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Abstract

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

marine biodiversity, yet the combined effect of these stressors on marine organ-

isms remains largely unclear. Using a meta-analytical approach, we assessed the

biological responses of marine organisms to the effects of ocean acidification

and warming in isolation and combination. As expected biological responses

varied across taxonomic groups, life-history stages, and trophic levels, but

importantly, combining stressors generally exhibited a stronger biological

(either positive or negative) effect. Using a subset of orthogonal studies, we

show that four of five of the biological responses measured (calcification, pho-

tosynthesis, reproduction, and survival, but not growth) interacted synergisti-

cally when warming and acidification were combined. The observed synergisms

between interacting stressors suggest that care must be made in making infer-

ences from single-stressor studies. Our findings clearly have implications for the

development of adaptive management strategies particularly given that the fre-

quency of stressors interacting in marine systems will be likely to intensify in

the future. There is now an urgent need to move toward more robust, holistic,

and ecologically realistic climate change experiments that incorporate interac-

tions. Without them accurate predictions about the likely deleterious impacts

to marine biodiversity and ecosystem functioning over the next century will not

be possible.

Introduction

The concentration of atmospheric carbon dioxide (CO2)

has increased from 280 ppm in preindustrial times to a

present day level of 391 ppm (Le Qu�er�e et al. 2012). Over

the last 100 years, 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 (Caldeira and Wickett 2003;

Kleypas et al. 2006). By the year 2100, sea surface temper-

atures are expected to rise by a further 1–4°C while

increased CO2 (aq) will result in the decreased availability

of carbonate ions and a further reduction in pH by 0.3–
0.5 units (Caldeira and Wickett 2005; IPCC 2007; Goo-

ding et al. 2009). These changes in temperature and ocean

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 per-

formance of individual organisms, which will in turn alter

biotic interactions, community structure, and ecosystem

functioning.

A range of marine biological responses have already

been observed in response to ocean warming including

hypoxia (P€ortner and Knust 2007), coral bleaching (Hoe-

gh-Guldberg et al. 2007), species range shifts (Parmesan

and Yohe 2003; Root et al. 2003), changes to phenology

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

(Daufresne et al. 2009). Experimental manipulations sim-

ulating predicted future ocean temperatures have sug-

gested that warming will also lead to increased metabolic

costs for plants and animals (O’Connor et al. 2009),

increased consumption rates (Sanford 1999), and changed
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food-web structures (Petchey et al. 1999). Observed

responses of marine organisms to recent ocean acidificat-

ion are limited (but see Iglesias-Rodriguez et al. 2008b;

Moy et al. 2009), but are expected to become increasingly

apparent in the next 50–100 years (Doney et al. 2009; Fe-

ely et al. 2009). Experimental evidence, however, suggests

that responses are likely to be varied (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 both

positive and negative effects on skeleton formation

(related to a decrease in carbonate saturation; Doney

et al. 2009; Ries et al. 2009).

The vulnerability of marine species and ecosystems to

temperature, in particular, is well established (for reviews;

Hoegh-Guldberg and Bruno 2010; Richardson et al. 2012;

Wernberg et al. 2012). Conversely, the resilience of marine

organisms to ocean acidification still remains a reasonably

challenged concept (Dupont et al. 2010a; Hendriks and

Duarte 2010). Recent meta-analyses assessing the biologi-

cal effects of ocean acidification (Dupont et al. 2010a;

Hendriks et al. 2010; Kroeker et al. 2010) concurred that

it is unlikely to act in a uniform manner as variation exists

in marine organism responses and resilience. Hence, if any

meaningful comparisons are to be made on the response

of marine organisms, they need to be hypothesis driven

based on a priori assigned groupings, such as taxonomic

groups or life stages (Dupont et al. 2010a).

Studies of the biological effects of elevated temperature

and acidification on marine organisms in isolation have

provided some insight into the potential tolerance of spe-

cies to these changing conditions (Gattuso and Hansson

2009). However, given that these stressors are unlikely to

operate independently (Halpern et al. 2007), there is now

a need to gain a more ecologically realistic understanding

of how the combined effects of temperature and acidifi-

cation will affect marine biota (Sala et al. 2000; Fabry

et al. 2008). This is vital in order to inform future adap-

tive management strategies. Other recent meta-analyses,

across ecological systems, have also shown that multiple

stressors can lead to nonadditive interactions with

responses dependent on the type of stressor as well as the

level of ecological organization investigated (e.g., popula-

tion vs. community, autotroph vs. heterotroph) (Crain

et al. 2008; Darling and Côt�e 2008; Tylianakis et al.

2008). Moreover, the mechanism through which the stres-

sor acts upon the organism will affect the response. Multi-

ple 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), while those stressors that act on different, but

dependent mechanisms may act synergistically (Kneitel

and Chase 2004). These reviews did, however, contain few,

if any, studies that investigated both warming and acidifi-

cation. Therefore, the concurrent effect of temperature

and ocean acidification via elevated CO2 remains unclear,

but is likely to lead to complex biological outcomes.

Organisms vary widely in their individual responses to

ocean warming and acidification as a 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) 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 species, including some calcified

species, will have the capacity to buffer against the delete-

rious effects of acidification by utilizing acid–base com-

pensation (Claiborne and Evans 1992; Larsen et al. 1997),

active mobility and metabolism (Widdicombe and Spicer

2008; Whiteley 2011) or energy reallocation (Wood et al.

2008; McDonald et al. 2009). Warmer temperature, up to

a limit, stimulates metabolism in ectotherms, resulting in

faster growth and development (Byrne 2011). Moreover,

it has been speculated that warming could even amelio-

rate the negative impacts of acidification (McNeil et al.

2004; Kleypas and Yates 2009).

Species responses to ocean warming and acidification

are also likely to vary among life-history stages (Byrne

2011). Early life-history stages are considered most suscep-

tible to changes in both temperature and ocean acidification

(Byrne 2011). These stressors may, however, have 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

in environmental sensitivity (Petchey et al. 2004; Raffaelli

2004). Previous study has suggested that the effects of

multiple stressors are likely to act antagonistically in auto-

trophs, but synergistically in heterotrophs (Crain et al.

2008). Furthermore, as higher trophic levels contain less

“biological insurance” (sensu Yachi and Loreau 1999), that

is, less taxonomic, physiological, and genetic diversity, they

are predicted to be more susceptible to multiple environ-

mental perturbations (Christensen et al. 2006) which

could act upon them synergistically (Crain et al. 2008).

Using a 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 variability in the strength and direc-

tion of responses was expected, we classified data accord-

ing to taxonomic groups, calcifiers and noncalcifiers, life-

history stage and level of trophic organization (autotroph

and heterotroph) in terms of changes in rates of calcifica-

tion, growth, photosynthesis, reproduction, and survival.

Specifically, we aimed to address three questions: (i) How

do marine organisms respond to warming and acidification
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in isolation? (ii) How do marine organisms respond to

the combined effects of warming and acidification? (iii)

How do warming and acidification impacts interact?

Material and Methods

Data selection and suitability criteria

Searches for peer-reviewed articles in which studies explic-

itly investigated climate change using either elevated tem-

perature, ocean acidification or elevated temperature and

acidification were carried out using ISI Web of Science [v.

