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KEY FINDINGS
1.   �The top 1 m of tidal wetland soils and estuarine sediments of North America contains 1,886 ± 1,046 

teragrams of carbon (Tg C) (high confidence, very likely).

2.   �Soil carbon accumulation rate (i.e., sediment burial) in North American tidal wetlands is currently 9 ± 5 Tg C 
per year (high confidence, likely), and estuarine carbon burial is 5 ± 3 Tg C per year (low confidence, likely).

3.   �The lateral flux of carbon from tidal wetlands to estuaries is 16 ± 10 Tg C per year for North America 
(low confidence, likely).

4.   �In North America, tidal wetlands remove 27 ± 13 Tg C per year from the atmosphere, estuaries outgas 
10 ± 10 Tg C per year to the atmosphere, and the net uptake by the combined wetland-estuary sys-
tem is 17 ± 16 Tg C per year (low confidence, likely).

5.   �Research and modeling needs are greatest for understanding responses to accelerated sea level rise; 
mapping tidal wetland and estuarine extent; and quantifying carbon dioxide and methane exchange 
with the atmosphere, especially in large, undersampled, and rapidly changing regions (high confidence, 
likely).

Note: Confidence levels are provided as appropriate for quantitative, but not qualitative, Key Findings and statements.

15.1 Introduction
Estuaries and tidal wetlands are dynamic ecosystems 
that host high biological production and diversity 
(Bianchi 2006). They receive large amounts of 
dissolved and particulate carbon and nutrients from 
rivers and uplands and exchange materials and 
energy with the ocean. Estuaries and tidal wetlands 
are often called biogeochemical “reactors” where 
terrestrial materials are transformed through inter-
actions with the land, ocean, and atmosphere. Work 
conducted in the past decade has clearly shown 
that open-water estuaries as a whole can be strong 
sources of carbon to the atmosphere—both carbon 
dioxide (CO2) and methane (CH4)—despite the 
fact that how degassing (i.e., gas emissions) rates 
vary in space and time in many estuaries is unknown 
(Borges and Abril 2011; Cai 2011). In contrast, tidal 
wetlands represent a small fraction of the land sur-
face but are among the strongest long-term carbon 
sinks, per unit area, because of continuous organic 
carbon accumulation in sediments with rising sea 
level (Chmura et al., 2003). Estuaries are included 
here in the Second State of the Carbon Cycle Report 
(SOCCR2) but were not included in the First State 

of the Carbon Cycle Report’s (SOCCR1; CCSP 2007) 
assessment of coastal carbon cycling. Estuaries have 
been reviewed in recent synthesis activities, partic
ularly the Coastal CARbon Synthesis (CCARS; 
Benway et al., 2016). Tidal wetlands were included 
in the wetlands chapter of SOCCR1 but are sepa-
rated from inland wetlands in this SOCCR2 assess-
ment to reflect their unique connections to estuarine 
and ocean dynamics. Consistently missing from pre-
vious fieldwork and syntheses are important annual 
carbon exchanges (including CO2 and CH4 flux) 
across boundaries of intertidal (hereafter, wetland) 
and subtidal ecosystems and deeper waters (here-
after, estuarine). As subsystems of an integrated 
coastal mixing zone, this lack of information limits 
understanding of the relative roles of wetlands and 
estuaries in carbon cycling at the critical land-ocean 
margin. An updated synthesis of current knowledge 
and gaps in quantifying the magnitude and direction 
of carbon fluxes in dynamic estuarine environments 
is presented herein.

According to Perillo and Picollo (1995) and 
Pritchard (1967), estuaries are commonly defined 
as “semi-enclosed coastal bodies of water that extend 
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to the effective limit of tidal influence, within which 
seawater entering from one or more free connec-
tions with the open sea, or any saline coastal body of 
water, is significantly diluted with fresh water [sic] 
derived from land drainage, and can sustain euryha-
line biological species from either part or the whole 
of the life cycle.” For the purpose of this report, the 
landward boundary of estuarine zones is defined 
as the “head of tide” (i.e., the maximal boundary of 
tidal expression in surface water elevation) and the 
shoreward limit of the continental shelf (i.e., the 
relatively shallow sea that extends to the edge of con-
tinental crust). While island coastlines are included 
in the overall SOCCR2 domain (namely Hawai‘i, 
Puerto Rico, and the Pacific Islands), due to reliance 
on recent synthesis products for carbon accounting, 
the focus herein is exclusively on continental coast-
lines where stocks and fluxes have been quantified 
and mapped most comprehensively. Section 15.2, 
this page, provides a brief historical overview of 
carbon flux in estuaries and tidal wetlands with an 
emphasis on coastal processes with global applica-
bility. Section 15.3, p. 601, compiles information 
on carbon fluxes of estuaries and tidal wetlands 
of North America in the global context and from 
regional perspectives. Through literature summaries 
and data syntheses, Section 15.4, p. 609, provides 
new estimates of selected fluxes and stocks in tidal 
wetlands and estuaries of North America. Section 
15.5, p. 615, discusses new and relevant coastal 
carbon observations through indicators, trends, 
and feedbacks, and Section 15.6, p. 619, reports on 
management and decisions associated with societal 
drivers and impacts within the carbon cycle context. 
Finally, Section 15.7, p. 620, provides a synthesis 
that summarizes conclusions, gaps in knowledge, 
and near-future outlooks.

15.2 Historical Context, Overview 
of Carbon Fluxes and Stocks in 
Tidal Wetlands and Estuaries
Tidal wetlands and estuaries of North America 
vary in relative area depending on coastal topog-
raphy, historic rates of sea level rise, and inputs 
of suspended solids from land. In drowned river 

valleys (e.g., Chesapeake Bay) and fjords (e.g., Puget 
Sound) that are topographically steep, estuarine 
habitat is the dominant subsystem (Dalrymple et al., 
1992). In contrast, the ratio of tidal wetland area to 
estuarine area is relatively high (Day et al., 2013), 
though still less than one (Najjar et al., 2018) along 
coastal plains.

The land-sea interface that defines the presence of 
tidal wetlands and estuaries (i.e., river-sea mixing 
zones) is itself extremely dynamic over broad spatial 
and temporal scales. The current configuration of 
tidal wetlands and estuaries is the result of pro-
cesses that have been occurring since the last glacial 
maximum, roughly 18,000 years ago. Over the past 
6,000 years, when rates of sea level rise slowed to 
less than 1 mm per year, tidal wetlands increased in 
size relative to open-water estuaries, as bay bot-
toms filled with sediments from uplands and tidal 
wetlands prograded into shallow open-water regions 
and transgressed across uplands (see Figure 15.1, 
p. 599; Redfield 1967). Concomitant with increas-
ing sea levels, tidal wetlands maintained their rela-
tive elevation as wetland plants trapped suspended 
sediments from tidal floodwaters, as well as accumu-
lated organic matter in soils. Factors that affect tidal 
wetland area and relative elevation, through lateral 
and vertical erosion and accretion, include 1) rate 
of sea level rise, 2) land subsidence or isostasy 
(glacial rebound), 3) delivery and deposition of 
suspended sediment, 4) balance between wetland 
gross primary production (GPP) and respiration of 
all autotrophs and heterotrophs (RAH), 5) sediment 
compaction, and 6) slope of land at the land-water 
interface (Cahoon 2006).

Tidal wetlands are among the most productive 
ecosystems on Earth, continuously accumulating 
organic carbon that results from environmental 
conditions that inhibit organic matter decomposi-
tion. As a result, intact tidal wetlands are capable 
of storing vast amounts of autochthonous organic 
carbon (i.e., fixed through photosynthesis on site) 
as well as intercepting and storing allochthonous 
organic carbon (i.e., produced off site, terrigenous; 
Canuel et al., 2012). Documented carbon-related 
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ecosystem benefits, referred to as “services,” include 
significant uptake and storage of carbon in wet-
land soils, as well as export to the ocean of organic 
matter, which increases the productivity of coastal 
fisheries (Day et al., 2013). Globally, tidal wetlands 
are strongly variable in age and structure. Some of 
today’s tidal wetlands have persisted for more than 
6,500 years, accumulating to a depth of up to 13 m 
of tidal peat (Drexler et al., 2009; McKee et al., 
2007; Peteet et al., 2006), but some wetlands are 
young and shallow because of recent human influ-
ences that enhanced sediment delivery to nearshore 
waters. Examples include the colonial-era East Coast 

(Kirwan et al., 2011) and gold rush in California 
(Palaima 2012). Because human development 
is preferentially concentrated on coastlines, tidal 
wetlands have been subject to active loss through 
development pressures. While tidal wetland losses 
have slowed in the United States, global tidal wet-
land losses are currently estimated at 0.5% to 3% 
annually (Pendleton et al., 2012), with estimates 
depending on the ecosystem, time frame, and meth-
ods used in evaluation (Hamilton and Casey 2016; 
Spalding et al., 2010). Loss of carbon stocks through 
wetland drainage and erosion remains poorly mod-
eled due to limited mapping and quantification of 

Figure 15.1. Conceptual Model of Coastal Tidal Wetlands and Estuaries and Their Linkages with Adjacent Ter-
restrial and Oceanic Systems. The drivers, processes, and factors depicted here largely control carbon dynamics in 
these systems. Net ecosystem production (NEP) is equal to gross primary production minus the sum of heterotrophic 
and autotropic respiration. [Key: N, nitrogen; CO2, carbon dioxide; CH4, methane; VOC, volatile organic compound; 
CO, carbon monoxide; L, light; T, temperature; TSS, total suspended solids; OC, organic carbon; IC, inorganic car-
bon; Z, elevation; SG, seagrass; SLR, sea level rise]
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initial carbon stock conditions (Chmura 2013). 
Further, more subtle rates of wetland loss, through 
drowning or erosion, may be underestimated by 
remote-sensing techniques insensitive to small-scale 
changes observed through aerial photography (e.g., 
Schepers et al., 2017; Watson et al., 2017).

Estuarine waters are a small but productive fraction 
of coastal waters (Cloern et al., 2014; Wollast 1991). 
The role of coastal zones as sinks or sources of 
atmospheric CO2 is still poorly understood (Borges 
2005; Borges et al., 2005; Smith and Hollibaugh 
1997), resulting in a lack of consensus toward their 
role in global carbon budgets (Cai 2011; Wollast 
1991; Borges and Abril 2011; Chen et al., 2013). 
With poorly characterized boundary conditions, 
estuarine waters have strong upland and ocean-
based drivers, leading to strong seasonality in carbon 
transport and transformation. Geological records 
suggest that estuarine carbon storage was enhanced 
in the past 6,000 years and during recent centuries 
by watershed activities (Colman et al., 2002), but 
responses were varied. Human activities initially 
increased the delivery of organic materials to estu-
aries (e.g., forest clearing) and thus drove them to 
support higher net respiration (and likely greater 
sources of atmospheric CO2); however, more 
recent human activities (e.g., dam construction 
and fertilizer use) have greatly reduced sediment 
and organic matter delivery but increased nutrient 
fluxes to many estuaries (Bianchi and Allison 2009; 
Galloway et al., 2008), driving estuarine waters to 
be less heterotrophic and, possibly, causing more 
net carbon burial and export to the ocean (Regnier 
et al., 2013). While North American estuarine con-
ditions vary along coasts according to upstream land 
use, the most significant human-induced change to 
estuarine carbon dynamics over the past century 
is certainly increased nutrient loading (Schlesinger 
2009), which has led to eutrophication and hypoxia 
in estuaries and continental shelves. Eutrophication 
promotes carbon uptake and pH increase in surface 
estuarine waters (Borges and Gypens 2010), but it 
also may enhance acidification when organic matter 
fixed by photosynthesis is respired. In stratified 
estuarine waters, respiration-induced CO2 and poor 

buffering capacity could greatly reduce pH and car-
bonate saturation states to levels much lower than 
those resulting from the increase of anthropogenic 
CO2 in the atmosphere and its subsequent uptake 
in surface waters (Cai 2011, Cai et al., 2017; Feely 
et al., 2010). The particularly large pH changes and 
the difficulty in predicting acidification in estuaries 
have motivated many scientists to study estuarine 
acidification in addition to ocean acidification 
(Duarte et al., 2013).

Estuaries generally have more interannual variabil-
ity in carbon dynamics than do tidal wetlands, a 
phenomenon reflecting the balance of exchanges 
with terrestrial watersheds, tidal wetlands, and the 
continental shelf (Bauer et al., 2013). Processing of 
material inputs from land and tidal wetlands deter-
mines the autotrophic-heterotrophic balance of 
the estuary; this processing reflects the biological, 
chemical, and physical structure of the receiving 
estuary, as well as the nature of the inputs them-
selves. The autotrophic-heterotrophic balance of an 
estuary is especially sensitive to the water residence 
time (largely a function of freshwater runoff, tidal 
mixing, and estuarine geometry), the ratio of inputs 
of organic carbon (primarily from land and tidal 
wetlands) to inorganic nutrients (primarily from 
land), the degradability of the organic carbon input 
(Hopkinson and Vallino 1995; Kemp et al., 1997; 
Herrmann et al., 2015). The relative abundance 
of pelagic (i.e., phytoplankton-dominated) versus 
benthic (i.e., seagrass- or benthic algal–dominated) 
communities is also a major factor affecting estu-
arine carbon dynamics. The availability of light is 
perhaps the major constraint on the distribution of 
benthic autotrophic communities. Light availability 
to the benthos depends on estuarine depth and water 
clarity, which in turn are related to concentrations of 
suspended solids and phytoplankton in the estuarine 
water column. In nitrogen-enriched estuarine waters, 
high-phytoplankton biomass and epiphytic algae 
decrease light availability to benthic autotrophic 
communities, sometimes resulting in a complete loss 
of seagrass habitats (Howarth et al., 2000). In shallow 
systems, benthic macroalgae often dominate system 
dynamics. Seagrass, because of its ability to control 
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wave and current strength, can play a major role in 
limiting sediment resuspension, thereby maintaining 
high water clarity (van der Heide et al., 2011). Estu-
aries typically are heterotrophic and release CO2 to 
the atmosphere, largely as a result of their processing 
of organic carbon inputs from watersheds (Raymond 
and Bauer 2001) and adjacent tidal wetlands (Bauer 
et al., 2013; Cai and Wang 1998; Wang and Cai 
2004). For example, U.S. Atlantic coastal estuaries 
as a whole are net heterotrophic (Herrmann et al., 
2015); all but three of 42 sites in the U.S. National 
Estuarine Research Reserve System were net het-
erotrophic over a year (Caffrey 2004), and a global 
survey concluded that 66 out of 79 estuaries were 
net heterotrophic (Borges and Abril 2011). At the 
same time, estuaries can serve as significant long-
term organic carbon sinks through sedimentation of 
terrestrial inputs and seagrass organic matter burial 
(Duarte et al., 2005; Hopkinson et al., 2012; McLeod 
et al., 2011; Nellemann et al., 2009).

15.3 Global, North American, 
and Regional Context
Similar to the approach used by Benway et al. (2016), 
this assessment divided the North American coast-
line into four main subregions (see Figure 15.2, 
p. 602): the Atlantic Coast (Nova Scotia, Canada, 
to the southern tip of Florida, United States), the 
Gulf of Mexico, the Pacific Coast (southernmost 
Mexico to the Seward Peninsula, United States), 
and the High-Latitude Coast (the boreal and Arctic 
coastlines of Alaska and Canada between the Seward 
Peninsula and Nova Scotia). There are notable dif-
ferences in carbon cycling among these four major 
subregions of North America. This section presents a 
descriptive analysis of those processes by subregion.

