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Abstract
Carbon fluxes in tidal brackish marshes play a critical role in determining coastal wetland carbon sequestration and storage, 
thus affecting carbon crediting of coastal wetland restoration. In this study, a process-driven wetland biogeochemistry model, 
Wetland Carbon Assessment Tool DeNitrification-DeComposition was applied to nine brackish marsh sites in Mississippi 
River (MR) Deltaic Plain to examine the responses of gross primary productivity (GPP), ecosystem respiration (ER), net 
ecosystem exchange (NEE), and emissions of methane  (CH4) and nitrous oxide  (N2O) to climate change. Simulations of 
a normal hydrologic year (2013), dry year (2011) and wet year (2021), and a hypothetical sea level rise (SLR) case were 
conducted as climate change scenarios. These climate change scenarios were determined by the Palmer Drought Severity 
Index (PDSI) for the Northeast Division of Coastal Louisiana during 2001–2021. Model results showed that GPP, ER, NEE, 
 CH4, and  N2O vary with site, and these brackish marshes lost carbon (net  CO2 emission) due to large reduction in primary 
productivity under the climate scenarios, as well as even during the normal hydrologic year. Average cross-site NEE were 
148, 140 and 132 g C  m−2  yr−1 in the dry, wet, and normal years (all net loss of wetland C). Under the hypothetical SLR, 
NEE were reduced by -25% compared to the normal year, but GPP and NPP were declined by -40% and -70%, respectively. 
These results suggest that climate change induced changes in soil salinity and water table depth will exacerbate carbon loss 
from tidal brackish marshes.

Keywords Blue carbon · Brackish marsh · Wetland Carbon Assessment Tool—DeNitrification-DeComposition (WCAT-
DNDC) · Inundation · Drought

Introduction

Tidal (coastal) wetlands are situated between terrestrial 
and marine ecosystems, and include tidal freshwater for-
ests (swamps), freshwater marshes, brackish marshes, salt 
marshes, mangroves, and seagrasses. Tidal wetlands are blue 
carbon ecosystems (Krauss et al. 2018; Adame et al. 2024). 
They are critical carbon sinks and store a disproportional 
amount of carbon (16–33% of terrestrial soil carbon pool 
with only about 3% of the Earth’s surface) (e.g., Bridgham 
et al. 2006). However, tidal wetlands especially freshwater 
wetlands (forests and marshes) also emit 1/3 of the methane 
 (CH4) among all ecosystem types (Bridgham et al. 2006). 
The Global Carbon Project analyzed the Global Methane 
Budget 2000–2017 and found that  CH4 emissions from natu-
ral wetlands (excluding lakes, ponds, and rivers) are nearly 
135 (116–155)  TgCH4  yr−1, representing 30% on average 
of the global methane emissions (Saunois et  al. 2020). 
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Meanwhile, tidal wetland loss occurs due to sea level rise 
(SLR), increased storms, and human disturbances, releasing 
a large amount of carbon dioxide  (CO2) to the atmosphere 
through that mechanism rather than absorbing  CO2 from 
the atmosphere (Neubauer and Megonigal 2015). Globally, 
at least 13,700  km−2 of tidal wetlands have been lost, offset 
by gains of 9,700  km−2, leading to a net loss of 4,000  km−2 
from 1999 to 2019 (Murray et al. 2022). Additionally, tidal 
wetlands could also release nitrous oxide  (N2O), which 
is greenhouse gas with global warming potential of 298 
times of that of  CO2 in a 100-year scale (e.g., Neubauer and 
Megonigal 2015). Net emissions of  CH4,  CO2, and  N2O to 
the atmosphere from tidal wetlands due to wetland loss and 
degradation reduce tidal wetland’s capacity as carbon sinks 
to mitigate climate change impacts (e.g., Lane et al. 2016).

Carbon fluxes and pools along the atmosphere-plant-soil 
continuum in tidal wetlands vary spatially and temporally 
across landscapes with different vegetation community types 
(e.g., freshwater, brackish, and saline marshes) correspond-
ing to a salinity gradient (Nyman and DeLaune 1991; Wes-
ton et al. 2014; Wilson et al. 2015; Li et al. 2020; Ishtiag 
et al. 2022). However, there are few studies that examine the 
spatial variability in carbon dynamics (fluxes and stocks) in 
the same vegetation type, especially for deteriorating brack-
ish marshes (Krauss et al. 2016; Lane et al. 2016; Stagg et al. 
2024). More studies can be found for tidal freshwater for-
ests, freshwater marshes, and salt marshes (e.g., Krauss et al. 
2018; Wang et al. 2022, 2023a). Tidal brackish marshes are 
normally low salinity wetlands with surface water salinity 
ranging from oligohaline (0. 5 to 5) to mesohaline (5 to 18 
psu) (Russell et al. 2023; Adame et al. 2024). Soil porewa-
ter salinity in brackish marshes could be much higher than 
surface water salinity because of salt accumulation in soils 
via plant evapotranspiration (Wang et al. 2020; Russell et al. 
2023). It was observed that soil salinity in brackish marshes 
along the Gulf of Mexico coast ranged from 4 to 25 psu 
(Snedden 2018; CPRA 2024).

Brackish marshes dominate global tidal marsh extents 
(Russell et al. 2023). Along coastal Louisiana, brackish 
(5–20 psu) marshes in 2013 and 2021 occupied 27.5% 
(Sasser et al. 2014) and 15.6% (Nyman et al. 2022) of total 
tidal marsh (freshwater, intermediate, brackish, and saline) 
area, respectively, and is a crucial component of tidal wet-
land carbon sequestration and storage when vegetation is 
healthy and productive. However, deteriorating brackish 
marsh could be a significant contributor to carbon loss via 
emissions of  CO2 and  CH4 and export of dissolved organic 
and inorganic carbon (Holm et al. 2016; Lane et al. 2016; 
Krauss et al. 2016; Russell et al. 2023). For example, Lane 
et al. (2016) found that brackish marshes in coastal Loui-
siana could emit 2.8 million tons (Mt)  CO2-eq  ac−1  yr−1 to 
the atmosphere when vegetation dies, higher than that of salt 
marsh (2.07 Mt  CO2-eq  ac−1  yr−1). Drought, inundation, and 

increased salinity generally induce physiological stress in 
vascular plants thus affecting the biogeochemical processes 
in tidal wetlands (Janousek and Mayo 2013; Luo et al. 2019; 
Ishtiag et al. 2022; Wang et al. 2022, 2023a, b). Net eco-
system  CO2 exchange decreased from freshwater marsh to 
oligohaline marsh to mesohaline marsh with SLR-induced 
prolonged flooding and saltwater intrusion due to a greater 
decrease in gross primary production relative to ecosystem 
respiration, leading to the reduction in net  CO2 uptake (Li 
et al. 2020). Even within the same vegetation type, tidal 
wetlands could respond differently to climate change and 
SLR, resulting in varying carbon uptake and sequestration 
capacities, thus affecting net ecosystem exchange (NEE), 
or rather the net uptake versus net emission of  CO2 to the 
atmosphere (Bansal et al. 2023). Past studies on carbon and 
GHG fluxes in brackish marshes showed that the responses 
and mechanisms of NEE, gross primary productivity (GPP), 
ecosystem respiration (ER),  CH4 and  N2O fluxes in brack-
ish marshes to changes in salinity, water table depth, or 
both could be variable with different magnitude and change 
direction. Outcomes of ecosystem change of  CO2 at coastal 
brackish marshes could be net uptake or net release of  CO2 
under drought, flooding, and SLR. For example, little effect 
of elevated salinity on  CO2 uptake was found for a Florida 
Everglades brackish marsh when the site was inundated, but 
the site shifted from a C sink to a C source when water lev-
els receded below soil surface (Wilson et al. 2018a). NEE 
measurements in a brackish marsh in the Florida Coastal 
Everglades indicated a net source of  CO2 due to the coupled 
effect of reduced photosynthesis suppressed by elevated 
salinity from 10 to 20 psu, thus substantially reduced both 
above- and below-ground NPP and increased ER (Ishtiag 
et al. 2022). Studies using greenhouse experiments and field 
mesocosms found that shoot production and biomass of 
brackish marsh species tended to decline monotonically with 
higher salinity and root production tended to be negatively 
affected by greater inundation under inundation and salin-
ity stress especially for below-ground production (Janousek 
and Mayo 2013; Janousek et al. 2020; Ishtiag et al. 2022). 
Other studies found that the decreased net uptake of  CO2, 
or increase in net  CO2 release could be attributed to reduced 
GPP with no change in ER (Russell et  al. 2023), both 
decreased GPP and ER, but greater decrease in GPP than ER 
(Li et al. 2020).  CH4 emissions tended to be reduced with 
increasing salinity in tidal marshes even within same marsh 
type with a salinity gradient (e.g., Poffenbarger et al. 2011). 
 CH4 efflux was considerably low (−0.3 to 2.3 g C  m−2  yr−1) 
with the increase of salinity from 10 to 20 psu at a brackish 
marsh site in the Florida Coastal Everglades (Ishtiag et al. 
2022). However,  CH4 flux was found to be relatively small 
with no significant differences across sites with different 
salinities in the Mobile Bay marshes along the Northern 
Gulf of Mexico (freshwater: 2.3 psu, brackish: 5.1 psu, and 
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saline: 20.7 psu) due to a significant quantity of  CH4 oxi-
dation occurs at the sediment-atmosphere interface of the 
lower salinity site (Wilson et al. 2015). Elevated salinity 
was found to have no effect on  CH4 efflux in an experiment 
using sawgrass (Cladium jamaicense) and soil collected 
from Everglades brackish marshes (Wilson et al. 2018a). 
In contrast, saltwater intrusion resulted in large effluxes of 
 CH4 (80 g C-CH4  m−2  yr−1) at the oligohaline marsh site 
(~ 5.6 psu) in Delaware River Estuary, thus a large but likely 
localized source of GHG (2,000 g  CO2-eq  m−2  yr−1) to the 
atmosphere (Weston et al. 2014).

