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ABSTRACT 24 

Ocean acidification and warming are considered two of the greatest threats to marine 

biodiversity, yet the combined effect of these stressors on marine organisms remains largely 26 

unclear. Using meta-analytical techniques we assessed the biological responses of marine 

organisms to the effects of ocean acidification and warming in isolation and combination. We 28 

found positive, neutral and negative biological responses that varied across taxonomic 

groups, life-history stages and trophic levels. Moreover, we found the combined stressors 30 

generally exhibited a stronger effect (either positive or negative) than when exposed to the 

stressors in isolation. Using a subset of fully factorial studies we show that the type of 32 

response (e.g. calcification, survival) determines whether multiple stressors interact in a 

predictable manner, or as an unpredictable ‘ecological surprise’.  Interactions of the two 34 

stressors led to ‘ecological surprises’ more commonly than predictable outcomes.  

Additionally, although the analysis of our subset of data showed that ‘ecological surprises’ 36 

were common, meta-analysis of the full data set was not sensitive enough to detect these 

important interactions. The inherent variability associated with different taxonomic groups, 38 

life-history stages and trophic levels may make broad-scale meta-analyses less effective in 

detecting more specific ‘ecological surprises’. Given that the occurrence and importance of 40 

‘ecological surprises’ are likely to intensify with increasing frequency of stressors interacting 

in marine systems, there is an urgent need to move towards a more robust, holistic and 42 

ecologically realistic approach to climate change experimentation that forewarns of the likely 

deleterious impacts to marine biodiversity and ecosystem functioning over the next century. 44 
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INTRODUCTION 46 

The concentration of atmospheric carbon dioxide (CO2) has increased from 280ppm in pre-

industrial times to a present day level of 387ppm (Feely et al. 2009). Over the last 100 years 48 

this has led to changes in global sea surface temperatures (+0.74°C) and ocean carbonate 

chemistry (Orr et al. 2005), which have included ocean acidification by 0.1 pH units 50 

(Caldeira & Wickett, 2003; Kleypas et al. 2006). By the year 2100 sea-surface temperatures 

are expected to rise by a further 1-4°C while increased CO2 (aq) will result in the decreased 52 

availability of carbonate ions and a further reduction in pH by 0.3-0.5 units (Caldeira & 

Wickett, 2005; IPCC, 2007; Gooding et al. 2009). These changes in temperature and ocean 54 

carbonate chemistry are considered two of the greatest threats to marine biodiversity 

(Kleypas et al. 1999; Doney et al. 2009), leading to changes in the physiological performance 56 

of individual organisms which will in turn alter biotic interactions, community structure and 

ecosystem functioning.  58 

 

A range of marine biological responses have already been observed in response to ocean 60 

warming including hypoxia (Pörtner & Knust, 2007), coral bleaching (Hoegh-Guldberg et al. 

2007), species range shifts (Parmesan & Yohe, 2003; Root et al. 2003), changes to phenology 62 

(Walther et al. 2002), and reduced organism body size (Daufresne et al. 2009). Experimental 

manipulations simulating predicted future ocean temperatures have suggested that warming 64 

will also lead to increased metabolic costs for plants and animals (O’Connor et al. 2009), 

increased consumption rates (Sanford 1999) and changed food-web structure (Petchey et al. 66 

1999). Observed responses of marine organisms to recent ocean acidification are limited (but 

see Iglesias-Rodriguez et al. 2008b; Moy et al. 2009), but are expected to become 68 

increasingly apparent in the next 50-100 years (Doney et al. 2009; Feely et al. 2009). 
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Experimental evidence, however, suggests that responses are likely to be highly varied 70 

(Hendriks et al. 2010; Kroeker et al. 2010) and will include hypercapnic suppression of 

metabolism (Christensen et al. 2011), acid-base balance disturbances (Miles et al. 2007), plus 72 

both positive and negative effects on skeleton formation (related to a decrease in carbonate 

saturation; Doney et al. 2009; Ries et al. 2009). 74 

 

The vulnerability of marine species and ecosystems to individual climate stressors, 76 

particularly temperature, is well established (for reviews; Hoegh-Guldberg & Bruno, 2010; 

Richardson et al. 2012; Wernberg et al. 2012), despite this, the cumulative effect of warming 78 

and acidification remains unclear (Sala et al. 2000; Fabry et al. 2008). Recent meta-analyses, 

across ecological systems, have shown that multiple stressors can lead to ‘ecological 80 

surprises’ (sensu Paine et al. 1998) with responses dependent on the type of stressor as well 

as the ecological organisation investigated (e.g. population vs. community, autotroph vs. 82 

heterotroph) (Crain et al. 2008; Darling & Côté, 2008; Tylianakis et al. 2008). Moreover, the 

mechanism through which the stressor acts upon the organism will affect the response. 84 

Multiple stressors acting through a similar pathway may have an additive effect (Crain et al. 

2008). In contrast, any stress-induced tolerances could lead to antagonisms (Blanck, 2002), 86 

while those stressors that act on different, but dependent mechanisms may act synergistically 

(Kneitel & Chase, 2004).  88 

 

Organisms vary widely in their individual responses to ocean warming and acidification as a 90 

result of differences in their physiological and ecological characteristics (Dupont et al. 2008; 

Fabry, 2008). For example, many marine organisms possessing a calcium carbonate (CaCO3) 92 

structure would be considered more susceptible to ocean acidification as this process will 

impair their capacity to produce calcified skeletons (Doney et al. 2009). Conversely, some 94 
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species, including some calcified species, will have the capacity to buffer against the 

deleterious effects of acidification by utilising acid-base compensation (eg. fishes; Claiborne 96 

& Evans, 1992; Larsen et al. 1997), active mobility and metabolism (Widdicombe & Spicer, 

2008; Whiteley, 2011) or energy reallocation (Wood et al. 2008; McDonald et al. 2009). 98 

Elevated temperature (up to a limit) may positively enhance metabolism in ectotherms, 

resulting in faster growth and development (Byrne, 2011). Moreover, it has been speculated 100 

that warming could even ameliorate the negative impacts of acidification (McNeil et al. 2004; 

Kleypas & Yates, 2009). Therefore, the concurrent effect of temperature and ocean 102 

acidification via elevated CO2 remains unclear, but is likely to lead to complex biological 

outcomes.  104 

 

Species responses to ocean warming and acidification will also vary among life-history stages 106 

(Byrne, 2011). Early life-history stages are considered more susceptible to changes in both 

temperature and ocean acidification (Byrne, 2011). These stressors may, however, have 108 

positive and/or negative effects for the successful recruitment of juveniles to the adult 

population. Trophic level is also likely to determine how species respond due to differences 110 

in environmental sensitivity (Petchey et al. 2004; Raffaelli, 2004). Previous work has 

suggested the effects of multiple stressors are likely to act antagonistically in autotrophs, but 112 

synergistically in heterotrophs (Crain et al. 2008). Furthermore, since higher trophic levels 

contain less ‘biological insurance’ (sensu Yachi & Loreau, 1999), i.e. less taxonomic, 114 

physiological, and genetic diversity, they are predicted to be more susceptible to multiple 

environmental perturbations (Christensen et al. 2006) which could act upon them 116 

synergistically (Crain et al. 2008). 

 118 
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Studies of the biological effects of elevated temperature and acidification on marine 

organisms in isolation have provided some insight into the potential tolerance of species to 120 

these changing conditions (Gattuso et al. 2009). However, given that these stressors are 

unlikely to operate independently, there is now a need to gain a more ecologically realistic 122 

understanding of how the combined effects of temperature and acidification will affect 

marine biota. This is vital in order to inform future adaptative management strategies. Using a 124 

meta-analytical approach of the peer-reviewed literature we assessed the impacts and 

interactions of ocean acidification and warming on marine biological responses. Given that 126 

variability in the strength and direction of responses was expected, we classified data 

according to taxonomic groups, calcifiers and non-calcifiers, life-history stage and level of 128 

trophic organisation (autotroph and heterotroph) in terms of changes in rates of calcification, 

growth, photosynthesis, reproduction and survival. Specifically, we aimed to address three 130 

questions: (i) How do warming and acidification impacts interact? (ii) Do stressors combine 

in predictable ways or as ‘ecological surprises’? (iii) Can inherent biological variability be 132 

explained by predetermined categories?  

 134 

MATERIAL AND METHODS 

DATA SELECTION AND SUITABILITY CRITERIA 136 

Searches for peer-reviewed articles in which studies explicitly investigated anthropogenic 

climate change using either elevated temperature, ocean acidification or elevated temperature 138 

and acidification were carried out using ISI Web of Science ©, Google Scholar; the European 

Project on Ocean Acidification (EPOCA) blog (http://oceanacidification.wordpress.com/), 140 

citation searches; analysis of reference lists in comprehensive reviews (Hendriks et al. 2010; 
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Kroeker et al. 2010; Wernberg et al. 2012), and then cross-referenced with the bibliographies 142 

of identified articles.  

