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Abstract 
Mangroves can increase their elevation relative to tidal flooding through biogeomorphic feedbacks but can submerge if rates 
of sea-level rise are too great. There is an urgent need to understand the vulnerability of mangroves to sea-level rise so local 
communities and resource managers can implement and prioritize actions. The need is especially pressing for small islands, 
which have been identified as an area of concern by the IPCC. We developed a generalizable modeling framework for tidal 
wetlands (WARMER-3) that accounts for species interactions and the belowground processes that dictate soil elevation 
building relative to sea levels. The model was calibrated with extensive field datasets, including accretion rates derived from 
29 soil cores, over 300 forest inventory plots, water level, and elevation. The model included five mangrove tree species and 
was applied across seven regions around the Pacific Island of Pohnpei, Federated States of Micronesia, where mangrove 
forest is a critical ecosystem that supports subsistence living for local communities. We explored mangrove resilience and 
carbon accumulation under six sea-level rise scenarios. We also conducted an analysis to determine the sea-level rise rate 
threshold above which mangroves would be lost. The results suggest that Pohnpei mangroves can build their elevations rela­
tive to low and moderate rates of sea-level rise to prevent submergence, with limited loss of mangrove area through 2150. 
Under higher sea-level rise rates, however, forest elevation decreased substantially relative to mean sea level and there was 
extensive loss of mangrove area by that year. Regarding mangrove community composition, for all sea-level rise scenarios, 
the model predicted a change to increasing relative abundance of flood tolerant species and decreasing relative abundance 
of high-elevation species, which started to being realized by 2100. Variation in sediment supply, water levels, and elevation 
capital led to differential vulnerability around the island. We identified a threshold for Pohnpei mangroves where if local 
sea-level rise rates exceed 7.8 ± 2.2 mm/year they are projected to eventually submerge and be lost. Our modeling frame­
work is novel by addressing both species interactions and critical belowground processes to better understand potential tidal 
ecosystem responses to sea-level rise. 

Keywords Modeling · Vulnerability · Coastal wetlands · Climate change · Monte Carlo 

Key Points 
• Mangrove forests were shown to be resilient to low and moderate

sea-level rise projections through 2150, but extensive loss would
occur under high sea-level rise projections.

• Forest species composition is projected to change under all sea-
level rise scenarios with a shift to more flood tolerant species.

• Modeling suggests a threshold sea-level rise rate of 7.8 mm/year
for the mangrove forest of the island of Pohnpei, beyond which
conversion to subtidal habitats is likely. 
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Introduction 

Management and conservation in the context of a rapidly 
changing climate requires an understanding of ecological 
thresholds, tipping points, and regime shifts (Andersen et al. 
2009). This is particularly true for the coastal zone, which is 
already dynamic in nature. At the interface between marine 
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and terrestrial environments along tropical and subtropical 
latitudes, mangrove forests are exposed to tidal flooding, 
storms, and accelerating sea-level rise (SLR), which is pro­
jected by global models as a consequence of climate change 
(Fox-Kemper et al. 2021). Mangrove forests exist in a nar­
row ecological niche, tolerant of regular inundation by saline 
water but outcompeted by upland species above the tidal 
zone. These tidal wetlands are sensitive to the rate of SLR, 
but may be able to persist through a combination of accre­
tion and inland migration (Kirwan et al. 2016; Krauss et al. 
2014). An investigation into the global mangrove extent over 
the past 10,000 years suggests that mangroves cannot sur­
vive when SLR exceeds 6.1 mm/year (Saintilan et al. 2020). 
As current projections estimate that SLR rates could exceed 
10 mm/year by 2100 (Church et al. 2013; Fox-Kemper et al. 
2021; Kopp et al. 2014), effective modeling approaches that 
can help identify thresholds for ecological transformation 
and migration options with SLR are essential. 

Mangrove forests are essential ecosystems that serve as 
habitats for diverse species and offer valuable ecosystem 
services to humans. Some communities depend heavily on 
mangroves for sustenance, materials, and energy (Naylor 
et al. 2002). Mangrove forests are a primary food source 
and provide livelihoods for communities as a cultural tradi­
tion, including the harvest of shellfish, crabs, and fish (Mitra 
2020). Mangroves not only offer significant ecological bene­
fits but also provide crucial protective functions, particularly 
during tropical cyclones and tsunamis (Dahdouh-Guebas 
and Pulukkuttige 2009; Danielsen et al. 2005). On a global 
scale, mangroves play a crucial role in mitigating climate 
change by sequestering and storing more carbon from atmos­
pheric carbon dioxide (CO2) per unit area than any other 
tropical forest ecosystem (Donato et al. 2012). Understand­
ing relative mangrove vulnerability to SLR across a range of 
spatial scales will help facilitate more effective management 
that may mitigate the SLR-induced reductions in ecosystem 
services. 

The response of mangroves to SLR is influenced by a 
complex interplay among biological and physical factors, 
along with landscape modification from people. Important 
factors include tidal range, suspended sediment loading, 
freshwater input affecting root growth, ability to transgress 
inland or horizontally, and the initial condition of the man­
grove forest, all of which contribute to their vulnerability or 
resilience to SLR (Lovelock et al. 2015; MacKenzie et al. 
2016). Mangroves can maintain their relative elevation 
through various accretion processes, including root growth, 
sedimentation, and peat development (Krauss et al. 2014). 
Additionally, mangroves possess the capability to transgress 
upslope to counteract SLR and maintain their elevation rela­
tive to ocean levels (Krauss et al. 2011). Together, these 
vertical and horizontal processes contribute to the resil­
ience of mangroves to SLR. It is also important to note that 

human-induced alterations to the landscape such as roads 
and bridges and deforestation can disrupt these processes 
critical for accretion and physically impede the upland 
transgression of mangrove forests. Mangroves are already 
affected by deforestation and development (Gattuso et al. 
2015) and large-scale die-offs have been observed with land­
scape and hydrological modifications (Gauthey et al. 2022). 

