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Abbreviations

CA Carbonate alkalinity
DIC  Dissolved inorganic carbon
IPCC Intergovernmental Panel on Climate Change
Q arag Saturation state for aragonite
cale  Saturation state for calcite
POC  Particulate organic carbon
ppm  Parts per million
Pg Peta gram
TA Total alkalinity
TOC  Total organic carbon

11.1 Introduction

“They call it pollution, we call it life” is an infamous
quote which ignores many facts about why carbon di-
oxide (CO,) poses a significant problem for the ocean.
But before we get to this, let’s start at the beginning.

All organisms on Earth require a particular set of
elements for growth. In the case of plants, these ele-
ments are needed to synthesise organic matter in a pro-
cess called primary production via photosynthesis, and
in the case of animals, these elements are directly as-
similated by either consuming plant material or by
preying on other animals. In this respect, one of the key
elements is carbon. Being the molecular backbone for
a number of vital organic compounds such as sugars,
proteins and nucleic acids (containing genetic informa-
tion), carbon can be considered as the building block of
life. Similar requirements also apply to bacteria, fungi
and viruses, which stand outside the plant and animal
kingdoms. However, carbon is not only exchanged be-
tween organisms. There are in fact much larger reser-
voirs on Earth and fluxes in between, especially in the
marine environment (B Figure 11.1). In their entirety,
they are referred to as the global carbon cycle.

11.2 The Global Carbon Cycle

The largest carbon reservoir on Earth are sedimentary
rocks in its crust and upper mantle (i.e. the lithosphere).
It is approximately three orders of magnitude (x1000)
larger than all other reservoirs combined (Falkowski
et al. 2000), however, it has the slowest exchange rates
(8 Figure 11.1). As a consequence, it requires relatively
large changes to these fluxes and typically long geologic
time scales (on the order of thousands to millions of
years) to significantly affect the other reservoir sizes.
The second-largest carbon reservoir are the oceans,
where about 900 Pg are found in the surface ocean (1 Pg
equals 10 g or 10°, or 1 billion tonnes) and approx-
imately 37,100 Pg in the intermediate and deep ocean,
mostly in the form of dissolved inorganic carbon (DIC)

(» Box 11.1). Given the relatively large exchange rates
between the surface and the deep ocean and also with
the atmosphere, small changes can lead to a significant
redistribution, for instance in the atmosphere, which is
one of the smaller reservoirs. As an example, shutting
down the organic carbon pump (see below) could easily
double atmospheric CO, levels, based on a back-on-the-
envelope calculation, assuming a mean deep ocean DIC
enrichment of 50 wmol kg~ (compare @ Figure 11.2a)
at an overall volume of ~1.3 x 10'® m3 of seawater and
an average depth of 3.7 km (Eakins and Sharman 2010).
On land, it is the dead organic matter stored in soils
which constitutes the largest carbon reservoir. On time
scales on the order of years to millennia, an important
connection between these three reservoirs of easily in-
terchangeable carbon (the soils on land, the atmosphere,
and the oceans) are the living organisms. In this respect
plants play a key role by taking up CO, via photosyn-
thesis and utilising light as an energy source to build up
biomass, a process termed primary production. Interest-
ingly, net primary production which is the balance be-
tween the overall amount of carbon fixed by plants dur-
ing the day and respired again to CO, by these organ-
isms throughout day and night (to produce metabolic
energy-sustaining cellular functioning, especially in the
dark) is similar on land and at sea (~50 Pg C per year).
However, in the marine environment, this amount
of carbon is being fixed by plants containing about
100 times less carbon (~3 Pg C) than those on land
(450-650 Pg C). This is because on land much of the
carbon stored in plants is structural (e.g. tree trunks)
and only a small fraction is actively participating in
carbon fixation via photosynthesis (e.g. leaves). Struc-
tural carbon is required to fight gravity and gain a com-
petitive advantage over other plants by getting as much
exposure to light as possible (imagine, for instance, a
tree overshadowing the grass underneath). In the ocean,
microscopic unicellular algae (termed phytoplankton) do-
minate primary production. As these organisms, float
in the sunlit surface ocean and are constantly being
moved by winds and currents, no structural carbon is
required (or would help) in maximising light exposure.
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Box 11.1: Basic Carbonate Chemistry

