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Abstract: Accurate assessments of greenhouse gas emissions and carbon sequestration in natural ecosys-
tems are necessary to develop climate mitigation strategies. Regional and national-level assessments
of carbon sequestration require high-resolution data to be available for large areas, increasing the need
for remote sensing products that quantify carbon stocks and fluxes. The Intergovernmental Panel on
Climate Change (IPCC) provides guidelines on how to quantify carbon flux using land cover land change
and biomass carbon stock information. Net primary productivity (NPP), carbon uptake, and storage in
vegetation, can also be used to model net carbon sequestration and net carbon export from an ecosystem
(net ecosystem carbon balance). While biomass and NPP map products for terrestrial ecosystems are
available, there are currently no conterminous United States (CONUS) biomass carbon stock or NPP maps
for tidal herbaceous marshes. In this study, we used peak soil adjusted vegetation index (SAVI) values,
derived from Landsat 8 composites, and five other vegetation indices, plus a categorical variable for the
CONUS region (Pacific Northwest, California, Northeast, Mid-Atlantic, South Atlantic-Gulf, or Everglades),
to model spatially explicit aboveground peak biomass stocks in tidal marshes (i.e., tidal palustrine and
estuarine herbaceous marshes) for the first time. Tidal marsh carbon conversion factors, root-to-shoot ratios,
and vegetation turnover rates, were compiled from the literature and used to convert peak aboveground
biomass to peak total (above- and belowground) biomass and NPP. An extensive literature search for
aboveground turnover rates produced sparse and variable values; therefore, we used an informed assump-
tion of a turnover rate of one crop per year for all CONUS tidal marshes. Due to the lack of turnover
rate data, the NPP map is identical to the peak biomass carbon stock map. In reality, it is probable that
turnover rate varies by region, given seasonal length differences; however, the NPP map provides the
best available information on spatially explicit CONUS tidal marsh NPP. This study identifies gaps in the
scientific knowledge, to support future studies in addressing this lack of turnover data. Across CONUS,
average total peak biomass carbon stock in tidal marshes was 848 g C m−2 (871 g C m−2 in palustrine
and 838 g C m−2 in estuarine marshes), and based on a median biomass turnover rate of 1, it is expected
that the mean NPP annual flux for tidal marshes is similar (e.g., 848 g C m−2 y−1). Peak biomass carbon
stocks in tidal marshes were lowest in the Florida Everglades region and highest in the California regions.
These are the first fine-scale national maps of biomass carbon and NPP for tidal wetlands, spanning all of
CONUS. These estimates of CONUS total peak biomass carbon stocks and NPP rates for tidal marshes can
support regional- and national-scale assessments of greenhouse gas emissions, as well as natural resource
management of coastal wetlands, as part of nature-based climate solution efforts.
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1. Introduction

As atmospheric carbon dioxide (CO2) concentrations continue to increase, global
temperatures are approaching a threshold that will have irreversible consequences for
the future of our planet [1]. To avoid the 2 ◦C warming threshold, policies aimed at
reducing greenhouse gas emissions will rely in part on nature-based climate solutions,
that enhance carbon storage and sequestration in ecosystems such as forests, grasslands,
and wetlands [2]. Globally, long-term carbon sequestration in vegetated coastal habitats is
much greater than that in terrestrial forests, despite the fact that their area is one to two
orders of magnitude smaller [3,4]. Because coastal wetlands store large amounts of carbon
in flooded soils, avoiding loss of coastal herbaceous marsh carbon stocks, and maintaining
ecosystem rates of carbon sequestration via restoration and management, are becoming
increasingly important tools for reducing net greenhouse gas emissions and mitigating
climate change [5].

However, coastal wetlands are also vulnerable to changes in climate and land use [6].
In addition to salinity and flooding stress from sea-level rise [7,8], hydrologic alterations
associated with both extreme precipitation and extreme drought can inhibit wetland plant
production, and even cause complete mortality and ecosystem collapse [9,10]. Furthermore,
coastal wetlands that are located at the upper limit of their tidal range are threatened
directly and indirectly by land use drivers that alter geomorphic processes, including
development of cities, ports, dams, dikes, and dredging and filling [11,12]. Carbon ac-
counting in herbaceous marshes is important, as they represent 80 percent of all tidal
wetlands in the conterminous U.S. (CONUS) [13]. Together, stressors from both climate and
land use change have resulted in high rates of wetland loss [14], which, if not mitigated,
could significantly contribute to additional U.S. greenhouse gas emissions [15]. Therefore,
accounting for changes in coastal wetland area, and associated changes in carbon stocks
and fluxes, in national-scale assessments of greenhouse gas emissions, as well as climate
mitigation strategies that utilize nature-based climate solutions, can help to inform future
land management.

