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Tidal inundation is the primary driver of intertidal wetland functioning and will be affected by
sea- level rise (SLR). The morphology of estuaries and friction across intertidal surfaces
influences tidal propagation; accordingly, sea-level rise not only increases inundation
frequency, but will also alter other tidal parameters, such as tidal range. To investigate
responses of estuarine intertidal vegetation, primarily mangrove and saltmarsh, to SLR an
eco-morphodynamic modelling approach was developed that accounted for some of the
feedbacks between tidal inundation and changes to wetland substrate elevations. This
model partially accounts for adjustment in estuarine hydrodynamics, and was used to
examine the potential effect of SLR onmangrove and saltmarsh distribution in a micro-tidal
channelised infilled barrier estuary in southeast Australia. The modelling approach
combines a depth-averaged hydrodynamic model (Telemac2D) and an empirical
wetland elevation model (WEM) that were coupled dynamically to allow for eco-
geomorphological feedbacks. The integrated model was parameterised to consider two
SLR scenarios, and two accretion scenarios within the WEM. Time series of observed
water levels, tidal inundation and flow velocity were used to validate the hydrodynamic
model for present-day sea level, whereas wetland mapping was used to verify predictions
of mangrove and saltmarsh distribution. Tidal range varied along the estuary, increasing in
response to low and high SLR scenarios (by up to 8%), and responded non-linearly under
high SLR. Simulations of low and high SLR scenarios indicated that wetlands mostly
withstand modest SLR rates (+ 5mm yr-1) through sedimentation, but submerge and
convert to subtidal areas under fast SLR rates (> 10mm yr-1). Projected changes in tidal
range are linked to eco-geomorphological feedbacks caused by changing wetland
extents and adjustments of intertidal wetland geomorphology through sedimentation.
Potential changes arising from morphological change at the entrance and in the tidal
channels is not obtained from the model. The results of this study demonstrate
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interconnections between hydrodynamics and intertidal wetlands, which need to be
accounted for when estimating wetland response to SLR in channelised estuaries.
Integrated models of estuarine-wetland systems are more precise as they account for
the dynamic feedbacks between hydrodynamics and wetlands. For example, they also
consider alterations to tidal range resulting from SLR and the effects of these on wetland
inundation and sedimentation.
Keywords: hydrodynamic modelling, Telemac2D, mangrove, saltmarsh, hydroperiod, Australia
1 INTRODUCTION

Intertidal wetlands, comprising mangroves and/or saltmarsh, are
among the most productive ecosystems in the world, providing
ecosystem services to coastal communities, such as coastal
protection, erosion control, maintenance of fisheries, and
opportunities to mitigate climate change through carbon
sequestration (Barbier et al., 2011; Gedan et al., 2011; Rogers
et al., 2019a). Low-energy coastal environments within deltas
and estuaries that are regularly inundated by tidal water provide
the shelter intertidal wetlands require to develop (Woodroffe
et al., 2016). Many studies suggest that tidal dynamics control
halophytic species distribution through variation in
characteristics of wetland inundation regime, such as
inundation duration or frequency (Watson, 1928; Baltzer,
1969; Spier et al., 2016; Kumbier et al., 2021). Sea-level rise
(SLR), as projected by the Intergovernmental Panel on Climate
Change (IPCC) and others (Church et al., 2013; Dangendorf
et al., 2017), will change the tidal regime and alter relationships
between sedimentation and wetland elevation (Allen, 2000;
McKee et al., 2012). This may cause wetlands to respond
through a combination of landward migration and vertical
adjustment, which both depend on the rate of SLR (Woodroffe,
2018). Eco-geomorphological feedbacks serve to maintain
coastal wetland substrates in situ by facilitating vertical growth
when the sea is rising (Kirwan et al., 2010; McKee et al., 2012).

Many empirical and physical studies involving hydrodynamic
modelling have investigated the response of tidal wetlands to SLR
(e.g. Morris et al., 2002; Craft et al., 2009; Alizad et al., 2016a).
Numerical models of physical processes resolve water and
sediment flows across the wetland based on simplified
hydrodynamic schemes, whilst empirical models use statistical
relationships derived from observations of spatial sedimentation
patterns, below-ground processes, and tidal inundation
(Fagherazzi et al., 2012).

The geomorphological evolution of intertidal wetlands
involves feedbacks between wetland inundation regime and
sedimentation, which manifests in a development from low to
high elevated wetlands. This evolution is driven by initially
prolonged tidal inundation and high sedimentation that
gradually decrease in time with increasing surface elevation
(e.g. potentially leading to mangroves being replaced by
saltmarsh). However, these natural dynamics are modified by
SLR. Wetland vegetation zonation arises in response to
inundation regimes, and a change to these inundation regimes
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(e.g. by SLR) will result in changes to the vertical distribution of
wetlands, which is reflected in recent observations of mangrove
encroachment into saltmarsh in southeast Australian estuaries
(e.g. Saintilan et al., 2014). Within estuaries, changes in wetland
inundation regime are not only driven by SLR itself (e.g. an
increase in mean water level) but also by alteration of the overall
hydrodynamics of the estuarine system, such as increasing tidal
range in response to SLR (Lee et al., 2017; Du et al., 2018;
Kumbier et al., 2018a). However, changes in estuarine
hydrodynamics are rarely considered in assessments of wetland
response to SLR, despite research indicating interconnections
between the two and suggestions that wetland modelling in
estuaries may have to account for tidal modifications
(Mogensen and Rogers, 2018). This most likely relates to the
chal lenges of coupling computational ly demanding
hydrodynamic models with empirical models of wetland
evolution, but may cause imprecise estimates of wetland
response to SLR in complex estuarine environments where
tidal dynamics change under SLR.

Empirical models of wetland change with SLR aim to account
for and quantify biophysical processes involved in the evolution of
wetlands, such as trapping of mineral sediment, organic
sedimentation through vegetation growth, or soil compaction
(Cahoon et al., 2006; Cahoon et al., 2011; Krauss et al., 2014).
Model inputs commonly include field measurements of surface
elevation change using techniques such as the surface elevation
table (SET) approach (Morris et al., 2002; Oliver et al., 2012;
Rogers et al., 2012), suspended sediment concentrations
(Temmerman et al., 2003a; Temmerman et al., 2003b) and
dating of sediment cores for accretion rates (Mudd et al., 2009;
Thorne et al., 2018). Such empirical data on sedimentation has
been combined with tidal measurements (e.g. depth below high
tide) to estimate the evolution of wetlands, with studies suggesting
either linear or exponential relationships between inundation (or
elevation used as a proxy for inundation) and mineral
sedimentation (Krone, 1987; Cahoon and Reed, 1995;
Temmerman et al., 2003b). However, relationships between tidal
inundation and sedimentation may differ between sites due to the
complex multidimensional interconnection of geomorphology,
hydrodynamics, and ecology in tidal wetlands. In consequence,
empirical models of wetland evolution developed for one study site
may have limited applicability to other sites (Mogensen and
Rogers, 2018; Wiberg et al., 2020; Rogers and Saintilan, 2021),
which is particularly true for highly parameterised, site-specific
models. Overall, empirical modelling studies as outlined above
May 2022 | Volume 9 | Article 860910
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contribute to process understanding of wetland evolution, and can
be used to estimate wetland responses to SLR (e.g. Morris et al.,
2002; Craft et al., 2009); however, the complex field data collection
associated with the development and parameterisation of such
models has restricted most studies to individual wetland sites
rather than entire estuarine systems. A limitation of locally focused
studies is the representation of tidal hydrodynamics and wetland
inundation regimes, which are generally inferred from a few tide
gauges in the vicinity of the study site, with tidal range assumed to
remain unaffected by SLR (Morris et al., 2002; Rogers et al., 2012;
Thorne et al., 2018). Furthermore, inferring wetland inundation
regimes from a calculation of tide gauge data and surface elevation
neglects the drag wetland vegetation can exert on tidal flow
(Temmerman et al., 2005). In addition, tidal regimes inside
estuaries have been shown to alter under SLR (Lee et al., 2017;
Du et al., 2018; Kumbier et al., 2018a), which may affect wetland
sedimentation as, for example, inundation durations can increase
and so may mineral sediment supplied to a wetland (Temmerman
et al., 2003a).