The spatial and temporal variations in carbon fluxes and 
the different responses to climate change and SLR within a 
vegetation type are determined by variations in marsh eleva-
tion and soil properties (e.g., bulk density, organic matter 
content, total nitrogen). Such elevation and soil variability 
control the input of tidal water and freshwater with varying 
frequency, duration, and intensity and various salinity, min-
eral sediment, and nutrients into coastal wetlands. These var-
ious inputs of water, sediment, and nutrients cause changes 
in ecological (e.g., plant productivity, soil organic matter 
decomposition, sulfate reduction, methanogenesis, nitrifica-
tion, denitrification) and physical (e.g., sediment transport, 
deposition, and erosion) processes, resulting in different 
carbon fluxes over space (Poffenbarger et al. 2011; Wilson 
et al. 2015; Wang et al. 2022, 2023a). Nevertheless, there are 
very few studies that examine the spatial responses of coastal 
brackish marshes in the context of NEE, GPP, ER,  CH4 and 
 N2O under climate change and rising sea level.

The Wetland Carbon Assessment Tool (WCAT)-DeN-
itrification-DeComposition (DNDC) is a process-based 
simulation model of water, carbon (C), nitrogen (N) and 
phosphorus (P) biogeochemistry in wetland ecosystems. 
WCAT-DNDC was developed for a wide range of wetlands 
with and without tidal influence such as freshwater swamp 
forest, freshwater marshes (< 0.5 psu), and oligohaline 
marshes (< 5 psu), to high salinity wetlands such saline 
marshes (> 18 psu) and mangrove forests. WCAT-DNDC 
was calibrated and validated by field observations on car-
bon fluxes including plant primary productivity, soil organic 
matter decomposition, emissions of  CH4 and  N2O at tidal 
and nontidal freshwater forests, oligohaline marshes (Zhang 
et al. 2002; Dai et al. 2012; Wang et al. 2022, 2023a) and 
mangroves (Dai et al. 2018). Application of wetland biogeo-
chemistry models such as WCAT-DNDC can help wetland 
ecologists determine the spatial variability in tidal wetland 
carbon sequestration and carbon loss and assess the impacts 
of climate change-induced inundation, drought, and SLR on 
carbon fluxes with limited field monitoring data at few sites. 
The objectives of present study are to 1) validate WCAT-
DNDC using field carbon flux data for application in tidal 
brackish marshes having the same or similar plant species 
composition and soil salinity in the range of 5–25 psu; 2) 

determine the spatial variability in GPP, ER, GHG emis-
sions and NEE in tidal brackish marshes; and 3) examine 
the impact of marsh inundation, drought and SLR on GPP, 
ER, GHG emission and NEE. Results of this modeling study 
may help coastal resource managers to design tidal brackish 
marsh restoration projects that enhance project carbon credit 
capture via promoting net carbon uptake and reducing net 
 CO2 emission compared to a no-action scenario.

Methods

Study Sites

Nine brackish marsh sites (Fig. 1) within the Terrebonne 
Basin, Louisiana, along the Northern Gulf of Mexico coast 
were selected from the Coastwide Reference Monitor-
ing System (CRMS, http:// lacoa st. gov/ crms2/ home. aspx). 
Terrebonne Basin is an inactive basin of Mississippi River 
Deltaic Plain (MRDP) with separation from riverine sedi-
mentation (Cassaway et al. 2024; Stagg et al. 2024). These 
brackish marsh sites are adjacent to Pointe-aux-Chenes 
Wildlife Management Area (WMA) managed by Louisiana 
Department of Wildlife and Fisheries (LDWF). These sites 
were all classified as brackish marsh except CRMS3296 that 
was classified as salt marsh during 2011–2013, reflecting 
rapid habitat change in coastal Louisiana. CRMS3296 was 
selected since it was in the transition zone between brackish 
and salt marshes and used to be a brackish marsh site dur-
ing late 1980s and early 1990s. CRMS2825 was selected 
because it was the only existing brackish marsh site that had 
carbon flux data from both the eddy covariance (EC) tech-
nique and static chamber method (Holm et al. 2016; Krauss 
et al. 2016). Marsh surface elevation, excluding CRMS0312 
which is a floating marsh, ranged between 0.24 and 0.85 m 
North American Vertical Datum of 1988 (NAVD88) 
(Table 1). Using the 1 km × 1 km landscape unit, land (emer-
gent vegetation, upland, wetland forest, or scrub-shrub) and 
water (open water, aquatic beds, and mudflats) area and per-
centage for all CRMS sites including the selected brackish 
marsh sites were determined with high resolution (1 m) digi-
tal aerial photography. Land percentage (vs. water) in 2012 
of these brackish marshes ranged from 30.4% (CRMS3296) 
to 88.7% (CRMS0312) (Table 1). These brackish marsh sites 
are microtidal with a range < 0.3 m diurnal (Krauss et al. 
2016). Mean surface water salinity ranged from 3.5 practical 
salinity units (psu) (oligohaline: 0.5–5 psu) at CRMS0385 
[the other site with < 5 psu is CRMS0312)] to 13.1 psu (mes-
ohaline: 5–18 psu) at CRMS3296 (Table 1). Mean water 
levels at these marsh sites (2006–2013) were similar, rang-
ing between 0.3 and 0.45 m NAVD88 (Table 1). Dominant 
plant species include Spartina patens except CRMS0400 
dominated by Schoenoplectus americanus and CRMS3296 

http://lacoast.gov/crms2/home.aspx
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dominated by Spartina alterniflora. Soils at these brackish 
marsh sites are generally organic with lowest organic matter 
content (26.12%) and highest bulk density (0.26 g  cm−3) at 
CRMS0315 and highest organic matter content (84.5%) and 

lowest bulk density (0.08 g  cm−3) at CRMS0312 (Table 1). 
Soil organic carbon content varied among these brackish 
marsh sites ranging from 0.09 (kg C  kg−1) at CRMS3296 to 
0.40 kg C  kg−1 at CRMS0312 (Table 1).

Fig. 1  Map of coastal zones and the Coastwide Reference Monitoring System (CRMS) brackish marsh sites in the Terrebonne Bay, Louisiana. 
Source of imagery: World Imagery, ArcGIS Online Basemap, Esri

Table 1  The geomorphologic, hydrologic, and soil characteristic in the brackish marsh sites from the Coastwide Reference Monitoring System 
(CRMS)

Characteristic CRMS0385 CRMS0400 CRMS0312 CRMS0315 CRMS2825 CRMS0386 CRMS3296 CRMS0416 CRMS0387
Latitude (°N) 29.4107 29.4906 29.5051 29.4035 29.4978  29.4325 29.3890 29.4761 29.4107
Longitude (°W) 90.6043 90.5105 90.3855 90.5730 90.4480 90.3543 90.4793 90.4793 90.3230
Elevation (m, 
NAVD88) 0.00 0.11 floating 0.17 0.18 0.08 0.13 0.14 0.05
2012 Land % 74.60 75.80 88.70 30.90 83.70 39.90 30.40 55.10 48.10
Mean water 
salinity (psu, 
record period)

3.51 (10/2012-
2/2023)

5.51 (2/2006-
1/2023)

3.6 (5/2006-
8/2021)

8.97 (6/2006-
2/2023)

5.58 (3/2008-
1/2023)

11.25 
(6/2006-
1/2023)

13.13 
(5/2009-
2/2023)

7.19 (6/2006-
1/2023)

12.79 
(5/2006-
2/2023)

Mean water level 
(m, NAVD88, 
record period)

0.37 (9/2012-
9/2013)

