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• A meta-analysis on the Mediterranean acidification of benthic organisms is proposed.
• 95 experiments from 41 articles selected with ∆pH < 0.5 were analysed.
• The quantitative results are followed by the review of the literature.
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a b s t r a c t

Ocean acidification is expected to cause significant changes in the marine environment over the coming
century. The effects of acidification onorganisms’ physiology have been studied over the past twodecades.
However, the experimental findings are not always easily comparable because of differences in experi-
mental design, and comparable experiments donot always produce similar results. To rigorously integrate
the current knowledge, we performed ameta-analysis of published studies focused on benthic organisms
in theMediterranean Sea, both in controlled manipulative experiments and in situ experiments near vent
areas. In each experiment, the effect of acidification was calculated as the log-transformed response ratio
(LnRR) of experimental versus control conditions. The quantitative results obtained by the meta-analysis
highlight: (a) an increase in fleshy algae cover, which may lead to a competitive advantage over calcify-
ing macroalgae; (b) a reduction of calcification by both algae and corals; (c) an increase in seagrass shoot
density under low pH; and (d) a general increase in the photosynthetic activity of macrophytes.
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1. Introduction

The increasing trend in atmospheric CO2 concentration causes
an increase in the dissolution of atmospheric CO2 into the sea and
consequently causes a decline in seawater pH. This phenomenon,
known as ocean acidification, may have relevant effects on the
biological, biogeochemical and ecological components of the
marine environment, a well as potentially relevant – but still
not fully quantified – consequences on related socio-economic
dimensions. The urgent need to identify and implement multilevel
(local, national, and supranational) strategies to mitigate the
adverse effects of ocean acidification (OA) has repeatedly been
stressed (IOC-UNESCO, IMO, FAO, UNDP, 2011; Turley and Gattuso,
2012) and is now clear. Nonetheless, the identification of
mitigation strategies requires a full quantitative understanding
of the cumulative OA – direct and indirect – effects on the
specific system under analysis. In fact, although there is a general
consensus on the existence of an effect, there is a large variability
in the responses of different taxa, and even of similar organisms
collected from different environments. The aim of this work was
to determine a synthetic, composite picture of the effects of OA on
benthic organisms in the Mediterranean Sea.

The effects of seawater acidification on organism physiology
have been studied over the past two decades, and further studies
are still underway (Harvey et al., 2013). In 2005, the Royal
Society working group on ocean acidification highlighted the
need for further investigation on the responses of marine species,
communities, ecosystems and their services to changes in ocean
CO2 concentrations (Raven et al., 2005).

Since then, marine acidification has become a research priority
in the frame of climate change, and several research projects have
been developed worldwide. In the European Region, research has
specifically focused on acidification, such as the EPOCA (FP7) and
MedSea (FP7) projects, or the analysis of acidification among other
stressors, such as the VECTORS (FP7) and OPEC (FP7) projects.
The final report of the MedSea project (2015) highlights how
acidification in the Mediterranean Sea has already been observed
from field data and has projected a 30% increase in acidification by
the year 2050 if the CO2 emission trend does not change (MedSea
final report, 2015).

The number of studies analysing the response of organisms to
a decrease in seawater pH is large and increasing, although some
of the results are contradictory (Gattuso et al., 2013). Indeed, as
Doney et al. (2009) have highlighted in their review, numerous
studies have revealed potential dramatic responses of calcifying
organisms to altered seawater carbonate chemistry, whereas
others do not support similar conclusions, possibly because of the
complicated nature of the calcification response. For example, the
calcification response can differ depending on shell and skeleton
composition, the Mg/Ca ratio, or nutrient availability (Doney et al.,
2009 and citations therein). Furthermore, although the degree of
sensitivity to acidification, manifested as different physiological
responses, varies among species, response studies exist for only a
limited number of species in many marine groups (Doney et al.,
2009).

Meta-analyses are useful tools to evaluate the current state of
knowledge and integrate the available information on a research
topic. A meta-analysis is a set of formal methodologies designed to
draw rigorous inferences from multiple studies (Gurevitch, 2001).
This approach offers major advantages over more traditional
qualitative reviews of the literature. The underlying approach
and objectives are to quantify the emergent patterns by applying
specific statistical procedures. In detail, a meta-analysis allows for
the computation of both the magnitude and significance of an
overall effect shared among studies, as obtained by calculating
the size effects for each contributing study. The meta-analysis
technique also acknowledges that studies on large sample sizes are
more reliable and offers the possibility to weight studies on the
basis of such measures of reliability (Borenstein et al., 2009).

Meta-analyses on ocean acidification effects that have been
performed on a global data set (Dupont et al., 2010; Hendriks
et al., 2010; Kroeker et al., 2010) have shown that the effects are
significant, but not uniform, owing to variations in responses and
adaptations of marine organisms. Nevertheless, those researchers
have analysed a wide variety of species inhabiting environments
with very different biogeochemical characteristics. In contrast,
we decided to focus on a narrower area, the Mediterranean
Sea, to reduce the source of variability due to the high degree
of species-specific responses. We argue that comparison among
species belonging to the same physical and chemical environment
(i.e., similar salinity, light irradiance or alkalinity) is more accurate
than comparison among species adapted to extremely different
conditions, ranging from polar to tropical regions. Thus, we limited
our analysis to the species living in the Mediterranean Sea, while
taking advantage of the recent studies conducted in the MedSea
project (MedSea).

