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Sebrian M. Beselly ® 2*
Jasper T. Dijkstra®* & Dano Roelvink ®%**

, Mick van Der Wegen ®%*, Johan Reyns ® %4, Uwe Grueters®,

Mangrove forests’ restoration has gained traction as a sustainable solution to mitigate the effects of
greenhouse gas emissions and to provide ecosystem services, such as coastal protection.
Restoration projects are often informed by expert judgment rather than a quantitative understanding
and have a high failure rate. Monitoring mangrove restoration performance may take decades and has
a strong case study dependency. To optimise restoration strategies, we developed an individual-
based mangrove and process-based hydro-morphodynamic model to simulate multi-species
mangrove forest trajectories, including the physical environment’s feedback. We find a significant
impact of planting zonation on the mudflat behaviour, with seaward erosion and in-forest-landward
deposition. Planting mangroves close to mean sea level decreases carbon storage potential due to
increased mudflat erosion. Configuring planting in multiple patches proves beneficial to mangrove
biomass development, expansion, and sediment accumulation. Combined with sound monitoring, the
developed tool can potentially optimize planned mangrove restoration strategies.

Global carbon mitigation goals aim to reach net zero emissions by 2050' and
to cut current carbon emissions to half by 2030 to limit global warming to
1.5 °C%. Coastal ecosystems, known as blue carbon, contribute to more than
half of carbon sequestration in the ocean, albeit occupying just 0.5% of the
total sea floor’. Long-term carbon sequestration per unit vegetated area in
coastal forest ecosystems is estimated to be three to five times that of ter-
restrial forests’.

Restoring degraded mangrove forests can play a crucial role in
achieving global targets on climate change mitigation and adaptation””
due to their comparatively large carbon burial rate* compared to other
blue carbon pools. A key factor in mangroves’ efficiency in sequestering
carbon is their complex aerial root structure trapping fine sediment’. Due
to waterlogged and anaerobic conditions, up to 90% of the organic
carbon originating from either local mangroves or external sources is
preserved in the sediment and fine root system®’, acting as a long-term
carbon sink’. In addition, mangroves comprise unique ecosystems and
provide valuable ecosystem services" and other carbon-related benefits''.
One of these services is attenuating storm surges and dissipating wind
waves, thereby reducing coastal flood risk’. Wave attenuation potential
depends on both biophysical mangrove properties'>"” and geomorphic
settings (hydrodynamic conditions, sediment properties, local topo-
graphy, and the coastal landscape)’.

Being historically perceived as of low monetary value, mangrove forest
eradication by land use conversion has globally decreased mangrove
coverage'. This has led to mangrove belts being amongst the most threa-
tened forests'*'®, and to increase flood risk for 15 million people who were
currently protected by the presence of mangrove forests annually'’. When
deforested and reclaimed, the soil is no longer waterlogged and changes to
aerobic conditions’. Moreover, the loss of mangroves may lead to the
degradation of coastal wetlands, thus increasing the release of the long-
buried carbon’. Consequently, mangrove loss can shift the role of mangrove
forests from carbon sink to carbon source, potentially contributing up to
10% of total emissions from deforestation'".

Recognising their value for climate change mitigation and adaptation,
mangrove ecosystem conservation and restoration have high strategic
potential as a sustainable climate solution. A multitude of countries and
international organisations advocate proactive green belt policies'”’. Man-
grove restoration and conservation are targeted” by the UN Decade of
Ecosystem Restoration 2021-2030%, Sustainable Development Goals™, and
Aichi Biodiversity Targets”. The global conservation community has
committed to increasing mangrove cover by 20% in 2030**. Prompt
actions are critical given the close deadline of both targets in carbon emis-
sion reduction and mangrove conservation. Restoration efforts can be
complex and require a set of systematic and structured stages consisting of
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Table 1 | Summary of the scenarios undertaken in this study

Scenario Mangrove placement Mangrove Configuration

B Single patch: above mean sea level 200m x 200 m

C Single patch: below mean high water neap 200m x 200 m

D Single patch: above mean high water neap 200m x 200 m

E Single patch: below mean high water spring 200 m x 200 m

F Two patches: below mean high water neap and above mean high water neap 200 m x 100 m, with a 160 m gap
G Two patches: below mean high water spring and above mean high water neap 200 m x 100 m, with a 160 m gap

planning, implementation, and evaluation” including socio-cultural

conditions”, land ownership™, along with cost-benefit analyses™”, apart
from a thorough understanding of the bio-physical dynamics of mangrove
systems themselves.

Mangrove restoration strategies are site-specific and species-specific”,
and their success often depends on the suitability of the site, species, and
support from local communities’”””. Despite the increase in interest in
nature-based coastal defences and the clear multiple benefits of restoring
mangrove forest™, 80-90% of reported restoration projects experience
failure’® where reasons for failure often remain unclear””. The leading bio-
physical causes relate to a mismatch of mangrove species and poor
understanding of the hydro-morphological system and other ecological
elements’>>*, Limited understanding is partly due to a non-existent
baseline dataset on interventions and missing consistent observation over
decades™"”. Nevertheless, mangrove planting remains a popular con-
servation practice”, as fast creation of mangrove belts by planting is man-
dated by law in several countries.

This study examines optimal restoration strategies by varying spatial
mangrove planting configurations, to optimize the carbon sequestration
potential, taking into account feedback from their tidal flat environment.
Besides this potential carbon in above- and belowground biomass and soil,
we use the mangrove area after restoration” and potential mangrove extent
trajectory as indicators for restoration success. Mangrove forests’ carbon
and nutrient exchange is determined by factors at different scales, i.e., the
local scale dominated by mangrove species composition, the regional scale
influenced by geomorphological setting and hydrodynamics, and the global
scale governed by its climate™. Of these factors, processes on local and
regional scales are the primary determinant factors in influencing the
import and export of materials”. For example, the presence of vegetation
reduces sedimentation in tidal basins under sea level rise*.

