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Abstract: Continued anthropogenic carbon dioxide emissions are acidifying our 16	
  

oceans, and hydrogen ion concentrations in surface oceans are predicted to 17	
  

increase 150% by 2100. Ocean acidification (OA) is changing ocean carbonate 18	
  

chemistry, including causing rapid reductions in calcium carbonate availability 19	
  

with implications for many marine organisms, including biogenic reefs formed by 20	
  

oysters. The impacts of OA are marked. Adult oysters display both decreased 21	
  

growth and calcification rates, while larval oysters show stunted growth, 22	
  

developmental abnormalities, and increased mortality. These physiological 23	
  

impacts are affecting ecosystem functioning and the provision of ecosystem 24	
  

services by oyster reefs. Oysters are ecologically and economically important, 25	
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providing a wide range of ecosystem services, such as improved water quality, 26	
  

coastlines protection, and food provision. OA has the potential to alter the 27	
  

delivery and the quality of the ecosystem services associated with oyster reefs, 28	
  

with significant ecological and economic losses. This review provides a 29	
  

summary of current knowledge of OA on oyster biology, but then links these 30	
  

impacts to potential changes to the provision of ecosystem services associated 31	
  

with healthy oyster reefs. 32	
  

 33	
  

Keywords: climate change; shellfish; aquaculture; sustainability; ecosystem 34	
  

approach. 35	
  

 36	
  

1. Introduction 37	
  

 38	
  

The risks arising from climate change are now widely acknowledged as a major 39	
  

cause for concern, yet awareness of ocean acidification is far less prevalent 40	
  

(Gattuso et al., 2015). Consequently, our understanding of the scope and 41	
  

severity of ocean acidification (OA herein) and its impacts on the marine 42	
  

environment remain relatively limited, and especially, the implications of OA to 43	
  

the continued provision of valuable ecosystem services.  44	
  

 45	
  

Since 1750, the oceans have absorbed approximately 30% of anthropogenic 46	
  

CO2, altering oceanic carbonate chemistry by reducing carbonate ion 47	
  

concentrations (CO3
2-), and reducing the saturation states of calcite and 48	
  

aragonite. The result – lower pH, or ‘ocean acidification’ (Gattuso et al., 2014). 49	
  

Historic OA linked to the Permian-Triassic mass extinction led to the 50	
  



disappearance of ~90% of marine species (Clarkson et al., 2015). Today, 51	
  

without significant cuts in CO2 emissions, a 150% increase in the concentration 52	
  

of surface ocean H+ is predicted by 2100 (Stocker et al., 2013). 53	
  

 54	
  

OA may be of benefit to some organisms, such as jellyfish and toxic species of 55	
  

algae (Hall-Spencer and Allen, 2015; Uthicke et al., 2015), but for other species, 56	
  

such as corals and molluscs that use calcium carbonate in their structures, OA 57	
  

is expected and has been shown to cause considerable direct harm (Basso et 58	
  

al., 2015; Comeau et al., 2015; Gazeau et al., 2014; Houlbrèque et al., 2015; 59	
  

Kim et al., 2016; Milazzo et al., 2014; Sui et al., 2016; Tahil and Dy, 2016). It is 60	
  

therefore unsurprising that it is the negative effects of OA on individual 61	
  

organisms that have received the most attention in the literature to date (see 62	
  

reviews by Albright, 2011; Brander et al., 2012; Fabricius et al., 2014; Gazeau 63	
  

et al., 2013; Hoegh-Guldberg et al., 2007; Pandolfi et al., 2011; Parker et al., 64	
  

2013). However, the ecosystem effects and loss of ecosystem services 65	
  

associated with OA remain conspicuously absent, despite the increased 66	
  

prevalence of ecosystem-based approaches in environmental legislation and 67	
  

management. Here, we address that gap and introduce the current state of 68	
  

knowledge required to underpin a multidisciplinary evaluation (Knights et al., 69	
  

2014), that considers the ecological, social and economic consequences of OA.  70	
  

 71	
  

We have focused our review on an important ecosystem engineer (sensu Jones 72	
  

et al., 1996) and commercially valuable species, the oyster, although much of 73	
  

the discussion will also be relevant to other reef forming species. Oysters 74	
  

provide a number of ecosystem services (ESs herein) to society, including the 75	
  



formation of extensive reef structures that not only improve water quality, but 76	
  

are also an important food source (see Section 3). Worldwide, oyster reefs have 77	
  

dramatically declined in the past century and are now at the centre of many 78	
  

conservation measures and restoration strategies (Beck et al., 2011; Grabowski 79	
  

and Peterson, 2007), but these efforts are being undermined by OA. A plethora 80	
  

of recent reviews and meta-analyses have highlighted the threat of OA to 81	
  

marine fauna (see references above), but are often restricted to the description 82	
  

of biological effects on a range of taxa, and do not focus on specific species or 83	
  

groups of organisms (but see Albright, 2011; Gazeau et al., 2013; Hoegh-84	
  

Guldberg et al., 2007; Parker et al., 2013, for reviews on corals and shelled 85	
  

molluscs). To date, there have been no reviews focused on oysters, despite 86	
  

their ecological, economic and societal value.  87	
  

 88	
  

This review is in two parts: firstly, we undertake a brief review of the biological 89	
  

and ecological impacts of OA on oysters. This includes an assessment of the 90	
  

effects of OA on individual life history stages (planktic larvae and sessile 91	
  

juveniles and adults), populations and ecosystem-level responses. We then 92	
  

review the range of ecosystem services that are provided by oysters, including 93	
  

an assessment of their economic value and associated metrics. We conclude 94	
  

by considering how impacts at the organismal-level can affect the provision of 95	
  

ecosystem services.  96	
  

 97	
  

2. The biological impacts of ocean acidification on oysters 98	
  

 99	
  

2.1. Effects of OA on reproduction and planktic life-history stages 100	
  



 101	
  

The planktic larval stage is a crucial life-history stage for many benthic 102	
  

organisms and changes in development, performance or survival of this stage 103	
  

can critically influence juvenile-adult population dynamics and ecosystem 104	
  

functioning (Bachelet, 1990; Green et al., 2004; Rumrill, 1990). The early 105	
  

development stages of marine calcifiers were quickly identified as particularly 106	
  

vulnerable to OA, with the potential to alter population size and dynamics, and 107	
  

community structure (Kurihara, 2008). As such, there has been a burgeoning 108	
  

literature describing larval responses to OA (reviewed in Albright, 2011; Byrne, 109	
  

2011; Przeslawski et al., 2014; Ross et al., 2011). 110	
  

 111	
  

OA has been shown to induce narcotic effects on motile life-history stages, 112	
  

reducing fertilisation success (Byrne, 2011). In a number of instances, OA 113	
  

effects include reduced sperm motility, reductions in fertilisation success and 114	
  

hatching rates of embryos (Barros et al., 2013; Parker et al., 2009; Parker et al., 115	
  

2010), although in the case of Parker et al. (2009), changes could not be solely 116	
  

attributed to OA due to the effects being conflated with suboptimal culture 117	
  

temperatures. However, OA-induced narcosis has not been consistently shown, 118	
  

with disparity between studies of the same species (e.g. Kurihara et al., 2007; 119	
  

