Catena 261 (2025) 109559

Contents lists available at ScienceDirect

Catena

A

ELSEVIER

journal homepage: www.elsevier.com/locate/catena

Check for
| updates

Resilience of mangroves to climate and land-use changes in the
Pacific Islands™

Eliana Jorquera”®, José F. Rodriguez ™ ©, Patricia M. Saco ™", Steven Sandi “®,
Juan Quijano-Baron?, Angelo Breda *“

& School of Engineering, University of Newcastle, Callaghan 2308, Australia

Y School of Civil and Environmental Engineering, University of Technology Sydney, Sydney, Australia
€ School of Civil and Environmental Engineering, Deakin University, Geelong, Australia

4 Water Modelling Systems, WaterNSW, Sydney, Australia

ARTICLE INFO ABSTRACT

Keywords: Mangrove wetlands in Pacific Islands are vital ecosystems that provide important services such as habitat for

Ecogeomorphological modelling marine species, flood protection and carbon storage. They occupy low-lying areas that are at risk of sea level rise

goj‘m]unor} (SLR), which, combined with anthropogenic pressures exerted on adjacent zones can lead to destabilising effects
edimentation

on these ecosystems. Their resilience to climate and land use changes is closely related to sediment availability,
as mangroves can vertically adjust their soil surface (accretion) by trapping sediment and building root mass,
offsetting SLR. In this contribution, an ecogeomorphological model is applied to a mangrove wetland site in
Vanua Levu Island, Fiji, to predict its evolution over the next 100 years and to assess its resilience under five
different scenarios of climate and land use change. Scenarios consider the SSP5-8.5 pathway SLR and include a
scenario with current conditions, two scenarios with different levels of deforestation in the catchment, one
scenario with increases in temperature and rainfall intensity, and a scenario with conservation practices to
reduce sediment from the catchment. Changes in the catchment are assessed using a hydro-sedimentological
model previously calibrated, and produce increases in sediment supply to the wetland for all scenarios except
the conservation scenario. Changes in sediment supply are incorporated into the ecogeomorphological model,
which is able to quantify improvements in the resilience of the wetland due to increases in sediment. Im-
provements in resilience are not enough to prevent substantial wetland losses (30 % to 60 %) because mangroves
cannot colonise new areas due to topographic constraints and a manmade embankment that prevents tidal
incursion. The methodology uses numerical models that are set up and verified with regional information and
remote sensing derived data, so it has enormous potential for the assessment of wetland vulnerability in other
mangrove wetlands of the world with limited ground information.

Climate change
Land use change

1. Introduction

Mangrove wetlands are vital ecosystems that provide important
services such as nursery habitat for marine species, flood regulation, and
carbon storage, among others (Beck et al., 2001; Kelleway et al., 2017;
Ludwig et al., 2019; Sandi et al., 2021). They are located in low-lying
areas that are at risk of sea level rise (SLR), which, combined with
anthropogenic pressures exerted on adjacent zones can lead to desta-
bilising the fragile balance of all factors that compound these
ecosystems.

Research has shown that the resilience of mangrove wetlands to SLR
is closely related to sediment availability. Wetlands are depositional
environments and mangroves can vertically adjust the surface of the
forest floor by trapping sediment and building root mass (Saintilan et al.,
2020; Krauss et al., 2014; Lovelock et al., 2015; Hayden and Granek,
2015; van Maanen et al., 2015). This adjustment (known as bio-
geomorphic accretion) can help mangroves keep up with SLR under
particular conditions of suspended sediment and tidal levels, as shown
by several studies using both field and numerical modelling results
(Hayden and Granek, 2015; Krauss et al., 2014; Lovelock et al., 2015;
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Fig. 1. Geographic location of Dreketi River catchment and its wetland.

Rodriguez et al., 2017; Sandi et al., 2018; van Maanen et al., 2015; Breda
et al., 2022). The availability of sediment can also be influenced by land
use practices in the catchment, as different land uses are associated with
different levels of sediment production. Deforestation and trans-
formation into agricultural land is typically associated with increases in
sediment production, which may be reflected in increases in sediment
availability in the wetland areas.

Modelling the evolution of mangrove wetlands considering accretion
and sea level rise is challenging due to the complexity of the processes
co-evolving at a variety of spatial and temporal scales. Mangrove wet-
lands respond to SLR via accretion but also via landward migration.
These two processes operate at relatively long scales (several years) but
they integrate a number of other processes that occur at smaller scales.
Accretion is a function of the tidal regime, sediment availability and type
of vegetation (Fagherazzi et al., 2012; Lovelock et al., 2015). The
resilience of the vegetation is heavily influenced by the complex inter-
action between plant biological processes, frequency of floods and
sediment inputs (Cahoon et al., 2021; Woodroffe et al., 2016). As such,
the combination of flood characteristics (hydroperiod, tidal range, etc)
and environmental conditions (salinity, soil type, etc) drive the survival
and establishment of vegetation in newly colonized areas (Crase et al.,
2013; Krauss et al., 2008). In order to be able to model wetland evolu-
tion under SLR, current models have to reach a compromise between
reasonable computational running times and a model complexity that
ensures that the most relevant processes are considered. A good balance
has been achieved by eco-geomorphological models that integrate
detailed simulations of tidal and sediment dynamics over a short period
(several tidal cycles representing the annual variation) that can be used
to determine yearly vegetation distribution and accretion values, with
longer term multi-year geomorphological simulations with updates of
the domain (topography and vegetation) and input conditions
(including tidal changes due to SLR) at the end of that period to continue
the calculations of these coevolving system for successive periods
(Rodriguez et al., 2017; Sandi et al., 2018; Breda et al., 2021).

