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Key Points:

e Models of the response of coastal wetlands to sea-level rise are needed to inform coastal
planning and decision making

e Poorly calibrated and insufficiently validated models reduces confidence in model
outputs and suitability for informing decisions

e Model testing undertaken across three timescales provided confidence to use model
projections over timescales suitable for planning
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Abstract

Models of the response of mangrove forests and saltmarshes to sea-level rise are needed
to inform coastal decision making. Zero-dimensional models that simulate evolution of a point
are foundational for developing spatially explicit landscape models projecting coastal wetland
extents under future sea-level rise scenarios. However, both zero-dimensional and spatially
explicit landscape models have suffered from insufficient calibration and inadequate validation.
In this study, a zero-dimensional model framework was parameterised using real data from four
sub-sites exhibiting varying rates of mineral and organic matter addition and autocompaction.
The model was calibrated to correspond to tidal parameters at each sub-site and validation was
undertaken across three timescales to assess model efficacy. Short-term validation encompassed
the period over which measurements of surface elevation gain were determined using a network
of surface elevation tables (~20 years); medium-term validation encompassed the period when
higher resolution colour aerial photography was available (~35 years); and long-term validation
focussed on the period of landscape evolution occurring since the mid-Holocene. The model
performed well at the medium to long-term scale and was within the range of variability arising
from surface elevation table measurements. This study demonstrates the critical need for site-
specific data, a crucial component that is undervalued, often insufficiently resourced to generate
useful data, and commonly addressed by extrapolating parameters generated from elsewhere.
Validation has provided the necessary confidence for further model development at the
landscape scale that will account for processes operating both vertically and laterally, such as
shoreline erosion and tidal creek extension.

Plain Language Summary

The fate of coastal wetlands is a key concern for coastal managers as sea level is
projected to rise and modify the position and arrangement of coastal wetlands. Managers require
more information about how coastal wetlands adjust to sea-level rise, and the implications this
will have on adjoining land-use, nearby infrastructure and the supply of ecosystem services, such
as wildlife habitat, coastal protection and carbon storage. Models of the response of mangroves
and saltmarshes to sea-level rise assist with planning and decision making, but often are not
calibrated with site-specific or real-world data, or may be insufficiently tested to confirm their
usefulness. Here we use a model describing processes contributing to coastal wetland adjustment
to sea-level rise and apply real-world data to the model. This allowed for simulations to be
compared against real-world conditions to asses the model performance. The model was tested
over three projection periods, ranging from decades to millenia. Comparisons provided
confidence to use the model for planning and decision making, and the model is being prepared
for generating maps of coastal wetlands on the basis of a range of future scenarios.

1 Introduction

Coastal wetlands comprising of mangrove forests and saltmarshes occupy a unique niche
within the upper half of the tidal frame; a niche that is projected to increase its elevation as sea
level rises (Schuerch et al., 2018). Coastal wetlands can adapt to this changing tidal frame by
accumulating mineral and organic material in substrates to increase substrate elevations, and by
translating laterally to higher elevations (Fagherazzi et al., 2020; Woodroffe et al., 2016). There
is, however, evidence from early Holocene paleo-stratigraphic observations that the capacity of
coastal wetlands to adapt in situ to sea-level rise may become highly unlikely as rates of sea-
level rise exceed approximately 7 mm ¥ (B P Horton et al., 2018; N Saintilan et al., 2020).
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Based on current likely projections, this rate of sea-level rise will likely be exceeded by 2080-
2100 when warming exceeds 3°C (Fox-Kemper et al., 2021). This means that lateral space for
coastal wetlands to extend to higher elevations will become increasingly important to maintain
and enhance the ecosystem services provided by coastal wetlands (Nicholls, 2011). These
services are substantial, will improve the resilience of shorelines to climate change and may
contribute to climate mitigation efforts by enhancing carbon sequestration (Barbier et al., 2011,
Sutton-Grier et al., 2014). However, the coast is a highly contested space and, in many locations,
lateral space for migration is limited by barriers to tidal exchange (e.g. sea walls, roads and
buildings), or conflicting land use and land cover (Doody, 2004; Pontee, 2013; Torio and
Chmura, 2013). As a consequence, there is increasing need to plan for coastal wetland adaptation
to sea-level rise, with models of coastal wetland evolution being necessary to provide the
required confidence in projections that are used to inform planning decisions (Wiberg et al.,
2020).

Zero-dimensional (0D) models of substrate evolution are used to explore future coastal
wetlands scenarios on the basis of change in elevation of a single point (Fagherazzi et al., 2012),
and are the basis for one-dimensional models of changes along a transect and fully three-
dimensional models that can be presented as maps of projected coastal wetland distribution.
These models are all useful for planning, however, there is an increasing desire for high
precision maps of projected distribution changes to inform planning and decision making at the
local scale. There are a range of models that have been developed to project coastal wetland
responses to sea-level rise, largely arising from research undertaken in the USA and Europe
(Fagherazzi et al., 2012; Fagherazzi et al., 2020; Wiberg et al., 2020), and rarely from locations
in the southern hemisphere (Oliver et al., 2012; Rodriguez et al., 2017; Sandi et al., 2021). This
is problematic as the sea-level history of coastal wetlands in the southern hemisphere, which has
been relatively stable for the past few millennia, contrasts that of the northern hemisphere where
shorelines have been highly influenced by glacio-isostatic adjustment (Clark and Lingle, 1979;
Khan et al., 2015). Sea-level history has important implications for coastal wetland evolution
(Rogers et al., 2019a), and substrate carbon content and bulk density (Rogers and Saintilan,
2021; Rogers et al., 2022; Neil Saintilan et al., 2022). In addition, the vegetation composition of
coastal wetlands can be remarkably different. For example, mangrove forests generally extend to
higher latitudes in the southern hemisphere due to the modifying effect of expansive oceans on
coastal temperatures, and the improved tolerance of the mangrove species Avicennia marina to
lower temperatures (Quisthoudt et al., 2012; N. Saintilan et al., 2014). In addition, saltmarsh
diversity can be high, particularly where Spartina species are absent (Adam, 2009; Neil Saintilan,
2009), and the outcome of high species diversity can be complex arrangements of mangrove and
saltmarsh species within the upper half of the tidal frame (Bridgewater and Cresswell, 1999).
Models of coastal wetland response to sea-level rise that have been developed in the northern
hemisphere may, therefore, not be effective in the southern hemisphere, and validation is
necessary to ensure their efficacy. Furthermore, models should be calibrated using data from the
southern hemisphere to account for species-specific influences on organic matter addition to
substrates, rather than extrapolating the response of coastal wetlands to conditions beyond their
geographic range. Unfortunately, both calibration with local data and validation of models to
local conditions is rarely undertaken when modelling the response of coastal wetlands to sea-
level rise.

