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Abstract This study explores the mechanisms of adaptation in aquatic species, including phenotypic plasticity, genetic evolution,
and molecular mechanisms. Aquatic species exhibit significant phenotypic plasticity, allowing them to respond rapidly to
environmental changes. Changes in gene expression related to osmoregulation and metabolic processes demonstrate how species
adjust their physiological states to cope with varying conditions. Genetic evolution plays a crucial role in long-term adaptation,
driven by processes such as mutation, natural selection, and genetic drift. Research shows that specific genes in marine mammals and
freshwater prawns are crucial for their adaptation to aquatic environments. Molecular adaptations involve gene regulation, genomic
changes, and epigenetic modifications. Studies on fireflies and marine diatoms provide insights into the genetic basis of adaptation to
different environmental conditions.
Keywords Phenotypic plasticity; Genetic evolution; Gene expression; Aquatic species; Adaptation mechanisms

1 Introduction
Ocean acidification is a critical and pressing issue that affects marine ecosystems worldwide. The phenomenon,
primarily driven by the absorption of atmospheric carbon dioxide (CO2) by the world's oceans, results in a
decrease in pH levels, altering the carbonate chemistry of seawater. This process has far-reaching consequences
for marine life, particularly for species with calcium carbonate structures, such as corals and shellfish. This review
aims to explore the mechanisms of adaptation in aquatic species to ocean acidification, spanning from phenotypic
plasticity to genetic evolution.

Ocean acidification refers to the ongoing decrease in the pH of Earth's oceans, caused by the uptake of CO2 from
the atmosphere. Since the industrial revolution, increased CO2 emissions have led to a significant rise in
atmospheric CO2 levels, with a substantial portion being absorbed by the oceans. This absorption forms carbonic
acid, which subsequently dissociates into bicarbonate and hydrogen ions, leading to lower pH and a reduction in
carbonate ions available for calcifying organisms (Stillman and Paganini, 2015). The decrease in carbonate ion
concentration impairs the ability of marine organisms, such as corals, mollusks, and some plankton species, to
produce and maintain their calcium carbonate shells and skeletons (Tagliarolo, 2019).

Understanding ocean acidification is crucial for several reasons. Firstly, it poses a direct threat to marine
biodiversity, affecting organisms from the smallest plankton to the largest marine mammals. The disruption of
marine food webs can lead to cascading effects on global fisheries, which are vital for food security and economic
stability in many regions. Secondly, coral reefs, which are biodiversity hotspots, are particularly vulnerable to
acidification. The decline of coral reefs not only affects marine life but also impacts coastal protection, tourism,
and fisheries (Tembo, 2017). Moreover, studying the adaptive mechanisms of marine organisms can provide
insights into the resilience and future of marine ecosystems in the face of ongoing environmental changes. The
primary objective of this review is to identify and describe the physiological and genetic mechanisms that enable
aquatic species to adapt to ocean acidification. This involves a comprehensive exploration of phenotypic plasticity
and genetic adaptation across different marine organisms. Understanding these mechanisms is essential for
elucidating how various species respond to the changing oceanic conditions brought about by increased CO2

levels.
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2 Causes and Mechanisms of Ocean Acidification
2.1 Carbon dioxide absorption
Ocean acidification is a multifaceted phenomenon resulting primarily from human activities, specifically the
emission of carbon dioxide (CO2) into the atmosphere. The mechanisms through which ocean acidification occurs
involve the absorption of CO2 by seawater and subsequent chemical reactions, leading to changes in the ocean's
carbonate chemistry. This section details the primary causes and chemical processes involved, as well as historical
trends and future projections.

The primary cause of ocean acidification is the absorption of atmospheric CO2 by the world's oceans.
Approximately one-quarter of the CO2 released by human activities, such as the burning of fossil fuels,
deforestation, and cement production, is absorbed by seawater. When CO2 dissolves in seawater, it reacts with
water molecules to form carbonic acid. This weak acid rapidly dissociates into bicarbonate ions and hydrogen ions.
The increase in hydrogen ions leads to a reduction in pH, making the water more acidic (Das and Mangwani,
2015). This increase in acidity has far-reaching implications for marine life, particularly those species that rely on
calcium carbonate to form their shells and skeletons. The reduction in carbonate ions is particularly detrimental to
calcifying organisms, such as corals, mollusks, and some plankton species, which need carbonate ions to build
their calcium carbonate structures (Tagliarolo, 2019). Understanding this fundamental process is crucial for
grasping the broader impacts of ocean acidification.