One of the challenges of predicting wetland evolution using process-
based models is the availability of reliable data for model setup and
verification. This is an important consideration for a modelling strategy,
particularly in remote areas with very limited ground information.
Remote sensing data can be used at different stages of the modelling, but
requires additional tests to verify the validity of data and results. Using
predominantly remote sensing data also means that the methodology

has enormous potential for the assessment of wetland vulnerability in
other mangrove wetlands of the world with limited ground information.

Historically in Fiji, mangroves have been one of the primary sources
of natural resources, providing food and fuel to the surrounding com-
munities (Ash, 1992). The Republic of Fiji has more than 380 km?
covered by mangrove wetlands, ranking as the third nation among the
Pacific Island Countries in mangrove coverage, after Papua New Guinea
and the Solomon Islands (SPREP, 2016). Islands of the tropics have been
identified as hotspots for climate change impacts (IPCC, 2021), and the
effects of climate change are expected to be quite severe in the low-lying
coastal areas of the Pacific Islands due to the combination of SLR and
extreme weather. Extreme events are characterised by intense precipi-
tation, which generates flooding and sediment exports from catchments
into the coastal areas (Terry et al., 2004; Mclnnes et al., 2014; Magee
et al., 2016, Kostaschuk et al., 2001). In addition, severe storm events
such as hurricanes and cyclones can have diverse effects on mangroves,
while in some cases sediment inputs can contribute to maintaining
elevation under sea level rise (Cherry and Battaglia 2019; Feher et al.,
2020), some extreme events may lead to a complete collapse of the
vegetation and transition to mudflats (Osland et al., 2020). Among
catchments draining their waters onto the coast, the rural catchment of
the Dreketi River in the Vanua Levu Island of Fiji stands out due to its
significant sediment contribution (Brown et al., 2017) and also because
it has a mangrove wetland that is part of the Qologoli Cokovata, a
RAMSAR site since 2018 (Ramsar Convention Secretariat, 2019). In
addition, catchments in this area have experienced land use changes in
the past involving deforestation for logging, and for urban and agri-
cultural repurposing of the land, with sugar cane plantations consti-
tuting the main industrial crop in the Dreketi catchment. Further
changes in land use can have significant implications for coastal eco-
systems, particularly when combined with SLR.

In this contribution an ecogeomorphological model is applied to a
mangrove wetland in the Dreketi river to predict its evolution and to
assess the resilience of the wetland to climate and land use change. The
main novelty of our contribution consists of the coupling of the wetland
ecogeomorphological model to a catchment hydro-sedimentological
model (see Jorquera et al., 2024 and Supplementary Material) to
determine catchment sediment exports under several scenarios that
combine climate change and land use changes. We hypothesize that
these changes can pose a significant threat to mangrove ecosystems in
the Dreketi catchment. The importance of this ecosystem and the
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potential vulnerability to future conditions justifies its selection as a
study site representative of the mangrove wetlands in Fiji and their
future evolution.

2. Methods
2.1. Study site

In Fiji, wetland habitats can be classified in four major categories:
Rhizophora forest, Brugeria forest, mixed mangrove forest and species
growing on the landward edge of the mangrove forest (SPREP, 2016).
However, there is a lack of information regarding the characteristics of
the wetlands in terms of extension, the health of the vegetation and
details of the species distribution (SPREP, 2017). The mangrove wetland
at the mouth of the Dreketi River has an area of approximately 6.8 km?,
including the area occupied by the river and the channels (Fig. 1). The
characteristics of the wetland are similar to one of the communities
described for the Labasa wetland (Scott, 1993). The main species are
Rhizophora Samoensis, Bruguiera gymnorrhiza and the hybrid Rhizophora
x selala. According to Scott (1993), Rhizophora Samoensis dominates the
area at the back of the river banks, the seaward edge and the hypersaline
mudflats, whereas Bruguiera gymnorrhiza and the hybrid Rhizophora x
selala are increasingly more frequent towards the outer edge.

2.2. Eco-geomorphological model

The modelling framework used in this contribution was imple-
mented by Rodriguez et al. (2017); Sandi et al. (2018) and Breda et al.
(2021). The framework is spatially distributed over a regular structured
grid and combines hydrodynamic, vegetation and sedimentation/ac-
cretion models that can simulate the co-evolution of these important
processes over long time scales.

