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Abstract: Marine fisheries have great importance economically and for food production, 
particularly in Asian countries including Japan. Although the total value of fisheries production 
has decreased in Japan since 1982, it still has enormous commercial value accounting for about 
US$157 billion (JPY15,700 billion). Additionally, the world demand for seafood is expected to 
further increase with the growth of human population and income in developing countries. Ocean 
acidification (OA), which is caused by the increase of atmospheric CO2, is now an increasing 
cause for concern as a major threat to marine fisheries together with global warming. Because 
OA causes a decrease in calcium carbonate saturation, most marine calcifiers, which include a 
number of commercially important shellfish such as mollusks and crustaceans, are expected to 
be particularly affected by OA. In this study, an overview is provided of the scientific knowledge 
of OA with regard to commercially important organisms and the potential impacts on marine 
fisheries and aquaculture in Japan. Potential management and adaptive strategies to mitigate 
impacts of OA on marine fisheries in Japan are also discussed.
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Introduction

　Marine f i sher ies  have great  importance 
economically and with food production, particularly 
in Asian countries including Japan. Seafood 
consumption has steadily risen since the 1960s (FAO, 
2009) and reached around 80 million tonnes recently 
(Watson and Pauly, 2001). The demand for seafood 
is expected to further increase with the growth of 
the human population and income in developing 
countries. Continuously increasing pressure on 
supply of marine food sources is a principal threat 
to future fisheries. In addition to fishing activities, 
impacts of climate change are emerging as another 
serious challenge for the marine fisheries industry 
(Brander, 2007). A number of studies have shown 
that global environmental change can severely affect 
the entire marine ecosystem and directly affect 
economically important fish and shellfish species 
(Allison et al., 2009, Cheung et al., 2010). Rising 

temperature due to global warming is now causing 
changes in species distribution and productivity of 
the ocean (Cheung et al., 2013). In addition, “ocean 
acidification (OA)” is being highlighted as a threat to 
marine fisheries and aquaculture (Doney et al., 2009). 
In this paper, an overview is provided regarding the 
potential impacts of ocean acidification on marine 
fisheries and aquaculture in Japan, which is one of 
the world’s largest fishery industries. Additionally, 
potential management and mitigation solutions are 
discussed. 

Background of Ocean Acidification

　Since the Industrial Revolution, atmospheric 
carbon dioxide (CO2) concentration has steadily 
increased from an average of 280 µatm to the 
present 400 µatm value (IPCC, 2014). Increased 
atmospheric CO2 is quickly absorbed into the 
seawater and dissolved into bicarbonate ion (HCO3

-) 
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or carbonate ion (CO3
2-) and hydrogen ions (H+). 

Therefore, seawater becomes more acidic with an 
increase in atmospheric CO2 (Caldeira and Wickett, 
2003). The present seawater average pH (8.1) has 
already decreased by 0.1 unit since the Industrial 
Revolution, and IPCC scenarios (RCP2.6-8.5) expect 
the pH to decrease by another 0.1-0.4 units by 
the end of this century (IPCC, 2014). According 
to seawater carbonate chemistry, as the seawater 
pH decreases, CO3

2- reacts with H+ forming 
HCO3

- and hence the CO3
2- concentration ([CO3

2-]) 
decreases. Because seawater calcium carbonate 
saturation (Ω) is defined by the amount of calcium 
ion concentration ([Ca2+]) and [CO3

2-], Ω will also 
decrease with OA. 

　　Ω = [Ca2+] [CO3
2-] / Ksp*

� (Ksp* = calcium carbonate solubility product)

　The decline of Ω is suspected to affect marine 
calcifiers including mollusks, echinoderms and 
crustaceans. For the formation of calcium carbonate 
(CaCO3) shells and skeletons, marine calcifiers 
actively excrete H+ by ATPase pumps to increase 
the Ω at the compartment they extract CaCO3 
(Allemand et al., 2011). Therefore, OA is expected 
to affect the CaCO3 production of marine calcifiers 
because they will need more energy to compensate 
for acidosis at those compartments (Al-Horani et 
al., 2003; Cohen and Holocomb, 2009). In addition 
to affecting calcification processes, many other 
biological processes, such as metabolism and 
protein synthesis, are also suspected to be affected 
by OA because acidosis can cause the decline of 
intracellular pH unless the organism has the ability 
to compensate their internal acid-base balance 
(Pörtner and Farell, 2008). Therefore, organisms that 
have less compensation capacity, such as marine 
invertebrates and those in early developmental 
stages, are expected to be particularly affected by 
OA. 

