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Abstract

Mangrove forests are valuable ecosystems, but their extent and diversity are increasingly threatened
by sea-level rise and anthropogenic pressures. Here we develop a bio-morphodynamic model that
captures the interaction between multiple mangrove species and hydro-sedimentary processes
across a dynamic coastal profile. Numerical experiments are conducted to elucidate the response of
mangrove assemblages under a range of sea-level rise and sediment supply conditions, both in the
absence and presence of anthropogenic barriers impeding inland migration. We find that
mangrove coverage can increase despite sea-level rise if sediment supply is sufficient and landward
accommodation space is available. Tidal barriers are mainly detrimental to mangrove coverage and
result in species loss. Importantly, we show that bio-morphodynamic feedbacks can cause
spatio-temporal variations in sediment delivery across the forest, leading to upper-forest sediment

starvation and reduced deposition despite extended inundation. As such, bio-morphodynamic
feedbacks can decouple accretion rates from inundation time, altering mangrove habitat
conditions and causing mangrove diversity loss even when total forest coverage remains constant
or is increasing. A further examination of bio-morphodynamic feedback strength reveals that
vegetation-induced flow resistance linked to mangrove root density is a major factor steering the
inundation-accretion decoupling and as such species distribution. Our findings have important
implications for ecosystem vulnerability assessments, which should account for the interactions
between bio-morphodynamics and mangrove diversity when evaluating the impacts of sea-level

rise on species assemblages.

1. Introduction

Mangrove forests are found along tropical and sub-
tropical shorelines and typically show distinct zon-
ation patterns, with each zone being characterized
by a dominant mangrove species (Duke et al 1998,
Tomlinson 2016). However, mangrove zonation not
only implies changes in species but also in biophys-
ical tree characteristics. Mangrove species along the
intertidal gradient show great differences in both aer-
ial root structure and density, which allows them to
survive under specific inundation regimes (Chapman
1976, Duke et al 1998). Sea-level rise may modify

© 2020 The Author(s). Published by IOP Publishing Ltd

the inundation time along mangrove habitats thereby
potentially altering forest width, zonation and thus
species diversity (Duke et al 2007). Shrinking man-
grove forests have raised concern on the loss of indi-
vidual mangrove species, especially as even pristine
mangrove forests are species-poor compared with
other tropical ecosystems and because these sys-
tems are subject to ‘coastal squeeze’ (Alongi 2002,
Gilman et al 2008). Mangroves provide valuable
ecosystem services, including carbon sequestration,
coastal protection and habitat provision for a pleth-
ora of organisms in some, or all life stages (Kathiresan
and Rajendran 2005, Aburto-Oropeza et al 2008,
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Alongi 2014). As the provision of ecosystem services
is highly dependent on the composition of man-
grove species assemblages, the loss of species diversity
can have dramatic economic and environmental con-
sequences for coastal communities (Duke et al 2007,
Polidoro et al 2010). Improving our ability to pre-
dict the response of mangrove assemblages and zon-
ation to external pressures is thus urgently needed
(Jennerjahn et al 2017).

Predicting the fate of mangrove forests is
hampered by a limited representation of bio-
morphodynamic feedbacks in numerical models,
especially in the case of multiple co-existing man-
grove species (Fagherazzi et al 2017). Here, bio-
morphodynamic feedbacks are considered as the
physical effects of mangrove trees on tidal currents,
sedimentation/erosion patterns and hydroperiods,
which in turn affect tree growth and species distribu-
tion. So far, models evaluating wetland resilience to
sea-level rise have primarily focused on parameter-
ized processes controlling vertical accretion and the
ability of wetlands to counteract rising water levels
through enhanced sediment deposition (Kirwan et al
2010, Fagherazzi et al 2012, Mogensen and Rogers
2018, Schuerch et al 2018). Other recent approaches
include a more comprehensive treatment of sediment
transport and morphological processes but focus on
single-species dominated saltmarsh systems (Zhou
et al 2016, Mariotti and Canestrelli 2017). Develop-
ing reliable projections for mangrove assemblages
requires capturing the interaction between hydro-
sedimentary processes across the mangrove forest,
multi-species vegetation growth and coastal profile
change. Such bio-morphodynamic feedbacks depend
on vegetation properties and the coastal setting but
may also be greatly affected by sea-level rise and
anthropogenic interventions including changes in
sediment supply and lateral accommodation space,
the latter describing the upland space available for
vegetation colonization (Schuerch et al 2018).

Here we present a novel modelling approach by
coupling a detailed hydro-morphodynamic model
that computes the deposition, erosion and trans-
port of sediment across the coastal profile with a
newly developed vegetation model that captures the
dynamics of mangrove species occupying the lower,
middle and upper intertidal area (figure 1). As such,
we account for sediment transport between different
vegetation zones and potential spatio-temporal vari-
ations in sediment availability. We conduct numer-
ical experiments to systematically explore changes
in mangrove forest extent and diversity under a
broad range of sea-level rise rates and sediment sup-
ply conditions, both in the absence and presence of
a tidal barrier (e.g. dike or seawall) that obstructs
inland migration. This enables us to investigate for
the first time shifts in mangrove species zonation
linked to a dynamic coastal profile, differences in lat-
eral accommodation space (i.e. possibility of coastal
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progradation and landward migration) and man-
grove properties (i.e. root density).

2. Methods

Mangrove and coastal profile dynamics are simulated
by coupling an open-source hydro-morphodynamic
model (Delft3D) (Lesser et al 2004, Briickner
et al 2019) to a new dynamic vegetation model
that considers multiple mangrove species thriv-
ing at specific inundation regimes. Information
on local hydroperiod generated by the hydro-
morphodynamic model is provided to the veget-
ation model controlling colonization, growth and
mortality of mangrove trees. In turn, the vegeta-
tion model provides information on the dimensions
and densities of vegetation objects to the hydro-
morphodynamic model so that the effect of man-
groves on tidal flow and consequently sediment
transport is accounted for (figure S1 available online
at  https://stacks.iop.org/ERL/15/114033/mmedia).
Although organic matter accretion within mangrove
forests is known to increase resilience to sea-level rise
(Krauss et al 2014, Woodroffe et al 2016), this pro-
cess is not included here as we focus on the role of
above-ground bio-morphodynamic feedbacks, thus
providing conservative estimates on mangrove sur-
vival. Also, rather than simulating particular man-
grove sites, we use simplified forcing conditions and
parameterizations to describe forest characteristics,
in order to explore distinct mangrove behaviours
and identify the driving processes behind changes in
mangrove extent, zonation and thus diversity under
a broad range of environmental conditions.