Numerical modelling studies of physical processes driving
wetland response to SLR involving hydrodynamic modelling can
resolve limitations regarding alteration of hydrodynamics (e.g.
tidal regime) and representation of wetland inundation regimes
if applied at the scale of an entire estuary; however, most studies
combining hydrodynamic and wetland evolution models have
been restricted to small study sites (e.g. D’Alpaos et al., 2007;
Temmerman et al., 2007; Rodrıǵuez et al., 2017), and thus,
responses in estuarine hydrodynamics could not be
represented properly. This limitation is likely related to
research objectives focusing on processes operating over small
scales, and the high computational demands of modelling at the
scale of an estuary. Only a few numerical modelling studies
estimated wetland response to SLR at the scale of an estuary
whilst accounting for hydrodynamic system responses (Hagen
et al., 2013; Alizad et al., 2016a; Alizad et al., 2016b; Alizad et al.,
2018). For example, a two-dimensional hydrodynamic model has
been coupled with a zero-dimensional marsh model to assess the
response of saltmarsh to SLR in the lower St. Johns River in
northern Florida, USA. Utilising a hydrodynamic model
(ADCIRC), Hagen et al. (2013) extended the Morris et al.
(2002) zero-dimensional empirical wetland model for
saltmarsh productivity and surface elevation change, to develop
a coupled two-dimensional model that accounts for alteration of
hydrodynamics. The hydrodynamic modelling component
thereby provided generalised tidal levels (e.g. Mean High
Water [MHW]), which were then included as inputs into the
Morris et al. (2002) wetland model to calculate biomass
productivity, vertical accretion rates and surface elevation
change under different SLR scenarios. This eco-hydraulic
model has been further refined for the same study site to
include bio-physical feedback through a time-stepping
framework which facilitates stepwise increases in wetland
surface elevation and adjustment of bottom friction coefficients
at defined intervals (Alizad et al., 2016a), as well as consideration
of river discharge for fluvial estuarine systems (Alizad
et al., 2016b).
Frontiers in Marine Science | www.frontiersin.org 3
Coupled eco-hydraulic models as outlined above allow for an
assessment of wetland response to SLR whilst accounting for
system responses in hydrodynamics; however, the applicability
of this particular model (Alizad et al., 2016a; Alizad et al., 2016b;
Alizad et al., 2018) may be limited only to Spartina saltmarsh
sites through North and South America (and similar settings)
due to the coupling with Morris et al.’s (2002) model, which was
specifically developed for low elevated saltmarshes in the US
which are characterised by low biodiversity (e.g. Spartina only)
and decomposition rates that are well balanced against additions.
However, many wetlands are more complex, with more zonation
and vegetation diversity, which may limit the model’s application
in complex wetlands comprising co-existing mangrove and high
saltmarsh, such as found in southeast Australia where
decomposition and autocompaction has been shown to be
particularly important (Rogers and Saintilan, 2021).
Furthermore, coupled hydrodynamic-wetland models may be
improved through spatially explicit consideration of wetland
inundation regimes rather than generalised tidal levels (e.g.
MHW), as the latter have been shown to represent wetland
zonation patterns only at the broadest level (Kumbier et al.,
2021). Such modelling of spatially explicit wetland inundation
regimes (e.g. inundation duration) would also allow for
consideration of floodplain flow attenuation (Temmerman
et al., 2005).

This study presents a coupled eco-morphodynamic modelling
approach utilising a depth-averaged hydrodynamic model
(Telemac2D) and an empirical wetland elevation model developed
for this study (WEM). The two-way coupled model accounts for
responses in estuarine hydrodynamics caused by SLR, as well as
alteration in hydrodynamics due to eco-geomorphological
feedbacks on the wetland only (e.g. surface elevation changes).
Thereby, the distribution of mangrove and saltmarsh in response
to SLR is estimated through a spatially explicit calculation of wetland
inundation regime (e.g. average inundation duration). Changes in
wetland surface elevation are implemented using two empirical
relationships (slow and moderate growth) between simulated
wetland inundation regime and observations of changes in
wetland surface elevation derived from a 20-year observational
record. Low and high SLR scenarios have been simulated to
investigate responses of mangrove and saltmarsh to increased
inundation in a micro-tidal infilled barrier estuary in southeast
Australia. Whereas components of the coupled eco-morhodynamic
model were specifically developed and parameterised for the study
site (e.g. WEMs), it was an overall aim to present a transferable
modelling framework with respect to the technical aspects of
coupling estuarine hydrodynamics and intertidal wetlands.

The objectives of this study were to:

1. develop a transferable eco-morphodynamic modelling
framework by coupling a hydrodynamic model and an
empirical wetland elevation model; and

2. estimate changes in mangrove/saltmarsh distribution in
response to SLR at the scale of an entire estuary, as well as
changes in system hydrodynamics relevant for wetland
modelling.
May 2022 | Volume 9 | Article 860910
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Improved understanding of interconnections between
hydrodynamics and wetlands under SLR can support planning
and decision making for estuarine-wetland systems, which are at
present typically studied in separation.
2 MATERIALS AND METHODS

2.1 Study Site
Minnamurra River estuary is located on the wave-dominated
southeastern coast of NSW, Australia. The estuarine system is
classified as a wave-dominated barrier estuary (Roy et al., 2001),
and tides are the dominant source of hydrodynamic energy
within the estuary. Hydrodynamics inside the estuary are only
affected by river discharge during and following large rainfall
events (Ryan, 1992), with tides being semi-diurnal and
displaying a significant diurnal inequality. The open ocean tide
range reaches a maximum of approximately 2 m during spring
tides, but is attenuated at the estuary’s entrance during spring
tide conditions by approximately 20%, and is comparatively
constant throughout the lower 7 km of the estuary, except for
minor tidal amplification of a few centimetres occurring where
the main channel narrows (Kumbier et al., in review). The
estuary has a catchment of approximately 142 km², with
Rocklow Creek being the largest tributary (24 km²). A well-
defined main channel, which is partly surrounded by low-lying
intertidal areas where mangrove and saltmarsh occur (Figure 1),
evolved as a result of sedimentary infilling in the past 8000 years
(Panayotou et al., 2007; Haslett et al., 2010). Elevations in
Figure 1 are given in metres relative to Australian Height
Frontiers in Marine Science | www.frontiersin.org 4
Datum (AHD), with mean sea level inside the estuary now
positioned at approximately 0.1 m AHD due to rising sea-level
since the datum’s establishment in 1968, and the temporary
increases in mean water level during spring tides when tidal
pumping elevates mean water level.

