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Abstract

Salt marsh restoration has the potential to reduce greenhouse gas emissions thereby providing an
opportunity for blue carbon crediting, but implementation has been limited to date because of
insufficient data and validation. Freshening salt marshes are sources of methane emissions, which
present an opportunity for states to address this source of potent greenhouse gas emissions if restored
to their more naturally saline state. In this paper, we demonstrate the potential scale of methane
emissions that could be avoided if salinity-reducing impairments are mitigated by applying findings from
six salt marsh restoration sites in Massachusetts combined with a meta-analysis of the salt marsh
salinity-methane relationship. Of the six sites selected, restorations at two sites were successful in
improving salinity. Our approach and findings demonstrate the potential benefits in developing
consistent accounting methodologies to better track, prioritize, and implement wetlands restoration
strategies to mitigate methane emissions and contribute toward state-level emissions reduction targets
across at least a percentage of the 475 Massachusetts salt marches with an existing tidal restriction. A
significant limitation in estimating benefits, however, is the lack of coordinated, widespread monitoring
strategies relevant to methane emissions. While not insurmountable, these challenges will need to be
addressed for methane emissions reduction and carbon sequestration through salt marsh restoration to
be accepted as an effective strategy. We conclude that while carbon crediting may offer benefits to
marsh restoration and state greenhouse gas emissions reduction targets, there remain significant
limitations because of a lack of project monitoring and data validation, which could undermine the
social benefits that carbon crediting would afford. In the worst case, this could result in the offsetting of
actual greenhouse gas emissions with credits that are supported by indirect and less-than-rigorous
monitoring data.

KEYWORDS: Salt Marsh Restoration, Carbon Crediting, Carbon Markets, Social Benefit Value, Methane
Emissions Mitigation
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Introduction: Fantastic Wetlands and Why to Monitor Them

Salt marshes are critical ecosystems and are being actively restored for many reasons including habitat
provision and flooding abatement, but the co-benefits of these restorations as they relate to
greenhouse gas (GhG) mitigation are often overlooked. States have an opportunity to optimize methane
mitigation in salt marsh restoration planning and to better catalogue these systems’ emissions
reductions to contribute toward state-level GhG emissions reduction targets. To achieve these ends,
better, more comprehensive monitoring and data collection is needed to inform these efforts. Once this
data becomes available and more widely collected, this paper outlines a straightforward calculation to
assess the GhG mitigation potential and the social benefits of salinity-increasing salt marsh restorations
using available data that could be applied at other restoration sites in Massachusetts or elsewhere. As
we will discuss, the primary limitation to such an application remains data availability and lack of low-
cost widespread monitoring techniques, which will be required to make this approach widely applicable
and to improve validity.

Salt marshes are critical habitats that host numerous plant and animal species and provide valuable
ecosystem services. Healthy salt marshes provide benefits to surrounding communities through the
coastal resilience they provide against tidal surge during storms. Salt marshes also act as a carbon sink
and store a significant amount of carbon in their soils (Burden et al., 2013). This carbon is sequestered
for hundreds of years provided the marsh remains intact. However, should salt marshes become
degraded or impaired, they can become a net source of GhGs rather than a sink as they can emit
methane, another potent GhG (Hirota et al., 2007). One driver of excess methane emissions from salt
marsh in New England is a transition from saline to fresher water in the system resulting from
inadequate flushing of seawater, often due to human-induced tidal restrictions such as a narrow culvert
for road/rail construction through salt marshes. Diminished salinity activates a natural microbial process
that produces methane as a byproduct, thereby turning freshening salt marshes into enhanced methane
sources (Dean et al., 2018; Kroeger et al., 2017).

In the United States, thousands of narrow culverts that are aging or outdated impact the streams and
natural areas surrounding the culvert and sometimes flood roads and other developments (MassDOT,
2020). Culvert widening, a practice used by many coastal communities’ transportation departments for
road maintenance and improvement, can help to reverse the process of marsh freshening by allowing
increased tidal flushing to restore salinity levels in the system, thereby reducing methane emissions. For
tidal salt marsh, salinity has a negative relationship with methane emissions (Poffenberger et al.; Hiraishi
et al., 2013; 2011; Holm Jr. et al., 2016; Kroeger et al., 2017; Doroski et al., 2019; Qu et al., 2019) and a
positive relationship with carbon sequestration (Morrissey et al., 2013; Qu et al., 2019) such that, as
salinity increases above 18 psu (practical salinity units), methane emissions from tidal salt marsh
potentially decrease and its capacity for carbon sequestration potentially increases.

Methane is 28 (100-year global warming potential) to 81 times (20-year) more potent as a greenhouse
gas than carbon dioxide (CO,; IPCC, 2014). Methane also has a shorter half-life than CO, (roughly 10
years compared to 30+), so with methane mitigation, there is potential for reducing GhG effects within a
shorter timeframe, possibly even within a decade. Globally, our window to act on climate change by
reducing excess GhG emissions is dwindling (Canadell et al., 2021). Addressing methane emissions as
quickly and from as many sources as possible, including culvert widening and other marsh restoration
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efforts, could afford the global community time to address more persistent sources of GhG pollution
that are less susceptible to rapid remediation (McGrath, 2021).

There are 1.7 million extant hectares of salt marsh throughout the United States (U.S. Fish and Wildlife,
2021), which face myriad environmental stressors; an unknown percentage of which might serve as a
source of excess methane emissions due to freshening. If these marshes are to be protected or restored
to mitigate rather than produce methane, there are a number of data needs to understand the scale of
benefits. These include a need to identify the spatial extent of degraded marshes, estimate the relative
annual methane contributions from each marsh, identify the source of degradation (for example, a tidal
restriction that prevents adequate flushing), and deploy a pre- and post-restoration monitoring plan to
determine the efficacy of that restoration. Salinity is currently applied as a relatively cost-effective
metric to track the efficacy of salt marsh restoration. Further, salinity can also be used to estimate the
methane emissions from a given salt marsh (Hiraishi et al., 2013, Poffenberger et al., 2011, Kroeger et
al., 2017). Though direct methane capture is a better indicator of methane emissions, using salinity as a
proxy for methane emissions can scope and inform policy decisions for determining prioritization of salt
marsh restoration and for inferring benefits of mitigated methane emissions.

The impact of culvert widening on methane emissions reduction is not being captured at the restoration
site or state levels. With many states working to meet mandates on GhG emission reductions,
demonstrating the potential scale of salt marsh restoration for reducing methane as a co-benefit of
widening could help prioritize and expand these efforts. To demonstrate the GhG emission reductions, a
reliable wetland monitoring methodology will need to be implemented to track and confirm the
restoration results. A standardized assessment of GhG mitigation in restored wetlands is useful not only
for its contribution towards meeting environmental goals and state reduction targets, but also for the
ability to count these restorations towards carbon offset crediting initiatives in addition to the ecological
benefits that these projects might provide (MassDOT, 2020; Emery and Fulweiler, 2017; Wang et al.,
2019; MA EOEA, 2020; Executive Office of the President, 2021). This additional revenue stream could be
used to offset the cost of future salt marsh restoration projects or be used to fund the long-term
monitoring of restored systems. While state entities are currently barred from applying for offset
credits, non-profit partners are not, which could incentivize more public-private partnerships in future
salt marsh restoration efforts.

This paper quantifies the potential benefits of methane reduction via salt marsh restoration at six
restoration sites in Massachusetts. We estimated methane emission reductions for each site using meta-
analyses that use salinity as a proxy for methane emissions (Kroeger et al., 2017; Hiraishi et al.,2013;
Poffenbarger et al., 2011). We calculated the social benefit of these avoided emissions based on the
2021 social cost of methane (IWG, 2021). We then discuss alternative revenue sources available to
restoration projects such as blue carbon crediting opportunities through voluntary markets and
conclude with a discussion on next steps and state-level monitoring strategies.
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Methods
Site Selection and Salinity Values

We identified six completed salt marsh restoration projects administered through the Massachusetts
Audubon Society! that were a part of a decades-long research partnership with local middle schools in
Massachusetts, USA. Each of the projects included in this analysis from this larger dataset were those
with one definitive restoration action restoring tidal flow (i.e., correction of a tidal restriction, such as
culvert widening) and with salinity data available both before and after the restoration project was
implemented. The six projects are listed in Table 1, with their corresponding datasets listed in the
appendix. The values shown in Table 1 are those calculated by averaging all values provided both before
and after the given restoration took place regardless of the depth at which those values were taken. The
salt marsh salinity datasets for these projects are hosted by the Massachusetts Audubon Society
(Massachusetts Audubon Society, 2022).

