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Abstract: 12 

For many species, ocean acidification (OA) is having negative physiological consequences on 13 

their fitness and resilience to environmental change, but less is known about the ecosystem 14 

effects of these changes. Here, we assess how OA conditions predicted for 2100 affects the 15 

biological functioning of an important habitat-forming species Mytilus edulis and its 16 

susceptibility to predation by a key predator, the gastropod Nucella lapillus. Change in three 17 

physiological parameters in Mytilus were assessed: (1) shell thickness and cross-sectional 18 

surface area, (2) body volume and (3) feeding rate, as well as susceptibility to predation by 19 

N. lapillus. Shell thickness and cross-section area, body volume and feeding rate of Mytilus all 20 

reduced under OA conditions indicating compromised fitness. Predation risk increased by ~26% 21 

under OA, suggesting increased susceptibility of mussels to predation and/or altered predator 22 

foraging behaviour. Notably, predation of large Mytilus – that were largely free from predation 23 

under control conditions – increased by more than 8x under OA, suggesting that body size was 24 

no longer a refuge. Our results suggest OA will impact upon ecosystem structure and 25 

functioning and the continued provision of ecosystem services associated with Mytilus reefs and 26 

the communities associated with them. 27 

 28 

Keywords: climate change, ecosystem engineer, predation, trophic cascade, environmental change; 29 

interaction 30 

 31 

Highlights: 32 

• Ocean acidification is a major threat to marine ecosystem structure and functioning 33 

• 2100 pCO2 scenario reduced Mytilus shell thickness & area, body volume and feeding rate 34 
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• Predation risk susceptibility changes under future climate scenarios 35 

• Large prey not susceptible to predation today 8x more at risk under OA scenarios 36 

• Significant changes to ecosystem structure and functioning predicted for future 37 

 38 

1. INTRODUCTION  39 

Climate change is one of the greatest threats to biodiversity globally (Thomas et al., 2004) altering 40 

population and community dynamics (Parmesan and Yohe, 2003) and increasing risks of species 41 

extinction (Thomas et al., 2004). There is overwhelming evidence that human activities are driving 42 

rates of climate change (Henson et al., 2017); the continued emission of greenhouse gases is a 43 

primary driver of increasing global temperatures and ocean acidification (Caldeira and Wickett, 44 

2003). Predictions of global environmental conditions for the end of the century (e.g. RCP8.5 45 

scenario; Stocker et al., 2013) coupled with ever-increasing experimental evidence suggest wide-46 

ranging impacts of future ocean acidification and warming (OAW) scenarios on marine life 47 

(Poloczanska et al., 2016). 48 

 49 

Climate change may benefit some organisms. A wide-range of taxa including jellyfish, macroalgae, 50 

invertebrates and some fish (e.g. Aprahamian et al., 2010; Hall-Spencer and Allen, 2015), especially 51 

those with Lusitanian evolutionary origins (Lavergne et al., 2010), are demonstrating increased 52 

fitness over wider geographic ranges (e.g. Calosi et al., 2017). But wide-ranging negative effects of 53 

OAW have also been shown or are predicted to alter ecology, behaviour and physiology (Gazeau et 54 

al., 2013; Hughes, 2000; Lemasson et al., 2017a; Lemasson et al., 2017b). For instance, OA has been 55 

shown to alter predator-prey dynamics (Dixson et al., 2010; Harvey and Moore, 2017), intracellular 56 

pH, biological functioning (Pörtner et al., 2004), metabolism (Thomsen and Melzner, 2010), and 57 

individual energetic needs (Gray et al., 2017; Leung et al., 2017). These changes could change 58 

ecosystem structure by amplifying range shifts (Calosi et al., 2017) or cause trophic cascades through 59 

lower abundances of key species and reduced trophic transfer (Rossoll et al., 2012). In addition, a 60 

decrease in critical ecosystem services (ESs) may also occur (Lemasson et al., 2017a, b). 61 

 62 

Molluscs and other calcifying organisms are particularly prone to environmental change and 63 

especially OA (Gazeau et al., 2013; Parker et al., 2013). Increased pCO2 has been shown to reduce 64 

calcification (but see Ries et al., 2009), alter crystalline ultrastructure (Duquette et al., 2017; Fitzer et 65 

al., 2016; Leung et al., 2017) and increase dissolution rates in oysters and mussels (Berge et al., 2006; 66 

Gazeau et al., 2007; Ries et al., 2009). These changes are predicted to alter the capacity of 67 

individuals to maintain their exoskeleton via biomineralisation of calcium carbonate mechanisms; an 68 
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effect illustrated by a reduction in shell thickness (e.g. Chen et al., 2015) and strength (Speights et 69 

al., 2017; Welladsen et al., 2010) in some bivalves. The effect of these changes may extend beyond 70 

the fitness of the individual, affecting the wider ecosystem by changing survivorship and/or 71 

increasing susceptibility of prey to predation (Dixson et al., 2010; Freeman and Byers, 2006) with 72 

consequences that cascade up the food chain.  73 

 74 

Many calcifying organisms are of ecological and economic importance, and provide numerous 75 

ecosystem services (MEA, 2005). Often ecosystem engineers (sensu Jones et al., 1994) or habitat-76 

forming species, they create habitat for other species and support disproportionately high 77 

biodiversity in comparison to other habitats (Gutierrez et al., 2003). Bivalve molluscs, which include 78 

the mussel Mytilus spp., are especially important. Abundant worldwide, mussels account for 30% of 79 

global mollusc aquaculture, and in 2015, global production was ~16.5 million tonnes with a market 80 

value of ~$18 billion (FAO, 2015). They also provide a number of other important supporting 81 

ecosystem services including nutrient cycling and improving water quality (Asmus and Asmus, 1991; 82 

Dame and Dankers, 1988; Pejchar and Mooney, 2009).  83 

 84 

Here, we test the effect of future OA scenarios of the functioning of Mytilus spp. Firstly, we consider 85 

how OA impacts the fitness of individuals, specifically their shell thickness, body volume, and feeding 86 

rate. We then test if changes in individual fitness alters trophic interactions strength between 87 

Mytilus and one of its key predators.  88 

 89 

2. MATERIALS AND METHODS 90 

Adult individuals of M. edulis were collected from Queen Anne’s Battery Marina, Plymouth 91 

