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Abstract. ‘Multiple drivers’ (also termed ‘multiple stressors’) is the term used to describe the cumulative effects of
multiple environmental factors on organisms or ecosystems. Here, we consider ocean acidification as a multiple driver
becausemany inorganic carbon parameters are changing simultaneously, including total dissolved inorganic carbon, CO2,

HCO3
�, CO3

2�, Hþ and CaCO3 saturation state. With the rapid expansion of ocean acidification research has come a
greater understanding of the complexity and intricacies of how these simultaneous changes to the seawater carbonate
system are affecting marine life. We start by clarifying key terms used by chemists and biologists to describe the changing

seawater inorganic carbon system. Then, using key groups of non-calcifying (fish, seaweeds, diatoms) and calcifying
(coralline algae, coccolithophores, corals, molluscs) organisms, we consider how various physiological processes are
affected by different components of the carbonate system.
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Introduction

A key factor in the development of ocean acidification (OA) as

an independent research field over the past 15 years has been
collaborations between chemists and biologists, particularly in

experimental work to understand the effects of OA on marine
life (Riebesell et al. 2010). This is exemplified by the OA

research team at the University of Otago (New Zealand), led
by Professor Keith Hunter: early collaborations focused on
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biologists learning how to correctly manipulate the seawater
carbonate system in a way that mimics ‘natural future changes’

(Hurd et al. 2009). This included the development of new
culture systems to grow marine organisms that accurately
measure and regulate the seawater carbonate system (McGraw

et al. 2010; Cummings et al. 2011; Hoffmann et al. 2013) and
fluctuate pH in away thatmimics coastal oceans (Cornwall et al.
2013; Reidenbach et al. 2017) while ensuring correct replication

of experimental units (Cornwall and Hurd 2016).
With the rapid expansion of OA research has come a greater

understanding of the complexity and intricacies of how the
multiple changes to the seawater carbonate system are affecting

marine life. At the same time, research is increasing into the many
other environmental properties that are changing simultaneously.
These include global drivers, such as temperature, underwater light

regime, O2 concentration and altered nutrient supply, as well as
local drivers, such as eutrophication, urbanisation, pollution. These
multiple drivers interactwith each other, andwithOA, inways that

can be unpredictable (Crain et al. 2008; Boyd et al. 2018).
OA itself can also be viewed as amultiple driver because there

are many chemical parameters changing simultaneously, includ-
ing total dissolved inorganic carbon (DIC), CO2, HCO3

�, CO3
2�,

Hþ and the carbonate saturation state (O). Each of these chemical
parameters can have different physiological effects on an organ-
ism, whichmay affect growth and survival in unpredictable ways.

For example, rates of gross calcification in mussels increase
with OA because HCO3

�, which is the source of carbonate for
calcification, increases. However, at the same time, increased

dissolution of the outer shell layer occurs as O decreases
(Rodolfo-Metalpa et al. 2011). Therefore, the effect of OA on
net calcification of bivalves and gastropods will be the balance of

increasing DIC (positive) and decreasing O (negative), as well as
the extent towhich their outer shell is protected fromdecreasingO
by the proteinaceous periostracum (Rodolfo-Metalpa et al. 2011).

Here, we begin by clarifying our understanding of the terms

used by chemists and biologists to describe the changing
seawater inorganic carbon system. Using key groups of calcify-
ing and non-calcifying organisms known to be affected by OA,

we then consider how the different components of the carbonate
system affect them, both separately and interactively.

Seawater carbonate system

As pCO2 in the atmosphere increases, more CO2 is being driven
into the surface seawater, increasing the concentration of

aqueous CO2. When CO2 is absorbed by seawater, it will react
with water to form carbonic acid (H2CO3):

CO2ðaqÞ þ H2OÐH2CO3ðaqÞ ð1Þ

H2CO3 will then dissociate to form bicarbonate (HCO3
�) and

a proton (Hþ):

H2CO3ðaqÞÐHCO3
�ðaqÞ þ HþðaqÞ ð2Þ

The Hþ can then react with carbonate (CO3
2�), producing

additional HCO3
� at the expense of CO3

2�:

CO3
2�ðaqÞ þ HþðaqÞÐHCO3

�ðaqÞ ð3Þ

These equilibrium reactions illustrate the consequence of
increasing atmospheric CO2 concentrations: CO2, HCO3

� and
Hþ are increasing, while CO3

2� is decreasing.
The term ‘ocean acidification’ comes from the increasingHþ

concentration (Eqn 2). However, because [Hþ] can vary by a
factor of 1014 in water, acidity is usually expressed as pH, where
an increasing acidity (i.e. increasing [Hþ]), is expressed as a

decreasing pH:

pH ¼ � log½Hþ� ð4Þ

It is important to note that ‘Hþ’ is chemical shorthand: in

aqueous solutions, Hþ does not exist as written. Instead, the Hþ

will be transferred from the proton donor (e.g. H2CO3) to water,
forming a hydronium ion (H3O

þ). The Hþ will be transferred

between water molecules, but will remain as H3O
þ in seawater.