Although recent U.S. National Greenhouse Gas (GHG) Inventories do provide tabular
country-specific (IPCC Tier 2) estimates of coastal wetland emissions and reductions based
on land cover data [16], spatially explicit assessments of coastal wetland carbon sequestra-
tion (or emissions) are not available at the national scale. A key limitation to this effort is
the availability of spatially explicit wetland carbon data, including biomass carbon stocks
and net primary production (NPP) fluxes of wetland vegetation. High-resolution maps,
that contain information specific to tidal marsh ecosystems, could improve the accuracy of
GHG inventories. Biomass carbon stock and land cover change information can be used to
quantify carbon flux, providing key insight into atmospheric changes [17–19]. NPP is a mea-
sure of how much CO2 plants take in during photosynthesis minus how much they release
during respiration [20]. The net amount of CO2 being fixed in plant tissues, or alternatively
emitted to the atmosphere, can have significant impacts on soil carbon storage and thus
global atmospheric CO2 concentrations, and ultimately the progress of climate change [19].
National-scale spatially explicit estimates of tidal wetland plant productivity are currently
available at different resolutions for different metrics. At a 250 m resolution, gross primary
production (GPP) has been modeled using MODIS products, and validated with eddy
covariance data [21]. At a finer scale (30 m resolution), peak annual biomass has been
modeled for six sentinel wetland complexes across CONUS, and validated with field data
collection [22,23]. Although these datasets significantly contribute to our understanding of
national-scale patterns in plant productivity, their coverage and spatial patterns vary, and
they do not provide the scale and completeness necessary to account for tidal wetland net
productivity fluxes. Full-coverage, spatially explicit biomass carbon stock and NPP data are
needed to parameterize carbon budget models and inform management of land use change
at finer scales [24,25]. The use of remote sensing to estimate biomass in marshes has been
employed since the 1980s [26]. Utilizing both field and literature data to interpret remote
sensing data can increase model accuracy, creating robust final map products [27,28]. To
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aid in national-scale assessments of net ecosystem carbon balance in coastal wetlands, the
objective of this study was to generate 30 m resolution, regional-scale maps of total (above-
and belowground) peak biomass carbon stock and NPP, for tidal herbaceous marshes across
CONUS. We accomplished this objective by leveraging the aboveground biomass model of
Byrd et al. [22,23] and incorporating field and literature data on carbon conversion factors,
belowground biomass carbon, and aboveground turnover rate, to estimate peak biomass
carbon stock and NPP at a 30 m resolution, for all tidal marshes across CONUS.

2. Materials and Methods

Our general approach included two main objectives: (1) to project spatially explicit
peak biomass carbon stock values at a 30 m resolution, across 22,057 km2 of CONUS tidal
marshes (both palustrine and estuarine); and (2) to model NPP, using mapped biomass
stocks and published turnover rates calculated from field data.

2.1. Spatially Explicit Aboveground Carbon Stock

In 2018, Byrd et al., published results from a remote sensing model, that leveraged
the first calibration-grade national-scale dataset of aboveground tidal marsh biomass, to
map aboveground biomass within six emergent estuarine and palustrine tidal herbaceous
marshes in Cape Cod, MA, Chesapeake Bay, MD, Everglades, FL, Mississippi Delta, LA,
San Francisco Bay, CA, and Puget Sound, WA [22,23].