Potential Impacts of Ocean Acidification on  
Marine Fisheries in Japan

　The Japanese fisheries catch amount steadily 
increased since 1960 and reached a peak (12.7 million 

t) around 1982, however, the fisheries catch amount 
has since decreased to present levels of around 
4 million t (MAFF, 2019) (Fig. 1). Nevertheless, 
the present value of Japanese fisheries is still of 
major commercial importance with a total value of 
about US$157 billion (JPY15,700 billion as of 2018). 
Japanese marine fisheries are mainly classified into 3 
categories: marine fisheries, marine aquaculture and 
island fisheries. Marine fisheries are further divided 
into 3 categories according to the location they are 
conducted: distant marine fisheries operated at high 
seas and foreign countries EEZ, offshore marine 
fisheries operated within Japan’s and neighboring 
countries EEZ, and coastal fisheries operated in 
Japanese coastal waters. The clear trends in Japan’s 
fisheries are that the catch amount in the distant 
and offshore marine fisheries have decreased from 
2.3 and 6.7 million t in 1986 to 0.3 and 2.0 million t in 
2018, respectively (Fig. 2). During this same period, 
the amount of aquaculture has remained stable and 
the relative percentage value of aquaculture to the 
total fisheries value has steadily increased since 1960 
from 10% to about 38% with a total value of about 
US$60 billion (MAFF, 2019) (Fig. 2). Therefore, 
the Japanese fisheries is relying more and more on 
coastal fisheries and aquaculture than ever before.
　Though finfish are still the main target of 
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Fig. 1.	The transition of marine fisheries, marine 
aquaculture, inland fisheries and inland aquaculture 
total catch values in Japan since 1960. The fisheries 
catch value steeply increased since 1960 and peaked 
in 1982. Since then the catch value continuously 
decreased to the present value of about US$157 
billion (JPY15,700 billion).
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Japanese marine fisheries, the proportion of other 
organisms has increased primarily after the 
collapse that occurred after 1982, and now other 
organisms account for about 30% of the total catch 
value. These include mollusks such as scallops and 
oysters, crustaceans including shrimps, crabs and 
krill, sea urchins, cephalopods and seaweeds (Table 
1). In particular, many shellfish are now important 
aquaculture species and mollusks account for 20% 
of the total catch value (about US$9.5 billion). An 
important concern is that many of these organisms 
are highly susceptible to OA conditions.

1. Impacts on mollusk fisheries
　Mollusks are the second largest group of 
commercial fisheries organisms next to finfish, and 
the catch value accounts for more than US$17 billion 
(MAFF, 2019). The most economically important 
mollusks in Japanese fisheries include scallops, 
abalones, oysters and clams. Scallops in Hokkaido 
and oysters in Miyagi and Seto Inland Sea have 
the greatest market values for mollusks in Japan. 
Oysters are mainly cultivated through aquaculture, 
while scallops are both wild caught in coastal waters 
and farmed. 
　The e f fect  o f  OA on mol lusks was f i rs t 
demonstrated in the mineralization of Pacific oyster 
(Crassostrea gigas) larval shells (Kurihara et al., 

2007). Veliger larvae of the oysters were found to 
become smaller in size, and shell mineralization was 
completely inhibited in 45% of the larvae reared 
under high CO2/low pH conditions (Kurihara et al., 
2007). Recently, a number of studies demonstrated 
similar effects of OA on the larval stage of several 
different mollusk species including oysters (C. 
virginica, Saccostrea glomerata), scallops (Argopecten 
irradians), hard clams (Mercenaria mercenaria), 
mussels (M. galloprovincialis, M. edullis) and 
abalone (Haliotis coccoradiata) (Kurihara et al., 
2008a; Tamalge and Gobler, 2009; Parker et al., 2009; 
Gazeau et al., 2010; Byrne et al., 2010). Additionally, 
fertilization rate of scallop eggs (Mimachlamys 
asperrima) was found to decline with high CO2/
low pH but not for oysters (Scanes et al., 2014; 
Havenhand et al., 2008). Because early life stage 
survival is the bottleneck to the recruitment of 
most marine invertebrates, these studies indicated 
that OA could strongly impact the population size 
of many commercially important species. OA was 
also reported to affect the calcification rate of adult 
oysters (C. gigas), mussels (M. edulis), and adult 
scallops (Argopecten irradians) (Gazeau et al., 2007; 
Ries et al., 2009). The immune system of adult C. 
gigas was found to be significantly affected by high 
CO2/low pH, suggesting that OA can increase their 
disease susceptibility (Wang et al., 2016). Synergistic 
effects of high CO2/low pH and high temperature 
were also found in both oysters and scallops. 
These studies indicated that global warming and 
ocean acidification could intensify their negative 
effects on these organisms (Parker et al., 2009; 
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Fig. 2.	The transition of catch amount of distant 
marine fisheries, offshore marine fisheries, coastal 
marine fisheries, marine aquaculture, inland fisheries 
and inland aquaculture since 1979. The catch amount 
of distant and offshore marine fisheries steeply 
decreased since 1984.