However, in this paper, we will continue with the practice of
expressing H3O

þ as Hþ (or ‘a proton’).

In addition to the increasing acidity, the absorption of CO2

leads to an increase in the total DIC:

DIC ¼ ½CO2� þ ½H2CO3� þ ½HCO3
�� þ ½CO3

2�� ð5Þ

Because it is difficult to distinguish between [CO2] and

[H2CO3], these two terms are often combined into a single
parameter, [CO2*], which simplifies the expression for DIC:

DIC ¼ ½CO2
�� þ ½HCO3

��þ ½CO3
2�� ð6Þ

Although HCO3
� is the dominant form of DIC in seawater,

the relative amount of each species is dependent on seawater
pH. Thus, it is important to recognise that a change in pH is an
outcome of changes in the dissolved inorganic carbon system

rather than a driver. As OA continues to decrease the pH of
seawater, the position of the equilibrium shifts towards
HCO3

�, leading to substantial decreases in CO3
2�. For exam-

ple, as pCO2 increases from 280 to 560 ppm, HCO3
� is

expected to increase by 12.3%, whereas CO3
2� will decrease

by 36.9% (Table 1). At the same time, the CO2 : HCO3
� ratio

will increase by 79.1%.

Decreasing CO3
2� is also leading to decreasing O: O, which

describes the thermodynamic stability of CaCO3, decreases
proportionally with decreasing [CO3

2�]:

O ¼ Ca2þ½ � CO2�
3

� �

Ksp

ð7Þ

where Ksp is the thermodynamic solubility product and
will depend on the morphology of the CaCO3 structure

(e.g. calcite or aragonite) and the temperature, pressure,
salinity and composition of the seawater. The appeal of O in
describing the inorganic carbon system lies in its simplicity:
when O is $1, the inorganic CaCO3 structure is considered

chemically stable; however, when O is ,1, dissolution of the
CaCO3 structure is energetically favoured. It is important to
remember that O refers only to the thermodynamic stability of

the CaCO3 structure, and not the ability of an organism to
calcify.
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Historical perspective on understanding the biological
responses of marine organisms to OA

Early OA research focused on the effects on calcification,

because calcifiers were considered particularly vulnerable to
the declining CO3

2� and O. From a biological perspective, the
implication that seawater CO3

2� is used directly in calcification

was a distraction because most calcifying organisms acquire
CO3

2� for calcification by metabolic modification of CO2 or
HCO3

�; indeed, the carbonate ion is rarely transported across
cellular membranes (Hofmann and Todgham 2010). These

processes can occur internally or externally, depending on the
mechanisms of calcification (Roleda et al. 2012a and references
therein), but are independent of seawater CO3

2�. Gaining amore

completemechanistic understanding of how key groups, namely
coccolithophores, corals, coralline algae and shellfish (i.e.
gastropods and bivalves), calcify has been crucial in advancing

our comprehension of how the various components of the
seawater inorganic carbon system affect physiological and
biochemical processes, and the relative susceptibility of species.

A theme that developed after the initial focus on calcifiers

was how OA may affect non-calcifying marine life, including
algae (i.e. phytoplankton such as diatoms and ‘fleshy’
seaweeds) and higher trophic levels, including fish (Hurd

et al. 2018). A meta-analysis suggested that micro- and macro-
algae will benefit in a future ocean because of a positive effect of
increasing CO2 on photosynthesis and growth (Kroeker et al.

2013). However, physiological studies on algae indicate a range
of responses that can be positive, negative or neutral depending

on the relative ability to use CO2 and HCO3
� and whether

increasing Hþ affects cellular homeostasis (van der Loos et al.

2019). Similarly, changes in CO2, HCO3
� and Hþ can affect

physiological processes in fish, with a range of downstream
effects on individual performance (Heuer and Grosell 2014).

Understanding the mechanisms by which the different compo-
nents of the seawater carbonate system interact to affect organ-
isms is key to understanding responses to OA.