2.2 Chemical processes in seawater
Once CO2 is absorbed by seawater, a series of chemical reactions occur that alter the carbonate chemistry of the
ocean. The carbonic acid formed from dissolved CO2 dissociates into bicarbonate (HCO3-) and hydrogen ions
(H+). This increase in H+ ions lowers the pH of seawater, making it more acidic. Additionally, the formation of
bicarbonate reduces the concentration of carbonate ions (CO32-), which are crucial for the formation of calcium
carbonate (CaCO3) used by marine organisms to build shells and skeletons. These chemical processes have
significant implications for marine life, particularly calcifying organisms such as corals, mollusks, and some
plankton species, which rely on carbonate ions to form their calcium carbonate structures (Doney et al., 2009).
The reduction in carbonate ion availability makes it more difficult for these organisms to build and maintain their
shells and skeletons, leading to potential declines in their populations and broader impacts on marine ecosystems.

2.3 Historical trends and future projections
Historically, the pH of the world's oceans has remained relatively stable, providing a consistent environment for
marine life. However, since the onset of the industrial revolution, there has been a significant increase in
atmospheric CO2 levels due to human activities such as fossil fuel combustion, deforestation, and industrial
processes. This rise in CO2 levels has led to a corresponding increase in the amount of CO2 absorbed by the
oceans, resulting in a measurable decrease in oceanic pH. Data indicate that the average pH of surface ocean
waters has decreased by about 0.1 units since the pre-industrial era, which corresponds to a 30% increase in
acidity (Mostofa et al., 2015).

Projections based on current CO2 emission trends suggest that the pH of the oceans could drop by an additional
0.3 to 0.4 units by the end of the 21st century. Such changes would significantly alter marine ecosystems and the
organisms that inhabit them. For instance, reduced pH levels and decreased carbonate ion concentrations would
severely impact calcifying organisms, leading to weaker shells and skeletons and affecting the overall biodiversity
and functionality of marine ecosystems (Zeng et al., 2015). These future projections underscore the urgent need
for strategies to mitigate CO2 emissions and protect marine environments from the adverse effects of ocean
acidification.

3 Impacts on Marine Organisms
3.1 Effects on calcifying organisms
Ocean acidification has profound effects on marine organisms, impacting their physiology, behavior, and
ecological interactions. This section examines the specific impacts on calcifying organisms, fish and invertebrates,
and marine microbes. Calcifying organisms, such as corals, mollusks, and some plankton species, are particularly
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vulnerable to ocean acidification due to their reliance on calcium carbonate (CaCO3) to form shells and skeletons.
The decrease in pH reduces the availability of carbonate ions, essential for calcium carbonate formation.

This reduction leads to weaker and thinner shells, making these organisms more susceptible to predation and
environmental stress. Studies have shown that ocean acidification can decrease the calcification rates of corals,
leading to slower growth and weaker reef structures (Henry et al., 2020). Additionally, mollusks, such as oysters
and mussels, show impaired shell formation, which can reduce their survival and reproductive success (Mostofa et
al., 2015). The long-term impact of these changes includes potential declines in populations of calcifying species,
which could disrupt marine food webs and ecosystem services, such as coastal protection and biodiversity
(Scherer et al., 2022).

3.2 Impacts on fish and invertebrates
Ocean acidification affects fish and invertebrates in multiple ways, including physiological stress, altered behavior,
and reproductive challenges. Fish rely on chemoreception for vital functions such as finding food, avoiding
predators, and locating mates. Acidified conditions can impair these sensory abilities, leading to disorientation and
decreased survival rates (Tembo, 2017).

For instance, studies on juvenile fish, like the European sea bass, have shown that acidification alters their stress
response, leading to prolonged recovery times and changes in neurotransmitter levels, which affect behavior and
motor activity (Servili et al., 2022). Invertebrates, such as copepods and polychaetes, exhibit varied responses to
acidification, often experiencing reduced growth, delayed development, and increased oxidative stress (Lee et al.,
2019). These physiological and behavioral changes can impact individual fitness and, over time, lead to shifts in
population dynamics and community structure (Wang et al., 2018).

3.3 Consequences for marine microbes
Marine microbes play crucial roles in nutrient cycling and carbon flow within marine ecosystems. Ocean
acidification can significantly alter microbial community composition and function, affecting overall ecosystem
health. Microbial processes such as photosynthesis and nitrogen fixation are sensitive to changes in pH. For
example, studies indicate that acidification can enhance the photosynthetic activity of some phytoplankton species
while inhibiting others, leading to shifts in community structure and potential disruptions in primary production
(O'Brien et al., 2016) (Figure 1).

