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Abstract

Tidal wetlands contain large reservoirs of carbon in their soils and can sequester

carbon dioxide (CO2) at a greater rate per unit area than nearly any other ecosys-

tem. The spatial distribution of this carbon influences climate and wetland policy. To

assist with international accords such as the Paris Climate Agreement, national-level

assessments such as the United States (U.S.) National Greenhouse Gas Inventory,

and regional, state, local, and project-level evaluation of CO2 sequestration credits,

we developed a geodatabase (CoBluCarb) and high-resolution maps of soil organic

carbon (SOC) distribution by linking National Wetlands Inventory data with the U.S.

Soil Survey Geographic Database. For over 600,000 wetlands, the total carbon stock

and organic carbon density was calculated at 5-cm vertical resolution from 0 to

300 cm of depth. Across the continental United States, there are 1,153–1,359 Tg of

SOC in the upper 0–100 cm of soils across a total of 24 945.9 km2 of tidal wetland

area, twice as much carbon as the most recent national estimate. Approximately

75% of this carbon was found in estuarine emergent wetlands with freshwater tidal

wetlands holding about 19%. The greatest pool of SOC was found within the Atcha-

falaya/Vermilion Bay complex in Louisiana, containing about 10% of the U.S. total.

The average density across all tidal wetlands was 0.071 g cm�3 across 0–15 cm,

0.055 g cm�3 across 0–100 cm, and 0.040 g cm�3 at the 100 cm depth. There is

inherent variability between and within individual wetlands; however, we conclude

that it is possible to use standardized values at a range of 0–100 cm of the soil pro-

file, to provide first-order quantification and to evaluate future changes in carbon

stocks in response to environmental perturbations. This Tier 2-oriented carbon stock

assessment provides a scientific method that can be copied by other nations in sup-

port of international requirements.
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1 | INTRODUCTION

Tidal wetlands are among the most biologically productive and soci-

etally valuable ecosystems in the world (Barbier et al., 2011; Cost-

anza et al., 1997; Howard et al., 2017; Mart�ınez et al., 2007), yet

they continue to be lost at a global rate of approximately 1.5%

annually (Hopkinson, Cai, & Hu, 2012; Pendleton et al., 2012). The

pace and scale of these losses has focused global attention on the

strategic need for initiatives that promote conservation and sustain-

able restoration of the physical landscape (Day et al., 2007; Howard

et al., 2017). One strategy to sustain wetlands includes incentivizing

public and private interests to begin accounting for “blue carbon,”

carbon sequestered by vegetated coastal ecosystems for long-term

storage (Howard, Hoyt, Isensee, Telszewski, & Pidgeon, 2014).

Given the global extent of tidal wetlands and their high levels of

productivity, blue carbon is a potential sequestration component for

atmospheric carbon dioxide (CO2) (Chmura, Anisfeld, Cahoon, &

Lynch, 2003; Laffoley & Grimsditch, 2009; Mcleod et al., 2011).

Sequestration per unit area in these systems is estimated to be as

much as 3–50 times greater than that of rainforests (Breithaupt,

Smoak, Smith, Sanders, & Hoare, 2012; Bridgham, Megonigal, Keller,

Bliss, & Trettin, 2006; Howard et al., 2017; Nellemann et al., 2009).

The annual sequestration potential of blue carbon, not accounting

for the current pace of coastal land loss, is estimated to be 0.9% to

2.6% of total anthropogenic CO2 emissions (Murray, Pendleton,

Jenkins, & Sifleet, 2011). Within the United States, tidally influenced

wetlands are attributed with 36% of the total sequestration by all

wetlands and 18% of the total carbon sequestration of all ecosys-

tems in the conterminous United States (Bridgham, Megonigal, Kel-

ler, Bliss, & Trettin, 2007).

A national scale accounting of this carbon resource has not yet

been realized, though several U.S. agencies and institutions are cur-

rently engaged in the first nationwide inventory of tidal wetland car-

bon and GHG emissions, to be included in the annual Inventory of U.S.

Greenhouse Gas Emissions and Sinks, and published by the United

States (U.S.) Environmental Protection Agency. Commonly referred to

as the U.S. National Greenhouse Gas Inventory (USNGGI; EPA 2017),

the EPA is applying new procedures provided by IPCC (Intergovern-

mental Panel on Climate Change) during the recent Paris Climate

Agreement to recognize changes in carbon stocks associated with

human activities (Hiraishi et al., 2014). In wetlands, this is accom-

plished through three Tiers, each describing varying levels of detail,

accuracy, and modeling methods (Hiraishi et al., 2014). A Tier 2 analy-

sis, whereby country-specific activity data and emissions factors are

applied, is being tested in this study (Hiraishi et al., 2014). In both

management and science, a spatially explicit database that details blue

carbon stock sizes and locations is needed for the first Tier 2 estima-

tion of wetland soil organic carbon for the entire United States.

The carbon in tidal wetlands also can have private economic

value if managed for sale through offset transactions (Crooks,

Emmett-Mattox, & Findsen, 2010; Duarte, Middelburg, & Caraco,

2005; Needelman et al., 2012; Wylie, Sutton-Grier, & Moore, 2016).

In total, ecosystem management projects across the United States

created and sold approximately 30 million carbon credits to volun-

tary buyers in 2011, worth $180 million (Peters-Stanley et al., 2012).