To manage mangrove wetlands for targeted ecosystem services, a
mechanistic understanding of mangrove-mudflat biophysical feedback is
crucial®’. Understanding this feedback requires an approach that allows us
to investigate the spatial sediment distribution’ and material exchange™ ina
mangrove-mudflat system on the local-regional scale. Predicting mangrove
forest trajectories requires the inclusion of detailed physical-environmental
scenarios” with interactions of mangrove establishment-dieback and pro-
pagule dispersal®”. To explore these physical-environmental feedbacks, we
apply the mechanistic and spatially explicit mangrove-eco-morphodynamic
model DEMFON™. DFMFON couples two modelling paradigms, i.e., the
process-based hydro-morphodynamic model Delft3D-Flexible Mesh** and
the individual-based mangrove model MesoFON*. DFMFON describes
mangrove-mudflat dynamics, including life-stage progression (mangrove
establishment, growth, and mortality), and simulates the systems’ mor-
phodynamic evolution conditioned by wave and tidal forcing, sediment
dynamics, soil surface elevation change, and salinity. We applied this model
to reproduce the mangrove extent and canopy height development along
with the morphodynamic delta features in the Porong Delta, Indonesia™.

We applied the DFMFON model to an open, near-equilibrium
accreting muddy coast setting”’, characterized by a typical mudflat slope of
1:1000 below mean sea level (MSL) and convex upward profile in the upper
elevation®. These environmental settings” represent typical characteristic of
suitable habitats™** for mangrove restoration. The forcing conditions in the

model include a spring-neap tidal water level cycle, constant wave forcing,
and constant sediment concentration at the seaward boundary force the
open coast profile. These forcing conditions generate a near-equilibrium,
landward sloping profile where high suspended sediment concentrations
prevail at the intertidal flat, but tide-residual sediment transports remain
negligible”. Seedlings, consisting of Avicennia marina and Rhizophora
apiculata, two pioneering species commonly planted in restoration activities
in Indonesia®>*"'are planted at 3 m distance intervals’>” with a similar
diameter at breast height positioned 130 cm above the soil surface elevation
(D130)- The planting strategy resembles a reforestation or afforestation
approach™ considering the existing guidelines™ *** do not propose a specific
configuration of mangrove planting. We apply various configurations of
mangrove placements (Table 1 and Fig. 1), including single patch (200 m)
and multiple (100 m with 160 m gap) patches. The main objective is to
explore the effective planting configuration to obtain the optimum
ecological-morphological development, allow natural seedling dispersal,
and eventually assess the biomass and soil organic carbon benefits. In each
configuration, we place mangroves at a particular vertical level related to the
tide (mean sea level, mean high water spring, and mean high water neap).
Monitoring and maintenance after restoration are critical to assess and
ascertain the effectiveness of the restoration®*”. In this case, we assume the
monitoring period is similar to a typical engineering and carbon credit
evaluation time scale of 20 morphological years. During this period, man-
groves grow and generate propagules that are dispersed, settle, and develop
into new mangroves in a feedback process with associated hydrodynamic
and morphodynamic developments. The simulation will allow us to
investigate hydrodynamic characteristics, morphological development,
mangrove extent, and biomass development to quantify the potential for
carbon sequestration. Detailed model configurations and process descrip-
tions are available in the method section.

Results and discussion

Hydrodynamic characteristics and morphodynamic evolution

In the absence of mangroves, the mud profile continues to develop and
accretes sediment with clear spring-neap tidal depositional signals near the
boundary (Fig. 2), albeit at a very low rate. The introduction of mangroves
has a clear impact on coastal morphology: The presence of mangroves
promotes sediment deposition in the patch interior and erosion at the
seaward fringe to a greater extent in scenarios B, C, and F and to a lesser
extent in scenarios D and G. Scenario B even traps some sediment landward
from the mangrove patch. Interestingly, the mangrove forests in the upper
intertidal (above MHWN) promote a relatively high depositional rate in the
interior. As shown in Fig. 3b, the presence of mangroves facilitates vertical
accretion rate in the forest interior by up to two times compared to the no-
vegetation scenario. The modelled mean accumulation rate in the mangrove
interior is found to nearly correspond to the global average for undisturbed
conserved mangrove™, about 3.6 + 0.4 mm yr ' (Fig. 3b), which illustrates
that the model simulates a realistic sedimentation rate. Mangrove-induced
drag can have an extended influence on reaching the seaward boundary
close to the lowest tidal water level. The scenario with mangroves near MSL
(B) shows profound erosion at the seaward fringe and deposition in the
mangrove interior towards its landward surroundings. Higher, more
landward mangrove planting decreases erosion near the fringe and tends to
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Fig. 1| Model setup in the DFM model and mangrove placement scenarios. DFM model domain consists of flow and wave models in an online coupling. The illustration of
the scenarios is not to scale. Details of the simulation setups are available in the supplement.
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Fig. 2 | Simulated alongshore averaged bed-level development. Panels a-g show
the spatiotemporal cumulative soil surface elevation development in each scenario.

The mangrove extent is shown as black hatches over!
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laying the soil surface elevation.

Panel h shows the ocean boundary with morphological spring-neap tide forcing. The
tidal datum is presented in the lower right of the panel, with MHWN at 0.8 m and
MHWS at 1.2 m.
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Fig. 3 | Initial profile, mangrove planting scenarios, and annual vertical erosion/
sedimentation rate. Panel a describes the initial profile, tidal levels, and scenario
placement. The observation stations represent the seaward, fringe, and mangrove
patch interior. The observation stations are arranged as follows: sta 1 at y-dir =
1000 m represents the offshore; sta 2 at y-dir = 1800 m represents the fringe for
above MSL (scenario B); sta 3 at y-dir = 2000 m represents the forest interior of
scenario B and fringe for below MHWN scenario C and F; sta 4 at y-dir = 2500 m
represents forest interior for (scenario C and F) and fringe for above MHWN

(scenario D and G); and sta 5 at y-dir = 3000 m represents the fringe for below
MHWS (scenario E). We do not consider the forest interior of scenario E because it is
close to MHWS and less frequently inundated. Panel b shows the annual alongshore
average erosion/sedimentation rate (y-direction), mm/yr. The alongshore average
yearly rate is calculated over the entire 20-year simulation period. Coloured lines
above the graphs represent the extent of the mangrove forest after 20 years. Scenario
line colours are consistent throughout the article.

deposit sediment within the interior. Under those circumstances, man-
groves drive the redistribution of sediment over the profile, causing the soil
surface elevation to accrete until near the boundary seaward (Fig. 3b). For
that reason, it indicates the extent of mangrove influences on morphology in
this system. In scenarios with multiple vegetation patches, the morphody-
namics patterns around the lower patch resemble the single-patch scenarios
(Fig. 2). In most cases, the deposited volume in the mangrove patch located
in the lower intertidal is even less than the eroded volume at the seaward
portion of the fringe, suggesting the possibility of a negative impact on bare
mudflat sediment stock by introducing mangroves.