5.8] © and Google Scholar using the following keywords:

ocean warming, global warming, ocean acidification,

hypercapnia, climate change, and combinations therein. In

addition, we used the European Project on Ocean Acidifi-

cation (EPOCA) blog (http://oceanacidification.wordpress.

com/), citation searches; analysis of reference lists in

comprehensive reviews (Hendriks et al. 2010; Kroeker

et al. 2010; Wernberg et al. 2012), and then cross-

referenced with the bibliographies of identified articles.

We limited our analysis to studies published between

1st January 1990 and 1st January 2012, as the majority of

experimental climate change studies that manipulated cli-

mate change conditions in line with IPCC AR1 predic-

tions and subsequent updates (IPCC 1990, 2007) were

published post 1990. Only controlled manipulative experi-

ments were used for analysis. In addition, the control

treatments of the environmental stressors (e.g., pH, CO2,

or temperature) needed to represent current ambient lev-

els and were based on the authors’ opinion of “ambient”.

The experimental organisms had to be subjected to ele-

vated temperature alone, acidification alone, or both

warming and acidification. When studies included envi-

ronmental variables in addition to temperature and ocean

acidification (such as light availability or nutrients), these

responses were only considered at “ambient” levels as

determined by the authors’. To explore predicted future

conditions for 2100, the manipulation treatments needed

to conform to the IPCC IS92a “business-as-usual” emis-

sion 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
- concentration that occur as a result of increased

CO2 (aq) (Iglesias-Rodriguez et al. 2008a,b). Finally, only

studies that reported a measureable biological response

were included.

As response variables, we used calcification (or dissolu-

tion) rates, growth, photosynthesis, reproduction, and

survival (mortality was converted to survival by using 1 –
mortality). There were insufficient data on other response

variables (e.g., feeding rates, metabolism) to allow quanti-

tative analysis. A number of articles included more than

one species, response, location, or treatment level and all

were included in the analysis if they met the suitability

criteria. This ensured that a broad range of responses

could be fully explored, despite lessening the indepen-

dence of the data from that particular study (Gurevitch

et al. 1992). To maintain independence of data, we

included only one response, chosen at random, from

studies reporting several responses that could be classified

in the same category (e.g., growth expressed as changes in

length and biomass). Derived metrics from studies that

included time-series data were based on the final time

point of exposure. To investigate inherent biological vari-

ability, records were categorized according to taxonomy,

life-history stage, level of trophic organization (autotroph,

heterotroph), and whether the organism possessed a

CaCO3 skeletal structure.

To enable a calculation of effect size, studies that met

our initial criteria could only be used if they reported a

mean response value, some form of variance (standard

deviation, standard error, or confidence interval), and a

sample size. In some instances, data were extracted from

graphical images in publications and in these situations

data were extracted using the program GraphClick (v.

3.0) (Neuchatel, Switzerland).

Data analysis

Biological responses to ocean warming and acidification

were measured for each experiment to establish the pro-

portional change between the control and treatment

means using response ratios. In their original metric

response ratios were weighted toward positive responses,

so the response ratios were log transformed to maintain

symmetry in the analysis and ease the biological interpre-

tation (Hedges et al. 1999). We chose a log response ratio

(lnRR), over other methods, to estimate the effect size

because of the high capacity to detect true effects and

their robustness to small sample sizes (Lajeunesse and

Forbes 2003).

Analyses were carried out using the R (version 2.15.1;

R Development Core Team 2012) package “Metafor”

(Viechtbauer 2010). 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 estimated summary effect is

the mean of the effects observed across the studies. This

meant that even if studies had a low weighting, the indi-

vidual effect sizes from all of the studies could be incor-

porated into the summary effect (Borenstein et al. 2009).

This ensured that the biological variation inherent in the

responses was properly accounted for. Both the within-

study variance (inverse of the effect size variance) and the

between-study variance (r2pooled) were used to weight the
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studies. Therefore, studies with higher replication and/or

lower variance were considered more precise and

weighted accordingly (Hedges and Olkin 1985). Between-

study variance was estimated using the DerSimonian

Laird method (DerSimonian and Laird 1986).

Statistical significance was attributed to each summary

effect size by calculating a bias-corrected 95% confidence

interval (CI) (see Hedges and Olkin 1985) and comparing

it with zero. If the summary effect size did not overlap

zero then it was considered to be significantly different. A

total 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) (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 observations shared a common effect size.

Combinations of the treatment effect (CO2/pH, tem-

perature, temperature and CO2/pH) and response vari-

ables (calcification, growth, photosynthesis, reproduction,

and survival) were used as the comparison groups in all

analyses. Separate exploratory analyses were also used to

test the differences between a priori defined groups using

a mixed-effects model (see Viechtbauer 2010). It was

appreciated that this form of multiple exploratory analy-

ses on the same dataset could be prone to Type I error.

Hence, we used these analyses to identify the underlying

patterns of the biological responses. The categorical mod-

erators used were the different taxonomic groups (corals,

crustaceans, crustose coralline algae, echinoderms, fishes,

noncalcifying algae, molluscs, phytoplankton, and seag-

rasses), calcifying and noncalcifying organisms, develop-

mental stages (embryos, larvae, juveniles, and adults), and

trophic organization (autotroph and heterotroph). This

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 het-

erogeneity (QM) was used; this identified total heteroge-

neity explained by that particular categorical moderator

(Gurevitch et al. 1992). A significant QM indicated that

there was a difference between the categories.

The taxonomic group of phytoplankton was initially

divided into coccolithophores, cyanobacteria, diatoms, di-

noflagellates, and foraminifera, however, results were

pooled after detecting no differences using a test for het-

erogeneity (QM). When assigning a “trophic organization”

to each observation, we defined autotrophs as any organ-

ism capable of producing organic carbon-based com-

pounds from inorganic sources, through either

photosynthesis or chemosynthesis. For example, corals

were designated as autotrophic as photosynthesis is gener-

ally regarded as their principal mode of carbon acquisi-

tion (Hoogenboom et al. 2006; Mass et al. 2007). Over all

of the meta-analytical results, the summary effect sizes

were not reported if 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 broad range of

responses could be assessed, as some categories only had

a few studies that met our criteria. Therefore, the categor-

ical analyses did not always include all the observations

from the full model.

Interactions between multiple stressors

Interaction strength between ocean warming and acidifi-

cation was ascertained according to the methods for fac-

torial meta-analysis (Gurevitch et al. 2000; Crain et al.

2008). To be included, studies needed to be controlled

factorial experiments reporting four outcomes of acidifi-

cation [Yacid], warming [Ytemp], acidification and warming

[Yboth], and a control treatment [Yct] (Underwood 1997).

Therefore, not all the observations from the full model

could be analyzed. Multiple observations from the same

study were included if separate factorial results were pro-

vided. The interaction strength (lnRRint) and individual

effects (lnRRacid and lnRRtemp) of each study were then

calculated as

lnRRint ¼ ðYboth � YtempÞ � ðYacid � YctÞ
2s

� �

lnRRacid ¼ ðYacid � YctÞ
s

lnRRtemp ¼ ðYtemp � YctÞ
s

;

where Y is the biological response for the indicated group

(in subscript), and s is the pooled standard deviation. The

sampling variance of lnRRint is

s2NðlnRRintÞ ¼ 1

Nacid
þ 1

Ntemp
þ 1

Nboth
þ 1

Nct

þ lnRR2
int

2ðNacid þ Ntemp þ Nboth þ NctÞ ;

where N is the sample size for the indicated group (in

subscript).