Non-calcifiers

Fish

Environmental pCO2 is the primary component of the changing
inorganic carbon system that is of concern to fishes, but even
here it can have diverse effects. An increase in environmental

pCO2 causes the pCO2 in fish blood to rise. To counter the
acidotic effect of higher extracellular pCO2, fish excrete addi-
tional Hþ by the gills and buffer the plasma with extra HCO3

�,
which is mostly taken up from the water by the gills (Heuer and
Grosell 2014). However, this change in the internal inorganic
carbon chemistry to maintain a steady pH is not without con-

sequences. For example, calcification processes are typically
enhanced by increased pCO2 in fishes. Several studies have
found that the aragonitic otoliths of fishes are larger in larval

fish reared under high CO2 (Checkley et al. 2009). The likely
explanation for this phenomenon is that the accumulation of
HCO3

� in the blood to buffer acid–base balance results in more
HCO3

� being transported into the fluid surrounding the otolith,

providing more substrate for otolith formation (Heuer and
Grosell 2014). Elevated internal CO2 and HCO3

� levels also
lead to increased CaCO3 precipitation in the fish gut (Heuer and

Grosell 2016). Because fish contribute up to 15% of global
production to the inorganic carbon cycle (Wilson et al. 2009), an
increase in fish CaCO3 excretion under OA conditions could be

significant.
Less favourable effects of elevated CO2 in fish are changes to

sensory capacities and a wide range of altered behaviours
(Nagelkerken and Munday 2016). The likely mechanism for

the diverse behavioural changes that have been observed is the
effect of elevated HCO3

� levels on GABAA receptor function
(Nilsson et al. 2012). GABA (g-aminobutyric acid) is the

primary inhibitory neurotransmitter in the vertebrate brain and
the GABAA receptor is an ion channel with permeability for
HCO3

� and Cl�. The increased concentration of extracellular

HCO3
� used to buffer blood pH can alter the function of the

GABAA receptor, potentially altering its polarity, causing
downstream effects on cognition and behaviour (Nilsson et al.

2012; Heuer et al. 2016; Schunter et al. 2016). New studies are
showing that higher concentrations of Hþ in seawater associated
with OA can alter the molecular structure of some odorants,
having a direct effect on fish olfactory abilities (Roggatz et al.

2016; Velez et al. 2019).

Fleshy (non-calcifying) seaweeds

Seaweeds are (mostly) benthic coastal primary producers from

three phyla (Rhodophyta, Ochrophyta and Chlorophyta) that
dominate temperate waters where they provide 50% of primary
production, recycle nutrients and form habitats for higher

trophic levels (Hurd et al. 2014). Most seaweeds can take up

Table 1. Dissolved inorganic carbon (DIC) parameters for current

and future scenarios relative to the percentage change (D) since pre-

Industrial values

Calculations were done with CO2sys (Lewis and Wallace 1998) using the

carbonate equilibrium constants of Lueker et al. (2000), sulfate constants of

Dickson (1990), hydrofluoric acid constants of Perez and Fraga (1987) and

total boron of Lee et al. (2010). The calculations were based on the pCO2

concentrations given in the table and alkalinity, temperature and salinity

values of 2300 mmol kg�1, 208C and 35%. [CO2*], single parameter

combining [CO2] and [H2CO3]; O, saturation state

Scenario

Pre-

Industrial

Current D (%) 2� Pre-

industrial

D (%)

pCO2 (matm) 280 410 46.6 560 100

DIC

(mmol kg�1)

1965.9 2044.4 4.0 2102.2 6.9

[CO2*]

(mmol kg�1)

9.0 13.2 46.7 18.1 101

[HCO3
�]

(mmol kg�1)

1726.3 1850.3 7.2 1938.7 12.3

[CO3
2�]

(mmol kg�1)

230.5 180.9 �21.5 145.4 �36.9

CO2 : HCO3
� 5.21� 10�3 7.13� 10�3 36.8 9.34� 10�3 79.1

[Hþ] (mol kg�1) 6.7� 10�9 9.2� 10�9 36.6 1.2� 10�8 78.1

pHT 8.17 8.04 7.92

Ocalcite 5.51 4.33 �21.5 3.48 �36.9

Oaragonite 3.58 2.81 �21.5 2.26 �36.9
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dissolved CO2 by passive diffusion at a rate sufficient to saturate

photosynthesis, an ‘energetically cheap’ acquisition strategy,
provided that the CO2 concentration is high enough (Raven et al.
2014). However, many seaweeds can also use HCO3

�, the
uptake of which has a higher energetic demand using direct
active uptake or the extracellular conversion to CO2 by the
enzyme carbonic anhydrase (CA), with active transport occur-

ring at the chloroplast membrane. Some tropical seaweeds
appear to use only HCO3

� (Diaz-Pulido et al. 2016). Algae that
directly use HCO3

� have a CO2-concentrating mechanism
(CCM species) that increases the supply of CO2 to the active site

of Rubisco (ribulose bisphosphate carboxylase–oxygenase),
thereby enhancing its carboxylation efficiency. However, it is
estimated that one-third of seaweed species take up CO2 by

diffusion only under present inorganic carbon supply conditions
(mostly red seaweeds, Phylum Rhodophyta) and do not operate
a CCM (termed ‘non-CCM species’; Raven et al. 2014;

Cornwall et al. 2015; Kübler and Dudgeon 2015). Hence, the
energetics andmechanisms ofDIC acquisition by seaweeds, and
the relative availability of HCO3