15.3.1 Atlantic Coast Estuaries 
and Tidal Wetlands
Estuaries of the North American Atlantic coast are 
the most extensive and diverse in structure and 
function within North America. Relatively shal-
low and driven primarily by landward influences, 
they are strongly influenced by freshwater flow and 
quality from rivers and groundwater. From boreal to 

subtropical latitudes, a wide range of biotic activity 
(e.g., photosynthesis and respiration) is seen from 
Nova Scotia to Florida.

Atlantic Coast Estuaries
South Atlantic Bight. The South Atlantic Bight 
(SAB: southern tip of Florida to Cape Hatteras, 
North Carolina) is a passive, western boundary 
current margin with broad shelf areas, extensive 
shoals, and a series of barrier islands, behind which 
are lagoons. Freshwater delivery in the SAB is 
through rivers that are nearly evenly located along 
the coast. These rivers carry high loads of dissolved 
organic carbon (DOC). Because of short transit 
times through the estuaries, much of the DOC is 
discharged onto the shelf, supporting respiration, 
net heterotrophy (Hopkinson 1985, 1988), and 
CO2 degassing on the inner-shelf regions ( Jiang 
et al., 2013). Much is known about the export of 
organic matter from SAB watersheds. The SAB salt 
marshes are tremendous sinks of CO2 and organic 
carbon from uplands, whereas the estuarine waters 
are strong sources of CO2 to the atmosphere—
sources that are largely supported by organic matter 
and dissolved inorganic matter (DIC) export from 
both wetland saltmarshes and from SAB watersheds 
(Wang and Cai 2004; Cai 2011; Herrmann et al., 
2015; Hopkinson 1988).

Mid-Atlantic Bight and Gulf of Maine. The 
Mid-Atlantic Bight (MAB: Cape Hatteras, North 
Carolina, to Cape Cod, Massachusetts) and Gulf 
of Maine (GOM: Cape Cod to Nova Scotia) are 
characterized by large estuaries. Inorganic carbon 
from carbonate weathering and organic matter 
remineralization accounts for the majority of river-
ine carbon input to the MAB (Hossler and Bauer 
2013; Moosdorf et al., 2011). Generally, aqueous 
organic matter concentrations are higher in southern 
MAB rivers and can be more than half the riverine 
carbon load to estuaries (Stets and Striegl 2012; 
Tian et al., 2015). Lateral exchange with wetlands is 
an important carbon input to MAB waters and has 
been linked to net heterotrophy and air-water CO2 
efflux in narrow, marsh-dominated subestuaries 
(Baumann et al., 2015; Raymond et al., 2000; Wang 



Section III |  State of Air, Land, and Water

602 U.S. Global Change Research Program November 2018

Figure 15.2. Map of the Main Coastal Regions and Associated Drainage Basins of North America. In this 
chapter, the North American coastline is broken up into four main regions: Atlantic Coast, Gulf of Mexico, Pacific 
Coast (including the Sea of Cortez, Gulf of Alaska, and Bering Sea), and High Latitudes (including the Chukchi Sea, 
Beaufort Sea, Hudson Bay, Labrador Sea, and Gulf of Saint Lawrence). [Figure source: Redrawn from U.S. Depart-
ment of Interior]
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et al., 2016). However, larger MAB estuaries can 
be seasonal or annual sinks for atmospheric CO2 
because of stratification and high rates of internal 
production (Crosswell et al., 2014; Joesoef et al., 
2015). Supporting this result, recent carbon budget 
studies have estimated that MAB estuaries are near 
metabolic balance and that total organic carbon 
(TOC) export to the coastal ocean is about equal 
to riverine TOC input (Herrmann et al., 2015; 
Crosswell et al., 2017). The GOM shares many of 
these traits, but its TOC input is low due to its small 
catchment area (Najjar et al., 2018).

Atlantic Coast Tidal Wetlands
Despite some similarity in vegetation community 
composition (e.g., estuarine emergent Spartina spp., 
dominant in saline habitats), Atlantic coast tidal 
marshes are extensive and topographically varied 
in structure, from the more patchy, organic-rich 
GOM and MAB soils to the extensive, mineral-rich 
plains of the SAB. Biomass stocks of the dominant 
plant species, Spartina alterniflora, show a decrease 
with latitude (Kirwan et al., 2009), with the notably 
productive SAB marshes (Gallagher et al., 1980; 
Schubauer and Hopkinson 1984) exporting large 
amounts of marsh grass–derived organic matter and 
CO2 into the estuaries and nearshore ocean where 
respiration and degassing occur ( Jiang et al., 2008; 
Wang and Cai 2004). Soil carbon burial is not com-
mensurate with productivity, as increased organic 
matter decomposition (Kirwan and Blum 2011) 
may negate any latitudinal productivity gradients. 
More important than latitudinal patterns for carbon 
flux accounting are within-watershed patterns of 
marsh elevation (i.e., low marsh versus high marsh), 
tidal range (e.g., microtidal eastern Florida versus 
extreme macrotidal Bay of Fundy), and salinity 
regimes. Freshwater tidal wetlands (both marsh and 
forest) make up 21% of tidal wetlands of the east-
ern United States (Hinson et al., 2017). Localized 
hotspots for soil carbon stock change also occur 
along the East Coast because of physical drivers 
such as sea level rise (Sallenger et al., 2012) and 
storm-induced erosion (Cahoon 2006). Estimated 
net ecosystem exchange (NEE) of atmospheric CO2 

from chamber and eddy covariance systems illus-
trates that vertical fluxes dominate carbon inputs 
to many East Coast tidal wetlands (Forbrich and 
Giblin 2015; Kathilankal et al., 2008). Much of this 
NEE is exported to ocean subsystems in particulate 
and dissolved forms, with lateral exports of DIC and 
DOC fluxes representing as much as 80% of annual 
carbon inputs (Wang and Cai 2004; Wang et al., 
2016). Further, the role of groundwater flows in 
driving carbon fluxes, as well as nutrient fluxes that 
alter estuarine processes, is varied and poorly under-
stood (Kroeger and Charette 2008; Moore 1996).

15.3.2 Gulf of Mexico Estuaries 
and Tidal Wetlands
Variability of Gulf of Mexico (GMx) estuaries is due, 
in part, to the variable forcing at their boundaries, 
including groundwater (dominating the Mexican 
coastline), rivers (dominating the U.S. coastline), 
wind, bathymetry, and ocean currents (e.g., the 
Loop Current). Gulf of Mexico tidal wetlands share 
many species but notably are experiencing enhanced 
mangrove encroachment and land subsidence.

Gulf of Mexico Estuaries
Estuarine GMx environments are microtidal with 
winds and river flows exerting strong control on 
water levels. On the extensive subtidal carbonate 
benthos, extensive seagrass meadows (e.g., Thalas-
sia) persist and are known to recover rapidly from 
disturbance (e.g., Thorhaug et al., 2017). There 
is a paucity of data on air-water CO2 flux in GMx 
estuaries. However, the lower-river portion of the 
two largest rivers, the Mississippi and the Atchafa-
laya, are strong sources of CO2 to the atmosphere 
because the partial pressure of CO2 (pCO2) ranges 
from about 1,000 microatmospheres (μatm: a unit of 
pressure defined as 101,325 Pascals or 1.01325 bar) 
in winter to about 2,200 μatm in summer, but some 
large bays (e.g., Terrebonne Bay) have substantially 
lower pCO2 (Huang et al., 2015). In comparison, 
despite relatively low pCO2 (about 500 µatm), a 
semi-arid lagoonal estuary in northwestern GMx 
has a CO2 efflux of 149 ± 40 grams of carbon (g C) 
per m2 per year due to windy conditions all year 
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long (Yao and Hu 2017), an amount comparable to 
other lagoonal estuaries in the world (Laruelle et al., 
2014). A strong climatic gradient from northeast to 
southwest along the northwestern GMx coast leads 
to riverine freshwater export decreasing by a factor 
of two (Montagna et al., 2009), with large interan-
nual variability. This hydrological variability exerts 
strong control on estuarine CO2 fluxes in this region.

Gulf of Mexico Tidal Wetlands
As of 2017, 52% of conterminous U.S. tidal wet-
lands are located within GMx, with Louisiana alone 
containing 40% of all the saltwater wetlands in the 
United States (Dahl 2011; Edwards and Proffitt 
2003). While the GMx U.S. coastline is dominated 
by emergent marsh vegetation and the Mexican 
coastline is dominated by mangrove vegetation (see 
Table 15.1, this page), a wide range of salinity and 
geomorphic conditions promote structural diversity 
throughout GMx from tidal freshwater forests to 

floating peatlands to brackish and saline marshes. For 
the past two decades, other coastlines have been rel-
atively stable in their tidal wetland extent but GMx is 
experiencing rapid transitions. Though there is active 
delta building at the Atchafalaya River outflow, tidal 
wetland conversion to open water (i.e., wetland loss) 
is common in GMx as a result of land subsidence, 
coastal storms, sea level rise, nutrient enrichment, 
and a lack of sediment delivery to compensate for 
ongoing compaction. The fate of wetland soil carbon 
following erosion or conversion to open water is 
poorly understood but important for conducting car-
bon accounting, particularly in GMx (DeLaune and 
White 2011; Lane et al., 2016). Climate shifts are 
also accelerating changes in wetland cover (Gabler 
et al., 2017), including mangrove encroachment on 
salt marshes in Texas, Louisiana, and Florida (Krauss 
et al., 2011; Saintilan et al., 2014).

Table 15.1. Average Values for Ecosystem Extent (km2) by Coast 
(Atlantic, Pacific, Gulf of Mexico, and Arctic) for North Americaa

(Includes Combined Mapped Data for Canada, Mexico, and the United States)

Coast
Tidal 

Freshwater 
Marsh

Tidal 
Freshwater 

Forest

Tidal 
Brackish 

and Saline 
Marsh

Tidal 
Brackish 

and Saline 
Forest

Total Tidal 
Wetland

Seagrass Estuarineb

Atlantic Coast 539 1,916 7,958 768 11,181 11,889 34,000

Gulf of Mexico 1,612 1,153 9,847 9,899 22,511 20,260 31,900

Pacific Coast 83 188 510 2,642 3,423 1,148 49,000

High Latitudes NDc ND 1,494 NAc 1,494d 1,050 238,800

CONUS 2,234 3,257 18,162 3,165 26,818 23,630 75,040

Alaska ND ND 948 NA 948d 405 ND

Canada ND ND 546 NA 546d 645 ND

Mexico ND ND 153 10,144 10,297d 9,667 ND

North America 2,234d 3,257d 19,809 13,309d 38,609d 34,347 353,700

Notes
a) Geospatial data sources: CEC 2016; Laruelle et al., 2013; USFWS NWI 2017. 
b) �All estimates based on MARgins and CATchments Segmentation (MARCATS) data of Laruelle et al. (2013), except the con-

terminous United States (CONUS), which is from Bricker et al. (2007). Corresponding MARCATS segment numbers are 10 for 
the Atlantic Coast; 9 for the Gulf of Mexico; 1, 2, and 3 for the Pacific Coast; and 11, 12, and 13 for High Latitudes.

c) ND = no data, NA = not applicable.
d) Indicates missing data from at least one coastal subregion.
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Mangroves extend all the way around GMx, with 
80% of the total distribution of North American 
mangroves on the Mexican coastline (50% of which 
grow on the Campeche, Yucatán, and Quintana Roo 
coasts). Mangrove carbon sequestration rates can 
range from 0 to 1,000 g C per m2 per year, primarily 
a result of biomass responses to disturbance status 
and hydrogeomorphic characteristics of the land-
scape setting (Adame et al., 2013; Breithaupt et al., 
2014; Ezcurra et al., 2016; Marchio et al., 2016). 
Regular tidal flushing and allochthonous input from 
river and marine sediments generally provide more 
favorable conditions for above- and belowground 
productivity. The belowground components of 
mangrove forests, such as coarse woody debris, soil, 
and pneumatophores (i.e., aerial roots), can contrib-
ute between 45% and 65% of the total ecosystem 
respiration (Troxler et al., 2015). Mangroves are 
similar to all tidal wetlands in that soil carbon pools 
dominate ecosystem carbon stocks, and carbon 
burial is an important long-term fate of fixed carbon. 
For example, despite their short stature, dwarf 
mangroves may generate greater annual increases in 
belowground carbon pools than might taller man-
groves (Adame et al., 2013; Osland et al., 2012).

Coupled stressors from both human and natural 
drivers, such as groundwater extraction and sea level 
rise, currently are altering subtropical tidal wetlands. 
Soil organic carbon (SOC) stocks face increased 
rates of mineralization and peat collapse with saline 
intrusion (Neubauer et al., 2013). Still, total carbon 
stocks may increase as a result of trends in mangrove 
expansion into salt marsh habitat (Cavanaugh et al., 
2014; Doughty et al., 2015; Krauss et al., 2011; 
Bianchi et al., 2013). This pattern of expansion is 
expected to continue with current trends in climate 
change (e.g., the changes in frequency and intensity 
of hurricanes and freeze events) and with increasing 
rates of sea level rise (Barr et al., 2012; Lagomasino 
et al., 2014; Meeder and Parkinson 2017; Dessu 
et al., 2018). Dwarf and basin mangroves, which 
generally have shorter canopies, are most affected by 
freezing temperatures, while hurricane damage has 
the strongest impact on fringing mangrove forests 
along the coasts (Zhang et al., 2016). Freeze and 

cold events drive the poleward advancement of man-
groves along the eastern coast of Florida and GMx 
(Cavanaugh et al., 2014; Giri et al., 2011; Saintilan 
et al., 2014). Though mangroves in these regions 
may not currently extend past their historical range 
limits (Giri and Long 2014), the expansion and 
contraction of the mangrove forest clearly is docu-
mented in field and remotely sensed map products.

15.3.3 Pacific Coast Estuaries 
and Tidal Wetlands
The Pacific (west) coast of North America is seis
mically active with subduction zones that create 
steep topography and narrow continental shelves. 
As such, seasonal coastal winds drive upwelling and 
downwelling events that can shape biogeochemical 
cycling along the Pacific continental margin in estu-
arine waters and tidal wetlands. A more descriptive 
approach herein reflects the limited representation 
of Pacific Coast information presented in Appen-
dix 15A, p. 642, as compared with that for the 
Atlantic and GMx coastlines.

Pacific Coast Estuaries
Estuaries of the Pacific Coast differ from other North 
American estuaries in that their carbon cycle dynam-
ics tend to be dominated by ocean-sourced rather 
than river-borne drivers, predisposing many Pacific 
Coast estuaries and coastal environments to hypoxia 
and acidified conditions, largely as a result of natural 
processes (e.g., Chan et al., 2016, 2017; Feely et al., 
2010, 2012; Hales et al., 2016). From the Gulf of 
Alaska south through Puget Sound, glacially formed 
estuaries have sills that restrict circulation between 
estuaries and coastal waters, further predisposing 
deep estuarine waters to hypoxic or anoxic condi-
tions that form in the deep water of these estuaries. 
Interannual-to-decadal, basin-scale, ocean-climate 
oscillations such as the Pacific Decadal Oscillation 
and El Niño Southern Oscillation drive variations 
in rainfall along the Pacific Coast, which, in turn, 
controls material export from land to estuaries and 
subsequently to the coastal ocean. These oscillating 
climate drivers, as well as stochastic events such as 
large marine heatwaves, drive interannual variability 
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in physical and biogeochemical dynamics along the 
Pacific Coast, with significant effects on estuarine 
carbon cycle and ecosystem processes (Di Lorenzo 
and Mantua 2016).

