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The marine dissolved organic carbon (DOC) pool is an important player in the
functioning of marine ecosystems. DOC is at the interface between the chemical
and the biological worlds, it fuels marine food webs, and is a major component of
the Earth’s carbon system. Here, we review the research showing impacts of global
change stressors on the DOC cycling, specifically: ocean warming and stratification,
acidification, deoxygenation, glacial and sea ice melting, changed inflow from rivers,
changing ocean circulation and upwelling, and wet/dry deposition. A unified outcome
of the future impacts of these stressors on the global ocean DOC production and
degradation is not possible, due to regional differences and differences in stressors
impacts, but general patterns for each stressor are presented.

Keywords: dissolved organic carbon, ocean warming and stratification, acidification, deoxygenation, glaciers
and sea ice, rivers, ocean currents, atmospheric deposition

INTRODUCTION

The ocean dissolved organic carbon (DOC) pool represents one of the largest reservoirs of organic
matter on the Earth’s surface, containing a similar amount of carbon as atmospheric carbon dioxide
(CO2; Hedges, 2002). Therefore, changes in DOC cycling due to global change, can result in
alterations in the air-sea exchange of CO2, and have the potential to create important feedbacks
onto global change itself. In the coming decades to centuries global change will impact the ocean
biogeochemical cycles. Climate models have predicted global impacts on ocean biogeochemistry,
but these are linked with large uncertainties and unknowns, depending on the model setups and
constrained by the lack of data (Bopp et al., 2013; Burd et al., 2016). Furthermore, local, regional,
and seasonal differences limit our ability to make general statements and predictions.

This manuscript will focus on global change impacts on DOC cycling in the future ocean on large
scales. Specifically, we will describe impacts of global change stressors on DOC cycling in the future
ocean. These stressors include: ocean warming and stratification, acidification, deoxygenation,
glacial and sea ice derived material, changed inflow from rivers, ocean circulation and upwelling,
and wet and dry deposition. These global change stressors are expected to have large impacts
on ecosystem functioning and biogeochemistry and, consequently, on DOC cycling. While some
of these stressors have been investigated in some detail (e.g., Zark et al., 2017; Lønborg et al.,
2018), others have not, thus some of the suggested impacts mentioned in this manuscript will be
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theoretically based and will need further evaluation. Additionally,
some potential global change factors such as cloud cover (Norris
et al., 2016), have not been included, as there is currently no
evidence of its impact on DOC cycling.

In the following sections we first describe the general
properties and cycling of DOC in the oceans (see sections
“Marine organic matter”, “Sources and sinks of DOC”) followed
by discussions on the impacts of various aspects of global change
(see sections “Ocean Warming”, “Ocean Acidification”, “Ocean
Deoxygenation”, “Melting glaciers and sea ice”, “River derived
material”, “Changes in ocean circulation and upwelling patterns”
and “Wet and dry depositions”), and finish with concluding
statements (see section “Conclusion”).

Marine Organic Matter
In nature organic compounds can be found in diverse chemical
forms and molecular sizes spanning from the simplest organic
molecule methane (CH4) to highly complex natural compounds
and man-made organic pollutants (Dachs and Méjanelle, 2010).
A simple definition of organic compounds is therefore difficult.
In marine systems, organic matter (OM) is commonly defined
as compounds acting as electron and proton donors and
hence a source of metabolic energy, and sometimes nitrogen
and phosphorus, for organism growth. But OM has other
important roles including: (1) binding the majority of metals
(e.g., iron) required for organism growth which is termed organic
complexation (Morel and Price, 2003), (2) absorbing UV and
visible light, thereby “protecting” marine microbes from harmful
light and controlling primary production (West et al., 1999;
Klug, 2002), and (3) reacting with free radicals which otherwise
would be harmful to marine organisms due to their antioxidant
properties (Romera-Castillo and Jaffé, 2015).

Typically, OM in marine systems is differentiated by its
filtration behavior, with material retained on a filter (pore size
between 0.2 and 0.7 µm) referred to as particulate organic
matter (POM), whereas OM that passes the filter is termed
dissolved organic matter (DOM). This distinction is operational
(Verdugo, 2012), but has consequences for the biogeochemistry:
POM can be suspended in the water column or sink to the
sediments, while DOM is transported as a solute and generally
remains in the water column. Therefore, the residence time
of DOM in the water column is much longer than that of
POM. The POM pool contains a minor part of living biomass
(e.g., phytoplankton) and a major fraction of detritus (e.g.,
dead cells), while the DOM pool is largely lifeless, although
it includes some prokaryotes and viruses (Hedges, 2002). The
living parts of the POM pool have a fairly well-defined chemical
composition mainly made of proteins (∼45%) complemented
by lipids (∼17%), carbohydrates (∼25%), nucleic acids (∼12%),
and pigments (∼2%; Anderson, 1995; Fraga et al., 1998).
In contrast, the detrital POM and DOM pools have a very
heterogeneous composition, but generally contain less proteins
and nucleic acids and are supplemented with compounds from
various sources, different degradation histories and reactivity
(Middelburg, 2019).

On average, in marine systems the DOM concentrations
are about an order of magnitude greater than that of POM

in the euphotic zone of the ocean, while in sediments
POM concentrations are commonly three orders of magnitude
higher than those of DOM (Middelburg, 2019). The biological
degradation pathways are also different. DOM is primarily
degraded by microbes, while both microbes and larger organisms
are able to degrade the POM pool.

The DOM molecules contain carbon (DOC), nitrogen (DON),
phosphorus (DOP), sulfur (DOS), organically complexed trace-
metals (e.g., iron), toxins and contaminants such as mercury
(Hg), and most other biological relevant elements (Maranger
and Pullin, 2003; Qualls and Richardson, 2003; Ravichandran,
2004). Most studies of DOM have focused on the DOC pool
mainly because: (1) the analytical methods used to measure
DOC are more advanced and fairly straight forward compared
to the other pools, (2) the carbon fraction is the largest
component of the DOM pool, and (3) from a global change
perspective DOC is very important because the ocean DOC
pool contains comparable amounts of carbon to atmospheric
CO2 (Hedges, 2002). Therefore, small changes in DOC cycling
can have large implications for atmospheric CO2 levels and
influence the cooling and warming of the Earth’s surface over
geological timescales (millions of years) (Peltier et al., 2007;
Swanson-Hysell et al., 2010; Sexton et al., 2011). On shorter
timescales (years) the amounts of DOC injected into the deep
ocean [∼2000 million metric tons (Tg) yr−1; Hansell et al.,
2009] are equal to the amounts of CO2 entering the ocean
from the atmosphere each year; therefore changes in ocean
DOC cycling could impact ocean and atmospheric CO2 levels
(Gruber et al., 2019).

The DOC pool is often operationally divided into different
fractions depending on its physical state; a part exists as a gaseous
fraction in the water and is referred to as air-sea exchangeable
DOC (EDOC), while the remaining fraction is divided in the low-
molecular-weight (LMW < 1000 Da) and the high-molecular-
weight (HMW > 1000 Da) components (Dachs et al., 2005;
Benner and Amon, 2015) some of which may be colloidal rather
than truly dissolved. Previous studies have suggested that in some
areas (e.g., subtropical Atlantic ocean) EDOC may represent up
to one-third of the DOC in surface waters (Dachs et al., 2005;
Ruiz-Halpern et al., 2010). Generally HMW and LMW fractions
constitute around 25 and 75%, respectively of DOC (Benner and
Amon, 2015). From a biological point of view distinguishing
between LMW and HMW is relevant as prokaryotes can usually
only transport molecules in the LMW size range across the
cell membrane (600–1000 Da; Weiss et al., 1991), while HMW-
substrate requires enzymatic cleavage prior to uptake. However,
some prokaryotes have been shown to use transporters to take
up intact proteins and larger oligosaccharides (up to 69,000 Da)
through the cell membrane without previous enzymatic cleavage
(Arnosti and Repeta, 1994; Cuskin et al., 2015). The extent to
which these mechanisms are widespread and important in the
ocean remains to be determined.

Sources and Sinks of DOC
In marine systems DOC originates from either autochthonous
or allochthonous sources (Figure 1). Autochthonous DOC is
produced within the system, primarily by plankton organisms
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FIGURE 1 | Simplified view of the main sources (black text; underlined are the
allochthonous sources) and sinks (yellow text) of the oceanic dissolved
organic carbon (DOC) pool. Most commonly referred sources of DOC are:
atmospheric (e.g., rain and dust), terrestrial (e.g., rivers), primary producers
(e.g., microalgae, cyanobacteria, macrophytes), groundwater, food chain
processes (e.g., zooplankton grazing), and benthic fluxes (exchange of DOC
across the sediment-water interface but also from hydrothermal vents). The
four main processes removing DOC from the water column are:
photodegradation (most notably UV-radiation; it should be noted that
sometimes photodegradation “transforms” rather than “removes” DOC,
ending up in higher molecular weight complex molecules), microbial (mainly by
prokaryotes), aggregation (primarily when river and seawater mixes) and
thermal degradation (in e.g., hydrothermal systems).

