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Summary

� Relative sea level rise (SLR) increasingly impacts coastal ecosystems through the formation

of ghost forests. To predict the future of coastal ecosystems under SLR and changing climate,

it is important to understand the physiological mechanisms underlying coastal tree mortality

and to integrate this knowledge into dynamic vegetation models.
� We incorporate the physiological effect of salinity and hypoxia in a dynamic vegetation

model in the Earth system land model, and used the model to investigate the mechanisms of

mortality of conifer forests on the west and east coast sites of USA, where trees experience

different form of sea water exposure.
� Simulations suggest similar physiological mechanisms can result in different mortality pat-

terns. At the east coast site that experienced severe increases in seawater exposure, trees

loose photosynthetic capacity and roots rapidly, and both storage carbon and hydraulic con-

ductance decrease significantly within a year. Over time, further consumption of storage car-

bon that leads to carbon starvation dominates mortality. At the west coast site that gradually

exposed to seawater through SLR, hydraulic failure dominates mortality because root loss

impacts on conductance are greater than the degree of storage carbon depletion.
� Measurements and modeling focused on understanding the physiological mechanisms of

mortality is critical to reducing predictive uncertainty.

Introduction

Relative sea level rise (SLR) and extreme events are driving the
landward retreat of coastal forests through the formation of ghost
forests, or widespread swaths of dead trees (Kirwan &
Gedan, 2019; Osland et al., 2022). Our predictive certainty
regarding ghost forest formation is poor due to a lack of under-
standing of the physiological processes underlying tree death
from SLR, and due to the lack of vegetation dynamic models
developed for shoreline ecosystems (McDowell et al., 2022;
Yoshikai et al., 2022). Predictions are further complicated by the
confounding impacts of SLR and other climate change factors
such as rising atmospheric CO2 levels (Chen & Kirwan, 2022a,
b). Our poor capacity to predict the rate of ghost forest formation

impedes assessment and mitigation of ecosystem services and ter-
restrial habitat losses due to SLR (Kirwan & Gedan, 2019; Ward
et al., 2020). Coastal forests can be c. 30% more productive than
adjacent inland, upland systems (Tagestad et al., 2021), and these
forests have larger carbon stocks than the young marshes repla-
cing them (Smith et al., 2021). Coastal forests (i.e. mangroves)
also provide habitat for coastal fisheries and mitigate the impacts
of storms and erosion.

Rising sea levels expose coastal trees to two primary threats:
high salinity and hypoxia in the soil porewater, which can drive
both hydraulic failure and carbon starvation (McDowell
et al., 2022). Hydraulic failure results from large changes in the
soil-to-leaf hydraulic function. An osmotic constraint on root
water uptake is the most immediate impact of increasing
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porewater salinity, which acts to reduce the concentration gradi-
ent for water flow from the soil to the roots. Prolonged exposure
to elevated salt concentrations will cause root damage and mor-
tality (Robin et al., 2016). Exposure to hypoxia can also impact
root function and ultimately drive root mortality (Pezeshki,
2001; Flowers & Colmer, 2008). Loss of the water potential gra-
dient as well as fine root mortality reduces belowground conduc-
tance and whole-plant hydraulic conductivity (López-Berenguer
et al., 2006; Nedjimi, 2014). Porewater salinity also affects xylem
properties, with elevated salt promoting narrower tracheids
(Wang et al., 2022), and shifting embolism vulnerability of the
xylem (H. Zhang et al., 2021). Together, the decreasing water
potential gradient, root death, and changes in xylem properties
act to reduce whole-plant hydraulic conductance and increase the
risk of dehydration from severe embolism, or hydraulic failure
(McDowell et al., 2022).

Carbon starvation is also likely under conditions of elevated
salinity and hypoxia. The osmotic- and root death-induced
reductions in belowground conductance as well as increases in
xylem embolism drive stomatal closure and hence reduced photo-
synthesis (Orsini et al., 2012; Sperry et al., 2016). As well,
increased salt concentrations inhibit potassium accumulation in
guard cells, also promoting stomatal closure (Clough & Sim,
1989; Perri et al., 2019). These photosynthetic constraints are
exacerbated by foliar ion toxicity, in which the biochemical rate
of photosynthesis is reduced due to prolonged salt exposure (Ball
et al., 1984; Munns, 2002; Flexas et al., 2004; Suárez &
Medina, 2006; Yadav et al., 2011; Delatorre-herrera et al., 2021;
Li et al., 2021). As leaf carbon balance declines, the percentage of
the crown that is foliated decreases, again promoting reduced
whole-plant carbon gain. The combination of the loss of stomatal
conductance, photosynthetic capacity, and foliated crown drives
carbon starvation as respiration continues to consume a dimin-
ishing quantity of stored carbon (P. Zhang et al., 2021).

We expect that each mechanism described earlier can play a
role in tree mortality, but the relative importance can vary with
intensity and duration of seawater exposure, and with plant
functional traits. Given that the osmotic impacts of rising pore-
water salinity are immediate and can be sustained (Munns &
Termaat, 1986), we hypothesize that hydraulic failure is a domi-
nant process underlying tree mortality during initial seawater
exposure. We additionally hypothesize that carbon starvation
increases in likelihood over time as carbohydrate stores are
slowly depleted.

We used an ecosystem demography model, the functionally
assembled terrestrial ecosystem simulator with plant hydraulics
(FATES-Hydro) (Fisher et al., 2018; Koven et al., 2020), to test
our hypotheses. FATES-Hydro is a physiology-based vegetation
demographic model that simulates cohort-scale dynamics for dif-
ferent species or plant functional types. FATES-Hydro was ori-
ginally developed for freshwater terrestrial ecosystems that have
no salinity or water logging. Thus, we first conducted model
development to introduce the physiological effects of salinity and
hypoxia. We then used this new version of FATES-Hydro to
investigate the importance of changing vulnerability curves and
root mortality on tree mortality under different circumstances.