� and CO2, and their changes
in genetic adaptation will define their productivity in a future

high-CO2 ocean.
DIC ‘uptake strategies’ are being used to help predict the

responses of seaweeds to OA. To date, six strategies have been

identified based on field surveys (Hepburn et al. 2011; Cornwall
et al. 2015, 2017b; Diaz-Pulido et al. 2016), laboratory studies
(Cornwall et al. 2012; Britton et al. 2019; van der Loos et al. 2019)

and a literature survey (van der Loos et al. 2019): (1) non-CCM
with lowaffinity forDIC; (2) non-CCMwith high affinity forDIC;
(3) low-affinity CCM; (4) high-affinity CCM with no

downregulation of the CCM; (5) high-affinity CCM with down-

regulation of the CCM; and (6) HCO3
� only. Species with a low

affinity forCO2orHCO3
� are predicted to benefit in a future ocean

because DIC will limit productivity under today’s oceanic condi-

tions, whereas no change is predicted for those with high-affinity
uptake mechanisms because photosynthesis is saturated for DIC.

Testing the predicted responses of seaweeds requires a

mechanistic understanding of DIC uptake processes (i.e. the
six noted above), which are not well known for most seaweeds.
ForMacrocystis pyrifera and Ulva rigida, both of which have a
high-affinity CCM, therewas no effect ofOAon rates of growth,

photosynthesis or the activity of CA, supporting the predictions
of Mechanism 4 above (Fernández et al. 2015; Rautenberger
et al. 2015). A literature survey examining the growth responses

of seaweeds to increased CO2 revealed that for 55 CCM sea-
weeds, 21 had no response, whereas 15 had increased growth and
5 had decreased growth relative to ambient seawater, but the

mechanisms of DIC uptake are unknown for most species
(Table 2; van der Loos et al. 2019). The growth responses of
only five non-CCM species have been tested, again with mixed
results: the growth rates of three specieswere unaffected,whereas

growth was enhanced in two species (Kübler et al. 1999; Kram
et al. 2016; Britton et al. 2019; van der Loos et al. 2019).

In addition, some species may be sensitive to increasing Hþ

concentrations, which could affect cellular homeostasis and may
act antagonistically to any benefits of increasing DIC (van der
Loos et al. 2019). However, for M. pyrifera gametophytes, the

negative effects of Hþ on growth were ameliorated by the
addition of CO2, illustrating that CO2 and Hþ have separate and
interactive effects on metabolism (Roleda et al. 2012b).

Table 2. Physiological processes affected by the changing dissolved inorganic carbon (DIC) parameters associated with ocean acidification

O, saturation state; CA, carbonic anhydrase; CCMs, CO2-concentrating mechanisms

Organism DIC parameter

Hþ CO2 HCO3
� O

Fish Indirect effect of altered

odorant on fish olfactory

system

Blood pH Sensory capacity by

GABAOtolith calcification

Calcium carbonate precipitation in gut

Fleshy seaweed Cellular homeostasis Downregulation of CCMs and external CA Photosynthesis

Bicarbonate transport

Photosynthesis

Diatoms Silicification Downregulation of CCMs and external CA Photosynthesis

Bicarbonate transport

Photosynthesis

Coccolithophores Intracellular acid–base

regulation

Photosynthesis Photosynthesis

Calcification

Corals Calcification, cellular

homeostasis, photosynthesis

Calcification, photo-

synthesis, cellular

homeostasis

Gross dissolution

Coralline algae Calcification, cellular

homeostasis

Calcification, cellular

homeostasis

Gross dissolution

Molluscs Gross calcification Gross dissolution of the inner shell Gross calcification Gross calcification

and gross dissolution

Fertilisation Mitochondrial membrane

potential

Sperm motility

Sperm motility
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Phytoplankton: diatoms

Diatoms (PhylumOchrophyta) are an important group ofmarine
phytoplankton, accounting for ,40% of oceanic primary pro-

ductivity (Falkowski 1994; Field et al. 1998; Armbrust 2009).
Any changes to the seawater carbonate system are likely to have
profound effects on marine productivity and global carbon

cycles.
Diatoms can take up bothCO2 andHCO3

� from seawater, but
the extent to which they show preferential use of one or other of

these is highly species dependent. For example,Nitzschia navis-
varingica predominantly uses CO2, whereas Stellarima stellaris
primarily uses HCO3

� and Pseudo-nitzschia multiseries uses
CO2 or HCO3

� approximately equally; only N. navis-varingica

showed a significant decrease in the use of HCO3
� at the lower

pH associated with OA (Trimborn et al. 2008).
Diatom genomes encode several transporters implicated in

HCO3
� transport. In Phaeodactylum tricornutum, several

plasmalemma-associated transporters are inducible under low
CO2 levels and are repressed at elevated CO2, and orthologous

transporter genes were reported in Thalassiosira pseudonana

(Nakajima et al. 2013). There is little evidence of direct CO2

active transport at the plasmalemma, but diatoms show external

CA activity, responsible for accelerating the HCO3
� to CO2

conversion at the cell surface, a key component of some CCMs.
This CCM is repressed when the uncatalysed CO2 supply is
greater than demand from photosynthesis, and is thusmodulated

by OA (see Smith-Harding et al. 2017 and references therein).
Similar to seaweeds, the response of diatom growth and

photosynthesis to OA is also highly species dependent.Wu et al.