Within spatially large marine ecosystems (LMEs) 
on the Pacific Coast—Gulf of Alaska, California 
Current, Gulf of California, and Pacific Central- 
American Coastal LMEs (lme.noaa.gov)—estuaries 
represent either globally significant large river 
systems, such as the Fraser, Columbia, San Joaquin/
Sacramento, and Colorado rivers or one of many 
“small mountainous rivers” (SMRs) with steep 
watershed terrain and limited continental shelves 
for delta development. From the Southern Cali-
fornia Bight (SCB) south to Panama, lagoons also 
represent a significant fraction of the semi-enclosed, 
saline-to-brackish water bodies along the Pacific 
Coast. Lagoons typically have episodic connection 
to adjacent coastal ocean areas and lack substantial 
freshwater input, distinguishing them from estuaries. 
However, despite the strong along-coast gradients in 
rainfall and terrestrial input to Pacific Coast lagoons 
and estuaries, oceanic sources of nutrients and 
carbon, particularly those delivered via upwelling, 
play an important or dominant role in carbon cycle 
dynamics in all systems studied (Camacho-Ibar 
et al., 2003; Davis et al., 2014; Hernández-Ayón 
et al., 2007; Steinberg et al., 2010).

Terrestrial inputs to Pacific Coast estuaries vary 
substantially along the steep rainfall gradient from 
very wet conditions in the north to arid conditions 
in southern and Baja California, with precipitation 
increasing again from central Mexico through Pan-
ama. The Global NEWS 2 model estimated terres-
trial TOC inputs are approximately 8.5 teragrams of 
carbon (Tg C) per year to the Gulf of Alaska through 
northern California, 0.7 Tg C per year to southern 
and Baja California and the Gulf of California, and 
2.8 Tg C per year to Mexico south of Baja California 
and Central America (Mayorga et al., 2010). The 
SMRs representing a significant portion of these 
inputs are similar to the Mississippi River in delivering 
their freshwater, nutrient, and organic carbon loads 
directly to the coastal ocean or larger estuarine water 

bodies such as Puget Sound or the Strait of Georgia 
( Johannessen et al., 2003; Wheatcroft et al., 2010).

Phytoplankton productivity estimates across Pacific 
Coast estuaries from San Francisco Bay to British 
Columbia reflect an order of magnitude variation 
in median annual primary production rates, from 
about 50 g C per m2 per year in the Columbia River 
estuary to 455 to 609 g C per m2 per year in the 
Indian Arm fjord near Vancouver, British Colum-
bia (Cloern et al., 2014). The role of riverborne 
nutrients is exemplified by the total water column 
primary production estimate for the Columbia 
River estuary at 0.030 Tg C per year (Lara-Lara 
et al., 1990). An air-sea CO2 exchange study on 
the Columbia River estuary estimated that the net 
annual emission is quite small at 12 g C per m2 per 
year (Evans et al., 2012). SCB estuaries are also 
highly productive but most likely act as sources of 
CO2 to the atmosphere and net exporters of dis-
solved inorganic and organic carbon to the coastal 
ocean owing to input and decomposition of alloch-
thonous carbon from surrounding land areas. All 
recent studies from lagoons and estuaries in the San 
Diego area report estuarine pCO2 levels consistently 
greater than atmospheric levels (Davidson 2015; 
Paulsen et al., 2017; see also Southern California 
Coastal Ocean Observing System: sccoos.org/data/
oa). Carbon cycling in lagoons with little or no 
riverine input is likely to be dominated by upwell-
ing, as in San Quintín Bay, Baja California. Most 
of San Quintín Bay (85%) acts as a source of CO2 
to the atmosphere (131 g C per m2 per year) due 
to the inflow and outgassing of CO2-rich upwelled 
waters from the adjacent ocean. The remaining 
15%, composed of Zostera marina seagrass beds, 
shows net uptake of CO2 and bicarbonate (HCO3

–), 
with pCO2 below atmospheric equilibrium, result-
ing in a net CO2 sink of 26 g C per m2 per year 
(Camacho-Ibar et al., 2003; Hernández-Ayón 
et al., 2007; Munoz-Anderson et al., 2015; Reimer 
et al., 2013; Ribas-Ribas et al., 2011). Whereas this 
Mediterranean climate bay was net autotrophic 
during the upwelling season in previous decades, it 
now appears to be net heterotrophic due to import 
of labile phytoplanktonic carbon generated in the 

http://www.lme.noaa.gov/
http://sccoos.org/data/oa/
http://sccoos.org/data/oa/
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adjacent ocean during upwelling (Camacho-Ibar 
et al., 2003). This transition illustrates the potential 
sensitivity of estuarine, bay, and lagoonal net eco-
system production (NEP) to changes in upwelling 
intensity and persistence, highlighting the vulner-
ability to effects of ocean warming or changing 
coastal stratification on ecosystem metabolism and 
carbon balance.

Lateral transfers of carbon from estuaries to the 
coastal ocean are poorly constrained by observations 
because of the difficulty and expense of making suf-
ficient direct observations to measure this important 
lateral transfer. Many gaps remain in the understand-
ing of the carbon cycle of Pacific Coast estuaries and 
lagoons, despite sporadic observations over the last 
several decades. For example, no systematic infor-
mation on carbon burial is available and seagrass 
extent is likely undermapped (CEC 2016). With 
few exceptions, long-term monitoring time series 
are inadequate to track changes in terrestrial carbon 
inputs, primary production, air-sea CO2 exchange, 
carbon burial in sediments, and carbon transfers to 
the coastal ocean that can be expected to result from 
climate and human-caused environmental changes 
(Boyer et al., 2006; Canuel et al., 2012). Imple-
menting long-term observations of carbon, oxygen, 
and nutrient biogeochemistry, along with metrics 
of ecological response and health, in Pacific Coast 
estuaries is a priority (Alin et al., 2015).

Pacific Coast Tidal Wetlands
The Pacific Coast is dominated by rocky headlands, 
broad sand dune complexes, sand beaches, and 
spits (i.e., sandbars). The area of Pacific Coast tidal 
wetlands is roughly 628 km2 in the United States 
(NOAA 2015) and at least 2,522 km2 in Mexico, 
predominantly as mangroves (Valderrama-Landeros 
et al., 2017), perhaps more if shallow water habi-
tats are included (Contreras-Espinosa and Warner 
2004). While small but iconic “low-flow” estuaries 
are distributed sparsely along the coast (e.g., Elk-
horn Slough and Tomales Bay), areas of expansive 
estuarine wetlands are limited to the larger coastal 
estuaries, where major rivers enter the sea and where 
embayments are sheltered by sandbars or headlands 

(e.g., Coos Bay, Humboldt Bay, and San Diego Bay). 
San Francisco Bay, which supports the largest extent 
of coastal wetlands along the Pacific Coast of North 
America, is a tectonic estuary—a down-dropped 
graben (i.e., trench) located between parallel north-
south trending faults. In Mexico, coastal wetlands 
are found in association with large barrier-island 
lagoon complexes where wave energy is reduced by 
headlands, offshore islands, or the Baja California 
peninsula, as well as along the Gulf of Tehuantepec, 
where the continental shelf widens and the winds 
are intense and offshore (northerly), originating in 
the Gulf of Campeche across the Isthmus of Tehu-
antepec. Assuming that published studies of soil 
carbon accumulation (79 to 300 g C per m2 per year 
(Ezcurra et al., 2016) are broadly representative of 
U.S. and Mexico coastlines, average estimates of soil 
carbon sequestration by Pacific estuarine wetlands 
sum to 0.05 Tg C per year for the United States and 
2.67 Tg C per year for Mexico.

Although U.S. Atlantic and GMx coastlines are 
known to support more organic-rich sediments, 
rates of carbon burial in tidal wetlands on the 
Pacific Coast tend to be commensurately high due 
to high rates of volume gain through sediment 
accretion. Previous studies have reported accretion 
rates of 0.20 to 1.7 cm per year in natural marshes 
along the Pacific Coast of North America (Callaway 
et al., 2012; Thom 1992; Watson 2004), with many 
values at the higher end of this range. High rates 
of sediment accretion are a function of the active 
Pacific Coast margin, because Pacific coastal water-
sheds tend to have high relief and support elevated 
erosion rates while providing limited opportunity 
for deposition of sediments along lowland flood-
plains (Walling and Webb 1983). This circumstance 
leads to high water column–suspended sediment 
concentrations, often exacerbated by anthropogenic 
land-use activities, such as agriculture, grazing, log-
ging, and development (Meybeck 2003). Although 
not ubiquitous due to landscape changes (e.g., 
Skagit River), high rates of sediment accretion are 
common and known to promote high carbon burial 
rates when allochthonous organic carbon derived 
from upland sources is a sediment constituent 
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(Ember et al., 1987). Additionally, organic carbon 
produced in situ is more quickly buried in the sed-
iment anoxic zone in high-accumulation environ-
ments (Watson 2004).

15.3.4 High-Latitude (Alaskan, Canadian, 
and Arctic) Estuaries and Tidal Wetlands
High-latitude estuaries (boreal and Arctic) are the 
youngest estuaries (<1,000 years) but the most 
subject to coastal erosion and hydrological carbon 
export from thawing permafrost during the current 
warming climate. Terrigenous inputs of silt and 
organic carbon are estimated as dominant sources 
of carbon flux, but inadequate mapping and mea-
surements limit current estimates of carbon fluxes in 
high-latitude estuaries and tidal wetlands.

High-Latitude (Arctic) Estuaries
Salinity gradients are a defining feature of the 
estuarine zones of the Arctic Ocean (McClelland 
et al., 2012). Further, nearshore ice conditions are 
changing, erosion of coastlines is increasing, and 
the duration and intensity of estuarine and ocean 
acidification events are increasing (Fabry et al., 
2009), as also discussed in Ch. 16: Coastal Ocean 
and Continental Shelves and Ch. 17: Biogeochem-
ical Effects of Rising Atmospheric Carbon Dioxide. 
Lagoons in the Alaskan Beaufort Sea, bounded by 
barrier islands to the north and Alaska’s Arctic slope 
to the south, span over 50% of the coast. These 
lagoons link marine and terrestrial ecosystems 
and support productive biological communities 
that provide valuable habitat and feeding grounds 
for many ecologically and culturally important 
species. Beaufort Sea lagoons are icebound for 
approximately 9 months of the year; therefore, the 
brief summer open-water period is an especially 
important time for resident animals to build energy 
reserves (i.e., necessary for spawning and surviving 
winter months) and for migratory animals to feed 
in preparation for fall migrations. Recent dramatic 
declines in ice extent have allowed wave heights to 
reach unprecedented levels as fetch has increased 
(AMAP 2011).

These studies highlight the climate linkages along 
coastal margins of the Arctic, especially how changes 
in sea ice extent can affect terrestrial processes 
(Bhatt et al., 2010), controlling coastal erosion and 
the transport of carbon, water, and nutrients to near-
shore estuarine environments (Pickart et al., 2013). 
Nearshore estuarine environments in the Arctic 
are critical to a vibrant coastal fishery (von Biela 
et al., 2012) and also serve as habitat for hundreds 
of thousands of birds representing over 157 species 
that breed and raise their young over the short sum-
mer period (Brown 2006).

High-Latitude (Arctic) Tidal Wetlands
High-latitude ecosystem carbon flux measurements 
tend to focus on abundant inland peatlands (see Ch. 
11: Arctic and Boreal Carbon, p. 428, and Ch. 13: 
Terrestrial Wetlands, p. 507), and thus less is known 
about Arctic and subarctic tidal marshes. However, 
due to high sedimentation rates, Arctic estuarine 
wetlands are estimated to sequester carbon at rates 
up to tenfold higher per area than many other wet-
lands (Bridgham et al., 2006). In a North American 
survey of published literature, Chmura et al. (2003) 
accounted for soil carbon stock only to 50 cm 
in depth, but some brackish marshes, especially 
in seismically active regions, have much deeper 
organic sediments. The Hudson Bay Lowlands tidal 
marshes are a notably understudied region where 
soil carbon stocks in the nontidal component alone 
are estimated to contain 20% of the entire North 
American soil carbon pool (Packalen et al., 2014). 
Gulf of Alaska marshes are relatively low salinity or 
freshwater dominated due to the excess of precipi-
tation over evapotranspiration of the Pacific North-
west, as well as the substantial glacial meltwater that 
characterizes the region. Still, the large impact of 
melting glaciers, including the Bering and Malaspina 
piedmont glaciers (each approximating the size of 
Rhode Island), is expected to contribute to sea level 
rise locally, as will thawing river deltas, such as the 
Yukon-Kuskokwim Delta, that are characterized by 
discontinuous permafrost.

One of the most important coastal Alaskan marsh 
systems is the Copper River Delta, a critical habitat 
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for migratory birds along the Pacific Flyway, which 
extends for more than 75 km and inland as much 
as 20 km in some places along the Gulf of Alaska 
(Thilenius 1990). Although carbon storage esti-
mates in these marsh locations are lacking, exten-
sive research on the uplifted (and buried) peats by 
Plafker (1965) indicate alternating events of extreme 
subsidence and uplift (i.e., yo-yo tectonics). For 
example, the 1964 earthquake raised the entire delta 
from 1.8 to 3.4 m (Reimnitz 1966). Current studies 
on peat cores reveal marsh vegetation interspersed 
with intertidal muds, freshwater coastal forest, and 
moss peat, which extends to depths greater than 7 m 
(Plafker 1965). Whereas geological drivers clearly 
are the primary control on carbon storage in these 
marshes, the dynamic relationship with vegetation 
illustrates biological feedbacks as well (e.g., nutrient 
redistribution; Marsh et al., 2000). Highly dynamic 
sedge- and rush-dominated marshes are notably 
resilient to extensive sediment deposition from the 
Copper River, further ensuring growth of willows 
and shrubs and contributing to the woody compo-
nent of buried peats. Whether the areal extent of 
these wetlands will expand or decline with tectonic 
impact and regional sea level rise is not known.

15.4 Carbon Fluxes and 
Stocks in Tidal Wetlands and 
Estuaries of North America
Literature summaries and data compilations dis-
cussed in this section enable estimates to be made 
of carbon stocks and fluxes in North American tidal 
wetlands and estuaries. Accuracy in quantifying 
stocks and fluxes in tidal wetlands and estuaries is a 
function of the accuracy in estimated area (extent) 
and in estimated stocks and fluxes per unit area. For 
North America, estimates involve areas, sediment 
carbon stocks, and the following fluxes: the net 
change in the carbon stock of tidal wetland soils, 
tidal wetland exchange of CO2 with the atmosphere 
(i.e., NEE), tidal wetland exchange of CH4 with 
the atmosphere, tidal wetland carbon burial, lateral 
exchange of carbon between tidal wetlands and estu-
aries, and estuarine outgassing of CO2. Additionally, 
because the conterminous United States (CONUS) 

contains a more robust estuarine dataset of most 
stocks and fluxes, a separate analysis is presented for 
this region that includes estimates of estuarine NEP, 
burial, and export of organic carbon to shelf waters.