We conducted simulations on three coastal conifer forests: one
on the Pacific coast and two on the Atlantic coast. These three
sites all have extensive ghost forest formation in response to
increasing seawater exposure (Wang et al., 2019; Smith & Kir-
wan, 2021). Besides their different geography, the sites exhibit
different sources of inundation. The Pacific coast site was a fresh-
water floodplain until 2014, after which the culverts were brea-
ched to improve fish habitat, which subsequently allowed daily
tidal inundation. This ‘manipulative’ study site contrasts with
those on the Atlantic coast, which are exhibiting ghost forest for-
mation that is accelerating in parallel with increasing rates of rela-
tive SLR (Schieder & Kirwan, 2019). The Pacific coast site was
used for extensive evaluation of the mechanisms underlying
seawater-induced mortality, with additional evaluation and simu-
lation of mortality at the two Atlantic sites. Across all sites, we
investigated the role of seawater exposure and the variation of tree
functional traits on the likelihood of mortality.

Materials and Methods

Study area

The first site is a c. 100-yr-old Sitka-spruce forest in the Beaver
Creek (BC) watershed (a tributary of Johns River, which drains
into the Grays Harbor estuary; 46°540N, 123°580W) at the Paci-
fic coast in western Washington State, USA (Li et al., 2021; H.
Zhang et al., 2021; P. Zhang et al., 2021; Wang et al., 2022).
The climate is dominated by warm, dry summers and cool, wet
winters. Before 2014, the shoreline forest on the floodplain was
protected from seawater incursion by a causeway. The barrier was
removed in November 2014, allowing the previously freshwater
ecosystem to be exposed to tidal water levels and salinities from
the Grays Harbor estuary, with tidal inundation driving ground-
water salinization (Yabusaki et al., 2020; Regier et al., 2021).
This led to mortality of the spruce trees, which was a function of
elevation above sea level (H. Zhang et al., 2021; P. Zhang
et al., 2021). While tidal swamps exist in the Pacific Northwest
with Sitka-spruce trees that can sustain flooding and salinity
(Kauffman et al., 2020), this diked system developed under con-
ditions more akin to upland conditions, similar to the other sites
we assess in this study. Soil pore water salinity, crown area, carbo-
hydrates, growth, sap flow, and leaf physiological variables have
been reported for the dying trees at this site. Measured leaf phy-
siological variables include the maximum rate of Rubisco carbox-
ylase activity (V cmax

) and the maximum rate of photosynthetic
electron transport (Jmax), leaf water potential, carbon fixation
rate, and transpiration rate (details of the field measurements can
be found in Li et al., 2021; H. Zhang et al., 2021; P. Zhang
et al., 2021; Wang et al., 2022). Seasonal and spatial soil salinity
variation was simulated from 2014 to 2019 over the watershed
(Yabusaki et al., 2020).

The second and third sites (Goodwin Island (GWI) and
Moneystump (MS)) are located in the Chesapeake Bay region of
the U.S. mid-Atlantic coast (38.5°N, 76.3°W) (Smith & Kirwan,
2021). The climate there is characterized by hot, humid summers
and cool winters. The Chesapeake Bay region is a hotspot for sea-
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level-driven coastal forest retreat, driven by rapid SLR across a
gently sloping coastal plain topography (Schieder et al., 2018;
Chen & Kirwan, 2022a,b). The 20th century relative SLR rates in
the Chesapeake Bay region (c. 3–6 mm per year) are approxi-
mately two to three times faster than the global average (Ezer &
Corlett, 2012; Sallenger et al., 2012). Both GWI and MS are
dominated by loblolly pine (Pinus taeda) forests. Rapid SLR in
recent decades has led to extensive tree mortality at the shoreline
(low elevation) locations, which are periodically exposed to saline
water, while the neighboring uplands are only influenced by saline
water during large storms. Though the two Chesapeake Bay sites
are similar, GWI has experienced a higher SLR rate (8.77 mm
yr�1) than MS (6.84 mm yr�1) (https://tidesandcurrents.noaa.
gov/sltrends/sltrends.html, https://www.star.nesdis.noaa.gov/
socd/lsa/SeaLevelRise/). At GWI and MS, measurements of soil
salinity were made in June of 2019, 2020, and 2021 at varying
elevations (Smith & Kirwan, 2021). There is also ongoing contin-
uous measurements at GWI and MS that started in April 2022.

FATES-Hydro and model development

Description of FATES-Hydro FATES is a cohort-based, size-
structured dynamic vegetation model where long-term plant
growth, mortality rates, and competition emerge as a conse-
quence of physiological processes. FATES has been coupled with
both the COMMUNITY LAND MODEL v.5 (CLM5) (Lawrence
et al., 2019) and the land surface model (ELM) component of
the Energy Exascale Earth System Model (Golaz et al., 2022). In
this study, FATES is coupled with ELM. FATES-Hydro is a
recent development of the FATES model (Fisher et al., 2018;
Koven et al., 2020), in which a plant hydro-dynamic module,
originally developed by Christoffersen et al. (2016), was coupled
to the existing photosynthesis and soil hydrology modules. Later
we give a brief introduction to FATES-Hydro. Details of FATES
and the hydraulic module can be found in the technical notes
(https://fates-users-guide.readthedocs.io/projects/tech-doc/en/
latest/index.html).

In FATES-Hydro, the total transpiration of a plant is the pro-
duct of total leaf area and the transpiration rate per unit leaf area
( J ), which itself is the product of the difference in intercellular
leaf vapor pressure, ambient vapor pressure, and stomatal con-
ductance. For each plant cohort, the hydro-dynamic module
approximates the water flow through a plant’s root, xylem, and
leaf systems as flow through variably saturated porous media
(Sperry et al., 1998) with conductance and capacitance changing
in response to stem water potentials dictated by the pressure–
volume (P–V) curve and the pressure–conductance (vulnerabil-
ity) curve (Manzoni, 2014; Christoffersen et al., 2016).