Parker et al., 2012). Parker et al. (2012) suggest this disparity may be the result 120	
  

of intraspecific phenotypic plasticity, whereas Byrne (2011) argues that the 121	
  

fertilisation process in marine invertebrates can be resilient to fluctuations in pH 122	
  

and may not be a reliable end-point. Neither Parker et al. (2012) or Byrne’s 123	
  

(2011) theories have been tested, but the inconsistencies shown highlight the 124	
  



need for comparative studies using discrete populations to determine if OA has 125	
  

consistent and repeatable effects, irrespective of scale or location. 126	
  

 127	
  

In contrast to the fertilisation process, embryos and larvae are considered less 128	
  

tolerant to the effects of OA (Kroeker et al., 2010; Parker et al., 2012), in part 129	
  

because molluscs and other calcareous shell-forming species commonly lack 130	
  

the specialised ion-regulatory epithelium used to maintain acid-base status 131	
  

(reviewed in Lannig et al., 2010). The process of shell mineralisation begins at 132	
  

the trochophore (prodissoconch I) stage (reviewed in Gazeau et al., 2013). 133	
  

Larvae use two types of calcium carbonate, firstly mineralising highly soluble 134	
  

amorphous calcium carbonate (ACC) (Brečević and Nielsen, 1989) before 135	
  

switching to aragonite (Weiner and Addadi, 2002; Weiss et al., 2002). In 136	
  

juvenile and adult stages, this again changes to the use of low solubility calcite 137	
  

instead (Lee et al., 2006; Stenzel, 1964). Because the calcium carbonate 138	
  

structures formed in these early life-history stages play a crucial role in 139	
  

protection, feeding, buoyancy and pH regulation, disruption of calcification from 140	
  

OA could have significant consequences for survival (Barros et al., 2013; 141	
  

Simkiss and Wilbur, 2012). In other taxa, OA has been shown to greatly alter 142	
  

the structure of the important larval shell of calcifying organisms, including 143	
  

affecting dissolution rates and causing shell malformation, stunted growth, 144	
  

altered mineral content, and weaker skeletons (reviewed in Byrne, 2011; and 145	
  

Kurihara, 2008).  146	
  

 147	
  

OA can also affect development rates. Multi-stressor experiments manipulating 148	
  

pCO2, pH, total alkalinity, and Ωarag in order to simulate future acidification 149	
  



scenarios have shown that oyster larvae are highly sensitive to predicted future 150	
  

conditions. Responses include lower survivorship, abnormal development, 151	
  

smaller body size, and altered shell properties (Gazeau et al., 2013; Guo et al., 152	
  

2015; Hettinger et al., 2013a; Hettinger et al., 2012; Parker et al., 2009; Parker 153	
  

et al., 2013; Talmage and Gobler, 2009; Timmins-Schiffman et al., 2012; 154	
  

Watson et al., 2009). However, the response remains inconsistent, with 155	
  

differences between species and regions apparent (see Gazeau et al., 2011; 156	
  

Kurihara et al., 2007; Parker et al., 2010 for a regional comparison of 157	
  

Crassostrea gigas performance), with the differences within species suggestive 158	
  

of pre-adaptation determined by exposure in their respective natural 159	
  

environment (sensu environmental filtering, Kraft et al., 2015). 160	
  

 161	
  

OA places individuals under stress as they try to regulate or maintain 162	
  

physiological function. Processes including shell mineralisation, maintenance of 163	
  

internal acid-base balance, somatic growth, swimming and feeding are 164	
  

energetically expensive (Pörtner et al., 2004), and require additional energy for 165	
  

maintenance under OA (Pörtner, 2008). As such, the planktic larval stage can 166	
  

be extended to allow individuals to compensate for inefficient feeding and 167	
  

delayed development, but doing so may subsequently affect the fitness, 168	
  

competitive ability and survivorship of the individual at later life-history stages 169	
  

(Anil et al., 2001; Gazeau et al., 2010; Rumrill, 1990; Talmage and Gobler, 170	
  

2009). Trade-offs between calcification and other physiological aspects are 171	
  

expected to occur, but the extent to which these occur and their impact, will 172	
  

depend on an individuals’ ability to obtain sufficient energy from their 173	
  



environment to counteract any negative effects of acidification (Hettinger et al., 174	
  

2013a).  175	
  

 176	
  

2.2. Carry-over or latent effects: metamorphosis to juvenile-adult stages 177	
  

 178	
  

Changes in larval fitness are expected to impact adult population success 179	
  

through a combination of latent/carry-over effects (see Pechenik, 2006) and 180	
  

bottleneck effects (Schneider et al., 2003). These effects may only be transient, 181	
  

for instance, in cases where larval development is slower and the increased 182	
  

risks associated with extended larval duration (e.g. mortality from predation, 183	
  

starvation) enhance bottleneck effects. However, if larval development is 184	
  

unchanged and larval duration does not vary, the full suite of consequences will 185	
  

be transferred to the juvenile (carry-over effects). Consequences may include 186	
  

reduced environmental tolerance, decreased predation resistance, and 187	
  

increased mortality, which can introduce an additional bottleneck for the adult 188	
  

population (see Gaylord et al., 2011).  189	
  

 190	
  

The negative impacts of OA on both pre- and post-settlement processes in 191	
  

oysters are clear. These include: reduced metamorphosis success (Hettinger et 192	
  

al., 2013a); greater mortality of juveniles (Beniash et al., 2010; Dickinson et al., 193	
  

2012); shell weakening (Dickinson et al., 2012) and greater prevalence of 194	
  

micro-fractures; a reduction in shell dry mass, soft-tissue mass (Beniash et al., 195	
  

2010; Dickinson et al., 2012) and growth (Hettinger et al., 2013b; Hettinger et 196	
  

al., 2012; Parker et al., 2011).  197	
  

 198	
  



Metamorphosis is a crucial step in population development and growth and 199	
  

mortality is often high due to the high energetic cost (Gosselin and Qian, 1997; 200	
  

Videla et al., 1998). OA can lead to the depletion of energy reserves (e.g. lipids), 201	
  

impair larval fitness and decrease the likelihood of successful metamorphosis 202	
  

by up to 30% (e.g. Talmage and Gobler, 2009). A delay in metamorphosis can 203	
  

reduce energy reserves and lead to settlement in suboptimal habitat, such that 204	
  

post-settlement competence is impaired and mortality rates increased (see the 205	
  

extensive work by Jan Pechenik, including Pechenik, 2006; Pechenik et al., 206	
  

1998). Given that post-settlement mortality often exceeds 90% under natural 207	
  

environmental conditions (Thorson, 1950), any additional impact on juveniles 208	
  

fitness or survival associated with OA impacts is likely to lead to significant 209	
  

consequences in terms of adult population density. 210	
  

 211	
  

It has been suggested that negative consequences of OA on juvenile and adult 212	
  

oysters are carried-over as a result of energetic deficits experienced during the 213	
  

early (planktonic) life stage (Hettinger et al., 2013b); a less fit larva will likely 214	
  

become a less fit (e.g. smaller) juvenile/adult (Hettinger et al., 2012). These 215	
  

consequences may, in general, be negative but individuals from specific regions 216	
  

or some species appear to have developed coping mechanisms. Ko et al. 217	
  

(2013) recently provided evidence of compensatory mechanisms in C. gigas 218	
  

juveniles raised under acidified conditions, in which individuals displayed more 219	
  

rapid calcification (without a reduction in shell thickness or change in 220	
  

microcrystalline structure). Parker et al. (2011) demonstrated that some bred 221	
  

populations of Saccostrea glomerata were more resistant to OA than wild 222	
  

populations. While both bred and wild-caught individuals displayed significant 223	
  



reduction in shell growth at pH 7.8, wild populations were more susceptible to 224	
  

