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Abstract
Sea-level rise is one of the most critical challenges facing coastal ecosystems under climate change. Observations of
elevated tree mortality in global coastal forests are increasing, but important knowledge gaps persist concerning the mech-
anism of salinity stress-induced nonhalophytic tree mortality. We monitored progressive mortality and associated gas
exchange and hydraulic shifts in Sitka-spruce (Picea sitchensis) trees located within a salinity gradient under an ecosystem-
scale change of seawater exposure in Washington State, USA. Percentage of live foliated crown (PLFC) decreased and tree
mortality increased with increasing soil salinity during the study period. A strong reduction in gas exchange and xylem
hydraulic conductivity (Ks) occurred during tree death, with an increase in the percentage loss of conductivity (PLC) and
turgor loss point (ptlp). Hydraulic and osmotic shifts reflected that hydraulic function declined from seawater exposure,
and dying trees were unable to support osmotic adjustment. Constrained gas exchange was strongly related to hydraulic
damage at both stem and leaf levels. Significant correlations between foliar sodium (Na + ) concentration and gas exchange
and key hydraulic parameters (Ks, PLC, and ptlp) suggest that cellular injury related to the toxic effects of ion accumulation
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impacted the physiology of these dying trees. This study provides evidence of toxic effects on the cellular function that
manifests in all aspects of plant functioning, leading to unfavourable osmotic and hydraulic conditions.

Introduction
Sea-level rise and storm surges caused by thermal expansion
of seawater and glacial melting due to global warming have
been recently documented (Meehl et al., 2005; Vermeer and
Rahmstorf, 2009; Foster and Rohling, 2013; Jevrejeva et al.,
2016). Sea-level rise can raise the soil salinity level of coastal
areas due to increased tidal flooding, which strongly affects
coastal ecosystem structure and function (Twilley et al.,
2001; Thorne et al., 2018). These effects include the acceler-
ating decline of coastal forests (Williams et al., 1999;
Desantis et al., 2007; Doyle et al., 2010; Kirwan and Gedan,
2019) and coastal salt-marshes (Silliman et al., 2005). Salinity
stress from seawater exposure affects plant carbon gain
and water relations, subsequently impacting plant growth,
reproduction, and survival (Hao et al., 2009; Abou Jaoude et
al., 2013; Leopold et al., 2016; Liu et al., 2017). However, the
hydraulic and carbon-related physiological mechanisms that
underlie potential mortality mechanisms, particularly for
nonhalophytic coastal tree species, remain elusive.

Impacts of salinity stress on plant carbon assimilation and
water transport capacity have primarily been conducted in
crops (Epstein et al., 1980; Munns and Gilliham, 2015) or
salt-tolerant plants (i.e. halophytes such as mangroves,
see Naidoo, 1987; Scholander, 2006), with little research on
coastal nonhalophytes. Some coastal marsh and mangrove
species have adapted to a wide range of
saline environments, but this adaptability is not expected
for the slightly more upland species that typically grow in
freshwater environments. Sea-level-driven acceleration in
coastal forest retreat and dramatic increases in tree
mortality have been observed in coastal areas (Desantis et
al., 2007; Langston et al., 2017; Kirwan and Gedan, 2019;
Schieder and Kirwan, 2019). Therefore, it is imperative to
understand the mechanism of salinity-induced tree mortality
in such environments.

The hydraulic framework that predicts hydraulic failure
and carbon starvation during mortality (McDowell et al.,
2011; Adams et al., 2017) can be used to provide logical
hypotheses regarding salinity-induced mortality. Hydraulic
failure through loss of xylem function from embolism is a
central pathway to mortality (Brodribb and Cochard 2009;
Yao et al., 2021), which is typically assessed via percentage
loss of xylem conductivity (PLC). Hydraulic failure can lead
to tree death if it is extensive throughout the vascular sys-
tem or may promote carbon starvation if it is localized
enough and impacts carbon uptake (Gong et al., 2021).
Carbon starvation is the process by which metabolic needs
are not met due to reduced carbon supply rate, which like a
hydraulic failure is nonlethal until a threshold is reached.
Zhang et al. (2021b) recently observed extreme declines in

nonstructural carbohydrate (NSC) content as Sitka-spruce
trees (Picea sitchensis) approached death, suggesting that
carbon starvation occurred during seawater exposure.
However, how hydraulics shift during Sitka-spruce tree
mortality is still unknown, but they may help explain the
mechanisms of carbon starvation if it occurs.