There have been many efforts to project tidal marsh 
biogeomorphic changes with SLR (e.g., Craft et al. 2009; 
Fagherazzi et al. 2012; Langston et al. 2020; Morris et al. 
2002; Swanson et al. 2014). Numerical models of tidal 
marsh accretion processes and response to projected SLR 
suggest that resilience is largely dependent on local or 
regional factors, particularly sediment availability, tidal 
range, rates of organic matter accumulation, and the slope 
of adjacent uplands (Buffington et al. 2021; Carr et al. 
2020; Coleman et al. 2021; Langston et al. 2020; Thorne 
et al. 2018). However, despite numerous similarities in the 
underlying processes that drive changes in tidal marshes and 
mangrove forests, mangroves have not been treated with the 
same attention. Instead, mangrove modeling has generally 
focused on individual-based concepts (e.g., Berger et al. 
2008), the dynamics of forest growth (Berger and Hilden­
brandt 2000; Chen et al. 1998; Jiang et al. 2012), physiologi­
cal functions (e.g., Asaeda and Kalibbala 2009), or coastline 
evolution (e.g., van Maanen et al. 2015). A revised version 
of MEM (CWEM) does allow simulations of both marsh 
and mangroves, although without a competition component 
(Morris et al. 2023). 

Climate adaptation and planning is important given the 
uncertainty of future greenhouse gas emissions in SLR 
and associated influences that SLR may have on altering 
complex ocean-ecological processes. An Intergovernmen­
tal Panel on Climate Change report identified small islands 
as one of the main areas of concern, where understanding 
climate change impacts, adaptation potential and options, 
and overall vulnerability in the near-term is a high priority 
(Mycoo et al. 2022). Herein, we describe a new, flexible 
modeling framework for simulating mangrove responses to 
SLR and identify thresholds for vulnerability. Our approach 
draws inspiration from existing models used in tidal ecosys­
tems, such as REM (Rybczyk et al. 1998), NUMAN (Chen 
and Twilley 1999), MEM (Morris et al. 2002), WARMER 
(Swanson et al. 2014), and WARMER-2 (Buffington et al. 
2021). Our approach (WARMER-3) incorporates key factors 
that influence soil elevation, including species community 
composition, tidal flooding frequency, organic and mineral 
sediment composition, root growth, and tidal range. As the 
first case study for the model, we selected a location with 
robust datasets that is lacking in local projections of SLR 
vulnerability. Our specific objectives were to (1) explore 
SLR vulnerability across seven drainage basins on the 
Pacific Island of Pohnpei, Federated States of Micronesia, 
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(2) identify a SLR threshold for mangrove forest submer­
gence, and (3) conduct a sensitivity analysis to determine 
what model parameters influenced the results the most. Our 
framework is unique in that it can simulate the interactions 
of multiple species, leveraging species-specific parameters 
when available, while tracking the fate of belowground 
organic matter that influences elevation change and carbon 
accumulation. 

Methods 

Model Development 

We developed a general, 1-D modeling framework for simul­
taneous simulation of tidal wetland soil processes and spe­
cies interactions with sea-level rise (Fig. 1). WARMER-3  
uses a cohort approach to track soil organic and inorganic  
material through time, at an annual timestep, and space (soil 
depth). Twelve soil depth cohorts are used in this model; 
material transfers to deeper cohorts at differential rates such 
that the top 11 cohorts maintain a constant soil depth inter­
val (5, 10, 10, 10, 10, 10, 10, 20, 20, 40, 100 cm), while 
the deepest cohort accumulates volume. The model is rela­
tively insensitive to the size distribution of cohorts, allowing 

flexibility in the resolution of belowground processes. The 
processes that contribute to the organic soil pool include 
root turnover (three size classes), litterfall (branches and 
leaves), and decomposition; organic material was separated 
into labile and refractory pools subject to different rates of 
loss. Surface mineral deposition was simulated using a point 
model that considers tidal depth and dynamic suspended 
sediment concentrations in the water column (Buffington  
et al. 2021; Marani et al. 2010). The model is relatively  
detailed in tracking the fate of multiple organic matter pools;  
this was done to facilitate the independent calibration of the  
various processes that may influence elevation change. Both 
mineral and organic accumulation rates as well as overall  
accretion rate from dated soil cores are used for calibration. 

The  model  framework  is  flexible  to handle  any number  of  
species or functional groups. Carrying capacity and growth  
rates are defined in terms of basal area density  (m2/m2). Spe­
cies can expand their fraction of carrying capacity at a rate  
constrained by their maximum growth rate, environmental  
conditions (relative distribution across flooding regimes),  
and available space. Mortality is initiated by changes in  
flooding outside the preferred range. For simplicity, flooding  
duration is the only factor that defines the niche of each spe­
cies; further development is ongoing to account for species  
responses to changes in salinity, but salinity constraints are  

Fig. 1    Conceptual diagram for the approach to simulating surface-
elevation dynamics relative to sea-level rise by modeling above and 
belowground organic and mineral pools and their associated pro-
cesses in mangrove forests. MSL: mean sea level; ROM: refractory 


organic material; LOM: labile organic material; MIN: mineral sedi­
ments. Mangrove images from the IAN library (https://ian.umces.
edu/media-library/


 
)


https://ian.umces.edu/media-library/
https://ian.umces.edu/media-library/
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limited in Micronesian high island mangroves (Ewel et al. 
1998). 

