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Abstract
Deoxygenation in coastal and open-ocean ecosystems rarely exists in isolation but occurs
concomitantly with acidification. Here, we first combine meta-data of experimental assessments
from across the globe to investigate the potential interactive impacts of deoxygenation and
acidification on a broad range of marine taxa. We then characterize the differing degrees of
deoxygenation and acidification tested in our dataset using a ratio between the partial pressure of
oxygen and carbon dioxide (pO2/pCO2) to assess how biological processes change under an
extensive, yet diverse range of pO2 and pCO2 conditions. The dataset comprised 375 experimental
comparisons and revealed predominantly additive but variable effects (91.7%-additive, 6.0%synergistic, 2.3%-antagonistic) of the dual stressors, yielding negative impacts across almost all
responses examined. Our data indicates that the pO2/pCO2-ratio offers a simplified metric to
characterize the extremity of the concurrent stressors and shows that more severe impacts occurred
when ratios represented more extreme deoxygenation and acidification conditions. Importantly,
our analysis highlights the need to assess the concurrent impacts of deoxygenation and
acidification on marine taxa and that assessments considering the impact of O2 depletion alone will
likely underestimate the impacts of deoxygenation events and their ecosystem-wide consequences.
KEYWORDS Ocean deoxygenation, ocean acidification, coastal deoxygenation, coastal
acidification, hypoxia, elevated pCO2, meta-analysis, Anthropocene
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1. Introduction
Carbon dioxide (CO2) and oxygen (O2) are stoichiometrically linked in the biosphere, owing to the
tight coupling between these two gases in anthropogenic combustion and metabolic processes
(Bender et al., 1998). In the ocean, this link is exemplified by the concurrent, long-term processes
of Ocean Acidification (OA) and Ocean Deoxygenation (OD; see Klein et al., 2020). OD is
primarily caused by reduced O2 solubility and greater metabolic demand that occurs with warming
(but see: Schmidtko et al., 2017; Keeling et al., 2010; Regaudie-de-Gioux & Duarte, 2012),
whereas OA is primarily driven by the uptake of rising CO2 from the atmosphere. Within coastal
marine ecosystems, deoxygenation and acidification commonly co-occur when biological
respiration outweighs primary productivity to consume O2 and produce CO2 (Feely et al., 2010;
Cai et al., 2011; Baumann et al., 2015). Although many processes have been attributed to the
increasing instances of deoxygenation along coastlines (Klein et al., 2020), excessive nutrient
input is a dominant cause, which stimulates the production of excess organic matter and ultimately
drives deoxygenation and acidification via microbial respiration (Diaz & Rosenberg, 2008;
Vaquer-Sunyer & Duarte, 2008; Rabalais et al., 2010;). The various processes that contribute to
these coastal syndromes were recently discussed and definitions made available for Coastal
Deoxygenation (CD) and Coastal Acidification (CA), respectively (see Klein et al., 2020). These
newly proposed definitions ultimately acknowledge that deoxygenation and acidification events in
coastal zones are often far more extreme than those (Cai et al., 2011; Gobler et al., 2014) expected
in the global ocean under end-of-century projections for OD and OA (Klein et al., 2020; IPCC,
2014).

Despite consistent observations of the inherent coupling between deoxygenation and

acidification in marine ecosystems at both global and local-scales, studies assessing natural
deoxygenation events as well as experimental assessments of O2 depletion seldom consider the
impact of elevated pCO2 (and hence lowered pH). In the past, the majority of experimental

assessments of deoxygenation lowered ambient O2 concentrations by sparging seawater with
nitrogen (N2). However, this method inadvertently displaces CO2, promoting unnatural increases
in pH that are contrary to instances of parallel CA and CD in natural ecosystems (Gobler et al.,
2014). Although the longer-term impacts of OA may warrant investigation without parallel OD
(due to relatively small global decreases in mean ocean O2 content, see Kroeker et al., 2010; Klein
et al., 2020), the impacts of these concurrent stressors on coastal biota are still poorly understood,
despite their prevalence, severity, and potential for ecosystem-wide consequences.
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Observations that deoxygenation and acidification typically elicit either negative,
additive, or synergistic effects on marine taxa (Gobler & Baumann, 2016) indicates that biotic
responses are likely dependent on the severity of deoxygenation and acidification, and thus the
ratio of pO2 and pCO2 in marine systems. A simple linear constraint describing pO2 and pCO2
conditions in marine systems may provide a useful metric to understand how the combined
extremity of deoxygenation and acidification drives impacts on marine biota. For instance,
invertebrates of the Chilean coast and the Baltic Sea experimentally exposed to various pCO2 and

pO2 combinations exhibited reduced metabolic rates with declining O2 and rising pCO2 values
(Fontanini et al., 2018; Steckbauer et al., 2015). However, the reliability of the pO2/pCO2-ratio as
a potential indicator of marine taxa responses to CA and CD remains to be tested. Until recently,
this was precluded by the availability of experimental data assessing physiological responses
across a broad range of pCO2 and pO2 ratios, which are now available for a broad range of coastal
marine taxa.
Biological responses of marine taxa to concurrent deoxygenation and acidification may

