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ABSTRACT
Here we describe a pilot wetland carbon project located 30 km west of New Orleans where
measurements were taken in 2013 and 2018, and applied to a carbon offset methodology
published by the American Carbon Registry (ACR). Baseline emissions were modeled using
values derived from scientific literature, which resulted in a net sequestration rate of 16,527
t CO2-e (tons carbon dioxide equivalents) per year if wetland greenhouse gases (CH4 & N2O)
were included (619,727 over the 40-year project duration), and 5,003 t CO2-e/yr if wetland
greenhouse gases were conservatively omitted (200,143 t CO2e over 40 years). Alternatively,
a kriging exercise was carried out that modeled the tree and soil pools, resulting in higher
net sequestration of 18,084 t CO2-e/yr with greenhouse gases (723,375 t CO2-e over
40 years), and 6,560 t CO2-e/yr if greenhouse gases were omitted (262,472 t CO2-e over
40 years). Unfortunately, the project was withdrawn, prohibiting the issuance and eventual
transaction of carbon credits, due to very large uncertainty estimates mostly associated with
methane and nitrous oxide emissions as well as the kriging approach sincein situ sampling
could not be carried out as required by the methodology. Next steps to increase the com-
mercial viability of wetland carbon offsets include: closing knowledge gaps in wetland emis-
sions of methane and nitrous oxide; developing means to reduce costs of monitoring,
reporting and verification; fully accounting for prevented loss; developing remote sensing
methods for monitoring and verification; and development of biogeochemical models to
predict methane and nitrous oxide fluxes and sequestration pools. Though the project did
not generate carbon credits, the results and lessons learned are intended to inform manag-
ers, and blue carbon project developers on how to develop wetland carbon credits that are
high quality, economically competitive, and scientifically defensible.

KEYWORDS
blue carbon; carbon
sequestration; carbon
markets; forested wetlands

Introduction

Recognition that recent global climate change and
severe weather events have been exacerbated by
human activities [1–3] has facilitated significant
growth in emissions trading programs, collectively
referred to as carbon markets, in order to stem
emissions [4]. Projects that sequester carbon and
reduce greenhouse gas emissions generate‘carbon
offsets’ that can be used to compensate for green-
house gases emitted elsewhere [5]. The carbon
sequestered in vegetated coastal and marine eco-
systems, specifically mangrove forests, seagrass
beds, and salt marshes, has been termed‘blue
carbon’ [6, 7]. In coastal Louisiana, blue carbon
includes the carbon sequestered in soils and trees
of bald cypress (Taxodium distichum) and water
tupelo (Nyssa aquatica) forested wetlands, as well
as freshwater emergent, brackish and saltwater
wetlands. Although their global area is one to two

orders of magnitude smaller than that of terrestrial
forests, the contribution of vegetated coastal habi-
tats per unit area to long-term carbon sequestra-
tion is much greater, with an estimated 50% of the
carbon sequestered being stored in coastal areas
and ocean bottom sediments [7, 8].

Carbon markets provide an important and
innovative approach to supplement environmental
restoration and conservation. For a variety of finan-
cial, environmental, and political reasons, substan-
tial interest exists for carbon offsets derived from
nature-based solutions. For the last two decades,
evolving and maturing carbon markets have sup-
ported agriculture, forestry and other land use
(AFOLU) projects. Governments, environmental
organizations, private companies, and carbon
funds, appear to be driven by the potential that
carbon offsets may both reduce the costs of
achieving carbon goals and deliver new revenues.
This energy for innovative and scalable solutions,
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combined with trends in voluntary markets that
favor high-quality AFOLU projects, and the contin-
ued progress of the Paris Agreement and the
emerging Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA) compli-
ance market, provide strong potential for demand
of high-quality, scientifically rigorous offset credits
from wetland restoration and conserva-
tion projects.

Recent developments are paving the path for
carbon markets to support wetland restoration.
Methods to develop a carbon offset align with the
international standard for carbon offset project
development, ISO 14064-2:Greenhouse gases—
Part 2: Specification with guidance at the project
level for quantification, monitoring and reporting of
greenhouse gas emission reductions or removal
enhancements(ISO 14064-2) and are detailed in
what is referred to as a carbon protocol or meth-
odology depending on the offset registry [9]. In
2012, the American Carbon Registry (ACR), a lead-
ing voluntary carbon offset registry, approved the
first blue carbon offset methodology that tran-
scended forestry protocols to be specific to wet-
land restoration. This methodology,“Restoration of
Degraded Deltaic Wetlands of the Mississippi
Delta,” created the first route-to-market, opening
the potential for carbon market investment into
wetland restoration projects [10]. To ensure quality
and credit validity, protocols and methodologies
typically undergo some combination of public con-
sultation, peer review and stakeholder input to
provide a transparent, rigorous scientific frame-
work and accounting procedure for the develop-
ment, verification, and monitoring of offset
projects [4].

Deltaic wetlands are unique among coastal wet-
lands in that they provide relatively permanent
geologic storage of carbon, due to subsidence
caused by the compaction of deltaic sediments
combined with sea level rise, with burial rates as
high as 17 mm/y in the Mississippi River Delta [11,
12]. This subsidence is compensated for by soil
organic matter accumulation that results fromin
situ production by marsh plants (autochthonous
source), as well as transported into the marsh from
other areas (allochthonous source). Belowground
carbon accumulation is a balance between above-
and belowground production and organic matter
decomposition that are in turn dependent on a
variety of factors such as nutrient availability,
flooding status, elevation, and soil redox as well as
biotic interactions [13, 14]. Projects that increase

vegetative productivity result in enhanced organic
soil deposition, and geological subsidence of this
organic soil as well as increasing sea level rise
results in permanent carbon burial [15, 16]. Peat
soils of wetland environments have the highest C
content of all the soil orders [15] due to very slow
organic matter decomposition [13, 17]. This makes
wetland soils an important sink for atmospheric
CO2, especially in areas with high rates of
subsidence [15, 16].