While coastal markets continue to expand (Grimsditch, Alder, Naka-

mura, Kenchington, & Tamelander, 2013; Lau, 2012; Ullman, Bilbao-

Bastida, & Grimsditch, 2012), neither the spatial distribution of car-

bon nor the monetized credits themselves should be considered

homogeneous (Marland, McCarl, & Schneider, 2001; Miles & Kapos,

2008). An important piece of the puzzle is the ability to predict the

geographic locations that offer the greatest potential for carbon

management and profit (Crooks, Findsen, Igusky, Orr, & Brew, 2009;

Nahik & Fennessy, 2016).

Our overall objective was to delineate the geographic distribution

of soil organic carbon (SOC) across the tidal wetlands of the conti-

nental United States at the highest possible resolution. The abun-

dance of SOC is largely determined by soil texture, climate,

vegetation, and historical and current land use and management

(Amundson, 2001; Howard et al., 2014; Jenny, 1941). We sought to

compare SOC across a variety of categories, such as wetland types,

U.S. states, coastlines, and estuarine basins. In order to accomplish

this task, we created the CoBluCarb database by combining National

Wetlands Inventory (NWI) data with U.S. Department of Agriculture

(USDA) Soil Survey Geographical (SSURGO) data.

2 | MATERIALS AND METHODS

The creation of CoBluCarb involved three main steps. First, tidal

wetland locations and types were extracted from the NWI. Second,

measurements of organic matter fraction (OMF) and bulk density

(BD) were extracted from SSURGO, and then used to compute the

organic carbon density (OCD) and soil organic carbon stock, where

possible, at 5-cm increments within individual SSURGO map units.

Third, OCD and soil organic carbon stock were computed for individ-

ual wetland polygons by area-weighting map units within each wet-

land polygon. Once CoBluCarb was created, we evaluated its

usefulness by comparing it to the literature. Finally, we mapped,

summarized, and characterized the carbon distribution across various

categorizations of tidal wetlands and through the United States’

estuarine basins. To define estuarine extents, we used spatial bound-

aries from the National Oceanic and Atmospheric Administration’s

Coastal Assessment Framework (CAF), containing a total of 115

Estuarine Drainage Areas (EDAs) and 199 Coastal Drainage Areas

(CDAs). Here, we present only the results from the EDAs and sum-

marize all of the CDAs with a single presented value. In general, the

majority of the CDAs individually contain extremely small areas of

wetlands and thus are better summarized as a single value.

2.1 | National wetlands inventory dataset

Tidal wetland locations and types were extracted from the NWI

database to create a dataset at a scale of 1: 24,000 that only
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included tidally influenced classes (Cowardin, Carter, Golet, & LaRoe,

1979; Federal Geographic Data Committee, 2013). The NWI uses a

classification system for aquatic habitats that includes systems, sub-

systems, and classes. The boundary between the estuarine versus

riverine and palustrine systems in the NWI data is where the salinity

is equal to 0.5 parts per thousand during the period of annual aver-

age low flow. The NWI dataset variously defines freshwater tidal

wetlands within palustrine (P) and riverine (R) categories, though

without specific tidal subtype categorization except within the river-

ine category. Consequently, we created the specific requirement that

“S”, “R”,”T”, or “V” modifiers, temporarily, seasonally, semi-perma-

nently, or permanently flooded tidal regimes respectively, had to be

listed in the NWI palustrine wetlands to be considered tidal in

CoBluCarb. The wetlands of interest for this study were defined by

the interests of the U.S. National Greenhouse Gas Inventory (EPA

2017) to included tidal freshwater wetlands, and thus go beyond

those defined as ‘blue carbon’ in the IPCC Wetlands Supplement

(Hiraishi et al., 2014). Our dataset does not include any subtidal or

supratidal subsystems, nor does it include the aquatic bed, reef,

rocky shore, rock bottom, unconsolidated shore, unconsolidated bot-

tom, and streambed classes within the estuarine intertidal and river-

ine tidal subsystems. It should be noted that other special modifiers,

such as artificial, partly drained or ditched, farmed, may be present

throughout the tidal wetlands. ArcGIS was used to extract relevant

wetland classes from the full NWI database, then any spatial overlap

of individual wetland polygons was removed to avoid double-count-

ing through manual visualization, matching entries in their attribute

tables when combined with SSURGO, and by categorizations within

original Python scripts. We then combined the extracted files into

four tidal wetland classes estuarine emergent vegetation (EM; largely

equivalent to brackish to saline salt marsh), estuarine shrub-scrub

(SS; dominated by shrubs and small mangroves), estuarine forested

(FO; largely mangroves), and freshwater tidal (FT; including herba-

ceous, shrub, and forest vegetation).

2.2 | USDA SSURGO Dataset

The USDA SSURGO database (Soil Survey Staff, 1993) was used to

ascertain the OMF (mass organic matter per mass soil) and bulk den-

sity (mass of soil per unit volume at a water potential of 33 kPa) of

a soil at all possible locations within tidal wetlands. In general, bulk

density and organic matter fraction have a strong inverse relation-

ship and organic matter and carbon content are also related, typically

determined through loss on ignition method (Callaway, Borgnis,

Turner, & Milan, 2012; Morris et al., 2016). The SSURGO dataset is

based on field coring data and interpretation from USDA Natural

Resources Conservation Service soil scientists, with accuracy depen-

dent on field and laboratory work (Zhong & Xu, 2011). To create

accurate laboratory results, multiple samples from a given soil hori-

zon were analyzed, with typically between one and three sites cho-

sen for detailed analysis. Pits were dug to ensure the correct

amount and profile of soil, in a stair-like fashion or straight-walled,

typically 0.6 m 9 2 m wide, with depth as required. Samples were

taken from each horizon, and at times for sub-horizons. When hori-

zons were complete and fully included, a sufficient sample was

required to create an accurate representation of the soil profile (Soil

Survey Division Staff 1993; Zhong & Xu, 2011).