be modulated by a number of other factors; including temperature, taxa- or trait-specific
responses, exposure time and acclimatization history and scope. For instance, biota from tropical
regions typically exhibit higher rates of respiration (Jones, 1977; Enquist et al., 2003) and thus,
may be particularly vulnerable to reduced O2 availability (Pörtner, 2010). However, taxa capable
of strong acid-base regulation (e.g. Klein et al., 2017) and efficient extraction and storage of O2 to

maintain aerobic respiration may be characteristically robust to reduced O2 availability and
elevated pCO2 (Seibel, 2011; Levin, 2003; Wu, 2002). Identifying factors that enhance or reduce
the susceptibility of marine species to deoxygenation and acidification would improve our
capacity to predict the consequences of deoxygenation events.
Here, we synthesize experimental data to quantify the impact of deoxygenation and

acidification across a broad range of marine biota. First, we quantify the impact of deoxygenation
and acidification on survival, metabolism and reproduction across marine taxa. Second, we
determine whether responses to the combined effects of deoxygenation and acidification are
additive or interactive in nature (i.e. synergistic or antagonistic). Third, we test whether responses
of marine biota can be explained by the severity of the dual stressors by using a ratio between pO2
and pCO2. We further examine the influence of additional factors that may moderate their

responses to the dual stressors, including ambient temperature conditions, region (i.e. temperate
vs. (sub-) tropical), taxa, and exposure time.
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2. Materials and Methods
2.1 Literature search
The published experimental literature on biological responses of marine biota to

deoxygenation and acidification in combination were searched using Google Scholar
(http://scholar.google.com) and Web of Science (http://www.isiknowledge.com), using a
combination of the search terms ‘marine’, ‘ocean’, ‘coastal’, ‘deoxygenation’, ‘acidification’,
‘hypoxia’, ‘O2 reduction’, ‘O2 depletion’, ‘elevated CO2’, ‘high CO2’, and ‘experiment’. These
searches were conducted prior to 31st December 2017, updated on the 15th March 2019, and
produced 375 independent experimental comparisons from 16 published studies and one
unpublished study (see Table S1 and Suppl. Info) that met our criteria. To test the influence of
exposure time, we also extracted additional time points for experimental comparison that observed
responses over time and consolidated a larger dataset, consisting of 738 experimental
comparisons. Our dataset assessed responses across 51 species from 11 taxonomic groups,
predominately from temperate and subtropical regions.
2.2 Study selection criteria and dataset characteristics
We assessed each publication for suitability and retained those that; 1) assessed the

response of marine biota to deoxygenation and acidification in a full-factorial experiment (i.e.,
tested deoxygenation and acidification individually and in combination, and compared responses
to a ‘ambient’ treatment), 2) provided either a full description of water chemistry conditions or
sufficient data so that pCO2 and pO2 (in µatm) could be calculated for treatment conditions (to

calculate the theoretical pO2/pCO2-ratio) and, 3) reported mean values, sample sizes (n) and a

measure of variance (e.g. standard error (SE), standard deviation (SD) and confidence interval
(CI)) for biological responses under both control and manipulated conditions. pO2 in µatm was
calculated from reported O2 levels (in variable units e.g. mg L-1), temperature, salinity, and

pressure. When pH was reported in the total scale, values were converted to the NBS-scale using
CO2SYS (Pierrot and Wallace, 2006).
Control (or ambient) conditions were defined as those designated by the authors of the

published studies. However, we observed high variability of treatment water chemistry conditions
among the studies (see Table 1 and Fig. S2). We hence chose to define the upper O2 limit for
treatments considered as ‘deoxygenated’ as 4.60 mg O2 L-1, which corresponds to the 90th
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percentile of the median lethal concentration reported for all species examined by Vaquer-Sunyer
and Duarte (2008). The highest O2 concentration considered ‘deoxygenated’ in our dataset was
4.06 mg O2 L-1 as defined by the authors of the individual studies, and thus, falls below our

defined threshold and did not overlap with control treatments considered as ‘ambient’. For
experiments that incorporated diel fluctuations, we chose to exclude ‘deoxygenated’ treatments
that exposed biota to O2 concentrations that exceeded our defined threshold at any time during

experimentation to prevent further overlap of experimental conditions. Unlike other meta-analyses
of the impacts of acidification (Kroeker et al., 2013), we chose not to limit experimental levels of
pO2 and pCO2 considered in our analysis. We did so because 1) absolute values of pO2 and pCO2

vary depending on the coastal ecosystem being tested, 2) pCO2 values observed for deoxygenated

coastal ecosystems often far exceed those for end-of-century OA projections for the open ocean
(IPCC, 2015; Klein et al., 2020) and, 3) a broad range of pO2 and pCO2 ratios of experimental
conditions was required to test the reliability of the theoretical pO2/pCO2-ratio as a potential
indicator of biological responses.
2.3 Data extraction
To assess biological responses of marine species to deoxygenation, acidification and the

stressors combined, we selected survival (mortality was converted to survival by using 1 –
mortality), performance (e.g. growth rate, respiration, …), and reproduction as operational
categories for our response variables (see Table S1). We extracted mean responses, sample size
(n), and measures of variance (e.g. SE, SD and CI) for biota under control and manipulated
conditions. Data extraction was done using the image analysis software Graph Click© (for Mac

