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Summary
The Earth’s climate is strongly affected by the partitioning of carbon between its mobile reservoirs, primarily 
between the atmosphere and the ocean. The distribution between the reservoirs is being massively perturbed by 
human activities, primarily due to fossil fuel emissions, with a range of consequences, including ocean warming and 
acidification, sea-level rise and coastal erosion, and changes in ocean productivity. These changes directly impact 
valuable habitats in many coastal regions and threaten the important services the habitats provide to mankind. 
Among the most productive and diverse systems are coral reefs and vegetated habitats, including saltmarshes, 
seagrass meadows, and mangroves. Coral reefs are particularly vulnerable to ocean warming and acidification. 
Vegetated habitats are receiving heightened attention for their ability to sequester carbon, but they are being 
impacted by land-use change, sea-level rise, and climate change. Overall, coasts play an important, but poorly 
quantified, role in the global cycling of carbon. Carbon reservoirs on land and in the ocean are connected through 
the so-called land–ocean aquatic continuum, which includes rivers, estuaries, and the coastal ocean. Terrestrial 
carbon from soils and rocks enters this continuum via inland water networks and is subject to transformations and 
exchanges with the atmosphere and sediments during its journey along the aquatic continuum. The expansive 
permafrost regions, comprised of ground on land and in the seabed that has been frozen for many years, are of 
increasing concern because they store vast amounts of carbon that is being mobilized due to warming. Quantitative 
estimates of these transformations and exchanges are relatively uncertain, in large part because the systems are 
diverse and the fluxes are highly variable in space and time, making observation at the necessary spatial and 
temporal coverage challenging. But despite their uncertainty, existing estimates point to an important role of these 
systems in global carbon cycling.
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Key Concepts in Carbon Cycling, Climate, and Coasts

The carbon cycle exerts a major control on Earth’s climate because it determines the abundance 
of atmospheric carbon dioxide (CO ) and methane (CH ), both major greenhouse gases. 
Greenhouse gases warm the atmosphere because they are transparent to incoming energy from 
the sun, mostly in the form of visible and ultraviolet light, but absorb and re-emit heat (infrared 
light) that is emitted from Earth’s surface. This process was first recognized about 200 years ago 
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by the French mathematician Joseph Fourier (Fourier, 1827), who termed it the greenhouse effect. 
Even relatively small changes in the carbon cycle can have massive impacts on global climate, as 
seen, for example, during glacial–interglacial periods.

Human activities have considerably increased atmospheric CO  and other greenhouse gases, 
mostly due to combustion of fossil fuels, but also deforestation, other land-use changes, and 
industrial activities, and they continue to do so. The average atmospheric CO  for 2018 was 407 
parts per million (ppm; Friedlingstein et al., 2019), almost 50% higher than the preindustrial 
value of 280 ppm (Barnola et al., 1987). This rapid increase in atmospheric CO  has led to an 
imbalance between incoming and outgoing heat fluxes. With more heat being trapped on Earth, 
the ocean and atmosphere have warmed by 0.8°C and 1.1°C, respectively, and warming will 
continue for as long as the imbalance of heat fluxes persists.1

Carbon is unevenly distributed between different reservoirs on Earth and is constantly exchanged 
between them. By far the largest carbon inventory resides in rocks, but its mobilization through 
weathering is slow, occurring on timescales on the order of millennia. Thus, on timescales that 
are relevant for human civilization, only exchange between the so-called mobile carbon 
reservoirs in atmosphere, ocean, terrestrial biomass, soils, and fossil fuel reserves matter. In the 
atmosphere, carbon is present primarily in the inorganic gaseous forms CO  and CH . The 
atmospheric CO  reservoir currently amounts to 860 Gt C (Gt = gigaton = 10  ton = 10  g; 
Friedlingstein et al., 2019). Mobile carbon on land is mostly in organic forms as living biomass 
and detrital organic matter in soils, estimated at 600 to 1,000 Gt C and 1,200 Gt C, respectively 
(Falkowski et al., 2000). These atmospheric and terrestrial reservoirs are dwarfed by the oceanic 
reservoir of 38,000 Gt C (Falkowski et al., 2000), which is dominated by dissolved inorganic 
carbon (DIC). DIC is comprised of dissolved CO , and its ionic dissociation products bicarbonate 
and carbonate. The organic carbon reservoir in the ocean is smaller and is dominated by dissolved 
organic carbon (DOC) estimated at 660 Gt C, while particulate organic carbon (POC) is a relatively 
small pool, at 1 to 2 Gt C (Hansell et al., 2009). The POC pool includes carbon contained in living 
biomass (from microscopic plankton to whales). The DOC pool includes carbon in free-floating 
organic molecules.

Among the mobile carbon reservoirs, DIC in the ocean is the largest by far (Figure 1). Thus, 
relatively small changes in the oceanic storage of DIC can have large effects on atmospheric CO . 
Two of the main mechanisms by which carbon can be redistributed between the atmosphere and 
the ocean on relatively short timescales are the so-called solubility and biological pumps (Volk & 
Hoffert, 1985). The solubility pump denotes the temperature-driven uptake of atmospheric CO
in subpolar regions, where cold, dense, carbon-rich water is formed and sinks to the deep ocean.
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Figure 1. Sizes of the oceanic and atmospheric carbon reservoirs on Earth and changes in the atmospheric 
reservoir over time. The area of the circles scales with reservoir size.

The biological pump refers to the movement of carbon to the deep ocean that occurs because a 
fraction of photosynthetically produced organic matter sinks from the sunlit ocean surface to 
depth, where it is respired back into CO  and remains sequestered for centuries to millennia. 
Thus, even though the oceanic pool of POC is small, its photosynthetic production and 
subsequent sinking are a major regulator of atmospheric CO .