Many 0D models of marsh evolution build upon the framework proposed by Allen (2000)
that accounts for the changing tidal position of coastal wetlands in response to mineral and
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organic matter addition to substrates, autocompaction of substrates and sea-level rise; with
glacio-isostatic adjustment, subsidence or uplift being accounted for when occurring at a site.
Mineral addition is typically included using a linear relationship with inundation frequency, and
often calibrated according to a dimensionless measure of tidal position (Wiberg et al., 2020).
Following the findings of Morris et al. (2002), organic matter addition is commonly incorporated
according to a quadratic relationship, with the premise being that organic addition will be
greatest at the mid-point between the vertical distribution of vegetation. Autocompaction is
evidently a more complex measure to incorporate, and many studies either presume
autocompaction operates solely via decomposition of organic material (Zhang et al., 2020), or
apply a consistent autocompaction factor across the tidal frame (Marani et al., 2013), despite
considerable evidence that autocompaction is spatially variable, asymptotically limited (4//en,
2000) and related to vertical accretion (Rogers and Saintilan, 2021; Neil Saintilan et al., 2022).
There are some exceptions to these treatments of autocompaction that incorporate sub-models
addressing the various aspects leading to autocompaction, including decomposition of organic
material, compression and consolidation (Mudd et al., 2009; Swanson et al., 2014; Thorne et al.,
2018).

In this study we seek to address some of the deficiencies in previous modelling exercises
by parameterising and calibrating the A//en (2000) model according to conditions observed at a
study site in the southern hemisphere where sufficient data is available for model development:
Westernport Bay, Victoria (Rogers and Saintilan, 2021; Rogers et al., 2022). This study builds
upon an extensive period of data collection that has provided the basis for calibrating sub-models
of mineral and organic matter addition and autocompaction of substrates using real data from co-
occurring mangrove forests and saltmarshes. Modelling co-occurring mangrove and saltmarsh
forests has rarely been undertaken (Oliver et al., 2012), and adds more complexity to the
modelling framework than is typically presented for saltmarsh or mangrove models alone. In
addition, the model is calibrated for a range of sub-sites that represent conditions of varying
sediment supply. These sub-models were parameterised with unique datasets: a 20-year record of
surface elevation gain and vertical accretion from a network of surface elevation tables coupled
with marker horizons (SET-MH); detailed analyses of sedimentation over the past 50-150 years
from radiometric analyses; organic matter concentrations within substrates; and inundation
characteristics (Rogers and Saintilan, 2021; Rogers et al., 2022). Following calibration,
validation was undertaken and targeted three timescales: short-term validation encompassed the
observational period of SET-MH measurements; medium-term validation encompassed the
period when higher resolution colour aerial photography was available (35-years); and long-term
validation focussed on the period of landscape evolution occurring under relatively stable sea
levels since the mid-Holocene. This degree of temporal validation also addresses concerns
regarding timescale bias in assessments of vertical change in coastal wetlands (Breithaupt et al.,
2018). It is anticipated that this model can be used to explore future sea-level rise scenarios over
a range of management-relevant timescales, incorporating processes influencing landscape
evolution and with further modification, applied in three dimensions to map projected shoreline
changes under future sea-level rise scenarios.
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2 Materials and Methods

2.1 Study area

Model development, calibration and validation was undertaken using data collected in
coastal wetlands of Westernport Bay, Victoria, Australia, over a 20 year measurement period
(Rogers and Saintilan, 2021; Rogers et al., 2022). Mangrove forests comprising the low
temperature tolerant Avicennia marina and highly diverse saltmarshes occupy the upper half of
the tidal frame, whilst seagrass beds occupy low energy tidal flats in the lower half of the tidal
frame (Boon et al., 2015).

Westernport Bay is a large marine embayment (~680 km®) that drains a catchment of
3433 km? (Figure 1). The region is relatively tectonically and isostatically stable, as evident from
negligible vertical land movement recorded on tide gauges (Khan et al., 2015; White et al.,
2014). Post-glacial sea levels increased to near present levels at approximately 7 ka, and debate
continues regarding the occurrence of a highstand of 1-1.5 m above present levels (Dougherty et
al.,2019; Kennedy et al., 2020; Lewis et al., 2013; Sloss et al., 2007). A tide gauge is located at
Stony Point and indicates a linear trend of increasing mean sea level in the order of 3.0 + 0.4 mm
yr'! between 1981 and 2017 (Rogers and Saintilan, 2021).
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Figure 1. Study location at Westernport Bay, Victoria, Australia, and sub-sites used for
model parameterisation, including French Island, Kooweerup, Quail Island and Rhyll Inlet.