Although less conservative than an additive model (Folt

et al. 1999), we used a multiplicative model to calculate

the interactions as the underlying model of the metric

lnRR is multiplicative (Hawkes and Sullivan 2001; Morris

et al. 2007), and this model is also thought to be more

biologically realistic (Sih et al. 1998). Synergisms occur

when the cumulative response of a stressor

(Yboth � Ytemp) is greater than the stressor in isolation

(Yacid � Yct), and antagonistic when the cumulative
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impact is smaller than expected (Folt et al. 1999). The

interaction strength (lnRRint) was then synthesized into a

summary effect for each type of biological responses using

a random-effects model with the same methodology as

outlined previously. Therefore, the interaction type was

classified as multiplicative (i.e., the null hypothesis) if the

interaction effect size and 95% CI overlapped zero. If the

direction of both individual stressors was positive, the

interaction was considered synergistic when the interac-

tion effect size was greater than zero, and antagonistic if

less than zero. Similarly, when the direction of the indi-

vidual stressors was either both negative or had opposite

signs, then the interpretation was reversed (i.e., synergies

occurred when the interaction effect size was less than

zero).

Sensitivity analyses and publication bias

Sensitivity analysis was used to investigate the influence

of any experimental study that demonstrated an unusually

large effect size. This was achieved in a stepwise manner

by ranking each experiment by the magnitude of effect

size, removing the largest one, and rerunning the analysis.

Likewise, if any study contributed five or more observa-

tions to a category, the study was omitted and the analy-

ses were rerun. If studies were considered to be driving

the results, then they were omitted from the analysis of

that response variable.

The number of studies with an effect size of zero that

would be required to change the results of the meta anal-

ysis from significant to nonsignificant (“file drawer prob-

lem”) was determined using Rosenthal’s fail-safe number

(Rosenthal 1979). It was decided that if five or less studies

(of zero effect size) were required to change the effect

size, then that categorical analysis was not considered

robust.

Results

Overall biological responses

Out of 196 peer-reviewed articles that investigated the

biological responses of marine organisms to ocean warm-

ing and/or acidification 107 met our criteria, giving 623

unique observations (Table S1). Observations that did not

meet the selection criteria are listed in Table S2, and the

results from all the heterogeneity tests for overall within

effects (Q) and between categories (QM) are reported in

Table S3.

Meta-analysis of the whole dataset revealed that calcifi-

cation and reproduction were negatively affected by ocean

acidification and neutrally affected by ocean warming. In

contrast, the independent effects of ocean acidification

and warming had no effect on growth or photosynthesis,

while both ocean acidification and warming had signifi-

cant negative effects on survival (Fig. 1).

Combined warming and acidification had a significant

negative effect on calcification, survival, and reproduction

with the magnitude of response greater than that

observed for the stressors in isolation (Fig. 1). Concurrent

acidification and warming had no effect on growth over-

all, but had a significant positive effect on photosynthesis

in autotrophs (Fig. 1).

Significant within-group heterogeneity was observed in

all the responses (Table S3), therefore in order to quantify

patterns in the literature regarding the effects of warming

and acidification, we made comparisons between the a

priori groupings (taxonomic groups, calcifiers and non-

calcifiers, life-history stage, and level of trophic organiza-

tion) for each biological response.

Calcification

Although the independent effects of ocean acidification

and warming on calcification were varied, we did not

detect differences between taxonomic groups (Fig. 1;

Table S3), life-history stages (Fig. 3; Table S3), or trophic

organization (Fig. 4; Table S3). Conversely, the combined

effects of ocean warming and acidification on calcification

varied significantly by taxonomic group (Fig. 1;

P < 0.001; Table S3), with echinoderms more negatively

affected than either corals or crustaceans (both

P < 0.001); life-history stage (Fig. 3; P = 0.0397; Table

S3) with juveniles more negatively affected compared with

adults (P = 0.040); and trophic organization (Fig. 4;

P = 0.010; Table S3) with heterotrophs being negatively

affected by warming and acidification, while autotrophs

were neutrally affected (Fig. 4).

Growth

Despite overall growth responses being neutrally affected

by ocean acidification and warming, we detected differ-

ences in the combined effects between taxonomic groups

(Fig. 1; P < 0.001; Table S3). Crustaceans and molluscs

were both significantly negatively affected, while echino-

derms and phytoplankton were positively affected

(Fig. 1). The combined effects of warming and acidificat-

ion varied with trophic organization (Fig. 4; P < 0.001;

Table S3), with autotrophs being positively affected and

heterotrophs negatively affected (Fig. 4). Similarly, ocean

warming also varied between taxonomic groups (Fig. 1;

P < 0.001; Table S3), with echinoderms, phytoplankton,

fishes, and macroalgae positively affected, and molluscs

negatively affected (Fig. 1); and trophic organization

(Fig. 4; P = 0.004; Table S3) with a positive effect on
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autotrophs and a neutral effect on heterotrophs. Ocean

warming also positively affected noncalcifiers (Fig. 2).

The independent effects of ocean acidification varied by

taxonomic group (Fig. 1; P < 0.001; Table S3), with crus-

tose coralline algae, corals, molluscs, and phytoplankton

negatively affected, crustaceans and echinoderms unaffected,

Figure 1. The mean effect of ocean acidification (clear circles), ocean warming (gray circles), and combined ocean acidification and warming

(black circles) on calcification, growth, photosynthesis, reproduction, and survival for different taxonomic groups. The mean log response ratio

and �95% confidence intervals are shown for overall (combined results), calcifiers (calcifying algae, corals, crustaceans, echinoderms, molluscs,

and phytoplankton) and noncalcifiers (fishes, noncalcified algae, seagrass). 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% confidence interval does not overlap zero.
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and fishes, macroalgae, and seagrass positively

affected (fishes and macroalgae P < 0.05, seagrass

P = 0.06); and calcifiers/noncalcifiers (Fig. 2; P < 0.001;

Table S3) with the calcifying organisms exhibiting gener-

ally negative effects and noncalcifiers generally positive

effects (Figs. 1, 2). No differences in growth responses

were detected between life stages with any of the stressors

(Fig. 3).

Photosynthesis

We did not detect differences in the effects of combined

warming and acidification on photosynthesis between

either taxonomic groups (corals and phytoplankton;

Fig. 1), calcifiers/noncalcifiers (Fig. 2), or life stages

(Fig. 3), despite finding significant differences between

these a priori groupings in both acidification and warm-

ing independently (Table S3). We did, however, find that

in combination significant positive effects were observed

in phytoplankton (Fig. 1) and calcifying organisms

(Fig. 2). Similarly, ocean warming positively affected pho-

tosynthesis in phytoplankton and calcifying organisms,

but had a negative effect on both macroalgae (Fig. 1) and

noncalcifying organisms (Fig. 2). The independent effects

of ocean acidification on photosynthesis also varied by

taxonomic group (Fig. 1; P < 0.001; Table S3), with cor-

als being negatively affected, and both phytoplankton and

seagrass positively affected. Ocean acidification also posi-

tively affected photosynthesis in noncalcifying organisms

(Fig. 2).

Reproduction

The effects of warming and acidification, both combined

and independently, on reproduction were varied between

the taxonomic groups (Fig. 1; all P < 0.001; Table S3). In

response to ocean warming alone positive responses by

crustaceans and macroalgae and autotrophs were observed

while heterotrophs responded negatively (P = 0.0071,

Table S3). In all three combinations of stressors, echino-

derms were unaffected while molluscs were negatively

affected.