 144 

We limited our review to studies published between 1st January 1990 and 1st January 2012, as 

the majority of experimental climate change studies that manipulated climate change 146 

conditions in line with IPCC AR1 predictions and subsequent updates (IPCC, 1990, 2007) 

were published after 1990. Only controlled manipulative experiments were used for analysis. 148 

In addition, the control treatments of the environmental stressor (eg. pH, CO2, or 

temperature) needed to represent current ambient levels and were based on the authors’ 150 

opinion of ‘ambient’. The experimental organisms had to be subjected to elevated 

temperature alone, acidification alone, or both warming and acidification. When studies 152 

included environmental variables in addition to temperature and ocean acidification (such as 

light availability or nutrients), these responses were only considered at ‘ambient’ levels of the 154 

other environmental variables. To explore predicted future conditions for 2100, the 

manipulation treatments needed to conform to the IPCC IS92a “business-as-usual” emission 156 

scenario for the year 2100 (IPCC, 2007). We omitted studies that manipulated carbonate 

chemistry using acid addition, because it does not reproduce the changes in HCO3
- 158 

concentration that occur as a result of increased CO2(aq) (Iglesias-Rodriguez et al. 2008a; 

2008b; but see; Gattuso & Lavigne, 2009; Schulz et al. 2009). Finally, only studies that 160 

reported a measureable biological response were included. 

 162 

As response variables we used calcification (or dissolution) rates, growth, photosynthesis, 

reproduction and survival (mortality was converted to survival by using 1 - mortality). There 164 

were insufficient data on other response variables (eg. feeding rates, metabolism) to enable 

quantitative analysis. A number of articles included more than one species, response, 166 
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location, or treatment level. All of the species, responses, locations and treatment levels were 

included if they met the suitability criteria. This ensured that a broad range of responses could 168 

be fully explored, despite lessening the independence of the data from that particular study 

(Gurevitch et al. 1992). To maintain independence of data we included only one response, 170 

chosen at random, from studies reporting several responses that could be classified in the 

same category (eg. growth expressed as changes in length and biomass). Derived metrics 172 

from studies that included time-series data were based on the final time point of exposure. To 

investigate inherent biological variability, records were categorised according to taxonomy, 174 

life-history stage, level of trophic organisation (autotroph, heterotroph) and whether the 

organism possessed a CaCO3 skeletal structure. 176 

 

To enable a calculation of effect size, studies that met our initial criteria could only be used if 178 

they reported a mean response value, some form of variance (standard deviation, standard 

error or confidence interval), and a sample size. In some instances values were only reported 180 

in graphical form, and in these situations data were extracted using the program GraphClick 

(v. 3.0) (Neuchatel, Switzerland).  182 

 

DATA ANALYSIS  184 

Biological responses to ocean warming and acidification were measured for each experiment 

to establish the proportional change between the control and treatment means using response 186 

ratios. In their original metric response ratios are weighted towards positive responses, so the 

response ratios were log transformed to maintain symmetry in the analysis and ease the 188 

biological interpretation (Hedges et al. 1999). We chose a log response ratio (lnRR), over 
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other methods, to estimate the effect size because of the high capacity to detect true effects 190 

and there robustness to small sample sizes (Lajeunesse & Forbes, 2003). 

 192 

We selected a weighted random-effects model to estimate a summary effect size. Random-

effects analysis assumes that the true effect size differs between experiments and the 194 

estimated summary effect is the mean of the effects observed across the studies. This means 

that even if studies have a low weighting, the individual effect sizes from all of the studies 196 

will still be incorporated into the summary effect (Borenstein et al. 2009). This ensured that 

the biological variation inherent in the responses was properly accounted for. Both the 198 

within-study variance (inverse of the effect size variance) and the between-study variance 

(σ2
pooled) were used to weight the studies. Therefore studies with higher replication and/or 200 

lower variance were considered more precise and weighted accordingly (Hedges & Olkin, 

1985).  202 

 

Statistical significance was attributed to each summary effect size by calculating a bias-204 

corrected 95% confidence interval (CI) and comparing it with zero. If the summary effect 

size did not overlap zero then it was considered to be significantly different. A total 206 

heterogeneity statistic (Q) was used to ascertain that the variation observed was a 

combination of both true variation (between studies) and random error (within studies) 208 

(Borenstein et al. 2009). This was tested as the observed weighted sum of squares against a 

chi square distribution with n – 1 degrees of freedom, using the null hypothesis that 210 

observations share a common effect size. 

 212 

Combinations of the treatment effect (CO2/pH, temperature, temperature and CO2/pH) and 

response variables (calcification, growth, photosynthesis, reproduction, and survival) were 214 
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used as the comparison groups in all analyses. Separate exploratory analyses were also used 

to test the differences between a priori defined groups; it was appreciated that this form of 216 

multiple exploratory analyses on the same dataset is prone to Type I error, however, we 

aimed to use these analyses to identify the underlying patterns of the biological responses. 218 

The categorical moderators used were the different taxonomic groups (corals, crustaceans, 

crustose coralline algae, echinoderms, fishes, non-calcifying algae, molluscs, phytoplankton 220 

and seagrasses), calcifying and non-calcifying organisms, developmental stages (embryos, 

larvae, juveniles and adults), and trophic organisation (autotroph and heterotroph). This 222 

process applied a summary effect size and 95% CI to each of the different categories for 

comparison. To formally test for differences between these categories, a test for heterogeneity 224 

(QM) was used; this ascertains the total heterogeneity that can be explained by that particular 

categorical moderator (Gurevitch et al. 1992). A significant QM indicates that there is a 226 

difference between the categories. The taxonomic group of phytoplankton was initially 

divided into coccolithophores, cyanobacteria, diatoms, dinoflagellates and foraminifera, 228 

however, results were pooled again after detecting no difference using a test for heterogeneity 

(QM). Over all of the meta-analytical results, the summary effect sizes were not reported if 230 

there were fewer than five studies available for analysis, and categorical moderators were not 

reported if there were fewer than three studies. This was a pragmatic decision to ensure that a 232 

broad range of responses could be assessed, as some categories only had a few studies that 

met our criteria. Therefore, the categorical analyses did not always include all the 234 

observations from the full model. 

 236 

Page 11 of 120 Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

11 

 

INTERACTIONS BETWEEN MULTIPLE STRESSORS  

Interactions between ocean warming and acidification were ascertained following the 238 

methodology of Darling and Côté (2008). The method involved using a weighted fixed-effect 

model to predict the combined effect of warming and acidification for each response variable. 240 

The effects of ocean warming and acidification are unlikely to operate independently, so we 

used a multiplicative model (± 95% CI) to predict the proportional change of their interaction 242 

(Morris et al. 2007; Crain et al. 2008). Although less conservative than an additive model 

(Folt et al. 1999), we considered a multiplicative model to be more appropriate since the 244 

underlying model of the metric lnRR is multiplicative (Hawkes & Sullivan, 2001; Morris et 

al. 2007), and this model is also thought to be more biologically realistic (Sih et al. 1998). 246 

Results were then compared to the combined warming and acidification observed responses 

(also calculated using a weighted fixed-effect model ± 95% CI). If the 95% CI of the 248 

predicted and observed responses did not overlap then they were considered significantly 

different. Observed effect sizes that were significantly higher were classed synergistic, 250 

significantly lower were antagonistic, and those that were non-significant were multiplicative. 