(2014) and Sett et al. (2018) showed that elevated pCO2 is likely
to stimulate the growth rate of larger-celled diatoms more
than in small-celled species because large cells are more prone

to CO2 depletion in their diffusive boundary layer. Gao and
Campbell (2014) summarised the evidence in the literature for
responses of diatom growth (and other physiological
parameters) to OA and found that most studies reported either

no effect or stimulation of growth under OA, although some did
report (mostly low) inhibition of growth. Variability in response
is likely due not only to species and strain differences, but also to

interactions with other environmental conditions, such as light
intensity (see Gao and Campbell 2014 and references therein).

The metabolic activities of algae potentially affect their

internal acid–base balance. Thus, assimilation of HCO3
� and

NO3
� will lead to generation of OH� ions inside the cell; so, for

maintenance of pH homeostasis, OH� efflux or Hþ influx must

occur. Similarly, if reduced N sources such as NH4
þ are used,

then Hþ efflux is required to maintain internal pH. Influx or
efflux of OH�or Hþ to achieve pH homeostasis requires energy,
and so contributes to the maintenance energy requirements of

the cell (Raven 2011).
The elevated Hþ concentration (i.e. lower pH) caused by

increasing CO2 is likely to alleviate the energy cost of acid–base

regulation. As external Hþ increases, the Hþ free energy
gradient between the seawater of an acidified ocean and cytosol,
with pH values close to 7, will be decreased, although these

energy savings are likely to be small (Raven 2011). Acidifica-
tion of the cytosol associated with OA is likely to be small
compared with external changes; Hervé et al. (2012) have

shown that in Thalassiosira weisflogii a drop of 0.4 pH units
in themedium (2.5-fold increase in Hþ, set by adding acid rather
than increased CO2) is likely to result in an acidification of the
cytosol of 0.17 units (1.5-fold increase in Hþ). However,
reduced pH may have larger implications for silicification.

Although Hervé et al. (2012) showed only a small change in
biogenic Si content per cell from pH8.2 to pH 7.8,Milligan et al.
(2004) have shown a fourfold in increase in Si dissolution of the

frustules of T. weisflogii at a pCO2 of 750 v. 100 ppm.

Calcifiers

Shelled molluscs

Shelled molluscs are among the most vulnerable organisms to
OA, with consistently negative effects of OAmeasured across a

wide range of physiological traits (Gazeau et al. 2013; Kroeker
et al. 2013; Parker et al. 2013). Efforts to disentangle which
components of the inorganic carbonate system affect shelled

molluscs have focused primarily on net calcification and are the
topic of considerable debate. Net calcification in these organ-
isms is generally found to reduce under OA owing to a reduction
in gross calcification (the amount of CaCO3 that is precipitated

into the shell) or an increase in gross dissolution (which can
occur at the outer or inner surface of the shell). Correlations
between [CO3

2�] orO and gross calcification have been made in

several studies (Gazeau et al. 2011; Waldbusser et al. 2015a,
2015b; Ramesh et al. 2017; Li et al. 2018; Sanders et al. 2018;
Thomsen et al. 2018), with decreasingO considered to make the

kinetics of shell formation more energetically costly (kinetic–
energetic constraint theory; Waldbusser et al. 2015a, 2015b,
2016). However, other studies suggest that gross calcification

is controlled by the seawater [HCO3
�]/[Hþ] ratio and not O

(Cyronak et al. 2016a, 2016b; Thomsen et al. 2015, 2018; Ries
et al. 2016; Lu et al. 2018). Here, CaCO3 precipitation is thought
to be balanced by the stimulating effect of HCO3

� (the primary

substrate for calcification in shelledmolluscs) and the inhibitory
effect of Hþ (which reduces the inside–outside concentration
gradient of Hþ, reducing the ability of shelled molluscs to

remove Hþ from their calcifying fluid). During calcification,
shelled molluscs transport HCO3

� from the surrounding sea-
water to the extrapallial space (EPS), where inorganic CaCO3 is

precipitated by the reaction of Ca2þ andHCO3
�. As a by-product

of this reaction, Hþ ions are generated that must be removed
from the EPS in order to avoid acidification of the extrapallial
fluid (EPF) and allow further CaCO3 precipitation to occur

(Thomsen et al. 2015; Lu et al. 2018). Under OA, the seawater
[HCO3

�]/[Hþ] ratio becomes skewed towards [Hþ] (the inhibitor)
as [Hþ] increases to a much greater extent than [HCO3

�]. As a
result, the inside–outside [Hþ] gradient shrinks, reducing the
ability of shelled molluscs to remove Hþ ions from their EPS.
This leads to acidosis of the EPF and inhibition of CaCO3 pre-

cipitation (substrate-to-inhibitor ratio theory; Bach 2015;
Thomsen et al. 2015, 2018; Ries et al. 2016; Lu et al. 2018).

