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Coastal wetlands are vulnerable to sea-level rise (SLR) but are also valued for their potential to provide effective
nature-based solutions to climate change mitigation and adaptation. Ecological benefits from these ecosystems
can be constrained under urban settings by anthropogenic disturbances and pressures, so restoration activities
are promoted as a management approach. Here we report on the potential for restoration of disused commercial
salt extraction pans to enhance carbon (C) sequestration in the urban Swartkops Estuary, South Africa. We also
considered the impact of SLR to 2100 on the distribution of estuarine habitats, the vulnerability of built infra-
structure to tidal flooding, and how C sequestration is projected to change over time using the Sea-Level Affecting
Marshes Model (SLAMM). Potential restoration of all salt pans (320 ha) to estuarine habitat was estimated to
result in a gain of 67 850 Mg C. Establishing tidal connectivity was investigated as a potential restoration action,
but most of the salt pan area was above the elevation of the current tidal range and would require excavation.
Although conversion of the salt pans to estuarine habitat was predicted to occur without intervention under SLR,
44% of the original area would remain unchanged. Restoring hydrological connectivity to the estuary for these
salt pans would significantly increase the extent of transitional/floodplain marsh, even under SLR to 2100. C
sequestration was predicted to be 15% higher (54 614.8 Mg C) by 2100 if the salt pans could be restored,
compared to if no action is taken. Overall, restoration of the salt pans has the potential to enhance C seques-
tration, but SLR will still cause large losses of supratidal marsh due to ‘coastal squeeze’ and extensive tidal
flooding of developed areas by 2100 in the lower reaches of the estuary. A full-scale restoration approach for the
Swartkops Estuary could use C sequestration potential to fund the project through carbon offsetting if the rev-
enue exceeds the cost of the restoration activities, but additional social and ecological goals also need to be
incorporated if the outcome is to be holistic and beneficial.

1. Introduction

Sea-level rise (SLR) is a significant threat to coasts around the world.
Even if a low carbon emissions trajectory is followed global mean sea-
level is projected to rise between 0.29 and 0.59 m by 2100 relative to
1986-2005 (Oppenheimer et al., 2019). Mean Higher High Water
(MHHW) levels by 2100 are predicted to reach areas that are currently
occupied by 150-250 million people around the world (Kulp and
Strauss, 2019). Many people in coastal areas will be threatened with
displacement and will incur financial costs associated with repairing,
replacing or relocating built infrastructure (McMichael et al., 2020;
Scata, 2020). Coastal wetlands can ameliorate the impacts of SLR on

built infrastructure by providing protection from both flooding and
erosion (Moller et al., 2014; Hijuelos et al., 2019).

Alongside socio-economic impacts, SLR also threatens coastal eco-
systems and the services that they provide (Crosby et al., 2016; Raposa
et al., 2016). Coastal wetlands, including mangroves and tidal marshes,
are vulnerable to SLR because the survival of the plant species that form
the foundation of these habitats are linked to their elevation relative to
the tidal frame (Best et al., 2018; Valiela et al., 2018). However, the
severity of SLR impacts on coastal wetlands depends on interactions
between sea-level, surface elevation, primary productivity, and sedi-
ment accretion (Kirwan et al., 2010; Cahoon et al., 2019; FitzGerald and
Hughes, 2019). Global estimates of coastal wetland vulnerability to SLR
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are variable, with estimates ranging from large losses or gains in total
area by 2100 (Kirwan et al., 2016; Spencer et al., 2016; Schuerch et al.,
2018). Downscaled assessments of vulnerability to SLR are needed to
provide detailed information for adaptation and risk-avoidance strate-
gies (Mcleod et al., 2010; Davis et al., 2019).

Restoration of degraded coastal wetlands is a nature-based solution
for achieving coastal protection from SLR and associated extreme events
such as flooding from storm surges (Sutton-Grier et al., 2015; Narayan
et al., 2016). Holistic restoration of coastal wetlands is also associated
with co-benefits. One of the most highly-valued ecosystem services
provided by coastal wetlands is carbon (C) storage as mangroves, tidal
marshes and seagrasses (so-called “blue carbon ecosystems™) can
sequester and store more C per unit area than terrestrial forests (Nelle-
mann et al., 2009; McLeod et al., 2011). Hypersaline tidal flats have also
been identified as important coastal carbon storage systems (Brown
et al., 2021). Enhancing C storage and sequestration contributes to
climate change mitigation, making this a primary goal of many coastal
wetland restoration projects. The valuation of blue carbon has the po-
tential to create opportunities to fund the restoration, conservation, and
protection of coastal wetlands (Ullman et al., 2013; Sutton-Grier and
Moore, 2016). This is achieved by generating carbon credits through
restoration activities that follow an official methodology approved by
carbon offset mechanisms, such as the Verified Carbon Standard
(https://verra.org/) (Emmer et al., 2015; Needelman et al., 2018).
Feasibility assessments that estimate the potential effectiveness of pro-
posed restoration activities (for example, the amount of C that could be
sequestered) can help maximize benefits.

Restoration activities seek to return an ecosystem to a previous state
or trajectory, or to return the processes that existed before by 1)
improving the condition of existing habitats (if they are degraded), 2)
creating new habitats (without replacing other natural habitats), and 3)
returning impacted areas to a natural state following cessation of use for
economic activities. Improving the condition of existing coastal wet-
lands to enhance C storage and sequestration involves reducing activ-
ities that contribute towards degradation, such as overharvesting of
plant species (Rajkaran et al., 2004); trampling (Mabula et al., 2017);
grazing by livestock (Nolte et al., 2013); sediment destabilization caused
by bait digging in intertidal seagrass beds (Adams, 2016); and pollution
(Hader et al., 2020). Management objectives focus on reducing these
activities, but it can be challenging to monitor whether there has been
effective restoration for C storage and sequestration without a compre-
hensive baseline for comparison. Constructed wetlands can enhance C
sequestration from a zero baseline (Were et al., 2019). However, the
design and function of constructed wetlands should allow for a C
sequestration rate that is equal to or greater than that of natural habitats
(Madrid et al., 2012; Yang and Yuan, 2019). Restoration of coastal
wetlands that have been lost or modified for economic activities (such as
shrimp ponds and salt extraction pans) can enhance C storage and
sequestration if the areas can be returned to a natural state (Keller et al.,
2012; Dittmann et al., 2019; Noll et al., 2019).

The Swartkops Estuary (South Africa) presents an opportunity to
assess the potential for the restoration of estuarine habitats (salt marsh)
to enhance C sequestration in an urban estuary. This study uses a
desktop modelling approach to provide a preliminary ecological
assessment of the potential C sequestration that could be gained through
the restoration of disused commercial salt extraction pans in the estuary.
The objectives were 1) to quantify the potential C storage gains
following restoration of the disused commercial salt extraction pans to
estuarine habitat; 2) to determine the effect of establishing tidal con-
nectivity on C sequestration in one of the salt extraction pans; 3) to
compare the effect of SLR on the distribution of estuarine habitats and C
sequestration for the Swartkops Estuarine Functional Zone (EFZ) to the
year 2100 either with or without restoration of the salt pans; and 4) to
identify the extent of built infrastructure that is vulnerable to SLR within
the EFZ.
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2. Methods
2.1. Site description

The Swartkops Estuary (33°51'58.48"S, 25°37/58.96"E) is an urban
estuary in Nelson Mandela Bay, South Africa. This estuary is nationally
ranked as important for biodiversity and as a nursery for commercially
and non-commercially harvested fish species (Strydom, 2015; Van
Niekerk et al., 2019). However, this estuary is also subject to cumulative
anthropogenic pressures that include flow modification, pollution,
habitat loss, and high fishing effort (Lemley et al., 2017; Adams et al.,
2019b; Van Niekerk et al., 2019; Olisah et al., 2020). The human set-
tlements within the Swartkops River catchment are densely populated
and are occupied mostly by people who either receive very low income
or are unemployed (NMBM, 2017; Zuze, 2018). The location of these
communities also makes them prone to urban flooding as well as impacts
from future SLR (NMBM, 2015; Siyongwana et al., 2015). A full-scale
restoration project must incorporate the socio-economic needs of these
communities by including them as participants and beneficiaries of the
process.

The Swartkops Estuarine Functional Zone (EFZ), which is deter-
mined by the 5 m contour (Van Niekerk and Turpie, 2012), contains
209.2 ha of intertidal marsh and 338.2 ha of supratidal marsh (Adams,
2020). The estuary is permanently open to the Indian Ocean with marine
intrusion occurring 13.6 km upstream. There is a salinity gradient from
marine conditions at the mouth (35.5) to slightly brackish conditions at
the tidal limit (1.2) (Adams et al., 2019b).

The present extent of the supratidal marsh represents 33% of its
original area (1013.15 ha), the rest of which has been lost to industrial
and residential development (Bornman et al., 2016; Adams, 2020).
Within the EFZ, 316.9 ha consists of estuarine habitat that was modified
for use as part of a commercial salt extraction operation in the early
1960s (Martin and Randall, 1987; Adams et al., 2016, 2019a). These
areas have become completely desiccated since pumping operations by
the salt works ceased in 2019 (Fig. 1).

The developed residential areas (Amsterdamhoek, Swartkops
Village, and Redhouse) situated within the EFZ (Fig. 1), are already
susceptible to 1 in 50 year and 1 in 100 year flood events and are
therefore also expected to be vulnerable to SLR (S.R.K. Consulting, 2010;
C.A.P.E. Estuary Management Plan, 2011).