The microbial communities associated with marine organisms, such as corals, may shift under acidified conditions,
potentially increasing host susceptibility to diseases (Zunino et al., 2021). These changes at the microbial level can
have cascading effects throughout the marine food web, influencing the health and stability of larger marine
ecosystems.

The image depicts photos taken along a pCO2/pH gradient in Papua New Guinea (year 2014) and illustrates three
potential scenarios for coral reefs under present-day and future (years 2050 and 2100) ocean acidification (OA)
conditions if we continue on current predicted CO2 emissions trajectories. In the present-day scenario, the coral
reef is shown to be healthy, with high structural complexity and diversity, likely colonized by beneficial microbial
associates, and experiencing a low incidence of disease. As pCO2 levels increase, the scenarios for the years 2050
and 2100 illustrate the successive degradation of coral reef heterogeneity (structural diversity), destabilization of
microbial associations, and an increase in disease. By 2050, the coral reef starts to show signs of degradation, with
beneficial microbial associations beginning to destabilize and disease prevalence increasing, leading to a reduction
in structural diversity. By 2100, the degradation has progressed further, and the reef transitions to an alternative
stable state dominated by competitive species such as sponges, macroalgae, and seagrass, along with
sediment/rubble. The arrows from green to red indicate the positive to negative changes a coral reef might
experience over time. This transition highlights the severe ecological degradation that coral reefs may face if CO2

emissions continue on the current trajectory.
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Figure 1 Photos, taken along a pCO2/pH gradient in Papua New Guinea (year 2014), and text depict three potential scenarios for
coral reefs under present day and future (year 2050 and 2100) OA conditions if we continue on current predicted CO2 emissions
trajectories (Adopted from O'Brien et al., 2016)
Image caption: Present Day illustrates a healthy coral reef with high structural complexity and diversity that is likely colonized by
beneficial microbial associates and experiences a low incidence of disease. As pCO2 increases, scenarios for years 2050 and 2100
illustrate the successional degradation of coral reef heterogeneity (structural diversity), destabilization of microbial associations and
increase in disease, transitioning to an alternative stable state composed of competitive dominants (e.g., sponges, macroalgae) and/or
sediment/rubble. Arrows from green to red indicate the positive to negative changes a coral reef might experience over time (Adopted
from O'Brien et al., 2016).

4 Ecosystem-Level Impacts
4.1 Changes in biodiversity
Ocean acidification has profound implications for marine ecosystems, influencing biodiversity, food web
dynamics, and ecosystem services. This section explores these impacts in detail. Ocean acidification leads to
significant changes in marine biodiversity, primarily by affecting species differently based on their physiological
and ecological characteristics. Calcifying organisms, such as corals, mollusks, and certain plankton, are
particularly vulnerable due to their reliance on calcium carbonate for their skeletal structures. The reduction in pH
decreases the availability of carbonate ions, essential for calcification, leading to weaker shells and skeletons. This
vulnerability can result in decreased biodiversity as these organisms struggle to survive and reproduce under more
acidic conditions (Zunino et al., 2021). Additionally, acidification can alter species composition and abundance,
favoring non-calcifying over calcifying species, and causing shifts in community structure. Studies at CO2 seeps
have shown that areas with lower pH levels have reduced species diversity and are dominated by algae and
non-calcifying organisms (Hall-Spencer and Harvey, 2019) (Figure 2).

Figure 2 illustrates the ecosystem properties, functions, and services provided by coastal habitat-forming species
and the communities they support. The central part of the diagram shows temperate and tropical habitat-forming
species, such as coral reefs and seagrass beds, which provide the foundational structure for ecosystems.
Surrounding this central part is a layer labeled "Species," indicating how these habitat-forming species support
various ecosystem communities. The outermost layer is divided into three sections: ecosystem properties,
ecosystem functions, and ecosystem services. Ecosystem properties include habitat complexity, species richness,
and coverage. Ecosystem functions encompass productivity, biodiversity, and nutrient cycling. Ecosystem services
involve food provision, recreation, and coastal protection. These properties, functions, and services are
interconnected and collectively maintain the health and stability of the ecosystem. Arrows within the diagram
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illustrate the relationships between ecosystem properties, functions, and services, indicating that the loss of
habitat-forming species and the degradation of ecosystem states diminish ecosystem services. Observations from
CO2 seeps worldwide show that ocean acidification leads to reductions in habitat complexity, species richness, and
habitat coverage. This reduction impairs ecosystem functions, such as productivity and nutrient cycling, and
consequently affects ecosystem services like coastal protection, recreation, and food provision. Overall, the figure
emphasizes the importance of protecting habitat-forming species and maintaining ecosystem health. This not only
helps preserve ecosystem complexity and diversity but also ensures that humans continue to benefit from the
various services ecosystems provide.