However, gross calcification in shelled molluscs is not

always negatively affected under OA. In fact, gross calcification
under OA has been found to increase in some shelled mollusc
species (Rodolfo-Metalpa et al. 2011). This phenomenon likely
occurs because HCO3

�, the primary source of carbonate used

for calcification, is increased under OA. Instead, declines in net
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calcification in these species are caused by an increase in gross
dissolution of the outer shell surface atO, 1 (Rodolfo-Metalpa

et al. 2011). Such increases in gross dissolution of the outer shell
surface of molluscs as O approaches or becomes,1 have been
widely documented (Hall-Spencer et al. 2008; Marshall et al.

2008; Thomsen et al. 2010; Gazeau et al. 2013; Ries et al. 2016).
The likelihood and degree of dissolution appears to be largely
dependent on the presence and condition of an outer protective

organic cover, known as the periostracum (Ries 2011; Rodolfo-
Metalpa et al. 2011; Harvey et al. 2018), although the perios-
tracum alone does not appear to prevent dissolution for all
shelled mollusc species (Ries et al. 2016). An increase in gross

dissolution under OA has also been shown to occur at the inner
surface of mollusc shells (Melzner et al. 2011; Ramesh et al.

2017). Although efforts to disentangle which component of the

inorganic carbonate system directly causes this effect are
currently lacking, it has been suggested that increases in
seawater pCO2 cause an increase in pCO2 in the EPF and

haemolymph. As a result,O at the site of calcification is reduced
and the inner surface of the shell is exposed to more corrosive
conditions (Melzner et al. 2011; Ramesh et al. 2017).

Phytoplankton: coccolithophores

Coccolithophores are calcified photosynthetic marine members
of the Phylum Haptophyta. Calcification is intracellular in
coccolith-forming vesicles, followed by exocytosis of the

coccoliths (Taylor et al. 2017). In present day air-equilibrium
seawater, the dominant form of inorganic carbon entering the
cells is HCO3

� (Taylor et al. 2017; Liu et al. 2018). HCO3
� is

used for photosynthesis (generating OH�) and calcification
(consuming OH�); because the particulate inorganic C
(PIC) : particulate organic C (POC) ratio is rarely 1 : 1, acid–base
regulation involves either Hþ influx or Hþ efflux (Raven and

Crawfurd 2012; Taylor et al. 2017). Intracellular acid–base reg-
ulation is also affected by N assimilation, as discussed above
(Raven 2011). InEmiliania huxleyi, increased CO2 concentration

eventually allows diffusive CO2 to saturate the Form IDRubisco,
obviating the need for HCO3

� influx (Boller et al. 2011; Bach
et al. 2013; Taylor et al. 2017). Furthermore, with increasing

concentrations of anthropogenic CO2 in the ocean, there are
variable (with experimental conditions and species) effects on
growth rate and the PIC : POC ratio (Raven and Crawfurd 2012;

Kottmeier et al. 2016). Thus, although the predicted decrease in
calcification with external acidification does not always occur
(Liu et al. 2018), the modelled effect on global calcification is an
11% decrease from the present rate by 2100 (Krumhardt et al.

2019). Although calcification alters the DIC system, causing OA,
the decrease in coccolithophore calcification would have only a
minor effect in decreasing OA. Decreased calcification decreases

the ballasting that enhances the biological carbon pump (Raven
2017), although a lower PIC : POC ratio in the sinking particles
means more atmospheric CO2 burial per unit POC sinking than is

the case without OA. Warming associated with OA may greatly
reduce these effects (Milner et al. 2016).

Coralline algae and corals

Seawater carbonate chemistry affects coralline algae and corals

by two main pathways: photosynthetic DIC uptake and net

calcification. To date, the effects of separate components of
seawater carbonate chemistry on photosynthetic rates of coral-

line algae are equivocal. The only two estimates of these effects
found no significant responses (Cornwall et al. 2012; Comeau
et al. 2018). By contrast, increasing seawater DIC can increase

the photosynthetic rates of some coral species (Marubini et al.
2008; Comeau et al. 2017b, 2018). However, the positive effects
of DIC addition on coral photosynthetic rates are only signifi-

cant when DIC is elevated by several hundred micromoles per
kilogram, which is much greater than the predicted increase in
DIC associated with OA.