2.1. Model description

To effectively capture mangrove lateral move-
ment and changes in mangrove zonation, a one-
dimensional cross-shore profile modelling strategy
is used, assuming alongshore uniformity and absence
of tidal channels (Roberts et al 2000, Zhou et al
2016). A detailed overview of the governing equa-
tions is provided in the supporting information (texts
S1-82). Tidal flow, sediment transport and bathy-
metric changes are calculated by the Delft3D model
suite (Lesser et al 2004). Delft3D has been success-
fully applied in the past to investigate the evolution
of vegetated muddy coasts (Zhou et al 2016).The
presence of mangrove vegetation is incorporated by
increasing flow resistance (Baptist et al 2007). We
consider pure cohesive sediment as mangroves com-
monly thrive in muddy environments (Woodroffe
etal 2016).

Based on earlier work on single-species mangrove
modelling (van Maanen et al 2015), we developed
a dynamic vegetation model considering mangrove
assemblages growing along intertidal gradients and
interacting with morphological change. We selected
three species, namely Rhizophora mangle, Avicennia
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Figure 1. Schematic overview of the bio-morphodynamic modelling approach. The model captures interactions between
multi-species mangrove assemblages colonizing the lower, middle and upper intertidal area (hereafter referred to as lower
mangroves, middle mangroves and upper mangroves, respectively), hydro-sedimentary processes and coastal profile evolution.
MWL and SLR represent mean water level and sea-level rise, respectively.

germinans and Laguncularia racemosa, to repres-
ent lower, middle and upper intertidal mangroves,
respectively (figure 1). These species were chosen
as they are known to thrive at different elevations
(Lugo and Snedaker 1974, Chapman 1976, Duke et al
1998) and detailed information on their growth para-
meters is available (Chen and Twilley 1998, Berger
and Hildenbrandt 2000, Komiyama et al 2008). Even
though these specific species are adopted, our study
also investigates the sensitivity to species charac-
teristics (i.e. species distribution criteria and root
densities) and therefore provides general insights on
bio-morphodynamic interactions within mangrove
assemblages.

Mangrove tree growth is represented by increas-
ing stem diameter (D;; cm) (Chen and Twilley 1998,
Berger and Hildenbrandt 2000, van Maanen et al
2015):

D 1—5—2i )
dDi — G (1 Dmax, iHmaX,i f . C (1)
dt (274+3byD;—4bsD?) 7!

where ¢ is time (years), Dmay,i and Hpay;i are the
species-specific maximum stem diameter and tree
height, respectively. Gj, by; and bs; are growth para-
meters. As such, the first term on the right-hand
side of equation (1) describes optimal tree growth
rates based on the actual stem diameter and tree
height. Tree growth rates may be reduced under sub-
optimal inundation conditions or because of lim-
ited resources through vegetation competition effects.
This is incorporated through species-specific fitness
functions (f;) and a competition stress factor (C)
which are included as additional terms in equation (1)
(van Maanen et al 2015, D’Alpaos and Marani 2016).
fi is dependent on inundation conditions (computed
by Delft3D) and specifies that each species has an
optimal hydroperiod for growth, while C is depend-
ent on mangrove biomass (figure S2). Thus, if f; =1
and C = 1 then tree growth is optimal; while lower
values mean that tree growth is limited by inundation
stress and competition. These two parameters also
control mangrove colonization and mortality such

that the habitat of mangroves is restricted to inter-
tidal areas and sea-level rise can cause mangrove
dieback through extensive inundation. Finally, the
model includes a description of mangrove root dens-
ities by relating the number of root elements to
stem diameter and define a species-specific max-
imum number of elements per tree (figure S3 and
text S2). The diameter, height and density of stems
and aerial roots, both of which are simplified as cyl-
indrical objects, are then used by Delft3D to com-
pute additional flow resistance (equations S3 and S4).
Since species-dominance and their accompanied root
structures vary greatly across mangrove ecosystems,
we also investigate the impact of root density on
mangrove forest evolution and thus provide deeper
insights into the role of bio-morphodynamic feed-
backs in response to environmental factors.

To quantify mangrove diversity across the inter-
tidal gradient, we developed a customized index,
named the assemblage diversity index (ADI):

ADI= -3 p;-Inp; (2)
i=1

The ADI is based on the Shannon’s index (Hill
1973, Spellerberg and Fedor 2003), but here p; rep-
resents the cross-shore extent of species i relative
to the total forest extent. The above index uses
the proportional extent of each species to provide
a measure of diversity, accounting for both species
richness and evenness along the cross-shore profile
(Peet 1974). Thus, the value of ADI increases, and
so does diversity, if the number of species present
within the forest increases (increased species rich-
ness) and/or if their relative abundance becomes
more similar (increased evenness). Accordingly, the
maximum value of the ADI in our research is expec-
ted to reach ~1.1 (when p; = p, = p; = 1/3)
while the minimum value is 0 when only one man-
grove species is present. In our study we use the
ADI as a post-processing step to effectively capture
diversity changes in a single number that can be easily
evaluated over time.



10P Publishing

Environ. Res. Lett. 15 (2020) 114033

2.2. Design of model simulations

Mangrove environments are highly variable and
although we do not simulate specific sites, we design
our model simulations based on existing literature
describing mangrove growth conditions. As such,
an initial bed slope of 1/1000 is adopted based on
field observations (Lovelock et al 2010, Phan et al
2015, Bryan et al 2017). This slope is also close to
the equilibrium profile under current model settings,
according to preliminary tests. The model is forced
by semidiurnal tides of 2.5 m amplitude. Such set-
tings provide a greater mangrove extent, thus help-
ing to study the changes in mangrove zonation as well
as in the coastal profile (Ellison 2015). We adopted a
50 m by 50 m grid size as such a resolution is com-
monly used in morphodynamic modelling and cap-
tures coastal profile and vegetation dynamics (Zhou
etal 2016), while at the same time guaranteeing a reas-
onable simulation efficiency so that a large number of
scenarios can be evaluated. An overview of the model
settings is presented in the tables S1-S2.