Intertidal wetlands of mangrove and saltmarsh occur in the
upper half of the tidal frame, and have been mapped broadly by
Chafer (1998) and in more detail by Owers et al. (2016). A
detailed analysis of wetland inundation regimes for these
mangrove and saltmarsh communities has been presented by
Kumbier et al. (2021). Accordingly, Avicennia marina occupy
intertidal areas with a total inundation duration of
approximately 30-75% of the time, at a frequency of 1.5-2
inundations per day, and for an average duration of 2.7-5
hours per event. An ecotone with a combination of Avicennia
marina mangroves and dense shrubby Aegiceras corniculatum
mangroves occurs where the total inundation duration is
approximately 15-30%, the daily inundation frequency between
0.9-1.5, and the average inundation duration 2-2.7 hours per
event. Higher in the tidal frame (approximately from an
elevation of 0.55 m AHD), saltmarsh species such as
Sporobolus virginicus, Sarcocornia quinqueflora and Juncus
krausii occupy elevations being subject to total inundation
duration of <15%, inundation frequencies below 0.9 tides per
day, and average inundation duration of 0.85-2 hours per event.
Casuarina glauca forest border saltmarsh in supratidal positions
on the floodplain. Mangroves, saltmarsh and Casuarina follow a
distinct zonation across the floodplain, but the encroachment of
mangroves into saltmarsh, as well as saltmarsh beneath
Casuarina, associated with contemporary SLR in recent
FIGURE 1 | Bathymetry and topography of Minnamurra River estuary (left), and intertidal wetland vegetation communities (right). Lidar-derived topography and
sonar-derived bathymetry sourced from Geoscience Australia (2018; 2011), Department of Planning Industry and Environment (2017) and University of New South
Wales (2017). Wetland mapping adjusted from Owers et al. (2016) and Chafer (1998).
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decades may at times obscure these patterns (Chafer, 1998;
Saintilan et al., 2018).

2.2 Methods
2.2.1 Overall Model Description
The coupled eco-morphodynamic model consists of two main
components, a hydrodynamic model and an empirical wetland
elevation model (WEM) (Figure 2). Tidal conditions under SLR
at Minnamurra River estuary were simulated utilising the
hydrodynamic model Telemac2D (more details in section
2.2.2). Mean sea level was increased incrementally at 10-year
intervals and model outputs of each tidal simulation (length of 28
days) were processed into maps of average inundation duration.
These maps were imported into ArcGIS to project intertidal
wetland vegetation zonation (mangrove and saltmarsh). Changes
in wetland surface elevation were determined using two linear
relationships (slow and moderate vertical growth) between
modelled average inundation duration and observations of
surface elevation changes in mangrove and saltmarsh from the
past 20 years (2001 – 2021). Updates of wetland topography and
bottom friction in response to SLR were implemented utilising
the pre-/post-processing software BlueKenue®, and subsequently
used in the hydrodynamic model for the next iteration. The
coupling time step between the hydrodynamic and wetland
model was set to 10 years, and thus allows for eco-
geomorphological feedback exchange between estuarine
hydrodynamics and intertidal wetlands every 10 years.

2.2.2 Hydrodynamic Model
The hydrodynamic model Telemac2D solves the depth-averaged
Saint-Venant shallow water equations in two dimensions and
thus accounts for processes such as continuity and momentum
transfer (Hervouet, 2000). The model has been demonstrated to
be suitable for simulating estuarine hydrodynamics (Seenath
et al., 2016; Stark et al., 2017; Iglesias et al., 2019). In this study
Frontiers in Marine Science | www.frontiersin.org 5
the model was set up using a finite element method solver for
numerical discretization of the shallow water equations on an
unstructured triangular mesh grid, which provided the flexibility
required for modelling hydrodynamics in complex environments
with varying channel width, as occurs at Minnamurra River
estuary (Figure 3). For a full description of the equations solved
by Telemac2D, refer to Hervouet (2007) and the software user
manual (Telemac2D, 2014).

The graphical user interface BlueKenue® was used to create a
triangular mesh grid with varying mesh sizes in order to resolve
the hydrodynamics observed in the field. Larger mesh elements
of 15-65 m size were created offshore, whereas the narrow
entrance channel was refined to a mesh element size of 5 m
length. A mesh size of 5 m was also chosen along the thalweg of
the river, which was refined to 3 m in the most upstream
locations due to the narrowing of the main channel. Intertidal
areas were represented with mesh elements of 10 m length, which
resulted in an overall triangular mesh grid with 86563 nodes and
170094 elements (Figure 3). Parallel computation was used to
overcome the computational demands caused by a large and
detailed modelling domain. An open boundary for tidal forcing
was defined along the eastern margin of the model domain that
was driven by a time-series of water level data collected at the
Jervis Bay tide gauge located approximately 50 km south of the
study site. It was assumed that the Jervis Bay tidal data was
representative of open coast tidal conditions offshore of
Minnamurra River estuary. The model did not consider short-
period waves as these have been shown to only affect water levels
in the entrance channel (Kumbier et al., 2022).

Particular care was taken to ensure the correct representation
of topography and bathymetry in the study area. Accordingly, a
seamless topo-bathymetric digital elevation model (DEM) was
developed, which included a combination of three LiDAR data
sets (Geoscience Australia, 2011; University of New SouthWales,
2017; Geoscience Australia, 2018), as well as single beam
FIGURE 2 | Schematic illustration of the coupled hydrodynamic-wetland modelling framework.
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bathymetry data (OEH, 2017). As intertidal areas surrounding
Rocklow Creek were found to be poorly represented, 350 real
time kinematics-global positioning system (RTK-GPS) elevation
measurements were collected (vertical accuracy of 1.5 cm), to
correct the DEM. Since inundation modelling and assessing
wetland response to SLR is particularly sensitive to topographic
inputs (Mogensen and Rogers, 2018; Alizad et al., 2020), the
quality of the seamless topo-bathymetric DEM was investigated
by comparison with 1128 RTK-GPS elevation measurements
taken in mangrove and saltmarsh areas across the estuary. These
RTK-GPS points were not used in the creation of the seamless
DEM and were only used to verify the quality of the seamless
DEM; a high coefficient of determination of 0.89 and RMSE of
0.07 m with no spatially distributed biases provided support that
the seamless DEM was a reasonable representation of intertidal
wetland topography (Supplementary S1).

Spatially varying bottom roughness with regard to land-use
types and wetland vegetation communities was defined using
Manning’s friction coefficients taken from the literature (Chow,
Frontiers in Marine Science | www.frontiersin.org 6
1959; Arcement and Schneider, 1989; Kaiser et al., 2011).
Accordingly, open water and channels were represented with a
value of 0.02, mangroves with a value of 0.035, saltmarsh with a
value of 0.05 and Casuarina forest with a friction coefficient
of 0.1.

