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Ocean acidification (OA) may interact with anthropogenic pollutants, such as heavy
metals (HM), to represent a threat to marine organisms and ecosystems. Here,
we perform a quantitative meta-analysis to examine the combined effects of OA
and heavy metals on marine organisms. The results reveal predominantly additive
interactions (67%), with a considerable proportion of synergistic interactions (25%)
and a few antagonistic interactions (8%). The overall adverse effects of heavy metals
on marine organisms were alleviated by OA, leading to a neutral impact of heavy
metals in combination with OA. However, different taxonomic groups showed large
variabilities in their responses, with microalgae being the most sensitive when exposed
to heavy metals and OA, and having the highest proportion of antagonistic interactions.
Furthermore, the variations in interaction type frequencies are related to climate regions
and heavy metal properties, with antagonistic interactions accounting for the highest
proportion in temperate regions (28%) and when exposed to Zn (52%). Our study
provides a comprehensive insight into the interactive effects of OA and HM on marine
organisms, and highlights the importance of further investigating the responses of
different marine taxonomic groups from various geographic locations to the combined
stress of OA and HM.

Keywords: ocean acidification, heavy metals, marine organisms, interactive effects, additive

INTRODUCTION

Marine organisms in coastal waters are exposed to multiple anthropogenic pressures. Among these
pressures, heavy metals are major stressors that threaten marine organisms (Ivanina and Sokolova,
2015), and they are conservative in nature and can persist in the environment for extended periods
(Reichelt-Brushett, 2012). Heavy metal contamination constitutes a consequence of anthropogenic
activities and is recognized as a growing environmental concern (Doney, 2010). They enter the
marine environment in various ways, including as agricultural and urban stormwater runoff,
industrial effluents, sewage treatment discharge, and through fossil fuel combustion (Davis
et al., 2001; Flint and Davis, 2007; Pan and Wang, 2012). Disposal of dredged spoil, ash, and
antifouling paints for marine vessels and structures also contribute substantially to the heavy metal
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contamination of the oceans (Tanaka et al., 2013). Since heavy
metals cannot be degraded by chemical or biological processes,
they often accumulate up to high levels in sediments, acting as
a sink. At the same time, heavy metals can be released from
sediments to overlying waters due to natural or anthropogenic
disturbances, acting as a source (Pan and Wang, 2012). It is
known that high concentrations of heavy metals may cause
toxicity in various taxonomic groups of marine organisms,
including corals (Biscéré et al., 2015), fish (Cui et al., 2020),
macroalgae (Wen and Zou, 2021), microalgae (Zhang et al.,
2020), molluscs (Cao et al., 2018), and polychaetes (Nielson
et al., 2019), targeting their growth, development, photosynthesis,
gametogenesis, and antioxidant systems (Filosto et al., 2008;
Pinsino et al., 2010; Matranga et al., 2011). Additionally, toxic
heavy metals can be taken up by primary producers, enter the
food web and be potentially transferred to higher trophic levels
and threaten human beings (Wang, 2002).

Besides the pollution of coastal waters by heavy metals, there
is growing concern regarding ocean acidification (OA), driven
by increasing atmospheric carbon dioxide concentrations due
to anthropogenic activities (Caldeira and Wickett, 2003), which
can lead to tremendous impacts on various marine organisms
(Kroeker et al., 2013; Hurd et al., 2018; Gao et al., 2019). The
increasing amount of CO2 dissolved in the ocean has resulted in a
pH decline of sea surface waters by∼0.1 units since pre-industrial
times, and based on RCP 8.5 a further drop in pH of ∼0.4 units
by the end of this century (IPCC, 2014; Gattuso et al., 2015). The
pH of coastal waters is expected to drop 0.45 units by 2100, which
is a 12% faster decrease than in the open ocean (Cai et al., 2011).

In the context of OA, the solubility, adsorption, toxicity, and
rates of redox processes of heavy metals in seawater can be
affected by the decrease in concentrations of OH− and CO3

2−

ions (Millero et al., 2009; Stockdale et al., 2016). Metals that form
strong complexes with carbonate ions are supposed to be most
strongly affected by a decrease in pH, resulting in an increase
in their free ionic forms in the future as OA progresses (Millero
et al., 2009). For example, Cu and Ni both form a strong complex
with carbonates (CuCO3, NiCO3), and the decrease in CO3

2−

concentrations driven by OA could result in an increase in free
Cu2+ and Ni2+ concentrations (from the present-day ∼8 and
4% to ∼32 and 13% by the year 2250 for Cu2+ and Ni2+,
respectively) (Millero et al., 2009). Therefore, over the last decade,
there has been a growing interest in the interplay between OA and
heavy metals on marine biota (e.g., Moreira et al., 2016; Nardi
et al., 2018; Cao et al., 2019; Dong et al., 2020; Zhang et al., 2020).

