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Abstract 
Ocean acidification has been recognized as a substantial stressor to some seawater calcifiers such as 

shellfish and corals with potentially significant social and economic consequences.  Without 

mitigating atmospheric CO2 emissions, ocean acidification becomes greater over time.  The aim of 

this study is to demonstrate the economic impacts of seawater acidity on commercial shellfish 

fisheries and aquaculture resources in the case of the United Kingdom.  The UK is highly vulnerable 

to acidified seawater along the coast due to its high-catch fisheries (an averaged landing value of 

around 561 million in 2009-2013) of which shellfish comprises over 45 per cent of the total.  To 

estimate the economic impacts, the methods applied are the Net Present Value approach, a Partial 

Equilibrium and a General Equilibrium model. A severe case such as vulnerable species in regions 

with upwelling seawater is estimated by applying a risk-adjusted-economic valuation approach.  The 

simulated results, by the year 2100, indicate that the potential annual economic costs of ocean 

acidification vary depending on the chosen valuation methods.  The mean effects range between 2% 

and 5% of total revenue of shellfish harvests, with a loss of at least 1.3% to the entire economy.  This 

analysis primarily focuses on the negative effects of ocean acidification, and thus excludes effects of 

other stressors, such as interaction with various species, warming temperature, depleted oxygen, and 

water pollution. 
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1. Introduction 

The scientific community around the world has paid increasing attention to ocean acidification since Freely 
et al (2008) linked a case of unusually high mortalities in Pacific oyster larvae in several hatcheries during 
2005-2008 to upwelling seawater with decreased pH along the West Coast.  This phenomenon disrupted 
the West Coast’s $110 million oyster industry.  Some oyster growers relocated to Hawaii where they could 
draw water from an underground saltwater aquifer, rather than directly from the ocean, and add chemicals 
to the seawater to make it less corrosive (Barton et al 2012).  To date, the growing experimental evidence 
generally agrees that acidifying seawater will have possibly significant and potentially negative effects on 
shellfish, molluscs and coral reefs.  In particular, during the larvae and juvenile phases, organisms and 
invertebrates could typically be more sensitive to changes in seawater chemistry as they rely more heavily 
on the soluble mineral form of CaCO3 than during the adult phase (Kurihara et al 2008; Long et al 2013; 
Bressan et al 2014; Duarte et al 2014; Fitzer et al 2014).  An already-low ocean pH ~±7.96-7.74 is 
expected to decrease further if seawater absorbs the predicted atmospheric level of carbon dioxide (CO2) 
~549-970 ppmv by 2100 from current ~380 ppmv (Caldeira, Wickett 2003).    
 The policy actions for mitigation, adaptation of reducing CO2 emission require economic impact 
assessments of OA effects (Turley, Gattuso 2012; Riebesell, Gattuso 2014).  The existing studies to 
estimate anticipated effects of ocean acidification are primarily focused on the provision of marine 
ecosystem services such as mollusc fisheries and coral reefs since 2009.  The results of scientific 
experiments show that acidifying seawater (i.e. lowering ocean pH) can generally lead to deleterious 
consequences on calcifying organisms owing to decreasing carbonate ion concentration (Orr et al 2005), 
thus leading to a low level of biological control over the calcification process, growth, survival, 
recruitment, fertilisation, and fitness than in non-calcifiers (Gazeau et al 2007; Michaelidis et al 2007; 
Seibel 2007; Wood et al 2008).   For instance, the case of US aragonite-forming mollusc fisheries was first 
estimated in Cooley and Doney (2009), followed by Moor (2011) and Narita et al (2012), and a case of 
Norwegian fisheries in Armstrong et al (2012).  The potential value of the benefits forgone from the lost 
areas of global coral reef habitats (Hoegh-Goldberg et al 2007) due to acidifying ocean was estimated by 
Brander et al (2012).  The possible scale of economic impacts is determined by the sensitivity and adaptive 
capacity of calcifying organisms to lowering ocean pH in the OA exposed areas.  The UK ranked high 
among the twenty-five vulnerable countries due to its high catch and shellfish aquaculture (Harrould-
Kolieb, Brosius 2009).  This study aims to demonstrate the potential economic impact of ocean 
acidification in the case of UK shellfish fisheries.  First it will apply existing methods such as the net 
present value (NPV) approach (Cooley, Doney 2009), and the partial equilibrium (PE) analysis (Narita et al 
2012; Lee et al 2013).  Then, it will extend these methods by applying a general equilibrium (GE) model 
(Dixon 1987; Kehoe et al 2005) and a risk model (risk-adjusted-economic-valuation: RAEV: Lee et al 
2013).  The GE model illustrates the total proxy welfare loss from a wider-economic impacts, while the 
RAEV measures a severe case impact that can represent a vulnerability in a region with highly 
concentrated shellfish catch or aquaculture community with vulnerable early-life stage bivalve molluscs in 
a high acidity region.    
 Valuation of the economic impacts of ocean acidification is required as an initial step to address 
future changes in seawater acidity.  The estimates that resulted from the calculations vary depending on 
valuation methods and assumptions, and will thus suggest different policy options.   

2. Methods 

Figure 1 below illustrates modelling procedure for the valuation in order to estimate the OA effects.  The 
base modelling involves placing functional parameters on the IPCC scenarios together with the responses 
of biological effects (e.g. S, G in Figure 1).  It is assumed that pH values are proxies of saturation state (Ω) 
dynamics, in which the growth equation (G) and survival equation (S) are converted into a final state of a 
mean effect size (μ). A time-varying function of ocean acidity dynamics represents initial condition values 
for 2010, and the slopes of those equations are given by the parameters.  The possible future values of 
ocean pH are taken from two forecast model scenarios presented in the 5th IPCC (549-970ppm in 2100) 
that shows different possible trajectories of ocean pH.  The estimates from different methods are compared 
with “no OA effects” assumption and biological parameters for molluscs and crustaceans.   The NPV first 
measures the direct use-value of the loss in fisheries revenue (Cooley, Doney 2009).  The PE approach 
follows the framework in Narita et al (2012) which estimates the loss of supplier and consumer welfare due 



 

 

to price increase.  The estimation used a 35% loss (survival rate of mean effect) and 43 % loss (mean effect 
of calcification rate) at 710 ppm CO2 incorporating with trajectories of future income growth toward 2100.  
The parameters are presented in detail in Table 3.   
 