The Mediterranean Sea, despite its small size, contains 7% of
the world’s marine biodiversity (Bianchi and Morri, 2000) and
includes a broad range of habitats (RAC/SPA, 2006), ranging from
bioconstructors and seagrass meadows to shallow hydrothermal
vents and deep-sea beds. It is a semi-enclosed basin, and along the
26,000 km of its coastline, the Mediterranean Sea hosts twenty-
two countries of varying economic developmental status on three
continents, Africa, Asia, and Europe, with an estimated 465.5
million inhabitants (Hilmi et al., 2014). Several pressures together
threaten the health of the Mediterranean Sea ecosystem. It is now
clear that the Mediterranean area will be a hotspot for climate
change effects (IPCC 4th, 2007), thus resulting in an intensification
of extreme events (Lejeusne et al., 2010).

There has been growing awareness that direct and indirect
effects of seawater acidification may affect many goods and
services provided by the Mediterranean marine ecosystems
services (Turley et al., 2010). For this reason, there is a need
to improve the quantitative estimates of the potential effects
of seawater acidification in the near future. Services such as
aquaculture, fisheries, coastline protection (reduction of rocky
substrata, which constitute a natural defence), climate regulation
(alteration of the fluxes of carbon), loss of biodiversity and tourism
may all be affected by human-induced seawater acidification with
potentially severe consequences that are not yet fully understood.

OA studies analyse a spectrum of pH levels that range from
the actual ambient levels to projected future pH levels. Different
studies have addressed different ranges of pH variation; some have
assessed the physiological responses induced by a reduction of 0.5
pH units, in agreement with the projected 2100 level (IPCC 4th,
2007), but several studies have examined higher ranges of pH
variation in both the mesocosm and in situ at vent sites. Moreover,
studies have been carried out at different times, spanning periods
of several days up to several months, and only a few studies have
analysed organisms’ responses on a yearly basis.

Systematically combining quantitative results of acidification
effects at the regional organism level would aid in drawing
conclusions about this body of research and guiding adaptive
management actions for the potentially affected economic sectors
(Cicin-Sain et al., 2011).

2. Methods

2.1. Data selection

We conducted a literature search of scientific articles pub-
lished in ISI journals through 1 July 2015 by selecting studies re-
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porting the effects of altered seawater chemistry on physiolog-
ical responses. The literature search was conducted in the SCO-
PUSdatabase using the keywords: organismANDacidificationAND
Mediterranean AND *response.

The results were cross-checked against the database of ocean
acidification experiments compiled by EPOCA, OA-ICC (Ocean
Acidification International Coordination Centre), and MedSea, and
with the results reported by previousmeta-analysis studies on this
topic (Dupont et al., 2010;Harvey et al., 2013;Hendriks et al., 2010;
Kroeker et al., 2010, 2013a).

In the analysis, we considered both controlled manipulative
experiments and in situ experiments close to vent areas and both
single species responses and responses of species assemblages.

From each article, we collected the data regarding the response
of different taxa to decreasing pH. We identified five main
types of effects (abundance, calcification, growth, survival and
photosynthesis), as responses of organisms to acidification. These
responses were used as the response variables in our analysis.

The selection of the response variables was based on the
number of articles available for analysis. Furthermore, it is
consistent with the classification used in the MedSea final report
(2015). We considered other response variables (Shannon Index,
metabolism, respiration, and development rate), but it was not
possible to include them in our quantitative analysis because
there were too few studies that considered those variables (see
supplementary information Tab S2).

The analyses were limited to studies that explored the response
to a variation in pHT of less than 0.5 units. This value is
consistent with the ocean acidification prediction provided by the
Intergovernmental Panel on Climate change (IPCC 4th, 2007) for
the IS92a ‘‘business as usual’’ emission scenario for the year 2100.
This choice led to the exclusion of studies that explored wider
pH variations, considering that under extreme environmental
pressures an organism might exceed resilience thresholds and
therefore might exhibit a response that could not be rescaled
under the hypothesis of the linear regressions. Many studies
have used different parameters (total alkalinity, pCO2, DIC, pH) to
characterise the changes in the carbonate system, but the pH value
is the most frequently reported, and it was chosen in this study to
produce a more homogeneous setup among experiments.

Most of the data used in our analysis were obtained from
the PANGAEA data repository (www.pangaea.de). The use of raw
data allowed for the selection of the specific data that were
the most relevant for our study. When the raw data were not
available,we extracted the data from the articles or graphs by using
ENGAUGE software (Mitchell, 2002). To confirm that the range
of pH values was suitable for our purpose and to allow for full
comparability across all data sets, we recalculated the pH values
in Total scale by using CO2SYS software (Lewis andWallace, 1998)
using the constants of Mehrbach et al. (1973) refit by Dickson and
Millero (1987) and Dickson (1990) for KSO4 (Tab S3). The effect of
acidificationwas analysed at the ambient seawater temperature as
reported in the original study.

When a single study reported multiple response variables
(e.g., abundance, calcification and growth), they were included in
separate meta-analyses. If a study reported different measures of
the effects on a single response type (such as growth rates based on
changes in biomass and growth rates based on changes in length)
for that response variable, we selected the most frequently used
metric. Survival effects were taken from the percent survival or
mortality data. Survival rates were reported in our analysis as
the measure obtained either at the end of the study or at the
latest point at which the experimental conditionswere suitable for
comparison between control and treatment experiments.

Calcification response measures were taken primarily from
estimates of net calcification. Growth responses were obtained
using change in biomass, shell length and growth rate measures.
Photosynthesis responses were derived from the measures of
changes in the photosynthetic rate or efficiency. Abundance
responses were derived from the number of individuals, including
the number of newly settled individuals, as well as percent cover
estimates. If a study provided information on more than one
species, all datawere used, even ifmultiple specieswere examined
in the same experimental tank, according toWittmann and Pörtner
(2013).