The work of Byrd et al. [22,23] paved the way for our creation of a CONUS-wide
peak aboveground biomass map for tidal marshes, using a random forest model [29]
modified from the original study. Given that region was a major predictor of biomass in this
model, we used tidal wetland NPP regions based on the EPA National Wetland Condition
Assessment (NWCA) aggregated ecoregions [30]. These regions are further split by EPA
level III ecoregions [31], or states, based on availability of data to train and test the biomass
model, and reported at the hydrologic unit (Figure 1) [32]. Our final six NPP regions also
share similarities to the regions in Wang et al. [33] and Herbert et al. [34], which regionally
characterize soil carbon accretion in tidal wetlands. NPP regions from this study are
defined as Pacific Northwest, California, Northeast, Mid-Atlantic, South Atlantic-Gulf, and
the Everglades (Figure 1, Supplementary Table S1). The Everglades region was classified
distinctly from the South Atlantic-Gulf region, because tidal marshes in the Everglades are
unique within CONUS regarding their dominant species (e.g., Cladium spp.) and soil types
(e.g., peat-dominated carbonate vs. minerogenic soil in most other regions) [35,36].

Marsh extent and class (i.e., palustrine [freshwater < 0.5 ppt] or estuarine [brack-
ish/saline > 0.5 ppt] emergent [herbaceous] marsh) were determined by the Coastal Change
Analysis Program (C-CAP) 2010 regional land cover map, produced by the National Oceanic
and Atmospheric Administration (NOAA) [37], as per Byrd et al.’s [23] protocol. Tidal
areas were defined as areas with a greater than 1% chance of being tidal, based on the
probability of being below the mean higher high tide water line for spring tides, according
to the “Coastal Wetland Elevation and Carbon Flux Inventory with Uncertainty, USA” map,
from [38]. Tidal estuarine and palustrine herbaceous marshes were located by intersecting
this tidal boundary with emergent marshes in the NOAA C-CAP 2010 product, and coded
by the six ecoregions determined for NPP classification.
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Figure 1. Regions used to study wetland biomass and net primary productivity (NPP).

The aboveground biomass model developed by Byrd et al. [22,23], was originally used
to map aboveground peak biomass in six major wetland complexes around the US. The
random forest model was created and run in R with the caret package, using the “ranger”
model [39,40]. Model predictors (shown in Table 1) included a soil adjusted vegetation
index (SAVI) composite [41], wide dynamic range vegetation index (WDRVI) [42], and four
two-band vegetation indices (TBVI) [43], plus a region variable. In the current study,
we modified this code to predict aboveground peak biomass for all of CONUS tidal
herbaceous marshes. To test if the model results were reproducible, we used the same
Landsat 8 Operational Land Imager (OLI) image path/row and date as Byrd et al. [22,23]
to predict aboveground biomass in Cape Cod, Chesapeake Bay, and Puget Sound. Landsat
8 images were acquired for Cape Cod, Chesapeake Bay, and Puget Sound from 20 July 2015,
17 August 2015, and 17 August 2015, respectively. The resulting means (± standard
deviations (SD)) were similar in all tested sites. The mean aboveground biomass (±SD)
of Byrd et al.’s [22,23] maps of selected marsh complexes in Cape Cod, Chesapeake Bay,
and Puget Sound, was 694 ± 160, 1037 ± 219, and 499 ± 135 g m−2, respectively, with a
model root mean square error (RMSE) of 464 g m−2 and no detected model bias. Using
our modified code, mean aboveground biomass (±SD) in Cape Cod, Chesapeake Bay, and
Puget Sound was 544 ± 96, 658 ± 103, and 320 ± 142 g m−2, respectively, with a model
RMSE of 458 g m−2. Our variable importance values (Table 2) were similar to those in
Byrd et al. [22,23]. In both the original and modified code, RMSE was calculated using a
10-fold cross validation, repeated five times. To maximize model performance, all data was
used in the model creation, leaving no separate dataset to validate the model. This follows
Byrd et al.’s [22,23] protocol.
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Table 1. The seven model predictors used in the random forest biomass model.

Soil adjusted vegetative index (SAVI):

1: SAVI = ((NIR − R)/(NIR + R + 0.5)) × 1.5

Wide dynamic range vegetation index (WDRVI):

2: WDRVI = (0.5 × NIR − R)/(0.5 × NIR + R)

Two-band vegetation indices (TBVI):

3: TBVIRG = (R − G)/(R + G)
4: TBVIGB = (G − B)/(G + B)
5: TBVISR = (Swir2 − R)/(Swir2 + R)
6: TBVISN = (Swir2 − NIR)/(Swir2 + NIR)

Region

7: Wetland NPP region *
Where NIR, R, G, B, and Swir2 are the near-infrared, red, green, blue, and shortwave infrared 2 bands. * Each
region was assigned one predictor class, except for the California region which was split into two classes based
on salinity.