(50°21'50.8"N, 4°07'53.4"W) in October 2016. Mussels were cleaned of all epibiota and placed in 92 

tanks of seawater (temperature ≈ 15°C, Salinity ≈ 34, pH ≈ 8) for 2-wk to acclimatise. All mussels 93 

were measured and grouped into one of two arbitrary size classes: small (40 ± 10mm) and large (60 94 

± 10mm). Mussels were fed three times a week ~3 mL (concentration = 50,000 cells/mL) of mixed 95 

shellfish diet (Shell diet 1800, Reed Mariculture, USA).  96 

 97 

2.1. Experimental design 98 

After 2-wk acclimation, 30 mussels were randomly selected from each size class and placed in tanks 99 

simulating one of two pCO2 emission scenarios (Stocker et al., 2013) representing current (~400 100 

ppm) and 2100 scenarios (1000 ppm) for 8-wk. Three replicate tanks of each treatment were 101 

established for each mussel size class (a total of 12 tanks). Five mussels were placed in each tank, 102 
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with each mussel marked with non-toxic nail varnish to identify individuals. Mussels were grouped 103 

by size (small and large) as it is predicted that size may: (i) influence metabolism and vulnerability to 104 

climate change (Carey et al., 2016), and (ii) predation risk is greater in smaller mussels (Navarrete 105 

and Castilla, 2003). Mussels were fed as per the acclimation period.  106 

 107 

2.2. OA system 108 

A mesocosm system was used to reach relevant CO2 concentrations. Full details are described in 109 

Lemasson et al. (2017b) to allow for brevity here. For 400 ppm, each tank contained an air stone, 110 

and atmospheric air was bubbled gently into each replicate tank. For 1000 ppm, pure CO2 was slowly 111 

released into a Buchner flask mixed with dry air (≈400 ppm pCO2) using multistage CO2 regulators 112 

(EN ISO 7291; GCE, Worksop, UK). CO2 levels were monitored using a CO2 analyser (LI-820; LI-COR, 113 

Lincoln, NE, USA). pH was measured three times a week using a microelectrode (InLab® Expert Pro-114 

ISM; Mettler- Toledo Ltd, Beaumont Leys, UK) attached to a pH meter (S400 SevenExcellence; 115 

Mettler-Toledo Ltd, Beaymont Leys, UK), calibrated with NIST traceable buffers. 116 

 117 

2.3. Carbonate chemistry   118 

Total alkalinity (TA) was measured weekly using a calibrated potentiometric titrator (TitraLab 119 

AT1000© series HACH Company, USA). Three 50 mL samples were taken from each experimental 120 

tank and tested to calculate TA. Temperature was taken in situ using a temperature probe 121 

(HH806AU, Omega, U.K.) and salinity was recorded using a handheld refractometer (S/Mill, Atago, 122 

Tokyo, Japan). These data were used to calculate calcite and aragonite saturation, and CO2 123 

concentration in water for acidified and control conditions on a weekly basis using CO2SYS software 124 

(Lewis and Wallace, 1998) using Mehrbach solubility constants (Mehrbach et al., 1973), refitted by 125 

Dickson & Millero (1987) (see Supplementary Table 1). 126 

 127 

2.4. Morphological and physiological parameters 128 

2.4.1. Shell thickness and surface area 129 

After 8-wk, two morphological parameters were measured: shell thickness (mm) and the surface 130 

area (mm2) of each cross-section. Both metrics were measured using images collected using micro 131 

computerised tomography (microCT) (Skyscan 1174, Bruker, Germany), which produces a 132 

reconstructed 3D image of the individual made up of images taken from 3 planes (x, y, z). Scaled 133 

images of cross-sections (black shell profile; Fig. 1) of the right valve from 10 individuals per 134 

treatment were imported into ImageJ (Schneider et al., 2012). Shell thickness at three haphazardly-135 

located transverse section points within the lip (TS1), middle (TS2) and umbo (TS3) regions of each 136 
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cross-section was then measured, as well as the surface area (mm2) of each cross-section based on 137 

the scaled image mask (surface area of the black shell in Fig. 1). A two-sample t-test using Welch’s 138 

correction for unequal variance was used to compare shell thickness and cross-sectional surface area 139 

between mussels from control and elevated pCO2 treatments.  140 

 141 

 142 

Figure 1. Indicative measurement of shell thickness at three transverse section locations (TS1-3) 143 

from a haphazardly chosen cross-section (CS) of the right valve of Mytilus spp. Images taken using 144 

microCT.  145 

 146 

2.4.2. Mussel body volume 147 

The body volume of all mussels (N = 60) was calculated using water displacement (mL). Individual 148 

mussels were placed in a 250 mL volumetric cylinder containing 100 mL of sea water (salinity = 35) 149 

and the liquid displacement estimated (nearest 1 mL). Individuals were measured at the start of the 150 

experiment (t0) and after 8-wk (t8) of exposure to control and OA conditions. A 3-factor linear mixed-151 

effects model (lme) was used to test for a change in body volume between pCO2 treatments and 152 

mussel size class after 8-wk, incorporating ‘mussel’ within ‘tank’ as a nested random factor to take 153 

account of the repeated measurement of the same individual. Posthoc pairwise contrasts of 154 

significant interactions were made using the multcomp package in R. 155 

 156 

2.4.3. Feeding rate 157 

Weekly over the 8-wk experiment, 30 mussels were randomly selected and starved for 24 hours. 158 

Each individual was then placed in its own beaker with 400 mL of 2µm-filtered seawater (salinity = 159 

35) and a magnetic stirrer (400 rpm) to ensure the water was well mixed. Once all mussels had fully 160 

opened, 3 mL of Tetraselmis at a density of 10,000 cells/ml was added to each beaker. Three 161 

replicate 5mL water samples were taken from haphazard locations throughout the chamber (1) prior 162 
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to the addition of food (ti); (2) immediately after addition of food (t0) to check the initial algal 163 

concentration; and (3) at 10 minute intervals following food addition for a duration of 30 minutes, 164 

providing 6 sampling times (i.e. ti, t0, t10, t20 and t30). If the mussel shut its valves, the chronometer 165 

was stopped and restarted once the valves re-opened. Counts of algae in all water samples were 166 

performed in triplicate using a Coulter Counter (Beckman Coulter Z2). Clearance rates (CR) were 167 

calculated using the following equation after Coughlan (1969): 168 

 169 

�� =	
�	 × 	ln	(

�
��
�


)