15.4.1 Tidal Wetland and Estuarine Extent
A synthesis of recent compilation efforts is used to 
estimate the areas of tidal wetlands and estuaries, 
and the accuracy of these estimates varies among 
countries of North America (see Table 15.1, p. 604). 
In CONUS, a tidal wetland distribution is estimated 
using the full salinity spectrum of tidal wetland 
habitats mapped by the U.S. Fish and Wildlife Ser-
vice National Wetlands Inventory (USFWS NWI; 
Hinson et al., 2017). However, in Mexico and Can-
ada, only saline wetlands are available at a national 
scale, as mapped by the Commission for Environ-
mental Cooperation (CEC; CEC 2016). Hence, 
tidal wetland areas in Mexico and Canada are likely 
underestimated. Estimates for the estuarine area 
of North America use a global segmentation of the 
coastal zone and associated watersheds known as 
MARCATS (MARgins and CATchments Segmenta-
tion; Laruelle et al., 2013). The MARCATS product 
is available globally at a resolution of 0.5 degrees and 
delineates a total of 45 coastal regions, or MAR-
CATS segments, eight of which are in North Amer-
ica. Some CONUS-only applications use estuarine 
areas from the National Estuarine Eutrophication 
Assessment survey (Bricker et al., 2007), which is 
based on geospatial data from the National Oceanic 
and Atmospheric Administration (NOAA) Coastal 
Assessment Framework (NOAA 1985). The Coastal 
Assessment Framework includes a high-resolution 
delineation of the U.S. coastline in this area and 
delineates 115 individual estuarine subsystems. 
Seagrasses are considered separately because of their 
distinct sediment carbon stocks, even though they 
overlap in area with estuaries. Seagrass area across 
North America is estimated according to CEC 
(2016), using web-available map layers.

Table 15.1, p. 604, reveals the relative areas of 
tidal wetlands, estuaries, and seagrasses of North 
America, in addition to how these ecosystems are 
distributed by subregion and country. Estuaries of 
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North America cover about 10 times the area of tidal 
wetlands. About half the tidal wetlands of North 
America are salt marsh, a third are mangrove, and 
the remainder is split roughly between tidal fresh 
marsh and tidal fresh forest. The high-latitude region 
is characterized by a large estuarine area, about 60% 
of North America’s total estuarine area, but has only 
a few percent of the continent’s tidal wetland area 
and seagrass area. The Gulf of Mexico (GMx), on 
the other hand, is home to most of North America’s 
tidal wetlands and seagrasses, with 58% of each. The 
Atlantic Coast and GMx each have about 10% of the 
total estuarine area, and the Atlantic coast has about 
half the tidal wetland area and seagrass area of GMx. 
The Pacific Coast is similar to the high-latitude sub-
region with a relatively small area of tidal wetlands 
and seagrasses (although these areas may be under-
mapped), and it has an estuarine area about 50% 
greater than that of GMx. Tidal wetlands of North 
America reside mainly in CONUS (as salt marsh) 
and Mexico (as mangroves). Similarly, seagrasses 
are found mainly in coastal waters of CONUS and 
Mexico. Estuarine area is not available by country, 
except for CONUS, which is estimated to have 21% 
of North America’s total estuarine area.

15.4.2 Tidal Wetland and Estuarine Stocks
Estimates of tidal wetland and estuarine carbon stock 
in the upper 1 m of sediment or soil were made by 
using estimates of the carbon density (mass carbon 
per unit volume) from large synthetic datasets. 
Cross-site comparisons of soil carbon stocks in tidal 
wetlands illustrate very little range in carbon densi-
ties in North America both downcore and among 
tidal wetlands of varied salinity, vegetation structure, 
and soil types. Hence, for all tidal wetlands except 
GMx mangroves, a single estimate of carbon den-
sity, 27.0 ± 13 kg organic carbon per m3, was used 
based on a comprehensive review of the literature 
(Chmura 2013; Holmquist et al., 2018a; Morris et 
al., 2016; Nahlik and Fennessy 2016; Ouyang and 
Lee 2014). For mangroves in GMx, a value of 31.8 ± 
1.3 kg organic carbon per m3 was used (Sanderman 
et al., 2018). A review of seagrass SOC densities 
(CEC 2017; Fourqurean et al., 2012; Kennedy et al., 
2010; Thorhaug et al., 2017) revealed more variance 

within and between regions, with some notably 
high soil carbon densities in GMx. Best estimates 
(and ranges) of 2.0 ± 1.3 kg organic carbon per m3 
were used for the Atlantic Coast and high-latitude 
subregions, 3.1 ± 2.4 kg organic carbon per m3 for 
GMx, and 1.4 ± 1.2 kg organic carbon per m3 for the 
Pacific Coast. For organic carbon density in estuarine 
sediments, a carbon density of 1.0 ± 1.2 kg organic 
carbon per m3 was used based on a mean value of 
organic carbon mass fraction (0.4% organic carbon 
in waters shallower than 50 m; Premuzic et al., 1982; 
Kennedy et al., 2010) and a dry bulk density average 
of 2.6 g per cm3 from Muller and Suess (1979). The 
assumed carbon densities and areas led to carbon 
stocks in the upper 1 m of 1,410, 354, and 122 Tg C 
for tidal wetlands, estuaries, and seagrasses, respec-
tively, with a total carbon stock of 1,886 ± 1,046 Tg C.

Net Change in Tidal Wetland 
Soil Carbon Stock
An estimate of tidal wetland carbon stock loss 
could only be made using the loss rate for saltwater 
wetlands in CONUS, as loss rates in other parts of 
North America and for tidal fresh wetlands are not 
available. However, CONUS saltwater wetlands 
make up the overwhelming majority of North 
American tidal wetlands (see Table 15.1, p. 604), 
so applying the CONUS saltwater wetland loss rate 
to all North American tidal wetlands is not unrea-
sonable. The use of a loss rate of CONUS vegetated 
saltwater wetlands of 0.18% per year between 1996 
and 2010 (Couvillion et al., 2017) and estimated 
mass of carbon in the upper meter of tidal wetland 
soils (i.e., 1,362 Tg C) resulted in an overall annual-
ized loss rate of 2.4 Tg C per year. For CONUS only, 
which holds 1,019 Tg C, the loss rate is 1.8 Tg C 
per year. Expert judgement assigned 100% errors to 
these losses because they are deeply uncertain due 
to annualized episodic events (e.g., Couvillion et al., 
2017), difficulty in mapping loss, and difficulty in 
assessing the rate and fate of carbon from disturbed 
tidal wetlands (Ward et al., 2017; Lane et al., 2016).

15.4.3 Tidal Wetland and Estuarine Fluxes
Tidal Wetland Net Ecosystem Exchange
Presented in Table 15A.1, p. 642, are annual 
estimates of NEE in North America based on 
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continuous measurements, focusing primarily on 
eddy covariance approaches and high-frequency 
datasets from static chamber deployments to reduce 
uncertainty. A total of 16 sites were compiled, includ-
ing restored wetlands, all of which are in CONUS 
and mostly along the Atlantic Coast. This limited 
dataset indicates that NEE varies greatly within 
and among sites, ranging from the highest annual 
uptakes in a mangrove ecosystem (–1,200 g C per m2 
per year) to the greatest annual losses in a mudflat 
(1,000 g C per m2 per year) and in a sequence of 
tidal marshes in Alabama (400 to 900 g C per m2 per 
year; Wilson et al., 2015). Excluding the restored 
sites and mudflats from the Hudson-Raritan estu-
ary in New Jersey, as well as the static chamber data 
from Alabama, the mean NEE at the continuously 
monitored sites (n = 11 of 16) was negative, indicat-
ing uptake of atmospheric CO2 by tidal wetlands. 
Comparing annual values from the 11 sites (com-
prising 22 annual datasets) yields coast-specific 
estimates of NEE: –133 ± 148 g C per m2 per year 
on the Pacific (one site, 3 years), –231 ± 79 g C per 
m2 per year on the Atlantic (seven sites, 1 to 3 years), 
and –724 ± 367 g C per m2 per year in GMx (three 
sites, 1 to 5 years). Integrating these estimates by area 
of tidal wetlands on each of North America’s three 
coasts, the NEE estimate is –27 ± 13 Tg C per year. 
For CONUS only, NEE is –19 ± 10 Tg C per year.

Tidal Wetland Carbon Burial
Rates of carbon burial in wetland soils and sediments 
are associated with specific temporal scales depend-
ing on calculation methods. Typically, carbon burial 
is calculated as the product of soil carbon density (i.e., 
the mass of carbon stored in soil per unit volume) 
multiplied by accretion rate (i.e., the vertical rate of 
soil accrual and thus change in volume), which is 
measured by a variety of dating techniques that span 
multiple time frames (e.g., marker horizons; radioac-
tive isotopes including those of cesium (137Cs), lead 
(210Pb), and carbon (14C); pollution chronologies; 
and pollen stratigraphy). Carbon burial is thus a rate 
of carbon accumulation in tidal wetland soils over 
a specific time period (typical units are g C per m2 
per year). This measure integrates all carbon pools 

present, both “old” and “new,” and both autochtho-
nous and allochthonous sources.

Table 15.2 lists carbon burial estimates for salt 
marshes summarized by Ouyang and Lee (2014), 
excluding short-term accretion cores (e.g., marker 
horizons). Identified were 125 cores in North Amer-
ica, about half of which are along the Atlantic Coast 
and the rest roughly spread evenly among the three 
other subregions. Mean carbon burial estimates vary 
considerably among the four subregions, with the 
lowest rates along the Atlantic Coast, intermediate 
rates along the Pacific Coast, and the highest rates in 
the high-latitude subregion and GMx. The spatially 
integrated burial rate was computed for each subre-
gion by multiplying its mean burial rate by its tidal 
wetland area, thus using an assumption that the salt 
marsh burial rate applies to tidal freshwater and man-
grove systems. The spatially integrated burial rate 
(±2 standard errors) across North America is 9.1 ± 
4.8 Tg C per year, with more than 75% in GMx, 
owing to its large tidal wetland area (see Table 15.1, 
p. 604) and high carbon burial rate (see Table 15.2, 
p. 612). For CONUS alone, assuming equivalent 
distributions of rates among coasts and vegetation 
types, carbon burial is estimated to be 5.5 ± 3.6 Tg C.

Tidal Wetland CH4 Fluxes
While CH4 fluxes tend to be negligible from tidal 
wetlands with high soil salinities, emissions can 
increase considerably when sulfate availability is 
lower (as indexed by salinity; Poffenbarger et al., 
2011). Based on the higher net radiative impact 
of CH4, climatic benefits of CO2 uptake and the 
sequestration illustrated by most of the sites in 
Table 15A.1, p. 642, may be offset partially by CH4 
release in lower-salinity tidal wetlands (Whiting and 
Chanton 2001).

Here are reported annual CH4 fluxes from tidal 
wetlands across North America (see Table 15A.2, 
p. 644), with values from studies published in 2011 
or earlier taken from Poffenbarger et al. (2011). For 
studies published after 2011, the same methodology 
was used as Poffenbarger et al. (2011) in analyzing 
CH4 flux data and reporting average annual CH4 
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emissions. If CH4 emissions were measured over all 
seasons of the year with the annual rate unreported, 
calculations were made by extracting emission 
rates from tables and figures and then interpolat-
ing between time points. Finally, although this was 
only the case in a few studies, for short-term studies 
lasting a few days to months over the growing 
season, average daily CH4 emissions were calculated 
and then converted to annual fluxes using the rate 
conversion factors determined by Bridgham et al. 
(2006). The compilation resulted in CH4 flux mea-
surements at 51 sites in North America.

The compilation, illustrated in Figure 15.3, this 
page, continues to support the role of salinity as a 
predictor of CH4 emissions observed by Poffen-
barger et al. (2011). However, there is considerable 
variability among methods and sites in annual CH4 
emissions in fresh and brackish (i.e., oligohaline 
and mesohaline) wetlands, indicating the need for 
further studies to help improve understanding of 
the drivers and sensitivities of CH4 fluxes in these 
common salinity ranges. Tidal wetlands in the 
salinity range of 0 to 5 practical salinity units (PSU; 
i.e., fresh-oligohaline) show an average (±2 standard 
errors) CH4 emission of 55 ± 48 g CH4 per m2 per 
year, whereas tidal wetlands in the salinity range of 

5 to 38 PSU (i.e., mesohaline to fully saline) emit 
CH4 at an average rate of 11 ± 13 g CH4 per m2 per 
year. The spatially integrated tidal wetland CH4 

Table 15.2. Carbon Accumulation Rate (CAR) and Associated Data  
for Tidal Estuarine (Salt and Brackish) Marsha

Region n
Mean CAR ± 2σb 

(g C per m2 per year)
Regional Tidal Wetland Burialc ± 2σ 

(Tg C per year)

High Latitudes 25 301 ± 155 0.5 ± 0.2

Atlantic Coast 59 126 ± 87 1.4 ± 1.0

Pacific Coast 18 173 ± 92 0.6 ± 0.3

Gulf of Mexico 23 293 ± 210 6.6 ± 4.7

North America 125 236 ± 124 9.1 ± 4.8

Notes
a) From Ouyang and Lee (2014).
b) 2σ = 2 standard errors. 
c) Regional burial calculated for all tidal wetland types regardless of salinity or vegetation type.
d) Key: n, number of sites; g C, grams of carbon; Tg C, teragrams of carbon.

Figure 15.3. Tidal Marsh Methane (CH4) Emissions 
Versus Salinity. Approaches to measuring atmospheric 
CH4 flux are coded by method as SC (static chamber) 
and EC (eddy covariance flux tower). CH4 flux is in 
grams (g); salinity is in practical salinity units (PSU). 
The dashed line denotes the demarcation of fresh and 
oligohaline marshes (0 to 5 PSU) versus mesohaline to 
saline marshes (5 to 35 PSU).
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emission rate, computed by multiplying the fluxes 
for fresh-oligohaline and mesohaline-saline systems 
by their respective areas (5,491 and 33,118 km2; 
see Table 15.1, p. 604), results in 0.29 ± 0.27 and 
0.35 ± 0.43 Tg CH4 per year, respectively, totaling 
0.65 ± 0.48 Tg CH4 per year (0.49 ± 0.36 Tg C 
per year) across the entire salinity gradient. Hence, 
in North America, fresh-oligohaline and mesoha-
line-saline systems contribute about equally to the 
total flux, with the former having high per-unit-area 
flux rates and low area and the latter having low per-
unit-area flux rates and high area.

Lateral Fluxes of Carbon from 
Wetlands to Estuaries
A significant part of tidal wetland and estuarine car-
bon budgets is the lateral flux from tidal wetlands 
to estuaries, which is due mainly to tidal flushing. 
Twelve estimates of TOC (in both dissolved and 
particulate forms) exchange (per unit area of wet-
land) in tidal wetlands of the eastern United States 
were summarized by Herrmann et al. (2015), and 
the mean value and 2 standard errors derived in 
that study (185 ± 71 g C per m2 per year) were used 
herein. Similarly, four estimates of DIC exchange 
in eastern U.S. tidal wetlands were summarized 
in Najjar et al. (2018), with a mean (±2 standard 
errors) of 236 ± 120 g C per m2 per year. With only 
a small number of DIC flux measurements, the 
error was doubled. Hence, tidal wetland export of 
total carbon is estimated to be 421 ± 250 g C per 
m2 per year. Applying this to all North American 
tidal wetlands (see Table 15.1, p. 604) yields a total 
export of 16 ± 10 Tg C per year; applied to CONUS 
wetlands only, the estimate of lateral export is 11 ± 
7 Tg C per year.