Table 1.	Japan catch value of marine fisheries and 
aquaculture in 2017. Values are shown in billion U.S.D

Marine 
fisheries

Marine 
aquaculture

Fish 66.7 25.2
Mollusks 9.0 9.5

Crustacean 6.1 0.7
Sea urchin 1.2 －
Cephalopod 8.9 －
Seaweed 2.0 14.1
Others 1.9 0.1
Total 96.0 49.7
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Schalkhausser et al., 2014). From these studies, most 
mollusk fisheries including oysters and scallops 
have been suggested to be at high risk under OA 
conditions. This prediction was confirmed in 2009, 
when U.S Pacific Northwest Pacific oyster (C. gigas) 
hatcheries experienced a substantial production 
failure of C. gigas larvae production (Pacific Coast 
Shellfish Growers Association, 2010). This loss was 
interpreted to be related to the fact that the year’s 
intense upwelling brought high CO2 deep seawater 
up to the surface which acidified the seawater 
used at these hatcheries. This has highlighted 
the potential extensive effects of OA on oyster 
fisheries that may occur all over the world, including 
Japan, and the importance of considering adaptive 
strategies to mitigate OA impacts.

2. Impacts on sea urchin fisheries
　Sea urchins are also commercially important 
organisms in Japan, where the gonads are eaten 
as “sushi” topping and have a catch value of about 
US$1.2 billion. In Japan, they are mainly caught 
around the northern island, Hokkaido, and the main 
commercial sea urchin species are Strongylocentrotus 
intermedius and S. nudus, though other sea urchins 
such as Pseudocentrotus depressus, Anthocidaris 
crassipina and Tripneustes gratilla are also caught. 
　Effects of OA on sea urchins are also well 
studied and represent some of the first studies 
that demonstrated the effects on early life stages 
(Kurihara and Shirayama, 2004; Kurihara et al., 
2004; Kurihara 2008). When eggs of the sea urchin 
Hemicentrotus pulcherrimus and Echinometra 
mathaei were reared under high CO2/low pH 
seawater, it was found that the fertilization rate 
and developmental speed of the embryos decreased 
(Kurihara and Shirayama, 2004; Kurihara et al., 
2004). Additionally, the larval skeleton formation 
and larval size of sea urchins were found to be 
negatively affected by OA, which potentially results 
in the decrease of their population size (Kurihara 
and Shirayama, 2004; Kurihara et al., 2004). Larval 
physiology was also found to be affected by OA 
and similar results were found in a number of other 
sea urchin species, including Strongylocentrotus 
drobachiensis, S pupuratus, S. franciscanus, 
S. intermedius, Heriocidaris erythrogramma, 

Paracentrotus lividus, Pseudechinus huttoni, 
Evechinus chloroticus, Sterechinus neumayeri, 
Arbacia dufresnei, Centrophanus rodgersii, T. 
gratilla (O’Donnell et al., 2010; Brennand et al., 2010; 
Clark et al., 2009; Stumpp et al., 2011; Martin et al., 
2011; Foo et al., 2012; Byrne et al., 2013; Zhan et 
al., 2016). Growth and survival of sea urchins were 
reported to decline with OA in not only planktonic 
larval stages but also during juvenile stages 
(Shirayama and Thornton, 2005). Gonad development 
and physiology of adult sea urchin, H. pulcherrimus, 
were also found to decrease when cultured for 9 
months under high CO2/low pH seawater (Kurihara 
et al., 2013). Similarly, reduced growth and poor 
gonad production were observed in T. gratilla 
(Mos et al., 2016), suggesting that OA can directly 
reduce both the product value and the productivity 
of sea urchins. Test thickness and strength were 
also found to be affected by OA, suggesting less 
resistance of sea urchin to predation (Byrne et al., 
2014). The immune system was also found to be 
affected by OA, indicating their higher susceptibility 
to pathogens (Leite Figueiredo et al., 2016). These 
studies also suggested that OA can affect several 
different life stages and different biological activities, 
impacting their population size (Fig. 3). 