OS, version 3.0). For each experimental observation, we collected relevant parameters (or study
characteristics), including species, ambient temperature conditions, region (i.e. temperate vs.
tropical and subtropical), and the duration of experimental exposure to assess the potential
influence of other factors on biological responses. In cases where multiple levels within a single
factor were examined within a published study, levels were entered as independent observations.
If a published study measured biological responses of multiple species or life history stages, these
were treated as separate experimental observations. Similarly, if a study measured more than one
designated response variable, all responses were included in our analyses. If response variables
were measured multiple times (i.e. repeated measures), only the final sampling point was included
in the main dataset to ensure independence of the experimental comparisons. We did, however,
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extract data for all available time points within each study to construct a separate dataset that was
only used to test the effect of exposure time on biological responses.
2.4 Effect size metric and statistical analyses
We used the natural logarithm-transformed response ratio (Ln RR; Vargas et al., 2017) as

an effect size to standardize all biological responses (e.g. respiration, growth, hatching success) in
our dataset (Table S1). The Ln RR compares the biological response under ambient conditions
versus ‘treated’ conditions (i.e., deoxygenation, acidification, and the dual stressors) to
characterize the magnitude and direction of the effect. The Ln RR effect size was calculated for
each experimental comparison after Hedges et al. (1999) as;
𝑋𝐸

Eq. 1

Ln 𝑅𝑅 = 𝐿𝑛(𝑋𝐶) = 𝐿𝑛 𝑋𝐸 ―𝐿𝑛 𝑋𝐶

where 𝑋𝐸 is the mean response of the experimental treatment and 𝑋𝐶is the mean response of the
control treatment (sensu Hedges et al., 1999; Gurevitch & Hedges, 1999; Kroeker et al., 2010). A
Ln RR of zero implies the experimental treatment had no effect on the response variable tested,

whereas values >0 and <0 indicate positive and negative effects of the experimental treatment on
the response variable measured, respectively. The Ln RR effect size was chosen over other
methods to maintain symmetry in the analysis and for ease of interpretation of biological
responses (Hedges et al., 1999) and because of its ability to detect true effects and robustness to
small sample sizes (Lajeunesse et al., 2003).
Some published studies use, and advocate for, unweighted meta-analyses to avoid

underestimation of effect sizes and increased sample size (e.g. Arnqvist & Wooster, 1995;
Englund et al., 1999). However, we chose to account for the precision of individual studies by
weighting each effect size by the inverse of the effect size variance (Hedges & Olkin, 1985).
The variance (𝑣) of the Ln RR for each study was calculated as:
(𝑆𝐸)2

𝑣=𝑛

𝐸

(𝑆𝐶)2

+𝑛
𝑋2
𝐸

𝐶

𝑋2𝐶

Eq. 2

where 𝑆𝐸 and 𝑆𝐶are the standard deviation, 𝑛𝐸 and 𝑛𝐶 are the sampling size and, 𝑋𝐸 and 𝑋𝐶 are the
mean responses of the experimental and control treatment, respectively. We further calculated a
bias-corrected bootstrapped 95% CI for each summary effect-size. If the bias-corrected
bootstrapped 95% CI for the summary effect did not include zero then it was considered to be of

This article is protected by copyright. All rights reserved

Accepted Article

statistical significance. The bias-corrected bootstrapped 95% confidence interval was calculated
as:

Eq. 3

𝐶𝐼 (95%) = 𝐿𝑛 𝑅𝑅 ± 1.96 × √ 𝑣

2.5 Determination of the nature of combined effects
To quantify whether biological responses to the combined stressors were either additive

or interactive (i.e. synergistic or antagonistic), we used a multiplicative model previously used by
Harvey et al. (2013). Specifically, the main effect of the interaction of both stressors was
calculated according to methods for factorial meta-analyses, adapted from Gurevitch et al. (2000)
according to Harvey et al. (2013):
𝐿𝑛 𝑅𝑅𝐼𝑛𝑡𝑒𝑟 =