2.2. Estuarine habitats for restoration

The most recent (2018) spatial extent of estuarine habitats as well as
the developed areas within the Swartkops EFZ were obtained from the
National Estuary Botanical Database (Adams et al., 2016, 2019a,b).
Areas within the EFZ classified as “salt pans” in the database were used
to identify potential restoration sites. To quantify the potential C storage
(Mg C) that could be gained by restoring all disused salt pans, it was first
necessary to identify the estuarine habitat types that could occur in these
areas, as C storage is variable between habitats and across the tidal
elevation gradient. Data generated from a 2017 LiDAR survey were
provided by the Nelson Mandela Bay Municipality to build a digital
elevation model (DEM). The LiDAR was validated with test points ob-
tained by field surveys and compared to elevations from measured data.
The test points were distributed across the mapping area and located on
open ground patches. Classification of points was checked and validated
against orthorectified imagery. The elevation of all the salt pan areas
was extracted from the DEM at 1 m spatial resolution using the Spatial
Analyst Toolbox in ArcMap 10.6. The total salt pan area was then
classified into estuarine habitat categories based on known elevation
ranges. Potential carbon storage (Mg C) was calculated using the mean
values for soil and biomass C (Mg C ha™1) for each habitat category. For
intertidal and supratidal marsh, soil and biomass C stock was calculated
using values measured by Els (2019) in this estuary for Spartina maritima
and Salicornia spp. respectively. For floodplain marsh, soil and biomass


https://verra.org/

J.L. Raw et al.

Estuarine Functional
Zone (EFZ)

Redhouse

'

17 N R

PEA0 L st B
o :

Desiccated salt
extraction pans

Residential areas
inside EFZ

Estuarine, Coastal and Shelf Science 260 (2021) 107495

YWells Estate

Amsterdamhoek

n‘\ "

\’

Fig. 1. Google Earth satellite imagery for the Swartkops Estuary (29-01-2020). The green line delineates the Estuarine Functional Zone (EFZ), which is determined
by the 5 m contour (Van Niekerk and Turpie, 2012). Residential areas within the EFZ are shaded white and disused salt pan areas are outlined in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

C storage was calculated using values measured by Wasserman (2021)
from Sarcocornia pillansii at this estuary. Biomass C was 50% of the value
measured for supratidal marsh as the area cover of the vegetation is
patchy, while for soil C the values were the same as for supratidal marsh.
Soil C stocks were estimated to 0.5 m depth.

2.3. Modelling the establishment of tidal connectivity

Establishing tidal connectivity was investigated as a primary resto-
ration action for the disused salt pan areas. A spatial model to assess this
was developed for one of the salt pans as a pilot study. The large salt pan
opposite Redhouse (see Fig. 1) (referred to from here as “Redhouse Salt
Pan™) in the middle reaches of the estuary on the northern bank was
selected as it covers 145.25 ha of the total disused salt pan area. This was
previously a natural depression where a temporary wetland would form.
To develop the salt extraction operation, the area was excavated, and the
spoil was used to form several islands within the pan and to create the
retaining walls. Estuarine water was actively pumped into the pan as the
first step in the salt extraction process (Martin and Randall, 1987).

Some small patches of supratidal marsh that formed on the dredge
spoil islands are still present. The salt pan area is currently within the
elevation range at which supratidal marsh would naturally occur in
South African estuaries (Veldkornet et al., 2015, 2016).

The Sea-Level Affecting Marshes Model (SLAMM) Version 6.7
(Clough et al., 2016) was used to model the effect of establishing a tidal
connection to the Redhouse Salt Pan site. This provides a detailed
approach to assessing habitat distribution. The SLAMM framework
provides spatially explicit predictions by simulating the primary pro-
cesses that control estuarine habitat distribution: inundation, erosion,
overwash, saturation, salinity, and accretion. SLAMM requires infor-
mation on the elevation, slope, vegetation distribution, accretion rates
and historic SLR for the focus area. For the Redhouse Salt Pan, elevation

(in meters) was derived from the available DEM for the salt pan and
surrounding estuarine habitats. The slope (in degrees) was obtained
from the DEM (Spatial Analyst, Slope tool). The vegetation distribution
for the area was digitally mapped using ESRI World Imagery and Google
Earth satellite imagery from November 2019. The 2018 habitat map was
used for verification as it incorporates ground control points at the
habitat boundaries. The habitat types were cross-walked into the land
cover categories required by SLAMM (Table 1). To guide our habitat
crosswalk, we consulted previous studies that have applied SLAMM to
coastal wetlands on the east coast of Australia (Runting et al., 2017;
Mogensen and Rogers, 2018), as the estuarine settings and species
composition are comparable to those in South Africa. The SLAMM input
parameters are described in full in the Supplementary Material.

SLAMM was used to predict whether estuarine habitat distribution
would change following the establishment of a tidal connection between
the salt pan and the estuary main channel. To simulate this, a new DEM
was created in which the elevation was lowered to create two channels
(combined area of 10.6 ha) within the salt pan. The channels were
created over areas with the lowest elevations within the salt pan as this
would minimize the amount of material to be removed if the activity was
carried out. The total height and gradient of the slope between the salt
pan and the estuary channel were reduced so that the new area did not
exceed 0.5 m above the Mean Tide Level (MTL). This elevation was
applied as the tidal range at this site has been reported as ~1 m (Hui-
zinga, 1984; Schumann, 2013). Raster modification was carried out with
the Raster Calculator function (Spatial Analyst). To determine the effects
of the DEM modification only (i.e.: simulation of channels and not SLR),
SLAMM was run to predict habitat distribution with 0 m SLR to the year
2020, i.e. assuming instantaneous habitat conversion based on elevation
relative to the MTL.
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Table 1

Crosswalk from SLAMM categories to analogous habitats at the Redhouse Salt Pans site. Categories were assigned to habitats based on elevation range and the

“conversion under inundation” category which are both built into SLAMM.
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SLAMM category

Analogous habitat

Under inundation, converts to

Min Elevation

Max Elevation

Developed dry land

Undeveloped dry
land

Developed area, including gravel
roads, jetties and marinas

Dry land, includes natural and
disturbed terrestrial vegetation

Nearest transitional salt marsh, ocean
beach or estuarine beach
Nearest transitional salt marsh, ocean
beach or estuarine beach

Determined from DEM
Determined from DEM

Mean Higher High
Water (MHHW)

Determined from DEM
Determined from DEM

Salt boundary (95th percentile of
Transitional Marsh elevation on DEM)

Transitional marsh Includes floodplain and supratidal Regularly flooded marsh
marsh on the saltpan islands
Regularly flooded Intertidal marsh Tidal flat
marsh
Tidal flat Estuarine intertidal shore Estuarine open water
Estuarine open Estuary channel/estuarine open water Ocean
water
Irregularly flooded Desiccated salt pans Regularly flooded marsh
marsh

Mean Tide Level (MTL) Mean of MHW and salt boundary

Mean Lower Low Water MTL
(MLLW)

Mean of MHW and salt
boundary

Salt boundary

2.4. Restoration for carbon sequestration

The potential for restoration activities to contribute towards
increased C sequestration at the Redhouse Salt Pan was modelled as a
function of land cover change as predicted by SLAMM following estab-
lishment of tidal connectivity (Clough et al., 2016). C emissions through
the loss of methane were not included as the sediment in the salt pan is
saline due to residual salts. Tidal marshes with salinity >18 are
considered to have negligible methane emissions (Poffenbarger et al.,
2011; Needelman et al., 2018), making this is a conservative estimate.
The following equations are provided by Clough et al. (2016) and
directly represent the C sequestration model applied in SLAMM v6.7.

At each time step (t) the rate of COy sequestration (th;"Z> was

calculated for each land cover category as:

dMco, _ 44 (dM‘c'? dMé) Equation 1

a 12 dt dr
where M®.(t) is the aboveground C mass sequestered at time t (Mg C).

Msc(t) is the soil C mass (including belowground biomass) seques-
tered at time t (Mg C),
44/12 is the ratio of molecular weight of CO; to C

The aboveground C mass sequestered at time ¢ (Mg (t))was calcu-
lated as:

ME(t)= Fc X mg, X A(2) Equation 2

where F, is the C fraction of dry biomass (assumed to be 0.47 in SLAMM
following IPCC (2006).

Mgy is the aboveground biomass of the vegetation (Mg ha™?),
A(t) is the area (ha) of the land cover category at time t.

S
The rate of soil C mass sequestered at time t (%) was calculated as:

M
dt

= R% xA(r) (Equation 3)
where RS is the soil carbon mass storage rate per unit area of the land
cover category (Mg C ha™? yr’l).

A(t) is the area (ha) of the land cover category at time t.
The carbon mass storage rate is estimated by multiplying the carbon
density (g.cm™>) by the surface elevation (cm.yr~ ') and scaling by the
habitat area. Details are provided in Table S6.

Substituting equations (2) and (3) into equation (1) allows the CO4
sequestration rate to be expressed as a function of area for each
respective land cover category:

dMco,
—= | K| X
dt !

dA(r)

7) + (Ky xA(r)) (Equation 4)

where:

44
K, = - x 0.47 X my,

K—44><RS
2T 12 c

Finally, by using the first order derivative approximation:

_ox(t+ An)—x(1)
N At

an approximated solution of the equation above can be obtained as:

Mco, (19) =0 (Equation 5)
Mco, (t.) =Mco, (t1) + K1 xA(t,) + [Kax At — Ki]*A (1)
(Equation 6)

Site-specific values for aboveground biomass and soil C storage were
used for the Transitional Marsh, Regularly Flooded Marsh, and Irregu-
larly Flooded Marsh land-cover categories (Els, 2019; Wasserman,
2021). When site-specific data were not available, the SLAMM default
values were applied, but this was only for land-cover categories that had
relatively small area coverage (Undeveloped Dry Land (5% of modelled
area) and Inland Fresh Marsh (1% of modelled area) (see details in
Supplementary Material).

2.5. Sea-level rise vulnerability of developed residential areas

Vulnerability to SLR was assessed for the developed residential areas
adjacent to the Swartkops Estuary using an approach adapted from
Lovelock et al. (2015). The height of the MHWS tide was predicted every
decade from 2020 to 2100 for Amsterdamhoek, Swartkops Village, and
Redhouse. The model was built with the SLR rate increasing every
decade by the current rate of 1.82 mm.yr’1 (Bornman et al., 2016). This
rate projects an increase in sea-level of 0.65 m by 2100. To model
vulnerability to SLR under a scenario of 1 m increase by 2100, the SLR
rate was set to begin at 3 mm.yr !, which is the global average reported
by the IPCC AR5 (Church et al., 2013). The mean sea-level was calcu-
lated for each decade with accelerating SLR. The elevation of the MHWS
at the end of each decade was calculated as half the tidal range (in
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meters) above the mean sea level.