The hydrodynamic model calculates the distribution of water levels
and velocities over the simulation domain using a scheme of cells
developed by Riccardi (2000). The model solves the simplified Saint-
Venant equations of mass and momentum for shallow water on a rect-
angular cell-grid. The conservation of mass for each cell is expressed in
the model as:

) J
s > Qi m

k=1

where S; is the surface area of cell i, z; is the water surface elevation, Qy;
is the flow between cell i and k, given that cell i has j neighbouring cells.
There are two types of cells: channel or land. Therefore, there are three
types of links: land-land, channel-channel and land-channel. The
discharge between cells is based on the conservation of energy equation
and is computed from the water surface gradient (zx — 2;). In land-land as
an example, where there is a preponderance of gravity, hydrostatic
pressure and friction forces, the discharge is given by:

AR [z — 2

N Axy i

Qui = sign(zi — zi) (2)

where Ay;, R; and n; are, respectively, the wetted area, hydraulic
radius, and the Manning roughness coefficient in the interface between
cells i and k. The last is given by the average value between the co-
efficients of each cell. The variable Axy; is the distance between the
centres of the cells. Slightly different formulations are used for the other
kinds of links, but they are also based on the energy equation. The
system of equations is numerically solved using a Gauss-Seidel iteration
method (Riccardi, 2000), and the parameters of the model are the
roughness coefficient for the land and channel cells.

The hydrodynamic model allows the calculation of the average depth
of water below mean high tide (D) and the percentage of time in a year
that the cell is inundated (denominated as hydroperiod, H). Those two
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Table 1
Parameters for soil elevation model and above biomass equation.
Model parameter Value Source
3 —1 -5
m” year 9.0 x 10
q(m”y ) Rodriguez et al., 2017
k(m® g2 year! 1.3 x 107
(m” gy ) Rodriguez et al., 2017
-3
—42,037 .
agm Kauffman et al., 2011
b(g m™*) -5827.9 )
Kauffman et al., 2011
c(gm?) 41841.0

Kauffman et al., 2011

characteristics summarise the driving factors for vegetation establish-
ment and growth, and they are applied through a series of vegetation
establishment/survival rules specific for a vegetation type (D’Alpaos
et al., 2007; Lovelock et al., 2015; Saco and Rodriguez, 2013). The
values for establishment/survival for mangroves (see Section 3.2) are
compared with the H and D values estimated from the water levels
calculated by the hydrodynamic model, and if hydrodynamic conditions
produce values above the establishment/survival threshold the vegeta-
tion is present in the cell.

The vegetation feedback in the modelling framework is related to
changes in surface roughness and accretion rates. Roughness will affect
the hydrodynamic model flow resistance, and accretion (calculated
through the geomorphological module) will change the domain topog-
raphy. Accretion considers that mangroves trap sediments and transfer
biomass to the soil, increasing the soil surface elevation. This process is
known as bio-geomorphic accretion and is calculated following Morris
et al. (2002) equation as adapted by Rodriguez et al. (2017):

T C(q+kB)D 3)
where E stands for surface elevation, C is the suspended sediment con-
centration, B is the above ground biomass and g is a depositional
parameter. This model considers two main drivers of soil elevation: the
deposition of suspended solids, controlled by the sedimentation rate g,
and sediment trapping and biomass transfer by vegetation, controlled by
a trapping efficiency coefficient k. The values of these parameters (g and
k) are a function of the vegetation and the sediment material. Table 1
presents the parameters used to model the bio-geomorphic accretion,
which were obtained from Rodriguez et al. (2017) for mangrove species
in muddy substrates. The values of q and k adopted by Rodriguez et al.
(2017) correspond to a different species of mangrove (Avicennia
marina), so they have been used as an approximation in the absence of
local information. However, Rodriguez et al. (2017) indicated that g
depends on sediment type only and successfully applied a value of q
reported by Morris et al. (2002) for a similar sediment type (mud) and
adjusted k (dependent on vegetation type) so that Eq. (3) would result in
a value of accretion rate compatible with the measured accretion rate.
The same rationale was applied here, and the value of k proposed by
Rodriguez et al. (2017) did not required adjustments as the predicted
accretion rates matched values reported in the literature (see Section
3.2.1). The above-ground biomass is calculated in cells where mangrove
is present using:

B=aD+bD?+c¢ @

where q, b, and ¢, are empirical coefficients that depend on the vege-
tation characteristics and obtained from Kauffman et al. (2011) for
similar mangrove species in Micronesia. Eq. (4) has been developed for
saltmarsh (Morris et al., 2002) and extended to mangroves (Rodriguez
etal., 2017; Sandi et al., 2021; Morris et al., 2023). It not only provides a
spatial distribution of above-ground biomass but also allows for a dy-
namic update of biomass if D changes during the simulation period.
The values of sediment concentration C in Eq. (3) are obtained using
the catchment inputs and a transport model for very fine sediment (mud)
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Fig. 2. Representation of the topography of the Dreketi mangrove wetland.

developed by Breda et al. (2021).