For the purposes of this analysis, a restoration project was considered successful for the purposes of
greenhouse gas mitigation only if the post-restoration salinity average surpassed 18 psu, which is the
level identified in the scientific literature as the point where methane emissions are no longer released
(Kroeger et al., 2017). As shown in Table 1, of the six sites included in this analysis, only the Mill Pond
and Eastern Point sites met these criteria with the remaining sites excluded. The Cedar Point and
Seaview Street sites were excluded because averaged pre- and post-restoration salinity values remained
below the 18 psu benchmark. The Town Farm Road and Conomo Point Road sites were excluded
because both the pre- and post-restoration salinity values were above the 18 psu threshold, and
therefore the restoration project did not result in meaningful new methane emissions reductions.

None of these restoration projects were completed or monitored with the specific intention of methane
mitigation or capture, but the pre- and post-restoration salinity data enables the retroactive application
of monitoring data to estimate the potential changes in methane emissions.

Table 1: Restored Marsh Name, Location, Size, Salinity Values. A summary table for the six sites selected for analysis from the Massachusetts
Audubon Society dataset. Each site includes pre- and post-restoration salinity data with associated standard error at varying times and seasons.
Due to this variance, pre- and post-salinity values were averaged without taking temporal considerations into account. Total marsh area for the
Essex site was derived from MA CZM records, the Town Farm Road area was obtained by Mass.gov, Seaview Street was derived from NO1 records,
Mill Pond was derived from U.S. Fish and Wildlife data. The remaining sites were derived from MA DEP records.

Years of Number | Avg Salinity | Avg Salinity Total Total Area
Location & Date of restoration Post- of Data re-rest ost-rest Area of of
Monitored restoration Points p( ) P (ppt) Wetland Wetland
Monitoring pp PP (m~2) (hectares)
Essex, MA, Tidal Restriction
Conomo 1998-2015 restored November 15 961 18.3+0.94 23.7+0.41 54,197 5.42
Point Road 2000
GIO:;ZSter’ Tidal Restriction
§ 2000-2015 restored November 12 764 10.2+£0.52 19+0.3 10,955 1.10
Eastern
. 2003
Point

1 https://www.massaudubon.org/get-outdoors/wildlife-sanctuaries/endicott/salt-marsh-project/results-

data/salinity
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Ipswich, Tidal Restriction Phase 1
MA, Cedar | 1999-2015 . 15 249 12.6 £0.75 9.8 +£0.63 12,869 1.29
Point restored Spring 2000

lpswich, Tidal Restriction
MA, Town | 1996-2015 . 10 829 27.4+0.51 | 25.7+0.36 97,128 9.71
restored spring 2005

Farm Road
Rocl\ljliort, Seaview Street tidal
. 1998-2015 restriction restored 12 371 17.7+1.7 16.9+£0.42 12,141 1.21
Seaview
fall 2003
Street
Tidal Restriction -
Site flooded when board
Gloucester, placed on tide gates
MA, Mill 1998-2015 spring 2003, killing 11 808 17.4+£0.44 19.7+£0.32 161,880 16.19
Pond marsh plants.

Tide gates opened
beginning spring 2004

Estimating Methane Emissions Rates and Carbon Sequestration

We estimated annual methane emission rates per square meter pre- and post-restoration using
published methane emission factors inferred by salinity measurements in the manner described by the
meta-analysis in Kroeger et al., 2017. For the pre-restoration values, we applied two emissions factors
(EF): a geometric mean of studies of 19.4 gC-m2year!for salt marsh with salinity values less than 18 psu
(Hiraishi et al. 2013) and a true mean of 41.6 gC-m?year? (Poffenbarger et al. 2011). For sites with an
average salinity value above 18 psu, we applied an emissions factor of 0.46 gC-m?year (Poffenbarger et
al., 2011).

There is some evidence to suggest that salt marsh restoration projects that address salinity changes can
result in increased soil carbon sequestration, likely from increased water flow (Kevin Kroeger, personal

communication; Weston et al., 2014). While not included directly in this analysis, we demonstrate how
carbon sequestration could be included in a follow-up analysis in the appendix.

Applying the Verified Carbon Standard

The Verified Carbon Standard (VCS) is a program managed by Verra, which developed the 2015 VCS
Methodology for Tidal Wetland and Seagrass (VMO0033) in partnership with Restore America’s Estuaries
and Silvestrum (Verified Carbon Standard, 2015). Section 4c of the VMO0033 on Tidal Wetlands validates
culvert widening as an appropriate practice for credit application provided that pre- and post-
restoration values are assessed using one of the approved methodologies. Section 8.1.4.1 allows for the
use of proxies to estimate GhG emissions and section 8.1.4.4.3 allows for the use of published values to
estimate emissions where proxies or direct capture are not available. Equations 42 and 43 of Section
8.1.4.4.4. allow for the application of a default factor in conjunction with the 100-year global warming
potential of methane (GWP-CH,; VCS, 2015).

The 100-year GWP-CH, as compared to the warming effects of CO, over a 100-year timeframe is
somewhat in flux. The U.S. Environmental Protection Agency recommends a GWP-CH, range between
28-36 (U.S. EPA, 2021), whereas the 100-year GWP-CH, assessed by the IPCC has varied across
successive assessment reports, with the most recent providing a value of 27.2 + 11, as shown in Table 2.
For the purposes of this analysis, we applied the GWP-CH, of 27.2, identified in the 2021 IPCC AR6
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report to the calculation of verified carbon units (VCUs) using the VM0033 methodology described

previously.

Table 2: Change in IPCC Global Warming Potentials. Change in IPCC global warming potentials (GWP) for methane (CH,4) and
nitrous oxide (N,0) across assessment reports (AR) 4, 5, and 6.

100-year GWP 20-year GWP
Greenhouse Lifetime? AR4 AR5 AR6 AR4 AR5 AR6
Gas (GhG) (years) (2007) (2014) (2021) (2007) (2014) (2021)
CO, Multiple 1 1 1 1 1 1
CH, (non-
fossil) 11.8+1.8 25 28b-34¢ 27.2 +119 21 84b-86¢ 80.8 + 25.8¢
N,O 109 + 10 298 265P-298¢ 273 + 1309 310 264b5-268¢ 273 + 1184

aCompound lifetime values were reported in IPCC AR6.
bNon-inclusive of climate change feedback, as reported in AR5
®Inclusive of climate change feedback

dAR6 was the only report to include error ranges

To estimate the VCUs for avoided methane emissions from salt marsh, as shown in Equation 1, annual
post-restoration emissions were subtracted from annual pre-restoration emissions to calculate total
avoided annual emissions from each site, assuming the effects of each restoration can be applied
equally throughout the area of the marsh. These emissions were converted to carbon dioxide emissions
(CO.e) by applying the average global warming potential (GWP) of methane as defined by IPCC AR6
(Forster et al., 2021), and then equated to VCUs using a 1:1 ratio (one metric ton of CO,e is equivalent to
one VCU). Consistent with the IPCC AR6 report, we applied a GWP-CH, of 27.2. Our findings are
summarized in Table 3, where VCUs-yr! are equivalent to annual methane emissions avoided (as CO,e).

Therefore, VCUs that could have been generated at the completion of each salt marsh restoration
project were estimated using the following equation:

(1)
VCU = [E()—El] * A * GWPCH4,+ [CO_ Cl] * A

Where:

VCU - Number of Verified Credit Unit credits (equivalent to one metric ton of emissions avoided) per
year

E — Emissions (metric tons of methane per square-meter) pre (o) and post (;) restoration
A — Area (m?) of restoration
GWPcy4 - 27.2 the global warming potential of methane (IPCC AR6)

C — Additional CO,e variables? (i.e., soil carbon, nitrous oxide, etc.) pre (y) and post (;) restoration

2 For the purposes of this study, the only GhG of concern was methane, though a supplemental discussion of soil
carbon is included in the appendix.
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Calculating Social Benefit of Avoided Methane Emissions and Increased Carbon Sequestration

To estimate the social benefit of avoided GhG emissions, we applied the 2021 Social Cost of Methane
(IWG, 2021) to emissions potentially avoided through prior wetland restoration, shown in Equation 2. An
analysis of the impact of improved carbon sequestration and its associated social benefits are included
in the appendix. In this analysis, we calculate the social benefits of each salt marsh restoration as
avoided costs with respect to avoided methane emissions and increased carbon sequestration
(discussed in the appendix).

(2)
2050
SCM o590 = z [Eo—Eq] *A* Y, a9
i=2021

Where:
SCM 50 = Cumulative avoided social cost of methane from 2021-2050
E = Emissions (metric tons per square-meter) pre () and post (;) restoration

Y; a9= Social cost of methane value for year i discounted at a% described in the Interagency Working
Group SCM technical document addendum (here, a is equivalent to 3%)

VCUs are presented in per-year values to agree with the crediting-system logic, while we integrate the
social cost values over a time window (2021-2050) to account for the changes in social value over the
course of the time window, based on the modeled social damages and discount rate. Values from
Equation 2 are reported in Table 4 in 2021 dollars.