A spatial representation of the vulnerability assessment was carried
out in ArcMap 10.6. First, separate rasters for each of the residential
areas were extracted from the DEM. The rasters were corrected relative
to the mean elevation measured for the open ocean on the original DEM,
so that mean sea-level was set to 1.04 m, which is the mean tide level
above Chart Datum for the Port Elizabeth tide gauge (Rautenbach et al.,
2019). The rasters were then reclassified (Spatial Analyst, Reclassify
tool) based on the height of the predicted MHWS at the end of each
decade. The area predicted to be inundated by the MHWS at the end of
each decade was then calculated (Spatial Analyst, Zonal Geometry tool).
The current elevation of the residential areas as well as the tidal range
were assumed to remain constant over time.

2.6. Estuarine habitats and carbon sequestration under sea-level rise

The SLAMM was applied to the entire Swartkops EFZ to predict
estuarine habitat distribution under SLR and to assess the potential C
sequestration if all the salt pan areas were restored to estuarine habitat.
The inputs for elevation, slope, and the vegetation distribution were
derived in the same way as described above for the Redhouse Salt Pan.
Areas classified only as “Disturbed” in the 2018 habitat map represent
estuarine habitat that is degraded, but not modified — we therefore used
the same classification based on elevation to allocate these areas into the
respective habitats. The metadata on the state of the habitat from the
National Estuarine Botanical Database (http://bgis.sanbi.org/Spatial
Dataset/Detail /2687) were used to corroborate these categories. All
habitats were then cross-walked to the SLAMM land cover categories. As
the model now covered the EFZ, additional land cover categories were
incorporated to represent ocean- and freshwater-related habitats
respectively (see Supplementary Material).

Estuarine habitat distribution and area cover as well as the associ-
ated carbon sequestration were modelled under an SLR projection of 1 m
by 2100 with a 10-year time step. The change in area cover over time
was visualized with “ggplot2” (Wickham, 2016) using R version 3.6.3 (R
Core Team, 2020). The vulnerability of built infrastructure was assessed
by highlighting flooded developed dry land.

3. Results
3.1. Restoration of salt pans for carbon storage

Most of the salt pans are within the expected elevation ranges for
supratidal marsh (183.29 ha), and floodplain marsh (131.20 ha)
(Table 2). The total (biomass and soil) potential C storage if the salt pans
were to be restored to estuarine habitats was calculated as 67 850.66 Mg
C (Table 2).

An additional 2.37 ha of the salt pans, with elevation exceeding that
of the floodplain marsh, was classified as potential terrestrial vegetation,
but this area was not included in the C storage estimates as there are no

Table 2
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site-specific data for this habitat type.

3.2. Tidal connectivity and carbon sequestration at Redhouse Salt Pan

Establishing tidal connectivity to the Redhouse Salt Pan by creating
two channels to the estuary was simulated as the primary restoration
activity. Reducing the elevation of the 10.6 ha area to 0.5 m above the
MTL was estimated to require the removal of 32 402 t of material (bulk
density = 1.4 g cm™3).

SLAMM predicted a change in habitat distribution following the
channel simulation (Fig. 2). This is an instantaneous change, as SLAMM
predicts the initial (no SLR) habitat distribution based solely on eleva-
tion. The change in habitat distribution at the Redhouse Salt Pan was
largely represented by a conversion of the salt pan area (represented by
the Irregularly Flooded Marsh category) into Regularly Flooded Marsh.
This category represents the intertidal marsh zone that is dominated by
Spartina maritima in the Swartkops Estuary with an elevation range be-
tween MTL and MHHW, therefore this area is predicted to become
tidally inundated. Areas of the salt pan that are at an elevation above the
MHHW level were not predicted to be affected by the activity.

Carbon stock over one year (assuming an immediate conversion of
habitats) was predicted by SLAMM to be greater (276.37 Mg C) if tidal
connectivity was established at the Redhouse Salt Pan, compared to the
present state (232.65 Mg C). Total carbon stock in marsh habitats
(Regularly Flooded Marsh, and Transitional Marsh land cover cate-
gories) was greater if tidal connectivity was established (Table 3), and
this was due to the increase in area of Regularly Flooded Marsh. How-
ever, because most areas of the salt pan remained above the elevation of
the MHHW, the change in carbon stock was limited to the 10.6 ha area of
the proposed excavation channels.

3.3. Sea-level rise vulnerability of residential areas

Vulnerability to inundation by the MHWS tide under SLR was
different between the three residential areas (Fig. 3). All three residen-
tial areas were predicted to have increased area below the elevation of
MHWS by 2100 under the 3 mm.yr~! SLR projection, in comparison to
the 1.82 mm.yr! projection. Overall, vulnerability to inundation was
predicted to be much lower at Redhouse, with a maximum of only 0.3 ha
below the elevation of MHWS. This area is in the middle reaches of the
estuary and experiences a smaller tidal range (1 m) compared to that of
Amsterdamhoek and Swartkops Village (both 1.65 m) in the lower
reaches.

Swartkops Village and Amsterdamhoek were predicted to follow
similar trends under both SLR projections, but there was a much faster
increase in vulnerable areas at Swartkops Village after 2090 under the 3
mm.yr~ ! projection. With a SLR rate of 1.82 mm.yr !, the total devel-
oped land cover of the three residential areas within the EFZ predicted to
be below the elevation of MHWS by 2100 was 2.82 ha, but at a rate of 3
mm.yr~}, this was predicted to increase almost tenfold to 20.3 ha.

Classification of disused salt pan area into potential estuarine habitat types based on elevation ranges for the Swartkops Estuary from the National Estuary Botanical
Database. The dominant salt marsh vegetation species and corresponding SLAMM habitat category is provided for comparison. Average + SD carbon for biomass and

soil C pools derived from Els (2019).

Average Carbon + SD Total Carbon + SD

Botanical Database Habitat Category =~ SLAMM Habitat Elevation Estimated Area Biomass C(MgC  Soil C (Mg C Total Biomass C Total Soil C
Category Range (m) (ha) ha 1) ha 1) (Mg C) Mg C)
Intertidal marsh (Spartina maritima) Regularly Flooded 0.9-1.2 0.024 16.27 + 2.86 247.13 + 0.39 + 0.07 5.88 +1.15
Marsh 47.71
Supratidal marsh (Salicornia spp., Irregularly Flooded 1.2-2.5 183.29 4.28 £ 0.72 212.26 + 784.48 £ 131.97 38 904.46 +
Sporobolus virginicus) Marsh 43.99 8062.93
Floodplain marsh (Sarcocornia Transitional Marsh 2.5-4.9 131.20 2.14 + 0.36 212.26 + 280.77 + 47.23 27 874.68 +
pillansii) 43.99 5771.49
Total 67 850.66 Mg C
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Fig. 2. Comparison of estuarine habitat distribution predicted by SLAMM for the Redhouse Salt Pan. The original vegetation map is predicted to change following the
modification of the DEM to simulate the establishment of tidal connectivity. The desiccated area of the salt pan (represented by “Irregularly Flooded Marsh”) is
predicted to be replaced by “Regularly Flooded Marsh”, which is flooded at Mean High Water.

Table 3

Comparison of carbon storage for marsh habitats at the Redhouse Salt Pan site (2019-2020). Average carbon values for biomass and soil C pools derived from Els

(2019) were multiplied by the area for each habitat predicted by SLAMM.

Regularly Flooded Marsh

Transitional Marsh

Total C storage (Mg Total C stock (Mg C

Area Biomass (Mg Soil C (Mg C) Area Biomass C (Mg Soil C (Mg C) o ha 1)
(ha) C) (ha) Q)
2019  Present State 5.50 89.40 1358.05 99.67 426.58 21 155.42 23 029.46 218.99
Tidal 15.36 249.80 3795.03 99.57 426.18 21 135.73 25 606.78 222.80
Connection
2020  Present State 5.96 97.03 1473.88 99.17 424.46 21 050.44 23 045.82 219.20
Tidal 15.89 258.51 3926.65 99.02 423.79 21 017.01 25 625.96 223.02
Connection
Flooded Marsh if the salt pans are restored, by 2100 the total area in the
s 12 o EFZ for this habitat is predicted to be the same as the scenario in which
§A1o / no action is taken. In contrast, Transitional Marsh is gained by the
38 ! restoration activity and the larger area is mostly maintained by 2100. If
g‘g 8 ;o no action is taken, the salt pans are predicted to decrease in area over
5% ,’I ," time with SLR as there is conversion to estuarine habitat when the
EE 6 ’,’/' relative elevation becomes suitable for the respective vegetation.
g 2 4 l,'/' However, by 2100, 142.2 ha of the salt pans (44% of original area), is
g % P predicted to still be unchanged, and above the MHW.
&L 2 Under 1 m SLR, Tidal Flat and Regularly Flooded Marsh were pre-
§ o L dicted to have the largest percentage increase in area coverage (up to
0201 0 2020 2030 2040 2050 2060 2070 2080 2090 2100 124.6% and 121.9% respectively) (Fig. 5, Fig. 6). Estuarine Open Water
—e— AMDH 1.82 mimiyr —d— RDHS 1.82 mmiyr —a— SWKV 1.82 mimiyr was also predicted to increase in extent by up to 73.4% by 2100. In
-~ -AMDH3mmlyr -t RDHS 3 mmiyr - -G - SWKV 3 mmiyr contrast, Irregularly Flooded Marsh was predicted to decrease in area by
up to 68.5% of the current extent (Fig. 5), which was largely due to

Fig. 3. Comparison of vulnerability to inundation under sea-level rise pro-
jections for residential areas adjacent to the Swartkops Estuary (Amsterdam-
hoek (AMDH), Redhouse (RDHS), and Swatkops Village (SWKV)).

3.4. Predicted sea-level rise at the Swartkops Estuary

Estuarine habitats were predicted to have different responses to the
1 m SLR projection modelled in SLAMM (Fig. 4). The potential resto-
ration of all the disused salt extraction pans had the largest effect on the
trajectories of area cover change over time for the Transitional Marsh
and Irregularly Flooded Marsh land cover categories, as these were the
habitats that were assigned to the salt pans based on the present
elevation of these areas. Although there is an initial gain in Irregularly

replacement by Regularly Flooded Marsh and Tidal Flat habitats in the
lower and middle reaches of the estuary (Fig. 6). The decrease in
Irregularly Flooded Marsh was predicted to be relatively higher if the
salt pans are restored because in this scenario there is a greater area of
this habitat at the start of the simulation (2020). Up to 24% of Developed
Dry Land was predicted to be flooded by 2100 (Figs. 5 and 6).