Figure 2 Ecosystem properties, functions and services provided by coastal habitat-forming species and the communities that they
support (Adopted from Hall-Spencer and Harvey, 2019)
Image caption: The loss of habitat-forming organisms and degradation of ecosystem state diminishes ecosystem services.
Observations at CO2 seeps worldwide show that ocean acidification results in reductions in habitat complexity, species richness and
habitat coverage. This impairs ecosystem function and the goods and services available to society, such as coastal protection,
recreation and food provision (Adopted from Hall-Spencer and Harvey, 2019)

4.2 Alterations in food web dynamics
Ocean acidification impacts food web dynamics by affecting the physiological and behavioral responses of marine
organisms. For instance, the reduction in calcification rates among shellfish can lead to declines in their
populations, which in turn affects the species that rely on them for food. Additionally, changes in the abundance
and composition of primary producers can cascade through the food web, impacting secondary consumers and
higher trophic levels (Riebesell et al., 2018).

Acidification also affects predator-prey interactions, with some predators experiencing changes in hunting
efficiency and prey vulnerability. For example, toxic algal blooms, which may increase under acidified conditions,
can disrupt trophic interactions by providing a selective advantage to harmful algal species, thereby altering the
food web structure and function (Riebesell et al., 2018).
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4.3 Effects on ecosystem services
The impacts of ocean acidification extend to ecosystem services, which are the benefits humans derive from
marine ecosystems. Coral reefs, which provide coastal protection, tourism opportunities, and fisheries habitats, are
particularly at risk. As acidification weakens coral structures, the associated ecosystem services diminish, leading
to increased coastal erosion, reduced fishery yields, and loss of biodiversity (Lemasson et al., 2017). Similarly, the
degradation of shellfish populations affects water filtration services, as species like oysters and mussels play
crucial roles in maintaining water quality. The economic implications are significant, particularly for communities
dependent on marine resources for their livelihoods (Zunino et al., 2021). The cumulative effects of acidification
on ecosystem services highlight the urgent need for mitigation and adaptation strategies to preserve the
functionality and benefits of marine ecosystems.

5 Socioeconomic Impacts
5.1 Effects on fisheries and aquaculture
Ocean acidification has wide-ranging socioeconomic impacts, affecting fisheries, coastal communities, and the
broader economy. This section explores these impacts in detail. Ocean acidification poses a significant threat to
fisheries and aquaculture, particularly those dependent on calcifying organisms such as shellfish. Shellfish,
including oysters, mussels, and clams, rely on calcium carbonate for their shells. Reduced carbonate ion
availability due to acidification makes it harder for these organisms to build and maintain their shells, leading to
increased mortality and reduced growth rates. For instance, the oyster industry on the Pacific coast of North
America has already experienced substantial economic losses due to increased larval mortality linked to acidified
conditions (Clements and Chopin, 2017). This reduction in shellfish populations directly impacts aquaculture
operations and wild capture fisheries, leading to decreased yields and significant economic losses.

The Atlantic sea scallop fishery, a high-value industry in the United States, is projected to see a significant decline
in biomass under high CO2 emissions scenarios. Under a high CO2 emissions scenario (RCP8.5), sea scallop
biomass could decline by more than 50% by the end of the century, which would drastically reduce industry
landings and revenues (Rheuban et al., 2018) (Figure 3). Similarly, Europe, a significant producer of marine
mollusks, could face annual economic impacts exceeding $1 billion by 2100, with countries like France, Italy, and
Spain being the most affected (Narita and Rehdanz, 2017). These economic impacts highlight the need for robust
mitigation and adaptation strategies to protect fisheries and aquaculture industries from the adverse effects of
ocean acidification.