(𝐿𝑛 𝑋𝐵𝑜𝑡ℎ ― 𝐿𝑛 𝑋𝐷𝑒𝑜𝑥) ― (𝐿𝑛 𝑋𝐴𝑐𝑖𝑐 ― 𝐿𝑛 𝑋𝐶𝑜𝑛𝑡)
2𝑠
Eq. 4

and the individual effects of the stressors were calculated as:
𝐿𝑛 𝑅𝑅𝐷𝑒𝑜𝑥 =

(𝐿𝑛 𝑋𝐷𝑒𝑜𝑥 ― 𝐿𝑛 𝑋𝐶𝑜𝑛𝑡)
𝑠
Eq. 5

𝐿𝑛 𝑅𝑅𝐴𝑐𝑖𝑑 =

(𝐿𝑛 𝑋𝐴𝑐𝑖𝑑 ― 𝐿𝑛 𝑋𝐶𝑜𝑛𝑡)
𝑠
Eq. 6

where 𝑋 is the mean biological response of the treatment (indicated by subscript: Cont (control),
Deox (deoxygenation), Acid (acidification), and Both (deoxygenation and acidification), and s the
pooled standard deviation (s) calculated as:
𝑠=

((𝑛𝐵𝑜𝑡ℎ ― 1) × 𝑆2𝐵𝑜𝑡ℎ + (𝑛𝐷𝑒𝑜𝑥 ― 1) × 𝑆2𝐷𝑒𝑜𝑥 + (𝑛𝐴𝑐𝑖𝑑 ― 1) × 𝑆2𝐴𝑐𝑖𝑑 + (𝑛𝐶𝑜𝑛𝑡 ― 1) × 𝑆2𝐶𝑜𝑛𝑡)
(𝑛𝐵𝑜𝑡ℎ + 𝑛𝐷𝑒𝑜𝑥 + 𝑛𝐴𝑐𝑖𝑑 + 𝑛𝐶𝑜𝑛𝑡 ― 4)
Eq. 7

The interaction variance (v(Ln RRInter)) was calculated as:

𝑣𝐿𝑛𝑅𝑅(𝐼𝑛𝑡𝑒𝑟) =

1
𝑛𝐴𝑐𝑖𝑑

+

1
𝑛𝐶𝑜𝑛𝑡

+

1
𝑛𝐵𝑜𝑡ℎ

+

1
𝑛𝐷𝑒𝑜𝑥

+

𝐿𝑛 𝑅𝑅2𝐼𝑛𝑡𝑒𝑟
2 ∗ (𝑛𝐴𝑐𝑖𝑑 + 𝑛𝐶𝑜𝑛𝑡 + 𝑛𝐵𝑜𝑡ℎ + 𝑛𝐷𝑒𝑜𝑥)

and the 95% Confidence Interval (CI) was calculated as:
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𝐶𝐼𝐿𝑛𝑅𝑅(𝐼𝑛𝑡𝑒𝑟)(95%) = 𝐿𝑛 𝑅𝑅𝐼𝑛𝑡𝑒𝑟 ± 1.96 × 𝑣𝐿𝑛𝑅𝑅(𝐼𝑛𝑡𝑒𝑟)

Eq. 9

Although this multiplicative model is less conservative than the additive model (Folt et

al., 1999), we chose this model to calculate interactions (Hawkes & Sullivan, 2001; Morris et al.,
2007) because it is generally considered to be more biologically realistic (Sih et al., 1998). If the
95% CI of the interaction effect size Ln RRInter (Eq. 9) includes zero then the interaction was

considered to be additive. If the individual effect sizes of Ln RRDeox and Ln RRAcid were either both
negative or, one negative and one positive, and the interaction effect sizes Ln RRInter less than zero,

the interaction was synergistic; and if it was greater than zero, it was considered as an antagonistic
interaction. Thus, the experimental results show synergism when the effect of both stressors is
greater than the expected response from the sum of both independent effects. However, if the
effect of both stressors is smaller than that of the sum of that of the two individual stressors, then it
is antagonistic. If both individual effect sizes were positive, interactions are interpreted in the
opposite manner (> 0 is synergistic and < 0 antagonistic; sensu Harvey et al., 2013).
2.6 Determination of the predicted additive response
We calculated the predicted additive response of the dual stressors on each biological

response based on the singular effects of the individual stressors. We did this to quantify the
magnitude of deviation between predicted additive response and those observed when the
biological response was measured under the combined stressors during experimentation - 𝐿𝑛
𝑋𝐶𝑜𝑚𝑏 (Fig. S3). The predicted additive response was calculated according to Jackson et al. (2016,
2015) as:
𝐴𝑑𝑑𝐶𝑎𝑙𝑐 = 𝐿𝑛 𝑋𝐷𝑒𝑜𝑥 + 𝐿𝑛 𝑋𝐴𝑐𝑖𝑑 ― 𝐿𝑛 𝑋𝐶𝑜𝑛𝑡
Eq. 10

2.7 Calculation of the theoretical pO2/pCO2-ratio
We calculated the theoretical pO2/pCO2-ratio for each experimental comparison to

characterize the severity of O2 depletion and pCO2 enrichment along a continuum (Fig. 1). The
theoretical pO2/pCO2-ratio was calculated as:
Theoretical 𝑝O2/𝑝CO2 ―ratio = log10 (𝑝O2 / 𝑝CO2)