�
 − �
��
 

 170 

where CR is the clearance rate measured during the 10 minute interval between sampling times tn-1 171 

and tn, (L.h-1), V is the volume of the chamber in litres, Cn-1 is the concentration (cell.L-1) in the sample 172 

taken at time tn-1 (h), and Cn is the concentration (cell.L-1) in the sample taken at time tn (h). Results 173 

are presented as CRmax - the maximum clearance rate observed over the 30-minute feeding period. 174 

 175 

A three-factor linear-mixed effects model (lme) was used to compare maximum clearance rate 176 

between pCO2 treatments (400 ppm; 1000 ppm) and mussel size over time (fixed factor; 2, 4, 6 and 8 177 

wk) with ‘tank’ included as a random factor to account for potential differences in mussel 178 

functioning as a result of the experimental tank. Significant differences were compared using post-179 

hoc pairwise comparisons (Tukey HSD).  180 

 181 

2.5. Predation risk to mussels under control and OA conditions 182 

Change in predation risk to mussels (measured as mortality) under control and OA conditions was 183 

assessed using a common predator of mussels, the dog whelk, Nucella lapillus. Nucella were 184 

collected from the same location as the mussels, returned to the lab and acclimated in either the 185 

control or OA conditions (as above) for 2-wk. During acclimation, individuals were provided with 186 

mussels for food, but were starved for 48-h prior to being placed in the experimental tanks.  187 

 188 

Predation tanks were arranged in the OA mesocosm system as described above. In total, 24 tanks (3 189 

tanks per body size × predator × OA scenario) were established. In each tank, five small or large 190 

acclimated mussels were placed with or without a single Nucella lapillus for 24 h, after which 191 

mortality was measured as percentage of dead mussels. Mussels were considered dead when the 192 

mussel shell gaped and would not close despite direct physical disturbance. In tanks without 193 

predators, there was no mussel mortality in either the 400ppm or 1000ppm tanks. As such, there 194 
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was no need to include ‘predator’ (levels: present; absent) as a factor in the analysis, which 195 

therefore compares mussel mortality in treatments with Nucella present only. 196 

 197 

A two-factor linear mixed effects model was used to test for differences in proportional mussel 198 

mortality between pCO2 treatments (400 ppm; 1000 ppm) and mussel size class (small; large), with 199 

‘tank’ included as a random factor to account for potential differences in predation risk as a result of 200 

the experimental tank. All statistical analyses were conducted using R (R Development Core Team, 201 

2017) 202 

 203 

3. RESULTS 204 

3.1. Morphological parameters 205 

3.1.1. Shell thickness 206 

Shells held under OA conditions were on average, 13-25% thinner and their cross-sectional surface 207 

area ~13% less than mussels held under control pCO2 (400 ppm) after 8-wk. Shells became thinner at 208 

all locations of the shell, reducing by ~0.10 mm (TS1), 0.11 mm (TS2) and 0.17 mm (TS3) respectively 209 

(Fig. 2). Body size had no effect on size or surface area reductions. 210 

 211 

 212 

 213 

Figure 2. Mean (± S.E) cross-sectional surface area (mm2), and shell thickness (mm) at the inner 214 

(TS1), middle (TS2) and outer edges (TS3) of the right valve of M. edulis after 8-wk exposure to 215 
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Control (400ppm pCO2) and OA (1000ppm pCO2) conditions. Different letters indicate significant 216 

differences between groups (p<0.05).  217 

 218 

3.1.2. Mussel body volume changes 219 

There were significant changes in mussel body volume depending on the size of the mussel and pCO2 220 

conditions (F1,56 = 9.85, p < 0.01; Fig. 3). There was no change in body volume in small mussels 221 

irrespective of pCO2 level, nor in large mussels under control (400 ppm) conditions. In large mussels, 222 

however, there was a 17% reduction in volume under 1000 ppm after 8-wk (Fig. 3).  223 

 224 

Figure 3. Change in mean body volume of small and large M. edulis measured by water displacement 225 

(mL ± S.E.) after 8-wk exposure to control (400ppm pCO2) and OA (1000ppm pCO2) treatments. 226 

Negative values indicate loss of volume. 227 

 228 

3.1.3. Feeding rate 229 

Maximum clearance rates (L.h-1) were significantly different between mussels from control and OA 230 

treatments over time (F3,96 = 6.53, p<0.001) but mussel body size had no effect on these changes. 231 

After 2-wk, there was no difference in CR irrespective of mussel size or treatment, but after 4-wk, 232 

there was a significant reduction of between ~ 35 - 47% in feeding rate in OA treatments in 233 

comparison to the control, where no change in CR was observed (Fig. 4). After wk-4, there was no 234 

further change in CR within the OA treatment.  235 

 236 

 237 
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 238 

Figure 4. Change in mean (± S.D.) maximum feeding rate (L.h-1 ) of M. edulis (small and large) over 8-239 

wk in control (400 ppm pCO2; hatched bars) and OA (1000 ppm pCO2; grey bars) treatments. 240 

Different letters indicate significant differences in mean values between groups (p<0.05). 241 

 242 

3.2. Predation 243 

There was a significant effect of mussel size (F1,8 = 10.7, p < 0.01) and pCO2 (treatment: F1,8 = 16.7, p < 244 

0.01) on the mortality of M. edulis by N. lapillus (Fig. 5). Mussel mortality increased by differing 245 

amounts depending on mussel size. In small mussels, mortality increased by ~1.7x (proportional 246 

mortality of between 0.4-0.68), but in large mussels, mortality increased more than ~8.3x 247 

(proportional mortality of between 0.06 – 0.5). Comparing the ratio of mortality of small and large 248 

mussels in each OA treatment, mortality risk of small mussels was 80% higher than for large mussels 249 

in control treatments. In the OA treatment, however, small mussel mortality was only 26% higher 250 

than that of large mussels as a result of marked increases in large mussel susceptibility to predation 251 