0.45 (9/2006-
9/2013)  

0.36 (9/2006-
9/2013)

0.43 (9/2006-
9/2013)

0.35 (9/2008-
9/2013)

0.36 (9/2006-
9/2013)

0.43 (9/2009-
9/2013)

0.39 (9/2006-
9/2013)

0.30 (9/2006-
9/2013)

Soil organic 
matter (%) 42.81 58.84 84.50 26.12 58.30 56.50 38.59 56.65 52.30
Soil bulk density 
(g cm-3) 0.19 0.09 0.08 0.26 0.14 0.14 0.23 0.13 0.12
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Wetland Carbon Assessment Tool

WCAT-DNDC consists of five sub-models: hydrology, 
plant growth, soil organic matter, methanogenesis/metha-
notroph activity, and nitrification/denitrification (Fig. 2). 
The drivers of WCAT-DNDC include climate, hydrology, 
soil, vegetation, and disturbance. WCAT-DNDC incor-
porates critical biogeochemical processes including pho-
tosynthesis, plant and soil respiration, soil organic mat-
ter decomposition, N/P mineralization, methanogenesis, 
methanotrophy, nitrification, denitrification, carbon alloca-
tion, storage, and consumption. The impacts of environ-
mental factors such as soil salinity, water level or water 
table depth, light/radiation, air/soil temperature, precipita-
tion, soil moisture, redox potential, soil pH, and nutrients 
on these biogeochemical transformations are included in 
WCAT-DNDC. There are very few process-based biogeo-
chemistry models that can simulate water, carbon, nitro-
gen, and phosphorus dynamics in saline environment. 

WCAT-DNDC evolved from MCAT-DNDC for man-
groves (Dai et al. 2018) and TFW-DNDC for low salin-
ity forested wetlands including tidal freshwater swamps 
and marshes (Wang et al. 2022, 2023a). In addition to the 
impact of water level and nutrient (N, P, S) on C, N, P 
biogeochemical processes, salt stress on coastal wetland 
processes such as primary productivity, soil organ matter 
decomposition and GHG emissions has been successfully 
incorporated in WCAT-DNDC. Calibration, validation, 
and application of WCAT-DNDC have been conducted 
for mangroves (Dai et al. 2018), and tidal swamps and 
marshes (Wang et al. 2022; Wang et al. 2023a, b). For 
this study, the coastal marsh sub-model was recalibrated 
and validated using field data (see “Model validation and 
performance” section). The major ecosystem processes 
and model parameters in WCAT-DNDC are presented in 
Table S1 in Appendix S1 and Table S2 in Appendix S2 of 
Wang et al. (2022) as well as in Dai et al. (2018), Li et al. 
(2000), Li et al. (2004), and Zhang et al. (2002). To be 

Fig. 2  The framework of Wetlands Carbon Assessment Tool—
DNDC. WT: water table; Ra: radiation; PET: potential evapotranspi-
ration; AET: estimated actual evapotranspiration; PSN: photosynthe-
sis; NPP: net primary production; GPP: gross primary production; 
Death: including fallen leaf and dead woods; VL: very labile organic 

matter; L: labile organic matter; R: resistant organic matter; MP: 
mineral C pool; HP: humus pool; PHP: passive humus pool; DIC: 
dissolved inorganic C; DOC: dissolved organic C; AT: atmosphere; 
POC: particulate organic C; AOM: anaerobic oxidation of methane 
(modified from Dai et al. 2018)



 Wetlands (2024) 44:122122 Page 6 of 19

effective in simulating carbon and GHG fluxes in brack-
ish marshes (salinity: 5–18 psu), modification of WCAT-
DNDC was done using data from brackish marshes along 
coastal Louisiana. Specifically, the impact of salinity on 
plant productivity of the brackish marshes was modified 
based on marsh organ experiment data for S. patens along 
coastal Louisiana (Snedden et al. 2015). The impact of 
salinity on  CH4 emission was modified based on the rela-
tionship (decreasing with increased salinity) found for 
brackish marshes (Holm et al. 2016). WCAT-DNDC is 
written in C/C + + and operates on a daily time step with 
summation to annual output. As with Wang et al. (2022), 
a spin up period of three years was adopted to reduce the 
influences of initial conditions (primarily soil salinity and 
water level) and numerical calculations on model stability. 
Soil depth in this study was simulated to 50 cm below the 
soil surface.

Model Input and Output

Input data include site-specific geographical location (lati-
tude, longitude), elevation, vegetation, soil (Table 1), and 
time-series of climate indicators (daily precipitation, maxi-
mum and minimum temperature) and hydrology (soil salin-
ity and soil water table depth). Daily temperature and rain-
fall at the brackish marsh sites were obtained from the Oak 
Ridge National Laboratory’s Daily Surface Weather and Cli-
matological Summaries (Daymet) database (Thornton et al. 
2020). Data on daily soil water table depth at these brackish 
marsh sites were obtained from CRMS (CPRA 2024). Daily 
soil porewater salinities at the nine selected brackish marsh 
sites were simulated using a mass-balance-based soil salinity 
model, which was developed for tidal wetlands including salt 
marshes (Wang et al. 2007), and salinity impacted forested 
wetlands and oligohaline marshes (Wang et al. 2020). Input 
data for the soil salinity model include daily air temperature, 
hourly rainfall, incoming tidal elevation, and salinity. The 
soil salinity model for the brackish marshes was calibrated 
using 2011 CRMS field soil porewater data and validated 
using 2012 CRMS field data. Two sites, CRMS3296 and 
CRMS0387, were not validated since field data during 
2011–2012 were not available. Comparisons between simu-
lated and observed soil salinities with all data of the seven 
sites for calibration  (R2 = 0.97) and validation  (R2 = 0.98) 
showed that simulated soil salinities are in good agreement 
with observations capturing both the magnitude and sea-
sonal pattern with high accuracy (Figs. S1 and S2). Output 
of WCAT-DNDC for this study include daily and annual 
rates of GPP, ER, NEE,  CH4 and  N2O. NEE was calculated 
via NEE = ER – GPP, therefore, positive values indicate net 
 CO2 emissions to the atmosphere while negative values indi-
cate net  CO2 uptake.

Model Validation and Performance

Field data on daily GPP, ER, NEE, and  CH4 were collected 
from October 8, 2011 to December 5, 2012 at CRMS2825 
using the EC technique (Holm et al. 2016; Krauss et al. 
2016). Missing data on these carbon fluxes were gap-filled 
with an algorithm-derived procedure (Reichstein et al. 2005) 
and stepwise regression analysis using meteorological and 
environmental covariates. For details about EC-derived 
carbon fluxes, processing and uncertainty refer to Krauss 
et al. (2016). Observed data in 2011 were used for model 
calibration and data in 2012 were used for model validation. 
For daily NEE, there were no data during May 6 to June 
24, 2012, and gap-filled data were not used for model com-
parison due to the large uncertainty for gap-filling a period 
with longer than one month. For other fluxes with few days 
of gaps, the gap-filled data were used for model validation.

The performance of WCAT-DNDC in simulating carbon 
dynamics and GHG emissions in MRDP brackish marshes 
was evaluated using the coefficient of determination  (R2), 
root mean square error (RMSE), and bias. The coefficient 
of determination measures the linear association between 
modeled and observed data; a high correlation coefficient 
is considered desirable. Typically values greater than 0.5 
are considered acceptable. RMSE describes the residual 
difference between model performance and actual data; a 
good model has low RMSE values. Bias is the average of 
the difference between modeled and observed values; a good 
model exhibits low bias. Values for  R2, RMSE and Bias are 
calculated as:

where Oi and Pi are observed and simulated values at each 
time i; O and P are observed mean and simulated mean; n is 
the number of observations.