However, the majority of wetlands in Louisiana
are degrading, mostly from the lack of seasonal
inputs of freshwater, nutrients, and sediments
from the Mississippi River [18–20]. Flood control
levees built during the last two centuries have sep-
arated the Mississippi River from its floodplain, pre-
venting seasonal flooding that would naturally
occur [21–24]. This has caused saltwater intrusion,
accretion deficits, and prolonged flooding of most
of the remaining wetlands [18, 20, 21, 25]. As a
consequence, approximately 30% of the
Mississippi River delta plain has been lost since
1956 [26, 27]. Other factors exacerbating wetland
loss include decreased sediment supply [21, 22,
28], logging [20, 29, 30], deep-well fluid withdrawal
associated with the oil and gas industry [31–34],
intentional impoundment for waterfowl manage-
ment [35], and herbivory by nutria [36, 37].

Successful wetland restoration creates condi-
tions for healthy, thriving wetland systems that are
optimal for the sequestration of carbon and burial
of that carbon in the soil, preventing the release of
carbon to the atmosphere. Thus, the most effective
method to maintain wetland carbon pools and
prevent emissions to the atmosphere is to avoid
conversion to open water through wetland restor-
ation and conservation measures and sustainable
management. Meanwhile, wetland ecosystems are
one of the most expensive ecosystems to restore.
Unfortunately, Louisiana could be more than $70
billion short of the funding needed to implement
the state’s 50-year coastal protection and restor-
ation plan [38]. Because wetlands sequester large
amounts of carbon in soils and plants, the growing
carbon market provides a potential funding source
to support restoration and conservation of these
valuable ecosystems [5].

The use of natural forested wetlands to process
and assimilate nutrients from treated municipal
effluent has been used in Louisiana for over
50 years as a cost-effective means to improve over-
all regional water quality while providing fresh-
water and nutrients to hydrologically isolated and
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degrading wetlands [39–42]. The nutrient compo-
nent of municipal effluent increases wetland vege-
tative productivity [40–44], which leads to
increased autochthonous organic matter depos-
ition and enhanced carbon sequestration [39, 45].
The freshwater component of treated effluent pro-
vides a buffer against saltwater intrusion events,
especially during periods of drought, which are
predicted to increase in frequency in the future
due to global climate change [3].

In 2012, funding was secured to apply the ACR
Methodology to the Luling Oxidation Pond
Wetlands Assimilation System. This site was the
first parcel listed with ACR as part of theForested
Wetland Assimilation in the Mississippi Deltacarbon
offset project. This parcel served as the first wet-
land offset proof of concept in the nation in order
to reduce risks and determine the true costs and
benefits of commercial wetland offset projects. To
date, there were no commercial wetland restor-
ation offset projects globally that were developed
according to a carbon methodology specific to
wetlands restoration. Other wetland type projects,
such as mangrove planting projects that did not
impact GHG emissions were developed according
to forestry methodologies leaving questions as to
viability, costs, and benefits of fully accounting for
dynamic wetland restoration projects that could
impact GHG emissions [46]. The objectives of this
project were to deliver a first-of-its-kind carbon

offset project for the Luling assimilation wetlands
to address science gaps;“road test” the developed
methodology; determine costs, benefits, and bar-
riers to implementation; identify cost-saving meas-
ures; and produce commercially viable offsets. The
goal of this project was to quantify additional car-
bon sequestered due to the introduction of
treated municipal effluent.

Study area

This study was originally introduced by Laneet al.
[47] where additional information regarding the
study site and methods can be found. The project
area, consisting of the Luling wastewater treat-
ment facility and receiving assimilation wetlands
are located in St. Charles Parish 30 km west of New
Orleans (Figure 1). The facility consists of a faculta-
tive oxidation pond with a chlorination and dech-
lorination disinfection system with an average
discharge of 6,000 m3/day (1.6 million gallons per
day (MGD)). Before 2006, the treatment plant dis-
charged into Cousin Canal, which drains into Lake
Cataouatche via the Louisiana Cypress Lumber
Canal (Figure 1). As part of necessary upgrades,
due in-part to population growth, St. Charles
Parish considered various expansion options. The
Parish decided the most environmentally beneficial
option, with the most co-benefits to the commu-
nity, was to convert the plant to a wetland

Figure 1.Map of the Luling assimilation wetland that receive treated effluent (delineated by white arrows; map source
Google Earth). White circles indicate where tree biomass and soil accretion were monitored. Red dots indicate where
greenhouse gas sampling was carried out. Note project area was decreased over time hence the monitoring plots located
outside of the project area.
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assimilation system and discharge the treated
effluent into the adjacent wetland property for res-
toration purposes.

Starting in 2006, discharge from the wastewater
treatment plant was rerouted from Cousin Canal
to a 582.3 ha bald cypress-water tupelo dominated
forested. Effluent is retained within the project
boundaries by low-lying levees running along the
northern, eastern, and western boundaries that
prevent hydrological exchange with the surround-
ing landscape, except at the southernmost extent
of the project area where water freely flows out of
the project area into the Louisiana Cypress Lumber
Canal (Figure 1). The 582.3 ha project area
described by Laneet al. [47] was decreased to the
northern 317.4 ha later in the study to try and
reduce the uncertainty associated with modeling
during later stages of the project develop-
ment process.

St. Charles Parish began to pursue wetland
assimilation for the city of Luling as a less expen-
sive alternative to traditional tertiary treatment
that also provides the multiple co-benefits of
restored wetlands to the citizens of the parish,
such as reduced storm surge and enhanced bio-
diversity of wildlife and fisheries. St. Charles Parish
wished to discharge the treated effluent into an
adjacent privately owned wetland property but
did not have the additional funding to pay for the
servitude. To allow the facility to operate the par-
ties agreed that St. Charles Parish would use its
best efforts to obtain carbon offsets on the land-
owner’s behalf arising out of the discharge of
treated effluent from the project that results in
preserved and enhanced wetlands. The public-pri-
vate partnership intended to allow the Parish to
pursue wetlands assimilation as a more sustainable
form wastewater infrastructure than conventional
treatment, while compensating the landowner for
the use of their land without requiring the Parish
to increase the rates that citizens pay for sanitation
services.

The Luling site was the ideal proof of concept
due to its size, established carbon rights, and the
ability to begin monitoring net carbon impacts
immediately as a retroactive project. Furthermore,
a considerable amount of monitoring had been
established at the projects onset and was ongoing
to comply with wastewater permit regulations. It
was anticipated that the site would sequester a
high rate of carbon because the addition of
treated effluent would provide optimal ecological
conditions for the wetland whose sustainability

was threatened by subsidence and salt-
water intrusion.