Westernport Bay has two entrances to Bass Strait with the eastern entrance exhibiting
more constricted tidal movement than the western entrance. Tides propagate clockwise through
the western entrance, and anticlockwise through the eastern entrance, converging along the
northeastern portion of the embayment. The tidal regime is semi diurnal and has a range of up to
3.1 m, and significant tidal amplification is evident along the Upper North Arm (Water
Technology, 2014). The embayment is relatively shallow and sediment is largely yielded from
hillslope, gully and riverbank erosion occurring in sub-catchments located on the north-eastern
shoreline of Westernport Bay, namely the Lang Lang River (0.47 t ha ' yr '), Bass River (0.30 t
ha™' yr'"), Bunyip River (0.25 tha™' yr'"), and to a lesser degree Yallock Creek (0.21 tha™' yr)
and Cardinia Creek (0.15 t ha ' yr ') (Hughes et al., 2003). Despite substantial sediment yield,
considerable cliff erosion occurs in the same vicinity as these sediment sources and largely
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occurs in response to fetch-based waves that propagate normal to the north-eastern shoreline
(Water Technology, 2014).

This study specifically uses data collected from four sub-sites in Westernport Bay,
French Island, Kooweerup, Quail Island and Rhyll Inlet (Figure 1). A network of SET-MH was
established at these sub-sites in October 2000 to provide information on rates of vertical
accretion, surface elevation gain and autocompaction; these results have been reported in Rogers
and Saintilan (2021). Cores were also extracted at each sub-site to characterise organic matter
within substrates and develop a sediment chronology using *'°Pb dating techniques, with results
being reported in Rogers et al. (2022). These studies demonstrate that rates of sedimentation and
vertical elevation gain are highest at study sites along the Northern Arm where tidal flat
development is substantial and fetch based wave activity operates parallel to the shoreline.
Sediment addition was found to be lower within the smaller tidal creek system of Rhyll Inlet, and
lowest on the eastern shoreline of Quail Island where hydrodynamic energy and limited
accommodation space restricts coastal wetland development.

2.2 Model description

The model developed for this study applied the 0D model proposed by (A4/len, 2000) that
underpins other parameterised models of coastal wetland response to sea-level rise, including
WARMER (Swanson et al., 2014; Thorne et al., 2018) and OIMAS-N (Mudd et al., 2009). The
model was parameterised with data available for the study site. This included data on rates of
mineral and organic matter addition within substrates, and autocompaction, which were placed in
the context of a tidal frame influenced by sea-level rise (Eq 1). For simplicity, the tidal frame
was presumed to remain stable, despite emerging evidence that the tidal frame can be modified
by geomorphological changes to coasts in response to sea-level rise, and other activities, such as
dredging (Khojasteh et al., 2021). Mineral matter addition was also presumed to be delimited by
tides, as occurs in many locations where terrigenous inputs through overland flow or aeolian
processes are limited. As the primary vegetation zones are vertically distributed between
approximately mean sea level and the limits of tidal inundation, organic matter addition was also
constrained to these boundaries.

Accordingly, incremental elevation change (E.;) was parameterised as per Equation 1:

E¢r1 = E; + MARg() + OARg( — AC; — SLR;
1)
where E, is the elevation of the wetland surface relative to mean sea level at a given time;
E¢44 1s the annualised increase in elevation from E;; MARg ) is the annual rate of mineral
deposition at elevation E; OARE ;) is the annual rate of organic matter addition at elevation E;
AC, is the annual rate of autocompaction at elevation E; and SLR; is the annual increment of
SLR. As per previous simulations, empirical data from radiometrically dated sediment cores was
used to calibrate mineral (MAR) and organic matter (OAR) addition rate functions (Buffington et
al.,2021; Mudd et al., 2009; Thorne et al., 2018). In our adapted model, the MAR, OAR and AC
sub-models were functions of elevation and time, as per equations 2, 3 and 4, respectively.
Model calibration was undertaken at the sub-site level as differences in mineral sediment supply
and vegetation structure were evident between sub-sites (Rogers and Saintilan, 2021). This
provided the opportunity to consider the influence of varying sediment supply and plant
productivity on model simulations.
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2.3 Sub-model set-up

Sediment cores were extracted from the mangrove and saltmarsh at each sub-site in 2017.
Cores were located within the middle of the zone where SET-MHs were positioned, and the
surface elevation at each core location was recorded using a real-time kinematic global
positioning system. Cores were split longitudinally and subsampled at every cm in the top 10 cm
of the soil profile, and every 5 cm afterwards to a core depth of 1 m. Grain size was determined
for each sample using a Malvern Mastersizer 2000 laser diffractometer. Samples were oven dried
to constant weight at 60°C and dry bulk density was estimated as the ratio of the dry sample
mass to the wet sample volume. Samples were homogenised using a Retsch three-dimensional
vibrator mill (Type-MM-2: Haan, Germany) and analysed for percentage carbon using dry
combustion techniques by the Environmental Analysis Laboratory at Southern Cross University.
Detailed sediment characterisation is provided in Rogers and Saintilan (2021). Carbon
concentration was converted to organic matter concentration using equations specifically
developed for mangroves and saltmarshes in the study region that relate the proportion of carbon
to the proportion of mass lost on ignition (LOI) (Owers et al., 2016). Grain size composition (%),
dry bulk density (g cm™), proportion of organics and inorganics (%), organic and inorganic
concentrations (g cm’), mineral concentrations (g cm™), and carbon concentrations (%) at
various depths are provided in Figure S1.

To determine organic and inorganic matter addition rates, the total organic matter and the
total inorganic matter was determined over substrate depths of known age. The age of
accumulated material at various depths was determined using *'°Pb dating techniques applied to
the same cores analysed for carbon concentration and reported in detail in Rogers et al. (2022).
As per Rogers et al. (2022), the constant rate of supply model was used to determine sediment
ages and results of 2'°Pb analyses are provided in Figure S2.

0

OAR = Z 0ps 2)

a

0
MAR = Z(l — 0)ps 3)

where a is depth, based on approximately 50 years of sedimentation determined from
219pp profiles, ps is bulk density, and o is organic matter concentration (%). The depth of a was
based on the age of sediments at the base depth where organic material was concentrated within
sediment profiles and ranged between 48 years at depth of ~ 35 ¢cm in the mangrove at French
Island to 148 years at a depth of ~ 1 m in the mangrove at Rhyll Inlet.