 

 
Fig.1. Diagram of valuation procedure for the economic impact model of shellfish fishery targeting commercial calcifiers group with growth 
and mortality rates which affected by changes in pH under the IPCC scenarios.   
 
 
A simplified generic GE model illustrates an aggregate welfare loss of the whole economy from the OA 
effects on the shellfish industry. The estimates from the model represent a welfare effect as a proxy shock 
indicator of negative OA effects. In the GE framework, it is assumed that the OA effects incur net costs to 
only to fisheries revenues, and thus cultural services (such as recreational angling and fishing tourism 
activities) are assumed to be negligible.     In the configuration, a Walrasian GE model with two regimes: 
the UK and the ‘rest of the world’ (ROW: an abstraction based on the data of 112 countries); then mapped 
three factors—labour, capital, and land—from  five input factors, as well as three economic sectors—
agriculture, manufacturing, and services—from  57 sectors.  The GE model uses a social accounting 
matrix, which is an array of input-output accounts of the inter-industry and inter-activity flows of the value 
model for economy-wide economic analysis.  Any exogenous changes in the demand for market services 
were induced by the variation in fisheries supply.  In this simplified economic system, all coefficients were 
normalised for consistency.  This approach computes a share of the base year expenditure (E) (Figure 1) 
where  refers the variations in fishing inputs sector such as fuel, crew, travel, food, bait,  and other 
expenses;  includes vessel inputs, including insurance, repairs, gear, maintenance and other vessel 
owner expenses. The estimated changes in expenses  represent the variations in fishing intermediate 
purchases or expenses. The change in final demand for the output  is required for the change in the 
output  subject to  that is the ith diagonal element in the appropriate Leontief inverse.  These 
models are sensitive to the assumptions and scenario setting posed along with the base datasets [22, 24] 
(Appendix 2).  The value of estimates from the GE model will be larger than those from the NPV (e.g. loss 
of harvest) and the PE (welfare loss of supplier and consumer) because the GE estimates include 
macroeconomic pathways of indirect and income effects.  The reported estimate represents the sign and 
magnitude of welfare effect to the whole economy rather than the cost value due to the simplified 
framework and the complexity in the procedures.  A ‘risk-adjusted-economic-valuation (RAEV)’ approach 
estimates a worst case of harvest loss (e.g. oyster hatchery cases in the West Coast 2005-2008: ~70-80% 
mortality) under uncertainty.  The variance and co-variance matrix was produced from resampling method 
like bootstrapping to get a limit reference point of expected losses over a given time interval at given 
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confidence level.  This method can be regarded as sensitivity tests for local and regional vulnerable cases.  
The uncertainty is embedded to consider the possibility of coexistence of multiple stressors (e.g. water 
pollutants, nutrients, warming sea-surface-temperature) and complexity of interactions among food web 
effects (Bateman, Brouwer 2011) in ecosystems (Armstrong et al 2012) (Appendix 3).    
 

3. Modelling ocean acidification effects on shellfish fisheries and 
aquaculture 

To apply the methods in Figure 1 for the economic impact valuation of ocean acidification, it is required to 
identify the possible effects of a reduction in the saturation levels of carbonates in the sea water. This 
would cause a reduction in the calcification, growth, and mortality of marine organisms. Figure 2 and 
Appendix 1 summarise selected and aggregated results of the meta-analysis from Hendriks et al (2010) and 
Kroeker et al. (2010) in Armstrong et al (2012) and also from more recent experimental evidence (3.1 
below), to link these experimental responses of biological processes (calcification, survival, and growth) of 
commercial shellfish species (e.g. molluscs and crustaceans) to a case study approximation.  Sub-section 
3.2 below summarises the data of shellfish fisheries with the implication of regional vulnerability.  

The European Project on Ocean Acidification (EPOCA) compiled datasets for experimental evidence of 
283, and revealed significant variations of OA effects on marine organisms. Table 1 in the Appendix 
exhibits heterogeneous effects of OA on species’ life-stages incorporating the anticipated IPCC CO2 
emission scenarios (IPCC 2007), although it is generally agreed that these effects could be detrimental for 
calcifying larvae.  In the economic assessment, the effects of growth and survival rates of molluscs and 
crustaceans are more relevant than the calcification rate due to the direct-use value of the harvest.   
 

 
 
To estimate the economic impacts of OA on the US molluscs, Cooley and Doney (2009) adopted ~25% 
and ~10% decrease in calcification rate for mussels and oysters (Gazeau et al 2007) respectively.  Narita et 
al (2012) used mean loss rate estimates of growth and survival of molluscs at 43% and 38% respectively 
Kroeker et al 2010).  For this case study, most available biophysical responses have been selected and 
aggregated in Figure 2 and Table 1 (Appendix).  A range of loss rates between 0 and 20% are utilised as a 
combined mean effect of growth and survival rates for the framework of the NPV, the PE and the GE 
approaches, and a range between 0 and 65% for a REVA model.  
 

To date there is no reported OA damage on commercially valuable molluscs except the oyster hatchery’s 
crisis (2005-2008) on the West Coast.  Table 2 (the results of polynomial regression models) and Figure 3 
(volatility measured by standard deviation) below show that the possibility that OA partially influenced on 
shellfish landings and farmed shellfish production. The coefficients of the best-fit polynomial (order of 2) 
exhibit that molluscs’ aquaculture decreased in quantity (2008-2012) while the catch did not show a 

Fig. 2. Responses rates of biological processes as effects size 
among key shellfish groups, molluscs (oysters, clams, scallops, 
mussels etc) and crustaceans (crabs, prawns, shrimps, lobsters, 
nephrops, etc) based on the meta data analysis and 
experimental results from:  Gazeau et al 2007, Fabry et al 
2008, Hendriks 2010, Kroeker et al 2010, Long et al  2013,  
Bressan et al 2014, Duart 2014, Fitzer et al 2014, Wei et al 
2015,

 
Talmage, Gobler 2011,

 
Byrne et al 2011, Armstrong et al 

2012, Appendix 1.  The dotted line represents no effect of the 
treatment compared to OA.  