To be included, studies had to have carried out a controlled factorial experiment that reported 252 

the outcomes of warming and acidification individually and in combination, with a control 

treatment (Underwood, 1997). Therefore, not all of the observations from the full model 254 

could be analysed. Multiple observations from the same study were included if separate 

factorial results were provided.  256 

 

SENSITIVITY ANALYSES AND PUBLICATION BIAS 258 

Sensitivity analysis was used to investigate the influence of any experimental study that 

demonstrated an unusually large effect size. This was achieved in a step-wise manner by 260 
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ranking each experiment by the magnitude of effect size, removing the largest one, and re-

running the analysis. Likewise, if any study contributed five or more observations to a 262 

category, the study was omitted and the analyses re-run. If studies were considered to be 

driving the results, then they were omitted from the analysis of that response variable.  264 

 

The number of studies with an effect size of zero that would be required to change the results 266 

of the meta analysis from significant to non-significant (‘file drawer problem’) was 

determined using Rosenberg’s failsafe number (Rosenberg, 2005). It was decided that if five 268 

or less studies (of zero effect size) were required to change the effect size, then that 

categorical analysis was not considered robust.  270 

 

RESULTS 272 

OVERALL BIOLOGICAL RESPONSES  

Out of 196 peer-reviewed articles that investigated the biological responses of marine 274 

organisms to ocean warming and/or acidification 107 met our criteria, giving 623 unique 

observations (Table S1). Observations that did not meet the selection criteria are listed in 276 

Table S2, and the results from all the heterogeneity tests for overall within-effects (Q) and 

between categories (QM) are reported in Table S3.  278 

 

Meta-analysis of the whole dataset revealed that calcification was negatively affected by 280 

ocean acidification and neutrally affected by ocean warming, although there was some 

tendency towards a negative response. Combined warming and acidification resulted in a 282 

highly significant negative response (Fig. 1). In contrast, the effects of ocean acidification 

and warming (both independently and combined) had no effect on growth (Fig. 1).  284 
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Independently, both ocean acidification and warming resulted in highly variable, but non-286 

significant effects on photosynthesis. Conversely, concurrent acidification and warming 

revealed a significant positive effect on photosynthesis (Fig. 1). 288 

 

The independent effects of ocean acidification and warming on reproduction and survival 290 

were of similar magnitude and negative. The combined effects of ocean warming and 

acidification were also negative and of greater magnitude than observed for the stressors in 292 

isolation (Fig. 1). 

 294 

TAXONOMIC GROUPS 

The combined effects of ocean warming and acidification on calcification varied between 296 

taxonomic groups (QM = 7.92, d.f.=2, p=0.019; Fig. 1). For corals and crustaceans there were 

neutral effects in response to warming and acidification both in isolation and combination. In 298 

echinoderms, acidification had a neutral effect on calcification while ocean warming and the 

two stressors combined resulted in significant negative effects with the concurrent effects 300 

tending towards a synergistic interaction. 

 302 

Responses of crustaceans, echinoderms, molluscs and phytoplankton to the combined effects 

of warming and acidification varied in terms of growth (QM = 14.27, d.f.=3, p=0.003; Fig. 1) . 304 

Across all taxa there was no significant effect of warming or acidification in isolation or 

combination, with the exception of the crustaceans, which displayed a significant negative 306 

response to the combined effects of these stressors. For the non-calcifiers (fish, non-

calcareous algae and seagrass), there was no significant effect on growth as a result of 308 

Page 14 of 120Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

14 

 

warming and acidification in isolation, although effects tended towards positive. 

Unfortunately there were insufficient studies to determine the combined effects of these 310 

stressors. 

 312 

The combined effects of ocean warming and acidification had a significant positive effect on 

photosynthesis in phytoplankton (Fig. 1). Although, analysis of the combined stressors was 314 

not possible for the other primary producers they all showed responses of similar magnitude 

to ocean acidification and warming in isolation. 316 

 

For both echinoderms and molluscs, ocean warming (in isolation) had a significant negative 318 

effect on reproduction, while for molluscs ocean acidification (in isolation) also had a 

negative effect. Combined warming and acidification had a significant negative effect on 320 

reproduction in both taxa (Fig. 1). 

 322 

The combined effects of ocean warming and acidification negatively affected survival in 

crustaceans and molluscs (Fig. 1). Additionally, significant negative responses were also 324 

detected in corals and molluscs under warming conditions and for molluscs under high CO2 

conditions. 326 

  

CALCIFIERS/NON-CALCIFIERS 328 

Due to an insufficient number of studies investigating the concurrent effects of warming and 

acidification on non-calcifiers, comparisons with calcifiers of the combined impact of these 330 

stressors was not possible. Under future ocean chemistry conditions there was, however, 

significant difference in growth between calcifiers and non-calcifiers (QM = 12.22, d.f. =1, 332 
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p<0.001; Fig. 2), with growth significantly negatively affected in calcifiers and significantly 

positively affected in non-calcifiers. Calcifiers exhibited a significantly positive 334 

photosynthetic response to the combined effects of warming and acidification (Fig 2), 

primarily driven by phytoplankton (Fig 1). Where sufficient data existed to enable 336 

comparisons, warming and acidification, in isolation and combination, negatively affected 

survival in both calcifiers and non-calcifiers (Fig 2). 338 

 

LIFE-HISTORY STAGES 340 

Ocean warming (both independently and in conjunction with acidification) had a significant 

negative effect on calcification in juveniles, but not in adults. Heterogeneity tests, however, 342 

did not reveal significant differences between life history stages for either calcification or 

growth when exposed to the two stressors in isolation or combination (Table S3). The effects 344 

of ocean warming on survival differed significantly between life-history stages with both 

larvae and juveniles exhibiting more negative responses than adults (QM = 23.62, d.f. =2, 346 

p<0.001; Fig. 3). Although ocean acidification had a significant negative effect on the 

survival of larvae and adults, there was no significant difference in responses across life-348 

history stages (Table S3). The combined effects of warming and acidification on survival 

showed a significant negative response for both larvae and juveniles. 350 

 

TROPHIC ORGANISATION 352 

Calcification in autotrophs was not significantly affected by either warming or acidification 

in isolation or combination. The combined effects of warming and acidification had, 354 

however, a significant negative effect on calcification in heterotrophs (Fig. 4). Conversely, 

the effects of warming and acidification did not significantly affect growth in heterotrophs, 356 
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while in autotrophs ocean warming and acidification had a significant positive effect on 

growth (Fig. 4). While there were insufficient data to investigate the combined effects of 358 

warming and acidification on survival in autotrophs, these stressors in isolation had 

significant negative effects. In heterotrophs survival was not affected by ocean acidification, 360 

but was significantly negatively affected by warming alone and the combined effects of 

warming and acidification. 362 

 

INTERACTIONS BETWEEN MULTIPLE STRESSORS  364 

For calcification, growth and survival, combined warming and acidification resulted in 

negative ‘ecological surprises’ when compared to the multiplicative null expectation model, 366 

with a synergistic effect on calcification and an antagonistic effect for both growth and 

survival (Fig. 5). The observed responses for photosynthesis and reproduction were 368 

accurately predicted by the model suggesting that these responses to future warming and 

acidification may be predictable. 370 

 

SENSITIVITY ANALYSES AND PUBLICATION BIAS 372 

To test the robustness of our analyses against large effect sizes, we removed each comparison 

step-wise and re-ran each analysis, omitting experiments if they changed the significance of 374 

either heterogeneity or the mean effect size of the response variables. This resulted in twelve 

experiments being omitted from subsequent analyses across several treatment-response 376 

variable scenarios (see Table S2 for more detail). We used Rosenthal’s fail-safe number to 

assess the importance of potential publication bias and found that our response variables were 378 

robust, with the lowest values being 82 and 99 additional studies being required to change the 

effect size (based on original experiment quantities of 33 and 7 respectively). No individual 380 
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study contributing more than five experiments changed the significance of either the 

heterogeneity or mean effect size of the response variables.  382 

 

DISCUSSION 384 

Meta-analysis of the full dataset revealed that the combined effects of ocean acidification and 

warming had significant negative effects on calcification, reproduction and survival, and a 386 

significant positive effect on photosynthesis. There was, as would be expected, variation 

amongst taxonomic groups, life-history stages, trophic levels, calcifiers and non-calcifiers. 388 

More importantly, our analyses showed that responses to ocean acidification and warming in 

isolation often differed from the results obtained when these stressors were combined. Our 390 

results highlight the need to move away from single-stressor studies towards more 

ecologically realistic research incorporating multiple stressors, in order to more fully 392 

understand how near-future anthropogenic change will affect marine biodiversity. 

 394 

Analysis of the full dataset did not provide evidence that the combined stressors would result 

in truly synergistic or antagonistic interactions. However, examination of our subset of fully 396 

factorial studies showed that three out of five of our responses generated ‘ecological 

surprises’ (sensu Paine et al. 1998), where the outcome was not predictable from the sum of 398 

the individual stressors (i.e. multiplicative effects; Folt et al. 1999). We observed a 

synergistic effect on calcification and an antagonistic effect on both growth and survival, 400 

highlighting that stressor specificity, in addition to other factors, may be involved in driving 

interaction types (Crain et al. 2008). Our findings suggest that the effects of combined 402 

warming and acidification may commonly generate unpredictable interactions (i.e. synergies 
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and antagonisms) rather than interacting in a predictable manner, with implications for our 404 

ability to predict the future impacts of multiple stressors.  

