) the average density and structure thickness of the total shell in N. nitidus when temperature was at ambient levels. Furthermore, when thickness classes were separately examined, N. nitidus shell had a significant shift toward thinner values at lower pH, and this was especially evident in ambient temperatures. The significant differences revealed when thickness classes were examined separately maybe the result of increased variability observed between individuals. The 3D visual analysis of structure thickness also confirmed that the whole shell has suffered extensive damages and erosion. However, when the temperature was increased N.nitidus somehow compensated for the shell loss caused by the acidic conditions (7W), presumably by accelerating shell production processes. The effect of elevated seawater temperature has been previously correlated with an increase in the growth of this genus, such as in N. reticulatus (Barroso et al., 2005; Chatzinikolaou and Richardson, 2008) and N. festivus (Morton and Chan, 2004). Also Columbella rustica in the present study formed significantly denser and thicker shells, especially around the lip, when the temperature was higher (8W) thus indicating an acceleration of shell growth and calcification processes which has been commonly observed in several gastropod species, even seasonally under ambient conditions (Morton and Chan, 2004; Barroso et al., 2005; Chatzinikolaou and Richardson, 2008). The amount of energy available for growth is determined by the ingestion and the respiration rate of an organism, which are indeed functions related to temperature (Hughes, 1986).

The combined impact of low pH and increased temperature was clearly disadvantageous for C. rustica, indicating that a negative future scenario of climate change as suggested by IPCC could be detrimental. The average shell density and thickness of C. rustica in acidified and warmer conditions were significantly reduced in comparison to all other treatments, while% porosity (i.e., the number of enclosed pores in reference to the total shell volume) was significantly higher. The number of pores in C. rustica shell under such stressful conditions was more than double in comparison to gastropods maintained under ambient conditions. Porosity is an important indicator of mechanical strength, where shells with a greater number of pores are more fragile (Leung et al., 2020). Shell pores usually penetrate all shell layers except the outermost organic layer (periostracum) and their interior is filled with organic compounds which are used for the periostracum repair (Reindl and Haszprunar, 1994). The increased% of porosity observed in C. rustica may be the result of an accelerated shell repair process, since the contents of the enclosed pores are important for shell secretion (Reindl and Haszprunar, 1994). Increased porosity has been also associated with a lower organic matter content of the shell, indicating less plasticity, reduced calcium carbonate nucleation and minimized crystal growth (Leung et al., 2020). Some calcifiers might adjust the packing of carbonate crystals (e.g., porosity) under ocean acidification in order to build more durable shells that will be able to absorb physical stress effectively, however this requires a costly energy budget (Leung et al., 2020).

C. rustica shells under acidic conditions in the present study were thinner especially around the shell lip and the apex. A previous study also indicated that the maximum reduction (8%) estimated in the shell density of this species was in the apex, which is the oldest shell part and might often be eroded (Chatzinikolaou et al., 2017). Similarly in Nucella lapillus low pH caused apex dissolution and a 20–30% reduction in shell lip density (Queirós et al., 2015). Mytilus edulis shells grown under ocean acidification conditions displayed significant reductions in shell aragonite thickness, shell thickness index and changes to shell shape, making them more vulnerable to fracture (Fitzer et al., 2015). Mytilus californianus larvae had thinner and weaker shells than individuals raised under present-day pH conditions indicating an aggravated vulnerability of new settlers to crushing and drilling attacks by predators (Gaylord et al., 2011). Similarly, treatment of the brachiopod Liothyrella uva under decreased pH resulted in substantial shell dissolution after 7 months and decreased outer primary layer thickness, while increasing temperature alone did not affect shell thickness (Cross et al., 2019). The monomineralic aragonite-producing gastropods were not able to alter the carbonate polymorph in their shells in order to produce calcite under low pH conditions and minimize shell dissolution (Leung et al., 2017a). However, the effect of ocean acidification in shell thickness is also species specific and there are indications that some species are enhancing their shell production to compete shell dissolution under unfavorable conditions. Specimens of the limpet Patella caerulea that were collected from a low pH CO2 vent site, displayed increased thickness and a twofold increase in aragonite area fraction indicating an enhanced shell production under acidified conditions thus managing to counteract dissolution (Langer et al., 2014). Shell thickening in the limpet P. caerulea was enhanced at the apex area and reduced along the flank area, also indicating region specific shell production (Langer et al., 2014).

