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Ocean acidification (OA) poses a major threat to marine ecosystems globally,

Subject Areas: having significant ecological and economic importance. The number and com-

. . ) plexity of experiments examining the effects of OA has substantially increased
ecology, environmental science, evolution

over the past decade, in an attempt to address multi-stressor interactions and
long-term responses in an increasing range of aquatic organisms. However,
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investigated in fewer than 4% of studies to date, often being precluded by
the difficulty of determining sex non-destructively, particularly in early life
stages. Here we highlight that sex can significantly impact organism responses

to OA, differentially affecting physiology, reproduction, biochemistry and
ultimately survival. What is more, these impacts do not always conform to eco-
logical theory based on differential resource allocation towards reproduction,
which would predict females to be more sensitive to OA owing to the higher
production cost of eggs compared with sperm. Therefore, non-sex-specific
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e-mail: r.p.ellis@exeter.ac.uk studies may overlook subtle but ecologically significant differences in the

responses of males and females to OA, with consequences for forecasting
the fate of natural populations in a near-future ocean.

1. Introduction

Ocean acidification (OA), changes in seawater carbonate chemistry induced by
oceanic uptake of anthropogenic CO,, is a significant challenge to marine
biodiversity [1], as well as to societies and industries reliant on marine living
resources [2], globally. Over the past 10 years, studies investigating the ecologi-
cal effects of OA have increased exponentially [3]. By incorporating the highly
A contribution to the special feature ‘Ocean dynamic nature of carbonate chemistry in many natural systems [4], as well as

acidification’. multi-stressor interactions [5], and an ever-increasing range of organisms, life-
history stages, communities and multiple generations [5], studies have also

Electronic supplementary material is available become increasingly complex. While this effort has contributed to help better

online at http://dx.doi.org/10.6084/m9.fig-
share.c.3666514.

explain species tolerance and increase reliability of future change projections,
intraspecific variation in OA responses has received insufficient attention,
creating uncertainty in reported responses and their interpretation [6].
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Figure 1.

An overview of the systematic map process. Values (n = x) are the number of studies at each stage. An asterisk indicates a partial record for the number

of papers published in 2016 due to the literature being sourced on 22 June 2016. Fish image Kovalevska/shutterstock.com.

Identifying the sources and consequences of variability in
biological responses is pivotal to understanding a population’s
ability to cope with environmental change [7,8]. However,
despite recent evidence that many physiological, behavioural,
immunological, molecular and neuro-toxicological functions
are influenced by sex-based differences [9,10], and despite
many of these same processes being impacted by elevated
pCO; [5], the overarching role of sex in determining response
to OA remains understudied [11]. Here, we employ a systema-
tic map approach: a transparent, robust and repeatable method
to identify and collect relevant literature to answer the question
of how sex is considered within experimental OA research [12].
By critically reviewing existing literature, we highlight
evidence for, and discuss potential implications of, omitting
sex-based variation in species responses.

2. Material and methods

Following international guidelines, a systematic map protocol
(electronic supplementary materials) was used to assess existing
evidence (figure 1) addressing the research question: Do OA studies
consider the impact of sex on organism responses? Search term strings
using Boolean logic were run through Web of Science to collect
relevant peer reviewed literature, and subsequently narrowed to
target literature published between January 2008 and May 2016

and limited to studies on fish, crustaceans, echinoderms and mol-
luscs. This ensured a manageable literature set was reviewed
while providing a contemporary representation of the OA field.
Search results were further refined at three levels to exclude studies
irrelevant to our research question (figure 1 and electronic
supplementary material). Study inclusion was determined objec-
tively against a set of inclusion criteria, which defined pertinent
population, study type, intervention, comparator and outcomes
(see electronic supplementary material for details).

Upon inclusion, data on experimental subject (organismal
group and species) and life stage (gamete, embryo, larvae, juven-
ile, adults, as well as transgenerational and reproduction/
fertilization processes) were extracted. Each study was then
searched for the inclusion of seven sex-related terms within the
main body of text (sex, gender, male, female, imposex, intersex
or hermaphrodite), and scored according to one of five cat-
egories: (i) not mentioned, (ii) mentioned but not accounted
for, (iii) accounted for but not measured (e.g. only males used),
(iv) measured but not tested statistically, and (v) tested statis-
tically. For the last, endpoints measured and the significance of
sex-based differences were extracted.