Stomatal conductance is modeled in the form of the Ball–Berry
conductance model (Ball et al., 1984; Oleson et al., 2013; Fisher
et al., 2018) with a further constraint of leaf water potential
through a water stress index βt, defined by a function of the ratio
of the leaf water potential to the leaf water potential of half stoma-
tal closure (P50gs) (Christoffersen et al., 2016). The soil column
is divided into a given number of layers. The proportion of roots
in each layer is calculated from Zeng’s (2001) two-parameter

power law function. Water flow from each soil layer within the
root zone into the plant root system is calculated as a function of
the hydraulic conductance determined by root biomass and root
traits such as specific root length, and the difference in water
potential between the absorbing roots and the rhizosphere.

Major model developments FATES-Hydro was originally
developed for freshwater-dominated, upland ecosystems. Here
we implemented mechanisms of the physical and physiological
effects of salinity and hypoxia in FATES-Hydro. We give a brief
description of the major developments later, with the details and
formulas provided in Supporting Information Methods S1.

In the current FATES-Hydro model, osmotic potential is not
included in soil hydrology. We introduced a new routine to read
daily soil salinity data (in PSU: practical salinity unit or parts per
thousand) into the plant hydraulic module. We introduce a root
salt exclusion function that links the salinity of plant organs
(root, stem, and leaf) to soil salinity through a linear function.
Salinity is then converted into osmotic potential.

The photosynthetic capacity of the leaf is linked to leaf salinity
using a logistic function. The parameters of the function are esti-
mated through the best fit to field observations (Fig. S1a), in
which photosynthetic capacity declined significantly with increas-
ing salinity (Li et al., 2021). Field observations from previous
work at BC showed that the shape of the embolism vulnerability
curves change with soil salinity (H. Zhang et al., 2021). In the
current plant hydraulic module, embolism vulnerability curve
parameters are constant over time. We introduce a new function
that modifies the parameters of the vulnerability curve assuming
that the parameters change with salinity at a constant rate. Thus,
the shape of the curve changes with xylem salinity (Fig. S1b).
The parameters and their change rates with respect to salinity are
fitted to observed patterns (H. Zhang et al., 2021). Note that in
this development plant physiological properties respond to soil
salinity instantaneously because photosynthetic capacity and the
embolism vulnerability curves are direct functions of salinity.

Previous studies have shown loss of root conductance in saline
and/or waterlogged soil either due to root loss (Pezeshki
et al., 1996) and inhibition of aquaporin activity in the root
membranes (Aroca et al., 2011). In FATES-Hydro, root conduc-
tance is calculated from total root biomass. Here we introduce a
root reduction function that downscales the total fine root bio-
mass by the two stress terms: hypoxia stress and salinity stress are
controlled by both the duration and intensity of salinity (or
degree of saturation) (Eqns S7, S8). Note, here we do not have
data of the degree of soil saturation. But, at our sites, hypoxia
and soil salinity are highly coupled because both of them are the
result of sea water flooding. Thus, we use the salinity term to cap-
ture the root mortality from both hypoxia and salinity in this
study. Fig. S1(c) shows the percentage reduction of fine root bio-
mass with the dimensionless stress term.

Numerical experiment design

We conducted two sets of simulations at three sites. First, we con-
ducted simulations of the shoreline and upland ecosystems with
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all the mechanisms active. Second, to investigate the effect of
root mortality and changing vulnerability curves, we conducted
simulations only at the shoreline location of each site, with
root mortality and changing vulnerability curves deactivated
independently.

We use the University of East Anglia Climatic Research Unit
(CRU) Japanese Reanalysis (JRA) meteorological product
(CRUJRA) (University of East Anglia Climatic Research Unit &
Harris, 2019) to drive the model. We conducted a 10-yr (2010–
2019) run at BC and 30-yr (1990–2019) run at GWI and MS.
The simulations are initialized with tree inventory data (DBH of
all the trees in a 30 m × 30 m plot) from each site.

For BC (west coast site), we used the modeled daily soil sali-
nity from Yabusaki et al. (2020) at 22 individual tree locations
from the lowest elevation location (shoreline) to the highest ele-
vation location (upland), where the salinities at shoreline and
upland are shown in Figs 1(a) and S2(a). For GWI and MS,
there are no long-term daily soil salinity data available; however,
there are spot measurements of soil salinity at different topo-
graphic positions for both sites from 2019, 2020, and 2021
(Smith & Kirwan, 2021). Note, the shoreline locations of GWI
and MS are corresponding to the transition zone in spot mea-
surements (Smith & Kirwan, 2021). Soil salinity at the shore-
line is caused by flooding of sea water, and is affected by its
vertical distance to the typical tidal height (e.g. meters above
mean height of high water (MHHW)) and the sea water sali-
nity. The point measurements of soil salinity show a good rela-
tionship with the relative distance of the location to the mean
tidal height at both GWI and MS, expressed by a quadratic
equation (Fig. S2d,e; Eqn S8). The shoreline location that is

currently c. 0.24 m above MHHW would be farther from
MHHW in earlier times when sea level was low. So, we esti-
mated the distance to MHHW of the shoreline location, hSH(t),
for previous years using the SLR rate. Then, we obtained the
open-water salinity to capture the seasonal variation of soil sali-
nity. We obtained the open water salinity of the stations that
are close to each site (Fig. S2b,c) (Maryland Department of
Natural Resources, Eyes on the Bay: https://eyesonthebay.dnr.
maryland.gov/). At MS, we set to equal the soil salinity at
height, that is, 0.24 m, S0.24(t), above MHHW to the open
water salinity of the nearby station because soil salinity at that
height from spot measurements matches well with open water
salinity in those 3 yr (at GWI, we subtract 10 PSU from open
water salinity). We then estimated the daily soil salinity values
of the study period (1990–2019) at the shoreline locations of
the two Chesapeake Bay sites (Fig. 2b,c) from hSH(t) and
S0.24(t) using Eqn S9(d) (See Methods S2 for derivation). Note:
there is a period in 2019 when the stations had no measure-
ments of the open water salinity and thus the estimated soil sali-
nity during that period might not accurately represent the soil
salinity at the sites.