(Fig. 5). There was no mussel mortality in either the control or OA treatment when predators were 252 

absent. 253 

 254 

 255 

 256 
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  257 

Figure 5. Proportional mortality (mean ± S.E.) of small and large M. edulis from Nucella lapillus in 258 

control (400 ppm pCO2; hatched bars) and OA (1000 ppm pCO2; grey bars) treatments. Different 259 

letters indicate significant differences between treatment means (p<0.05). 260 

 261 

4. DISCUSSION  262 

Worldwide, negative consequences of OA on species performance are continuing to be shown (e.g. 263 

Gazeau et al., 2013). Here, experiments manipulating atmospheric pCO2 concentrations to match 264 

those predicted for 2100 revealed negative impacts on a number of physiological traits in Mytilus 265 

edulis including feeding rate, body volume and shell morphometry (shell thickness and surface area), 266 

as well as increased predation risk from a key intertidal predator, the dogwhelk Nucella lapillus. 267 

 268 

Reduced growth under OA has been shown in a number of bivalve species and other taxa (Gazeau et 269 

al., 2013; Kroeker et al., 2013; Milano et al., 2016; Waldbusser et al., 2013), especially in those with 270 

the capacity to divert energy from growth to other physiological processes (Michaelidis et al., 2005; 271 

Wood et al., 2008). Energy diversion is an adaptive strategy, with mechanisms such as metabolic 272 

upregulation used to ameliorate the negative effects of OA on processes such as shell dissolution 273 

(Leung et al., 2017) and biomineralisation (Fitzer et al., 2016). The energetic costs of diversion 274 

mechanisms have, in some taxa, been compensable by increased feeding (Lardies et al., 2017; 275 

Ramajo et al., 2016; Thomsen et al., 2013), although no evidence of a response (Sanders et al., 2013) 276 

or reduced feeding has also been shown in a number of studies (Navarro et al. 2016). Here, after 2-277 

wk exposure to future OA conditions, Mytilus edulis demonstrated a reduction in feeding (clearance 278 

rate) of up to 47% that continued for the duration of the study. It is well documented that reduced 279 

feeding rate can reduce scope for growth (Widdows and Johnson, 1988), and this was manifested as 280 

reductions in shell thickness and shell surface area over the 8-wk period. Volume also reduced, but 281 

only in large individuals. This suggests that over time, OA conditions sufficiently hampered key 282 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

physiological pathways (Hüning et al., 2013; Weiner and Addadi, 2011) important for shell and 283 

somatic tissue maintenance, and that adult Mytilus edulis - unlike juvenile conspecifics (Thomsen et 284 

al., 2013) - have limited capacity to mitigate the effects of OA by increasing feeding. Reduced feeding 285 

appears especially problematic for larger individuals who are likely to have greater basal energetic 286 

requirements than smaller individuals (Lefort et al., 2015), resulting in significant reductions in 287 

mussel volume (~17%) over relatively short time scales, with potential consequences for 288 

reproductive output and population stability for the future (Knights, 2012). 289 

 290 

Shell maintenance is a key function for many taxa, especially calcifying species including molluscs, 291 

echinoderms and corals (Bibby et al., 2007; Gazeau et al., 2013; Maier et al., 2012; Milano et al., 292 

2016; Riebesell et al., 2000) who use their shells for buoyancy and protection (e.g. Sherker et al., 293 

2017). Numerous studies have shown the potential of OA to reduce an organism’s capacity to obtain 294 

sufficient calcium carbonate to maintain their shell (e.g. Kroeker et al., 2014; Waldbusser et al., 295 

2013), which over time, can lead to increased susceptibility to predation (Fitzer et al., 2015). Here, 296 

after just 8-wk exposure to 1000 ppm pCO2, reductions in shell thickness and surface area were 297 

observed across the whole shell; the outer edge (where the shell is typically thinnest) exhibited 298 

greatest reductions (up to 25%). Molluscan shells are usually composed of two species of calcium 299 

carbonate; aragonite and calcite. In the case of M. edulis, while it uses a combination of aragonite 300 

(nacreous layer) and calcite (prismatic layer), it is predominantly (~83%) made up of aragonite 301 

(Hubbard et al., 1981), which is more susceptible to dissolution by carbonic acid than calcite (Feely 302 

et al., 2004). From this experiment, it is not clear which of the surfaces have eroded due to OA; we 303 

can only state that there were reductions in shell thickness and surface area. Irrespective of this, 304 

thinner, more brittle shells can be expected over relatively short-term exposures to OA. Over time, 305 

the biomineralisation process may change to compensate for this. Individuals have been shown to 306 

switch between the carbonate polymorphs used during biomineralisation, which may lead to more 307 

OA resilient shells in the future (e.g. Leung et al., 2017), but at this stage, negative consequences for 308 

shell maintenance processes are predicted.  309 

 310 

OA conditions are likely to have wider ecosystem effects beyond changes in individual responses (i.e. 311 

changes in biological functioning). For example, a number of studies have shown that predator-prey 312 

interactions can be influenced by increased pCO2 (Bibby et al., 2007; Harvey and Moore, 2017; Lord 313 

et al., 2017; Xu et al., 2017). Differentiating between impacts on the functioning of the prey, 314 

predator or both can be difficult. In instances where the predator and prey are both likely to be 315 

under stress due to the environment (i.e. both the predator(s) and prey are calcifying species), then 316 
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non-linear or interactive responses are possible, with both trophic levels potentially implementing 317 

mitigation measures to counteract the stress associated with the environmental conditions. This 318 

may explain some of the inconsistencies in response to OA reported in the literature. For example, 319 

under OA, Sanford et al. (2014) found predation of Crassostrea virginica by predatory snails 320 

increased by 20-48%, while Harvey and Moore (2017) found Nucella lapillus reduced feeding to the 321 

point of starvation, releasing prey from predation. Schalkhausser et al. (2013) observed impaired 322 

clapping ability in Pecten maximus under OA, resulting in reduced escape performance due to 323 

diverted energetics.  324 

 325 

In this study, OA led to marked increases in the predation risk for mussels. Mussel mortality in OA 326 

treatments increased over control conditions to differing degrees depending on mussel size.  In small 327 

mussels, proportional mortality nearly doubled (1.7x), but in large mussels, proportional mortality 328 

increased >8x from being relatively ‘predation risk free’ under control conditions. Size-selectivity is 329 

important in many predator-prey interactions (Thompson, 1975; Ward, 1991) and previously, N. 330 

lapillus has been shown to demonstrate strong size selectivity towards smaller mussels, in order to 331 

reduce handling time (Thompson, 1975). Increased mortality due to reduced shell thickness has 332 

been shown in other taxa (Sanford et al., 2014) and thickening of the shell is a recognised defence 333 

mechanism to limit mechanical predation (Leonard et al., 1999). Thinned shells may therefore 334 

reduce predator handling time increasing the risk of predation in larger individuals (Coleman et al., 335 