Shell porosity is a shell architectural and morphological character that has not been yet thoroughly studied since it is not possible to estimate these values without using a non-destructive method such as the micro-CT tomography. Similarly, the estimation of shell thickness as an average value for the total shell, as well as the identification of the% percentages per thickness class is also a unique feature of this study estimated using this innovative imaging technique. The micro-computed tomography (micro-CT) allows the creation of interactive, quantitative, three-dimensional X-ray images at submicron resolution which can be used to measure morphological characters of the calcified shell without interfering with its integrity. Previous studies have determined thickness of the gastropod shell by measuring only selected points on photographs of cross sections (Coleman et al., 2014), while the present method allows for the estimation of the average value of thickness of the full intact shell and of the% distribution of these values in different size classes, thus offering a more representative depiction of the shell structure. Even if shell growth is not directly affected by acidification conditions this does not ensure that shell functionality and efficiency also remains unaltered. For example, Nucella ostrina is able to maintain calcification and shell growth under acidified conditions, but the loss of carbonate material due to dissolution weakens the shells as indicated by biomechanical tests (Barclay et al., 2020). Gaylord et al. (2011) indicated that the functional decline in shell integrity and strength of M. californianus under low pH, might not be the result of reductions in calcification and shell thickness but could be provoked by changes in shell architecture or material properties.

Ocean warming and acidification have been proven to affect physiological responses in marine molluscs (e.g., depression of metabolic rate, Bibby et al., 2007; alterations of immune responses and enzyme production, Matozzo et al., 2013), as well as behavioral responses related to predator avoidance (Bibby et al., 2007), reduction of feeding efficiency (Vargas et al., 2013) and movement restriction (Ellis et al., 2009). Hexaplex trunculus was less successful in reaching their food source under low pH (Chatzinikolaou et al., 2019). If such physiological and behavioral restrictions already deteriorate the ability of organisms to successfully cope with predation pressure, a thinner shell will certainly make the situation less favorable. The normally occurring shell thickening of Littorina littorea in the presence of predatory crabs was prohibited under low pH conditions, therefore limiting the morphological defense mechanisms in this species and threatening its survival (Bibby et al., 2007). Austrocochlea porcata exhibited depressed shell repair rate and compromised shell integrity under lower than ambient pH (pH = 7.7), both representing critical attributes for survival and protection against predators (Coleman et al., 2014). Molluscs under ocean acidification may display complex patterns of energy allocation toward predatory defense, as well as alterations in chemoreception, cue detection and predator avoidance behavior that may influence predator-prey interactions (Kroeker et al., 2014). If atmospheric CO2 levels continue to rise and ocean pH to subsequently drops, less resistant species may face increased predation pressure and competition in comparison to more successful taxa within the same community, thus altering the balance within intertidal communities (Coleman et al., 2014). Nevertheless, the effects of ocean acidification in the natural environment are subject to ecological and evolutionary processes, since marine calcifiers have demonstrated a remarkable degree of adaptation in a future high-CO2 world being able to adapt and produce durable shells (Leung et al., 2020). Further investigation of species or shell region specific adaptation mechanisms could enlighten the potential plasticity of shell building organisms to acclimate to a continuously changing marine environment.
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Results of statistical tests (ANOVA or Kruskal Wallis) and significance (*) are
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The non-significant interaction term (Temperature:pH) was removed.
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+2°C; pH 7.6
43°C; pH 8.0
+3°C;pH 7.6

AE (%)
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Feeding
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Respiration
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0,114
0.102

Excretion

0.002
0.002
0.003
0.002
0.002
0.003

SfG

1.013
1.167
0.702
0.591
0.589
0.557

The parameters were standardized to the same unit (kJ g~' day~"). Each
parameter was obtained after 12-13 weeks of acclimation to three temperature
(ambient, +2°C, +3°C) and two pHt (8.0, 7.6) levels. The parameters used to
construct the SfG model were obtained from different sea urchins and so the
metric was calculated using treatment-averaged parameters (thus, n = 1). AE
ammonia excretion.
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F-value
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1.67

P

<0.001
0.21

0.27
0.53
<0.001
0.8
0.17
0.63
0.21

Non-significant three-way interactions were removed from the model. Significant

P-values are highlighted in bold. Env, environment; Temp, temperature.
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There were no significant interactions between temperature and pH at week 4 and
so the interaction term was removed. Significant P-values are highlighted in bold.
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Treatment Measured Calculated