For instance, studies found that OA increased the
accumulation of Mn in the polychaete Nereis diversicolor
(Rodríguez-Romero et al., 2014) as well as the concentrations
of Zn, Pb, Cu, Ni, Cr, Hg, and As in the carpet clam Ruditapes
philippinarum (López et al., 2010). These findings show
that OA exacerbated the deleterious effects of heavy metals.
A strong synergistic toxicity between OA and heavy metals
was also found for larval survival of the polychaete Arenicola
marina (Campbell et al., 2014). In contrast, OA enhanced the
tolerance of the marine diatom Phaeodactylum tricornutum to
the heavy metal Cd, thus benefiting their survival under Cd
exposure, suggesting an antagonistic interaction between OA

and Cd (Dong et al., 2020). Although the interplay between
OA and heavy metals in marine organisms has been examined
experimentally (see review by Ivanina and Sokolova, 2015 and
references therein), a quantitative meta-analysis investigating
the interactions between these two factors on marine biota has
not been reported yet. Previous experimental studies showed
that the interplay between OA and heavy metals is dependent
on the species, the life stage of the organism, and the degree of
acidification (e.g., Götze et al., 2014; Rodríguez-Romero et al.,
2014; Gao et al., 2017). These facts highlight the need for further
empirical investigations of the combined effects of OA and heavy
metals and their regulating factors.

Here, we integrated the published literature results and
performed a quantitative meta-analysis to improve our
knowledge on the interactive effects of OA and heavy metals
on marine biota. Specifically, we established a comparative
framework and analyzed how various biological responses were
impacted by OA, heavy metals, or the combination of both.
Secondly, we assessed how expected responses to OA, heavy
metals, or both could vary across distinct taxonomical groups
(corals, fish, microalgae, macroalgae, molluscs, and polychaetes)
and the climate regions where organisms are collected [temperate
or (sub-) tropical]. Thirdly, we quantified how the magnitude
of the pH change and the concentrations of heavy metals
influence the effects across multiple response variables. Finally,
we highlight new insights and propose recommendations for
future research. The findings presented here can help estimate
the combined impacts of OA and heavy metal exposure on
marine biota, which can support decision-making processes for
human well-being and environmental sustainability.

MATERIALS AND METHODS

Literature Search
We performed the literature searches using ISI Web of Science
(v.5.35) and Google Scholar for studies examining experimental
responses of marine organisms to OA and heavy metals in
combination using the keywords: ocean acidification, high CO2,
elevated CO2, heavy metals. These searches were conducted
before 31 January 2020 and updated on 1 April 2021.

Study Selection Criteria
We assessed publications for their suitability and retained only
studies that examined the responses of organisms to ocean
acidification and heavy metals in a full-factorial experiment,
i.e., investigating effects of OA and heavy metals individually
and in combination, and comparing responses to an ambient
control treatment. This experimental design resulted in four
treatments: control (C), ocean acidification (OA), heavy metals
(HM), and the combination of ocean acidification and heavy
metals (OA+HM). Only studies meeting those criteria were
included for further analysis. The stressor manipulation level
for OA was based on the representative concentration pathway
(RCP) 8.5 emission scenario, the most widely used and well-
established projection by IPCC for 2100 (IPCC, 2014). Under this
scenario, the atmospheric CO2 level increases from the current
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∼400 to 1,000 ppm by the end of this century, leading to a
decrease in ocean surface pH of ∼0.4 by 2100. Studies using
higher values than those predicted for the RCP 8.5 emission
scenario were excluded from the analysis as adopted by Sampaio
et al. (2021), although the pH of coastal waters is expected to
drop by 0.45 units by the end of this century and is experiencing
high diel fluctuations (up to 1 unit) due to high biomass and
sufficient or excess nutrients (Cai et al., 2011; Duarte et al., 2013).
This approach with this criterion would allow us to provide
a comparative study with some of the previous quantitative
ones (e.g., Kroeker et al., 2013; Nagelkerken and Connell, 2015;
Sampaio et al., 2021). However, we tested the effects of the
magnitude of pH changes on the response estimates in a separate
dataset. In the context of ocean acidification research, the
carbonate system should be appropriately manipulated according
to the practice guide proposed by LaRoche et al. (2010). To
be included in our study, the allowed maximal drift over the
experiment was 10% for dissolved inorganic carbon (DIC) and
0.1 units for pH, as the drawdown of carbonates may decrease the
alkalinity, and lead to strong deviation in the seawater carbonate
chemistry and pH from the target chemistry according to the RCP
8.5 emission scenario (LaRoche et al., 2010). Studies in which the
pH was manipulated using acid addition were excluded from the
analysis. For heavy metals, the treatment without heavy metals
or with the lowest level tested was considered the control. Each
higher concentration of heavy metals was taken individually as
an experimental treatment.

Studies that did not report, or where it was impossible
to determine, the data variation (Std. dev., SEM, CIs or
variance) or sample size (absence or pseudo-replication) were
not included, according to the Preferred Reporting Items for
Systematic Reviews and Meta-analyses guidelines (PRISMA)
(O’Dea et al., 2021).