A reduction in net calcification rates with OA is generally

observed with coralline algae and, to a lesser extent, corals
(Noisette et al. 2013; Comeau et al. 2014; Johnson et al. 2014;
Kornder et al. 2018). Attempts to disentangle the effects of

individual components of the changing inorganic carbon system
on coral calcification have collectively demonstrated that
decreasing seawater DIC, pH and O (CO3

2�) can reduce calcifi-
cation (Marubini et al. 2008; Comeau et al. 2013, 2017b).
However, results are inconsistent, and authors have concluded
that [CO3

2�], [HCO3
�],O, [DIC]/[Hþ] and [Ca2þ] may all affect

calcification rates to varying extents (Gattuso et al. 1998;

Marubini et al. 2003, 2008; Schneider and Erez 2006; Herfort
et al. 2008; Jury et al. 2010; Comeau et al. 2013, 2017b). A
stronger correlation betweenO and [CO3

2�] and coral calcifica-
tion occurs in short-term experiments (minutes to hours),
although little underlying physiology has been examined in
the majority of short-term ‘shock’ experiments to elucidate the

mechanisms responsible. Over longer time periods (months)
that control for potential shock effects, seawater pH has been
observed as the major controller of calcification rates, with

increasing seawater DIC offsetting this somewhat for two
species of coral and one crustose coralline alga (Comeau et al.

2018).
Jokiel (2011) proposed that reduced calcification under OA

was by the ‘proton flux’ hypothesis, where increasing Hþ

concentration gradients from internal to external reduces the
capacity of organisms to export waste Hþ from the site of

calcification, thereby causing reduced calcification rates. Under
this hypothesis, as seawater pH declines, the gradient in Hþ

between the site of calcification and seawater becomes steeper,

thus reducing pH in the calcifying fluid (pHcf; Ries 2011). By
contrast, increasing DIC provides the inorganic carbon substrate
needed for CaCO3 precipitation at the internal site of calcifica-
tion (Jokiel 2011). The linear correlation of the DIC :Hþ ratio

with CO3
2� concentrations could explain why O, CO3

2� and
HCO3

� all appear to be correlated with faster calcification rates
(Comeau et al. 2013; Jokiel 2013). Recent experimental evi-

dence indicated that homeostasis of pHcf was correlated with
more robust responses to OA (McCulloch et al. 2012; Holcomb
et al. 2015; Cornwall et al. 2017a), in part confirming this

hypothesis. However, calcification rates and changes in pHcf

under OA are not always correlated (Comeau et al. 2017a;
Venn et al. 2019). Studies on the mechanisms underlying the

proton flux hypothesis demonstrate that seawater Hþ and DIC
independently affect the chemistry within the calcifying fluid of
corals, and most likely coralline algae, but that increasing
seawater Hþ is the main driver of pHcf and seawater DIC is

the main driver of DIC in the calcifying fluid (DICcf; Comeau
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et al. 2018). In addition, faster seawater velocity does not
promote higher pHcf for either corals or coralline algae

(Comeau et al. 2019a), which was one of themajor cornerstones
of the proton flux hypothesis.

Although there is no biological mechanism in which O
directly controls the internal precipitation of CaCO3 in the
semi-enclosed cell wall of coralline algae or the calcifying fluid
of corals, dissolution of dead or exposed skeletal material still

could be affected by O. Although proposed control of calcifica-
tion byO is often invoked, particularly in earlier literature, there
is little to no evidence of O affecting calcification in coralline
algae and corals during long-term experiments. However, main-

tenance of constant Ocf is often correlated with constant calcifi-
cation rates under OA. Different species of corals use specific
physiological mechanisms to achieve this, either by the mainte-

nance of constant pHcf, slightly elevated DICcf or elevated
Ca2þcf (Schoepf et al. 2017; Comeau et al. 2018, 2019b;
DeCarlo et al. 2018). The similar responses between both corals

and coralline algae of vastly different evolutionary histories
(Comeau et al. 2018, 2019b; Cornwall et al. 2018) is supportive
of the general role that both DIC and Hþ play in affecting the
calcification physiology of the majority of marine taxa under

ocean acidification.