Scenario Analysis

The validated WCAT-DNDC was used to examine trends 
and variability in carbon fluxes at the selected brackish 
marsh sites in MRDP under normal, flooding and drought 
conditions. Normal, wet, and dry years in this study were 
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determined by the Palmer Drought Severity Index (PDSI) 
for the Northeast Division of Coastal Louisiana during 
2001–2021. Year 2013 was determined to represent normal 
years, Year 2021 (third heaviest precipitation year on record) 
represents wet years, and Year 2011 represents dry years. 
The statistical summaries of soil salinity and water table 
depth are shown in Table 2. Under the normal year, aver-
aged daily soil water table depth across sites was 26.7 cm, 
ranging from −3.2 cm (below soil surface) to 69.4 cm (above 
surface). Averaged daily soil salinity across sites was 8.2 
psu, ranging from 3.4 to 12.4 psu. Under the wet year, aver-
aged daily soil water table depth across sites was 35.5 cm, 
ranging from 12.7 cm to 51.5 cm (above surface). Averaged 
daily soil salinity across sites was 7.5 psu, ranging from 3.9 
to 11.7 psu. Under the dry year, averaged daily soil water 
table depth across sites was 11.8 cm, ranging from −11 cm 
(below soil surface) to 33.6 cm (above surface). Averaged 
daily soil salinity across sites was 11.7 psu, ranging from 5.4 
to 16.6 psu. Since the dry year did not represent increases 
in both soil salinity and water level, we added a hypotheti-
cal SLR case by using the soil salinity in the dry year and 
soil water table depth in the wet year. Climate data in the 

normal year was used for the SLR case. Soil water table 
depth increased in the range of 10 to 30 cm under the SLR 
case compared to the normal year at these sites (excluding 
CRMS0386 and CRMS0387). The upper increase (30 cm) 
corresponds approximately to a moderate SLR (27 cm) over 
the next 50 years and a less optimistic SLR (45 cm) over the 
25 years for coastal Louisiana (Wang et al. 2017). We also 
conducted a numerical experiment with varying soil salinity 
(1.1 to 41.6 psu) and water table depth (2.5 ~ 128.6 cm) in 
relation to the SLR case to determine the threshold values 
of soil salinity and water level that would generate net C 
sequestration (NEE < 0, net uptake of  CO2).

Statistical Analysis

The impacts of flooding and drought on simulated daily car-
bon and GHG fluxes (NEE, GPP, ER,  CH4,  N2O) at the nine 
brackish marsh sites were analyzed using two-way ANOVA 
with site and scenario and their interaction as explanatory 
variables. When necessary, the simulation results were trans-
formed using the Box-Cox method prior to analysis to meet 
normality and homoscedasticity assumptions. Whenever 

Table 2  Statistical summary of the daily soil water table depth and soil salinity in dry year (2011), normal year (2013) and wet year (2021) at the 
brackish marsh sites along coastal Louisiana

Mean Max Min Mean Max Min Mean Max Min

CRMS0385 13.93 41.98 1.03 20.21 47.65 10.06 30.73 69.66 19.38
CRMS0400 15.90 89.13 -23.46 29.15 79.67 -13.75 39.74 108.00 -1.16
CRMS0312 -2.46 64.00 -31.39 3.28 40.82 -23.85 31.96 123.74 -18.79
CRMS0315 -10.98 88.25 -35.50 -1.01 67.54 -38.00 12.65 68.92 -47.82
CRMS2825 -7.39 72.17 -49.54 -3.17 28.54 -37.75 24.03 115.74 -26.79
CRMS0386 27.66 137.04 -22.46 40.54 103.71 -11.79 36.80 115.40 -15.62
CRMS3296 18.93 120.21 -31.75 34.10 103.46 -16.83 42.66 107.82 -11.67
CRMS0416 33.56 110.29 -5.08 48.17 98.71 6.71 49.51 121.40 3.18
CRMS0387 16.84 127.83 -32.54 69.40 137.50 18.88 51.48 128.40 5.51

CRMS0385 10.31 12.50 7.31 7.02 7.27 6.92 7.95 8.79 7.30
CRMS0400 10.75 14.82 7.38 5.32 9.04 3.20 4.34 11.93 1.64
CRMS0312 5.38 8.46 3.90 3.40 5.00 2.25 3.91 6.10 2.56
CRMS0315 10.84 12.11 9.30 9.12 10.20 8.00 7.40 9.84 4.73
CRMS2825 10.08 10.72 9.38 8.35 9.35 7.33 7.69 9.41 6.37
CRMS0386 15.30 19.42 13.48 10.30 13.19 8.11 9.22 13.67 5.14
CRMS3296 16.63 19.79 14.69 12.37 15.78 9.76 11.69 15.55 7.96
CRMS0416 10.46 13.00 8.27 6.21 9.13 4.01 6.05 11.17 2.89
CRMS0387 15.85 20.51 11.77 11.55 14.46 9.44 9.61 13.29 5.67

Salinity (psu)

Sites

Dry (2011) Normal (2013) Wet (2021)

Water Table Depth (cm)
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a significant interaction effect was detected via two-way 
ANOVA, a series of one-way ANOVAs were used to analyze 
individually the impact of flooding, drought and the SLR 
case on carbon and GHG fluxes at each of the nine brackish 
marsh sites. The Tukey–Kramer post hoc test was used to 
compare the means between each pairwise combinations of 
the dry, normal, wet and SLR scenarios and determine if the 
differences are statistically significant. The SAS 9.3 software 
package (SAS Institute, Cary, North Carolina, USA) was 
used for the statistical analyses. All the tests were two-tailed 
based on type III sums of squares (SS) and considered sig-
nificant at p < 0.05.

Results

Model Performance

WCAT-DNDC simulated daily NEE, GPP, ER,  CH4 and 
 N2O fluxes were within the ranges of EC-derived observa-
tions. Simulated NEE fluxes (mean ± standard deviation: 
0.37 ± 0.27 g C  m−2  day−1) and seasonal variation agreed 
with observed fluxes (0.41 ± 0.49 g C  m−2  day−1) and sea-
sonal variation  (R2 = 0.35, RMSE = 0.53 g C  m−2  day−1) 
although WCAT-DNDC tended to underpredict observed 

Fig. 3  Comparisons between simulated and observed net ecosystem 
exchange (NEE), gross primary productivity (GPP), ecosystem res-
piration (ER), and methane  (CH4) emissions at CRMS2825 in 2012. 

Observed NEE, GPP, ER and  CH4 emissions were from the eddy 
covariance (EC) technique
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NEE (bias = −0.03 g C  m−2   day−1) (Fig. 3). Simulated 
daily GPP, ER, and  CH4 fluxes showed good agree-
ments with EC-derived observations  (R2 and RMSE were 
0.88 and 0.51 g C  m−2  day−1 for GPP, 0.89 and 0.62 g C 
 m−2  day−1 for ER, and 0.90 and 0.17 kg C  ha−1  day−1 for 
 CH4, respectively), although the model tended to slightly 
overestimate GPP, ER and  CH4 fluxes (biases = 0.08 g C 
 m−2  day−1, 0.23 g C  m−2  day−1, and 0.03 kg C  ha−1  day−1 
for GPP, ER and  CH4 fluxes, respectively) (Fig. 3). The 
lower  R2 for NEE comparison than that of GPP and ER 
comparisons could be related to the missing and poor-
quality data from the eddy covariance technique applied 
in coastal wetlands (e.g., Lu et al. 2024). There was a 
total of 80 days (22% of the year) of missing EC-derived 
NEE data from May 6 to September 3 in 2012, leading 
to the low accuracy in filled NEE data. WCAT-DNDC 
accurately captured the summer peak in observed GPP 
(simulated = 3.2 vs. observed = 3.4 g C  m−2  day−1) and 
peak in  CH4 in late summer to fall (simulated = 1.33 vs. 
observed = 1.34  kg C  ha−1   day−1) whereas the model 
captured seasonality in ER well (average fluxes: simu-
lated = 1.68 vs. observed = 1.50 g C  m−2  day−1) except the 
summer ER (Fig. 3). Low observed and simulated GPP 
during July 20 and August 9, 2012 could be attributed 
to the higher temperature (> 33 °C) and higher rainfall 
accumulation (21 cm total and up to 12.5 cm  day−1) dur-
ing that period, inhibiting plant photosynthesis. The dis-
crepancies between observed and simulated ER in March, 
May and June could be attributed to the influence of wind 
speed and direction (Holm et al. 2016; Mayen et al. 2024) 
that are not incorporated in the simulations. Limited daily 
 N2O data (only five dates during March and October in 
2012 from static flux chambers) were available for model 
validation. Simulated daily  N2O fluxes (mean = 3.32, 
range = 2.4 – 4.3 g N  ha−1  day−1) were within the observed 
fluxes (mean = 3.36, range = −4.0 – 13.0 g N  ha−1  day−1). 

Overall, model validation of selected attributes suggests 
that WCAT-DNDC represented the biogeochemical pro-
cesses well and can simulate blue carbon fluxes in coastal 
brackish marshes effectively.