In February of 2021, a US Government Interagency Working Group (IWG, 2021) proposed an update to
the 2010 Social Cost of Carbon (IWG, 2010), and 2016 addendum to the Social Costs of Carbon and
Methane (IWG, 2016). We used these updated Social Cost of Methane values in estimating the benefits
of avoided future methane emissions. We applied these updated annualized values to each of the sites
included in this analysis to quantify the total potential benefit at each site realized from 2021 — 2050. A
truncated list of annualized values is reported in Table 4 in 2021 dollars, with the full tables included in
Appendix D.

Because each restoration included in this analysis occurred prior to the 2021 technical documentation or
the 2016 SCM and SCC technical documents that preceded it, we were unable to calculate the total
benefit of each restoration project from their implementation using the provided annualized data
values. Due to this temporal inconsistency, the benefits of avoided emissions at each site were assessed
from 2021 to 2050 to demonstrate the future added value from the previously completed restoration
projects.

A range of potential benefits are provided using varied discount rates. Both the SCC and SCM technical
documents account for uncertainty by including a range of discount rates (2.5%, 3%, and 5%). Discount
rates reflect varying assumptions of the degree to which future scenarios impact current decision-
making practices. The higher the discount rate, the higher the assumed value of present-day damages
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compared against future damages, and the lower the total social cost (IWG, 2010).3 To keep consistent
with both the 2010 SCC technical document and the 2016 SCM addendum, a three percent discount rate
was treated as the default reported value; however, the full range of values is included in the appendix.

Results

Our analysis yielded an average annual avoided methane emissions rate of 0.19 MtCH,-hectare-year
and 0.41 MtCH,-hectare-year?) for the geometric mean and true mean baseline emissions factors,
respectively.* Across the total monitoring periods for both Gloucester sites (totaling 12 and 11 years,
respectively), we calculated the total range of avoided methane emissions from 36 MtCH,— 79 MtCH,
(17.3 hectares total), which has the equivalent global warming potential of 985 MtCO,e — 2,140 MtCO,e.

Table 3: Summary of Annual Avoided Emissions. Summary of values from each site calculated using Equation 1, where E are
the annual emissions avoided, GWP is the global warming potential of methane, and VCUS-yr are the annual verified carbon
units that could have been generated considering the CO,e potential of both avoided methane and increased carbon
sequestered as a result of each restoration assuming that the project was considered for carbon credits via the Verified Carbon
Standard. Values are shown using both emissions factors (EF) of 19.4 (geometric mean) and 41.6 (true mean) to demonstrate
range of values.

EF 19.4

— East.ern Mill Pond Total
EF41.6 Point

0.21 3.07 3.28

E-yrt
0.45 6.66 7.11
GWPcha 27.2 27.2 27.2
5.7 83.5 89.2

VCUs-yr?

12.2 181.2 193.4

Estimating VCU Accumulation

We estimated an annual VCU accumulation ranging from 5.2 VCU-hectare-year? to 11.2 VCU-hectare-
year! when applying the geometric mean and true mean emissions factors, respectively. Carrying this
through to the complete post-restoration monitoring periods for Eastern Point and Mill Pond sites
(totaling 12 and 11 years, respectively), the cumulative VCU accumulation over this time ranges from
985 VCUs to 2,140 VCUs from avoided methane alone. This translates to a potential revenue generation
ranging from $19,700 to $42,800° (assuming a market price of $20/metric ton-CO,e) when applied to
the emissions factors scenarios previously described. Were these projects to have occurred today
(2021), a potential revenue of 2,671 credits ($53,420) to 5,802 credits (5116,040) might have been
generated between 2021-2050 across both sites (17.3 hectares), assuming that these restoration
projects remain successful and consistent with the project validation requirements described by
VMO0033 (VCS, 2015), and assuming a rate of $20/MtCO.e. While this is a modest benefit, methane
abatement is one of many associated with salt marsh restoration.

3
page 9
4 Excluding the Cedar Point, Town Farm Road, and Seaview Street sites, which did not demonstrate any avoided
emissions.
5 Whereas the social cost of carbon is discounted at a rate of 3%, we did not discount the VCS monetary values.



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

The Social Benefit of Methane Mitigation

Using a 3% discount rate, we estimate a cumulative social benefit ranging from $223,253 (EF of 19.4) to
$484,931 (EF of 41.6) by 2050 across the two sites (17.3 hectares) included in this analysis, as shown in
Table 4.

The Big Picture

There are potentially 475 salt marshes (932 hectares) throughout Massachusetts with tidal restrictions
greater than 50% as identified by McGarigal et al. (2017). At its maximum, the successful remediation of
these tidal restrictions could result in the net abatement of 176.6 to 384 MtCH,-year?, and the potential
revenue generation of $114,720 to $227,328-year! via carbon offset crediting, assuming $20/Mt-CO,e
and a discount rate of 3%. By 2050, the social benefit of this avoided methane could range from $12 -
$26 million if all sites were successfully restored, as shown in Table 4. However, the successful
restoration of all sites is improbable. Of the six projects we identified in this study, only 33% - 66%
achieved the types of salinity changes that would be indicative of methane abatement (depending on
how salinity values are calculated). As such, this estimate likely demonstrates an extreme upper bound.

Table 4: Social Benefit Value of Avoided Methane Emissions. The social benefit value of avoided methane applied to the two
sites included in the study, in addition to the 475 (932 hectares) of Massachusetts salt marshes impaired by tidal restrictions, as
determined by McGarigal et al. (2017). Benefits calculated with Social Cost of Methane values proposed by the 2021
Interagency Working Group using emissions factors (EF) of 19.4 and 41.6. This is a truncated table; the full table can be found in

the appendix.
Avoided social Gloucester, Gloucester, | All restricted salt
CO:t of metharle MA, Eastern MA, Mill marsh in MA
Year (3% average) in Point Pond (932 hectares)
2021 dollars EF 19.4 EF 19.4 EF 19.4
($/mt)
EF 41.6 EF 41.6 EF 41.6
311 4,599 264,903
2021 $1,500.00 > > >
$676 $9,990 $575,402
$332 $4,906 $282,563
2022 $1,600.00
$721 $10,656 $613,762
$332 $4,906 $282,563
2023 $1,600.00
$721 $10,656 $613,762
$353 $5,212 $300,223
2024 $1,700.00
$766 $11,322 $652,122
353 5,212 300,223
2025 $1,700.00 2 2 2
$766 $11,322 $652,122
373 5,519 317,884
2026 $1,800.00 2 2 2
$811 $11,988 $690,482
373 5,519 317,884
2027 $1,800.00 > > >
$811 $11,988 $690,482
$394 $5,825 $335,544
2028 $1,900.00
$856 $12,654 $728,842
394 5,825 335,544
2029 $1,900.00 2 2 >
$856 $12,654 $728,842
$415 $6,132 $353,204
2030 $2,000.00
$901 $13,319 $767,202
2021-2050 $14,151 $209,102 $12,044,257
Total $30,737 $454,194 $26,161,602
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Discussion

Dreyfus et al. (2022) describe the focus of short- to long-term greenhouse gas mitigation goals as
focused (albeit middling) on carbon dioxide with not enough attention on more non-CO, pollutants like
methane or nitrous oxide, which are far more potent and less controlled, though less ubiquitous. In this
study, we demonstrated how salt marsh restoration by way of tidal restriction removal could contribute
towards the mitigation of a portion of these emissions while also increasing the resilience of these
critical ecosystems, which have additional benefits such as wave attenuation, erosion control, and the
provision of habitat to myriad species. There are more than 123,000 salt marshes in the United States
representing 1.7 million acres of habitat, which is 31% of the global total (Mcowen et al., 2017) —a
portion of which are likely affected or threatened by freshening. To give these systems the best chance
at adaptation, addressing salinity concerns in freshening habitat wherever possible is an important and
relatively low-tech application, but affordable monitoring and reliable data to support such efforts are
lacking.

More data is needed. The estimates produced in this analysis illustrate how an additional benefit of
these systems might be applied once this data becomes available and should not be applied to policy
decisions in their current form. Rather, this analysis was an attempt to demonstrate a road map for how
such a future valuation might be possible with the appropriate data inputs. Before such an approach can
be taken, better, more complete monitoring data is necessary and, to our knowledge and after
extensive efforts to attain more, does not yet exist. The best salinity data that we were able to find was
a longitudinal study performed by the Massachusetts Audubon Society over decades as part of an
educational initiative in partnership with local middle schools. Of the sites included in this dataset, only
six were associated with one definitive restoration project with both pre- and post-restoration salinity
data available. That the best data currently available are those collected by middle schoolers® serves to
highlight both the significant need for better data sources and the ease with which these data could be
collected at sufficient scale.