2.3. Model set-up and parameterisation

The first step in the model set-up is the definition of the topography
of the wetland and the adjacent area. A DEM from the Advanced
Spaceborne Thermal Emission and Reflection Radiometer of Global
DEM (ASTER GDEM) (https://Ipdaac.usgs.gov) with spatial resolution
of one arc-second (30 m x 30 m) was used for the Dreketi wetland. The
DEM was adjusted to account for potential errors in elevation induced by
the presence of wetland vegetation in low relief areas by subtracting the
estimated vegetation height to the original DEM data. The vegetation
height was estimated from site descriptions (Scott, 1993) and from
comparison of elevations at adjacent DEM grid points with and without
vegetation as identified by supervised classification of Landsat images.
For the mouth of the river and the main channel we complemented the
DEM with historical navigation charts that contained detailed elevation.
These charts were retrieved from https://data.linz.govt.nz/ and digi-
tised. Fig. 2 presents the topography used for eco-geomorphological
modelling purposes.

The hydrodynamics of the wetland are driven by the tidal regime,
but detailed hourly data of tidal levels were not available in the area. A
simplified sinusoidal tidal regime representing mean tide conditions,
with an amplitude of 1.5 m and period of 12 h was used for simulation
purposes, as done in previous research (Kirwan et al., 2010, 2013, 2016;
Breda et al., 2021; D’Alpaos et al., 2007). This tidal regime was derived
from local predictions of high and low tide for the area (https://tidechec
ker.com/fiji/northern-division/dreketi/).

The simulation domain was defined as a grid of 10,815 cells arranged
in a rectangular area 3090 m wide by 3150 m long. The dimension of the

cells was determined by the DEM resolution of 30 m. There are two types
of cells, channel and overland. Also included in the domain is an
embankment and a channel that were built over 40 years ago to drain
the south part of the wetland and convert it to agricultural land (Ash,
1992). The hydrodynamic model was setup with a value of Manning
roughness coefficient n (Eq. (2)) of 0.5 for mangrove areas and of 0.12
for unvegetated substrates following Rodriguez et al. (2017); Knight
(1981); Mazda et al. (1997), and Dietrich et al. (2011).

An average sediment concentration of 40 mg/L was used for current
conditions based on results of a hydro-sedimentological model applied
to the contributing catchment (Jorquera et al., 2024), which is in line
with other estimates in the area (Brown et al., 2017).

The model considers that the tidal regime defines the vegetation
establishment and survival. The depth below mean high tide, D, and the
hydroperiod H computed on every cell were used to characterise the
tidal regime (Breda et al., 2021). Suitable conditions for vegetation
establishment will depend on the mangrove species (Crase et al., 2013).
The suggested values for H and D, documented in previous works in
Indo-Pacific mangroves wetlands that are similar to Rhizophora, are H
lower than or equal to 50 %, and D greater than 12 cm (Rodriguez et al.,
2017; Crasse et al., 2013). In the absence of information on the distri-
bution of mangrove species in the wetland, the same condition was
applied to all the mangrove species present in the wetland. This is
supported by observations that Rhizophora samoensis and Bruguiera
gymnorrhiza have the same preference to tidal conditions and their
zonation responds to chemical dispersal, competitive ability, and sus-
ceptibity to herbivory (Smith, 1987), It is also very likely that Rhizo-
phora selala has the same preference as it is a hybrid of Rhizophora
samoensis. Freshwater vegetation is assumed in areas not exposed to
saltwater (H = 0 %, D~0 m). Table 1 presents the parameters used for
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Table 2
Scenarios for resilience analysis.
Scenarios  Sediment Sediment Comments
change input (mg/L)
Baseline - 40 Sediment concentration for current
conditions and SLR
RA-I +10 % 44 Sediment concentration increase
from changes in land use (5 %) and
SLR.
RA-II +30 % 52 Sediment concentration increase
from changes in land use (10 %) and
SLR
RA-III 0-60 % 40-64 Sediment concentration increase for
changes in rainfall intensity and SLR
RA-IV -30 % 28 Sediment decreases and SLR

the mangrove species in the soil elevation model (Eq. (3)), and the
calculation of above ground biomass (Eq. (4)).

Because of the lack of data for model calibration, the vegetation
model (without any updates from eco-geomorphological feedbacks) was
run for one year under current conditions and the results were compared
with the observed vegetation distribution in order to test that the setup
and model parameters were suitable for the simulation of the Dreketi
wetland. In the same way, the eco-geomorphological model results for
current conditions were tested by comparing computed accretion with
estimates of accretion based on observations (see 3.1).

2.4. Resilience analysis scenarios

The eco-geomorphological model was applied to the Dreketi

/& 2 |
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mangrove wetland to assess its resilience under future conditions. As
mentioned, one of the primary inputs of the model is sediment con-
centration. We studied four future scenarios, named resilience analysis I
to IV (RA I to IV) and a baseline case.