The process of hydraulic failure during salinity stress is
complicated. Soil salinity stresses plants in two phases: the
osmotic phase where high concentrations of salts in the soil
make it harder for roots to extract water, and the ionic
phase where high concentrations of salts within the plant
can be toxic (Munns and Tester, 2008). The osmotic phase
is a rapid response of plants to salinity stress, while the ionic
phase is slower because it takes time to accumulate ions.
Osmotic imbalance under salinity stress reduces plant
growth and survival (Munns and Tester, 2008; Horie et al.,
2009; Mendez-Alonzo et al., 2016). The water potential in
roots is lower than in the surrounding soils when plants
grow in optimum environments. However, in saline environ-
ments, the water potential gradient between soil and roots
is reduced or even inverted (Boursiac et al., 2005), thus
whole-plant hydraulic conductance declines (Brodribb and
Holbrook, 2003; Ewers et al., 2004). For example, standard
seawater (described in Harvey, 1996) has an osmotic
potential of –2.4 MPa. This reduction in belowground con-
ductance can promote hydraulic failure if the water supply
fails to meet the demand for extended periods (Sperry et al.,
1988b; Melcher et al., 2001; Sobrado, 2001). Stomatal closure
typically occurs to maintain osmotic pressure and xylem wa-
ter potential under such conditions (Brodribb and Holbrook,
2003; Pedrero et al., 2014; Yang et al., 2021), leading to a
strong reduction in photosynthesis (Burchett et al., 1984;
Suárez and Medina, 2006). Thus, elevated soil salinity can
promote hydraulic failure due to belowground constraints.

In addition to hydraulic failure, ion toxicity-induced
limitations on gas exchange may promote mortality. Under
conditions of salinity-induced osmotic imbalance, plants
accumulate compatible solutes and ions to increase turgor
potential (Munns, 1993, 2002). Plants preferentially utilize in-
organic ions (i.e. Na + ) for osmotic adjustment rather than
organic solutes from photosynthesis because of the mini-
mized energetic cost (Arsova et al., 2020; Munns et al.,
2020a). However, ions can accumulate to toxic concentra-
tions as nonhalophytic plants in chronically saline soil are
unable to exclude the extra salt (Munns et al., 2020b).
Elevated ion concentrations can lead to cellular Na + toxic-
ity, resulting in various impairments in cellular processes
(Munns and Tester, 2008; Hauser and Horie, 2010). Initial
effects of low salinity are recoverable, but long-term effects
resulting from the accumulation of salt within expanded

874 | PLANT PHYSIOLOGY 2021: 187; 873–885 Zhang et al.



leaves may not be recoverable (Yeo et al., 1991). For
example, high Na + concentration could cause ionic (Na + ,
potassium (K + ), and chloride ion (Cl–)) imbalance in leaves
and oxidative damage to photosystems and membranes
(Parida and Das, 2005; Miller et al., 2010; Bose et al., 2017).
These toxic effects potentially cause reductions in photosyn-
thesis (Welfare et al., 2002).

