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Abstract This special issue compiles 37 manuscripts
investigating the biological impacts and societal relevance
of ocean acidification. It includes important considerations
regarding experimental design, new methods and how
ocean acidification science can contribute to society
through education and socioeconomic assessment. Alto-
gether, this special issue constitutes a snapshot of recent
ocean acidification research. This paper aims at summa-
rizing the key findings and highlights future challenges and
research priorities.
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Introduction

The earth’s oceans are becoming more acidic as they draw
from the levels of carbon dioxide (CO,) rising in the
atmosphere. Since the industrial revolution, the acidity of
the surface ocean increased by 30 %. An additional dou-
bling to tripling in acidity may occur by 2100 as the oceans
absorb more CO, released by a growing human population.
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There is little doubt that ongoing ocean acidification and
related changes in ocean carbonate chemistry will con-
tribute to major changes in marine ecosystems, but we are
only beginning to understand the mechanistic background,
the diversity of sensitivities and the evolutionary conse-
quences of its impacts.

When scientists first became aware of the anticipated
scale of ocean acidification, most eyes turned to calcifying
organisms. Pioneering research on biological impacts
showed that coccolithophores grow finer shells and become
malformed (Riebesell et al. 2000); corals survive and
reproduce but cannot build skeletons (Fine and Tchernov
2007), threatening the sustenance of reefs and the ecosys-
tems around them. Brittle stars that congregate in high
densities on the Atlantic floor and provide habitat and food
for fish could become extinct in decades, as their larvae die
within days in ocean acidification conditions (Dupont et al.
2008). More recently, massive die-offs in wild oyster
populations and hatcheries along the US west coast were
attributed to the upwelling of acidic waters, exacerbated by
ongoing ocean acidification, thereby providing a glimpse
into the future (Barton et al. 2012).

It is now clear that acidification impacts not only cal-
cification and thus calcifying species, but a variety of
biological processes associated with growth, reproduction
and survival (see Garrard et al. 2012 for review). But it
came as a surprise that some marine calcifiers are resilient
to ocean acidification. Large mussel beds thrive in the
depths of Kiel Fjord in Germany, despite being washed by
seasonal flow of CO,-rich waters (Thomsen et al. 2010).
Some species, calcifying or not, have the capacity to adapt
to such conditions, others do not. Establishing the biolog-
ical impacts of ocean acidification is then more difficult
due to a range of physiological and ecological trade-offs
leading to a variety of organism responses. The new
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challenge of ocean acidification research is to address these
trade-offs and understand why some species survive and
others do not. This will take a new generation of experi-
ments. It will also become important to examine over long
timescales the response of whole ecosystems to acidifi-
cation and other stressors such as temperature.

Ocean acidification: a field in expansion

Ocean acidification is a growing truly interdisciplinary
field. This special issue on “ocean acidification” compiles
37 manuscripts (31 “original papers,” 5 papers providing
“review, concept and synthesis” and 1 focusing on
“methods”). This was made possible through the contri-
bution of 171 authors from 64 institutions and 22 different
countries (Fig. 1).

However, some countries or even continents are left
relatively unexplored. For example, no studies from this
special issue were performed on the coasts of Africa
despite its biological and socioeconomical vulnerability to
future global changes. Future work should focus on these
neglected regions to support the projection of future
impacts and the development of local management strate-
gies (Kelly et al. 2012).

Experimental design

The present selection of papers covers a range of experi-
mental approaches used to investigate the impact of ocean
acidification on marine species and ecosystems. To date, a
vast majority of studies are laboratory-based perturbation
experiments (e.g., 90 % of the articles in this special issue).
However, field studies taking advantage of natural gradi-
ents or CO,-rich environments (e.g., Johnson et al. 2011;
Porzio et al. 2013) or large-scale field studies using

mesocosms (e.g., Troedsson et al. 2012) can provide
insights into the short- and long-term responses at eco-
system level.

Every living organism is part of an ecosystem, and any
change in this delicate network can cascade from species to
species. One of the key gaps in knowledge includes the
impact of ocean acidification on ecological interactions and
the underlying mechanisms (Portner and Farrell 2008).
However, most experiments to date are still focusing on
single species (83 % of the articles in this special issue).
Karlberg and Wulff (2012) studied the impact of ocean
acidification on two bloom-forming cyanobacteria of the
Baltic Proper, separately and together. Their results suggest
that ocean acidification might be beneficial for the two
species dominating the extensive summer blooms. How-
ever, the biovolume of each species was lower when grown
together emphasizing the importance of studying interac-
tions between species. Schoo et al. (2012) showed that the
acclimation of food organisms (e.g., the algae Rhodomonas
salina) to ocean acidification can negatively impact the
grazers (e.g., the copepod Acartia tonsa). These two studies
highlight the importance to include ecological interactions
in future experimental designs.