Estuarine CO2 Outgassing
The SOCCR2 assessment used the global synthe-
sis of Chen et al. (2013), which combined field 
estimates of outgassing per unit area with the 
MARCATS areas. Most MARCATS segments were 
found to be sources of CO2 to the atmosphere, 
with the integrated flux over North America at 
+10 Tg C per year (see Table 15.3, this page). Chen 
et al. (2013) did not provide error estimates, so 

expert judgment was used to provide a range. The 
MARCATS segments in North America contain 
only 25 individual flux estimates, 15 of which are 
along the Atlantic coast, and some segments have 
no measurements at all (in which case data from 
similar systems were used). There is a possibility 
of a 100% error in the North American flux, so 
the estimate was placed at 10 ± 10 Tg C per year. 
Reduced uncertainty may be possible for distinct 
regions, but this level of error indicates confidence 
bounds at a continental scale.

A separate estimate was made of CONUS estua-
rine outgassing based on the SOCCR2 synthesis 
of CO2 flux estimates (see Table 15A.3, p. 647) 
and the areas from the Coastal Assessment Frame-
work (NOAA 1985). Because only one study was 

Table 15.3. Estuarine CO2 Outgassing  
for North Americaa,e

MARCATSb 

Segment 
No.

CO2  
Outgassingc 
(g C per m2 

per year)

Number 
of  

Systems

CO2  
Outgassing 

(Tg C per 
year)

1 129 3 4.4

2 11 3 0.1

3 174 0 1.1

9 96 2 3.1

10 118 15 4.0

11 –9 1 –0.3

12 –5 1 –0.2

13 –13 0 –2.1

Total North America 25 10.0

Approximate CONUSd  
(2, 9, and 10)

20 7.2

Notes
a) Based on the Global Synthesis of Chen et al. (2013).
b) MARCATS, MARgins and CATchments Segmentation.
c) �For regions 3 and 13, where no data were available 

within the segments, the methods of Chen et al. (2013) 
were used.

d) CONUS, conterminous United States.
e) �Key: CO2, carbon dioxide; g C, grams of carbon; Tg C, 

teragrams of carbon.
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identified for the Pacific Coast, analysis was limited 
to the Atlantic and GMx coasts, which contain about 
90% of the CONUS estuarine area (see Table 15.1, 
p. 604). For the Atlantic coast, mean fluxes were 
first estimated in each of three subregions (GOM, 
MAB, and SAB) before multiplying by their respec-
tive areas. This was done because the outgassing per 
unit area increases toward the south. This analysis 
results in an outgassing of 10 ± 6 Tg C per year (best 
estimate ±2 standard errors), which is larger (but 
not significantly so) than the Chen et al. (2013) 
analysis for the three segments covering CONUS 
(i.e., 7 Tg C per year). The SOCCR2 synthesis is 
an improvement over Chen et al. (2013) by being 
based on a larger flux dataset and more accurate 
CONUS estuarine areas.

Estuarine CH4 Emissions
Only a very limited number of studies are known 
to be available and scalable for estimating net CH4 
emissions in North American estuaries. In their 
global review, Borges and Abril (2011) report 
only three within North America (de Angeles and 
Scranton 1993; Bartlett et al., 1985; Sansone et al., 
1998), ranging from 0.16 to 5.6 mg CH4 per m2 per 
day. Two recent studies with continuous sampling 
illustrate temporal and spatial variability. Relatively 
high emissions were observed in the Chesapeake 
Bay during summer (28.8 mg CH4 per m2 per day; 

Gelesh et al., 2016). In the Columbia River estuary 
(Pfeiffer-Herbert et al., 2016), summer emissions 
were estimated at 1.6 mg CH4 per m2 per day; 42% 
of the CH4 losses were to the atmosphere, 32% 
were to the ocean, and 25% were to CH4 oxidation. 
When scaled to a year, the estuarine CH4 fluxes 
from the above studies range from 0.04 to 8 g C 
per m2 per year, which is well below typical CO2 
outgassing rates (e.g., the U.S. Atlantic Coast mean 
estuarine CO2 outgassing rate is 104 ± 53 g C per 
m2 per year, see Table 15A.3, p. 647). Thus, estu-
arine CH4 outgassing is likely a small fraction of 
estuarine carbon emissions. To be comparable 
with North American tidal wetland CH4 emissions 
(~0.5 Tg CH4 per year), the mean estuarine CH4 
emissions rate would need to be a conceivable rate 
of ~0.1 g CH4 m2 per year. Unfortunately, the lack of 
estuarine CH4 emissions data for North America—
and any well-constrained relationship with salinity 
or other physical parameter—precludes the possi-
bility of making a constrained estimate of estuarine 
CH4 emissions for North America.

15.4.4 Total Organic Carbon 
Budget for Estuaries of the 
Conterminous United States
The empirical model of Herrmann et al. (2015) 
was applied to quantify the TOC budget for 
CONUS estuaries (see Table 15.4, this page). This 

Table 15.4. Estuarine Areas and Organic Carbon Regional Budgets for the Conterminous United Statesa,c

Estuary
Area 
(km2)

Riverine + Tidal 
Wetland Input 
(Tg C per year)

Net Ecosystem 
Production 

(Tg C per year)

Burial 
(Tg C per 

year)

Export to Shelf 
(Tg C per year)

Gulf of Mexico 30,586 12.6 ± 3.5 –2.2 ± 0.6 –0.3 ± 0.1 –10.1 ± 3.5

Pacific Coast  6,690 1.4 ± 0.2 0.0 ± 0.2 –0.2 ± 0.1 –1.2 ± 0.2

Atlantic Coast 37,764 5.5 ± 1.3 –1.8 ± 1.0 –0.5 ± 0.3 –3.2 ± 1.3

CONUSb 75,040 19.5 ± 3.8 –4.0 ± 1.2 –1.0 ± 0.3 –14.5 ± 3.7

Notes
a) �Positive values = input of organic carbon to estuaries; negative values = removal of organic carbon from estuaries. Source: 

model of Herrmann et al. (2015).
b) CONUS, conterminous United States; best estimate and ±2 standard errors.
c) Key: Tg C, teragrams of carbon.
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model takes carbon and nitrogen inputs from a 
data-constrained watershed model and uses empir-
ical relationships to compute burial and NEP. TOC 
export to shelf waters is computed by the difference. 
TOC input from rivers and tidal wetlands to CONUS 
estuaries is estimated to be 19.5 Tg C per year, with 
an average of 79% coming from rivers and the rest 
from tidal wetlands (not shown). Most of the input 
(74%) is exported from the estuary to the shelf, 
while 21% is remineralized to CO2 and 5% is buried 
in estuarine sediments. Like most estuaries world-
wide (Borges and Abril 2011), CONUS estuaries 
are, in the aggregate, net heterotrophic. However, 
there are regional differences in NEP, with GMx 
estuaries remineralizing twice as much of the TOC 
input as Atlantic estuaries and Pacific estuaries meta-
bolically neutral.

15.4.5 Summary Budgets for 
Tidal Wetlands and Estuaries
The individual flux estimates above were combined 
into overall carbon budgets for tidal wetlands and 
estuaries of CONUS and the rest of North America. 
CONUS (see Figure 15.4a, this page) has better 
constraints on the fluxes. Central estimates of 
CONUS tidal wetland carbon losses and gains are 
very close to balancing even though they were esti-
mated independently; burial, lateral export, and loss 
of soil carbon stock are all found to be significant 
terms of carbon removal that balance carbon uptake 
from the atmosphere. For the estuarine CONUS 
balance, riverine carbon delivery at the head of tide 
was taken from Ch. 14: Inland Waters (41.5 ± 2.0 
Tg C per year). Including the tidal wetland delivery 
(11 ± 7 Tg C per year), CONUS estuaries thus were 
found to receive a total of 53 ± 7 Tg C per year from 
upland sources. With about 15% (best estimate) of 
this input outgassed and only a few percent buried, 
the resulting net total carbon flux from estuaries to 
shelf waters is 40 ± 9 Tg C.

The North American carbon budget for tidal wetlands 
and estuaries (see Figure 15.4b, this page) is similar 
to the CONUS budget except that most of the fluxes 
are larger. The net uptake of atmospheric CO2 by the 
combined system of tidal wetlands and estuaries is 

17 ± 16 Tg C per year. The riverine flux of 105 Tg C 
per year from Ch. 14: Inland Waters was used and 
assigned an error of 25%. Lacking direct estimates 
of carbon burial in North American estuaries, the 
CONUS estimate was used (see Table 15.4, p. 614) 
and scaled to all North American estuaries; the error is 
doubled to reflect this extrapolation. The carbon flux 
from North American estuaries to the shelf waters, 
estimated as a residual, is 106 ± 30 Tg C per year.

15.5 Indicators, Trends, 
and Feedbacks
All indications suggest that most North American 
coastal and estuarine environments, from Canada to 
Mexico, are changing rapidly as a result of global- and 
local-scale changes induced by climate alteration and 
human activities. The sustainability and quality of 

Figure 15.4. Summary Carbon Budgets for Tidal 
Wetlands and Estuaries. Budgets are given in tera-
grams of carbon (Tg C) for (a) the conterminous United 
States (CONUS) and (b) North America, with errors of 
± 2 standard errors.

(a)

(b)
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estuarine and intertidal wetland habitats, including 
the magnitude and direction of carbon fluxes, are 
uncertain, especially due to limited monitoring time 
series relevant to changing extents and conditions of 
these habitats. Simulation models have illustrated the 
long-term sensitivity of coastal carbon fluxes to land-
use and management practices while decadal and 
interannual variations of carbon export are attrib-
utable primarily to climate variability and extreme 
flooding events (Ren et al., 2015; Tian et al., 2015, 
2016). Further, tidal wetland sustainability is strongly 
influenced by human modifications that generally 
reduce resilience (e.g., groundwater withdrawal, lack 
of sediment, nutrient loading, and ditching; Kirwan 
and Megonigal 2013).

Climatic changes affect entire watersheds, so the 
integration of small changes to terrestrial carbon 
cycling leads to a significant impact on the quantity, 
quality, and seasonality of riverine inputs to coastal 
zones (Bergamaschi et al., 2012; Tian et al., 2016). 
Within wetlands, accelerating sea level rise and 
increasing temperature yield a range of responses 
from enhanced wetland flushing, salinity intrusion, 
and productivity to enhanced respiration, tidal 
carbon export, and CH4 emissions, which have all 
been postulated. Increased rates of sea level rise may 
enhance sedimentation and carbon burial rates up to 
a threshold of marsh resilience, above which ero-
sion processes will dominate (Morris et al., 2016). 
This effect of accelerated sea level rise on morphol-
ogy also affects carbon fluxes in shallow estuaries, 
whereby the loss of barrier islands to erosion will 
increase tidal mixing.

Estuaries show significant regional drivers of carbon 
cycling, such as the dominance of land-use change 
in Atlantic coast (Shih et al., 2010) and GMx (Stets 
and Striegl 2012) watersheds. In Pacific coast 
estuaries, ocean drivers (i.e., upwelling patterns) and 
rainfall variability are dominant controls on carbon 
fate and CO2 degassing from Alaska to Mexico. In 
Arctic regions, along both Pacific and Atlantic coast-
lines, ice-cover melt and permafrost thaw appear to 
be critical drivers of wetland extent and estuarine 
mixing. Tidal wetland carbon dynamics, however, 

show more local variability than regional variability, 
with multivariate drivers of extent and carbon fluxes, 
such as sediment supply (Day et al., 2013), nutri-
ent supply (Swarzenski et al., 2008), tidal restric-
tions (Kroeger et al., 2017), and subsurface water 
or hydrocarbon withdrawal (Kolker et al., 2011). 
These coastal drivers illustrate the complexity of 
projecting carbon fluxes and their potential to alter 
fundamental habitat quality. For example, estuarine 
acidification is observed along all coastlines with 
potential stress to shell fisheries (Ekstrom et al., 
2015), often with changes in riverine input, circula-
tion, and local biological dynamics more significant 
than direct atmospherically driven ocean acidifica-
tion (Salisbury et al., 2008).

Thus, expected changes in climate and land use for 
the remainder of this century likely will have a major 
impact on carbon delivery to and processing in tidal 
wetlands and estuaries. While terrestrial carbon 
loads likely will continue to drive ecosystem heterot-
rophy, extreme flooding events might shunt material 
directly to the continental shelf, thus decreasing 
processing, transformation, and burial in the estuary 
and tidal wetlands. Overall, estuarine area likely will 
increase relative to that of tidal wetlands (Fagherazzi 
et al., 2013; Mariotti and Fagherazzi 2013; Mariotti 
et al., 2010), and estuarine production will become 
more based on phytoplankton relative to benthic 
algae and macrophytes (Hopkinson et al., 2012). 
While this trajectory may be reversible (see Cloern 
et al., 2016), by the end of this century tidal wetland 
and estuary net CO2 uptake and storage as organic 
carbon quite likely will be significantly reduced 
throughout the United States due to passive and 
active loss of tidally influenced lands.

15.5.1 Observational Approaches
Coastal observations of carbon stocks and fluxes 
cross many spatial and temporal scales because 
of their intersection in multiple contexts: past or 
future, land or ocean, and managed or unmanaged. 
A variety of observational approaches has been 
applied to study tidal wetland habitats and carbon 
fluxes and exchanges with the atmosphere and 
adjacent estuarine and ocean waters. Currently 
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lacking is a standardized, consistent methodology 
on carbon-relevant wetland mapping, wetland 
carbon flux monitoring, and repeated assessment. 
Wetland mapping, inventories, and sampling efforts 
include the National Wetlands Inventory (USFWS 
NWI 2017), a national effort to map and classify the 
wetland resources in the United States (data updated 
at a rate of 2% per year), using aerial photography 
and high spatial resolution remote-sensing color 
infrared imagery. Light detection and ranging, 
or LIDAR, imagery has been applied to develop 
high-resolution digital elevation models for wetlands 
and incorporate those maps into coastal resilience 
(NOAA 2015) and response mapping (USGS 
2018). Satellite optical (e.g., Landsat; see Appendix 
C: Selected Carbon Cycle Research Observations 
and Measurement Programs, p. 821) and synthetic 
aperture radar (SAR) imagery has been used for 
decades in mapping wetland structure and biomass, 
with tidal hydrologies potentially interpretable 
through repeat measures. High-resolution satellite 
ocean color observations can be used to examine 
wetland impacts on estuarine carbon dynamics 
and stocks, which, combined with hydrodynamic 
models, may provide information on lateral fluxes 
and wetland contributions to estuarine and coastal 
carbon budgets, especially in the actively restoring 
Mississippi-Atchafalaya River Delta. However, exist-
ing remote-sensing algorithms could be improved, 
adding the capability for representing and quantify-
ing carbon-related properties in highly turbid estua-
rine and nearshore waters (Son et al., 2014). Various 
ground-based approaches have been applied to val-
idate mapped carbon stocks and inventories. Deep 
soil cores provide quantification of carbon stocks 
and, when dated, can provide long-term rates of net 
carbon accumulation or loss (Callaway et al., 2012). 
Exchanges of CO2 and CH4 between wetlands and 
the atmosphere have been measured historically 
using static (closed) chamber systems, but, increas-
ingly, continuous eddy covariance approaches are 
being deployed (Forbrich and Giblin 2015; Knox 
et al., 2018). Continuous gas flux measurements 
(i.e., NEE) over a range of temporal scales (hours 
to days to seasons to years) can be very effective at 

quantifying photosynthesis and respiration in tidal 
wetlands. An example of observational NEE data 
from estuarine ecosystems is illustrated in Figure 
15.5a, p. 618. Similarly, in Figure 15.5b, p. 618, 
observational NEE from a tidal wetland ecosystem is 
shown. Estuarine NEE is typically quantified using 
measurements of the gradient in partial pressure 
across the air-water interface in combination with 
a model of the gas transfer velocity; more direct 
approaches are needed to reduce uncertainty (e.g., 
McGillis et al., 2001; Orton et al., 2010). Deploy-
ment of automated water quality sondes and optical 
sensors within channels of tidal wetlands provides a 
method for continuous bidirectional measurements 
of physicochemical and optical parameters that can 
be used as proxies for hydrological carbon concen-
trations and flux (Wang et al., 2016). These findings 
emphasize the importance of time-series measure-
ments to provide in situ measurements of variability 
across timescales.