We investigate the response of mangrove
assemblages to environmental change through a
series of simulations with different combinations of
sea-level rise rate and sediment supply, both in the
absence and presence of a tidal barrier. For practical
reasons we use two different domain sizes for scen-
arios with and without a barrier (figure S4). To focus
on non-linear bio-morphodynamic feedbacks, sea-
level rise rates are assumed constant through time
varying from 0 to 10 mm/year covering the range
of IPCC RCP2.6 to RCP8.5 sea-level rise estimates
towards the end of this century (Oppenheimer et al
2019). Rising sea levels are incorporated by incre-
mentally raising the water level (7 in equation S1) at
the seaward boundary. Variations in sediment supply
are imposed by varying suspended sediment concen-
trations at the offshore boundary from 0 to 50 mg L™}
(Lovelock et al 2015). Simulations are conducted for
a period of 330 years. The first 30 years are used as
an adaptation period during which mangroves can
settle, allowing the analysis of mangrove assemblage
dynamics over the remaining 300 years. The model
tracks key forest characteristics, including tree dens-
ity, type of species, stem diameter, tree height and
associated biomass. We here focus on changes in total
forest coverage and species distribution (i.e. ADI).

3. Results

3.1. Mangrove coverage and diversity under
environmental change

To explore distinct mangrove responses, we first
considered extreme combinations in sea-level rise
rate and sediment supply. A high sea-level rise rate
(10 mm yr—!) and low sediment supply (10 mg L™!)
led to retreat of the mangrove forest over time
(figures 2(a)—(b)). In the absence of a tidal barrier
all mangrove species could shift upland (ADI ~ 1.1)
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(figure 2(a)), whereas the presence of a tidal bar-
rier led to a reduction in forest extent and loss
of the middle and upper mangroves (ADI ~ 0.6)
(figure 2(b)). Under intermediate to high sea-level
rise rates (4 mm yr~! for no barrier; 10 mm yr~!
for barrier) and intermediate sediment supply
(25 mg L), sea-level rise was balanced by vertical
accretion, keeping the forest seaward edge relatively
stable (figures 2(c)—(d)). This led to an increased
forest extent due to landward migration and stable
ADI in the absence of a tidal barrier (figure 2(c)).
When inland migration was restricted, forest extent
remained constant through larger vertical accretion
compared to the scenario without a barrier, but
a redistribution in mangrove species resulted in a
lower ADI (figure 2(d)). Under low sea-level rise
(2 mm yr~!) and high sediment supply (50 mg L™!),
coastal progradation was possible and this caused sea-
ward mangrove expansion. Even though both scen-
arios with and without barrier showed an increasing
forest extent, a reduction in ADI occurred because of
the increased dominance of lower mangroves and a
reduced extent of upper mangroves (figures 2(e)—(f)).

We then considered the full range of simulated
sea-level rise (0~10 mm yr~!) and sediment supply
(0-50 mg L™!) combinations to provide a clear over-
view of conditions that led to the above described
mangrove behaviours (retreat, stable and expansion),
and to identify when losses in diversity and man-
grove extent were most significant (figure 3). In
the presence of a tidal barrier (figure 3(b), (d), (f)
and (h)), changes in the mangrove seaward edge,
forest extent, and mangrove diversity (ADI) followed
a similar pattern. High sea-level rise rates com-
bined with reduced sediment supplies led to increased
landward retreat and forest shrinkage (both up to
8 m yr!), and a strong decrease in ADI (up to
0.4 reduction) (figures 3(b), (f) and (h) B1). In con-
trast, low sea-level rise rates and high sediment sup-
plies allowed for seaward expansion and an increase
in mangrove forest extent (both up to 6 m yr™!),
with only minor changes in ADI (up to 0.08 reduc-
tion) (figures 3(b), (f) and (h) B3). In the absence
of a tidal barrier, changes in the mangrove seaward
edge did not show the same trend in response to sea-
level rise and sediment supply as the mangrove forest
extent and mangrove diversity (figures 3(a), (c), (e)
and (g)). Although an increasing/decreasing sea-level
rise rate and decreasing/increasing sediment supply
resulted in increasing mangrove landward retreat/sea-
ward expansion (figure 3(a) N1 and N3), forest extent
was mainly increasing especially with higher sedi-
ment supplies (>6 m yr—!) (figure 3(e)). Mangrove
diversity remained mainly stable when there was
no tidal barrier present and only exhibited a slight
decrease for combinations of low sea-level rise rates
and high sediment supplies (figure 3(g) N3). This
particular ADI reduction, however, was independent
from the presence of a tidal barrier (figures 3(g) N3
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Figure 2. Distinct forest behaviours in response to different combinations of sea-level rise and sediment supply (left panels:
without barrier; right panels: with barrier). (a),(b) Landward retreat of mangrove species. (c),(d) Temporal stability of the
seaward forest edge. (e),(f) Seaward expansion of the mangrove forest. Evolution of the coastal profile and mangrove forest are
shown after 30, 100, 200 and 300 years (shaded lines). Red, black and blue colours indicate where lower, middle and upper
mangroves are dominant, respectively, with increasingly darker shades representing temporal evolution. Multiple species may
co-exist within a grid cell and dominance is then defined as the species with the largest biomass. The inserts show changes in the
extent of each species and the green lines represent changes in ADI. SSC represents external suspended sediment concentration.
The labels refer to ‘No Barrier’ (N1-3) and ‘Barrier’ (B1-3) and are further used in figure 3 to identify the corresponding scenarios.

and (h) B3) and was caused by the aforementioned
coastal progradation with lower mangroves rapidly
expanding while upper mangroves were overtaken by
middle mangroves (figures 2(e)—(f)).