Soils of the same general type occur at several locations on the

landscape; these are called map units (MUs). MUs can be anywhere

in the United States, as long as the soil is of the same soil type. The

SSURGO dataset is built on specific soil volumes that were sampled,

rather than entire areas of these lands, with specialist interpretation

of what SSURGO calls the soil components that comprise them.

Thus, while relatively homogenous, the different MUs include one or

more different components. Further, soils have depth and properties

that vary by horizon. The number and depth of each horizon typi-

cally varies by component. For example, 239 separate wetland poly-

gons in St. Bernard Parish, Louisiana (LA) are associated with the

MU 375349, which is named “Bellpass muck.” Bellpass muck has

three separate components, with the Bellpass series comprising

approximately 80% of the soil, and the Clovelly and the Lafitte series

about 10% each. Unlike this example, the component percentages

within a MU do not always sum to 100%, which is one source of

“missingness” within the data that we describe in detail below. The

Bellpass series has three horizons extending to depths of 65, 80,

and 200 cm, respectively. The Clovelly series has two horizons

extending to depths of 71 and 200 cm and the Lafitte series has

two horizons that extend to 190 and 200 cm. Bellpass muck is unu-

sual in that all of its components extend to the same depth

(200 cm). Careful accounting was made of these variations as well as

others leading to several types of missingness identified in the

CoBluCarb wetland carbon geodatabase. There were no other

sources of soil property information considered beyond SSURGO in

our further calculations, though the database could be adjusted or

mined for future refinement, particularly as relates to adjustments

on bulk density or hydric soil classification (such work is on-going as

part of a related project, though we do not present this work here).

2.3 | CoBluCarb

SSURGO provides information regarding the organic matter as a per-

centage, OM (%), which is the mass of organic matter over the mass

of the soil by component and by depth in grams (gom/gsoil *100%),

though we can easily transform this organic matter percentage into

the organic matter fraction (OMF) by dividing by the total 100%

(gom/gsoil). Together with bulk density, BD (gsoil/cm
3) and the van

Bemmelen constant, v = 0.58 *(gsoc/gom), a given cubic centimeter of

soil (component c with bottom-depth b within the h-th horizon’s

depth range, b � [minhb, maxhb), gives the organic carbon density

(OCD) in gsoc/cm
3 by

OCDcbðhÞ ¼ OMFcbðhÞ � BDcbðhÞ � m (1)

The above equation can be thought of as the density of SOC

in the cubic centimeter at bottom-depth b below a 1 cm2 area on

the surface, if that cm3 of soil is composed strictly of component

c. The subscript cb (h) is used to emphasize the fact that a given
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cm3 of soil (with bottom-depth b) is assumed to be within one

and only one horizon. The validity of using the van Bemmelen

constant for all tidal wetlands in the United States can be found

documented in other studies (Keller et al., 2012; Pribyl, 2010;

Zhong & Xu, 2011), but could provide fertile ground for future

refinement.

Also for a single component only, the SOC to depth d is given in

gsoc/cm
2 by

SOCcd ¼
Xd

b¼1

Xn

h¼1

OCDcbðhÞlcbðhÞ (2)

where lcb(h) is an indicator taking on the value 1 if component c is

present in the horizon h at the bottom-depth b and 0 otherwise, and

n is the number of horizons. Since the indices b and h both relate to

soil depth, for any combination of b and h, at most one of the indi-

cators will take on the value of 1. For example, for the Clovelly ser-

ies in the Bellpass Muck MU above, horizon 1 is present at the

depth of 40 cm, so lclovely,40(1) = 1 while lclovely,40(2) = lclovely,40(3) = 0.

Similarly lclovely,90(2) = 1 while lclovely,90(1) = lclovely,90(3) = 0. One can

create various depth bins (or, sub-portions of the vertical profile) by

allowing b to begin at depths lower than below the bottom of the

first centimeter.

Equations (1) and (2) consider that under a given square centime-

ter of area, the soil underneath it belongs to one and only one com-

ponent. This situation is not always the case. Thus, a final

summation operation allows components that are completely mixed

within the MU for consideration. The percentage composition of a

component as a proportion of the map unit was used as a weight,

and a weighted average value was derived for organic matter frac-

tion and bulk density, such that all components were used. In partic-

ular, the amount of SOC to depth d present under a square

centimeter on the surface in gsoc/cm
2 was taken to be

SOCd ¼
Pm

c¼1pc � SOCcdPm
c¼1pc

(3)

where pc is the component percentage and m is the number of

components present in the MU under consideration. All soil com-

ponents (including minor as well as major) were taken into

account when calculating the amount of organic matter and bulk

density within each map unit, for each horizon (Bridgham et al.,

2006). This method is time-consuming and detailed, but allowed

the representation of a soil to be much more accurate than con-

sidering only a single or dominant component. Within a separate

output file, we listed all 8,714 map units along with the percent-

age of each component within them, and any horizon data that

were missing. For most map units within the database, the com-

ponents added up to 100%. For those that did not, these compo-

nents were considered partially missing. Our methods for dealing

with the various types of missing information are described in

detail in the Data S1 section.

CoBluCarb had as output the organic carbon stock, SOCd, at

depth increments of 5 cm, as well as the calculated carbon density

(OCDd).