15.5.2 Modeling Approaches
While there have been numerous applications of 
three-dimensional estuarine biogeochemical models 
(Azevedo et al., 2014; Feng et al., 2015; Ganju et al., 
2012; Irby et al., 2016; Kenov Ascione et al., 2014), 
none specifically allow integration with hydrolog-
ical exchange of tidal wetlands. With unstructured 
meshes that provide topological flexibility, the Finite 
Volume Community Ocean Model (FVCOM; 
Chen et al., 2003) and the Semi-implicit Cross-scale 
Hydroscience Integrated System Model (SCHISM; 
Ye et al., 2016, 2018) have been successfully applied 
to wetland-estuarine environments. Currently, 
there are no biogeochemical models that include 
accurate parameterizations for the sources and 
sinks that drive variability in carbon fluxes, amount, 
and quality at the wetland-estuary interface (e.g., 
allochthonous sources, photochemical transforma-
tion, and viral lysis). Further, coupled biogeochem-
ical-geomorphic models are necessary for full tidal 
wetland carbon accounting and projection with 
accelerated sea level rise, but they have yet to be val-
idated successfully (Kirwan et al., 2010). Efforts to 
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(a)

(b)

Figure 15.5. Example Observational Net Ecosystem Exchange (NEE) Data from (a) an Estuarine Ecosystem 
and (b) a Tidal Wetland Ecosystem. (a) NEE of carbon dioxide (CO2, black line) and the partial pressure difference 
of CO2 (ΔpCO2) between air and water (red circles) in the Neuse River Estuary in North Carolina. NEE is positive 
when flux is from the water to the atmosphere. The ΔpCO2 is positive when water pCO2 is greater than atmospheric 
pCO2. Fluxes were estimated using the pCO2 measured during spatial surveys (Crosswell et al., 2012, 2014; 
Van Dam et al., 2018) and a gas transfer parameterization based on local wind speed (Jiang et al., 2008). These 
studies present alternative gas transfer parameterizations and associated errors. (b) Data are from restored coastal 
tidal wetlands in the New Jersey Meadowlands. The dark blue line represents the Marsh Resource Meadowlands Mit-
igation Bank (MRMMB; Duman and Schäfer, 2018), and the teal line, the Hawk Property (HP) natural wetland. Error 
bars are standard deviation of the mean of all measurements during this period (monthly). Key: g C, grams of carbon; 
μatm, microatmospheres.
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couple tidal wetland lateral exchanges with estuarine 
dynamics are ongoing.

Empirical approaches to modeling include synthetic 
cross-site comparisons and relationships. The 
National Wetlands Condition Assessment (U.S. EPA 
2016) illustrates homeostasis among tidal wetland 
soil carbon densities spatially and downcore (Nahlik 
and Fennessy 2016). National Aeronautics and Space 
Administration (NASA) synthesis efforts, which 
include the Wetland-Estuary Transports and Carbon 
Budgets (WETCARB; NASA 2017b) project and the 
Blue Carbon Monitoring System (Blue CMS; NASA 
2017a) project, have integrated literature-derived 
field data and national datasets (e.g., USFWS and 
U.S. Department of Agriculture) and identified key 
differences and similarities among tidal wetland and 
estuarine processes for CONUS. These approaches 
provide boundary conditions for new observations 
and identify critical knowledge gaps.

Key areas to aid further research and development are:

•	 �Mapping approaches that characterize key driv-
ers of tidal carbon accounting (organic carbon 
burial and CH4 production), such as multiple 
salinity classes, relative elevations, and tidal 
boundaries;

•	 �Unbiased, landscape-level sampling protocol to 
quantify sediment carbon stock change in tidal 
wetlands (similar to U.S. Forest Service For-
est Inventory Analysis approaches for carbon 
accounting);

•	 �Remote-sensing capability suitable for highly 
turbid estuarine waters;

•	 �Networks for continuous measurements of 
wetland-atmosphere exchanges (CO2 and CH4 
emissions) and wetland-ocean exchanges (dis-
solved and particulate carbon fluxes) and better 
constraint and linkage of these important fluxes;

•	 �New biogeochemical models that account 
for critical processes at the wetland-estuary 

interface, both ocean drivers (sea level rise) as 
well as watershed influences (land use); and

•	 �Estuarine gas flux monitoring, including CO2 
and CH4, especially in large, undersampled, epi-
sodic or rapidly changing environments, such as 
high latitudes (Arctic).

15.6 Societal Drivers, Impacts, 
and Carbon Management
As land- and freshwater-use changes have an out-
sized effect on estuarine carbon dynamics, societal 
drivers are at the heart of future projections for 
coastal zone carbon cycling. Dissolved carbon 
inputs are thought to have increased over the past 
century to Atlantic and GMx estuaries through riv-
erine delivery, largely as a result of agricultural devel-
opments (Raymond et al., 2008; Tian et al., 2016). 
Similarly, delivery of nutrients from agricultural or 
urban growth and intensification can stimulate pri-
mary production in surface waters and respiration in 
bottom waters, leading to hypoxia and acidification 
in subsurface estuarine habitats (Cai et al., 2011; 
Feely et al., 2010; Irby et al., 2018). These human 
inputs reflect potential pathways for carbon manage-
ment within estuaries by state, local, or provincial 
agencies and stakeholders (Chan et al., 2016; Wash-
ington State Blue Ribbon Panel on Ocean Acidifica-
tion 2012). One step removed from carbon are the 
rich biological resources that have supported human 
populations on North American estuaries for mil-
lennia (e.g., Jackley et al., 2016), which link carbon 
management to fisheries and ecosystem manage-
ment processes more broadly (Cooley et al., 2015). 
As ocean warming and CO2 uptake drive changes in 
estuarine circulation, metabolism, and biogeochem-
istry, myriad changes to estuarine carbon cycles are 
expected over both short and long timescales, with 
impacts ranging from direct effects on individual 
species of ecosystem or economic importance to 
indirect effects on human health and livelihoods 
through stimulation of disease vectors (Bednarsek 
et al., 2017; McCabe et al., 2016; Waldbusser et al., 
2014). Broad thinking about societal drivers of car-
bon cycle change and its ecosystem impacts, as well 
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as building effective partnerships with diverse stake-
holders, will be critical to effective management of 
estuarine carbon cycle problems over the coming 
decades (DeFries and Nagendra 2017).

Coastal wetlands in temperate and tropical latitudes 
are a “directly or indirectly” managed landscape 
component, with increasing pressures from human 
stressors and sea level rise. Given their role in linking 
land, ocean, and atmospheric carbon fluxes, the 
increasing rate of global wetland loss and degrada-
tion is concerning. Tidal wetland areas in the United 
States have recently experienced relatively low rates 
of conversion and loss: ~0.2% per year, according 
to NOAA Coastal Change and Analysis Program 
(C-CAP) data from 1996 to 2010, with 92% of 
all loss occurring in Louisiana (Couvillion et al., 
2017; Holmquist et al., 2018b). However, direct and 
indirect conversions of tidal wetlands to drained 
or impounded land uses continue actively along 
coastlines globally. In Mexico, 10% of mangrove 
area has been lost from 1980 to 2015, resulting in 
CO2 emissions ranging from 0.4 to 1 Tg C per year 

(Troche-Souza et al., 2016); while GMx has more 
mangrove area, loss is high on the Pacific Coast due 
primarily to anthropogenic land-use changes.

Coastal “blue carbon” ecosystems—tidal marshes, 
mangroves, and estuarine sea grasses—are charac-
terized by high areal rates of carbon sequestration, 
low rates of CH4 and nitrous oxide (N2O) emis-
sions, and large soil carbon pools (Howard et al., 
2017). Because the influence of coastal ecosystems 
on carbon cycles greatly exceeds their area (Najjar 
et al., 2018), activities that affect the conservation, 
degradation, or restoration of these ecosystems have 
implications for greenhouse gas (GHG) emissions 
and national GHG accounting (Kennedy et al., 
2014). Loss of tidal hydrology likely shifts tidal 
wetlands from sinks to sources as large soil carbon 
reservoirs in tidal wetlands can become large sources 
of CO2 emissions when disturbed (Pendleton et al., 
2012), and freshwater dominance can dramati-
cally impact CH4 emissions (Kroeger et al., 2017). 
Further, nitrate pollution can dramatically impact 
N2O emissions (Moseman-Valtierra et al., 2011). 

In 2013, the Intergovernmental Panel on Climate 
Change (IPCC) issued guidance on including man-
agement of seagrasses, tidal marshes, and mangroves 
as an anthropogenic carbon flux in national GHG 
inventories (Kennedy et al., 2014). Currently a 
number of countries, including the United States, 
are in the process of implementing these guidelines 
(U.S. EPA 2017), an action which would be a major 
step toward reducing uncertainties in national 
carbon budgets and understanding the roles played 
by coastal tidal wetland management in national 
GHG emissions. This new information includes the 
relatively strong long-term sink for carbon in tidal 
and subtidal wetland soils, relatively limited CH4 
emissions in saline wetlands, and relatively large 
GHG emissions associated with wetland loss. In 
addition to improved knowledge of tidal wetland 
carbon balance, inclusion of tidal wetlands in the 
U.S. national GHG inventory provides an opportu-
nity for enhanced estimation of the ecosystem ser-
vices these wetlands offer to coastal communities. 
Ongoing research on feedbacks among hydrology, 
geomorphology, nutrient availability, plant produc-
tivity, and microbial activity is needed to understand 
and manage the impacts of human activities on the 
GHG balance of these ecosystems.

15.7 Synthesis, Knowledge 
Gaps, and Outlook
The CCARS synthesis report (Benway et al., 2016) 
is the most comprehensive attempt to develop a 
science plan for carbon cycle research of North 
American coastal systems. While clarifying key 
regional differences in processes and projections, this 
synthesis effort also exposed major knowledge gaps 
and disconnects between measurement and model-
ing scales. These knowledge gaps are currently being 
explored by multiple synthesis efforts, and below is a 
review of some of the major gaps being investigated.

15.7.1 Lateral Exchanges Between 
Tidal Wetlands and Estuaries
Estimates of lateral fluxes of carbon between tidal 
wetlands and estuaries are mostly based on discrete 
sampling events at monthly to seasonal intervals, 
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with sampling resolution from hourly to one 
half of a tidal cycle, leaving the majority of time 
unsampled and thus requiring large interpolation 
between sampling events and producing substantial 
uncertainty in export fluxes (Downing et al., 2009; 
Ganju et al., 2012). A recent estimate of the DIC 
lateral flux from a pristine intertidal wetland marsh 
on Cape Cod, Massachusetts, with minute-scale 
resolution revealed that previous estimates of marsh 
DIC export—such as those summarized by Najjar 
et al. (2018) and used here—may be severalfold too 
low (Wang et al., 2016). Previous studies generally 
show a positive carbon export from tidal wetlands 
to estuaries but may not fully resolve the export 
magnitude and temporal heterogeneity, which, in 
turn, are controlled by variability in water flux and 
constituent concentration across timescales from 
minutes to tidal cycles to years. Such observational 
gaps extend beyond DIC to include DOC and par-
ticulate organic carbon (POC) as well. In particular, 
the fate of exported POC from eroding marshes, 
though virtually unknown, is important for carbon 
accounting. Future studies should be directed to 
capture appropriate temporal scales of variability of 
carbon exports from marshes to accurately constrain 
lateral exchanges.

15.7.2 Coastal Subhabitat Boundaries
The definition of estuarine subhabitat within the 
coastal ocean is fluid, primarily associated with 
bottom depth and mixing processes. This boundary 
may not be mappable, but the absence of a robust 
definition inhibits future monitoring efforts and 
projections. Progress has been made in defining 
estuaries and quantifying their fundamental char-
acteristics (such as residence time) in CONUS via 
NOAA’s Coastal Assessment Framework (NOAA 
2017). Such a framework has been essential for 
scaling up carbon and nitrogen fluxes from limited 
data (Herrmann et al., 2015; Najjar et al., 2018) 
and is greatly needed for all of North America. The 
global estuarine delineation based on MARCATS 
(Project Geocarbon 2017) has been very helpful, 
but the coarse resolution (i.e., 0.5 degrees) is a 
concern. For coastal wetland boundaries, multiple 

criteria have been used by different entities: political 
boundaries, salinity gradients, elevation thresholds, 
and tidal criteria. This variability has led to great 
confusion in the literature (e.g., Lu et al., 2017), 
in agency policies, and in market-based carbon 
accounting protocols. A strong gap is the lack of a 
boundary mapped for head of tide. Tidal wetlands, 
by definition, cross a wide range of salinities (i.e., 
saline, brackish, and freshwater), with the singular 
distinction of having a hydroperiod influenced by 
ocean tides (paraphrased from web link; U.S. EPA 
2016). Networks of available data may be useful 
in monitoring this boundary, as it is a key distinc-
tion of carbon dynamics in coastal habitats. These 
networks include, for example, a NOAA repository 
of coastal LIDAR; NOAA tide gauge networks; 
USFWS wetland mapping efforts; and USGS Land 
Change Monitoring, Assessment, and Prevention 
(LCMAP; USGS 2017). In the absence of a mapped 
boundary, spatial accounting of tidal and estuarine 
extent—current, past, and future—is fraught with 
uncertainty, with a likely underestimate of at least 
50% for freshwater tidal wetlands alone.

15.7.3 Spatial Variability in Burial 
Rates and in Air-Water Flux
Because of ocean influences and similar processes 
along coastlines, spatial variability can be much 
greater within an estuarine and tidal wetland com-
plex than among regions. Tracking the drivers of spa-
tial variability in ecosystem properties—sea level, 
bathymetry, river flow, elevation, soil properties, and 
vegetation types—can greatly improve the use of 
remotely sensed data to validate carbon flux mod-
els and their variability between years. Accounting 
processes generally rely on spatial data, and mapping 
stocks and fluxes in these spatially dynamic habitats 
will require improved use of geospatial datasets and, 
thus, improved attribution of location information 
with observations. Relative sea level rise is particu-
larly variable in its magnitude and influence. Geo-
morphic models (e.g., Kirwan and Megonigal 2013; 
Morris et al., 2016) are improving understanding of 
the sustainability of wetland carbon storage, show-
ing enhanced carbon sequestration under modest 
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increases in sea level but rapid carbon emissions 
after wetland accretion reaches its conditional 
“tipping point.” Empirically, many GMx wetlands 
undergoing land subsidence appear to have crossed 
their threshold of sustainability and are being rap-
idly eroded or drowned (Couvillion et al., 2017).