Methods

A foundational principle underpinning high-quality
offset projects is called additionality. Additionality
maintains that an offset credit is granted only to
the extent that the associated amount of emis-
sions reduced or sequestered within the project
boundary is additional to that which would occur
without the project, or under business-as-usual
conditions [5, 46, 48]. This requires estimation of
the carbon sequestered and greenhouse gas
emissions under the“baseline scenario” (i.e. busi-
ness-as-usual) and the“project scenario” (i.e. the
restoration activity), with the net difference being
counted towards carbon offsets [15]. For this
study, the project scenario was the discharge of
treated municipal effluent into the receiving wet-
land, and the baseline scenario was the continued
degradation of the wetland due to subsidence and
saltwater intrusion that was projected based on
peer-reviewed literature (see Baseline section
below). The reporting period of this study was
from 2006 to 2018 with a projected crediting
period of 40 years.

Application of the methodology

The Luling Project applied methods and equations
detailed in the ACR Methodology [10]. This meth-
odology applies to a wide range of restoration
techniques including hydrologic management
techniques that introduce freshwater, nutrients,
and/or sediments to increase wetland productivity.
The methodology is unique in that it employs a
modular approach to customize the requirements
for local conditions and different restoration tech-
niques. The modular methodology addresses each
aspect of the project from establishing a baseline,
monitoring of eligible carbon pools, and estimat-
ing project emission reductions, as a discrete and
independent module. The individual modules that
are applicable to a specific wetland restoration
project can then be selected and applied under a
framework module which results in a project-spe-
cific methodology.

The baseline modules, carbon pool modules,
emissions modules, and project scenario modules
were applied under the umbrella framework mod-
ule to create a methodology that was specific to
the Luling assimilation wetlands. These modules,
when used together ensure the environmental
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integrity and robustness of the proof-of-concept
project to develop offsets that are compliance eli-
gible and scientifically defensible. All of the
applied formulas were derived from the method-
ology modules BL-WR-HM-WL,Estimation of base-
line carbon stock changes from WR where the
project activity includes hydrologic management as
well as projected wetland loss for the baseline scen-
ario; PS-WR-HM,Estimation of project scenario car-
bon stock changes and greenhouse gas emissions
from WR with hydrologic management; CP-S,
Estimation of carbon stocks in the soil organic car-
bon pool; CP-TB,Estimation of carbon stocks in
above- and belowground tree biomass; E-E,
Estimation of greenhouse gas emissions; and X-UNC-
WR,Estimation of uncertainty in WR activities. For
all subsequent analyses, positive carbon fluxes
indicate net emission removals into the wetland,
whereas negative carbon fluxes indicate net emis-
sions to the atmosphere [15].

In order to be eligible to quantify the emissions
reductions and removals, the Luling Project was
required to meet the applicability requirements of
the ACR Methodology which included:”:

� All applicable policies and legislation relevant to
wetland restoration have been complied with.

� Project activities were not required as part of
Section 404 of the Clean Water Act to mitigate
onsite or offsite impacts to wetlands.

� The project activity has been implemented on
degraded wetlands that are expected to remain
degraded or to continue to degrade in the
absence of the project.

� Project lands were not cleared of trees during
the 10 years preceding the project Start Date.

� No drainage has occurred as part of the project
activity & none of the project area has been
disturbed by planting.

The ACR Methodology has an approved per-
formance standard within the methodology,

meaning that because wetland restoration is not
common practice by landowners, wetland restor-
ation projects using this methodology are deemed
“beyond business as usual” and therefore add-
itional if they pass a regulatory additionality test.
There are no laws that require assimilation wet-
lands and thus the project passed the regulatory
surplus test. Therefore, additionality for this project
was satisfied according to the ACR Methodology
performance standard and a regulatory additional-
ity test [49].

Carbon pools

There are five general carbon storage pools in wet-
lands: aboveground trees; aboveground herb-
aceous vegetation; surface litter; dead wood; and
belowground organic soil that includes all organic
matter from belowground productivity and also
some organic matter produced aboveground that
is buried as detritus. The carbon pools included for
the Luling Project include aboveground biomass
of trees and soil organic carbon, as well as
methane (CH4) and nitrous oxide (N2O) emissions
(Table 1). Nitrous oxide emissions have been
included because they are naturally produced in
wetlands and are potent greenhouse gases, 298
times as powerful as CO2, and measurement is
required by all carbon accounting methods.
Herbaceous vegetation, surface litter and dead
wood were conservatively omitted since they were
not expected to either increase nor to change due
to the project activity and also were expected to
be incorporated into the soil organic carbon pool
over the long-term (i.e. decadal) and thus be
accounted for.

As stated in the WR-MF module exclusion of
pools or sources may always be excluded if conser-
vative, i.e. exclusion will tend to underestimate net
greenhouse gas emissions reductions/removal
enhancements. Tracts will be evaluated on an indi-
vidual basis. Most wetland assimilation systems are

Table 1.Potential carbon pools and wetland emission sources.
Carbon pools Included / Optional / Excluded Justification / Explanation of Choice

Aboveground biomass carbon Included Major carbon pool subjected to project activity. This methodology
quantifies the aboveground biomass of trees.

Belowground biomass carbon Excluded This is the belowground biomass of trees, calculated as a ratio of
aboveground biomass (i.e. root-shoot ratio), and can only be
included if SOC is not measured.

Soil organic carbon (SOC) Included SOC stock is expected to increase due to the implementation of
project activity. Carbon pool subjected to the project activity.

CH4 (Decomposition/ Methanogenesis) Included/ excluded Shall be included if this source in the project scenario is significantly
greater than baseline scenario, otherwise can be
conservatively omitted.

N2O (Decomposition/ Denitrification) Included/ excluded Shall be included if this source in the project scenario is significantly
greater than baseline scenario, otherwise can be
conservatively omitted.
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gravity fed including at the Luling project site.
Therefore, the optional greenhouse gas source of
fossil fuel combustion (CO2) was deemedde mini-
mis and was excluded.