2.4 | Evaluation of CoBluCarb

For evaluation and comparison, we regressed the carbon density values

from our database against those found at the same spatial location as

sourced fromOuyang & Lee, 2014 and Chmura et al., 2003;. These two

literature reviews contain the most expansive published compilation of

carbon density for wetlands, to our knowledge. Each is based on a num-

ber of field samples, compiled from a number of other research articles.

Upon initial investigation, we found the correlation between our data-

set and these values to be potentially significant though relatively low

when considering discrepancies innate to the current field data avail-

able (see Data S2, and Fig. S1). The scatter and variance were likely

attributable to at least four sources of error: (i) the locations of the liter-

ature-derived field samples were coarse and imprecise; (ii) the litera-

ture-derived values were not accurate to the depth range at which they

were acquired, and yet carbon density varied considerably with depth

as shown in our database; (iii) the literature-derived values were

acquired using many different methods, with variable degrees of accu-

racy and precision; (iv) soils in general, and tidal wetland soils in particu-

lar, have a high degree of spatial heterogeneity, with variable soil

typology, density, and SOC content within only a few meters of dis-

tance. These literature values are also primarily representative of soil

surface samples (Morris, Edwards, Crooks, & Reyes, 2012), do not have

confidence intervals for the quality of the data originating from their

source datasets, and do not contain sums of the soil organic carbon

totals across the sampled depths. We concluded that though it likely

containsmean bias (See extensive discussion of error, bias, and variance

in Data S2), CoBluCarb likely provides the more spatially accurate,

depth-explicit, methodologically consistent, and widely applicable stock

estimate for the continental U.S. wetlands.

2.5 | Spatial distribution of tidal wetland carbon

For visual presentation, we populated the NWI records/polygons

with the calculated values from CoBluCarb. The final spatial database

(as mapped data; Figure 1) contained the following data at 5-cm

increments in the soil profile, for each polygon: total SOC amount

(total mass within an area), and carbon density (g/cm3).

The sum of the total SOC amounts and the area-weighted aver-

age of the carbon densities of the polygons were then calculated

according to their wetland type, as well as the state and the estuary

in which they existed. From here forward in the current presenta-

tion, the results are reported across ranges at a 0–15 cm depth

increment for SOC management and restoration purposes, at a 0–

100 cm depth increment for SOC conservation purposes, and at the

100 cm depth itself for general scientific purposes.

For the two depth intervals of 0–15 and 0–100 cm, we present

both low and high boundary limits. The low-limit was based only upon

the SOC quantities within the database, excluding any cases of missing

SSURGO data. This value should be viewed as a conservative estimate.

While this estimation is the most accurate given the available data, it

does not take into account all NWI wetland area. The high-limit was

based on an assumption that these missing cases were similar to the
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known cases within the same geographical extent on an area-weighted

basis. Assuming missing data areas are not outliers for SOC stock or

density, a high estimation can be calculated by simply scaling the car-

bon stock from the known area (low estimation) to the carbon stock of

the total area which includes the missing data locations (high estima-

tion). This value should be seen as a liberal estimate, though it could

either over-estimate or under-estimate based in principle. This estima-

tion range, with the low estimation as a current known carbon and the

high estimation as the potential carbon, can give a better snapshot of

differences between locations, without hindering from missing data.

This estimation is not a confidence interval. This estimation is simply

the carbon stock with the current spatial locations and soil data, with

an estimation for the amount of carbon if there were no missing data

whatsoever. The current carbon stock is an under estimation due to

the fact that all wetland areas are not included. The high estimation

could be an over estimation or still an under estimation as all areas are

included, but this high estimation does make an assumption of station-

arity about the soil properties in these missing areas.

For the area-weighted average carbon density across each of the

two depths, as well as at the 100 cm depth itself, we summarized

only the individual polygons/records with complete information.

3 | RESULTS

Across the tidal wetland soils area of the continental United States,

the data are heterogeneous though the mode of all soils’ organic

carbon densities is ~0.05 g/cm3. The average density across all tidal

wetlands was 0.071 g/cm3 across 0–15, 0.055 g/cm3 across 0–100,

and 0.040 g/cm3 at the 100 cm depth. There are additional peaks in

histograms at higher densities, particularly for the upper 0–15 cm of

depth (Figure 2).

Unique trends in the SOC density of soils based on their area of

coverage can be seen across different categorizations of wetland

type and coasts. The carbon density in estuarine emergent vegeta-

tion wetlands is somewhat normally distributed by areal coverage

and notably covers much larger areas than the other vegetation

types (Figure 3).

The distribution across the Gulf Coast is also somewhat normal,

while the East Coast is more bi-modal (Figure 4). The West Coast

has relatively little area of tidal wetland soils.

Most SOC is stored in estuarine emergent wetlands (Table 1),

which contain over three times the SOC of the next closest wetland

type (freshwater tidal wetlands), and exceeded all other types in

storage due to their greater geographic extent. Soil in estuarine

forested and emergent vegetation wetlands had a higher area-

weighted average carbon density (0.075 and 0.074 g/cm3 respec-

tively) in the upper layers of soils (top 0–15 cm), than the other wet-

land types. However, this disparity in densities was less pronounced

when comparing SOC stored in 0–100 cm depth increment. The

average organic carbon density decreased with greater soil depth for

all wetland types (Figure 5a). However, only the estuarine emergent

type displayed a noticeably decreasing standard deviation with

greater depth (Figure 5b), with its inflection point at around 25–

30 cm of depth (roughly expected as the rooting depth for herba-

ceous cover).