(Kawasaki and Benner, 2006; Lønborg et al., 2009) and in
coastal waters additionally by benthic microalgae, benthic fluxes,
and macrophytes (Wada et al., 2007), whereas allochthonous
DOC is mainly of terrestrial origin (see sections “Melting
glaciers and sea ice” and “River derived material”), supplemented
by groundwater and atmospheric inputs (see section “Wet
and dry depositions”) (Willey et al., 2000; Raymond and
Spencer, 2015). In addition to soil derived humic material
(see section “River derived material”), terrestrial DOC also
includes material leached from plants exported during rain
events, emissions of plant materials to the atmosphere and
deposition in aquatic environments (e.g., volatile organic carbon
and pollens), and also thousands of synthetic human-made
organic chemicals that can be measured in the ocean at “trace”
concentrations (Dachs and Méjanelle, 2010; Raymond and
Spencer, 2015). Phytoplankton produces DOC by extracellular
release commonly accounting between 5 and 30% of their total
primary production (Karl et al., 1998), although this varies
from species to species (Wetz and Wheeler, 2007). Nonetheless,
this release of extracellular DOC is enhanced under high light
and low nutrient levels, and thus should increase relatively
from eutrophic to oligotrophic areas, probably as a mechanism
for dissipating cellular energy (Thornton, 2014). Phytoplankton
can also produce DOC by autolysis during physiological stress
situations e.g., nutrient limitation (Boekell et al., 1992). Other
studies have demonstrated DOC production in association with

meso- and macro-zooplankton feeding on phytoplankton and
bacteria (Hygum et al., 1997). Zooplankton-mediated release of
DOC occurs through sloppy feeding, excretion and defecation
which can be important energy sources for microbes (Lampert,
1978; Hygum et al., 1997). Such DOC production is largest
during periods with high food concentration and dominance
of large zooplankton species (Jumars et al., 1989). Bacteria are
often viewed as the main consumers of DOC, but they can
also produce DOC during cell division and viral lysis (Iturriaga
and Zsolnay, 1981; Ogawa et al., 2001; Kawasaki and Benner,
2006). The biochemical components of bacteria are largely the
same as other organisms, but some compounds from the cell
wall are unique and are used to trace bacterial derived DOC
(e.g., peptidoglycan). These compounds are widely distributed
in the ocean, suggesting that bacterial DOC production could
be important in marine systems (McCarthy et al., 1997). Viruses
are the most abundant life forms in the oceans infecting all
life forms including algae, bacteria and zooplankton (Suttle,
2005). After infection, the virus either enters a dormant
(lysogenic) or productive (lytic) state (Weinbauer, 2004). The
lytic cycle causes disruption of the cell(s) and release of DOC
(Lønborg et al., 2013).

Marine macrophytes (i.e., macroalgae and seagrass) are highly
productive and extend over large areas in coastal waters but
their production of DOC has not received much attention.
Macrophytes release DOC during growth with a conservative
estimate (excluding release from decaying tissues) suggesting
that macroalgae release between 1-39% of their gross primary
production (Brilinsky, 1977; Pregnall, 1983), while seagrasses
release less than 5% as DOC of their gross primary production
(Penhale and Smith, 1977). The released DOC has been
shown to be rich in carbohydrates, with rates depending on
temperature and light availability (Barrón et al., 2014; Barrón
and Duarte, 2015). Globally the macrophyte communities have
been suggested to produce ∼160 Tg C yr−1 of DOC, which is
approximately half the annual global river DOC input (250 Tg C
yr−1; Barrón et al., 2014).

Marine sediments represent the main sites of OM degradation
and burial in the ocean, hosting microbes in densities up to 1000
times higher than found in the water column (e.g., Hewson et al.,
2001). The DOC concentrations in sediments are often an order
of magnitude higher than in the overlying water column (Burdige
and Gardner, 1998). This concentration difference results in a
continued diffusive flux and suggests that sediments are a major
DOC source releasing 350 Tg C yr−1, which is comparable
to the input of DOC from rivers (Burdige and Komada,
2014). This estimate is based on calculated diffusive fluxes and
does not include resuspension events which also releases DOC
(Komada and Reimers, 2001) and therefore the estimate could
be conservative. Also, some studies have shown that geothermal
systems and petroleum seepage contribute with pre-aged DOC
to the deep ocean basins (Dittmar and Koch, 2006; Dittmar and
Paeng, 2009), but consistent global estimates of the overall input
are currently lacking. Globally, groundwaters account for an
unknown part of the freshwater DOC flux to the oceans (Burnett
et al., 2006). The DOC in groundwater is a mixture of terrestrial,
infiltrated marine, and in situ microbially produced material
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(Longnecker and Kujawinski, 2011). This flux of DOC to coastal
waters could be important, as concentrations in groundwater are
generally higher than in coastal seawater (Webb et al., 2019), but
reliable global estimates are also currently lacking.

The main processes that remove DOC from the ocean
water column (Figure 1) are: (1) Thermal degradation in e.g.,
submarine hydrothermal systems (Lang et al., 2006), (2) bubble
coagulation and abiotic flocculation into microparticles (Kerner
et al., 2003) or sorption to particles (Chin et al., 1998); (3)
abiotic degradation via photochemical reactions (Moran and
Zepp, 1997; Mopper et al., 2015); and (4) biotic degradation
by marine heterotrophic prokaryotes (Lønborg and Álvarez-
Salgado, 2012). It is suggested that the combined effects of
photochemical and microbial degradation represent the major
sinks of DOC (Carlson and Hansell, 2015). Thermal degradation
of DOC has been found at high-temperature hydrothermal ridge-
flanks, where outflow DOC concentrations are lower than in
the inflow. While the global impact of these processes has
not been investigated, current data suggest it is a minor DOC
sink (e.g., Lang et al., 2006). Abiotic DOC flocculation is
often observed during rapid (minutes) shifts in salinity when
fresh and marine waters mix (Sholkovitz, 1976). Flocculation
changes the DOC chemical composition, by removing humic
compounds and reducing molecular size, transforming DOC
to particulate organic flocs which can sediment and/or be
consumed by grazers and filter feeders, but it also stimulates
the bacterial degradation of the flocculated DOC (Tranvik and
Sieburth, 1989). The impacts of flocculation on the removal
of DOC from coastal waters are highly variable with some
studies suggesting it can remove up to 30% of the DOC pool
(Sholkovitz, 1976; Mulholland, 1981; Powell et al., 1996), while
others find much lower values (3–6%; Sholkovitz et al., 1978).
Such differences could be explained by seasonal and system
differences in the DOC chemical composition, pH, metallic
cation concentration, microbial reactivity, and ionic strength
(Sholkovitz, 1976; Volk et al., 2000).

The colored fraction of DOC (CDOM) absorbs light
in the blue and UV-light range and therefore influences
plankton productivity both negatively by absorbing light, that
otherwise would be available for photosynthesis, and positively
by protecting plankton organisms from harmful UV-light
(Williamson et al., 1996, 2015). However, as the impact of
UV damage and ability to repair is extremely variable, there is
no consensus on how UV-light changes might impact overall
plankton communities (Jeffrey et al., 1996; Rhode et al., 2001).
The CDOM absorption of light initiates a complex range
of photochemical processes, which can impact nutrient, trace
metal and DOC chemical composition, and promote DOC
degradation (Mopper et al., 2015). Photodegradation involves the
transformation of CDOM into smaller and less colored molecules
(e.g., organic acids), or into inorganic carbon (CO, CO2), and
nutrient salts (NH+4 , HPO2−

4 ) (Miller and Zepp, 1995; Moran and
Zepp, 1997; Moran et al., 2000). Therefore, it generally means
that photodegradation transforms recalcitrant into labile DOC
molecules that can be rapidly used by prokaryotes for biomass
production and respiration. However, it can also increase CDOM
through the transformation of compounds such as triglycerides,

into more complex aromatic compounds (Kieber et al., 1997;
Berto et al., 2016), which are less degradable by microbes.
Moreover, UV radiation can produce e.g., reactive oxygen species,
which are harmful to microbes (Hudson et al., 2003). The impact
of photochemical processes on the DOC pool depends also on
the chemical composition (Benner et al., 2004), with some studies
suggesting that recently produced autochthonous DOC becomes
less bioavailable while allochthonous DOC becomes more
bioavailable to prokaryotes after sunlight exposure, albeit others
have found the contrary (e.g., Obernosterer and Herndl, 1995;
Benner and Ziegler, 1999; Sulzberger and Durisch-Kaiser, 2009).
Photochemical reactions are particularly important in coastal
waters which receive high loads of terrestrial derived CDOM,
with an estimated ∼20–30% of terrestrial DOC being rapidly
photodegraded and consumed (Miller and Moran, 1997). Global
estimates also suggests that in marine systems photodegradation
of DOC produces ∼180 Tg C yr−1 of inorganic carbon, with
an additional 100 Tg C yr−1 of DOC made more available to
microbial degradation (Moran and Zepp, 1997; Stubbins et al.,
2006). Another attempt at global ocean estimates also suggest that
photodegradation (210 Tg C yr−1) is approximately the same as
the annual global input of riverine DOC (250 Tg C yr−1; Miller
et al., 2002), while others suggest that direct photodegradation
exceeds the riverine DOC inputs (Andrews and Zafiriou, 2000;
Wang et al., 2004).

Due to the continuous production and degradation in
natural systems the DOC pool contains a spectrum of reactive
compounds, each with their own reactivity (e.g., Vahatalo et al.,
2010) that have been divided into the following pools, from
labile to recalcitrant, depending on the turnover times: (1) from
hours to days (labile pool: DOCL < 200 Tg C), (2) weeks to
months (semi-labile fraction: DOCSL; ∼600 Tg C), (3) over
decades (semi-recalcitrant fraction: DOCSR; ∼1400 Tg C), (4)
over thousands of years (recalcitrant fraction: DOCR;∼63000 Tg
C), and (5) a pool resistant to removal for tens of thousands
of years (Hansell, 2013). This wide range in degradation times
has been linked with the chemical composition, structure and
molecular size (Amon and Benner, 1996; Benner and Amon,
2015), but degradation also depends on the environmental
conditions (e.g., nutrients), prokaryote diversity, redox state, iron
availability, mineral-particle associations, temperature, sun-light
exposure, biological production of recalcitrant compounds, and
the effect of priming or dilution of individual molecules (e.g.,
Amon and Benner, 1996; Thingstad et al., 1999; Del-Giorgio
and Davies, 2003; Bianchi, 2011; Kattner et al., 2011; Keil and
Mayer, 2014). For example, lignin can be degraded in aerobic
soils but is relatively recalcitrant in anoxic marine sediments
(Bianchi et al., 2018). This example shows bioavailability varies
as a function of the ecosystem’s properties. Accordingly, even
normally ancient and recalcitrant compounds (e.g., petroleum,
carboxyl-rich alicyclic molecules) can be degraded in the
appropriate environmental setting (e.g., Ward et al., 2013;
Myers-Pigg et al., 2015).