OA conditions than the bred population. The authors argue that these 225	
  

differences could be due to phenotypic plasticity emanating from different 226	
  

parental history, and/or differences in enzymatic activity of carbonic anhydrase - 227	
  

an enzyme linked with acid-base regulation and shell formation. Irrespective of 228	
  

the mechanism(s) of resilience, some species may be better suited for future 229	
  

OA conditions, and identification of resilient lineages may provide important 230	
  

insights for future food biosecurity and decision-making (see part 3.3). 231	
  

 232	
  

2.3 OA impacts on adult oysters 233	
  

 234	
  

Early studies indicated adult oysters were relatively robust to OA, leading to the 235	
  

rapid focus on early life history stages. Negative responses of adults were 236	
  

largely overlooked (see review by Gazeau et al., 2013; Parker et al., 2013), 237	
  

despite evidence of reduced calcification and shell growth (Beniash et al., 2010; 238	
  

Gazeau et al., 2007; Parker et al., 2009; Ries et al., 2009; Waldbusser et al., 239	
  

2011b; Wright et al., 2014), decreased shell density, weight, and strength 240	
  

(Bamber, 1990; Welladsen et al., 2010), increased shell dissolution 241	
  

(Waldbusser et al., 2011a), and increased mortality (Beniash et al., 2010; Dove 242	
  

and Sammut, 2007). Metabolic activities have also been shown to be impaired, 243	
  

but have received little attention to date, with additional studies needed. In the 244	
  

few studies available, a consistent response across species has been apparent, 245	
  

notably impaired feeding activity (Dove and Sammut, 2007). Impaired filtration 246	
  

and feeding has the potential to effect energy supply and metabolic 247	
  



maintenance in adult oysters, and may affect resilience and persistence to OA 248	
  

in the long term.  249	
  

 250	
  

Lower pH has been shown to affect the immune response of several taxa 251	
  

(bivalves and echinoderms, Asplund et al., 2014; Beesley et al., 2008; Bibby et 252	
  

al., 2008; Dupont and Thorndyke, 2012; Matozzo et al., 2012), but not others 253	
  

(decapods, Small et al., 2010). In oysters, several studies have shown negative 254	
  

effects. Li et al. (2009) noted impediment to metabolic activities of C. gigas 255	
  

under food deprivation and extended recovery time post-spawning, which they 256	
  

linked to an impaired immunological response. Wang et al. (2016) recently 257	
  

demonstrated that reduced pH (≤7.8) negatively impacted the immune system 258	
  

of C. gigas by increasing haemocyte apoptosis and reactive oxygen species 259	
  

production, inhibiting the activity of antioxidant enzymes, and influencing the 260	
  

mRNA expression pattern of immune related genes.  261	
  

 262	
  

In Crassostrea virginica, Crassostrea angulata, and C.  gigas, suppression of 263	
  

immune-related functions including haemocyte production and antioxidant 264	
  

defence was compromised leading to greater sensitivity to metal pollutants 265	
  

(Ivanina et al., 2014; Moreira et al., 2016). Li et al. (2015) showed short-term 266	
  

OA and warming significantly altered immune parameters of the Pearl oyster, 267	
  

Pinctada fucata, impacting acid-base regulation capacity, immune system 268	
  

functioning and bio-mineralization. Altered immune functions of bivalves from 269	
  

acidification can potentially lead to higher susceptibility to pathogens (Asplund 270	
  

et al., 2014; Beesley et al., 2008; Bibby et al., 2008; Ellis, 2013). For example, 271	
  

Vibrio tubiashii, a well-known pathogen of oysters that causes significant losses 272	
  



to the aquaculture sector (Dorfmeier, 2012; Elston et al., 2008; Richards et al., 273	
  

2015a) grew more quickly, increasing the likelihood of outbreaks, although the 274	
  

susceptibility of the oysters to pathogens did not change.  275	
  

 276	
  

2.4 From individual to ecosystem-level effects: consequences for the oyster reef 277	
  

 278	
  

It is apparent that oysters, like many other marine invertebrates, are vulnerable 279	
  

to OA, yet consequences at the population and ecosystem level remain largely 280	
  

unknown. Many of the effects of OA are non-lethal, but substantial ecosystem 281	
  

changes can be expected as systems become restructured, with ‘winners’ and 282	
  

‘losers’, through environmental filtering and niche partitioning (Barry et al., 283	
  

2011; Fulton, 2011; Kraft et al., 2015; Somero, 2010). Such changes have 284	
  

already been seen in other taxa based on laboratory, mesocosm and field-285	
  

based experiments, which all show that acidification favours some species, 286	
  

such as macroalgae and invasive invertebrates (Hall-Spencer and Allen, 2015), 287	
  

over others (Brodie et al., 2014). Ecosystem changes can be dramatic. For 288	
  

example, Christen et al. (2013) observed a phase shift from a calcareous-289	
  

dominated system to one dominated by non-calcareous species. In Australia, 290	
  

the introduced Pacific oyster, C. gigas, is more resilient to acidification than the 291	
  

native S. glomerata (Parker et al., 2010) and may dominate interactions in the 292	
  

future. Should there be a shift in dominance toward the non-native species, the 293	
  

question remains as to whether C. gigas can provide functional redundancy and 294	
  

continue to provide the suite of ESs currently derived from S. glomerata or be 295	
  

lost altogether?  296	
  

 297	
  



OA may affect community composition by altering interspecific interactions, 298	
  

between different trophic levels. For oysters, OA is predicted to lead to greater 299	
  

vulnerability to predation due to the negative effects on shell dissolution and 300	
  

microstructure (see references above). In some instances, the predator 301	
  

themselves may also be affected. For example, Sanford et al. (2014) found that 302	
  

Urosalpinx cinerea, a major gastropod predator of Ostrea lurida, consumed 303	
  

significantly more oysters in acidified treatments than in control treatments. 304	
  

Suggested reasons for this were reduced energetic value of the prey species, 305	
  

reduced prey handling time, increased energetic requirements of the predator 306	
  

or a combination of these (Kroeker et al., 2014).  307	
  

 308	
  

Sites with naturally acidified conditions, such as volcanic seeps, lagoons and 309	
  

upwelling areas, can provide insights into long-term community responses to 310	
  

OA, particularly in areas subjected to anthropogenic stress (see studies by 311	
  

Basso et al., 2015; Range et al., 2012; Thomsen et al., 2012; Thomsen et al., 312	
  

2010; Tunnicliffe et al., 2009). Field studies of mussel and vermetid reefs have 313	
  

shown that, in oligotrophic conditions, reduced pH levels benefit non-calcified 314	
  

algae, but impairs mollusc larval recruitment and dissolves carbonate habitat 315	
  

(Cigliano et al., 2010; Comeau et al., 2015; Kroeker et al., 2012; Milazzo et al., 316	
  

2014; Rodolfo-Metalpa et al., 2011). Studies of the impacts of shallow-water 317	
  

oyster reef degradation show that loss or damage to these habitats can trigger 318	
  

cascading effects, including loss of biodiversity, reductions in biofiltration, and 319	
  

loss of coastal habitat protection (Rossoll et al., 2012). 320	
  

 321	
  

2.5 Potential for adaptation 322	
  



 323	
  

There are concerns over whether species will be able to adapt to the current 324	
  

unprecedented rates of environmental change (Somero, 2010; Sunday et al., 325	
  

2014; Visser, 2008). Fast-generating species such as the pond algae, 326	
  

Chlamydomonas, did not show evidence of adaptation to acidified conditions 327	
  

after 1000 generations (Collins and Bell, 2004), although recently, the marine 328	
  

polychaete, Ophryotrocha labronica, demonstrated acclimation after just two 329	
  

generations (Rodríguez-Romero et al., 2015) indicating vastly different 330	
  

propensity for adaptation. It might be reasonable to assume that long-lived, 331	
  

slow generation time species, such as oysters, are even less likely to evolve 332	
  

rapidly (Barry et al., 2011; Byrne, 2011). However, Parker et al. (2015; 2012) 333	
  

demonstrated conferred tolerance from adults exposed to elevated CO2 to their 334	
  

offspring (also dependent on if the oysters originated from wild or aquaculture-335	
  

reared populations), suggesting hereditary traits as a mechanism of resilience. 336	
  