Figure 3 shows contour plots of biomass at three different time points (2020, 2050, and 2100) for RCP8.5 (left
panels) and RCP4.5 (right panels). The X-axes represent increasing management levels from low to high: no set
catch limit (None), allowable biological catch limits only (Low), ABC and variable fishing mortality at maximum
sustainable yield (YPR, Medium), and ABC, YPR, and an additional 10% closed area (High). The Y-axes
represent increasing ocean acidification impacts from no impact to high impacts: no ocean acidification impacts,
larval impacts only (L), larvae and growth rate impacts (L+G), and larvae, growth, and predation (L+G+P).
Biomass is shown in units of 1000 metric tons (mT). The contour lines in the plots illustrate the distribution of
biomass under different management levels and ocean acidification impacts. In the RCP8.5 scenario, biomass
gradually decreases over time (from 2020 to 2100), with this trend being more pronounced under low
management levels and high ocean acidification impacts. Conversely, in the RCP4.5 scenario, even by 2100,
biomass remains at relatively high levels under high management levels and lower ocean acidification impacts.
These plots clearly indicate that both management measures and ocean acidification impacts jointly influence
future biomass changes. Under no or low management levels, the negative impacts of ocean acidification are more
significant, while strengthening management measures (such as increasing closed areas) can mitigate these
negative impacts to some extent, particularly in the RCP4.5 scenario.

5.2 Implications for coastal communities
Coastal communities that depend on fisheries and aquaculture are particularly vulnerable to the impacts of ocean
acidification. These communities often rely on the marine environment for their livelihoods, food security, and
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cultural practices. Declines in fishery yields can lead to economic hardship, increased unemployment, and social
instability. For example, coastal communities in Atlantic Canada, which heavily depend on shellfish fisheries, are
expected to face significant socioeconomic challenges as acidification reduces resource availability (Wilson et al.,
2020). In regions where alternative employment opportunities are limited, such as rural and remote areas, the
impacts can be especially severe.

Figure 3 Contour plots of biomass at three different time points (2020, 2050, and 2100) for RCP8.5 (left panels) and RCP4.5 (right
panels) (Adopted from Rheuban et al., 2018)
Image caption: X-axes increase management levels from low to high as no set catch limit (None), allowable biological catch limits
only (low), ABC and variable fishing mortality at maximum sustainable yield (YPR, medium), and ABC, YPR, and an additional
10% closed area (high). Y-axes increase ocean acidification impacts from no impact to high impacts as no ocean acidification impacts,
larval impacts only (L), larvae and growth rate impacts (L+G), and larvae, growth, and predation (L+G+P). Biomass is shown in
units of 1000 metric tons (mT) (Adopted from Rheuban et al., 2018).

Beyond economic impacts, ocean acidification can also affect the cultural and social fabric of coastal communities.
Many communities have deep cultural connections to the marine environment, with traditional practices and
recreational activities being integral parts of their identity. Changes in species composition and ecosystem health
due to acidification can disrupt these practices and alter the way communities interact with their natural
surroundings. This can lead to a loss of cultural heritage and a decline in community wellbeing (Falkenberg et al.,
2020). Moreover, the health impacts on coastal communities cannot be overlooked. Ocean acidification can lead
to changes in the availability and quality of seafood, potentially affecting nutrition and food security. It can also
increase the prevalence of harmful algal blooms, which pose health risks through the contamination of seafood
and water supplies. These combined impacts underscore the need for comprehensive policies and measures to
support coastal communities in adapting to the changing marine environment.
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5.3 Economic costs of ocean acidification
The economic costs of ocean acidification are substantial and multifaceted. They include direct losses in fisheries
and aquaculture revenues, costs associated with mitigating and adapting to its impacts, and broader economic
implications for coastal protection, tourism, and ecosystem services. A meta-analysis of economic impacts
estimated that the global annual cost of ocean acidification could exceed $1 billion by 2100, with significant
regional variations (Moore and Fuller, 2022). In Europe, countries with significant mollusk production, such as
France, Italy, and Spain, are expected to experience the highest economic impacts, with annual losses potentially
exceeding $1 billion (Narita and Rehdanz, 2017).

The broader economic implications include increased costs for coastal protection due to the weakening of coral
reefs. Coral reefs act as natural barriers that protect coastlines from storm surges and erosion. The degradation of
these reefs due to acidification can lead to higher costs for artificial coastal defenses and increased damage from
coastal storms (Doney et al., 2020). Additionally, the tourism industry, which relies heavily on the health and
beauty of marine ecosystems, may suffer as acidification leads to the degradation of coral reefs and other marine
habitats. This can result in reduced tourist arrivals and revenue, particularly in regions where marine tourism is a
major economic driver.