Overall, the marine DOC pool is an important player in the
functioning of marine ecosystems, because it is at the interface
between the chemical and the biological worlds, it fuels marine
food webs, and is a major component of the Earth’s carbon
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cycling. It is therefore important to understand how global
changes will impact the ocean DOC cycling.

GLOBAL CHANGE STRESSORS

Ocean Warming
The best-known global change stressor is warming. The ocean
absorbs around ∼90% of the heat generated by greenhouse
gas emissions, predicted to increase the average sea surface
temperature between 1 and 4◦C over the next decades (Meehl
et al., 2011). The degree of warming varies spatially with the
Southern (south of 30◦S) and Pacific oceans showing a higher
warming than the Atlantic and Indian oceans (Cheng et al., 2019).
The overall warming rates of coastal waters are also higher by up
to an order of magnitude compared to the open ocean (Amos
et al., 2003). However, warming also varies over time, which is
partly linked with the rising heat accumulation in the deep ocean,
resulting in around 30% of the current increase in ocean heat
occurring at depths between 700 and 2000 m (Whitney et al.,
2007; Meehl et al., 2011; Balmaseda et al., 2013).

In combination with a distinct long-term warming signal,
the frequency and intensity of extreme warm sea surface
temperatures (“marine heatwaves”) that persist for days to
months and can extend over thousands of square kilometers, have
increased, with prediction of higher frequency for the western
tropical Pacific and Arctic ocean (Coumou and Rahmstorf,
2012). Marine heatwaves have been shown to cause loss of kelp
forests, seagrass beds, coral reefs and increase the mortality of
finfish, shellfish, seabirds, benthic invertebrates and mammals
(Smale et al., 2019). While these extreme events will clearly
impact the ecosystem structure and function, the underlying
impacts on biogeochemical processes remains to be studied,
but mass mortalities can be expected to lead to a short-
term DOC release. Temperature is a major environmental
driver controlling metabolic rates, and studies have shown
that warming will lead to decreases in phytoplankton and
prokaryote cell size (Morán et al., 2010; Morán et al., 2017),
accelerated phytoplankton blooming (Sommer and Lengfellner,
2008), decreased total plankton biomass and changed community
composition (Flombaum et al., 2013), and increase the release
and change the composition of DOC produced by primary
producers (Engel et al., 2011; Huete-Stauffer et al., 2017).
Microbial respiration, growth, and reproductive rates also
respond to temperature, with warming generally increasing
the rates (Gillooly et al., 2001; Brown et al., 2004). These
processes might change at the species level, although the overall
community and rates might remain the same. Warming will only
stimulate process rates up to the species optimum temperature
and thereafter it can either have no or a negative impact.
The overall response of marine ecosystems to warming is not
straight forward but is expected to greatly affect the rates
and mechanisms for both DOC production and degradation.
As an example, it is predicted that a community of smaller-
sized phytoplankton and prokaryotes will lead to more carbon
regeneration within the surface layers and less efficient carbon
sequestration to the deep ocean.

The impacts of temperature on biochemical reaction rates can
be described by the Boltzmann factor or the Van’t Hoff-Arrhenius
relationship, adapted from physical chemistry. This relationship
argues that for a reaction to take place, reactants must first
have enough energy, called the activation energy (E), to react
(Arrhenius, 1889). This E value has been used to calculate the
factor by which a rate increases with a 10◦C increase (Q10).

The temperature sensitivity of microbial OM degradation has
received attention in soils (Davidson et al., 2000; Davidson and
Janssens, 2006), and suggests that warming will stimulate the
microbial degradation of more recalcitrant OM fractions. This
suggests that substrate bioavailability can be defined by changes
in E, with more recalcitrant substrate having higher values
and the microbial degradation process therefore having higher
temperature sensitivity (Bosatta and Ågren, 1999; Sierra, 2011).

In marine systems, some studies have demonstrated that
ocean DOC degradation follows a similar pattern to soils,
with the degradation of more recalcitrant compounds having
higher temperature sensitivity (Lønborg et al., 2016, 2018;
Brewer and Peltzer, 2017). These findings have been used
to predict that a 1◦C ocean warming would increase the
microbial degradation rates of the labile, semi-labile and semi-
recalcitrant DOC pools by 4–6, 7–12, and 15–18%, respectively,
resulting in an overall decrease of 700 ± 100 Tg C (∼15%)
in the DOCSL + DOCSR pools (Lønborg et al., 2018).
A subsequent study showed that warming increased the DOC
degradation, but this enhanced microbial degradation of DOC,
was mainly respired rather than used for biomass production
(Lønborg et al., 2019).

In addition to the direct effects of temperature on microbial
process, warming will also increase surface water stratification
(Figure 2), particularly in subtropical gyres, which will also
expand (Sarmiento et al., 2004; Polovina et al., 2008). This
increased stratification prevents the exchange of dissolved
materials across the pycnocline (Cermeño et al., 2008) and will
intensify in the future (Burd et al., 2016). Increased stratification
affects the cycle of recalcitrant DOC in surface ocean waters of
temperate and subtropical areas in different ways. The first effect
in permanently stratified waters is related to the compression of
the surface mixed layer and the strengthening of the thermocline
(Hutchins and Fu, 2017), which decreases the vertical exchange
of dissolved materials or passive particles (e.g., phytoplankton).
In seasonally stratified waters, the stratification period is followed
by winter convective mixing. Enhanced water column heat
content produces a decline of the winter mixed layer depth
(Sarmiento et al., 2004), unless the frequency and strength of
winter storms increases. Strengthening of permanent or seasonal
stratification and shoaling of the winter mixed layer means
a reduction of both the upward flux of inorganic nutrients
and the downward flux of DOC. An overall decline of the
nitrate flux implies a proportional reduction of global new
primary production between 6 and 8% by 2090 (Codispoti et al.,
1986; Sweeney et al., 2000; Yool et al., 2013) and, therefore,
sinking of POM is predicted to decrease by around 4% by
2090 (Yool et al., 2017). Under these conditions, the amount
and chemical composition of recalcitrant DOC changes. On
the one hand, since the accumulation of recalcitrant DOC in
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FIGURE 2 | Illustration of dissolved organic matter (DOM) cycle in open Ocean stratified water. The stratified surface mixed layer (SML) will be shallower, warmer and
more isolated from the subsurface waters (stronger pynocline) in the future ocean. The future decline of the upward flux of NO−3 across the pycnocline could be
partially compensated by the increased N atmospheric inputs in the future ocean. As a consequence of enhanced stratification, primary production (PP) will decline
and the partition between DOM and particulate organic matter (POM) will be more favorable to the dissolved form compared with the present ocean. Particularly, the
optically active fraction of DOM (CDOM) will play a more important role in the DOM cycling of the future ocean. In seasonally stratified open ocean waters, winter
convective mixing occurs. The thickness of the winter mixed layer (WML) in the future ocean will be controlled by the relative importance of global warming and winter
storm events. Whereas warming will tend to reduce the WML depth, winter storm events tend to increase it. The deeper the WML in the future ocean, the closer the
DOM cycling will be to the present ocean conditions. Thickness of the arrows represents the relative importance of each process in the present and future ocean.

the surface layer is controlled by the nitrate flux (Romera-
Castillo et al., 2016), a reduction of the DOC pool is expected.
However, the ratio of DOC accumulation to nitrate flux
increases and, therefore, recalcitrant DOC represents a larger
fraction of the new primary production (Thornton, 2014). On
the other hand, increased stratification modifies the chemical
composition of the accumulated DOC, which becomes carbon
richer because of the extra exudation of polysaccharides by
phytoplankton under nitrogen limitation (Thornton, 2014; Saad
et al., 2016). Additionally, the lack of nutrients contributes
to DOC accumulation in the surface mixed layer because
of the “malfunctioning” of the microbial loop under these
deprived conditions (Cotner et al., 1997; Thingstad et al.,
1997). Apart from stratification, the temperature increase itself
enhances the release of DOC by phytoplankton (Thornton,
2014) and favors the biodegradation of the recalcitrant DOC
accumulated in the stratified surface waters during the winter

mixing period, when nutrients are not limiting. Therefore,
the primary effects of global warming on DOC in surface
ocean waters, particularly in permanently stratified oligotrophic
waters (Figure 2), are: (1) a reduction in DOC levels in
response to the decline in the nitrate flux; (2) an increase of
the C:N:P ratio; and (3) an increased importance of DOM
to the biological carbon pump compared with sinking POM.
Furthermore, both temperature and stratification contribute
to boosting the microbial carbon pump, i.e., the microbial
generation of recalcitrant DOC from labile OM (Jiao et al.,
2010), as compared with the biological pump (Legendre et al.,
2015). Conversely, in seasonally stratified areas where extreme
winter storms have increased over the last decades, a deepening
of the winter mixed layer and the corresponding increase of
the nutrient flux occurs (Somavilla et al., 2017; Neale and
Smyth, 2018) partially counteracting the effect of increased
seasonal stratification.
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The second effect of global warming in the stratified
surface ocean is related to the impact of the natural UV
radiation on CDOM (see section “Sources and sinks of DOC”).
Compression of the surface mixed layer and strengthening of
the thermocline together with a present and future increase
of the Earth’s surface UV radiation (Herman, 2010; Watanabe
et al., 2011) has consequences for the CDOM pool dynamics
(Figure 2). Increased stratification causes a decrease of the
CDOM production because of the overall decline of new primary
production (Nelson et al., 1998; Iuculano et al., 2019). CDOM
in the surface mixed layer also decreases because increased
stratification limits upward transport of CDOM across the
seasonal thermocline. On the contrary, warming during winter
mixing stimulate CDOM production by the microbial food web.
The compression of the surface mixed layer in parallel with
the increase of UV radiation intensifies the UV exposure of
the CDOM accumulated in the surface ocean and, therefore,
stimulates its photodegradation. Furthermore, photodegradation
of CDOM is also stimulated by warming (Porcal et al., 2015). At
this point the different dynamics of the recalcitrant DOC and
CDOM pools should be noted: whereas DOC accumulates in
the surface mixed layer and is transported downwards, CDOM
is transported upwards and consumed in the surface layer. In
summary, the effect of global warming on the CDOM pool in
the ocean surface mixed layer is an overall reduction of the pool
because of: (1) decreased net primary production and import
from the ocean interior; and (2) the increased photodegradation
of CDOM because of the compression of the surface mixed layer
and the increase of UV radiation on the Earth’s surface.