Spatial Variability in Carbon Fluxes and  N2O 
Emission

The two-way ANOVA result (Table  S1) revealed that 
NEE, GPP, ER,  CH4 and  N2O fluxes differ significantly 
(p < 0.0001) by brackish marsh sites, suggesting spatial 
variability in these blue carbon wetland fluxes in tidal 
brackish marshes. Across the nine brackish marsh sites, 
annual GPP ranged 228 – 833 g C  m−2  yr−1 (Fig. 4), ER 
ranged 332 – 1046 g C  m−2  yr−1 (Fig. 5) and NEE ranged 
104 – 213 g C  m−2  yr−1 under the normal year (Fig. 5). 
Under the wet year, dry year and hypothetical SLR, annual 
GPP, ER and NEE were within the ranges of the normal 
year (Figs. 4 and 5). Highest GPP (832 g C  m−2  yr−1, nor-
mal year), ER (1104 g C  m−2   yr−1, dry year) and NEE 
(273 g C  m−2  yr−1, dry year) were found at the floating 
marsh CRMS0312 (Figs. 4, 5) where highest soil organic 
matter content (84.5%, Table 1) and lowest soil salin-
ity (3.4 psu under the normal year, Table 2) were found 
among the nine brackish marsh sites. Although negative 
NEE values (net uptake of  CO2) occurred for daily NEE 
(e.g., Fig. 3), annual NEE fluxes were all positive, or lost 
from the ecosystem to the atmosphere for the four scenar-
ios, indicating that all these brackish marshes lost carbon 
even under normal conditions. For GHG emissions across 
the brackish marshes, annual average  CH4 fluxes ranged 
5.3 – 40.4, 6.2 – 28.2, and 2.1 – 34.0, and 0.9 – 17.4 g C 
 m−1  yr−1 under the normal, wet, dry years and hypotheti-
cal SLR (Fig. 6). Annual  N2O fluxes ranged 1.7 – 5.0, 1.6 
– 4.9, and 2.1 – 5.4, and 1.4 – 4.4 kg N  ha−1  yr−1 under 
the normal, wet, dry years and hypothetical SLR (Fig. 6).

Fig. 4  Simulated GPP under the 
dry, normal, wet, and hypotheti-
cal SLR conditions in the brack-
ish marsh sites in Terrebonne 
Basin, Louisiana
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Impacts of Marsh Inundation, Drought, 
and Hypothetical SLR

The two-way ANOVA also showed that there were signifi-
cant “scenario” and “site × scenario” effects (p < 0.0001) 
for NEE, GPP, ER,  CH4 and  N2O fluxes (Table S1), indi-
cating that marsh inundation, drought, and SLR signifi-
cantly affected NEE, GPP, ER,  CH4 and  N2O fluxes and the 
responses of these fluxes to climate change scenarios varied 
significantly among the tidal brackish marsh sites. One-way 
ANOVAs (Table S2) for each of the nine brackish marsh 
sites determined the sites with significant (p < 0.05) impacts 
of drought, inundation, and hypothetical SLR conditions on 
NEE, GPP, ER,  CH4 and  N2O fluxes. 

Compared to the normal year, GPP decreased signifi-
cantly (p < 0.0001, Table S2) at six sites by average −17% 
in the dry year, at five sites by average −20% in the wet 
year, and all nine sites by average −40% in the hypothetical 
SLR case (Fig. 4). ER decreased significantly (p < 0.0001, 
Table S2) at five sites by average −20% in the dry year, at 
four sites by average −22% in the wet year, and all nine 

sites by average −37% in the hypothetical SLR case (Fig. 5). 
Only one exception is CRMS0315 which had increased ER 
in the dry year compared to the normal year, a 15% increase 
(Fig. 5). The response of NEE to the climate change sce-
narios differed from that of GPP and ER. Under the dry year 
condition, NEE increased (or release more  CO2 to the atmos-
phere) significantly (p < 0.0001, Table S2) at CRMS0312, 
CRMS0315, and CRMS2825 whereas NEE decreased 
significantly (p < 0.0001, Table  S2) at CRMS0386 and 
CRMS0416, compared to the normal year (Fig. 5). Under the 
wet year condition, NEE increased significantly (p < 0.0001, 
Table S2) at CRMS0400, CRMS0386, and CRMS0387 com-
pared to the normal year (Fig. 5). In contrast, NEE decreased 
significantly (p < 0.0001, Table  S2) at all sites except 
CRMS0312 and CRMS2825 under the hypothetical SLR 
condition compared to the normal year (Fig. 5). The differ-
ent spatial patterns of GPP, ER, and NEE under different 
hydrologic conditions (wet, dry, SLR) can be explained by 
variability in marsh surface elevation at these brackish marsh 
sites that determined the various changes in soil salinity and 
water table depth under different hydrological conditions 

Fig. 5  Simulated ER and NEE under the dry, normal, wet, and hypothetical SLR conditions in the brackish marsh sites in Terrebonne Basin, 
Louisiana
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across sites. For example, the increase rather than decrease 
in GPP at CRMS0315 under the dry year compared to the 
normal year could be largely attributed to the least increase 
in soil salinity (< 1.7 psu) among all the brackish marsh sites 
(1.8–5.4 psu) (Table 2). The increase (+ 4.3%) rather than 
decrease in GPP at CRMS0387 under the wet year compared 
to the normal year can be explained by the reduced stress 
from both inundation (from 69.4 cm to 51.5 cm) and soil 
salinity (from 11.6 psu to 9.6 psu) compared to other sites 
with increased inundation and slightly decreased soil salin-
ity (Table 2).

Compared to the normal year,  CH4 emissions decreased 
significantly (p < 0.0001, Table S2) at six sites in the dry year 
and at all sites in the hypothetical SLR condition (Fig. 6). 
In the wet year,  CH4 emissions decreased significantly at 
CRMS0385, CRMS0312 and CRMS2825, but increased 
significantly at CRMS0400, CRMS0386 and CRMS0387 
(p < 0.0001, Table S2), compared to the normal year (Fig. 6). 
Mean  CH4 emissions across the nine sites decreased by 
−38% and −67% in the dry year and hypothetical SLR 
condition whereas cross-site  CH4 emissions increased by 

12% in the wet year.  N2O emissions also increased sig-
nificantly at CRMS0312, CRMS0315, CRMS2825, and 
CRMS0387 whereas decrease significantly at CRMS0400 
and CRMS3296 (p < 0.0001, Table S2) in the dry year com-
pared to the normal year (Fig. 6). In the wet year,  N2O emis-
sions increased significantly at CRMS0315, CRMS0386, 
CRMS0416, and CRMS0387 whereas  N2O emissions 
decreased significantly at CRMS0312 and CRMS2825 
(p < 0.0001), compared to the normal year (Fig. 6).  N2O 
emissions decreased significantly (p < 0.0001) at most sites 
excluding CRMS0386 and CRMS0416 and increased sig-
nificantly at one site (CRMS0387) (Fig. 6).

WCAT-DNDC also predicted NPP, plant and soil res-
piration (plant  CO2 and soil  CO2) under the different cli-
mate scenarios. NPP decreased under the dry, wet years and 
hypothetical SLR condition compared to the normal year at 
all sites (except CRMS0387 in the dry year), ranging from 
−13% to −100% (Table 3). Under the drought condition, 
plant respiration decreased at all sites except CRMS0312 
and CRMS0315, ranging from −5% to −27% with site aver-
aged decrease of −18% (Table 3). In the wet year, NPP also 

Fig. 6  Simulated  CH4 and  N2O emissions under the dry, normal, wet, hypothetical SLR conditions in the brackish marsh sites in Terrebonne 
Basin, Louisiana
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decreased at most sites except CMRS0400, CRMS0386 
and CRMS0387 where a slight increase in NPP occurred 
(Table 3). Plant respiration was inhibited at all sites under 
the hypothetical SLR condition, ranging from −30% to 
−43% (Table 3). Soil respiration rates were enhanced by 
16 – 77% in the dry year compared to the normal year. In 
contrast, soil respiration was inhibited at all sites by −4 to 
−43% under the hypothetical SLR condition compared to 
the normal year (Table 3). In the wet year, both increased 
(17–31%) and decreased (−3 to −28%) soil respiration rates 
occurred, compared to the normal year (Table 3).

The results of the numerical experiment for thresholds of 
soil salinity and water table depth on NEE showed that for 
the degrading brackish marshes in Terrebonne Basin, very 
high salinity and water levels can significantly reduce NEE 
but the minimum NEE is around 30 g C  m−2  yr−1 (Fig. 7). 

In other words, unrealistic salinity and water levels could 
minimize C loss from these wetlands but no combination of 
the two would lead to C sequestration.