 

 

downward slope except nephrops (over-fishing for high market value per tonne).  In addition to the 
quantity reduction in farmed shellfish harvests, the volatility was also relatively higher in mollusc 
production (3.8) than in that of crustaceans (2.7).    
 
Table 1 Shellfish production from landings & farmed shellfish: trends in commercial species (000 tonnes)  

 
Note: Data are from public domain, for the landings, from gov.uk.statistics (2009-2013), and farmed shellfish data, from Shellfish News, 
various issues (29-35). The forecasting polynomial equation (rather than linear or exponential equation) fits well for all data for each 
species.  
 

 
Fig. 3.  The shellfish processing sites and the areas of shellfish landings and aquaculture.  The image of shellfish production sites are from 
public domain of the Scottish Government, Consultation (second phase) on the European Fisheries Fund UK Operational Programme.  
Figure 3 illustrates the geographical distribution of the shellfish production sites from landings and aquaculture.  The total value of fisheries 
landings in 2010 was worth £549 million, 45% of which were from shellfish landings [33].  Of the total, molluscs account for 35% of the 
total revenue of shellfish landings.  Farmed shellfish revenue for all mollusc species was worth £25.5 million in 2010 [32-34].  The highest 
volumes in farmed shellfish were for mussels (94.92 %), followed by Pacific oyster (4.25%), scallops (0.42%), native oysters (0.28%), clams 
(0.08%), cockles (0.04%) and scallops (0.01%) in 2010.  The recent trend shows that farmed molluscs were generally more volatile 
(standard deviation, Figure 1) and unpredictable (R-square, Table 2) than crustaceans.  Different groups and classes dominate regional 
revenue: molluscs are more important in Wales and Northern Ireland, and crustaceans are more important to Scotland and England.  The 
main offshore species, those that extend into waters shared with other EU states, are scallops, nephrops and brown crabs.  Most of other 
species are harvested within the 12 nM fishery limit in particular: cockle, mussel and oyster fisheries and most of aquaculture sites operate 
in estuarine areas.  Of the total value of landings (£249.4 million), nephrops and scallops were highest value per tonne among all 
crustaceans and molluscs recorded in 2010.  Mussels and oysters accounted for 99.8% of total tonnages of farmed shellfish cultivated in 
2010.  Mussels and oysters were produced from all regions.  Particularly, mussels were the main species in Wales and Northern Ireland 
while clams and cockles were produced only in England. Scallops were mainly from Scotland.  UK is a net exporter of shellfish worth a total 
of £410 million export (£372 million imports) to mainly Europe.  Both mussels and Pacific oysters are key species for UK shellfish export 
together with scallops and crabs.   

Species 2009-2013 Shellfish landings 2009-2013 2008-2012 Farmed shellfish 2008-2012

Mussels_Cockles [0.99x2 - 4.81x + 8.82 R² = 0.71] Native oysters [-15.71x2 + 92.88x + 19.2 R² = 0.26]

Crabs [ -0.51x2 + 4.13x + 20.94 R² = 0.99] Pacific oysters [ -20.57x2 + 51.0x + 1137 R² = 0.30]

Lobsters [ -0.043x2 + 0.34x + 2.42 R² = 0.52] Mussels [600x2 - 6473x + 4314 R² = 0.97]

Nephrops [0.16x2 - 4.34x + 46.48 R² = 0.99] Clams_Cockles [-3.12x2 + 17.75x + 2.72 R² = 0.66]

Scallops [-2.66x2 + 19.90x + 16.04 R² = 0.98] Scallops [1.94x2 - 15.15x + 39.48 R² = 0.69]

Total shellfish catch (t) [-2.06x2 + 16.88x + 114.42 R² = 0.99] Total farmed shellfish (t) [563x2 - 6326x + 44362 R² = 0.97]

Total fisheries landings [-0.45x2 + 3.49x + 394 R² = 0.05] Total farmed shellfish (£M)



 

 

 
 
At the national scale, Harrould-Kolieb et al (2009) ranked the UK third among twenty-five OA vulnerable 
countries due to its high catch, its level of seafood consumption, and the projected amount of acidified 
water along its coast by 2050.  Table 3b shows the vulnerability of molluscs production is higher (1.2; 1.2) 
than those of other developed countries (0.3; 0.8).  At the regional level (Table 2a), shellfish production 
was relatively high in Northern Ireland (96.8% of total fisheries production) and Wales (88.9%) while the 
economy-wide impact from the OA would be significant to Scotland (0.23 % of GVA) and Northern 
Ireland (0.14). All farmed shellfish in the UK are molluscs, meaning that the entire shellfish aquaculture 
industry could be affected by ocean acidification, assuming that the onset of OA affects both wild-caught 
shellfish and those derived from aquaculture equally.   
 
Table 2. Vulnerability ratios at global & regional level in terms of potential OA effects on shellfish production (£million, 2010) 
a (1) Total 

fisheries 
(2) 

Shellfish 
fisheries 

(3) 
Shellfish 

aquaculture 

(4) 
=(2)+ 

(3) 

(5) Mollusc 
+Crustacean 

fisheries 

(6) Mollusc 
+Crustacean 
aquaculture 

(7)=(5) 
+ (6) 

(9) GVA 
£Mil. 