Overall, the direct effects of ocean warming on microbial
processes are expected to cause a faster turnover of DOC, reduce
export to the deep ocean and consequently a net loss of carbon
from the ocean DOC pool to the atmosphere. The warming
related increase in stratification, will cause a reduction in DOC
levels in response to the decline in the nitrate flux and increased
photodegradation of CDOM. However detailed studies still need
to address the direct and combined impacts of ocean warming
and increased stratification on the cycling of DOC, in particular
how this impacts the export to the deep ocean. Furthermore, as
DOC exposure to sunlight is expected to increase with increased
stratification, it is crucial to understand the impact of photo-
chemical degradation on DOC concentration and composition.

Ocean Acidification
Current atmospheric CO2 levels are about 40% higher than
before the industrial revolution (from 278 to 400 ppm), as a
result of combustion of fossil fuels, cement production and land
use changes (Gattuso et al., 2015). Around one third of the
anthropogenic emitted CO2 has been dissolved in the ocean
(Sabine et al., 2004; Gruber et al., 2019), lowering the pH (known
as “ocean acidification”), currently by 0.1 units (from 8.2 to 8.1,
on the total pH scale), below pre-industrial levels (RoyalSociety,
2005). If CO2 emissions continue to increase at similar rates,
it is suggested that surface ocean pH will fall to 7.8 in 2100
(Gattuso et al., 2015). The magnitude of this decrease is difficult to
predict precisely as it is expected that ocean warming will lower
CO2 solubility, thus decreasing ocean uptake of anthropogenic

CO2, while increased vertical stratification, will slow down
physical transport of CO2 into the ocean interior (Doney, 2010).
Nonetheless, surface CO2 has slowly spread downward into the
deep ocean, with post-industrial CO2 already being detectable at
1000–3000 m depth (Gruber, 2011; Gruber et al., 2019).

Many experimental studies have investigated the impacts of
ocean acidification, and these have mostly focused on single
species experiments over short timescales (Alvarez-Fernandez
et al., 2018). These studies have suggested positive, negative
and neutral effects of ocean acidification on species physiology,
demography and ecology (Harvey et al., 2013; Kroeker et al.,
2013). Studies investigating impacts of decreasing pH on marine
microbial communities show changes in phytoplankton and
bacterial community composition, growth and cell size (Grossart
et al., 2006; Piontek et al., 2010; Alvarez-Fernandez et al., 2018;
James et al., 2019). However, the impacts on the plankton
community are not uniform. For example, some phytoplankton
groups, such as those producing calcium carbonate shells,
could have lower growth rates, whereas phytoplankton primary
production in general might not be impacted as they are not
limited by current CO2 levels (Beardall and Raven, 2004).
Furthermore, natural pH fluctuations in aquatic ecosystems,
larger than the projected pH increases, already occur naturally
(Joint et al., 2010). So overall as responses to increasing CO2
vary between communities and environments, general impact
statements are difficult to make.

As anthropogenic CO2 enters the ocean mainly through its
surface it is expected that acidification will primarily impact
the DOC cycling in surface waters (Piontek et al., 2013).
However, the observed impacts of ocean acidification on the
DOC pool are variable. Some studies show increased carbon
fixation by phytoplankton, with enhanced production and DOC
accumulation (Engel et al., 2013), while others have found no
effect but instead suggest enhanced production of transparent
exopolymeric particles (TEP) (Engel et al., 2013; Zark et al.,
2015). Another study where the composition of phytoplankton
produced DOC was followed in mesocosm experiments exposed
to a range of CO2 levels, showed that increases in DOC
concentration and changes in the chemical composition were
independent of CO2 (Zark et al., 2017). Such differences
between studies might be explained by: (1) varying organic
carbon partitioning between the particulate and dissolved phase
which depends on community diversity and food web structure
(Wetz and Wheeler, 2007), (2) quick microbial degradation
of the additional DOC released, (3) loss of additional organic
carbon as TEP to the sediment, and/or (4) different species
and associated processes producing different responses, and
degrees of resilience to changes in pH. However, generally in
most environments, DOC concentrations seem to increase with
elevated CO2 levels without clear impacts on the molecular
composition (Zark et al., 2015; Bergen et al., 2016; Zark et al.,
2017). An additional factor may be that the bioavailability
and concentration of potentially limiting micronutrients (e.g.,
iron) have been shown to increase with ocean acidification
(Gledhill et al., 2015), and this may result in a change in both
primary production and species composition which in turn could
affect DOC cycling.

Frontiers in Marine Science | www.frontiersin.org 7 June 2020 | Volume 7 | Article 466

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00466 June 19, 2020 Time: 17:53 # 8

Lønborg et al. Global Change and DOC Cycling

Few studies have investigated the direct impact of pH on
photochemical and microbial DOC degradation. One study
has suggested that photochemical processes are pH dependent,
with larger impacts at higher pH, suggesting that acidification
could potentially reduce photochemical degradation (Timko
et al., 2015). Earlier studies have clearly demonstrated impacts
of decreased pH on enzymatic reactions (Arrhenius, 1889),
but different extracellular enzymes have distinct acidification
optima under natural conditions making it difficult to evaluate
overall impacts (e.g., Grossart et al., 2006). Some studies showed
enhanced rates of extracellular enzyme activity as a function of
CO2 suggesting an increased DOC degradation (e.g., Teira et al.,
2012; Piontek et al., 2013). Also, direct measurements of the
microbial degradation of DOC showed increases with elevated
CO2, with the additional degraded carbon mainly directed for
respiration rather than biomass production (James et al., 2017).
Such a stimulation in degradation could decrease the ocean DOC
storage. Determining ocean wide impacts are difficult as both
DOC production and degradation increase with acidification.
Given that there is such a variable response per species
(increase, decrease, no response) regarding DOC degradation
and production, a first approach could include targeted studies
on key species and individual source to understand acidification
impacts on DOC cycling.

Ocean Deoxygenation
Oxygen (O2) is fundamental for most life on Earth and
it functions as the main electron acceptor during DOC
degradation in the ocean water column. Over the past 50 years
oxygen minimum zones (OMZs) have expanded as a result
of global warming directly (e.g., decreased oxygen solubility)
and indirectly (e.g., increased respiration, decreased ocean
ventilation), reducing the overall O2 content (this process is
known as “ocean deoxygenation”; Keeling et al., 2010; Robinson,
2019). Approximately 15% of the global decline in open ocean O2
has been attributed to decreased solubility in response to ocean
warming, with the remaining 85% due to intensified stratification
(Helm et al., 2011). Furthermore, in coastal waters respiration of
OM is the main contributor to deoxygenation (Diaz et al., 2019).
Global models have suggested that overall ocean O2 levels will
decline between 1.5 and 4% by 2090 (Ciais et al., 2013).

OMZs have lower O2 content relative to over- and under-
lying waters, occur in depths between 100 and 1000 m, and
are primarily found in open ocean waters adjacent to coastal
upwelling regions. In these upwelling areas the productivity
in surface waters is high, which together with the subsequent
sinking OM, leads to elevated heterotrophic activity in deeper
waters, thus lowering O2 levels (Bograd et al., 2008). Coastal
waters can also contain low O2 and over the past centuries some
studies have argued that there has been a ten-fold increase in
the number of these low O2 regions. These have mainly been
linked with eutrophication induced increases in OM production
which lead to hypoxia or dead zones during degradation
(Diaz et al., 2019).

The impacts of ocean deoxygenation are predicted to be
minor in open ocean regions already experiencing low O2
levels (tropical and subtropical thermocline), while the largest

change will likely happen in areas close to outcrops of the
thermocline and deep ocean (Schmidtko et al., 2017). These
effects will be amplified in coastal waters, because of a future
global predicted doubling in both nutrient loadings compared to
current levels and enhanced respiration rates (Foley et al., 2005;
Foley, 2017). Coastal waters will therefore be more impacted
by deoxygenation than open ocean systems (Gilbert et al.,
2010). These changes in O2 concentration could lead to the
disappearance of higher trophic organisms (e.g., fish) in some
systems and change the food-web structure toward a microbial
dominated system impacting the overall biogeochemical cycling
(Gruber, 2011). When O2 levels drop from fully saturated
(“oxic”) to low (“dysoxic” 20–90 µmol O2 l−1 and “suboxic”
1–20 µmol O2 l−1) and near zero (“anoxic” < 1 µmol O2
l−1) levels (Wright et al., 2012), the degradation of DOC
shifts from an O2 dominated respiration, and towards other
available electron acceptors, with the most dominant being
nitrate (denitrification) and sulfate (sulfate reduction) (Canfield
et al., 2005). Studies in marine sediments, where the use of these
two alternative electron acceptors can dominate, have suggested
that the degradation of OM under anoxic conditions is slower
and less efficient (Jessen et al., 2017), which is consistent with
observed higher OM concentrations in anoxic than in oxic pore
water (e.g., Middelburg et al., 1993). Nonetheless, some studies
have also suggested that under oxic and anoxic conditions, OM
degradation is similar (e.g., Westrich and Berner, 1984; Lee,
1992). A slower and less efficient degradation of OM under
anoxic conditions in sediments might also be explained by: (1)
anaerobic prokaryotes normally degrading the recalcitrant OM
that remains after aerobic degradation in surface sediments, (2)
a lack of grazers which under oxic conditions would graze on
prokaryotes releasing nutrients to aid the degradation process
(Middelburg et al., 1993), (3) the free energy provided by
the degradation of OM declines from aerobic to anaerobic
respiration resulting in a less dense community and slower
degradation, and (4) specific reactions are slower or not possible
without O2 (Zehnder and Stumm, 1988; Fenchel and Finlay,
1995). Additionally the declining O2 levels will also lead to
the biological removal of nitrate (Neubacher et al., 2011), and
the release of phosphorus and iron from sediments (Scholz
et al., 2014; Watson et al., 2018), potentially affecting primary
production and DOC production.