Field monitoring analysis

The original inventory was established in 2013-
2014 [47]. A total of twenty-four round 0.03 ha
plots (9.78 m diameter) were established where
accretion and tree growth measurements were
taken from 2013-2018 (Figure 1). An additional six
0.33 ha plots were included that were measured
regularly since project inception in 2006 as part of
mandated wastewater permit monitoring required
by the Louisiana Department of Environmental
Quality (LDEQ). An effort was made to incorporate
the long-term LDEQ monitoring plots with the
newly established carbon monitoring plots in a
grid fashion according to accepted wetland moni-
toring techniques, with the goal to integrate the
long-term monitoring data with the newly estab-
lished plots. Feldspar markers established in 2013
could not be found at some of the monitoring
plots in 2018 either because hunters had removed
the marker poles or the feldspar had sunk and dis-
sipated into the fluid mud that was present at
many of the sites. Tree biomass, soil carbon, and
greenhouse gas sampling were monitored as
described by Laneet al. [47].

Baseline

The baseline scenario is required to be the most
likely wetland management scenario in the
absence of the project. In this case, the baseline

scenario was the continued degradation of the
wetland due to subsidence and saltwater intru-
sion. The BL-WR-HM-WL module was applied
that quantifies a reduction in baseline sequestra-
tion over time as wetlands degrade and convert
into open water and also accounts for any
increase in greenhouse gas emissions that may
result due to the introduction of treated munici-
pal effluent.

Accelerating eustatic sea level rise combined
with regional subsidence has led to increasing sur-
face water levels, and most forested wetlands in
coastal Louisiana are now unable to regenerate
(i.e. produce new trees) due to water levels being
consistently higher than the tolerance of seedlings
[18, 50]. Accelerating sea level rise is one of the
greatest threats to restoration and sustainability of
coastal wetlands worldwide [51]. Current eustatic
sea-level rise (ESLR) is between 3 and 4 mm yr� 1,
and there is a strong scientific consensus that the
rate of ESLR will accelerate in association with glo-
bal warming [52]. Blum and Roberts [53] predict
severe wetland loss in coastal Louisiana by 2100
due to the combined effects of subsidence and
sea level rise (Figure 2).

Given the above information, over the next 40-
100 years the assumption was made that the
Luling project area will further degrade due to
subsidence, saltwater intrusion and nutrient
deprivation. Over the 40-year crediting period of
this project, the baseline scenario applied to this
analysis assumes that without the project activity
(redirecting treated municipal effluent to inhibit
saltwater intrusion and enhance cypress growth)
all trees will die or stop any significant growth and
that half of the wetlands will be converted to

Figure 2.The predicted coastline in 2100 given 1 m relative sea-level rise, no mineral sediment input and no catastrophic
events (modified from [53]). The yellow box indicates the location of the Luling wetland assimilation project site, which is
completely submerged. It should also be noted that projected sea-level rise rates have increased.
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open water and the remaining half transition to
emergent wetlands.

Project activities at the Luling project site began
in 2006 and Tierra Resources began developing
the project in late 2012. Since this is a retroactive
project site, a conservative approach was taken
using peer-reviewed literature to determine the
baseline values for carbon sequestration, as
described below. These sequestration rates were
then applied to the amounts of area of specific
habitat types in the Luling project site area to
determine baseline net carbon sequestration rates
as detailed in the ACR Methodology.

Peer-reviewed literature was compiled to deter-
mine baseline values for carbon sequestration
from various wetland types found across the
Mississippi River delta plain, with the most recent
effort to acquire additional relevant peer-reviewed
literature carried out in December 2020. Google
Scholar was used with a plethora of keywords to
find relevant publications. Every effort was made
to apply data from ecologically similar wetland sys-
tems and geographically relevant studies to our
study area. However, in some cases it was not pos-
sible to use studies from the same hydrological
basin or even from ecologically similar wetland
systems in other regions because the studies were
nonexistent. This was the case for baseline esti-
mates of N2O, where the only study that was
found [54] provided two estimates of annual N2O
emissions from a coastal freshwater emergent wet-
land located in the same watershed. No other
studies were available in the scientific literature
that provided N20 emission data from coastal
freshwater emergent wetlands not receiving exter-
nal inputs of nutrients or some other treatment
that potentially impacted N2O emissions. All values
were converted to tons CO2-e/ha/year. Summary
statistics were carried out using JMP statistical

software produced by SAS Institute, Inc.
(Table 2; [55]).

Project

The Luling Project site project scenario was the
discharge of nutrient rich secondarily-treated
wastewater effluent to degraded forested wetlands
to increase tree growth and soil accretion. The pro-
ject scenario module ‘PS-WR-HM: estimation of
project scenario carbon stock changes and green-
house gas emissions from wetland restoration with
hydrologic management’ was applied.

The Luling Project site enhances removals of
CO2 from the atmosphere by stimulating product-
ivity and accretion. Responding to the nutrient
addition of treated municipal effluent with
enhanced growth, wetland plants and trees use
the natural process of photosynthesis to capture
atmospheric CO2 and convert it to organic tissues.
Increases in above- and belowground biomass and
organic soil formation lead to greater carbon
sequestration than would have occurred under
baseline conditions [39, 56]. In addition, project
activities prevent the area of wetlands from being
lost as would occur in the baseline scenario, the
‘prevented loss’ of the carbon sequestration cap-
acity from project wetlands was included in the
carbon accounting. In the case of the Luling
Project, based upon baseline data from peer-
reviewed literature (i.e.Table 2) and field data for
the project scenario, wetlands receiving municipal
effluent have lower greenhouse gas emissions
than degraded wetlands in the baseline scenario.