2014; Fitzer et al., 2015). Alternatively, a change in predator foraging behaviour (Burrows and 336 

Hughes, 1989; Etter, 1996) by Nucella in an attempt to counter the negative effects of OA by 337 

increasing its own feeding and/or adapting its foraging strategy selecting prey of higher nutritional 338 

quality (Kohl et al., 2015) could account for the increased mortality observed. Such a mechanism 339 

may account for the differential response of Nucella to prey under OA seen here in comparison to 340 

the response seen in Harvey and Moore (2017) who used barnacles as a prey item, which may be 341 

less nutritious on a per individual basis. While it is not possible to differentiate between the 342 

mechanisms in this instance, the switch in foraging and significant increase in predation risk to 343 

Mytilus (especially to larger individuals) suggests considerable change in ecosystem structure and 344 

functioning under OA may occur (Schmitz and Trussell, 2016).   345 

 346 

Our results demonstrate the potential for OA to impact upon the biological functioning of individual 347 

organisms and alter predator-prey dynamics. These findings point toward considerable impacts of 348 

OA on the continued provision of ecosystem services by Mytilus. Beyond the biological responses 349 

shown here, our results suggest a range of ecosystem services including provisioning and regulating 350 
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services (MEA, 2005) may be impacted. For example, reduced clearance rates become quickly 351 

apparent, and may lead to rapid changes in nutrient load and water quality (Asmus and Asmus, 352 

1991; Broszeit et al., 2016; Dame and Dankers, 1988). Changes in shell thickness, body volume and 353 

predation risk may affect the long-term sustainability of populations across multiple trophic levels 354 

and opportunities for their exploitation for seafood. It is clear that the performance of individuals is 355 

being impacted by the ocean conditions predicted for the end of this century, and increasingly, the 356 

effect of these changes on community structure is being realised. As recently advocated by several 357 

authors (Knights et al., 2017; Runting et al., 2017), the next challenge is to combine our 358 

understanding of how individual species respond to and potentially ameliorate the effects of 359 

environmental change into a holistic ecosystem assessment in order to better understand wider 360 

ecosystem change.  361 

 362 

5. ACKNOWLEDGEMENTS 363 

This study was supported by the School of Biological and Marine Science, Plymouth University. 364 

Special thanks go to Isobel Slater, Zoltan Gombas and MBERC technicians for laboratory assistance. 365 

Thanks also go to 3 anonymous reviewers whose comments helped to improve this manuscript. 366 

 367 

6. LITERATURE CITED 368 

Aprahamian, M.W., Aprahamian, C.D., Knights, A.M., 2010. Climate change and the green energy 369 

paradox: The consequences for twaite shad Alosa fallax from the River Severn, U.K. J Fish Biol 77, 370 

1912-1930. 371 

Asmus, R.M., Asmus, H., 1991. Mussel beds: limiting or promoting phytoplankton? J Exp Mar Biol 372 

Ecol 148, 215-232. 373 

Berge, J.A., Bjerkeng, B., Pettersen, O., Schaanning, M.T., Øxnevad, S., 2006. Effects of increased sea 374 

water concentrations of CO2 on growth of the bivalve Mytilus edulis L. Chemosphere 62, 681-687. 375 

Bibby, R., Cleall-Harding, P., Rundle, S., Widdicombe, S., Spicer, J., 2007. Ocean acidification disrupts 376 

induced defences in the intertidal gastropod Littorina littorea. Biology Letters 3, 699-701. 377 

Broszeit, S., Hattam, C., Beaumont, N., 2016. Bioremediation of waste under ocean acidification: 378 

Reviewing the role of Mytilus edulis. Mar Pollut Bull 103, 5-14. 379 

Burrows, M.T., Hughes, R.N., 1989. Natural foraging of the dogwhelk, Nucella lapillus (Linnaeus); the 380 

weather and whether to feed. J Mollusc Stud 55, 285-295. 381 

Caldeira, K., Wickett, M.E., 2003. Oceanography: Anthropogenic carbon and ocean pH. Nature 425, 382 

365-365. 383 

Calosi, P., Melatunan, S., Turner, L.M., Artioli, Y., Davidson, R.L., Byrne, J.J., Viant, M.R., Widdicombe, 384 

S., Rundle, S.D., 2017. Regional adaptation defines sensitivity to future ocean acidification. Nature 385 

Communications 8, 13994. 386 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Carey, N., Harianto, J., Byrne, M., 2016. Sea urchins in a high-CO2 world: partitioned effects of body 387 

size, ocean warming and acidification on metabolic rate. Journal of Experimental Biology 219, 1178-388 

1186. 389 

Chen, Y., Wu, J., Chen, C., Liu, L., 2015. Effects of low-pH stress on shell traits of the dove snail, 390 

Anachis misera, inhabiting shallow-vent environments off Kueishan Islet, Taiwan. Biogeosciences 12, 391 

2631. 392 

Coleman, D.W., Byrne, M., Davis, A.R., 2014. Molluscs on acid: gastropod shell repair and strength in 393 

acidifying oceans. Mar Ecol Prog Ser 509, 203-211. 394 

Dame, R.F., Dankers, N., 1988. Uptake and release of materials by a Wadden Sea mussel bed. J Exp 395 

Mar Biol Ecol 118, 207-216. 396 

Dickson, A., Millero, F., 1987. A comparison of the equilibrium constants for the dissociation of 397 

carbonic acid in seawater media. Deep Sea Research Part A. Oceanographic Research Papers 34, 398 