The average duration of perturbation experiments in
studies published in this special issue was 49 4 17 days. It
ranged from 3 days to 16 months, but 25 % of the exper-
iments were shorter than 1 week and 93 % were shorter
than 3 months. However, long-term responses must be
captured, especially in organisms that live for decades in
complex life cycles. For example, after 4 months, female
urchins exposed to ocean acidification produced 5 times
fewer eggs. But after 16 months, with enough time to
acclimate to their new environment, adult urchins repro-
duced normally (Dupont et al. 2012).

Acidification develops on top of natural variability and
in tandem with other human-driven environmental chan-
ges, including warming, eutrophication, hypoxia and

Fig. 1 a World map showing the origin of contributing institutions (countries in gray) and the number of articles per studied sites (green
circles); b Contribution of each country to the special issue in relative number of authors
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pollution. Temperature is a key climate driver for biolog-
ical changes, and ocean acidification modulates organism
responses to temperature (Portner and Farrell 2008). For
example, Arctic crabs exposed to temperature extremes
reduce their activity, and this trend is exacerbated by ocean
acidification (Zittier et al. 2012).

In this special issue, perturbation experiments included
2 to 12 pH scenarios (average per study 3.8 £ 0.4; Fig. 2).
One treatment was always considered as the control
(“present,” pH 8.08 &+ 0.01), and other treatments were
termed “near-future ocean acidification scenarios” with
ApH applied ranging from 0.06 to 2.1. When several
treatments were considered, the minimum ApH applied per
study ranged from 0.06 to 0.6 and the maximum ApH
ranged from 0.2 to 2.1.

pH variation in coastal environments under ocean
acidification is influenced by biotic parameters such as
photosynthesis and respiration, which also vary depending
on fluctuating abiotic and biotic factors. Seasonal changes
in biological activities lead to highly variable pH values
experienced by coastal organisms during the year on dif-
ferent spatiotemporal scales (e.g., Schulz and Riebesell
2012). As a consequence, atmospheric pCO, is only one
parameter to be considered when setting baseline treatment
conditions and experimental design should rely on mea-
surements of carbon chemistry in the actual habitat
(McElhany and Busch 2012). A wide range of pH values
should be tested to cover present and future environmental
variability (e.g., more than 1 treatment should be consid-
ered as control and future treatments). At the same time,
the impact of variability itself is also poorly understood.

Ocean acidification should also be considered in light of
other environmental drivers, including warming, deoxy-
genation or pollutants on global, regional and local scales
(e.g., Melzner et al. 2012; Schalkhausser et al. 2012).
Schalkhausser et al. (2012) compared the response of the
scallop Pecten maximus to ocean acidification at 4C
(winter) and 10C (spring/summer). However, most studies
exclusively considered ocean acidification (59 %; Fig. 3)

35 4
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% perturbation experiments

2 3 4 6 7 8 12
pH scenarios tested

Fig. 2 Proportion of studies using different numbers of pH scenarios

=pH

= pH-+temp

= pH+salinity

= pH+copper

= pH+temp+nutrient

Fig. 3 Proportion of papers considering single (pH) or multiple
parameters

and only a few included 2 environmental parameters at a
time: 37 % combined pH and temperature; two studies
combined pH and salinity (Karlberg and Wulff 2012;
Lewis et al. 2012). Only one study considered 3 parameters
(pH, temperature and nutrients; Troedsson et al. 2012).
When a second parameter is considered, only 2 scenarios
were considered for each parameter (with the exception of
Hiebenthal et al. 2012 considering 5 treatments).

The interaction between environmental parameters is
complex. For example, temperature was often the main
driver of change (Arnberg et al. 2012; Hiebenthal et al.
2012; Karlberg and Wulff 2012) minimizing (e.g., Dorey
et al. 2012) or amplifying the negative effect of pH
(Schalkhausser et al. 2012), likely depending on where in
the thermal window the control and experimental temper-
atures are set. Lewis et al. (2012) also demonstrated that
pH increased the sensitivity to copper.

In the future, studies of ocean acidification should move
away from “stamp collecting”—i.e., testing individual
species in simplistic experimental conditions—to more
complex experiment designs mimicking realistic environ-
mental conditions and aiming at identifying unifying
principles that would help us identify sensitive species and
ecosystems. This requires long-term exposures and taking
into account ecological interactions and relevant multi-
parameter environmental conditions (and their variability).