Discussion

Spatial Variability in Carbon and GHG Fluxes

Our first key finding is that there are large spatial variations 
in carbon and GHG fluxes in tidal brackish marshes even 
with same or similar dominant plant species composition 
and distribution and similar hydrogeomorphic setting within 
the Terrebonne Bay, Louisiana, USA. Large variability in 
marsh surface elevation, incoming tidal surface water salin-
ity, and surface water level, together determine the variable 

Table 3  Simulated NPP, plant and soil respiration and change percentage under the normal, dry, wet, and hypothetical SLR conditions in the 
brackish marsh sites in Terrebonne Basin, Louisiana

Site Normal (2013) Dry (2011) Wet (2021)
Hypothe�cal 

SLR

Change (%): 
Dry to 

Normal

Change (%): 
Wet to 
Normal

Change (%): 
Hypothe�cal 

SLR to Normal

CRMS0385 14.97 3.13 7.57 6.04 -79.09 -49.40 -59.66
CRMS0400 27.64 10.45 15.28 3.51 -62.20 -44.72 -87.32
CRMS0312 83.66 56.00 13.63 15.80 -33.06 -83.71 -81.11
CRMS0315 57.94 29.61 22.98 21.68 -48.89 -60.35 -62.59
CRMS2825 79.62 68.96 14.86 16.69 -13.38 -81.33 -79.03
CRMS0386 3.91 1.90 2.22 1.56 -51.39 -43.29 -60.03
CRMS3296 11.37 9.34 3.23 4.32 -17.91 -71.62 -62.05
CRMS0416 9.26 1.61 3.51 2.69 -82.65 -62.03 -70.93
CRMS0387 0.49 6.97 0.00 0.15 1336.80 -100.00 -68.75

CRMS0385 354.81 315.18 311.71 248.15 -11.17 -12.15 -30.06
CRMS0400 497.07 364.62 500.38 291.10 -26.65 0.67 -41.44
CRMS0312 997.93 1024.65 691.75 574.54 2.68 -30.68 -42.43
CRMS0315 602.92 652.59 498.28 385.43 8.24 -17.35 -36.07
CRMS2825 611.55 578.32 462.28 378.68 -5.43 -24.41 -38.08
CRMS0386 339.67 251.86 339.91 202.29 -25.85 0.07 -40.45
CRMS3296 340.36 278.41 321.94 204.66 -18.20 -5.41 -39.87
CRMS0416 436.46 326.03 409.72 273.14 -25.30 -6.13 -37.42
CRMS0387 302.04 265.15 315.43 184.42 -12.21 4.43 -38.94

CRMS0385 37.14 42.97 43.98 34.26 15.68 18.41 -7.77
CRMS0400 38.59 46.90 46.35 34.47 21.51 20.08 -10.68
CRMS0312 47.92 79.66 46.29 36.61 66.25 -3.39 -23.59
CRMS0315 60.48 106.81 51.08 40.27 76.60 -15.55 -33.42
CRMS2825 50.91 85.68 36.62 29.28 68.30 -28.06 -42.49
CRMS0386 33.02 40.21 42.32 31.63 21.78 28.18 -4.21
CRMS3296 37.72 50.01 44.21 33.35 32.59 17.21 -11.59
CRMS0416 36.52 42.28 44.77 33.67 15.76 22.58 -7.81
CRMS0387 29.69 41.02 38.71 27.89 38.16 30.38 -6.06

NPP (g C m-2 yr-1)

Plant CO2 (g C m-2 yr-1)

Soil CO2 (g C m-2 yr-1)
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soil porewater salinity and soil water depth (moisture level) 
regime of a wetland location, which in addition to the large 
variability in soil organic matter (carbon) content, are attrib-
uted to the spatial variability in NEE, GPP, ER,  CH4 and 
 N2O fluxes across these brackish marshes. Considering the 
normal, wet and dry years together, the ranges of carbon 
and GHG fluxes were 96.3 to 273.3, 194 to 832.6, 292.1 
to 1104.3, and 2.1 to 40.4 g C  m−2  yr−1 for NEE, GPP, ER, 
 CH4 and 1.7 to 5.4 kg N  ha−1  yr−1 for  N2O, respectively. 
Here, the positive values for NEE,  CH4 and  N2O indicate net 
emission (sources) of  CO2,  CH4 and  N2O to the atmosphere. 
Tidal brackish marshes have been found to emit as much as 
1011 g C  m−2  yr−1 to the atmosphere when marshes are in 
degradation and uptake as high as −804 g C  m−2  yr−1 when 

they are healthy or restored from degradation (Knox et al. 
2014; Krauss et al. 2016; Wilson et al. 2015, 2018a, b; Ish-
tiaq et al. 2022). At CRMS2825, Krauss et al. (2016) used 
the static chamber method to measure the NEE and found a 
much higher rate of NEE occurred (1011 g C  m−2  yr−1) at 
this site compared to the 170.6 g C  m−2  yr−1 measured by the 
EC method. Although static chambers capture small/local 
scale variations in  CO2 and may result in higher uncertainty 
in scaled NEE than the EC method over a larger area and 
longer period (Krauss et al. 2016), the higher NEE indi-
cated the high potential of  CO2 release from the degrading 
brackish marshes. In a brackish marsh site in Bayou Dularge 
in Terrebonne Bay, Louisiana, it was found that the brack-
ish marsh emitted 447 g C  m−2  yr−1 in a reference location 

Fig. 7  Relationships between 
simulated NEE and soil salinity 
and water table depth (WTD) 
conditions in the brackish marsh 
sites in Terrebonne Basin, 
Louisiana



 Wetlands (2024) 44:122122 Page 14 of 19

compared to 164 g C  m−2  yr−1 in a location with herbi-
cide treatment (Lane et al. 2016), suggesting that brackish 
marshes in Terrebonne Basin are acting as carbon sources to 
the atmosphere even under normal or reference conditions 
without further natural and anthropogenic disturbances. Net 
emissions of  CO2 were also observed from other degrading 
tidal brackish marshes along the Gulf coast (Wilson et al. 
2015, 2018a, b, Ishtiaq et al. 2022). Wilson et al. (2018a, 
2018b) found that soil water level dry-down and increased 
salinity at Everglades brackish marsh sites released 32 to 
454 g C  m−2  yr−1. There are no data on NEE in Terrebonne 
brackish marshes when they were healthy with connection 
with riverine sediment, but data from healthy and restored 
tidal brackish marshes in other coastal areas showed that as 
high as −804 g C  m−2  yr−1 of net uptake of  CO2 could occur 
from restored brackish marshes (Knox et al. 2014). Large 
spatial variability in NEE across the brackish marshes in 
this study can be explained by the variations in GPP and ER 
in the study area since NEE is determined by GPP and ER.

GPP also varied greatly across the selected nine brackish 
marsh sites in Terrebonne Basin, Louisiana, ranging from 
194 to 833 g C  m−2  yr−1. Limited studies showed that a large 
range of 174 to 1628 g C  m−2  yr−1 existed for tidal brack-
ish marshes and less than 550 g C  m−2  yr−1 occurred for 
degrading brackish marshes (Holm et al. 2016; Krauss et al. 
2016; Lane et al. 2016; Wilson et al. 2018a, b; Chamberlain 
et al. 2019). For instance, dry-down events with increased 
soil salinity (about 20 psu) at the brackish marsh in Ever-
glades National Park, Florida resulted in low GPP from 440 
to 520 g C  m−2  yr−1 (Wilson et al. 2018a) and from 174 to 
285 g C  m−2  yr−1 relative to control treatment at a site in 
Shark River Slough, Florida (Wilson et al. 2018b). In rela-
tively healthy brackish marshes along the Atlantic and Gulf 
coasts, GPP was found to be in the range of 650–1000 g C 
 m−2  yr−1 (Krauss et al. 2016). In this study, all the brackish 
marsh sites except CRMS0312 had GPP less than 550 g C 
 m−2  yr−1, indicating that these brackish marshes are under 
stress from climate-induced changes in salinity and water 
level regimes that reduce plant growth (Janousek and Mayo 
2013; Snedden et al. 2015; Janousek et al. 2020). Large GPP 
at CRMS0312, the floating marsh, is likely due to the high 
soil organic matter content (Table 1) providing more nutrient 
for plant growth and the reduced stress on plant growth from 
prolonged flooding or drought and drought-induced salin-
ity intrusion (Table 2) by its capability to rise and fall with 
water levels. It was found that S. patens productivity was 
significantly higher in treatment with high organic content 
and nutrient enrichment than that with high bulk density but 
low organic content from sediment addition (Matzke and 
Elsey-Quirk 2018).

There were large variations in ER across the tidal brack-
ish marshes, averaging approximately 507 g C  m−2  yr−1 with 
a range of 292 to 1104 g C  m−2  yr−1 under the normal, wet 

and dry years. Previous tidal brackish marsh studies found 
that ER varied between 228 to 1496 g C  m−2  yr−1 (Nyman 
and DeLaune 1991; Krauss et al. 2016; Wilson et al. 2015, 
2018a, b). Lower ER rates were found at brackish marsh sites 
in Barataria Basin, Louisiana (228 g C  m−2  yr−1, Nyman 
and DeLaune 1991) and in Mobile Bay, Alabama (281 g C 
 m−2  yr−1, Wilson et al. 2015). Higher ER rates (389 to 948 g 
C  m−2  yr−1) were found at brackish marshes in Everglades 
during droughts (Wilson et al. 2018b). These data showed 
that the selected brackish marsh sites in Terrebonne Basin, 
Louisiana, responded to drought with slightly decreased 
plant (stem and root) respiration but large increases in soil 
heterotrophic respiration (Table 3). Large spatial variability 
in ER across the brackish marsh sites could be attributed to 
the variation of soil properties. High organic matter content 
at floating marsh CRMS0312 could provide a rich substrate 
for microbes, leading to higher rates of organic decomposi-
tion and respiration from the greater microbial activity in the 
organic-rich environment. In contrast, at attached marshes 
such as CRMS0315 and CRMS3296 with higher bulk den-
sity (> 0.23 g  cm−3, Table 1) can limit oxygen diffusion, 
hinder microbial activity, leading to lower ER rates (Luo 
et al. 2019).