Standardized methodologies. There is more than one method to summarize salinity. The decision to
average pre- and post-salinity values was only one of several ways that salinity data could have been
processed for this analysis. Rather than calculate a pre- and post-restoration mean, we might have also
assessed these values with more fine-grained detail by examining the variance in pre- and post-
restoration salinity values at different depths or summarized by year.

As demonstrated in field data collection worksheets prepared by the Massachusetts Audubon Society
(Mass Audubon, n.d.), salinity measurements were taken across multiple transects at each site at
varying depths of “Shallow” (5 — 20cm), “Medium” (35 — 50cm), and “Deep” (65 — 80cm), these values
were then aggregated, as shown in Table D-1. If depth is included as a factor in this analysis, then four of
the six sites would instead be considered for further analysis. As shown in Table D-1, the first 20cm of
soil in the Seaview Street and Conomo Point sites meet the previously described criteria for inclusion, in
addition to both Gloucester sites previously included. Because the microbes responsible for
methanogenesis are ubiquitous throughout salt marsh soil, we potentially could assume that, in these
cases, methane is produced in the shallow layer among these sites and not produced in the layers of soil

6 Which is not meant to minimize the students’ contribution to the field.
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when salinity remains above the threshold. It is unclear whether the analyses applied by Kroeger et al.
(2017) accounted for these differences by depth, so this might be an avenue for further study.

Salinity might also have been summarized by year. As shown in Table D-2, when average salinity values
are organized by year, there seems to be a lag phase associated with some of the post-restoration sites.
Were annual differences included in our overall analysis, the calculated social and fiscal benefits for each
site would have been reduced to only include years in which the average post-restoration salinity was
above 18 psu.

Because the salinity datasets used in this paper are intended only to demonstrate the application of a
valuation methodology to be applied in future restoration projects (ideally with better data), and
because these datasets are middling in their quality, we chose a simplified approach by taking only the
mean of pre-and post-restoration salinity, ignoring variance across depth or transect. However, we
acknowledge that this methodology is oversimplified, and that future application of the methodology
described in this paper should likely include consideration of variance by depth, time, and spatial
distribution. Some of the potential revenue from VCS crediting could be used to offset some of the
costs. There is a tradeoff between the accuracy of the information that can be derived from a
monitoring program and the costs for implementing that monitoring program.

The voluntary market is important but needs tightening. A market-based approach shows potential to
mitigate greenhouse gas emissions, but concerns remain in the current use of salinity data to achieve
those ends, especially given the recent issues demonstrated by the over-crediting of forestry credits by
the California Air and Resource Board described by Badgley et al. (2021) and Song and Temple (2021).
While the current literature (and therefore, the VCS methodology) allows for the use of salinity data as a
proxy for methane emissions from salt marsh, the application of this proxy is limited only to a range of
potential emission values based on its distance from the benchmark of 18 psu. Equations 42 and 43 of
the VCS VMO0033 seem to compensate for this in recommending more conservative post-restoration
emissions factors of 1.1 g CH,-m2y! for wetlands with salinity values greater than 18 psu but less than
20 psu, and 0.56 g CH,-m2y for salinity values greater than 20 psu compared against the post-
restoration emissions factor of 0.46 as applied by Kroeger et al. (2017). Methods for the assessment of
the pre-restoration emission factor are not described and therefore dependent on present-day
recommendations in the literature. One concern with this approach is that the use of these benchmarks
might lead to a higher than acceptable level of inaccuracy that could be avoided if the salinity approach
were replaced with more methane-specific monitoring approaches. Given the importance of calculating
estimated avoided emissions to potentially inform state-level GhG emissions targets and/or offset the
emissions of fossil fuel-intensive activities, the development of more sensitive methods would mitigate
the potential pitfalls of blue carbon crediting before it grows in popularity.

An amended approach to blue carbon crediting. Currently, the VCS allows for several approaches to
estimate avoided emissions: salinity as proxy, direct methane capture, or new methods supported by
the literature. Because more sensitive measurements of methane emissions from degraded wetlands
can be costlier and more time consuming, such approaches might be combined with cheaper options to
better inform where more sensitive testing might be appropriate. For example, given the ease with
which salinity assessments or remote sensing applications could be deployed (once further developed),
these assessments could become common practice to assess wider swathes of salt marsh more
regularly. In areas where these assessments suggest that a given restoration project was successful at
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mitigating GhG, (i.e., salinity values of greater than 18 psu or remote sensing instruments that detect
flora consistent with higher soil salinity), more sensitive, direct capture tests could then be deployed to
confirm their findings, and these more sensitive tests would then inform the allocation of carbon offset
credits. Newer, more innovative approaches could still be deployed, such as the use of salt marsh flora
as a salinity proxy (Barry et al. 2022; Derby et al., 2022), or remote sensing technologies used to infer
soil salinity conditions (Zhang, 2019), but standardized monitoring protocols will increase validity and
enable better allocation of credits.

A comparable example can be found in decentralized wastewater technologies. State agencies and
regional programs (e.g., Chesapeake Bay Program) currently serve as arbiters of allowable alternative
practices for pollution control. Such approval processes for innovative approaches pose what might be
considered a useful model for carbon crediting. For non-traditional approaches to be more widely
accepted by states for general use, a critical mass of systems must typically be installed in the field and
demonstrate that they maintain their performance at or below current acceptable levels. An example of
this procedure is the state-level approval process for innovative and alternative septic systems. Here,
states encourage innovation in design and approach, but ensure the integrity of the process by requiring
that these systems are vigorously tested before they can be approved for general use. Though carbon
crediting referees such as VCS do currently require a regular review of proposed project monitoring
approaches, these organizations might borrow from the state model of approval for innovative
approaches by providing a more rigorous standard for measuring, approving, and auditing novel
restoration project monitoring approaches before they become eligible for informing the allocation of
carbon credits.

Spatial distribution of findings remains an open question. Salt marsh methane fluxes are dynamic and
can be influenced by numerous variables that include the level of the water table, temperature, and
salinity, among others (Huertas et al., 2019). Further, methane emissions are not uniform across the
entirety of a given salt marsh. Yet, for the purposes of this study, annual methane emissions were
estimated from three discrete transects based on the limitations of the dataset and applied across the
entirety of the corresponding marsh border. This is not necessarily representative of methane emissions
or abatement across the whole salt marsh, yet the current VCS VM0033 methodology suggests that this
approach would be valid for blue carbon offset crediting. This demonstrates another area in which the
scientific literature and the VCS methodology will need to improve. Even in the case of more sensitive
monitoring approaches, extrapolation of direct methane capture in a representative sample would
result in a similar degree of error. Short of placing a fume hood over the entirety of a salt marsh, a
degree of error will likely always exist; however, a better understanding of dynamic methane fluxes in
salt marsh and the application of a representative direct capture sample with these considerations could
work to reduce this error.

The importance of getting this right. Beyond their methane fluxes, the boundaries of salt marsh
systems are constantly changing in response to numerous stressors, including anthropogenic
development, sea-level rise, and more. Upper marsh boundaries become lower marsh boundaries,
lower marsh boundaries transition into seagrasses where possible as sea-levels rise, marsh extent
migrates, grows, and recedes — none of these transitory properties are captured in this analysis and for
our purposes, salt marsh extent was assumed to be fixed. Though many of these stressors are beyond
our immediate control, salinity might be among the easiest stressors to address, thereby increasing
marshes’ resilience against stressors that are less easily alleviated. Aiming to restore salinity will not
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work in all cases, as evidenced by the proportion of restorations that increased salinity from the data we
found (2/6 of the Massachusetts sites).

Funding these projects poses another challenge: salt marsh restoration is expensive, but carbon
crediting could offset a portion of the total cost or support long-term monitoring to ensure the
restoration remains effective. GhG markets are imperfect but represent a potential opportunity to offset
some of the costs of restoration and monitoring and monetize an important co-benefit of restoration.

Culvert repair is already a common, though regulatorily complex, practice among municipal and state
departments of transportation for reasons other than greenhouse gas mitigation. In this study, we
demonstrate the potential additional value to culvert widening projects. With the proper data inputs,
such an approach might one day inform a state or municipality’s decision to repair an existing culvert
with one of similar type, or to install a wider culvert to better capture the additional long-term benefits
on the surrounding salt marsh and the communities they serve through the added benefits of GhG
mitigation. Our assessment of salt marsh benefits is not meant to be exhaustive. This analysis covers the
benefits of methane emission reduction, but other considerable benefits could include carbon
sequestration (see Appendix).