Table 2. Variable importance from the Landsat based random forest biomass model.

Variable Importance Score

SAVI 100

nd_swir2_r 95.59

Everglades 91.98

San Francisco Bay-freshwater 80.29

WDRVI5 75.17

nd_g_b 72.45

nd_swir2_nir 69.2

nd_r_g 49.75

San Francisco Bay-brackish and saltwater 38.7

Puget Sound 13.17

Louisiana 0.57

Chesapeake 0

The Byrd et al. [22,23] model was trained on in situ field data and Landsat 8 and
Landsat 7 Enhanced Thematic Mapper+ data. SAVI has been used for years as a predictor to
determine the biomass of coastal marsh ecosystems, using statistical and machine learning
models [26,44,45]. Byrd et al. [22,23] identified SAVI to be the most important predictor of
biomass and, for this reason, the original model was modified to use a peak SAVI composite
as the model input, instead of a single date Landsat 8 image. SAVI composites were
identified for the year 2015, to match the temporal resolution of the random forest model,
which was trained using field data and images from 2015 [22,23]. The SAVI composite
was made in Google Earth Engine (GEE), from the U.S. Geological Survey (USGS) Landsat
8 surface reflectance Tier 1 images [46]. After cloud and cloud shadows were removed,
peak SAVI values were identified for each pixel between May and October of 2015, and
mosaicked together into one composite image. The vegetation variables (in Table 1) were
found using the SAVI composite. The model was run in R [40], using a high-performance
computing (HPC) supercomputer [47,48].

The resulting map of CONUS tidal herbaceous marsh aboveground peak biomass had
a resolution of 30 m. Finally, the aboveground peak biomass (g biomass dry weight m−2)
values for each raster cell, were multiplied by an average carbon conversion factor of 0.441
(44.1%), based on a CONUS-wide compilation of field data on dry weight carbon content
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of plant biomass samples compiled by Byrd et al. [22,23]. The carbon conversion factor was
used to estimate aboveground peak biomass carbon stock (g C m−2).

2.2. CONUS Aboveground Turnover Rate

Aboveground turnover rates (AT, y−1) were compiled from an extensive literature
review of herbaceous tidal marshes (Supplementary Table S2). In most cases, the turnover
rates were not directly reported in the literature, and AT were calculated with Equation (1),
using reported aboveground NPP and aboveground peak biomass data [49,50].

AT = ANPP/AGB, (1)

where AT is aboveground biomass turnover rate in crops per year (y−1), ANPP is above-
ground net primary productivity in g m−2 y−1, and AGB is aboveground peak standing
crop biomass in g m−2. When peak biomass was not reported, end of season live biomass
data was used. Due to the high variability and low quantity of turnover rates found from
the literature, we used the median turnover value from the entire dataset, and assumed a
turnover rate of one crop per year for all CONUS tidal marshes.

2.3. Spatially Explicit Net Primary Production

For each 30 × 30 m raster value, aboveground NPP, in units of g C m−2 y−1, was
calculated by multiplying aboveground peak biomass carbon stock by an aboveground
turnover rate of one crop per year, for tidal marshes (Equation (2)).

ANPPc = AT × AGBc, (2)

where ANPPc is aboveground net primary productivity in g C m−2 y−1; AT is above-
ground biomass turnover rate in crops per year (y−1), and AGBc is aboveground peak
biomass carbon stock in g C m−2. After ANPP was calculated, total (above- + below-
ground) peak biomass carbon stock (in g C m−2) and total (above- + belowground) NPP
(in g C m−2 y−1) were estimated for each 30 × 30 m raster cell, by multiplying the corre-
sponding aboveground values by three, based on the temperate and subtropical zone tidal
marsh root-to-shoot ratio of 2:1 [18,51].