The hydrodynamic model was calibrated and validated
following commonly applied procedures of using separate time
periods for model calibration and validation (Williams and
Esteves, 2017). The model calibration was undertaken by
comparison of modelled and observed water levels and wetland
inundation depths from 23 November 2019 to 26 November
2019. This relatively short time-period allowed for repeated
model runs to iteratively calibrate the model by varying mesh
element sizes in critical locations (e.g. refinement in narrow
channel sections to prevent tidal energy dissipation) and testing
different bottom friction coefficients in the main channel and
intertidal areas. A spin-up period of 1 day was found to be
reasonable to dissipate the effects of initial conditions inside the
model domain.
FIGURE 3 | Telemac2D finite element mesh model and location of tidal observations used for calibration and validation procedures. The grey polygon shows the
extent of the Telemac2D model whereas the red box presents an example of the mesh-grid layout. The green transect indicates where modelled changes in wetland
topography have been compared.
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Validation of the model was based on comparison of observed
and modelled water levels, flow velocities and inundation depths
for an extended time period covering spring and neap tide
conditions between 27 November and 10 December 2019. This
validation was undertaken for various locations along the estuary
(see Figure 3) and considered tidal gauge data from one
permanent tide gauge (MR) and water-level time-series data
from pressure transducers (G-01 to G-06), tidal velocity
measurements using an acoustic Doppler current profiler
(ADCP) near the permanent tide gauge (MR), tidal velocity
measurement using drag-tilt flow meters (JCU Geophysics
Laboratory, 2020), as well as wetland inundation logger data.
The quality of water-level outputs of the hydrodynamic model
was calculated using correlation coefficients and RMSE following
Kumbier et al. (2018b).

SLR scenarios of 0.4 m (RCP2.6) and 0.9 m (RCP8.5) by 2100
(relative to 1986-2005) were selected to represent the lower and
upper boundary of the IPCC’s AR5 SLR projections and
estimates for the Australian coastline (Church et al., 2013;
McInnes et al., 2015; Zhang et al., 2017). These two scenarios
were selected to investigate the response of wetlands to slow and
fast rates of SLR. Mean sea level was increased from 2020
incrementally every 10 years in a linear manner for the lower
RCP2.6 (+ 5 mm yr-1) and an exponential manner for the higher
RCP8.5 (+ 7-14 mm yr-1) SLR scenario (Supplementary S2) as
reported by Church et al. (2013). These increases in mean sea
level were added to time-series of water level from the open
ocean tide gauge in Jervis Bay, and the model was run for one
lunar tidal cycle (28 days) to account for water-level variations
during the spring-neap cycle. River discharge was not included in
the model because spatial distribution of wetland vegetation in
this estuary is largely a function of tidal inundation regime
(Kumbier et al., 2021), only negligible discharge was recorded
during the calibration data collection due to low flow conditions,
and field observations indicated that the estuary ’s
hydrodynamics are primarily driven by tides and only affected
by discharge during larger rainfall events (Ryan, 1992).

Water-level outputs from tidal simulations were further
investigated for changes in spring tidal range at monitoring
locations shown in Figure 3. Peaks and troughs were extracted
to determine differences between consecutive high and low
waters, and to ultimately determine the maximum modelled
tidal range under SLR at a particular location.

2.2.3 Empirical Wetland Elevation Model
2.2.3.1 Wetland Inundation Regime
Outputs of intertidal water depths from the hydrodynamic
model were converted at each 10-year coupling time step to
raster data of average inundation duration per inundation event.
Therefore, Benson’s (2020) Matlab code for processing of
Telemac2D files was extended to iterate through all output
time steps (every 5 min * 28 days = 40320 time steps) and
mesh elements (170094), to determine average inundation
durations per event at each mesh element. In particular, the
average inundation duration was determined by identification of
all high water inundation peaks and their respective duration
Frontiers in Marine Science | www.frontiersin.org 7
exceeding a threshold of 0.01 m water depth, and averaging these
durations for all inundation peaks. These spatially explicit
estimates of average inundation duration per event were then
used to determine the distribution of mangrove and saltmarsh
based on site-specific empirical inundation observation reported
in Kumbier et al. (2021). Accordingly, areas with an average
inundation duration greater than 5 hours per inundation event
were assumed to be low-elevation tidal flats or river channel,
areas with a duration between 2-5 hours were assumed to be
mangroves, whereas areas with a duration of between 0.85-2
hours were assumed to be saltmarsh. No separation between
Avicennia marina and Aegiceras corniculatum mangroves was
made because of overlap in their distribution and limited
knowledge on sedimentation and inundation dynamics of
Aegiceras corniculatum (Kumbier et al., 2021). Supratidal
Casuarina wetlands were not included in the model because
too little is known on their preferred tidal inundation regime.

2.2.3.2 Wetland Model Parameterisation
Empirical data on wetland surface elevation change was
extracted from a 20-year data series of surface elevation change
observed using a network of three SETs in the mangrove zone
and three SETs in the saltmarsh zone between 2001 and 2021
(Supplementary S3). SETs serve as a benchmark against which
changes in wetland surface elevation can be determined over
time and the technique has been described by Cahoon et al.
(2002) and previously reported for this site (Oliver et al., 2012;
Rogers et al., 2012; Lal, 2019).

The WEM developed for this study considered vertical
changes in surface elevation beneath mangrove and saltmarsh
through a linear relationship between the average rates of
elevation gain of mangrove/saltmarsh over the 20 year
monitoring period and simulated average inundation duration.
Most studies relate wetland surface elevation change and tidal
inundation using either a linear or exponential model structure
(Cahoon and Reed, 1995; Morris et al., 2002; Temmerman et al.,
2003b). Given there is not enough evidence to differentiate
whether the relationship at the study site is exponential or
linear (Mogensen and Rogers, 2018), and the increase in
computational demands when using a complex model
structure, a decision was made to apply two simple linear
relationships between modelled average inundation duration
(hours per inundation event) and wetland surface elevation
changes (Figure 4). This decision was further supported by
previous 210Pb analyses of lower intertidal mudflat, mangrove,
and saltmarsh sediments, which showed that long-term accretion
on the mudflat was higher than in saltmarsh and mangrove
zones, and supported assumptions of a linear relationship
(Lal, 2019).

A total of 14 visits per SET site over 20 years have been taken
into account when determining the approximate surface
elevation change at each SET (yellow and green symbols)
shown on the y axis in Figure 4. These SET records have been
used to construct two linear relationships that differ with respect
to underlying assumptions and maximum changes in surface
elevation. Linear model 1 (moderate wetland growth) presumes
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that sedimentation is negligible where inundation is negligible
and allows for maximum elevation gains of 2.8 mm yr-1, whilst
linear model 2 (slow wetland growth) allows for sedimentation
throughout the tidal frame and maximum increases in surface
elevation of 1.5 mm yr-1. Using a continuous linear relationship
between inundation and sedimentation rather than separate
relationships for mangrove and saltmarsh respectively, allowed
for a representation of mangrove encroachment into saltmarsh
as experienced at Minnamurra River and many other estuaries in
southeast Australia (Chafer, 1998; Saintilan et al., 2018). The use
of surface elevation change observations in WEM allows for an
indirect consideration of above- and below-ground processes
influencing wetland surface elevations that moderate the
response of wetlands to SLR, whereas tidal simulation outputs
in combination with empirical inundation tolerances adequately
resembles wetland vegetation distribution. However, it is
acknowledged that lower in the tidal frame where Avicennia
and Aegiceras mangroves co-exist, as well as at higher elevations
where saltmarsh and Casuarina establish, salinity may be an
equally important factor for wetland species distribution
(Silvestri et al., 2005). Changes in wetland distribution and
surface elevation change were calculated in ArcGIS 10.7 at
each coupling time step. The wetland component of the
coupled modelling was verified by a combination of statistical
measures (Matthew’s correlation) and visual comparison of
modelled wetland inundation regime at present day sea level,
and the best available wetland vegetation mapping as presented
in Figure 1 (Chafer, 1998; Owers et al., 2016).