 406 

Ecological synergies are anticipated to have important implications for marine systems (Paine 

et al. 1998; Harley et al. 2006; Sutherland et al. 2006) as they can exacerbate adverse effects 408 

and reduce ecosystem resilience (Folke et al. 2004). Although antagonistic interactions will 

reduce the cumulative impact compared to synergies (Didham et al. 2007; Brook et al. 2008), 410 

they will also interact unpredictably. Such unpredictable outcomes are of particular concern 

because ‘ecological surprises’ may additionally affect biotic interactions (Tylianakis et al. 412 

2008) and trophic complexity (Vinebrooke et al. 2004; Darling & Côté, 2008). Multiple 

stressors are thought to act synergistically when affecting different physiological 414 

mechanisms, since this results in ecological trade-offs. This is because synergies are 

fundamentally a negative functional interaction between traits (Kneitel & Chase, 2004). 416 

Alternatively, antagonisms will occur if an individual is exposed to an additional stressor that 

acts upon the same mechanism as a stressor for which that individual has already adapted or 418 

become acclimated to (Blanck, 2002; Christensen et al. 2006). 

 420 

The negative synergistic response detected for calcification in echinoderms, for instance, is 

consistent with the pattern of ecological synergies and trade-offs (Kneitel & Chase, 2004) in 422 

that it may be attributed to an energy re-allocation strategy from somatic or reproductive 

growth (Melzner et al. 2009). For example, an infaunal brittlestar exhibited muscle wastage 424 

as an energetic trade-off to maintain calcification under ocean acidification conditions (Wood 

et al. 2008). Our observed antagonistic interaction between ocean warming and acidification 426 

for both growth and survival may be consistent with the pattern of developing a stress-

tolerance for stressors acting on the same pathway (Christensen et al. 2006). For example, 428 
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acidification may induce a reduced body size, a common stress-tolerance trait (Vinebrooke et 

al. 2004), which makes organisms less susceptible to other stressors, or in this case elevated 430 

temperature. In our analyses, the impacts of ocean acidification on survival were more subtle, 

with neutral or weakly negative effects, while temperature appeared to be the overriding 432 

stressor. The only exception to this was in adults in our analysis across life-history stages. 

This pattern is consistent with previous work (eg. McDonald et al. 2009; Findlay et al. 2010).  434 

 

Interestingly, despite establishing robust predictions for near-future changes in carbonate 436 

chemistry (Roleda et al. 2012), the underlying mechanisms of the biological responses still 

remain unclear (Gattuso & Hansson 2011; but see Pörtner, 2008). For instance, until recently 438 

the effects of ocean acidification on calcification responses were thought to reduce an 

organism’s potential to calcify and enhance the dissolution of their CaCO3 shells (eg. Ries et 440 

al. 2009). Recent studies have, however, demonstrated that the net calcification loss found in 

many studies may not demonstrate constraints on calcification, but rather that the dissolving 442 

of exposed skeleton (gross dissolution) is greater than the skeletal growth beneath healthy 

tissue (gross calcification) (Ries, 2011; Rodolfo-Metalpa et al. 2011). It is therefore essential 444 

to understand the mechanisms through which warming and acidification act, as well as to 

establish the effect that the stressors have on biological responses. 446 

 

Early life-history stages are generally considered more susceptible to environmental stressors 448 

(Pechenik, 1987), and larval and juvenile stages of marine organisms typically show high 

mortality rates (Gosselin & Qian, 1997; Hunt & Scheibling, 1997). Our results support the 450 

hypothesis that the threshold for deleterious warming may vary between developmental 

stages (Byrne et al. 2009; Byrne et al. 2010) with adult survival being significantly higher 452 

compared to either larvae or juveniles under predicted warming conditions. However, 
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insufficient studies limited a comparison of the effects of combined warming and 454 

acidification on survival across life-history stages. Previous work suggests that for survival 

the interaction between different types of stressors does not differ between life stages apart 456 

from embryos (Darling & Côté, 2008). Our results support these findings, but are perhaps 

more indicative of differences between life-history stages being less prominent than species-458 

specific sources of heterogeneity (Fabry, 2008; Kurihara, 2008). 

 460 

In our analyses, the combined effects of warming and acidification positively affected growth 

in autotrophs, probably due to the effect of temperature on metabolic rate, while CO2, which 462 

is a substrate for photosynthesis, may also have indirectly lead to increased growth at higher 

CO2 concentrations. There were no effects on calcification in autotrophs but in heterotrophs 464 

calcification was adversely affected, along with survival, by the combined stressors. In 

heterotrophs growth was unaffected. Collectively, the differences observed are likely 466 

attributed to different modes of energy acquisition, and associated indirect effects. For 

instance, in some autotrophs photosynthesis is expected to increase under near-future climate 468 

change (eg. Palacios & Zimmerman, 2007; Fu et al. 2008; Hall-Spencer et al. 2008), and 

indirectly, photosynthesis has the potential to stimulate calcification (Ries et al. 2009) and 470 

increase growth rates (eg. phytoplankton; Loehle, 1995). Moreover, the metabolism 

complexes of heterotrophs (respiration-limited) are more sensitive to ocean warming than the 472 

photosynthesis-limited metabolism of autotrophs (Lopez-Urrutia et al. 2006), and thus 

warming is predicted to lead to stronger consumer-driven control (O'Connor et al. 2009). 474 

There were insufficient data in our analysis to make comparisons between consumer trophic 

levels (herbivores, detritivores, consumers and top predators). Given the greater frequency of 476 

negative effects in response to single stressors at higher tropic levels (Christensen et al. 

2006), biological responses and interactions to multiple stressors are also likely to differ 478 
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between consumer trophic levels (Vinebrooke et al. 2004). Therefore, a need clearly exists to 

incorporate trophic complexity within experimental manipulations (eg. O'Connor, 2009; 480 

Ferrari et al. 2011) of multiple stressors. 

 482 

Despite our subset of data, derived from experiments where both temperature and 

acidification were manipulated in isolation and combination, revealing ‘ecological surprises’ 484 

(Fig 5), analysis of our complete dataset did not reveal either synergistic or antagonistic 

interactions with combined warming and acidification. Broad-scale meta-analyses may 486 

therefore be ineffective in detecting the more specific ‘ecological surprises’, due to the 

inherent variability associated with different taxonomic groups, trophic levels and life-history 488 

stages. The implications of this are that any inferred additive interaction between 

acidification and warming may underestimate synergisms, and overestimate antagonisms 490 

(although conservatively) (Didham et al., 2007). Compared to additive interactions, 

mitigation measures on synergisms will result in greater than expected returns, however, 492 

antagonisms will lead to challenges for management because they will require multiple 

stressors to be mitigated before considerable recovery can be seen. In contrast to our findings, 494 

a previous synthesis of interactions between a broad range of stressors found that the overall 

interaction effect across all studies in marine systems was synergistic (Crain et al. 2008). 496 

However, a subsample of their more robust, fully factorial studies, resulted in over half of 

their studies having predictable additive interactions. Their study included only three 498 

examples of the combined impacts of temperature and ocean acidification, but our conflicting 

results further reinforce the role that stressor identity has in determining multiple stressor 500 

interactions. Additionally, since marine systems are subject to multiple interacting stressors 

(Halpern et al. 2007), it is possible that the addition of a third stressor would introduce further 502 

adverse consequences (eg. Przeslawski et al. 2005).  
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Although we identified and incorporated the available literature that met our selection 504 

criteria, the number of studies was limited across taxonomic groups, trophic levels and life 

stages leading to restrictions on the analyses we could undertake and highlighting the need 506 

for further research effort in this area. Additionally, despite a recognised tradition for 

effective experimental design in marine ecology (Underwood, 1997), a recent review 508 

highlighted that almost half of marine climate change experiments had design weaknesses or 

deficiencies (Wernberg et al. 2012). In that meta-analysis, 91% of studies either lacked 510 

treatment replication or carried out a form of pseudo-replication. We found that a third of the 

studies we investigated were also limited by experimental design, particularly pseudo-512 

replication. This increases the likelihood of Type I errors, i.e. false positives (Hurlbert, 1984). 

Given the intense scrutiny that climate change science recieves it is essential that climate 514 

change ecologists, along with all scientists, design their experiments in order to eliminate 

potential artifacts as a result of poor experimental design. 516 

 

Substantial progress has been made in determining the impacts of climate change on marine 518 

systems, but several key areas require concerted research effort before marine climate change 

ecologists can provide the evidence required to inform adaptive management strategies. 520 

Studies that investigate the biological responses of individual species to multiple stressors 

will continue to provide insight into the potential tolerance of species to these changing 522 

conditions (Gattuso et al. 2009). However, it is likely that over multiple generations 

phenotypic plasticity and/or genetic evolution will influence the ability of marine organisms 524 

to develop a stress-tolerance (Ferrari et al. 2011). Therefore, areas of natural variable pH and 

temperature, such as CO2 vent systems (eg. Hall-Spencer et al. 2008) or areas of upwelling 526 

(eg. Bakun, 1990), may provide a method of ecosystem validation to investigate whether 

prolonged exposure to stressors can promote adaptation. Moreover, physiological studies are 528 
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needed to investigate the pathways driving the biological responses of marine organisms, in 

order to better understand the magnitude, direction and interaction of the effects of multiple 530 

stressors.  