3. Results and discussion

Despite an exponential increase in experimental OA studies
over the past decade (figure 1), only 3.9% of these statistically
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Figure 2. Systematic map results. These show the proportion of studies based on the inclusion of sex as a factor in (a) Echinodermata (n = 122), (b) Crustacea
(n = 115), () Mollusca (n = 194) and (d) fish (n = 95), as well as on the life stage investigated in (e) Echinodermata (n = 122), (f) Crustacea (n = 115),
(9) Mollusca (n = 194) and (h) fish (n = 95). Fish image Kovalevska/shutterstock.com.

Table 1. Overview of the systematic mapping of evidence. Data are pooled across organismal groups (n = 504 articles, figure 1).

classification of sex life stage investigated no. publication year
not mentioned 265 52.58 adult 245 48.61 2008 8 1.59
mentioned not accounted for 168 33.33 reproductidn/fertilization ‘ 36 7.14 2009 ‘ 20 3.97
accounted for not measured 53 10.52 gamete 38 7.54 2010 29 5.75
measured not tested statistically 6 1.19 embryo 127 25.20 2011 44 8.73
tested statistically 19 3.77 larva 185 36.71 2012 68 13.49
juvenile 116 23.02 2013 94 18.65
trans-generation 8 1.59 2014 9% 18.65
2015 88 17.46
2016° 58 11.51

®Partial record for number of papers published in 2016, as the literature sourced on 22 June 2016.

assessed sex-based differences in OA responses (table 1 and
figure 2a—d). Furthermore, only 10.5% of studies account
for possible sex effects by assessing males and/or females
independently, with over 85% of studies failing to mention
or account for sex (table 1). In the majority of instances
where tested, sex significantly modified the response of
aquatic organisms to OA. This suggests failure to account
for sex-based differences could significantly influence the
predicted impact of OA on populations.

The relative energetic investment of males and females
towards reproduction, in anisogamous systems, is central to
the variability observed in organism response to their environ-
ment [11]. Consequently, of the studies that differentiated
between males and females, around 30% did so by measuring
reproductive endpoints. In echinoderms, 6.6% of studies
tested for sex-based differences (figure 2a), with reproduction
and gamete functionality receiving the greatest attention
(figure 2e). Male sea urchins exposed to elevated pCO, and
temperature fared worse than females, having significantly
lower gonad index and ‘spawnability’ [13,14]. This sex-specific
response to OA seems to contradict theory based on projected
reproductive strategy. However, gonads in echinoderms are
often used as an energy storage compartment that can be
filled or depleted depending on conditions [15]. Under OA,

females that invest more in gonadal development may then
have access to more energy to cope with stress (e.g. increased
costs of acclimation, homeostasis and repair) as compared
with males [16]. This outlines the importance of measuring
the impacts of OA in both males and females, avoiding overge-
neralization and elucidating impact mechanisms by observing
organism biology.

A key limitation to investigating male/ female differences is
the ability to successfully determine sex non-invasively. Sexual
dimorphism exists in many adult organisms but in some,
including bivalve molluscs, morphological distinction can
be unreliable [17], precluding its inclusion experimentally.
Consequently, over 96% of studies on the Mollusca neglect to
mention or account for sex, the lowest of the four groups
investigated (figure 2b), despite Mollusca receiving the greatest
attention with respect to OA (figure 1). Conversely, in many
adult crustaceans, it is relatively easy to distinguish sex visu-
ally, resulting in this group having the greatest percentage of
studies that mention or account for sex (63.5%). However,
only 3.5% of studies on crustaceans used sex as a factor when
performing statistical tests, while 33.9% indirectly accounted
for sex by using females or males in isolation (figure 2c).

By pooling data for males and females, or focusing on the
response of a single sex, it is possible that species responses
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to OA will be inaccurate [18]. This creates an average pheno-
type, which is a by-product of the mean response of the male
and female phenotype, that in realty does not exist. Instead,
this creates an artefact on the basis of which we may sub-
sequently make conclusions on how biological systems work
[7]. For example, in Crustacea, exposure to elevated pCO, is
shown to result in higher mortality in female shrimps
(Palaemon pacificus) compared with males [19], while the
median lethal level (LCsg) for CO, is also lower in female co-
pepods (Acartia tonsa) compared with males [18]. Sex-specific
physiological impacts can result in a twofold increase in the res-
piration rate of male copepods under elevated pCO,, but
respiratory suppression in females [20]. Similarly in molluscs,
males and females respond differently to elevated pCO, and
temperature, with sex-based differences demonstrated in the
mussel (Mytilus edulis) metabolome [10] and the biochemical
composition of limpet (Nacella concinna) gonad [21].