Few studies have investigated how decreasing O2 impacts
DOC degradation in the ocean water column. A study showed
that the optical properties in a OMZ off the Peruvian coast were
different and dominated by marine humic-like compounds in the
anoxic compared with the oxic layers, suggesting differences in
the chemical composition and a more recalcitrant nature of the
DOC pool in the anoxic waters (Loginova et al., 2016). Another
study showed that suboxic conditions do not reduce enzymatic
degradation of OM and prokaryote production (Pantoja et al.,
2009), whereas others show that the combined effects of
eutrophication and low O2 on heterotrophic prokaryote activity
favor DOC accumulation due to slower degradation (Maßmig
et al., 2019a,b). However, these studies are performed using
short-term experiments. Bastviken et al. (2004) followed the OM
(e.g., fulvic acid) degradation under oxic and anoxic conditions
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FIGURE 3 | Scheme showing how decreasing ocean O2 levels could (1) slow
down the prokaryote degradation and therefore lead to an accumulation of
DOC (illustrated by increasing amounts of chemical compounds), (2) change
its chemical composition (illustrated by changed color of chemical
compounds), (3) change the prokaryote community composition (illustrated by
changed prokaryote color and shape) and (4) decrease their energy yield
(fewer prokaryotes). Please note that for convenience we have used the terms
“oxic,” “suboxic,” and “anoxic” despite their definition not being fixed (Canfield
and Thamdrup, 2009).

in freshwater samples over an extended period (426 days) and
found that most OM (68-78%) degraded faster under oxic
conditions, although a small fraction (16–18%) degraded faster
under anoxic conditions. The authors also suggest that over the
short term (days) the degradation rates are similar in oxic and
anoxic conditions.

Overall, decreasing ocean O2 levels, could lead to the
disappearance of higher trophic organisms and change the food
web structure. The prokaryote community structure would be
expected to change and shift from an O2 dominated respiration,
toward other available electron acceptors which would decrease
the overall energy yield (Figure 3). Consequently, this change
would impact the DOC chemical composition and is suggested to
cause slower OM degradation and therefore DOC accumulation
(Figure 3). Although previous studies have shown the role of
O2 in controlling OM cycling, studies with a DOC focus are
clearly lacking. As deoxygenation in coastal waters and the
open ocean are controlled differently, studies should determine
how this difference impacts DOC fluxes. Furthermore, it is
essential to determine the impact of deoxygenation on the DOC
degradation rates.

Melting Glaciers and Sea Ice
Glacial ecosystems (glaciers and ice sheets) contain 70% of the
world’s freshwater and cover roughly 10% of the Earth’s surface
(Hood et al., 2009; Boetius et al., 2015). Global Warming is
expected to cause melting of mountain glaciers and ice caps with
projections indicating an average total volume loss of 21% (some
areas up to 75%) by 2100 (Radić and Hock, 2011). Also, under the
RCP8.5 future emission scenario, it is very likely that we will see
a seasonally ice-free Arctic before 2050 (Notz and Stroeve, 2016).
Due to this melting the global mean sea-level rise is expected to be
between 0.5 and 1.2 m higher by 2100, relative to pre-industrial
levels (Church et al., 2013).

Glacial ecosystems were previously not thought to host an
active microbial community, but with the discovery of high
bacterial abundances (up to 108 cells ml−1; Boetius et al., 2015)

that actively cycle carbon (Hood et al., 2009) this view is
changing. Microbial colonization occurs initially through
atmospheric deposition, but over time, the microbial
communities becomes distinct, for example, bacterial cells
tend to be larger (few µm in diameter) compared to those in
the water column (Boetius et al., 2015). These communities
are typically dominated by bacteria (including cyanobacteria),
viruses, microalgae and fungi (Hodson et al., 2008; Boetius
et al., 2015). Essentially two ecosystems exist: the supraglacial
where inorganic carbon is fixed via photosynthesis, and the
subglacial ecosystem where chemoautotrophy dominates.
Hood et al. (2009) showed that the DOM of glacial origin is
highly labile, and linked with glacial microbial production.
Furthermore, two studies (Musilova et al., 2017; Smith et al.,
2017) showed, in Antarctica and Greenland, a net production
of highly labile DOC (from photosynthetic bacteria) that was
exported during the melt season ultimately feeding the receiving
coastal ecosystems (Lawson et al., 2014). Although DOC from
glacial ecosystems is highly bioavailable, it is ancient (Hood
et al., 2009). The source of this ancient carbon has partly
been linked with aerosols derived from fossil fuel burning
(Stubbins et al., 2012).

Cryoconite holes are particularly active habitats formed
in the supraglacial ecosystems. Accumulation of dark-colored
(inorganic and organic) particles, including microbes, in glacial
ice in the ablation zone, causes the ice to melt, hence forming
these water pools (Hodson et al., 2008; Boetius et al., 2015).
Lawson et al. (2014) found DOC concentrations in cryoconite
holes in excess of 554 µM C (average 285 µM C), with higher
carbon fixation in the cryoconite sediment, compared to the
overlying waters (3329 vs. 36 ng C l−1 d−1) (Foreman et al., 2007).
As has been found in glacial waters, the OM in these holes have a
microbial origin (Pautler et al., 2013). One estimate combining
Svalbard, Greenland and European Alps, suggests they can fix
up to 0.64 Tg C yr−1, indicating glaciers are autotrophic systems
(Anesio et al., 2009).

Estimates of the DOC contribution from glacial runoffs to the
world’s oceans are small (1 Tg DOC y−1; Raymond and Spencer,
2015) compared to e.g., rivers (250 Tg DOC yr−1; Raymond and
Spencer, 2015). However the content is very labile, thus with
a shorter turnover time. For example, runoff from the Gulf of
Alaska glaciers show a DOC annual export of 0.13 Tg yr−1, of
which about 0.10 Tg (77%) were degraded within days (Hood
et al., 2009). Overall, by 2050 it is expected that 15 Tg of glacial
DOC will be exported to coastal waters due to global change
(Hood et al., 2015).

Glacial melting could have additional impacts. One report
showed an increase in phytoplankton productivity as a result
of inputs of iron (Fe) from melting glaciers in the Amundsen
Sea (Alderkamp et al., 2012). Another study estimated a glacial
runoff of bioavailable Fe of 0.40–2.54 Tg yr−1 and 0.06–0.17 Tg
yr−1 in Greenland and Antarctica, respectively (Hawkings et al.,
2014), which is expected to increase with melting glaciers. Global
warming could, therefore, briefly increase the phytoplankton
productivity, if Fe is limiting in the receiving coastal waters,
and thus could result in a temporary negative feedback to
anthropogenic CO2 emissions (Alderkamp et al., 2012).
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With global warming, glacial DOC and Fe exports might
increase temporarily, but will eventually vanish when no new
glaciers are formed (Milner et al., 2017). Fellman et al. (2014)
has suggested that, as glaciers retreat, forests and wetlands will
replace these ecosystems shifting the DOC pool from a protein-
like, labile compounds (microbially derived), to a plant-derived,
humic-like and less labile compounds. Overall, this is expected to
increase DOC concentrations, but decrease its lability (Fellman
et al., 2014; Raymond and Spencer, 2015). This difference in the
concentration and type of DOC could exert several changes in
coastal waters. For example, if higher concentrations of humic-
like compounds reach coastal waters it could: (1) protect the
microbial food web from UV radiation, (2) reduce PAR radiation
and thus primary production, and (3) provide labile DOC
resulting from photodegradation.

Yearly, sea ice covers an area equivalent to approximately
5% of the total global ocean surface area (Arrigo, 2014). The
phytoplankton community living in sea ice produce globally
around 70 Tg C y−1 of organic carbon, contributing with 15
and 4% of the total primary production (seawater and ice) in
Arctic and Antarctic waters, respectively. Around 11% (8 Tg) of
this primary production is released as DOC, increasing the DOC
concentrations up to 3 orders of magnitude compared with the
surrounding seawater (Vancoppenolle et al., 2013). Furthermore,
when the sea ice melts this material is released to the surrounding
waters (Norman et al., 2011). The DOC in the Artic has a large
river borne contribution, while in the Southern Ocean it is mainly
autochthonous in origin (Retamal et al., 2007; Norman et al.,
2011) and so the impacts of sea ice DOC may be different.

Global changes are already causing decreases in summer
minimum sea-ice extent in the Arctic (up to 45%; Arrigo, 2014),
while in the Antarctic impacts are more variable, with declines
(up to 41%) in the Western and no change in the East Antarctic
Peninsula over the last several decades (Ducklow et al., 2012;
Stammerjohn and Maksym, 2017). In the Artic not only the
extent of sea ice is changing, but it is also thinning (Lindsay and
Schweiger, 2015), and the amount of multiyear ice that persist
for at least one summer has significantly reduced (Kwok, 2018).
The loss in sea-ice in the period between 1998 and 2012 in some
Arctic areas, has been shown to increase primary productivity by
up to 35%, which has been linked with higher light availability
due to ice melt, while other areas have not shown any increase
(Fernández-Méndez et al., 2015; Frey et al., 2017). Such regional
differences could be linked with differences in the supply of
nutrients by advection or upwelling (Aksenov et al., 2011; Kinney
et al., 2014). Overall, while sea ice primary and DOC production
will decline in the future, the retreat of sea ice could lead to
higher DOC production with predicted increases in the microbial
processing of this material.

In summary, increased glacial DOC could initially increase
phytoplankton productivity in coastal waters, however, when
most glaciers have melted it is expected an increase in terrestrial
DOC. Additionally, the melting sea ice will lead to higher
DOC production in receiving waters, and consequently increases
in overall concentrations. It is thus critical to determine the
impact of DOC released from melting glaciers and sea ice on
the receiving ecosystems. Most importantly determining the

response of the microbial communities to a possible change of
DOC composition and its consequence to the food web structure,
once the ice has melted requires further study.