Furthermore, ocean acidification affects ecosystem services such as water filtration, carbon sequestration, and
nutrient cycling. The loss or reduction of these services can have cascading economic effects, impacting industries
beyond fisheries and tourism. For instance, reduced water quality can increase the costs of water treatment for
coastal municipalities, while changes in nutrient cycling can affect agricultural productivity and food security.
Effective management and mitigation strategies are crucial to reducing these costs and protecting the
socioeconomic wellbeing of affected communities. Investing in research and monitoring, implementing adaptive
management practices, and reducing CO2 emissions are essential steps to mitigate the impacts of ocean
acidification and safeguard the services provided by marine ecosystems (Zunino et al., 2021).

6 Mitigation Strategies
6.1 Reduction of carbon emissions
Mitigating the impacts of ocean acidification requires a multi-faceted approach, incorporating global efforts to
reduce carbon emissions, geoengineering techniques, and localized adaptation measures. This section explores
these strategies in detail. The most effective strategy for mitigating ocean acidification is the reduction of carbon
dioxide (CO2) emissions. As the primary driver of ocean acidification, CO2 emissions from the burning of fossil
fuels, deforestation, and industrial processes must be curtailed to stabilize and eventually reduce the atmospheric
concentration of CO2. This global effort aligns with the goals of international agreements such as the Paris
Agreement, which aims to limit global warming to well below 2 ℃ above pre-industrial levels, and preferably to
1.5 ℃. Achieving these targets would significantly mitigate the extent of ocean acidification (Schlunegger et al.,
2021).

Policies promoting renewable energy sources, enhancing energy efficiency, and implementing carbon pricing
mechanisms are critical components of emission reduction strategies. Transitioning from fossil fuels to renewable
energy sources, such as wind, solar, and hydroelectric power, can reduce CO2 emissions substantially. Energy
efficiency improvements in buildings, transportation, and industry also play a crucial role in reducing overall
energy demand and associated emissions (Harrould-Kolieb, 2019). Furthermore, carbon pricing, through
mechanisms like carbon taxes or cap-and-trade systems, provides economic incentives for reducing emissions and
investing in cleaner technologies.

6.2 Geoengineering approaches
Geoengineering techniques offer potential methods to mitigate ocean acidification by directly manipulating the
environment to counteract the effects of increased CO2 levels. One such approach is ocean alkalinization, which
involves adding substances like limestone or olivine to the ocean to increase its alkalinity. This process can
enhance the ocean's capacity to absorb CO2 and reduce acidification locally. For example, studies have shown that
adding alkaline materials to coastal regions can help buffer pH changes and protect sensitive marine habitats like
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coral reefs (Feng et al., 2016). Another geoengineering strategy is the use of seaweed and seagrass cultivation.
These marine plants can absorb significant amounts of CO2 during photosynthesis, potentially mitigating local
acidification effects. Research has indicated that strategically located seaweed farms could enhance carbon
sequestration and provide a buffer against ocean acidification in specific areas, such as the Great Barrier Reef
(Mongin et al., 2016). However, these approaches must be carefully managed to avoid unintended ecological
impacts and ensure that they do not shift the problem elsewhere.

6.3 Local adaptation measures
Local adaptation measures are crucial for communities and ecosystems already experiencing the impacts of ocean
acidification. These measures include monitoring and early warning systems, habitat restoration, and community
engagement. For instance, continuous monitoring of seawater chemistry can help detect changes in pH and
carbonate levels, enabling timely responses to mitigate impacts on aquaculture and fisheries (Clements and
Chopin, 2017).

Restoration of habitats such as seagrass meadows and mangroves can also play a significant role in local
mitigation efforts. These habitats not only sequester carbon but also provide essential services like coastal
protection and nursery grounds for marine species. Restoring these ecosystems can enhance their resilience to
acidification and other stressors (Luan et al., 2023).

Engaging local communities in adaptation efforts is critical. Education and outreach programs can raise awareness
about ocean acidification and its impacts, fostering community support for mitigation actions. Involving
stakeholders in decision-making processes ensures that local knowledge and needs are incorporated into
adaptation strategies, enhancing their effectiveness and sustainability (Cross et al., 2019).

7 Policy and Regulatory Responses
7.1 International agreements and frameworks
Addressing ocean acidification requires coordinated efforts at international, national, and local levels. This section
examines the policy and regulatory frameworks that have been developed to tackle this issue, highlighting
international agreements, national and regional policies, and the role of non-governmental organizations (NGOs).
International agreements play a crucial role in addressing ocean acidification. However, no single international
treaty specifically targets ocean acidification. Instead, a fragmented array of international agreements addresses
various aspects of this issue. The United Nations Convention on the Law of the Sea (UNCLOS) provides a broad
framework for marine protection, obligating countries to protect and preserve the marine environment. However,
it does not specifically mention ocean acidification (Fennel and VanderZwaag, 2015).