Simulated changes in intertidal wetland topography triggered
by the combination of the above SLR and WEM scenarios were
investigated for a selected transect approximately 1 km upstream
from the entrance of the estuary (see Figure 3). This was
undertaken by extracting surface elevations and modelled
inundation regime along the same transect after topography
updates at each coupling time step in ArcGIS 10.7.
Frontiers in Marine Science | www.frontiersin.org 8
3 RESULTS

3.1 Eco-Morphodynamic Model Validation
The hydrodynamic modelling setup was validated for the
simulation of tidal conditions using observational field data such
as water levels (Figure 5A), intertidal inundation depth
measurements (Figure 5B) and flow velocities (Table 1). High
correlation coefficients of mostly 0.99 and reasonably low RMSE in
water level below 0.05 m at locations MR and further upstream
confirm that the calibrated model effectively replicates tidal
dynamics within the estuary (Table 1). However, at the entrance
(G-01), modelled and observed water levels did not match as well,
and this may be related to water-level fluctuations caused by ocean
swell in the entrance area affecting the measurements. Modelled
and observed inundation depths at locations T2Log1 – T2Log5
(Figure 3) correlating between 0.98 and 0.99 (RMSE’s of below
0.03 m), indicate that inundation dynamics within intertidal areas
are resolved adequately (Figure 5B). A goodmodel performance is
further shown by only small underestimations in spring tide peak
flood velocities of between 0 and 0.1 m s-1 in upstream
locations (Table 1).

Downstream at the entrance (G-01), peak velocity was
overestimated by 1.3 m s-1; however, flow velocities
experienced during equipment deployment at the dynamic
entrance area were considerably higher than those recorded by
the bottommounted flowmeter, and thus deviations between the
modelled and observed flow velocity were not surprising. The
best match between modelled and observed peak velocities was
achieved at location MR, which likely relates to the fact that
modelling of depth averaged flow velocity is compared to
observations of depth averaged rather than near-bed flow
velocities due to an ADCP being used for data collection. The
slight increasing trend in velocity underestimation upstreammay
be explained by the model domain not extending to the tidal
limit of the estuary, which is due to the unavailability of
FIGURE 4 | Linear relationship between modelled average inundation duration per inundation event (hours) and wetland surface elevation change (mm yr-1). Green
and orange symbols are based on the six SETs with the orange squares being saltmarsh sites and the green circles representing the mangrove sites.
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bathymetry data beyond the presented model domain. In
consequence, tidal dynamics modelled upstream may have not
been as variable as occurs in reality.

The predictive capability of the eco-morphodynamic model
with respect to distribution patterns of mangrove and saltmarsh
has been assessed by visual comparison of the best available
wetland mapping (Figure 6A) with model predictions of
mangrove and saltmarsh distribution based on simulated
hydrodynamics (28 days) at contemporary sea level (Figure 6B).

Model predictions of mangrove distribution visually correlate
well with the observed distribution patterns for floodplains
surrounding Rocklow Creek in the north, the central floodplain
and most of the southern floodplain. Small deviations in mangrove
A

B

FIGURE 5 | Observed and modelled tidal water levels (A) and water depths (B) between 27 November and 10 December 2019 for monitoring locations at the
Minnamurra River estuary.
TABLE 1 | Statistical measures calculated from comparison of modelled and
observed flow velocities at Minnamurra River estuary. Peak velocity deviations
refer to maximum over (+) and under (-) estimations by the hydrodynamic model
for spring tide flood flows on 28 November 2019.

Monitoring site r² RMSE (m) Peak velocity (m s-1)

G-01 0.856 0.17 +1.30
MR 0.993 0.04 0.00
G-02 0.992 0.04 -0.05
G-04 0.991 0.04 -0.05
G-05 0.990 0.05 -0.10
G-06 0.988 0.05 –
This comparison was made between bottom-mounted velocity measurements and depth
averaged velocity predictions except at site MR where depth-averaged ADCP
measurements were obtained.
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distribution were observed at the southern floodplain where tidal
creeks with a width of less than 5 m and mostly unknown
bathymetry intersect the floodplain, which were not properly
resolved by the mesh grid and resulted in an over-representation
of mangroves in these areas. Model predictions of saltmarsh
distribution with the wetland mapping correlate well at the
boundary to the mangrove zone, but saltmarsh distribution
appears more extensive in the landward direction where the
wetland mapping mostly suggests Casuarina forest. A field survey
in these areas revealed that most of the Casuarinas that are
predicted to be saltmarsh by the model, have saltmarsh beneath
the Casuarina canopy (also reported by Oliver et al., 2012), and
consequently the model predictions can be interpreted as
reasonable. RTK-GPS measurements showed that these sites share
surface elevations similar to those occupied by saltmarsh in nearby
locations. Above outlined issues regarding themapping of saltmarsh
also impacted the calculation of Matthew’s correlation coefficient
(0.52); however, predictions of contemporary mangrove and
saltmarsh areas were overall good (accuracy of 84%).

3.2 Eco-Morphodynamic
Modelling Results
3.2.1 Intertidal Wetland Topography
Response to SLR
Vertical changes in intertidal wetland topography were greatest
for low SLR simulations coupled with WEM Linear 1, and at
elevations low in the tidal frame (Figure 7A). To assist with
interpretation of changes in wetland topography, Figure 7 also
includes simulated average inundation durations (per event) and
corresponding wetland vegetation configurations under SLR.

At a distance along the transect of 100 m, large increases in
surface elevation of up to 0.18 m by 2100 were modelled for the
Frontiers in Marine Science | www.frontiersin.org 10
lower SLR simulation (RCP2.6) and WEM Linear 1, which is
presently at an elevation below 0.2 m AHD (Figure 7A). By
contrast, predictions of surface elevation from the higher SLR
scenario (RCP8.5) for the same location were 0.08 m, suggesting
slower vertical changes under the higher SLR scenario. Higher in
the tidal frame (above 0.4 m AHD present elevation), gains in
wetland surface elevation were quite similar for both SLR
scenarios (approximately 0.1 m); however, from an elevation of
0.5 m AHD (present day), surface elevation increased at a higher
rate considering the higher SLR scenario.

Predictions of topographic change for SLR simulations
coupled with WEM Linear 2 showed similar spatial patterns
with respect to differences between the lower and higher SLR
scenario (Figure 7B). Overall vertical changes were
approximately half of those described above, except for slightly
greater elevation gains (up to 0.04 m) high in the tidal frame
(above 0.5 m AHD present level) for simulations of the low SLR
scenario. Analyses of changes in intertidal wetland topography
from another profile located in the vicinity of tide gauge G-03
(see Figure 3 for location) reinforces above described trends in
adjustments of intertidal wetland topography in response to SLR
(Supplementary Figure 5).