Over multiple glacial–interglacial cycles during the past 500,000 years, atmospheric CO
fluctuated periodically between 180 and 280 ppm (Siegenthaler et al., 2005), which corresponds 
to an addition/removal of roughly 200 Gt C to and from the atmosphere (i.e., less than 1% of the 
oceanic inventory; Figure 1). Periods of low atmospheric CO  coincided with the ice ages, which 
were marked by large-scale expansions of massive ice sheets over Europe and North America 
lasting for >10,000 years. Climate is also known to have changed on much shorter timescales of 
about 1,500 years during the so-called Dansgaard-Oeschger events and Heinrich events (Alley, 
2000). Although the causes underlying these past changes have not been conclusively 
determined, it is widely accepted that a repartitioning of CO  between ocean and atmosphere 
played a major role (Broecker, 1982).

While the Earth’s climate and carbon cycle have been relatively stable since the last ice age (the 
past 11,600 years), they are massively affected by the ongoing anthropogenic release of fossil fuel 
carbon and the subsequent repartitioning among the mobile carbon reservoirs (Falkowski et al., 
2000). Cumulative emissions of CO  since the beginning of the Industrial Revolution were 
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estimated at 375 Gt C from fossil fuel burning and other industrial activities, and 180 Gt C from 
land-use changes (Ciais et al., 2013). Only roughly 40% of this so-called anthropogenic carbon 
has accumulated in the atmosphere (reflected in the increased atmospheric CO  of 407 ppm in 
2018 compared to the preindustrial level of 280 ppm), while 30% of emitted CO  was absorbed by 
the ocean, and 30% by the terrestrial biosphere and soils (Ciais et al., 2013). The ocean’s uptake of 
CO  is thus mitigating the global warming that would occur if all CO  from fossil fuel combustion 
had accumulated in the atmosphere. However, the subsequent increase of DIC in the ocean is 
responsible for ocean acidification, a decrease in the pH of seawater due to the formation of 
carbonic acid, which has far-reaching implications for ocean ecosystems, especially coral reefs.

The coastal oceans, operationally defined here as waters shallower than 200 m, have a unique role 
in the global carbon cycle as the interface between land and ocean, and because they are the only 
places where the carbon reservoirs of atmosphere, ocean, and the terrestrial biosphere intersect. 
Before the 1990s, coastal regions were largely neglected in studies of carbon exchange between 
ocean and atmosphere. However, while occupying only 8% of the ocean’s surface area, coastal 
regions contribute approximately 20% to marine primary production (Gattuso et al., 1998), up to 
80% of organic matter burial in marine sediments occurs on shelves (Muller-Karger et al., 2005), 
and shelf sediments hold about 16% of the total marine sedimentary carbon stock within their top 
meter (Atwood et al., 2020). An estimated 90% of global marine sedimentary remineralization 
occurs within shelf sediments (Gattuso et al., 1998).

Since the early 2000s, two major pathways of carbon flow mediated by the coastal ocean are 
especially receiving attention: the lateral input of terrestrial carbon through rivers, estuaries, 
wetlands, and groundwater, and the uptake of CO  from the atmosphere. Both carbon inputs are 
subject to dynamic processing in coastal waters (i.e., exchange between the organic and inorganic 
forms through primary production, respiration, and other transformations) and ultimately either 
export to the open ocean, burial in coastal sediments, or accumulation in coastal waters. Coastal 
oceans play an important role in the global carbon cycle (Bauer et al., 2013) and are recognized as 
an important component of the so-called land–ocean aquatic continuum (Regnier et al., 2013). 
However, since carbon fluxes in coastal oceans are highly variable, with large amplitude 
fluctuations, accurate observations and extrapolations are challenging. Many estuaries and some 
shelves act as sources of CO  to the atmosphere because they respire more organic matter than is 
produced by photosynthesis, while some coastal ecosystems, such as mangroves, seagrass 
meadows, and marshes, are efficient at taking up atmospheric CO  and support the blue carbon 
economy. Coral reefs can, in contrast, be net sources of CO  to the atmosphere due to their uptake 
of ocean alkalinity, even though their rates of photosynthesis exceed those of respiration.

The impacts of climate change are typically more severe in coastal regions than in the open ocean 
and are more directly relevant to human activities. Coastal regions host productive and diverse 
ecosystems but are increasingly threatened by the compounding stressors of ocean warming, 
acidification, and sea-level rise. Some coastal ecosystems, such as coral reefs, are especially 
prone to the devastating effects of rising CO  levels and warming, while others may play a 
disproportionate role in the future carbon cycle. For example, disappearing permafrost may lead 
to the release of vast reservoirs of organic carbon and CH  that would be unprecedented in 
timescales of human civilization.
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History of Coastal Carbon Research

Early global models describing the role of the carbon cycle in climate (Maier-Reimer & 
Hasselmann, 1987; Sarmiento & Toggweiler, 1984; Siegenthaler & Wenk, 1984) focused on 
atmosphere–ocean exchange but ignored coastal oceans and the inputs of organic and inorganic 
matter from land. Nevertheless, the significance and potential importance of terrestrial inputs to 
the coastal oceans have been emphasized by some scientists since the late 1980s and early 1990s 
(Smith & Hollibaugh, 1993; Smith & Mackenzie, 1987). Smith and Mackenzie (1987) suggested 
that the ocean as a whole, and particularly the coastal oceans, are net heterotrophic (i.e., 
respiration exceeds photosynthetic production of organic matter). If exchanges between the 
mobile carbon reservoirs were in steady state, net heterotrophy would imply outgassing of CO
from the ocean to the atmosphere. This outgassing would have to be balanced by uptake from the 
atmosphere on land. In this scenario, land ecosystems would be net autotrophic (i.e., 
photosynthesis would exceed respiration). Smith and Hollibaugh (1993) estimated that 30% of 
the oceanic net respiration flux is contributed by the coastal oceans (0.084 Gt C/year of a total of 
0.28 Gt C/year), which at steady state would escape to the atmosphere. In the current non- 
steady-state situation, where the atmosphere holds a large and increasing excess of CO  relative 
to equilibrium with the ocean, even a net heterotrophic system can act as a sink for atmospheric 
CO , although at a smaller rate than an autotrophic system would. Taken together, this early work 
on the global carbon cycle implied that coastal oceans either do not matter or outgas CO  to, 
rather than uptake CO  from, the atmosphere.