While sex has the potential to impact adult responses to
OA, differential mortality of early life stages of males and
females exposed to environmental stress clearly has the poten-
tial to influence populations [17]. For example, knobbled
whelks (Busycon carica) show a 1:1 sex ratio in the embryos,
and subsequent differential mortality of males and females is
proposed as an explanation for a sex ratio often greater than
10:1 in the adult population [22]. However, with respect to
OA impacts, sex-based differences in early life stages have
largely been restricted to maternal and paternal effects to
date, with various protective and inhibitory impacts being
shown in transgenerational studies [11]. Inability to non-
invasively determine sex in early-life stage individuals has
precluded the observation of any sex-based differences in
larval OA sensitivity. It is therefore unclear whether
sex-based differences are more or less pronounced during
early-life stages than in adults [9]. Importantly, any differential
mortality, or OA sensitivity, in larval stages could significantly
impact the sex ratio of larval recruits, and thus population
dynamics [17], as demonstrated in knobbled whelks [22].
In fish, only 3.2% of studies have tested for sex effects
(figure 2d), likely because the largest proportion of fish studies
have investigated larval responses (figure 2F).

Sex determination is governed by a diverse suite of differ-
ent molecular, genetic and environmental factors [17,23].
For example, abiotic conditions (e.g. temperature) are shown
to impact sex differentiation and resulting larval condition in
fish [24]. Elucidating the possible sex-specific impacts of OA
during early-life stages, as well as the impacts of OA on sex
determination, is thus key for projecting future population
dynamics under climate change scenarios. Furthermore, sex
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change sex to male), sequential (multiple sex changes during
life cycle) or simultaneous (individuals containing both
male and female sex organs) hermaphroditism [17]. At a popu-
lation level, the occurrence of hermaphroditism significantly
impacts measured sex ratios. Additionally, where sex-based
differences in the response of individuals to OA are shown,
any simultaneous hermaphroditism or sex change could alter
the perceived response of the population to OA over both a
temporal and spatial scale, a factor that has not been
considered within the OA literature to date.

Here, we demonstrate that while less than 4% of the OA lit-
erature tests for sex-based differences, there is a clear precedent
for differential responses to elevated pCO, between sexes. It is
possible that studies that have investigated sex-based differ-
ences may have done so based on a priori reasoning. In doing
s0, these studies may not offer a representative subsample of
the differential responses of males and females to OA. How-
ever, the fact that any differences have been demonstrated
supports the need for further investigation of this issue. If
sex-based differences do exist for economically important
species, as seems likely, then capturing this variance is crucial
for accurately forecasting the future societal and economic
repercussions of OA for dependent sectors, such as coastal
management, conservation, fisheries and aquaculture [2].
Unfortunately, the lack of a sufficiently wide evidence base
for sex-specific responses currently limits this ambition. As a
starting point towards fully elucidating population-level
impacts, stronger efforts are needed to consider the influence
of sex throughout an organism’s life cycle, and its contribution
to the variability in species-level responses.

Data accessibility. All data are included within the electronic supplemen-
tary materials.

Authors” contributions. R.P.E. and A.M.Q. conceptualized and designed
the study; RP.E., M.A.U. and W.D. undertook data acquisition,
analysis and interpretation; R.P.E. drafted the article. All authors
revised the manuscript critically for important intellectual content,
approve the final version to be published and agreed to be held
accountable for the all aspects of the work.

Competing interests. We have no competing interests.

Funding. R.P.E. was funded by BBSRC grants (BB/N013344/1 and BB/
M017583/1) awarded to RW.W. AM.Q. acknowledges funding from
NERC-DEFRA Marine Ecosystems Research Programme (NE/
L003279/1).

Acknowledgements. We are grateful to J. Creswell and C. Lewis for con-
structive discussions regarding the manuscript.

Dupont S, Portner H. 2013 Marine science: get
ready for ocean acidification. Nature 498, 429.
(doi:10.1038/498429a)

Queirés AM et al. 2016 Solutions for ecosystem-level
protection of ocean systems under climate change.
Glob. Change Biol. 22, 3927 —-3936. (doi:10.1111/
gch.13423)

Riebesell U, Gattuso J-P. 2015 Lessons learned from
ocean acidification research. Nat. Clim. Change 5,
12-14. (doi:10.1038/nclimate2456)

Boyd PW, Cormwall CE, Davison A, Doney SC,
Fourquez M, Hurd CL, Lima ID, McMinn A.