3. Results
3.1. Spatially Explicit Total Peak Biomass Carbon Stocks

In 2015, the CONUS tidal marsh area was 22,057 km2 (6412 km2 of palustrine and
15,645 km2 of estuarine), containing 18.70 Tg C in plant biomass (5.59 Tg C in palustrine
and 13.12 Tg C in estuarine). Peak biomass carbon stocks within each region were similar
among palustrine and estuarine herbaceous marsh classes (Figure 2, Table 3). Peak biomass
carbon stocks were highest in the California region, with palustrine and estuarine peak
means (±SD) of 1441 ± 430 and 1223 ± 288 g C m−2, respectively (Table 3). Four regions
contained similar peak biomass carbon stocks, including the Pacific Northwest, Northeast,
Mid-Atlantic, and South Atlantic-Gulf regions, with palustrine peak means (±SD) ranging
from 838 ± 129 to 1118 ± 206 g C m−2, and estuarine peak means (±SD) ranging from
801 ± 162 to 935 ± 278 g C m−2 (Figure 2, Table 3). The Everglades region had the lowest
peak biomass carbon stocks in both the palustrine and estuarine marsh classes, with peak
means (±SD) of 309 ± 79 and 283 ± 130 g C m−2, respectively.
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Table 3. Total tidal marsh area and total (above- and belowground) peak biomass carbon stock for
each marsh class, within each region.

Marsh Class Region Area (km2)
Mean Total Carbon ±SD

(g C m−2)

Palustrine

Pacific Northwest 217 838 ± 129
California 133 1441 ± 430
Northeast 58 998 ± 205
Mid-Atlantic 724 1118 ± 206
South Atlantic-Gulf 4854 868 ± 123
Everglades 426 309 ± 79

Estuarine

Pacific Northwest 86 801 ± 162
California 343 1223 ± 288
Northeast 253 923 ± 217
Mid-Atlantic 4266 935 ± 278
South Atlantic-Gulf 10,279 806 ± 172
Everglades 419 283 ± 130

Generally, peak biomass carbon stock decreased with decreasing latitude, along the
southeast coast. Figure 3 shows the peak total biomass carbon from this study by hydrologic
units, as defined by Steeves and Nebert [32]. Within the Mid-Atlantic region, estuarine
biomass carbon stocks are lower in South Carolina, compared to other states in the region
(Figure 3). In the South Atlantic-Gulf region, biomass carbon stocks in palustrine and
estuarine marshes were generally lower in southern Texas than in other areas of the
Northern Gulf of Mexico coast and the Atlantic coast.
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3.2. Aboveground Turnover Rate and Spatially Explicit Net Primary Production

An extensive literature search was conducted, to estimate tidal herbaceous marsh
aboveground biomass turnover rates (AT). Belowground turnover is rarely reported and
assumed to be equal to aboveground turnover for modeling purposes. Of the 42 papers
reviewed, 18 of these were removed from the dataset because they contained experi-
mental manipulations, such as the use of marsh organs or herbivory boxes [52,53]. The
remaining 24 papers reported 4 palustrine and 190 estuarine aboveground turnover values
(Supplementary Table S2, Supplementary Figures S1 and S2). In cases where the above-
ground turnover rate was calculated using NPP values reported in the literature, the
differences in NPP methodology, such as Smalley [54], Weigert and Evans [55], among
others, contributed to variability in the AT data (Supplementary Figure S1). Thus, because
of the large variability and scarcity of data, we used the median turnover value from the
entire dataset, and assumed an aboveground turnover rate of one crop per growing season.

Since NPP was estimated by multiplying peak biomass carbon stock by AT of one
crop per year, the NPP and biomass maps have the same spatial pattern. NPP in CONUS
tidal marshes totaled 18.70 Tg C y−1 (5.59 Tg C y−1 in palustrine and 13.12 Tg C y−1 in
estuarine marshes).