Biological impacts

Ocean acidification can lead to contrasting biological
responses ranging from negative (e.g., increased mortality)
to positive effects on fitness (e.g., the tunicate Oikopleura
dioicai; Troedsson et al. 2012; Fig. 4).

This special issue compiles information on 26 species
from 10 taxonomic groups [cyanobacteria (2 species),
phytoplankton (1), macroalgae (2), annelids (2), corals (1),
crustaceans (3), echinoderms (4), mollusks (7), tunicates
(1), fish (3)]. These include the “usual suspects” in the
field but also new or neglected taxonomic groups such as
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Fig. 4 Summary of impacts on fitness of species studied in this
volume (relative number of species)
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Fig. 5 Relative numbers of species studied showing negative (e.g.,
increased mortality), neutral or positive (e.g., increased reproduction
and survival) impacts on fitness of both non-calcifiers and calcifiers

Annelids (Lane et al. 2012; Lewis et al. 2012) or Tunicates
(Troedsson et al. 2012). Marine calcifiers (70 % of studied
species) were on average more sensitive to ocean acidifi-
cation than the non-calcifiers studied (Fig. 5).

Christen et al. (2012) confirmed that the impacts
observed at species levels are mirrored in changes at eco-
system level. Working on intertidal macrobenthic com-
munities, they showed that communities experienced
significant changes in structure and reduced diversity in
response to ocean acidification: shifting from a community
dominated by calcareous organisms to one with lower
abundances and diversity of mollusks and arthropods.
Altogether, these results confirm that there will be “win-
ners” and “losers” in response to ocean acidification with
consequences at ecosystem level. These findings stress the
importance of considering all taxonomical groups coexis-
ting and interacting at ecosystem level.

The importance of relevant end points

The impact of ocean acidification bears consequences for
human society. It then appears critical to include relevant
end points (e.g., survival, growth) in any experimental
design. This special issue is a nice illustration that new end
points are now considered. “Classic” fitness-related
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parameters are included in 79 % of the studies (e.g., 58 %
growth; 58 % survival; 21 % abnormality). Previously
neglected but critical parameters such as fertility are also
considered. For example, Uthicke et al. (2012) showed that
short-term exposure to ocean acidification can impact male
fertility negatively in sea urchins. Dupont et al. (2012)
showed that female fertility is only reduced during med-
ium-term exposures. It was also confirmed that transition
phases such as fertilization can be negatively impacted
(Gonzalez-Bernat et al. 2012; Lewis et al. 2012). In con-
trast, larval metamorphosis into juveniles remained unaf-
fected in echinoderms and annelids (Dupont et al. 2012;
Lane et al. 2012). Five studies showed that ocean acidifi-
cation alone or in combination with temperature change
can impact behavior in fish (Devine and Munday 2012;
Munday et al. 2012, but see Maneja et al. 2012), mollusks
(Schalkhausser et al. 2012) and crustaceans (Zittier et al.
2012).

What is needed to improve predictive power is a greater
understanding of mechanisms in action. This will be pos-
sible through a better understanding of the biological
responses at molecular and physiological levels. Several
articles consider responses at the levels of the proteome
(Dineshram et al. 2013) and the transcriptome (qPCR,
Hiining et al. 2012; Putnam et al. 2012) revealing plasticity
at the molecular level, the importance of post-translational
processes (Dineshram et al. 2013) and identifying path-
ways that can be impacted. These were complemented by
physiological studies in 45 % of the published articles.
Respiration (21 %) and calcification (21 %) were most
frequently studied, but others were also considered
including feeding (1 study), photosynthesis (2 studies) and
acid—base regulation (1 study). These studies reported a
range of responses. For example, it was shown that calci-
fication can be strongly inhibited under ocean acidification
(e.g., Lane et al. 2012; Fig. 6a), but can also be stimulated
leading to hyper-calcification (e.g., Dorey et al. 2012).
Bradassi et al. (2013) also shown that under ocean acidi-
fication, the maintenance of skeletal structure is possible
through new trade-offs between calcification and dissolu-
tion (Fig. 6b).