To account for the varying contribution of organic matter to substrates between
vegetation types, we used a vegetation zonation approach that accounted for the influence of
elevation or inundation on vegetation zonation. The vertical distribution of mangrove and
saltmarsh zones was determined from mapping of vegetation boundaries from contemporary
aerial photography, as detailed in Rogers et al. (2022), and extracting elevation statistics of
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boundaries at each sub-site via analyses with a LIDAR-derived digital elevation model (see
Table S1 for values). For the mangrove zone, organic matter addition was presumed to be
negligible for elevations at or below the median elevation of the seaward mangrove boundary
and the upper 75% quantile of the landward mangrove boundary. For the saltmarsh zone, organic
matter addition was presumed to be negligible at the lower 25% quantile of the seaward
boundary and at the modelled elevation of the highest astronomical tide. The modelled highest
astronomical tide elevation was used to delimit the landward extent of saltmarsh, rather than
elevation statistics extracted from mapping of the landward saltmarsh boundary, as the landward
extent is heavily influenced by adjoining land uses and drainage and is therefore not likely to be
indicative of the true landward saltmarsh limit. As the landward mangrove boundary and the
seaward saltmarsh boundary are mapped as the same feature, using the 75% quantile for the
mangrove landward boundary and 25% quantile for the saltmarsh seaward boundary
accommodated overlap between these zones. Vegetation transitions within later model
simulations were parameterised to occur at the intersection between mangrove and saltmarsh
OAR sub-models. The boundary elevations (m AHD) for mangrove and saltmarsh zones at each
sub-site is provided in Table S1.

Sub-models described below were initially calibrated to the Australian height datum
(AHD), where 0.000 m AHD represents mean sea level modelled from 30 tide gauges around the
Australian coast between 1966 and 1968. Whilst 0.000 m AHD approximates mean sea level,
there is reported to have been 1.4 + 0.3 mm yr™' sea-level rise around the Australian coast in the
period 1966-2009 (White et al., 2014). Accordingly, AHD is not a definitive indication of
elevations with respect to mean sea level and does not account for increases to mean tidal level
due to sea-level rise. In addition, applying the model with respect to absolute elevation does not
accommodate variation in tidal range that can occur between sites. To accommodate these
factors within simulations, we followed the approach of earlier sea level environmental
reconstruction studies (B Horton et al., 1999; Kemp et al., 2013; Lal et al., 2020) and WARMER
experiments (Buffington et al., 2021; Thorne et al., 2018) by recalibrating all sub-models to the
tidal frame at each sub-site using a unitless measure of relative elevation that accounts for
variation in tidal range between sub-sites and facilitates comparisons between sub-sites. In this
study, position within the tidal frame (z) was delimited by the model boundaries, whereby
coastal wetland vegetation largely occurs between mean tide level and highest astronomical tide.

_ E-MTL
~ HAT — MTL 4)

where E is the elevation with respect to AHD, and mean tide level (MTL) and highest
astronomical tide (HAT) are defined with respect to AHD.

V4

To determine mean tide level, processed data of mean minimum, mean and mean
maximum monthly water level were accessed for the Stony Point tide gauge for the full record
length. Linear regression analyses were applied to the mean water level to determine mean tide
level (MTL) at the tide gauge at the time of core extraction (see Figure S3, Table S2). A similar
approach was applied to the mean maximum monthly water level to determine the maximum tide
level at the tide gauge at the time of core extraction. Rogers et al. (2022) calibrated site-specific
water-level data derived from Hobo water-level loggers against tide gauge data to ascertain the
degree of tidal modification that occurs within Westernport Bay. For this study, highest
astronomical tide was identified as the maximum monthly water level at the time of core
extraction, estimated on the basis of linear regression analyses, with an additional tidal
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modification factor. Water level data, tidal modification factors from Rogers et al. (2022),
elevation of vegetation zonation boundaries and the position in the tidal frame of vegetation
zonation boundaries are provided in Table S3.

2.4 Sub-model calibration

Mineral sediment accretion has been shown in previous studies (Cahoon and Reed, 1995;
Palinkas and Engelhardt, 2019) and at this study site to be linearly related to elevation,
accommodation space or inundation frequency (Rogers and Saintilan, 2021; Rogers et al., 2022);
and provided confidence that linear relationships would be suitable for the MARg ) sub-model.
Linear relationships were established between MAR and elevation using data from mangrove
and saltmarsh cores at each sub-site. We presumed negligible mineral sediment accretion at the
landward boundary where accommodation space is limited, modelled as the limit of HAT.
WARMER-2 (Buffington et al., 2021) proposed high MAR at lower elevations was unrealistic,
and presumed that erosion did not occur; they accounted for this by developing a model that
balances sediment deposition flux. This modification was not incorporated in this study as it was
anticipated that the autocompaction sub-model would adjust for this process. Validation of the
autocompaction model at the study site by Rogers et al. (2022) confirm that this is a reasonable
assumption. MAR sub-model parameterisation and calibration, with respect to z, are provided in
Figure S4 andd Table S4. Rogers et al. (2022) report on tidal impoundment within abandoned
salt evaporative ponds in the saltmarsh at French Island and indicate that this has important
implications for both mineral and organic matter addition at this location. The French Island
MAR models was subsequently recalibrated to indicate a linear relationship between mineral
accretion in the mangrove zone and no mineral accretion at the limit of tidal inundation.