In experiments lasting several months, we considered the
response observed after the longest exposure time.

2.2. Data analysis

Effect size
For each experiment reported in the literature considered in

our analysis, we registered themean response, the estimates of the
error (transformed to standard deviation sd) and the sample sizes
(n) in the control group and the treatment with low pH.

For each experiment, the effect of acidification was calculated
as the log-transformed response ratio (LnRR, Eq. (1)), which was
defined as the ratio of themean effect in the acidification treatment
X̄E on the mean effect in a control group X̄C (Hedges et al., 1999).

LnRRi = ln

X̄E

X̄C


= ln


X̄E


− ln


X̄c


. (1)

When LnRR < 0, the effect of acidification on the response variable
in the treatment group is negative, and when LnRR > 0, the
effect on the response variable is positive. A response ratio of zero
indicates that there is no effect, and the responses in the control
and treatment groups are the same.

The variance of the LnRR (Eq. (2)) for each study was calculated
as (Hedges et al., 1999):

Vi =
sd2E

nE + X̄2
E

+
sd2C

nC + X̄2
C

. (2)

The overall effect on a given response variable of a given group
of organisms was calculated using a weighted mean among the
LnRR of the primary studies, meanLnRR (Eq. (4)), in agreement
with a random-effectsmodel. Under a random-effects analysis, the
effect size is not assumed to be fixed, but its size differs between
experiments, and the estimated summary effect is the mean of
the effects observed across the studies (Borenstein et al., 2009).
This assumption was made because the analyses take into account
different species studied with different techniques and in different
environments (i.e., mesocosm or vent sites).

Under a random-effects model, the total observed variability
(Eq. (3)) in the effect size estimate contains within-study variance
Vi and between-study variance τ 2 which together were used to
weight the studies (W ∗).

W ∗
=

1
Vi + τ 2

. (3)

Therefore, the studies with higher replication and lower variance
were considered more precise and were weighted accordingly
(Stewart, 2010). The 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 the 95% confidence interval (CI) (see Hedges and
Olkin, 1985) and comparing it to zero. If the summary effect size
did not overlap zero, then it was considered to be significantly
different.

meanLnRR =

k
i=1

W ∗LnRRi

k
i=1

W ∗

. (4)

http://www.pangaea.de
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Heterogeneity
Owing to the variability among studies, a statistical test of

heterogeneity was performed to investigate the hypothesis that
the size of the effect would be equal in all included studies.

In fact, if a group of studies shares an effect of similar
magnitude, the result of the meta-analysis is unambiguous. In
contrast, if the studies included in a meta-analysis show different
results, the result of the meta-analysis is more ambiguous (Sutton
and Higgins, 2008).

The statistical test was calculated by summing the standard
deviation of each effect size study estimate from the overall meta-
analytic estimate mean effect size estimate, and then weighting
each one according to the inverse of its sampling variance
(Cochran, 1954; Higgins et al., 2003). P values were obtained by
comparing the statistic with a χ2 distribution with n − 1 degrees
of freedom.

Heterogeneity inmean effect sizes was determined on the basis
of a significant (α = 0.05) QT statistic.

QT =

k
i=1

Wi (meanLnRR − LnRRi)
2. (5)

Heterogeneity in sub-groups of organisms was investigated by
limiting Eq. (5) to the sub-group (Gurevitch et al., 1992). The
differences between sub-groups (when found; e.g., calcification
of deep azooxanthellate corals versus zooxanthellate corals) were
investigated with a test for heterogeneity (QM ), thus identifying
the total heterogeneity explained by that particular categorical
moderator (Gurevitch et al., 1992), by using the same formula
that we introduced earlier. A significant QM indicated a difference
between the sub-groups.
Analyses were carried out using the R (R Development Core
Team, 2012) package ‘‘Metafor’’ (Viechtbauer, 2010).

3. Results

The meta-analysis included 67 published articles reporting the
effect of acidification on Mediterranean organisms; three articles
were excluded because they did not report error estimates, and
11 were excluded because they evaluated a pH value lower than
those expected in the IPCC projection for the end of the century. A
total of 15 additional articles were excluded because they focused
on response variables (e.g., Shannon Index) that were measured
in too few (less than three) experiments. From the remaining
41 articles, we extracted the final set of 95 unique experiments
(Tab S1 in supplementary information). A posteriori, we noted that
all of the 95 selected experiments referred to benthic organisms,
and all experiments that focused on other groupswere filtered out,
a result that by itself indicates an knowledge gap.
Abundance

The effect of acidification on organism abundance (Fig. 1) varied
among groups (QM(df = 5) = 50.29, P < .0001).

The responses of calcifying algae and sea urchins were
significantly negative (meanLnRR < 0; P < 0.01), whereas
the responses of fleshy macroalgae (P < 0.01) and microalgae
(P = 0.08) were positive. All responses showed significant
heterogeneity within the mean effect (P < 0.05) (Table 1).