Temp(°C) (CO») (ppm) pH Temp (°C) TA (umol ml')  CO, (patm) QCa QAr HCO3~ (wmol kg — 1) CO; 2~

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
700 7.81 £0.01 28.0+0.02 2,225 £ 15.0 721.84+£8.90 3.54 £0.07 2.34+0.05 1872.7 £ 8.75 143.9 + 2.99

31 400 8.08+0.02 30.9+0.06 2,1444+956 330.0+194 599+0.21 4.01+0.14 1543.7 +£19.8 242.2 + 8.67
700 7.82+0.01 30.8+005 2,184 +10.1 683.9+ 184 3.88+0.06 2.60+0.04 1798.7 £ 13.5 1566.9 + 2.26

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.
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Tmmr (°C)  Difference  ULT  Difference  Qqo

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
31°C 36 +4.4 388 —8.7 1.46

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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Resistance to ocean acidification in hermatypic corals:

Winning Species

-

3
<
Commonly found in control
and elevated CO, areas

(H2: Physiological plasticity

[Colonies transplanted into elevated CO,]

Same as H1, corals maintain:
- Low tissue biomass.
« High surface area-specific energy
production potential
~ High biomass-specific energy
production potential
\

Synthesi:

Hi: Inherent physiological traits'
[Control CO, colonies only]

« Low tissue biomass

- High surface area-specific energy
production potential

~ High biomass-specific energy
production potential

H3: Select P
[Colonies naturally found in elevated CO,]

Same as H1, corals maintain:

 Low tissue biomass

+ High surface area-specific energy
production potential

- High biomass-specific energy
production potential

Winning species possess inherent physiological traits that provide

them with resistance to ocean acidification. These traits were observed for coral
specimens found naturally in both control and elevated CO, conditions, as well as
for those transplanted into elevated CO, conditions.

Losing Species

Commonly found in control
areas only

H2: Physiological plasticity

[Colonies transplanted into elevated CO,]

Different to H1, corals showed:
+ Reduced tissue biomass
+ Reduced surface area-specific energy
production potential
But:
+ Same biomass-specific

\__energy production potential >

H1: Inherent physiological traits
[Control CO, colonies only]

* High tissue biomass.

+ High surface area-specific energy
production potential

* Low biomass-specific energy
production potential

H3: Salachun  OF ; acquls ion
{Colonies naturally found in elevated CO,]

Different to H1, corals showed:
+ Reduced tissue biomass.
But:
- Same surface area-specific energy
production potential
+ Same biomass-specific
eenergy production potential

Synthesis: Losing species exhibited a stress response to ocean acidification as
shown by their reduced tissue biomass and low mitochondrial energy
production potential. These traits help explain their low abundance in elevated CO,

areas.
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Statistically significant values are shown in bold.
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Temperature Salinity pH pCO2 TA (wmol Kg—1)

Field Control site 20.3+0.7 33.5+ 0.21 8.156 £ 0.04 430 + 53 2206 + 23
CO2 site 30.5+ 0.6 32.564+0.26 7.79 £ 0.05 886 + 152 1895 + 16

Those measurement was conducted for five times. Seawater pCO2 was calculated by measured temperature, salinity pH (NBS scale) and total alkalinity (TA).
Mean &+ SD n = 6.
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Temperature Salinity pH (NBS scale) pCO, TA (wmol Kg—1)
Field Control site 29.3+0.3 33.6 + 0.03 8.15 + 0.06 416 £ 73 2115+ 4.5
CO2 site 30.1+04 33.1 £ 0.1 7.77 £0.02 1123 £ 83 2069 + 14
Experiment Control 292+ 0.7 33.7 £ 0.12 8.09 +£0.12 504 + 164 2106 + 6.5
cO2 29.3+0.7 33.6+0.16 7.74 £0.15 1301 + 465 2110+ 7
NO32~+NOy™~ NH,%+ PO43~ Light intensity
Field Control site 0.1 +£0.05 05+0.3 0.03 + 0.01 336 + 341
CO2 site 05+0.2 0.3+0.2 0.07 £ 0.02 71495

Seawater pCO2 was calculated by measured temperature, salinity pH (NBS scale) and total alkalinity (TA). Mean + SD n = 3 for field data and n = 16 for experiment data
for carbon chemistry. n = 12 for nutrient analysis.
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