Data Collection
Datapoints, error estimates (variance or std. dev.), and sample
sizes were extracted from published values or relevant figures
using GetData Graph Digitizer.1 For the meta-analysis, all
extracted error estimates were transformed to standard error.
To meet the statistical assumption of independence among
observations in the meta-analysis (Hedges et al., 1999), we
either collected data at the endpoint (e.g., cell numbers) or
derived them using a rate (e.g., growth) reported at multiple
time intervals along the study. If an experiment reported the
same biological response through different metrics at several time
points, only the most inclusive metric for that response variable
was considered to avoid pseudo-replication (Kroeker et al., 2013).
Although a common strategy in ecological meta-analyses is to
avoid non-independence by extracting only a single data point
per measurement time series (Curtis et al., 2013), the limited
number of studies reporting the responses as a function of time
did not allow us to conduct a robust analysis to include the
time as a variable.

Data on different biological responses to stressors assessed in
the literature included: growth, abundance, survival, metabolism,

1http://getdata-graph-digitizer.com

photosynthesis, concentrations of biochemical compounds,
and enzymatic rates. The wide range of these responses
was classified into categories as described by Jin et al.
(2019) with minor modifications, including (1) metabolism,
the changes in metabolic measurements, (2) growth; (3)
photosynthesis (e.g., photosynthetic oxygen evolution rate); (4)
cellular/molecular, including the concentrations of biochemical
compounds (e.g., soluble proteins), and gene expression; (5)
oxidative stress, the activities of antioxidant enzymes [e.g.,
superoxide dismutase (SOD)] and oxidative stress biomarkers
[e.g., levels of malondialdehyde (MDA)]; and (6) pigments,
such as carotenoids and chlorophylls a, b, c. In addition
to biological responses, data were subdivided into subsets
according to (1) taxonomical groups (corals, fish, microalgae,
macroalgae, molluscs, and polychaetes); (2) climate region where
the organisms reside (temperate and tropical); (3) and the type of
heavy metals (Cd, Cu, Co, Zn, Ni).

Effect Size Calculation
We calculated individual, main, and interactive effect sizes for
each test using Hedge’s d (Hedges and Olkin, 1985) and followed
the methods described by Gurevitch et al. (2000). Individual
effects refer to the response to a stressor alone relative to the
control, while main effects compare the net effect of a stressor
with or without a second stressor. The individual effects of ocean
acidification (doa) and heavy metals (dhm) were calculated with
respect to the control (dc) using the equations (Gurevitch and
Hedges, 1993; Crain et al., 2008):

doa =
Yoa − Yc

s
J(m)

dhm =
Yhm − Yc

s
J(m)

where Yoa, Yhm, and Yc are means of a variable in the treatment
groups of OA, heavy metals, and the control, respectively, s
and J(m) are the pooled standard deviation and correction term
for small samples, respectively, which were calculated as shown
below:

s =

√
(nc − 1)s2

c + (noa − 1)s2
oa + (nhm − 1)s2

hm + (noa+hm − 1)s2
oa+hm

nc + noa + nhm + noa+hm − 4

J(m) = 1−
3

4m− 1

where nc, noa, nhm, and noa+hm are the sample sizes, and sc, soa,
shm, and soa+hm are the standard deviations in the control and
experimental groups of OA, HM and their combination (OA +
HM), respectively, m is the degree of freedom (m = nc + noa + nhm
+ noa+hm − 4). The main effects of OA (dOA), HM (dHM), and
their interaction (dOA+HM) were obtained using the equations:

dOA =
(YOA + YOA+HM)− (YHM + YC)

2s
J(m)

dHM =
(YHM + YOA+HM)− (YOA + YC)

2s
J(m)
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dOA+HM =
(YOA+HM − YHM)− (YOA − YC)

2s
J(m)

For individual effects dz (where z is oa or hm), the sampling
variance is Gurevitch et al. (2000):

vz =
nz + nc

nznc
+

d2
z

2(nz + nc)

and for a main effect dZ (where Z is OA or HM), the sampling
variance is Gurevitch et al. (2000):

vZ =
1
4

[
1

nOA
+

1
nHM

+
1

nOA+HM
+

1
nC
+

d2
Z

2 (nOA + nHM + nOA+HM + nC)

]

The interaction variance vZ (where Z is OA+HM) was
calculated as:

vZ =
1

nOA
+

1
nHM

+
1

nOA+HM
+

1
nC
+

d2
Z

2(nOA + nHM + nOA+HM + nC)

If the response traits indicate stress [e.g., activity of superoxide
dismutase, contents of malondialdehyde (MDA) and glutathione
(GSH)], the effect sizes calculated above were converted using the
formula: 0-d, where d is the main or individual effect of OA, heavy
metals, or their interaction.

We used individual effect sizes to classify the interactions
of OA and HM into additive, synergistic or antagonistic
interactions by following the approach proposed by Crain
et al. (2008). In brief, if the 95% confidence interval (CI)
of the interaction term overlapped with zero, the interactive
effect was considered additive. If individual effects were either
both negative or one positive and one negative, interaction
effects < 0 were classified as synergistic while effects > 0
were antagonistic. Interactions were interpreted the opposite
way when both stressors had a positive individual effect, i.e.,
interaction effects < 0 were antagonistic and > 0 were synergistic
(Piggott et al., 2015).