The effect size for seagrass was positive but not significant
(meanLnRR = 0.35, P = 0.1330).
Calcification

The effect of acidification on calcification resulted in a
significant negative response for corals (meanLnRR = −0.23,
Table 1
Summary of effects of acidification on different biological responses among key groups. Effects are represented
as either mean percentage increase (+) or percentage decrease (−) in a given response. Percentage change
estimates were back-transformed from the mean LnRR and represent geometric means that are more
conservative than the arithmetic means. Dark colours represent consistency in the mean effect size, and light
colours highlight the positive or negative trend in the case of inconsistency with the results (95% CI that
overlaps zero). The number of experiments in each analysis is shown in the N column.
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Fig. 1. The effect (mean LnRR) of the expected Mediterranean acidification on the abundance of marine organisms fromweighted, random effects meta-analyses. The mean
effects and 95% confidence intervals are shown for separate groups of organisms. The number of experiments in each analysis is shown in parentheses. The zero line indicates
no effect, and the significance of mean effects is determined when the 95% confidence interval does not overlap zero. Blue shapes represent significant positive responses in
the mean effect size; red shapes represent significant negative response; and white shapes are the responses that are not statistically significant (95% CI that overlaps zero,
P > 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. The mean log response ratio and 95% confidence intervals of Mediterranean acidification on physiological responses. The number of experiments in each analysis
is shown in parentheses. The zero line indicates no effect, and significance of the mean effects is determined when the 95% confidence interval does not overlap zero. Blue
shapes represent the significant positive responses in the mean effect size; red shapes represent significant negative responses; and white shapes are the responses that
were not statistically significant (95% CI that overlaps zero). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
P = 0.026). A more detailed sub-group analysis was performed to
detect different possible results between zooxanthellate and deep-
water corals. Although the sub-group of shallow zooxanthellate
corals (from 3 to 40 m depth) had a more negative mean effect
than the sub-group of deep water corals, the difference was not
significant (QM(df = 1) = 0.06, P = 0.79).

Bryozoans and molluscs were both unaffected (meanLnRR =

0), whereas algae were negatively affected, but not significantly
(meanLnRR = −0.85, P = 0.25; Fig. 2).

Photosynthesis
A significantly positive (meanLnRR = 0.38, P = 0.026) and

coherent effect was detected in response to a pH decrease on
photosynthesis of the macrophyta group (QT = 17.59, d.f . = 2,
P = 0.77; Fig. 2).

In contrast, seawater acidification did not have an effect on
zooxanthellae symbionts, thus suggesting that these organisms are
not limited by carbon dioxide availability.
Growth and survival
Seawater acidification did not have a significant overall mean

effect on the growth of echinoderms and bivalve molluscs
(Fig. 2), whereas it had a negative effect on echinoderm survival
(meanLnRR = −0.34) although themean effectwas not significant
(P = 0.35) and there was heterogeneity among studies (QT =

52.16, d.f . = 8, P < 0.001; Fig. 2).

4. Discussion and conclusion

The results of our meta-analysis showed different responses to
ocean acidification in different groups of organisms. Even though
the study was limited to the Mediterranean basin, the outcomes
supported some of the findings from previous meta-analyses on
acidification on a worldwide scale (Kroeker et al., 2013a; Hendriks
et al., 2010; Harvey et al., 2013) (Table 2).
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Table 2
Comparison of the summary of the effects of acidification among groups obtained from this study, Kroeker et al.
(2013a) and Hendriks et al. (2010). Effects are represented as either mean percentage increase (+) or percentage
decrease (−) in a given response. Percentage change estimates were back-transformed from the mean LnRR.

.

Algae
On average, the cover of turf and canopy-forming algae is

expected to increase (more than double), and these organisms
may experience a stronger competitive success against calcifying
macroalgae (Asnaghi et al., 2013). In particular, our analysis shows
a loss of calcified algae (−79%),mainly corallinales (Table 1), which
might have been caused by a reduced ability to build or maintain
the calcified component of their tissues at the lower pH value.
This possibility was confirmed by the reduction of calcification
functional response, which decreased by 58%, thus hindering the
algae fitness, in accordance with Kuffner et al. (2006).

There is widespread evidence that coralline algae are sensitive
to ocean acidification, and even tolerant species can be outcom-
peted by non-calcifying algae at elevated CO2 levels (Brodie et al.,
2014; Kroeker et al., 2013b). Several studies have shown that the
projected acidification conditions negatively affect various func-
tional traits of coralline algae, such as community growth, recruit-
ment, calcification, size and abundance (Hall-Spencer et al., 2008;
Porzio et al., 2011; Donnarumma et al., 2014), and epithelial in-
tegrity (Baggini et al., 2014 and reference therein). However, some
studies have shown how increased atmospheric pCO2 may have
a positive effect on calcifying algae (Kamenos et al., 2013; Martin
et al., 2013) on the basis of evidence of increased calcificationunder
OA. Nevertheless, even if some coralline algae sustain calcification
over long periods of exposure to elevated pCO2, a loss of structural
integrity is inherent (Kamenos et al., 2013; Martin et al., 2013) and
presumably comeswith an energetic cost to growth (Bradassi et al.,
2013). In contrast, recent studies have found that crustose coralline
algae are more sensitive to the rates of pH fluctuations than to the
magnitudes, thereby reducing growth in an articulated coralline al-
gae: high variability in pCO2 at vent sites may therefore lead to an
over-estimation of its negative effects on coralline algae (Kamenos
et al., 2013).

Calcifying algae are an important component of the temper-
ate marine ecosystem, in which they support different functions
through carbon cycling, provision of habitats and associated bio-
diversity hotspots and are associated with recruitment processes.
Additionally, they are major structural components of corallige-
nous habitats and vermetid reefs. Thus, any change in the three-
dimensional structure and structural integrity of coralline algae
may have significant effects on the ecosystem functions with
which they are involved.