Survival

The combined effects of warming and acidification

resulted in significant negative responses across the cate-

gories, but only varied by taxonomic group (Fig. 1;

P = 0.030; Table S3). Specifically, combined acidification

and warming had a larger negative effect on molluscs

than crustaceans (Fig. 1; P = 0.029). Independently, the

effects of ocean warming on survival also varied by life

stage (Fig. 3; P < 0.001; Table S3) with a larger negative

effect on juveniles compared with adults (P = 0.023) and

on larvae compared with both juveniles and adults (both

P < 0.001). Additionally, ocean warming also had a
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negative effect on molluscs (Fig. 1), calcifiers (Fig. 2), and

both autotrophs and heterotrophs (Fig. 4). Survival

responses to ocean acidification in isolation did not

vary between taxonomic group, calcifiers/noncalcifiers,

life stage, or trophic organization. However, ocean

acidification did negatively affect corals and molluscs

(Fig. 1), calcifiers (Fig. 2), larvae (Fig. 3), and autotrophs

(Fig. 4).

Interactions between multiple stressors

Interaction strength between ocean warming and acidifi-

cation was determined for the subset of fully factorial

studies, and therefore did not include all the observations

from the full model. Significant synergistic interactions

were observed for calcification (z = 3.69, P < 0.001), pho-

tosynthesis (z = 2.23, P = 0.026), reproduction (z = 2.97,

P = 0.003), and survival (z = 3.04, P = 0.002), but not

for growth (z = 1.56, P = 0.117).

Sensitivity analyses and publication bias

To test the robustness of our analyses against large effect

sizes, we removed each comparison stepwise and reran

each analysis, omitting experiments if they changed the

significance of either heterogeneity or the mean effect size

of the response variables. This resulted in 12 experiments

being omitted from subsequent analyses across several

treatment-response 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 robust, with the

lowest value being 358 additional studies required to

change the effect size (based on an original experiment

quantity of 11). No individual study contributing more

than five experiments changed the significance of either

the heterogeneity or mean effect size of the response vari-

ables.

Discussion

This study used a meta-analytical approach to assess the

impacts and interactions of ocean acidification and warm-

ing on marine biological responses. Responses were classi-

fied according to taxonomic groups, calcifiers and

noncalcifiers, level of trophic organization (autotroph and

heterotroph), and life-history stage in terms of changes in

rates of calcification, growth, photosynthesis, reproduc-

tion, and survival. We assessed marine organisms

responses to warming and acidification in isolation and

in combination and assessed the biological implications

of their interaction.

Effects of ocean acidification

Ocean acidification generally had an adverse effect on a

large range of marine biota with more specific differ-

ences between life-history characteristics. Calcifying
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organisms were generally negatively affected by ocean

acidification, with significant biological variability in

responses, such as molluscs being negatively affected,

which may be due to their poor ion regulation and

inability to buffer their internal compartments (Fabry

et al. 2008; Widdicombe and Spicer 2008; Melzner et al.

2009; Dupont et al. 2010a). Conversely, crustaceans

were generally unaffected by acidification perhaps

due to their active mobility, higher metabolism,

and capacity to control intracellular pH (Gaillard and

Malan 1983; Widdicombe and Spicer 2008; Whiteley

2011).

Overall, less is known about how noncalcifying organ-

isms are likely to respond to acidification (Connell and

Russell 2010), particularly marine fishes (Ishmatsu et al.

2008; Munday et al. 2009), however, our results show

that noncalcifiers were generally unaffected by acidificat-

ion and for growth were positively affected when analyzed

together as a group. Fishes are thought to have more effi-

cient acid–base regulation compared to invertebrates

(Widdicombe and Spicer 2008), which, when coupled

with an increased food intake or reduced energy expendi-

ture (Munday et al. 2009), could explain the positive

growth response observed. Similarly, noncalcifying marine

autotrophs demonstrated an increased growth to ocean

acidification. This is possibly via their capacity to derive

dissolved inorganic carbon from the increased CO2 (aq)

(Beer and Koch 1996).

Autotrophs may be capable of increasing their inor-

ganic carbon assimilation (Rost and Riebesell 2004) and

buffering the negative effects on calcification (Ries et al.

2009). However, negative effects on growth were observed

in calcifying autotrophs. Our results suggest that the neg-

ative effects on calcifying autotrophs may outweigh posi-

tive effects associated with the increased availability of

CO2 (aq) as a substrate for photosynthesis. We also show

some evidence that calcification and survival in early life-

history stages were more negatively affected by ocean

acidification, highlighting not only the susceptibility of

early life stages, but also the subtle nature of life-history

responses when compared to species-specific effects of

heterogeneity (Kurihara 2008; Kroeker et al. 2010).

Importantly, our results agree with the findings from pre-

vious meta-analyses (Dupont et al. 2010a; Kroeker et al.

2010) while introducing a further 48 key studies (168

additional data points).

Effects of ocean warming

Moderate elevations in temperatures will increase meta-

bolic rates (Hochachka and Somero 2002), which influ-

ences key biological processes that regulate life-history

characteristics (O’Connor et al. 2007). While marine

organisms are capable of acclimation to a range of tem-

peratures, once their thermotolerance limits are exceeded,

organism fitness is reduced and the risk of mortality
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increases (Hofmann and Todgham 2010; Tomanek 2010).

We found that both noncalcifying organisms and auto-

trophs demonstrated increased growth under warming

conditions, likely due to this increase in metabolic rate

(Hochachka and Somero 2002). Warming, however, had

no effect on the growth of heterotrophs and even nega-

tively affected their calcification. Possibly because the

metabolism complexes of autotrophs (photosynthesis-lim-

ited) are less sensitive to ocean warming than the respira-

tion-limited metabolism of heterotrophs (Lopez-Urrutia

et al. 2006). Moreover, our results also support the

hypothesis that the threshold for deleterious warming

may vary between developmental stages (Byrne et al.

2009, 2010) with survival significantly lower in larvae

than in juveniles, and significantly lower in juveniles than

in adults.

Simultaneous acidification and warming

Meta-analysis of the full dataset revealed that the com-

bined stressors caused significant negative effects on calci-

fication, reproduction, and survival, and a significant

positive effect on photosynthesis, but no effect on growth.

Importantly, we also found that four of the five responses

(calcification, photosynthesis, reproduction, and survival)

showed a synergistic interaction between acidification and

warming. Although, such synergistic interactions between

stressors (i.e., where the outcome was greater than the

sum of the individual stressors; Folt et al. 1999) are rela-

tively common (e.g., Sala et al. 2000; Harley et al. 2006),

they are concerning because they are also unpredictable.

Hence, such synergies limit our capacity to predict poten-

tial future impacts from single-stressors studies.

Ecological synergies are important to marine systems

(Paine et al. 1998; Harley et al. 2006; Sutherland et al.

2006) because they can further exacerbate adverse effects

and reduce ecosystem resilience (Folke et al. 2004). They

can also introduce indirect effects via biotic interactions

(Darling and Côt�e 2008; Tylianakis et al. 2008). For

example, climate-driven changes in plankton communities

can regulate top predators through bottom-up control

(Beaugrand et al. 2003). Moreover, as marine systems are

subject to multiple interacting stressors (Halpern et al.