Salt marshes offer a host of ecosystem service benefits that are not captured in this analysis. Rather, this
assessment was limited only to the social benefits associated with avoided methane emissions in
restored salt marsh. As this retrospective analysis has shown, standardized data for common metrics
such as salinity are not readily available or regularly monitored in a way that is easily comparable.
Where data does exist, it’s unclear to what degree such data can be applied to the marsh it represents —
whether to a portion of the marsh area or to its entirety. And yet, this approach is currently acceptable
for use in validating the success or failure of a salt marsh restoration project and could result in the
assignment of VCUs to be sold in existing voluntary carbon markets. In the worst case, this could result
in the offsetting of very real CO,e emissions with credits that are supported by less-than-rigorous
monitoring data and validation processes, as has been the case in the misallocation of forestry credits
(Badgley et al., 2021; Song and Temple, 2021). Carbon markets could make a significant impact in
stemming the flow of future emissions, especially when considering the number of private companies
who have demonstrated interest in boosting their “green” credentials, but proper allocation of credits is
critical. To ensure proper allocation means the creation of effective accounting strategies and
cataloguing crediting projects in a way that is verifiable and subject to regular auditing by a capable and
well-resourced auditing body. If such a validation methodology were to be completed, increased trust in
carbon markets could further enable nuanced applications such as the stacking of methane abatement
credits with carbon sequestration and resiliency credits to better capture the plurality of benefits that
salt marshes provide.

Conclusion

Many states and towns already perform culvert widening or the easement of tidal restrictions for
reasons other than greenhouse gas mitigation, but the benefits of this work with respect to climate
change have yet to be fully considered. By applying the strategies demonstrated here, in tandem with a
reliable, low-cost salt marsh monitoring network, states and towns can better prioritize future
restoration work and contribute towards their GhG emissions reduction targets. As demonstrated in this
exercise, salt marsh restoration efforts can result in both direct and indirect benefits to local
communities. Viewing salt marsh restoration through the lens of greenhouse gas emissions reduction
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could present an opportunity to further promote salt marsh restoration while also providing a
mechanism for states to track and eliminate methane emissions from impaired systems. There are 475
salt marshes with tidal restrictions greater than 50% in Massachusetts alone (McGarigal et al.,2017),
each an opportunity for methane emissions reduction.

The goals of carbon crediting can and should be developed but monitoring and validation must take
precedence for this approach to realize its intended goals. Voluntary carbon crediting programs could
benefit greatly from the more rigorous auditing of monitoring approaches and the development of
monitoring requirements that are both accurate and cost-effective without being onerous. Adoption of
validation approaches could instill stronger confidence in the carbon market while diminishing
administrative costs and increasing the ease of use of a unified carbon market. Until these challenges
are addressed, states should prioritize work to capture and realize at least a portion of the theoretical
emissions reduction potential shown here for application toward their state-level emissions reduction
targets. This work will require standardized monitoring and accounting that could be applied to future
crediting programs.
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APPENDIX A: Carbon sequestration:
The Social Benefit of Carbon Sequestration in Massachusetts Marshes

Carbon sequestration values were not measured directly in this analysis; however, it’s likely that the
rate of carbon sequestration increased in areas where salt marsh restoration projects were successful.
Due to limited carbon sequestration data at each of the sites included in this study, we applied a soil
carbon sequestration rate of 100 gC-m?year for impaired salt marsh and a 200 gC-m?year for restored
marsh, defined as those marshes with a post-restoration value greater than 18 psu (Kroeger pers.
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comm. 2021; Peteet et al., 2020). Though we acknowledge that the question of carbon sequestration
rates are far more complex than these benchmark values would suggest.

As explained in the main body of the paper, we identified 475 salt marshes (932 hectares) throughout
Massachusetts with tidal restrictions greater than 50% as identified by McGarigal et al., 2017. The
successful remediation of these tidal restrictions could result in an upper-limit” net abatement of 932
MtC-year?, assuming all restorations resulted in an increase of system salinity above 18 psu.

We applied the social cost of carbon to this carbon abatement value using the following equation:
2050

SCCy050 = Z [Eo—E1] *A* Zipy
i=2021

Where:

SCC050 — Cumulative avoided social cost of carbon from 2021-2050

E — Emissions (metric tons per square-meter) pre (0) and post (1) restoration
A — Area (m?) of restoration

Z; py, - Social cost of carbon value for year i discounted at b% as described in the EPA SCC technical
documentation (here, b is equivalent to either 2.5%, 3%, or 5%).

The estimated social benefits of increased carbon sequestration from saltmarsh restoration, at discount
rates of 2.5%, 3%, and 5%, is presented in Table A-1.

Table A-1: Projected Social Benefits of Avoided Carbon 2021-2050. Shown here are the summed annual values at each site using the social cost
of carbon. The Essex and both Gloucester restoration projects were successful in increasing salinity above the 18 psu threshold, which is the level
assumed to stop production of methane from impaired salt marsh. The social cost of carbon was applied to the avoided emissions at each site as
if the restoration projects were completed in 2021. In contrast, the Rockport and both Ipswich restorations were not successful at restoring
salinity values above the 18 psu threshold and were therefore excluded from further analysis; and the Conomo Point rd. site presented with a
pre-restoration salinity value more than 18 psu. The SCC values shown here are estimates of the social damage that would have been incurred
between 2021-2050 from the lower sequestration rate of carbon from these sites if no restoration had taken place, again assuming that the
project was completed in 2021. The “all restricted salt marsh in MA” row demonstrates the estimated social benefits of increased carbon
sequestration assuming that all sites were successfully remediated and is therefore an overestimation of the possible. This is a truncated table;
the remaining table is shown in Appendix B.

Projected Benefits from 2021 — 2050 using 2021 Social Cost of Carbon

Location Avoided social cost of carbon by Avoided social cost of carbon by Avoided social cost of carbon by
2050 (5% average) in 2021 dollars 2050 (3% average) in 2021 dollars 2050 (2.5% average) in 2021
dollars

Essex, MA, Conomo Point Road
Gloucester, MA, Eastern Point $748 $2,239 $3,187
Ipswich, MA, Cedar Point
Ipswich, MA, Town Farm Road*

Rockport, MA Seaview Street
Gloucester, MA, Mill Pond $11,056 $33,088 $47,091

7 As our previous analysis has shown, of the 6 sites included in our analysis, only 33% - 66% of these restorations
were successful (depending on how salinity values are summarized). Therefore, a more apt estimate would likely
be 33% - 66% of 932 MTC-year.
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All restricted salt marsh in MA $636,849 $1,905,884 $2,712,435
(932 hectares)
All restricted salt marsh in MA $318,425 $952,942 $1,356,218

(conservative estimate,
assuming 50%)

Like the SCM analysis previously described, these estimates of social benefit value resulting from the
future restoration of all tidally restricted salt marsh demonstrate an upper bound of potential social
benefits given the limitations associated with salinity rebound in restored salt marsh. All caveats
previously described also apply to this SCC analysis.

Using Equation 1 above, we estimated that the restoration of each tidal restriction resulted in an
increased carbon sequestration of 191.2 MtCO, in either EF scenario®.

Table A-2: Annual emissions savings from avoided methane and increased carbon sequestration. This table summarizes
values at each site calculated using Equation 1, where E are the annual emissions avoided, GWP is the global warming potential
of methane, Cis the increase in soil carbon sequestration, and VCUS-yr are the annual verified carbon units that could have
been generated considering the CO,e potential of both avoided methane and increased carbon sequestered as a result of each
restoration assuming that the project was considered for carbon credits via the Verified Carbon Standard.

EF19.4 Eastern Mill Pond Totals
EF 41.6 Point
E-yrt 0.21 3.07 3.28
0.45 6.66 7.11
GWPa 27.2 27.2 27.2
C-yrt 1.1 16.2 17.3
VCUs-yr1! 6.8 99.7 106.5
13.3 197.4 210.7

8 Because carbon sequestration was estimated using a value not dependent on an emissions factor, the carbon
accretion rate remains constant across either scenario.