Organic matter addition has been related to elevation using a second-order polynomial, as
per James T. Morris et al. (2002) and parameterised in the Marsh Equilibrium Model (James T
Morris et al., 2021), and peak models may describe the relationship between OARg () and
elevation better than linear models at the study site (Rogers and Saintilan, 2021). Second-order
polynomial relationships were established between OAR and elevation using data from
mangrove and saltmarsh cores and presuming negligible OAR at the boundaries of each
vegetation zone. OAR sub-model parameterisation and calibration, with respect to z, are
provided in Figure S5 and Table S5. The position within the tidal frame (z) (tidal position) at
which transitions between vegetation zones would be simulated was parameterised to occur at
the intersection between mangrove and saltmarsh OAR sub-models. To validate this assumption,
we established the tidal position (z) at the mapped mangrove-saltmarsh boundary in 2009 and
compared this value to the tidal position of the intersection between mangrove and saltmarsh
OAR sub-models. Comparisons of the modelled and observed elevation of the landward
mangrove boundary were undertaken and analysis of variance was applied to ascertain whether
there was a significant difference in the modelled and observed elevations at each sub- site.
Validation results and comparisons, provided in Table S6 and Figure S6, confirmed no
significant difference between modelled and observed elevation at sub-sites (p = 1.000), and
provided confidence in parameterisation of the tidal position of the mangrove-saltmarsh
boundary.

To account for post-depositional processes of autocompaction, the relationship
established between autocompaction and vertical accretion at the study site was adapted. This
relationship was derived from a 20-year SET-MH monitoring record of vertical accretion and
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surface elevation gain that demonstrated that autocompaction was linearly related to vertical
accretion, with approximately 80% of deposited sediment annually undergoing post-depositional
autocompaction (Rogers and Saintilan, 2021). The established relationship was modified to
ensure autocompaction was negligible at the elevation of the landward boundary, modelled as the
limit of HAT. This modulation was directly applied to MAR ) to determine AC;, and, whilst not

directly related to elevation, it is implicitly related to elevation. AC; sub-model parameterisation
are provided in Figure S7 and Table S7.

2.5 Short-term model validation

For short-term validation, the model was set-up to run at the starting elevation of the SET
located nearest to the point of core extraction and ran for a 20-year period corresponding to the
period of SET measurements from October 2000. Sea-level rise was imposed on the model and
estimated as approximately 3.03 mm yr-1 based on the rate of sea-level rise recorded at the
nearest tide gauge between 2000 and 2017, a rate that is relatively consistent with global trends.
Simulated surface elevations were then compared to the time-series of surface elevation change
recorded at the nearest SET. To validate model performance, matched pairs t-test was undertaken
to ascertain whether statistical differences existed between elevation measured using SETs and
simulated elevations at each sub-site and within each zone. While SET measurements have a
reported confidence of £ 1.5 mm (Cahoon et al., 2002), considerable variability can arise due to
the influence of the El Nifio Southern Oscillation on substrate volumes at Westernport Bay (K.
Rogers et al., 2005). To account for this variability, comparisons were also made between the
mean difference in SET measurements and simulations, and the mean standard error arising from
SET measurements.

2.6 Medium-term model validation

For medium-term validation we followed the approach of Mogensen and Rogers (2018)
by hindcasting elevations to an initial start date, running the model over the historical period
using observed rates of sea-level rise, and then comparing the simulated elevations to
contemporary elevations. For validation, we focussed on elevations near MTL as this is where
the highest degree of change in elevation is likely to occur, and at the landward mangrove
boundary. The utility in validating the landward saltmarsh boundary is limited because this
boundary is high in the tidal frame and less influenced by bio-morphodynamic changes (Rogers
et al. in review) due to low rates of tidal inundation and sediment addition. In addition, this
boundary is generally more influenced by human interventions, such as drainage, infilling and
disturbance.

Prior to validation simulations, validation set-up was required to identify starting
elevations for simulations and expected elevations for comparison with simulation outputs.
Linear regression analyses of mean monthly tide gauge data (Figure S3 and Table S2) indicated
that mean tide level was approximately 0.03 m in 2009, which was at or near the seaward limit of
mangroves based on digitisation of mangrove boundaries on high resolution imagery from 2009
(Table S1). Following confirmation that the mangrove seaward boundary approximated mean
tide level, the seaward and landward boundaries of the mangrove at each sub-site was digitised
from aerial photography near the commencement of tide gauge records at Stony Point. Aerial
photography from 1973/74 was collected in colour and at high resolution, thereby providing
improved capacity to map the mangrove seaward boundary. The mapping of these boundaries
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has been presented in Rogers et al. (2022). Using linear regression analyses provided in Figure
S3 and parameters in Table S2, mean tide level and highest astronomical tide was hindcast to the
time of digitised historic aerial photography (i.e. 1973/74). The mapped seaward boundary in
1974 was presumed to have an elevation at or near the elevation of the hindcast mean tide level.
To hindcast the elevation of the mapped landward mangrove boundary in 1974, we first defined
the approximate position in the tidal frame of this boundary in 2009 using Equation 1. Using
hindcast values of mean tide level and highest astronomical tide we then resolved the starting
elevation for simulations of the landward mangrove boundary in 1974. Hindcast elevation of the
seaward and landward mangrove boundaries in 1974 was used as the starting point for model
simulations, and the model was projected to run from 1974 until 2009 at each elevation. The
modelled elevation at 2009 was compared to the expected elevation, which was defined as the
elevation of the 1974 boundaries on the 2009 LiDAR-derived DEM. Matched pairs t-test was
applied to test whether significant differences between the expected and modelled elevations
were evident.

2.7 Long-term model validation

For long-term validation, the model was run for a period of 2020 years over the
Holocene. There remains ongoing debate about the sea-level history over the mid to late
Holocene for the Australian margin (Lewis et al., 2013), with some authors proposing a
highstand of approximately +1.5 m higher than present, and others finding no evidence of a
highstand. This uncertainty remains for the study region, with only one fixed biological
indicator, positioned within the zone of contemporary wave impact at an elevation of +1.5 m
AHD, and other evidence of a highstand in the region is reportedly absent (Kennedy et al., 2020).
For the purposes of long-term model validation, we have presumed that sea level was stable for
millennia, not only because there is insufficient evidence of a highstand, but also because model
parameterisation was undertaken based on conditions of low rates of sea-level rise, not sea-level
fall as would have occurred following a mid-late Holocene high stand.