2007), it is possible that the addition of further stressors

would introduce additional adverse consequences (e.g.,

Przeslawski et al. 2005). Therefore, our results highlight

the need to move away from single-stressor studies and

toward more ecologically realistic research incorporating

multiple stressors, in order to more fully understand how

near-future anthropogenic change will affect marine bio-

diversity.

There was, as expected, variation in our analyses

among the biological responses to combined warming

and acidification between different taxonomic groups, cal-

cifiers and noncalcifiers, trophic levels, and life-history

stages. The combination of warming and acidification

generally exhibited a stronger effect (either positive or

negative) than when exposed to the stressors in isolation.

For instance, echinoderms are highly vulnerable to ocean

acidification (Dupont et al. 2010b), likely due to their

skeletons being formed from highly soluble magnesium

calcite (Politi et al. 2004). However, the addition of mod-

erate increases in temperature (+4°C), as predicted for

the end of the century, resulted in further adverse effects

(e.g., Byrne et al. 2011), such as the highly negative calci-

fication responses shown here. In some instances, the

combined effects of warming and acidification were

reduced compared with the individual effects. Corals had

both calcification and photosynthesis negatively affected

by ocean acidification in isolation, while they were unaf-

fected by the combined effects, suggesting that the addi-

tion of warming may ameliorate the adverse effects of

acidification (McNeil et al. 2004; Kleypas and Yates

2009). These differences in the resilience of marine organ-

isms will have important implications for ecosystem level

responses.

Interestingly, the combined effect of warming and acid-

ification positively affected growth in echinoderms, which

could be explained by energy allocation, where the cost of

homeostatic regulation can be influenced by changes in

somatic and reproductive growth performance (Melzner

et al. 2009). Hence, if more energy is utilized to maintain

growth, then calcification responses could be more

adversely affected (e.g., Arnold et al. 2009; McDonald

et al. 2009). Other studies have shown an alternative

strategy for energy allocation where growth was negatively

affected, while calcification was maintained (e.g., Wood

et al. 2008; or crustaceans, this study), highlighting the

species-specific nature of biological responses.

Heterotroph responses to ocean acidification and

warming individually differed, with acidification reducing

growth, but not affecting calcification or survival; while

warming alternatively did not affect growth, reducing

both calcification and survival responses. However, the

energetic demands of the combined effects of acidification

and warming on heterotrophs resulted in calcification,

growth, and survival all being reduced. Conversely, the

combined effects of warming and acidification positively

affected growth in autotrophs, likely due to the effect of

temperature on metabolic rate (Hochachka and Somero

2002), while CO2, acted as a substrate for photosynthesis

and possibly indirectly promoted growth (e.g., phyto-

plankton; Loehle 1995). Moreover, as multiple stressors

affecting autotrophs are likely to act antagonistically

(Crain et al. 2008), and the dissolved inorganic carbon

sources utilized by marine autotrophs is set to increase
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(Raven 2005), photosynthesizing organisms will likely be

more resilient to conditions predicted for the end of the

century; as long as they do not exceed their thermotoler-

ance (Hofmann and Todgham 2010; Tomanek 2010) and

are not limited by other factors, such as inorganic nutri-

ent availability (Langdon and Atkinson 2005; Cohen and

Holcomb 2009; Ries et al. 2009).

Our results also show that the combined effects of

warming and acidification had significant negative effects

on the survival of early life-history stages. Although there

was insufficient data to compare across all life-history

stages, both larvae and juveniles were highly susceptible

to changes in temperature and ocean acidification, sup-

ported by previous research (Gosselin and Qian 1997;

Hunt and Scheibling 1997; Byrne 2011). Indirectly, ocean

warming can reduce the mortality of larvae by shortening

the planktonic duration (Lamare and Barker 1999), when

they are most vulnerable to predation (O’Connor et al.

2007). Our results, however, identified that the combined

effects of ocean acidification and warming increased mor-

tality, indicating that multiple stressors will have impor-

tant implications for population persistence, potentially

acting as a bottleneck for some species (Dupont et al.

2010b; Byrne 2011).

Conclusions

Quantitative syntheses of the published literature can pro-

vide powerful inferences, however, like all analyses they

are subject to caveats. We identified and incorporated the

available literature that met our selection criteria, how-

ever, this also outlines the current gaps in knowledge and

highlights opportunities for further study. Moreover, spe-

cies-specific sources of heterogeneity are always likely to

make some results from the literature greatly context

dependent (e.g., Fabry 2008; Kurihara 2008; Dupont et al.

2010a; Hendriks et al. 2010; Kroeker et al. 2010). Hence,

our findings highlight the complexity of marine organism

responses to ocean warming, acidification, and their inter-

action. The magnitude, direction, and interaction of the

effects varies between response types, likely a result of the

pathways driving the biological responses. Responses also

differ between taxonomic groups, trophic levels, and life-

history stages. Most importantly, we observed synergistic

interactions between ocean acidification and warming in

four of the five biological responses measured (calcifica-

tion, photosynthesis, reproduction, and survival),

highlighting the difficulties in making inferences from

single-stressor studies. However, single-factor studies in

junction with those that manipulate multiple stressors can

play a vital role in understanding the pathways through

which particular stressors operate and will enable a more

accurate assessment of the likely outcomes of interactions

between warming and acidification. Importantly, we must

also consider further abiotic and biotic stressors in the

marine environment that are likely to also interact with

warming and acidification (Halpern et al. 2007) as well as

scaling up studies from individuals and populations to

communities and ecosystems (Harley et al. 2006). Such

large-scale multifactorial experiments would not only

increase our knowledge of the functioning and resilience

of marine ecosystems, but provide explicit evidence to

policymakers on the effectiveness of conservation and

management strategies in response to future environmen-

tal change.

Acknowledgments

We thank members of the Aquatic, Behavioural and

Evolutionary Biology and Ecology Research Groups who

provided valuable input into discussions surrounding

this manuscript and Sonia Consuegra, Peter Dennis,

John Gee, and two anonymous reviewers whose sugges-

tions significantly improved this manuscript. The vector

graphics used in Figure 1 are from the Integration and

Application Network (http://ian.umces.edu/symbols/),

University of Maryland Center for Environmental Sci-

ence. Funding for B. H. was provided by an Institute

of Biological, Environmental and Rural Sciences Ph.D.

Studentship. Funding for P. M. was provided through a

Marie Curie Career Integration Grant PCIG10-GA-2011-

303685.

Conflict of Interest

None declared.

References

Arnold, K. E., H. S. Findlay, J. I. Spicer, C. I. Daniels, and

D. Boothroyd. 2009. Effect of CO2-related acidification

on aspects of the larval development of the European

lobster, Homarus gammarus (L.). Biogeosciences 6:

1747–1754.

Beaugrand, G., K. Brander, A. Alistair Lindley, S. Souissi, and

P. C. Reid. 2003. Plankton effect on cod recruitment in the

North Sea. Nature 426:661–664.

Beer, S., and E. Koch. 1996. Photosynthesis of marine

macroalgae and seagrasses in globally changing CO2

environments. Mar. Ecol. Prog. Ser. 141:199–204.

Blanck, H. 2002. A critical review of procedures and

approaches used for assessing pollution-induced community

tolerance (PICT) in biotic communities. Hum. Ecol. Risk

Assess. 8:1003–1034.

Borenstein, M., L. V. Hedges, J. P. T. Higgins, and H. R.