Cross-cutting processes: fertilisation success

The majority of marine macroorganisms reproduce by either

broadcast spawning (releasing spermatozoa and eggs to the water
column, where fertilisation takes place) or ‘spermcasting’ (in
which spermatozoa are released to the water but eggs are retained
for fertilisation; Bishop 1998). This process entails a chemical

shift in the medium surrounding the gametes from the internal,
intracellular conditions of the adult to those of the open water.
Thus, seawater carbonate chemistry can have an overriding effect

on invertebrate fertilisation. Available data, almost exclusively
from marine invertebrates and fish, show that spermatozoa
exhibit ‘respiratory dilution’, a process by which cellular respi-

ration in dense sperm suspensions reduces internal cellular pH
(pHi) below 8.0 and thereby inhibits sperm metabolism and
motility (Christen et al. 1983). Spermatozoa stored in reproduc-
tive organs of marine invertebrates typically have a pHi of#7.5

and hence are quiescent, but, upon release to the surrounding
seawater, begin to respire and swim atmaximal rates. Classically,
this process has been held to bemediated by Hþ, although, recent
work suggests that spermmotilitymay bemore strongly inhibited
by pH shifts induced by CO2 rather than H

þ (Shi et al. 2017).
In many organisms OA will reduce the gradient between

external and internal pH (e.g. Stumpp et al. 2012; Kelly and
Hofmann 2013), thereby reducing themotility of newly released
spermatozoa, and hence reducing fertilisation (e.g. Havenhand

et al. 2008). However, fertilisation itself is a complex of
several processes that includes not only sperm swimming
(sperm speed, angular velocity and percentage motility), but
also sperm chemoattraction to the egg (many eggs release sperm

chemoattractants), sperm : egg binding, and fusion (which
includes the potential for ‘polyspermy’; Vogel et al. 1982).
All these processes can be affected by OA.

The overwhelming majority of studies on the effects of
OA on fertilisation success report negative, or no, response

(see below), with very few positive effects reported (e.g.
Caldwell et al. 2011). Note that these data are for marine

invertebrates; to the best of our knowledge, there are no
published data on how OA affects seaweed fertilisation pro-
cesses, although a few studies have examined other aspects of

reproduction (Olischläger et al. 2012; Graiff et al. 2017; Leal
et al. 2017). The variability in strength of response is consider-
able, presumably reflecting the different habitats, environmen-

tal histories, physiologies and adaptations of the study
organisms. However, choice of experimental design almost
certainly has played a role. Although this is common to all
experiments (e.g. Cornwall and Hurd 2016), a key issue for

fertilisation experiments is that many studies have tested the
effects of OA using gamete concentrations that yield .90%
fertilisation in ‘control’ (typically present day) treatments. This

greatly reduces the sensitivity of the assay (which is maximal at
50% fertilisation in controls; Marshall 2006) and precludes the
detection of any positive effects of OA. Thus, we need to accept

that our OA–fertilisation dataset is biased and we may have
inadvertently tested only a subset of possible responses.

Notwithstanding these caveats, several interesting points
emerge:

� Sperm swimming behaviour is typically negatively affected

by OA (Havenhand et al. 2008; Shi et al. 2017; Falkenberg
et al. 2019), although responses vary with exposure time
(Eads et al. 2016), and sperm chemoattraction to eggs may be
modified by OA (Foo et al. 2018), both of which will affect

fertilisation success.
� Fertilisation success is often lower under OA (Sewell et al.

2014), although not always (Havenhand and Schlegel 2009),

but the effects of OA are mediated by interactions with other
drivers in both super- and subadditive ways (Campbell et al.
2014; Eads et al. 2016; Karelitz et al. 2017).

� Responses vary widely among populations and individuals.
For example, independent studies on multiple populations of
the Pacific oyster Crassostrea gigas from around the world
have found negative (Parker et al. 2010; Barros et al. 2013) or

no (Havenhand and Schlegel 2009; Riba et al. 2016) effects of
OA on fertilisation. Within populations, OA can change the
‘fitness-landscape’ such that males that perform well under

ambient conditions perform poorly under OA, and vice versa
(Schlegel et al. 2012; Campbell et al. 2016; Falkenberg et al.
2019; Smith et al. 2019). This indicates strong potential for

selection, although the heritability, and hence evolvability, of
these traits remains to be demonstrated.

Mechanisms to explain these findings are beginning to be
elucidated and indicate that effects may be occurring through
changes in pH, as well as through other components of the

carbonate system (Schlegel et al. 2015; Shi et al. 2017).

Conclusion

We have highlighted how OA acts as a multiple driver for marine

life, with different components of the seawater carbonate system
affecting different physiological processes within key organisms.
Thus, the field of OA has moved from simplistic concepts (e.g.
reduced pH or carbonate ion concentration will reduce calcifica-

tion rates) to amature understanding of how a changing carbonate
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system affects physiological processes. Nevertheless, knowledge
gaps remain for some key organisms: for coralline algae, there

is high certainty that Hþ affects cellular homeostasis and
calcification, but only moderate certainty on how HCO3

� affects
the same processes; for fleshy seaweeds, there is low certainty on

responses to OA. Understanding the mechanistic processes by
which OA affects organisms has led to much-improved predic-
tions on howmarine life will respond to OA; the challenge now is

to understand how OA, itself a multiple driver, will interact with
other ongoing local and global environmental changes.
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