In contrast, in the late 1990s to early 2000s, a sequence of studies proposed a disproportionately 
large contribution of coastal oceans to the uptake of anthropogenic CO  from the atmosphere and 
subsequent export to the deep ocean (Thomas et al., 2004; Tsunogai et al., 1999; Yool & Fasham, 
2001). Tsunogai et al. (1999) estimated the annual mean partial pressure of CO  (pCO ) in surface 
waters of the East China Sea to be below that of the atmosphere, thus driving uptake by the 
coastal ocean. By extrapolating their estimate to the global continental shelf area, they arrived at 
an estimated global uptake of 1 Gt C/year in shelf regions and coined the term continental shelf 
pump (CSP). A subsequent global modeling study by Yool and Fasham (2001), where the CSP was 
crudely parameterized, estimated a global uptake of 0.6 Gt C/year. Thomas et al. (2004) estimated 
the annual mean pCO  in the North Sea to be below the atmospheric pCO  and, by extrapolating to 
the global shelf area, estimated an uptake of 0.4 Gt C/year. These studies elevated coastal oceans 
to the global carbon-cycling discussion. Although it is generally accepted that the coastal ocean 
acts as a disproportionate sink of atmospheric CO  (Chen & Borges, 2009; Fennel et al., 2019; 
Laruelle et al., 2010, 2014; Roobaert et al., 2019), subsequent studies painted a more complicated 
picture, as described in more detail in section Shelves.

The carbon cycle of coastal habitats, including saltmarshes, seagrass meadows, mangroves, and 
coral reefs, was a research theme for many decades before they were recognized as potentially 
important to the global carbon cycle. An early focus was on their potential for subsidizing coastal 
food webs, the so-called outwelling hypothesis (Odum, 1968, 2002). The central tenet of this 
hypothesis is that highly productive coastal vegetated habitats export organic matter that fuels 
secondary productivity in less-productive coastal areas. This hypothesis has been hotly debated 
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over the decades since the pioneering work of Odum and colleagues. While evidence is mounting 
that indeed a substantial amount of organic matter is exported from coastal vegetated habitats in 
both dissolved and particulate forms (Santos et al., 2021), the evidence that this organic matter 
sustains coastal secondary productivity is equivocal. The Odum brothers are also often credited 
with conducting the first study that measured the metabolism of a coral reef (Odum & Odum, 
1955), although earlier studies exist (Sargent & Austin, 1949). Studies of coral reef carbon fluxes 
on different reef communities, types, and morphologies progressed further during the 1960s and 
1970s (e.g., Kinsey & Davies, 1979; Smith, 1973; Smith & Pesret, 1974) and have seen a dramatic 
increase from 1990 to 2020 because of the negative impacts of global warming and ocean 
acidification on coral reef ecosystems.

History of Coastal Carbon Measurement Techniques

The complexity and variability of coastal systems require dense spatial and temporal 
measurements to quantify and understand sources and sinks of organic and inorganic carbon. 
Often these data sets can only be obtained with automated shipboard or autonomous in situ 
systems. Since necessity is the mother of invention, several important systems were developed, 
beginning in the 1980s and 1990s, as interest in the coastal carbon cycle intensified. Coastal 
waters have also served as a convenient instrument testbed because of their proximity to land. 
The highest-priority carbon-cycle measurements are on the list of Essential Ocean Variables 
compiled by the Global Ocean Observing System(Table 1).2 These priorities focused efforts on 
instrument development, but the successful early autonomous instruments were also the low- 
hanging fruit of carbon-cycle parameters (Johnson et al., 2007).

The first chemical sensors widely used in oceanographic research were dissolved oxygen (O ) 
sensors, developed in the mid-1980s. Based on modification of the existing O  Clark electrode 
design (Langdon, 1984), these sensors had features essential for autonomous measurements: low 
drift, low power demands, and a compact and reliable design. They were widely deployed in 
coastal areas to study hypoxia and for quantifying net community production, a critical carbon 
flux variable (Sanford et al., 1990). Two decades later, time-resolved fluorescence-based O
sensors (optodes) (Tengberg et al., 2006) have essentially replaced the electrochemical sensors 
because of their reduced drift and improved reliability.

Automated instruments and autonomous sensors for the measurement of inorganic carbon 
parameters were also a high-priority area (Table 1). The inorganic carbon system is comprised of 
dissolved CO , and bicarbonate and carbonate ions. Because of this complexity, and depending on 
the goal of the study, different inorganic carbon parameters might be measured. Laboratory 
methods have been developed for the four inorganic carbon parameters pH, pCO , total alkalinity 
(A ), and total DIC. While these measurements all provide valuable information on their own, the 
combination of any two of them makes it possible to calculate the other parameters using 
equilibrium models (see Pierrot et al., 2006).
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Table 1. A Carbon-Cycle-Focused Subset of the Essential Ocean Variables, a List of Priority Measurements Com-
piled by the Global Ocean Observing System

Biogeochemical Biological

Dissolved oxygen Phytoplankton biomass and diversity

Nutrients Zooplankton biomass and diversity

Dissolved inorganic carbon (also includes pCO , pH, and total alkalinity) Microbe biomass and diversity

Particulate and dissolved organic carbon

Stable carbon isotopes

See the August 2019 Global Climate Report <https://www.ncdc.noaa.gov/sotc/global/201908> and The Global Ocean Observing 
System <https://www.goosocean.org/index.php?option=com_content&view=article&id=170&Itemid=114>.