In water carbon dioxide (CO,) is being found as a dissolved gas (COz(aq)) and after hydration to H,CO, and dissocia-
tion, as bicarbonate (HCO,~) and carbonate ions (CO32‘). As COz(aq) and H,CO, are chemically not separable, they
are typically simply referred to as CO,. The sum of the concentrations of all species is then dissolved inorganic carbon
(DIC), defined as shown in Eq. 11.1

DIC = [CO,] 4 [HCO3™] + [CO3%7] (11.1)
The underlying acid—base equilibria are given by Eq. 11.2

CO, + H,0 = HCO3~ + H' = C0O3%™ + 2H* (11.2)

Another key concept in carbonate chemistry is that of total alkalinity (TA), which can be defined as the excess of pro-
ton acceptors over proton donors (Dickson 1981). Essentially, TA can be seen as the buffering capacity of the ocean to
resist changes in pH. TA can be expressed as (Zeebe and Wolf-Gladrow 2001) Eq. 11.3:

TA = [HCO3 ] + 2[CO327] + [B(OH,) "] + [OH™]
+ [HPO4> "] + 2[PO4> ] + [H3Si04 ]
+ [NH3] + [HS™] — [H"]g — [HSO4 ] (11.3)
— [HF"] — [H3PO4] + -+ — - -
with the last two terms accounting for minor components of alkalinity such as conjugate bases of organic acids, and
minor proton donors.

In this interlinked system, the relative contribution of the three DIC components to the overall concentration is con-
trolled by pH ( 8 Figure 11.2). However, it worth noting that any change to the concentration of one of the DIC com-
ponents, or TA, will equally lead to changes in pH.
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O Figure 11.2 » Box 11.1 Relative contributions of CO,, HCO,~ and COSZ* to overall DIC as a function of pH (total hydrogen ion
scale), also known as Bjerrum plot and calculated using stoichiometric equilibrium constants for carbonic acid from Mehrbach et al.
(1973) and refitted by Dickson and Millero (1987)
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Before the beginning of the Industrial Revolution,
this global cycling of carbon was thought to have been
in quasi-steady state (Pongratz et al. 2009), meaning
that the flow of carbon in and out of a reservoir was
roughly balanced (B Figure 11.1). However, significant
changes have occurred since then, but before we come

to these we shall have a closer look at carbon cycling
within the ocean.

11.3 The Physical and Biological Carbon
Pumps

The so-called carbon pumps describe the flux of dis-
solved inorganic carbon and total alkalinity from the
ocean surface to depth. They are operating against a
concentration gradient, and their relative strengths
drive the direction of CO, air-sea gas exchange (8 Fi-
gure 11.3Db).

The physical carbon pump is based on increasing
CO, solubility when warmer waters cool. Subsequently
when sea ice forms at cold high latitudes in the North
Atlantic and around Antarctica, the DIC-rich surface
waters become particularly dense (due to high salin-
ity) and sink (B Figure 11.3b). Such deep-water for-
mation at high latitudes is responsible for large-scale
ocean circulation with water masses flowing at depth
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from the North to the South Atlantic, and into the In-
dian and Pacific Oceans where they are eventually sub-
ject to upwelling and return as surface currents back to
the North Atlantic. The biological carbon pump can be
split into two; the organic carbon (or soft tissue) pump,
and the carbonate counter pump. As the name suggests
the latter operates in the opposite way to the former in
terms of atmospheric CO, uptake of the surface ocean
(8 Figure 11.3b).