To assess the resilience of the Dreketi mangrove wetland, the
response of vegetation dynamics and the accretion rates were evaluated
under possible future scenarios over 100 years (Text S1 in Supplemen-
tary Material). First, the sediment exports from the Dreketi River
catchment were calculated for future scenarios of land use changes and
climate change using the same hydro-sedimentological model calibrated
for the contributing catchment (Jorquera et al., 2024). Afterwards, the
eco-geomorphological model was applied using the sediments estimated
from the catchment simulations jointly with the projections of SLR. We
explored five different scenarios to assess the mangrove wetland resil-
ience (Table 2). The rate of SLR was the same for all the scenarios,
corresponding to the lower limit of the SSP5-8.5 projections with a total
rise in sea level of 700 mm in 100 years (IPCC, 2021). The baseline
scenario considered the current sediment inputs and projected SLR.
Scenarios for Resilience Analysis (RA) I and II represented increases in
sediment (10 % and 30 %, respectively) due to changes in land use and
cover associated with expansion of agriculture in the catchment (Text
S2, Figs. S2 and S3). For the RA I scenario we considered that agriculture
replaces all other land uses in areas with a terrain slope of 5 % or less,
whereas for the RA II that limit of the terrain slope increases to 10 %
(Fig. S1, Table S1). Because changes in land use can happen very quickly
compared to the time scale of updates in the model (10 years) the
changes in sediment for RAI and RAII were incorporated at the begin-
ning of the simulations. The RA III scenario included projection for in-
creases in rainfall intensity under future climate change conditions,

BN Water
Non mangrove
Mangrove

B Non vegetation

Fig. 3. Model evaluation using current mangrove distribution a) Landsat 8 image 22 May 2019, b) mangrove supervised classification, ¢) simulated mangrove areas.
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Fig. 4. Effect of SLR in baseline scenario: a) change in suitable area for mangroves with sea-level rise relative to the current area, and b) annual accretion rate of

suitable area.

which resulted in sediment concentration increasing gradually over time
from 0 to 60 % (from 40 mg/L to 64 mg/L) at the end of the 100-year
period of simulation. This scenario considered an increase in tempera-
ture of 4 °C and an increase in precipitation intensity of extreme events
of about 30 % (IPCC, 2021; Seneviratne et al., 2021) (Text S3). Finally,
RA 1V considered a 30 % reduction of sediment concentration. The
objective of this simulation was to assess the system response to a po-
tential reduction of the sediment supply, which can result from con-
servation practices (conversion from agriculture to natural vegetation)
or from ad-hoc measures to prevent sediment reaching the coastal area.
The simulation period for all scenarios was from 2020 to 2120 with a
coupling time of 10 yrs i.e. the time period in which feedbacks from
vegetation and accretion are redefined in the hydrodynamic model.

3. Results
3.1. Model verification

Due to the limited availability of on-the-ground data, the eco-
geomorphological model could not be formally calibrated and vali-
dated as we have done in the past with other systems (Rodriguez et al.,
2017; Sandi et al., 2018). Our approach consisted in setting up the model
using the available information (including estimated sediment load and
parameters obtained for similar systems) and verifying model results for
current conditions in terms of observed vegetation distribution and ac-
cretion rates. These two sets of model results synthetise vegetation and
geomorphological processes that are at the core of our modelling
framework.

The vegetation distribution is the result of wetland topography,
inundation regime provided by the hydrodynamic model, and vegeta-
tion preference to hydroperiod H and depth below mean high tide D. A
good agreement between model results and observations of vegetation
distribution gives confidence regarding the reconstruction of the
topography from the ASTER GDEM adjusted for vegetation offset using
Landsat images, the hydrodynamic model results, and the thresholds of
H and D selected for the mangrove species of the wetland.

Under current conditions (year 2020 with 40 mg/L sediment con-
centration and initial topography), the model correctly predicted the
spatial distribution of areas suitable for mangrove habitat. Fig. 3 shows
the distribution of the vegetation obtained from satellite image (Fig. 3a
and b) and from the model results based on conditions suitable for
mangroves (Fig. 3c). The simulated areas with suitable conditions for
mangroves capture the current extent of the mangrove vegetation. To
identify areas of mangroves, we used Landsat 8-9 OLI/TIRS C2 L2 from

2018 to 2022 as Landsat has the same resolution as the SRTM used for
developing the DEM and the cell resolution in the model. We selected a
Landsat scene acquired on the 22 of May 2019 as this was the one with
lower cloud cover (Fig. 3a). We then clipped the scene to the extent of
our domain and created a True Colour Composite using Bands 4, 3 and 2
(red, green and blue). A supervised classification was performed on
ArcGIS to separate mangrove, non-mangrove, water and non-vegetated
areas. This classification was then visually assessed by comparing
against the spectral signals using a False Colour Composite from bands 5,
4, and 3 (infrared, red, green) and a True Colour Composite 5, 6 and 7
(infrared, midinfraredl, midinfrared2). Once the extent of the vegeta-
tion was determined (Fig. 3b), the simulation of current mangrove
conditions (Fig. 3c) was evaluated by using a confusion matrix and
calculating of the overall accuracy and Cohen’s k. Overall accuracy from
the confusion matrix was 0.89 and Cohen’s x was 0.83. This level of
accuracy is remarkably good for predictive models of vegetation dis-
tribution (Sandi et al., 2021; Sahana et al., 2022). The areal extent of the
mangrove wetland is 4.55 km? and estimated above-ground biomass for
the current distribution of mangroves obtained from the model (Eq. (4))
was 335 t/Ha, which is within the expected range for the species in the
area (Duke et al., 2012, 2013; Fatoyinbo et al., 2018; Komiyama et al.,
2008).