Our simulations further showed that with com-
parable sediment supply, the presence of a bar-
rier enabled mean seaward expansion under higher
rates of sea-level rise in comparison to the scen-
arios without a barrier (figures 3(a)—(b)). Investig-
ation of temporal changes in the lateral movement

of the forests over the 300-year simulation period
revealed that the forest sea edge could shift from sea-
ward expansion to landward retreat, or vice versa
(green area in figures 3(c)—(d)). The presence of a
barrier in this context reduced the parameter space
that led to directional shifts and, as a consequence,
the likelihood for continuous seaward expansion
increased (red area in figures 3(c)—(d)). Nevertheless,
loss in mangrove diversity and forest extent was more
pronounced in the scenarios with a barrier.
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combinations of sediment supply and sea-level rise for which simulations are shown in detail in figure 2.

3.2. Mangrove dynamics driven by
bio-morphodynamic feedbacks

To unravel the bio-morphodynamic feedbacks that
govern species-specific responses, we also assessed
how key physical variables changed in the scenario
with low sea-level rise (2 mm yr~!) and high sedi-
ment supply (50 mg L) as this resulted in diversity
loss while overall mangrove extent was increasing
(figure 4). First, we focused on mangrove behaviours
and related bio-morphodynamic processes in the
simulation with original root settings (first column
of figure 4; figure S3). In all regions of the man-
grove forest, sediment accretion was initially well
above the sea-level rise rate (around 10-15 mm yr—!)

(figure 4(e)). Accretion then slowed down but it con-
tinued to outpace sea-level rise in the lower forest. In
the upper forest, reduced accretion caused a gradu-
ally flattening profile and a progressively increas-
ing inundation regime (blue line in figure 4(i)).
Such prolonged inundation was expected to trigger
accelerated surface elevation gain through enhanced
sediment deposition, thus promoting wetland sta-
bility. However, our results showed a contrasting
response that emerged from temporal changes in
sediment delivery towards the upper part of the
mangrove forest. Over time, advection of suspended
material diminished because tidal currents were being
dissipated more strongly as the mangroves expanded
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Figure 4. Spatio-temporal changes in key physical variables controlling mangrove forest zonation under different root densities.
First column shows the simulation with original root settings, whereby the maximum number of root elements per tree varies for
each species and is set to 5000, 10 000 and 1000 for the lower, middle and upper mangroves, respectively. Second, third and fourth
columns show simulations when the maximum number of root elements per tree is species-independent and set to 1000, 5000
and 10 000, respectively. (a)—(d) Mangrove assemblage after 30, 100, 200, 300 years. Dashed lines indicate locations which are
representative for different regions within the forest and from which physical variables have been extracted. (e)—(h) Bed elevation
change, where positive values indicate accretion and negative values indicate erosion. Dashed line represents the sea-level rise rate.
(i)—(1) Relative hydroperiod (whereby 0 implies never inundated and 1 implies permanently inundated). (m)—(p) Suspended

seaward (figure 4(q); figure S7). Thus, while inunda-
tion periods increased in the upper forest (from 0.3
to 0.6) (figure 4(i)), bed level accretion was hindered
as sediment availability became limited (from 5
to ~0 mg L) (figure 4(m)). This caused a shift in
species occurrence where middle mangroves replaced
upper mangroves. The transition to supply-limited
conditions occurred under constant sea-level rise and
external sediment supply and was thus purely con-
trolled by internal system dynamics. Essentially, the
lower mangroves expanded, and by mediating the
physical processes they reduced the extent of upper
mangroves, implying that indirect species interac-
tions played a critical role in driving forest diversity
changes.

Model simulations indicated that forest beha-
viours regarding mangrove seaward and landward
movement (figure 2) remained consistent under
the additional sensitivity runs with different spe-
cies distribution criteria and root densities (figures

S8 and S9). However, interestingly, root density
exerted a major influence on the ADI in the case of
coastal progradation and seaward mangrove expan-
sion, where higher root densities caused a greater
loss of diversity (figure S9(m)—(p)). Although general
accretion trends along the profile and through time
were comparable among different root settings, the
maximum accretion rate increased with increasing
root density (figures 4(f)—(h)) and overall deposition
in the lower and middle intertidal area was approx-
imately half a meter more under higher root densit-
ies (figures 4(b)—(d) and figure S10). Increased root
density accelerated mangrove seaward expansion, but
it thus also reduced the extent of upper mangroves
at a faster rate (figures 4(b)—(d)). Although accretion
was typically slower under low root densities, it was
also more uniform across the forest and profile flat-
tening was therefore less profound (figure 4(b) and
figure S10). In contrast to the scenarios with higher
root densities where hydroperiods increased in the
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Figure 5. Conceptual model showing the response of mangrove assemblages under different sea-level rise and sediment supply
conditions. Under low environmental pressures, profile and vegetation distribution changes are determined by vegetation
characteristics while assemblage behaviours under high environmental pressures are mainly impacted by the presence or absence
of anthropogenic barriers. The role of bio-morpodynamic feedbacks on system dynamics is indicated (i.e. ‘strong’ versus ‘weak’)
and arrow thickness represents the relative strengths of biotic and abiotic interactions.

upper forest causing changes in dominant species,
hydroperiods decreased throughout the entire forest
when root density was low (figure 4(j)) and species
distributions remained relatively constant.