Note: The table does not list critical physical parameters, while some other important parameters are subsets 
under the headings (e.g., primary productivity falls under phytoplankton biomass and diversity).

Of these methods, pCO  sensors were the first to follow the initial development of O  sensors in 
the mid-1990s (DeGrandpre et al., 1995; Friederich et al., 1995). The two methods, which are still 
widely used, employ pH indicator reagents (DeGrandpre et al., 1995) or equilibration of seawater 
with air and gas-phase infrared detection (Friederich et al., 1995). The systems departed from the 
simple, no-moving-parts design of the O  sensors, with pumps and valves necessary to achieve 
the accuracy and low drift essential for long-term deployments. Several in situ and automated 
shipboard pCO  systems have been commercialized, reflecting the importance of this variable for 
determining air–sea CO  fluxes. The instruments have revealed the short-term dynamics and 
long-term trends of pCO  in coastal waters (see Evans et al., 2011; McNeil et al., 2006; Reimer et 
al., 2017; Wesslander et al., 2011). The pCO  sensor technology was followed by the development 
of autonomous indicator-based pH instruments (Liu et al., 2006; Seidel et al., 2008) and, shortly 
thereafter, electrochemical pH measurements, based on ion-selective field effect transistors 
(Martz et al., 2010). These were timely innovations because of the increasing interest in pH for 
ocean acidification studies (Harris et al., 2013).

While these robust pCO  and pH sensors are providing valuable information about the inorganic 
carbon system in coastal waters, this combination of variables is not optimal for inorganic carbon 
system calculations (Cullison-Gray et al., 2011). Ideally, pH or pCO  is combined with 
measurements of A  or DIC. Systems for measurement of A  and DIC are inherently complex and 
pose significant challenges for in situ operation, but progress has also been made on them 
(Fassbender et al., 2015; Spaulding et al., 2014; Wang et al., 2015).

POC and DOC are also essential carbon-cycle variables (Table 1). Laboratory methods for 
determining them, using high-temperature combustion or ultraviolet photooxidation, are not 
adaptable for autonomous measurements because of their high power requirements. POC and 
DOC can, however, be indirectly quantified using optical proxy measurements, such as light 
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attenuation or backscatter for POC (Bishop, 1999; Bishop et al., 2016; Spinrad et al., 1983) and 
fluorescence for DOC (Cyr et al., 2017). A significant challenge is that the lack of a consistent 
correlation between carbon concentrations and optical signals requires regional calibrations 
using lab-based analysis of a sufficiently large number of water samples.

Another one of the big carbon-cycle challenges has been to connect plankton dynamics with air– 
sea CO  fluxes, carbon export, and respiration (Wassman, 1998). This challenge is more readily 
addressed with the availability of in situ bioanalytical instrumentation based on flow cytometry 
and other methods (Fischer et al., 2020; Hunter-Cevera et al., 2016;Olson & Sosik, 2007; Thyssen 
et al., 2008). Progress has also been made on autonomous nutrient analysis. The UV-based nitrate 
analyzers are commonly deployed on moorings and drifters (Ohman et al., 2013). Autonomous 
instruments for nitrate and phosphate based on lab-on-a-chip technology have also been 
developed (see Beaton et al., 2017), but these instruments are not yet routinely used.

While great advances have been made, significant challenges remain. The scarcity of inexpensive 
sensors that are reliable, accurate, and precise will continue to impair our ability to effectively 
study the coastal carbon cycle. Review articles that provide more in-depth information about 
sensors include Johnson et al. (2007), Lai et al. (2018), and Bushinsky et al. (2019). Ohman et al. 
(2013) and Chai et al. (2020) offered overviews of autonomous platforms.

Carbon Fluxes Along the LOAC

Rivers and estuaries, coastal oceans, and continental shelf systems are essential components 
connecting terrestrial and oceanic carbon-cycling processes. This sequence of systems is often 
referred to as the LOAC (Regnier et al., 2013).

Rivers and Estuaries (Including Tidal Freshwater Flows)

Rivers and estuaries (Figure 2) connect terrestrial to coastal carbon-cycling processes and form 
the first in the sequence of systems encapsulated by the LOAC. Depending on local conditions on 
land, including weather, lithology, vegetation, and human activities, carbon from soils and rocks 
enters the inland water network, where it is subject to transformations, including photosynthetic 
production of organic matter from inorganic carbon and degradation through respiration. 
Throughout its journey along the riverine network, a fraction of carbon is buried in lake and 
riverine sediments in the form of POC and a fraction of inorganic carbon is lost to the atmosphere 
in the form of CO , while the rest is ultimately transported to estuaries or the coastal ocean. 
Worldwide, rivers collect roughly 2.7 Gt C/year, of which 0.6 Gt C/year is buried in sediments, 1.1 
Gt C/year is emitted to the atmosphere, and about 1 Gt C/year eventually reaches estuaries or the 
coastal ocean directly (Regnier et al., 2013). These fluxes are shown schematically in Figure 3.
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Figure 2. Diverse examples of rivers and estuaries in the land–ocean aquatic continuum. Image credits clockwise 
from top left: Jessica Furtney, Kermit Nicou, Dan Meyers, Jack Anstey, Alejandro Pinero, Lex Zhao via Unsplash.