F IGURE 1 Example of database spatial
resolution, depicting average carbon
density of the upper 15 cm of depth
across all saltwater wetland polygons in
view. Black boxes denote inset views for
subsequent panels. Colors represent
varying carbon densities (shown only as
example of spatial resolution here) [Colour
figure can be viewed at
wileyonlinelibrary.com]
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When total SOC amount is viewed by coastal region (Table 1),

the East Coast (113.6–119.6 Tg) and the Gulf Coast (108.0–138.6

Tg) were found to be similar at the range 0–15 cm of depth, though

the area of wetlands on the Gulf Coast was much larger (approxi-

mately 30% greater area considering the high estimate). Even in the

0–100 cm depth interval, the range maxima were similar, though the

range was much larger for the Gulf Coast (511.4–656.4 Tg) than the

East Coast (623.6–656.3 Tg). The discrepancies between the high

and low values for a given range are direct reflections of the lack of

data for wetland areas, for example and in particular Monroe County

on the Gulf Coast of Florida within the Everglades. The Monroe

County area is important for calculating the total carbon stock for

the Gulf Coast, but since there were no soil data in SSURGO, the

difference in the high and low value was reflected accordingly. If

accurate soil information was obtained for this specific area, the Gulf

Coast would more precisely reveal the current carbon stock. The

average organic carbon densities for all three coasts decreased with

greater depth in similar fashion (Figure 5c). However, the Gulf Coast

organic carbon density was the most variant, particularly at shallow

depths (Figure 5d).

When viewed by state (Table S2), Louisiana is seen to have the

most SOC across the 15 cm and 100 cm depth intervals, due to

both relatively high density values and its large expanse of wet-

lands. Florida had a large range in total SOC from 0–100 cm of

depth (130.6–237.3 Tg), due to large areas of wetlands missing

vital measurements for calculating soil organic carbon, notably in

Monroe County and the Everglades. At 0–15 cm of depth, Georgia

had the greatest area-weighted average density (0.106 g/cm3) while

across 0–100 cm of depth, Mississippi had the greatest (0.096 g/

cm3). Many of the states had relatively similar area-weighted aver-

age density values, falling within 0.06–0.09 g/cm3 for upper

0–15 cm of depth and 0.04–0.06 g/cm3 for 0–100 cm depth incre-

ment. Texas had the second lowest (0.036 g/cm3 for 0–15 cm and

0.018 g/cm3 for 0–100 cm) while also having a large area of tidal

wetlands.

When total SOC amount is viewed by estuary (Table 2, Figure 6,

Table S3), there is much variability. The Atchafalaya/Vermilion Bays

complex had the greatest total SOC in the upper 100 cm of depth

(116.0–125.3 Tg) and Chesapeake Bay was second (89.8–95.9 Tg).

Neither of these estuaries had the highest area-weighted density

though. The Merrimack River estuary had the greatest density in the

upper 0–15 cm and 0–100 cm (respectively, 0.109 and 0.098 g/cm3).

Florida Bay had the second greatest density (respectively, 0.087 and

0.068 g/cm3). Many Southern California and South Texas estuaries

had quite low total SOC amounts (Mission Bay, California was the

lowest of all estuaries) and many of their densities were quite low as

well (San Pedro, California was the lowest at 0.002 g/cm3). Several

open-ocean CDAs had still lower values, primarily on the U.S. West

Coast.

4 | DISCUSSION

4.1 | Summary of wetland blue carbon stocks and
fluxes

For tidal wetlands within the continental United States, our results

indicate that a total of 1,152.6–1,359.3 Tg of SOC are stored in the

upper 100 cm of the soil profile (and 225.3–265.8 Tg in the upper

F IGURE 2 Histogram showing the total wetland area for each carbon density across all MU soil types and locations in the upper 15 cm
and the upper 100 cm. Bars a–d denote the amount of missing area for special cases: (a) is the excess area-specific SOC densities greater than
0.15 (b) is the total area missing for Monroe county in Florida, located in the Everglades, (c) is the total area for all wetlands with missing data
in any other location besides Monroe County in South Florida, and (d) the 355 km2 of wetland polygons that do not overlap any SSURGO
data. Columns that show carbon density are shaded and columns with area that has missing carbon information are unshaded (extra columns
b–d)
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15 cm only), across a total of 24,945.9 km2 of tidal wetland area.

The SOCCR report estimated a total of 600 Tg C of carbon across

25,000 km2 of estuarine wetlands in the conterminous United States

(Bridgham et al., 2007). This discrepancy can be attributed to the

methods of evaluation of the estuarine wetlands carbon compilation.

The portion of the SOCCR Report relevant to tidal wetlands, the

‘Estuarine Soil Carbon Pools’ data (Appendix F of that document),

appeared to have been based on the analysis and literature compila-

tion of Chmura et al., 2003 which was skewed to near surface sam-

ples. For evaluation purposes, we compared the carbon values from

our database versus Ouyang & Lee, 2014 and Chmura et al., 2003

(see Data S1 for more on the differences and comparative benefits

of each method).

Based on the stocks database from the current study, we could

coarsely estimate carbon flux, where flux refers to the amount of car-

bon being transferred to or from the wetland with other environments

including water, air, and in living organisms, to be ~1.5 Tg C/year for

tidal wetland burial in the continental United States. This was obtained

by assuming a back-of-the-envelope style calculation of carbon burial

rate of 0.006 g cm�2 year�1, and SOC density to be 0.03 g/cm2. The

latter was taken as a conservative estimate from Figure 3 for the upper

0–100 cm in an attempt to account for more recalcitrant carbon burial

that is remaining after respiration and export to the water. Our flux

estimate also assumed an average accretion rate of 0.2 cm/year (Call-

away et al., 2012; Chmura et al., 2003; Morris et al., 2016). In at least

two separate lines of on-going research, we are combining more pre-

cise regional sediment accumulation rates with CoBluCarb to create

spatially explicit flux rates at finer scales. Though we were unable to

find a total flux value for the continental United States from the litera-

ture to compare with, it has been estimated that there is ~220 Pg of

carbon total and all wetlands (tidal and nontidal) within the United

States provide a carbon sink of ~49 Tg C/year, (Bridgham et al., 2006).