The three residential areas within the Swartkops EFZ cover a total of
78.68 ha of Developed Dry Land. SLAMM predicted that up to ~70% of
this area will be flooded under a projection of 1 m SLR by 2100. For
Swartkops Village, 12.05 ha was predicted to be flooded by 2100, in
comparison to 4.58 ha for Amsterdamhoek, and 0.97 ha for Redhouse.

Cumulative C storage by 2100 for the Swartkops Estuary was pre-
dicted to be greater if all the disused salt extraction pans are restored to
estuarine habitat, compared to if no action is taken (Fig. 7). However,
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Fig. 4. Change in area over time for land cover categories in the Swartkops Estuary predicted by the Sea-Level Affecting Marshes Model under a sea-level rise
projection of 1 m by 2100. The potential effect of restoring all salt pans (Restoration = Yes) to estuarine habitat is compared to taking no action (Restoration = No),

for each land cover category.

these gains are likely to be lower, as SLAMM assumes instantaneous
conversion between habitat types, while in reality this transition could
take time.

If the salt pans are restored, the total C storage in 2020 is predicted to
increase by 767.9 Mg C, but by 2100 the difference between restoring
these areas and taking no action is much higher, i.e. 54 614.8 Mg C.
Under the restoration scenario, the salt pans would already be converted
to vegetated habitats and therefore experience a longer accumulation
period as opposed to conversion only occurring with SLR.

4. Discussion

Urban coastal wetlands experience many anthropogenic impacts that
can directly, or indirectly lead to degradation, reduced ecological ben-
efits, or complete loss of these ecosystems (Lee et al., 2006). Restoration
measures can significantly improve ecological functioning of degraded
coastal wetlands (Abbott et al., 2020; Orth et al., 2020). Assessing the

potential of a proposed restoration activity can provide practical infor-
mation on the expected success, and this can be leveraged towards
achieving the restoration goal. Here we provide an ecological assess-
ment on the potential for restoration of commercial salt extraction pans
to estuarine habitat in the urban Swartkops Estuary, South Africa.

4.1. Potential for blue carbon restoration

The restoration of coastal wetlands to support climate change miti-
gation through C sequestration is an integral component of policy ap-
proaches towards achieving the Sustainable Development Goals (Steven
et al., 2019). Blue carbon can be used in market-based mechanisms to
create economic value. There is also an opportunity to link with other
types of funding instruments such as green bonds and insurances
(Vanderklift et al., 2019; Stewart-Sinclair et al., 2020). The realisation of
private capital is constrained by multiple requirements, including robust
quantification of the project’s costs and deliverables, and assessments of
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Fig. 5. Percentage difference in area cover for land cover categories in the
Swartkops Estuary between 2020 and 2100 predicted by the Sea-Level Affecting
Marshes Model under a sea-level rise projection of 1 m by 2100. The potential
effect of restoring all salt pans to estuarine habitat is compared to taking no
action, for each land cover category.

risk management (Blignaut and van der Elst, 2014; Waltham et al.,
2020). Before carrying out a comprehensive cost-benefit analysis, there
is a need to assess the ecological feasibility of proposed restoration
actions.

For the Swartkops Estuary, there is potential to gain up to 67 850 Mg
C if the desiccated salt pans could be instantaneously restored to estu-
arine habitat. The SLAMM carbon sequestration model predicts a
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cumulative linear increase in carbon storage over time based on accre-
tion in response to sea-level rise. However, other detailed studies have
shown that carbon storage in restored tidal wetlands can be dynamic
and depend on site-specific factors including bathymetry, soil nutrient
levels, and seasonal environmental changes (Artigas et al., 2015; Valach
et al., 2021). Additionally, carbon credit projects need to provide esti-
mates on how long it will take for this C stock to be realized in the form
of a C stock gain per year. For example, the Tahiry Honko project in
Madagascar aims to generate credits for >1000 t CO, equivalent per
year (Blue Ventures, 2020), while the Mikoko Pamoja project in Kenya
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Fig. 7. The effect of restoring all disused salt extraction pans on predicted
cumulative carbon stock over time for estuarine habitats of the Swartkops Es-
tuary. Carbon storage was predicted by the Sea-Level Affecting Marshes model
under a sea-level rise projection of 1 m by 2100.
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Fig. 6. Distribution of estuarine habitats for the Swartkops Estuary as predicted by the Sea-Level Affecting Marshes model in 2020 and by 2100 under 1 m sea-level
rise by 2100. The effect of restoring all salt pans to estuarine habitat is compared as the restoration scenario.
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has generated ~ 10 000 t CO5 equivalent in five years (Wanjiru et al.,
2019). In comparison, for the Swartkops Estuary we estimated with
SLAMM that restoring the salt pans would increase C stocks by ~54 000
Mg C over 80 years (2020-2100) which is ~2500 t CO, equivalent per
year.

Whether this amount is considered feasible for offsetting will depend
on how much the project will cost as an initial injection of funds from
government or philanthropic sources will be needed. Private sector in-
vestment in ecological restoration is limited in South Africa (Blignaut
and van der Elst, 2014) and an economic assessment would need to
consider whether the capital investment can be returned or made
profitable. The carbon price at the time at which the restoration project
is carried out will diminish the financial viability of the project if there
are no other sources of funds. The price of carbon on the international
voluntary market has been stable and relatively low (US $4-5 per
tonne), but there is potential to catalyse local investments through the
implementation of South Africa’s Carbon Tax Act (Alton et al., 2014).
The value of the Swartkops Estuary for recreational use and as a nursery
for fish species has been estimated at ZAR 20-100 million yr~! (~US $
1.4-73 million yr 1) (Turpie and Clark 2007), indicating the potential to
include co-benefits and other forms of valuation for this project.

4.2. Available restoration actions

Key drivers of degradation in coastal ecosystems include agriculture,
coastal commercial developments, and increased urbanization (Freeman
etal., 2019). Disruption of hydrological flows (including changes to tidal
influences) directly leads to the loss of estuarine habitat and associated
ecosystem services (Gilby et al., 2020), thus restoration actions for
fragmented areas are focused on re-instating hydrology.

The topography of the salt pans has been relatively stable as
observed from the available historical aerial imagery. Restoration of
tidal flow is expected to result in sediment deposition and accretion in
the salt marshes and erosion in the immediate vicinity of the tidal
channel. As the proposed tidal channel will be blind (it will not extend
through to the other side of the salt pan), this should result in more
deposition than erosion. It is anticipated that surface elevation will in-
crease with SLR as long as there is sufficient sediment supply. Recent
research has shown that the minerals in the sediment would be dis-
solved, the higher salinity may initially influence plant growth but with
tidal flushing this would be diluted. In mesocosm experiments, sub-
merged macrophytes (Ruppia cirrhosa) germinated from salt pan sedi-
ments that had been inundated with estuarine water (Wasserman,
2021). Construction of a culvert to re-establish tidal connectivity can be
achieved with moderate costs (Sheaves et al., 2014), but in this case
excavation of the site to lower the elevation would incur a much higher
cost and could even create further damage. Alternative restoration ac-
tions need to be considered, or these desiccated salt pans will remain
ecologically non-functional for decades.

While the commercial salt extraction process was still operational,
estuarine water was actively pumped into the salt pans and this created
large areas of suitable water bird habitat (Martin and Baird, 1987;
Birdlife International, 2012). Diverting urban stormwater runoff into the
Redhouse Salt Pan has recently been proposed as a rehabilitation option,
as filling the desiccated pans will promote bird nesting on the emergent
salt marsh islands. The long-term effects of introducing stormwater
runoff need to be carefully considered, especially as there could be po-
tential for nutrient and heavy metal accumulation over time without
regular flushing (Yang and Lusk, 2018). If the area can be sustained as a
freshwater pan (as an alternative restoration action to establishing tidal
connectivity), there is potential for growth of associated vegetation
(such as reeds, sedges, and rushes), that could contribute towards C
sequestration (Owers et al., 2020). Preliminary research indicates that
the dissolution of precipitated salts from the sediment would not result
in persistent hypersaline conditions. The proposed management plan
should include the monitoring of water levels and salinity to determine
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when more water should be pumped into the salt pan area (Wasserman,
2021). If this restoration action is carried out, a re-assessment of C
sequestration potential to 2100 would need to be determined, as
methane emissions from freshwater marshes are not negligible (Pof-
fenbarger et al., 2011) and this would need to be accounted for if a
carbon-crediting scheme is intended to be used to fund the restoration
project (Needelman et al., 2018).

In this study, we have provided the first evaluation of the opportu-
nity for restoration of the disused salt pan areas to estuarine habitat that
will result in significant C stock gains over 80 years. For ‘blue carbon’
restoration projects, it is important to consider the time frame over
which there will be significant gains in C stock. Our restoration scenario
represented a complete and immediate change to estuarine habitat, but
C sequestration would be limited by vegetative growth of the plants into
these areas and the processes that control sediment accumulation over
time (Dittmann et al., 2019). However, C sequestration is only one po-
tential objective for a restoration plan at the Swartkops Estuary, and a
comprehensive restoration proposal would include the concerns and
priorities of all affected stakeholders. Existing blue carbon offset projects
are almost exclusively community-based meaning they are implemented
by locals, but are financed from elsewhere (Herr et al., 2017), and a
similar approach could be advocated for this project. Besides local
communities, the commercial operator that utilised the salt pan areas
should be included as a stakeholder in the restoration project. In South
Africa, any holder of mining rights or permits must develop plans for
rehabilitating decommissioned sites and provide financial support for
the rehabilitation. The restoration of the salt pan to natural habitat
aligns with Section 56e (principles for mine closure) in the Mineral and
Petroleum Resources Development Act (Act No 28 of 2002). This act
states that “the land is rehabilitated, as far as is practicable, to its natural
state, or to a predetermined and agreed standard of land use which
conforms with the concept of sustainable development”. This rehabili-
tation would be governed by the Regulations for Financial Provision for
Prospecting, Exploration, Mining and Productions Operations in South
Africa (GNR 1147) and should be implemented under the National
Environmental Management Act (Act No 107 of 1998).