Allometric equations and empirical relationships were  
used to convert basal area density  (m2/m2) to aboveground  
organic material (g/m2). By linking basal area and biomass,  
we assumed that basal area increases with age (Phan et al.  
2019). Aboveground biomass was subsequently transferred  
into the belowground soil cohorts via root-to-shoot ratios  
(Komiyama et al. 2008), with an exponential decay rate  
down to the maximum rooting depth. Root productivity was  
assumed to be in equilibrium with root turnover. The volume  
of the surface cohort was defined by an empirical relation­
ship between bulk density and percent organic matter (Mor­
ris et al. 2016). In subsequent cohorts, volume was defined  
by a model of porosity, or void space, whereby porosity  
decreased as the density in overlaying cohorts increased;  
mineral  and  organic  matter  was  assumed  to  have  constant  
densities (2.65 and 1.14 g/cm3, respectively). Rates of soil  
consolidation were controlled by a compaction rate term that  
defined how quickly porosity decreased downcore. Root col­
lapse due to mortality was also simulated; dead roots have  
higher density than live roots, accounting for the collapse  
of aerenchyma tissue, with species-specific root porosity.  
While the model was developed specifically for mangroves,  
marsh species  can  also  be included,  for  example, by  relat­
ing aboveground biomass to stem diameter and density. See  
the Supplemental Information for equations and complete  
model description. 

Study Site 

The Federated States of Micronesia (FSM) consist of four  
main island states located approximately  4000  km  (km)  
southwest of Hawaii, just north of the equator. Our study  
site Pohnpei is the largest island state in the FSM, spans 346  
km2, and is home to around 35,000 people. Its terrain is char­
acterized by steep slopes rising from the coast to the summit  
of a dormant volcano, reaching nearly 800 m (m) in eleva­
tion. Pohnpei is surrounded by coral reefs and encompasses 
57 km2 of mangroves in its coastal lowlands, which serve as 
crucial habitat for endangered species such as the Pohnpei  
lorikeet (Trichoglossus rubiginosus) and fruit bat (Pteropus 
molossinus). Mangroves also play a substantial role in sup­
porting the livelihoods of local communities throughout the 
FSM as they provide a source of income through fishing,  
crabbing, and fuelwood harvesting, contributing to the equiv­
alent of more than half of the annual household income (Nay­
lor et al. 2002). We conducted our analysis using data for the  
five most common mangrove species on Pohnpei: Bruguiera  
gymnorrhiza  L.,  Rhizophora apiculata  Blume,  Rhizophora  
stylosa Griff. (inclusive of R.  ×  lamarckii Montrouz), Sonner­
atia alba  Sm., and Xylocarpus granatum  J.Koenig (Fig. 2). 

Pohnpei experiences a tropical rainforest climate, being 
one of the wettest places on Earth with an average annual 
rainfall of 480  cm and no distinct dry season (Lander 
and Khosrowpanah 2004). El Niño–Southern Oscillation 
(ENSO) is a major driver of interannual rainfall variability, 
resulting in drier conditions during the post-El Niño years. 
ENSO also affects sea level due to ocean temperature and 
currents, with possible changes of ± 30 cm (cm) during an 
ENSO event (Ellison et al. 2022; Lander and Khosrowpanah 
2004). 

Calibration Datasets 

The model leverages various field datasets for calibration 
and validation, including dated soil cores, forest inven­
tory surveys, elevation change data from surface elevation 
tables (SETs), and water-level records from gauges deployed 
across Pohnpei. We selected seven representative sites across 
Pohnpei to assess resilience to SLR, leveraging accretion 
rate data derived from 29 1-m deep cores from across the 
seven sites that were dated using lead–210 (MacKenzie et al. 
2024; Fig. 3). Accretion rates, mineral accumulation rates, 
and organic accumulation rates for each site were used for 
calibration (Table 1). 

We used site-specific water level records (Ellison et al. 
2022) and a long-term gauge located near the Pohnpei 
International Airport (code, PNI) to calculate mean sea 
level (MSL), mean high water, and mean low water for 
1983–2001, the most recent National Oceanic and Atmos­
pheric Administration (NOAA) epoch. For sites with­
out water-level data (Pwudoi, Palikir, West Sokehs), the 
MSL was assigned according to the nearest site with data 
(Table 1). 

To ensure consistency across all field datasets, we con­
ducted elevation surveys at each study site to establish a 
common vertical datum. Temporary benchmarks were set up 
outside the mangrove forest using a Trimble global naviga­
tion satellite system base station. Differential leveling was 
then used to determine the elevation from the benchmark to 
the SET and soil-core locations at each site. Additionally, 
we recorded the presence of each mangrove species within a 
10-m radius at each turning point along the leveling transect. 
Species-elevation data from 152 plots were used to derive 
probability distribution functions for each species, which 
subsequently influenced the growth rate in the population 
model (Fig. 4). Further, the soil core elevations were used to 
calibrate a site-specific mineral deposition function. 

We used a multi-step calibration approach to estimate 
crucial parameters while accounting for site-specific differ­
ences (Table S1). Four parameters were allowed to vary for 
site-specific model calibration. First, the mineral accumula­
tion rate was calibrated based on data from soil cores. Sec­
ond, the carrying capacity, defined as basal area density, was 
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   Fig. 2 Dominant mangrove tree species of Pohnpei, Federated States 
of Micronesia. The structure of the trunks and pneumatophores vary 
between species along with their salinity and flooding tolerance 

(photo credits: Ken Krauss (S. alba) and Kevin Buffington (others), 
U.S. Geological Survey) 

calculated as the 95th percentile from forest inventory plot 
surveys conducted in each region. The maximum soil poros­
ity was held at a constant 0.88 across sites, but the minimum 
soil porosity was determined through calibration with the 
available soil core data. Lastly, the rates of decomposition 
were calibrated to minimize the discrepancy between mod­
eled and observed accretion across 50 years of simulation, 
using the historic sea-level rise rate (3.75 mm/year, Ellison 
et al. 2022) and initial elevations estimated from soil core 
accretion rates. Model-predicted values of live and dead root 
biomass, living roots (fine and coarse), and the ratio of dead 
to live roots were compared with values from Cormier et al. 
(2015) and generally fell within the range of literature values 
for all sites after parameter tuning (see Appendix 1, Sup­
plemental Information). 