Life stages, proof of concepts and surprises

Many benthic species have a complex life cycle including
embryos/larvae, juveniles and adults. The field of ocean
acidification is now at a stage of complementing the study
of various life stages. Only a small number of articles
consider more than 1 life-history stage. However, differ-
ential effects of ocean acidification on various life-history
stages, including carry-over effects between consecutive
life stages, with consequences for communities and
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A pH 8.1

Fig. 6 Impact of ocean acidification on calcification. a Larval
metamorphosis of the serpulid tubeworm, Hydroides elegans, at pH
8.1 and pH 7.7. Larvae were reared in varying pH conditions for
4 days before they attained competency and were induced to attach
and metamorphose into juveniles by a natural multi-species microbial
biofilm. Pictures were taken 24 h after the completion of metamor-
phosis. Tubeworm larvae were able to completely metamorphose, but
unable to produce a calcified tube at pH 7.7 (courtesy, Dr. Lane &

ecological interactions demonstrated the importance to
include the whole life cycle in future experimental design
(larvae and juveniles: Dorey et al. 2012; Lane et al. 2012;
adult-larvae: Uthicke et al. 2012; adult-larvae—juvenile:
Dupont et al. 2012; the whole life cycle: Troedsson et al.
2012). For example, urchin larvae exposed to ocean acid-
ification produced juveniles that were 10 times more sen-
sitive to ocean acidification (Dupont et al. 2012).

This special issue also illustrates the fact that ocean
acidification can lead to ‘“unexpected” effects. As an
example, Chan et al. (2012) showed that ocean acidificat-
ion can induce larval budding in sea urchin larvae. There
are more surprises to come, and there is still space for
exploratory science.

As a consequence, the field is still widening the range of
reported phenomena. In addition, existing knowledge has
led to the formulation of relevant hypotheses, e.g., the role
of acid-base regulation or reliance on calcified structures in
shaping sensitivity, energy budget or behavior; the inter-
action between temperature, hypoxia and CO,; the poten-
tial role of epigenetics in carry-over effects; or the role of
dynamic thermal niches in shaping species interactions
(e.g., Portner and Farrell 2008; Melzner et al. 2009; Knoll
and Fischer, 2011; Nilsson et al. 2012; Dupont et al. 2012;

Dr. Thiyagarajan). b Confocal image of calcein-labeled skeleton of
crustose coralline alga Phymatolithon lenormandii grown at pH 8.0
and pH 7.8. Newly formed skeleton during the exposure to calcein is
labeled in green/yellow. Red labeling is the chlorophyll autofluores-
cence. At pH 8.0, only the growing margin of the thallus is labeled,
while the whole thallus is labeled at pH 7.8, indicating constant
dissolution/calcification processes. Scale bar = 100 pm

Portner 2008, 2012). Accordingly, the field is moving
toward more hypothesis-driven research and focusing on
the proof of these and other concepts.

Conclusions and perspectives

What is needed overall is a greater understanding of
physiological, evolutionary and ecological mechanisms. A
single experiment would not allow capturing the level of
complexity involved. Single-species perturbation experi-
ments can elucidate its physiological responses to multiple
environmental conditions and, in long-term studies over
multiple generations, its evolutionary potential. Meso-
cosms can unravel the key role of ecological interactions.
Monitoring combined with modeling can help understand
the key role of natural variability in species responses.
Investigations of species in a natural gradient of tempera-
ture and CO, can also provide key information on the
potential of organisms to acclimate and adapt. While
manpower, funding and methodologies will always be
limited when addressing specific research questions, there
is one overarching limitation. There is a lack of idea of and
approach to how the overarching principles of ocean
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acidification effects can be understood across organism
domains. Such understanding will be a crucial basis for
addressing questions at ecosystem level, e.g., in biogeo-
chemical processes such as nitrogen fixation or the inter-
actions between distantly related organisms such as
animals, plants and bacteria.

Ocean acidification has already begun and can, alone or in
combination with other stressors, have significant effects on
marine ecosystems and their services to humankind. In light
of the long-term perspective of ocean acidification and the
millennia it will take to reverse the changes in ocean
chemistry, we believe that rather than only documenting the
disaster, research should also be oriented toward finding
solutions. By improving our understanding of the biological
impacts of ocean acidification, we will be able to identify the
organisms and ecosystems more at risk that deserve our more
urgent attention. While working on the cause of ocean
acidification through a reduction in CO, emissions (Fauville
et al. 2012; Hilmi et al. 2012), we can buy some time by
working on other factors decreasing ecosystem resilience
such as over-fishing or pollution. We can also explore other
solutions such as the optimization of aquaculture or the
isolation of strains of important species resilient to ocean
acidification. Many scientific challenges are ahead of us, but
it is time to get ready for the future oceans.
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