Linares et al. (2015) have found that at lower pH, dominant
habitats at mesophotic depths, such as coralligenous outcrops and
rhodolith beds, are replaced by deep-water kelp (Laminaria ro-
driguezii) forests, which become dominant at shallower depths
than under normal seawater conditions. The results of these stud-
ies suggest that high CO2 concentration enhances the competitive-
ness of L. rodriguezii at depths shallower than its common bathy-
metric range, thereby offsetting other existing environmental lim-
itations (e.g., light or temperature). These results appeared to be
confirmed by ourmeta-analysis, which suggested a strong increase
in fleshy macroalgae cover (Table 1).

Martin et al. (2013) have found that calcification in Lithophyllum
cabiochae is stimulated by increased temperature under current
CO2 conditions, but the combination of high temperature and CO2
negatively affects net calcification rates.
Sea urchins

Changes in seawater pH may lead to direct effects on a specific
group of organisms, owing to their physiological vulnerability to
elevated CO2 conditions, but it is important also to consider the
indirect effects determined by changes in species composition that
might trigger antagonistic or synergic responses of the organisms
to acidification.

This analysis highlighted a possible reduction in some grazer
species that specialise on fleshy algae for feeding. For example,
sea urchins, which had a projected decrease in abundance by
79%, were among the most negatively affected organisms in our
analysis. Urchins are key organisms that play an important role
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in controlling the equilibrium among different algal communities.
Sea urchins appear to be particularly susceptible to OA, and a
reduction of 0.4 pH appears to be the critical level below which
Mediterranean Sea urchins do not survive (Hall-Spencer et al.,
2008).

Studies performed at the vent sites have found a reduced
density in the high CO2 areas in P. lividus (Calosi et al., 2013; Hall-
Spencer et al., 2008; Johnson and Carpenter, 2012; Kroeker et al.,
2013b; Suggett et al., 2012), which appears to be less resilient
to elevated CO2 than the more tolerant Arbacia lixula (Asnaghi
et al., 2014; Bray et al., 2014). The decrease in P. lividus density in
high CO2 areas could be interpreted as a long-term consequence
of its relatively poor ability to regulate its extracellular acid–base
balance (Calosi et al., 2013). In contrast, Hendriks et al. (2010) have
found a reduction of growth up to 62% for sea urchins, whereas
Asnaghi et al. (2013, 2014) have highlighted the importance of
the threatened calcifying algae (i.e., Corallina) in sea urchins’ diet,
as a source of essential elements (e.g., calcium, magnesium) that
increase the skeleton robustness. The decreased robustness of sea
urchin skeletons makes juveniles less resistant to predator attack,
e.g., the Diplodus spp. (Asnaghi et al., 2013, 2014) even if neutral
or undetectable effects are found in the skeleton growth (Asnaghi
et al., 2013; Kroeker et al., 2013b;Martin et al., 2011;Wangensteen
et al., 2013) as well as in the survival response of early settlers of
A. lixula and P. lividus.

The loss of sea urchins combined with the advantages that
fleshy algae may have as a result of acidification may trigger
a phase shift towards fleshy algae dominated environments
(Asnaghi et al., 2013). This effect may be important, from an
ecological perspective, in barren ground habitats where the
reduced abundance of sea urchins would favour the recolonisation
of non-calcifying macroalgae and the recovery of foundation
species (e.g., Cystoseira) (Asnaghi et al., 2013) but may be
deleterious in undisturbed vegetated areas where sea urchins
have important structural roles (Asnaghi et al., 2013). Indeed,
grazing events are important to create new patches for the
settlement of invertebrate planulae. This change in biodiversity is
enhanced by the loss of coralline species, which favours recovery
and complexity in rocky reef communities promoting species
succession and increasing turf species colonisation (due to the
increasing availability of dissolved inorganic carbon). Turf species
are characterised by fast and rampant growth strategies able to
inhibit the settlement of propagules of slower-growing species
(e.g. corals species) (Vermeij et al., 2009).

The coralligenous habitat is the secondmost important hotspot
of biodiversity in theMediterranean Sea, after the Posidonia ocean-
ica meadows (Boudouresque, 2004). In this unique environment,
there is intense competition among sessile benthic organisms that
tends to completely saturate the available space. The competition
for light and space is especially strong between algae and corals,
because these are resources of primary importance for the survival
of both organisms. It is known that the competition of macroal-
gae with corals for fundamental resources exhibits a range of
detrimental effects on corals, including inhibition of coral recruit-
ment, growth and fecundity (Kuffner et al., 2006). Many macroal-
gae produce secondary metabolites (i.e., allelochemicals) that ex-
ert some of these negative effects on corals in different life stages.
Filamentous algae, especially the species belonging to the eco-
physiological turf algae group, can cause hypoxia, lower coral fe-
cundity, and inhibition of coral recruitment (Linares et al., 2012).

In seagrass meadows, sea urchin reduction may not be relevant
to the physiology of the leaves or the epibiont community
associated with the seagrass. This hypothesis is supported by the
evidence that urchin grazing events are compensated for and
enhanced by the intense activity of herbivorous fish (i.e., Sarpa
salpa) (Garrard et al., 2014) attracted by the loss of encrusting and
less palatable calcareous epibionts (Apostolaki et al., 2014).
Seagrass
The results of our meta-analysis suggested a higher abundance

of seagrass shoots in enriched CO2 environments (+13%), which
may be explained by the high energy demands required by the
marine angiosperm to use HCO−

3 as a source of carbon (Beer
and Koch, 1996). Furthermore, we observed a general increase
in the photosynthetic activity (+49%) of seagrass and other
macrophytes.