3. Impacts on crustacean fisheries
　There are several crustaceans that are consumed 

Fig. 3.	Ocean acidification impacts on the whole life 
cycle of a sea urchin. OA can affect several different 
life cycle stages and different biological activities.
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as a food source in Japan, and the most commercially 
important species include Japanese spiny lobsters 
(US$64 million), prawns (US$18 million), snow crabs 
(US$192 million), Japanese blue crabs (US$23 million) 
and krill (US$13 million). The impacts of OA on 
crustaceans seem to be highly variable among 
species, where some species show strong tolerance 
to high CO2/low pH, while some other species show 
high sensitivity (Whiteley, 2011; Kroeker et al., 2010). 
In terms of commercially important species, Ries 
et al. (2009) reported that the calcification of the 
juvenile American lobster (Homarus americanus) 
was not affected by high CO2/low pH conditions. 
However, growth rate and mineralization of 
carapace of larvae and postlarvae of American 
lobster and European lobster (H. gammarus) 
have been found to be affected by OA (Arnold 
et al., 2009; Keppel et al., 2012). Additionally, the 
immune response of the Norway lobster (Nephrops 
norvegicus) has been found to be suppressed by 
high CO2/low pH, suggesting a potential increase 
of disease susceptibility of lobsters due to OA 
conditions (Hernroth et al., 2012). Although there 
is still no study evaluating the effects on Japanese 
spiny lobster (Panulirus japonicus), which is one 
the most commercially important crustaceans in 
Japan, these studies suggest that OA can potentially 
impact the lobster fisheries in Japan. Low seawater 
pH significantly decreases embryonic development 
and hatching success on the Florida stone crab 
(Menippe mercenaria), while the effect on hatching 
was highly variable, suggesting that there are some 
differences in tolerance capacity among individuals 
(Gravinese, 2018). Negative impacts on growth and 
survival rate of juvenile Red King Crab (Paralithodes 
camtschaticus) and snow crab (Chionoecetes bairdi) 
exposed at high CO2/low pH condition were also 
observed (Long et al., 2013). Punt et al. (2016) 
conducted a model analysis evaluating the potential 
effects of expected future OA conditions on the 
Tanner crab fishery and estimated that catch and 
profits would decrease by 50% over the next 20 
years if survival of the crabs is affected by high CO2 

conditions. 
　Ocean acidification has also been observed to 
affect several prawn species, including Palaemon 
pacificus, Penaeus serratus, P. elegans, P. monodon, P. 

occidentalis, and Melicertus plebejus (Wickins, 1984; 
Kurihara et al., 2008b; Kikkawa et al., 2008; Ries et 
al., 2009; Dissanayake et al., 2010). Only short-term 
impacts of extremely high CO2 conditions (3-15%) 
were studied on juvenile Marsupenaeus japonicus, 
results of which showed high tolerance to CO2 
(Kikkawa et al., 2008); however, long-term effects 
should also be studied because the effect of 1,000 
µatm CO2 on P. pacificus only became apparent 
after 30 weeks of exposure. Furthermore, not only 
are commercially important crustaceans as a human 
food source affected by OA, but also trophically 
important prey species such as copepods and 
Antarctic krill, suggesting critical impacts of OA 
on entire marine ecosystems (Kurihara et al., 2004; 
Kawaguchi et al., 2010; Cripps et al., 2015) 

4. Impacts on cephalopod fisheries
　Only a few studies have evaluated the effects of 
OA on cephalopods, including octopus and squid. 
While reduced metabolism was reported for jumbo 
squid Dosdicus gigas (Rosa and Seibel, 2008), neither 
calcification nor growth of the cephalopod Sepia 
officinalis was affected by high CO2/low pH seawater 
and they showed efficient ability to regulate acid-
base status (Gutowaska et al., 2009). However, 
high CO2/low pH was observed to depress energy 
expenditure rate of S. officinalis embryos (Rosa et al., 
2013). Additionally, increased time to hatching and 
effects on statoliths were found on the commercially 
important squid Doryteuthis pealeii, reared under 
high CO2/low pH conditions, suggesting impacts 
of OA on their behavior and survival (Kaplan et 
al., 2013). A more recent study evaluating the 
swimming behavior of paralarval D. pealeii by three-
dimensional video system did not show clear effects 
of high CO2 conditions on the swimming behavior 
(Zakroff et al., 2018).