Rothstein. 2009. P. 421 in Introduction to meta-analysis.

John Wiley & Sons Ltd, Chichester, U.K.

1026 ª 2013 The Authors. Published by Blackwell Publishing Ltd.

Interactions of Warming and Acidification B. P. Harvey et al.



Byrne, M. 2011. Impact of ocean warming and ocean

acidification on marine invertebrate life history stages:

vulnerabilities and potential for persistence in a

changing ocean. Oceanogr. Mar. Biol. Annu. Rev. 49:1–

42.

Byrne, M., M. Ho, P. Selvakumaraswamy, H. D. Nguyen, S. A.

Dworjanyn, and A. R. Davis. 2009. Temperature, but not

pH, compromises sea urchin fertilization and early

development under near-future climate change scenarios.

Proc. R. Soc. B Biol. Sci. 276:1883–1888.

Byrne, M., N. A. Soars, M. Ho, E. Wong, D. McElroy, P.

Selvakumaraswamy, et al. 2010. Fertilization in a suite of

coastal marine invertebrates from SE Australia is robust to

near-future ocean warming and acidification. Mar. Biol.

157:2061–2069.

Byrne, M., M. Ho, E. Wong, N. A. Soars, P.

Selvakumaraswamy, H. Shepard-Brennand, et al. 2011.

Unshelled abalone and corrupted urchins: development of

marine calcifiers in a changing ocean. Proc. R. Soc. B Biol.

Sci. 278:2376–2383.

Caldeira, K., and M. Wickett. 2003. Anthropogenic carbon and

ocean pH. Nature 425:365.

Caldeira, K., and M. Wickett. 2005. Ocean model predictions

of chemistry changes from carbon dioxide emissions to the

atmosphere and ocean. J. Geophys. Res. [Oceans] 110:

C09S04.

Christensen, M. R., M. D. Graham, R. D. Vinebrooke, D. L.

Findlay, M. J. Paterson, and M. A. Turner. 2006. Multiple

anthropogenic stressors cause ecological surprises in boreal

lakes. Glob. Change Biol. 12:2316–2322.

Christensen, A., H. Nguyen, and M. Byrne. 2011.

Thermotolerance and the effects of hypercapnia on the

metabolic rate of the ophiuroid Ophionereis schayeri:

inferences for survivorship in a changing ocean. J. Exp. Mar.

Biol. Ecol. 403:31–38.

Claiborne, J. B., and D. H. Evans. 1992. Acid-base-balance and

ion transfers in the spiny dogfish (Squalus acanthias) during

hypercapnia – a role for ammonia excretion. J. Exp. Zool.

261:9–17.

Cohen, A. L., and M. Holcomb. 2009. Why corals care about

ocean acidification: uncovering the mechanism.

Oceanography 22:118–127.

Connell, S., and B. Russell. 2010. The direct effects of

increasing CO2 and temperature on non-calcifying

organisms: increasing the potential for phase shifts in kelp

forests. Proc. R. Soc. B Biol. Sci. 277:1409–1415.

Crain, C. M., K. Kroeker, and B. S. Halpern. 2008. Interactive

and cumulative effects of multiple human stressors in

marine systems. Ecol. Lett. 11:1304–1315.

Darling, E. S., and I. M. Côt�e. 2008. Quantifying the evidence

for ecological synergies. Ecol. Lett. 11:1278–1286.

Daufresne, M., K. Lengfellner, and U. Sommer. 2009. Global

warming benefits the small in aquatic ecosystems. Proc.

Natl. Acad. Sci. USA 106:12788–12793.

DerSimonian, R., and N. Laird. 1986. Meta-analysis in clinical

trials. Control. Clin. Trials 7:177–188.

Doney, S., V. Fabry, R. Feely, and J. Kleypas. 2009. Ocean

acidification: the other CO2 problem. Ann. Rev. Mar. Sci.

1:169–192.

Dupont, S., J. Havenhand, W. Thorndyke, L. S. Peck, and M.

Thorndyke. 2008. Near-future level of CO2-driven ocean

acidification radically affects larval survival and development

in the brittlestar Ophiothrix fragilis. Mar. Ecol. Prog. Ser.

373:285–294.

Dupont, S., N. Dorey, and M. Thorndyke. 2010a. What meta-

analysis can tell us about vulnerability of marine

biodiversity to ocean acidification? Estuar. Coast. Shelf Sci.

89:182–185.

Dupont, S., O. Ortega-Martinez, and M. C. Thorndyke. 2010b.

Impact of near future ocean acidification on echinoderms.

Ecotoxicology 19:449–462.

Fabry, V. J. 2008. Ocean science – marine calcifiers in a high-

CO2 ocean. Science 320:1020–1022.

Fabry, V. J., B. A. Seibel, R. A. Feely, and J. C. Orr. 2008.

Impacts of ocean acidification on marine fauna

and ecosystem processes. ICES J. Mar. Sci. 65:

414–432.

Feely, R., S. Doney, and S. Cooley. 2009. Ocean acidification:

present conditions and future changes in a high-CO2 world.

Oceanography 22:36–47.

Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Elmqvist, L.

Gunderson, et al. 2004. Regime shifts, resilience, and

biodiversity in ecosystem management. Annu. Rev. Ecol.

Evol. Syst. 35:557–581.

Folt, C., C. Chen, M. Moore, and J. Burnaford. 1999.

Synergism and antagonism among multiple stressors.

Limnol. Oceanogr. 44:864–877.

Gaillard, S., and A. Malan. 1983. Intracellular pH regulation in

response to ambient hyperoxia or hypercapnia in the

crayfish. Mol. Physiol. 4:231–243.

Gattuso, J.-P., L. Hansson, and EPOCA Consortium. 2009.

European project on ocean acidification (EPOCA):

objectives, products, and scientific highlights. Oceanography

22:190–201.

Gooding, R., C. Harley, and E. Tang. 2009. Elevated water

temperature and carbon dioxide concentration increase the

growth of a keystone echinoderm. Proc. Natl. Acad. Sci.

USA 106:9316–9321.

Gosselin, L. A., and P. Y. Qian. 1997. Juvenile mortality in

benthic marine invertebrates. Mar. Ecol. Prog. Ser.

146:265–282.

Gurevitch, J., L. L. Morrow, W. Alison, and J. S. Walsh. 1992.

A meta-analysis of competition in field experiments. Am.

Nat. 140:539–572.

Gurevitch, J., J. A. Morrison, and L. V. Hedges. 2000. The

interaction between competition and predation: a

meta-analysis of field experiments. Am. Nat.

155:435–453.

ª 2013 The Authors. Published by Blackwell Publishing Ltd. 1027

B. P. Harvey et al. Interactions of Warming and Acidification



Halpern, B. S., K. A. Selkoe, F. Micheli, and C. V. Kappel.

2007. Evaluating and ranking the vulnerability of global

marine ecosystems to anthropogenic threats. Conserv. Biol.

21:1301–1315.

Harley, C. D. G., A. Randall Hughes, K. M. Hultgren, B. G.

Miner, C. J. B. Sorte, C. S. Thornber, et al. 2006. The

impacts of climate change in coastal marine systems. Ecol.

Lett. 9:228–241.

Hawkes, C. V., and J. J. Sullivan. 2001. The impact of

herbivory on plants in different resource conditions: a meta-

analysis. Ecology 82:2045–2058.