[(4)/(1)] [(7)/(9)] 

% % 

UK  719.3 266.3 25 291.3 231.8 17.36 249.16 797516 34.64 0.04 
England 139.6 77.6 3.4 81 68.5 2.3 70.8 686745 50.72 0.01 
Wales 17.6 11.5 6.1 17.6 11.5 4.15 15.65 29045 88.92 0.06 
Scotland 370.7 145 8.3 153.3 136.6 5.65 142.25 65782 38.37 0.23 
N. 
Ireland 

21.1 15.2 7.7 22.9 15.2 5.24 20.44 15944 96.87 0.14 

b Vulnerability (3+4/1+2)  1. Capture 2. Aquaculture  3. Molluscs capture 4. Crustaceans  
UK  1.3 6.1 1.2 1.2 0.6 
Other developed countries 0.7 7.0 0.8 0.3 0.7 
World  1.0 138.0 40.0 27.5 5.7 

Note: All raw data are the year 2010 which obtained from the FAO to calculate the ratios: (2a) Values of total UK and regional fisheries, 
shellfish landings, aquaculture (£million). (2b) The production (in million tonnes) of molluscs by capture and aquaculture (3) in comparison 
with all fisheries (capture and aquaculture: 1 & 2) and of crustaceans (4).  The GVA 2010 for the UK, England, Wales, Scotland, and 
Northern Ireland is £797516M; £686745M; £29045M; £65782M; and £15944M, respectively. Unit: £, million, 2010. 
 

4. Results  

The estimates of economic valuation using four different methods are presented below.  To date, existing 
studies have focused on estimating only mollusc fisheries (Cooly, Doney 2009; Moor 2011; Narita et al 
2012). This study follows Armstrong et al (2012) by including both molluscs and crustaceans in the impact 
valuation based on the compiled responses of biological effects (Figure 2 and Table 1).  The first two 
methods represent direct use value with (the PE) and without (the NPV) income and price effects.  The GE 
estimates would be larger than the estimates from the PE (of the net surplus of suppliers and consumers) 
and the NPV (producers’ loss only) as this framework includes indirect and induced effects to the entire 
economy.  The purpose of applying a simplified GE model is to demonstrate whether OA affects the 
welfare of the whole economy, and thus the estimates represent an aggregate welfare effect as a proxy. The 
estimates from the RAEV model is a severe case under uncertainty, and therefore, the values can be 
regarded as stress-testing for a specific case.   
 

4.1 Direct Impacts of OA on Shellfish Production - the NPV approach 

The estimates presented in Table 3 shows potential direct revenue losses from decreased mollusc and 
crustaceans harvests in the future (2010-2100) adjust to present day values using a 3.5% discount rate 
assuming no changes in economic supply and demand factors and ecological conditions except the IPCC 
CO2 emission scenarios (low: B1 and high: A1F1) with 0.1-0.2 unite pH decrease. 
 Cooley and Doney (2009) applied molluscs harvest decreases of 6% - 25%, Narita et al (2012) 
applied a mean effects of 43% loss (0-65%) from calcification rates and 35% loss (0-62%) from survival 
rates (Kroeker et al 2010); Armstrong et al (2012), 59.44% reduction – 2.7% increase in survival rates, and 
39.49 reduction and 18.79 increase in growth rates in molluscs.  All of these studies made assumptions in 
line with the Gazeau et al (2007)’ 10-25% reduced calcification under the IPCC CO2 emission scenarios 
with 0.1-0.2 unite pH decrease.  For this preliminary estimation, the reduction of molluscs harvest loss are 
calculated from the mean effects of -19.36% loss from survival mean rate (-28.37%) and growth mean rate 



 

 

(-10.35%) instead of calcification rate (-32.46%  or -66.38 ~ +3.67% ) based on the standardised meta-data 
(Armstrong et al 2012).  For crustaceans, a mean effect of -1.5% is used from both mean effect on survival 
(-10.49%) and a mean effect on growth (+7.5%) (Hendriks et al 2010; Kroeker et al 2010). 
 
Table 3.  Potential economic losses of OA effects on shellfish fisheries assuming declining shellfish production associated with IPCC 
emissions scenarios: the time integrated net present value (NPV) (£million 2010): the low and high end of each calculated range 
corresponds to a biological impacts, -10~-25% (calcification), [-1.5~-19.36%] (mean effect of growth and survival between crustaceans & 
molluscs) by the year 2100 or ~700 ppm CO2.  
Emission scenario  
at 3.5% social 
discounting rate 

NPV by 2100  
with no acidification 

NPV by 2100 for total shellfish harvest 
values from catch and aquaculture 

Low IPCC CO2 (B1) – High IPCC CO2 (A1F1) 

NPV by 2100 Molluscs  
(excluding Cephalopods) 

Low IPCC CO2 (B1) – High IPCC CO2 (A1F1) 
  10-25% A2+A3  10-25% A2  
UK (molluscs, m/total 
shellfish, ts: 36%) 

7815 89.11-91.45 31.43-55.47 56.96-58.4 47.74-55.47 

England (m/ts: 55%) 2298 26.36-27.2 8.09-14.0 14.16-14.3 11.5-13.4 
Wales (m/ts: 57%) 522 19.1-19.4 1.67-3.31 15.8-16.02 2.49-3.81 
Scotland (m/ts: 22%) 4348 49.35-86.5 10.83~34.88 38.05-18.60 10.83-37.54 
N. Ireland (m/ts: 45%) 647 7.39-11.47 1.22-3.18 4.12-7.14 3.21-3.97 
UK % loss in shellfish harvests from total fisheries 
NPV  

15.51-26.97 13.78-15.11% 9.9-21.23% 8.31-9.66% 

England  3.85-4.44% 15.51-26.97% 1.41-2.01% 9.91-21.23% 
Wales  0.87-1.01% 3.34-3.38% 0.29-0.43% 2.76-2.79% 
Scotland   8.0-8.41% 8.6-15% 6.1-6.53% 6.62-6.71% 
N. Ireland   1.11-1.25% 1.29-1.99% 0.55-0.69% 0.72 – 0.75% 
 
 