Figure 3. Sources and sinks of aquatic carbon along the land–ocean continuum. The width of arrows scales with 
the magnitude of the flux.
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The next important component of the LOAC, connecting rivers and the coastal ocean, are 
estuaries. Estuaries are defined as water bodies under both marine and freshwater influence. 
Several definitions exist for the upstream and downstream limits of an estuary (Pritchard, 1967). 
The most upstream section of a tidal estuary is called the tidal river, where salinity is 
insignificant, but the influence of tides still exists. As the width of the estuary increases in the 
downstream direction, pronounced salinity gradients are present both horizontally and vertically 
due to dilution by seawater, until the mouth of the estuary is reached, where estuarine water 
flows into the coastal ocean. Geographically, the downstream limit of an estuary can be defined 
by the coastline (Dürr et al., 2011). With this definition, the surface area of estuaries amounts to 1 
million km  globally. However, the influence of large rivers can be observed in the salinity and the 
water composition well past the coastline, because of their high river discharge. Such an 
“external estuary” is called a river plume and can spread tens to hundreds of kilometers over 
continental shelves. Although river plumes are limited to very large rivers with high water 
discharges, their cumulated surface area amounts to several times that of estuaries (Kang et al., 
2013).

To account for their vast diversity and to offer insights into their functioning, several typologies 
have been designed over the years to better classify estuaries based on their hydrodynamic or 
geomorphological properties. For instance, the shape and geometry of an estuarine system will 
exert strong control over its water residence time as well as the lengths of its tidal and saline 
intrusion. In alluvial estuaries, this shape is the result of the trade-off between fresh sediments 
carried by rivers and deposited in the estuary and the tidal energy that removes these sediments. 
The geometry of other estuarine systems, such as fjords, is the result of processes acting over 
much longer timescales.

Usually, marine and riverine waters have very different concentrations of various chemical 
species. As a result, estuaries are characterized not only by salinity and tidal gradients, which 
decrease in the upstream direction, but also strong biogeochemical gradients. Because of the 
strong dilution of riverine water induced by the widening of the estuary toward the coast, 
nutrients and many other chemical species display concentration gradients that decrease from 
the riverine boundary to the marine boundary. This can be observed with organic carbon, 
particularly in systems under high anthropic pressure, where large amounts of organic matter 
may be released along the river network by agriculture. The amount of inorganic carbon in the 
river is largely constrained by the lithology of the watershed.

In terms of pCO , riverine waters are generally oversaturated with CO  compared to the 
atmosphere, while at the marine boundary of estuaries, coastal waters are closer to equilibrium 
with the atmosphere with respect to CO . While slightly oversaturated in tropical regions, coastal 
waters are generally undersaturated in temperate and polar regions. This results in a strong 
contrast in CO  saturation between the upstream and downstream boundaries of estuaries and 
implies that the exchange of CO  at the air–water interface changes significantly in intensity and 
sometimes direction along the main axis of estuarine systems. Like rivers, estuaries can also trap 
POC in their sediments. Consequently, they act as a filter between rivers and the coastal ocean 
that removes a fraction of the incoming riverine carbon through outgassing or burial. This 
removal is partly a function of the water residence time within the system. The outgassing of CO
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from estuaries is estimated to amount to 0.10 to 0.15 Gt C/year globally (Chen et al., 2013; Laruelle 
et al., 2013). Carbon burial estimates within estuarine sediments are still poorly constrained at the 
global scale but a global synthesis suggests that 0.02 Gt C/year of organic carbon is buried in 
estuarine sediments (Smith et al., 2015). Because estuaries are disconnected from one another 
and each is shaped by its own morphological, physical, and biogeochemical characteristics, two 
neighboring estuaries can exhibit very different biogeochemical behaviors. It is thus difficult to 
extrapolate observations and estimates from the best-monitored estuaries to regional and global 
scales. Thus, large uncertainties are associated with these global estimates.

Shelves

Continental shelves, the flooded edges of continents at the transition between land and ocean, 
form the ultimate link for carbon moving along the LOAC before reaching the open ocean. Shelves 
vary considerably in their width, from several hundred kilometers along geologically passive 
margins to tens of kilometers along active subduction zones. Two major pathways of carbon flow, 
both mediated by the coastal ocean, are input of terrestrial carbon from rivers and estuaries, in 
both inorganic and organic forms, and uptake of CO  from the atmosphere. These carbon inputs 
are subsequently processed in coastal waters (e.g., by exchange between organic and inorganic 
forms through primary production, respiration, and other transformations) and are ultimately 
exported to the open ocean, with smaller fractions being buried in coastal sediments and 
accumulating in coastal waters.

Shelves receive significant inputs of organic and inorganic carbon and nutrients from rivers and 
estuaries. A fraction of the inputs are exported to the open ocean via river plumes and are subject 
only to minor biogeochemical processing on shelves. This export is most efficient for large rivers, 
where the shelves are narrow, and within ± 20 degrees latitude of the equator, because the 
influence of Earth’s rotation on the circulation of river plumes varies with latitude (Izett & 
Fennel, 2018a; Sharples et al., 2017). The equatorial latitude band includes the two largest rivers, 
the Amazon and the Congo, which account for 20% of the global delivery of freshwater to the 
coastal ocean. Globally, 15% to 53% of freshwater is estimated to be exported to the open ocean 
within days of leaving the river mouth, most of it within ± 20 degrees of the equator. This export 
of river-plume water is especially relevant for DOC, a relatively refractory form of organic carbon. 
Global estimates for export of riverine DOC to the open ocean vary: for example, Rabouille et al. 
(2001) estimated 15% and Izett and Fennel (2018b) estimated 6% to 52%.

However, outside of the equatorial latitude band, the majority of continental shelf area is 
comprised of broad shelves, where water resides for weeks, months, and, in some regions, years 
(Bourgeois et al., 2016; Rutherford & Fennel, 2018). Biogeochemical constituents on these shelves 
undergo extensive transformations. The CSP has been proposed as a specific mechanism for how 
the shelves may contribute to the sequestration of carbon in the deep ocean (Tsunogai et al., 
1999). While early work on this carbon-pump mechanism suggested a disproportionately large 
contribution by continental shelf regions to the oceanic uptake of atmospheric CO , a number of 
subsequent observation and modeling studies suggested that the early estimates were too high, 
and in some regions studies documented net outgassing of CO  (Cai et al., 2006; Shadwick et al., 
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2010). Evidence that has accumulated since then indicates that continental shelves at mid to high 
latitudes tend to act as net sinks, and shelves at low latitudes as net sources, of atmospheric CO
(Laruelle et al., 2014; Roobaert et al., 2019), but there are exceptions. For example, the northwest 
North Atlantic shelf has regions with net outgassing (Rutherford & Fennel, 2022; Vandemark et 
al., 2011). These findings emphasize the large uncertainties in scaling up from limited 
measurements to shelfwide air–sea CO  fluxes and a need for more mechanistic understanding.