The organic carbon pump is driven by marine phy-
toplankton (microscopic unicellular plants) which, as
mentioned above, fix CO, into organic matter in the
sun-lit surface ocean via photosynthesis. Most of the
carbon will end up in the particulate rather than the
dissolved organic fraction and rain down to the ocean
floor when particles have a higher density than the sur-
rounding seawater. During downward transport most
of the particulate organic carbon (POC) will be con-
verted back to CO, by bacterial respiration and only a
fraction of the ~11 Pg exported each year will be bur-
ied in sediments (compare B Figures 11.1 and 11.3b).

The carbonate counter pump is driven by calcium
carbonate (CaCO,) formation of open ocean or-
ganisms, mainly calcifying phytoplankton (cocco-
lithophores), and zooplankton (foraminifera and pter-
opods). As the precipitation of CaCO, shifts the car-
bonate chemistry equilibrium towards lower pH and
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O Figure 11.3  a Depth profiles of dissolved inorganic carbon (DIC) and total alkalinity (TA) in the North Atlantic at 57.3° N/39.5° W (solid
line) and the Tropical Pacific at 15° N/135° W (dotted line) taken from Alvarez (1997) and Goyet et al. (1997), respectively, and b a schematic
of the two carbon pumps. They can be divided into the physical solubility pump (black arrow in a), and the organic carbon (green arrow in a)
and carbonate counter pumps (yellow arrow in a). The reason for higher DIC and TA at depth in the Pacific compared to the Atlantic profiles
is the amount of time without contact with the atmosphere and the water age. In general, the older the water mass the more particulate or-
ganic carbon (POC) respiration and calcium carbonate (CaCOj,) dissolution will have taken place at depth. /mage: K. Schulz
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hence higher CO, (» Box 11.2), the ocean’s storage ca-
pacity for the latter is reduced. At present, CaCOj is
a stable mineral in most of the surface ocean, an im-
portant fact as some organisms critically rely on these
minerals (see » Section 11.4.2 for details). Being
denser than seawater, however, there is a steady rain of
CaCO, to the sea floor, estimated at approximately 1
Pg C per year. About 90% of this will dissolve as the
saturation state decreases with pressure at depth and
waters eventually become undersaturated. Although
CaCO, formation in the surface ocean has an imme-
diate opposite effect on CO, air-sea gas exchange in
comparison to photosynthesis, CaCO, is thought to
strengthen the efficiency of the organic carbon pump
as aggregates of POC and the much denser CaCO, will
sink more rapidly (Klaas and Archer 2002; De La Ro-
cha and Passow 2014). This would move respiration to
deeper layers and keep the CO, produced away from
atmospheric contact for longer time. As a consequence,
this would increase the surface to depth DIC gradient
and allow for more atmospheric CO, to be stored at
depth.

Whether the positive effects of ballasting on oceanic
CO, uptake outweigh the negative effects of CaCO,
production is difficult to reconcile, however, mod-
els suggest that they may cancel each other out (e.g.
Barker et al. 2003; Kvale et al. 2021). While the two
carbon pumps govern biogeochemical element cycling
in the ocean, they are part of a bigger picture, the glo-
bal carbon cycle, which is currently perturbed by hu-
man activities.

11.4 Human-Induced Changes to the
Global Carbon Cycle

Since the beginning of the Industrial Revolution in
the late eighteenth century, the burning of fossil fu-
els such as oil, gas and coal, as well as cement pro-
duction, has come with emissions of the greenhouse
gas carbon dioxide (CO,). Together with changes in
land-use and deforestation, these anthropogenic emis-
sions have significantly changed the flow of carbon be-
tween land, ocean and atmosphere, impacting respec-
tive reservoir sizes (B Figure 11.1). From the ~430 Pg
of carbon stemming from fossil fuels and cement pro-
duction, ~275 Pg have been accumulating in the atmos-
phere. With ~235 Pg estimated to originate from land-
use changes and~165 Pg having entered the oceans,
the terrestrial carbon sink is estimated to be ~225 Pg.
For a long time, this has been considered the result
of CO, - enhanced photosynthesis coupled with vast
amounts of nitrogen and phosphorus being released
into the environment as fertiliser, enhancing growth in
the last 100 years. Although this simple mass balance