Hedges, L. V., and I. Olkin. 1985. P. 369 in Statistical methods

for meta-analysis. New York Academic Press, New York,

USA.

Hedges, L. V., J. Gurevitch, and P. S. Curtis. 1999. The meta-

analysis of response ratios in experimental ecology. Ecology

80:1150–1156.

Hendriks, I., and C. Duarte. 2010. Ocean acidification:

seperating evidence from judgement – a reply to Dupont

et al. Estuar. Coast. Shelf Sci. 89:186–190.

Hendriks, I., C. Duarte, and M. Alvarez. 2010. Vulnerability of

marine biodiversity to ocean acidification: a meta-analysis.

Estuar. Coast. Shelf Sci. 86:157–164.

Hochachka, P., and G. Somero. 2002. P. 466 in

Biochemical adaptation: mechanism and process in

physiological evolution. Oxford University Press, New

York, USA.

Hoegh-Guldberg, O., and J. Bruno. 2010. The impact of

climate change on the world’s marine ecosystems. Science

328:1523–1528.

Hoegh-Guldberg, O., P. J. Mumby, A. J. Hooten, R. S.

Steneck, P. Greenfield, E. Gomez, et al. 2007. Coral reefs

under rapid climate change and ocean acidification. Science

318:1737–1742.

Hofmann, G. E., and A. E. Todgham. 2010. Living in the now:

physiological mechanisms to tolerate a rapidly changing

environment. Annu. Rev. Physiol. 72:127–145.

Hoogenboom, M. O., K. R. N. Anthony, and S. R. Connolly.

2006. Energetic cost of photoinhibition in corals. Mar. Ecol.

Prog. Ser. 313:1–12.

Hunt, H., and R. Scheibling. 1997. Role of early

post-settlement mortality in recruitment of benthic marine

invertebrates. Mar. Ecol. Prog. Ser. 155:269–301.

Iglesias-Rodriguez, M, E. T. Buitenhuis, J. A. Raven, O.

Schofield, A. J. Poulton, S. Gibbs, et al. 2008a. Response to

comment on “Phytoplankton calcification in a high-CO2

world”. Science 322:1466.

Iglesias-Rodriguez, M., P. R. Halloran, R. E. M. Rickaby, I. R.

Hall, E. Colmenero-Hidalgo, J. R. Gittins, et al. 2008b.

Phytoplankton calcification in a high-CO2 world. Science

320:336–340.

IPCC. 1990. Report prepared for Intergovernmental Panel on

Climate Change by Working Group I. Pp. 410 in J. T.

Houghton, G. J. Jenkins and J. J. Ephraums, eds. Climate

change: the IPCC scientific assessment. Cambridge

University Press, Cambridge, U.K.

IPCC. 2007. Contribution of Working Groups I, II and III to

the Fourth Assessment report of the intergovernmental

panel on climate change. Pp. 104 in Core writing team, R.

K. Pachauri and A. Reisinger, eds. Climate change 2007:

synthesis report. IPCC, Geneva, Switzerland.

Ishmatsu, A., M. Hayashi, and T. Kikkawa. 2008. Fishes in high

CO2, acidified oceans. Mar. Ecol. Prog. Ser. 373:295–302.

Kleypas, J. A., and K. K. Yates. 2009. Coral reefs and ocean

acidification. Oceanography 22:108–117.

Kleypas, J., R. Buddemeier, D. Archer, J. Gattuso, C. Langdon,

and B. Opdyke. 1999. Geochemical consequences of

increased atmospheric carbon dioxide on coral reefs. Science

284:118–120.

Kleypas, J. A., R. A. Feely, V. J. Fabry, C. Langdon, C. L.

Sabine, and L. L. Robbins. 2006. P. 88 in Impacts of ocean

acidification on coral reefs and other marine calcifiers: a

guide for future research, report of a workshop held 18–20

April 2005. sponsored by NSF, NOAA, and the U.S.

Geological Survey, St. Petersburg, FL.

Kneitel, J. M., and J. M. Chase. 2004. Trade-offs in

community ecology: linking spatial scales and species

coexistence. Ecol. Lett. 7:69–80.

Kroeker, K., R. Kordas, R. Crim, and G. Singh. 2010. Meta-

analysis reveals negative yet variable effects of ocean

acidification on marine organisms. Ecol. Lett. 13:1419–1434.

Kurihara, H. 2008. Effects of CO2-driven ocean acidification

on the early developmental stages of invertebrates. Mar.

Ecol. Prog. Ser. 373:275–284.

Lajeunesse, M. J., and M. R. Forbes. 2003. Variable reporting

and quantitative reviews: a comparison of three meta-

analytical techniques. Ecol. Lett. 6:448–454.

Lamare, M. D., and M. F. Barker. 1999. In-situ estimates of

larval development and mortality in the New Zealand sea

urchin Evechinus chloroticus (Echinodermata: Echinoidea).

Mar. Ecol. Prog. Ser. 180:197–211.

Langdon, C., and M. J. Atkinson. 2005. Effect of elevated

pCO2 on photosynthesis and calcification of corals and

interactions with seasonal change in temperature/irradiance

and nutrient enrichment. J. Geophys. Res. 110:C09S07.

Larsen, B. K., H. O. Portner, and F. B. Jensen. 1997. Extra- and

intracellular acid-base balance and ionic regulation in cod

(Gadus morhua) during combined and isolated exposures to

hypercapnia and copper. Mar. Biol. 128:337–346.

Le Qu�er�e, C., R. J. Andres, T. Boden, T. Conway, R. A.

Houghton, J. I. House, et al. 2012. The global carbon

budget 1959–2011. Earth Syst. Sci. Data Discuss. 5:1107–

1157.

Loehle, C. 1995. Anomalous responses of plants to CO2

enrichment. Oikos 73:181–187.

Lopez-Urrutia, A., E. San Martin, R. Harris, and X. Irigoien.

2006. Scaling the metabolic balance of the oceans. Proc.

Natl. Acad. Sci. USA 103:8739–8744.

1028 ª 2013 The Authors. Published by Blackwell Publishing Ltd.

Interactions of Warming and Acidification B. P. Harvey et al.



Mass, T., S. Einbinder, E. Brokovich, N. Shashar, R. Vago, J.

Erez, et al. 2007. Photoacclimation of Stylophore pistillata to

light extremes: metabolism and calcification. Mar. Ecol.

Prog. Ser. 334:93–102.

McDonald, M. R., J. B. McClintock, C. D. Amsler, D.

Rittschof, R. A. Angus, and B. Orihuela. 2009. Effects of

ocean acidification on larval development and settlement of

the common intertidal barnacle Amphibalanus amphitrite.

Integr. Comp. Biol. 49:E270.

McNeil, B. I., R. J. Matear, and D. J. Barnes. 2004. Coral reef

calcification and climate change: the effect of ocean

warming. Geophys. Res. Lett. 31:L22309.

Melzner, F., M. A. Gutowska, M. Langenbuch, S. Dupont, M.

Lucassen, M. C. Thorndyke, et al. 2009. Physiological basis

for high CO2 tolerance in marine ectothermic animals: pre-

adaptation through lifestyle and ontogeny? Biogeosciences

6:2313–2331.

Miles, H., S. Widdicombe, J. I. Spicer, and J. Hall-Spencer.

2007. Effects of anthropogenic seawater acidification on

acid-base balance in the sea urchin Psammechinus miliaris.