The framework can handle species-specific differences 
in all biotic parameters; however, due to a lack of species-
specific information, only growth rates (Table S2), wood 
density and standing biomass (Tables S3 and S4), and the 
elevation niche (Fig. 4) were varied in the model across 
species. The proportion of structural roots was calibrated 
such that the mass pools of living fine and large roots were 
within the range of values from FSM (Cormier et al. 2015), 
assuming that structural roots and pneumatophores were 
not included in the soil cores of that study. The model does 

not explicitly consider the effects of salinity or macronu­
trients on organic deposition or decomposition and instead 
assumes that site-specific values of carrying capacity and 
organic accumulation rate from soil cores reflect these fac­
tors (Table S5). The lower elevation limit for mangrove sur­
vival was set at−0.57 m relative to MSL, a value determined 
from surveys around the island (Ellison et al. 2022), while 
the lower limit for mangrove seeding was set to 75% flooding 
duration (Krauss et al. 2006). To calibrate the model, a 200­
year spin-up period was employed to develop the soil core 
and mangrove species composition for each initial elevation, 
followed by a 50 year hindcast using relative sea-level rise 
rates equal to the historic rate of 3.75 mm/year. The initial 
elevation of each soil core was calculated from the accretion 
rate and the sea-level rise amount over 50 years to account 
for the change in relative elevation. We then compared mod­
eled and observed mineral and organic matter accumulation 
rates, overall vertical accretion, and final elevation. 

Implementation 

We used a 200-year model spin-up to develop the for­
est and soil profile, holding each initial elevation (− 55 to 
110 cm MSL in 5 cm increments) constant. Relative spe­
cies basal area across each site was used to parameterize the 



Estuaries and Coasts  

   
 

 

 
        

 
 

   Fig. 3 Location and digital elevation model, relative to local mean sea level (rMSL), of study sites around Pohnpei, Federated States of Microne­
sia. Yellow points represent locations of soil core data used to calibrate the model. Created in ESRI ArcGIS Pro 3.3.0; basemap from ESRI 

competition term  so  that species  composition  over the  spin-
up period reflected site conditions; after spin-up, competi-
tion was informed by the island-wide relative basal area for  
each species. The sea-level rise scenarios were then simu-
lated after the spin-up period. Uncertainty in model projec-
tions was assessed using 1000 iterations of a Monte Carlo  
(MC) framework, with important model inputs (water level,  
suspended sediment concentration (SSC), and the decom-
position rate; Table S6) sampled randomly. Distributions of  

mineral deposition and the decomposition rate (mean±S.D.) 
were determined for each site by calibrating to each soil 
core. For each MC simulation, both SSC and the decomposi­
tion rate were sampled from a normal distribution. We inter-
polated the 1-D model projections from each MC run across 
a digital elevation model (DEM) derived from an airborne 
lidar survey flown in July 2023 that utilized a full wave-
form sensor (D. Comer, pers. comm). Site-specific MSL was 
then subtracted from the orthometric height DEM, creating 
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Table 1 Mean (SD) soil core accretion rates, organic and mineral accumulation rates, and soil core elevation, along with the regional mean sea-
level estimate for study sites on Pohnpei, Federated States of Micronesia. From MacKenzie et al. 2024 

Site n Accretion (cm/yr) Organic accumulation 
(g/m2/yr) 

Mineral accumula-
tion (g/m2/yr) 

Soil core elevation (m, 
EGM2008 geoid) 

Mean sea level 
(m, EGM2008) 

Alohkapw 3 0.361 (0.130) 402.9 (110.8) 1054.9 (759.6) 1.249 (0.0298) 1.023 
Enipein 2 0.265 (0.147) 330.6.6 (151.3) 299.1 (109.3) 0.843 (0.066) 0.816 
Enipoas 7 0.272 (0.092) 337.5 (105.0) 145.6 (45.1) 1.038 (0.029) 0.905 
Palikir 3 0.424 (0.019) 454.8 (70.1) 220.8 (36.9) 0.935 (0.006) 0.905 
Pwudoi 3 0.207 (0.107) 324.3 (159.3) 114.9 (56.0) 0.859 (0.078) 0.816 
Sapwalap 9 0.369 (0.331) 472.7 (507.5) 521.2 (470.3) 1.175 (0.071) 0.905 
West Sokehs 2 0.157 (0.036) 250.8.5 (127.6) 66.4 (7.4) 1.075 (0.017)a 0.905 

a Elevation estimated from digital elevation model at West Sokehs 

Fig. 4 Elevation (in meters 
relative to mean sea level) prob­
ability distribution functions for 
five common mangrove species 
on Pohnpei, Federated States 
of Micronesia. Curves were 
informed by field surveys of 
species distributions 

a surface relative to local tidal flooding. The DEM was then 
clipped to the current extent of mangrove forest (Woltz et al. 
2022), which provided the initial elevation distribution. 

Wetlands that develop in areas with larger tidal ranges 
are known to exhibit higher resilience to sea-level rise due 
to their ability to build soil-surface elevations (Coleman 
et al. 2021; Kirwan et al. 2010). These wetlands also tend 
to have more time before being submerged by sea-level 
rise, especially if they are located further inland (Lovelock 
et al. 2015). To account for the effects of ENSO on water 
level MSL in our future projections, we applied a statistical 
approach. We first fitted a second-order polynomial to the 
45-year record of MSL from Pohnpei to remove the local 
trend in sea-level rise. Next, we fitted a Weibull distribution 
to the residuals from the regression, representing the recent 
historic influence of ENSO, storms, and long-period lunar 

nodal harmonics. We then sampled from the Weibull distri­
bution each year and added the residuals to the sea-level rise 
scenario. To summarize the projected results, we calculated 
the mean annual elevation relative to MSL, distributions of 
species cover, and rates of carbon accumulation. Final model 
runs were conducted with the USGS Hovenweep supercom­
puter (Falgout et al. 2024). 