2016 Biological responses to environmental
heterogeneity under future ocean conditions.

Glob. Change Biol. 22, 2633 —2650. (doi:10.1111/
gch.13287)

Kroeker KJ, Kordas RL, Crim R, Hendriks IE, Ramajo
L, Singh GS, Duarte CM, Gattuso J-P. 2013 Impacts
of ocean acidification on marine organisms:
quantifying sensitivities and interaction with

warming. Glob. Change Biol. 19, 1884 —1896.
(doi:10.1111/gch.12179)

Calosi P, Turner LM, Hawkins M, Bertolini C,
Nightingale G, Truebano M, Spicer JI. 2013 Multiple
physiological responses to multiple environmental
challenges: an individual approach. Integr. Comp.
Biol. 53, 660—670. (doi:10.1093/icb/ict041)
Bennett AF. 1987 Interindividual variability: an
underutilized resource. New Dir. Ecol. Physiol. 15,
147-169.

19/09107 €L ‘a7 Joig  bio'buiysigndArzposjedorigss


http://dx.doi.org/10.1038/498429a
http://dx.doi.org/10.1111/gcb.13423
http://dx.doi.org/10.1111/gcb.13423
http://dx.doi.org/10.1038/nclimate2456
http://dx.doi.org/10.1111/gcb.13287
http://dx.doi.org/10.1111/gcb.13287
http://dx.doi.org/10.1111/gcb.12179
http://dx.doi.org/10.1093/icb/ict041
http://rsbl.royalsocietypublishing.org/

Downloaded from http://rsbl.royalsocietypublishing.org/ on March 3, 2017

Dillon ME, Woods HA. 2016 Introduction to the
symposium: beyond the mean: biological impacts
of changing patterns of temperature variation. Integr.
Comp. Biol. 56, 11—13. (d0i:10.1093/ich/icw020)
McClellan-Green P, Romano J, Oberddrster E. 2007
Does gender really matter in contaminant exposure?
A case study using invertebrate models. Environ.
Res. 104, 183—191. (doi:10.1016/j.envres.
2006.09.008)

Ellis RP, Spicer JI, Byme J, Sommer U, Viant MR,
White D, Widdicombe S. 2014 'H NMR
metabolomics reveals contrasting response by male
and female mussels exposed to reduced seawater
pH, increased temperature and a pathogen. Environ.
Sci.. Technol. 48, 7044—7052. (doi:10.1021/
€5s501601w)

Lane A, Campanati C, Dupont S, Thiyagarajan V.
2015 Trans-generational responses to low pH
depend on parental gender in a calcifying
tubeworm. Sci. Rep. 5, 10 847. (doi:10.1038/
srep10847)

Collaboration for Environmental Evidence. 2013
Guidelines for systematic review and evidence
synthesis in environmental management. Vlersion
4.2. Bangor, UK: Centre for Evidence-Based
Conservation. http://www.environmentalevidence.
org/Documents/Guidelines/Guidelines4.2.pdf
(accessed 19/12/16).

Uthicke S, Soars N, Foo S, Byrne M. 2013 Effects of
elevated p(0, and the effect of parent acclimation

14.

15.

16.

17.

18.

19.

on development in the tropical Pacific sea urchin
Echinometra mathaei. Mar. Biol. 160, 1913—1926.
(doi:10.1007/500227-012-2023-5)

Uthicke S, Liddy M, Nguyen H, Byrne M. 2014
Interactive effects of near-future temperature
increase and ocean acidification on physiology and
gonad development in adult Pacific sea urchin,
Echinometra sp. A. Coral Reefs 33, 831—845.
(doi:10.1007/500338-014-1165-y)

Russell MP. 1998 Resource allocation plasticity in
sea urchins: rapid, diet induced, phenotypic changes
in the green sea urchin, Strongylocentrotus
droebachiensis (Miiller). J. Exp. Mar. Biol. Ecol. 220,
1-14. (doi:10.1016/50022-0981(97)00079-8)
Dupont S, Dorey N, Stumpp M, Melzner F,
Thorndyke M. 2013 Long-term and trans-life-cycle
effects of exposure to ocean acidification in the
green sea urchin Strongylocentrotus droebachiensis.
Mar. Biol. 160, 1835—1843. (doi:10.1007/500227-
012-1921-x)

Yusa Y. 2007 Causes of variation in sex ratio and
modes of sex determination in the Mollusca—an
overview. Am. Malacol. Bull. 23, 89—98. (doi:10.
4003/0740-2783-23.1.89)

Cripps G, Lindeque P, Flynn KJ. 2014 Have we been
underestimating the effects of ocean acidification in
zooplankton? Glob. Change Biol. 20, 3377 -3385.
(doiz10.1111/gch.12582)

Kurihara H, Matsui M, Furukawa H, Hayashi M,
Ishimatsu A. 2008 Long-term effects of predicted

20.