3.2.2 Tidal Range Response to SLR
Tidal dynamics in the main channel of the estuary were affected
by SLR and differed spatially (lower and upper estuary), but also
between simulations of the low and high SLR scenarios
(Figure 8). For the simulation of low SLR and WEM Linear
1, tidal range increased linearly with SLR by approximately
0.01 m every 10 years, with total increases of + 0.08 m at the
downstream location MR and + 0.09 m at the upstream location
G04. For the high SLR simulation, tidal range was shown to
FIGURE 6 | Comparison of wetland vegetation mapping based on Owers et al. (2016) (A) and eco-morphodynamic model predictions of mangrove and saltmarsh
distribution (B) based on average inundation durations per event from a 28-day tide simulation for November/December 2019. Note that Casuarina are not included
in the model.
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initially increase linearly (+ 0.11 m and + 0.09 m up- and
downstream by 2080, respectively), but remain unchanged or
decrease after sea level exceeded an increase of 0.6 m. Absolute
increases in tidal range by 2100 are projected to translate into
relative increases of approximately 6-7% for the lower SLR
scenario and 7-8% for the higher SLR scenario compared to
2020 levels. Projections of tidal range under SLR coupled with
WEM Linear 2 were almost identical (+/- 1-2 mm) to the
patterns described above (Figure 8B).

3.2.3 Mangrove and Saltmarsh Response to SLR
The choice of SLR and wetland elevation adjustment scenario
influenced the model outputs. The differences in distributional
patterns of mangrove and saltmarsh for each scenario are
described below (Figure 9). For WEM Linear 1 under a low
SLR scenario (RCP2.6) mangroves adjusted to rising sea level
for most of the century and expanded landward into saltmarsh
when mean sea level exceeded an increase of 0.2 m (which
corresponds to a surface elevation of 0.3 m AHD) (Figure 9).
After this, mangrove at elevations <0.2 m AHD converted to
Frontiers in Marine Science | www.frontiersin.org 11
open water due to the increasing inundation, which was
particularly observed where the intertidal topography is
gently sloped (e.g. shallow bays at the north of the central
floodplain (Figure 10) and east of the southern floodplain).
Saltmarsh expanded landward for WEM Linear 1 under
simulation of low SLR; however, net changes in total
saltmarsh extent were minimal due to the expansion of
mangroves into lower elevation saltmarsh.

Changes in the ratio of mangrove, saltmarsh and open water
(Figure 11 – solid lines) indicate that overall the extent of
mangroves and open water increased gradually over the
century (+ 43% and + 31% respectively), whereas saltmarsh
extent increased marginally (+ 6%). However, the model did not
include the full intertidal extent under the highest SLR scenarios
at 2100 due to an absence of suitable bathymetry data in the most
upstream areas which are currently not tidally influenced.

For WEM Linear 1 under high SLR (RCP8.5) mangroves
expanded in a landward direction into saltmarsh throughout the
simulation period, which resulted in an overall increase of 70% in
mangrove coverage. Most of this increase in mangrove area
A

B

FIGURE 7 | Topographic changes in response to SLR for a selected intertidal wetland transect (see Figure 3 for location) as of today (black), for the simulation of
the low SLR (blue) and high SLR (red), as well as WEM Linear 1 (panel A) and Linear 2 (panel B). Blue, green and orange bars at the bottom of each panel indicate
wetland vegetation configurations resulting from changing wetland inundation regimes under the different scenarios. Dashed lines represent the simulated average
inundation duration (per event) corresponding to each scenario.
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occurred in the upper estuary surrounding the southern
floodplain and further upstream (Figure 9). Mangroves further
downstream appeared to be subject to coastal squeeze and were
not projected to expand to higher elevations because the
topography of the central and northern floodplain inhibited
their establishment (Figure 10).

Under high SLR and WEM Linear 1, saltmarsh expanded
landward but its total extent increased marginally (+ 4%). A large
increase in open water extent was observed once mean sea level
exceeded 0.5 m (corresponding to a surface elevation of 0.6 m
AHD), which totalled to an increase in these areas of + 169% by
2100. This large increase in open water areas resulted in a shift in
the proportion of mangrove, saltmarsh and open water areas,
with a domination of open water areas from approximately 2070
under high SLR (Figure 11A – dashed lines).

Projections of wetland distribution for SLR simulations and
WEM Linear 2 were very similar to those of WEM Linear 1
(Figure 9 and Figure 11B). Under a low SLR scenario, open
water areas were marginally larger by the end of the century (+
5.6%), mangrove areas slightly smaller (- 3.6%), whereas
saltmarsh extents were slightly larger mid-century (+ 4.3-7.3%)
and largely unchanged by 2100 (- 0.2%). Similar trends were
Frontiers in Marine Science | www.frontiersin.org 12
observed using a high SLR scenario and WEM Linear 2, except
for slightly larger saltmarsh extents by 2100 (+ 4.7%).
4 DISCUSSION

4.1 Wetland and Tidal Regime Responses
to SLR at Minnamurra
This analysis demonstrated that the rate of SLR affects wetland
elevation adjustment, wetland inundation regimes, and the
lateral distribution of wetland vegetation. At the same time,
changes in wetland distribution also alter tidal hydrodynamics.
These projections were only achieved by coupling tidal
hydrodynamics to a model of wetland elevation adjustment
developed for this study (i.e. WEM). High correlation
coefficients and low RMSEs between observed and modelled
water levels and wetland inundation, and reasonable correlation
and accuracy between detailed wetland mapping and model
projections of mangrove and saltmarsh at contemporary sea
level, provided considerable confidence that the model setup
was appropriate.
A

B

FIGURE 8 | Increases in spring tidal range under low (blue) and high SLR (red) for an upstream (G04 –solid lines) and downstream location (MR – dashed lines), as
well as WEM Linear 1 (panel A) and Linear 2 (panel B). See Figure 3 for the exact location of both monitoring sites. Values are with respect to maximum spring tidal
range modelled for 2020.
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Modelling of four simulations including low (RCP2.6) and
high (RCP8.5) SLR scenarios, as well as two wetland adjustment
scenarios (Linear 1 and Linear 2), showed consistent patterns of
mangroves expanding into saltmarsh, saltmarsh transitioning to
higher elevations (currently occupied by Casuarina forest), and
substantially larger open water areas at relatively high rates
of SLR.

Simulations using the lower SLR scenario indicate that tidal
wetlands adjust to rising sea levels by increasing substrate
elevation (up to 0.18 m) and by vegetation transitions to
Frontiers in Marine Science | www.frontiersin.org 13
higher elevations, leading to an increase in extent, particularly
for mangroves (+ 43%). Only mangroves positioned lower in the
tidal frame converted to open water areas, whereas higher in the
tidal frame mangroves replaced saltmarsh due to increasing tidal
inundation. This modelled encroachment of mangroves into
saltmarsh has been observed in the field in recent decades and
attributed to SLR (Chafer, 1998; Saintilan and Rogers, 2013;
Saintilan et al., 2018). The ability of mangroves to withstand
comparatively lower rates of SLR, as shown here (modelling of
SLR + 5mm yr-1), aligns well with previous suggestions that
FIGURE 9 | Projections of intertidal wetland vegetation communities (mangrove and saltmarsh) for low and high SLR scenarios, as well as WEM scenarios Linear 1
and Linear 2.
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mangroves may tolerate increases in the rate of mean sea level
rise of up to 7 mm yr-1 (Saintilan et al., 2020). Saltmarsh
expanded to higher elevations where tidal inundation was
sufficient (+ 6% in coverage by 2100), which appears to be
only on the southern floodplain. Saltmarsh, being preferentially
located in the upper intertidal, was more sensitive to coastal
squeeze than mangroves.