2.8 Statistical analysis
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A one-way ANOVA was conducted to test differences in Ln RR responses among the
four treatments (control, deoxygenation, acidification, and combination) for all species. Two-way
ANOVA’s comprised of two fixed factors, treatment with four levels and additional factors,
including theoretical pO2/pCO2-ratio, temperature, exposure time, and region, were used to test for

significant differences in Ln RR responses. When significant differences were detected, Student’s
t-test and Newman-Keuls pairwise comparisons were conducted to resolve which means differed.
All analyses were performed using the statistical software JMP (version JMP Pro 14;
https://www.jmp.com) with the level for significance set at 0.05.
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3. Results
Experimental conditions mimicking deoxygenation and acidification, differed greatly in their
severity among studies. O2 concentrations for treatments considered ‘ambient’ ranged from 4.80 to
9.84 mg L-1 and O2 concentrations of treatments considered ‘deoxygenated’ ranged between 1.08
to 4.06 mg L-1. The magnitude of O2 change between ‘control’ and ‘deoxygenated’ treatments
ranged between ∆2.00 - ∆8.10 mg O2 L-1 (mean ± SE difference 5.11 ± 0.25, Table 1, Fig. S2).

Likewise, pHNBS varied from 7.85 to 8.34 for ‘ambient’ treatments and ranged between pH 7.268.05 in reduced pH treatments, with a relative change of ∆0.13 - ∆0.84 pH [units] between low

and ambient pH treatments (mean ± SE difference 0.59 ± 0.03). pCO2 ranged from 265 – 666

µatm for the ambient treatments, and ranged from 486 – 3580 µatm for ‘acidification’ treatments,
with a relative change of ∆96 - ∆2805 between treatments with ambient and higher pCO2 (mean ±
SE difference 1191 ± 127). Experimental temperatures ranged from 12 ºC (Hernroth et al., 2015)
to 26.3 ºC (Treible et al., 2017), and were kept constant among the different treatments in each
experiment. Exposure time varied from 1 hour (e.g. fertilization success: Graham et al., 2016) to
40 days (survival: Gobler et al., 2014), but the majority of experiments used an exposure time of
~3 days. Locations of the experiments spread across tropical/sub-tropical and temperate regions,
but no studies were conducted in polar regions.

Table 1 - Summary of O2, pH and pCO2 of the different experiments. The range shows the max. and min.
difference between ‘ambient’ and experimental treatment within different experiments (n = 70).
Oxygen (mg L-1)

pHNBS

pCO2 (µatm)

Normoxia

Deoxygenation

Ambient pH

Reduced pH

Ambient pCO2

Acidification

Mean

7.31

2.31

8.07

7.55

482

1967

SD

1.37

0.66

0.07

0.21

90

859

SE

0.16

0.08

0.01

0.02

11

103

Max.

9.84

4.06

8.34

8.05

666

3580

Min.

4.80

1.08

7.85

7.26

265

486

Range

2.00 - 8.10

0.13 - 0.84

96 - 2805

Our analysis revealed a significant difference in the effect size (Ln RR, Eq. 1) responses

among the four treatments (p < 0.0001, ANOVA). All three treatments had a negative effect on
biological responses (Fig. 2 box), but the effect of the dual stressors was most severe on biological
responses across all taxa. Although the nature of the combined effects of the stressors were
overwhelming additive (91.7%), deoxygenation alone accounted for more severe impacts of
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biological responses than acidification in isolation (Table S2). Specifically, deoxygenation
contributed to 40% of the overall effects observed and acidification accounted for only 12%. Ln
RR responses to the different treatments were uniform across ambient temperatures (p = 0.6366,
Fig. S4A) and among regions (p = 0.8788, Fig. S4C), and thus did not moderate responses to the
treatments tested. However, Ln RR responses differed according to exposure time (p = 0.0055, F =
4.2414, Df = 3). Specifically, there was a positive relationship between Ln RR responses and
exposure to deoxygenation, indicating that the negative impacts of deoxygenation were less severe
over time. Contrarily, longer exposures to elevated pCO2 led to a negative trend in Ln RR.
Under deoxygenation alone and both stressors in combination, Ln RR values consistently

decreased, indicating negative responses to deoxygenation and the dual stressors across taxa and
response type. Specifically, across vertebrates, mollusks, and crustaceans the dual stressors
elicited severe negative impacts on performance and survival (Fig. 2). Vertebrates suffered severe
impacts on survival under combined deoxygenation and acidification. Although our analysis also
delivered a mean negative Ln RR response for reproduction in Echinoderms under the dual
stressors, there was substantial uncertainty associated with this estimate, suggesting that both
negative and positive impacts were observed (Fig. 2). Responses to acidification in isolation were
comparatively inconsistent given that some taxa and response types showed null or positive effects
(Fig. 2). The results of the multiplicative model (Eq. 4-9) showed a dominance of additive
responses to combined deoxygenation and acidification (91.7%), compared to only a few cases of
synergetic (6.0%) and antagonistic (2.3%) effects. As a result, there was a significant relationship
between the effect sizes representing the calculated additive effects and the observed response to
the combined stressors (Fig. S3).
Our assessment of biological responses to the nominal treatments (deoxygenation and