River Derived Material
In the ocean, terrestrial derived DOC (allochthonous) constitutes
around 10% of the total DOC pool (Benner, 2004). Rivers
are the main source of this material and therefore are one of
the largest contributors to the ocean’s DOC “mass balance,”
delivering around 250 Tg DOC yr−1 (total DOC + POC inflow
∼350 Tg C yr−1; Raymond and Spencer, 2015). This DOC
is exported together with nutrients (nitrogen: 37–66 Tg yr−1;
phosphorus: 4–11 Tg yr−1; silicate; 340–380 Tg yr−1; Seitzinger
et al., 2010; Beusen et al., 2016), fueling new DOC production,
mainly in coastal waters.

DOC concentrations in rivers are mainly controlled by soil
carbon stocks, mean catchment slope, wetland cover, land use,
river floodplain extent and precipitation (Atkinhead-Peterson
et al., 2003; Mulholland, 2003; Harrison et al., 2005). Elevated
export of river DOC to the ocean is therefore generally observed
during wet seasons, isolated rainfall, or storm events (e.g., Yoon
and Raymond, 2012; Raymond et al., 2016).

Large river exports and their impacts are evident in the Arctic
Ocean, receiving around 10% of the global riverine DOC, thus
leading to the highest DOC concentrations and terrestrial DOC
proportion of all ocean basins (Opsahl et al., 1999). This region is
also particularly vulnerable to temperature rise which is occurring
in the Arctic at a rate twice the global average (Blunden and
Arndt, 2012). Most DOC in Artic rivers is derived from soils,
and with extensive thawing of frozen soils and permafrost which
contain a vast store of organic carbon (∼1.7 × 106 Tg organic
carbon) there will be an increased mobilization and export of
DOC to the ocean (Tarnocai et al., 2009; Hugelius et al., 2014).

Photochemical and microbial degradation are the main sinks
for allochthonous DOC in the Arctic Ocean (e.g., Benner and
Opsahl, 2001; Hernes and Benner, 2002), but parts of this DOC
is relatively stable to photochemical degradation (Osburn et al.,
2009). While early studies suggested that river derived DOC was
largely “non-degradable,” it is now clear that terrestrial material
is degraded in coastal waters (Coble, 2007), as it becomes more
bioavailable in aquatic environments (Ward et al., 2013). The
DOC exported by rivers contain labile components (Findlay and
Sinsabaugh, 1999), but generally the DOC is more prone to
photodegradation and is less bioavailable than phytoplankton
exudates (Moran and Hodson, 1994; Mann and Wetzel, 1996).
Whether terrestrial DOC is degraded in coastal waters or
exported to the open ocean will depend on the reactivity and
system flushing time (Lønborg and Álvarez-Salgado, 2012). For
example, because Arctic and temperate systems are further away
from the Equator (compared to tropical systems), they have a
decreased Coriolis force. This results in longer flushing time on
shelfs allowing longer time for the degradation to take place
(Sharples et al., 2016).

Future projections on the fluxes of DOC and nutrients
(including DON) from rivers to the ocean are unclear, some
indicate increase, others decreases (Rabalais et al., 2009;
Seitzinger et al., 2010; Yates et al., 2019). Increases have been
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linked with enhanced leaching and permafrost thawing, while
decreases have been linked with declining extent of wetlands
and lower river discharge (Harrison et al., 2005). Currently
there are regional differences in export of DOC into the ocean
and potential climate impacts. As an example, increases in
precipitation over land north of 30◦N since 1901 have been
observed, while between 10◦S and 30◦N it has decreased since the
1970s (Dore, 2005). Such changes in precipitation and associated
soil leaching could have increased DOC export in regions with
increased precipitation, while decreasing exports in regions with
droughts. Regional increases in freshwater DOC concentrations
have been found in northern Europe and America undergoing
a “browning” due to rising concentrations of allochthonous
CDOM (Figure 4; Monteith et al., 2007; Solomon et al., 2015)
and associated Fe (Björnerås et al., 2017). These increases have
been linked with factors, such as: (1) increased precipitation
leading to shorter residence and larger “flushing” of soil derived
DOC into rivers and lakes (Roulet and Moore, 2006), (2) reduced
atmospheric acid deposition which changes pH and increases soil
DOC release (Evans et al., 2006), and (3) increasing vegetation
cover (“greening”) of the northern hemisphere leading to higher
terrestrial DOC production (Finstad et al., 2016). In the receiving
systems, these DOC increases have been shown to: (1) impact
primary production positively (supply nutrients; Tanentzap
et al., 2014) and negatively (attenuate light), (2) enhance the
importance of photochemical processes in the degradation of
DOC, and (3) provide additional substrate, thus stimulating
bacterial production (Hessen et al., 1990). Overall, such increased
CDOM levels will decrease water clarity and benthic primary
production, and due to increased substrate availability, switch
from algal to bacterial dominance (Hessen, 1998).

Global change is predicted to increase the frequency, intensity
and duration of storms, floods and droughts in different regions
(Huntington, 2006; Knutson et al., 2010; Kyselı et al., 2012;
Lehmann et al., 2015). Extreme events such as tropical cyclones
are predicted to increase in the future with the linked
precipitation increasing by 7% per ◦C warming (Prein et al.,
2017). A framework termed the Pulse-Shunt concept suggests
that OM is pulsed from catchments into streams during extreme

FIGURE 4 | Photograph showing filtered (0.2 µm) coastal marine waters
collected at various locations in the United Kingdom. The differences in color
is due to the range of soil-derived carbon input to the coastal water, with dark
brown (left) indicating a high soil-derived carbon contribution and near-clear
water (right) indicating a low soil-derived carbon contribution (Credit: C.
Lønborg).

hydrologic events (pulse), such as tropical cyclones, resulting in a
rapid “flushing” of soil DOC to coastal waters (shunt; Raymond
et al., 2016). One study demonstrated that within a few days after
a tropical storm around 40% of the average annual DOC was
exported (Yoon and Raymond, 2012; Bianchi et al., 2013), with
the degradation of this DOC in the receiving coastal waters taking
place over weeks to months after the event (Osburn et al., 2019).
In addition, the source, chemical composition and reactivity of
DOM have been shown to change in storm events (Eckard et al.,
2017). The effects of storm events on DOC and nutrients export
and impacts is probably more evident for small watershed but
global estimates of the ocean wide impacts, are currently lacking.

Droughts have also been predicted to increase in some regions,
such as the Mediterranean, regions in Africa (Sahel) and Asia
(Mesopotamia and China’s loess), which together have been
identified as drought and “land degradation” (Desertification)
hotspots (Dregne, 1986). These changes are caused by longer
periods of droughts, wildfires, higher temperatures, and changes
in land cover, such as deforestation and grazing (D’Odorico
et al., 2013; Prăvălie, 2016). Periods of drought may reduce land
runoff, allowing terrestrial OM to accumulate. These periods can
then often be followed by intense precipitation and flooding
events (Paerl et al., 2019), boosting episodic DOC exports
to coastal waters.

Another anthropogenic factor that will have major impacts
on the flow of river derived material to the ocean is the
construction of dams, which is expected to double over the
next 15–20 years (Lehner et al., 2011; Zarfl et al., 2015).
In the catchment areas these dams have been shown to: (1)
increase flooding and degradation of biomass and soil OM,
(2) increase water residence time, (3) improve underwater light
conditions and hence increase primary production, (4) enhance
nutrient retention and sediment trapping, and (5) promote the
burial of OM (Maavara et al., 2017). Considering that dams
represent a sink for riverine OM, largely caused by settling
and burial of POM behind the dams, one study suggests that
by the year 2000 dams had already decreased OM export to
the global coastal waters by 13%, while the DOC leaving the
dams will increase until 2030 and then decrease slightly until
2050 (Maavara et al., 2017). With an expected increase in the
number of dams, riverine DOC export could increase in the near
future, especially in major dam construction areas of Asia, South
America, and Africa.

Predicting global trends in river DOC delivery is challenging
due to large regional variations in how global stressors will
impact the export of DOC to the ocean. Regionally, in
the Arctic, northern Europe and America increasing DOC
rivers deliveries are expected. These increases are predicted
to lead to larger importance of photo-chemical processes in
the degradation of DOC in receiving coastal waters. Extreme
events, such as storms and droughts, will cause regional large
episodic exports of DOC to coastal waters. The construction
of large dams in Asia, South America, and Africa could
lead to regional increases in DOC delivery. Despite decades
of research, we still need to understand how the interaction
between catchment properties and weather events (e.g., storms)
impacts the DOC composition and cycling along the river-ocean
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continuum. In such studies it will be essential to determine
regional differences.

Changes in Ocean Circulation and
Upwelling Patterns
The recalcitrant fractions of DOC produced in the surface
ocean are prone to accumulate in the stratified surface layer of
oligotrophic gyres (Hansell et al., 2009; Romera-Castillo et al.,
2016) or to be transported horizontally by surface ocean currents
(Letscher et al., 2013; Wu et al., 2015). Horizontal export of
recalcitrant DOC also occurs in equatorial (Archer et al., 1997;
Hansell et al., 1997) and coastal upwelling areas (Alvarez-Salgado
et al., 2007; Lovecchio et al., 2018), eventually accumulating in the
adjacent oligotrophic ocean. Deep convection at high latitudes
injects DOC into the deep ocean (Hansell et al., 2002, 2009;
Fernández-Castro et al., 2019). Once in the deep ocean, the
less recalcitrant fractions of DOC are typically removed with
increasing water mass age over timescales of decades and longer
(Carlson et al., 2010; Hansell et al., 2012; Fontela et al., 2016).

Global warming is already affecting major ocean currents
such as the Gulf Stream and the associated Atlantic Meridional
Overturning Circulation (AMOC), which has apparently
weakened over the last decades (Caesar et al., 2018). Future
climate scenarios indicate that this weakening will continue
during the 21st century (Chen et al., 2013). Global warming has
also affected the wind regime of coastal upwelling areas (Sydeman
et al., 2014; Bakun et al., 2015; Wang et al., 2015). Forecasting
of future climate scenarios indicates that summertime winds
at higher latitudes (about 35◦–45◦ N or S) will intensify, while
at lower latitudes (about 10◦–20◦N or S) they will weaken
(Rykaczewski et al., 2015). Strong reduction of the equatorial
upwelling in the Eastern Pacific, and moderate reduction in
the Atlantic, is expected by the end of this century because
of weakening of trade winds (Terada et al., 2020). These
changes, together with increasing stratification (Rykaczewski
and Dunne, 2010; Sousa et al., 2020; Terada et al., 2020),
also have implications for the production, vertical advection
and horizontal export of dissolved materials in these highly
productive areas.