4, Discussion and conclusions

To summarize the findings of our numerical exper-
iments, we propose a conceptual model to illustrate
the response of mangrove assemblages and related
bio-morphodynamic feedbacks under low and high
environmental pressures, represented by different
combinations of sea-level rise and sediment sup-
ply (figure 5). We demonstrate that under low sea-
level rise rates and high sediment supplies, system
dynamics are dominated by coastal progradation and
seaward mangrove expansion, while anthropogenic
barriers exert little stress. As our approach uses ideal-
ized numerical simulations to unravel the controlling
processes driving changes in mangrove forests, model
testing should involve an evaluation of model beha-
viours and trends (Murray 2013). In this context, our
simulations of seaward mangrove expansion are in
agreement with observations at locations that exper-
ience large sediment inputs (Anthony et al 2010,
Lovelock et al 2010, Nardin et al 2016, Liu et al
2018). In such settings, mangroves are able to col-
onize elevated mudflats, stressing the importance

of hydro-sedimentary processes in the unvegetated
intertidal area fringing the mangrove forest com-
bined with dynamic vegetation growth. In northern
Australia, mangrove coverage along particular coastal
sections has recently increased not only through sea-
ward but also landward expansion, the latter being
driven by the combined effects of sea-level rise and
prolonged inundation of coastal lowlands (Asbridge
et al 2016). Our modelled scenarios qualitatively cap-
ture such behaviours and, in addition, they highlight
the conditions that can lead to sea-level rise driven
expansion of mangrove forests.

What is more, at low environmental pressures,
the bio-morphodynamic feedback, whereby veget-
ation influences hydro-sedimentary processes and
morphological evolution in turn affects vegetation
growth, plays a key role in driving mangrove spe-
cies distributions. Our model results indicate that
the density of root elements, and thus the strength
of biotic interactions, will influence this feedback
and steer changes in diversity. For the same envir-
onmental conditions, sparse roots allow more sed-
iment to be transported towards the upper region
of the forest as tidal currents are stronger, causing a
uniform accretion across the forest such that coastal
profile shape and species zonation remain relatively
stable. Dense root structures, as also supported by
field studies (Furukawa et al 1997, Mazda et al 1997,
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Kumara et al 2010, Swales et al 2019), cause dampen-
ing of tidal currents and enhance sediment trap-
ping, and this may then lead to upper-forest sediment
starvation. Here we show that such interactions can
cause variations in accretion across the forest result-
ing in profile change and, more importantly, trigger
diversity loss (figure 5). Bio-morphodynamic feed-
backs thus generally promote vertical accretion and
seaward expansion, which enhance overall forest resi-
lience, but at the same time these feedbacks reduce
sediment delivery to the more landward region of the
forest, thus preventing upper species to capture sedi-
ment with sea-level rise and making them more vul-
nerable to be replaced by species adapted to higher
inundation time.

Under high environmental pressures, when sea-
level rise is fast and sediment input is low, mangrove
behaviours are mainly controlled by the abiotic
drivers (i.e. enhanced inundation caused by sea-
level rise) instead of bio-morphodynamic feedbacks.
Hereby the presence of anthropogenic barriers exerts
a major impact on the fate of mangrove assemblages.
Barriers prove to be mainly detrimental for both man-
grove coverage and diversity while species distribu-
tions can remain stable if landward habitat is available
(figure 5). Globally, anthropogenic activities, includ-
ing urbanization and the construction of flood pro-
tection works, heavily impact coastal ecosystem resi-
lience with an estimated loss of up to 30% of wetland
area within this century if no further lateral accom-
modation space is created (Schuerch et al 2018).
Clearly, for coastal systems where sediment supplies
are in decline and losses are irrevocable, removing
barriers that obstruct inland migration is of critical
importance to safeguard mangrove survival.

The degree to which such bio-morphodynamic
feedbacks and anthropogenic pressures control wet-
land behaviour may rely on wetland characterist-
ics (e.g. vegetation type and density, surface area
and slope) and hydrodynamic forcing (e.g. tidal
range, waves) and thus depends on the overall bio-
geomorpholocial setting (Balke and Friess 2016,
Woodroffe et al 2016, Bryan et al 2017). As such,
parameterizing our model for a range of real world
mangrove settings to predict mangrove responses
at specific field sites should be further explored in
the future. In addition, sub-surface processes can
play an important role in controlling substrate elev-
ation change and wetland resilience (Krauss et al
2014). Mangrove root accumulation helps raising
bed elevations (Mckee et al 2007, Mckee 2011),
which is not included here. Our modelling approach
may therefore underestimate the ability of mangrove
forests to cope with sea-level rise. However, sub-
sidence due to decomposition and sediment auto-
compaction limits mangrove elevation gain (Rogers
et al 2005). The mechanisms governing subsurface
processes are still not fully understood and the
net effect is highly dependent on site conditions
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(Krauss et al 2014, Sasmito et al 2016). As such,
our model focusses on above-ground interactions
between vegetation and hydro-sedimentary processes
and provides new insights into the dynamics that gov-
ern bio-morphological response to changing envir-
onmental drivers.

Our results indicate that above-ground bio-
morphodynamic feedbacks cause spatio-temporal
variations in sediment accretion. As mangrove veget-
ation modulates tidal currents, transport of sedi-
ment inland is reduced resulting in varying accretion
rates across the mangrove forest. Our simulations
show this can cause counterintuitive behaviours with
respect to sea-level rise as accretion rates and inund-
ation time are being decoupled. As such, wetland
accretion may fail to accelerate despite extended
inundation and, in the longer term, this can cause
a loss in mangrove diversity. Changes in mangrove
coverage and composition are of course also affected
by other major drivers, including mangrove poleward
migration with the potential of mangroves encroach-
ing into salt marsh areas (Saintilan et al 2014). A bio-
morphodynamic modelling approach, as presented
here, will be useful to study the loss or gain in coastal
ecosystem diversity in the face of such global change
impacts.

Overall, our study implies that projections of
mangrove assemblages in the face of sea-level rise
need to capture the complex interactions between
multi-species mangrove dynamics and hydro-
sedimentary processes across the coastal profile, as
well as the impacts of surrounding anthropogenic
conditions. As the loss of mangrove species will have
dramatic ecological and economic implications, com-
prehensive evaluations of species-specific responses
are crucial in order to evaluate the future extent
and diversity of mangrove forests, and to develop
nature-based, integrated coastal zone management
approaches to protect these vulnerable ecosystems.

Acknowledgments

We thank the reviewers for providing detailed
and constructive feedback. This study is suppor-
ted by the China Scholarship Council. MZMB
and MGK acknowledge funding by ERC Consolid-
ator agreement 647570 to MGK. DU is funded by
NERC AHRC (NE/R017980/1). ZZ is funded by the
National Natural Science Foundation of China (Grant
Nos.51620105005, 41976156). BVM is funded by the
NWO WOTRO Joint Sustainable Development Goal
Research Program (W07.303.106).