4.3. Incorporating sea-level rise into coastal wetland restoration projects

Sea-level, in combination with local geomorphology, is a principal
driver of coastal wetland distribution and resilience (Rogers et al., 2014;
Cahoon et al., 2019). Coastal wetland restoration projects must include
the effects of SLR, as resilience can be site-specific (Raposa et al., 2016)
and this will have a significant effect on the feasibility of the project
(Emmer et al., 2015). At the Swartkops Estuary, SLR was predicted to
influence the distribution of estuarine habitats, particularly in the lower
and middle reaches of the estuary. By 2100, an expansion of Tidal Flat
and Estuarine Open Water was predicted in areas currently occupied by
Regularly Flooded Marsh (representing intertidal marsh, Spartina mar-
itima). Spartina maritima habitats in the lower reaches of the estuary are
already tending towards subsidence, rather than surface elevation gain
(Bornman et al., 2016), suggesting that they will not keep pace with SLR.
Overall, it was predicted that the area of Regularly Flooded Marsh would
increase by 2100, but this was largely due to replacement of Irregularly
Flooded Marsh (representing supratidal marsh, Salicornia spp. Spor-
obolus virginicus) habitats. Restoration of the salt pan areas was predicted
to increase the areal extent of Regularly Flooded Marsh by 2100. This
would be in support of a restoration goal to enhance C stock, as the
S. maritima habitats have been reported to store and sequester more C
than Salicornia spp. habitats (Els, 2019). Expansion of the Tidal Flat and
Estuarine Open Water habitats under SLR could reduce C sequestration
following marsh die-back and erosion of marsh platforms, which could
release stored C back into the environment (Sapkota and White, 2021).
However, there is also potential to increase C sequestration, as intertidal
and subtidal beds of the seagrass Zostera capensis are relatively expansive
in the lower reaches of the Swartkops Estuary, with average biomass C to
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be 2.08 = 0.49 Mg C.ha!, and the average soil C to be 224.14 + 37.93
Mg C. ha~! (Adams, 201 6; Els, 2019). We did not account for Z. capensis
habitat change or C storage in this study, as this seagrass is dynamic and
easily influenced by changes in hydrodynamic flows and suspended
sediment which are not modelled in SLAMM (Adams, 2016; Clough
et al., 2016).

Restoration of the salt pan areas in the middle to upper reaches of the
estuary had no effect on the area of Irregularly Flooded Marsh predicted
to still be intact by 2100, representing a ~60% reduction of the current
extent. This decline predicted for Irregularly Flooded Marsh with SLR is
the result of two factors: limited potential for surface elevation gain, and
the unavailability of adjacent upland areas for potential landward
migration. Sediment deposition can be significantly lower in supratidal
marshes in comparison to those occurring lower in the tidal frame
(Butzeck et al., 2015). The supply of mineral sediment is a key
contributor to surface elevation (Cahoon et al., 2019), and is a signifi-
cant predictor of resilience against SLR (Best et al., 2018; Mariotti,
2020). Transitions from supratidal marsh to intertidal marsh occur when
sediment supply and vertical accretion are low (FitzGerald and Hughes,
2019). When SLR rates exceed surface elevation gain, landward migra-
tion becomes the primary mechanism by which coastal wetlands can
respond and adapt to SLR (Borchert et al., 2018). However, this option is
significantly restricted in urban areas, as hard infrastructure often oc-
curs at the marsh boundary where the current elevation is above tidal
influence (Valiela et al., 2018; Rogers et al., 2019; Raw et al., 2020). This
ultimately leads to loss of supratidal marshes through “coastal squeeze”
(Pontee, 2013). Although a C sequestration goal for restoration can still
be fulfilled if supratidal marshes are lost, this would not be a suitable
outcome for a biodiversity restoration goal, as supratidal marshes are
formed by specific plant species (Veldkornet et al., 2016; Adams, 2020)
and they provide critical habitat to fauna above the intertidal zone
(Martin and Baird, 1987; Van Niekerk and Turpie, 2012). To avoid this
biodiversity loss as a result of SLR, a full scale restoration proposal for
the Swartkops Estuary will need to recommend for adjacent upland
areas to be made available for landward migration of supratidal marsh.

The vulnerability of residential areas to tidal flooding with SLR was
not affected by restoring the salt pans to estuarine habitat as this action
did not influence habitat distribution in the lower reaches of the estuary
where built infrastructure is most vulnerable. Besides restoring existing
habitats, an alternative approach to provide coastal protection from
SLR, flooding, and storm surges is to employ a nature-based solution
using hybrid designs of natural habitat and built infrastructure (Sut-
ton-Grier et al., 2015; Moller, 2019). These options include “living
shorelines” which can protect waterfront infrastructure from erosion,
and biomimicry approaches to designing culverts that reduce flood
damage to roads (Davis et al., 2015; Sutton-Grier et al., 2015). These
approaches can be considered as adaptation options for the residential
areas in the lower reaches of the Swartkops Estuary. However, it is likely
that a managed retreat will be necessary, as our vulnerability model is
only a conservative representation of the actual flooding risk that would
be associated with SLR. Tidal flooding of the roads and property edges
indicates daily inundation of these areas, so any additional higher tide or
storm event will lead to significant flooding and damage to existing
infrastructure. These events will be more severe and will happen sooner
in areas where hard infrastructure is immediately adjacent to the estuary
channel, such as at Swartkops Village.

5. Conclusion

Urban coastal wetlands require careful management approaches that
consider the numerous, and often interacting, anthropogenic pressures
on these ecosystems. It is essential that restoration projects for these
ecosystems are holistic, and that they include both social and ecological
restoration goals. Restoration to enhance C stock in the Swartkops Es-
tuary can be carried out by rehabilitating the desiccated salt pans to
natural estuarine vegetation. This has the potential to add 67 850 Mg C
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to the total carbon stock for the estuary. However, because of SLR, this
action will not contribute towards biodiversity conservation of supra-
tidal (irregularly flooded) marshes which are predicted to decline by up
to 60% in area by 2100. Similarly, restoration of the salt pans did not
reduce the extent of tidal flooding in adjacent residential areas and
developed dry land by 2100. Up to 70% of these areas were predicted to
be flooded under a projection of 1 m SLR by 2100. The SLAMM frame-
work has allowed us to predict the distribution of estuarine habitats
under SLR and this information is useful to identify areas that are most
vulnerable to change.

CRediT authorship contribution statement

J.L. Raw: Conceptualization, Methodology, Formal analysis, Inves-
tigation, Writing — original draft, Writing — review & editing, Visuali-
zation. J.B. Adams: Conceptualization, Resources, Writing — review &
editing, Funding acquisition. T.G. Bornman: Resources, Writing — re-
view & editing, Funding acquisition. T. Riddin: Methodology, Writing —
review & editing. M.A. Vanderklift: Conceptualization, Resources,
Writing — review & editing, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was carried out as part of the 2020 Indian Ocean Rim
Association (IORA) Blue Carbon Hub Early Career Visiting Scientist
Program through which JLR was hosted by CSIRO, Australia. The Nelson
Mandela Bay Municipality is thanked for the use of their LiDAR data. L
Van Niekerk (CSIR, South Africa), J Wasserman and C Nolte (Nelson
Mandela University), M Saunders (CSIRO, Australia), and R Runting
(University of Melbourne) are thanked for sharing their expertise to
inform different components of this work. This research was funded by
the Department of Science and Innovation and the National Research
Foundation (DSI/NRF) Research Chair in Shallow Water Ecosystems
(UID: 84375) and the Nelson Mandela University. JLR was supported by
an NRF Innovation Postdoctoral Fellowship (UID: 120701). The RSET
stations used in this study form part of the long-term Shallow Marine
and Coastal Research Infrastructure (SMCRI) of the South African
Environmental Observation Network (SAEON) and the NRF. The funders
played no role in the design of the study, collection, or analysis of the
data, writing the manuscript, or the decision to publish.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecss.2021.107495.

References

Abbott, B.N., Wallace, J., Nicholas, D.M., Karim, F., Waltham, N.J., 2020. Bund removal
to re-establish tidal flow, remove aquatic weeds and restore coastal wetland
services—north Queensland, Australia. PloS One 15 e0217531.

Adams, J.B., 2016. Distribution and status of Zostera capensis in South African estuaries
— a review. South Afr. J. Bot. 107, 63-73.

Adams, J.B., 2020. Salt marsh at the tip of Africa: patterns, processes and changes in
response to climate change. Estuar. Coast Shelf Sci. 237, 106650.

Adams, J.B., Veldkornet, D., Tabot, P., 2016. Distribution of macrophyte species and
habitats in South African estuaries. South African Journal of Botany, Ecology and
Biodiversity of South African Estuaries 107, 5-11.

Adams, J.B., Fernandes, M., Riddin, T., 2019a. South African National Biodiversity
Assessment 2018. Chapter 5: estuarine habitat extent and trends. (Technical Report
Volume 3 No. SANBI/NAT/NBA2018/2019/Vol3/A). South African National
Biodiversity Institute, Pretoria, South Africa.


https://doi.org/10.1016/j.ecss.2021.107495
https://doi.org/10.1016/j.ecss.2021.107495
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref1
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref1
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref1
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref2
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref2
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref3
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref3
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref4
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref4
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref4
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref5
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref5
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref5
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref5

J.L. Raw et al.

Adams, J.B., Pretorius, L., Snow, G.C., 2019b. Deterioration in the water quality of an
urbanised estuary with recommendations for improvement. WaterSA 45, 86-96.

Alton, T., Arndt, C., Davies, R., Hartley, F., Makrelov, K., Thurlow, J., Dumebi, U., 2014.
Introducing carbon taxes in South Africa. Applied Ecology 116, 344-354.