Validation 

We used a SET (surface elevation table) record from 1999 
to 2019 to independently validate the model (SET locations 
described in Krauss et al. 2010). At Sapwalap and Enipoas, 
we used data from three replicate SETs in fringe, riverine, 
and interior hydrologic zones. Using the differential survey 
elevation data, we calculated the absolute elevation of each 
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pin measurement relative to the Earth Gravitational Model 
of 2008 (EGM2008) datum and determined the elevation in 
1999. We employed the same 200-year model spin-up scheme 
to establish the mean initial soil profile and mangrove com­
munity at the elevation of each SET. The observed annual 
change in mean sea level at the Pohnpei Harbor gauge was 
used to force the model. We then compared the average mod­
eled and observed accretion rates for the 20-year period from 
1999 to 2019. 

Sea‑Level Rise Scenarios 

To evaluate the future vulnerability of mangrove forests in the 
vicinity of Pohnpei up to 2150, we used six different sea-level 
rise scenarios from the IPCC 6th assessment report. Local 
projections for Pohnpei were obtained from the NASA Sea 
Level Rise Projection tool, with the median projection selected 
for each scenario (Garner et al. 2021). To assess how SLR 
rate thresholds varied by site, we ran linear SLR scenarios 
(2–14 mm/year at 0.25 mm/year intervals) for each site using 
the mean elevation, average of parameters, and no variation in 
MSL. These runs involved a 200-year model spin-up to estab­
lish the initial soil cohort and forest, followed by a 200-year 
simulation. Mangrove cover (>50%) at the end of the simula­
tion was used to determine the SLR threshold for each site. 

Sensitivity 

Sensitivity to 24 model parameters was determined through 
a metamodeling exercise. Parameter values were randomly 
selected from a range (±20% of mean parameter values) and 
used in an 81-year simulation (2020–2100) across three sea-
level rise scenarios (40, 80, and 120 cm by 2100). For each set 
of randomly generated parameters, the model was run across a 
range of initial elevations (10, 20, 30 cm relative to MSL); this 
process was repeated 50,000 times. For each SLR scenario, 
the resulting mean accretion rates in the last 25 years of the 
simulation were used as response variables in a random forest 
(RF) model, with the input parameter values as predictors. 
The RF model was validated against 10% of the data that was 
withheld from training; RMSE for predicting accretion was  
0.41 mm/year (R2 = 0.81). We then calculated relative predic­
tor  importance  as  an  indicator  of  model  sensitivity  (Table  S7). 

Results 

Model validation using independent SET measurements at 
Sapwalap and Enipoas demonstrated good agreement with 
model projections, despite the model not accounting for 
spatial dynamics, such as distance from sediment source. 
Across Sapwalap fringe, interior, and riverine SETs, the 
average accretion rate was 2.28 ± 2.27 mm/year (range: 

0.06–4.66 mm/year, 1999–2019). The model projected a  
similar average accretion rate of 2.35  ±  0.34 mm/year over  
the 20-year simulation period from 1999 to 2019, based on  
the initial elevation from each SET. At Enipoas, the aver­
age SET accretion rate was 1.56  ±  0.69 m  m/year (range:  
0.55–2.71 mm/year), and the model projected an average  
accretion rate of 3.05  ±  0.48 mm/year. The average model  
rates were close the observed ranges at both sites, over-
predicting accretion by 0.08 mm/year at Sapwalap and by  
1.49 mm/year at Enipoas. 

During the 131-year period from 2020 to 2150, the model 
projected a decline in average elevation relative to MSL at 
all sites (Fig. S2). Substantial changes in community com­
position were projected after 2050 under higher sea-level 
rise scenarios or after 2075 for lower sea-level rise scenarios 
(Figs. 5, S3, and S4). By 2150, total extent of mangroves 
was projected to be reduced by nearly half (41.3 ± 4.8%) in 
the SSP 1–1.9 SLR scenario, a 60.6 ± 4.3% reduction under 
the SSP 1–2.6 scenario, and 71.9 ± 6.3% reduction under 
the SSP 2–4.5 scenario (Fig. 6). For the SSP 3–7.0 sce­
nario, mangrove area begins to decline around 2080, with 
an 88.7 ± 3.4% reduction in area by 2150. Under SPP 5–8.5, 
mangrove area starts to decline by 2075, with a 93.4 ± 2.1% 
reduction in area by 2150. The highest SLR scenario, SSP 
5–8.5 low confidence, rapid declines in mangrove area were 
projected to start in 2072, with a 99.9 ± 0.32% reduction in 
mangrove area by 2150. 

There were differences in projected response to SLR 
across the seven study sites (Fig. S3). Areas on the leeward 
side of the island tended to be more vulnerable to sea-level 
rise than areas on the windward side (Figs. S3-S4), due pri­
marily to higher sediment availability and elevation capital 
at Alohkapw and Sapwalap. The susceptibility to sea-level 
rise at West Sokehs, Pwudoi, and Enipein was primarily 
attributed to low rates of mineral and organic accumulation 
and relatively low elevation capital (Table 1). 