Statistical Analyses
All analyses were performed with the statistical software R, using
the function rma.mv (meta-analysis via multivariate/multilevel
linear mixed-effects models) available in the metafor package
(Viechtbauer, 2010). Firstly, mean interaction effect sizes
and variances across studies were estimated from weighted
meta-analyses using the function escalc. In every independent
analysis, "Assessment ID" was treated as a random-effect
to account for the random component of effect size
variation among assessments (Supplementary Table 3).
In addition to random-effects meta-analyses to assess the
global mean interaction effect sizes across all assessments,
we performed a series of mixed effects meta-analyses where
selected categorical moderators (e.g., taxon, response trait,
climate region) were treated as fixed effects to assess mean
interactions at each category level afterward as previously
described in Jin et al. (2019) (see Supplementary Table 3
for model terms). Categories with sample sizes smaller than

four (n < 4) were not included in the analysis to ensure a
robust analysis.

We hypothesized that the magnitude of heavy metal
concentrations used in experiments may influence the effect
size or govern the type of interaction between stressors, so
we determined the concentrations of heavy metals for each
data point where possible. Subsequently, a continuous random-
effects meta-analysis was run to test the effect of heavy metal
concentration (as a continuous variable) on the effect size. Since
the ranges of concentrations varied greatly between heavy metals
(for example, 0–150 µg L−1 for Cu and 0–15,000 µg L−1 for
Cd), a separate random-effects meta-analysis was conducted for
each heavy metal.

The data of different magnitudes of pH changes (see
Supplementary Table 2) was used to perform continuous
random-effects meta-analyses to test the effects of the magnitude
of pH change on our response estimates. The frequencies of
interaction types were calculated for different magnitudes of
pH change that were classified into two categories: (a) RCP 8.5
scenario orientated, in which the pH reduction compared to the
control was ∼0.4 and (b) beyond RCP 8.5 scenario, where the
pH reduction was > 0.4. The frequencies of different interaction
types were compared using a chi-square test.

To assess the robustness of observed effects, we tested
publication bias using Rosenthal’s method of fail-safe numbers
(Rosenthal, 1979) as described in Jin et al. (2019). We
estimated a fail-safe number of 77,897, which far exceeds the
minimum recommended number based on our sample size
[77,897 > 5(n)+10, where n is the number of meta-analysis
observations]. In addition, using the trim and fill method (Duval
and Tweedie, 2000), we tested how much impact a potential
publication bias could have. The trim and fill analysis failed
to identify any missing studies needed to restore symmetry
(missing studies = 0). Based on the results of those two tests,
we concluded there was no evidence of publication bias for the
data set compiled.

RESULTS

Database Description
Initially, we found 558 observations of organisms’ responses
to OA and heavy metals in 19 articles (data sources can be
found in Supplementary Table 1). However, five articles were
excluded from the analysis because the pH reduction exceeded
0.4, which did not meet the selection criterion described for this
analysis (see section “Materials and Methods”). Hence, 14 articles
reporting 298 observations were included in the present study
(Supplementary Table 2). The majority of assessments were from
macroalgae (32%) and molluscs (39%), with only six assessments
recorded for polychaetes (Supplementary Table 2). Based on
the selection criteria, our analysis included five different heavy
metals, which were Cd (n = 140), Co (n = 6), Cu (n = 120), Zn
(n = 23), and Ni (n = 9) (Figure 1). Most of the data points stem
from studies with organisms from temperate regions (n = 210),
with only 59 observations from tropical regions. In comparison,
for the remaining 29 observations, the study location was not
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FIGURE 1 | Locations of field studies that investigated the combined effects of ocean acidification and heavy metals (Cd, Co, Cu, Zn) on coral, fish, macroalgae,
microalgae, mollusc, and polychaete. Symbol sizes indicate the number of observations. (A) By different taxonomic groups. (B) By different heavy metals.

reported. Most of the studies were short-term (∼1–2 weeks),
with the longest experiment lasting 49 days with the fish species
Paralichthys olivaceus (Cui et al., 2020).