15.7.4 Other Greenhouse Gases: 
CH4 and N2O
The bulk of data on CH4 and N2O fluxes in tidal 
wetlands is modeled from pore-water measurements 
in profile or from atmospheric chamber measure-
ments under static conditions. However, these 
methods generate an incomplete picture of these 
dynamic environments and fluid boundaries. The 
growing network of eddy covariance and other 
continuous data-rich approaches (“movies” instead 
of “snapshots”) is improving the understanding of 
the episodic nature of these processes and emer-
gent thresholds of concern. Nitrous oxide fluxes 
likely are heightened under enhanced nitrate runoff 
(i.e., “nitrate saturation”; Firestone and Davidson 
1989), but documentation is poor. Further, CH4 
production is likely low when sulfate is available 
(Poffenbarger et al., 2011), but it is enhanced by 
increased carbon fixation, such as through global 
changes that include rising atmospheric CO2 
concentrations or invasions of more productive 
species (e.g., Phragmites australis; Martin and 
Moseman-Valtierra 2015; Mueller et al., 2016).

Estuarine CH4 emissions currently appear to be a 
small fraction of global emissions (i.e., <1%; Borges 
and Abril 2011), but they may be poised to increase 
with enhanced rates of methanogenesis in response 
to organic matter inputs and hypoxia expansion 
under future conditions (Gelesh et al., 2016). A 
seaward decrease in near-surface porewater con-
centrations of CH4 is observed often, likely due to 
both increasing sulfate availability and in situ water 
column oxidation. Water column CH4 and pCO2 are 
positively correlated in well-mixed estuaries, sug-
gesting in situ production from organic matter trans-
ferred from surface waters to methane-producing 
bottom waters (Borges and Abril 2011). Like tidal 
wetlands, many estimates of emission rates are 

modeled from profiles of surface and porewater con-
centrations of CH4, but continuous sampling and 
eddy covariance data likely will reduce uncertainty 
in emissions and allow better characterization of the 
physical and biogeochemical processes associated 
with atmospheric CH4 emissions.

15.7.5 Regional Gaps
Much assessment has been focused on estuaries 
along different regions of the Atlantic Coast (e.g., 
GOM, MAB, and SAB), but modeled carbon fluxes 
for large estuaries still remain poorly constrained. 
For example, few measurements of air-water CO2 
flux are available for upscaling within the Chesa-
peake Bay, the largest East Coast estuary (e.g., Cai 
et al., 2017).

The Gulf of Mexico also is well studied, but it has 
surprisingly few gas flux measurements in its tidal 
wetlands and estuaries (see, however, Holm et al., 
2016). One of the most extensive regional moni-
toring programs, Louisiana’s Coastwide Reference 
Monitoring System (CRMS 2017), supports GMx 
soil and vegetation stock change assessments and 
predictive models through annual records of tidal 
wetland conditions. These data also help illustrate 
the wide within-watershed variability in conditions, 
such as land subsidence ( Jankowski et al., 2017), 
that drive organic carbon accretion, erosion, and 
mineralization processes. In addition, the Texas 
Commission on Environmental Quality (TCEQ) 
has been maintaining quarterly measurements of 
total alkalinity and pH in all coastal estuaries across 
the state in the northwestern GMx since 1969 
(TCEQ 2017). This dataset may offer insight on 
multidecadal changes in CO2 flux that await further 
investigation.

In contrast, Pacific Coast estuaries lack published 
carbon cycle measurements with sufficient reso-
lution and duration to afford insight into short- or 
long-term changes associated with climate or 
human-caused forcing. Observation and modeling 
gaps are notably large in the Gulf of Alaska and Cen-
tral American isthmus regions. For instance, very 
few studies have addressed CO2 cycling and air-sea 
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exchange in lagoons (Ávila-López et al., 2017), a 
dominant habitat type in the tropical Pacific and the 
Gulf of California in Mexico. Estimates of air-sea 
exchange of climate-reactive gases (e.g., CO2, CH4, 
and N2O) in open waters of Pacific Coast estuaries, 
along with estimates of primary production and car-
bon burial, are insufficient for a systematic analysis.

Finally, high-latitude estuaries are experiencing 
rapid shifts in salinity and seasonality, making rela-
tionships between climatic drivers difficult to assess. 
Some clear data needs for a monitoring framework 
in Arctic systems include depths of coastal peats 
along rivers, the sensitivity of productivity to rising 
temperatures and longer growing seasons, terrestrial 
carbon fluxes (including DOC and DIC), and the 
long-term prognosis for coastal erosion rates due to 
relative sea level rise.

Carbon stock and flux data from Pacific Islands, 
Puerto Rico, and Hawai‘i are not included in this 
chapter because of their limited datasets (Fagan and 
MacKenzie 2007; MacKenzie et al., 2012) and the 
inability to extrapolate their data in space and time. 
Emerging carbon assessments may be useful for 
upscaling (Selmants et al., 2017), but the neces-
sary measurements are lacking to estimate carbon 

fluxes of similar confidence as reported herein for 
continental coastlines. Hence, there is a clear need 
for studies of carbon cycling in the coastal environ-
ments of Pacific Islands, Puerto Rico, and Hawai‘i.

15.7.6 Outlook and Conclusion
Current outlooks and understanding of tidal wet-
land and estuarine carbon cycling are represented 
herein, recognizing that synthetic and novel research 
activities are ongoing. The current state of knowl-
edge represented is sufficient to identify predictable 
processes and responses, but uncertainty in mod-
eling is higher when applied at continental scales 
and across datasets of varied confidence. Whereas 
coastal habitats have distinct responses to myriad 
global changes, regional and temporal drivers of car-
bon exchanges and internal processing remain crit-
ical knowledge gaps. Monitoring advances, such as 
high-frequency field data, remotely sensed imagery, 
and data integration platforms, may shed light on 
the carbon dynamics at the land-ocean margin and 
provide the clarity needed to close continental-scale 
carbon budgets. Improved confidence in projected 
changes of coastal carbon storage and processing is 
needed for contributing to more effective policy and 
management decisions in coastal communities and 
nationally within North America.
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SUPPORTING EVIDENCE

KEY FINDING 1
The top 1 m of tidal wetland soils and estuarine sediments of North America contains  
1,886 ± 1,046 teragrams of carbon (Tg C) (high confidence, very likely).

Description of evidence base
Several sources were available to verify the extent of intertidal wetland and subtidal habitats in 
North America for Key Finding 1. First, the U.S Fish and Wildlife Service National Wetlands 
Inventory (USFWS NWI 2017) is a conservative but definitive source due to inclusion of tidal 
modifiers to clarify hydrology. Second, a synthesis of Mexican, Canadian, and U.S. saline coastal 
habitats was provided by the Commission for Environmental Cooperation (CEC 2016). For 
carbon density in intertidal wetland environments, a synthesis of datasets from tidal wetland 
habitats reviewed (Chmura et al., 2003; Ouyang and Lee 2014; Holmquist et al., 2018a) found a 
very narrow distribution measured in kilograms (kg; 27.0 ± 13.0 kg C per m3) in wetland carbon 
stocks across North American tidal wetlands, regardless of salinity or vegetation type, as did a 
national dataset review (28.0 ± 7.8; Nahlik and Fennessy 2016). A global synthesis (Sanderman 
et al., 2018) provided data to synthesize a new estimate for Mexico’s mangroves (31.8 ± 1.3 kg C 
per m3). For carbon stocks in seagrass environments, synthetic data from literature reviews report-
ing bulk density and organic carbon along 1-m profiles were used for coast-specific estimates: 2.0 
± 1.3 for the Atlantic Coast, 3.1 ± 2.4 for the Gulf of Mexico coast, 1.4 ± 1.2 for the Pacific Coast, 
and 2.0 for boreal and Arctic regions. For carbon density in estuarine open-water sediments, 
coastal regions played no clear role and geomorphic settings were not available (Smith et al., 
2015), so a mean of 1.0 kg per m3 was chosen, using a literature-based average for total organic 
carbon (TOC) content (0.4% organic carbon; range 0.17% to 2%; Premuzic et al., 1982; Kennedy 
et al., 2010) coupled with a literature average of percentage of dry bulk densities (2.6 g C per cm3; 
Muller and Suess 1979).

Major uncertainties
Uncertainties vary for each subhabitat, and these data likely represent an underestimate of total 
stocks, which may be many meters deep. For tidal wetland soils to 1 m in depth, the primary 
uncertainty is in underestimates of mapped boundaries, with, for example, no accounting of 
freshwater tidal systems in either Mexico or Canada, and likely undercounting of freshwater tidal 
wetlands in the United States. For seagrass, the spatial data are conservative estimates of located 
and documented habitat, although seagrass populations can shift boundaries rapidly and poten-
tially there are far more currently unmapped seagrass beds in North America. For estuarine spa-
tial data, the boundaries are constrained by bathymetry maps, which generally are more uncertain 
in higher latitudes. In contrast, carbon densities have narrow ranges in tidal wetland and estuarine 
soils but a skewed representation in seagrass soils, a difference which may be due to limited sam-
pling in northern latitudes.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
There is theoretical and empirical convergence on tidal marsh carbon densities but a likely bias to 
underrepresenting tidal freshwater habitats. Further, seagrass carbon densities show a wider range 
and an apparent latitudinal gradient of decreasing carbon density from tropical to temperate 



Supporting Evidence | Chapter 15 |  Tidal Wetlands and Estuaries

625Second State of the Carbon Cycle Report (SOCCR2)November 2018

environments. Geomorphic variability (e.g., shallow waters versus fjords) in estuarine sediments 
may reduce uncertainty in stock assessments, but map layers are not available for North America.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate
The likely impact of information is high because it has not been synthesized previously at the 
continental scale.

Summary sentence or paragraph that integrates the above information 
For Key Finding 1, although sediment carbon densities in tidal wetlands are high with a narrow 
range and carbon densities in subtidal habitats are substantially lower with a wider range, there 
are still underrepresented samples from high-latitude regions, especially tidal forested wetlands 
and subtidal seagrasses. Further, the data reported thus far are limited to documented tidal habi-
tats, although there is an appreciation that large areas are likely missing for freshwater tidal marsh 
and for seagrass extent.

KEY FINDING 2
Soil carbon accumulation rate (i.e., sediment burial) in North American tidal wetlands is cur-
rently 9 ± 5 Tg C per year (high confidence, likely), and estuarine carbon burial is 5 ± 3 Tg C per 
year (low confidence, likely).

Description of evidence base
Carbon burial, which accounts for all carbon accumulated in coastal sediments over an annual 
time period, has been documented for Key Finding 2, with geological approaches in multiple 
studies. Accumulation of carbon stock over a period of time using a marker horizon is relevant to 
specific periods of time by the method used (e.g., recent years, marker horizons, and radioisotope 
tracers of different decay rates). The data reported here refer to isotopes of cesium (137Cs) and 
lead (210Pb) dates alone, thus representing long-term average annual accretion rates for the past 
50 years (since 1963). Rates of burial (Ouyang and Lee 2014; n = 125 samples) provide a range 
for comparison with other reviews that do account for mangrove subhabitats. No significant 
differences in carbon burial are detected for habitat types by salinity or vegetation type when 
comparing with Chmura et al. (2003) or with Breithaupt et al. (2014). Estuarine carbon burial 
is estimated for CONUS using the model of Herrmann et al. (2015) and scaled to all of North 
America using estimates of estuarine area.

Major uncertainties
Carbon burial rate is a bulk measure of multiple processes, both old and new carbon inputs as 
well as both autochthonous and allochthonous sources. As such, carbon burial through those 
processes has varied drivers, with different dominating processes across the landscape. Overesti-
mation is possible when accretion of mineral sediment brings lower carbon densities than equi-
librium conditions. Underestimates are possible when accretion is reported at historic rates and 
not adjusted for current rates of sea level rise. Mapped areas are a likely underestimate because 
they do not include freshwater tidal marshes in Canada or Alaska. Further, high uncertainties 
are associated with wide ranges of rates through different dating approaches. Estuarine carbon 
burial rate uncertainties stem from errors in the model of Herrmann et al. (2015) and, more 
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importantly, the scaling of CONUS results to all of North America. Particularly problematic is 
the lack of rigorous mapping of estuarine extent outside of CONUS.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
Because mapping limitations and 50-year averages of tidal wetland carbon accumulation are 
inferred rather than being the current rates under accelerated sea level rise, these estimates likely 
are lower than the actual rates of burial. Thus, while these data represent measured rates, this 
analysis relies on a fairly small range of locations and a small subset of available published data. 
Estuarine burial rates are not confident because Canada and Mexico have limited data applicable 
to the modeling strategy of Herrmann et al. (2015).

Estimated likelihood of impact or consequence, including short description of basis 
of estimate
The likely impact of the information on tidal wetland and estuarine burial is high, as it has not yet 
been synthesized at the continental scale.

Summary sentence or paragraph that integrates the above information 
For Key Finding 2, burial of carbon sourced from within wetlands and from terrestrial sources is 
similar among regions and wetland types, driven primarily by accretion rates, which are tied to 
geomorphic feedbacks with sea level rise. Burial of carbon in estuaries is linked most closely to 
residence time and total nitrogen input.

KEY FINDING 3
The lateral flux of carbon from tidal wetlands to estuaries is 16 ± 10 Tg C per year for North 
America (low confidence, likely).

Description of evidence base
In Key Finding 3, 16 studies were conducted to quantify the lateral flux of organic carbon (12 
studies) and inorganic carbon (4 studies) from tidal wetlands to estuaries at individual locations. 
The organic carbon flux studies are summarized in Herrmann et al. (2015) and the inorganic car-
bon flux studies are summarized in Najjar et al. (2018). These studies were scaled to all of North 
America using estimates of tidal wetland area.

Major uncertainties
The major uncertainty in this Key Finding is the limited spatial and temporal extents of the 16 
individual flux measurements. Tidal wetlands are highly heterogeneous and vary in their proc
essing of carbon on a wide variety of timescales. Hence, tidal wetlands are likely to have been 
undersampled in terms of lateral exchanges. However, tidal wetlands consistently export carbon 
and the range of estimates is less than an order of magnitude.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
The low confidence is due to the limited number of measurements and time periods. There is 
appreciation, however, that at a continental scale, there is a strong likelihood that tidal wetlands 
export carbon to estuaries, although the magnitude of the flux is highly uncertain.
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Estimated likelihood of impact or consequence, including short description of basis 
of estimate
This flux represents 60% (best estimate) of the net uptake of atmospheric carbon by tidal wet-
lands. Per knowledge gained, this is the first such estimate for North America.

Summary sentence or paragraph that integrates the above information 
For Key Finding 3, there is enough information to make a first-order estimate of the flux of car-
bon from tidal wetlands to estuaries for North America as a whole, and there is high confidence 
in the order of magnitude of the flux. The high heterogeneity of tidal wetland systems and limited 
field data prevent a more accurate estimate of the flux.

KEY FINDING 4
In North America, tidal wetlands remove 27 ± 13 Tg C per year from the atmosphere, estu-
aries outgas 10 ± 10 Tg C per year to the atmosphere, and the net uptake by the combined 
wetland-estuary system is 17 ± 16 Tg C per year (low confidence, likely).

Description of evidence base
The uptake of atmospheric carbon dioxide (CO2) by tidal wetlands is assessed for Key Finding 
4 by net ecosystem exchange (NEE) estimates from eddy covariance measurements. It is similar 
to an alternative estimate of uptake that assumes uptake as the sum of burial (8 Tg C) and lateral 
export (16 Tg C). Burial and lateral exports are discussed in the supporting evidence for Key 
Findings 2 and 3. Estuarine outgassing is based on studies of individual estuary summaries (Chen 
et al., 2013) and estuarine areas (Laruelle et al., 2013). The flux of the combined system is a sim-
ple sum of the fluxes from tidal wetlands and estuaries and compounded error.