Constrained tree growth and gas exchange of seawater-
exposed forests have been reported by Wang et al. (2019)
using wood carbon (C) isotopes (d13C), which suggested
that salinity-induced stomatal closure may constrain C
assimilation. Thus, we speculate that the coordination of
hydraulics and gas exchange is likely to have played a critical
role in tree survival, with hydraulic conductance constrain-
ing plant gas exchange (Sack and Holbrook, 2006). To
understand the mechanism of tree mortality in coastal areas
exposed to seawater, we observed the dynamic death
process of Sitka-spruce trees along a tidal creek in a coastal
watershed in the Pacific Northwest USA where seawater cul-
verts were breached in 2014, allowing tidal fluctuations to
intrude into a previously freshwater dominated floodplain
forest (Sengupta et al., 2019; Wang et al., 2019; Yabusaki et
al., 2020). This ecosystem-scale manipulation allowed us to
examine changes in gas exchange, hydraulic traits, and leaf
ion concentration in Sitka-spruce trees with different crown
conditions, over six months in 2019. Our specific goal was
to uncover the hydraulic shifts throughout progressive mor-
tality. We hypothesize that (1) hydraulic and osmotic func-
tions change in response to seawater exposure; (2)
constrained gas exchange under seawater exposure is related
to stem hydraulic loss and leaf osmotic damage; and (3) hy-
draulic and osmotic decline is related to the toxic effects of
ion accumulation under salinity stress.

Results

Soil porewater salinity and percentage of live
foliated crown
Floodplain soil porewater salinity modeling results showed
that soil salinity tends to fluctuate and increase from
2015 to 2019 (Figure 1a). Annual soil salinity was 4.32 PSU
(practical salinity units) in 2015 and reached 7.41 PSU in
2019 as exposure to seawater accumulated over time. Mean
measured porewater salinity was significantly increased along
the river bank and the middle floodplain (P5 0.05, analysis
of variance (ANOVA); Figure 1b) during the study period
(from March to August 2019), but not near the hillslope
(P4 0.05). Our target trees were selected along the river
bank and the middle floodplain, where the salinity increased
from 7.16± 1.46 and 7.96± 0.04 PSU in March to
13.90± 1.45 and 13.37± 1.7 PSU in August (Figure 1b). We
found that percentage of live foliated crown (PLFC) declined
rapidly while the number of dead trees increased from
March to August 2019 (P5 0.001, ANOVA; Figure 1c), and
PLFC (measured in March) was significantly inversely corre-
lated with modeled porewater salinity (averaged from 2015
to 2019; P = 0.02; Figure 1d).

Hydraulics and gas exchange
Mean leaf water potential at predawn (Wpd) and midday
(Wmd) from March to August were –0.67 MPa and –1.15
MPa, respectively (Figure 2). PLFC showed no significant
correlation with both Wpd and Wmd (Figure 2), but it de-
creased significantly with decreasing A and native Ks

(P5 0.001; Figure 3, A and B). The effects of seawater expo-
sure on A and Ks were not significant among months (insert
Figure 3, A and B). PLFC was lower for trees with higher na-
tive PLC (P5 0.001; Figure 4), with P50 averageing –3.69
MPa across wet (March) and dry (July) seasons (P4 0.05;
insert Figure 4). PLC increased rapidly when PLFC was below
45% (Figure 4). PLFC was significantly correlated with pres-
sure–volume (P–V) parameters including ptlp and RWCtlp,
but not for p0, e, and saturated water content (SWC)
(Figure 3; Supplemental Figure S1). Trees with lower PLFC
had higher (less negative) ptlp, with no significant differences
in ptlp across months (Figure 3C).

Relations across traits
Significant linear correlations were found among A, Ks, PLC,
and ptlp under seawater exposure (Figure 5). Specifically, A
decreased significantly with decreasing gs (P5 0.001; Figure
5A), and gs decreased significantly with decreasing Ks

(P5 0.05; Figure 5B), and Ks decreased with the increasing
of PLC (P5 0.01; Figure 5C), and A decreased significantly
with increasing (less negative) ptlp (P5 0.05; Figure 5D). In
addition, A, Ks, PLC, and ptlp were significantly correlated
with foliar Na + concentration (Figure 6), and A and Ks sig-
nificantly decreased with increasing foliar Na + concentration
(P5 0.001, P5 0.05, respectively; Figure 6, A and B), and
PLC and ptlp significantly increased with increasing foliar
Na + concentration (P5 0.05; Figure 6, C and D).