The present and future weakening of the AMOC (Chen et al.,
2013; Caesar et al., 2018) causes a reduction of the amount
of recalcitrant DOC that is injected in the deep waters of the
North Atlantic. This recalcitrant DOC is partly produced in the
Subpolar North Atlantic and partly transported northward from
subtropical latitudes by the North Atlantic Current (Fernández-
Castro et al., 2019). This DOC is transported downwards by
the overturning circulation during North Atlantic Deep Water
formation (Carlson et al., 2010; Fontela et al., 2016). The
suggested decrease of the AMOC by 15% since the 1950’s,
would produce at least a proportional decrease of the amount of
DOC injected in the deep ocean. For the worst climate scenario
(RCP8.5) a further reduction between 15% and 60% is expected
by the end of this century (Caesar et al., 2018). Furthermore, It
has been observed in coastal (e.g., Lønborg and Álvarez-Salgado,
2012) and open ocean waters (e.g., Fernández-Castro et al., 2019)
a close inverse relationship between water residence time and

quantity and quality of the DOM. Therefore, we hypothesize
that the longer water residence time in the Subpolar North
Atlantic would reduce the amount and increase the C:N ratio
of the recalcitrant DOM accumulated in the surface layer and,
further reduce the downward flux of DOC in the area. This
means that: (1) the contribution of DOC to the biological pump
would reduce; and (2) the microbial populations of the deep
North Atlantic would receive a lower amount of a poorer quality
substrate from the Subpolar North Atlantic.

Future projections of the Southern Ocean circulation also
predict a weakening of the subduction rates of the Subantarctic
Mode Water by 8% and the Antarctic Intermediate Water by
23% at the end of the 21st century in response to buoyancy gain
and shoaling of the winter mixed layer (Downes et al., 2010).
Furthermore, the formation of Antarctic Bottom Water and its
northward sinking toward the global abyss is also expected to
weaken in response to temperature-driven decreases in density
(Lago and England, 2019).

Generally, upwelling favorable winds have intensified in the
major coastal upwelling systems of the world ocean in response
to global warming (Figure 5; Sydeman et al., 2014; García-
Reyes et al., 2015; Wang et al., 2015). Forecasting results indicate
that this increase will continue through this century at the
high latitudinal range of the major coastal upwelling systems
(Rykaczewski et al., 2015). Conversely, winds will weaken at the
low latitudinal range. Intensification of coastal winds is not the
only effect in coastal upwelling systems: global warming will
also increase the stratification (see section “Ocean Warming”;
Rykaczewski and Dunne, 2010; Varela et al., 2018; Sousa et al.,
2020). Therefore, two opposite forces must be considered.
Strengthening of coastal upwelling intensifies the vertical nitrate
flux to the surface mixed layer, proportionally increasing new
production, the accumulation of recalcitrant DOM with relatively
lower C:N ratio, and its horizontal export to the adjacent open
ocean (Figure 5). The increased vertical nitrate flux is not only
due to the larger volume of upwelled water but also to the higher
concentration of nitrate. Source waters in upwelling systems have
experienced pH (see section “Ocean Acidification”) and O2 (see
section “Ocean Deoxygenation”) decrease and nitrate gain over
the last decades (Bograd et al., 2008, 2015), that it is also predicted
to occur in the future (Bakun et al., 2015). Further pH and O2
decline and nitrate gain occurs in bottom shelf waters because
of local OM mineralization, making surface waters nitrate-richer,
but O2 poorer and more acidic. Whereas nitrate has a direct
impact on DOM cycling (Figure 5), it is not expected that
the low O2 have a distinct influence. Fast exchange with the
atmosphere and stimulation of O2 production by phytoplankton
fertilized with nitrate-rich waters will rapidly increase the O2
levels of upwelled waters in the surface layer. This enhanced
phytoplankton production will also consume quickly the CO2
excess of upwelled waters.

Concomitantly, the horizontal DOC export is amplified
because both the concentration of recalcitrant DOC and the
mass flux of upwelled water increase in response to global
warming. Intensified coastal upwelling conditions combined with
increasing stratification (see section “Ocean Warming”) favor a
compression of the surface mixed layer in response to the vertical
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FIGURE 5 | Intensification of summertime winds by global warming will increase upwelling strength at high latitudes within coastal upwelling regions. Global warming
will also increase stratification of the surface mixed layer (SML), which will be warmer and shallower in the future ocean. Strengthening of coastal upwelling will
intensify the vertical fluxes of nitrate (NO−3 ) and colored dissolved organic matter (CDOM) to the SML, proportionally increasing new production, the accumulation of
DOM and its horizontal export to the adjacent open ocean. Nitrate and CDOM fluxes will increase because both the upwelling rate and the concentration will rise.
The downward flux of particulate organic matter (POM) to shelf bottom sediments will intensify in parallel to new production increase, the horizontal export of DOM to
the adjacent ocean will increase because of the increase of outwelling rates and DOM concentrations in the SML, and the photochemical decomposition of the
upwelled CDOM will be stimulated by a shallower SML. Predicted weakening of upwelling at the low latitudinal range of the major coastal upwelling system and the
Atlantic and Pacific equatorial upwelling regions will produce the opposite effect.

water displacement, a gentler injection of the upwelled nutrients
in the surface mixed layer and a more efficient use of them by
the plankton assemblages in the surface mixed layer. Predicted
weakening of upwelling at the low latitudinal range of the major
coastal upwelling system (Rykaczewski et al., 2015) and the
Atlantic and Pacific equatorial upwelling regions (Terada et al.,
2020) will produce a decline of the nitrate flux and an increase
of the stratification and flushing time of the surface mixed layer,
leading to a decline of the accumulation of recalcitrant DOC and
its export to the adjacent ocean.

In conclusion, predicted changes in the Southern Ocean and
AMOC will all cause a reduction in the amount of recalcitrant
DOC exported to the deep ocean. Intensified coastal upwelling
conditions are predicted for higher latitudes, while at lower
latitudes they are projected to weaken. This will at higher
latitudes lead to increasing new production and accumulation
of recalcitrant DOC, and subsequent increased export to the
adjacent open ocean, while the contrary is predicted for lower
latitudes. DOC dynamics in deep and intermediate water mass
formation areas as well as in coastal upwelling systems have not
been studied in the detail that they deserve. The first and main
gap is the scarcity and poor spatial and temporal resolution of

DOC data. The elemental, isotopic and molecular composition of
DOC and how global change stressors impact them should also
be studied. Finally, DOC cycling should be properly included in
ocean forecasting models.

Wet and Dry Depositions
Air-sea exchange processes depend substantially on both
precipitation, which drives the wet deposition of material to the
oceans, and on wind speed, which influences the emission and
deposition of aerosols (i.e., fine particles or liquids) and gases
(e.g., CO2) at the sea surface. Air-sea exchange increases rapidly
with increasing wind speed (IPCC, 2013). The exchange of
aerosols and gases has to pass through the sea surface microlayer,
an interface enriched in DOC and able to modulate the air-
sea exchange (Carpenter and Nightingale, 2015). All of these
processes are likely to change in the future due to global change,
although the extent of change is uncertain, since the pattern and
direction of change for storm tracks, wind speed and rainfall will
vary geographically (e.g., Kirtman et al., 2013). These exchanges
of both aerosols and gasses will in turn feedback and affect global
change itself (IPCC, 2013). Because the changes in these physical
forcing processes with global change vary regionally, it is not
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possible to derive a global prediction of how they will affect
ocean DOC cycling, but the potential for impacts are real as
discussed below. The exchanges of aerosols and gases in both
directions across the air-sea interface are closely linked, but for
clarity in this section, the impact of atmospheric deposition
on the ocean productivity and DOC cycling is considered first,
followed by a discussion of the impact of the ocean DOC cycling
on the atmosphere.

The atmosphere is a significant source of nutrients to the
ocean, particularly for nitrogen (39 Tg N yr−1) and Fe (16 Tg
Fe yr−1), although only a fraction of this Fe is soluble and
readily bioavailable (e.g., Ito et al., 2019). Hence nutrient
deposition from the atmosphere affects ocean productivity, CO2
uptake and DOC cycling (Jickells et al., 2005; Jickells and
Moore, 2015; Jickells et al., 2017). The extent of atmospheric
nutrient transport is sensitive to changes in nutrient emissions
to the atmosphere, as well as changes in atmospheric transport
and transformation pathways. Atmospheric transport pathways
are vulnerable to global change, and hence the geographic
distribution of atmospheric deposition to the ocean may change;
for instance, the jet stream transport (the fast high level flow
that bounds the polar and temperate air masses in the North
Atlantic) may shift poleward (Kirtman et al., 2013). In addition,
emissions to the atmosphere are likely to change in the future. In
the case of Fe inputs to the atmosphere, there are some important
anthropogenic Fe emissions, such as from coal combustion and
metal smelting, but the main source is desert dust, and these
emissions are sensitive to global change (Jickells et al., 2005; Ito
et al., 2019). The scale of future changes in desert dust emissions
is uncertain, since it depends on wind intensity and direction,
temperature and most critically rainfall patterns in the source
regions (Mahowald et al., 2011). Fe is only very sparingly soluble
at ocean pHs and its bioavailability in seawater is regulated
by complexation with OM (enhancing Fe solubility and ocean
residence time) (Tagliabue et al., 2017). This complexing OM
is itself a component of the ocean DOC. Organic complexation
of Fe probably also plays a role in its atmospheric transport,
deposition and bioavailability (Cheize et al., 2012).