But as in fast generation time species, the potential for adaptation may be 337	
  

species-specific, as well as dependent on the heritage of the individual (Parker 338	
  

et al., 2010; Parker et al., 2011 respectively; Thompson et al., 2015).  339	
  

 340	
  

A possible mechanism through which resilience to environmental stress can be 341	
  

achieved may be linked to the ‘quality’ of the environment. In the Baltic Sea, 342	
  

seasonal upwelling of eutrophic water leads to very high CO2 levels and 343	
  

phytoplankton blooms, nevertheless, blue mussel reefs are able maintain their 344	
  

structure and function. Thomsen et al. (2012) argued that the high food supply 345	
  

allows the mussels to offset the metabolic costs of hypercapnia (Thomsen et al., 346	
  

2012); a hypothesis that would support why aquaculture-reared individuals may 347	
  



be more tolerant to OA than wild individuals. However, what is not yet clear is 348	
  

the extent to which resilience and survival is achieved at the expense of ES 349	
  

provision? 350	
  

 351	
  

3. The impacts of ocean acidification on oyster-reef ecosystem services 352	
  

 353	
  

3.1 Using ESs to assess the impacts of OA 354	
  

 355	
  

3.1.1 Assessing and valuing ESs 356	
  

 357	
  

ESs allow society to evaluate and estimate the social and economic impacts of 358	
  

changes in resource availability (Beaumont et al., 2007; Cooley, 2012). They 359	
  

provide a tangible link between ecosystem health and human use (Figure 1) 360	
  

that help to inform decision-making of how to sustainably use and protect 361	
  

ecosystems (e.g. deciding whether to provide financial incentives, Knights et al., 362	
  

2014). This is especially important as human well-being is linked to the 363	
  

sustained provision of resources including food, fuel, shelter, and water (Díaz et 364	
  

al., 2006). However, clear context and definition of ESs is critical to their 365	
  

perceived ‘value’ (Friedrich et al., 2015). 366	
  

 367	
  

There are a number of ways to value ESs. The most obvious - ‘monetary value’ 368	
  

- can be useful in conjunction with frameworks, such as the Total Economic 369	
  

Valuation (TEV) framework, which provides a classification of the different types 370	
  

of economic values associated with ESs (DEFRA, 2013; Herbert et al., 2012). In 371	
  

TEV, ESs are classified as either ‘use values’ (those derived from human 372	
  



interactions with a particular resource) or ‘non-use values’ (derived solely from 373	
  

the knowledge that the resource exists currently and will continue to exist in the 374	
  

future (Figure 2)).   375	
  

 376	
  

3.1.2 Valuing oyster-derived ESs 377	
  

 378	
  

The value of a service can be relatively easily estimated when a particular ES 379	
  

has a market price. For example, in 2009, Pacific oysters bought for the food 380	
  

industry were valued at £1,815/tonne (Herbert et al., 2012). Other services, 381	
  

such as carbon sequestration (carbon credit values), or raw materials (shell 382	
  

cultch) can be valued in a similar way. But when no market price exists or the 383	
  

ES value is subjective, estimating value can be a difficult task. In these 384	
  

instances, approaches such as ‘Willingness-to-Pay’ (WTP. e.g.De Groot et al., 385	
  

2002; Fletcher et al., 2014) can provide a ‘value’ based on what people are 386	
  

willing to pay to avoid or counteract the adverse effects of the loss of the ES. 387	
  

The WTP approach is less precise than using market values, but can still be 388	
  

used to infer ecosystem or ES value. 389	
  

 390	
  

3.1.3 ESs and OA 391	
  

 392	
  

Future OA conditions are predicted to negatively affect the availability and 393	
  

quality of ESs through direct or indirect effects on species and the ecosystem 394	
  

(Frommel et al., 2012) with major social and economic consequences (Figure 3) 395	
  

(Cooley et al., 2009). Studies have typically focused on particular habitats, such 396	
  

as coral reefs (Brander et al., 2012), locations of significant value (Bosello et al., 397	
  



2015; Hilmi et al., 2014; Lacoue-Labarthe et al., 2016; Rodrigues et al., 2013), 398	
  

or an economic sector (Cooley and Doney, 2009; Moore, 2011; Narita and 399	
  

Rehdanz, 2016; Narita et al., 2012). Although an increasing number of studies 400	
  

have tried to quantify the economic implications of OA on ES provision (Brander 401	
  

et al., 2012; Cooley and Doney, 2009; Moore, 2011; Narita et al., 2012), they 402	
  

are often qualitative in nature due to a lack of quantitative data (Cooley, 2012; 403	
  

Hilmi et al., 2014; Hilmi et al., 2013). While qualitative assessments are 404	
  

valuable for indicating directionality of change in ES provision, it is challenging 405	
  

to include the findings in management decisions and investment prioritization 406	
  

without clear quantitative estimates of change. Therefore, future studies 407	
  

providing more quantitative estimates are critically needed in order to bridge 408	
  

those gaps. 409	
  

 410	
  

3.2 Oyster-reefs ESs, their value, and impacts of OA 411	
  

 412	
  

3.2.1 Oyster reef ecosystem services 413	
  

 414	
  

Biogenic reefs provide a wide range of ecosystem services including supporting, 415	
  

provisioning, regulating, and cultural services (MEA, 2005; Teagle et al. this 416	
  

issue) (Figure 1). Oysters are ecosystem engineers (Jones et al., 1996; Jones 417	
  

et al., 1997), in that they form biogenic reefs providing habitat for a range of 418	
  

other species and contribute a number of ecosystem functions and services 419	
  

(Fletcher et al., 2012; Herbert et al., 2012) (Figure 4, Table 1). Importantly, 420	
  

oysters are both allogenic and autogenic engineers, and ESs originate from 421	
  

both individual oysters and the wider reef structure (Walles et al., 2015). 422	
  



Allogenic ESs include water filtration, benthic-pelagic coupling, nutrient cycling, 423	
  

carbon sequestration, and food provision (from oyster harvesting), while 424	
  

autogenic ESs include habitat formation, food provision, erosion protection and 425	
  

shoreline stabilization (Figure 4, Table 1). Additionally, cultural services 426	
  

associated with oyster reefs include recreational harvesting, educational use 427	
  

(research) and cultural heritage (Paolisso and Dery, 2010; Scyphers et al., 428	
  

2014).  429	
  

 430	
  

The perceived and relative importance of oyster-derived ESs is context-specific 431	
  

(Scyphers et al., 2014). Local or regional characteristics, such as environmental 432	
  

conditions, but also local economy and communities, can influence the 433	
  

significance of each service, but also their susceptibility to OA. For instance, 434	
  

biofiltration is a particularly valued ES in areas that are: polluted or susceptible 435	
  

to eutrophication; intensely used for recreation; or located near to seagrass 436	
  

beds (Cerco and Noel, 2007). Alternatively, shoreline stabilisation and 437	
  

protection from erosion by oysters is of importance in coastal areas under threat 438	
  

of climate change and extreme weather events (Brumbaugh et al., 2010; La 439	
  

Peyre et al., 2014), and in other areas, seafood is considered most important 440	
  

(Cooley et al., 2012).  441	
  

 442	
  

Determining the importance of ESs to society and the economy can be 443	
  

achieved using one of the valuation methods described in brief above. Several 444	
  

studies have estimated the value of ESs association with oyster reefs (Beseres-445	
  

Pollack et al., 2013; Grabowski et al., 2012; Grabowski and Peterson, 2007; 446	
  

Henderson and O’Neil, 2003; Kroeger, 2012; Volety et al., 2014) but estimates 447	
  



are wide-ranging (e.g. Grabowski et al. (2012) valued oyster reefs at between 448	
  