The UN Framework Convention on Climate Change (UNFCCC) and the Paris Agreement focus on reducing
greenhouse gas emissions, which indirectly addresses ocean acidification by aiming to stabilize atmospheric CO2

levels. The Convention on Biological Diversity (CBD) also includes measures to protect marine biodiversity,
which is threatened by ocean acidification. Furthermore, Sustainable Development Goal 14 (Life Below Water)
includes a target to minimize and address the impacts of ocean acidification through enhanced scientific
cooperation at all levels (Harrould-Kolieb and Hoegh‐Guldberg, 2019).

Despite these efforts, the lack of a unified treaty specifically addressing ocean acidification presents challenges.
Thus, integrating ocean acidification into existing frameworks and promoting international cooperation and policy
coherence are critical for effective mitigation and adaptation strategies (Harrould-Kolieb, 2017).

7.2 National and regional policies
National and regional policies vary widely in their approach to addressing ocean acidification. In Europe, policies
and legislation targeting ocean acidification are generally uncoordinated, with some notable exceptions. For
instance, Norway has proactive legislative frameworks and research initiatives aimed at understanding and
mitigating ocean acidification. However, most European countries do not adequately address ocean acidification
in their Marine Strategy Framework Directive reporting, except for Italy and the Netherlands (Galdies et al., 2020).
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In the United States, some states have taken significant steps to address ocean acidification. Washington State, for
example, has implemented comprehensive policies and legislative measures to tackle ocean acidification, driven
by the severe impacts on its shellfish aquaculture industry. These measures include establishing an Ocean
Acidification Center and implementing monitoring programs and mitigation strategies (Ekstrom et al., 2015).

National policies in other regions also reflect varying degrees of commitment. Small Island Developing States
(SIDS) are particularly vulnerable to the impacts of ocean acidification and have begun integrating it into broader
climate change and environmental policies. These policies often emphasize the importance of local adaptation
measures and community resilience (Schmutter et al., 2017).

7.3 Role of non-governmental organizations
Non-governmental organizations (NGOs) play a vital role in advocating for action on ocean acidification, raising
public awareness, and supporting research and policy development. NGOs often bridge gaps between scientific
research and policy implementation by translating scientific findings into actionable policy recommendations.
They also engage in capacity-building activities, helping communities and policymakers understand and respond
to the challenges posed by ocean acidification (Falkenberg et al., 2020).

Organizations such as the Ocean Conservancy and the International Union for Conservation of Nature (IUCN)
have been instrumental in promoting international and national policies to mitigate ocean acidification. These
NGOs work with governments, scientists, and local communities to develop and implement strategies that address
both the causes and impacts of ocean acidification. Furthermore, NGOs frequently facilitate international
collaborations and partnerships, enhancing global efforts to tackle ocean acidification. By organizing workshops,
conferences, and public awareness campaigns, they help to keep ocean acidification on the global environmental
agenda and ensure that it receives the attention it deserves (Cooley et al., 2016).

8 Progress and Future Directions
8.1 Advances in research and monitoring
Recent advances in ocean acidification research have improved our understanding of its impacts on marine
ecosystems and the underlying mechanisms driving these changes. The use of experimental design improvements
has been crucial. For instance, guidelines on designing ocean acidification laboratory experiments emphasize the
importance of appropriate replication and rigorous monitoring of carbonate chemistry to ensure accurate detection
of biological responses (Cornwall and Hurd, 2016). These advancements have addressed previous methodological
limitations, resulting in more reliable and reproducible findings.

Additionally, the integration of IoT-based monitoring systems has revolutionized data collection. These systems
employ buoys and fishing boats equipped with sensors to provide near real-time data on seawater pH and other
parameters. This approach offers a cost-effective and high-resolution alternative to traditional methods, enhancing
our ability to monitor acidification over large spatial and temporal scales (Gopika et al., 2022).

The Global Ocean Acidification Observing Network (GOA-ON) has expanded its efforts to provide
comprehensive monitoring data. GOA-ON integrates data from various sources, including autonomous sensors, to
support adaptive management and policy decisions. This network's work has been pivotal in advancing our
understanding of acidification at both local and global levels (Tilbrook et al., 2019).