Simulations using the higher SLR scenario indicated that the
ability of mangroves to adjust to SLR decreases when the rate of
sea-level rise accelerates (> 10 mm yr-1 and up to 14 mm yr-1 at
the end of the century), which was particularly shown during the
last quarter of the century when low elevated mangroves mainly
converted to open water areas (Figures 9, 10 and 11).
Nevertheless, mangrove areas overall substantially expanded
(+ 70%), whereas landward expansion of saltmarsh resulted in
only a minor increase in coverage (+ 4%). Differences in wetland
resilience between low and high SLR simulations presented here
show parallels to SLAMM modelling for lagoon marshes in
Portugal by Carracso et al. (2021) who demonstrated a non-
linearity in wetland response to SLR and critical thresholds when
wetland systems are no longer in pace with SLR.
Frontiers in Marine Science | www.frontiersin.org 14
The selection of wetland adjustment scenarios (Linear 1 and
Linear 2) marginally affected projections of mangrove, saltmarsh
and open water area extents under SLR (+/- 5%); however,
comparison between scenarios showed how assumptions
regarding sedimentation influence model outcomes, with WEM
Linear 1 simulations (moderate wetland growth) showing greater
mangrove resilience and less open water conversion. Simulations
of WEM Linear 2 (slow wetland growth) projected mangroves to
be more vulnerable to SLR and saltmarsh to be more resilient to
SLR. These differences relate to differences in WEM Linear 1 and
WEM Linear 2 for low inundation durations. WEM Linear 1 did
not allow for sedimentation for low inundation durations
characteristic of much of the saltmarsh extent (Figure 4).

Wetland dynamics under SLR as projected by the eco-
morphodynamic model show some parallels but also
differences with earlier modelling for selected sites at
Minnamurra River estuary (Oliver et al., 2012; Mogensen and
Rogers, 2018). For example, spatial modelling by Oliver et al.
(2012) has indicated that mangrove and saltmarsh on the central
floodplain may be able to withstand a lower rate of SLR, but
conversion of low elevation mangroves to open water areas and
FIGURE 10 | Projections of intertidal wetland vegetation communities (mangrove and saltmarsh) for today (A), WEM1 and low SLR (B), WEM1 and high SLR (C),
and WEM2 and low SLR (D).
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replacement of lower elevation saltmarsh by mangroves
expanding landward under a higher rate of SLR. Similar
wetland responses to high rates of SLR for the central
floodplain were indicated by Mogensen and Rogers (2018)
using SLAMM and two empirically-based spatial models
following methods presented by Oliver et al. (2012) and
Temmerman et al. (2003b). However, exponential modelling
by Mogensen and Rogers’s (2018) that projects mangroves
largely adjusting to SLR on the southern floodplain differs
substantially from results here, indicating a conversion of low
elevation mangroves to open water areas. A potential explanation
for this stronger mangrove resilience suggested byMogensen and
Rogers (2018) could be the exponential relationship for vertical
accretion underlying one of their empirical spatial models (after
Temmerman et al., 2003), which facilitates much higher
sedimentation and surface elevation gains than the linear
relationship between wetland inundation regime and surface
elevation change applied here. There is increasing evidence
that organic matter additions at lower elevation occupied by
mangroves may provide substantial sedimentation contributions
justifying an exponential model structure (Morris et al., 2002;
Kirwan and Murray, 2007; Rogers and Saintilan, 2021), however
given the lack of field data supporting such relationships at
Minnamurra, the Linear WEMs presented here appear to be the
best approximations. We acknowledge that this linear model
Frontiers in Marine Science | www.frontiersin.org 15
structure influences the model outcomes and conclusions of this
study, and that using an exponential model structure would
likely increase the resilience of mangroves low in the tidal frame;
however, previous 210Pb analysis of low elevated mangroves has
not suggested high accretion rates supporting the use of an
exponential model structure (Lal, 2019).

Projections of intertidal wetland topography illustrate how the
rate of SLR and assumptions regarding wetland elevation change
(WEM Linear 1 and Linear 2) influence wetland geomorphology
in response to SLR (Figure 7 and Supplementary Figure 5).
When the rate of SLR is low and wetland elevation change was
assumed to be moderate (Linear 1), mangroves positioned low in
the tidal frame adjusted to rising sea level by increasing in surface
elevation (by up to 0.18 m), and in consequence the intertidal
geomorphology became increasingly horizontal and developed
towards a platform with a flat profile. This can be explained by
mangroves lower in the tidal frame increasing surface elevation
throughout the simulation period under the low SLR scenario (80
years), whereas under high SLR scenario, positions in the tidal
frame suitable for mangroves shifted upwards and thus gains in
surface elevation eventually stopped when mangroves converted
to open water areas. It is acknowledged that treating tidal flats as
static substrates does not represent reality as sediment supply may
allow tidal flats to increase elevation at a rate similar to SLR;
however, theWEMwas not parameterised tomodel main-channel
A

B

FIGURE 11 | Projections of river (blue squares), mangrove (green circles) and saltmarsh (orange triangles) extents in response to the lower RCP2.6 SLR scenario
(solid) and the higher RCP8.5 SLR scenario (dashed) for WEM scenarios Linear 1 (panel A) and Linear 2 (panel B).
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morphodynamics or tidal flat vertical adjustments. Model
simulations assuming low rates of wetland elevation adjustment
(Linear 2) projected approximately 50% smaller gains in wetland
surface elevation, but slightly higher saltmarsh resilience under
low SLR due to the construction of the linear relationship.

Simulations for both SLR scenarios indicated that
hydrodynamics of the estuary change in response to rising sea
level, with tidal range shown to increase by up to 8% (Figure 8).
Under both SLR scenarios, tidal range appeared to increase
linearly with SLR; however, simulations using the higher SLR
scenario indicated downstream stabilisation and upstream decline
in tidal range when SLR exceeded 0.6 m, which coincides with the
conversion of large mangrove areas low in the tidal frame to open
water areas (Figure 11). This non-linear behaviour of tidal range
under high SLR may be explained by substantial widening of the
main channel along with increased intertidal storage areas, which
have been associated with tidal energy dissipation and potential
reduction in tidal range under SLR (Du et al., 2018; Kumbier et al.,
2018a). This is an important finding given the significant role of
tidal range as a parameter of wetland functioning and since many
wetland modelling studies assume a constant tidal range when
estimating wetland response to SLR. Even though absolute
changes in tidal range were comparatively small (+ 0.1 m), due
to the micro-tidal regime of Minnamurra River, such alterations in
tidal range can increase the vertical space available for wetland
establishment, lengthen the duration of inundation, and thus
impact modelling outcomes. Therefore, it is proposed that
wetland modelling in estuaries similar to the one presented here
should account for alteration in tidal regime, which may be
particularly important for meso- and macro-tidal systems as
absolute changes in tidal range will likely be of greater
magnitude than results presented here and justify the extra
complexity added by considering wetland sedimentation.