Overall Analysis
Overall, our results showed a significant (i.e., the 95% CIs did
not overlap with zero) negative effect of heavy metals, dHM
(Effect size = −0.427, CI = [−0.761, −0.093], Z = −2.503,

p = 0.012) (Figure 2 and Supplementary Table 3). However, the
95% CI of the main effect of OA, dOA, and the overall interaction
term, dOA+HM , overlapped with zero (dOA: Effect size = 0.137,
CI = [−0.063, 0.336], Z = 1.345, p = 0.179; dOA+HM : Effect
size = −0.203, CI = [−0.461, 0.055], Z = 1.540, p = 0.124).
These results suggest that the negative effects of heavy metals on
marine biota were alleviated by OA, leading to a neutral effect
of heavy metals in combination with OA (Figure 2). Regarding
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FIGURE 2 | Responses to the effects of ocean acidification (OA) (blue), heavy metals (HM) (yellow) and their interaction (Hedge’s d; red) observed for the overall
dataset, different taxa and climatic regions. Error bars indicate 95% confidence intervals. For the main effects of ocean acidification and heavy metals, confidence
intervals overlapping zero indicate no effect; effects are positive when confidence interval (CI) > 0 and negative if < 0. Significant effects are denoted by asterisks
(antagonistic interactions are highlighted with the letter “a”, synergistic interactions are highlighted with the letter “s”). Pie charts indicate the frequencies (%) of
additive (black), synergistic (gray) and antagonistic (white) interaction types. Numbers inside pie charts indicate the number of observations.

FIGURE 3 | Responses to the effects of ocean acidification (OA) (blue), heavy metals (HM) (yellow) and their interaction (Hedge’s d; red) observed for organismal
response levels. For interactions, confidence intervals overlapping 0 indicate additive effects; those > 0 or < 0 indicate a significant interaction (synergistic
interactions are highlighted with the letter “s”). Descriptions of the error bars, pie charts, symbols and color coding see Figure 2.

the interaction types, our results showed that additive effects
dominated (67%), with small fractions of antagonistic (25%) and
synergistic interactions (8%) (Figure 2). The small proportion
of antagonistic interactions outweighed additive and synergistic
interactions, which led to limited responses when heavy metals
and OA acted together (Figure 2).

Overall, there were significant differences among taxonomic
groups when assessing their responses to OA (QM = 29.214,
p < 0.001) (Supplementary Table 3). Specifically, OA showed
positive effects on microalgae (Effect size = 0.830, CI = [0.175,
1.485], Z = 2.482, p = 0.013) and macroalgae (Effect size = 0.719,
CI = [0.373, 1.064], Z = 4.081, p < 0.001), but had significant
negative effects on fish (Effect size = −0.845, CI = [−1.503,
−0.186], Z = −2.514, p = 0.012). No significant effects of
OA were found for corals, molluscs and polychaetes (all
p > 0.05) (Figure 2). For heavy metals, we identified that
only macroalgae were negatively impacted (Effect size = −0.703,
CI = [−1.297, −0.109], Z = −2.392, p = 0.02), while the
remaining taxonomic groups were more tolerant with no
significant responses to heavy metals (all p > 0.05) (Figure 2).
However, when OA and heavy metals acted together, microalgae
(Effect size = −1.392, CI = [−2.331, −0.453], Z = −2.905,
p = 0.004) and molluscs (Effect size = −0.431, CI = [−0.814,
−0.049], Z = −2.208, p = 0.027) showed significant negative
responses, while the performance of corals was improved (Effect
size = 1.129, CI = [0.272, 1.987], Z = 2.581, p = 0.01)
(Figure 2). Other taxonomic groups showed limited responses

to the combination of OA and heavy metals (Figure 2).
In line with these differences, our results showed significant
differences between the frequencies of the interaction types
among different taxonomic groups (χ2 = 19.305, p = 0.037,
df = 10, n = 298) (Figure 2). Despite these differences,
additive interactions between OA and HM dominated in
all taxonomic groups, varying from 44 to 83% (Figure 2).
Antagonisms were most frequent in microalgae (∼33%), followed
by fish (31%) and molluscs (27%). Synergistic interactions were
the least frequent interaction type in all taxonomic groups
(0–22%) (Figure 2).

Organisms from either temperate or tropical regions showed
no significant response to OA (Both 95% CIs overlapped with
zero) (QM = 0.056, p = 0.813) (Figure 2 and Supplementary
Table 3). Heavy metal exposure exerted significant negative
effects on organisms from temperate (Effect size = −0.409,
CI = [−0.741, −0.078], Z = −2.420, p = 0.016) and tropical
regions (Effect size = -0.649, CI = [−1.277, −0.021], Z = −2.025,
p = 0.043) but the responses did not differ between these two
regions (QM = 0.436, p = 0.509) (Figure 2 and Supplementary
Table 3). Interactive effects of OA and heavy metals were
not significant in either climate region (both p > 0.05)
(Figure 2). Although the majority of interactions were additive
in both climate regions (64% in temperate and 83% in
tropical regions), there were significant differences between the
frequencies of interaction types (χ2 = 11.600, p = 0.003, df = 2,
n = 269) (Figure 2). Antagonisms showed a considerably higher
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FIGURE 4 | Responses to the effects of ocean acidification (OA) (blue), heavy metals (HM) (yellow) and their interaction (Hedge’s d; red) observed for different metal
types. For interactions, confidence intervals overlapping 0 indicate additive effects; those > 0 or < 0 indicate a significant interaction (synergistic interactions are
highlighted with the letter “s”). Descriptions of the error bars, pie charts, symbols and color coding see Figure 2.

proportion in temperate marine organisms (28%) than in tropical
organisms (8%).