Data availability statement

The data that support the findings of this study
are openly available at the following URL/DOL:
https://doi.org/10.5281/zenodo.3749866. Data will be
available from 01 January 2021.


https://doi.org/10.5281/zenodo.3749866

10P Publishing

Environ. Res. Lett. 15 (2020) 114033

Supporting information

Attached file with supplementary figures, texts and
tables.

ORCID iDs

Danghan Xie ® https://orcid.org/0000-0002-7594-
2727

Christian Schwarz ® https://orcid.org/0000-0003-
3417-2575

Muriel Z M Briickner ® https://orcid.org/0000-
0002-7954-9586

Maarten G Kleinhans ® https://orcid.org/0000-

0002-9484-1673
Dunia H Urrego
7938-5529
Zeng Zhou
1621
Barend van Maanen
6115-5362

https://orcid.org/0000-0001-
https://orcid.org/0000-0002-4745-

https://orcid.org/0000-0001-

References

Aburto-Oropeza O, Ezcurra E, Danemann G, Valdez V, Murray J
and Sala E 2008 Mangroves in the Gulf of California increase
fishery yields Proc. Natl Acad. Sci. US 105 104569

Alongi D M 2002 Present state and future of the world’s mangrove
forests Environ. Conserv. 29 331-49

Alongi D M 2014 Carbon cycling and storage in mangrove forests
Annu. Rev. Mar. Sci. 6 195-219

Anthony E J, Gardel A, Gratiot N, Proisy C, Allison M A,

Dolique F and Fromard F 2010 The Amazon-influenced
muddy coast of South America: A review of
mud-bank—shoreline interactions Earth-Sci. Rev. 103 99-121

Asbridge E, Lucas R, Ticehurst C and Bunting P 2016 Mangrove
response to environmental change in Australia’s Gulf of
Carpentaria Ecol. Evol. 6 3523-39

Balke T and Friess D A 2016 Geomorphic knowledge for
mangrove restoration: a pan-tropical categorization Earth
Surf. Process. Landf. 41 231-9

Baptist M J, Babovic V, Rodriguez Uthurburu J, Keijzer M,
Uittenbogaard R E, Mynett A and Verwey A 2007 On
inducing equations for vegetation resistance J. Hydraulic
Res. 45 435-50

Berger U and Hildenbrandt H 2000 A new approach to spatially
explicit modelling of forest dynamics: spacing, ageing and
neighbourhood competition of mangrove trees Ecol. Modell.
132 287-302

Briickner M Z M, Schwarz C, van Dijk W M, van Oorschot M,
Douma H and Kleinhans M G 2019 Salt marsh
establishment and eco-engineering effects in dynamic
estuaries determined by species growth and mortality J.
Geophys. Res. 124 2962-86

Bryan K R, Nardin W, Mullarney J C and Fagherazzi S 2017 The
role of cross-shore tidal dynamics in controlling intertidal
sediment exchange in mangroves in Cut Lao Dung, Vietnam
Cont. Shelf Res. 147 12843

Chapman V ] 1976 Mangrove Vegetation (Vaduz:]. Cramer)

Chen R and Twilley R R 1998 A gap dynamic model of mangrove
forest development along gradients of soil salinity and
nutrient resources J. Ecol. 86 37-51

D’Alpaos A and Marani M 2016 Reading the signatures of
biologic—geomorphic feedbacks in salt-marsh landscapes
Adv. Water Resour. 93 265-75

Duke N C et al 2007 A world without mangroves? Science
317 41-42

D Xie et al

Duke N C, Ball M and Ellison J 1998 Factors influencing
biodiversity and distributional gradients in mangroves
Global Ecol. Biogeogr. Lett. 7 27-47

Ellison J C 2015 Vulnerability assessment of mangroves to climate
change and sea-level rise impacts Wetlands Ecol. Manage.

23 115-37

Fagherazzi S et al 2012 Numerical models of salt marsh evolution:
ecological, geomorphic, and climatic factors Rev. Geophys.
50 RG1002

Fagherazzi S, Bryan K and Nardin W 2017 Buried alive or washed
away: the challenging life of mangroves in the Mekong Delta
Oceanography 30 48-59

Furukawa K, Wolanski E and Mueller H 1997 Currents and
sediment transport in mangrove forests Estuar. Coast. Shelf
Sci. 44 301-10

Gilman E L, Ellison J, Duke N C and Field C 2008 Threats to
mangroves from climate change and adaptation options: A
review Aquat. Bot. 89 237-50

Hill M O 1973 Diversity and evenness: A unifying notation and its
consequences Ecology 54 427-32

Jennerjahn T C, Gilman E, Krauss K W, Lacerda L D, Nordhaus I
and Wolanski E 2017 Mangrove ecosystems under climate
change Mangrove Ecosystems: A Global Biogeographic
Perspective V Rivera-Monroy, S Lee, E Kristensen and
Twilley R ed (Berlin: Springer) 211-44

Kathiresan K and Rajendran N 2005 Mangrove ecosystems of the
Indian Ocean region Indian ]. Mar. Sci. 34 10413

Kirwan M L, Guntenspergen G R, D’Alpaos A, Morris ] T,

Mudd S M and Temmerman S 2010 Limits on the
adaptability of coastal marshes to rising sea level Geophys.
Res. Lett. 37 1.23401

Komiyama A, Ong J E and Poungparn S 2008 Allometry, biomass,
and productivity of mangrove forests: A review Aquat. Bot.
89 128-37

Krauss K W, Mckee K L, Lovelock C E, Cahoon D R, Saintilan N,
Reef R and Chen L 2014 How mangrove forests adjust to
rising sea level New Phytol. 202 19-34

Kumara M P, Jayatissa L P, Krauss K W, Phillips D H and
Huxham M 2010 High mangrove density enhances surface
accretion, surface elevation change, and tree survival in
coastal areas susceptible to sea-level rise Oecologia
164 545-53