21.

22.

23.

24.

future seawater (0, conditions on the survival and “

growth of the marine shrimp Palaemon pacificus.
J. Exp. Mar. Biol. Ecol. 367, 41—46. (doi:10.1016/j.
jembe.2008.08.016)

Cripps G, Flynn KJ, Lindeque PK. 2016 Ocean
acidification affects the phyto-zoo plankton trophic
transfer efficiency. PLoS ONE 11, e0151739. (doi:10.
1371/journal.pone.0151739)

Schram JB, Schoenrock KM, McClintock JB,

Amsler (D, Angus RA. 2016 Testing Antarctic
resilience: the effects of elevated seawater
temperature and decreased pH on two gastropod
species. ICES J. Mar. Sci. 73, 739—752. (doi:10.
1093/icesjms/fsv233)

Avise JC, Power AJ, Walker D. 2004 Genetic sex
determination, gender identification and
pseudohermaphroditism in the knobbed whelk,
Busycon carica (Mollusca: Melongenidae).

Proc. R. Soc. Lond. B 271, 641—646. (doi:10.1098/
rspb.2003.2533).

Bachtrog D et al. 2014 Sex determination: why so
many ways of doing it? PLoS Biol. 12, e1001899.
(doi:10.1371/journal.pbio.1001899).

Sfakianakis DG, Papadakis IE, Papadaki M, Sigelaki |,
Mylonas CC. 2013 Influence of rearing temperature
during early life on sex differentiation, haemal
lordosis and subsequent growth during the whole
production cycle in European sea bass Dicentrarchus
labrax. Aquaculture 412-413, 179—-185. (doi:10.
1016/j.aquaculture.2013.07.033)

19209107 €L a7 oig  biobuysijgndfiaposiefor|qss


http://dx.doi.org/10.1093/icb/icw020
http://dx.doi.org/10.1016/j.envres.2006.09.008
http://dx.doi.org/10.1016/j.envres.2006.09.008
http://dx.doi.org/10.1021/es501601w
http://dx.doi.org/10.1021/es501601w
http://dx.doi.org/10.1038/srep10847
http://dx.doi.org/10.1038/srep10847
http://www.environmentalevidence.org/Documents/Guidelines/Guidelines4.2.pdf
http://www.environmentalevidence.org/Documents/Guidelines/Guidelines4.2.pdf
http://dx.doi.org/10.1007/s00227-012-2023-5
http://dx.doi.org/10.1007/s00338-014-1165-y
http://dx.doi.org/10.1016/S0022-0981(97)00079-8
http://dx.doi.org/10.1007/s00227-012-1921-x
http://dx.doi.org/10.1007/s00227-012-1921-x
http://dx.doi.org/10.4003/0740-2783-23.1.89
http://dx.doi.org/10.4003/0740-2783-23.1.89
http://dx.doi.org/10.1111/gcb.12582
http://dx.doi.org/10.1016/j.jembe.2008.08.016
http://dx.doi.org/10.1016/j.jembe.2008.08.016
http://dx.doi.org/10.1371/journal.pone.0151739
http://dx.doi.org/10.1371/journal.pone.0151739
http://dx.doi.org/10.1093/icesjms/fsv233
http://dx.doi.org/10.1093/icesjms/fsv233
http://dx.doi.org/10.1098/rspb.2003.2533
http://dx.doi.org/10.1098/rspb.2003.2533
http://dx.doi.org/10.1371/journal.pbio.1001899
http://dx.doi.org/10.1016/j.aquaculture.2013.07.033
http://dx.doi.org/10.1016/j.aquaculture.2013.07.033
http://rsbl.royalsocietypublishing.org/

	Does sex really matter? Explaining intraspecies variation in ocean acidification responses
	Introduction
	Material and methods
	Results and discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