Differences Among Response Traits
The magnitude of effect sizes varied among different response
traits when exposed to OA (QM = 86.976, p < 0.001) or
heavy metals alone (QM = 58.582, p < 0.001) (Figure 3 and
Supplementary Table 3). OA had positive effects, with an
overall positive Hedge’s d identified for photosynthesis, growth
and cellular/molecular of marine organisms (all p < 0.05)
(Figure 3). In contrast, heavy metal exposure dramatically
decreased their photosynthesis and growth, with growth having
the greatest reduction (Effect size = −3.260, CI = [−4.801,
−1.718], Z =−4.144, p < 0.001) (Figure 3). Oxidative parameters
also showed a significant negative response to OA or heavy
metals alone (OA: Effect size = −0.497, CI = [−0.744, −0.251],
Z = −3.949, p < 0.001; heavy metals: Effect size = −0.987,
CI = [−1.422, −0.552], Z = −4.446, p < 0.001), indicating
oxidative damage in marine organisms under OA or heavy
metals exposure. No effects were detected in the response traits
metabolism and pigmentation in response to OA or heavy
metals (both p > 0.05) (Figure 3). Under combined OA and
HM exposure, only oxidative parameters showed a significant
negative response (Effect size = −0.532, CI = [−0.89, −0.173],
Z = −2.907, p = 0.004), indicating that marine organisms
exhibited oxidative stress under co-exposure (Figure 3). The
other response traits showed neutral responses to combined OA
and heavy metal exposure, and the differences among traits were
not significant sources of variation in the analysis (QM = 9.035,
p = 0.108) (Supplementary Table 3).

Additive interactions were prevalent in all response traits
(62–83%), and the frequencies of interaction types did not
differ among various response traits (χ2 = 15.040, p = 0.131,
df = 10, n = 298). The negative effects of heavy metals on some
response traits, such as growth, were compensated by OA because
most interactions were additive. The substantial proportion
of antagonistic interactions in some response traits (e.g.,
cellular/molecular) led to limited responses under combined OA
and heavy metals exposure.

Differences Among Various Heavy Metals
Due to the various properties of different heavy metals, we
hypothesized that marine organisms might respond differently

to heavy metals alone than to co-exposure with OA. Our
results showed that marine organisms were more sensitive to
Cd and Cu than to other heavy metals, showing significant
negative responses (Cd: Effect size = −0.592, CI = [−1.075,
−0.110], Z = −2.405, p = 0.016; Cu: Effect size = −0.653,
CI = [−1.175, −0.131], Z = −2.453, p = 0.014) (Figure 4).
Under combined OA and heavy metal exposure, the severity
of effects on organisms varied greatly between different heavy
metals (QM = 10.764, p = 0.029) (Supplementary Table 3). The
performances of marine organisms were negatively impacted
when Cd and OA acted in a combination (Effect size = −0.382,
CI = [−0.753, −0.011], Z = −2.016, p = 0.044). For the
other heavy metals, their combined effects with OA appeared
to be neutral (all p > 0.05) (Figure 4). Similarly, we found
that the frequencies of interaction types differed significantly
among various heavy metals (χ2 = 15.725, p = 0.047, df = 8,
n = 298) (Figure 4). Additive interactions accounted for 66–
78% of observations and constituted the majority of interactions.
The only exception presented the heavy metal Zn, which
most frequently interacted antagonistically with OA (52%)
(Figure 4). Synergistic interactions were the least frequent (0–
17% of observations).

Effects of the Magnitude of pH
Reduction on Effect Size
To assess whether the degree of acidification influences the effect
size, we mined data of different magnitudes of pH reduction and
tested their relationship using general linear models (Figure 5).
The influence of the magnitude of pH reduction was not
consistent across taxonomic groups (Figure 5). In macroalgae,
we found that either the responses to OA or heavy metals
alone, or to their combination were all negatively correlated with
pH reductions, suggesting the positive effects of OA alone on
macroalgae would turn to be negative under an extreme OA
scenario (Supplementary Table 4 and Figure 5). In contrast,
these relationships were positive in molluscs, indicating that
the individual effects of OA or heavy metals or their combined
effects were likely to be buffered or amplified (depending on
the response direction, i.e., positive or negative) by further pH
reductions (Supplementary Table 4 and Figure 5). We further
quantified whether the frequency of the interaction types differs
among different magnitudes of pH change. Our results showed
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FIGURE 5 | The effect of magnitude of pH reduction on the effect size (Hedge’s d) of ocean acidification (OA) (A,D,G,J), heavy metals (B,E,H,K) and their interaction
(C,F,I,L) in various taxonomical groups. (A–C) Coral; (D–F) macroalgae; (G–I) microalgae; (J–L) mollusc. The data were fitted with linear regressions.

that the frequency of the interaction types was similar between
the RCP 8.5 scenario and the scenario beyond RCP 8.5 (see
definitions in Materials and Methods) (χ2 = 0.026, p = 0.987,
df = 2, n = 558) (Figure 6). In summary, our data suggest

that various taxonomic groups would respond differentially to
different degrees of OA, with some taxa being more negatively
impacted under more extreme OA scenarios, although the
interaction types are not likely to change.
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FIGURE 6 | Frequency (in %) of additive (black), synergistic (gray) and
antagonistic (white) interactions depending on climate scenario. Values above
bars denote the number of observations.