4. Discussion
4.1. Regional Trends

The regions in this study were defined based on aggregated level III EPA ecore-
gions [31] (Table S1), and represent areas with different soils, vegetation, geology, geomor-
phology, and climate [56]; thus, variation in climate across these regions will influence
growing seasons and precipitation, and ultimately biomass values and rates of net primary
production. Land use activities can also influence regional patterns of plant growth and
productivity [57,58]. Across the six regions, peak biomass carbon stocks were highest in
the California region and lowest in the Everglades region, for both palustrine and estuarine
herbaceous marsh classes. The spatial patterns in the peak biomass carbon stock maps
follow the trends reported in Byrd et al. [22,23]. The high peak biomass carbon stocks
in the California region are likely driven by the long growing season [59], due to mild,
wet winters and hot summers [60], and the high vegetation density of both palustrine
and estuarine marshes, the latter dominated by brackish-marsh and high-marsh plains
(e.g., [22,61]). Compared to other regions, where estuarine marshes are comprised of
higher-salinity marshes at lower elevations [62], the California region is dominated by
brackish marshes, which tend to have higher biomass [8] and NPP [63] compared to saline
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marshes. In addition, the saline California marshes are dominated by Salicornia pacifica
(pickleweed), a perennial herb with woody stems, producing high biomass [64]. In the
Everglades, biomass carbon stocks are constrained by the phosphorus-limited environ-
ment [65]. Additionally, years of drainage, canal building, and sea-level rise has reduced
freshwater flow and increased saltwater intrusion [66]. Prolonged salinity stress in fresh-
water and brackish Everglades wetlands has led to reduced above- and belowground plant
biomass [67]. Frequent disturbances, such as fires, which are common in the Everglades,
also have the potential to negatively impact plant production and biomass stocks [68].
Furthermore, peat collapse in the Everglades is linked to sea-level rise, salinity stress, and
altered freshwater discharge [67,69], and increased saltwater intrusion is linked with above-
ground NPP decreases [70]. In the South Atlantic-Gulf region, biomass carbon stocks in
both salinity classes were lowest in southern Texas. Generally, wetland density in southern
Texas may be lower due to limited freshwater availability, due to lack of rainfall and high
heat [71], leading to hypersaline conditions that are too stressful for vascular plants [72].
Thus, coastal wetlands in southern Texas contain saline and brackish tidal flats that may be
dominated by agal mats or completely unvegetated [73].

Regional trends in peak biomass carbon stock are similar between palustrine and
estuarine marsh classes. Although increased salinity can diminish plant production in
species that are not adapted to saline conditions [74,75], comparative studies of established
marsh communities along landscape scale gradients of salinity, illustrate that plant biomass
and soil carbon stocks are in fact very similar among different wetland types, and in some
cases exhibit greater biomass at higher salinities [63,76].

4.2. Comparisons

Following a literature review of peak aboveground biomass, which included papers
from most regions, with the exception of the Pacific Northwest, we confirmed the modeled
peak aboveground biomass values were similar, and overlap with, field observations from
the literature. In the California region, modeled values ranged from 321 to 2141 g m−2,
compared to field values ranging from 300 to 4316 g m−2 [77,78]. In the Northeast region,
modeled values ranging from 167 to 1345 g m−2 were similar to field values, ranging from
207 to 1190 g m−2 [79]. In the Mid-Atlantic region, modeled values ranged from 194 to
1432 g m−2, compared to field values ranging from 250 to 3266 g m−2 [80,81]. In the South
Atlantic-Gulf region, modeled values ranged from 174 to 1231 g m−2, compared to 181 to
3018 g m−2 reported in the literature [63,82]. In the Everglades region, modeled values of
6 to 675 g m−2 compared to field values ranging from 102 to 880 g m−2 [83]. The overall
trend across regions is also similar to that in the literature, with California having higher
peak aboveground tidal marsh biomass than the Everglades.

When we compare our NPP map to other available NPP products, such as NASA’s
2015 “MODIS Net Primary Production (NPP)”, with about a 1 km resolution, we observe
similar trends, with higher NPP in the Mid-Atlantic and Northeast and lower NPP values
in the South Atlantic-Gulf and Everglades regions [84]. However, on the west coast, the
NASA NPP map shows slightly lower values in California, when compared to the Pacific
Northwest region, unlike our map. Discrepancies in these trends are likely due to the
large size of the pixel of the NASA NPP map, which contain mixed land cover classes
(e.g., agricultural and forest land covers) that may have very different NPP values per area
than herbaceous marshes. When compared to a CONUS tidal wetland map of GPP from
Feagin et al. [21], with a 250 m resolution, we see similar patterns on the west coast, where
both GPP and NPP are higher in the California region. However, trends in other regions are
disparate. Feagin et al. [21] report patterns of higher GPP in the South Atlantic-Gulf and
Everglades regions, when compared to northeast and north-central states. For example, in
the Everglades, we projected the lowest mean annual rates of NPP, whereas Feagin et al. [21]
report the highest mean annual rates of GPP. Feagin et al. [21] rely upon a pixel size that
is an order of magnitude greater than our study, which can smooth over and obscure
differences at smaller scales, such as differences in land cover classes. Feagin et al. [21]
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also included scrub/shrub (mangrove) land cover in their assessment, which generate very
different biomass and turnover rates than herbaceous marshes, and are highly abundant in
the Everglades region. Shrub/scrub vegetation was not included in the original biomass
model [22,23] due to limited data, and restricting the model to only herbaceous vegetation
greatly improved model performance.