 532 

Individual species are responding idiosyncratically to anthropogenic climate change, and it is 

likely that the temporal and spatial association between species interacting at different trophic 534 

levels will also be affected (Harrington et al. 1999; Walther et al. 2002). Since the 

complexity of biotic interactions makes it difficult to extrapolate from single-species studies 536 

to community or ecosystem levels (Walther et al. 2002). Future studies will need to establish 

the links between climatic impacts at an individual, population, community and ecosystem 538 

level (Harley, 2006). This can be achieved by increasing both the trophic complexity and 

number of stressors, with the aim to scale up to investigations with natural communities and 540 

ecosystems. Such large-scale ecosystem level experiments would not only increase our 

knowledge of the functioning and resilience of marine ecosystems, but provide explicit 542 

evidence to policymakers on the effectiveness of conservation and management strategies in 

response to climate change.  544 

 

In conclusion, our findings highlight a complex set of outcomes when the combined effects 546 

of ocean warming and acidification on marine organisms are considered. Specifically, we 

established that the magnitude, direction and interaction of the effects of multiple stressors 548 

varies between response type probably as a result of the pathways driving the biological 

response. Responses also differ between taxonomic groups, trophic levels and life stages. 550 

Most importantly, in our subset of data we identified ‘ecological surprises’ that were not 

found in our broad-scale dataset, reinforcing the need for more robust assessments in this 552 

field. However, two of our responses (photosynthesis and reproduction) did interact in a 
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predictable manner. Understanding the variation of these additive responses will enable more 554 

accurate assessment of the likely outcomes of mitigation measures. Importantly, we must also 

consider further abiotic and biotic stressors in the marine environment that are likely to also 556 

interact with warming and acidification (Halpern et al. 2007). Understanding how multiple 

stressors will impact and interact on different trophic levels also represents a major challenge 558 

in the marine biosciences. Experimental manipulation of multiple stressors will provide a 

sound scientific basis to inform climate change adaptive management strategies, but more 560 

generally will also enhance our understanding of the functioning and resilience of marine 

ecosystems.  562 

 

ACKNOWLEDGEMENTS 564 

We thank members of the Aquatic, Behavioural and Evolutionary Biology and Ecology 

Research Groups who provided valuable input into discussions surrounding this manuscript 566 

and Sonia Consuegra, Peter Dennis and John Gee for providing suggestions for improving the 

manuscript. The vector graphics used in Figure 2 are from the Integration and Application 568 

Network (http://ian.umces.edu/symbols/), University of Maryland Center for Environmental 

Science. Funding for BH was provided by an Institute of Biological, Environmental and 570 

Rural Sciences PhD Studentship. Funding for PM was provided through a Marie Curie Career 

Integration Grant PCIG10-GA-2011-303685. 572 

 

REFERENCES 574 

Bakun (1990) Global climate change and intensification of coastal ocean upwelling. Science, 

247, 198-201. 576 

Page 25 of 120 Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

25 

 

Blanck H (2002) A critical review of procedures and approaches used for assessing pollution-

induced community tolerance (PICT) in biotic communities. Human Ecology and 578 

Risk Assessment, 8, 1003-1034. 

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR (2009) Introduction to meta-analysis 580 

pp. 421. John Wiley & Sons Ltd, Chichester, UK. 

Brook BW, Sodhi NS, Bradshaw CJA (2008) Synergies among extinction drivers under 582 

global change. Trends in Ecology & Evolution, 23, 453-460. 

Byrne M (2011) Impact of ocean warming and ocean acidification on marine invertebrate life 584 

history stages: Vulnerabilities and potential for persistence in a changing ocean. 

Oceanography and Marine Biology: An Annual Review, 49, 1-42. 586 

Byrne M, Ho M, Selvakumaraswamy P, Nguyen HD, Dworjanyn SA, Davis AR (2009) 

Temperature, but not pH, compromises sea urchin fertilization and early development 588 

under near-future climate change scenarios. Proceedings of the Royal Society B-

Biological Sciences, 276, 1883-1888. 590 

Byrne M, Ho M, Wong E et al. (2011) Unshelled abalone and corrupted urchins: 

development of marine calcifiers in a changing ocean. Proceedings of the Royal 592 

Society B-Biological Sciences, 278, 2376-2383. 

Byrne M, Soars N, Ho M et al. (2010) Fertilization in a suite of coastal marine invertebrates 594 

from SE Australia is robust to near-future ocean warming and acidification. Marine 

Biology, 157, 2061-2069. 596 

Caldeira K, Wickett M (2003) Anthropogenic carbon and ocean pH. Nature, 425, 365-365. 

Caldeira K, Wickett M (2005) Ocean model predictions of chemistry changes from carbon 598 

dioxide emissions to the atmosphere and ocean. Journal of Geophysical Research-

Oceans, 110, C09S04. 600 

Page 26 of 120Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

26 

 

Christensen A, Nguyen H, Byrne M (2011) Thermotolerance and the effects of hypercapnia 

on the metabolic rate of the ophiuroid Ophionereis schayeri: Inferences for 602 

survivorship in a changing ocean. Journal of Experimental Marine Biology and 

Ecology, 403, 31-38. 604 

Christensen MR, Graham MD, Vinebrooke RD, Findlay DL, Paterson MJ, Turner MA (2006) 

Multiple anthropogenic stressors cause ecological surprises in boreal lakes. Global 606 

Change Biology, 12, 2316-2322. 

Claiborne JB, Evans DH (1992) Acid-base-balance and ion transfers in the spiny dogfish 608 

(Squalus acanthias) during hypercapnia - a role for ammonia excretion. Journal of 

Experimental Zoology, 261, 9-17. 610 

Crain CM, Kroeker K, Halpern BS (2008) Interactive and cumulative effects of multiple 

human stressors in marine systems. Ecology Letters, 11, 1304-1315. 612 

Darling ES, Côté IM (2008) Quantifying the evidence for ecological synergies. Ecology 

Letters, 11, 1278-1286. 614 

Daufresne M, Lengfellner K, Sommer U (2009) Global warming benefits the small in aquatic 

ecosystems. Proceedings of the National Academy of Sciences of the United States of 616 

America, 106, 12788-12793. 

Didham RK, Tylianakis JM, Gemmell NJ, Rand TA, Ewers RM (2007) Interactive effects of 618 

habitat modification and species invasion on native species decline. Trends in Ecology 

& Evolution, 22, 489-496. 620 

Doney S, Fabry V, Feely R, Kleypas J (2009) Ocean acidification: the other CO2 problem. 

Annual Review of Marine Science, 1, 169-192. 622 

Dupont S, Havenhand J, Thorndyke W, Peck LS, Thorndyke M (2008) Near-future level of 

CO2-driven ocean acidification radically affects larval survival and development in 624 

the brittlestar Ophiothrix fragilis. Marine Ecology Progress Series, 373, 285-294. 

Page 27 of 120 Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

27 

 

Fabry VJ (2008) Ocean science - marine calcifiers in a high-CO2 ocean. Science, 320, 1020-626 

1022. 

Fabry VJ, Seibel BA, Feely RA, Orr JC (2008) Impacts of ocean acidification on marine 628 

fauna and ecosystem processes. ICES Journal of Marine Science, 65, 414-432. 

Feely R, Doney S, Cooley S (2009) Ocean acidification: present conditions and future 630 

changes in a high-CO2 world. Oceanography, 22, 36-47. 

Ferrari MCO, Mccormick MI, Munday PL, Meekan MG, Dixson DL, Lonnstedt Ö, Chivers 632 

DP (2011) Putting prey and predator into the CO2 equation – qualitative and 

quantitative effects of ocean acidification on predator–prey interactions. Ecology 634 

Letters, 14, 1143-1148. 

Findlay HS, Kendall MA, Spicer JI, Widdicombe S (2010) Post-larval development of two 636 

intertidal barnacles at elevated CO2 and temperature. Marine Biology, 157, 725-735. 

Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T, Gunderson L, Holling C (2004) 638 

Regime shifts, resilience, and biodiversity in ecosystem management. Annual Review 

of Ecology, Evolution, and Systematics, 35, 557-581. 640 

Folt C, Chen C, Moore M, Burnaford J (1999) Synergism and antagonism among multiple 

stressors. Limnology and Oceanography, 44, 864-877. 642 

Fu F-X, Zhang Y, Warner ME, Feng Y, Sun J, Hutchins DA (2008) A comparison of future 

increased CO2 and temperature effects on sympatric Heterosigma akashiwo and 644 

Prorocentrum minimum. Harmful Algae, 7, 76-90. 

Gattuso J-P, Hansson L (2011) Ocean acidification: background and history. In: Ocean 646 

Acidification. (eds Gattuso J-P, Hansson L) pp 352. Oxford University Press, Oxford, 

UK. 648 

Gattuso J-P, Lavigne H (2009) Technical Note: Approaches and software tools to investigate 

the impact of ocean acidification. Biogeosciences, 6, 2121-2133. 650 

Page 28 of 120Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

28 

 

Gooding R, Harley C, Tang E (2009) Elevated water temperature and carbon dioxide 

concentration increase the growth of a keystone echinoderm. Proceedings of the 652 

National Academy of Sciences of the United States of America, 106, 9316-9321. 

Gosselin LA, Qian PY (1997) Juvenile mortality in benthic marine invertebrates. Marine 654 

Ecology Progress Series, 146, 265-282. 

Gurevitch J, Hedges LV (1999) Statistical issues in ecological meta-analyses. Ecology, 80, 656 

1142-1149. 

Hall-Spencer JM, Rodolfo-Metalpa R, Martin S et al. (2008) Volcanic carbon dioxide vents 658 

show ecosystem effects of ocean acidification. Nature, 454, 96-99. 

Halpern BS, Selkoe KA, Micheli F, Kappel CV (2007) Evaluating and ranking the 660 

vulnerability of global marine ecosystems to anthropogenic threats. Conservation 

Biology, 21, 1301-1315. 662 

Harley CDG, Randall Hughes A, Hultgren KM et al. (2006) The impacts of climate change in 

coastal marine systems. Ecology Letters, 9, 228-241. 664 

Harrington R, Woiwod I, Sparks T (1999) Climate change and trophic interactions. Trends in 

Ecology & Evolution, 14, 146-150. 666 

Hawkes CV, Sullivan JJ (2001) The impact of herbivory on plants in different resource 

conditions: A meta-analysis. Ecology, 82, 2045-2058. 668 

Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis of response ratios in 

experimental ecology. Ecology, 80, 1150-1156. 670 

Hedges LV, Olkin I (1985) Statistical Methods for Meta-Analysis pp. 369. New York 

Academic Press, New York, USA. 672 

Hendriks I, Duarte C, Alvarez M (2010) Vulnerability of marine biodiversity to ocean 

acidification: A meta-analysis. Estuarine Coastal and Shelf Science, 86, 157-164. 674 

Page 29 of 120 Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

29 

 

Hoegh-Guldberg O, Bruno J (2010) The impact of climate change on the world's marine 

ecosystems. Science, 328, 1523-1528. 676 

Hoegh-Guldberg O, Mumby P, Hooten A et al. (2007) Coral reefs under rapid climate change 

and ocean acidification. Science, 318, 1737-1742. 678 

Hunt H, Scheibling R (1997) Role of early post-settlement mortality in recruitment of benthic 

marine invertebrates. Marine Ecology Progress Series, 155, 269-301. 680 

Hurlbert SH (1984) Pseudoreplication and the design of ecological field experiments. 

Ecological monographs, 54, 187-211. 682 

Iglesias-Rodriguez M, Buitenhuis E, Raven J et al. (2008a) Response to comment on 

"Phytoplankton calcification in a high-CO2 world". Science, 322, 1466. 684 

Iglesias-Rodriguez M, Halloran P, Rickaby R et al. (2008b) Phytoplankton calcification in a 

high-CO2 world. Science, 320, 336-340. 686 

IPCC (1990) Climate Change 1990: The IPCC Scientific Assessment.  (eds Houghton JT, 

Jenkins GJ, Ephraums JJ) pp. 410. Cambridge University Press, Cambridge, UK. 688 

IPCC (2007) Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II 

and III to the Fourth Assessment report of the intergovernmental panel on climate 690 

change. (eds Core writing team, Pachauri RK, Reisinger A) pp. 104. IPCC, Geneva, 

Switzerland. 692 

Kleypas J, Buddemeier R, Archer D, Gattuso J, Langdon C, Opdyke B (1999) Geochemical 

consequences of increased atmospheric carbon dioxide on coral reefs. Science, 284, 694 

118-120. 

Kleypas JA, Feely RA, Fabry VJ, Langdon C, Sabine CL, Robbins LL (2006) Impacts of 696 

Ocean acidification on coral reefs and other marine calcifiers: a guide for future 

research, report of a workshop held 18–20 April 2005, St. Petersburg, FL, sponsored 698 

by NSF, NOAA, and the U.S. Geological Survey.  pp. 88. 

Page 30 of 120Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

30 

 

Kleypas JA, Yates KK (2009) Coral reefs and ocean acidification. Oceanography, 22, 108-700 

117. 

Kneital JM, Chase JM (2004) Trade-offs in community ecology: linking spatial scales and 702 

species coexistence. Ecology Letters, 7, 69-80. 

Kroeker K, Kordas R, Crim R, Singh G (2010) Meta-analysis reveals negative yet variable 704 

effects of ocean acidification on marine organisms. Ecology Letters, 13, 1419-1434. 

Kurihara H (2008) Effects of CO2-driven ocean acidification on the early developmental 706 

stages of invertebrates. Marine Ecology Progress Series, 373, 275-284. 

Lajeunesse MJ, Forbes MR (2003) Variable reporting and quantitative reviews: a comparison 708 

of three meta-analytical techniques. Ecology Letters, 6, 448-454. 

Larsen BK, Portner HO, Jensen FB (1997) Extra- and intracellular acid-base balance and 710 

ionic regulation in cod (Gadus morhua) during combined and isolated exposures to 

hypercapnia and copper. Marine Biology, 128, 337-346. 712 

Loehle C (1995) Anomalous responses of plants to CO2 enrichment. Oikos, 73, 181-187. 

Lopez-Urrutia A, San Martin E, Harris R, Irigoien X (2006) Scaling the metabolic balance of 714 

the oceans. Proceedings of the National Academy of Sciences of the United States of 

America, 103, 8739-8744. 716 

McDonald MR, McClintock JB, Amsler CD, Rittschof D, Angus RA, Orihuela B (2009) 

Effects of ocean acidification on larval development and settlement of the common 718 

intertidal barnacle Amphibalanus amphitrite. Integrative and Comparative Biology, 

49, E270-E270. 720 

McNeil BI, Matear RJ, Barnes DJ (2004) Coral reef calcification and climate change: The 

effect of ocean warming. Geophysical Research Letters, 31, L22309. 722 

Page 31 of 120 Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

31 

 

Melzner F, Gutowska MA, Langenbuch M et al. (2009) Physiological basis for high CO2 

tolerance in marine ectothermic animals: pre-adaptation through lifestyle and 724 

ontogeny? Biogeosciences, 6, 2313-2331. 

Miles H, Widdicombe S, Spicer JI, Hall-Spencer J (2007) Effects of anthropogenic seawater 726 

acidification on acid-base balance in the sea urchin Psammechinus miliaris. Marine 

Pollution Bulletin, 54, 89-96. 728 

Morris WF, Hufbauer RA, Agrawal AA et al. (2007) Direct and interactive effects of 

enemies and mutualists on plant performance: A meta-analysis. Ecology, 88, 1021-730 

1029. 

Moy AD, Howard WR, Bray SG, Trull TW (2009) Reduced calcification in modern Southern 732 

Ocean planktonic foraminifera. Nature Geoscience, 2, 276-280. 

O'Connor MI (2009) Warming strengthens an herbivore-plant interaction. Ecology, 90, 388-734 

398. 

O'Connor MI, Piehler MF, Leech DM, Anton A, Bruno JF (2009) Warming and resource 736 

availability shift food web structure and metabolism. Plos Biology, 7. 

Orr J, Fabry V, Aumont O et al. (2005) Anthropogenic ocean acidification over the twenty-738 

first century and its impact on calcifying organisms. Nature, 437, 681-686. 

Paine RT, Tegner MJ, Johnson EA (1998) Compounded perturbations yield ecological 740 

surprises. Ecosystems, 1, 535-545. 