Globally, mangroves have been estimated to bury ~218 � 72 Tg C/

year (Bouillon et al., 2008). Howard et al. (2017) reported an

F IGURE 3 Histogram showing the total wetland area for each carbon density across the specific wetland categorizations at a range of 0–
100 cm depth interval. In the upper 15 cm, the results are similar and show the same trends as 0–100 cm. Refer to Figure 2 caption for
columns a–d
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estimation range of 10.4–25.1 billion mega grams of carbon in coastal

wetlands globally. Chmura et al. (2003) and Duarte et al. (2005) have

estimated global burial rates of 4.8 � 0.5 Tg C/year and 87.2 � 9.6 Tg

C/year for salt marshes, respectively (Mcleod et al., 2011). Morris et al.

(2012) estimated in the global coastal wetlands, there is a carbon burial

of 4.5–15.8 Tg C/year. The spatial distribution of mangroves in certain

regions is changing due to climate change. For example, more mature

stands of mangroves are now found in more northern regions in the

Gulf of Mexico due to a decrease in freezing events; this will have a sig-

nificant impact on the type and amount of carbon stored and the over-

all vulnerability of blue carbon to storm events (Bianchi et al., 2013;

Comeaux, Allison, & Bianchi, 2011; Kulawardhana et al., 2015; Osland

et al., 2016). According to Tampa Bay Blue Carbon Assessment, man-

grove encroachment and expansion will be prominent as relative sea

level rises, in many areas, to the detriment of other vital tidal wetlands

such as salt marshes and tidally influenced forests (Sheehan et al.,

2016). For mangroves, there are a multitude of other studies, giving a

global carbon burial in Tg C/year of 31.1 � 5.4 and 34.4 � 5.9

(Mcleod et al., 2011). It is clear that further research is needed in order

to accurately calculate the flux rate within the U.S. tidal wetlands.

4.2 | Threats facing blue carbon and their effects
on current stocks and variation

Much of the mangrove encroachment research has been focused on

Avicennia germinans in the Gulf and Atlantic Coasts of the United

States. Mangrove encroachment has also been well documented,

though not as well studied, in Australia (Kelleway et al., 2016). In

both these regions, mangrove encroachment will have a defining

influence on the future of the ecosystem services provided (Osland

et al., 2016). Mangroves can accumulate more belowground carbon

or the same amount as salt marshes (Kelleway et al., 2016; Perry &

Mendelssohn, 2009). In Louisiana, mangroves replacing salt marshes

had no effect on the carbon sequestering properties of the soils,

F IGURE 4 Histogram showing the total wetland area for each carbon density across each coast from 0–100 cm depth increments. In the
upper 15 cm, the results are similar and show the same trends as 0–100 cm. Refer to Figure 2 caption for columns a–d
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though due to the currently expanding spatial extent, this may

change in the future (Henry & Twilley, 2013; Perry & Mendelssohn,

2009). In the Mississippi Delta, the SOC amount is expected to

increase with increased salinity in wetlands, and this may not alter

the amount of carbon sequestered, but it will alter the stability of

the carbon. (Williams & Rosenheim, 2015). However, in locations in

Australia, mangrove encroachment significantly increased belowground

C based on peat accumulation, root penetration, and mangrove effects

on microbial communities (Kelleway et al., 2016). Parameters such as

temperature, presence of plant debris, sea level rise, or rainfall can be

the deciding factors for mangrove encroachment, and ultimately drive

SOC quantities as well (Gabler et al., 2017; Guo et al., 2017; Osland

et al., 2016; Williams & Rosenheim, 2015). In Sanders et al., 2016, it

was found that the variability of mangrove carbon stocks was 86%

accredited to precipitation. If mangroves and climate change continue

to expand as projected, the current SOC densities and carbon stocks in

the United States could change drastically (Doughty et al., 2016; Gabler

et al., 2017; Yando et al., 2016). In such a scenario, it would be extre-

mely beneficial to have a spatial database such as CoBluCarb. More

detailed distinctions between estuarine shrub-scrub and estuarine

TABLE 1 Soil organic carbon by wetland type and coast. Lo identifies quantities that were based on polygons for which SSURGO data were
not completely missing; Hi extrapolates the Lo quantities to all associated polygons assuming that the densities for all polygons are adequately
represented by the (Lo) density found from polygons having SSURGO information

Category

Area (km2)
Stock to
0–15 cm (Tg)

Stock to
0–100 cm (Tg) Density (g/cm3)

Density (g/cm3)
Lo Hi Lo Hia Lo Hia 0–15 cm 0–100 cm At 100 cm

Estuarine Emergent 15,272.5 16,985.4 169.0 188.0 859.9 956.3 0.074 0.056 0.043

Estuarine Forested 474.2 925.7 5.3 10.4 27.2 53.2 0.075 0.057 0.044

Estuarine Shrub-Scrub 788.5 2,073.2 7.9 20.7 40.1 105.5 0.067 0.051 0.033

Freshwater Tidal 4,577.8 4,961.7 43.1 46.7 225.4 244.3 0.063 0.049 0.042

East 9,329.2 9,818.5 113.6 119.6 623.6 656.3 0.081 0.067 0.058

Gulf 11,344.7 14,559.9 108.0 138.6 511.4 656.4 0.063 0.045 0.030

West 439.0 567.5 3.7 4.7 17.6 22.8 0.056 0.040 0.033

aRefer to table consistency section in Discussion section.