acidification vs. control conditions) is confounded by the broad selection of pO2 and pCO2 levels
used across the studies. Hence, the responses to both concurrent stressors are best assessed against
a continuum of pO2 and pCO2 combination, as provided by the pO2/pCO2-ratio, which overlapped
between treatments (Fig. 3b and Fig. S2). As expected, the pO2/pCO2-ratio values declined with
increasing severity of treatments (Fig. S5), whereby the control and combination treatments
showed the lowest and highest ratio values (Fig. 1), respectively. Specifically, the pO2/pCO2-ratio
in the dataset ranged from < 0.2 when low O2 and elevated pCO2 were combined up to ~1.8 in
control treatments. Ln RR decreased significantly with decreasing pO2/pCO2-ratios, but with
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considerable variability in effect size estimates for any one theoretical pO2/pCO2-ratio (y = 0.66x

– 1.06; R2 = 0.15, p < 0.0001 ANOVA, Fig. 3b).
Overall, our results indicate a paucity of data in tropical regions as only one of the studies

were from the tropics, whereas 51.0% of the experimental comparisons were conducted in the
subtropics and 48.0% in temperate regions (Table S3 and Fig. S1). As most authors used few key
species as model organisms, substantial gaps remain for some taxonomic groups, especially for
cnidarians, echinoderms, and crustaceans (Table S3). To provide clarity of the gaps in knowledge
for measured responses and regions we provide a supplementary table (Table S3).
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4. Discussion
Our analysis revealed a prevalence of additive, yet variable, negative impacts of deoxygenation
and acidification on biological responses (91.7% additive, 6.0% synergistic, 2.3% antagonistic).
Biological responses of biota to each stressor in isolation and their combination were generally
consistent among taxa and region. Unlike other meta-analyses of the impacts of deoxygenation or
acidification, we chose to assess the impacts of all pO2 and pCO2 levels tested in combination with

each other, rather than restrict our dataset to projections of OA for the open ocean or defined
thresholds for ‘deoxygenation’. Even so, our observations are highly consistent with those of
meta-analyses that assess the impacts of acidification in combination with other stressors such as
warming (Harvey et al., 2013; Kroeker et al., 2013); whereby the impacts of acidification typically
elicited more severe effects in combination with warming. For instance, survival of vertebrates,
mollusks, and crustaceans exhibited lower Ln RR values when deoxygenation was combined with
acidification than deoxygenation alone (Fig. 2). These observations suggest that studies assessing
organismal responses to deoxygenation without accounting for concurrent changes in pCO2 will

likely underestimate the effects of deoxygenation and do not provide sufficient basis to predict
responses of biota in hypoxic ecosystems, as these are typically characterized by elevated pCO2
(Duarte et al., 2013; Mayol et al., 2012).
Unlike the projected estimates for OA for the global ocean (RCPs 2.6-8.5, 450ppm-

900ppm), O2 depleted ecosystems can exhibit a wider range of pCO2 values that vary from levels
equivalent to end-of-century estimates to levels far more extreme (e.g. >1000ppm CO2; IPCC,
2014). Hence, it is useful to assess responses of biota along a continuum that accounts for the
magnitude of change of both drivers (CO2 and O2). Our results showed a reduction in organismal
performance with the pO2/pCO2-ratio. This metric was originally proposed as an expression to

provide a simple constraint linearly related to the available energy to support aerobic respiration
and suggested to estimate the potential limits of marine life under any given ratio of
deoxygenation and acidification in the open ocean (the Respiration Index (RI), Brewer & Peltzer,

2009). The authors proposed some thresholds below which aerobic respiration would be
compromised (at a value of 1) or precluded altogether (at 0.4). However, the reliability of these
thresholds was rightly challenged primarily because these limits underestimate the physiological
limits of marine life (see Seibel & Childress, 2012). Despite the criticism of this ratio as a
predictor of metabolic limits, our findings confirm that pO2/pCO2-ratio holds, at least, some power
to integrate and estimate the severity of impacts of deoxygenation and concurrent acidification on
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marine biota, given that additive effects were prevalent (91.7 %) in our analysis. If we consider
our findings in the context of the previously proposed ‘RI’ thresholds, the relationship between Ln
RR and theoretical pO2/pCO2-ratio obtained supports criticisms of Seibel and Childress (2012) that
the thresholds are inadequate and do not fully capture sources of variation in Ln RR observed in
this analysis. Although its use has been challenged (Seibel & Childress, 2012), the only
experimental tests thus far available involved marine invertebrates from the Chilean coast, Baltic
Sea and Eastern Australia (Steckbauer et al., 2015; Fontanini et al., 2018; Treible et al., 2018). The
responses of marine organisms to RI values within the range of 0.7-1.0, which was proposed to
delineate the level at which aerobic respiration must be severely compromised (Brewer & Peltzer,
2009), were modest (Ln RR ≈ -0.4, i.e. 33% reduction in performance compared to controls with