$5500-$99000 ha-1 yr-1, excluding the economic value from harvesting). Given 449	
  

local/regional priorities may vary, such varied estimates are unsurprising, but 450	
  

makes predicting the economic impact of OA on oyster reefs challenging and 451	
  

perhaps explains why no study has attempted to do so to date. In lieu of such 452	
  

an analysis, studies that estimate the economic losses emanating from 453	
  

damaged oyster reefs may be a useful proxy. Here, we use these studies to 454	
  

provide a first assessment of OA impacts on ES provision from oyster reefs. 455	
  

While it can be argued that drawing conclusions on the effects of OA from 456	
  

damaged reefs is unrealistic or inaccurate, it has the merit to reinforce the high 457	
  

value of oyster reef ESs, allow an initial estimate of losses to be undertaken, 458	
  

and provides direction for future studies. 459	
  

 460	
  

3.2.2 Current state of oyster reefs 461	
  

 462	
  

Despite the numerous ESs provided by healthy oyster reefs, reef conservation 463	
  

and health is rarely considered unless populations are in danger of collapsing or 464	
  

are threatened (Kirby, 2004). It is only in these instances that the value of 465	
  

oyster reefs is assessed; the outcomes used to direct restoration efforts (Beck 466	
  

et al., 2011; Coen et al., 2007; Grabowski et al., 2012; Grabowski and Peterson, 467	
  

2007; La Peyre et al., 2014; Volety et al., 2014). A recent study estimated that 468	
  

85% of native oyster reefs had been lost globally and that in many bays and 469	
  

ecoregions, reefs were less than 10% of their historical abundance and 470	
  

‘functionally extinct’ (Beck et al., 2011). As such, there is an urgent need for an 471	
  

assessment of ESs provided by oyster reefs. 472	
  



 473	
  

There is, however, on-going debate over what is considered an acceptable level 474	
  

of ‘ecological health’ for oyster reefs (Alleway and Connell, 2015). While it is 475	
  

recognised that reef degradation can lead to a decrease in, or even loss of, 476	
  

provision of many ESs (Coen et al., 2007; Table 1; Jackson et al., 2001; Paerl 477	
  

et al., 1998; zu Ermgassen et al., 2013), the impact of OA on ESs derived from 478	
  

oyster reefs is less clear. In fact, the potential consequences of OA are largely 479	
  

speculative, and based either on the physiological and ecological impacts 480	
  

observed during laboratory experiments, or using in situ field experiments in 481	
  

naturally acidified sites (see Section 2.4). These studies suggest that population 482	
  

sizes may decrease below the minimum threshold required for the desired level 483	
  

of ESs (Figure 4) and indicate an overall negative effect of OA on oysters’ early 484	
  

life stages, with direct consequences on juvenile and adult physiology as well 485	
  

as recruitment and population dynamics (see discussion in Section 2.4). 486	
  

However, while there have been studies examining the effects of OA on 487	
  

filtration rates, growth, and survival of oysters, there has been no attempt to 488	
  

date to link those effects to ES provision. 489	
  

 490	
  

3.2.3 Ecosystem services associated with oyster reefs 491	
  

 492	
  

Oyster reefs provide a number of important provisioning, regulating, habitat and 493	
  

cultural ESs (Table 1). Below we describe each of the ESs in turn, grouped 494	
  

using the MEA (MEA, 2005) and more recent ODEMM assessment (White et al., 495	
  

2013), and consider how OA is likely to affect the provision of those services in 496	
  

the future.  497	
  



 498	
  

3.2.3.1 Habitat/Structural Services  499	
  

 500	
  

Oysters create large complex 3-dimensional structures (Knights and Walters, 501	
  

2010), providing a unique habitat for many organisms, assuring life-cycle 502	
  

maintenance, and securing a diverse gene pool (Table 1). The maintenance of 503	
  

the reef structure relies notably on the successful recruitment of oyster larvae 504	
  

and juveniles into the adult population. By creating a mismatch between 505	
  

environmental conditions and larval/juvenile performance (see Section 2), OA 506	
  

can have direct negative impacts on the formation and replenishment of the reef 507	
  

structure (Table 1). Moreover, it can hold further negative consequences for the 508	
  

reef, by lowering gene pool diversity and creating additional bottlenecks. OA-509	
  

induced reef deterioration is likely to alter the available niches for other species, 510	
  

and restructure the overall habitat, which can hold critical consequences for the 511	
  

provision of other ESs. 512	
  

 513	
  

3.2.3.2 Provisioning Services 514	
  

 515	
  

Biodiversity and Seafood (other than oysters) 516	
  

Biogenic reefs are important to food webs and fisheries (Peterson and Lipcius, 517	
  

2003) and many organisms use reefs as refugia from predators, as nests, or 518	
  

feeding grounds. Oyster reefs create critical habitat for a number of species, 519	
  

including other economically important molluscs, crustaceans, and various 520	
  

species of fish (reviewed in Coen et al., 2007; Coen et al., 1999; La Peyre et al., 521	
  

2014; Scyphers et al., 2011; Tolley and Volety, 2005; Volety et al., 2014). In a 522	
  



recent analysis, Grabowski et al. (2012) estimated that one ha. of healthy oyster 523	
  

reef increases biodiversity and enhances commercial fish value by up to 524	
  

~$4123 yr-1 (see also Grabowski and Peterson, 2007; Table 1), although that 525	
  

value-added benefit may only be apparent when the oyster reef is not located 526	
  

near to other biogenic habitats that provides a similar function (Geraldi et al., 527	
  

2009). The value of oyster reefs can be used to justify a management action 528	
  

(Knights et al., 2014), for example, the decision to restore an oyster reef 529	
  

following degradation (an effective method for increasing fish and large 530	
  

crustaceans production, Peterson et al., 2003). At the time of writing, there is no 531	
  

indication or means of disentangling the ‘value’ of oyster reefs to biodiversity 532	
  

and seafood in differing states of health, nor a clear understanding of the likely 533	
  

state of oyster reefs under OA beyond an expectation that some reefs will be 534	
  

more susceptible to damage and lead to a reduction in ES provision. Current 535	
  

research is on going to determine if other/non-native species, appearing more 536	
  

robust to OA, can provide redundancy for the loss of biogenic reef species 537	
  

threatened by OA. 538	
  

 539	
  

Ornamental and raw materials 540	
  

Oyster shell is valuable to a number of sectors (Yao et al., 2014), including 541	
  

construction, agriculture, and wastewater treatment. The cost of oyster cultch is 542	
  

relatively low (~$126/tonne, Kwon et al., 2004; Table 1) and the calcium 543	
  

carbonate from the shells is used as grit for the rearing of poultry (Çath et al., 544	
  

2012; Scott et al., 1971); as a construction material and substitute for aggregate 545	
  

in concrete or mortar (Yang et al., 2010; Yang et al., 2005; Yoon et al., 2003; 546	
  

Yoon, 2004); as a liming material and soil stabilizer (Lee et al., 2008; Ok et al., 547	
  