8.2 Emerging technologies and innovations
Emerging technologies and innovations are enhancing our ability to study and mitigate ocean acidification. One
notable advancement is the development of autonomous pH monitoring instruments, such as the Honeywell
Durafet® pH electrode, which provide precise and continuous measurements of seawater pH. These instruments
significantly improve the accuracy of time-course documentation in laboratory and field studies, reducing the
labor required for monitoring (Kapsenberg et al., 2017). Satellite-based assessments of ocean acidification are
becoming more feasible. New space-based salinity measurements enable the development of novel models to
assess ocean acidification from space. This method offers a promising way to monitor the ocean surface on a
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global scale, providing valuable data for understanding large-scale patterns and trends in acidification (Land et al.,
2015). Another innovative approach is the use of marine organisms as bioindicators of acidification. Studies have
demonstrated that gastropod shells, for example, can effectively monitor acidification in coastal areas. The shell
erosion ranking system developed for these organisms provides a cost-effective and easy-to-use method for
assessing acidification, potentially involving citizen scientists in monitoring efforts (Marshall et al., 2019).

8.3 Future research needs and priorities
Despite significant progress, several research gaps and priorities remain. Future research should focus on
understanding the synergistic effects of multiple stressors, such as warming, deoxygenation, and acidification, on
marine ecosystems. Integrating these factors into experimental designs and ecological models will provide a more
comprehensive understanding of their combined impacts (Andersson et al., 2015).

There is also a need for long-term monitoring programs that capture the variability in carbonate chemistry and its
effects on marine life. Expanding the geographic coverage of monitoring networks, particularly in
underrepresented regions, will enhance our ability to detect and respond to changes in ocean chemistry
(Goldsmith et al., 2019).

Advancing genomic and transcriptomic studies will shed light on the adaptive potential of marine species to
acidification. Identifying genetic traits associated with resilience can inform conservation and management
strategies aimed at protecting vulnerable species and ecosystems (Evans et al., 2015). Fostering interdisciplinary
collaborations and engaging stakeholders, including policymakers, industry, and local communities, is essential
for developing effective mitigation and adaptation strategies. Bridging the gap between science and policy will
ensure that research findings translate into actionable measures to address ocean acidification (Cooley et al.,
2016).

9 Concluding Remarks
Ocean acidification is a critical environmental issue with profound impacts on marine ecosystems and human
societies. This concluding section summarizes the key findings of recent research, emphasizes the importance of
continued research and mitigation efforts, and offers recommendations for policy and practice. Recent research
has significantly advanced our understanding of ocean acidification and its effects on marine life and ecosystems.
Studies have shown that ocean acidification affects a wide range of marine organisms, particularly those that rely
on calcium carbonate for their shells and skeletons, such as corals, mollusks, and some plankton species. These
organisms experience reduced calcification rates, leading to weaker structures and increased vulnerability.
Additionally, changes in ocean chemistry disrupt predator-prey relationships, reproductive success, and
community dynamics, leading to shifts in species composition and ecosystem functions. Human activities are also
impacted, as coastal communities and industries, particularly fisheries and aquaculture, face significant economic
and social challenges due to declines in marine resources. While some species exhibit phenotypic plasticity and
potential for genetic adaptation, the overall resilience of marine ecosystems to acidification remains uncertain.
Effective mitigation strategies are essential to reduce CO2 emissions and manage the impacts on marine
ecosystems.

The importance of continued research and mitigation efforts cannot be overstated. Long-term monitoring
programs are essential for capturing the variability in ocean chemistry and its ecological impacts, providing
crucial data for predicting future changes and informing management strategies. Investigating the combined
effects of ocean acidification, warming, deoxygenation, and other stressors will provide a more comprehensive
understanding of the challenges facing marine ecosystems. Advances in genomic technologies are also vital for
identifying genetic traits associated with resilience, guiding conservation efforts and helping to develop breeding
programs for aquaculture species. Additionally, assessing the socioeconomic impacts of ocean acidification on
coastal communities and industries will inform policy decisions and support the development of targeted
adaptation measures.
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To effectively address ocean acidification, policymakers and stakeholders should consider several key
recommendations. Implementing policies to reduce CO2 emissions is critical to mitigate ocean acidification.
International agreements such as the Paris Agreement should be strengthened and fully implemented.
Governments should invest in monitoring networks and support research initiatives to improve understanding and
management of ocean acidification. Collaboration between scientists, policymakers, and industry is essential.
Developing and implementing adaptation strategies for vulnerable communities and industries is also crucial. This
includes habitat restoration, development of acidification-resistant aquaculture species, and community
engagement. Finally, increasing public awareness about the impacts of ocean acidification and the importance of
mitigation efforts can drive policy changes and encourage individual actions to reduce carbon footprints.
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