The drag-inducing effect of the growing mangrove community is
apparent and, therefore, influences the tidal asymmetry and the associated
transport capacity. Together with fine sediment erosion and deposition lag
effects, tidal asymmetry of water levels and velocities influences tide-residual
sediment transport, where a slight asymmetry can result in a large net influx
of sediment into the forest over a tidal cycle”*. To explore these effects,
Fig. 4 shows tidal stage versus velocity plots for the entire 20-year simulation
period. The observation stations are selected to represent the tidal stages at
the mudflat, the fringe, and the mangrove patch interior of each scenario.

Near-equilibrium conditions prevail in the bare mudflat scenario A
(Fig. 4a) where the velocities are similar along the entire profile during the
tidal cycle, with a slightly larger flood velocity, indicating an accretive sys-
tem. Figure 4b-g clearly illustrate the reinforcing effect of drag induced by
growing mangroves on the tidal asymmetry. The systems become flood-

dominated (larger flood velocity) in the mangrove forest interior and ebb-
dominated (larger ebb velocity) at and seaward the fringes. Water levels and
velocities are lower in and landward of the mangrove patches. These effects
become more assertive when mangroves grow in size and colonize more
areas. On average, mangroves start to substantially affect the hydro-
dynamics once they have passed 10 years.

Mangroves induced drag that limits flow and attenuates waves
favouring sediment deposition in the forest interior””. Larger pressure
gradients drive larger sediment fluxes during the flood. During ebb, a
pressure gradient develops when water levels at the mudflat drop faster than
in, and landward of, the mangrove patches. High friction delays the flow
when ebb water drains, maintaining relatively high water levels in the patch
interior. Turbulence from breaking waves enhances sediment resuspension,
particularly during the low water near the fringe in the seaward direction.
The increased bed slope and pressure gradient at the fringes lead to larger
ebb velocities, favouring further offshore sediment transport. This pattern is
consistent with previous observations and modelling studies, e.g, Van
Maanen et al.*’ and Bryan et al.*". Denser and larger-diameter mangrove
populations enhance this effect. The effect of mangrove-induced drag on
tidal asymmetry is valid in all scenarios regardless of the position of man-
grove forests relative to MSL. In the case of multiple patches, the most
seaward-located patch governs the mechanism. Under similar conditions,
mangroves situated at higher elevations have less pronounced effects. Par-
ticularly for patches above MHWN, the transition from peak flood in the
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Fig. 4 | Tidal stage plots extracted from numerical modelling results. Panels
a-h show the evolution of the cross-shore averaged tidal stage over simulation time,
where water velocity (m/s) is plotted against water level (m) at 5 different obser-
vation stations of each scenario during spring tide. The plots show the evolution of

the tidal stage for each scenario over the simulation period of 20 years with a colour
palette ranging from red for year 0 to yellow for year 10 and blue for year 20.
Observation stations on the initial profile are described in panel (h). Velocities are
positive in the landward (flood) direction.

interior to lower ebb in the seaward or the other way around during flood is
relatively short. Thus, the findings in our simulations support previous
studies, which show that the sediment accumulation rate was greater near
the fringe than in the interior.

The model results show a strong correlation between the position of
mangroves relative to MSL and sediment deposition. Mangroves between
the mean high-water spring (MHWS) and the mean high-water neap tidal
elevation (MHWN) tend to favour deposition. In contrast, mangroves
between MHWN and mean sea level (MSL) tend to induce scarp erosion at
the seaward fringe edge. In contrast, scenarios featuring patches closer to
MSL have a more pronounced scarping effect. This is attributed (a) to a

larger, landward-located water volume that needs to be drained, (b) to
faster-lowering water levels during ebb at elevations closer to MSL, and (¢) to
associated larger pressure gradients within the mangrove interior. Such
pronounced fringe edge erosion has likewise been observed in field studies of
mangrove environments**”. The supplement presents additional numerical
experiments on morphostatic profiles that explain this effect in more detail.

Mangrove biomass development

Scenarios with mangroves planted in two patches with a gap and above
high water neap exhibit the highest biomass and widest extent. We
observed a pronounced sensitivity of the canopy cover area (Fig. 5) and
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number of trees (Fig. 6) to mangrove placement. The final cover area can
vary by a factor of two between mangroves located at the low water level
and those placed at the high water spring level. This striking difference is
attributed solely to the initial mangrove patch position relative to MSL. The
maximum cover area is achieved in scenario G (patches below MHWS
+above MHWN) followed by scenario F (patches below MHWN&above
MHWN) (Fig. 5). The canopy area evolution can be divided into three
distinct phases: During the first period until year 5, patched scenarios cover
slightly larger areas than the single block scenarios. Next, between years 5
and 10, trajectories diverge depending on bed elevation within the two
planting scenarios (single vs. multiple patches). As the community grows
older, the higher soil surface elevation provides a shorter hydroperiod and
less energetic wave conditions, enhancing the probability of seedling
establishment. We simulate this process using the conceptual model of the
Window of Opportunity (WoO)*, defined as the minimum disturbance-
free days,the critical period to let the seedling’s root securely anchor in the
soil. Once the parental trees have released the propagules, we estimate the
dispersal to depend on the averaged current magnitude and direction,
which is equal to two weeks of the morphological simulation period. This
period considers the phase of obligate dispersal to achieve early anchorage
in Avicennia sp. and Rhizophora sp.” where the propagules will be dis-
tributed following the prevailing currents. We evaluated the seedling
establishment in the model on the local inundation frequency,
which requires 3 inundation-free days for Avicennia sp. and 5 days for
Rhizophora sp.”. In addition, the model also distinguish the seedlings’
failure to settle due to uprooting and burial, described in more detail in the
methods section. Since the competition remains low, mangroves grow
optimally, resulting in a larger extent than those located lower on the
profile, featuring less favourable conditions for establishment and growth.
After 12.5 years of growth, leveraging the advantage of being in a higher
topographical position, the canopy area in scenario C, located below
MHWN, surpasses that in scenario B, where the patch is situated above
MSL. The slightly better WoO due to lower inundation frequency in
scenario C provides a relative advantage, which becomes more apparent
when the species initiate propagule production. The improved window of
opportunity increases the probability of stranded propagules surviving and
growing into saplings. Therefore, scenario C contains a higher number of
trees (Fig. 6) and a wider canopy cover than scenario B. Overall, mangrove
placement at particular levels on the topographic profile exerts a strong
influence on the number of trees in the community after 20 years. Man-
grove communities located below MHWS are the largest in size, and
community sizes tend to decline in the order: scenario above MHWN,
below MHWN, and above MSL. Patchiness offers a clear advantage as tree
numbers in those planting scenarios surpass those in single block scenarios
after years 12.5-15.