In order to check the sensitivity of the model results to potential
uncertainties in the DEM data, the entire topography was lowered and
raised by 10 cm and the current conditions were simulated again. For
practical purposes, these changes were implemented by increasing
(SL+) or decreasing (SL-) the initial sea level by 10 cm. In both situa-
tions the model results did not match the observations, with the simu-
lated mangrove coverage underpredicting the observed coverage by 15
% and 20 % for SL+ and SL—, respectively (See Text S4, Figs. S8 and S9).
These changes in the DEM resulted in higher H values in SL+ and low D
values in SL- leading to the underpredictions.

The other component of the model results that we tested was the
prediction of accretion. Computation of accretion in our model (Eq. (3))
is based on D (from the hydrodynamic model) biomass B (from Eq. (4))
fitted to measurements with similar vegetation in the region as a func-
tion of D) sediment concentration C (from the catchment hydro sedi-
mentological model) and sedimentation and trapping parameters for
similar vegetation and sediment characteristics in the region. For the
conditions corresponding to the first step in our accretion computations
the model produced an average accretion value over all points in the
domain covered by mangrove of 4.16 mm/yr (Fig. 4). There are no
available records of measured accretion in mangroves in Fiji or neigh-
boring islands, but Ellison (2010) estimated current values of accretion
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in high islands of Fiji (those that have fluvial sediment coming off the
land into intertidal areas) at 4.5 mm/year based on stratigraphic
reconstruction by Ellison and Stoddart (1991). This accretion value is
very close to our model predictions and confirms the suitability of our
setup, parameterisation, and data.

Catena 261 (2025) 109559
3.2. Resilience analysis under future climate change scenarios

3.2.1. Sea level rise (Baseline)

The effects of SLR were evaluated over a period of 100 years. The rate
of SLR used in our model corresponds to SSP5-8.5, with a 7.7 mm rise
per year on average (IPCC, 2021). Fig. 4a shows the change in suitable
area for mangroves under SLR conditions. During the first 40 years, the
retreat of the mangroves is, on average, 5 % every 20 years; after that
point, the rate of mangrove loss is accelerated, doubling this value.
Fig. 4a also shows that after 100 years, the expected reduction of the
wetland is over 40 %. This can be explained by the accretion rate, which,
on average, is 5.5 mm/year (Fig. 4b), smaller than SLR (7.7 mm/year).
The accretion rates of our model results agree with predictions for Indo-
Pacific mangroves (Krauss et al., 2014; Lovelock et al., 2015; Elison,
2000).

It is important to observe not only the extension of the wetland, but
also the condition of its forest health as indicated by the above-ground
biomass (Doughty et al., 2021). Fig. 5 presents the temporal evolu-
tion, on average over the entire wetland, of the above-ground biomass.
At the end of the simulation period, the above-ground biomass has
reduced to a third of the initial conditions. This is due to reduction of the
area suitable for mangroves and also because of the reduced biomass of
the remaining trees (Fig. 6).

3.2.2. Land use change scenarios (RA I and RA II)

The resilience analysis scenarios I and II (RA I and RA II) present an
increment of sediment input to the wetland by 10 % and 30 %,
respectively, due to changes in land use and land cover. Fig. 7 compares
the RA I and RA 1I scenarios with current conditions. It shows that
regardless of the increase in sediment supply, a significant proportion of
the wetland will be lost by the beginning of next century (Fig. 7a). Even
though there is an increase on the average accretion rates under the
land-use change scenarios, it is not enough to keep up with the SLR rate
(Fig. 7b).

After 100 years of simulations, the mangrove area reduction was
41.5 % for the baseline scenario and 39.6 % and 36.1 % for RA I and RA
11, respectively. Although the area reduction was high in all the sce-
narios, Fig. 8 compares the biomass, highlighting that the state of the
mangroves with more sediment supply was better than in the baseline
scenario.

Biomass (t/Ha)

0 50 100 150 200 250 300 350
2120 2120 2120
(a) Baseline scenario (b) RA | (+10%) (c) RA 1l (+30%)
3000 i 3000
2500 2500
2000 - 2000
1500 - 1500
1000 - 1000
500 500
A . o - O P
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000

Fig. 8. Mangrove biomass comparison at the end of the simulation period for a) Baseline, b) RA I (10% increase in sediment) and, c) RA II scenarios (30% increase in
sediment). Dotted white line represents the initial boundary between mangrove and other vegetation.
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Fig. 9. Effects of climate change: a) change in suitable area for mangroves for the baseline and RAIII scenarios, b) SLR and accretion rates over time for the baseline

and RA III scenarios.