1733-1743. 399 

Dixson, D.L., Munday, P.L., Jones, G.P., 2010. Ocean acidification disrupts the innate ability of fish to 400 

detect predator olfactory cues. Ecol Lett 13, 68-75. 401 

Duquette, A., McClintock, J.B., Amsler, C.D., Pérez-Huerta, A., Milazzo, M., Hall-Spencer, J.M., 2017. 402 

Effects of ocean acidification on the shells of four Mediterranean gastropod species near a CO2 seep. 403 

Mar Pollut Bull 124, 917-928. 404 

Etter, R.J., 1996. The effect of wave action, prey type, and foraging time on growth of the predatory 405 

snail Nucella lapillus (L.). J Exp Mar Biol Ecol 196, 341-356. 406 

FAO, 2015. Fisheries and Aquaculture Fact Sheets. FAO, Rome, Italy. 407 

Feely, R.A., Sabine, C.L., Lee, K., Berelson, W., Kleypas, J., Fabry, V.J., Millero, F.J., 2004. Impact of 408 

anthropogenic CO2 on the CaCO3 system in the oceans. Science 305, 362-366. 409 

Fitzer, S.C., Chung, P., Maccherozzi, F., Dhesi, S.S., Kamenos, N.A., Phoenix, V.R., Cusack, M., 2016. 410 

Biomineral shell formation under ocean acidification: a shift from order to chaos. Scientific reports 6, 411 

21076. 412 

Fitzer, S.C., Vittert, L., Bowman, A., Kamenos, N.A., Phoenix, V.R., Cusack, M., 2015. Ocean 413 

acidification and temperature increase impact mussel shell shape and thickness: problematic for 414 

protection? Ecology and evolution 5, 4875-4884. 415 

Freeman, A.S., Byers, J.E., 2006. Divergent induced responses to an invasive predator in marine 416 

mussel populations. Science 313, 831-833. 417 

Gazeau, F., Parker, L.M., Comeau, S., Gattuso, J.-P., O’Connor, W.A., Martin, S., Pörtner, H.-O., Ross, 418 

P.M., 2013. Impacts of ocean acidification on marine shelled molluscs. Mar Biol 160, 2207-2245. 419 

Gazeau, F., Quiblier, C., Jansen, J.M., Gattuso, J.P., Middelburg, J.J., Heip, C.H., 2007. Impact of 420 

elevated CO2 on shellfish calcification. Geophys Res Lett 34. 421 

Gray, M.W., Langdon, C.J., Waldbusser, G.G., Hales, B., Kramer, S., 2017. Mechanistic understanding 422 

of ocean acidification impacts on larval feeding physiology and energy budgets of the mussel Mytilus 423 

californianus. Mar Ecol Prog Ser 563, 81-94. 424 

Gutierrez, J.L., Jones, C.G., Strayer, D.L., Iribarne, O.O., 2003. Mollusks as ecosystem engineers: the 425 

role of shell production in aquatic habitats. Oikos 101, 79-90. 426 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Hall-Spencer, J.M., Allen, R., 2015. The impact of CO2 emissions on'nuisance'marine species. 427 

Research and Reports in Biodiversity Studies 4, 33-46. 428 

Hansen, J., Sato, M., Ruedy, R., Lo, K., Lea, D.W., Medina-Elizade, M., 2006. Global temperature 429 

change. Proceedings of the National Academy of Sciences 103, 14288-14293. 430 

Harvey, B.P., Moore, P.J., 2017. Ocean warming and acidification prevent compensatory response in 431 

a predator to reduced prey quality. Mar Ecol Prog Ser 563, 111-122. 432 

Henson, S.A., Beaulieu, C., Ilyina, T., John, J.G., Long, M., Séférian, R., Tjiputra, J., Sarmiento, J.L., 433 

2017. Rapid emergence of climate change in environmental drivers of marine ecosystems. Nature 434 

Communications 8, 14682. 435 

Hubbard, F., McManus, J., Al-Dabbas, M., 1981. Environmental influences on the shell mineralogy of 436 

Mytilus edulis. Geo-Marine Letters 1, 267. 437 

Hughes, L., 2000. Biological consequences of global warming: is the signal already apparent? TREE 438 

15, 56-61. 439 

Hüning, A.K., Melzner, F., Thomsen, J., Gutowska, M.A., Krämer, L., Frickenhaus, S., Rosenstiel, P., 440 

Pörtner, H.-O., Philipp, E.E., Lucassen, M., 2013. Impacts of seawater acidification on mantle gene 441 

expression patterns of the Baltic Sea blue mussel: Implications for shell formation and energy 442 

metabolism. Mar Biol 160, 1845-1861. 443 

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers. Oikos 69, 373-386. 444 

Knights, A.M., 2012. Spatial variation in body size and reproductive condition of subtidal mussels: 445 

Considerations for sustainable management. Fisheries Research 113, 45-54. 446 

Knights, A.M., Firth, L.B., Russell, B., 2017. Ecological responses to environmental change in marine 447 

systems. J Exp Mar Biol Ecol 492, 3-6. 448 

Kohl, K.D., Coogan, S.C., Raubenheimer, D., 2015. Do wild carnivores forage for prey or for nutrients? 449 

BioEssays 37, 701-709. 450 

Kroeker, K.J., Gaylord, B., Hill, T.M., Hosfelt, J.D., Miller, S.H., Sanford, E., 2014. The role of 451 

temperature in determining species' vulnerability to ocean acidification: a case study using Mytilus 452 

galloprovincialis. Plos One 9, e100353. 453 

Kroeker, K.J., Kordas, R.L., Crim, R., Hendriks, I.E., Ramajo, L., Singh, G.S., Duarte, C.M., Gattuso, J.P., 454 

2013. Impacts of ocean acidification on marine organisms: quantifying sensitivities and interaction 455 

with warming. Global Change Biology 19, 1884-1896. 456 

Lardies, M.A., Benitez, S., Osores, S., Vargas, C.A., Duarte, C., Lohrmann, K.B., Lagos, N.A., 2017. 457 

Physiological and histopathological impacts of increased carbon dioxide and temperature on the 458 

scallops Argopecten purpuratus cultured under upwelling influences in northern Chile. Aquaculture 459 