Influence of Heavy Metal Concentration
on Effect Size
It was not surprising that the performances of marine organisms
were more negatively impacted at higher Cu concentrations
(Supplementary Table 5 and Figure 7). The same results could be
observed when Cu or Cd acted together with OA. We also found
that the sensitivity of marine organisms to Cu concentrations
(slope: −0.028) was doubled in response to Cu alone compared
to the combination of Cu and OA (−0.014), suggesting that OA
buffered the adverse effects of Cu on marine biota with increasing
Cu concentrations. However, we did not observe such a trend for
other heavy metals included in the present study, such as Ni and
Zn, probably due to the limited number of data points at various
concentrations (Supplementary Table 5 and Figure 7).

DISCUSSION

Our meta-analysis revealed a prevalence of additive interactions
between OA and heavy metals, indicating that cumulative effects
of OA and heavy metals on marine biota can be reasonably well
assessed by summing the single stressor impacts. The prevalence
of additive interactions discovered in the present study agrees
well with previous meta-analysis studies, in which most stressor
interactions were additive across experimental studies (Darling
and Côté, 2008; Przeslawski et al., 2015; Jin et al., 2019; Steckbauer
et al., 2020), while overall synergisms or antagonisms were
uncommon (Burkepile and Hay, 2006; Stephens et al., 2013;
Jackson et al., 2016; Yue et al., 2017). Because OA had positive
effects on organisms and most frequently interacted additively
with heavy metals, our analysis found that OA alleviated the
harmful effects of heavy metals, leading to an overall neutral effect
co-exposure. Heavy metal exposure can exert deleterious impacts
on various physiological processes (such as photosynthesis,
metabolism, enzymic activity, immunity), growth, reproduction,
development and survival of marine organisms (Ivanina and
Sokolova, 2015 and references therein; Gao et al., 2017; Dong
et al., 2020; Wen and Zou, 2021). However, these harmful impacts

can be mitigated by OA, as documented in our comprehensive
analysis and many previous experimental studies. For instance,
when oysters were exposed to Cd, the trypsin-like and caspase-
like activities of the proteasome were largely inhibited, suggesting
a decreased protein synthesis and turnover (Götze et al., 2014),
although the energy demand also decreased (Fraser and Rogers,
2007; Deigweiher et al., 2009). However, OA was found to
reverse this negative effect of Cd on the oyster proteasome
(Götze et al., 2014). Thus, OA and heavy metals acted oppositely
on proteasome activities and energy metabolism and hence the
energy status was maintained in oysters co-exposed to OA and
Cd (Götze et al., 2014).

The mitigating effects of OA on heavy metal toxicity to
marine organisms (especially in photosynthetic organisms) can,
on one hand, be explained by the acid-base balance. It has
been extensively reported that many marine microalgae have
evolved CO2 concentrating mechanisms (CCMs) to supply
CO2 to Rubisco (Giordano et al., 2005; Raven et al., 2011;
Reinfelder, 2011). CCMs require energy for the active uptake of
HCO3

− and CO2 and maintaining high intracellular Ci levels by
counteracting CO2 efflux (Raven, 1991; Hopkinson et al., 2011).
CCMs are known to be down-operated (by ∼20%) under OA
conditions (Trimborn et al., 2009; Hopkinson et al., 2011; Gao
et al., 2012). Consequently, the conserved energy from CCMs’
down-regulations can be used to repair damage induced by heavy
metals and then counteract the deleterious impacts of heavy
metals. On the other hand, it was suggested that H+may decrease
the toxicity of metals by competitively excluding them from
building ligands at the cell surface (Franklin et al., 2000; Gao et al.,
2017). The competition between hydrogen ions and some heavy
metals such as Cu at the cell surface outcompetes the increased
availability of heavy metals caused by decreased pH under OA
conditions and hence alleviates the adverse effects of heavy metals
(Gao et al., 2017).