Palacios SL, Zimmerman RC (2007) Response of eelgrass Zostera marina to CO2 742 

enrichment: possible impacts of climate change and potential for remediation of 

coastal habitats. Marine Ecology Progress Series, 344, 1-13. 744 

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across 

natural systems. Nature, 421, 37-42. 746 

Page 32 of 120Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

32 

 

Pechenik JA (1987) Environmental influences on larval survival and development. In: 

Reproduction of Marine Invertebrates. (eds Giese AC, Pearse JS) pp 551-608. New 748 

York Academic Press, New York, USA. 

Petchey OL, Downing AL, Mittelbach GG, Persson L, Steiner CF, Warren PH, Woodward G 750 

(2004) Species loss and the structure and functioning of multitrophic aquatic systems. 

Oikos, 104, 467-478. 752 

Petchey OL, Mcphearson PT, Casey TM, Morin PJ (1999) Environmental warming alters 

food-web structure and ecosystem function. Nature, 402, 69-72. 754 

Przeslawski R, Davis A, Benkendorff K (2005) Synergistic effects associated with climate 

change and the development of rocky shore molluscs. Global Change Biology, 11, 756 

515-522. 

Raffaelli D (2004) How extinction patterns affect ecosystems. Science, 306, 1141-1142. 758 

Richardson AJ, Brown CJ, Brander K et al. (2012) Climate change and marine life. Biology 

Letters. DOI: 10.1098/RSBL.2012.0530. 760 

Ries JB (2011) Acid ocean cover up. Nature Climate Change, 1, 294-295. 

Ries JB, Cohen AL, McCorkle DC (2009) Marine calcifiers exhibit mixed responses to CO2-762 

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

Rodolfo-Metalpa R, Houlbreque F, Tambutte E et al. (2011) Coral and mollusc resistance to 764 

ocean acidification adversely affected by warming. Nature Climate Change, 1, 308-

312. 766 

Roleda MY, Boyd PW, Hurd CL (2012) Before ocean acidification: calcifier chemistry 

lessons. Journal of Phycology. DOI: 10.1111/J.1529-8817.2012.01195.x 768 

Root T, Price J, Hall K, Schneider S, Rosenzweig C, Pounds J (2003) Fingerprints of global 

warming on wild animals and plants. Nature, 421, 57-60. 770 

Page 33 of 120 Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

33 

 

Rosenberg MS (2005) The file-drawer problem revisited: A general weighted method for 

calculating fail-safe numbers in meta-analysis. Evolution, 59, 464-468. 772 

Sanford E (1999) Regulation of keystone predation by small changes in ocean temperature. 

Science, 283, 2095-2097. 774 

Schulz K, Ramos J, Zeebe R, Riebesell U (2009) CO2 perturbation experiments: similarities 

and differences between dissolved inorganic carbon and total alkalinity 776 

manipulations. Biogeosciences, 6, 2145-2153. 

Sih A, Englund G, Wooster D (1998) Emergent impacts of multiple predators on prey. 778 

Trends in Ecology & Evolution, 13, 350-355. 

Sutherland WJ, Armstrong‐Brown S, Armsworth PR et al. (2006) The identification of 100 780 

ecological questions of high policy relevance in the UK. Journal of Applied Ecology, 

43, 617-627. 782 

Tylianakis J, Didham R, Bascompte J, Wardle D (2008) Global change and species 

interactions in terrestrial ecosystems. Ecology Letters, 11, 1351-1363. 784 

Underwood AJ (1997) Experiments in ecology: their logical design and interpretation using 

analysis of variance pp. 524. Cambridge Univ Press, Cambridge, UK. 786 

Vinebrooke RD, Cottingham KL, Norberg MS, Dodson SI, Maberly SC, Sommer U (2004) 

Impacts of multiple stressors on biodiversity and ecosystem functioning: the role of 788 

species co‐tolerance. Oikos, 104, 451-457. 

Walther G, Post E, Convey P et al. (2002) Ecological responses to recent climate change. 790 

Nature, 416, 389-395. 

Wernberg T, Smale DA, Thomsen MS (2012) A decade of climate change experiments on 792 

marine organisms: procedures, patterns and problems. Global Change Biology, 18, 

1491-1498. 794 

Page 34 of 120Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

34 

 

Whiteley N (2011) Physiological and ecological responses of crustaceans to ocean 

acidification. Marine Ecology Progress Series, 430, 257-271. 796 

Widdicombe S, Spicer JI (2008) Predicting the impact of ocean acidification on benthic 

biodiversity: What can animal physiology tell us? Journal of Experimental Marine 798 

Biology and Ecology, 366, 187-197. 

Wood HL, Spicer JI, Widdicombe S (2008) Ocean acidification may increase calcification 800 

rates, but at a cost. Proceedings of the Royal Society B-Biological Sciences, 275, 

1767-1773. 802 

Yachi S, Loreau M (1999) Biodiversity and ecosystem productivity in a fluctuating 

environment: The insurance hypothesis. Proceedings of the National Academy of 804 

Sciences of the United States of America, 96, 1463-1468. 

806 

Page 35 of 120 Ecology and Evolution



For R
eview

 O
nly

Interactions of warming and acidification 

 

35 

 

SUPPORTING INFORMATION 

Table S1 Experiments included in meta-analysis 808 
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FIGURE CAPTIONS 

Figure 1 The mean effect of ocean acidification (clear circles), ocean warming (grey circles), 816 

and combined ocean acidification and warming (black circles) on calcification, growth, 

photosynthesis, reproduction and survival for different taxonomic groups. The mean log 818 

response ratio and ±95% confidence intervals are shown for overall (combined results), 

calcifiers (calcifying algae, corals, crustaceans, echinoderms, molluscs and phytoplankton) 820 

and non-calcifiers (fishes, non-calcified algae, seagrass). The number of observations in each 

analysis is shown in parentheses. The zero line indicates no effect, and significance (*) of 822 

mean effects is determined when the ±95% confidence interval does not overlap zero.  

 824 

Figure 2 The mean effect of ocean acidification (clear circles), ocean warming (grey circles), 

and combined ocean acidification and warming (black circles) on growth, photosynthesis and 826 

survival for calcifying and non-calcifying organisms. The mean log response ratio and ±95% 

confidence intervals are shown for calcifiers and non-calcifiers. The number of observations 828 

in each analysis is shown in parentheses. The zero line indicates no effect, and significance 

(*) of mean effects is determined when the ±95% confidence interval does not overlap zero.  830 

 

Figure 3 The mean effect of ocean acidification (clear circles), ocean warming (grey circles), 832 

and combined ocean acidification and warming (black circles) on calcification, growth and 

survival in different life-stages. The mean log response ratio and ±95% confidence intervals 834 

are shown for embryos, larvae, juveniles and adults. The number of observations in each 

analysis is shown in parentheses. The zero line indicates no effect, and significance (*) of 836 

mean effects is determined when the ±95% confidence interval does not overlap zero.  

 838 
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Figure 4 The mean effect of ocean acidification (clear circles), ocean warming (grey circles), 

and combined ocean acidification and warming (black circles) on calcification, growth, 840 

photosynthesis, reproduction and survival for different levels of trophic organisation. The 

mean log response ratio and ±95% confidence intervals are shown for autotrophs and 842 

heterotrophs. The number of observations in each analysis is shown in parentheses. The zero 

line indicates no effect, and significance (*) of mean effects is determined when the ±95% 844 

confidence interval does not overlap zero. 

 846 

Figure 5 The mean effect of combined ocean warming and acidification as a predicted 

multiplicative null expectation model (clear circles), and observed responses (filled circles) 848 

for different response variables. The mean log response ratio and ±95% confidence intervals 

are shown for calcification, growth, photosynthesis, reproduction and survival. The number 850 

of observations in each analysis is shown in parentheses by the associated response variable. 

The zero line indicates no effect, significance of mean effects is determined when the ±95% 852 

confidence interval does not overlap each other, and each significant response variables is 

denoted *. 854 

 

 856 
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ST1 - Experiments included in meta-analysis

Each row represents an individual experiment that was included for meta-analysis. 

Columns 'B - F' describes the experiment as: the manipulated stressor, taxonomic group, 

species, trophic level and life-stage. Columns 'G - K' describe the number of times each 

response (Calcification, growth, photosynthesis, reproduction and survival) was tested.
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ST2 - Selection criteria for exclusion in meta-analysis

Each row represents an individual observation that was omitted from subsequent analysis. Therefore, some studies 

may include a number of observations, in which some are included (and listed within ST1) and some are omitted. 

Columns 'B - F' describes the experiment as: the manipulated stressor, response, taxonomic group, species and life-

stage. Columns 'G - L' describe the reason that particular experiment did not meet the criteria. Stressor Level 

describes when either the CO2/pH or temperature manipulation was greater than the IPCC 2100 predictions (i.e. 