The cumulative potential losses of mollusc and crustacean production are proxies at £7.8 billion 
through 2010-2100, and the estimates of potential annual losses due to disturbed shellfish production could 
be between £1.49 and £9.57 million.  The OA effects on shellfish fisheries landings would be relatively 
higher for Northern Ireland (0.28 % of the GDP or GVA the gross value added) and Wales (0.22%) while 
Wales (6.00E-06) and Scotland (3.60E-06) could be relatively highly impacted due to shellfish aquaculture 
(Table 5).  This NPV exercise revealed that the potential loss rates from reduced mollusc-dependent 
England were higher.  The estimates of potential revenue losses from harvest reduction in the future for a 
net discounted rate of 3.5%.  The regional fisheries data show that the proportion of shellfish fisheries to 
the total fisheries were higher in Wales and Northern Ireland.  The proportion of mollusc production was 
low (22%) when compared that of England (55%) and Wales (57%) while N. Ireland (45%) indicates that 
the Scottish shellfish industry could be more resilient to ocean acidification.  The total revenue of mollusc 
fisheries amounted to £99 million (2010), excluding cephalopods due to their mobile capacity.  
 
 
Table 4. The potential economic losses of the OA effects: partial equilibrium model (PE)  

 Total shellfish  Total molluscs & crustaceans  
£ million, 2010 price Scenario-S3 Scenario-S4 Scenario-S3 Scenario-S4 

Cumulative losses (£M) 1307 1936 1118 1656 

Annual losses (£M) 14.52 21.51 12.42 18.40 

Losses with income rise Gaffin et al. GDP  148 954 127 816 

Proportion of GDP 2010 (%) 0.09% 0.13% 0.08% 0.11% 

Notes: With no mean effect of CO2 and income, the value of shellfish, and molluscs and crustaceans is £9,252 and £7,828 respectively.  
 
 
4.2  Economy-Wide Implication of OA Impacts on Shellfish Production  
In Table 6, the estimates projected using the PE framework encompass a range from £14.5 to £21.5 million 
for annual shellfish revenue losses.  It shows £12.4 and £18.4 million in the value of molluscs and 
crustaceans under scenarios S3 and S4, respectively.  The cumulative losses to GDP in 2010 prices show a 
prediction between 0.11 and 0.13%, and corresponding losses from the harvest in molluscs, crustaceans, 
and total shellfish.  The results imply that the simulated losses under PE with income growth in 2100 
would be 2 to 9 times higher with a negative impact to GDP value in comparison to the NPV base.  The 
assumptions for a PE model are summarised in Appendix 2.   The results are presented below. In order to 
calculate the welfare loss measured with consumer and producer surpluses, the values of elasticity of 
income, supply, and demand, have been obtained from the estimates of various literature (Delgado et al 



 

 

2003; Dey et al 2008).  For example, the level of income elasticity for mollusc consumption is from the 
IMPACT model in a range of +0.15 – +0.65 and ~0.4 on average in Narita et al. (2012).  The elasticity of 
consumption demand curve (-0.7 ~ -1.1) for shellfish (molluscs), and the elasticity of supply curve ~0.3 
were assumed as in Narita et al (2012).  GDP projections for the UK follow the IPCC scenario the A1B is 
temperature rise of 2.80C up to 2100.  The PE model has an advantage over the NPV approach as it reflects 
the impact of price increases resulting from supply reduction following OA impacts.  It also reflects the 
changes in market commodity demand with income and population growth up to 2100.   
 
Table 5.  Changes in fisheries to main macroeconomic elements: computable general equilibrium model (GE) 
 
5a Fsh Mfg Ser hou gov exp Tax_Tariff 
Fsh -2 -7 -4.1 -7.1 0.1 -2.4 2.3 
Mfg -5.1 1098 -141.5 2530 -0.1 1014 -1524 
Ser -2.2 535 -680 5094 -6180 134 -410 
Labour -3.8 658 -664 0 0 0 0 
ProdTax -0.1 112 -9.2 0 0 0 0 
Total -19 2760 -1865 7617 -6180 1146 -1934 
5b alloc_eff tech_eff tot Total welfare loss 
  Base Shock Base Shock Base Shock Base Shock 
 UK 440 -446 0.9 -1 -51.4 52 380.7 -386 
RoW 3.9 -4 13.3 -13 51.4 -52 77.2 -78 
Total 443.8 -450 14.2 -14 0 0 458 -464 
Notes: the abbreviation refers Fsh (fisheries), Mfg (manufacturing sector), Ser (services industry), PTax (product taxation), RoW (rest of the 
world), Cgds (consumable goods), hou (households), gov (government expenditure), exp (export), alloc_eff (income-allocation efficiency), 
tech_eff (technology efficiency), and tot (terms of trade) respectively.  The databases used all present values are converted from 2010 US$ to 
GBP (£), 2010. 
 
 