We summarized crown mortality conditions (PLFC) with
gas exchange (A) and hydraulic safety (PLC and ptlp) traits
into principal components analysis (PCA; Figure 7A). Using
PCA, we found that the first PC (PC1) explained 88.2% of
the total variance in four functional traits and the second
PC (PC2) explained 6.4% of the total variance. Furthermore,
we found that the first component of the PC axes (Dim 1)
was significantly correlated with foliar Na + concentration
(P = 0.009; Figure 7B).

Discussion

Constrained gas exchange under seawater
exposure related to stem hydraulic loss and leaf
osmotic damage
The Sitka-spruce trees located within a seawater-induced sa-
linity gradient experienced declining crown conditions and
ultimately died. Our data showed that the PLFC declined
with decreasing photosynthetic rate (A) of spruce trees
(Figure 3A), supporting the previous observations that gas
exchange and growth were constrained under seawater
exposure at this site (Wang et al., 2019). This is also consis-
tent with previous observations of strong reductions in
carbon assimilation rate and growth rates when plants are
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exposed to high salinity substrates (Ball and Farquhar, 1984;
Laura et al., 2007). The constrained photosynthetic CO2 as-
similation under salinity stress was caused by the reduction
in stomatal conductance and consequent restriction of CO2

diffusion (Brugnoli and Lauteri, 1991; Delfine et al., 1999;
James et al., 2002), as reflected in our gs observations (Figure
5A). The decline in gs is considered to be an important
mechanism for salinity tolerance that reduces water loss in
plants (Moradi and Ismail, 2007; Zhang et al., 2021a). We
also found that gs was positively correlated with stem hy-
draulic conductivity (Ks), and the Ks decreased with
the increase in PLC under seawater exposure (Figure 5, B
and C). This suggests that the constrained gas exchange un-
der seawater exposure was partly attributed to the hydraulic
function loss at the stem level. Loss of stem Ks could result

from greater vulnerability to xylem embolism under high os-
motic pressure after seawater exposure. This is consistent
with previous experimental results that NaCl addition de-
creased hydraulic conductivity in mangroves (Kaneko et al.,
2015). Furthermore, it is interesting that A decreased with
increasing (more positive) ptlp, and the increasing (less nega-
tive) ptlp was tightly associated with an increase in foliar
Na + concentration (Figure 5, D and D), suggesting an in-
crease in salinity stress that impacted photosynthetic capac-
ity by impeding osmotic function at leaf level. Na + toxicity
in leaves induced leaf osmotic damage could be another rea-
son for the decline in gas exchange, which is consistent with
the results of Li et al. (2021), who reported ion toxicity as
part of the process in decreased photosynthetic capacity in
spruce trees.

Figure 1 The dynamics of porewater salinity and PLFC over time. A, Modeled soil porewater salinity (PSU, practical salinity units) from May 2015
to April 2019. The color of lines represents the location of our target individual trees. B, Mean porewater salinity of the floodplain sites (River
Bank, Middle Floodplain, and Near Hillslope) by month (March–August) in the year 2019 [mean porewater salinity significantly increased for
River Bank and Middle Floodplain over the study period (P5 0.05; ANOVA)]. Error bars represent ±1 standard error (n = 3). C, The pPLFC de-
clined and the number of dead trees increased rapidly over the study period (from March to August 2019; P5 0.001; ANOVA). Black hollow
circles and black circles filled with red represent alive and dead trees, respectively. The circles filled with purple represent the mean PLFC of
all individuals. Error bars represent ±1 standard error (n = 28) of observed values. D, Relationship between PLFC and soil porewater salinity. The
confidence intervals of linear or nonlinear regression were shown in light gray color. The points represent the individual trees. The coefficient of
determination and P-value are also shown.
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The carbon assimilation rate became negative when trees
were near death (Figure 3A), suggesting that carbon gain via
photosynthesis was less than carbon loss via autotrophic res-
piration during their last surviving weeks. The declines in
carbon gain were consistent with the results by Zhang et al.
(2021b) who reported large declines in nonstructural carbo-
hydrates and starch was almost completely consumed as
the trees approached death at the same study site. In this
study, the seawater-induced damage was apparent when
PLFC 545%, rather than in leaf water potential (Figures 2
and 4), and the crown started to decline even when the
trees had low PLC (PLC remained 520% until PLFC de-
clined to 45%; Figure 4). The extreme depletion in nonstruc-
tural carbohydrates coupled with the relatively minor PLC
experienced by the trees suggests that carbon starvation
might be more pronounced during tree death after seawater
exposure. Based on our study, likely mechanisms of carbon
starvation in these trees include the dramatic declines in