Whilst it is likely that the tidal regime across Westernport Bay has changed over the late
Holocene, we have limited data for parameterisation and therefore presumed the tidal range was
consistent with contemporary conditions for the period of model validation simulations. All other
variables were also based on contemporary model parameterisation. The model was
parameterised for each sub-site for a period of 2020 years, with 1900 years based on stable sea-
level conditions, and the remaining 120 years based on observations of 20™ and 21* century sea-
level rise acceleration reported by the Intergovernmental Panel on Climate Change (IPCC) (Fox-
Kemper et al., 2021). The outcome was that mean sea level was hindcast to 1900, and this was
used as the starting elevation for model simulations. The IPCC specifically report SLR of 0.20
(0.15-0.25) m rise over the period 1901-2018, with considerable acceleration from a median rate
of 1.35 (0.78-1.92) mm yr'1 between 1901 and 1990, 2.33 (1.55-3.12) mm yr'1 between 1971 and
2018, 3.25 (2.88-3.61) mm yr' between 1993 and 2018, and 3.69 (3.21-4.17) mm yr'' between
2006 and 2018. For long-term validation we parameterised the 20" and 21st century sea-level
rise scenarios as accelerating from 1.35 mm yr'' between 1901-1970, to 1.73 mm yr' between
1971-1993, and 3.69 mm yr~' between 2006-2020. We confirmed that model simulations
equilibrated at the top of the tidal frame before the commencement of the 20™ century, and this
elevation was presumed to represent equilibrium elevation prior to the 20" century sea-level rise
acceleration. We then determined the elevation of what was the equilibrium elevation prior to the
20™ and 21* century sea-level rise.
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We compared these simulated values to ‘real’ elevations at Westernport Bay by
presuming that the saltmarsh at each sub-site represents the former equilibrium elevation.
Transects were extracted from a LiDAR-derived digital elevation model that indicates elevation
at 2009. These transects confirmed that the mapped Tecticornia and herbaceous saltmarsh zones
exhibited negligible slope. The average elevation of the saltmarsh plain along each transect was
then determined for comparison with the simulated elevation at 2009.

3 Results

3.1 Short-term validation

SET measurements corresponded reasonably well with model simulations over the period
2000-2020 (Figure 2), particularly given the reported variation in SET measurements at
Westernport Bay (K. Rogers et al., 2005). Matched pairs t-tests indicated high correlation
between the SET measurements and model simulations at each study location (Table 1). At
French Island, the model simulated lower rates of surface elevation gain in the saltmarsh than
was observed from SET measurements (p = 0.0008); this was not surprising given the tidal
impoundment that occurs at this location following abandonment of evaporative salt ponds
(Rogers and Saintilan, 2021). At Kooweerup, the model tended to simulate higher rates of
surface elevation gain in the saltmarsh (p = 0.0007). Significant differences in SET
measurements and model simulations were also evident at Quail Island in the mangrove (p =
0.0468) and saltmarsh (p = 0.0247); however, this sub-site exhibits considerable variability in
SET measurements and the mean difference in SET measurement and simulations did not exceed
the mean standard error arising from SET measurements. Excluding the saltmarsh at French
Island, the mean difference between model simulations and SET observations was < (0.02 m, and
this provided considerable confidence in model performance over the 20-year time frame.
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Table 1. Matched pairs t-test statistics comparing model simulations (m AHD) to SET
measurements (M AHD)at each subsite. * denotes significant differences at significance level of
0.05; " denotes zones within sub-sites where the mean difference in SET measurements and
simulations exceeded the mean standard error of SET measurements.

Sub-Site French Island Kooweerup Quail Island Rhyll Inlet
Zone Mangrove [Saltmarsh [Mangrove [Saltmarsh [Mangrove [Saltmarsh Mangrove [Saltmarsh
Mean Difference | 0.0027 | -0.033 | 0.0009 0.02 -0.008 -0.002 | 0.0023 | 0.0004
Standard Error 0.002 0.0066 0.002 0.0042 | 0.0035 | 0.0008 | 0.0015 | 0.0006
Correlation 0.917 0.9925 | 0.9665 | 0.8828 | 0.9739 | 0.9676 | 0.9341 | 0.9712
t-Ratio 1.345 -4.985 | 0.4674 | 4.8152 | -2.303 -2.64 1.5251 0.615
Prob > [t| 0.2115 | 0.0008* | 0.6502 | 0.0007* | 0.0468* | 0.0247* | 0.1555 | 0.5511
Prob >t 0.1058 | 0.9996 | 0.3251 | 0.0004* | 0.9766 | 0.9876 | 0.0777 | 0.2755
Prob <t 0.8942 | 0.0004* | 0.6749 | 0.9996 | 0.0234* | 0.0124* | 0.9223 | 0.7245
SET Mean 0.0096 | 0.0033" | 0.0044 | 0.0035" | 0.0111 0.013 0.0026 | 0.0027
Standard

Error

3.2 Medium-term validation

Model simulations between 1974 and 2009 (Figure 3) and comparison with elevations at
2009 extracted from a LiDAR-derived DEM confirmed reasonable agreement (Table 2) between
modelled elevations and expected elevations. Matched pairs t-test confirmed no statistical
difference between expected and modelled elevations for both the seaward and landward
mangrove boundary (Prob > |t| = 0.2605, Prob >t = 0.1302, Prob <t = 0.8698).
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Table 2. Estimated tidal position of the seaward and landward mangrove boundary at
each sub-site, hindcast elevation (m) of each boundary at 1974, modelled elevation of each
boundary at 2009, expected elevation of each boundary at 2009 based on extraction from a
LiDAR-derived digital elevation model, and difference between expected and modelled
elevation. 'Start elevation for model simulations.