2010); and to treat discharged wastewaters to remove phosphates and traces 548	
  

of toxic heavy metals such as cadmium, copper and nickel (Hsu, 2009; Kwon et 549	
  

al., 2004). As shell dissolution rates increase with OA, the availability of oyster 550	
  

shell for use as a raw material may decline in the future (in terms of abundance 551	
  

and/or ‘quality’), increasing the cost of the material to industry and raising the 552	
  

cost to the consumer.  553	
  

 554	
  

The use of oysters for ornamental purposes has decreased in modern times, 555	
  

but there are historical references of the use of oyster shells as raw material for 556	
  

the creation of glass (Wedepohl and Baumann, 2000). Shells are still available 557	
  

commercially, with values ranging from £5-15 a shell (Lemasson et al. 558	
  

unpublished). OA is likely to impact on the provision of raw materials, by 559	
  

negatively impacting on the calcification process of oysters, promoting adult 560	
  

shell dissolution, and may well reduce the value of shells as a raw material. The 561	
  

economic costs that would be incurred because of the loss of this service are 562	
  

unclear, and no estimates are found in the literature to date. 563	
  

 564	
  

3.2.3.3 Regulating Services 565	
  

 566	
  

Climate regulation and carbon sequestration 567	
  

A number of studies have suggested that oysters provide climate change 568	
  

mitigation as a result of carbon sequestration during the calcification process 569	
  

(Dehon, 2010; Grabowski and Peterson, 2007; Lee et al., 2010; Peterson and 570	
  

Lipcius, 2003; Wingard and Lorenz, 2014). Although it can be argued that 571	
  

oysters are net CO2 producers on their own, this service is particularly valid 572	
  



when oysters are present in association with algae (Hall et al., 2011). While the 573	
  

calcification process in oysters has been extensively researched, the extent to 574	
  

which climate can be mitigated is not easily quantifiable, and the impact on the 575	
  

carbon cycle not easily determined (Hickey, 2008). Under OA, shell calcification 576	
  

is negatively affected as shell dissolution increases (Welladsen et al., 2010) as 577	
  

a result of corrosive waters. The carbon sequestration process and efficiency of 578	
  

the climate regulation service is therefore at risk. At the time of writing, there 579	
  

was no data assessing the value of such service, although estimates could be 580	
  

derived from the price of carbon credits, or be related to bequest value of the 581	
  

bio-sequestration of CO2 (Herbert et al., 2012). 582	
  

 583	
  

Disturbance prevention and coastal erosion protection 584	
  

The 3-dimensional structure of oyster reefs provides protection from erosion 585	
  

and stabilising shorelines. Adjacent critical habitats, such as seagrass beds or 586	
  

saltmarshes, positively benefit from the attenuation of wave action and the 587	
  

modification of the local water flow (Coen et al., 2007; Scyphers et al., 2011). It 588	
  

is argued that shore stabilisation and erosion protection are the most valuable 589	
  

ESs provided by oyster reefs (Grabowski et al., 2012). How OA will affect the 590	
  

maintenance of the 3-dimensional reef structure is unclear (see also 591	
  

provisioning services above), but the impacts on early life history, juvenile and 592	
  

adult forms (discussed in Section 2) are predicted to lead to a reduction in reef 593	
  

size, and therefore, a reduction or loss of coastal protection and shoreline 594	
  

stabilisation properties. The ‘value’ of this ES is likely to continue to erode under 595	
  

climate change as the number and intensity of extreme weather events 596	
  



increases, such that the ability of reefs to attenuate wave action may be 597	
  

reduced (Michener et al., 1997). 598	
  

 599	
  

The cost of using engineered shoreline stabilization solutions as an alternative 600	
  

to reefs can provide some insights into the value of this ES (termed ‘avoidance 601	
  

costs’), but as Grabowski et al. (2012) points out, this value is context-specific 602	
  

and highly dependent on factors including the location, infrastructure types and 603	
  

prices, local economy, and the level of exposure. Nevertheless, costs of coastal 604	
  

defence structures can be in the a few dollars to millions of dollars depending 605	
  

on the setting and requirements (Table 1, see Firth et al., 2014 for a review) 606	
  

 607	
  

Water treatment and quality 608	
  

Oysters are important bio-filters that improve water quality (Grizzle et al., 2008; 609	
  

Hoellein et al., 2015; La Peyre et al., 2014; Nelson et al., 2004; Newell, 2004) 610	
  

and affect nutrient cycling (Beseres-Pollack et al., 2013; Coen et al., 2007; 611	
  

Hoellein et al., 2015; Kellogg et al., 2013; Newell et al., 2005; Piehler and 612	
  

Smyth, 2011). A number of approaches have been used to attribute value to 613	
  

this ES. Grabowski et al. (2012) used nitrogen permits as a proxy for market 614	
  

price, estimating that one ha. of oyster reef removed a quantity of nitrogen 615	
  

valued to $1385-$6716 yr-1. Beseres-Pollack et al. (2013) used the costs of 616	
  

adding a biological nutrient removal system to a wastewater treatment plant, 617	
  

valuing the nitrogen removal service at $293,993 yr-1 in the Mission-Aransas 618	
  

Estuary (NB this is equivalent to between 44 and 212 hectares of oyster reef 619	
  

based on Grabowski et al., 2012 estimates). Oyster-mediated nitrogen removal 620	
  

was valued at $314,836 yr-1 in the Choptank estuary, using an average 621	
  



monetary value of ~$24 kg-1 of nitrogen removed specifically applied to their 622	
  

study site (Newell et al., 2005), $18,136 per million oysters in Chesapeake Bay 623	
  

(Kasperski and Wieland, 2009), and $3000 ac-1 yr-1 in Bogue Sound, using 624	
  

values derived from the North Carolina nutrient offset trading program of $13 625	
  

per kg of nitrogen removed (Piehler and Smyth, 2011). These values are, 626	
  

however, difficult to compare as they are based on multiple assumptions of 627	
  

what constitutes ‘value’ and the bodies of water are of different sizes and 628	
  

properties, but nevertheless highlight the important economic value of this 629	
  

ecosystem service provided by oyster reefs.  630	
  

 631	
  

The continued provision of this ES has important indirect benefits to other ES 632	
  

provision that are often not considered. For example, improved water quality 633	
  

affects the provision of ESs by other healthy and functioning species and 634	
  

habitats, such as economically important seagrass beds (Cerco and Noel, 635	
  

2007; Coen et al., 2007; Dennison et al., 1993; Grabowski et al., 2012; Kahn 636	
  

and Kemp, 1985; Meyer et al., 1997). Increased seagrass bed coverage that 637	
  

comes with improved water quality can also be incorporated into the economic 638	
  

valuation of oyster reefs. Grabowski et al. (2012) estimated that one ha. of 639	
  

oyster reef promoted 0.005 hectares of additional seagrass bed, valued at 640	
  

$2584 ha-1. Therefore, under OA, further economic losses can originate from 641	
  

adversely impacted adjacent habitats.  642	
  

 643	
  

3.2.3.4 Cultural Services 644	
  

 645	
  

Recreation and leisure 646	
  



Improved water quality associated with health oyster reefs increases human 647	
  

well-being by reducing the likelihood of eutrophication (Lipton, 2004), and 648	
  

increasing recreational use of the environment. The value of recreation and 649	
  

tourism can therefore be used as an indirect estimate of the value of oyster 650	
  

reefs. Oyster reefs are socially recognised as a valuable resource; the U.S. 651	
  

National Research Council (2004) valued reefs using willingness-to-pay 652	
  

estimates at ~$222 million (Grabowski and Peterson, 2007; see also Volety et 653	
  

al., 2014). Reduced bio-filtration rates under OA will likely lead to increased 654	
  

eutrophication and reduced water quality, diminishing public appeal and 655	
  

generating financial losses from lower recreational use. 656	
  

 657	
  

Spiritual experience and cultural heritage 658	
  

Oysters hold a significant place in local culture, traditions and history. Many 659	
  

countries have a long history of oyster harvest and consumption (Kirby, 2004), 660	
  

including the USA (Dyer and Leard, 1994), France (Heral, 1989), and the UK 661	
  

(Humphreys et al., 2014; Mac Con Iomaire, 2006), which is celebrated during 662	
  

oyster festivals, such as the ‘Bluff Oyster’ in New Zealand (Panelli et al., 2008; 663	
  