Artigas, F., Shin, J.Y., Hobble, C., Marti-Donati, A., Schéfer, K.V.R., Pechmann, I., 2015.
Long term carbon storage potential and CO2 sink strength of a restored salt marsh in
New Jersey. Agricultural and Forest Meterology 200, 313-321.

Best, U.S.N., Van der Wegen, M., Dijkstra, J., Willemsen, P.W.J.M., Borsje, B.W.,
Roelvink, D.J.A., 2018. Do salt marshes survive sea level rise? Modelling wave
action, morphodynamics and vegetation dynamics. Environ. Model. Software 109,
152-166.

Birdlife International, 2012. Important Bird Areas Factsheet: Swartkops Estuary -
Redhouse and Chatty Saltpans (No. ZA075).

Blignaut, J.N., van der Elst, L., 2014. Restoration of natural capital: mobilising private
sector investment. Dev. South Afr. 31, 711-720.

Blue Ventures, 2020. Tahiry Honko - community mangrove carbon project, southwest
Madagascar 2018 annual report. https://www.planvivo.org/tahiry-honko.

Borchert, S.M., Osland, M.J., Enwright, N.M., Griffith, K.T., 2018. Coastal wetland
adaptation to sea level rise: quantifying potential for landward migration and coastal
squeeze. J. Appl. Ecol. 55, 2876-2887.

Bornman, T.G., Schmidt, J., Adams, J.B., Mfikili, A.N., Farre, R.E., Smit, A.J., 2016.
Relative sea-level rise and the potential for subsidence of the Swartkops Estuary
intertidal salt marshes, South Africa. South Afr. J. Bot. 107, 91-100.

Brown, D.R., Marotta, H., Peixoto, R.B., Enrich-Prast, A., Barroso, G.C., Soares, M.L.G.,
Machado, W., Pérez, A., Smoak, J.M., Sanders, L.M., Conrad, S., Sippo, J.Z., Santos, 1.
R., Maher, D.T., Sanders, C.J., 2021. Hypersaline tidal flats as important “blue
carbon” systems: a case study from three ecosystems. Biogeosciences 18, 2527-2538.

Butzeck, C., Eschenbach, A., Grongroft, A., Hansen, K., Nolte, S., Jensen, K., 2015.
Sediment deposition and accretion rates in tidal marshes are highly variable along
estuarine salinity and flooding gradients. Estuar. Coast 38, 434-450.

Cahoon, D.R., Lynch, J.C., Roman, C.T., Schmit, J.P., Skidds, D.E., 2019. Evaluating the
relationship among wetland vertical development, elevation capital, sea-level rise,
and tidal marsh sustainability. Estuar. Coast 42, 1-15.

Church, J.A., Clark, P.U., Cazenave, A., Gregory, J.M., Jevrejeva, S., Levermann, A.,
Merrifield, M.A., Milne, G.A., Nerem, R.S., Nunn, P.D., Payne, A.J., Pfeffer, W.T.,
Stammer, D., Unnikrishnan, A.S., 2013. Sea level change. In: Stocker, T.F., Qin, D.,
Plattner, G.K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V.,
Midgley, P.M. (Eds.), Climate Change 2013: the Physical Science Basis. Contribution
of Working Group I to the Fifith Assessment Report of the Intergovernmental Panel
on Climate Change. P.M.Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, pp. 1137-1216.

Clough, J.S., Park, R.A., Fuller, R., 2016. SLAMM 6 Beta Technical Documentation.

Crosby, S.C., Sax, D.F., Palmer, M.E., Booth, H.S., Deegan, L.A., Bertness, M.D., Leslie, H.
M., 2016. Salt marsh persistence is threatened by predicted sea-level rise. Estuar.
Coast Shelf Sci. 181, 93-99.

Davis, J.L., Currin, C.A., O’Brien, C., Raffenburg, C., Davis, A., 2015. Living shorelines:
coastal resilience with a blue carbon benefit. PloS One 10 e0142595.

Davis, M.J., Woo, I, De La Cruz, S.E.W., 2019. Development and implementation of an
empirical habitat change model and decision support tool for estuarine ecosystems.
Ecol. Model. 410, 108722.

Dittmann, S., Mosley, L., Beaumont, K., Clarke, B., Bestland, E., Guan, H., Sandhu, H.,
Clanahan, M., Baring, R., Quinn, J., Seaman, R., Sutton, P., Min Thomson, S.,
Costanza, R., Shepard, G., Whalen, M., Stangoulis, J., Marschner, P., Townsend, M.,
2019. From Salt to C; Carbon Sequestration through Ecological Restoration at the
Dry Creek Salt Field (Technical Report Series No. 19/28). Goyder Institute for Water
Research, Adelaide, Australia.

Els, J., 2019. Carbon and Nutrient Storage of the Swartkops Estuary Salt Marsh and
Seagrass Habitats (MSc). Nelson Mandela University, Port Elizabeth, South Africa.
https://saeis.saeon.ac.za/Archive/Literature/Theses/Jessica%20Els%20MSc%202
019.pdf.

Emmer, .M., von Unger, M., Needelman, B.A., Crooks, S., Emmett-Mattox, S., 2015.
Coastal Blue Carbon in Practice: a Manual for Using the VCS Methodology for Tidal
Wetland and Seagrass Restoration. Restore America’s Estuaries, Arlington, Texas,
USA.

Estuary Management Plan, C.A.P.E., 2011. Integrated Management Plan: Swartkops
Estuary and the Swartkops River Valley and Aloes Nature Researves (No. Volume II-
Final Report). Envrio-Fish Africa, Grahamstown, South Africa.

FitzGerald, D.M., Hughes, Z., 2019. Marsh processes and their response to climate change
and sea-level rise. Annu. Rev. Earth Planet Sci. 47, 481-517.

Freeman, L.A., Corbett, D.R., Fitzgerald, A.M., Lemley, D.A., Quigg, A., Steppe, C.N.,
2019. Impacts of urbanization and development on estuarine ecosystems and water
quality. Estuar. Coast 42, 1821-1838.

Gilby, B.L., Weinstein, M.P., Baker, R., Cebrian, J., Alford, S.B., Chelsky, A.,
Colombano, D., Connolly, R.M., Currin, C.A., Feller, I.C., Frank, A., Goeke, J.A.,
Goodridge Gaines, L.A., Hardcastle, F.E., Henderson, C.J., Martin, C.W.,
McDonald, A.E., Morrison, B.H., Olds, A.D., Rehage, J.S., Waltham, N.J., Ziegler, S.
L., 2020. Human actions alter tidal marsh seascapes and the provision of ecosystem
services. Estuaries and Coasts. https://doi.org/10.1007/512237-020-00830-0.

Héder, D.-P., Banaszak, A.T., Villafane, V.E., Narvarte, M.A., Gonzélez, R.A., Helbling, E.
W., 2020. Anthropogenic pollution of aquatic ecosystems: emerging problems with
global implications. Sci. Total Environ. 713, 136586.

Herr, D., Unger, M. von, Laffoley, D., McGivern, A., 2017. Pathways for implementation
of blue carbon initiatives. Aquat. Conserv. Mar. Freshw. Ecosyst. 27, 116-129.

Hijuelos, A.C., Dijkstra, J.T., Carruthers, T.J.B., Heynert, K., Reed, D.J., van
Wesenbeeck, B.K., 2019. Linking management planning for coastal wetlands to

11

Estuarine, Coastal and Shelf Science 260 (2021) 107495

potential future wave attenuation under a range of relative sea-level rise scenarios.
PloS One 14 e0216695.

Huizinga, P., 1984. Application of the NRIO 1-D Hydrodynamic Model to the Swartkops
Estuary (Research Report No. 560). Council for Scientific and Industrial Research,
Stellenbosch, South Africa.

IPCC, 2006. 2006 IPCC Guidelines for national Greenhouse gas Inventories (Chapter 4) -
Forest Land. National Greenhouse Gas Inventories Programme, Japan.

Keller, J.K., Takagi, K.K., Brown, M.E., Stump, K.N., Takahashi, C.G., Joo, W., Au, K.L.,
Calhoun, C.C., Chundu, R.K., Hokutan, K., Mosolf, J.M., Roy, K., 2012. Soil organic
carbon storage in restored salt marshes in Huntington Beach, California. Soca 111,
153-161.

Kirwan, M.L., Guntenspergen, G.R., D’Alpaos, A., Morris, J.T., Mudd, S.M.,
Temmerman, S., 2010. Limits on the adaptability of coastal marshes to rising sea
level. Geophys. Res. Lett. 37, L23401.

Kirwan, M.L., Temmerman, S., Skeehan, E.E., Guntenspergen, G.R., Fagherazzi, S., 2016.
Overestimation of marsh vulnerability to sea level rise. Nat. Clim. Change 6,
253-260.

Kulp, S.A., Strauss, B.H., 2019. New elevation data triple estimates of global vulnerability
to sea-level rise and coastal flooding. Nat. Commun. 10, 1-12.

Lee, S.Y., Dunn, R.J.K., Young, R.A., Connolly, R.M., Dale, P.E.R., Dehayr, R.,
Lemckert, C.J., Mckinnon, S., Powell, B., Teasdale, P.R., Welsh, D.T., 2006. Impact of
urbanization on coastal wetland structure and function. Austral Ecol. 31, 149-163.

Lemley, D.A., Adams, J.B., Strydom, N.A., 2017. Testing the efficacy of an estuarine
eutrophic condition index: does it account for shifts in flow conditions? Ecol. Indicat.
74, 357-370.

Lovelock, C.E., Cahoon, D.R., Friess, D.A., Guntenspergen, G.R., Krauss, K.W., Reef, R.,
Rogers, K., Saunders, M.L., Sidik, F., Swales, A., Saintilan, N., Thuyen, L.X., Triet, T.,
2015. The vulnerability of Indo-Pacific mangrove forests to sea-level rise. Nature
526, 559-563.

Mabula, M.J., Mangora, M.M., Muhando, C.A., 2017. Peri-urban mangroves of Dar es
Salaam-Tanzania are highly vulnerable to anthropogenic pressures. Advances in
Ecological and Environmental Research 141-172.

Madrid, E.N., Quigg, A., Armitage, A.R., 2012. Marsh construction techniques influence
net plant carbon capture by emergent and submerged vegetation in a brackish marsh
in the northwestern Gulf of Mexico. Ecol. Eng. 42, 54-63.