4.2 Modelling Implications
In this study, such consideration of alteration in tidal dynamics was
achieved by coupling a depth averaged hydrodynamic model with
an empirical wetland elevation model. This approach allowed for
inclusion of interrelations between hydrodynamics, wetland extent
and intertidal geomorphology, which have been shown to be
responsible for alteration and non-linear responses in tidal range
observed here. Integrating modelling approaches can account for
these eco-geomorphological feedbacks between estuarine
hydrodynamics and intertidal wetlands, which should be
considered when modelling wetland response to SLR at the scale
of an estuary. This is particularly important for infilled channelised
estuaries, like Minnamurra River, where main channel
hydrodynamics and intertidal wetlands have been shown to be
interconnected (Kumbier et al., 2022). In these estuaries, tides may
be amplified before dissipating along the estuary, which occurs as
an outcome of main channel hydrodynamics and propagation of
tides across intertidal wetlands.

The eco-morphodynamic model presented here differs from
previous coupled hydrodynamic-wetland models in the way it
accounts for tidal modifications. Whereas previous studies utilised
hydrodynamic modelling to produce generalised tidal water levels
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(e.g. MHW) to delineate wetland zonation (Alizad et al., 2016a;
Rodrıǵuez et al., 2017), the framework presented in this study
calculates spatially explicit estimates of wetland inundation regime
thatareexplicitlylinkedtovegetationoccurrence.Thisprocedureisan
advancementgiventhespatialvariabilityoftidesalonganestuary,and
the influence of vegetation on tidal flow in wetlands (Mazda et al.,
1995;Temmermanet al., 2005).However, it is acknowledged that the
representation of bottom roughness could be improved by
incorporation of depth-dependent coefficients considering the
effects of vegetation structure (Mazda et al., 1997), such as used in
moredetailedsmall scale studies (Horstmannetal., 2015;Horstmann
et al., 2021). This simplification of bottom roughness in the present
study could have affectedprojections of tidal dynamics in response to
SLR, also because a replacement of mangrove areas with open water
would most likely imply a transitional time where woody mangrove
biomass slowly decomposes and continues to interactwith tidalflow.
Consideration of site-specific changes in wetland surface elevation
from 20 years of observation utilising SETs provides a robust
foundation to extrapolate trends in surface elevation change using
hydrodynamic modelling. The comparatively simple wetland
adjustment model used here (i.e. WEM) allows for indirect
consideration of mineral and organic matter accumulation, as well
as below-ground processes, such as auto-compaction. Whereas the
presented model structure assumes that sedimentation on estuarine
wetlands is fully independent of temporal and spatial sediment
availability, more realistic future projections could be achieved by
considering changes in sediment transport and availability in
response to SLR to account for processes, such as sediment
dispersion resuspension, within the estuary and wetlands (e.g. using
a 3D hydrodynamic-sediment transport model); however, such
considerations add considerable complexity and computational
demands due to the 3Dmodel structure.

Trade-offs betweenmodel complexity and over-parameterisation
are a known challenge of coupled hydrodynamic-ecological
estuarine models (Ganju et al., 2016), and model design should be
driven by the purpose of the modelling framework. This study
aimed to develop a reduced complexity wetland model framework
with improved representation of estuarine hydrodynamics, which is
transferable to other locations provided sufficient data is available to
empirically define a wetland elevation model. This transferability is
achieved by determining wetland response to SLR based on
modelling of inundation regimes, which allows for consideration
of any wetland vegetation as long as inundation preferences are
known. The procedures of the eco-morphodynamic model
presented in this study can be adopted for wetland vulnerability
assessments in other estuarine environments providing reliable
wetland surface elevation trajectories are available (e.g. from SETs
or sediment dating); however, model results for estuarine wetlands
where vertical accretion is dominated by tidal supply of mineral
sediments may be limited, as the model does not specifically account
for mineral sediment transport within the estuary and wetlands.

In this study supratidal wetlands of Casuarina forest were not
considered despite evidence of saltmarsh beneath forest canopies,
modelled evidence of saltmarsh encroachment upon supratidal
forests elsewhere, and that Casuarina may have capacity to adjust
to rising sea level (Rogers et al., 2019b). However, too little is
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known about their response to SLR to adequately parameterise the
WEM, and further research of the vertical adjustment of these
forests is required to understand their behaviour under SLR and to
consider them in future modelling studies of wetland response to
SLR. Additionally, the interconnections between estuarine
hydrodynamics and intertidal wetlands demonstrated here,
suggest that studies into tidal hydrodynamics in estuaries (e.g.
flow velocities, asymmetry) can be affected by intertidal
geomorphology. Whilst it has been known and researched for
some time (Aubrey and Speer, 1985; Friedrichs and Aubrey, 1988;
Friedrichs et al., 1990), widespread adoption of modelling
approaches that recognise the interconnection between tidal
hydrodynamics and geomorphology has not occurred.
Modelling results here align with similar modelling of estuarine
marshes in the US (Donatelli et al., 2018), and show how intertidal
geomorphology may change in response to SLR, which
demonstrably affected tidal range. It is anticipated that the
response of entrance morphology and sub-tidal channel
morphology to SLR, not simulated here, will also cause
morphodynamic feedbacks that affect tidal range. Similarly,
other tidal properties, such as velocity or asymmetry, may be
affected by changing intertidal wetland geomorphology under
SLR; however, these effects are yet to be sufficiently quantified
and previous SLR modelling studies have predominantly focussed
on hydrodynamics only. Effective planning and decision making
for SLR in estuaries would benefit from simultaneous investigation
of estuarine and intertidal wetland processes.
5 CONCLUSIONS

Eco-morphodynamic modelling at Minnamurra River estuary has
demonstrated that the fate of intertidal wetlands depends on the rate
of SLR, with projections based on slow SLR (+ 5mm yr-1) indicating
mangroves may adjust to SLR, but when exposed to a higher rate of
SLR (> 10mm yr-1) conversion of low elevated mangroves to open
water areas were projected. Within model scenarios, tidal range
inside the estuary was shown to increase overall under low and high
SLR (by up to + 8%), and to respond non-linearly to high SLR. This
non-linear response may be related to eco-geomorphological
feedbacks caused by changing wetland extents and intertidal
geomorphology. As low elevated mangrove areas convert to open
water, tidal energy dissipates in intertidal storage areas and reduces
tidal range. Model projections of mangrove and saltmarsh
distribution and their associated rates of wetland elevation
adjustment are a function of SLR, with feedbacks demonstrated
between the ecology, morphology and hydrodynamics. Comparisons
of model simulations based on two SLR scenarios and two wetland
elevation adjustment scenarios indicate that macrophyte distribution
at Minnamurra River is highly dependent upon the rate of SLR and
its influence on wetland elevation adjustment.

Whereas many wetland modelling studies of responses to SLR
assume tidal range to remain unchanged, modelling in this study
indicates that hydrodynamics in estuaries, such as tidal range,
can alter in response to SLR, if entrance and channel morphology
do not change elevation significantly in response to SLR.
Frontiers in Marine Science | www.frontiersin.org 17
Integrated modelling approaches, such as the coupled eco-
morphodynamic model presented here, are required to account
for the dynamic eco-geomorphological feedbacks resulting from
the interaction of estuarine hydrodynamics and intertidal
wetlands under SLR. More generally, incorporating
hydrodynamic modelling into wetland research as applied here
allows for a spatially explicit calculation of wetland inundation
regimes, which improves the representation of tidal inundation
in wetland modelling. Altogether these improvements in
intertidal flow representation and consideration of tidal
responses to SLR advance modelling of wetland response to
SLR in estuaries, and may contribute to better understanding and
management of estuarine-wetland systems.
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