To check how well the soil salinity at the shoreline locations
was estimated by our empirical methods, we compared the mea-
sured soil salinity of the growing season in 2022 of the shoreline
locations at MS and GWI with the estimated soil salinity by the
empirical method based on open water salinity at the nearby sta-
tions (Fig. S3). The matches are reasonable. Therefore, the
empirical estimated soil salinity at the shoreline location of MS
and GWI was able to catch the general pattern of the variation of
soil salinity over the simulation period.

Fig. 1 Mean daily soil salinity of the shoreline
and upland forests at (a) Beaver Creek (BC),
(b) Goodwin Island (GWI), and (c) Money
Stump (MS). PSU, practical salinity unit in
part per thousand.
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Parameterization, calibration, and benchmarking

When field observations were not available, the main para-
meters used in FATES-Hydro (Table 1) are estimated from
field observations at BC or obtained from the TRY trait data-
base (Kattge et al., 2011). The leaf-level parameters for photo-
synthetic capacity were estimated by fitting a sigmodal function
of observed values and corresponding soil salinity. The stomatal
parameters of gs and P50gs were estimated based on stomatal
conductance observations at BC (H. Zhang et al., 2021;
P. Zhang et al., 2021). The allometry parameters that define
the relations between height, sapwood area, total woody bio-
mass, and diameter at breast height are estimated based on
values of the Biomass and Allometry Database (BAAD) (Falster
et al., 2015). Then, leaf biomass to allometry parameters were
calibrated based on observed breast height diameters and an
allometric equation for Sitka spruce so that the site-level canopy
LAI matches estimated non-defoliated (pre-seawater exposure)
LAI of 4.2 m2 m�2 (Li et al., 2022) based on the formula by
Tobin et al. (2006). We adjusted the respiration rate so that the
trees maintain full crown and the growth rate matches the
observed rate (Wang et al., 2022) during the pre-dam removal
period.

The root mortality parameters are calibrated by matching
simulated relations of k/kmax and transpiration with soil salinity
to observed relations of the growing season of 2019 (Fig. 2b,e).
The root salt exclusion ratio (kex) was set to 0.8 based on the
observed relationship between leaf and soil ion concentrations
(H. Zhang et al., 2021; P. Zhang et al., 2021).

Total mortality in the model is the sum of carbon starvation
mortality and hydraulic failure mortality. Carbon starvation mor-
tality rate increases with depletion of non-structural (storage) car-
bon (NSC) and hydraulic failure mortality rate increases with
loss of xylem conductivity (k/kmax), both of which reach the max-
imum rates when storage carbon and xylem conductivity become
zero (see FATES tech notes for detail). The parameters that con-
trol the mortality rates are estimated from the observed % NSC,
percentage loss of xylem conductance, and time to death at the
BC site.

For benchmarking, we compared the changes of simulated car-
bon fixation, transpiration, % live crown, %NSC with mean soil
salinity as well as the relation between % live crown and k/kmax of
the growth season of 2019 with observed patterns at BC. We ran
a paired-sample t-test to test the statistical significance of similar-
ity between simulated and observed patterns, except for %NSC
which we inspected visually. The calibrated parameters are used
for the simulations at all three sites. We assumed that the conifers
at MS and GWI had similar traits to the trees at the BC site. We
have compared the values of these traits of the conifers in the
TRY database and the allometry relations in the BAAD database;
they are all very similar. We also obtained V cmax

, SLA values from
leaf samples at the MS site, which overlap with the ones of BC
(Fig. S4). These data support our assumption.

Results

The simulated relationships at BC between % mean daytime
photosynthesis, transpiration, % live crown, non-structural

Fig. 2 Simulated and observed relationships between soil salinity and (a) mean daily photosynthesis per leaf area (A), (b) mean daily transpiration rate per
leaf area (T), (c) % live crown, (d) % non-structural carbon (NSC), and (e) relation of relative (proportion of maximum) xylem conductivity (k/kmax) and
% live crown, over the 2019 growing season at Beaver Creek.
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carbohydrates, and mean soil salinity were all consistent
with observed patterns as indicated by large p values (Fig. 2a–d,
P= 0.6680, 0.9298, 0.9987) (Note, large P value means the dif-
ferent between the two datasets are not significant. The larger the
P value, the more similar the two datasets). In addition, the
relation of relative (proportion of maximum) xylem
conductivity and % live crown captured the observed patterns
well (Fig. 2e, P= 0.5267).

Given the strong benchmarking results, we had confidence in
using the model to examine the processes that lead to tree mortal-
ity. To do this, we examined the time series of state variables at
three levels: leaf properties (gross primary production (GPP),
transpiration ET, and stomatal conductance gs), whole-plant
properties (% live crown, %NSC, k/kmax, leaf water potential
Ψleaf), and demographic properties (growth and mortality), of
shoreline and upland forests at the BC, GWI, and MS sites. Note
that because the open water salinity data for GWI and MS has a
large gap in 2019, we only present the outcomes of aforemen-
tioned variables for those two sites from 1990 to 2018.

At BC, the leaf GPP, ET, and gs of shoreline trees rapidly
dropped to near zero in the first year after seawater exposure, with

a much slower decline for the trees located in the upland areas
where seawater exposure was less severe (Fig. 3a–c). At GWI and
MS, three time periods of variation in leaf level variables
emerged. Before 2007, the GPP, ET, and gs of shoreline and
upland trees are similar. From 2007 to 2015, GPP and ET of
shoreline trees gradually drifted downwards. In 2015, there is a
dramatic drop in GPP, ET, and gs for the shoreline trees. GPP
and ET of upland trees remain more or less the same over the
whole simulation period (Fig. 3d–j).