is similar to estimates from various dynamic vegetation
models (Le Quére et al. 2018), it has been proposed re-
cently that almost half of the current annual land sink
for anthropogenic carbon is not linked to an increase
in terrestrial biomass storage. Rather, it comprises fos-
sil fuels which are not turned into CO, (i.e. plastics and
bitumen), harvested wood products and CO, being ab-
sorbed by cement carbonation in concrete structures.
Hence, at the moment, it is difficult to put a number
on the biological component of the terrestrial carbon
sink.

Nevertheless, the human-induced changes to the
global carbon cycle in general, and the atmosphere
in particular are driving climate change by affecting
Earth’s radiative balance, causing mean surface temper-
atures to increase. While this is an accepted fact within
the scientific community after decades of research—the
first assessment report on climate change by the Inter-
governmental Panel on Climate Change (IPCC) dates
back to the 1990s and the most recent report was re-
leased in 2021 (IPCC 1990, 2021)-there are groups of
activists campaigning against this scientific consen-
sus. A memorable anecdote is the release of a televi-
sion advertisement by the Competitive Enterprise In-
stitute, a neoconservative think tank in May 2006. This
video appeared to be targeting Al Gore’s film An Incon-
venient Truth, which was about to be released in cine-
mas worldwide at the time and highlighted the connec-
tions between a fossil fuel-based economy and climate
change. In an attempt to dismiss the negative effects of
increasing atmospheric CO, levels on Earth’s climate
system and referring to the fact that plants utilise CO,
in photosynthesis for growth, the advertisement culmi-
nated in the claim “CO,: They call it pollution, we call
it life!”.

Today we are in a situation where it appears highly
unlikely to be able to stabilise global temperatures at
1.5 °C above pre-industrial levels until the end of this
century (IPCC 2018). This was a goal adopted by 179
states that ratified the United Nations Paris Agree-
ment in 2015, in order to keep the threats of temper-
ature-driven global climate change (e.g. ice melt, sea
level rise, and intensification of extreme weather events)
within manageable boundaries. However, these are
not the only issues with increasing levels of atmos-
pheric CO,, as it also has a direct impact on the world’s
oceans.

11.4.1 Ocean Acidification

In the last 250 years, atmospheric CO, levels have
steadily increased from 280 ppm (parts per million) to
417 ppm in 2022 (Friedlingstein et al. 2022). As a re-
sult of equilibration at the air-sea interface, substan-
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ebw

O Figure 11.4  Concentrations of anthropogenic CO, found in all three major ocean basins, centred around the Antarctic continent (depth
in metres). Calculations from measured oxygen, DIC, salinity and temperature follow the principles outlined in Sarmiento and Gruber (2006)
and are described in detail in Schulz and Riebesell (2011). Data for the Pacific (Feely et al. 2013a; b), Atlantic (Wanninkhof et al. 2013; Peltola
et al. 2013) and Indian ocean (Feely et al. 2013c; d) are from transects of the CLIVAR repeat hydrography program. /mage: K. Schulz

tial amounts of this anthropogenic CO, have also made
its way into the ocean (8 Figure 11.4). When CO, dis-
solves in seawater it forms carbonic acid, which reduces
its pH (Equation 11.2). This is known as ocean acidifi-
cation and has been coined the evil twin of climate ch-
ange (Pelejero et al. 2010). The pH of the ocean has al-
ready dropped by ~0.1 units since the Industrial Revo-
lution, which is equivalent to a ~30% increase in acidity
(note that the pH scale is logarithmic). This drop in pH
has changed carbonate chemistry speciation (» Box
11.1), with potentially significant implications for a
number of key species in the ocean.