Rusher, 2003), ‘Oysterfest’ in Australia (Lee and Arcodia, 2011), and the 664	
  

‘Whitstable Oyster Festival’ and the ‘Falmouth Oyster Festival’ in the UK. 665	
  

Traditional oyster harvesting can be an important part of the local economy and 666	
  

creates a sense of community and heritage, with the desire for this activity to be 667	
  

sustainable and prosper (Dyer and Leard, 1994; Paolisso and Dery, 2010; 668	
  

Scyphers et al., 2014). The impact of OA on the provision of cultural services is 669	
  

difficult to assess, but a reduction in the persistence of oyster reefs (and the 670	
  

number of harvestable oysters) will likely impact on the sense of heritage and 671	
  



affect local economies and communities that rely on a long tradition of oyster 672	
  

harvesting. In the worst case, OA could lead to the disappearance of oyster 673	
  

festivals, leading to the loss of sense of tradition and community well-being, as 674	
  

well as negative economic impacts locally through reductions of tourism. 675	
  

 676	
  

3.3 Economic Impacts of OA on oyster harvest and aquaculture 677	
  

 678	
  

The vulnerability of shellfisheries to OA and the likely economic consequences 679	
  

is of growing concern (Ekstrom et al., 2015; Haigh et al., 2015; Seijo et al., 680	
  

2016). Although the ‘value’ of reefs is highly variable and context-dependent in 681	
  

terms of harvest yield, OA is likely to negatively affect the resilience, 682	
  

persistence, and sustainable use of wild oyster reefs into the future. In response, 683	
  

wild harvests now represent only a small proportion of oyster production 684	
  

worldwide, and increasingly replaced by aquaculture (130,754 tonnes of wild 685	
  

harvest compared to 5,155,257 tonnes of aquaculture production; valued at 686	
  

$ 4,174,258,000 in 2014 - FAO data1).  687	
  

 688	
  

Aquaculture is the fastest growing food sector, and production reached an all-689	
  

time high of 90.4 million tonnes in 2012 (FAO, 2014). In the UK, the decline of 690	
  

the native oyster, O. edulis, led to the introduction of the Pacific oyster, C. gigas, 691	
  

which now represents over 90% of the country’s oyster production (Humphreys 692	
  

et al., 2014). Approximately 1200 tonnes of Pacific oysters are estimated to be 693	
  

produced each year in the UK (Herbert et al., 2012) worth an estimated £10.14 694	
  

million (Humphreys et al., 2014). Given the demand and value of shellfish 695	
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  http://www.fao.org/fishery/statistics	
  



aquaculture, determining how OA will affect food security in the future is a 696	
  

crucial question that remains unanswered, although in 2010, the United Nations 697	
  

Environment Programme (UNEP) cited OA as a major threat to food security 698	
  

(UNEP, 2010). At locations where the effects of OA are already being felt, 699	
  

damages to the oyster aquaculture industry have been disastrous. In the US, 700	
  

the Pacific North-west region hosts an oyster industry worth over $72 million, 701	
  

but since 2007, several oyster hatcheries have suffered from mass mortalities of 702	
  

oyster larvae of up to 70-80% due to the upwelling of waters that were acidified, 703	
  

highly saline and rich in V. tubiashii (Barton et al., 2015; Elston et al., 2008; 704	
  

Feely et al., 2008). Similar impacts are expected in UK shellfisheries and 705	
  

elsewhere under combined scenarios of acidification and warming (Callaway et 706	
  

al., 2012).  707	
  

 708	
  

Concerns have been expressed regarding the likely imbalance in the social and 709	
  

economic consequences of OA experienced by different communities (Ciuriak, 710	
  

2012; Cooley et al., 2012). Islands and coastal communities that rely heavily on 711	
  

seafood as a source of protein and for their livelihood (e.g. tourism), are 712	
  

expected to suffer most, particularly as their potential for adaptation and 713	
  

mitigation is restricted due to lower financial means and limited access to 714	
  

technologies (Cooley et al., 2009; Hilmi et al., 2014; Hilmi et al., 2013; UNEP, 715	
  

2010). Seafood aquaculture holds the potential to provide food security in a 716	
  

future where growing population and growing income are expected to increase 717	
  

the demand for food. However, for aquaculture to be sustainable, there is a 718	
  

need to recognise that the sector is nested in a sensitive system 719	
  

interconnecting economic, social and ecological spheres, whereby impacts on 720	
  



one sphere will likely disrupt the others (Bailey, 2008; Schmitt and Brugere, 721	
  

2013; Soto et al., 2008). 722	
  

 723	
  

Some argue that shellfish aquaculture will be impacted less by OA than wild 724	
  

harvests (Rodrigues et al., 2013), for instance, the rearing of larval stages in 725	
  

tanks may mitigate the impacts of OA. Further, the use of informed ‘climate-726	
  

proof’ management measures, designed to buffer the effect(s) of OA, such as 727	
  

quality control and close monitoring of water quality may minimise any potential 728	
  

effects (Hilmi et al., 2014; see also the case study on the mitigation of the 729	
  

effects of ocean acidification on prawn and scallop fisheries in Australia by 730	
  

Richards et al., 2015b). In the Pacific North-west, oyster hatcheries have 731	
  

benefitted from close monitoring of seawater quality, which has greatly 732	
  

improved yield and reduced mortality (Barton et al., 2015). Relocation of 733	
  

hatcheries and farms to areas of higher water quality and environmental 734	
  

conditions more suited to the rearing of larvae is an option already considered 735	
  

by shellfish producers (Barton et al., 2015), although this may represent a costly 736	
  

alternative. Aquaculture farms could focus on more resistant species, such as 737	
  

C. virginica and C. gigas (Gobler and Talmage, 2014; Guo et al., 2015; Parker 738	
  

et al., 2010), and hatcheries could select for lines that produce the highest 739	
  

survival rates, such as selectively bred lines (Parker et al., 2011; Thompson et 740	
  

al., 2015). However, such scenarios must rely on robust scientific knowledge of 741	
  

the response of the different life stages of different species of oysters to OA. 742	
  

Moore (2011) claims that damage to individuals, and especially their shell, 743	
  

which appear to be susceptible to low pH (Welladsen et al., 2010), are unlikely 744	
  

to hold significant economic impacts as long as the organism survives the 745	
  



culture process. However, OA has the potential to impact on the final quality 746	
  

and value of the product by affecting the wet tissue mass, the shell appearance 747	
  

(due to corrosive waters), tissue texture and taste (Dupont et al., 2014), and 748	
  

potentially their nutritional value.  749	
  

 750	
  

OA is likely to increase production costs due to the necessary buffering 751	
  

measures taken during husbandry procedures, such as pH and Ωar 752	
  

manipulations and increased feeding, as well as the costs associated with the 753	
  

longer developmental time of the early life stages, unless the production is 754	
  

focused on OA-resistant species or lines. New models should be investigated in 755	
  

order to link future levels of OA with variations in the production of oysters, and 756	
  

to try and predict to what extent those variations in production are likely to 757	
  

indirectly impact the economy due to welfare losses, and welfare effects of price 758	
  

increase due to the reduced supply (Narita et al., 2012), changes in job 759	
  

opportunities, and general reverberation into the wider economy. As Richards et 760	
  

al. (2015b) stated “OA (sic) itself cannot be mitigated through fisheries 761	
  

management, however management can be used to reduce the negative 762	
  

effects and take advantage of positive effects associated with this 763	
  

phenomenon”. 764	
  

 765	
  

4. Conclusion 766	
  

 767	
  

OA is likely to have negative effects throughout the life cycle of oysters, 768	
  

although the effects may be difficult to decipher due to other stressors acting on 769	
  

multiple life-history stages (Byrne and Przeslawski, 2013; Knights and Walters, 770	
  