Canopy cover area development represents the top of the canopy and,
therefore, corresponds to the behaviour of the tallest stands*. The

development of species-specific number of trees, as shown in Fig. 6a pro-
vides additional insight into whether the mangrove community is declining,
expanding, or heading towards (dynamic) equilibrium by including all life
stages in the community.

Until generative reproduction commences within the first 5 years, the
number of trees remains constant across all scenarios (Fig. 6a). Although
Avicennia marina grows more slowly in biomass than Rhizophora
apiculata®, it has a higher seedling production rate® Additionally, Rhizo-
phora apiculata propagules require a longer inundation-free period to settle
than Avicennia marina. This causes the Avicennia marina population to
dominate the forest regarding the number of trees.

As illustrated in Fig. 6a, b, after 15 years, the mangrove community in
all single-patch scenarios stabilizes gradually. An exception is the scenario
above MSL (scenario B), which shows a decline after year 12 in the Avi-
cennia marina population and a transition to a steady number of Rhizo-
phora apiculata trees. In contrast, the number of trees in the two-patches
scenarios continues to rise. The increase in the number of trees in Fig. 6a
reflects an expanding mangrove forest or a less competitive environment
with more younger mangrove trees established. Conversely, a decrease in
tree numbers indicates a more competitive mangrove forest, with high
juvenile mortality and more growth of the mature trees or a more potent
signature of the self-thinning mechanism. Despite the slower growth rate of
the Rhizophora apiculata population, the increasing trend for all species is
quite similar. Seedling mortality in the mangrove community is mainly
controlled by the inundation period, where the hydro-morphodynamic
feedback by the expanding and denser forest lowers the WoO. In the first 10
years, the biophysical properties (surface area, density, and D,;,) of the
mangrove forest have only a minor effect on hydrodynamics, leading to a
negligible influence on morphodynamic development (Figs. 2 and 4). Under
these conditions, the WoO is lower at the seaward fringe and higher towards
the interior and landward fringe. After 10 years, the increased mangrove
density and D,;, cause higher friction, leading to tidal asymmetry and
pressure gradient. This tidal asymmetry delays the interior water level,
extending the inundation period and preventing propagule establishment.
The increased velocity induced by the pressure gradient moves propagules
from the seaward fringe offshore, reducing seedling establishment. As a
result, the number of trees remains static, with no colonization occurring at
either the seaward fringe or the interior. In contrast, scenarios with multiple
patches continue to produce viable saplings in both colonization areas: the
seaward fringe at the upper patch and the landward fringe at the lower patch.
Plots of WoO and propagule production on observation plots are provided
in the supplement.

Although Rhizophora apiculata has a smaller population size, the mean
diameter of mature trees at the upper end of the diameter distribution is
substantially larger for Rhizophora apiculata than that for Avicennia marina
(Fig. 6b). We observe a dominance of the large Rhizophora apiculata
population after year 10. However, given that Avicennia marina produces
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Fig. 6 | Mangrove populations’ development.

a. Avicennia marina and Rhizopora apiculata tree stands development
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more propagules, we find an equivalent number of juveniles across all
scenarios. In years 15 and 20, the dominant distribution of D, 3, <5 cm trees
in Avicennia marina demonstrate its dominance in seedling production.
During this period, the surviving population from year 15 shifts into the
D5, >30 cm category in year 20. This histogram illustrates that two-patch
scenarios consistently have a wider distribution of tree diameters. All single-
block scenarios experienced a decreasing number of juveniles, with scenario

B having the lowest number compared to the patched scenarios. This
indicates that the community will be dominated by mature trees with high
competition.

Rhizophora apiculata (dashed lines) has developed a considerably
larger biomass from year 2 onwards (Fig. 6¢), similar to the observation by
Berger and Hildenbrandt®. In contrast, Avicennia marina lags behind in
biomass, as juveniles dominate the diameter distribution (Fig. 6b). Once
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Fig. 7 | Carbon stock changes. Simulated carbon stock changes from three carbon
pools (living vegetation above- belowground and soil organic carbon). The y-axis
shows the value of carbon stocks changes (in 10°kg) with positive values in both
directions, where a value above zero represents aboveground carbon and below zero
represents belowground and soil organic carbon. Above and belowground biomass
carbon are estimated based on the mangrove species properties. Soil organic carbon
is estimated from cumulative sediment volume changes from the whole model

domain. Figure panels provide the carbon stock changes for scenarios a no vege-
tation, b single patch planted above mean sea level, ¢ single patch planted below
mean high water neap, d single patch planted above mean high water neap, e single
patch planted below mean high water spring, f multiple patches planted below and
above mean high water neap, and g multiple patches planted below mean high water
spring and above mean high water neap.

again, scenarios with multiple patches and gaps produce more biomass due
to their wider extent (Fig. 2) and higher number of trees (Fig. 6a). Beyond 20
years, the higher WoO in multiple patches scenarios leads to lateral
expansion due to colonisation, higher survivability of juveniles progressing
into mature trees, and ultimately higher biomass capacity.

Carbon mitigation capability and potential
We estimate potential mangrove carbon (C) stock in three carbon pools: a)
aboveground biomass carbon (AGC) represents all living parts of vegetation
above the soil, including stem, branches, foliage, part of stilt roots (R. api-
culata), and pneumatophores (A. marina), b) belowground biomass carbon
(BGC) represents biomass of belowground roots below the soil surface”,
and c¢) soil organic carbon (SOC) which is the change in carbon accumu-
lation due to the modelled cumulative erosion/sedimentation. We assume
that sediment imported from the seaward boundary contains organic
matter with 10% carbon content, in accordance with values reported for
observation projects in Indonesia®*”. The carbon content was derived from
1m-depth sediment core samplings characterized by abundant fibrous roots
and occasional shell fragments, in which the detritus contribution would be
captured in the observation. The schematized domain corresponds to an
accreting coastal system that feeds on the mud of riverine origin transported
alongshore, where the allochthonous sediment dominates in-situ carbon
burial. The methods section explains the estimation of AGC, BGC,
and SOC.