Mar. Pollut. Bull. 54:89–96.

Morris, W. F., R. A. Hufbauer, A. A. Agrawal, J. D. Bever, V.

A. Borowicz, G. S. Gilbert, et al. 2007. Direct and interactive

effects of enemies and mutualists on plant performance: a

meta-analysis. Ecology 88:1021–1029.

Moy, A. D., W. R. Howard, S. G. Bray, and T. W. Trull. 2009.

Reduced calcification in modern Southern Ocean planktonic

foraminifera. Nat. Geosci. 2:276–280.

Munday, P. L., J. M. Donelson, D. L. Dixson, and G. G. K.

Endo. 2009. Effects of ocean acidification on the early life

history of a tropical marine fish. Proc. R. Soc. B Biol. Sci.

276:3275–3283.

O’Connor, M. I., J. F. Bruno, S. D. Gaines, B. S. Halpern, S. E.

Lester, B. P. Kinlan, et al. 2007. Temperature control of

larval dispersal and the implications for marine ecology,

evolution, and conservation. Proc. Natl. Acad. Sci. USA

104:1266–1271.

O’Connor, M. I., M. F. Piehler, D. M. Leech, A. Anton,

and J. F. Bruno. 2009. Warming and resource availability

shift food web structure and metabolism. PLoS Biol. 7:

e1000178.

Orr, J. C., V. J. Fabry, O. Aumont, L. Bopp, S. C. Doney,

R. A. Feely, et al. 2005. Anthropogenic ocean acidification

over the twenty-first century and its impact on calcifying

organisms. Nature 437:681–686.

Paine, R. T., M. J. Tegner, and E. A. Johnson. 1998.

Compounded perturbations yield ecological surprises.

Ecosystems 1:535–545.

Parmesan, C., and G. Yohe. 2003. A globally coherent

fingerprint of climate change impacts across natural systems.

Nature 421:37–42.

Petchey, O. L., P. T. Mcphearson, T. M. Casey, and P. J.

Morin. 1999. Environmental warming alters food-web

structure and ecosystem function. Nature 402:69–72.

Petchey, O. L., A. L. Downing, G. G. Mittelbach, L. Persson,

C. F. Steiner, P. H. Warren, et al. 2004. Species loss and the

structure and functioning of multitrophic aquatic systems.

Oikos 104:467–478.

Politi, Y., T. Arod, E. Klein, S. Weiner, and L. Addadi. 2004.

Sea urchin spine calcite forms via a transient amorphous

calcite carbonate phase. Science 306:1161–1164.

P€ortner, H. O., and R. Knust. 2007. Climate change affects

marine fishes through the oxygen limitation of thermal

tolerance. Science 315:95–97.

Przeslawski, R., A. Davis, and K. Benkendorff. 2005.

Synergistic effects associated with climate change and the

development of rocky shore molluscs. Glob. Change Biol.

11:515–522.

R Development Core Team. 2012. R: a language and

environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. Available at http://

www.R-project.org (accessed November 7, 2012).

Raffaelli, D. 2004. How extinction patterns affect ecosystems.

Science 306:1141–1142.

Raven, J., K. Caldeira, H. Elderfield, O. Hoegh-Guldberg, P.

Liss, U. Riebesell, et al. 2005. Ocean acidification due to

increasing atmospheric carbon dioxide: Royal Society Policy

Document 12/05, 68 p.

Richardson, A. J., C. J. Brown, K. Brander, J. F. Bruno, L.

Buckley, M. T. Burrows, et al. 2012. Climate change and

marine life. Biol. Lett. 8:907–909.

Ries, J. B., A. L. Cohen, and D. C. McCorkle. 2009. Marine

calcifiers exhibit mixed responses to CO2-induced ocean

acidification. Geology 37:1131–1134.

Root, T., J. Price, K. Hall, S. Schneider, C. Rosenzweig, and J.

Pounds. 2003. Fingerprints of global warming on wild

animals and plants. Nature 421:57–60.

Rosenthal, R. 1979. The “file drawer problem” and tolerance

for null results. Psychol. Bull. 85:638–641.

Rost, B., and U. Riebesell. 2004. Coccolithophores and the

biological pump: responses to environmental changes. Pp.

99–125 in H. R. Thierstein and J. R. Young, eds.

Coccolithophores – from molecular processes to global

impact. Springer, Berlin.

Sala, O. E., F. S. Chapin III, J. J. Armesto, E. Berlow, J.

Bloomfield, R. Dirzo, et al. 2000. Global biodiversity

scenarios for the year 2100. Science 287:1770–1774.

Sanford, E. 1999. Regulation of keystone predation by small

changes in ocean temperature. Science 283:2095–2097.

Sih, A., G. Englund, and D. Wooster. 1998. Emergent impacts

of multiple predators on prey. Trends Ecol. Evol. 13:350–

355.

Sutherland, W. J., S. Armstrong-Brown, P. R. Armsworth, B.

Tom, J. Brickland, C. D. Campbell, et al. 2006. The

identification of 100 ecological questions of high policy

relevance in the UK. J. Appl. Ecol. 43:617–627.

Tomanek, L. 2010. Variation in the heat-shock responses and

its implications for predicting the effect of global climate

ª 2013 The Authors. Published by Blackwell Publishing Ltd. 1029

B. P. Harvey et al. Interactions of Warming and Acidification



change on species’ biogeographical distribution ranges and

metabolic costs. J. Exp. Biol. 213:971–979.

Tylianakis, J., R. Didham, J. Bascompte, and D. Wardle. 2008.

Global change and species interactions in terrestrial

ecosystems. Ecol. Lett. 11:1351–1363.

Underwood, A. J. 1997. P. 524 in Experiments in ecology:

their logical design and interpretation using analysis of

variance. Cambridge University Press, Cambridge, U.K.

Viechtbauer, W. 2010. Conducting meta-analyses in R with the

metafor package. J. Stat. Softw. 36:1–48.

Walther, G., E. Post, P. Convey, A. Menzel, C. Parmesan,

T. J. C. Beebee, et al. 2002. Ecological responses to recent

climate change. Nature 416:389–395.

Wernberg, T., D. A. Smale, and M. S. Thomsen. 2012. A

decade of climate change experiments on marine organisms:

procedures, patterns and problems. Glob. Change Biol.

18:1491–1498.

Whiteley, N. 2011. Physiological and ecological responses of

crustaceans to ocean acidification. Mar. Ecol. Prog. Ser.

430:257–271.

Widdicombe, S., and J. I. Spicer. 2008. Predicting the impact

of ocean acidification on benthic biodiversity: what can

animal physiology tell us? J. Exp. Mar. Biol. Ecol. 366:187–

197.

Wood, H. L., J. I. Spicer, and S. Widdicombe. 2008. Ocean

acidification may increase calcification rates, but at a cost.

Proc. R. Soc. B Biol. Sci. 275:1767–1773.

Yachi, S., and M. Loreau. 1999. Biodiversity and

ecosystem productivity in a fluctuating environment: the

insurance hypothesis. Proc. Natl. Acad. Sci. USA 96:1463–

1468.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. Experiments included in meta-analysis.

Table S2. Selection criteria for exclusion from meta-anal-

ysis.

1030 ª 2013 The Authors. Published by Blackwell Publishing Ltd.

Interactions of Warming and Acidification B. P. Harvey et al.