The changes of community composition showed similar 
patterns across sites, with higher rates of SLR leading to 
faster decreases in the cover of species intolerant of extended 
flooding (Figs. S3-S4). Bruguiera gymnorrhiza or S. alba 
were projected to have high initial cover at all sites, which is 
consistent with field-survey data that show these species are 
broadly distributed, but with S. alba being more prevalent 
at windward sites; cover of these species declined across 
all sites and SLR scenarios. Xylocarpus granatum, which 
tends to grow in the upper end of the tidal zone, was pro­
jected to have low cover at all sites except Enipein, where it 
rapidly declined in cover across in all scenarios. Rhizophora 
apiculata had moderate to high cover initially at most sites 
but was projected to decrease in cover across all scenarios. 
Rhizophora stylosa is typically found in the coastal edges of 
the forest and relatively low in the tidal frame; WARMER-3 
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Fig. 5 Mean (± SD) mangrove tree species percent area coverage under six sea-level rise scenarios through 2150. Sea-level rise scenarios are 
organized from lowest (SSP 1–1.9) to highest (SSP 5–8.5 lc) 

Fig. 6 Total mangrove area pro­
jected under six sea-level rise 
scenarios. Mangrove cover is 
stable through 2070 but begins 
to have a rapid decline after 
2100 with sea-level rise accel­
eration. Shaded areas represent 
standard deviation generated by 
Monte Carlo simulations. Sea-
level rise scenarios are organ­
ized from lowest (SSP 1–1.9) to 
highest (SSP 5–8.5 lc) 

projected low cover across all sites except Enipein and West  
Sokehs, but cover was projected to decline across scenarios. 

Projected rates of soil carbon accumulation were highly  
variable, but on average they declined for all SR scenarios  
from a peak of 1.49  ±  0.77 Mg C ha −1  yr−1 at the start of  
simulation. Under the lower two SLR scenarios, net carbon  
accumulation remained positive through 2150 (0.42  ±  0.88,  
0.21  ± 0.81  Mg C  ha−1  yr−1 for the respective scenarios) as  
accommodation space widens. However, under the higher  
four scenarios, loss of mangrove cover resulted in a net  

release of carbon toward the end of the century (Fig. 7). 
The model was very sensitive to inputs that control the fate  
of organic matter. 

We found that sites varied in their SLR threshold rate, 
beyond which the mangrove forest will likely submerge 
(Table S6). Pwudoi had the lowest SLR threshold at 6.0 mm/ 
year, while Sapwalap had the highest at 11.75 mm/year. On 
average, the SLR threshold was 7.8 ± 2.2 mm/year across 
sites. The sensitivity analysis for the rate of elevation change 
indicated that carrying capacity and litter deposition rate 
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    Fig. 7 Projected mean (± SD) 
rates of carbon accumulation 
for Pohnpei mangroves under 
six sea-level rise scenarios. Sea-
level rise scenarios are organ­
ized from lowest (SSP 1–1.9) to 
highest (SSP 5–8.5 lc) 

were the most important parameters, with a combined 
importance of 0.78. The decomposition rate and fraction 
of structural roots were the next most important parameters 
(Table S7). Together, these results highlight the importance 
of constraining parameters that control net organic matter 
accumulation rates. 

Discussion 

Mangrove Vulnerability 

We conducted a scenario modeling approach to investigate 
tropical mangrove forest responses to SLR. The simulations 
suggest that there will be limited changes in forest com­
munity composition during the first 30 years across all SLR 
scenarios (Fig. 5), aligning with a recent study that found 
little coastline change in Pohnpei over the past two decades, 
despite relatively high SLR rates (Nunn et al. 2017). Our 
modeling projections indicate that mangroves surrounding 
Pohnpei are expected to exhibit some resilience in response 
to low (SSP 1–1.9) to moderate (SSP 2–4.5) SLR rates 
(Fig. 5). Under higher SLR rates (SSP 3–7.0 and above), 
however, WARMER-3 suggests a transition to flood toler­
ant tree species and eventually substantial loss of mangrove 
forest. 

Our results demonstrated that regions of Pohnpei had 
variable resilience to SLR. Sapwalap, Alohkapw, and Palikir 
were the most resilient areas to SLR and maintained their 
elevations and forest composition the longest (Fig. S6). 
These sites had relatively high initial elevations within the 
tidal frame, or “elevation capital,” which increased their 
resilience to SLR (Cahoon et al. 2019; Rogers 2021). Also, 
Alohkapw and Sapwalap are near large riverine drainages 
and had higher mineral sediment accumulation rates than 
other sites (Table 1), which also contributed to their verti­
cal accretion and overall resilience. Variation in measured 

elevation changes was observed across different hydrody­
namic settings in Pohnpei and Kosrae, FSM, with large riv­
erine areas having the highest rates of elevation gain (Krauss 
et al. 2010). 

Fluvial sediment may be responsible for increasing man­
grove resilience to SLR across Pohnpei. Watershed area, 
steep topography, heavy rainfall, and human disturbance can 
combine to influence sedimentation rates. Forest clearing 
and other human activities upriver in island watersheds may 
be responsible for the elevated rates of sediment deposition, 
with seaward mangrove transgression observed over the last 
40 years (Woltz et al. 2022). Even small-scale forest clear­
ing for construction or crops (Raynor and Fownes 1991) 
may contribute to local sediment loads. Future studies of 
mangroves should account for differences in watershed char­
acteristics, weather, and adjacent landscape modifications 
that can influence accretion processes and overall resilience. 
For example, in this region of the world, there is great uncer­
tainty about whether climate change will result in a dryer 
or wetter future as it depends on overall tropical warming 
(1–3 °C; Widlansky et al. 2013), which could mean lower 
or higher riverine flows to deliver sediment to mangrove 
forests downstream. 

Our domain did not include adjacent inland areas that 
may transition to mangroves by transgression; however, 
potential migration area is greatly limited due to the moun­
tainous terrain of the island. Like many islands, Pohnpei has 
steep slopes that are characteristic of its volcanic history. 
Transgression of mangroves into adjacent upland ecosys­
tem types has not been widely observed globally (compared 
to salt marshes, e.g., Kirwan and Gedan 2019; Raabe et al. 
2012; Williams et al. 1999), but saltwater intrusion, storms, 
and land conversion commonly facilitate transgression of 
tidal wetlands into new areas (López-Medellín et al. 2011; 
Osland et al. 2018). Fringing wetlands at appropriate eleva­
tions for mangrove colonization have mostly already been 
colonized by mangroves or, for smaller areas, are being 
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managed for low-land agriculture therefore little opportu­
nity for transgression remains. There may be opportunities 
on Pohnpei for upslope transgression via riverine corridors 
such as Alohkapw or Sapwalap. 