The seagrass studies were mainly performed in situ along the
vent sites. The density of P. oceanica increased at the vent sites
(Hall-Spencer et al., 2008; MedSea final report, 2015) whereas
the abundance of C. nodosa was higher at the control site. This
result implied, as suggested by ourmeta-analysis (Fig. 1), a species-
specific response towards increased CO2 (Apostolaki et al., 2014).

It is likely that the responses to CO2 also depend on other
factors, such as the interactions with temperature and nutrients
(e.g., nitrogen (Alexandre et al., 2012)) and light (Palacios and
Zimmerman, 2007). Investigations of single drivers (i.e., the
change in seawater carbonate chemistry) with no control over
other concurring factors can produce misleading inferences about
organismal responses and – as a consequence – may provide
highly uncertain projections. Indeed, in a multivariate natural
environment, interactive (additive, synergistic, or antagonistic)
effects are often not predictable from single-driver studies
(Gattuso et al., 2015).

Longer term experiments (months) with seagrass species in
situ have found no significant differences in leaf growth rates
of plants exposed to current and elevated CO2 concentrations
(Palacios and Zimmerman, 2007; Alexandre et al., 2012). However,
CO2 enrichment does have an effect on belowground growth
rates, increase of non-structural carbohydrate content and shoot
proliferation of seagrass species (i.e., Z. marina Palacios and
Zimmerman, 2007; Apostolaki et al., 2014 and reference therein).
Finally, the increase in seagrass biomass may have been limited,
owing to the high grazing pressure of large herbivorous fish (Sarpa
salpa) as aforementioned (Apostolaki et al., 2014).

OA may lead to a consistent loss of crustose coralline algal
epiphytes on seagrass leaves along the vents, and greater seagrass
density close to the seeps with lower pH. A load of lower epiphytes
may have positive consequences for seagrasses, because it reduces
shading and nutrient uptake by the epiphytes (Apostolaki et al.,
2014). However, a shift from dominant corallines to fleshy
macroalgae in seagrass meadows may reduce light availability
on the benthos, thus accelerating the regression of seagrasses,
without taking into account benefits due to their enhanced
photosynthesis (Harley et al., 2012; Koch et al., 2013).

Calcified organisms (including calcified algae and corals),
echinoderms and fleshy algae presented similar trends in each
analysis: the former two groups were negatively affected by
seawater acidification, whereas the latter appeared to benefit from
acidification. These results are consistent with the meta-analysis
performed by Hendriks et al. (2010). In contrast, although our
analysis did not detect a negative effect on molluscs, Kroeker
et al. (2013a), Harvey et al. (2013) and Hendriks et al. (2010)
have detected significant reductions in calcification, growth and
survival of this group, probably because of their poor ion regulation
and inability to buffer their internal compartments (Harvey et al.,
2013 and citations therein). Similar conclusions have also been
drawn by Wittmann and Pörtner (2013) from a meta-analysis
indicating that most echinoderms and molluscs exhibit relatively
low metabolic rates and do not compensate well for acid–base
disturbances. Their analysis suggests that most echinoderm (63%)
and mollusc (51.6%) species analysed are negatively affected even
by the lowest levels of experimental pCO2 (500–650 µatm).

Results obtained from the MedSea project (MedSea, Final
Report, 2015) also suggest dramatic changes in seagrass meadows.
Seagrass meadows are expected to suffer from elevated seawater
temperature and invasion by non-indigenous algae species, which
benefit from increased CO2 and elevated temperature.
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Photosynthesis
The effect of OA on photosynthetic organisms is not straightfor-

ward. Our analysis detected a positive trend in the photosynthetic
response of macrophytes to acidification, which was not found in
the analyses of Kroeker et al. (2010, 2013a). In contrast, Hendriks
et al. (2010) have found higher growth rates in photosynthetic or-
ganisms, up to five-fold or higher for seagrasses, possibly as a re-
sult of increased photosynthetic activity. The lack of effect found
in Kroeker et al. (2010, 2013a) may be explained by the highly
species-specific response of photosynthesis.

Koch et al. (2013) have indicated that the majority (95%) of
the marine macro-autotrophs examined in their review are able
to utilise HCO−

3 , which at ambient seawater pH represents 92% of
the dissolved inorganic carbon (DIC) (Stepien, 2015 and references
therein). This process is possible because marine algae have
carbon-concentrating mechanisms (CCMs), which transport HCO−

3
across cell membranes to Rubisco (the enzyme that fixes CO2) by
using ion transporters, or they catalyse the dehydration of HCO−

3
to CO2 via the membrane-associated external carbonic anhydrase.
There are energetic costs to operating CCMs; hence, the increased
percentage of dissolved CO2 (which at the current level represents
approximately the 1% of the DIC (Stepien, 2015 and references
therein)) may increase the competitiveness of macrophytes with
CCMs (Stepien, 2015), owing to the lower cost associated with
the use of CO2. For example, seagrass photosynthesis is frequently
limited by DIC availability under natural conditions (Beer and
Koch, 1996). Furthermore, there is evidence that CCMs are down-
regulated under elevated CO2 conditions. This reaction may allow
for a reduction in the energy demands necessary to produce
ion transporter proteins and enzymes (Raven, 2011). In addition,
the higher photosynthetic activity of seagrasses may lead to an
additional accumulation of carbohydrates in belowground organs,
thus conferring an advantage onmacroalgae that do not have a site
for carbohydrate storage (Koch et al., 2013).
Molluscs

Bivalve molluscs and shellfish aquaculture represent an im-
portant sector of the Mediterranean economy. Our meta-analysis
highlighted that relatively few experiments related to projected
acidification have been performed in Mediterranean waters, as al-
ready stressed by Lacoue-Labarthe et al. (2016) despite the poten-
tial for molluscs to be influenced by the acidification projections
(Hendriks et al., 2010; Kroeker et al., 2013a).