The whole-tree variables we investigated showed similar results
to those at the leaf level. At BC, the % live crown, %NSC, k/kmax

(Fig. 4a–c), and Ψleaf (Fig. S5b) of shoreline trees began dropping
in 2015 and approached zero by the end of 2019. By contrast,
these variables showed relatively little change for the upland trees,
with only slight drop of k/kmax and Ψleaf in the last 2 yr. At GWI
and MS, the % live crown, %NSC, k/kmax, and LWP of upland
trees remained at the same level over the entire 30 yr (Figs 4d–i,
S5b). The % live crown, %NSC, k/kmax, and Ψleaf of shoreline
trees are similar to those of upland trees before 2000. From 2000
to 2013, the % live crown and k/kmax of shoreline trees dropped
slightly, followed by a significant drop after 2013 (Figs 4d–i,

Table 1 List of major parameters within FATES-Hydro.

Symbol Source code name Value Units Description Source

P50gs fates_hydr_p50_gs �2.0 MPa Leaf xylem water potential at half
stomatal closure

Wang et al.
(2022)

ags fates_hydr_avuln_gs 5 Unitless Shape parameter for stomatal
closure

Wang et al.
(2022)

kmax fates_hydr_kmax_node 0.7 kgMPa�1 ms�1 Maximum xylem conductivity per
unit sap area

This study

A fates_hydr_vg_alpha_node 0.198392 Mpa�1 Shape parameter of van Genuchten
plant hydraulic model when soil
PSU= 0

This study

m, n fates_hydr_vg_m_node
fates_hydr_vg_n_node

0.866, 2.765 Unitless Shape parameter of van Genuchten
plant hydraulic model when soil
PSU= 0

This study

dA, dn fates_hydr_vg_da_sal
fates_hydr_vg_dn_sal

�0.00651
�0.122193

Unitless Change in A and n of plant hydraulic
model per unit PSU

This study

X fates_hydr_p_taper 0.333 Unitless Xylem taper exponent Christoffersen
et al. (2016)

RWCres,l, RWCres,s,
RWCres,r

fates_hydr_resid_node 0.25, 0.325,
0.15

Proportion Residual fraction of leaf, stem, root Christoffersen
et al. (2016)

ϴsat,x fates_hydr_thetas_node 0.65 cm3 cm�3 Saturated water content of xylem Christoffersen
et al. (2016)

SLAmax fates_leaf_slamax 0.014 m2 gC�1 Maximum specific leaf area (SLA) This study
SLAtop fates_leaf_slatop 0.014 m2 gC�1 SLA at top of canopy, projected area

basis
This study

Vcmax,25,top (PSU= 0) fates_leaf_vcmax25top 50 μmol CO2m
�2 s�1 Maximum carboxylation rate of Rub.

at 25C, canopy top
This study

g0 fates_leaf_stomatal_intercept 10 000 μmol H2Om�2 s�1 Minimum leaf stomatal conductance This study
kg fates_leaf_stomatal_slope
ra, rb fates_fnrt_prof_a

fates_fnrt_prof_b
0.6, 1 Unitless Root distribution parameters This study

kex fates_hydr_k_salex 0.80 Ratio Root salt exclusion ratio This study
krsal fates_hydr_frt_loss_salk 0.0000075 Unitless Salinity root loss rate par. Calibrated
crsal fates_hydr_frt_loss_salcr 3.5 PSU Salinity root loss threshold Calibrated
mcs fates_mort_scalar_cstarvation 1.2 NN�1 yr�1 Maximum carbon starvation

mortality rate
This study

mhf fates_mort_scalar_hydrfailure 1.2 NN�1 yr�1 Maximum hydraulic failure mortality
rate

This study
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S5b). The %NSC and Ψleaf of shoreline trees did not drop until
2015 (Figs 4e, S5b).

Simulated mortality and growth were strongly related to sea-
water exposure at all three sites. At BC, mortality increased dra-
matically after 2015 in the shoreline trees (Fig. 5a). Hydraulic
failure and carbon starvation evenly contributed to mortality of
shoreline trees during the first 2 yr after 2015, but carbon starva-
tion became the major cause in later years, at which time it con-
tributed to c. 70% of tree mortality (Fig. 5b). The upland trees
show a much slower increase in mortality since 2015. Growth
rates (basal area increment normalized by basal area; BAI/BA) of
shoreline trees quickly dropped to zero within 1 yr of inundation
exposure (Fig. 5b).

The simulated mortality rate of shoreline trees at GWI
increased after 2013. The model predicted that hydraulic failure
was the dominant process underlying mortality before 2015, after
which carbon starvation became more important (Fig. 5c).

Simulated growth of shoreline trees decreased to near zero after
2015 (Fig. 5d). The shoreline trees at MS exhibited increasing
mortality after 2010, driven primarily by hydraulic failure
(Fig. 5e). Simulated growth of the shoreline trees was similar to
those of the upland trees before 2008 after which growth declined
rapidly (Fig. 5f). These patterns are consistent with the observed
growth patterns at the two sites. The simulated growth rates at
GWI are close to observed values, but simulated growth rates at
MS are overall higher than observed rates.

To further investigate the mechanisms underlying mortality,
we examined the variable time series of the shoreline trees at all
three sites with root mortality and changing vulnerability curve
turned on or off. That is, we deactivated root death and changing
vulnerability curve one-by-one to examine the impact of these
two mechanisms on mortality. We also conducted these sensitiv-
ity analyses in the upland forests, but found the impacts on mor-
tality were trivial and similar across all scenarios because seawater

Fig. 3 Monthly means of leaf-level physiology of three sites: mean photosynthetic rate (GPP) per leaf area at (a) Beaver Creek (BC), (d) Goodwin Island
(GWI), and (g) Money stump (MS); mean monthly transpiration rate at (b) BC, (e) GWI, and (h) MS; and mean monthly stomatal conductance (gs) at
(c) BC, (f) GWI, and (i) MS. Dashed lines are the 12-month moving averages showing the general trends at the GWI and MS sites.