479, 455-466. 460 

Lavergne, S., Mouquet, N., Thuiller, W., Ronce, O., 2010. Biodiversity and climate change: integrating 461 

evolutionary and ecological responses of species and communities. Annual Review of Ecology, 462 

Evolution, and Systematics 41, 321-350. 463 

Lefort, S., Aumont, O., Bopp, L., Arsouze, T., Gehlen, M., Maury, O., 2015. Spatial and body-size 464 

dependent response of marine pelagic communities to projected global climate change. Global 465 

Change Biology 21, 154-164. 466 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Lemasson, A.J., Fletcher, S., Hall-Spencer, J.M., Knights, A.M., 2017a. Linking the biological impacts of 467 

ocean acidification on oysters to changes in ecosystem services: A review. J Exp Mar Biol Ecol 492, 468 

49-62. 469 

Lemasson, A.J., Kuri, V., Hall-Spencer, J.M., Fletcher, S., Moate, R., Knights, A.M., 2017b. Sensory 470 

qualities of oysters unaltered by a short exposure to combined elevated pCO2 and temperature. 471 

Frontiers in Marine Science 4, 352. 472 

Leonard, G.H., Bertness, M.D., Yund, P.O., 1999. Crab predation, waterborne cues, and inducible 473 

defenses in the blue mussel, Mytilus edulis. Ecology 80, 1-14. 474 

Leung, J.Y., Russell, B.D., Connell, S.D., 2017. Mineralogical plasticity acts as a compensatory 475 

mechanism to the impacts of ocean acidification. Environ Sci Technol 51, 2652-2659. 476 

Lewis, E., Wallace, D., 1998. CO2Sys - Program developed for CO2 system calculations, Carbon 477 

Dioxide Information Analysis Center, Oak Ridge, TN, USA. 478 

Lord, J.P., Barry, J.P., Graves, D., 2017. Impact of climate change on direct and indirect species 479 

interactions. Mar Ecol Prog Ser 571, 1-11. 480 

Maier, C., Watremez, P., Taviani, M., Weinbauer, M., Gattuso, J., 2012. Calcification rates and the 481 

effect of ocean acidification on Mediterranean cold-water corals, Proc. R. Soc. B. The Royal Society, 482 

pp. 1716-1723. 483 

MEA, 2005. Millenium Ecosystem Assessment. Ecosystems and human well-being: wetlands and 484 

water. World Resources Institute, Washington, DC. 485 

Mehrbach, C., Culberson, C., Hawley, J., Pytkowicx, R., 1973. Measurement of the apparent 486 

dissociation constants of carbonic acid in seawater at atmospheric pressure. Limnol Oceanogr 18, 487 

897-907. 488 

Michaelidis, B., Ouzounis, C., Paleras, A., Pörtner, H.O., 2005. Effects of long-term moderate 489 

hypercapnia on acid–base balance and growth rate in marine mussels Mytilus galloprovincialis. Mar 490 

Ecol Prog Ser 293, 109-118. 491 

Milano, S., Schöne, B.R., Wang, S., Müller, W.E., 2016. Impact of high pCO2 on shell structure of the 492 

bivalve Cerastoderma edule. Marine Environmental Research 119, 144-155. 493 

Navarrete, S.A., Castilla, J.C., 2003. Experimental determination of predation intensity in an intertidal 494 

predator guild: Dominant versus subordinate prey. Oikos 100, 251-262. 495 

Navarro, J.M., Duarte, C., Manríquez, P.H., Lardies, M.A., Torres, R., Acuna, K., Vargas, C.A., Lagos, 496 

N.A., 2016. Ocean warming and elevated carbon dioxide: multiple stressor impacts on juvenile 497 

mussels from southern Chile. ICES Journal of Marine Science 73, 764-771. 498 

Parker, L.M., Ross, P.M., O'Connor, W.A., Portner, H.O., Scanes, E., Wright, J.M., 2013. Predicting the 499 

response of molluscs to the impact of ocean acidification. Biology 2, 651-692. 500 

Parmesan, C., Yohe, C., 2003. A globally coherent fingerprint of climate change impacts across 501 

natural systems. Nature 421, 37-42. 502 

Pejchar, L., Mooney, H.A., 2009. Invasive species, ecosystem services and human well-being. TREE 503 

24, 497-504. 504 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Poloczanska, E.S., Burrows, M.T., Brown, C.J., García Molinos, J., Halpern, B.S., Hoegh-Guldberg, O., 505 

Kappel, C.V., Moore, P.J., Richardson, A.J., Schoeman, D.S., Sydeman, W.J., 2016. Responses of 506 

marine organisms to climate change across oceans. Frontiers in Marine Science 3. 507 

Pörtner, H., Langenbuch, M., Reipschläger, A., 2004. Biological impact of elevated ocean CO2 508 

concentrations: Lessons from animal physiology and earth history. Journal of Oceanography 60, 705-509 

718. 510 

R Development Core Team, 2017. R: A language and environment for statistical computing, 3.4.1 ed. 511 

R Foundation for Statistical Computing, Vienna, Austria. 512 

Ramajo, L., Pérez-León, E., Hendriks, I.E., Marbà, N., Krause-Jensen, D., Sejr, M.K., Blicher, M.E., 513 

Lagos, N.A., Olsen, Y.S., Duarte, C.M., 2016. Food supply confers calcifiers resistance to ocean 514 

acidification. Scientific Reports 6, 19374. 515 

Riebesell, U., Zondervan, I., Rost, B., Tortell, P.D., Zeebe, R.E., Morel, F.M., 2000. Reduced 516 

calcification of marine plankton in response to increased atmospheric CO2. Nature 407, 364. 517 

Ries, J.B., Cohen, A.L., McCorkle, D.C., 2009. Marine calcifiers exhibit mixed responses to CO2-518 

induced ocean acidification. Geology 37, 1131-1134. 519 

Rossoll, D., Bermúdez, R., Hauss, H., Schulz, K.G., Riebesell, U., Sommer, U., Winder, M., 2012. Ocean 520 

acidification-induced food quality deterioration constrains trophic transfer. Plos One 7, e34737. 521 

Runting, R.K., Bryan, B.A., Dee, L.E., Maseyk, F.J., Mandle, L., Hamel, P., Wilson, K.A., Yetka, K., 522 