Kriging analysis

In early 2018, during the validation/verification
process, the verifier observed that although the

Table 2.Baseline carbon sequestration values derived from the scientific literature (units in tons CO2-e/ha/yr). s.e.¼
standard error, s.d.¼standard deviation.
Carbon Pool Mean Min Max s.e. s.d. n source

Baseline Tree: 5.88 1.24 9.64 1.01 2.92 8 Conner & Day (1976); Conneret al.(1981); Dayet al.
(2006); Megonigalet al.(1997); Shaffer
et al.(2009)

Baseline
Soil (Forested):

9.12 2.47 13.79 2.30 5.12 5 Noe & Hupp 2005; Craft & Casey 2000; DeLauneet al.
1992; Rybczyket al.2002

Baseline
CH4 (Forested):

67.11 5.44 191.51 34.57 77.34 5 Alfordet al.(1997); Yuet al (2008)

Baseline
N2O (Forested):

30.99 1.63 221.21 27.16 76.87 8 DeLauneet al.(1998); Lindauet al.(1994, 2008);
Morseet al.2012; Scaroniet al.(2011, 2014); Yu
et al (2008)

Baseline
Soil (Emergent):

7.14 4.70 9.39 0.91 2.05 5 Feijtelet al.(1985); Hattonet al.(1983); Nymanet al.
(2006); Rybczyket al.(2002)

Baseline
CH4 (Emergent):

110.65 32.27 216.56 39.91 79.84 4 Alfordet al.(1997); Crozier & DeLaune (1996);
DeLauneet al.(1983); Poffenbargeret al.2011

Baseline
N2O (Emergent):

0.49 0.40 0.62 0.10 0.17 2 Smithet al.1983a
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plots established in 2013 were delineated in a grid
fashion according to accepted wetland monitoring
techniques, the monitoring plot design did not
meet the statistical sampling design requirements
of the carbon standards, which require randomiza-
tion. Randomization in plot selection is a design-
based approach to infer an unbiased estimate of
carbon stock change [57]; a sample of plots is ran-
domly selected from a larger population of plots.

Another unbiased approach to inference is a
model-based approach. In this approach, carbon
stock change is predicted using a model of its
observed relationship to certain covariates [58].
The model is estimated by observing carbon stock
change on a portion of plots and relating these
observations to other covariate measurements
made on the same plots. The estimated model is
then applied to all plots from the larger population
of plots. Unlike the design-based approach, the
model-based approach requires covariate measure-
ments on all plots in the population.

Dividing the project site into a population of
plots, carbon stock change on neighboring plots
may not be independent of each other; latent fac-
tors such as local salinity, depth of organic material
and hydrology affect carbon stock change.
Generally, to estimate unbiased carbon stock
change, and more specifically the uncertainty in
estimated carbon stock change, model-based infer-
ence requires independent measurements. Where
plots have spatial dependencies and carbon stock
change is not otherwise independent, models
must be conditioned on latent factors to achieve
conditional independence. This simply means
accounting for the spatial dependence in
the model.

The best unbiased linear estimator for a spatially
dependent population is the kriging model [59,
60]. The kriging model accounts for spatial
dependency using a variogram. The model param-
eters of the variogram are estimated from
observed plots and provide the conditional inde-
pendence required to infer an unbiased estimate
of carbon stock change. The kriging model esti-
mates carbon stock change for unmeasured plots
in the population, and not total carbon stock
change across the entire population of plots com-
prising the project site. To estimate the total car-
bon stock change across the entire projects, a
variation of the kriging model called block kriging
is unbiased.

Where covariates are specified in the kriging
model, the model is called co-kriging which

generally performs better than ordinary kriging
alone given a strong relationship between carbon
stock change and covariates. For the Luling project
site, features derived from LiDAR data were consid-
ered as covariates in a co-kriging model. These
data cover the entire project site and derived fea-
tures related to biomass height exhibited a moder-
ate relationship to observed carbon stock change
on measured plots.

The co-kriging model was parameterized using
field monitored data collected in 2013-2014 at
plots within the project area along with biomass
height derived from ATLAS point data collected by
the State of Louisiana between 1999 at 5 m reso-
lution (https://atlas.ga.lsu.edu/datasets/lidar2000/).
Biomass height was measured by resampling the
LiDAR data to create a digital height model (DHM).
The exploratory analysis inferred a quadratic rela-
tionship between accretion and DHM with a good-
ness of fit at 0.82 adjusted R-squared. The
estimates of the preliminary model indicated the
uncertainty relative to the estimated mean to be
approximately 40%. It was then decided to
remeasure carbon accretion in soil and biomass on
existing plots inside the Luling project area and to
acquire more recent lidar data to reduce
uncertainty.

The refined kriging applied field data acquired
in late 2018 and 2017 LiDAR data of the area pro-
vided by USGS at 1 m resolution. The size of the
project was then reduced to decrease the uncer-
tainty of the kriging model. Only the plots within
the new project boundary and the one rectangular
plot established in 2006 with a feldspar marker
were included in the kriging analysis. Some plots
within the new project boundary were excluded
from the kriging because the feldspar marker at
some plots either couldn’t be found within the soil
cores or hunters had removed the poles marking
the feldspar plots. A total of 16 plots were used for
the final results (15 plots that were established in
2013 and the one LDEQ plot that was established
in 2006). The plot level carbon accrual rates from
trees and soils were combined into an overall plot
accretion rate. This overall plot accretion rate was
used to model a relationship with tree height. This
model run also had an R-squared of 0.84.

From the block kriging model, the final accre-
tion estimate across all pools was found to be
30.05 t CO2e/ha/yr, with a standard error of 12.53
tCO2e/ha/yr. To show that this estimate was
unbaised, the model was cross validated. This cross
validation gave a root squared mean error of 5.39
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t CO2e/ha/yr. Given the estimated standard error,
the RMSE is not statically significant at the 90%
confidence level.

Results

The carbon sequestration and emission rates in
Table 2 were multiplied by the area of respective
carbon pools in the study area to model the car-
bon sequestered and emissions in the baseline
scenario (Table 3). This analysis took into account
the loss of sequestration ability as half the wetland
area was predicted to be lost and the other half
converted from forested to emergent wetlands
over the 40-year project duration. The baseline
tree pool (DCTREE_BSL_loss) was estimated to seques-
ter 36,450 t CO2-e over 40 years, with 1,822 t CO2-
e/yr sequestered at the start of the project and
dropping to zero by the end, and a mean seques-
tration rate of 911 t CO2-e/yr (Table 3). The base-
line soil pool (DCSOC_BSL_loss) was estimated to
sequester 82,699 t CO2-e over 40 years, with 2,899
t CO2-e/yr sequestered at the start of the project
and decreasing to 1,134 t CO2-e/yr by the end,
and a mean sequestration rate of 2,067 t CO2-e/yr.
Emissions of greenhouse gases were an order of
magnitude greater than the tree and soil pools
combined, with 999,947 t CO2-e over 40 years,
with 31,136 t CO2-e/yr emitted at the start of the
project and 17,641 t CO2-e/yr by the end, and a
mean emission rate of 24,998 t CO2-e/yr.
Cumulative total carbon stock changes (DCbsl-WR-

HM-WL) was � 880,798 t CO2-e over 40 years, which
equates to a mean of� 22,020 t CO2-e/yr (Table 3).