The GE model examines the multiplier effects of a change in production revenue to the entire 
economy within a model that would directly or indirectly affect income and jobs as well as the upstream 
and downstream industries such as fish processing, retails of shellfish, or seafood restaurants.  As the 
purpose of applying the CGE is to obtain a preliminary estimate, a better estimate could be obtained with a 
larger database.  For the consistency of the data in the database, all data are consistent with the USD price 
for the year 2010.   Table 5 shows the results from a CGE model.  The results in Table 6a shows the 
impacts on the main macroeconomic indicators, and Table 5b on welfare.  The GE model can extend the 
impact assessment to other industry sectors linking to the shellfish industry sector, hence, it can illustrate a 
proxy economy-wide systematic feedback and the welfare change from OA effects to fisheries.  It can also 
estimate the impact of OA across a broad spectrum of economic activities, instead of concentrating on the 
accuracy of the estimates.  The GE models are calibrated to represent a general equilibrium state, they thus 
lack empirical validation because of the complexity and a simultaneous equilibrium problem: the time-lag.  
We did not decompose shellfish fisheries and aquaculture from fisheries production due to database 
availability. The reduction in fisheries harvest losses leads to negative impacts on GDP and in other 
sectors, although the tax impact is positive for fisheries.  For example, the first column shows that a 
reduction in UK fisheries (Fsh) to own impact (-2) as well as a negative impact in other sectors such as 
manufacturing (Mfg, ~-5) and services (Ser, ~-2), as well as a negative impact on employment (Labour, ~-
4) and production tax (ProdTax, -0.1).  The first row in Table 6a shows the responses of fisheries reduction 
(shock) to the fisheries (-2) sector, and manufacturing (-7), services (-4), household expenditure (hou, -7), 
and exports (~-2).  A reduction in fisheries can even have a positive impact on tax revenue (Tax_Tariff, ~2) 
and government expenditure (0.1).  Table 5 also shows the consequence of reduction (shock) from baseline 
in fisheries to income allocation efficiency (alloc-eff), technical efficiency(tech-eff), and terms of trade 
(tot) to domestic (UK) and abroad (rest of the world, RoW).  Overall, welfare losses due to the shock of 
reduction in UK fisheries are negative to both domestic (-386) and RoW (-78). Terms of trade is positive to 
domestic (52) and negative to RoW (-52), suggesting the UK as net importer with a strong relative 
currency value.   
 
 
4.3 Simulation Results of Risk-Adjusted-Economic-Valuation Model  
The results using the RAEV model are summarised in Table 6.  The RAEV model is a risk model that 
adjusts uncertainty risk in the valuation.  It assumes the IPCC emission scenarios and the corresponding 
calcification rates of OA effects are uncertain.  The two IPCC CO2 emission scenarios: High (A1F1) and 
Low (B1), and the calcification rate impact of low (10%) and high (25%) on shellfish, mollusc and 



 

 

crustacean species between 2010 and 2100.  Four simulations into the future were set as Case 1 (equally 
probable occurrence of L, H, and B), Case 2 (equal probability of L and H, with no chance of avoidance of 
ocean acidification impacts), Case 3 (L only), and Case 4 (H only).  The expected percentage losses 
without reducing CO2 emission is a range between 5 – 8% to 2020 and 37-59% to 2100 for a severe case 
of geo-specific species such as hatcheries of oyster larvae along the upwelling coastal regions.  
 
Table 6. Estimates of risk-adjusted-economic-valuation (RAEV) model   
7a 2020 time horizon 99% confidence level 2100 time horizon 99% confidence level 

 RAEV Annual loss Proportion RAEV Annual loss Proportion 
Case 1 133.01 13.30 5% 1066.33 106.63 37% 
Case 2 159.35 15.93 5% 1257.35 125.73 43% 
Case 3 209.76 20.98 7% 1663.9 166.4 57% 
Case 4 219.88 21.99 8% 1726.4 172.6 59% 
7b  Scenarios & parameterisation for RAEV modelling 
1. Time horizon 90 yrs cl 99%: Base 2010 £291.3M: Lower OA (L) 89.1(76.5); Higher OA (H) 81.6(78.2); Base case (B) 90.5 (76.6) 
1.1 variance-covariance matrix  
Case 1 (L=H=B weight) Case 2  (L=H=0.5; L=0) Case 3 (L=1; H=B=0) Case 4 (L=B=0; H=1)  
8.76 0.92 0.60 1421.05 147.44 5684.2   6119.4 
0.92 9.64 0.91 147.44 1529.85     
0.60 0.91 8.52       
2. Time horizon 10yrs cl 99%: Lower 245.8(0.12); Higher 243(0.12); Base case 246.7(0.11) 
1.2 variance-covariance matrix 
Case 1 (L=H=B weight) Case 2  (L=H=0.5; L=0) Case 3 (L=1; H=B=0) Case 4 (L=B=0; H=1)  
630.32 65.40 45.46 203.24 21.31 813.0   893.4 
65.40 678.57 67.38 0.12 21.31     
45.46 67.38 669.10       
The gap between the presence and absence of ocean acidification impacts of the expected losses on the UK shellfish revenue between 2010 
and 2100.  After 2078, the uncertainty in expected losses become certain and steadily increases when both positive and negative extreme tail 
distributions in RAEV are at a 99% confidence level.  

 
 In this study, the difference in losses estimation is mainly due to the inclusion of uncertainty with a 
RAEV approach rather than to differences in data sources or the reductions in calcification rates used.  The 
socio-economic value of shellfish fisheries in the UK and the US are significant for food security and GVA 
contribution (i.e. income and employment) and both countries are two of the most OA-vulnerable 
countries.  In the US case, the range of estimated annual losses was between USD 75 -187 million using 
NPV and around USD 400 million of losses in Narita et al. (2012) using PE.  Narita et al. (2012) projected 
the economic losses of OA effects to be between around USD 6 billion, and over USD 100 billion per 
annum globally by 2100 under a business-as-usual scenario.  For the UK case, the potential annual 
economic losses are projected a range between £1.5-9.6M (NPV), £12.4-18.4M (PE) and £106-172M 
(RAEV), and are subject to specific vulnerability in geospatial environmental conditions, life-stage of 
calcifying species and concentration and scale of shellfish production.  

5. Conclusions  

Ocean acidification could generally become greater over time without mitigating atmospheric CO2 
emissions, and evaluating policy for reducing CO2 emission requires quantified economic impacts. The 
results of this study suggest that the mollusc-intensive shellfish producers at regional scale may be more 
vulnerable to ocean acidification, and may require awareness for the mitigation and adaption efforts.  The 
GE model implies that ocean acidification could have a wide economic impact beyond the UK fishing and 
aquaculture industries.  The RAEV model demonstrates a severe case, such as that of the oyster hatcheries 
on the northwest coast of the United States from 2005 and 2008.  New-born oysters were dying off, 
production levels were reduced by 80%, and the cause of the losses was unknown until Freely et al (2008) 
identified the link with ocean acidification.   Major fisheries and aquaculture often occur in areas sensitive 
to ocean acidification. This puts economies and livelihoods at risk, and requires consideration and action 
by policy makers.  