20



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational

(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

T20ZS Ul UMOYS aJe San|eA "i'6T JO 43 ue Suisn sanjea ADS YHm paie|ndjed syyauag '/ 102
10 12 [pBLIDDIYN AQ PAUIWIDIBP SB ‘SUOIIDIIISAI |epll Aq paJiedw SaySIewW 1jes SIasnYdesselA 4o (saJeoay
7€6) S/ Y3 03 UOKIPPE Ul ‘ApN3s By} Ul papNn|dul S93IS OM] 33 J0J SUBYIDIA JO HJ2Ua(q [B100S dY] :I-g 3|qoL

PEO'ETT'ST
880'T£9
Jira g3s]
LTV'ES9
£9/'GE9
L0T2T9
L0319
£¥1'009
[81°T8¢
£81°289
9zI's9s
9OFLPS
991"/ ¥S
208625
908625
el A B
98Y'pEY
98 'rGY
cz8'alt
SOT'65F
SOT 65t
SO Tit
S0S TP
SirB'ETl
S2T'90F
S8T'90%
TE'88E
vIS'88E
¥O80LE
FOBOLE
POZ'ESE
0T ESE

BT Y L s T Yo O ¥ Y T R R Vo S A Y A T S T R VS

ysiey
1es wIA paatedw| |1

06Z'F9T $
159'TT $
PRETT $
PRETT $
8£0'TT S
TEL'0T $
TEL'0T $
YZH'OT $
SIT'0T $
8IT'0T $
118 5
056 $
5056 3
26T'6 5
861'6 5
168'8 5
cec's $
s8s's B
8/2'8 5
TL6'L $
6L 3
£09'z 5
599°L 5
BCEL 5
T60'L 3
750'L B
ci2'o 5
Lo s
6EFD 3
6EV'D 5
ZET'9 5
ZET'D 5

puod 1IN VI
431532N0|9

6ES
6ES
6T
61S
86t
Liv
Liv
act
g
9Er
9t
Siv
184

g
WA AT U U A U U W D U U D U W U U G U U D W U 0 U D U 0 D

U104 UIS]sE]
"IN 191530n0[D

LST'TRO'TT $
008 5 908'6ZS $
00LE  § 908'6ZS $
006§ 908'6TS $
009§ OFITIS S
00SE  § 98K'veb $
005'e  § 98v'vev $
00F'E S SZROIF $
00EE  § STRULY $
00E'E 5 SOT'ESE $
00ZE  § SOT'6SH $
00T'E  § SOSTHY $
00TE  § GOS‘TH S
000's  § Sve'ETE $
000§ SBT'00F $
0067 § GSBI90F $
0087 § TTe'sse $
0087 5 ¥IS'ssE $
0047 S ¥OBDLE $
0097 $ T98'0LE $
0097 § FOTEGE S
00ST  § TOTECE $
005§ tWS'SEE $
00tz §  tEUSEE $
00ET  § ¥BBUIE $
00E'T  § ¥BBYIE $
0027 § ETT00E $
00TT § ETT'00E $
00TZ  § E05ZHT S
00T‘T § E0C'EET $
000§ €069 $
0007 § E06Y9T $
B %5°Z N

1es wIA paatedw| |1

s9|qel jo uonienuniuo) :g XIaNiddv

Z0T'60T $
861'6 5
26T'6 5
261’6 $
168'8 3
cgc's 3
c8s's 5
2/2'8 5
87’8 $
TL6'L B
6L 5
509°L $
509°z 3
8CE'L 5
750'2 5
260°2 5
Lo $
SvL'g B
6EHD 5
6EV'D $
ZET'D 3
TET'D 5
578'S 5
78c 5
615'S 3
615'S B
7Ie's 5
[4143 s
206 3
206'% 5
6657 5
665 5

puod 1IN TN
431532N0|9

TST'PT
<9
o
9
09
T8¢
185
09%
09c
6ES
6EC
618
616

EGE
ZEE
CTEE
TiE
TiE

I~
~
<t

WA AT U U A U U W D U U D U W U U G U U D W U 0 U D U 0 D

U104 UIS]sE]
"IN 191530n0[D

000°€
000°E
000°E
006C
008z
008z
0042
00L'T
009’z
009°T
005'T
0052
0%’z
00E'Z
00E2
00Z'T
00z'e
00T'?
00T'Z
0002
000°T
006'T
006°T
008'T
008'T
00L°T
00L'T
009°T
009°T
005'T
005°T

BAY %E

WU U U U U U U U U U U U U U U U U U D U U U U U U U U U U U

TZE'EP09
£22°00€
£96T8T
£95°78T
£06F9T
£06'¥9T
£06'Y9T
EVTLVT
EVT'LVT
EVE LT
£86°67C
£85'6TT
TIE'TIT
2TE'TIT
ZTE'TIT
[ Td
ZOT'PET
[LTA
209'9LT
Z09'9LT
FOE'TLT
900'99T
20£°09T
OTH'SST
8/8'TST
085'9%T
28T THT
¥B6'CET
TSH'TET
EST'LET
cegTeT
ECE'STT

ysiepw
Ues YN pautedw |1

WA AT U U A U U U U D U U D W U 0 O U WD D U U D U U 0 D

616701 $
TIT's $
906'% S
906'% $
6657 S
6657 $
6657 $
76Ty S
6Ty $
6Ty $
086'E S
986'c $
6/9°C S
619'¢ $
6£9'€ $
€18 S
€Lg's $
ELE'E $
900'E S
990'c $
¥I6'T S
788'C S
06L'T $
8697 S
LE9'T $
SPS'E $
£CH'Z S
T9E'T $
00£'2 S
802'T S
9IT'Z $
¥50'T S

puod [N “WIN
191530N0|9

00T’z $
€5e $
433 S
TEE $
jads S
TIE $
TIE $
062 S
06T $
06T $
(V4 S
0T $
6+Z S
6VT $
6YT $
87T S
87T $
87T $
202 S
£0T $
102 S
6T S
63T $
€8T S
8T $
U $
90T S

s

S

S

S

S

14
67T
EFT
6ET

iod
Wwi31ses “vIN
‘13153N0|9

)
-
U U VR U VR VR U VR U UR VR U U U U U U U U D U U U U U U U U U U U

BN %S

183

21


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational

(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

¥Z'990'cE $
589'L5Y'T $
¥ZE'6Tr'T $
¥ZE6Tr'T $
¥96'085'T $
09°TrE'T $
09°TrE'T $
TR0 $
¥88'59Z'T $
¥88'59Z'T $
Y25z $
FOT'68T'T $
POT'6T'T $
08°0ST'T $
08°0ST'T $
WTIT'T $
£807L0'T $
£807L0'T $
£2LCE0'T $
£0E'L66 3
£0E'L66 3
£00°656 3
£00°656 3
£19°026 3
£87'288 3
£87'288 3
£T6EVR 3
£T6EVR 3
£05'c08 5
£05°c08 5
202194 5
202194 5

ysiey
1Es WIN pautedw] Y

0L0°PLS
L0EST
9T
9T
CLE'ET
BOE'ET
BOE'ET
EFOZT
LI6TT
LI6TT
TIET2
cro’0z
S9°0T
6L6'6T
6L6'6T
ETE6T
L79'8T
L79'8T
186'/1
STELT
STELT
67991
67991
£86°CT
LTIE'ST
LTIE'ST
TS9vT
TS9vT
S86'ET
S86°ET
BTEET
BTEET

YA A A U U U U U U U U U U U U U U U U U U U U U U U U U U U

puod [JIAl ‘YN
131539N0|9

688
ELL'T
299°T
299°T
ZT9'T
LIST
LIST
ZES'T
L8F'T
L8F'T
fay
LBE'T
L6E'T
ZEE'T
ZEE'T
L0E'T
Z9T'T
Z9T'T
12T
TT'T
TT'T
LZT'T
LZT'T
Z80'T
LEO'T
LEO'T
66
66
a6
a6
106
106

VI AU U U U U U U U U U U U U U U U U U U U U e U

U104 Wi3ises
‘WAl 421539N0[5

008°s
00L°E
00L°E
009°E
005°E
005°E
00F'E
00£'E
00£'E
00Z's
00T'E
00T'E
000°E
000°E
006°E
008'E
008'E
00L°E
0092
0092
0052
0052
00F'E
00E'E
00E'E
00Z°E
00Z°E
00T‘E
00T‘E
0002
0002

YV U U U U U U U U U U

Bay %5T

T20TS$ Ul UMOYs aJe sanjeA "9°T{ JO 43 ue 3uisn sanjeA NS Ylm palejndjed siyauag /102 “Io
19 [bBLIDDHIYN AQ pauIWIRIBP Sk ‘SuoIlIsaL |epll A paliedwi saysiew 3jes $139SNYJesse|A 4o (sa4e309y 7€6)
S/t @Y1 01 uonippe ul ‘Apnis syl ul papn|aul $31is Y1oq 01 paljdde sueyis| O 11J2uaq |eI20S dY] :Z-g 2/qpL

T09'T9T'9Z
P08°0ST'T
08°0ST'T
P08°0ST'T
PZIT'T
£80'VL0'T
£80'VL0'T
£7L'GE0'T
£7L'GE0'T
£0E'/66
£0E'/66
£00°656
£00'656
£19'026
£8T'288
£8T'788
£T6'EVE
£T6'EVE
£05'c08
£05'c08
ToE'L9L
ToE 1oL
ThB'sTL
ThB'sTL
81’060
81’060