Fig. 4 Monthly means of whole plant state variables: mean monthly % live crown (a) Beaver Creek (BC), (d) Goodwin Island (GWI), and (g) Moneystump
(MS); mean monthly % non-structural carbon (NSC) at (b) BC, (e) GWI, and (h) MS; (c) mean monthly loss of xylem conductivity (k/kmax) at (c) BC,
(f) GWI, and (i) MS.
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inundation is limited in the uplands; for this reason, we do not
present results from the upland simulations. Here we refer to
R.M. as only root mortality being active, C.V. as only changing
vulnerability curve being active, R.M. + C.V. as both mechan-
isms being active (this is the case presented in previous section),
and Null as both mechanisms being inactive.

At BC, MS, and GWI, the variables k/kmax, gs, ET, Ψleaf, and
mortality rate exhibited differences between the four parameter
settings. By contrast, there was no significant difference in GPP,
% live crown, %NSC, and growth rates among different para-
meter settings (Figs 6, 7). As compared to the Null case, R.M.
alone affects the physiological traits, and growth and mortality of
the shoreline trees of all three sites in similar ways, but differs in
the magnitude over time. At BC, R.M. results in lower gs, Ψleaf

(Fig. 6b,c), and k/kmax (Fig. 7b). As compared to the Null case,
R.M. alone slightly increases total mortality and hydraulic failure
mortality from 2015 to 2019. At GWI and MS, R.M. alone
reduces gs, Ψleaf (Fig. 6b,f,h,i), and k/kmax (Fig. 7e,h) around
2012, which becomes more significant after 2015. Unlike BC, at
GWI and MS, R.M. greatly increases the total mortality and
hydraulic failure mortality.

As compared to the Null case, C.V. alone has a negligible
effect on gs and Ψleaf (Fig. 6b,c,e,f,h,i) at all three sites. At BC,
C.V. alone results in much lower k/kmax (Fig. 7b) starting in
2016. The loss of k/kmax from C.V. alone is higher than that
from R.M. alone in (2016 and 2017) and becomes similar at the
end of simulation period. At GWI, C.V. alone results in slightly
lower k/kmax after 2015, but has no noticeable effect on k/kmax at
MS. At all three sites, C.V. alone has little impact on mortality
rates.

R.M. + C.V. affect the physiological traits and growth and
mortality of the shoreline trees of all three sites in similar ways,
but they differ in the variation of magnitude over time. At BC,
R.M. and C.V. result in lower gs and Ψleaf (Fig. 6b,c) starting
2016, which is similar to the effects of R.M. alone. But R.M. +
C.V. results in much lower k/kmax (< 0.5, Fig. 7b) at BC since
2015. R.M. + C.V. greatly increase iWUE since 2015 (Fig. S6a)
in the same magnitude as R.M. alone. R.M. + C.V. result in
higher hydraulic failure mortality and increases by c. 30% the
total mortality at BC from 2015 to 2019 (Fig. 7c). At GWI and
MS, R.M. + C.V. have exactly the same effect on gs and Ψleaf as
R.M. alone, both of which start to slightly decrease around 2012

Fig. 5 Demographic processes: annual growth rate (basal area increment normalized by basal area (BAI/BA)) at (a) Beaver Creek (BC), (c) Goodwin Island
(GWI), and (e) Moneystump (MS); and annual total mortality and hydraulic failure mortality risk (N N�1 yr�1) at (b) BC, (d) GWI, and (f) MS.

Fig. 6 Effects on the leaf level physiology of shoreline forest with root mortality (R.M.) and change of vulnerability curve (C. Vul) turned off one-by-one.
Mean monthly photosynthetic rate per leaf area (LA) at (a) Beaver Creek (BC), (d) Goodwin Island (GWI), and (g) Moneystump (MS); mean monthly sto-
matal conductance (Gs) at (b) BC, (e) GWI, and (h) MS; and mean monthly leaf water potential at (c) BC, (f) GWI, and (i) MS.
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and become more significant after 2015 (Fig. 7b,f,h,i). At GWI,
R.M. + C.V. result in much lower k/kmax since 2015 as com-
pared to R.M. alone (Fig. 7e,h), whereas at MS R.M. + C.V.
result in loss of k/kmax since 2012 of the same magnitude as R.M.
alone. R.M. + C.V. result in increase of iWUE since 2010 at
both GWI and MS. At GWI, R.M.+C.V. result in higher total
mortality and hydraulic failure mortality than R.M. alone from
2014 to 2018, but causes the same mortality rates as R.M. alone
in 2018. At MS, the effect of R.M. + C.V. is exactly the same as
R.M. alone.

Discussion

In this study, we modified FATES-Hydro to represent the plant
hydrodynamic response to seawater inundation and applied the
model to investigate the mechanisms of coastal forest mortality.
This is the first application of FATES-Hydro for coastal settings
exposed to seawater. The simulated relationships between physio-
logical variables and soil salinity from BC matched well with
observations (Fig. 2). We subsequently ran the model under two
very different salinity conditions: a sudden dramatic jump from 0
to c. 12 PSU in 2 yr at BC, and a gradual increase of 3 PSU over
30 yr at GWI and MS (Fig. 1). Thus, the shoreline forest at BC
experienced sudden extreme stress, whereas the shoreline forests
at GWI and MS experienced prolonged, chronically increasing
but more modest levels of stress. The trajectory of the diagnostic
plant variables suggests that the salinity scenarios at the three sites
control the magnitude and time scale of change in leaf level traits
(Fig. 3) and root mortality rates (indicated by Figs 6, 7) that
result in loss of crown, NSC, and xylem function (Fig. 4) at dif-
ferent rates. Consequently, growth and mortality change in dif-
ferent ways at BC, GWI, and MS over the simulation periods
(Fig. 5). Therefore, the same mechanistic responses to soil salinity
and hypoxia lead to different total mortality rates and alter the
relative importance of carbon starvation and hydraulic failure at
the three sites (Fig. 8).