Comparison with other CONUS estimates of carbon fluxes, illustrates the relationship
of NPP to net photosynthetic input (GPP) and carbon storage sinks (soil carbon accumu-
lation rate, CAR) in tidal wetlands (Supplementary Figure S3). Every year, a fraction of
the NPP carbon flux is stored in the soils, as an autochthonous and typically dominant
contribution to annual soil carbon accumulation [85]. For this reason, rates of soil carbon
accumulation are usually lower than NPP. Based on our mean CONUS NPP rates, the mean
annual rate of carbon fixed in plant biomass was roughly 19% higher than CONUS soil
carbon accumulation rates [34]. CONUS GPP from Feagin et al. [21] was roughly 1.9 times
higher than our NPP. Because NPP is equal to GPP minus respiration, NPP is always
lower than GPP. As expected, our mean NPP values were lower than GPP values for tidal
wetlands in all regions, except for in California. NPP values in this region may be artificially
inflated, since AT in California may be lower than one (Supplementary Figure S2).

4.3. Limitations

For both salinity classes, very little aboveground turnover rate (AT) data are available
for many of the regions, and existing data are highly variable, making precise estimations
of regional or marsh class type AT impossible (Supplementary Table S2 and Figure S2).
Because AT data was sparse and variable, we assumed AT of one crop per growing season
(see Section 2.2). Since NPP is a product of peak biomass carbon stock and AT, having
one CONUS-wide value for AT prevented us from seeing different regional patterns in
NPP when compared to peak biomass carbon stock. Our estimates of AT were limited
by the availability of these labor-intensive datasets (e.g., Coastal Carbon Research Coor-
dination Network (https://serc.si.edu/coastalcarbon, accessed on 10 January 2023) [86]).
In the past few decades, there has been a shift towards remote studies, because of the
reduced time and cost when compared to field studies. However, future field studies that
estimate annual biomass turnover would be beneficial for this assessment and process-
based model development (e.g., [87]), especially in regions such as the Pacific Northwest,
Everglades, palustrine Northeast, and palustrine California, where data are non-existent
(Supplementary Figure S2). Additionally, many biomass and NPP values reported in the
literature could not be used to calculate AT, due to missing details regarding sample num-
ber and spatial and temporal resolution. We hypothesize that spatial patterns in NPP may
differ from peak biomass patterns because of regional differences in turnover rates due to
growing season length. Limitations in turnover data representativeness preclude such a
refinement of the NPP map today, but may be adjusted in future versions. To date, our
NPP map is the only finer-scale estimate of productivity fluxes across CONUS regions, and
the least biased data product we can produce at this time.

The methods used to create the biomass carbon map are repeatable for other years.
Given the tools provided in this study, the collection of additional field data for independent
validation and future AT research, and the generation of new and improved spatial biomass
and NPP data products, are possible. Additionally, similar methods could be used to
map shrub/scrub and tree wetlands in the future, given that SAVI is a good indication of
mangrove and scrub biomass [88,89].

