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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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