The effects of ocean acidification on bivalves vary among
species and even within the same species, thus precluding the
possibility of deducing a general picture (Hilmi et al., 2015). The
available literature suggests that although detrimental effects on
adults remain uncertain, the most sensitive life stage appears to
be the larval stage, and a large majority of studies on this critical
stage of development have revealed negative effects (Gazeau et al.,
2013). Among bivalves, mussels appear to be fairly resilient and
can even thrive in low pH waters. Indeed, it has been found that
Mytilus galloprovincialis starts to show a significant decrease in
shell and soft body growth after exposure to pH 7.3 (Michaelidis
et al., 2005), a level expected to occur within the next 300 years
(Caldeira and Wickett, 2003).

Results obtained by the MedSea project (MedSea Final Report,
2015), show that after a year-long experiment on the Mediter-
ranean mussel M. galloprovincialis, no lethal effects of hypercap-
nia (i.e., condition of elevated CO2 in the seawater) were found,
whereas there were significant effects due to a temperature in-
crease (Gazeau et al., 2014). However, Lacoue-Labarthe et al.
(2016) suggest that in the coming decades, Mediterranean mus-
selswill be exposed to sub-optimal conditions for increasingly long
periods, thus probably leading to decreased survival and growth
(Lacoue-Labarthe et al., 2016 and citations therein).
Milazzo et al. (2014) have shown that vermetid might be af-
fected by OA. Vermetids play an important role in the Mediter-
ranean ecosystem. They are constructor organisms that build reefs,
which provide coastal protection from erosion, regulate sediment
transport and accumulation, serve as carbon sinks and provide
habitats for fish and invertebrates of commercial and recreational
interest (Palacios and Zimmerman, 2007). Vermetid reefs are built
by the gastropod Dendropoma petraeum (Monterosato, 1884) and
the coralline alga Neogoniolithon brassica-florida (Harvey) (Setchell
and Mason, 1943) which cements the reef and triggers vermetid
settlement. The OA level expected to occur this century and be-
yond is expected to impair recruitment success, cause shell disso-
lution and alter the shell mineralogy of the reef-building gastro-
pod D. petraeum (Palacios and Zimmerman, 2007) even if the post-
settlement survival of new recruits appears to be resistant to very
low pH conditions (7.31).

In line with some of the above-mentioned results, our meta-
analysis did not show the clear effect of acidification on mollusc
responses that has been obtained in previous meta-analyses. This
differencemay be due to variances in the range of the experimental
acidification considered and/or the species-specific differences
between the responses given by the Mediterranean-temperate
bivalves–gastropods considered in our study and the worldwide
distributed bivalves–gastropods–cephalopods used in the analysis
performed by Kroeker et al. (2013a) and Hendriks et al. (2010)
(Table 2). Indeed, our analysis was constrained by our selecting
only those studies that reported the effects expected for the end of
the century (IPCC 4th, 2007), whereas others (i.e., Hendriks et al.,
2010) have used 1pH > 0.5, a value that is expected by the end of
2300 (IPCC 4th, 2007). Moreover, differences in the response may
also have been because the majority of the Mediterranean studies
on molluscs have focused on the most exploited commercial
species, Mytilus galloprovincialis, in which the outermost CaCO3
shell layer consists of calcite (less soluble than aragonite) covered
by an organic periostracum. This organic layer is important in
protecting the CaCO3 layers from dissolution (Gazeau et al., 2013).
Nevertheless, the result of this analysis reflects only the studies
currently available, and therefore we cannot completely exclude
other possible effects on the mollusc population. In fact, there are
some alterations in physiological traits that were not considered
in this analysis, owing to the limited number of studies available,
such as the retraction of the periostracum layer when mussels are
exposed to lowered pH conditions (Gazeau et al., 2014).
Corals

Our analysis indicates that OA inhibits corals calcification in
the Mediterranean temperate and deep water corals. Our results
indicate a lower reduction comparedwith the results fromKroeker
et al. (2013a) for tropical corals (Table 2). Even if the effect is
relatively small, a 22% decrease (Table 1) in coral calcification
may lead to strong disadvantages during future acidification and,
given the potential occurrence of other synergic drivers such as
the already mentioned increase in the competitive advantages of
algae; this effect may be further enhanced.

Studies on temperate corals have shown controversial re-
sponses. The cold water coral (CWC) Lophelia pertusa is the
most common reef framework-forming and ecosystem engineer-
ing species with a cosmopolitan distribution. However, in the
Mediterranean basin, M. oculata is more widespread (Maier et al.,
2012). Studies have found that coldwater corals (CWC) are not sen-
sitive to seawater acidification (Maier et al., 2013; Movilla et al.,
2014) even thoughMaier et al. (2012) have found that acidification
has had a detrimental effect on the calcification rates ofM. oculata.
A calcification reduction of 50% has been found since pre-industrial
times. Other analyses have shown an increase in energetic cost for
calcification in L. pertusawith decreasing pH (Maier et al., 2009).
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Laboratory experiments on C. rubrum, one of the most valuable
precious corals, have indicated a significant decrease in average
calcification rates (Bramanti et al., 2013; Cerrano et al., 2013),
possibly because the skeleton is built of high Mg-calcite, which is
more soluble than aragonite.