5. Impacts on seaweed fisheries
　Seaweed aquaculture has great commercial 
importance in Japan and the farmgate value of 
red algae, Pyropia spp., collectively called “Nori” 
in Japanese language, accounts for about US$11.6 
billion. Undaria pinnafida called “Wakame” and 
Japanese kelp such as Saccharina japonica called 
“Konbu” are also commercially important seaweeds 
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harvested in Japan. In contrast with most marine 
calcifiers, seaweeds are expected to be positively 
affected by OA, because increases in seawater pCO2 
potentially increases their photosynthetic rate and 
productivity. However, the majority of seaweeds 
are known to use both CO2 and HCO3

- for carbon 
fixation and have evolved a carbon concentrating 
mechanism (CCM) and hence may not be positively 
affected by the increase of seawater pCO2 (Koch 
et al., 2013). For example, although many seagrass 
species such as Zostera marina show increased 
productivity under OA conditions (Palacios and 
Zimmerman, 2007), the photosynthetic rate and 
productivity of the giant kelp Macrosystis pyrefera 
did not change with seawater pCO2 (Fernandez et 
al., 2015). Therefore, seaweed fisheries are suggested 
not to be negatively or positively affected by OA, 
though increased temperatures would affect these 
species. Meanwhile, although seaweed may have 
less capacity of sequestering carbon compared 
to the seagrass, seaweed farms can potentially 
work as pCO2 offset by being harvested as human 
resources (Froehlich et al., 2019). Particularly, taking 
into account the market size of seaweed farming in 
Japan and other Asian countries, seaweed fisheries 
may potentially work as one of the strategies for 
sustainable ocean use.

6. Impacts on fish fisheries
　Marine fishes have been thought to be tolerant 
to OA because of their high capability to regulate 
acid-base balance and the internal pH at high 
pCO2 seawater (Kroeker et al., 2013; Wittmann and 
Pörtner, 2013). Branchial cells are known to actively 
excrete ions through the Na+/K+-ATPase channels 
using energy to regulate the internal pH (Pörtner 
and Peck, 2010). However, more recent studies 
demonstrate that fish in early life stages with less 
developed acid-base regulation capabilities can be 
highly vulnerable to OA. For example, Atlantic 
herring (Clupea harengus L.) embryos show a decline 
in protein biosynthesis when reared under a high 
CO2/low pH conditions (Franke and Clemmesen, 
2011). Additionally, high CO2/low pH conditions 
were reported to cause tissue damage on various 
organs including the liver, pancreas and kidneys 
of Atlantic cod (Gadus morhua) larvae (Frommel 

et al., 2011). Survival rate of Menidia beryllina in 
early life stages was demonstrated to decrease by 
73% even at 780 µatm CO2 seawater (Baumann et 
al., 2012). Meta-analysis using data obtained from 
different fishes indicated that high sensitivity on 
early life stages were broadly observed particularly 
on pelagic and euryhaline fishes (Cattano et al., 
2018). The size of otoliths made of CaCO3 was found 
to increase in several fishes, though it is still not 
clear if this change affects sound detection (Munday 
et al., 2011; Heuer and Grosell, 2014). Furthermore, 
sensory lateralization, learning ability, predator 
avoidance behavior and spatial orientation have 
been found to be disrupted under high CO2/low pH 
conditions particularly in tropical fishes (Munday 
et al., 2009, 2014; Dixson et al., 2015). Moreover, 
even though most adult fishes have the capability 
to compensate the acid-base balance when reared 
under high CO2 conditions, long-term exposure to 
high CO2/low pH conditions are suggested to affect 
fish energy budgets because the regulation of pH 
is energetically costly (Heuer and Grosell, 2016). 
Furthermore, although low growth rates of fish 
larvae have been reported (Frommel et al., 2016), no 
clear effects have been found on swimming speed or 
standard metabolic rate of most adult fishes (Melzner 
et al., 2009; Lefevre, 2016; Esbaugh, 2018). 