Lesser G R, Roelvink J A, van Kester ] A T M and Stelling G S 2004
Development and validation of a three-dimensional
morphological model Coastal Eng. 51 883-915

Liu M, Zhang H, Lin G, Lin H and Tang D 2018 Zonation and
directional dynamics of mangrove forests derived from
time-series satellite imagery in Mai Po, Hong Kong
Sustainability 10 1913

Lovelock C E et al 2015 The vulnerability of Indo-Pacific
mangrove forests to sea-level rise Nature 526 559—63

Lovelock C E, Sorrell B K, Hancock N, Hua Q and Swales A 2010
Mangrove forest and soil development on a rapidly accreting
shore in New Zealand Ecosystems 13 437-51

Lugo A E and Snedaker S C 1974 The ecology of mangroves Annu.
Rev. Ecol. Syst. 5 39—64

Mariotti G and Canestrelli A 2017 Long-term morphodynamics
of muddy backbarrier basins: fill in or empty out? Water
Resour. Res. 53 7029-54

Mazda Y, Wolanski E, King B, Sase A, Ohtsuka D and Magi M
1997 Drag force due to vegetation in mangrove swamps
Mangroves Salt Marshes 1 193-9

Mckee K L 2011 Biophysical controls on accretion and elevation
change in Caribbean mangrove ecosystems Estuar. Coast.
Shelf Sci. 91 475-83

Mckee K L, Cahoon D R and Feller I C 2007 Caribbean mangroves
adjust to rising sea level through biotic controls on change
in soil elevation Global Ecol. Biogeogr. 16 545-56

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

Murray A B 2013 Contrasting the goals, strategies, and
predictions associated with simplified numerical models

10


https://orcid.org/0000-0002-7594-2727
https://orcid.org/0000-0002-7594-2727
https://orcid.org/0000-0002-7594-2727
https://orcid.org/0000-0003-3417-2575
https://orcid.org/0000-0003-3417-2575
https://orcid.org/0000-0003-3417-2575
https://orcid.org/0000-0002-7954-9586
https://orcid.org/0000-0002-7954-9586
https://orcid.org/0000-0002-7954-9586
https://orcid.org/0000-0002-9484-1673
https://orcid.org/0000-0002-9484-1673
https://orcid.org/0000-0002-9484-1673
https://orcid.org/0000-0001-7938-5529
https://orcid.org/0000-0001-7938-5529
https://orcid.org/0000-0001-7938-5529
https://orcid.org/0000-0002-4745-1621
https://orcid.org/0000-0002-4745-1621
https://orcid.org/0000-0002-4745-1621
https://orcid.org/0000-0001-6115-5362
https://orcid.org/0000-0001-6115-5362
https://orcid.org/0000-0001-6115-5362
https://doi.org/10.1073/pnas.0804601105
https://doi.org/10.1073/pnas.0804601105
https://doi.org/10.1017/S0376892902000231
https://doi.org/10.1017/S0376892902000231
https://doi.org/10.1146/annurev-marine-010213-135020
https://doi.org/10.1146/annurev-marine-010213-135020
https://doi.org/10.1016/j.earscirev.2010.09.008
https://doi.org/10.1016/j.earscirev.2010.09.008
https://doi.org/10.1002/ece3.2140. eCollection
https://doi.org/10.1002/ece3.2140. eCollection
https://doi.org/10.1002/esp.3841
https://doi.org/10.1002/esp.3841
https://doi.org/10.1080/00221686.2007.9521778
https://doi.org/10.1080/00221686.2007.9521778
https://doi.org/10.1016/S0304-3800(00)00298-2
https://doi.org/10.1016/S0304-3800(00)00298-2
https://doi.org/10.1029/2019JF005092
https://doi.org/10.1029/2019JF005092
https://doi.org/10.1016/j.csr.2017.06.014
https://doi.org/10.1016/j.csr.2017.06.014
https://doi.org/10.1046/j.1365-2745.1998.00233.x
https://doi.org/10.1046/j.1365-2745.1998.00233.x
https://doi.org/10.1016/j.advwatres.2015.09.004
https://doi.org/10.1016/j.advwatres.2015.09.004
https://doi.org/10.1126/science.317.5834.41b
https://doi.org/10.1126/science.317.5834.41b
https://doi.org/10.2307/2997695
https://doi.org/10.2307/2997695
https://doi.org/10.1007/s11273-014-9397-8
https://doi.org/10.1007/s11273-014-9397-8
https://doi.org/10.1029/2011RG000359
https://doi.org/10.1029/2011RG000359
https://doi.org/10.5670/oceanog.2017.313
https://doi.org/10.5670/oceanog.2017.313
https://doi.org/10.1006/ecss.1996.0120
https://doi.org/10.1006/ecss.1996.0120
https://doi.org/10.1016/j.aquabot.2007.12.009
https://doi.org/10.1016/j.aquabot.2007.12.009
https://doi.org/10.2307/1934352
https://doi.org/10.2307/1934352
https://doi.org/10.1007/978-3-319-62206-4
https://doi.org/10.1029/2010GL045489
https://doi.org/10.1029/2010GL045489
https://doi.org/10.1016/j.aquabot.2007.12.006
https://doi.org/10.1016/j.aquabot.2007.12.006
https://doi.org/10.1111/nph.12605
https://doi.org/10.1111/nph.12605
https://doi.org/10.1007/s00442-010-1705-2
https://doi.org/10.1007/s00442-010-1705-2
https://doi.org/10.1016/j.coastaleng.2004.07.014
https://doi.org/10.1016/j.coastaleng.2004.07.014
https://doi.org/10.3390/su10061913
https://doi.org/10.3390/su10061913
https://doi.org/10.1038/nature15538
https://doi.org/10.1038/nature15538
https://doi.org/10.1007/s10021-010-9329-2
https://doi.org/10.1007/s10021-010-9329-2
https://doi.org/10.1146/annurev.es.05.110174.000351
https://doi.org/10.1146/annurev.es.05.110174.000351
https://doi.org/10.1002/2017WR020461
https://doi.org/10.1002/2017WR020461
https://doi.org/10.1023/A:1009949411068
https://doi.org/10.1023/A:1009949411068
https://doi.org/10.1016/j.ecss.2010.05.001
https://doi.org/10.1016/j.ecss.2010.05.001
https://doi.org/10.1111/j.1466-8238.2007.00317.x
https://doi.org/10.1111/j.1466-8238.2007.00317.x
https://doi.org/10.1038/s41598-018-19695-2
https://doi.org/10.1038/s41598-018-19695-2