Regarding spatial scale, each pixel of a satellite image may contain a single land cover
type (pure), or a mix of land cover types (impure), the larger the pixel is, the more likely it
is to be impure. We used the C-CAP land cover data to determine marsh area [37]. As is
the case with any remote sensing dataset, this dataset contains some pixels that are impure,
but the relatively small pixel size (30 m resolution) limits the effects of pixel impurities,
reducing distortion of associated spectral values. In contrast, the GPP map product from
Feagin et al. [21], has a 250 m pixel size, and the authors note that many coastal wetlands
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are linear and smaller than their 250 m pixel size. For this reason, pixel impurity in their
map is more common. Pixel impurity can lead to inaccuracies in carbon estimations,
through distortion of band values used in a vegetation index, especially those that rely on
near-infrared (NIR) reflectance. For example, a pixel that is a mix of vegetated wetland
and water—one which strongly reflects NIR and one that strongly absorbs NIR—could
have a very different combination of band values than a pure wetland pixel. However,
only including pure pixels can result in an underestimation of wetland area. The threshold
chosen for area of wetland cover per pixel could have led to the differences in spatial
carbon patterns between the estimated NPP and GPP. Given the larger pixel size of MODIS
products used by Feagin et al., (2020), the inclusion of forested or productive agricultural
lands is more likely to elevate estimated GPP than the inclusion of open water, which
typically reduces estimates of GPP. C-CAP pixels, at 30 m resolution, are still inclusive of
open water and forested edges, but are less impacted by pixel impurity at larger landscape
scales [90]. We note, however, that even the C-CAP land cover map (used in this study) [37]
and the National Land Cover Database (NLCD) land cover map [91], define different
coverage of herbaceous marshes in CONUS during the same time period, despite having
the same spatial resolution. Additionally, different wetland species can have unique and
identifiable spectral signatures, but zones of mixed vegetation can have altered spectral
peaks, that are hard for models to identify and correctly classify [92].

A potential limitation of this study is the possibility of missed peak SAVI, due to cloud
cover or tidal inundation, during the time that the Landsat 8 satellite passed overhead,
which is once every 16 days [93]. Tidal inundation has been shown to reduce near-infrared
(NIR) reflectance, due to the reduction in aboveground leaf area index (LAI) when vegeta-
tion is submerged [94]. NIR is used in the calculation of SAVI and LAI is correlated with
SAVI [95].

4.4. Applications

The Intergovernmental Panel on Climate Change (IPCC) provides internationally
accepted methods for greenhouse gas (GHG) flux estimations [17–19]. In 2013, the IPCC
highlighted the importance of including wetlands in national GHG emission estimations
in the 2013 Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories:
Wetlands [18]. The IPCC does not recommend specific data or mapping products to be
used when determining GHG emissions and removals, allowing each country to use the
data that is available to them. GHG flux estimations can vary significantly when different
biomass stock data are used. The high-resolution national tidal marsh maps of peak
biomass carbon stocks and NPP fluxes created in this study, can be used in a spatially
explicit GHG inventory at the Tier 3 level, whereby models of stock gain and loss are
modeled at annual increments. Further, the approach used herein is amenable to repeat
measurements, and thus annually updatable for model projections of carbon cycling and/or
wetland sustainability (e.g., LUCAS, [25]). Additionally, the peak biomass carbon stock
and NPP maps can be used to parameterize carbon stock loss and gain for actions relevant
to land management (e.g., restoration) [25,96]) or voluntary carbon markets (e.g., [97]).

5. Conclusions

High-resolution (30 m scale) maps of tidal herbaceous marsh total (above- and be-
lowground) peak biomass carbon stocks and NPP, were produced for the first time at the
national scale for CONUS. The estimated total peak biomass stocks are 18.70 Tg C, with
similar trends in NPP annual flux. Mean values and variability for herbaceous tidal marshes
at a 30 m scale, were represented for CONUS as a total peak biomass carbon stock mean
and a total NPP mean rate (±standard deviation) of 848 ± 245 g C m−2 [yr−1] (Table 3).
Regional variability was slightly greater for palustrine marshes than for estuarine marshes.
Total peak biomass carbon stocks were greatest in the California region and lowest in the
Everglades region, for both palustrine and estuarine marshes. For all herbaceous tidal
wetlands, regardless of salinity class, our CONUS-wide NPP trends were regionally similar
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to the MODIS-based trends in GPP of Feagin et al. [21], except in the southeast, which
is likely due to our exclusion of shrub/shrub wetlands and finer resolution assessment,
that likely reduced pixel impurity from mangrove land cover. Our data-model fusion
approach to CONUS-wide biomass carbon stock mapping and modeled NPP flux, based on
synthesized turnover rates, illustrates the data needs for improving carbon sequestration
and GHG emissions inventories in tidal wetlands, whether for national incentives or for
voluntary carbon markets, that guide land use policy toward mitigating climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15061697/s1, Figure S1: Aboveground turnover rate vs. ANPP
method, Figure S2: Aboveground turnover vs. dominant vegetation, Figure S3: Regional mean carbon;
Table S1: Net primary productivity regions, Table S2: Aboveground turnover from literature review.
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