Overall, our projections show that some mangroves are 
likely to be lost, either later this century or into the first 
half of the next, depending on which SLR scenario is real­
ized. Loss of mangroves will likely have substantial impacts 
across Pohnpei, including a reduction in habitat for endemic 
species and increasing human exposure to the effects of 
storms and tsunamis. Considering the large portion of the 
human population that engages in subsidence fishing, the 
effects on the fishery may be the most profound consequence 
of mangrove loss for Pohnpei. 

Sea‑Level Rise Thresholds 

Our modeling indicates that mangroves may persist well 
beyond 2150 on Pohnpei, albeit with altered tree species 
distribution, if rates of SLR are kept below 7.8 mm/year. 
For SLR rates over 7.8 mm/year, mangroves were unable to 
maintain elevation relative to MSL and eventually transition 
to an unvegetated open water state. Our mean SLR thresh­
old was higher than the global average threshold value of 
6.1 mm/year reported by Saintilan et al. (2020), but close 
to their average rate of 7.1 mm/year for far-afield sites 
that include the Federated States of Micronesia. Our pro­
jected timeline of submergence generally aligns with other 
mangrove SLR projections or vulnerability assessments 
(Lovelock et al. 2015; Spencer et al. 2016). For example, 
Lovelock et al. (2015) found that Indo-Pacific mangroves in 
areas with sediment availability > 2.5 mg/L are unlikely to 
be submerged by 2100. Our modeling showed that Pohnpei 
forests are relatively resilient and likely to persist beyond 
2100, although with altered species composition. However, 
by 2150, all SLR scenarios showed that over half of the cur­
rent mangrove area may be lost. 

Sensitivity Analysis 

The most sensitive model parameters for controlling rates of 
elevation change had direct or indirect control on net organic 
matter accumulation rates. Carrying capacity is directly 
related to the above- and belowground biomass standing 
stock, influencing the production of roots, while the litter 
deposition rate is tied to carrying capacity and influences 
the soil composition of the surface. WARMER-3 was also 
relatively sensitive to the decomposition rate of labile and 
refractory organic particles; as this was one of the param­
eters randomly varied in the Monte Carlo projections, it is 
likely responsible for much of the variation in projected ele­
vation. The large amount of variation in the projections of 
carbon accumulation also highlights the need for leveraging 

site and species-specific information. Constraining the com­
paction rate and minimum porosity with data, via direct cali­
bration with accretion rates or informed by depth profiles of 
bulk density, is critical when implementing the model. In 
our analysis, the most vulnerable regions to SLR were West 
Sokehs, Enipein, and Pwudoi, which are all located on the 
leeward side of the island. Compared with the other regions, 
these areas had relatively low initial elevation and limited 
sediment availability, which translated to greater vulner­
ability under the SLR scenarios. Considering the projected 
high vulnerability to SLR and low measured accretion rates 
at some sites, additional investigation is warranted to better 
understand the spatial distribution of mangrove elevation 
relative to water levels, accretion rates, and sediment avail­
ability, which would help inform future SLR vulnerability 
assessments. 

Resilience to SLR was bolstered by high productivity and 
rapid rates of organic soil accumulation, perhaps related to 
the large amount of rainfall Pohnpei experiences that mod­
erates pore water salinity (16.1 ppt; Cormier et al. 2015). 
Changes in environmental conditions such as drought or 
changes to the sediment regimes could alter the rates of 
organic or mineral accumulation, resulting in reduced verti­
cal accretion and greater vulnerability to rising seas. Such 
changes have been observed globally where extensive frag­
mentation of mangrove forests has occurred for agriculture 
and other landscape modifications (Bryan-Brown et al. 2020) 
and along Pacific rim nations coping with reduced sediment 
input to mangroves (Lovelock et al. 2015). In China, and 
elsewhere, aggressive mangrove conservation and restora­
tion have been used to restore degraded ecosystems (Jia et al. 
2018), and community-based approaches for restoration have 
been successful in Colombia (Rodríguez-Rodríguez et al. 
2021). However, preserving the current condition of much 
of FSM’s mangroves is far more cost-effective than promot­
ing change that will necessitate future rehabilitation efforts 
(Lewis et al. 2016) and may be a good option for FSM given 
the cultural connection to the land. 