RI values of 1.5 to 1.8, Fig. 3a). Moreover, even at RI values below 0.7, which is supposed to

represent the practical limit for aerobic respiration, catastrophic mortality of the tested species was
absent. In fact, both invertebrates and fish survived, albeit at performance levels suppressed by
75% compared to controls (i.e. Ln RR ≈ -1, Fig. 3a). These results were somewhat perplexing
given that fish can be vulnerable to both deoxygenation (Vaquer-Sunyer & Duarte, 2008) and
acidification (Ferrari et al., 2012, but see Rogers et al., 2016).
The variability in observed biological responses could reflect the prior exposure of the

organisms to variable pO2 and pCO2 conditions in their environment. For instance, benthic
invertebrates along the coastline of Mallorca Island (Spain) are exposed to daily fluctuations of O2

and pH in Posidonia oceanica meadows owing to diel cycles of community production and
respiration (Hendriks et al., 2014). Levels of pCO2 reaching 1,200 µatm are employed in

experiments to mimic levels expected for ocean acidification beyond the year 2100 (Kroeker et al.,
2013). However, these values are regularly exceeded along the Chilean coast, which is subject to
the influence of a major upwelling system (Mayol et al., 2012; Torres et al., 2011; Vargas et al.,
2017). A recent meta-analysis assessed the influence of natural pCO2 variability on biological
responses of biota to future ocean acidification scenarios and reported that biota exposed to a
greater range in pCO2 levels in their natural environment exhibit greater plasticity to future ocean
acidification scenarios (Vargas et al., 2017; Carstensen and Duarte, 2019). Consequently, a more
complete understanding of the concurrent impacts of deoxygenation and acidification on marine
species requires future studies to consider habitat-specific natural variability in pCO2 and pO2,
particularly for shallow coastal ecosystems that are inherently dynamic. Therefore, it is essential to
first collect baseline data of O2, CO2, pH, temperature, and salinity (among others) in the area of
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interest to ensure that experimental designs are appropriately calibrated against on baseline
(ambient) conditions.
There was a weak but positive trend between the effect of the exposure time and the

impact of deoxygenation on biota responses, whereas we observed only a weak negative trend for
acidification (Fig. S4B). These findings indicate that organisms may be acclimating to
deoxygenation over time but may be less equipped to acclimate to longer exposures of
acidification. Potential mechanisms of acclimatization to deoxygenation conditions are well
known and include an adjustment of the respiratory cascade via the enhancement of O2 uptake or
reduction to support basal processes conducive to survival (e.g. Saint-Paul 1984; Hopkins &
Powell, 2001; Mandic et al., 2009; De Silva & Tytler, 1973). Many organisms are also able to
suppress ATP demand under reduced O2 levels, and thereby extending the duration of tolerance
(Langenbuch and Pörtner, 2004).
Research of the impacts of deoxygenation has long-focused on temperate ecosystems,

presumably due to the prevalence of reported hypoxic zones in these latitudes. Recent global
analyses, however, reveal substantial decreases in global ocean O2 content (Schmidtko et al.,
2017) and increasing reports of hypoxic zones in tropical regions (Altieri et al., 2017). However,
experiments involving tropical biota were only represented by one of the experiments assessing
concurrent effects to deoxygenation and acidification. Nevertheless, we hypothesize that biota
from tropical regions may be particularly vulnerable to reduced O2 availability and elevated pCO2
levels because biota under higher temperature conditions typically exhibit enhanced rates of
respiration (Jones, 1977; Enquist et al., 2003; Pörtner, 2010). Yet, our analysis did not find a
significant difference in responses to the dual stressors between (sub-)tropical and temperate
marine biota, and ambient temperature conditions did not influence the response of biota to the
range of pCO2 and pO2 regimes tested, suggesting that biota acclimatized to higher temperatures