F IGURE 5 Vertical profiles in the upper 100 cm of soil of (a) average area-weighted carbon densities for each wetland type, (b) standard
deviation of the average area-weighted carbon density for each wetland type, (c) average area-weighted carbon density for each coast, and (d)
standard deviation of the average area-weighted carbon density for each coast [Colour figure can be viewed at wileyonlinelibrary.com]
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forested wetlands would be helpful to better resolve these changes in

CoBluCarb. Future work with CoBluCarb could incorporate other coun-

tries help to preserve tidal wetlands in other locations.

4.3 | Accuracy and uncertainty analysis

The strength of our CoBluCarb is in describing the spatial variation

of tidal wetland carbon, not necessarily the mean bias (see Data S1

for more on this topic). The area-weighted average of the carbon

densities was not highly variable across the wetland types nor the

coastal regions, yet given wetland type or coast, the standard devia-

tions were typically vertically arrayed with depth for the wetland

types as shown in Figure 5, except for the estuarine emergent vege-

tation, which became less variable as depth increased. The coasts

showed the highest variation; the Gulf Coast and the East Coast dif-

fering by nearly an entire degree of magnitude. Indeed, variation in

carbon density at the individual polygon level is relatively high, and the

finer the distinctions or categorizations that are drawn (see for exam-

ple Table S2, and then Table S3 with still finer categorizations), will

show the greater the apparent spread of the reported values for aver-

age carbon densities across the categories (while the standard devia-

tion of values within each category decreases). Thus, one must assess

how the variation is spread within versus between the categories.

The area-weighted average density and the total carbon stock

quantity for both the low and high estimates can be related through

the wetland areas listed. However, there is an apparent discrepancy

in the high estimate of the total carbon stocks when aggregated

across all groups in a table (i.e. adding all rows down the high esti-

mate column only) when compared to a similar aggregation from

another table. For example, comparing the ‘hi’ estimates in Table 1

for both the coasts and the wetland types. If summed, the individual

total high stocks for each category will result in a total high carbon

stock that is similar though not exactly the same. The discrepancy

occurs by using multiplication to increase the low estimate to the

high estimate for each row in a table, based on the area of missing

TABLE 2 Soil organic carbon by top 15 estuarine drainage areas (EDA), ranked by the ‘Hi’ stock across 100 cm depth. Lo identifies
quantities that were based on polygons for which SSURGO data were not completely missing; Hi extrapolates the Lo quantities to all
associated polygons assuming that the densities for all polygons are adequately represented by the (Lo) density found from polygons having
SSURGO information

Area (km2)
Stock to
0–15 cm (Tg)

Stock to
0–100 cm (Tg) Density (g/cm3)

Density
(g/cm3)

Lo Hi Lo Hia Lo Hia 0–15 cm 0–100 cm At 100 cm

Atchafalaya/Vermilion Bays 2,282.4 2,465.5 20.8 22.4 116.0 125.3 0.061 0.051 0.042

Chesapeake Bay 1,546.4 1,651.0 17.3 18.4 89.8 95.9 0.074 0.058 0.048

North Ten Thousand Islands 237.6 924.9 3.0 11.6 17.9 69.6 0.084 0.075 0.074

Barataria Bay 750.7 1,151.0 6.7 10.3 37.8 58.0 0.059 0.050 0.033

Breton/Chandeleur Sound 1,120.3 1,247.1 10.0 11.2 48.9 54.4 0.060 0.044 0.025

West Mississippi Sound 728.3 780.3 7.9 8.5 48.9 52.4 0.073 0.067 0.053

Pamlico Sound 634.2 648.5 8.7 8.9 50.0 51.1 0.091 0.079 0.058

St.Catherines/Sapelo Sounds 522.4 532.3 8.4 8.6 49.5 50.4 0.108 0.095 0.087

Terrebonne/Timbalier Bays 1,029.3 1,155.6 7.6 8.6 43.7 49.1 0.049 0.042 0.032

Delaware Bay 673.2 699.0 7.7 8.0 46.9 48.7 0.076 0.070 0.075

St.Andrew/St.Simons Sounds 540.2 551.8 9.7 10.0 45.5 46.5 0.12 0.084 0.076

New Jersey Inland Bays 421.4 431.0 6.0 6.2 39.1 39.9 0.096 0.093 0.095

Albemarle Sound 349.6 357.0 5.2 5.3 33.1 33.8 0.099 0.095 0.073

St.Helena Sound 365.1 379.9 5.5 5.7 31.2 32.5 0.1 0.085 0.074

Mermentau River 735.1 776.6 9.1 9.6 30.5 32.2 0.082 0.041 0.014

aRefer to table consistency section in Discussion section.

F IGURE 6 (a) Total soil organic carbon across all tidal wetlands
in each estuarine basin in the coastal United States (all estuarine
basin names listed in Table S2), from 0–100 cm depth, with mapped
values based on the minimum range (see text), (b) average SOC
density in each estuarine basin, from 0–100 cm depth [Colour figure
can be viewed at wileyonlinelibrary.com]
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data throughout the original SSURGO dataset, and then adding these

values across the rows. The only other option would be to fix the

aggregation of the high total stocks to be exactly the same across all

tables, but this would be artificial and not equal the sum of the indi-

vidual rows. By allowing the discrepancies to be noticed, the individ-

ual categories with missing data can be recognized by the reader/

user, and the call for further and more detailed information can be

more apparent. All totals and summations for the tables were calcu-

lated with the same assumptions and methods for the discrepancies

to provide consistency.