Major uncertainties
The major uncertainties in this Key Finding are the limited spatial and temporal extents of tidal 
wetland atmospheric flux measurements, burial, lateral flux, and estuarine outgassing measure-
ments. Estuarine outgassing uncertainties also stem from the low spatial resolution of the datasets 
used to estimate areas.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
There is low confidence on this calculation at the scale of North America. The low confidence 
is due to the residual between competing fluxes; on the one hand, there is strong likelihood that 
tidal wetlands take up CO2 from the atmosphere and estuaries outgas CO2 to the atmosphere 
and, on the other hand, that there is large uncertainty in the magnitude of each, assessments 
which stem from the high spatial and temporal variability of these systems and the limited field 
data. The fate of carbon released from tidal wetland degradation remains unknown.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate
These are not major fluxes in the carbon budget of North America, but they are regionally 
important. Accounting for current knowledge, such estimates are the first for North America.
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Summary sentence or paragraph that integrates the above information 
For Key Finding 4, there is enough information to make first-order estimates of the exchange of 
atmospheric CO2 with tidal wetlands and estuaries for North America as a whole. The high het-
erogeneity of these systems and limited field data prevent a more accurate estimate of the flux.

KEY FINDING 5
Research and modeling needs are greatest for understanding responses to accelerated sea level 
rise; mapping tidal wetland and estuarine extent; and quantifying carbon dioxide and methane 
exchange with the atmosphere, especially in large, undersampled, and rapidly changing regions 
(high confidence, likely).

Description of evidence base
Tidal wetland and estuarine area are first-order drivers of the spatially integrated flux (e.g., in 
units of Tg C per year) of all carbon fluxes in these ecosystems. The lack of an accurate quantifi-
cation of tidal wetland and estuarine area, particularly in Canada and Mexico, is thus a major gap 
in understanding the role of tidal wetlands and estuaries in the carbon cycling of North America. 
Carbon cycle research is largely motivated by the impact of greenhouse gases on climate and 
how climate change affects fluxes of these gases to the atmosphere from terrestrial and aquatic 
systems. However, the database of tidal wetland and estuarine CO2 and CH4 exchanges with the 
atmosphere is severely limited. In particular, direct estimates of these fluxes are rare. Further-
more, some of the most poorly sampled regions are those that are changing the most rapidly (e.g., 
the Arctic).

Major uncertainties
There are few uncertainties in Key Finding 5 because there is a clear lack of data on extent and 
atmospheric exchange.

Assessment of confidence based on evidence and agreement, including short 
description of nature of evidence and level of agreement
Confidence is high in Key Finding 5 because systematic studies (with error estimates) of tidal 
wetlands and estuaries are extremely limited. Very few direct estimates of exchanges of atmo-
spheric CO2 and CH4 with tidal wetlands and estuaries exist. While research needs are present 
in other aspects of the tidal wetland and estuarine carbon cycling, these needs are unlikely to be 
more pressing than the needs for quantifying area and gas exchange with the atmosphere.

Estimated likelihood of impact or consequence, including short description of basis 
of estimate
Key Finding 5 is not an estimate but a recommendation. It could impact future research on tidal 
wetland and estuarine carbon cycling in North America.

Summary sentence or paragraph that integrates the above information 
Key Finding 5 synthesizes the existing research on tidal wetland and estuarine carbon cycling in 
North America, providing a future direction for research in this area.
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Table 15A.1. Summary of North American Carbon Dioxide Exchange Between Tidal Wetlands 
and the Atmosphere (Net Ecosystem Exchangea) from Continuous Measurementsb

System Name and Type Location EC/SC Year
NEE 

(g C per m2 
per year)

Source

Pacific Coast

Rush Ranch, Suisun Bay, 
brackish marsh

California EC

2014–2015

2015–2016

2016–2017

14

–190

–222

Bergamaschi and 
Windham-Myers (2018)

Atlantic Coast

Plum Island, salt marsh Massachusetts EC

2012

2013

2014

–255.6

–336.0

–279.6

Forbrich and Giblin (2015)

Waquoit Bay, salt marsh Massachusetts SC 2015 –160.0
Moseman-Valtierra et al. 

(2016)

Hudson-Raritan Estuary, 
restored salt marsh

New Jersey EC

2009

2011

2012

984c

–64.8

–309.6

Schäfer et al. (2014)

Hudson-Raritan Estuary, 
restored salt marsh

New Jersey EC 2011–2012 –213.6
Artigas et al. (2015)

Delaware Bay, tidal fresh 
marsh

New Jersey SC
2007

2008

–256.8

61.2
Weston et al. (2014)

Delaware Bay, oligohaline 
marsh

New Jersey SC
2007

2008

93.6

–45.6
Weston et al. (2014)

Delaware Bay, mesohaline 
marsh

New Jersey SC
2007

2008

–115.2

–171.6
Weston et al. (2014)

Fowling Point, salt marsh Virginia SC 2007 –129.6 Kathilankal et al. (2008)

Appendix 15A 
Supplemental Data Tables

Continued on next page
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Table 15A.1. Summary of North American Carbon Dioxide Exchange Between Tidal Wetlands 
and the Atmosphere (Net Ecosystem Exchangea) from Continuous Measurementsb

System Name and Type Location EC/SC Year
NEE 

(g C per m2 
per year)

Source

Springfield Creek, tidal fresh 
marsh

South Carolina SC 2009 –295.2 Neubauer et al. (2013)

Gulf of Mexico

Pointe-aux-Chenes, brackish 
marsh

Louisiana EC 2011 –337.2 Holm et al. (2016)

Salvador, tidal fresh marsh Louisiana EC 2011 170.4 Holm et al. (2016)

Florida Bay, mangrove Florida EC

2004

2005

2007

2008

2009

–1172.4

–1176

–823.2

–806.4

–926.4

Barr et al. (2010);  
Barr et al. (2012)

Mobile Bay, tidal fresh marsh Alabama SC 2011 893.4 Wilson et al. (2015)

Mobile Bay, brackish marsh Alabama SC 2011 517.8 Wilson et al. (2015)

Mobile Bay, salt marsh Alabama SC 2011 410.2 Wilson et al. (2015)

Notes
a) NEE, Net ecosystem exchange; g C, grams of carbon.
b) �Continuous measurements: eddy covariance (EC) or static chamber (SC). Positive values = atmospheric carbon dioxide 

(CO2) source. Negative values = atmospheric CO2 sink. Annual estimate (mean) provided.
c) Mudflat habitat (very little data available in literature).

(Continued)
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Table 15A.2. Tidal Wetland Methane Flux by Discrete Static Chamber Data 
or Continuous Eddy Covariancea Data

Site Name Location Year EC/SC
Salinity 
(PSUb)

CH4 Flux 
(g C per m2 per 

year)c
Reference

Atlantic Coast

New Brunswick 1993 SC

23.5

31.6

33.7

35.1

1.0

0.2

0.2

0.2

Magenheimer et al. 
(1996)

Upland edge

High marsh

Middle marsh 

Low marsh

Dipper Harbour

Kouchibouguac
New Brunswick 2011–2012 SC

23.7

13.7

0.1

0.0

Chmura et al. 
(2016)

Creek Bank

High marsh

Short Spartina 

Virginia 1981–1983 SC

18.7

22.6

26.3

0.9

0.3

1.0

Bartlett et al. (1985)

Site 1

Site 2

Site 3

Virginia

1983–1984

1983–1984

1983–1984

SC

SC

SC

5.1

12.8

16.6

13.7

16.8

4.2

Bartlett et al. (1987)

Sweet Hall Virginia 1996–1997 SC 0.25 72.0
Neubauer et al. 

(2000)

C3 Ambient CO2

C4 Ambient CO2 

Maryland

Maryland

1998–1999

1998–1999

SC

SC

6.8

6.8

3.5

2.5
Marsh et al. (2005)

Tidal freshwater marsh

Oligohaline marsh

Mesohaline marsh 

Delaware

2007

2008

2007

2008

2007

2008

SC

0.25

0.25

2.5

2.5

10

10

20.0

24.0

123.0

87.0

–5.0

–2.0

Weston et al. (2014)

Wildlife 

Barbados 

Maryland

Maryland

2008

2008

SC

SC

11.6

12.9

23.0

24.0

Poffenbarger et al. 
(2011)

Continued on next page
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Table 15A.2. Tidal Wetland Methane Flux by Discrete Static Chamber Data 
or Continuous Eddy Covariancea Data

Site Name Location Year EC/SC
Salinity 
(PSUb)

CH4 Flux 
(g C per m2 per 

year)c
Reference

Vegetated low marsh

Mud flat
New Jersey

2012

2012

SC

SC

5

5

4.3

3.8
Reid et al., (2013)

Fox Creek Marsh

Kirkpatrick Marsh
Maryland 2013–2014 SC

10

10

10

10

10

10

79.1

3.9

0.8

10.1

3.4

2.3

Mueller et al. (2016)

GI Near Bank 

GI Far Bank

UF Near Bank 

UF Far Bank 

North Carolina 1990–1991 SC

0.25

0.25

0.25

0.25

6.2

4.3

3.8

2.6

Kelley et al. (1995)

Lower site 

Upper site 
North Carolina 1994–1995 SC

0.25

0.25

1.0

1.4

Megonigal and 
Schlesinger (2002)

Upper

Middle

Lower

Georgia

Georgia

Georgia

2006–2007

2006–2007

2006–2007

SC

SC

SC

0.2

1.3

4.7

0.8

1.0

1.0

Krauss and 
Whitbeck (2011)

Georgia Coastal 
Ecosystems LTERd Georgia 2008–2009 SC 1 69.8 Segarra et al. (2013)

Brookgreen Gardens South Carolina 2009 SC 0.05 42.0
Neubauer et al. 

(2013)

Gulf of Mexico

Fresh 

Brackish

Salt Marsh

Louisiana 1980–1981 SC

0.4

1.8

18.1

160.0

73.0

4.3

DeLaune et al. 
(1983)

(Continued)

Continued on next page
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Table 15A.2. Tidal Wetland Methane Flux by Discrete Static Chamber Data 
or Continuous Eddy Covariancea Data

Site Name Location Year EC/SC
Salinity 
(PSUb)

CH4 Flux 
(g C per m2 per 

year)c
Reference

Brackish marsh

Freshwater marsh
Louisiana

2012

2012

2013

EC

EC

EC

9.15

0.23

0.23

10.4

47.3

46.2

Holm et al. (2016)

Brackish marsh

Freshwater marsh
Louisiana 2012–2013

EC

SC

EC

SC

9.15

9.15

0.23

0.23

11.1

49.6

47.1

91.9

Krauss et al. (2016)

Week’s Bay 

Dog River 

Dauphin Island 

Alabama 2012–2013 SC

2.3

4.7

20.7

7.9

3.9

4.3

Wilson et al. (2015)

Notes
a) CH4, methane; CO2, carbon dioxide; SC, static chamber;  EC, eddy covariance; g C, grams of carbon.
b) �Salinity values in bold indicate porewater salinity; otherwise, channel salinity is reported (where PSU = practical salinity 

units). When salinity was not reported for tidal freshwater wetlands, a value of 0.25 was assigned, which represents the 
midpoint of their salinity range (0 to 0.5) by definition.

c) �Positive values = atmospheric CH4 source. Negative values = atmospheric CH4 sink. Annual estimate provided. 
d) LTER, Long-term ecological research.

(Continued)
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Table 15A.3. Estuarine Carbon Dioxide Outgassing (Emissions) for the U.S. Pacific Coast,  
Atlantic Coast,a and Gulf of Mexico Regionsb,c

System Name Location Subregion Source
CO2 Flux 

(g C per m2 per 
year)c

CO2 Flux Integral 
(Tg C per year)

Pacific Coast: Northwest

Columbia River Oregon, WA Northwest
Evans et al. 

(2012)
12 NAd

Atlantic Coast: Gulf of Maine (GOM) Subregiona

Bellamy Estuary Massachusetts, USA GOM Hunt et al. (2011) 55

Cocheco Estuary Massachusetts, USA GOM Hunt et al. (2011) 44

Great Bay Massachusetts, USA GOM Hunt et al. (2011) 43

Kennebec Estuary Massachusetts, USA GOM Hunt et al. (2014) 30

Little Bay Massachusetts, USA GOM Hunt et al. (2011) 48

Oyster Estuary Massachusetts, USA GOM Hunt et al. (2011) 48

Parker River Massachusetts, USA GOM
Raymond and 

Hopkinson 
(2003)

13

Mean 40 0.22

Standard error 5 0.03

Atlantic Coast: Mid-Atlantic Bight (MAB) Subregiona

Delaware River
Delaware/ 

New Jersey, USA
MAB

Joesoef et al. 
(2015)

29

York River Virginia, USA MAB
Raymond et al. 

(2000)
67

Mean 48 1.0

Standard error 19 0.4

Atlantic Coast: South Atlantic Bight (SAB) Subregiona

Altamaha Sound Georgia, USA SAB
Jiang et al. 

(2008)
322

Doboy Sound Georgia, USA SAB
Jiang et al. 

(2008)
143

Duplin River Georgia, USA SAB
Wang and Cai 

(2004)
256

Neuse River N. Carolina, USA SAB
Crosswell et al. 

(2012); Crosswell 
et al. (2014)

–68

Pamlico Sound N. Carolina, USA SAB
Crosswell et al. 

(2014)
–180

Sapelo Sound Georgia, USA SAB
Jiang et al. 

(2008)
126

Continued on next page
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Table 15A.3. Estuarine Carbon Dioxide Outgassing (Emissions) for the U.S. Pacific Coast,  
Atlantic Coast,a and Gulf of Mexico Regionsb,c

System Name Location Subregion Source
CO2 Flux 

(g C per m2 per 
year)c

CO2 Flux Integral 
(Tg C per year)

Satilla River Georgia, USA SAB
Cai and Wang 

(1998)
510

Mean 158 1.9

Standard error 88 1.1

Atlantic Coast Totals

Mean 82 3.1

Standard error 30 1.1

Gulf of Mexico (GMx)

Atchafalaya River Louisiana, USA GMx
Huang et al. 

(2015)
504

Florida Bay Florida, USA GMx
Zhang and 

Fischer (2014)
47

Mission-Aransas 
Estuary

Texas, USA GMx
Yao and Hu 

(2017)
149

Mississippi River Louisiana, USA GMx
Huang et al. 

(2015)
444

Shark River Florida, USA GMx
Kone and Borges 

(2008)
192

Terrebonne Bay Louisiana, USA GMx
Huang et al. 

(2015)
–4

Mean 222 6.8

Standard error 85 2.6

Atlantic Coast and Gulf of Mexico Totals

Mean 9.9

Standard error 2.8

Notes
a) The Atlantic Coast is subdivided into three subregions: Gulf of Maine, Mid-Atlantic Bight, and South Atlantic Bight.
b) �Positive values = atmospheric CO2 source; negative values = atmospheric CO2 sink. A spatially representative annual CO2 

flux integral is not calculated for the Pacific Coast due to the presence of only one study and limited seasonal sampling.
c) CO2, carbon dioxide; g C, grams of carbon; Tg C, teragrams of carbon.
d) NA (or blank): Not assessed.

(Continued)
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