However, it is worth noting that marine organisms also need
to spend extra energy to maintain the cells’ homeostasis or net
H+ efflux under ocean acidification conditions (Suffrian et al.,
2011; Raven and Crawfurd, 2012; Jin et al., 2015). Therefore, the
mitigation effect of OA on heavy metals also depends on the
balance between energy saving and expenditure due to OA. One
may hypothesize that the additional energy cost would surpass
the energy saving in more extreme OA scenario conditions, thus
the net effects of OA would turn to be negative. This hypothesis
was evidenced in the present study, in which more pronounced
effects were detected in more extreme OA scenarios (i.e., a larger
pH reduction) (Figure 5). Consequently, the mitigation effects
of OA on the toxicity of heavy metals will be muted under
more extreme OA conditions. It has been recognized that the
acidification rate of coastal waters is faster than that of the open
ocean (Cai et al., 2011), and some coastal waters are experiencing
high diel pH fluctuations (>1 pH unit) (Duarte et al., 2013).
Therefore, future research should include individual case studies
investigating the interactive effects of ocean acidification and
heavy metals, and especially studies focusing on coastal water
habitats. Moreover, the relationship between the magnitude of
pH changes and responses is likely to be nonlinear, and more
pronounced changes have been observed in more severe OA
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FIGURE 7 | The effect of heavy metal concentrations (µg L-1) on the effect size (Hedge’s d) of ocean acidification (OA) (A,D,G,J), heavy metals (HM) (B,E,H,K) and
their interaction (C,F,I,L). (A–C) Cu; (D–F) Cd; (G–I) Ni; (J–L) Zn. The data were fitted with linear regressions.

conditions (Scheffer and Carpenter, 2003; Ries et al., 2009;
Christen et al., 2012). Therefore, it may add to the difficulties in
assessing the impacts of multiple stressors (OA + heavy metals)
on marine biota.

Besides additive interactions being the most frequent
interaction type, our analysis also revealed considerable
proportions of non-additive, antagonistic interactions in some
marine taxa (e.g., 33% in microalgae and 31% in fish). Thus,
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FIGURE 8 | Conceptual diagram illustrating the effects of ocean acidification (OA), heavy metals (HM) and their combination on different taxa (microalgae,
macroalgae, coral, fish, mollusc, polychaete) based on the meta-analysis results as shown in the various figures of our study. The arrows indicate the direction of
change.

this is likely to be a co-adaptation, with marine organisms
minimizing the multiple stressors’ net effects (Jackson et al.,
2016). Therefore, identifying the primary stressor that drives
antagonistic interactions would be essential to predict their
overall impacts on marine biota (Piggott et al., 2015). Even
though we found that OA can alleviate the adverse effects of
heavy metals, the efforts to reduce the exposures of marine
organisms to OA and heavy metals should not be lessened as
the net effects were still negative in some marine taxa, such as
molluscs and microalgae as demonstrated in the present study.

The frequency of interaction types was partially explained
by taxonomic groups, climate regions and heavy properties.
It is known that populations of the same species from
different geographic locations differ in their ability to withstand
environmental stress (Bozinovic et al., 2011; Li et al., 2016;
Calosi et al., 2017; Vargas et al., 2017). For example, the
coastal diatom species Thalassiosira weissflogii and the oceanic
diatom Thalassiosira oceanica, which have acclimated to different
pH fluctuation histories, responded differentially to OA (Li
et al., 2016). Those contrasting responses of marine organisms
from different geographic locations to OA may interact with

other environmental stressors, leading to large variability in the
cumulative effects of multiple stressors. Therefore, we propose
that evaluating the cumulative effects of OA and heavy metals
on marine biota within various taxonomic groups from different
geographic locations is essential in assessing the impacts of
multiple stressors in marine ecosystems.

Since most of the marine animals included in the present
meta-analysis were at their adult stage, the limited information
on other life stages such as larvae and embryos did not allow us to
conduct a robust assessment to compare the different responses
among various life stages. Since early developmental stages of
marine organisms are the most sensitive stages to individual or
multiple stressors (Kroeker et al., 2013; Ivanina and Sokolova,
2015; Przeslawski et al., 2015; Sampaio et al., 2021), and the effects
of OA on metal accumulation and toxicity are dependent on the
life stage of and organism, one may expect that the interaction
type may differ across different development stages (Harvey et al.,
2013). Thus, we contend that it is further warranted to assess the
responses of marine organisms to multiple stressors across life
stages, particularly early life stages, which are often difficult or
intractable to investigate in field conditions.
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CONCLUSION

In conclusion, our analysis of the research on interactive
effects of ocean acidification and heavy metals reveals negative
impacts of heavy metals but overall neutral effects when they
acted together with OA on marine organisms, despite the
variability in their taxonomic groups (Figure 8). Our syntheses
suggest that the prevalence of additive interactions and a
substantial proportion of antagonistic interactions meant that
ocean acidification alleviates these negative effects. However, it
should be noted that some marine taxa (such as molluscs and
microalgae) were still negatively impacted when co-exposed to
ocean acidification and heavy metals (Figure 8). Furthermore, the
degree of ocean acidification and concentrations of heavy metals
could potentially lessen or exacerbate the effects of heavy metals
or ocean acidification, remaining critical areas for future research.
In addition, the interaction types differed among organisms
from different climatic regions and their variability was also
dependent on the type of heavy metals. Future research is
needed to understand whether the remaining variations could
have been explained by the duration of exposure or life stage.
Finally, marine organisms will be subjected to other potential
stressors apart from ocean acidification and heavy metals in
the future oceans. We recommend that future studies on the
concurrent effects of ocean acidification, heavy metals, and other
environmental stressors (such as warming and deoxygenation)
in marine waters are necessary to predict marine organisms’
responses in future oceans.
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