The main sources of nitrogen emissions to the atmosphere
are now anthropogenic and hence directly influenced by
human activity. The total nitrogen emissions are projected to
remain stable globally over the coming decades, but the global
distribution of emission and deposition will probably change
with increasing inputs downwind of Asia balanced by decreases
elsewhere, and an increase in ammonium deposition and a
decrease in nitrate. This latter change reflects the increasing
controls on oxidized nitrogen emissions, due to the use of
catalytic converters on cars, and the less regulated emissions of
ammonia, which comes primarily from an increasing agricultural
production sector, with the reduced/oxidized nitrogen deposition
ratio projected to change from about 0.7 to 1.0 from 2005 to
2050 (Jickells et al., 2017). Atmospheric nitrogen deposition
to the oceans includes a substantial contribution (25%; Jickells
et al., 2017) from DON. This organic nitrogen is of uncertain
bioavailability and contains a wide variety of organic compounds
from terrestrial and marine sources. Sources are many but poorly
characterized, and include anthropogenic and natural sources,

as well as biomass burning, which may be both natural and
anthropogenic (Cape et al., 2011; Jickells et al., 2017).

Given that, some studies suggest that 50% of ocean export
production is regulated by atmospheric Fe supply, and only a
few percent by atmospheric nitrogen supply (Krishnamurthy
et al., 2010), it seems reasonable to assume that variations
in atmospheric Fe supply to the ocean with global change,
particularly changes in desert dust emissions and transport, have
the greater potential to influence ocean productivity and DOC
cycling, compared to changes in nitrogen deposition.

Globally the atmosphere is a direct DOC source (∼100 Tg
C yr−1) to the oceans (Willey et al., 2000; Jurado et al., 2008;
Carlson and Hansell, 2015). While this contribution only equals
approximately half of estimated riverine inputs, the influence on
the ocean is different, as all atmospherically transported material
will directly reach the open ocean, while a variable proportion
of riverine inputs will be degraded in coastal waters and not
reach the open ocean (see section “River Derived Material”).
This atmospheric transport of DOC will include the organic
nitrogen compounds noted above. The global magnitude of this
atmospheric DOC source to the oceans is poorly characterized.
This partly reflects the very limited measurements of rainwater
and aerosol DOC and uncertainty over emission sources; in
addition, a part of the DOC within the atmosphere may in fact
be recycled from seawater via sea spray production (injection
of seawater into the atmosphere by breaking waves). Indeed,
this latter process has been argued to be an important sink
for ocean DOC, particularly recalcitrant components (Kieber
et al., 2016; Beaupré et al., 2019). The proposed mechanism is
that recalcitrant marine DOC is injected into the atmosphere
associated with bursting bubbles. This aerosol may be enriched
in sea spray relative to sea salt due to the higher surface activity
of the DOC itself, meaning the DOC is concentrated on the
surface of rising bubbles both in the bulk water column and the
microlayer. The resulting aerosol containing DOC will reside in
the atmosphere for days where it will be subject to high sunlight
conditions, and hence may be at least partly photodegraded to
CO2 and/or converted into more labile DOC (see section “Marine
organic matter”) before re-deposition to the ocean or transfer
to land. This newly proposed air-sea exchange mechanism of
ocean DOC cycling clearly merits further study. The production
of marine aerosol and its re-deposition is a non-linear function
of wind speed (e.g., Hoppel et al., 2002), and hence sensitive to
global change induced changes in wind speed which are projected
to vary geographically (McInnes et al., 2011). Hence, again it is
not simple to derive an estimate of how this process will affect
ocean DOC on a global scale, although (Beale et al., 2014) suggest
that the overall effect of global warming will be a reduction
in poleward temperature gradients and hence a reduction in
wind speeds (see also section “Changes in Ocean Circulation and
Upwelling Patterns”).

In addition to the transfer of relatively involatile organic
compounds from the ocean to atmospheric aerosol, the
photodegradation of DOC in the water column results in the
production of a wide range of volatile trace gases in the water
column (part of EDOC see section “Marine organic matter”).
These gases include methanol, acetone, ethane, carbon monoxide,
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TABLE 1 | Summary of the possible impacts of global change stressors on the DOC cycling in the future ocean over large scales. Please note that these possible
impacts in some cases are theoretically based and will need further testing to quantify their specific impacts. The symbols represent: + for increase; – for decrease; ± for
no overall suggested changes; = for similar composition; 6= for changed composition.

Global change stressor In situ production External inputs Microbial degradation Sunlight processes Chemical composition DOC concentrations

Warming and microbes + + 6=

Stratification – + –

Acidification + + – =

Deoxygenation – + 6= +

Glaciers + + + 6= +

Sea ice + + + 6= +

River flow ± ± ± ± 6= ±

Injecting to the deep ocean – – + 6=

Ocean upwelling ± ± ± 6= ±

Wet and dry depositions ± ± ±

carbonyl sulfide and some low molecular weight sulfur and
halogen gases, while some other gases, such as dimethyl sulfide,
are produced by direct biological processes in the marine surface
waters (Beale et al., 2014; Carpenter and Nightingale, 2015).
Many of these gases are degraded in ocean surface waters.
However, a fraction of these gases escapes the ocean by air-
sea exchange into the atmosphere before degradation. The air-
sea exchange of these gases plays a very important role in the
chemistry of the atmosphere and thereby the climate and is
again subject to a non-linear relationship to wind speed and to
temperature (Beale et al., 2014; Carpenter and Nightingale, 2015).
Ocean acidification may also affect the production and emission
of these gases from the ocean (Hopkins et al., 2020).

Hence it is clear that the atmosphere influences ocean
productivity and DOC cycling, which in turn can influence
atmospheric chemistry. There is a strong dependence of air-
sea exchange processes on climatic drivers, particularly wind
speed and rainfall. These drivers will vary with global change
making the air-sea exchanges themselves sensitive to global
change. However, there is no single global unidirectional
change for these climatic drivers predicted with changing
climate, but rather strong regional differences in the extent and
direction of change.

We lack data to validate fluxes of organic carbon both to and
from the ocean, and compositional information on this organic
carbon. Linking these fluxes to ocean, atmosphere and land
processes will allow models to be developed to predict how these
fluxes will change under global change scenarios. The sensitivity
of the biologically driven trace gas emissions from the ocean to
acidification (Hopkins et al., 2020) means that research in this
area would be particularly valuable in order to understand the
implications of changes in these fluxes on the atmosphere.

CONCLUSION

Understanding how global change stressors impact the ocean
DOC cycling is a challenging task as many processes act at the
same time and are impacted by a wide range of other processes
varying temporally and spatially. Therefore, these stressors might
show impacts in some circumstances but not in others.

In this manuscript, we explored some of the possible global
change stressors that could impact future DOC cycling, however,
there also are unknowns and uncertainties in the above sections.
This makes straightforward predictions challenging, but some
general patterns emerged (Table 1):

(1) Ocean warming: Warming will directly impact microbial
processes and is expected to cause an increase in
production and degradation of DOC. However, the
increase in the stratification strength and duration due
to warming, could reduce DOC production and levels in
response to the decline in the nitrate flux and increased
impact of photodegradation. In seasonally stratified waters,
deeper winter mixing layer depths in response to more
intense winter storm events, would partly counteract the
effect of increased seasonal stratification.

(2) Ocean acidification: Overall acidification could increase
both the production and microbial degradation of
DOC and potentially decrease the importance of
photodegradation processes. It may also change
the emission fluxes of climatically important trace
gases from the ocean.

(3) Ocean deoxygenation: Decreasing O2 levels could reduce
DOC production and lead to slower degradation and
change its chemical composition. Combined, these changes
could increase the DOC concentrations.

(4) Glacial and Sea Ice: Increased glacial DOC inputs could,
initially increase phytoplankton productivity, however,
later when most glaciers have melted, a shift toward larger
terrestrial inputs are expected. The melting sea ice is
expected to lead to higher DOC production and levels.
Both glacial and sea ice melting would change the DOC
chemical composition.

(5) River inputs: In the Arctic, northern Europe and America,
increasing deliveries of river derived DOC are expected.
Extreme events, such as storms and droughts, could cause
large regional episodic exports of DOC to coastal waters. In
Asia, South America, and Africa the construction of large
dams could lead to temporary regional increases in DOC
delivery. Combined, these could change the DOC chemical
composition and flux.
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(6) Ocean currents and upwelling: Forecasted weakening of
intermediate and deep-water formation in the Arctic
and Antarctic oceans could decrease the injection of
DOC in the ocean interior. Intensified coastal upwelling
conditions could lead to increasing production and
degradation of DOC in those areas, with overall increases
in concentrations and export to the adjacent oligotrophic
ocean. Changes in ocean current and upwelling could
increase the impact of photodegradation processes and
change the DOC chemical composition.

(7) Atmospheric dry and wet deposition: There is no
single global unidirectional change in atmospheric
depositions with changing climate, but rather strong
regional differences in the extent and direction of
change are expected.

From the above points (Table 1) it is evident that it is difficult
to conclude on a unified outcome of the future impacts of the
global stressors mentioned regarding ocean DOC cycling. While
most of the stressors have a global impact, distinct regional
differences are evident as seen, e.g., on the river inflow of DOC
or the latitude range of coastal upwelling systems. Also, ocean
warming will likely reduce production in already stratified low
and temperate latitudes, but might enhance production at high
latitudes. Ocean acidification appears to cause most problems at
high latitudes, where waters have a natural limited capacity to
buffer against pH changes.

Our current understanding of many of the global change
stressors reviewed here are mainly based on results from
laboratory and mesocosm studies, which are difficult to
extrapolate to the real world, as these experiments might miss
some processes and organism interactions, and the experimental
timescales do not normally allow for a potential adaptation to

the stressor. But it should also be considered that global change
stressors are linked together, e.g., respiration is expected to
increase with warming, which in turn will reduce O2 levels and
increase acidity.

Obtaining further knowledge of ocean DOC cycling and global
change is important for our ability to accurately understand
and forecast how the ocean will respond to global changes. The
ocean DOC pool is very large and small changes in inputs and
removal, could result in substantial net changes in the ocean
carbon cycle and climate.
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