The tidal brackish marshes were net sources of  CH4 and 
 N2O emission under the normal, wet, and dry years. While 
a large range of methane emission (2.5 to 404) was found 
for tidal marshes including freshwater marshes (Poffen-
barger et al. 2011), previous studies found that tidal brack-
ish marshes tended to have net  CH4 emission in the range 
of −0.16 (uptake) to 73 g C  m−2  yr−1 (Nyman and DeLaune 
1991; Holm et al. 2016; Krauss et al. 2016; Lane et al. 
2016; Chamberlain et al. 2019).  CH4 emission would not 
exceed 70 g C  m−2  yr−1 even under degradation (Lane et al. 
2016). For instance, tidal brackish marshes emitted 9.5 g 
C  m−2  yr−1 of  CH4 when treated with herbicide compared 
to 7.0 g C  m−2  yr−1 at the reference site (Lane et al. 2016). 
 CH4 emissions were −0.3 g C  m−2  yr−1 (uptake) to 2.31 g C 
 m−2  yr−1 at brackish marshes exposed to sea level rise and 
saltwater intrusion (Ishtiaq et al. 2022). There were very few 
studies on  N2O emissions from tidal brackish marshes.  N2O 
emission at CRMS2825 was 1.2 kg N  ha−1  yr−1 in another 
study (Krauss et al. 2016).  N2O emissions were low under 
both herbicide treatment (0.16 4 kg N  ha−1  yr−1) and refer-
ence (0.17 4 kg N  ha−1  yr−1) sites in Terrebonne Basin, Lou-
isiana (Lane et al. 2016). The large range of  N2O emission 
found in this study indicated a large spatial variation in  N2O 
fluxes in the degrading tidal brackish marshes in MRDP. 
Spatial variability in  CH4 and  N2O fluxes across the brack-
ish marshes in this study could be attributed to the synergic 
effect of soil salinity and water table depth, which showed 
large variation across the sites (Table 2). It was found that 
 CH4 and  N2O fluxes decreased with increasing salinity and 
inundation larger than 10 cm above marsh surface due to the 
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inhibition of methanogenesis, nitrification ad denitrification 
(Wang et al. 2023a, b).

Impacts of Climate Scenarios

Our second key finding is that both drought and inundation 
will exacerbate carbon loss from the brackish marshes expe-
riencing a transition from an initially healthy to deteriorated 
stage in an inactive basin of MRDP due to marsh disconnect-
ing with freshwater and sediment delivery (Cassaway et al. 
2024). The studied tidal brackish marshes emitted  CO2 to the 
atmosphere at an average rate of 132 g C  m−2  yr−1 (range: 
104 – 213) in the normal year and this rate increased to 
140 g C  m−2  yr−1 (range: 112 – 202 g C  m−2  yr−1) in the wet 
year, and to 148 g C  m−2  yr−1 (range: 96 – 273) in the dry 
year (Fig. 8). Tidal brackish marshes at other coastal areas 
such as Florida Everglade and Alabama Mobile Bay were 
also found to be net  CO2 emissions and blue carbon loss 
increased under harsh environments (e.g., elevated surface 
water and soil porewater salinity and dry-down of soil water 
due to saltwater intrusion) (Wilson et al. 2015; Wilson et al. 
2018a, b; Ishtiaq et al. 2022). Wilson et al. (2015) found that 
a brackish marsh along the Mobile Bay, Alabama, was a net 
 CO2 emitter with seasonal exposure to saltwater intrusion 
that depressed plant productivity and increase organic matter 

remineralization, leading to greater blue carbon loss. The 
brackish marsh was in a state of transition from oligohaline 
(0.5 – 5 psu) to mesohaline (5 – 15 psu) marshes (Wilson 
et al. 2015).

In this study, the increase in net  CO2 emissions is driven 
by the large reduction in NPP and the increased soil res-
piration compared to the normal year (Table 3) under the 
stress of elevated soil salinity and drought or inundation. 
Carbon losses from tidal brackish marshes were also found 
in other coastal areas and declines in plant productivity was 
recognized as the major driving factor (Wilson et al. 2018a, 
b; Ishtiaq et al. 2022). Within brackish marshes in Ever-
glades National Park, Florida, elevated salinity interacted 
with hydroperiod to determine gross and net ecosystem pro-
ductivity and ecosystem respiration (Wilson et al. 2018a). 
During exposed periods with elevated salinity,  CO2 efflux 
increased three times (334 to 454 g C  m−2  yr−1) at the Ever-
glades brackish marshes due to large decrease (72%) in live 
root biomass that led to observed peat soil collapse (Wil-
son et al. 2018a, b). With the increase in soil salinity, the 
growth of marsh plant or carbon fixation of the dominant 
species (i.e., S. patens) is largely inhibited (Snedden et al. 
2015; Krauss et al. 2016). Additionally, shifts in salinity 
levels and flood duration due to natural processes or human 
activities can lead to changes in vegetation composition and 

Fig. 8  Diagram showing the averaged carbon fluxes (unit: g C 
 m−2   yr−1) under the normal, dry, wet years, and hypothetical SLR 
in the brackish marsh sites in Terrebonne Basin, Louisiana using 

WCAT-DNDC. Note: Arrows are not scaled by the fluxes, arrow 
directions indicate input or output of the fluxes, soil depth in the 
model is 50 cm
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marsh types with different plant productivity. For instance, 
increased salinity might favor the growth of S. alterniflora, 
a dominant species for salt marshes that is also well-adapted 
to flooding. Average annual salinity for brackish and salt 
marshes are approximately 10 psu and 16 psu (Snedden 
2018). Since the average annual salinity at the brackish sites 
except CRMS0312 in the dry year were larger than 10 psu 
(Table 2), it is likely that these brackish marshes will change 
to salt marshes under continued drought conditions. In fact, 
marsh types at these sites have changed since establishment 
in 2006 among intermediate, brackish and salt marshes due 
to the changes in dominant species associated with changes 
in salinity and inundation regimes. For example, CRMS2825 
were classified as intermediate marsh in 2014, 2015, and 
2016, backed to brackish marsh in 2017 until 2022, but 
shifted to salt marsh in 2023 (CRMS, https:// www. lacoa st. 
gov/ crms/ Home. aspx) due to drought events in 2023. It was 
found that above- and belowground biomass was lower in S. 
alterniflora than in S. patens when inundation was minimal 
(Snedden et al. 2015). Biomass in the two species decreased 
exponentially with increased flood duration and this negative 
biomass response to flooding tended to be more pronounced 
in S. patens than in S. alterniflora (Snedden et al. 2015). 
High salinity induced declining GPP could be attributed to 
decreased plant photosynthesis, photosynthetic pigment con-
centrations, and stomatal conductance (Luo et al. 2019; Li 
et al. 2020). With higher salinity, metabolic products such as 
sulfide will increase, stressing marsh plants and decreasing 
productivity as well as leading to toxic effects on marsh roots 
(e.g., Wilson et al. 2015).

Reduced ER with increased salinity could be attrib-
uted to the suppressed growth of plants and soil microor-
ganisms (Weston et al. 2014; Krauss et al. 2016; Li et al. 
2020). Analysis of simulation results of a biogeochemistry 
model with similar structure as WCAT-DNDC indicated that 
when soil water table declines during drought and changes 
from saturated to unsaturated conditions, oxidative reac-
tions including methanotrophy, nitrification, and decom-
position are enhanced, leading to the increase in soil  CO2 
emission and decrease in  CH4 emission in low salinity tidal 
wetlands including marshes (Wang et al. 2023a). Inunda-
tion was found to reduce oxygen level (low redo potential), 
reduce leaf gas exchange and light availability, and build up 
toxic hydrogen sulfide in plant tissue (e.g., Janousek et al. 
2020; Li et al. 2020). Both the Everglades coastal brackish 
marsh study (Wilson et al. 2018a, b) and our Terrebonne 
brackish marsh study confirm that declines in marsh plant 
productivity from elevated salinity and marsh exposure to 
drought and/or inundation play a critical role in increased 
blue carbon loss, consequently, the collapse of marsh soils, 
and eventually export of carbon out of the ecosystem by 
erosive forces (wind, waves, and current). Under the hypo-
thetical SLR condition, net emission of  CO2, GPP, NPP, 

plant and soil respiration were reduced compared to the nor-
mal year (Figs. 4, 5, 8, Table 3). This could be due to high 
salinity exacerbating the effects of increasing inundation on 
plant productivity, or dual, severe suppression of growth 
(Janousek and Mayo 2013; Janousek et al. 2020; Li et al. 
2020). In a long-term (33 years) field study of tidal brackish 
marsh on the Chesapeake Bay, USA, Zhu et al. (2022) found 
that plant productivity especially root production declined 
when sea level was above the 15-cm NAVD88 threshold 
due to the increase in inundation resulting in the diminished 
elevated  CO2 stimulation of production.