The simulated leaf GPP, ET, and gs (Fig. 3) of shoreline forests
are all lower than those of upland forests at the three sites. The
simulated reduction in leaf GPP and ET agree with the findings
of other modeling studies (Li et al., 2022; Yoshikai et al., 2022)
and field observations (Duberstein et al., 2020; Pan et al., 2020)
of coastal forests. Our model also shows soil salinity can lower
leaf water potential, Ψleaf, by as much as 2MPa (Fig. S5). This
large magnitude of impact has also been observed in field studies
(Nishida et al., 2009; Qin et al., 2010).

Our study reveals that the rate of change in leaf-level physiol-
ogy varies with salt and flood exposure history. The rate of
decline of these leaf-level variables was rapid at BC where the rise
in salinity and inundation was rapid and of large magnitude
(Fig. 1). At BC, salt toxicity and root reduction occur in parallel.
Due to limited root salt exclusion, high salt concentrations in

Fig. 7 Effects of the whole plant level responses of the shoreline forests with root mortality (R.M.) and change of vulnerability curve (C. Vul) turned off
one-by-one. Mean monthly % nonstructural carbon (NSC) at (a) Beaver Creek (BC), (d) Goodwin Island (GWI), and (g) Moneystump (MS); mean monthly
loss of xylem conductivity at (b) BC, (e) GWI, and (h) MS; and annual total mortality and hydraulic failure mortality risk at (c) BC, (f) GWI, and (i) MS.

Fig. 8 Simulated mortality patterns of Beaver Creek (BC), Goodwin Island
(GWI), and Moneystump (MS). Black dashed lines are isolines of total
mortality rate, and the solid black line is the 1 : 1 ratio line on which
hydraulic failure and carbon starvation contribute equally to total
mortality.
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leaves are achieved and consequently enzyme degradation occurs
(Sudhir & Murthy, 2004). Meanwhile, rapid root loss forces sto-
matal closure through reduced belowground conductance
(Fig. 3c). At GWI and MS, these processes occur more gradually
and at different timescales due to the slower rise in salinity and
inundation associated with SLR. At GWI and MS, after 2012,
leaf properties declined rapidly as root mortality led to much
lower Ψleaf, which forced stronger stomatal closure and signifi-
cantly lowered photosynthesis and transpiration. The relative
importance of ion toxicity and stomatal closure on leaf photo-
synthesis can been shown by the intrinsic water using efficiency
(iWUE) (Fig. S5). The simulated iWUE of shoreline forest of all
three sites is higher than upland forests indicating that stomatal
closure constrains photosynthesis of shoreline trees. The pattern
of simulated iWUEs is consistent with the observed patterns at
all three sites (Wang et al., 2019).

Consistent with the loss of function at the leaf level, whole-
plant function also declined with seawater exposure (Fig. 4).
Model outcomes show large reductions in % live crown, % NSC,
and k/kmax in shoreline trees as compared to upland trees at all
three sites, but as with the leaf-level responses, the changes are
more rapid at BC than GWI and MS. Reduced xylem conductiv-
ity with increasing soil salinity has been observed in Populus
euphratica (Rajput et al., 2017) and in coastal mangrove forests
(Reef & Lovelock, 2014; Méndez-Alonzo et al., 2016). Also,
canopy structure has been linked to the extent of sea water expo-
sure in mangroves (Lovelock et al., 2017). Our simulation reveals
that at BC, %NSC and k/kmax decrease in the same manner;
whereas at GWI and MS, the large loss of k/max occurs earlier
than the drop in %NSC, which is more obvious at MS (Fig. 4).
Unlike BC, where % NSC and % live crown decreased in concert
with decreases in leaf GPP, loss of % NSC, % live crown, and
k/kmax of shoreline forests at GWI and MS occurred in 2012, a
few years later than leaf GPP started to decline in 2008. These
changes at the Chesapeake Bay sites have two stages: a slight
decrease in 2012 followed by a larger decrease since 2015 (Figs 3,
4). This is likely because the long-term chronic exposure to low
salinity caused a slight reduction in photosynthesis capacity,
which initially does not cause a large loss of carbon pools from
the trees. The slight decrease in k/kmax in the earlier years is from
increased osmotic potential in both soil water and sap, whereas
the larger decline of k/kmax after 2015 is due to root mortality
(Fig. 7). The larger decrease in k/kmax in later years further forced
stomatal closure and caused a significant loss of leaf GPP, hence a
reduction of % NSC and % live crown. Our simulated pattern of
whole-plant functional loss supports the conceptual model of
interacting water relation-based and carbon economy-based
mechanisms (McDowell et al., 2022).

Two major processes underlying coastal tree mortality include
carbon starvation and hydraulic failure (McDowell et al., 2022).
The risk of carbon starvation increases with decreasing % NSC
and the risk of hydraulic failure increases with decreasing k/kmax.
The changes in the growth and mortality rates at the three sites
examined in this study (Fig. 5) are the result of these processes.
Trees first experience a loss of leaf GPP, that results in a lower
growth rate. As the loss of leaf GPP and k/kmax resulting from

root mortality, ion toxicity, and loss of live crown becomes more
significant, tree growth ceases and mortality increases. The simu-
lated change in growth rate of both shoreline and upland trees at
BC matches well with observations (Wang et al., 2022). The
simulated change in growth rate at the Chesapeake Bay sites was
also consistent with observed patterns except the simulated
growth rate at MS site is higher than observed rates (Fig. 5d,e).