The approaches used in this study are a simulation framework into the year 2100 based on the 
trajectories from the IPCC scenarios.  Two existing methods, the NPV and the PE, estimate for direct-use 
valuation.  The NPV and the PE approaches quantifies direct losses in the fisheries sector: loss of producer 
surplus, and loss of consumer surplus.  The CGE model is used to illustrate an economy-wide impact at a 
national scale, while the RAEV can be used for local or regional vulnerability.  The simulated results are 



 

 

proxy, and they indicate the cumulated potential economic costs due to the OA impacts on shellfish harvest 
could become a range between £861 million and £1.1 billion by the year 2100, and the projected annual 
welfare loss, £386 million in 2100.  The simulated results, by the year 2100, indicate the potential annual 
economic costs of ocean acidification vary depending on chosen valuation methods.  The mean effects 
range shows a range between 2% and 5% of total revenue of shellfish harvests, and at least 1.3% welfare 
loss to the entire economy.   

Valuation methods are constrained by variation of scientific experiments on biological impacts of 
OA.  This impact analysis primarily focused on negative effects of ocean acidification, and thus excluded 
other factors.  Assessing the total impacts of the consequences of acidifying ocean and coastal environment 
should consider multi-generation biological experiment of OA effects, adaptation (Hendriks et al 2014) and 
evolution under multiple stressors (Portner 2008) and buffering the negative effects with positive responses 
to OA consequences (Hendriks et al 2010; Armstrong et al 2012).  Further economic assessment needs to 
consider longer-term experimental evidence on different life stages as well as food-chain effects on 
fisheries (Brander et al 2013).  In addition, future studies should control for depleted oxygen, sea-
chemistry, water pollutants and sewage-related disease as well as ocean acidification (Rosa, Seibel 2008).   

The objective of this study was to demonstrate ocean acidification impacts on commercially 
important shellfish fisheries and aquaculture resources in the case of the UK.  The potential direct impacts 
of changing on declining shellfish harvest and damaging coral reefs have been addressed in a few 
economic researches in order to evaluate policy for reducing CO2 emission.  As soon as science data and 
experimental evidence become available, it will allow economic assessment of ocean acidification for the 
total ecosystem impact (Hall-Spencer et al 2008) and a higher order (e.g. food webs) interaction in 
ecosystems for adaption and mitigation options and measures to counter acidifying waters.  
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APPENDIX 1 
 
Responses of some commercially important species to ocean acidification experiments and meta-data analysis adopted from:  Gazeau et al 
20070, Fabry et al 20081, Hendriks 20102, Kroeker et al 20103, Long et al  20134,  Bressan et al 20145, Duart 20146, Fitzer et al 20147, Wei et 
al 20158[39], Talmage, Gobler (2010) 9, Byrne et al (2011) 10, Armstrong et al 201211. 
 
Category Species Life- 

stages 
Effect level  biological processes pH, CO2 

Oyster C. gigas0,1, 7  10% decrease in calcification rate 740 ppm 
   Energy, primary & nucleotide metabolism,   

cytoskeleton structure  
1036-2008 ppm 

Clam M. mercenario1  Shell dissolution , reduced thermal tolerance 7.0-7.2 pH 
 C. gallina5 Juvenile 11% max shell damaged area (3-6 months) 7.4 pH 
Mussel M. edulis6,7  Juvenile Shell diss. No effect by temperature but CO2 level 12-16°C/390, 700, 1000 ppm 

M. edulis0,1 Adult  25% decrease in calcification rate, mortality 7.1/740ppm 
 Juvenile Not aragonite in juvenile shells, 6month  380, 550, 750, 1000, pCO2 

 M. 
galloprovincialis5 

Juvenile 35% max shell damaged area (3-6 months) 7.4 pH 

Scallop P. magellanicus1  Decrease in fertilization, development <8.0 pH 
 A. irradians9   Survival rate 43-5.4% (36 days) 390-1500 ppm 
Crab C. pagurus1  Intracellular acid/base disruption 10000 ppm 
 N.puber1  Lack of pH regulation, Shell diss 7.98-6.04/0.08-6.04kPa 
 P. camtschaticus4 Juvenile Decreased survival 7.7 pH 
Abalones Haliotis 

coccoradiata10 
Larvae 
Juvenile 

20% with +4Co, diminish negative pH effects with +2Co 7.6-7.8pH (+2-+4Co) 

Bivalves/molluscs 11 Survival (-59.44%~+2.7)3; growth (-39.49%~+18.79% )3; calcification (-66.38%~+3.67%3; -32~-462) 
Crustaceans11 Survival (-26.55%~+5.58)3; growth (-2.64% ~+17.64%)2 
Corals Growth (-5.76~-69.91; Calcification (-8~-36%; -16.85~-54%) 
Positive OA effects[23]  (i)Fish: Growth (+1.84% ~ +18.35%)3; (ii) Algae: Growth (+2.84% ~ +65.78%); (iii) Seagrass: 

(Growth2 +32~+62%; Photosynthesis3 -15.28 ~ +18.58) 
 
  



 

 

APPENDIX 2 
 
List of selected parameters and variables in the PE and GE models  

Parameters Value Unit Source 

Intercept of S function 0.5470 (<+3%~<-60%); 0.3089 (<+6%~<-27%) - IPCC 2007b, Table 1 above 
Intercept of G function 0.5038 (<+19%~<-40%); 0.3243 (<+18%~<3%)  IPCC 2007b, Table 1 above 
Slope of S function 0.000342 (<+3%~<-60%); -0.00007 (<+6%~<-27%) 