An assessment of carbon fluxes in the exclusive economic zone (EEZ) around the North American 
continent suggests that the Arctic and sub-Arctic, mid-latitude Atlantic, and mid-latitude Pacific 
portions of the EEZ, which make up 51%, 25%, and 24% of its area, respectively, account for 104, 
62, and −3.7 Tg C/year of air–sea fluxes (Fennel et al., 2019). Combining this net uptake of 160 ± 
80 Tg C/year with an estimated carbon input from land of 106 ± 30 Tg C/year minus an estimated 
burial of 65 ± 55 Tg C/year and an estimated accumulation of dissolved carbon in EEZ waters of 50 
± 25 Tg C/year implies a carbon export of 151 ± 105 Tg C/year to the open ocean (Fennel et al., 
2019). This estimate of atmospheric carbon uptake in the North American EEZ amounts to 6.4% 
of the global ocean uptake of atmospheric CO  of 2,500 Tg C/year (Le Quéré et al., 2015). Thus, 
since the North American EEZ makes up about 4% of the surface area of the global ocean, its 
uptake of CO  is about 50% more efficient than the global average.

Overview of Carbon Cycling in Major Coastal Regions/Habitats

Located along and within the estuarine and shelf systems described above, vegetated, coral reef, 
and permafrost regions are of socioeconomic interest for providing species habitat and coastal 
protection and for supporting tourism and the blue economy. Some regions are important 
contributors to carbon cycling, while others are strongly affected by the changes in carbon 
cycling and global warming.

Mangroves, Seagrass, and Marshes

Mangroves, seagrass meadows, and saltmarshes (together known as coastal vegetated habitats; 
Figure 4) provide substantial societal benefits, including fisheries habitat and production, coastal 
protection, nutrient and sediment retention, and erosion control (Barbier et al., 2011). Coastal 
vegetated habitats are also among the most productive and carbon-rich ecosystems globally 
(Duarte et al., 2005; McLeod et al., 2011; Spivak et al., 2019). The ecosystem services provided by 
these habitats rank them as some of the most valuable habitats globally (Costanza et al., 1997).
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Figure 4. Examples of vegetated habitats. Image credits clockwise from top left: Bre Smith, Sofia Wang, A. P. Djalu, 
Hayden Dunsel, Timothy K., Curioso Photography via Unsplash.

With increasing atmospheric CO , the potential role of natural carbon sinks has gained increasing 
attention, resulting in a significant shift in research effort in coastal vegetated habitats. As a 
result of a general lack of oxygen in their soils and high rates of sedimentation and primary 
productivity, carbon burial rates in coastal vegetated habitats are relatively high and can exceed 
terrestrial forest-soil carbon-sequestration rates by one to two orders of magnitude (McLeod et 
al., 2011). The high carbon sequestration capacity of coastal vegetated habitats has been called 
blue carbon (Nelleman et al., 2008). Research on understanding the drivers and magnitude of 
carbon storage and sequestration in coastal vegetated habitats has grown substantially from 2010 
to 2020, making up ~20% of total publications on mangroves, seagrass, and saltmarshes at the 
end of the decade.

Despite significant advances in our understanding of the carbon cycle of coastal vegetated 
habitats, substantial knowledge gaps remain. For example, until recently, the fate of ~50% of the 
net primary productivity of mangroves could not be accounted for (Bouillon et al., 2008), the fate 
of seagrass net primary productivity remains highly uncertain (Duarte & Krause-Jensen, 2017), 
and the global saltmarsh carbon budget suffers from a lack of data on key processes (Alongi, 
2020; Santos et al., 2021). Much of the uncertainty in constraining the carbon budget of coastal 
vegetated habitats stems from their position in the intertidal and subtidal zone, resulting in the 
need to quantify not only local carbon sources and sinks (primary productivity/respiration and 
soil carbon sequestration), but also horizontal or lateral fluxes of carbon in dissolved and 
particulate forms as well as inorganic and organic forms (Figure 5). Therefore, a multidisciplinary 
approach is required, incorporating traditional productivity measurements (e.g., chambers, gas 
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flux towers, and litterfall estimates), geochronology techniques to assess carbon burial in 
sediments (e.g., sediment dating, marker horizons, and surface elevation tables), and 
hydrological methods to determine lateral particulate and dissolved carbon fluxes in wetland 
streams, as well as mapping to measure changes in spatial extent.

Figure 5. Net carbon fluxes in the subtidal and intertidal zone.

Recent evidence suggests that much of the uncertainty in the global carbon budget of mangroves 
and saltmarshes can be linked to the historical emphasis on measuring organic carbon fluxes at 
the expense of inorganic carbon fluxes. Several studies have highlighted that DIC export may be 
the dominant sink of saltmarsh and mangrove net primary productivity (Bouillon et al., 2008; Ho 
et al., 2017; Wang et al., 2016). Much of this DIC is produced in the sediments, which is efficiently 
flushed to surface waters through the effect of tides, a process known as tidal pumping. As a 
result of the anaerobic processes producing this DIC, much of the carbon is in the form of 
carbonate alkalinity, which may act as a long-term atmospheric carbon sink (Maher et al., 2018). 
A similar debate is currently underway about whether the extensive organic matter exports from 
seagrass meadows in the form of DOC and POC act as a long-term atmospheric carbon sink 
(Duarte & Krause-Jensen, 2017).