Figure 7 shows that, in line with findings in the previous section, all
scenarios below the level of MHWN show a reduced soil organic carbon

accumulation compared to the no vegetation case (scenario A). Scenarios
with all combinations situated above MHWN (scenarios D, E, G) accu-
mulate more sediment than scenario A. Scenario D (above MHWN) and
Scenario E (below MHWS) surpasses scenario A after year 10. At the end of
the simulation, the two-patches scenario with a combination above MHWN
and below MHWS (scenario G) has the highest SOC. Interestingly, although
all two-patches scenarios have the largest canopy area, scenarios with a
combination situated below MHWN (scenario F) feature less SOC than
scenario A. Scenario B (above MSL) has the smallest amount of net SOC
accumulation, almost vanishing near the end of the simulation. The SOC
accumulation rate is quite similar in all scenarios. However, all scenarios
below MHWN reverse their response pattern in year 10 and regain sediment
afterward (Fig. 7), whereas only SOC in scenario B keeps decreasing.

We calculate carbon stock changes for the carbon pools modelled
above. All scenarios show an increase in carbon stock over time. However,
scenario B has reached its limit within 20 years for the SOC due to soil loss by
erosion. In comparison, scenarios below MHWN have apparently reached a
saturated carbon content in living biomass after 20 years (AGC-BGC
contribution). Interestingly, two patches scenarios are still in an expanding
trend, where they have a chance to sequester more carbon until the forest
reaches maximum mangrove community density, depending on the forest
composition®. It shows the benefit of strategically providing a less com-
petitive environment and colonization space to allow for larger successful
landward seedling establishment.

Our simulations suggest that SOC is the highest contributor among the
carbon pools for all scenarios. The SOC content exhibits a significant
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difference where scenarios above MHWN accumulated more, due to
mangroves-induced drag and sediment trapping efficiency. Recent
studies™*’*”" mention SOC is largest contributor to the total ecosystem
carbon stock. However, it is essential to note that the SOC’s source in those
studies is majorly of autochthonous origin, where we assume the availability
is still limited within our domain. Additionally, our modelling exercise
resembles mangrove afforestation within 20 years after planting, in which
allochthonous carbon prevails**””. Scenario B represents an exception due to
its deep scarp erosion pattern and the reversal of the rising SOC trend after
year 10. Planting above MHWN in general stores 10% more soil organic
carbon, whereas the below MHWN scenarios always underperform in
comparison to the scenario without a restoration attempt.

Consistent with Fig. 6¢, there is no substantial difference in the biomass
carbon pools among scenarios as shown in Fig. 7. The finding in biomass
carbon seems inconsistent with the findings of the previous section, ie., a
twofold increase in canopy cover (Fig. 5) and a clear rise in tree number
(Fig. 6a). The number of trees-diameter histograms can explain this phe-
nomenon in Fig. 6b. The younger trees dominate the community of the
forest with D,5, <5 cm. This is particularly evident when the community
exceeds the age of 10 years. Although the younger trees are dominant in
number, the total biomass is dominated by the contribution of surviving
first-generation trees.

By the end of year 20, the potential total carbon benefit ranges from
64% (scenario C) to 103% (scenario G) increase compared to the scenario
without restoration. The scenarios above MHWN consistently accumulate
more carbon, gaining above 94% increase in carbon potential. The below
MHWN scenarios can only achieve a maximum of 80% carbon (details are
provided in the Supplementary 3). Considering that mangroves for sce-
narios above MHWN still show expansion, this subtle placement difference
would potentially sequester more in the biomass pool when the mangrove
community reaches maturity. The two-patches strategy helps to gain more
carbon in comparison with a single and lower patch, i.e., Scenario G (patch
below MHWS + above MHWN) vs Scenario E (above MHWN) and Sce-
nario F (patch below MHWN + above MHWN) vs Scenario C (below
MHWN). Although the lower patch in the two-patches strategy has similar
hydrodynamic characteristics as the single patch at the same elevation, the
gap allows sediment to settle, distributing the sediment along the gap and
interior, thus increasing the soil surface elevation. The patches practically
increase the probability of the seedlings establishing and expanding in the
seaward direction of the upper patch and the landward direction of the
lower patch. Consequently, the scenarios of higher WoO, higher propagules
production, and less energetic environment allow two-patches scenarios to
sequester more carbon than single patch strategy, thus providing a higher
climate change mitigation potential. This study provides an evidence-based
restoration practices, with a conservative estimate excluding the contribu-
tion of autochthonous carbon pools that is relatively small for an affor-
estation project like this setting”’, but would be dominant in natural
mangrove forests’”"

Implications for mangrove restoration management

Most studies link tree species to carbon sequestration potential™"* or focus
on the optimisation of restoration strategies in terms of ecology’®”, inter-
vention approach’, species type(s)”’, geomorphic settings’, or planting
density”’. These studies typically cover a large spatiotemporal scale, i.e.,
minimum at the forest scale, where gradual and slow changes occur.
However, the restoration effectiveness and potential carbon sequestration
%0 tied to a short spatio-

73,74

are also related to the successful establishment
temporal scale”. This implies that smaller-scale processes need to be
included to understand the system’s behaviour on a larger scale”. Our
modelling results show that a fractional modification, such as strategic
placement on a specific elevation with respect to tidal levels, provides a
disparate outcome. Whilst many guidelines have provided detailed imple-
mentation of mangrove restoration, the analysis on predictive mangrove
forest trajectories and carbon stock potential remains lacking. The knowl-
edge gained in our modelling experiments can provide a quantitative

indication of restoration pathways during the feasibility assessment or
midterm adjustment. It is deemed necessary, especially given the changes in
physical-environmental drivers, for instance due to climate change, requires
mechanistic understanding of mangrove-mudflat biophysical feedback™**.

The simulations reveal that assessing restoration success should not
only be evaluated in terms of large mangrove extent or the potential bio-
mass, particularly if the monitoring period after restoration is limited in
time, which we assume is similar to a typical engineering time scale (20
years). As such, morphological development, referred to as SOC accumu-
lation, is the sensitive yet potentially influential parameter demonstrated in
this work. For instance, scenario B (above MSL) indeed has the lowest extent
(Fig. 5) and the smallest number of trees (Fig. 6a). Nevertheless, the amount
of simulated biomass carbon does not significantly differ from other sce-
narios (Fig. 6¢). Our study suggests successful mangrove restoration should
not be seen exclusively from biomass carbon accumulation, as it can be a
false positive. For example, Fig. 7b shows that the total carbon stock can be
even lower than in the no vegetation scenario due to soil loss and the
associated soil organic carbon stock. The results indicate the importance of
efficient mangrove placement in restoration works to avoid counterintuitive
results, where positioning the planting above high water neap elevation
promotes sediment deposition, increases seedling establishment probability,
and increases the associated carbon stock capacity.