[ st

[ st
T9L'ETO
79L'ETO
T0V'SLS
TOY'SLS

YA A A U U U U U U U U U U U U U U U U U U U U U U U U U U U U

ysien
1es YN pastedw) |1

veTFSY $
6£6'6T $
6£6'6T $
6£6'6T $
STE'6T $
(19’81 $
(19’81 $
18641 $
18641 $
STELT $
STELT $
61991 $
60T $
£86°ST $
L1g'sT $
L1g'sT $
69T $
69T $
CBEET $
CBEET $
6IEET $
6IEET $
ve9'TT $
veo'TT $
286'TT $
286'TT $
zeeTT $
zeeTT $
06001 S
06001 S
066'6 $
066'6 $

puod [IIAl “YIN
“431530n0[5

LEL'OE
ZEET
ZCE'T
ZCE'T
LOE'T
Z9T'T
Z9T'T
LIT'T
LIT'T
TUT'T
TUT'T
LZT'T
LZT'T
Z80'T
LEO'T
LEO'T
66
66
a6
a6
T06
T06
g8
g8
Ti8
Ti8
99,
99,
2L
TeL
a9
a9

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

U104 UIases
‘WAl “421530N0|D

000°E
000°E
000°E
006'C
008C
008C
00LT
00LT
009°T
009°T
005T
005°T
00¥'Z
00E'T
00E'T
00Z'C
00Z'C
00T'Z
00T'Z
000°C
000°C
006°T
006°T
008'T
008'T
00L'T
00L'T
009°T
009°T
00S°T
00S°T

BAY %€

YA A A U U U U U U U U U U U U U U U U U U U U U U U U U U

EEB'OTT'ET
[ aas:]
Z9L'ET9
Z9L'ET9
TOF'SLS
TOF'SLS
TOF'SLS
TPOLES
TPOLES
TPOLES
789°86%
789°86%
TTE'D9Y
TTE'D9Y
TTE'09Y
T96'TZh
T96'TZh
T96'TZh
TO9'EBE
TO9'EBE
E60'TLE
S8E'09E
L10'6VE
BOSLEE
168'6TE
BBEBIE
T88'00€
ELE'SET
TOL'{8E
£6T°9LT
S8979T
ETOLET

VU U U U U U U U U U U U U U U 1D U U U U U U U U U U U U U U U

ysiew
Ues YN paitedw) v

968'£TZ $
TZETT $
959°0T $
959°0T $
066'6 $
066'6 $
066'6 $
vZE'S $
vZE'S $
vZE'S $
859'8 $
859’8 $
T66'L 3
T66'L 3
T66'L 3
oZE'L 3
oZE'L 3
oZE'L 3
009'9 3
009'9 3
00%'9 3
00z'9 3
000'9 3
To8'S 3
s 3
82¢'s 3
8TE'S 3
8TT'S 3
66y 5
6L 5
65y 5
0ty 5

puod (1IN “YIN
121539n0|9

£TY'ST
Q0L
TZL
TZL
QL9
QL9
QL9
TE9
TE9
TE9
98S
98S
TFS
TFs
TFS
o6t
o6t
o6t
TS
TS
LEVF
i
0T
L6E

rLE
T9¢
LFE
BEE
e
TIE
coE

VI U U U U U U U U U U U U

julod
wI31se3
‘131520N0|9

050Z-TC0T
00L°T
009°T
009°T
005°T
005°T
005°T
00F'T
00F'T
00F'T
00ET
00ET
00Z'T
00Z'T
00Z'T
00T'T
00T'T
00T'T
000°T
000°T
0L6

0T6

0g8

VI U U U U U U U U U U U U U U U U U U U U U U U U U

"B 98

1E3)

22


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational

(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

SEVTILT
YL 19T°80T
TE6CT'LOT
88962001
E0'ZEV'FOT
09°66%'E0T
L1°[9520T
TEZOL00T
88°69.'66
StLES'86
09°26'96
L1°070'96
YL L0T'S6
88°TVT'E6
SHOTE'T6
TO'BLE'TE
9T'ETS'68
©L°085'88
TEBY9'LS
SH'EBL'SS
Z0'TS8'v8
91°986'Z8
EL7ESD'TE
TETCI'TS
88°881°08
[} 74574
65 TBE'LL
9T°65H'9L
0E'W65 VL
88'T99'EL
SY6TLTL
65°798°0L

ysieln 1es
vIN paiedw) |1y

Uy U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U

T60'LY S
T8LL8T S
79°'198T S
EV'SPET S
90°ET8T S
£8°96LT S
89°08LT S
0E'BYVLT S
TIZELT S
E6'STLT S
GG'EBYT S
9£°£99°T S
8T°T89°T S
08°8T9°T S
T9°Z09T S
TF'985T S
S0°PSST S
98°LEST S
£9°T25T S
0E°68F'T S
TUELRT S
EL°OVY'T S
e rer'T S
9E'80F'T S
LTZ6ET S
BL'6SET S
09°EVET S
TVLTET S
0°S6TT S
G8'B/TT S
99°29Z°T S
6T0ETT S

puod [N “‘YIN
131532Nn0|D

LBT'E
807421
86°CGZT
68 1CT
0L°22T
09°TZT
18021
TE8TT
CTLIT
ZT9TT
€6'ETT
8ZIT
FLOTIT
CC60T
80T
Q€401
LT°S0T
L0°F0T
86201
647001
69°66
0s'L6
0t'96
T1E56
12°%6
2026
£6'06
£8'68
9°L8
a8
o8
9Z°e8
ulod
uiz1ses wIN
131532Nn0|D

Uy U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U

00°9TT S
00°STTS
00vITS
00TITS
00'TITS
00°0TT S
00°80T S
00201 S
00°90T §
000t §
00°E0T S
00'Z0T S
00°00T
00'66
00'86
00'96
00°S6
00'v6
00'Z6
00’16
00'68
00'88
0048
00'98
008
00'€8
0078
0008
00°6L
00°8L
009
BNV %S°T

R

U U U U U U U U U UR UROUR U U U U U

88G06°T
SH'9SZ'6L
[} 74574
9T°65H'9L
££°9T5'SL
0E'¥65 VL
88'T99'EL
SY6TLTL
TOL6L'TL
9T°ZE6'69
££°666'89
0€°£90°89
L8'FET'L9
v'Z0Z'99
70°0£T'59
6SLEE'YD
ELTLY'TY
0E°0VS'T9
£8°£09°09
v'5L9°65
TOEVL'8S
6S0T8'LS
91°8/8'9S
£L°5P6'SS
0E'ETO'SS
BT ES
TO'9TZ'ZS
8GEBT'TS
9T'TSE'DS
EL'BIV'6Y
0E'98F'8%
[8'ESS'LY

Wy U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U

UYSIEIN 1[ES WIN
panedw ||y

BB0'EE S
BE'CLET S
BL'BSE'T 5
TWLTET S
ETTIET &
vO'SEZ'T S
CERITT S
9o'7oz'T 5
BOrZ'T S
oTvIZ'T S
TELET'T 5
TLTET'T S
FEEOT'T S
CERFT'T S
OT'EET'T &
[6OTT'T 5
09'vE0'T S
T#890'T 5
TTTSOT 5
£0'0E0'T S
YEEIOT S
90'E00'T S
wige 5
8TTLE 5
60°ESE 5
TLTT6 5
£5°006 S
YE'DEE S
ST'WE S
96'/58 5
BTV S
B65ETE 5
puod
1A N
131532Nn0|D

BET'T
Zr'ee
e
£8'68
vL88
o°L8
598
S'G8
GE'WE
ar'ze
L0°18
L6°6L
B88'8L
BLLL
69°9L
65°GL
O EL
0ETL
12T
1T'oL
Z0'69
Z6'L9
€899
€L°G9
£9°%9
'z9
GE'T9
SZ°09
aT'6s
90°88
L6795
LB8°6G

Wy U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U

ulod
w1a1se3 v
131532Nn0|D

00°s8
00°'F8
008
0018
00°08
00°6L
00°8L
00°LL
00°SL
00°FL
00°EL
00ZL
00'TL
00°0L
0069
0029
00°99
00°59
00°'F9
00°€9
0029
00°'19
0009
0065
00°LS
00°95
00°SS
00°'FS
00°ES
00°ZS
00°'1S

8w o4e

UV U U UR U U U U U VR UR LR U U U U U VR LR U U U U U U U U U U U

R

6¥B‘9E9 S
TLLES'6T S
62°506'8T S
98°'TL6'LT S
98°'TL6'LT S
v Or0'LT S
TO'B0T'9Z S
TO'B0T'9Z S
8G°GLT'ST S
STEVE'VT S
STEVE'VT S
TLOTE'ET S
TLOTE'ET S
6TBLE'TT S
98°Sri' T S
98°Sri' T S
EV'ETS0T S
EV'ETS0T S
00°T85'6T S
00°T85'6T S
858981 S
STOTLLT S
STOTLLT S
TLEBL'OT S
TLEBL'OT S
6TTSE'ST S
6TTSE'ST S
98°8T6'VT S
98°8T6'VT S
EV'086°ET S
EV'086°ET S
00°FSO'ET S