While coastal vegetated habitats clearly “punch above their weight” in terms of carbon 
sequestration and other societal values, they have experienced considerable decline in coverage. 
Coastal vegetated habitats are under increasing pressure from a range of anthropogenic 
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stressors, including urban, aquaculture, and agriculture development in the coastal zone, sea- 
level rise, and climate change (Spivak et al., 2019). For example, mangrove coverage is reported to 
have decreased by up to 35% since 1980 (Polidoro et al., 2010; Valiela et al., 2001), with much of 
the decline due to land-use change in the coastal zone (Goldberg et al., 2020). Similarly, 
saltmarsh area is believed to have decreased by up to 50% of historical coverage (Mcowen et al., 
2017) and seagrass area has declined by ~29% since the late 19th century (Waycott et al., 2009).

Efforts to include blue carbon in government carbon accounting (e.g., the Emissions Reduction 
Fund in Australia), as well as an appetite for blue carbon projects in voluntary carbon markets 
(Sapkota & White, 2020), may ultimately be the savior for coastal vegetated ecosystems, with 
multiple benefits associated with healthy coastal habitats. Data on national inventories (see 
Serrano et al., 2019) have highlighted the value of carbon storage and sequestration in coastal 
vegetated habitats, stimulating the push toward method development for carbon credits 
associated with coastal wetland restoration. For example, Verra has developed a Verified Carbon 
Standard for coastal wetland restoration, and large corporations, such as Apple, have ventured 
into the blue carbon market through purchasing carbon offsets. How much coastal vegetated 
habitat will be restored through carbon credit schemes remains to be seen, but financial 
incentives for conservation and restoration may help stem the tide of destruction of these 
valuable carbon-cycling dynamos of the coastal zone.

Coral Reefs

Coral reefs are iconic ecosystems that provide goods and services to millions of people worldwide 
and support tremendous biodiversity (Moberg & Folke, 1999; Figure 6). Reefs are geological 
structures formed from the production and accumulation of calcium carbonate (CaCO ) minerals 
by corals and other calcifying organisms (Hopley, 2011). The resulting complex three- 
dimensional reef structure provides habitat for over 30% of all marine species at some point 
during their life cycle (Fisher et al., 2015). In general, the two dominant carbon fluxes on reefs 
(i.e., production and calcification) are collectively referred to as coral reef metabolism.

Over long time frames and averaged across ecosystems, the production and destruction of 
organic carbon on coral reefs are thought to be relatively balanced (Gattuso et al., 1999; Takeshita 
et al., 2018). The fact that reefs exist in predominantly low-nutrient waters indicates that they are 
highly efficient at recycling carbon and nutrients. Most of the accumulated organic carbon is 
found as the thin veneer of coral tissue covering the CaCO  skeletons, and accumulation of 
organic matter in reef sediments is small (up to 3%, but generally less than 1% wt/wt), providing 
further indication that these systems are efficient recyclers of carbon. There is only minimal 
export and burial of organic carbon (Ingalls et al., 2004; Umezawa et al., 2008), while reefs 
accumulate large amounts of inorganic carbon as CaCO . Much less is known about the cycling of 
DOC on reefs, which is generally found in concentrations on orders of magnitude less than DIC 
(Tanaka, Miyajima, et al., 2011; Tanaka, Ogawa, & Miyajima, 2011). The uptake of DOC by sponges 
and its subsequent release as POC—referred to as the sponge loop—is thought to be a critical 
carbon pathway on some coral reefs that can recycle and retain organic carbon and nutrients 
within reef ecosystems (de Goeij et al., 2013; Pawlik et al., 2018).
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Figure 6. Examples of reefs and corals. Image credits clockwise from top left: Ibrahim Mushan, Francesco Ungaro, 
Francesco Ungaro, Eva Tillmann, Milan Degraeve, Dustin Humes via Unsplash.

Coral reefs dominate the production and accumulation of CaCO  in shallow oceanic ecosystems. 
Estimates of global CaCO  accumulation rates for coral reefs range from 0.084 to 0.7 Pg C/year, 
with the most recent studies placing reefs at the low end of that range (Iglesias-Rodriguez et al., 
2002; Milliman, 1993; O’Mara & Dunne, 2019). While modern reefs make up less than 0.1% of the 
seafloor, they contribute to over 50% of yearly neritic CaCO  accumulation, and nearly 25% of 
CaCO  accumulation across the global ocean (Milliman, 1993; O’Mara & Dunne, 2019). Modern 
CaCO  production and accumulation rates within coral reefs exhibit a wide range and are linked to 
habitat type (e.g., reef flat, fore reef) and benthic cover (Kinsey, 1983; Perry et al., 2012). In a 
geological context, CaCO  accretion is closely linked to changes in sea level, which can expand 
and shrink areas of the seafloor that are suitable for reef growth (Husson et al., 2018; 
Montaggioni, 2005; Montaggioni & Faure, 1997). In fact, past appearances and disappearances of 
reefs in the geological record since hard corals first evolved have been linked to broad changes in 
Earth’s carbon cycle (Veron, 2008; Webb, 2001).

Coral reefs are self-perpetuating ecosystems, with CaCO  structure providing the critical function 
and role of habitat building. Therefore, maintaining positive rates of CaCO  production and 
accretion is essential for the survival of diverse and productive reef ecosystems (Perry & Alvarez- 
Filip, 2019). The three major impacts of anthropogenic climate change on the oceans (i.e., 
warming, sea-level rise, and acidification) all directly affect the formation and development of 
coral reef ecosystems. Therefore, modern climate change is likely to dramatically disrupt the 
carbon cycle in coral reefs (Hoegh-Guldberg, 2011; Kleypas et al., 2001).
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Modern reefs are already experiencing impacts due to ocean warming, with temperature-driven 
mass bleaching events (i.e., the expulsion of algal symbionts) occurring more frequently (Hughes 
et al., 2017). The bleaching events can lead to widespread coral death and transform the ecology 
and benthic assemblages of entire reef ecosystems (Hughes et al., 2018). The transformation of 
reefs from coral to algal domination will dramatically impact their carbon cycle by changing rates 
of photosynthesis, respiration, and calcification (Roth et al., 2021). Range shifts of corals have 
also been attributed to warming, suggesting that climate change may expand habitat suitable for 
coral growth (Kumagai et al., 2018; Price et al., 2019; Yamano et al., 2011).