11.4.2 Potential Effects of Ocean
Acidification on Key Organisms
and Processes of the Marine Carbon
Cycle

With the realisation that ongoing ocean acidification
might pose a threat to marine organisms and ecosys-
tems, research into the potential biological responses
has grown exponentially during the last two decades.
Today the number of studies is probably in the thou-
sands (compare Gattuso and Hansson 2011). Since it is
beyond the scope of this Chapter to cover all of them,
we will focus on key groups and processes in terms of
impact on global carbon cycling.

One of the first groups suspected to be affected by
ocean acidification was calcium carbonate (CaCO,)
producing (or calcifying) organisms. The reasoning was
that the CO, - induced reduction in pH would reduce
carbonate ion concentrations (» Box 11.2) and hence
substrate availability for calcification, in turn negatively
affecting CaCO; precipitation rates (Broecker and
Takahashi 1966). Today, a majority of studies (includ-
ing meta-analyses) have indeed found that calcification
rates in most marine taxa are negatively impacted by
ocean acidification. This includes hard corals, calcify-
ing phytoplankton (a very important taxon for marine
carbon cycling at the base of marine food webs and for
marine carbon cycling B8 Figure 11.5), algae, foraminif-
era, pteropods and molluscs (Gattuso and Hansson
2011; Kroeker et al. 2010, 2013; Schulz et al. 2017), al-
though it has to be acknowledged that there are spe-
cies-specific differences and sensitivities.

In this respect, it is interesting to note that there
is still an ongoing debate on the physiological mech-
anisms underlying the susceptibility of calcification
to ocean acidification. Calcification is a process under
tight cellular control and involves diffusion and trans-
port of ions across membranes. While there is a con-
sensus that calcification rates are a function of the in-
ternal saturation state at the site of CaCO, precip-
itation, the key question is by which external bulk
seawater carbonate chemistry parameter(s) it is gov-
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B Figure 11.5 Calcifying phytoplankton divsersity in the modern ocean, exemplified by a Umbilicosphaera sibogae, b Emiliania huxleyi, ¢
Braarudosphaera bigelowii, d Coronosphaera binodata, e Gephyrocapsa oceanica and f Acanthoica quattrospina. Images: M. Dawes. For details
on coccolithophore-global carbon cycle interactions see Rost and Riebesell (2004)

erned. For coccolithophores, there is experimental evi-
dence that it is decreasing seawater pH levels which are
unfavourable for calcification (e.g. Bach etal. 2015).
The underlying principle is a reduction in the internal
to external electrochemical proton gradient, which is
thought to increase the costs of removing the protons
(e.g. Gafar et al. 2019 and references therein) that are
generated by CaCOj precipitation (» Box 11.2). These
basic principles could also be the mechanisms under-
lying the sensitivity of calcification in other marine or-
ganisms. While this idea has recently been advocated
(Cyronak et al. 2016a, b), it has also been contested
(Waldbusser et al. 2016).

The other key group of marine organisms (when it
comes to global carbon cycling) are photoautotrophs.
Since they harness the energy of light to fix CO, in pho-
tosynthesis, it might be expected that this process could
profit from ocean acidification. Indeed, there is (with the
exception of calcifying algae) a trend towards increased
photosynthesis in response to ocean acidification. How-
ever, it appears that photosynthesising calcifiers (such
as corals and coccolithophores) might benefit less than
non-calcifying groups such as the main contributor to
ocean primary productivity [i.e. diatoms, fleshy algae
and seagrasses (Kroeker et al. 2010, 2013)]. Again, it is
important to stress that sensitivities are species-specific.