>0.5 pH reduction, >1300ppm CO2, or >5 °C increase). Response indicates that the particular response variable of 

that experiment did not have a sufficient number to be quantatively assessed. Fieldwork indicates that the 

experiment was carried out in the field and therefore omitted because of possible confounding factors. No Variance 

highlights that either the study did not provide a form of uncertainty (either standard deviation, standard error or 

confidence interval) or that the study only had 1 replicate. Carbonate Chemistry indicates that the carbonate 

chemistry of the experiment was manipulated using an HCL Addition rather than manipulating the DIC. Other reason 

highlights a reason that the experiment was omitted that did not fall into one of the preceeding categories. Any 
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ST3 - Heterogeneity Tests - Within Groups (Q) and Between Groups (Qm)

Heterogeneity statistics for each model in the different response variables. Separate analyses were conducted to 

compare similarity in effect size between each group
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Statistical Model d.f Q P

Full model: CO2 Calcification 89 66.38891 0.965091

Calcifiers / Non-Calcifiers

Between groups - - -

Within groups - - -

Taxonomic Groups

Between groups 6 10.11529 0.11988

Within groups 81 56.15998 0.983939

Life Stages

Between groups 2 0.98711 0.610453

Within groups 67 57.27249 0.795732

Autotroph / Heterotroph

Between groups 1 0.000917 0.975848

Within groups 88 66.388 0.958555

Statistical Model d.f Q P

Full model: Temperature Calcification 12 6.706097 0.876409

Calcifiers / Non-Calcifiers

Between groups - - -

Within groups - - -

Taxonomic Groups

Between groups 2 3.673571 0.159329

Within groups 10 2.99407 0.981563

Life Stages

Between groups 1 3.373508 0.066253

Within groups 9 3.294133 0.951484

Autotroph / Heterotroph

Between groups 1 2.856914 0.090982

Within groups 11 3.849183 0.974123

Statistical Model d.f Q P

Full model: Temperature and CO2 Calcification 13 10.30223 0.669053

Calcifiers / Non-Calcifiers

Between groups - - -

Within groups - - -

Taxonomic Groups

Between groups 2 7.282403 0.026221

Within groups 11 2.93331 0.991578

Life Stages

Between groups 1 3.325488 0.068214

Within groups 10 6.890225 0.735766

Autotroph / Heterotroph

Between groups 1 3.21096 0.073147

Within groups 12 7.09127 0.851524
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Statistical Model d.f Q P

Full model: CO2 Growth 184 79.50974 1

Calcifiers / Non-Calcifiers

Between groups 1 12.22165 0.000472

Within groups 183 67.28809 1

Taxonomic Groups

Between groups 8 16.57577 0.034843

Within groups 170 61.44674 1

Life Stages

Between groups 3 2.465172 0.481618

Within groups 134 56.87432 1

Autotroph / Heterotroph

Between groups 1 0.581635 0.445672

Within groups 183 78.9281 1

Statistical Model d.f Q P

Full model: Temperature Growth 40 22.86788 0.986448

Calcifiers / Non-Calcifiers

Between groups 1 1.795096 0.180306

Within groups 39 21.07279 0.991504

Taxonomic Groups

Between groups 6 5.951578 0.428636

Within groups 31 16.74605 0.982598

Life Stages

Between groups 2 0.351527 0.838816

Within groups 33 21.11176 0.945629

Autotroph / Heterotroph

Between groups 1 1.674628 0.19564

Within groups 39 21.19326 0.991013

Statistical Model d.f Q P

Full model: Temperature and CO2 Growth 25 16.04101 0.913602

Calcifiers / Non-Calcifiers

Between groups - - -

Within groups 25 10.01303 0.996617

Taxonomic Groups

Between groups 3 14.26619 0.002564

Within groups 21 1.712536 1

Life Stages

Between groups 1 7.130137 0.00758

Within groups 18 6.308307 0.994778

Autotroph / Heterotroph

Between groups 1 6.543602 0.010526

Within groups 24 9.497408 0.996327
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Statistical Model d.f Q P

Full model: CO2 Photosynthesis 50 24.34661 0.999166

Calcifiers / Non-Calcifiers

Between groups 1 1.355637 0.244295

Within groups 49 22.99097 0.999435

Taxonomic Groups

Between groups 4 4.600559 0.33079

Within groups 42 18.75501 0.999267

Life Stages

Between groups - - -

Within groups 26 18.8692 0.841904

Autotroph / Heterotroph

Between groups - - -

Within groups 50 24.34661 0.999166

Statistical Model d.f Q P

Full model: Temperature Photosynthesis 25 4.014843 0.999999

Calcifiers / Non-Calcifiers

Between groups 1 0.054102 0.816073

Within groups 24 3.96074 0.999999

Taxonomic Groups

Between groups 3 0.541265 0.909737

Within groups 22 3.473578 0.999998

Life Stages

Between groups 2 0.235583 0.888881

Within groups 18 3.769427 0.999846

Autotroph / Heterotroph

Between groups - - -

Within groups 25 4.014843 0.999999

Statistical Model d.f Q P

Full model: Temperature and CO2 Photosynthesis 6 4.125859 0.659649

Calcifiers / Non-Calcifiers

Between groups - - -

Within groups 6 4.125859 0.659649

Taxonomic Groups

Between groups - - -

Within groups 6 4.088998 0.664634

Life Stages

Between groups - - -

Within groups 1 2.78E-17 1

Autotroph / Heterotroph

Between groups - - -

Within groups 6 4.125859 0.659649
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Statistical Model d.f Q P

Full model: CO2 Reproduction 32 15.00094 0.995389

Calcifiers / Non-Calcifiers

Between groups 1 3.170592 0.074975

Within groups 31 11.83035 0.999263

Taxonomic Groups

Between groups 1 3.483788 0.061973

Within groups 30 3.979337 1

Life Stages

Between groups 2 0.059077 0.970894

Within groups 30 14.94187 0.990064

Autotroph / Heterotroph

Between groups - - -

Within groups 32 14.73757 0.996086

Statistical Model d.f Q P

Full model: Temperature Reproduction 32 26.74311 0.729845

Calcifiers / Non-Calcifiers

Between groups 1 1.414748 0.23427

Within groups 31 25.32836 0.75284

Taxonomic Groups

Between groups 4 11.58831 0.02069

Within groups 26 15.07243 0.955995

Life Stages

Between groups - - -

Within groups 32 14.81015 0.995903

Autotroph / Heterotroph

Between groups 1 8.004761 0.004665

Within groups 31 18.73835 0.959136

Statistical Model d.f Q P

Full model: Temperature and CO2 Reproduction 31 41.92531 0.091087

Calcifiers / Non-Calcifiers

Between groups - - -

Within groups 31 41.92531 0.091087

Taxonomic Groups

Between groups 1 0.037652 0.846143

Within groups 29 41.8552 0.057864

Life Stages

Between groups 1 17.88687 2.34E-05

Within groups 30 24.03844 0.770282

Autotroph / Heterotroph

Between groups - - -

Within groups 31 41.92531 0.091087
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Statistical Model d.f Q P

Full model: CO2 Survival 26 21.07494 0.738085

Calcifiers / Non-Calcifiers

Between groups 1 0.344861 0.557037

Within groups 25 20.73008 0.70756

Taxonomic Groups

Between groups 4 9.11735 0.058232

Within groups 22 11.95759 0.958249

Life Stages

Between groups 2 5.229557 0.073184

Within groups 24 15.84539 0.893576

Autotroph / Heterotroph

Between groups 1 2.737702 0.098006

Within groups 25 18.33724 0.827744

Statistical Model d.f Q P

Full model: Temperature Survival 20 29.24892 0.082972

Calcifiers / Non-Calcifiers

Between groups 1 1.324548 0.249778

Within groups 19 27.92437 0.084895

Taxonomic Groups

Between groups 3 2.643547 0.449906

Within groups 14 25.28083 0.031894

Life Stages

Between groups 2 23.62438 7.41E-06

Within groups 18 5.624542 0.997496

Autotroph / Heterotroph

Between groups 1 0.221652 0.637784

Within groups 19 29.02727 0.065557

Statistical Model d.f Q P

Full model: Temperature and CO2 Survival 11 14.67871 0.197683

Calcifiers / Non-Calcifiers

Between groups - - -

Within groups 11 14.67871 0.197683

Taxonomic Groups

Between groups 1 0.013307 0.908162

Within groups 10 14.6654 0.144745

Life Stages

Between groups 1 3.006553 0.082928

Within groups 10 11.67216 0.307597

Autotroph / Heterotroph

Between groups - - -

Within groups 11 14.67569 0.197831
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