2010). Acclimation, parental (hereditary) traits, or adaptation may well reduce 771	
  

the risk of negative consequences from OA, although the extent to which 772	
  

individuals can respond to the threat remains to be seen.  773	
  

 774	
  

Oysters are a key ecological species that provide a plethora of ES to humans, 775	
  

but the provision, quantity, and quality of ESs in the future under climate 776	
  

change and OA remains uncertain. OA is occurring alongside other 777	
  

environmental and anthropogenic stressors, such as warming, hypoxia, 778	
  

variations in salinity, eutrophication, or metal contamination, that are likely to 779	
  

affect the organisms’ responses. The outcomes of multi-stressor interactions 780	
  

are difficult to predict and seem highly context-specific (see the reviews on the 781	
  

impacts of ocean warming and acidification by Byrne, 2011; Byrne and 782	
  

Przeslawski, 2013; and Harvey et al., 2013). Future studies should consider the 783	
  

combination of multiple stressors, but should also focus on adult oysters in the 784	
  

aim to link individual and population responses with the provision of associated 785	
  

ESs. The consequences of OA on oysters are already being felt in parts of the 786	
  

world (Cooley et al., 2015), where natural populations and hatcheries have 787	
  

been negatively impacted upon; therefore ocean acidification will likely put 788	
  

increased pressure on food security in the future, by reducing harvest and 789	
  

aquaculture productions. Predicted levels of OA are likely to hold a number of 790	
  

other significant social and economic consequences that goes beyond oyster 791	
  

production from harvest and aquaculture, such as impoverished water quality, 792	
  

reduced shoreline protection, or altered well-being.  793	
  

 794	
  



The few studies to date that estimate the value of oyster-derived ESs give an 795	
  

insight into the importance and value of oysters to the environment and society. 796	
  

Whilst there is some variation in the economic value of oyster-derived ESs due 797	
  

to local and/or regional differences in societal value placed on those services, 798	
  

the role of oysters in supporting a healthy and functioning ecosystem is clear, 799	
  

but which is under threat from OA. Further assessments of the social and 800	
  

economic impacts of OA on oysters and oyster reefs are needed to emphasise 801	
  

the ‘value’ of oysters to society, such that necessary steps are taken to ensure 802	
  

their long-term future.  803	
  

 804	
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Table 1 (web version (colour); print (grayscale)): Ecosystem goods and services provided by oysters and oyster reefs, following the 1404	
  

ODEMM Linkage Framework description (White et al., 2013), and the potential impacts of ocean acidification (OA). ‘√’ indicates that 1405	
  

the service is provided by oysters, ‘χ’ indicates the service is not provided (according to the available literature). Direction of arrows 1406	
  

indicates expected change in the ecosystem service (i.e. ↑ indicates increase in ES provision, ↓ a decrease in ES provision). ‘~’ 1407	
  

indicates that no consensus is reached or the change is context-specific. 1408	
  

  Marine Ecosystem 
Goods and Services 

Provided by Oysters or Oyster 
Reefs? 

Estimated Value? Affected 
by OA? 

H
ab

ita
t Lifecycle maintenance √ (assumed from 3-D structure) Unknown Yes ↓~ 

Gene pool protection √ (assumed from 3-D structure) Unknown Yes ↓~ 

Pr
ov

is
io

ni
ng

 

Sea Food √ (harvest, aquaculture, 
extended fisheries) 

$20 850-$52 224/hectare of reef (oyster harvest 
value- Grabowski et al. (2012)) 
$4123/year/hectare (extended fisheries-
Grabowski et al. (2012)) 
809.7$/tonne (aquaculture production (FAO 
data†)) 

Yes ↓ or 
↑ ~ 

Sea Water χ χ χ 
Raw materials √ (clutch material, construction 

material) 
$7-10 lb-1 (Baywater Oyster Seeds LLC) 
$17 yd-3 (Pontchartrain Materials Corp., New 
Orleans) 
$17 yd-3 (LDWF, 2004) 
~$126/ton (Kwon et al., 2004) 

Yes ↓~ 

Genetic resources √ (aquaculture bred lines/triploid) Unknown Unknown 



Medicinal resources χ χ χ 
Ornamental resources √ (shell collection) ~$13m-3 (Lemasson, unpublished) Yes ↓~ 

R
eg

ul
at

in
g 

Air purification χ χ χ 
Climate regulation 
(incl. carbon 
sequestration) 

√ (carbon sequestration) Unknown Yes ↓~ 

Disturbance prevention 
or moderation 

√ Upward of $6 million (for coastal defence 
structures- Firth et al., 2014) 

Yes ↓~ 

Regulation of water 
flows 

χ Χ χ 

Waste treatment (esp. 
water purification) 

√ (water purification, Chl-a 
removal, nutrient cycling) 

$1385-$6716/yr/ha. (Grabowski et al., 2012) 
$314 836/yr (Newell et al., 2005) 
$18 135/million oysters (Kasperski and Wieland, 
2009) 
$3000/ac./yr (Piehler and Smyth, 2011) 
$293 993/yr (Beseres-Pollack et al., 2013) 

Yes ↓~ 

Coastal erosion 
prevention 

√ (shoreline stabilization, erosion 
prevention) 

Upward of $6 million for coastal defence 
structures (Firth et al. 2014) 

Yes ↓~ 

Biological control √ (facilitate submerged aquatic 
vegetation) 

Unknown Yes ↓~ 

C
ul

tu
ra

l 

Aesthetic information χ χ χ 
Recreation & leisure √ $222 million (U.S. National Research Council, 

2004) 
Yes ↓~ 

Inspiration for culture, 
art and design 

χ χ χ 

Spiritual experience √ (assumed) Unknown Unknown 



Information for 
cognitive development 

√ (assumed) Unknown Unknown 

Cultural Heritage and 
Identity 

√ (sense of tradition, oyster 
festivals) 

Unknown Unknown 
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Figure 1: Categories of ecosystem goods and services, as described (left) in the 1410	
  

Millennium Ecosystem Assessment (MEA, 2005), and additional examples 1411	
  

(right) from the ODEMM Linkage Framework (White et al., 2013). 1412	
  

 1413	
  

Figure 2: Total Economic Value framework (modified from Herbert et al., 2012). 1414	
  

 1415	
  

Figure 3: Relationships between ocean acidification effects, various levels of 1416	
  

biological complexity, the provision of ecosystem services, and the associated 1417	
  

social and economic effects (adapted from Le Quesne and Pinnegar, 2012). 1418	
  

 1419	
  

Figure 4: Conceptual diagram depicting some of the ecosystem services 1420	
  

provided by oyster reefs (right) and the potential effects of ocean acidification 1421	
  

on their provision (left). SAV=Submerged Aquatic Vegetation (Figure created by 1422	
  

the authors, symbols courtesy of the Integration and Application Network, 1423	
  

University of Maryland Center for Environmental Science 1424	
  

(ian.umces.edu/symbols/)). 1425	
  

 1426	
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Figure 2: (web version) 1429	
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Figure 2: (print version)  1433	
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Figure 3: (web version) 1435	
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Figure 3: (print version) 1437	
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Figure 4: (web and print versions) 1439	
  

 1440	
  

 1441	
  

 1442	
  

 1443	
  



Highlights: 1444	
  

• Ocean acidification (OA) threatens all stages of the life-cycle of oysters. 1445	
  

• Oyster reefs provide numerous ecosystem services (ES) 1446	
  

• The delivery of ESs associated with healthy oyster reefs may be threatened 1447	
  

by OA. 1448	
  

• Further studies linking OA and ES are urgently needed. 1449	
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