The baseline greenhouse gas emissions at the
Luling project site were significantly greater than
the project scenario (Tables 4and 5). According to
the methodology being applied, exclusion of car-
bon pools and emission sources is allowed subject
to considerations of conservativeness and signifi-
cance testing meaning that pools or sources may
always be excluded if conservative, i.e. exclusion
will tend to underestimate net greenhouse gas
emission reductions/removal enhancements.
Therefore, we report results with and without
greenhouse gas emissions.

The project tree pool (DCTREE) was estimated to
sequester 170,919 t CO2-e over 40 years, with an
annual sequestration rate of 4,273 t CO2-e/yr (Table
4). The project soil pool (DCSOC) was estimated to
sequester 148,373 t CO2-e over 40 years, with an
annual sequestration rate of 3,709 t CO2-e/yr.
Emissions of greenhouse gases for the project scen-
ario 580,363 t CO2-e over 40 years, with an annual
emission rate of 13,475 t CO2-e/yr. Cumulative total
carbon stock changes with greenhouse gases
(DCACTUAL w/GHGs) was � 261,070 t CO2-e over
40 years, which equates to an annual mean rate of
� 5,492 t CO2-e/yr (Table 4). Cumulative total car-
bon stock changes without greenhouse gases
(DCACTUALno GHGs) was � 261,070 t CO2-e over
40 years, equating to an annual mean rate of
� 5,492 t CO2-e/yr (Table 4). Net sequestration (i.e.
project minus baseline emissions) with greenhouse
gases was 619,727 t CO2-e over 40 years, with an
annual mean of 16,527 t CO2-e/yr (Table 4). Net
sequestration without greenhouse gases was
200,143 t CO2-e over 40 years, equating to an
annual mean rate of 5,003 t CO2-e/yr.

The kriging analysis resulted in 381,577 t CO2-e
over 40 years, with an annual rate of 9,539 t CO2-e/yr
(Table 5). Cumulative total carbon stock changes
with greenhouse gases (DCACTUAL w/GHGs) was
� 157,423 t CO2-e over 40 years, which equates to an
annual mean rate of � 3,935 t CO2-e/yr (Table 4).
Cumulative total carbon stock changes without
greenhouse gases (DCACTUALno GHGs) was 381,577 t
CO2-e over 40 years, equating to an annual mean
rate of 9,539 t CO2-e/yr (Table 5). Net sequestration
with greenhouse gases was723,375 t CO2-e over
40 years, which equates to an annual mean of 18,084
t CO2-e/yr. Net sequestration without greenhouse
gases was 262,472 t CO2-e over 40 years, equating to
an annual mean rate of 6,560 t CO2-e/yr (Table 5).

Uncertainty

The module X-UNC-WR was applied to combine
uncertainty information and determine an overall
project uncertainty estimate of the total net green-
house gas emissions reductions. If the calculated
total project uncertainty exceeds 10% at the 90%
confidence level, then the emission reductions
must be adjusted to account for uncertainty as
follows:

AdjustedCACR,t
¼ CACR,t � 100% � UNCþ 10%ð Þ

Uncertainty values differed greatly between the
field collected data and the kriging uncertainty.

Table 3.Baseline project emissions with wetland loss.

Parameter

Baseline
Over 40 years
(t CO2-e/40yr)

Baseline
Annual Mean
(t CO2-e/yr)

DCTREE_BSL_loss 36,450 911
DCSOC_BSL_loss 82,699 2,067
DGHGE_BSL_loss 999,947 24,998
DCbsl-WR-HM-WL � 880,798 � 22,020
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Leakage

Leakage was not allowed in the ACR Methodology
that was being applied [10]. There are no activities
that are being displaced due to this project and
therefore, leakage is assumed to be zero.

Buffer pool contribution

Carbon market standards require that a percent-
age of carbon offsets from sequestration-based
projects not be sold on the carbon market and,
instead, are kept in a reserve buffer pool as an
insurance mechanism to guard against risk of
reversal. The required buffer is based on assessed
risk of reversal of carbon sequestration for each
project and may decrease the volume of offsets
available for sale by a minimum of 10%, the lowest
buffer requirement under ACR rules, to more than
50%. This analysis applied the ACR Tool for Risk
Analysis and Buffer Determination, v1.0 to deter-
mine that 17% of the contributing emission reduc-
tions must be deducted from the project’s offsets
and contributed to the ACR buffer pool to guard
against the risk of reversal.

Emission reduction tons (ERT)

The final amount of emission reductions that
would have been generated as offsets represent
the accumulated net sequestration from 2006
through 2018 adjusted for an associated uncer-
tainty of 76.41% and buffer pool contribution of
17%. The final amount of emission reduction tons

that could have been transacted was 17,935 for
years 2006-2018 (Table 7).

Water quality & stacking Co-benefits

Most wetland restoration co-benefits, such as
storm surge reduction and habitat enhancement,
are difficult to quantify. However, water quality
improvements are quantifiable and allowed to be
“stacked” with carbon offsets to increase the dollar
value of the ecosystem services that these proj-
ects provide.