‘ Mangrove PosiFion in Hindgast Model}ed Expec?ed Difference
Sub-site Boundary Tidal Elevatlon1 Elevation | Elevation (m)
Frame(z) | (m AHD) (m AHD) (m AHD)
Seaward 0.00 -0.08 0.03 0.00 -0.03
French Island [Landward 0.77 1.22 1.26 1.33 0.07
Seaward 0.00 -0.08 0.15 0.25 0.10
Kooweerup |Landward 0.66 1.38 1.50 1.48 -0.02
Seaward 0.00 -0.08 -0.03 -0.13 -0.10
Quail Island |Landward 0.60 1.00 1.03 1.11 0.08
Seaward 0.00 -0.08 0.03 0.12 0.09
Rhyll Inlet  |Landward 0.69 1.02 1.06 1.12 0.06

3.3 Long-term validation

Profiles at each study location confirmed that substrate elevations within the saltmarsh
were relatively stable with slopes of < 0.01 (Figure 4). Comparison of modelled elevations at
2009 against LiDAR-derived mean elevations of the saltmarsh indicated that modelled
simulations were within 0.06 m of expected elevations for each sub-site, except Quail Island
(Table 3), and lie well within the range of the reported vertical accuracy of the LIDAR data set.
Given the position of the Quail Island sub-site along a tidal creek where accommodation space is
limited, it is not surprising that the discrepancy between the expected and modelled elevation at
this site was substantial. Matched pairs t-tests for all sites confirmed reasonable agreement (Prob
> |t| = 0.1335, Prob >t = 0.0668, Prob <t = 0.9322), but imply a tendency to marginally
underestimate elevations.
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Table 3. Modelled equilibrium elevations at 1900, modelled elevations of the former
equilibrium elevation at 2009 and expected elevation at 2009, as per Figure 4 and based on
extraction from a LiDAR-derived DEM.

Equilibrium Modelled Expected
Sub-site elevation at 1900 elevation elevation Difference (m)
(m AHD) (m AHD) (m AHD)
French Island 1.53 1.57 1.62 -0.05
Kooweerup 1.68 1.77 1.76 +0.01
Quail Island 1.39 1.44 1.67 -0.23
Rhyll 1.38 1.42 1.36 +0.06

4 Discussion

4.1 Model Performance

Model validation is rarely undertaken for coastal wetland evolution models, and this
largely arises from the difficulty in hindcasting models and generating a substrate surface for
comparison of hindcasts (Wiberg et al., 2020). Accordingly, models are typically forecast from a
previous elevation and then compared to contemporary conditions (Mogensen and Rogers,
2018). In the few locations where repeat elevation surveys are available, either from LiDAR data
or measurements of surface elevation change, models could be validated; however, this short
validation period limits the capacity to apply models with confidence beyond the validation
period. In this study, considerable effort was placed on calibrating sub-models using real data
from across a range of sub-sites that exhibit varying rates of mineral and organic matter addition,
and then validating the model across a range of timescales extending from the observational
period (~20 years) to a few millennia.

High correlation between model simulations and SET measurements was established
during short-term validation against observational records. Some statistically significant
differences were detected between SET measurements, particularly in the saltmarsh zones where
tidal modification influences rates of organic matter accumulation. For example, tidal
impoundment associated with abandoned salt ponds has favoured organic matter accumulation,
resulting in observed rates of surface elevation gain exceeding model simulations (Rogers and
Saintilan, 2021). The inverse pattern was evident at Kooweerup and may arise due to ditching at
the back of the saltmarsh modifying drainage and favouring organic matter decomposition.
While-t tests indicated some statistically significant differences, the record of observations may
not sufficiently describe the variation in SET measurements over time. Assessment of
differences between observations and simulations in the context of the error in SET
measurements indicates that it is only in the saltmarsh at French Island and Kooweerup where
differences exceed the error. Modifying tidal behaviour is reported to influence restoration
success (Glamore et al., 2021), and on-going monitoring of the influence of tidal modification of
surface elevation trajectories is recommended.

Comparison with changes observed in the seaward and landward boundary of the
mangroves in aerial photography between 1974 and 2009 indicated reasonable agreement over
the 35-year model projection period. The greatest discrepancy, in the order of +0.10 m, was
evident at the seaward boundary at Kooweerup, where rapid shoreline progradation has been
documented. A similar discrepancy of -0.10 m is evident at the seaward boundary at Quail
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Island; a shoreline on the margins of a channel that is highly dynamic (Rogers and Saintilan,
2021). Large trees and associated canopy overhang likely limit the capacity to effectively map
the shoreline position at this location, and it is reasonable to assume that some of this
discrepancy is related to mapping errors of commission (Rogers et al., 2022). Based on model
assumptions regarding rates of sea-level rise over this 35-year projection period, this discrepancy
is regarded to be acceptable; this is further supported by statistical analyses indicating no
significant difference between the expected and modelled elevations.

Based on millennia of substrate evolution under relatively stable sea levels, model
discrepancy was greatest in the saltmarsh at Quail Island, the location with the lowest rate of
substrate elevation gain and the steepest saltmarsh slope, implying that equilibrium may not have
been achieved over this timescale. At sites where the saltmarsh slope was very low, rates of
sediment supply are high and where it is reasonable to presume that equilibrium was achieved
within the saltmarsh, discrepancies ranged between +0.06 m and -0.05 m; a remarkably small
value given the duration of model projection.