Mariotti, G., 2020. Beyond marsh drowning: the many faces of marsh loss (and gain).
Adv. Water Resour. 144, 103710.

Martin, A.P., Baird, D., 1987. Seasonal abundance and distribution of birds on the
Swartkops Estuary, Port Elizabeth. Ostrich 58, 122-134.

Martin, R.M., Randall, A.P., 1987. Numbers of waterbirds at a commercial saltpan, and
suggestions for management. South African Journal of Wildlife Research - 24-month
delayed open access 17, 74-81.

Mcleod, E., Poulter, B., Hinkel, J., Reyes, E., Salm, R., 2010. Sea-level rise impact models
and environmental conservation: a review of models and their applications. Ocean
Coast Manag. 53, 507-517.

McLeod, E., Chmura, G.L., Bouillon, S., Salm, R., Bjork, M., Duarte, C.M., Lovelock, C.E.,
Schlesinger, W.H., Silliman, B.R., 2011. A blueprint for blue carbon: toward an
improved understanding of the role of vegetated coastal habitats in sequestering
COs. Front. Ecol. Environ. 9, 552-560.

McMichael, C., Dasgupta, S., Ayeb-Karlsson, S., Kelman, I., 2020. A review of estimating
population exposure to sea-level rise and the relevance for migration. Environ. Res.
Lett. 15, 123005.

Mogensen, L.A., Rogers, K., 2018. Validation and comparison of a model of the effect of
sea-level rise on coastal wetlands. Sci. Rep. 8, 1369.

Moller, 1., 2019. Applying uncertain science to nature-based coastal protection: lessons
from shallow wetland-dominated shores. Frontiers in Environmental Science 7, 49.

Moller, 1., Kudella, M., Rupprecht, F., Spencer, T., Paul, M., van Wesenbeeck, B.K.,
Wolters, G., Jensen, K., Bouma, T.J., Miranda-Lange, M., Schimmels, S., 2014. Wave
attenuation over coastal salt marshes under storm surge conditions. Nat. Geosci. 7,
727-731.

Narayan, S., Beck, M.W., Reguero, B.G., Losada, I.J., Wesenbeeck, B. van, Pontee, N.,
Sanchirico, J.N., Ingram, J.C., Lange, G.-M., Burks-Copes, K.A., 2016. The
effectiveness, costs and coastal protection benefits of natural and nature-based
defences. 0154735 PloS One 11.

Needelman, B.A., Emmer, .M., Emmett-Mattox, S., Crooks, S., Megonigal, J.P.,

Myers, D., Oreska, M.P.J., McGlathery, K., 2018. The science and policy of the
verified carbon standard methodology for tidal wetland and seagrass restoration.
Estuar. Coast 41, 2159-2171.

Nellemann, C., Corcoran, E., Duarte, C., Valdés, L., DeYoung, C., Fonseca, L.,
Grimsditch, G., 2009. Blue carbon. In: A Rapid Response Assessment. United Nations
Environment Programme. UNEP/Earthprint.

NMBM, 2015. Climate Change and Green Economy Action Plan. Nelson Mandela Bay
Municipality, Port Elizabeth, South Africa. https://nelsonmandelabay.gov.za/.

NMBM, 2017. Nelson Mandela Bay Metro Municipality Socio Economic Review and
Outlook. Eastern Cape Socio Economic Consultative Council, Port Elizabeth, South
Africa. https://www.ecsecc.org.

Noll, A., Mobilian, C., Craft, C., 2019. Five decades of wetland soil development of a
constructed tidal salt marsh, North Carolina, USA. Ecol. Restor. 37, 163-170.

Nolte, S., Miiller, F., Schuerch, M., Wanner, A., Esselink, P., Bakker, J.P., Jensen, K.,
2013. Does livestock grazing affect sediment deposition and accretion rates in salt
marshes? Estuarine. Coastal and Shelf Science 135, 296-305.

Olisah, C., Okoh, 0.0., Okoh, A.L, 2020. Spatial, seasonal and ecological risk assessment
of organohalogenated contaminants in sediments of Swartkops and Sundays
Estuaries, Eastern Cape province, South Africa. J. Soils Sediments 20, 1046-1059.

Oppenheimer, M., Glavovic, B.C., Hinkel, J., van de Wal, R., Magnan, A.K., Abd-
Elgawad, A., Cai, R., Cifuentes-Jara, M., DeConto, R.M., Ghosh, T., Hay, J., Isla, F.,


http://refhub.elsevier.com/S0272-7714(21)00347-4/sref6
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref6
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref7
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref7
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref8
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref8
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref8
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref9
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref9
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref9
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref9
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref10
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref10
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref11
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref11
https://www.planvivo.org/tahiry-honko
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref12
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref12
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref12
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref13
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref13
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref13
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref14
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref14
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref14
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref14
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref15
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref15
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref15
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref16
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref16
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref16
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref17
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref18
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref20
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref20
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref20
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref21
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref21
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref22
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref22
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref22
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref23
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref23
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref23
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref23
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref23
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref23
https://saeis.saeon.ac.za/Archive/Literature/Theses/Jessica%20Els%20MSc%202019.pdf
https://saeis.saeon.ac.za/Archive/Literature/Theses/Jessica%20Els%20MSc%202019.pdf
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref25
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref25
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref25
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref25
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref26
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref26
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref26
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref27
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref27
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref28
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref28
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref28
https://doi.org/10.1007/s12237-020-00830-0
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref30
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref30
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref30
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref31
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref31
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref32
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref32
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref32
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref32
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref33
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref33
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref33
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref34
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref34
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref35
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref35
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref35
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref35
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref36
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref36
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref36
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref37
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref37
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref37
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref38
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref38
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref39
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref39
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref39
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref40
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref40
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref40
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref41
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref41
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref41
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref41
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref42
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref42
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref42
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref43
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref43
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref43
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref44
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref44
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref45
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref45
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref46
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref46
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref46
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref47
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref47
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref47
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref48
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref48
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref48
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref48
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref49
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref49
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref49
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref50
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref50
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref51
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref51
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref52
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref52
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref52
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref52
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref53
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref53
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref53
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref53
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref54
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref54
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref54
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref54
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref55
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref55
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref55
https://nelsonmandelabay.gov.za/
https://www.ecsecc.org
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref58
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref58
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref59
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref59
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref59
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref60
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref60
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref60
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61

J.L. Raw et al.

Marzeion, B., Meyssignac, B., Sebesvari, Z., 2019. sea level rise and implications for
low-lying islands, coasts and communities. In: Portner, H.-O., Roberts, D.C., Masson-
Delmotte, V., Zhai, P., Tignor, M., Poloczanska, K., Mintenbeck, K., Alegria, A.,
Nicolai, M., Okem, A., Petzold, J., Rama, B., Weyer, N.M. (Eds.), IPCC Special Report
on the Ocean and Cryosphere in a Changing Climate. Intergovernmental Panel on
Climate Change.

Orth, R.J., Lefcheck, J.S., McGlathery, K.S., Aoki, L., Luckenbach, M.W., Moore, K.A.,
Oreska, M.P.J., Snyder, R., Wilcox, D.J., Lusk, B., 2020. Restoration of seagrass
habitat leads to rapid recovery of coastal ecosystem services. Science Advances 6
eabc6434.

Owers, C.J., Rogers, K., Mazumder, D., Woodroffe, C.D., 2020. Temperate coastal
wetland near-surface carbon storage: spatial patterns and variability. Estuar. Coast
Shelf Sci. 235.

Poffenbarger, H.J., Needelman, B.A., Megonigal, J.P., 2011. Salinity influence on
methane emissions from tidal marshes. Wetlands 31, 831-842.

Pontee, N., 2013. Defining coastal squeeze: a discussion. Ocean Coast Manag. 84,
204-207.

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rajkaran, A., Adams, J.B., du Preez, D.R., 2004. A method for monitoring mangrove
harvesting at the Mngazana estuary, South Africa. Afr. J. Aquat. Sci. 29, 57-65.
Raposa, K.B., Wasson, K., Smith, E., Crooks, J.A., Delgado, P., Fernald, S.H., Ferner, M.C.,
Helms, A., Hice, L.A., Mora, J.W., Puckett, B., Sanger, D., Shull, S., Spurrier, L.,
Stevens, R., Lerberg, S., 2016. Assessing tidal marsh resilience to sea-level rise at
broad geographic scales with multi-metric indices. Biol. Conserv. 204, 263-275.

Rautenbach, C., Barnes, M.A., de Vos, M., 2019. Tidal characteristics of South Africa.
Deep Sea Res. Part I 150, 103079.

Raw, J.L., Riddin, T., Wasserman, J., Lehman, T.W.K., Bornman, T.G., Adams, J.B., 2020.
Salt marsh elevation and responses to future sea-level rise in the Knysna Estuary. Afr.
J. Aquat. Sci. 45, 49-64.

Rogers, K., Saintilan, N., Woodroffe, C.D., 2014. Surface elevation change and vegetation
distribution dynamics in a subtropical coastal wetland: implications for coastal
wetland response to climate change. Estuar. Coast Shelf Sci. 149, 46-56.

Rogers, K., Mogensen, L.A., Davies, P., Kelleway, J., Saintilan, N., Withycombe, G., 2019.
Impacts and adaptation options for estuarine vegetation in a large city. Landsc.
Urban Plann. 182, 1-11.

Runting, R.K., Lovelock, C.E., Beyer, H.L., Rhodes, J.R., 2017. Costs and opportunities for
preserving coastal wetlands under sea level rise. Conservation Letters 10, 49-57.

Sapkota, Y., White, J.R., 2021. Long-term fate of rapidly eroding carbon stock soil
profiles in coastal wetlands. Sci. Total Environ. 753, 141913.