Notably, mangrove restoration is now becoming a global trend,
following a global slowdown of forest loss™**’. Mangrove restoration can
be a potential solution pathway for climate change mitigation when
restoration failures are minimized. In this study, we demonstrate the pos-
sibility of modelling predictive behaviour of mangrove forests following
their placement and the changes in carbon stocks. From the perspective of
mangrove restoration projects, it can potentially reduce the cost by strate-
gically planting the seedlings and avoiding excessive trial-and-error,
enhancing outcome predictability and cost-effectiveness of mangrove
restoration.

The findings suggest focusing on mangrove restoration in the high
water neap elevation in the initial project implementation, supporting the
past reports that most failures occurred in the lower intertidal zone™”. As
the intertidal flat has been experiencing rapid loss and degradation in a
multitude of scales”, the conservation strategy should consider positive
sediment accumulation and improvement of mangrove-mudflat
connectivity*. We observed stable tree-number distributions and a con-
sistent pattern of biomass production after year 15. The restored or created
wetlands require, on average, 30 years to recover to pre-disturbance forest
structure. However, the recovery state in ecosystem structure and function
remains lower than reference state™. The recovery state period would also
depend on spatial scale and specific indicators, such as the wetland’s
hydrologic, biological, or biogeochemical characteristics. These conditions
emphasize the need for monitoring to guide whether the objectives have
been achieved or adaptive actions are required to be implemented.

Guidelines™”** suggest monitoring is mandatory after the restoration
project has commenced, with a minimum period of five years with a focus
on assessing the success of seedling establishment and tree recruitment. At
the same time restoration is a long-term effort and 10+ years of monitoring
would be preferred. Our findings show distinct forest trajectory develop-
ments, in particular after 15 years of forest growth. We suggest monitoring
an undisturbed restoration project that can be conducted at least within 20
years, as our findings corroborate. This way, we can assess tree recruitment,
species composition, changes in forest structure, and morphological
development. Additionally, selecting a 20-year operation and monitoring
period is feasible to implement, following the current standard in engi-
neering projects. Although a mangrove’s lifetime can take more than a
century, based on our modelling experiment, a 20-year period is adequate to
represent life stages, near optimum mangrove structure, and the quasi-
equilibrium mangrove-mudflat biophysical dynamics. Our findings cor-
roborate with observations by Salmo et al.* who shows that the ecological
characteristics of restored mangroves would stabilise after 11 years and
resemble natural forests after 25 years.
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Literature mentions a potentially substantial effect of large, infrequent
disturbances, e.g., storms or tsunamis, on the development trajectory of
mangrove ecosystems’”*. A combination of storm surge waves and wind
defoliates the canopy and potentially topples the trees, altering the forest’s
structure and composition. Intense storm surges and currents transport and
redistribute sediment along and in the interior of the mangrove coast,
changing the sediment properties and affecting local salinity. The changes in
local topography and fallen tree debris will disrupt the mangrove wetland’s
hydrological regime. Depending on the degree of the damage to the forest’s
structural-compositional attributes, these events can lead to dieback and
delayed recovery at various rates”*””’. Thus, the forest trajectories will be
temporarily interrupted or reset. Given the large variation of recovery and
dependencies on local habitat conditions after a storm, it suggests the need
to investigate tailored restoration techniques® conducive to accelerating the
recovery after a large disturbance. In this situation, readjustments of the
conservation strategy can benefit from the lessons learned™** and quanti-
tative ecosystem models, as applied in the current study. Additionally, low
energetic wave conditions also contribute to successful mangrove
establishment™. We parameterized this effect in a proxy of critical erosion
and burial threshold. In future work, it will be worthwhile to explicitly
investigate the effects of disturbance from wind and waves on seedlings’
survivability.

Methods

Coupled mangrove-hydro-morphodynamic model

Mangroves thrive in a dynamic coastal environment at the wedge of
high and low water. In response, mangroves need to interact and provide
feedback with multiple physical-environmental drivers, i.e., nutrient avail-
ability, salinity, and sea level/hydroperiod®*. The interactions with these
drivers will affect their growth, dieback, and species distribution, deter-
mining the productivity and the extent of the mangrove ecosystem. The
interactions occur at different spatiotemporal (habitat, ecological, and
geomorphological scales) and life stages (propagule, seedling, sapling, and
mature). Any disturbances at each hierarchy would alter the higher hier-
archy and cascade into the ecosystem level”. In turn, it affects the interac-
tions and traits of the abiotic-biotic factors at the lower level. For instance,
the rise of ecosystem-scale sea levels affects the hydroperiod and the related
morphological development. The changes in soil surface elevation variation
will alter seedlings’ establishment and thus affect the mangrove stands
competition, changing the mangrove community structure”. Therefore, we
apply a hierarchical approach™ to describe mangrove dynamics and the
feedback loop based on their ecological (local) and geomorphological
factors.

The spatially explicit interactions between hydro-morphological pro-
cesses and mangrove dynamics are simulated with DFMFON*, a coupled
individual-based mangrove MesoFON* (MFON) and landscape-scale
hydro-morphodynamic Delft3D-Flexible Mesh*’ (DFM) model, resolving
local-scale to landscape-scale, respectively. The coupled model resolves the
feedback loop between the short-term changes in local abiotic factors (i.e.,
flow, sediment availability, waves, and salinity) and the long-term bio-
geomorphic mangrove forest dynamics. These interactions occur and are
modelled within each life-stage of the mangrove tree (propagule, seedling,
sapling, and mature), including short-/long distance propagule dispersal.
DFM translates mangrove biophysical characteristics as the bulk drag
coefficient at each time step, affecting the hydro-morphodynamics. The
simulated DFM variables (water level, salinity, and soil surface elevation) are
defined as mangrove stressors to update mangrove stands in MFON every
90 morphological days. The 90-day interval was chosen to realistically
incorporate mangrove reproduction (e.g., flowering, fruiting, and seedling
production) while keeping the wet and dry seasonal climate forcings.