Possingham, H.P., Rhodes, J.R., 2017. Incorporating climate change into ecosystem service 523 

assessments and decisions: a review. Global Change Biology 23, 28-41. 524 

Sanders, M.B., Bean, T.P., Hutchinson, T.H., Le Quesne, W.J., 2013. Juvenile king scallop, Pecten 525 

maximus, is potentially tolerant to low levels of ocean acidification when food is unrestricted. Plos 526 

One 8, e74118. 527 

Sanford, E., Gaylord, B., Hettinger, A., Lenz, E.A., Meyer, K., Hill, T.M., 2014. Ocean acidification 528 

increases the vulnerability of native oysters to predation by invasive snails. P R SOC B 281, 529 

20132681. 530 

Schalkhausser, B., Bock, C., Stemmer, K., Brey, T., Pörtner, H.-O., Lannig, G., 2013. Impact of ocean 531 

acidification on escape performance of the king scallop, Pecten maximus, from Norway. Mar Biol 532 

160, 1995-2006. 533 

Schmitz, O.J., Trussell, G.C., 2016. Multiple stressors, state-dependence and predation risk—foraging 534 

trade-offs: Toward a modern concept of trait-mediated indirect effects in communities and 535 

ecosystems. Current Opinion in Behavioral Sciences 12, 6-11. 536 

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of image analysis. 537 

Nat Methods 9, 671. 538 

Sherker, Z.T., Ellrich, J.A., Scrosati, R.A., 2017. Predator-induced shell plasticity in mussels hinders 539 

predation by drilling snails. Mar Ecol Prog Ser 573, 167-175. 540 

Speights, C.J., Silliman, B.R., McCoy, M.W., 2017. The effects of elevated temperature and dissolved 541 

ρCO2 on a marine foundation species. Ecology and evolution 7, 3808-3814. 542 

Stocker, T., Qin, D., Plattner, G., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, V., 543 

Midgley, P., 2013. IPCC, 2013: Summary for policymakers in climate change 2013: the physical 544 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

science basis, contribution of working group I to the fifth assessment report of the 545 

intergovernmental panel on climate change. Cambridge University Press, Cambridge, New York, USA. 546 

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beaumont, L.J., Collingham, Y.C., Erasmus, 547 

B.F.N., de Siqueira, M.F., Grainger, A., Hannah, L., Hughes, L., Huntley, B., van Jaarsveld, A.S., 548 

Midgley, G.F., Miles, L., Ortega-Huerta, M.A., Townsend Peterson, A., Phillips, O.L., Williams, S.E., 549 

2004. Extinction risk from climate change. Nature 427, 145. 550 

Thompson, D., 1975. Towards a predator-prey model incorporating age structure: the effects of 551 

predator and prey size on the predation of Daphnia magna by Ischnura elegans. J Anim Ecol, 907-552 

916. 553 

Thomsen, J., Casties, I., Pansch, C., Körtzinger, A., Melzner, F., 2013. Food availability outweighs 554 

ocean acidification effects in juvenile Mytilus edulis: laboratory and field experiments. Global Change 555 

Biology 19, 1017-1027. 556 

Thomsen, J., Melzner, F., 2010. Moderate seawater acidification does not elicit long-term metabolic 557 

depression in the blue mussel Mytilus edulis. Mar Biol 157, 2667-2676. 558 

Waldbusser, G.G., Brunner, E.L., Haley, B.A., Hales, B., Langdon, C.J., Prahl, F.G., 2013. A 559 

developmental and energetic basis linking larval oyster shell formation to acidification sensitivity. 560 

Geophys Res Lett 40, 2171-2176. 561 

Ward, D., 1991. The size selection of clams by African Black Oystercatchers and Kelp Gulls. Ecology 562 

72, 513-522. 563 

Weiner, S., Addadi, L., 2011. Crystallization pathways in biomineralization. Annual Review of 564 

Materials Research 41, 21-40. 565 

Welladsen, H.M., Southgate, P.C., Heimann, K., 2010. The effects of exposure to near-future levels of 566 

ocean acidification on shell characteristics of Pinctada fucata (Bivalvia: Pteriidae). Molluscan 567 

Research 30, 125. 568 

Widdows, J., Johnson, D., 1988. Physiological energetics of Mytilus edulis: scope for growth. Mar Ecol 569 

Prog Ser, 113-121. 570 

Wood, H.L., Spicer, J.I., Widdicombe, S., 2008. Ocean acidification may increase calcification rates, 571 

but at a cost. Proceedings of the Royal Society of London B: Biological Sciences 275, 1767-1773. 572 

Xu, X., Yip, K., Shin, P.K.S., Cheung, S.G., 2017. Predator–prey interaction between muricid 573 

gastropods and mussels under ocean acidification. Mar Pollut Bull 124, 911-916. 574 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Altered shell properties and predation risk in mussels under OA 

 

Supplemental Material 575 

 576 

CO2 system parameters 577 

Characteristics of the seawater in which M. edulis was kept is summarised in Table 1. Salinity and 578 

temperature remained similar in both OA and control conditions. Conversely as pCO2 increased from 579 

400 ppm (control) to 1000 ppm (OA), there was a decrease in total alkalinity, pH, dissolved 580 

carbonate and aragonite concentrations. 581 

 582 

Table 1. Seawater chemistry in the experimental tanks (mean ± S.D.).  583 

  

CO2 system parameters Control (400 ppm) OA (1000 ppm) 

pH  8.065 ± 0.02 7.619 ± 0.02 

Salinity (psu) 36.16 ± 0.40 36.01 ± 0.63 

Temperature (°C) 15.50 ± 0.27 15.58 ± 0.18 

TA (µmol.kg-1) 2078.83± 105.60 2059.83 ± 123.40 

pCO2 (µatm) 411.23 ± 25.96 1074.17 ± 68.02 

CO3
2- (µmol.kg-1) 154.03 ± 4.36 63.61 ± 7.60 

Ωca 3.50 ± 0.21 1.39 ± 0.19 

Ωar 2.20 ± 0.19 0.87 ± 0.15 

TA, total alkalinity; CO3
2-, carbonate ion concentration; Ωca, saturation state of calcite; Ωar, saturation 584 

state of aragonite 585 

 586 

 587 