4.2 Model application

Following validation, we have some confidence that the 0D model could be used to
explore a range of future and/or hypothetical scenarios of coastal wetland evolution. However,
0D models, by design, only describe vertical adjustment of a point through time and whilst they
are the basis for spatial modelling and mapping, their application in three dimensions requires
further consideration. Currently, the model has been calibrated using spatially explicit, single-
point data, including data from eight cores that were analysed for organic matter content and to
develop a chronology of sediment supply, and 24 SET-MH that were used to develop the
autocompaction sub-model. As the autocompaction model is largely based on sediment
accretion, rates of sediment supply and mineral and organic matter addition will require
consideration of spatial variation across Westernport Bay. Hydrodynamic modelling is typically
advocated as the best approach for modifying sediment supply yet remains computationally
intensive to apply dynamically. Additionally, there are few examples where hydrodynamic
modelling has been dynamically applied to project the response of coastal wetlands to sea-level
rise (Kumbier et al., 2022). Given the scale of Westernport Bay, this is not currently a feasible
option, and geomorphological approaches that consider spatial controls on sediment supply
remain the best approach. This could include coastal system mapping (J French et al., 2016a; J R
French et al., 2016b) to identify shoreline units that behave with some consistency, segmenting
the bay on the basis of variation in tidal range (Mogensen and Rogers, 2018; Rogers et al.,
2019b) or modifying the coastal compartment approach to apply to a large marine embayment
(Davies, 1974; Thom et al., 2018).

As 0D models focus on vertical adjustment, they are limited in their ability to simulate
lateral changes as they presume no transport of sediment following deposition. Therefore 0D
models that focus on vertical adjustment are not able to simulate shoreline erosion or lateral
creek extension, and coupling of the vertical 0D model with lateral models that simulate
shoreline erosion and creek extension may be required. Shoreline erosion is evident on the
northeastern shoreline of Westernport Bay where fetch is greatest and active cliff erosion is
occurring (Water Technology, 2014), but is not currently evident along any of the shorelines
supporting coastal wetlands. Where fetch operates parallel to shorelines on the Northern Arm
there remains considerable lateral space, expansive tidal flats and high sediment supply within
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Westernport Bay (Hancock et al., 2001; Rogers et al., 2022); and it is reasonable to presume that
shorelines of the Northern Arm may not be exposed to considerable erosion. Furthermore, it has
been proposed that where shoreline extent is low relative to coastal wetland extent, models
operating in the vertical dimension may be sufficient (Wiberg et al., 2020), and have been
applied in three dimensions (Schile et al., 2014; Thorne et al., 2018). However, there is
increasing evidence from the USA that shoreline erosion is linked to vertical accretion, with
sediments eroded from shorelines being redistributed to inner marsh environments (Hopkinson et
al.,2018), a process somewhat similar to the proposed roll-back of estuarine shorelines (Elliott et
al., 2014). This process has been incorporated into models (Kirwan and Murray, 2008), and
could be considered for coastal wetlands on the margins of channels, such as Quail Island.
Additionally, there is evidence of expanding creek networks (Whitt et al., 2020) that have
facilitated lateral expansion of mangroves into saltmarshes throughout Westernport Bay and tidal
creek extension has been related to sea-level rise. The model should be tested in three
dimensions to determine its capacity to simulate tidal creek extension or coupled with a creek
extension model to effectively capture this process.

5 Conclusions

Model calibration improved upon previous attempts which simplified autocompaction;
this was achieved by incorporating an autocompaction model derived from a 20-year record of
measurements of surface elevation gain and vertical accretion. Overall, the model framework
performed well at the medium to long-term scale and was within the range of variability reported
in measurements of surface elevation change from the network of SET-MH at Westernport Bay
at the short-term scale. Validation across a range of temporal scales and sub-sites has provided
the confidence needed to apply this model to consider coastal wetland evolution under future
sea-level rise scenarios. Model performance is founded upon robust, site-specific data collected
relative to a range of timescales and model calibration for local conditions, in this case
recognising the varying contribution of mangrove and saltmarsh vegetation to substrate
elevations. We emphasise the critical need for site-specific data collection to calibrate and
validate models. This step is too often ignored because of the resources required to collect data
and the ease in extrapolating data from elsewhere to simulate marsh evolution. We now have the
necessary confidence in the model framework to consider projections based on future scenarios
of sediment accumulation and sea-level rise. Further work is required to apply the model in three
dimensions to generate a landscape scale model, with specific consideration given to lateral
changes in wetland extent.
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Figure 1. Study location at Westernport Bay, Victoria, Australia, and sub-sites used for
model parameterisation, including French Island, Kooweerup, Quail Island and Rhyll Inlet.

Figure 2. Comparisons for SET observations and model simulations in the mangrove and
saltmarsh at a) French Island, b) Kooweerup, ¢) Quail Island, and d) Rhyll Inlet. Mangrove and
saltmarsh SET measurements indicated by closed circles and open circles respectively;
mangrove and saltmarsh simulations indicated by solid and dashed lines, respectively.

Figure 3. Simulated elevation change between 1974 and 2009 for the seaward and
landward mangrove boundaries at a) French Island, b) Kooweerup, c¢) Quail Island, and d) Rhyll
Inlet. Mangrove and saltmarsh simulations indicated by solid lines and dashed lines,
respectively.

Figure 4. Substrate profile, and mean elevation and slope of the saltmarsh at a) French
Island, b) Kooweerup, ¢) Quail Island and d) Rhyll Inlet.

Table 1. Matched pairs t-test statistics comparing model simulations (m AHD) to SET
measurements (M AHD)at each subsite. * denotes significant differences at significance level of
0.05; f denotes zones within sub-sites where the mean difference in SET measurements and
simulations exceeded the mean standard error of SET measurements.

Table 2. Estimated tidal position of the seaward and landward mangrove boundary at
each sub-site, hindcast elevation (m) of each boundary at 1974, modelled elevation of each
boundary at 2009, expected elevation of each boundary at 2009 based on extraction from a
LiDAR-derived digital elevation model, and difference between expected and modelled
elevation.
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Table 3. Modelled equilibrium elevations at 1900, modelled elevations of the former
equilibrium elevation at 2009 and expected elevation at 2009, as per Figure 4 and based on
extraction from a LiDAR-derived DEM.
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