Discrete water samples were taken seasonally at
the discharge pipe, a treatment site located dir-
ectly in the path of the effluent approximately
100 m from the discharge pipe, a mid site located
directly in the path of effluent approximately
640 m from the discharge pipe, an out site where
water exits the wetlands and enters the Louisiana
Cypress Lumber Canal, and a reference site located
to the west of the treatment pond. Mean annual
surface water total nitrogen (TN) and total phos-
phorus (TP) concentrations (mg/L) were calculated
using data from these sites from 2006 to 2018.
Percent removal was multiplied by the quantity of
nutrients input (kg) to calculate the quantity of
nutrients removed by the wetland as follows:

Quantity Removed ¼ % Removal

� Quantity Input

It was determined that approximately
219,085 kg of TN and 55,338 kg of TP were

Table 4.Baseline, Project and Net emissions estimated using field data for the project activity.
Baseline

Over 40 yrs
(t CO2-e/40yr)

Project
Over 40 yrs

(t CO2-e/40yr)

Net Cseq
Over 40 yrs

(t CO2-e/40yr)

Baseline
Annual mean
(t CO2-e/yr)

Project
Annual mean
(t CO2-e/yr)

Net Cseq
Annual mean
(t CO2-e/yr)

DCTREE 36,450 170,919 . 911 4,273 .
DCSOC 82,699 148,373 . 2,067 3,709 .
DGHGE 999,947 580,363 . 24,998 13,475 .
DCACTUALw/GHGs � 880,798 � 261,070 619,727 � 22,020 � 5,492 16,527
DCACTUALno GHGs 119,149 319,292 200,143 2,978 7,982 5,003

Table 5.Baseline, Project and Net emissions estimated using kriging data for the project activity.
Baseline

Over 40 yrs
(t CO2-e/40yr)

Project
Over 40 yrs

(t CO2-e/40yr)

Net Cseq
Over 40 yrs

(t CO2-e/40yr)

Baseline
Annual mean
(t CO2-e/yr)

Project
Annual mean
(t CO2-e/yr)

Net Cseq
Annual mean
(t CO2-e/yr)

DCkriging . 381,577 . . 9,539 .
DCTREE 36,450 . . 911 . .
DCSOC 82,699 . . 2,067 . .
DGHGE 999,947 539,000 . 24,998 13,475 .
DCACTUALw/GHGs � 880,798 � 157,423 723,375 � 22,020 � 3,935 18,084
DCACTUALno GHGs 119,149 381,577 262,427 2,978 9,539 6,560

Table 6.Overall project uncertainty with and without greenhouse gases.
Quantification Method Uncertainty with GHGs Uncertainty without GHGs

Kriging Modelþ Baseline Uncertainty 78.27% 76.41%
Original Field Monitored Sampleþ Baseline Uncertainty 59.67% 33.31%
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removed between 2006 and 2018 due to imple-
menting the restoration activity.

Discussion

Unfortunately, after approximately six rounds of
verification findings the decision was made to
withdraw the project. The cash value of the
remaining ERTs after the large uncertainty and buf-
fer deductions did not justify ACR’s long-term
monitoring and verification requirements.
According to the ACR rules, projects with a risk of
reversal, such as wetlands, require monitoring and
verification every 5 years over a minimum project
term of 40 years [49]. Although wetland carbon sci-
ence continues to evolve, ACR had no mechanism
to recoup the uncertainty deduction through
implementing advanced monitoring and future
verifications. It should be further noted that typic-
ally a project will continue to verify and register
offsets throughout the crediting period which
helps to defer the ongoing monitoring and verifi-
cation costs. However, for this proof-of-concept
project a one-time transaction was all that project
partners could guarantee, and given the costs
associated with monitoring and verification the
long-term financial feasibility of the project was
too large of a risk to bear.

While model goodness-of-fit statistics inferred a
relationship between observed accretion rates and
LiDAR covariates, the relatively small sample size
(n ¼16) and the limited spatial dispersion of sam-
ple plots contributed to uncertainty in the block
kriging estimate. Incorporating higher resolution
LiDAR had no effect on reducing uncertainty in the
total estimated accretion rate. The first kriging
model was parameterized using 5 m resolution
LiDAR acquired by the State of Louisiana, while
parameterization of second kriging model used
1 m resolution LiDAR acquired by USGS. The dis-
crepancy in the date between when LiDAR was
acquired and when field monitoring occurred may

have also contributed to the higher uncertainty in
kriging results.

The relatively high uncertainty of the baseline
estimates was due to a combination of low replica-
tion and high natural variability. For example, the
ex-post baseline emergent wetland N2O emission
rate only had one reference [54] with two values,
resulting in an uncertainty of 152.5% (Table 9).
Likewise, the baseline forested wetland N2O emis-
sion rate had an uncertainty of 166.2%, and base-
line CH4 uncertainty was 72.7% and 109.9% for
emergent and forested wetlands, respectively. In
contrast, baseline soil sequestration uncertainty
was 27.4% and 53.4% for emergent and forested
wetlands, respectively, and baseline tree sequestra-
tion uncertainty was 33.2%. The uncertainty found
in the original field monitored sample data was
mostly driven by greenhouse gases that had a
combined uncertainty value of 79.2% while
sequestration by trees and soils had uncertainties
of 25.9% and 20.6%, respectively.

Several changes to the project design could
have led to a better outcome. One such change
would have been the application of a suitable ref-
erence site for the baseline rather than using peer-
reviewed literature, which would have increased
monitoring costs but may have decreased uncer-
tainty. The project developers initially considered
this option but struggled finding an ideal refer-
ence site that was not influenced by nutrient rich
stormwater runoff. An increased number of plots
could have been installed for the initial inventory.
Later analysis of the field data indicated that
approximately 65 plots would have been needed
to have uncertainty of < 10% for sequestration by
trees. Kriging could have been avoided entirely
had the field monitoring plots been randomized
from the project onset rather than using historical
plots. Project developers learned later that site-
specific historical in-situ monitoring data can only
be applied to a blue carbon projects to calibrate a
model or as a reference. Lastly, the fact that the
project was retroactive with a large gap from the
project’s start date to the actual project develop-
ment process created additional challenges since
ACR rules had changed requiring projects to

Table 7.Number of emission reduction tons.
CACR,t1¼0¼2006 0

CACR,t2¼12¼2018 21,609
Buffer deduction 3673
ERT¼ 17,935

Table 8.Uncertainty of the baseline, project and kriging values.

Quantification Method
t CO2e/yr
with GHGs

Uncertainty
with GHGs

t CO2e/yr
without GHGs

Uncertainty
without GHGs

Baseline � 22,020 57.3% 2,978 28.7%
Original Field Monitored Sample � 5,492 16.7% 7,982 16.9%
Overall Uncertainty (Baselineþ Original Field Monitored Sample) 16,527 59.7% 5,003 33.3%
Kriging Modelþ Baseline Uncertainty 18,084 78.3% 6,560 76.4%
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successfully undergo validation within 3 years of
the project start date.