Still another complication is that for average-weighted densities

across a given depth range, any ‘null’ value found in that range for a

specific horizon or component makes averaging invalid and that

polygon cannot be used in the calculation, whereas the total carbon

quantity can still be summed even when there are missing horizons

or components. Because of these complications, it is important to

note that all averages and totals reported here were calculated at

the individual wetland polygon/record level, and hence short-hand

math using values from portions of the summary tables may not

reproduce the same values, unless one is able to investigate the

source of the variation using the CoBluCarb database itself.

4.4 | Utilization and opportunities for CoBluCarb

In estimating the carbon benefits of tidal wetland restoration or con-

servation projects, we suggest that the 0–15 cm depth values pre-

sented in this study be used by restoration project managers, as this

is the typical rooting depth of newly vegetated wetlands, but that

for conservation projects on organic bearing mineral soils the greater

depth of 0–100 cm is more relevant (Crooks et al., 2009; Crooks,

Herr, Laffoley, Tamelander, & Vandever, 2011; Hiraishi et al., 2014;

Howard et al., 2014). This depth is used as a default in many green-

house gas inventories, such as the U.S. National Greenhouse Gas

Inventory (EPA 2017) and the IPCC default excavation values, devel-

oped in support of climate negotiations (Hiraishi et al., 2014; Murray

et al., 2011). The 0–100 cm depth range can also be used as a first

approximation for the depth of influence of released carbon from

eroding tidal wetlands, from which much of the remobilized carbon

will be returned to the atmosphere. In calculating the benefits of

avoided emissions on drained organic soils, a different assumption is

required. Here, the assumption is that emissions continue indefi-

nitely, until either the entire carbon stock is exhausted or until water

management changes to halt on-going emissions (Emmer, von Unger,

Needleman, Crooks, & Emmett-Mattox, 2015; Hiraishi et al., 2014).

While a simplification, the 0–15 and 0–100 depth bins reflect the

different zone of influence by human activities associated with

restoration and wetland destruction. Restored or conserved wetland

soil projects can yield investors a source of carbon market off-

set credits, or support a country’s ‘nationally determined contribu-

tion’ to reduce emissions and meet goals of the Paris Climate

Agreement.

There are opportunities for future improvements to this analysis.

Within our study, the initial data from SSURGO and NWI are

assumed to be accurate and based on uniform methods. As seen in

our attempts to evaluate our dataset using previously published core

data, the inconsistencies in reporting among those efforts reveal the

importance in utilizing a common dataset, developed using common

methods. These inconsistencies can also be seen in some of the

other properties and categorizations, such as percent of CaCo3 and

notation of mineral and organic soils. In the future, additionally,

there needs to be more investigation into the validity of the van

Bemmelen constant (0.58) for tidal wetlands as several studies have

suggested that this canonical value may be too high (Callaway et al.,

2012; Craft, Seneca, & Broome, 1991; Keller et al., 2012; Pribyl,

2010). Future work also could compare the use of NWI to that of

the C-CAP (Coastal Change Analysis Program) database for the pur-

pose of identifying tidal wetland areas. Factors such as latitude, tem-

perature, slope, estuary type, among others, could be potential

predictors of SOC density, when examined with the CoBluCarb data-

base and could be helpful in determining priority areas for conserva-

tion and restoration. Finally, more data are needed for Monroe

County, Florida, as this location contains a large percentage of the

Everglades, specifically the South Ten Thousand Islands estuary,

which likely contains the second-highest carbon quantity among all

estuaries in U.S.

CoBluCarb can be utilized for many different purposes around

the United States, but also for providing an outline for creating simi-

lar databases and maps for areas of interest around the world. As

part of the Paris Climate Agreement, signatory nations currently look

at the U.S. National Gas Inventory efforts as a possible way to

achieve Tier 2 accounting of carbon emissions and sequestration

potential (EPA 2017). In the 1990s, there were many national and

international efforts focused on creating publicly available soil infor-

mation (Johnston et al., 2003). In this effort, both the Australian Soil

Resources Information System (ASRIS) and World Soils and Terrain

Digital Database (SOTER) were created along with the United States’

SSURGO, STATSGO, and NATSGO (Johnston et al., 2003). In 2013,

the first Global Soil Map conference convened, exhibiting results

from a mapping project in sub-Saharan Africa (funded by Bill and

Melinda Gates Foundation and the Alliance for Green Revolution in

Africa [AGRA]) and other worldwide efforts for global soil mapping

(Arrouays, McKenzie, Hempel, Forges, & McBratney, 2014). These

datasets are extensive and up-to-date, providing spatial datasets sim-

ilar to the ones used in this study. In cases, such as mangrove

encroachment and large scale ecosystem changes, tools such as

CoBluCarb can decrease the transition time needed for interpreting

the extent of the large scale SOC stock and density changes. This

can create an environment in which accurate and influential deci-

sions can be made not only in the best interest of the ecosystems,

but for human society as well.

In summary, both restoration and conservation efforts can use the

database and maps for the purpose of identifying locations that will

maximize carbon accumulation and preservation. Academic and fed-

eral agencies can query the database to find relationships between soil

organic carbon and other factors, such as sea level rise or urban devel-

opment. The demand for data products that can inform blue carbon
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investment and research is rising, and will continue to do so in the con-

text of both wetland conversion and rising atmospheric CO2.
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