Similarly, Movilla et al. (2012) have found a high sensitivity
of the zooxanthellate corals O. patagonica and C. caespitosa to
future (2100) acidification in the Mediterranean Sea, with a
reduction in the calcification rate up to 35% and the fastest
growing colonies displaying greater sensitivity to low pH values.
In contrast, Rodolfo-Metalpa et al. (2011) have found no significant
effects of altered seawater chemistry on C. caespitosa and B.
europea gross calcification rates. Nevertheless, they have found
that the net calcification rate is reduced, owing to the increase
in the skeleton dissolution process. These results suggest that
the different responses among species may be explained by the
presence of a protective external organic layer that has been
documented to modulate the effects of seawater acidification
on corals and in other organisms (Ries et al., 2009). The
majority of the Mediterranean temperate coral are slow-growing
species that grow up to 5 times slower than their tropical
counterparts (Rodolfo-Metalpa et al., 2006). It is conceivable that
the requirement for carbonate ions of slow growing corals is low
and the concentration of carbonate ions would not be limiting,
even under high pCO2 concentrations (ca. 700 µatm) (Rodolfo-
Metalpa et al., 2010).

Our analysis was not able to identify whether the response
could be interpreted as a reduction in the ability of individual
species to calcify or as an increase in the rate of dissolution over the
rate of gross calcification. Nevertheless, to address the aim of our
analysis, it is important to understand which organisms might be
the losers and the winners in the projected acidified environment.
Indeed, even if some organisms can up-regulate their calcification
at lowered pH values, they rely on protective organic layers to
avoid dissolution (Rodolfo-Metalpa et al., 2010). Projected levels of
ocean acidification are likely to increase the erosion of unprotected
biogenic carbonate structures.

Wittmann and Pörtner (2013) have reported similarly contro-
versial results in theirmeta-analysis. Indeed, they have highlighted
that some extant coral species appear to be surprisingly resistant
to pCO2 levels projected by RCP scenarios 6 and 8.5. However, they
have found that sensitivity is highly variable in these ranges of
pCO2, in which 38.5% and 44.4% of the species were negatively af-
fected. The authors suggest that resilience may depend on a sig-
nificant capacity for the upregulation of pH at calcification sites,
thus increasing internal aragonite and calcium carbonate satura-
tion states (Ω) and facilitating carbonate precipitation.

At the global scale, according to Kroeker et al.’s meta-analysis
(2013a), acidification affects coral abundance, and its effects,
with an average reduction of 47%, were greater than any other
response variables, which were reduced by less than 34% (Table 2).
These findings once again highlights the high species-specific
response of corals. It is important to bear in mind that the
studies examined by Kroeker et al. (2013a) have found that
the response is dependent on the exposure of the settlement
substrate to reduced seawater pH, a detail that—until now—has
never been addressed by studies conducted in the Mediterranean
basin, owing to the absence of temperate coral species (i.e., C.
caespitosa, O. patagonica) in acidified vent habitats. These results
suggest that ocean acidification affects the settlement of coral
larvae both directly by altering their fitness, and indirectly by
affecting the community composition via substrata alteration, as
aforementioned.

Although we found different consistent effects related to acidi-
fication (both positive and negative effects), the high heterogene-
ity associated with almost all of the considered groups (Table 1)
suggested that the presence of different factors can either enhance
or reduce the response to acidification. First, the species-specific
responses of the organisms represent an important source of het-
erogeneity (Q statistic, P < 0.05). Thus, the analysis of different
species pooled in the same group may have masked different re-
sponses. Another source of heterogeneity is the potential pressure
of other factors in the experimental design (i.e., light, nutrients,
temperature and duration of the experiments), which may have
led to non-additive, antagonistic or synergistic effects that might
have compensated or enhanced the effects of acidification on the
organisms’ responses.

The Mediterranean basin is highly exposed to substantial
human impacts (e.g., aquaculture, water degradation, destructive
fishery activities, species invasion, urbanisation and sedimentation
increase) that are threatening the conservation of species and
ecosystems. In addition, global warming has a strong influence
on the Mediterranean basin. These other stressors were not
considered in this analysis, but it must be kept in mind that the
response to the acidification that we found might be enhanced
or completely masked by other stressors acting on the species
and the ecosystems. For instance, seagrassmeadows are degrading
globally at a rate of 7% because of coastal development, dredging
activities and declining water quality (Waycott et al., 2009),
thus nullifying all the possible benefits derived from OA. Harvey
et al. (2013) have found in a global meta-analysis that the
combined stressors of acidification and warming cause significant
negative effects on calcification, reproduction, and survival, and
a significant positive effect on photosynthesis but no effect on
growth. Importantly, they have also found that calcification,
photosynthesis, reproduction, and survival show a synergistic
interaction between the two stressors, thus increasing the
unpredictability of the responses. Similarly,Wittmann and Pörtner
(2013) have found that in several corals, fishes, crustaceans,
echinoderms and molluscs, tolerance to warming is reduced
under elevated CO2 levels, thus indicating a narrowing of species-
specific thermal windows. Moreover, even a weak response of a
group of organisms may lead to indirect and cascading effects on
other groups, thus triggering a shift in species composition. The
estimation of the consequences represents a challenge because
of the difficulties in projecting the results over a long period
obtained in short-term experiments. Only a few studies to date
have attempted this difficult task (i.e., Asnaghi et al., 2013). For
this reason, we believe, in agreementwith Harley et al. (2006), that
a further step should be a stronger effort to scale up the studies
from individuals and populations to the community and ecosystem
levels within a larger temporal frame that allows for the analysis
of adaptive responses.
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