Potential Management and Solutions

　With the increase of scientif ic knowledge 
regarding the effects of high CO2/low pH seawater 
on many marine organisms, it has become evident 
that Japanese fisheries are likely greatly impacted 
by OA. However, much research is still needed to 
better understand OA in the context of Japanese 
fisheries including topics such as the present OA 
conditions in Japanese coastal waters, presence of 
hotspots, potential populations highly vulnerable or 
more tolerant to OA, the effects of multiple stress 
exposure on organisms, and many others.
　Because coastal waters are strongly affected by 
the land through receiving freshwater and organic 
inputs, seawater carbonate chemistry can be highly 
spatially and temporally variable compared to 
open water. Therefore, different locations can have 
different seawater carbonate chemistry. There is a 
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fundamental need to know the carbonate chemistry 
of each location of interest to predict and manage 
the potential impacts of OA on the local marine 
fisheries. Nevertheless, locations that have higher 
seawater residence times, such as inner bay areas 
and locations that show higher organic carbon 
decomposition, are suggested to have higher risk 
to OA. This is because remineralization of organic 
matter by bacteria can decrease seawater oxygen 
concentration and increase CO2 concentration 
causing local hypoxia and hypercapnia concurrently. 
For example, pH and Ω in Tokyo Bay was found 
to be lower in bottom water than in surface water 
because of remineralization of organic carbon 
(Yamamoto-Kawai et al., 2015). Additionally, low 
pH and low oxygen was found to occur in bottom 
water in Shizugawa Bay during the summer 
(Kurihara et al. , unpubl.) . This suggests that 
organisms living in these locations can be exposed 
to increased OA and low oxygen simultaneously 
and may be synergistically affected by these 
stressors. Additionally, such conditions put benthic 
organisms at particularly high risk during summer 
seasons. These data can be highly informative for 
aquaculture site selection and early detection of OA 
risks to the marine fisheries. Additionally, reduction 
of eutrophication can be effective in reducing the 
risk of both OA and hypoxia.
　Along with environmental factors, further 
biological data and assessment models for evaluating 
the effects of OA on commercially important marine 
fisheries are essential for better management. 
Recent studies have focused on using socioeconomic 
models to predict the population of shellfishes, 
such as scallops and red king crab, under different 
CO2 emission scenarios (Cooley et al., 2015; Punt 
et al., 2014). These studies can provide important 
information for decision makers and fisheries 
managers for better fisheries management in dealing 
with climate change. There is still a lack of biological 
data and very little information on the effects of OA 
on the entire life cycle of a species. Furthermore, 
there is little data regarding long-term effects on 
reproduction of many commercially important 
species, which could be the focus of future studies. 
Additionally, there are still several commercially 
important species where there is no information 

known regarding OA effects, such as the sea urchin 
S. nudus, the Japanese spiny lobster (P. japonicus), 
seaweeds and most marine fishes.
　For aquaculture species, existing scientific data 
can be used for better management and solutions 
to mitigate OA impacts. For example, controlling 
seawater pH in hatchery tanks or within fish cages 
is possible by adding alkaline solutions or bubbling 
controlled gas. Additionally, avoidance of crowded 
fish cages or tanks, particularly during the summer 
season, can decrease the risk of hypercapnic 
conditions. Because many studies revealed that 
the early life stage of most marine organisms are 
particularly vulnerable to OA (Kurihara, 2008), 
management efforts can be focused on those stages. 
Several studies also demonstrated that when adults 
are reared under high CO2, the next generation can 
show higher tolerance to CO2. For example, larvae 
of Sydney rock oyster Saccostrea glomerate spawned 
by adults cultured under high CO2 conditions, 
show higher growth rate compared to the larvae 
spawned by individuals cultured under control 
conditions (Parker et al., 2012). Additionally, as 
already mentioned, many studies also demonstrated 
that tolerance capacity to OA can vary among 
individuals. Therefore, selective breeding of OA 
resistant strains could be one potential solution for 
aquaculture.
　Finally, even though many scientific studies are 
now available on the effects of OA, general concern 
for OA impacts on Japanese fisheries is still limited. 
Further scientific efforts addressing the issues 
caused by OA for use by decision makers and 
fisheries and environment management sectors in 
Japan is essential to develop adaptive strategies and 
to be prepared for environmental changes in the 
near future. 
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