Scata, J., 2020. A rising tide lifts all damage costs: the need for a federal flood protection
standard. Nat. Resour. Environ. 34, 21-24.

Schuerch, M., Spencer, T., Temmerman, S., Kirwan, M.L., Wolff, C., Lincke, D.,
McOwen, C.J., Pickering, M.D., Reef, R., Vafeidis, A.T., Hinkel, J., Nicholls, R.J.,
Brown, S., 2018. Future response of global coastal wetlands to sea-level rise. Nature
561, 231.

Schumann, E.H., 2013. Sea level variability in South African estuaries. South Afr. J. Sci.
109, 7. Art # 1332.

Sheaves, M., Brookes, J., Coles, R., Freckelton, M., Groves, P., Johnston, R., Winberg, P.,
2014. Repair and revitalisation of Australia’s tropical estuaries and coastal wetlands:
opportunities and constraints for the reinstatement of lost function and productivity.
Mar. Pol. 47, 23-38.

Siyongwana, P.Q., Heijne, D., Tele, A., 2015. The vulnerability of low-income
communities to flood hazards, Missionvale, South Africa. J. Hum. Ecol. 52, 104-115.

Spencer, T., Schuerch, M., Nicholls, R.J., Hinkel, J., Lincke, D., Vafeidis, A.T., Reef, R.,
McFadden, L., Brown, S., 2016. Global coastal wetland change under sea-level rise
and related stresses: the DIVA Wetland Change Model. Global Planet. Change 139,
15-30.

S.R.K. Consulting, 2010. Swartkops River 50 & 100-year Floodline Study. SRK
Consulting, Port Elizabeth, South Africa. No. 372293/Rev4.

Steven, A.D.L., Vanderklift, M.A., Bohler-Muller, N., 2019. A new narrative for the blue
economy and blue carbon. Journal of the Indian Ocean Region 15, 123-128.

Stewart-Sinclair, P.J., Purandare, J., Bayraktarov, E., Waltham, N., Reeves, S., Statton, J.,
Sinclair, E.A., Brown, B.M., Shribman, Z.I., Lovelock, C.E., 2020. Blue restoration —
building confidence and overcoming barriers. Frontiers in Marine Science 7, 748.

12

Estuarine, Coastal and Shelf Science 260 (2021) 107495

Strydom, N.A., 2015. Patterns in larval fish diversity, abundance, and distribution in
temperate South African estuaries. Estuar. Coast 38, 268-284.

Sutton-Grier, A.E., Moore, A., 2016. Leveraging carbon services of coastal ecosystems for
habitat protection and restoration. Coast. Manag. 44, 259-277.

Sutton-Grier, A.E., Wowk, K., Bamford, H., 2015. Future of our coasts: the potential for
natural and hybrid infrastructure to enhance the resilience of our coastal
communities, economies and ecosystems. Environ. Sci. Pol. 51, 137-148.

Turpie, J.K., Clark, B., 2007. Development of a conservation plan for temperate South
African estuaries on the basis of biodiversity importance. In: C.A.P.E Regional
Estuarine Management Program — Ecosystem Health and Economic Costs and
Benefits. Anchor Environmental., Cape Town, South Africa.

Ullman, R., Bilbao-Bastida, V., Grimsditch, G., 2013. Including Blue Carbon in climate
market mechanisms. Ocean Coast Manag. 83, 15-18.

Valach, A.C., Kasak, K., Hemes, K.S., Anthony, T.L., Dronova, 1., Taddeo, S., Silver, W.L.,
Szutu, D., Verfaillie, J., Baldocchi, D.D., 2021. Productive wetlands restored for
carbon sequestration quickly become net CO, sinks with site-level factors driving
uptake variability. PloS One 16 e0248398.

Valiela, I., Lloret, J., Bowyer, T., Miner, S., Remsen, D., Elmstrom, E., Cogswell, C.,
Robert Thieler, E., 2018. Transient coastal landscapes: rising sea level threatens salt
marshes. Sci. Total Environ. 640-641, 1148-1156.

Van Niekerk, L., Turpie, J.K., 2012. Estuary Component. (No. CSIR Report Number CSIR/
NRE/ECOS/ER/2011/0045/B.). South African National Biodiversity Assessment
2011: Technical Report, 3. Council for Scientific and Industrial Research,
Stellenbosch, South Africa.

Van Niekerk, L., Adams, J.B., Lamberth, S.J., MacKay, C.F., Taljaard, S., Turpie, J.K.,
Weerts, S.P., Raimondo, D.C., 2019. Estuarine Realm (Unproofed Version) (No.
(CSIR) CSIR/SPLA/EM/EXP/2019/0062/A (SANBI) SANBI/NAT/NBA2018/2019/
Vol3/A). South African National Biodiversity Assessment 2018: Technical Report, 3.
South African National Biodiversity Institute, Pretoria, South Africa.

Vanderklift, M.A., Marcos-Martinez, R., Butler, J.R.A., Coleman, M., Lawrence, A.,
Prislan, H., Steven, A.D.L., Thomas, S., 2019. Constraints and opportunities for
market-based finance for the restoration and protection of blue carbon ecosystems.
Mar. Pol. 107, 103429.

Veldkornet, D.A., Adams, J.B., Potts, A.J., 2015. Where do you draw the line?
Determining the transition thresholds between estuarine salt marshes and terrestrial
vegetation. South Afr. J. Bot. 101, 153-159.

Veldkornet, D.A., Potts, A.J., Adams, J.B., 2016. The distribution of salt marsh
macrophyte species in relation to physicochemical variables. South Afr. J. Bot. 107,
84-90.

Waltham, N.J., Elliott, M., Lee, S.Y., Lovelock, C., Duarte, C.M., Buelow, C.,
Simenstad, C., Nagelkerken, I., Claassens, L., Wen, C.K.-C., Barletta, M., Connolly, R.
M., Gillies, C., Mitsch, W.J., Ogburn, M.B., Purandare, J., Possingham, H.,
Sheaves, M., 2020. UN decade on ecosystem restoration 2021-2030—what chance
for success in restoring coastal ecosystems? Frontiers in Marine Science 7, 71.

Wanjiru, A., Mwamba, J., Huxham, M., Shilland, R., Ruzowitsky, L., 2019. 2018-2019
plan vivo annual report Mikoko Pamoja. https://www.planvivo.org/mikoko-pamo
ja.

Wasserman, J., 2021. Recreating a Wetland at an Abandoned Saltworks: towards a
Rehabilitation Plan. MSc, Nelson Mandela University, Port Elizabeth, South Africa.
https://saeis.saeon.ac.za/Archive/Literature/Theses/Johan%20Wasserman%20MSc
%202021.pdf.

Were, D., Kansiime, F., Fetahi, T., Cooper, A., Jjuuko, C., 2019. Carbon sequestration by
wetlands: a critical review of enhancement measures for climate change mitigation.
Earth Systems and Environment 3, 327-340.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York, NY, USA.

Yang, Y.-Y., Lusk, M.G., 2018. Nutrients in urban stormwater runoff: current state of the
science and potential mitigation options. Current Pollution Reports 4, 112-127.

Yang, L., Yuan, C.-S., 2019. Analysis of carbon sink effects for saline constructed
wetlands vegetated with mangroves to treat mariculture wastewater and sewage.
Water Sci. Technol. 79, 1474-1483.

Zuze, H., 2018. Assessing Flood Vulnerability in the Nelson Mandela Bay Metro (MSc).
Nelson Mandela University, Port Elizabeth, South Africa.


http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref61
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref62
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref62
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref62
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref62
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref63
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref63
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref63
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref64
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref64
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref65
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref65
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref66
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref66
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref67
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref67
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref68
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref68
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref68
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref68
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref69
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref69
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref70
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref70
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref70
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref71
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref71
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref71
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref72
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref72
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref72
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref73
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref73
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref74
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref74
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref75
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref75
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref76
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref76
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref76
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref76
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref77
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref77
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref78
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref78
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref78
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref78
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref79
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref79
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref80
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref80
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref80
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref80
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref19
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref19
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref81
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref81
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref82
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref82
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref82
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref83
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref83
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref84
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref84
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref85
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref85
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref85
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref86
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref86
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref86
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref86
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref87
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref87
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref88
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref88
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref88
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref88
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref89
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref89
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref89
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref90
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref90
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref90
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref90
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref91
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref91
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref91
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref91
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref91
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref92
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref92
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref92
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref92
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref93
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref93
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref93
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref94
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref94
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref94
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref96
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref96
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref96
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref96
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref96
https://www.planvivo.org/mikoko-pamoja
https://www.planvivo.org/mikoko-pamoja
https://saeis.saeon.ac.za/Archive/Literature/Theses/Johan%20Wasserman%20MSc%202021.pdf
https://saeis.saeon.ac.za/Archive/Literature/Theses/Johan%20Wasserman%20MSc%202021.pdf
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref99
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref99
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref99
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref100
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref100
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref101
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref101
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref102
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref102
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref102
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref103
http://refhub.elsevier.com/S0272-7714(21)00347-4/sref103

	Vulnerability to sea-level rise and the potential for restoration to enhance blue carbon storage in salt marshes of an urba ...
	1 Introduction
	2 Methods
	2.1 Site description
	2.2 Estuarine habitats for restoration
	2.3 Modelling the establishment of tidal connectivity
	2.4 Restoration for carbon sequestration
	2.5 Sea-level rise vulnerability of developed residential areas
	2.6 Estuarine habitats and carbon sequestration under sea-level rise

	3 Results
	3.1 Restoration of salt pans for carbon storage
	3.2 Tidal connectivity and carbon sequestration at Redhouse Salt Pan
	3.3 Sea-level rise vulnerability of residential areas
	3.4 Predicted sea-level rise at the Swartkops Estuary

	4 Discussion
	4.1 Potential for blue carbon restoration
	4.2 Available restoration actions
	4.3 Incorporating sea-level rise into coastal wetland restoration projects

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