Wetland carbon research needs

There are several recommended next steps to
increase the commercial viability of wetland car-
bon offsets and realize the significant potential of
wetlands to sequester carbon. A major goal to
ensure commercial viability is to reduce project
development costs and simplify monitoring,
reporting and verification. Advocacy is required
with the various carbon standards to make wet-
land carbon projects more attainable and not con-
fined by rules that are designed for forestry
projects. This includes developing rules and proc-
esses for project aggregation that are specific to
wetland projects. Also, the complexities of leverag-
ing carbon finance with government restoration
funding programs needs to be addressed.

A critical component for many projects is the
ability to fully account for the prevention of wet-
land loss [9]. Wetland loss results in the loss of
sequestration capacity in the future as well as the
release of carbon sequestered and stored over
past decades or centuries. This project was only
able to account for the predicted loss of sequestra-
tion capacity and was unable to account for the
release of stored carbon due to gaps in the sci-
ence. Addressing this set of science gaps and
incorporating results into current wetland carbon
accounting protocols could optimize the quantity
of offsets that can be achieved from a single res-
toration project. This research would also facilitate
carbon offsets for wetland conservation activities
that prevent wetland loss but do not significantly
enhance carbon sequestration rates [5]. Ultimately,
providing carbon offsets for the prevented loss of
wetlands is essential to providing a strong busi-
ness case for carbon investment into wetlands.

Monitoring wetland carbon projects presents a
unique set of significant challenges and costs.
Simplifying monitoring, and the development of
reliable and accurate monitoring that is less labori-
ous particularly at remote locations is one of the

biggest opportunities to reduce project develop-
ment costs. Meanwhile, to date, there are no
known remote sensing techniques that can quan-
tify changes in the soil carbon pool in densely cov-
ered wetland ecosystems. Many wetland
ecosystems are largely inaccessible, and even
when a wetland can be accessed, monitoring tech-
niques to quantify soil carbon are not ideal [61].
For example, the feldspar marker technique does
not perform well in wetland systems that do not
have a dry period, as the feldspar does not consoli-
date and can drift vertically in the soil profile, and
becomes more difficult to find over time [62]. Soil
carbon default factors would be very useful alter-
natives to the feldspar method. Developing meth-
ods to remotely monitor the carbon sequestered
in wetlands would alleviate access issues and the
associated safety risks for field technicians.

The variability of greenhouse gas emissions may
make the monitoring of greenhouse gases to reach
confidence intervals required by carbon offset mar-
kets cost prohibitive. Wetland greenhouse gas
emissions vary greatly depending on a number of
factors unrelated to the restoration activity, such
as temperature, precipitation and barometric pres-
sure [63–65]. In general, more research is needed
on CH4 and N2O emissions to reduce the uncer-
tainty and justify the exclusion of emissions moni-
toring for management activities that do not
increase emissions beyond the baseline scenario.
The development of emission factors by restor-
ation project type (e.g. [66]), including emission
factors for various baseline scenarios, would
streamline wetland carbon accounting and
decrease costs associated with monitoring green-
house gases.

Adequate models that have been sufficiently
validated for use in carbon markets do not exist
for many wetland project types and regions. This
may be partially due to a lack of reliable field data
to calibrate and validate models. The use of such
models could substantially reduce monitoring
costs and alleviate many of the challenges
observed to date. Revising government monitoring
programs may address some of the issues but in
general, a technology tracking database needs to
be created that allows for the management of
large volumes of information associated with wet-
lands to be accessed in a systematic fashion.

Both ACR and the California Air Resources Board
(ARB) cap and trade program currently only accept
projects with overall (baseline and project) uncer-
tainty of < 20% [49]. The monitoring that is

Table 9.Uncertainty associated with the baseline values
derived from the scientific literature.
C Pool n Value Uncertainty

Baseline Tree 8 2.38 33.2%
Baseline Soil (F-F) 5 3.69 53.4%
Baseline CH4 (F-F) 5 27.16 109.9%
Baseline N2O (F-F) 8 12.54 166.2%
Baseline Soil (F-E) 5 2.89 27.4%
Baseline CH4 (F-E) 4 44.78 72.7%
Baseline N2O (F-E) 2 0.20 152.5%
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required to reach this level of certainty in dynamic
wetland ecosystems may be unattainable, or if so,
cost-prohibitive. Due to the high variability and
thus high uncertainty of wetland carbon data, car-
bon market standards need to provide mecha-
nisms to recoup uncertainty deductions as the
science and advanced monitoring techniques con-
tinue to evolve. This would encourage project
developers to begin to develop projects in light of
evolving science. In general, carbon standards
need to recognize that wetlands are far more
dynamic ecosystems than forests and will require
more flexibility to increase project adoption rates.

Furthermore, many wetland systems have long-
term historical monitoring data that can be invalu-
able. Mechanisms need to be developed to apply
historical monitoring data. This can likely be
addressed at the onset of a project by proper
monitoring plot design or by using this data to
validate/calibrate models.

Conclusions

The potential for a wetland restoration project to
benefit from the carbon market depends not only
on the potential of the project to maintain and
increase sequestered carbon, but also on the car-
bon standard rules for inclusion of projects in car-
bon market participation, such as eligible start
date, easement type, standardized emissions fac-
tors, and the use of federal funding in project
implementation. Many factors can influence the
amount of funding that a wetland carbon project
receives including the costs of monitoring, docu-
menting, and selling verified carbon offsets to mar-
ket. Other major factors include the market price
of the carbon offset, whether prevented wetland
loss can be included in carbon accounting, and
finally the total area of wetlands that can be suc-
cessfully restored for the project life.

Global pressure remains to reduce greenhouse
gases as recognition of the role that wetlands can
have in climate change mitigation continues to
grow. Wetlands can reduce greenhouse gas emis-
sions while providing multiple climate adaptation
benefits, such as storm surge protection, water
quality improvement, and floodwater retention,
that increase the resiliency of the built environ-
ment and hence the economy. The momentum for
innovative solutions, together with trends in volun-
tary markets favoring high-quality land use and
forestry projects and the continued progress of
emission trading markets, provides strong

potential for support of high-quality, scientifically
rigorous offsets from wetland restoration carbon
projects. Carbon finance has substantial potential
to provide important revenue to support wetland
restoration that will likely lead to new public-pri-
vate paradigms that leverage carbon finance with
government restoration dollars.
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