3.2.3. Climate change (RA III)

The RA III scenario considered a gradual increase over the simulation
period in the sediment supply from 0 to 60 %. The reduction of the area
suitable for mangroves at the end of the simulation period was more
than 30 % of the initial area, lower than in the baseline scenario (41.5
%), (Fig. 9a). Even though the sediment supply increased considerably
over the latest part of the simulations, the wetland could not follow the
SLR trend (Fig. 9b) and the biomass of the remaining mangroves was
reduced to about half of the original value (Fig. 10).

3.2.4. Reduction of the sediment inputs (RA IV)

To assess the sensitivity of the wetland to reductions in sediment
supply, a scenario with a reduction of 30 % of the baseline sediment
concentrations was implemented. Fig. 11a shows the reduction of the
area suitable for mangroves over time, in which the rate of area deple-
tion was greater under a shortage of sediment supply than for any of the
other scenarios due to the lower accretion capacity (Fig. 11b).

4. Discussion

The eco-geomorphological modelling implemented to the coastal
mangrove wetland at the mouth of the Dreketi River captured the cur-
rent distribution of the vegetation (Fig. 3), an above-ground biomass
consistent with the expected ranges for the mangrove species present in

the area (Duke et al., 2013; Fatoyinbo et al., 2018; Komiyama et al.,
2008), and accretion rates for current conditions that agree with pre-
vious estimates for Fiji (Ellison, 2010).

A comparison among all the scenarios simulated is presented in
Fig. 12, where a strong relation between sediment concentration and
both the mangrove area and its elevation can be observed. The baseline
situation, which considers that sediment inputs will remain unchanged
in the future, results in average bio-geomorphic accretion rates (5.5
mm/year) substantially lower than the rate of sea-level rise (7.7 mm/
year) and about 40 % of mangrove area losses by 2120. While there are
no previous studies for this area that consider the temporal and spatial
evolution of mangroves and the gradual area reduction, overall esti-
mates of mangrove resilience based on current bio-geomorphic accre-
tion rates and SLR levels similar to the ones used by us predict
considerable stress on mangroves after 2060 (Ellison, 2010) and total
submergence shortly after 2100 (Lovelock et al., 2015, Fig. 5¢), which
broadly agree with our predictions.

Even though the scenarios with high sediment loads conserve more
mangrove suitable areas, all scenarios display considerable losses (be-
tween 30 % and 55 %) (Fig. 12a). Figs. 6, 8 and 10 indicate that the
reduction in area is associated with a retreat of mangroves into higher
ground, with almost no colonisation of new areas. The lack of buffer
zones for colonisation in this wetland is due to the steep topography on
the east and west boundaries of the mangrove area (Fig. 3) and a
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Fig. 10. Spatial distribution of mangrove above-ground biomass over the simulation period for RA III scenario. Dotted white line represents the initial boundary

between mangrove and other vegetation.

manmade embankment on the south side.

The bio-geomorphic accretion in addition to the migration of man-
groves to higher ground (limited by the surrounding topography) gen-
erates higher elevations in the remaining mangrove suitable area, as
seen in Fig. 12b. The figure shows a strong positive influence of sediment
supply on the changes in elevation of the mangrove suitable areas. When
those elevations are compared with the sea level (also included in
Fig. 12b) it can be seen that the wetland evolves from a situation where
most of the mangrove areas are slightly above mean sea level (20-30
cm) to a situation in which they are at or below mean sea level. That
lower position in the tidal frame is not favourable for mangrove estab-
lishment, a condition that is successfully captured by the eco-
geomorphological model.

Another result from the simulations is that the system responds
differently to increases and decreases in sediment concentration. Fig. 13
compares the suitable areas of the baseline scenario with the areas of
two scenarios with a shift in sediment supply of + and — 30 %. In terms
of suitable area, the negative effect of a 30 % reduction in sediment
supply is more pronounced that the positive effect of a 30 % increase in
sediment supply. This difference in behaviour is not reflected in the
changes in elevation of Fig. 12b, where reductions or increases in
sediment supply have the same proportional effects. So, even though the
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elevation changes of Fig. 12b may not be substantially lower with very
low values of sediment supply, the extent of the wetland is considerably
reduced. This is also shown by the biomass distributions of Fig. 14,
which presents results at two stages of the simulation (2060 and 2120)
for a reduction and an increase of the sediment supply. Reduction in
sediment supply results in very low values of biomass, so a large portion
of the increase in elevation is due to minerological deposition (see Eq.
(2)).