Mangrove individual-based model. The individual-based mangrove
model MFON aims to simulate individual mangrove development based
on the tree-to-tree competition and variation of environmental

conditions, i.e., salinity and nutrient availability. The competition routine
is based on the Field of Neighbourhood (FON) approach®, which defines
the strength of influence of one tree upon another as dependent on the
radius of competition, either above or below ground, related to the tree’s
stem diameter. Mangrove growth is governed by the level of competition
for resources and is limited by salinity. Mortality will occur in case of no
growth in Dy, for 5 years and local disturbance events. Tree recruitment
and establishment are processed by the DEFMFON routines, which take
into account the physical stresses from hydrodynamics simulated in
DFM. During the seedlings’ production period, the two-week averaged
flow pattern is captured and used to estimate propagule dispersal. The
selected period aligns with the generally observed obligatory two-week
dispersal period*. Parental trees are parameterized to produce a number
of propagules (N) during the peak of wet season in January, following the
observation in Porong Mangroves™. The propagules’ production is
dependent on the crown surface area (A), reduction factors due to sanity
(f yed.sa) and nutrient (f ,; p), with the species-specific seedling density per
crown surface area (D). D is assumed to have a value of 0.06mn~2 whereas
the f,,; » is held constant at the value of 1%, please refer to the supple-
mentary information for a complete description on the propagule pro-
duction. Once the parental trees have released the propagules, we
estimate the dispersal to be dependent on the averaged current magni-
tude and direction, which is equal to two weeks of the morphological
simulation period. This period considers the phase of obligate dispersal to
achieve early anchorage in Avicennia sp. and Rhizophora sp.”’ where the
propagules will be distributed following the prevailing currents. The
successful establishment of the dispersed propagules is evaluated fol-
lowing the local inundation frequency, applying the conceptual model
termed Window of Opportunity (WoO)*, while also taking into account
seedlings’ burial and toppling due to hydrodynamics™. WoO is para-
meterised from species-specific inundation-free days as the critical per-
iod to let the root securely anchor in the soil. The WoO threshold for
Avicennia sp. is defined as 3 inundation-free days, based on an experi-
ment conducted by Balke et al.”’. For Rhizophora sp., we used Watson’s
hydrological classification” that was derived for Malaysian mangroves
and has been improved for varied tidal regimes based on studies in South
East Asian Mangroves (Indonesia and Vietnam) in the study by van Loon
et al”. Rhizophora sp. is classified as hydrological class 3 with
100—200 min per inundation, while Avicennia sp. is in successional class
2* with 200-450 min per inundation for successful anchoring of a
seedling. Therefore, Rhizophora sp. requires an inundation-free duration
of up to 2 times longer than Avicennia sp. Hence, we assume the WoO
value for Rhizophora sp. is 5 days.

Hydro-morphodynamic model. An open-source hydro-morphody-
namic DFM model is used in this study to simulate flow, sediment
dynamics, and morphological processes. This model is set to solve the
two-dimensional (depth-averaged) shallow water equations on an
unstructured grid and is widely used in coastal and estuarine
environments”*"”.  Wind-wave propagation is simulated using
the D-Waves module in DFM*. D-Waves is based on the SWAN spectral
wave model, which is capable of simulating the evolution of short-
crested, random wind waves in coastal areas. The D-Morphology”
module in DFM is activated to solve the suspended sediment transport in
the muddy coast by solving the advection-diffusion equation and
applying the Partheniades-Krone formulation to estimate erosion and
deposition.

The mangrove resistance to hydrodynamics is represented in DFM
using the modified Baptist predictor” by separating vegetation-induced
resistance A and bare bed roughness C in the momentum equation®
(Egs. (1) and (2)). The Baptist equation is implemented considering the
dependence on vegetation height h, (m), density n (number of trees/m?),
bulk drag coefficient C},, and unvegetated bed roughness C,, to water depth
h, with x being the dimensionless von Karman constant, D the stem
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diameter (m), and g is the gravitational acceleration.

h Dh,C
C=Cb+£ln(—) 1+M (1)
K h, 2g
1 h,C? 5

The Cj, coefficient is assumed to be equal to the drag force exerted on
mangroves, which is a function of the projected area (A) and the submerged
mangrove biomass (V) in a control volume (V). The C, predictor, fol-
lowing the formulation by Van Maanen et al.” is defined in Eq. 4. Cp, is
calculated as the sum of the total drag coefficient on the bare surface Cp, ,,,
with a value of 0.005, and the ratio between the dimensional constant e set at
5 m and the vegetation length (L). These coefficients were defined to attain a
realistic bulk drag coefficient. Vegetation length depends on species-specific
mangrove root geometries varying over the water depth.

3)

e
CD = CD,na +-

- @

The obstacle volume V; depends on species-specific geometry and
water depth. For instance, even at the same water depth and with the same
D50, V p of Avicennia sp. is different from that of Rhizophora sp. Primarily,
the distinct root system of Avicennia sp. and Rhizophora sp., characterized
by pneumatophores and stilt roots, respectively, account for this difference.
Therefore, we partition V,, into the contribution by the stem and the roots.
The stem is simplified as a truncated cone, with diameter at the soil surface
elevation D, and diameter at each water depth D,,, following species-specific
diameter-height allometric relationship. The contribution of mangrove
rooting systems for Avicennia sp. for single pneumatophore is simplified as
cones'” and multiplied by the maximum number of pneumatophopore ,
derived from the tree’s D,5,. Rhizophora sp. stilt roots morphology is
characterised following the Ohira stilt root model'”, considering the tree
shape factors, i.e., D3, root height (Hy), number of roots (Ny), root dia-
meter (Oy), angle between the root and the level line at shoot point (6), and
root-spread distance from the trunk to the root edge (x, ). The details on V,
calculation can be found in supplement.

Model configurations
The muddy open coast setting is employed as a basis of the bio-geomorphic
topology. In restoration efforts, this open coast topology is considered to
have medium opportunity and less land-ownership conflict. The scenario
represents an active restoration approach™. It is assumed no abundant
propagules are available in the surroundings, and a proactive attempt™ has
been made to establish mangroves in previously unvegetated areas. The
scenarios also take into account the use of mangroves as nature-based
solutions for climate adaptation along with hybrid engineering applications.
We schematised the domain as a seawall or levee in located at the landward
end at an elevation higher than the MHWS, demarcating a clear landward
limit of accommodation space and a mangrove greenbelt seaward of it.
The overarching goal of the study is to investigate the optimum con-
figurations of mangroves to achieve the maximum carbon stock accumu-
lation. To this end, the simulation should ideally be carried out over the life
span of the mangroves, which can be centuries”. However, the simulation
period is set to be 20 years in order to consider any time-related organiza-
tional limits in the observation and monitoring of the restoration effec-
tiveness and to enable a fair comparison with the application of hard
structures. For comparison, in harvested mangrove forest, such as in West
Papua, Indonesia'” or Matang Mangrove Forest in Malaysia'*’ the common

harvest rotation is within 30-40 years intending to reach the optimum
biomass production.