While most of the experiments on the effects of
ocean acidification on marine calcification and primary
production have been conducted on single species, to
predict future changes it is necessary to include impor-
tant factors on the ecosystem level such as species inter-
action (e.g. predation, and competition for resources).
This requires either larger-scale manipulative in-situ
studies or manipulative incubations with entire commu-
nities. A good example of the former are experiments
which showed that net calcification rates of an entire
reef-including a variety of calcifiers ranging from cor-
als to coralline algae and foraminifera in sediments—were
decreasing with decreasing pH and vice versa (Albright
et al. 2016, 2018). The future survival of coral reef eco-
systems depends on this intricate budget, taking into ac-
count all CaCO; precipitation and dissolution processes.
In addition, mass balance calculations including corals
and sediments suggest that below a seawater aragonite
saturation state of 2.55, reefs with 5% coral cover might
become net dissolving (Eyre et al. 2018). Depending on
the future CO, emission scenario, this threshold could be
reached well before the turn of this century (IPCC 2013),
in particular for reefs that experience upwelling of nat-
urally CO,-rich deep waters, such as documented along
the East Australian coast, amplifying ocean acidification
(Schulz et al. 2019).
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Box 11.2: Calcium Carbonate

The formation of the mineral calcium carbonate (CaCO,) leads to redistributions in carbonate chemistry speciation,
decreasing pH and C032‘ ions, and increasing CO, concentrations. This can be understood by realising that CO32‘ ion
concentrations can be expressed as TA-DIC, upon simplifying Eq. 11.1 and 11.3 as shown in Eq. 11.4:

TA ~ CA = [HCO; ] 4 2[CO3%7] (11.4)
with CA denoting carbonate alkalinity and as shown in Eq. 11.5:
DIC ~ [HCO3 ] + 2[CO3*7] (11.5)

These are valid approximations in typical seawater as CA contributes about 95% to total alkalinity and CO, less than
1% to DIC. Since the formation of CaCO, reduces TA twice as much as DIC, the difference between them, i.e. the
CO32~ ion concentration, decreases. This is equivalent to shifting carbonate chemistry speciation towards the left in a
Bjerrum plot (B Figure 11.1), leading to decreasing pH and increasing CO, concentrations. It is acknowledged that the
actual acid-base re-equilibration is more complex as overall DIC concentrations are changing (assumed constant in a
Bjerrum plot), but the change of direction is the same (for details see Zeebe and Wolf-Gladrow 2001).

Ocean Acidification and Saturation State

Carbonate ion availability is also reduced by ocean acidification (Equation 11.2). This is crucial in governing the satu-
ration state of the mineral calcium carbonate (CaCO;) which has two main polymorphs, i.e. the more soluble aragonite
and the less soluble calcite. Whether these minerals are stable in seawater is given by their respective saturation states,

defined as shown in Eq. 11.6:

[Ca*][cOs*]

Qara =
g/calc K
sp

(11.6)

with K, denoting the temperature and salinity dependent solubility product in equilibrium for aragonite or calcite, and
[Ca2*] and [CO32_] denoting respective concentrations in seawater. Hence, seawater 2 levels above One are indicative
of stable mineral conditions in the water column, while at levels below One CaCO, would start to dissolve.

When it comes to assessing the effects of ocean
acidification on the main drivers of marine primary
productivity, mesocosms have proven an invaluable
tool. They are incubation units large enough to house
a community of organisms on multiple trophic levels
(e.g. primary producers, primary consumers, and sec-
ondary consumers). Most mesocosm studies to date
have not found positive effects of ocean acidification
on autotrophic biomass build-up (see Bach et al. 2017;
Maugendre et al. 2017; Schulz et al. 2017, and refer-
ences therein). This suggests that either the products
of potentially enhanced photosynthesis (compare sin-
gle-species experiments) are effectively transferred up
the trophic ladder by grazing or are remineralised by
bacterial respiration, or that a change in species com-
position is having a buffering effect. Although at this
stage the underlying mechanisms are not fully under-
stood, changes in species composition have been found
in most experiments. A re-occurring pattern in this re-
spect is that when effects are found, small picoeu-
karyote abundances are positively affected and coc-

colithophore abundances are negatively affected by
ocean acidification (Schulz et al. 2017). In regard to di-
atoms, their abundances are mostly positively affected,
with shifts towards larger species (Bach and Taucher
2019). These findings have the potential to significantly
change marine carbon cycling with feedbacks to the cli-
mate system (see below). However, changes in phyto-
plankton community composition can also change the
transfer efficiency to higher trophic levels and affect
fish production, either through changes in food qual-
ity (Rossoll et al. 2012) or by disrupting the vital link
between primary producers and fish (i.e. the zooplank-
ton community through toxin-producing harmful algal
blooms.