The relative importance of carbon starvation vs hydraulic fail-
ure in total mortality differs among the three sites. The different
scenarios of soil salinity variation at BC, and GWI and MS deter-
mine both the rate and the order of progress of the loss of NSC
and k/kmax and hence the dominant process underlying mortality.
The shoreline forest at BC experienced a sudden and large
increase in soil salinity immediately after dam removal in late
2014. This caused a rapid loss of photosynthetic capacity and ele-
vated root mortality because high salt concentrations result in
more rapid enzyme degradation and root damage (Munns, 2002).
Thus, both decreasing %NSC and loss of k/kmax occurred in the
first year after sea water exposure, and carbon starvation and
hydraulic failure relatively equally contribute to tree mortality.
Over time, consumption of storage carbon for respiration further
drives % NSC down, and the contribution of carbon starvation
to total mortality increases (Fig. 8, purple line).

In contrast to BC, the shoreline trees at GWI and MS experi-
enced chronic rises in salinity. The prolonged period of elevated
soil salinity resulted in a slow decrease in photosynthetic capacity
and root biomass. Because of the slow loss of leaf GPP, it
required longer for the loss of storage carbon to occur. Both
simulated and field observations of growth rate (Fig. 5c,e) indi-
cate that it is not until 2015 that the shoreline trees at GWI and
MS reach a negative carbon balance, and then it takes a number
of years for the storage carbon to be depleted to a critically low
value, resulting in mortality. On the other hand, trees start to
experience hydraulic stress as soon as soil water potential
decreases due to the change in osmotic potential, and the long-
term cumulative effect of root loss. Therefore, the loss of k/kmax

occurs earlier than the loss of %NSC, and consequently hydraulic
failure is the major process underlying mortality at the Chesa-
peake Bay sites. Over time, the loss of photosynthesis capacity
causes more rapid loss of storage carbon, and then carbon starva-
tion increases. This is what happened at GWI in the last few years
of the study (Fig. 8 blue line). At MS, soil salinity rose at a slower
rate and we only see the increase in hydraulic failure mortality
since 2015 (Fig. 8 green line).

Our study indicates that root mortality is an important
mechanism in tree mortality, whereas changing vulnerability to
embolism only has a noticeable impact on k/kmax under severe
soil salinity and a minor effect in other cases (Figs 6, 7). The
major effect of root mortality is the reduced total conductivity.
Although we have no measurements of root mortality, our simu-
lations indicate that root mortality did occur at shoreline forests
because only the simulation with the root mortality mechanism
active matches the iWUE and loss of xylem conductance (Figs 7,
S6). The simulated k/kmax with and without root mortality indi-
cates that root mortality is a major factor underlying hydraulic
failure. Without root mortality, stomatal closure would be
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sufficient to prevent excessive loss of xylem conductivity leading
to hydraulic failure. However, root mortality greatly reduces total
plant hydraulic conductance, thus even when the stomata close,
transpirational water loss through the cuticle would result in
significantly lower xylem water potential and greater embolism.
At BC, both the changing vulnerability curve and root mortality
were important for the loss of xylem conductivity and hydraulic
failure. AT GWI and MS, root mortality played a more impor-
tant role in lowering xylem conductivity than changing vulner-
ability curves. Without root mortality, tree mortality at GWI
starts to occur from 2016 from carbon starvation, but with root
mortality, tree mortality rapidly increases after 2012 (Fig. 6h). At
MS, without root mortality, the total mortality remains near zero
over the entire period, but with root mortality, mortality driven
by hydraulic failure started to increase after 2012. The effect of
root mortality on hydraulic stress indicated by our simulation is
consistent with previous studies (Zaerr, 1983; Pezeshki et al.,
1996). Reductions in gs and total root conductivity in response to
waterlogging are strongly correlated (Islam & Macdonald, 2004;
Aroca et al., 2011; Karlova et al., 2021). This can be explained by
the same mechanisms: root mortality increases whole-plant
hydraulic resistance and hence lowers leaf water potential, which
forces stomatal closure and increased embolism.

We note that multiple assumptions and remaining develop-
ment tasks exist for the application of FATES-Hydro to simulat-
ing SLR-induced ghost forest formation. The model assumes that
the change in photosynthetic capacity is instantaneous with a
change in soil salinity. However, enzyme degradation may take
days to months to occur (Munns, 2002) thus a lag may exist. We
assumed similar functional responses to salinity between BC and
MS and GWI; however, the conditions and species varied
between BC and the two Chesapeake Bay sites. This means that
the predictions for MS and GWI should be considered hypoth-
eses rather than conclusions per se. From a plant functional type
(Fisher et al., 2018) perspective, this approach falls within the
needleleaf conifer functional type, and both conifer species are
relatively salt tolerant as they are common on their respective
coasts (Picea sitchensis at BC and Pinus taeda at MS and GWI).
Measurements at these sites are ongoing and will allow future
testing of differences between species in model outcomes and
how differences in traits may influence them.

Here, we incorporated the physiological effect of sea water expo-
sure on conifer trees in a vegetation dynamic model, FATES-
Hydro, and ran the model at three sites dominated by conifer trees.
Our study reveals that the same underlying physiological mechan-
isms can lead to different mortality patterns in terms of the rate of
mortality and the relative importance of carbon starvation and
hydraulic failure. Specifically, we showed that the loss of xylem
and photosynthetic functions can lead to rapid tree mortality from
hydraulic failure and carbon starvation under sudden and severe
sea water exposure, but slow and chronic seawater exposure forced
a greater proportion of hydraulic failure dominated mortality. The
newly developed FATES-Hydro is a mechanistic model based on
first order physical principles. Once validated, the model can be
used to examine the impacts of sea-level changes between gradual
rises and sudden inundations on forest productivity and mortality,

as well as make projections of the impact of SLR on coastal ecosys-
tems under future climate scenarios. By exploring both the likeli-
hood and potential mechanisms of coastal forest mortality under
different circumstances, this analysis benchmarks model perfor-
mance while also providing directions for future study.
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