 
 IPCC 2007b, Table 1 above 

Slope of G function -0.00032 (<+19%~<-40%); -0.000074(<+18%~<3%)  IPCC 2007b, Table 1 above 
Value of molluscs (excl ) 249  £ million MMO/Cefas 2009-2013 
Value of shellfish  291 £ million MMO/Cefas 2009-2013 
Rate of discount 0 ~ 0.035 % HM Treasury 2003 
Elasticity for demand of shellfish -1.11~+0.77  - Delgado et al., 2003 
Elasticity for supply of shellfish +0.2~+0.4 - Delgado et al., 2003 
GDP 2100 B1 – A1  2,908,824,887,262 ~4,658,855,392,686 £ Gaffin et al. 2004 

 
 

Exogenous Variables 
1.00 (2010/base yar ) 

World price (PWM, PWX: 0.89, 1.01), import tariffs (0.13), export duties (0.01), indirect (0.08) and direct (0.03) tax, saving rate (0.17), govt 
expenditure (0.10), govt transfer (0.12), foreign transfer (ft:0.02), nat priv remitances (re:0.01), foreign saving (0.08), output (1) 

Endogeneous variables 

Export (X:0.33), import (M:0.50), supply (DS:0.67), demand (DD:0.67), supply of composit good (QS:1.18), demand of composite good (QD: 
1.08), tax (T: 0.2), total income (1.13), agg. saving (S: 0.27), consumption (0.83), price (m=1.0, 2.0; x=1.00, 2.00), price of sales (1.08, 

2.17), price of output (1.00, 2.00), price of good (1.00, 2.00), exchange rate (E:1.00, 2.00), investment (I: 0.25, 0.25), government savings 
(Sg-0.01,-0.02), Walruas law(0,0)   

Equilibrium condition 

DD-DS=0; QD-QS=0; PWM, *M- PWX *E-ft-re=B, Ps*I-S=0; T-Pq*G-tr*Pq-ft*E-Sg  to max U{C1,…, Cn, S} s.t.  
 
 

Impact scenarios (S) 
S1:A1+A3+A5+A6|S2:A2+A4+ A5+ A6|S3: A1+A3+ A5+A6 +A7+A8+A9|S4:A2+A4+ A5+A6 +A7+A8+A9 
A1:Low emissions IPCC B1 (B1)- Predicted CO2 emissions, 7.9 pH by 2100  
A2:High Emissions IPCC A1F1(A1F1)- Predicted CO2 emissions, 7.7 pH by 2100  
A3:Bivalves/Molluscs: Survival <+3% & <-60%; growth <+19% & <-40% [7] [28, 30-32] Table 1 
A4:Crustacean: Survival <+6% & <-27%; growth <+18% & <3% [7] [28, 30-32] Table 1 
A5:Discounting rate 
A6:Constant prices (2010 UK) and no changes in catch-effort (2010 UK) (Cooley and Doney 2009) 
A7:GDP 2100 B1 Gaffin et al. (2004) the IPCC SRES; GDP (2010 £ 1,458 billion) 
A8:GDP 2100 A1 Gaffin et al. (2004) the IPCC SRES; GDP  
A9:Demand and supply elasticities in IMPACT model (Delgado et al., 2003) 
 

  



 

 

APPENDIX 3 

The probability theory underlying RAEV is:  

 
Where the PDF of Gaussian distribution follows below where X is a normal random variable with parameters µ and σ2, 

 

 
The conceptual proof below shows that the RAEV for a random value is bigger (RAEVα<TRAEVα. ) for a severe unexpected 
case noting that if threshold RAEV: RAEVT

α(X–A)=0, then RAEVα(X–A) ≤ 0, with strict inequality (Wang et al., 1997, 
Artzner et. al. 1999).  For example, suppose X follows a normal distribution, X ~N(E[X], σX

2), V=RAEVα(X), RAEV is 
equivalent to standard deviation measure of risk if we set T=Φ-1(α).  Since Φ((RAEVα(X) - E[X])/ σX)=α. RAEVα(X) = 
E[X]+ Φ-1(α)· σX, this is the standard deviation measure of risk when T = Φ-1(α).  Φ(0–(E[X] - E[A])/σ X-A)=α; Φ((E[A]-
E[X])/σ X-A)=α; σ X-A=(σX

2+σA
2 )½ >σX.  It is assumed to generally be: E[A]>E[X].   

 
 
After setting the threshold probability concept, we next define a risk element of uncertainty component incorporating 
variance rather than mean: the G-Coherent measure of risk ρG(X), P=[55] be the set of all permutations of the scenarios from 
1 to n, p(i) be the ith number in permutation p ∈ P.   If g1 ≤ g2 ≤ …,   then ρGC(X)=ρG(X), a coherent measure of risk with a p’ 
be the permutation of the set of losses.  Each gi is proportional to the slope between Gi and Gi-1, thus the condition 
g1 ≤ g2 ≤ … means that the slope of G is non-decreasing.  Given a confidence level α∈ (0,1), a shellfish price at α over the 
time period t is given by the smallest number k∈ℜ such that the probability of a loss over a time interval t greater than k is α.  
Using the calculated shellfish price return mean and variance and this assumed probability distribution, one can solve for the 
RAEV at a given confidence level.  The covariance between random variables X and Y, denoted Cov(X,Y) or σXY is given 
by Cov(X,Y)=E[(X-µ)(Y-γ)], where µ=E[X] and γ=E[Y].   Suppose there is a shellfish species’ price consisting of shellfish 
fisheries 1,2,3,…,N.  Di pounds are annually produced or captured in a shellfish species i, so the total value of the shellfish 
price is sum of D1+D2+…+DN: = D pounds.  Assume the one-year price change of species i is normally distributed with 
expected value E[ri] and variance .  Also, the covariance between the 1-year changes of species i and j is given by σij.  
Given this information, find the 1-year RAEV at a confidence level of 5%.  To solve this case, first, determine the expected 
price return and variance of the overall shellfish price.  The first step in doing this is to calculate the weighting for each 
species.  The proportion of the shellfish price expected return attributable to shellfish fisheries i is

iα .   The property of 
expectations is that: 

 
To calculate the variance of the total shellfish price of the linear combination of random variables is given by 
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