Last but not least, it is not only necessary to scale
up experiments in space and time to include the re-
quired realism with species interaction, competition
and natural variability, but also to assess the interactive
effects of other environmental drivers which are chang-
ing in concert with ongoing ocean acidification (Riebe-
sell and Gattuso 2014)-often referred to as anthropo-
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genic stressors. These include, but are not limited to,
increasing surface ocean temperatures which enhance
stratification and hence reduce mixed layer depths,
which is thought to increase light but decrease nutrient
availability for primary production.

11.4.3 Potential Effects of Ocean
Acidification on Biogeochemical
Element Cycling

Changes to the efficiency and/or strength of the bio-
logical carbon pumps are bound to affect air-sea CO,
gas exchange (compare @ Figure 11.3). Hence, ongo-
ing ocean acidification-driven changes would constitute
a feedback loop, either amplifying or dampening in-
creasing atmospheric CO, levels (Riebesell et al. 2009).
As described above, the mineral ballasting (CaCO; or
biogenic silica) of particulate organic matter produced
in the sun-lit surface ocean, which is otherwise nearly
neutrally buoyant, enhances the transport of organ-
ically bound CO, into the deep ocean. Hence, reduc-
tions in CaCO, production there are thought to neg-
atively impact this export flux (e.g. Armstrong et al.
2002; Boyd and Doney 2002). Experimental assess-
ment, however, has proven difficult, in part due to the
large distances involved (1000s of metres). However,
on smaller scales (10s of metres) in mesocosm experi-
ments, ocean acidification has been found to signifi-
cantly reduce the bloom-forming potential of the cos-
mopolitan coccolithophore Emiliania huxleyi (8 Fi-
gure 11.5) which in turn reduced the amount of
sedimenting organic carbon by approximately a quar-
ter (Riebesell et al. 2018). As this was directly related
to reductions in sinking speed velocities with reduced
CaCO, production (Bach et al. 2016), it might be rea-
sonable to assume this mechanism is also operating in
the real ocean. When it comes to biogenic silica pro-
duction by diatoms, the other important ballast min-
eral, it is more complicated as of a more variable re-
sponse to ocean acidification (Bach and Taucher 2019).
Although, overall contributions of diatoms to primary
production have recently been projected to decrease
in the future ocean (Tréguer et al. 2018), with the ex-
ception of the Southern Ocean, in which however, the
amount of cellular silica ballast produced by diatoms
have been found to decrease with ocean acidification
(Petrou et al. 2019).

The shift from larger to smaller sized picophyto-
plankton as a result of ocean acidification found in a
number of experiments (see Schulz et al. 2017 and ref-
erences therein), could have a similar effect on the flux
of organic carbon to depth and hence atmospheric CO,
levels. This is based on observations of lower export ef-
ficiencies at a number of open ocean sites with signif-

icant picophytoplankton community contributions,
although considerable variability exists locally and
seasonally (see De La Rocha and Passow 2014 for a re-
view).

In summary, experiments on the effects of ocean
acidification on surface ocean carbon cycling imply
that positive could outweigh negative feedbacks, ampli-
fying increasing levels of atmospheric carbon dioxide.

11.5 Outlook

Without a reduction in anthropogenic CO, emissions,
the future ocean will continue to become more acidic.
Depending on CO, emission scenario extrapolations
to the year 2100 suggest a further decrease in pH of
~0.2-0.3 units (IPCC 2013). The direction and magni-
tude of all the feedback mechanisms associated with
ocean acidification are currently difficult to project, but
clearly there will be significant effects on certain organ-
isms and ecosystems.