In this study, the tidal brackish marshes in the Terre-
bonne Basin were found to be net sources of  CH4 and  N2O 
under the climate scenarios. Large  CH4 effluxes (~ 17 g C 
 m−2  yr−1) were also found at other tidal brackish marshes 
such as the oligohaline marsh site along the Delaware River 
Estuary (e.g., Weston et al. 2014). Nevertheless,  CH4 emis-
sions decreased in all nine sites under the dry year and 
decreased even more under the hypothetical SLR case in 
this study. Other tidal marsh sites along the Gulf coast, such 
as a degraded brackish marsh in Mobile Bay, showed lower 
 CH4 efflux compared to our study (e.g., Wilson et al. 2015). 
Such decreases in  CH4 emissions could be attributed to the 
inhibition of methanogenesis due to the increased activities 
of sulfate-reducing bacteria with increased soil salinity and 
the increased  CH4 oxidation by methanotrophic bacteria at 
the soil-atmosphere interface zone and the rhizospheric zone 
(Wilson et al. 2015; Wang et al. 2023a).

For  N2O emissions, the fluxes were found to increase 
or decrease in dry and wet years and decrease at most of 
the sites under the hypothetical SLR case. The complicated 
 N2O change pattern reflected the synergic effect of soil water 
table depth and soil salinity and indicate that soil water 
table depth plays a more important role than soil salinity. 
The finding on  N2O emissions in this study are consistent 
with previous studies on low salinity marshes (< 10 psu), 
which found that  N2O emissions were largely controlled 
by soil water level rather than soil salinity and  N2O emis-
sions declined greatly with rising water level when soils 
were not inundated, and emissions were low when soils 
were inundated (Wang et al. 2023a, b). The increase in  N2O 
fluxes in some of the tidal brackish marshes (CRMS0312, 
CRMS0315, CRMS2825) in this study under drought condi-
tion could largely be attributed to the stimulation of nitri-
fication that produce  N2O during  NH4

+ oxidation under 
drought condition (Wang et al. 2023a). In contrast, other 
brackish marsh sites were mostly inundated under normal, 
dry, and wet years, forming anaerobic conditions, resulting 
in more N2O emission from denitrification (Luo et al. 2019; 
Wang et al. 2023a). Furthermore, it was found that the hypo-
thetic SLR, dry, and wet year induced average changes were 
approximately −67%, −38% and + 12% for  CH4 emission, 
and −13%, + 11% and + 0.5% for  N2O emission, suggesting 

https://www.lacoast.gov/crms/Home.aspx
https://www.lacoast.gov/crms/Home.aspx
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that the hypothetic SLR played a more pronounced effect 
on GHG fluxes than dry and wet condition, dry condition 
played a more pronounced effect on GHG fluxes than the 
wet condition.

Implications for Coastal Wetland Restoration

The climate scenario results illustrate that carbon loss 
in degrading tidal brackish marshes in inactive basins of 
MRDP will be amplified under drought and inundation con-
ditions. The exacerbated carbon loss poses a big challenge 
to tidal wetland persistence, especially brackish marsh res-
toration, under future climate change. Without tidal wetland 
restoration actions, the previously stored blue carbon in veg-
etation and soil pools will eventually disappear, released to 
the atmosphere as gas or with water to estuaries via peat 
collapse and conversion to open water (Wilson et al. 2015; 
Lane et al. 2016; Wang et al. 2017; Wilson et al. 2018a, 
b; Baustian et al. 2021; Ishtiaq et al. 2022). The State of 
Louisiana's Coastal Master Plan modeling results estimated 
that coastal Louisiana marshes can be expected to decrease 
their total long-term carbon burial after 50 years from 4.3 
Tg C  yr−1 in 2013 to 2.1 Tg C  yr−1 with no coastal restora-
tion, a reduction of about 50% (Baustian et al. 2021). Wet-
land morphology modeling results indicated that large river 
diversions could improve basin-wide soil organic carbon 
sequestration capacity (162–222 g C  m−2  yr−1) by up to 14% 
(30 g C  m−2  yr−1) in Louisiana deltaic wet-lands compared 
to the future-without-action scenario (Wang et al. 2017). The 
turning back to being a net  CO2 sink from a net  CO2 source 
for these tidal brackish marshes depends on the healthy and 
enhanced marsh productivity to sequester and store suffi-
cient blue carbon by successful tidal wetland restoration. 
Marsh creation to establish new wetlands in open water areas 
using dredged material and sediment diversions to existing 
marshes are two critical techniques for tidal wetland restora-
tion in coastal Louisiana (CPRA 2017). Sediment diversions 
also help lower salinity and stimulate growth of brackish 
marshes in addition to increasing sediment deposition on 
marsh surface (e.g., DeLaune et al. 2005).

Results from this type of simulation study can inform 
operational restoration project. For example, the Terre-
bonne Basin Ridge and Marsh Creation Project (CPRA 
2017) includes blue carbon credit/offset to mitigate climate 
change in project success assessment. Meanwhile, since tidal 
brackish marshes are susceptible to elevated salinity and 
hydrologic alterations, hydrologic restoration (e.g., fresh-
water diversions) and salinity control structures (e.g., local 
flap-gated culverts) may be necessary with marsh creation 
projects to prevent carbon loss and restore the net carbon 
sink capacity of these tidal brackish marshes. For example, 
it was found that simulated daily NEE, GPP and ER fluxes 
in the summer at CRMS0400 in the wet year showed little 

difference with that in the normal year even though inunda-
tion depth could be 10–30 cm larger in the wet year than 
that in the normal year during the summer period. Increased 
NEE and reduced GPP with increased water table depth 
(inundation depth), thus increased net emission of  CO2 to 
atmosphere, occurred mostly in late spring (February to 
April). Therefore, carbon flux changes from this study could 
also be considered in the operation (timing and discharge) of 
freshwater diversion (e.g., the increase Atchafalaya Flow to 
Terrebonne Diversion, CPRA 2017) not only for controlling 
(reducing) salinity but also for maintaining ecosystem func-
tions such as carbon sequestration. The threshold numeri-
cal experiment showed that although very high salinity and 
water levels can significantly reduce NEE but minimum NEE 
is still positive (approximately 30 g C  m−2  yr−1, suggesting 
that controlling soil salinity and water table depth only could 
not turn the marshes into net uptake of  CO2. These results 
indicated that healthy marsh and enhanced primary produc-
tivity via increasing sediment/nutrient inputs (e.g., DeLaune 
et al. 2005) should be the primary restoration approach for 
restoring marsh net uptake of  CO2 or carbon sink.

Conclusions

A wetland biogeochemistry model, WCAT-DNDC was 
validated and applied to nine tidal brackish marshes in Ter-
rebonne Basin, Louisiana, a coastal basin with minimal 
freshwater and sediment inputs and high rates of relative 
SLR. Using this model, carbon and GHG fluxes including 
NEE, GPP, ER,  CH4 and  N2O were evaluated in simula-
tion scenarios of a normal climate and under inundation, 
drought and hypothetical SLR conditions with changes in 
both soil salinity and water level regimes. It was found that 
all these tidal brackish marshes were net  CO2 emitters to the 
atmosphere under the normal year and blue carbon loss will 
increase under both drought and inundation conditions. The 
increase in net  CO2 emissions is mainly driven by the large 
reduction in primary productivity and the increased eco-
system respiration especially soil respiration under drought 
and inundation conditions. Net  CO2 emissions were reduced 
under the hypothetical SLR scenario with increases in both 
soil salinity and inundation duration, reflecting the synergic 
effect of salinity and inundation (substantial reduction) on 
plant productivity and ecosystem respiration. Without tidal 
wetland restoration actions, the previously stored blue car-
bon in vegetation and soil pools will eventually be gone to 
the atmosphere and with water to estuaries via peat collapse 
and conversion to open water. The model and simulation 
results of different climate change scenarios can be help-
ful for the assessment of carbon budget, carbon credit and 
climate mitigation offset potential of tidal wetland restora-
tion projects such as the ongoing marsh creation, hydrologic 
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restoration, and salinity control projects as well as informing 
the design and implement of future projects in MRDP.
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