Despite the fact that the effects of sediment supply on wetland ac-
cretion are widely covered in the literature on wetland evolution
(Lovelock et al., 2015; D’Alpaos et al., 2007; Kirwan et al., 2010;
Rodriguez et al., 2017) simulations are often carried out using rough
estimates of this important input variable due to limitations on data
availability. Coupling of a hydrosedimentological catchment model with
the ecogeomorphological wetland model allows for a more integral and
realistic analysis of the effects of sediment on wetland evolution. This
coupling reveals, for example, that the effect of climate change on
wetland evolution cannot be limited to SLR only, but it also has to
consider potential increases in rainfall intensity (including cyclone ac-
tivity in the case of the Pacific Islands) and temperature that can lead to
substantial increases in sediment supply from the catchment. As Fig. 12
shows, expected increases in sediment due to climate change totally
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Fig. 11. Effects of a reduction of sediment supply: a) change in suitable area for mangroves under baseline scenario and a decrease in sediment supply, b) SLR and

accretion rates under baseline scenario and a decrease in sediment supply.

changes the projections of wetland evolution and notably increases its
resilience, delaying submergence by about 20 years. Even if the results
for the Dreketi catchment could be considered to be at the high end of
the spectrum compared to most of the world, they are certainly within
the values expected for the Pacific Islands, which are known to be some
of the areas more strongly affected by climate change.

The coupling of the two models also allows for the assessment of
human interventions (land use changes due to agriculture, deforesta-
tion, etc) at the catchment scale, which is a prevalent issue on coastal
catchments in the Pacific Islands and many other areas of the world. The
magnitude of those effects are not as important in the Dreketi wetland
due to limited availability of land that can potentially change use, but it
can be more important in other sites, and particularly when combined
with the effects of increased rainfall intensity due to climate change.

While this study provides valuable information regarding the po-
tential fate of the study site under several scenarios of land use and
climate change using advanced modelling tools, it has a number of
limitations. The effect of large storms was incorporated through the
sediment delivery from the catchment, which is an annual average
value, but other effects like storm surge and episodic increases in sedi-
ment where not considered. This is consistent with the time scale of the
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simulations and supported by Rogers et al. (2013), which reported no
noticeable change in the accretion trajectory of a wetland after a sig-
nificant storm event. However, with increasing severity of storms pro-
jected as a result of climate change, extremely severe episodes may lead
to complete collapse of the vegetation and transition to mudflats (Osland
et al., 2020).

The scenarios of land use change that considered the increase in
agricultural catchment areas resulted in higher values of sediment,
which increased the accretion capacity and strengthened the opportu-
nities for survival under SLR (Kirwan et al., 2010). However, this
assessment does not consider other water quality aspects besides sedi-
ment, which may be important because runoff from agricultural areas
may contain fertiliser or other pollutants that can affect the mangroves’
health (Mack et al., 2024).

The reduced availability of field data was also a limitation in terms of
model setup and parameterisation. Using SRTM as the basis for the
model setup has unavoidable uncertainties, despite the checks and
verifications carried out in this work. Lidar products can notably in-
crease accuracy of DEMs and are a viable alternative in remote areas that
can be readily incorporated in the framework presented in this contri-
bution. In addition to this, many parameters of the models were based in
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regional studies or nearby sites, or on general charcteristics of soils and
vegetation. Targeted field campaigns can provide valuable information
on critical aspects like accretion rates, sediment properties, mangrove
species distribution and biomass. Despite this limitations, the results of
the model show strong trends driven by sea-level rise and sediment
availability that are consistent with previous work.

The management implications of our results consist of two main
aspects. The first one is to avoid any catchment measure that could
restrict the sediment inputs to the mangrove forest, as that will limit the
capacity of the wetland to accrete and compensate for some of the effects
of sea-level rise. The other potential measure that could reduce
vulnerability is the provision of buffer zones for mangrove migration.
Those areas are currently restricted by an embankment and a drainaje

12

chanel at the south end of the wetland, so a further analysis of these
areas and the potential effects of removing those restrictions could be
considered.

5. Conclusions

Due to the limited availability of field data at the study site, the
proposed methodological approach relies heavily in remote sensing data
and regional information. Verification of the model results were carried
out indicating that the model correctly predicts the current distribution
of the vegetation, the mangrove above-ground biomass and the accre-
tion rates.

Future scenarios obtained using a hydro-sedimentological model on
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the contributing catchment revealed that potential land use changes and
increases in rainfall intensity due to climate change will result in an
increase in sediment supply to the wetland compared to current condi-
tions. The effects of these future changes combined with a SLR corre-
sponding to SSP5-8.5 emissions path indicated more than 35 % of
wetland loss over 100 years. The scenario that considered increases in
rainfall intensity was the one with less wetland losses.

A strong relation between sediment inputs and the ability to the
wetland to keep up with SLR was observed. However, the accretion rates
obtained with the model were not enough to keep up with SLR. To test
the model validity, a scenario with a decrease in sediment inputs with
respect to current conditions was included, which resulted in massive
losses of wetland area when combined with SLR.

The implementation of a distributed 2D eco-geomorphological
model allowed for estimations of the extent of the mangrove coverage
and its biomass distribution. Those estimates show that scenarios with
greater sediment concentration resulted in higher mangrove biomass,
which led to higher accretion rates and hence higher chances of survival.
They also indicated that due to the topographic configuration of the
wetland and a manmade embankment, its migration capacity is severely
restricted and the only mechanism of the wetland to cope with sea-level
rise is through vertical accretion.
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