To successfully reduce anthropogenic CO, emissions
will require a combination of legislative and technologi-
cal advances. Several significant steps have been made
in trying to curb the emissions of CO,, such as the UN
Paris Agreement and national arrangements such as
Canada’s Greenhouse Gas Pollution Price Act. How-
ever, despite these important steps, CO, emissions as of
today are still increasing (Le Quéré et al. 2018), high-
lighting the need to further strengthen our efforts. In
terms of technological advances, the efficiency of the
leading multi-junction cell solar panels has reached
~46% (Green et al. 2018), and renewable energy out-
put is increasing globally (as demand has unfortu-
nately too), supplying almost 30% of global electricity
demand in 2020 (IEA 2020). With continued advance-
ment in technology, along with the implementation of
legislative tools, a zero-emission future is achievable,
but if it will be quick enough remains to be seen.

11.6 Summary

Carbon is considered the building block of life. It is ex-
changed between organisms, but there are much larger
reservoirs and fluxes on Earth, especially in the ma-
rine environment. Carbon reservoirs include sedimen-
tary rocks in the Earth’s crust and upper mantle (pri-
marily), the oceans, the soils on land, and to a lesser ex-
tent the atmosphere. Significant changes have occurred
since the Industrial Revolution, when global cycling of
carbon (the flow of carbon in and out of a reservoir)
was near balanced in a quasi-steady state (Pongratz
et al. 2009).
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Carbon pumps are either biological or physical and
operate against a concentration gradient. Their rela-
tive strengths drive the direction of CO, air-sea gas ex-
change, and govern biogeochemical element cycling in
the ocean. The physical carbon pump is driven by in-
creasing CO, solubility when warmer waters cool.
When sea ice forms in the North Atlantic and around
Antarctica, the DIC-rich surface waters increase in
density and sink. This is driving large-scale ocean cir-
culation.

The biological carbon pump includes the orga-
nic carbon pump and the carbonate counter pump, and
these operate in an opposite direction in terms of at-
mospheric CO, uptake. The organic carbon pump is
driven by the constant rain of particulate organic mat-
ter from the surface ocean, where it had been produced
by photosynthesis. During sinking, most particulate or-
ganic carbon will be converted back to CO, by bacte-
rial respiration. The carbonate counter pump is driven
by CaCO, formation by marine organisms, whereby
precipitation of CaCOj shifts the carbonate chemistry
equilibrium towards lower pH and hence a higher CO,
concentration.

Anthropogenic CO, emissions since the Indust-
rial Revolution, along with changes in land-use and de-
forestation, have significantly altered the flow of carbon
between land, oceans, and the atmosphere. These hu-
man-induced changes to the global carbon cycle in gen-
eral, and the atmosphere in particular, are driving cur-
rent climate and ocean change. In the last 250 years,
atmospheric CO, levels have increased from 280 to
417 ppm (in 2022). Substantial amounts of CO, have
made their way into the ocean causing ocean acidifica-
tion, with a reduction in the pH of surface waters by
~0.1 units (equivalent to a 30% increase in acidity) as
of today. This will most likely have increasing implica-
tions for numerous marine keystone species. Further-
more, experiments on the effects of ocean acidification
on surface ocean carbon cycling suggest that positive
feedback effects are likely to amplify increasing levels
of atmospheric CO,. A combination of legislative and
technological advances is needed to reduce anthropo-
genic CO, emissions and mitigate global climate/ocean
change.

11.7 Study Questions and Activities

1. Describe how pH influences the proportions of
CO,, C032_ and HCO3 ™ in water and vice versa.

2. Discuss the various carbon pumps and how they in-
fluence marine carbon cycling.

3. Describe how CaCO, formation in the surface
ocean has the opposite effect to photosynthesis on
CO, air-sea gas exchange.
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4. Explain the meaning of “saturation state”, and how
this is relevant to calcifying marine organisms.

5. Summarise The United Nations Paris Agreement,
and report up-to-date information regarding its im-
plementation.
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