did not appear more vulnerable. Even so, marine organisms from tropical regions are likely at the
periphery of their optimal thermal niche and so, may be particularly vulnerable to further rising
temperature conditions (Munday et al., 2012). We, therefore, emphasize the substantial gap of
knowledge for species in tropical regions (Table S3). For example, none of the species tested were
from the Red Sea, Indo-Pacific, Caribbean ocean, polar regions or Ocean Minimum Zones
(OMZs). Moreover, there is also a lack of knowledge for some taxonomic groups, such as
echinoderms, crustaceans and calcifying cnidarians.
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Our analysis reveals a prevalence of additive, negative effects of deoxygenation and
acidification across marine taxa performance and reproduction. The results of this meta-analysis
are encouraging for the usefulness of theoretical pO2/pCO2-ratio to summarize the combined
effects of deoxygenation and acidification, but marine biota were far more resistant to low values
than proposed previously (Brewer & Peltzer, 2009). Provided the additive nature of responses to
deoxygenation and acidification, the risks of O2 depletion are greater than hitherto considered, as
O2 depletion naturally co-occurs with additional stress from elevated pCO2. We acknowledge
however, different combinations of pO2 and pCO2 levels could obtain the same pO2/pCO2 ratio.
Indeed, we consider that the variation of responses unexplained by the pO2/pCO2 ratio could
partially reflect experiments that have used extreme CO2 values in combination with less severe
deoxygenation (and vice versa). Hence, if researches are selecting experimental levels based upon
environmental observations from the natural environment (measurements that could also be
included into coastal monitoring programs), and take into consideration the stoichiometric link
between the two gases, then the theoretical pO2/pCO2-ratio remains useful to describe the severity
of the dual parameters. We thus recommend that pO2/pCO2-ratios should be interpreted in the
context of environmentally relevant changes to the dual parameters.
Our results also highlight the need for precise control, measuring and reporting over both

O2 and CO2 when conducting experiments that assess the consequences of coastal deoxygenation
(and parallel acidification). Sparging with N2 displaces both O2 and CO2, which leads to reduced
CO2 availability and an unnatural increase in pH, which ultimately confounds the impact of
deoxygenation alone (see Fig. 1 in Gobler et al., 2014; Klein et al. 2017). It is crucial, when
manipulating pO2 and pCO2, that the pCO2 and the carbonate systems in the seawater is always
measured and reported, especially to avoid confounding factors in closed-systems (e.g. organism
respiration), and conditions that are inconsistent with the natural environment. Additional
considerations for the experimental design include testing different temperature treatments,
stoichiometrically linked fluctuations in O2 and CO2 over diel cycles, and/or light and food
availability (Ramajo et al., 2016). We acknowledge, however, that this would be a substantial
increase in workload as it doubles or even triples the experimental design, number of replicates
needed, and labor. It is nevertheless vital to consider these additional factors in multiple stressor
experiments in the future.
5. Conclusions
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Our study highlights the importance of testing deoxygenation with concurrent acidification due to
both the stoichiometric link between O2 and CO2 in marine ecosystems, but also the overwhelming
additive impacts of the dual stressors on marine taxa. The neglect of this co-occurrence may have
substantial implications on the results and interpretation of single stressor experiments given that
they will likely underestimate the consequences of deoxygenation events in marine systems.
Increasing ocean temperatures may potentially compound the combined threats of deoxygenation
and acidification on marine biota and hence, understanding how these three drivers interact to
impact marine taxa is an essential next step to better predict future ecosystem responses to global
change.
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Figure legend
Figure 1 – The theoretical pO2/pCO2-ratio characterizes the severity of pO2 and pCO2 conditions. (a) The
pO2/pCO2-ratio values are calculated for five theoretical combinations of pO2 and pCO2, representing the
individual stressors and their combination. Both moderate and extreme levels of the combined stressors
are presented to visualize how treatment extremity is related to decreasing ratio values. pO2 (µatm) values
were calculated from O2 levels at a standardized temperature of 25 C and salinity of 38 ‰. (b) Represents
calculated pO2/pCO2-ratios characterizing pO2 and pCO2 conditions in experimental treatments used in the
meta-analysis (mean ± SD).
Figure 2 – Variation in the mean Ln RR effect sizes (mean ± 95% CI; see Eq. 1) among key taxonomic
groups and overall, divided by major response variables and treatments: deoxygenation (blue), acidification
(blue), and their observed interaction (red). Effect sizes denoted in black represent the calculated additive
responses. Filled circles indicate where the effect was significantly different from the control treatment
(95 % CI does not overlap with 0). Pie charts indicate the frequencies (%) of additive (green), synergistic
(pink) and antagonistic (grey) interaction types. The numbers inside the pie charts indicate the number of
total experimental observations. Responses with n < 3 were excluded from the figure due to insufficient
statistical power. The boxed panel shows the mean effect sizes for each treatment in the overall dataset,
where letters indicate significant differences according to pairwise comparisons (after Student’s t-test and
Newman-Keuls test).
Figure 3 - Variation in mean Ln RR effect sizes vs. the theoretical pO2/pCO2-ratio: (a) pO2/pCO2-ratio in 0.1
bins vs. Ln RR (mean ± 1SE). The bar shows the % reduction in performance with decreasing pO2/pCO2—
ratio values. (b) Effect size Ln RR vs. pO2/pCO2-ratio (± 95 % Confidence Interval), where the significance
of mean effects is determined when the 95% confidence interval does not overlap zero. The regression
lines are blue (deoxygenation: y = -0.25x – 0.26, R2 = 0.0009), purple (acidification: y = 0.72x – 0.91, R2 =

0.10), and red (combination: y = 0.66x – 1.09, R2 = 0.04), respectively.
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