Modeling Considerations 

We made several simplifying assumptions and omitted some 
processes during our application of the model to Pohnpei’s 
mangroves. While much data were available from historic US, 
Japanese, and local governmental efforts, we still had to use 
some off-island data to initialize our model. We focused on the 
above and belowground processes that control elevation and 
mangrove response to changes in flooding from SLR. Water 
and soil salinity can be a dominant driver of tidal wetland 
community composition and productivity (Ahmed et al. 2022; 
Sherman et al. 2003); however, due to lack of field data and 
specific knowledge of species responses, this was not incor­
porated in our approach. We know more about the seedlings 
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of these species (e.g., Allen et al. 2001; Krauss and Allen 
2003) than we do mature trees here and in most mangrove 
forests where glasshouse studies have dominated individual 
species stress-response studies (Krauss et al. 2007). Simi­
larly, the macronutrients nitrogen and phosphorus are known 
to play an important role in limiting mangrove growth in the 
Caribbean (Castañeda-Moya et al. 2013); nutrients were not 
included in Pohnpei simulations to reduce model complexity 
and lack of calibration data. However, to some degree, the 
effects of both salinity and nutrients are captured in the eleva­
tion distributions for each species and, at a regional scale, by 
basal area distributions derived from forest inventory plots. 
Nutrients have also not previously been judged to be espe­
cially limiting to Pohnpei’s mangroves (Cormier et al. 2015) 
or on other islands in FSM (Ewel et al. 1998). By calibrating 
the model with soil-core accumulation rates from Pohnpei, 
we are assuming that the relationships among basal area, rates 
of productivity, and decomposition over the last century are 
representative of future conditions. Human development and 
climate change could both cause changes in the environment 
that affect mangrove productivity. For example, changes in 
freshwater delivery or sediment loading could have a strong 
effect on the health and persistence of mangroves as man­
groves preferentially take up freshwater whenever possible 
(Ewe et al. 2007; Lovelock et al. 2017). Increased atmospheric 
carbon dioxide concentrations may also boost productivity 
of mangroves, potentially increasing their resilience to SLR 
through elevated root growth (Reef et al. 2016). We contend 
that on Pohnpei, while global environmental change continues 
to affect Pacific high islands from mountain tops to reefs, local 
impacts are relatively isolated and of the subsistence nature 
(Allen et al. 2001). 

Elevation relative to tidal flooding is a key predictor of 
species presence. Species distributions relative to elevation 
have been documented for many mangrove species (e.g., 
Ellison et al. 2022; Leong et al. 2018); we developed these 
specifically for common Pohnpei species. However, one of 
the greatest sources of uncertainty for projections of future 
mangrove extent is the lack of accurate elevation data. Lidar 
is not available for many small Pacific islands, and due to 
incomplete penetration of the canopy, lidar-derived bare earth 
DEMs can have large vertical bias that require ground sur­
veys and correction models to address (Buffington et al. 2016; 
Hladik and Alber 2012). We had access to both a robust lidar 
dataset and data from field surveys to validate DEM accuracy. 
Developing accurate elevation models is critical as eleva­
tion capital is particularly important when projecting future 
resilience. Pohnpei, like many small islands, did not have an 
accurate nearshore bathymetry dataset; thus, our modeling 
domain included only the current mangrove extent without 
nearshore attributes. It is possible that mangroves could pro-
grade into adjacent reef habitats in some areas with excess 
sediment or sheltered from waves, as they have along specific 

rivers on Pohnpei in the past (Woltz et al. 2022), but this 
process was not considered in our application. 

By design, WARMER-3 relies heavily on field meas­
urements to generate site-specific projections. While this 
approach limits model application to areas with relatively 
robust datasets, we believe a solid understanding of local 
conditions—which we have for Pohnpei and/or adjacent 
islands—is necessary for projecting system behavior into 
the future with any confidence. Similar assessments for salt 
marshes have been successful in identifying estuaries that are 
relatively vulnerable to SLR (e.g., Thorne et al. 2018). Addi­
tional efforts to account for other aspects of climate change 
including increasing CO2, temperature, and precipitation 
variation in models of wetland resilience are also needed. 

Management Implications 

Models can help policy and conservation groups seek atten­
tion and funding to implement adaptation strategies, espe­
cially when driven by local datasets. It has taken several 
decades of iterative wetland research to understand how SLR 
might impact Pohnpei’s mangroves. Locally calibrated mod­
els that result from these studies can be used by resource 
managers to understand vulnerability and reduce uncertain­
ties in future mangrove forest change under SLR scenarios. 
Continued monitoring and reassessment of the forest health 
over time on Pohnpei would further inform planning. 

A critical consideration is how best to build resilience 
into mangrove ecosystems to prevent loss of mangroves and 
the services they provide. For small islands, rising sea lev­
els could negatively impact their subsistence lifestyle and 
economy (Naylor et al. 2002), across FSM and throughout 
the Pacific. Food and water security will likely be more dif­
ficult to maintain if mangrove losses, or species’ shifts, are 
realized over the coming decades. For example, as even 
lower SLR scenarios project that X. granatum will become 
less common on Pohnpei, a handicraft industry that peddles 
to tourists may be directly impacted. Xylocarpus granatum 
is preferred by wood carvers on Pohnpei, and the species’ 
projected future demise with SLR aligns with its lack of 
regeneration in lower intertidal positions already brought 
on by greater salinity and flooding (Allen et al. 2003). Eco­
system-based SLR adaptation for mangroves may include 
facilitating upslope migration, improving connectivity, and 
implementing dedicated restoration projects (Sierra-Correa 
and Cantera Kintz 2015). Preferred mangrove species propa­
gation may even become the target of small plantations, as 
is legacy in parts of Malaysia, for example (Watson 1928). 
Other mangrove species, such as R. apiculata, are also of 
particular value as a preferred cooking wood in Micronesia 
(Allen et al. 2001). Like X. granatum, the distribution of R. 
apiculata may decline with moderate accelerations in SLR. 
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Projecting the fate of mangrove forests is key to inform­
ing decision-making for natural resource managers and peo­
ple concerned about the cultural and economic value to local 
communities. Through extensive calibration with empirical 
datasets, we developed future projections of mangrove com­
munity composition and elevation in response to SLR for the 
island of Pohnpei. Mangroves were projected to be resilient 
to low and moderate SLR scenarios, but extensive loss of 
suitable mangrove habitat could result if the high or extreme 
SLR scenarios are realized. The SLR rate threshold averaged 
7.8 mm/year, in line with a recent global analysis. By devel­
oping a flexible model framework, and through calibration 
with extensive field datasets, we were able to develop local 
projections of mangrove resilience to SLR. The variation 
in vulnerability across sites demonstrates the utility of and 
need for local and species-specific data to make robust pro­
jections of an uncertain future. 

Supplementary Information The online version contains supplemen­
tary material available at https://doi.org/10.1007/s12237-024-01422-y. 
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