UYSIEIN 1[ES WIN
panedw ||y

950°TT
Z0'81S
€8'TOS
9°GEY
9°GEY
S et
9z ESy
9z ESy
BO°LEV
68°02ZF
68°0ZF
0L 0%
0L 70v
TG"88E
CETLE
CETLE
F1'9GE
F1'9GE
GB'BEE
GB'BEE
9L'ETE
LG°L0E
LG°L0E
BETET
BETET
0Z'6LE
0Z'6LE
T0'6SE
T0'6SE
[A: a7
[A: a7
£9°9Z¢

U U UF UF U U U U U UT UR VR VR U U U U UR VR VR U U U U U VR VR U U U U U

puod
1A N
‘131520Nn0|9

B8tL

90°GE
96°EE
LBTE
LBTE
LLTE
£9°0€
£9°0€
85°6L
B'8T
88T
6E'LT
6E'LT
6Z°9Z
0zZ'se
0zZ'se
oT've
oT've
T0°EE
T0°EE
16’12
18°02
18°02
L6l
L6l
€981
€981
EG°LT
EG°LT
EVOT
EVOT
reE'ST

Uy U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U U

ulod
w1a1se3 v
131532Nn0|D

120¢$
Ul UMOYS aJe sanje A "papn|axa 43 0s 43 Aq Auea 10u op sanjep ‘sanjeA ))S YHUM pale|ndjed suiyauag / 10z “|o
19 [bBLILDON AQ paulWIRIBp Se ‘SsuoldLIsal |epll A pasiedw Saysiew 1jes $119SnYJessel JO (Sa4e1day 7€6)

S/ @yl 01 uonippe ul ‘Apnis ayi ul papnjoul salls yioq ol paljdde uogJe) Jo Hauaq |eI20S 3Y] :g-g J|quL

00°ZE
00°'TE
00°0E
00°0E
00°6Z
0082
0082
0022
00°9Z
00°9Z
00°sZ
00°sZ
00°FZ
00°€T
00°€T
007
007
00°'1Z
00°'1Z
00°0Z
00°6T
00°6T
00°8T
00°8T
00°LT
00°LT
00°9T
00°9T
00°ST
00°ST
00°FT

"By 948

UV U U UR U U U U U VR UR LR U U U U U VR LR U U U U U U U U U U U

R

osoe
60T
B80T
L0
a0
S0

EV0T
e
e
or0e
6E0T
B80T
L0
Qe
GeoT
re0e
EE0T
zene
Te0e
ez
60T
B80T
Lo
9zoe
sz
e
€20Z
e
Teoe
ozoz

1B3A

23


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

Appendix C. Salinity data sources

Massachusetts Audubon Society salinity results and values:

Essex, MA Conomo Point Rd.

Gloucester, MA, Eastern Point

Gloucester, MA, Mill Pond

Ipswich, MA, Cedar Point

Ipswich, MA, Town Farm Road

Rockport, MA, Seaview Street (excluding Saratoga Creek)

Appendix D. Variance in Salinity Values

Table D-1: Restored Marsh Salinity Variance by Depth. Shown here is the variance in pre-and post-restoration salinity values with associated
standard error by degrees of depth. As described by the Massachusetts Audubon Society, salinity values were measured at discrete depths of
Shallow” (5 = 20cm), “Medium” (35— 50cm), and “Deep” (65 — 80cm). When average pre- and post-restoration salinity is corrected by depth, we
can see a much stronger change in the first 20cms of soil compared against the remaining 60cms.

Shallow Medium Deep
Essex Conomo Point Restricted 7.8+0.54 23.6 + 0.52 22 +0.52
Restored 22.4+0.6 24.4+0.58 24.2+£0.58
Gloucester Eastern Point Restricted 8.1+0.36 10.8 +0.34 11.9+0.36
Restored 19.4+£0.47 19.2+£0.45 18.4+0.48
Ipswich Cedar Point Restricted 11.8+0.39 12.8+0.34 13.4+0.27
Restored 11.7+£0.92 11.3+£0.79 8.8+0.62
Ipswich Town Farm Restricted 3105 29.3+0.49 24.8+0.49
Restored 28.9+0.45 27.1+0.44 24.8+0.44
Rockport Seaview St. Restricted 17.5+0.59 18.2+0.57 17.4+0.56
Restored 20.4+0.73 16.1+£0.7 13.9+0.69
Gloucester Mill Pond Restricted 12.4+0.48 18.5+0.47 21.7 +0.48
Restored 22.3+0.44 18.4+0.43 19.1+0.43

Table D-2: Restored Marsh Salinity Variance by Year. Of the six sites included in this analysis, shown here is the annual variance in salinity values
demonstrated both before and after the first restoration year, which is demarcated by the highlighted cell for each site. As is shown, average
annual salinity values vary year-on-year both before and after implementation of the restoration project at each site. Further, this summation
demonstrates a definitive lag phase in the Gloucester sites following the completed restoration project. Were this lag phase to have been included
in our overall analysis, the total social benefit value for each site would have been reduced to only include years in which the average salinity was
above 18 psu. Average pre- and post-salinity values vary here when compared against previous summary tables as these averages represent an
average of the annual averages rather than an average of the pre- and post-restoration values.

24
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https://www.massaudubon.org/content/download/9346/155712/file/glepwell.zip
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Year Essex Gloucester | Gloucester Ipswich Ipswich Rockport
Conomo Eastern Mill Pond Cedar Rd. Town Farm | Saratoga
Point Point

1996 23.8+1.04

1997 No Data

1998 | 20.7+1.7 21+£0.8 29+ 0.96 No Data

1999 | 15.7+1.39 21.7+1.33 12.6+0.75 | 33.6 £2.66 No Data

2000 |20%1.72 12.1+1.32 | 18.2+0.71 10+ 1.43 28+ 1.28 No Data

2001 | 23.4+0.96 13.2+1.22 | 14.2+0.68 5.1+2.05 |26+1.3 No Data

2002 | 21.7+1.46 10.9£0.95 | No Data No Data 29.2 £ 0.96 182+ 1.65

2003 | 25.5+1.53 No Data No Data No Data 30.7+1.12 No Data

2004 | 20.6 £0.67 16.3+0.85 | 21+2.96 7.3+0.67 |21.1+1.12 13+1.41

2005 | 23.2+1.04 20.5+1.11 | 16.2+0.74 11+4 24.3+1.36 20.2 £ 1.66

2006 | 22.1+1.18 18.6+0.59 | 15+0.63 85+128 |23.6+1.01 11.2+1.31

2007 | 24+1.19 22.3+1.66 | 18.4+0.58 6.9£0.68 | 24.5+1.03 16.2+1.29

2008 | 22.5+1.21 19+ 1.45 18.8+0.91 6.5+0.81 23.1+1.16 10.2+2.11

2009 | 19.3+1.05 17.3+1.15 | 19.3+0.93 7.5+1.27 |23.3+0.99 15.8+1.75

2010 | 21.4+0.73 19.1+1.47 | 22.5+1.21 14.9+1.01 | 26.7 £0.96 22.3+1.3

2011 | 19.4+0.95 16.3+1.59 | 20.7+1.18 No Data 255+1.2 12.9+1.42

2012 | 24.6+0.72 19.2+1.26 | 16.5+1.32 15.6+1.32 | 28.4+1.49 13.3+0.98

2013 | 20.9+0.8 20.4+2.18 | 18.6 +1.04 10.9+1.43 | 25.7+0.95 17.7 +1.07

2014 | 25.8+0.94 17.8+1.77 | 22.6+1.23 11.2+4.23 | 24.5+0.73

2015 | 29.1+4.02 19.5+1.84 | 25.1+1.32 9.9+1.44 | 259

2016 20+ 1.28 29.9+£0.99 6.8+1.23 | 29.8

2017 20.8+1 25.1+£0.87 109+1.45 | 27.3

2018 185+0.63 | 21+1.12 15.1+1.53 | 28.2

Avg. 182+ 1.54 12.1+1.16 | 18.8+0.88 12.6+0.75 | 27.7+1.31 182+ 1.65

Pre

Avg. 22.9+1.25 19.2+1.36 | 20.7+1.14 9.9+1.63 |259%1.06 15.3+1.43

Post

SUPPLEMENTARY MATERIALS

Excel Model (EPA-only as of 3/2022 — please email authors for access)

Interactive Map (EPA-only as of 3/2022 — please email authors for access)

This map identifies 54,941 acres of wetlands throughout Massachusetts that are near or overlap one of
the 2,118 tidal restrictions greater than or equal to 0.5 identified in the 2010 dataset developed by
McGarigal et al., 2017. Of the 54,941 acres of wetlands, 943 hectares are classified as salt marsh (marine

and estuarine), which correspond to 475 sites. These 475 sites were those included for analysis in this

paper.
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