Intertidal mudflat. Here, the model is employed in a schematized way as
the process-based model DFM retains the explicit causal mechanism in
representing reality. We recognise that a schematised model may not
ideally capture all processes and may simplify the system. However, the
important and predominant variables included in the model reflect and
reproduce the important features in the real system, as described in van
der Wegen and Roelvink '*. The idealised model (Fig. 1) is constructed
on a homogenous 10 x 10 m grid to capture the variation in mangrove
stand changes to match plot dimension commonly used for mangrove
survey . This grid is arranged in a rectangular flow- and morphology-
related domain with a width of 200 m in x-direction and a length of
4000 m in y-direction. The wave-related rectangular domain consists of a
20m x20m grid and is dimensioned at 600 m x 4100 m (x- and y-
direction). It is built coarser and wider to prevent boundary effects in the
flow direction.

The bare intertidal flat in a degraded environment needs a long time to
be recolonised naturally'®”. Human assistance in an attempt to improve
hydrological conditions in mangrove wetland by restoring the sediment
fluxes is being applied for instance in restoration projects in South East
Asia”’. Therefore, in the model, we parameterised it as an open coast with a
typical mangrove mudflat”, on a 2D depth-averaged domain with a mudflat
slope of 1:1000 below mean sea level, forced by spring-neap tides and single
wave climate. The spring-neap tides are constructed with the morfacTide
toolbox'” and are represented through fortnightly modulation of the
semidiurnal tide of typical tidal forcing” with MHWN of 0.8 m and MHWS
of 1.2 m. A consistent narrow band of wind waves directed perpendicular to
the shoreline is forced with a wave module in DEM, attaining a significant
wave height of 0.2 m and wave period of 6 5. A sediment concentration of
0.03 kg/m’ is constantly supplied during the simulation period. The wave
parameters and sediment concentration are typical of the muddy coast in
the north of Java, Indonesia. The morphological update is accelerated with
the morphological factor (MorFac) in DEM, which ranges from 30 to 100 in
mangrove-salt marsh wetlands***”*. We run the initial linear intertidal
profile for 120 years until it reaches the quasi-equilibrium profile, meaning
the erosion-deposition rate is almost identical along the course of the
simulation period. Following the series of sensitivity analyses, we applied a
MorFac of 90 with a settling velocity of 0.0009 m/s, erosion parameter of
0.00007 kg/m?s, and critical shear stress for erosion (7.,) of 0.24 N/m”.
Detailed grid configuration and the complete set of model variables are
presented in the supplement.

Mangrove restoration scenarios. In order to replicate assisted reha-
bilitation/planting attempts, we assume that only the initial seedlings
survive the first planting phase and develop into saplings with homo-
genous D,;,. The initially planted mangroves have a tree height of
1.418 m (Avicennia marina) and 1.447 m (Rhizophora apiculata), in
allometry to their biophysical characteristics (D,5,). Once a propagule
has been successfully established, the seedling always survives and
develops into a sapling, with the tree height approaching breast height by
the end of their first 2 years. This is in accordance with the mangrove
growth function that is based on the D, 5, and the associated parameters.
The restoration is defined on 200 m x 200 m and 200 m x 100 m grids, for
single and multiple patches, respectively (Table 1). A widely applied
technique in restoration by planting is to combine pioneering species,
that are reported to have higher survivability’” and help increase
diversity”. Therefore, the MFON model was calibrated for Avicennia
marina and Rhizophora apiculata, two common pioneering species for
planting distributed in Porong Delta, Indonesia and South East Asia,
respectively™”. The seedlings are planted on top of the barren intertidal
flat soil, assuming to have a consistent optimum nutrient content. This is
the limitation of the model, as the plantation age progresses, the organic
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matter, clay proportion, and salinity content in the unvegetated intertidal

flats are likely to increasingly improve'*.

Carbon stocks estimation

Several methods for estimating carbon accumulation in mangrove wetlands
exist, such as the carbon crediting method'”® used in the voluntary carbon
market and carbon stocks accounting as in Kauffman et al.'”. All of those
approaches considered aboveground biomass (AGB), belowground bio-
mass (BGB), SOC, and detritus, except carbon crediting method requires
100-year period of carbon total carbon stock estimation and conservatively
excluding allochtonous soil organic matter. We applied Kauffman et al.
(2020) approach as it allows for estimation of total carbon stocks con-
sidering the forest trajectory and soil morphodynamic. However, we did not
count detritus and dead wood’s contribution to the SOC because their
contribution is relatively small”’ due to the limited availability in our system,
and no empirical relationship to determine the magnitude in a dynamic way
was found. We employed an allometric relationship of species-specific AGB
and BGB for Southeast-Asian mangroves following Murdiyarso et al.** and
estimated carbon (C) with a multiplier of 0.47 and 0.39 for AGB and BGB,
respectively”. We estimated SOC as a product of dry bulk density (kg m™),
cumulative change in soil volume (m®), and OC content. Although the bulk
density and OC content vary with depth'®, for practical estimation, we
assume they do not vary across depth and horizontal space. Therefore, we
assume a consistent organic carbon (OC) content across space and time. We
used dry bulk density consistent with the hydro-morphodynamic model
parameter (500 kg m™?), whereas we applied a median OC content of 10%.
Both values are within the range reported in Murdiyarso et al.** and Donato
et al."’. With the assumption of the reduced carbon density in the seaward
direction, the SOC is calculated from the point of mean sea level to the
landward limit of the model domain. The C stocks presented here reflect the
initial state’s carbon accumulation or carbon stock changes. Additionally,
the substantial sediment loss in Scenario B resulted in negative carbon stocks
in comparison to initial state, not allowing comparative analysis.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The entire model setup is provided in Zenodo data repository with this doi
link: https://doi.org/10.5281/zenodo.15384988.

Code availability
The DFMFON model code used in this article is available as an open source
project? at https://github.com/smbeselly/ DFMFON.
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