Changes in sea level will likely change the geomorphological evolution of reefs by providing more 
vertical space for reefs to grow, as long as CaCO  accretion can keep up (Perry & Alvarez-Filip, 
2019; Webster et al., 2004, 2018). Sea-level rise could also impact local variability of 
environmental conditions, including the carbonate chemistry, in shallow reef ecosystems 
(Cyronak et al., 2020; Lowe et al., 2016).

Last, ocean acidification is expected to reduce biogenic coral calcification (Chan & Connolly, 2013) 
and increase CaCO  dissolution (Eyre et al., 2014), which will critically affect reef CaCO  budgets 
and accretion rates (Albright et al., 2016). Overall, coral reefs are facing numerous threats from 
both global and local anthropogenic change that will greatly impact their carbon cycle.

Permafrost

A third of Earth’s coastlines is made up of permafrost, defined as ground on land or in the marine 
seabed that remains frozen for at least two years consecutively. Permafrost has not historically 
been a focus of coastal carbon budgets, but as global warming is increasingly mobilizing carbon 
stored in permafrost, it is receiving more attention.

Permafrost contains ~1,300 Gt of organic carbon, about twice as much carbon as the atmosphere 
(Hugelius et al., 2014; Tarnocai et al., 2009; Zimov et al., 2006). As the upper decimeters to meters 
of these frozen grounds thaw, organic matter decomposes, and the resulting CO  and CH  are 
emitted into the atmosphere, rivers, groundwater, and ocean. The thaw may occur seasonally, but 
it is increasing with warming temperatures. In Russia, for example, the maximum thaw depth 
increased by about 20 cm vertically between 1956 and 1990 (Frauenfeld et al., 2004). While the 
extent of organic matter decomposition following thaw remains poorly quantified, with 1% to 
76% of material undergoing microbial degradation under laboratory conditions over a decade, 
permafrost environments likely are a growing source of carbon to the atmosphere and ocean 
(Schuur et al., 2015; Tanski et al., 2019; Vonk et al., 2012; and references therein).

One major pathway for the delivery of carbon mobilized from permafrost to the coastal ocean is 
via rivers and groundwater. The five largest Arctic rivers, for instance, contribute over 16 Tg per 
year of DOC (Raymond et al., 2007). POC is estimated to contribute 5 to 7 Tg per year (McClelland 
et al., 2016; McGuire et al., 2009; Ping et al., 2011). Given that these inputs are related to river 
discharge, future changes are expected to depend on changes in the hydrological cycle. Dissolved 
carbon export to the coastal ocean, for example, is correlated with water discharge, which is 
strongly related to permafrost active-layer thickness, the depth to which soils thaw seasonally 
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(Mu et al., 2019), and is therefore expected to increase as permafrost thaws. In addition to river 
input, increased thaw of subsea permafrost may also enhance decomposition of organic matter 
and allow for diffusion of CO  and CH  from the seabed into ocean waters (Shakhova et al., 2014).

Coastal carbon budgets in regions with permafrost have also included carbon fluxes from 
permafrost to the ocean via shoreline erosion (Moon et al., 2019). Ping et al. (2011) estimated that 
coastal erosion contributes about 15% of the total terrigenous organic carbon flux to the Arctic 
Ocean (41 Tg per year). Moreover, changes in environmental conditions (e.g., warmer 
temperatures, reduced sea ice, higher sea level, and stronger waves) have increased shoreline 
erosion rates. Along the coast of the Alaskan Beaufort Sea, for example, mean annual erosion 
rates increased from 6.8 m per year (1955–1979) to 8.7 m per year (1979–2002), to 13.6 m per 
year (2002–2007; Jones et al., 2009), increasing the delivery of carbon to the coast.

Given the rapidly changing nature of permafrost, Arctic regions generally, and their relatively 
remote location, estimating baseline and future carbon inputs into the coastal ocean remains 
difficult. Yet, the projected impacts of climate change on permafrost systems imply that these 
regions are important components of coastal carbon budgets.

Summary

Coastal regions host a diverse set of valuable and vulnerable habitats that also play an important 
role in the global carbon cycle. Thus, quantification of coastal carbon fluxes and a mechanistic 
understanding of the processes underpinning the fluxes are important for two main reasons: the 
carbon cycle is a major driver of climate change, and fixation and respiration of carbon are central 
to life and the functioning of coastal ecosystems. In the context of climate change, an accurate 
accounting of exchanges of carbon between its mobile reservoirs on land and in the ocean is 
imperative for predicting and mitigating climate change. Regarding coastal ecosystems, 
anthropogenic activities are exerting several compounding pressures that threaten the services 
they provide.

Quantification of coastal reservoirs and fluxes is an active research area with many remaining 
unknowns and uncertainties. Challenges and sources of uncertainty include the variability and 
diversity of estuarine, coastal, and shelf systems, both in terms of spatial and temporal scales and 
in terms of differences in functioning due to the specific geography and hydrography of each 
system. The high variability relative to typically observable scales makes it difficult to accurately 
quantify reservoirs and fluxes, and to scale up local observations to the global scale. The great 
heterogeneity of coasts around the globe results in distinct questions in different systems and 
distinct local issues. Despite these difficulties, quantification of these pathways and their rates is 
needed for global and national carbon accounting and for assessment, and possibly mitigation, of 
deleterious impacts.
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