10P Publishing

Environ. Res. Lett. 15 (2020) 114033

and detailed simulations Prediction in Geomorphology P
Wilcock and Iverson R ed (Washington, DC: American
Geophysical Union) pp 151-65

Nardin W, Locatelli S, Pasquarella V, Rulli M C, Woodcock C E
and Fagherazzi S 2016 Dynamics of a fringe mangrove forest
detected by Landsat images in the Mekong River Delta,
Vietnam Earth Surf. Process. Landf. 41 2024-37

Oppenheimer M et al 2019 Sea level rise and implications for
low-lying islands, coasts and communities IPCC Special
Report on the Ocean and Cryosphere in a Changing Climate
ed H-O Poértner et al (Cambridge: Cambridge University
Press)

Peet R K 1974 The measurement of species diversity Annu. Rev.
Ecol. Syst. 5 285-307

Phan L K, van Thiel de Vries ] S M and Stive M J F 2015 Coastal
mangrove squeeze in the Mekong Delta J. Coast. Res.
300 233-43

Polidoro B A et al 2010 The loss of species: mangrove extinction
risk and geographic areas of global concern PLoS One
510095

Roberts W, Le Hir P and Whitehouse R J S 2000 Investigation
using simple mathematical models of the effect of tidal
currents and waves on the profile shape of intertidal
mudflats Cont. Shelf Res. 20 1079-97

Rogers K, Saintilan N and Heijnis H 2005 Mangrove
encroachment of salt marsh in Western Port Bay, Victoria:
the role of sedimentation, subsidence, and sea level rise
Estuaries 28 551-9

Saintilan N, Wilson N C, Rogers K, Rajkaran A and Krauss K W
2014 Mangrove expansion and salt marsh decline at

11

D Xie et al

mangrove poleward limits Global Change Biol.
20 147-57

Sasmito S D, Murdiyarso D, Friess D A and Kurnianto S 2016
Can mangroves keep pace with contemporary sea level
rise? A global data review Wetlands Ecol. Manage.
24 263-78

Schuerch M et al 2018 Future response of global coastal wetlands
to sea-level rise Nature 561 2314

Spellerberg I F and Fedor P ] 2003 A tribute to Claude Shannon
(1916-2001) and a plea for more rigorous use of species
richness, species diversity and the ‘Shannon—-Wiener’ Index
Global Ecol. Biogeogr. 12 177-9

Swales A, Reeve G, Cahoon D R and Lovelock C E 2019 Landscape
evolution of a fluvial sediment-rich avicennia marina
mangrove forest: insights from seasonal and inter-annual
surface-elevation dynamics Ecosystems 22 1232-55

Tomlinson P B 2016 The Botany of Mangroves (Cambridge:
Cambridge University Press) 2nd edn

van Maanen B, Coco G and Bryan K R 2015 On the
ecogeomorphological feedbacks that control tidal channel
network evolution in a sandy mangrove setting Proc. Math.
Phys. Eng. Sci. 471 20150115

Woodroffe C D, Rogers K, Mckee K L, Lovelock CE,
Mendelssohn I A and Saintilan N 2016 Mangrove
sedimentation and response to relative sea-level rise Ann.
Rev. Mar. Sci. 8 243-66

Zhou Z, Ye Q and Coco G 2016 A one-dimensional
biomorphodynamic model of tidal flats: sediment sorting,
marsh distribution, and carbon accumulation under sea
level rise Adv. Water Resour. 93 288-302


https://doi.org/10.1029/135GM11
https://doi.org/10.1002/esp.3968
https://doi.org/10.1002/esp.3968
https://doi.org/10.1146/annurev.es.05.110174.001441
https://doi.org/10.1146/annurev.es.05.110174.001441
https://doi.org/10.2112/JCOASTRES-D-14-00049.1
https://doi.org/10.2112/JCOASTRES-D-14-00049.1
https://doi.org/10.1371/journal.pone.0010095
https://doi.org/10.1371/journal.pone.0010095
https://doi.org/10.1016/S0278-4343(00)00013-3
https://doi.org/10.1016/S0278-4343(00)00013-3
https://doi.org/10.1007/BF02696066
https://doi.org/10.1007/BF02696066
https://doi.org/10.1111/gcb.12341
https://doi.org/10.1111/gcb.12341
https://doi.org/10.1007/s11273-015-9466-7
https://doi.org/10.1007/s11273-015-9466-7
https://doi.org/10.1038/s41586-018-0476-5
https://doi.org/10.1038/s41586-018-0476-5
https://doi.org/10.1046/j.1466-822X.2003.00015.x
https://doi.org/10.1046/j.1466-822X.2003.00015.x
https://doi.org/10.1007/s10021-018-0330-5
https://doi.org/10.1007/s10021-018-0330-5
https://doi.org/10.1098/rspa.2015.0115
https://doi.org/10.1098/rspa.2015.0115
https://doi.org/10.1146/annurev-marine-122414-034025
https://doi.org/10.1146/annurev-marine-122414-034025
https://doi.org/10.1016/j.advwatres.2015.10.011
https://doi.org/10.1016/j.advwatres.2015.10.011

	Mangrove diversity loss under sea-level rise triggered by bio-morphodynamic feedbacks and anthropogenic pressures
	1. Introduction
	2. Methods
	2.1. Model description
	2.2. Design of model simulations

	3. Results
	3.1. Mangrove coverage and diversity under environmental change
	3.2. Mangrove dynamics driven by bio-morphodynamic feedbacks

	4. Discussion and conclusions
	Acknowledgments
	References