whole-tree photosynthesis due to reduced leaf-level gas ex-
change from constrained stomatal conductance associated
with hydraulic limitations (Figure 5), along with cellular ion
toxicity (Figure 6), and finally, large reductions in crown fo-
liage (Figure 1).

High Na + stress-induced cellular promotes
mortality
Osmotic adjustment maintains a minimal level of turgor re-
quired for tree survival and growth (Nguyen et al., 2017),
and can function in coordination with declines in whole-
plant hydraulic conductance under exposure to salinity
(Mendez-Alonzo et al., 2016). Through the P–V relation-
ships, we found that ptlp increased during salinity–stress-in-
duced tree death (Figure 3C). This is inconsistent with
previous studies in seawater-adapted mangroves (Nguyen et
al., 2017; Suárez and Sobrado, 2000), which found that ptlp

was lower (more negative) due to shifts in p0 or e with

Figure 2 Relationships of crown mortality and water potential. Relationship between predawn water potential (Wpd; A) and midday water poten-
tial (Wmd; B), and PLFC. Each point is the average of three branches. A linear model is fitted to the data in each panel. The confidence intervals of
linear regressions are shown in light gray color. The results were not significant (ns; P4 0.05).

Figure 3 Relationships of crown mortality and three tree key functional traits. Relationship between carbon assimilation rate (A; A), sapwood-
specific hydraulic conductivity (Ks; B), and turgor loss point (ptlp; C) and PLFC. Each point is the average A/Ks/ptlp of two to three stems per
individual tree. Vertical bars represent ±1 standard error. Inset: The figure shows boxplots representing interquartile range and median values for
A/Ks/ptlp across months. Whiskers extend to 1.5 times box size above and below the median; any observations outside this range are denoted as
individual points. Differences across months were not significant for A, Ks, and ptlp (ns; P4 0.05; ANOVA). A linear model is fitted to the data in
each panel. The confidence intervals of the regressions are shown in light grey color. The coefficients of determination and P-values are also shown
in each panel.
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increasing salinity (Nguyen et al., 2017). However, neither p0

nor e changed during the mortality process in our study
(Supplemental Figure S1). Plants typically keep lower (more
negative) ptlp to maintain stomatal conductance, hydraulic
conductance, and photosynthetic gas exchange when
droughts occur, which is important for drought tolerance
(Bartlett et al., 2012; Zhu et al., 2018). Apparently, the non-
halophytic spruce trees in our study cannot acclimate to
strong salinity stress (Byrt and Munns, 2008; Munns and
Tester, 2008). Coastal trees not only need to handle the lim-
ited water absorption under high salinity but must also
cope with the special challenges for the maintenance of
favourable water and ion balances. In addition to higher ptlp,

RWCtlp decreased with the decline of live foliated crown in
our study (Figure 3; Supplemental Figure S1). This “wrong
way” response is the opposite of osmotic acclimation and
strongly suggests loss of osmotic responsiveness consistent

with loss in integrity of the plasma membrane through toxic
effects of salt accumulation within leaves. This is also a dif-
ference between mangroves adapted to salinity exposure in
contrast to Sitka spruce which, though a coastal species,
requires more fresh water in the soil to survive.

We observed weak osmotic regulation ability in spruce
trees and they were unable to maintain turgor and hydra-
tion under seawater exposure. This failure of osmotic adjust-
ment was strongly related to Na + accumulation within
trees, as reflected in significant correlations between foliar
Na + concentration and key hydraulic traits (Ks, PLC, and
ptlp; Figure 6). Furthermore, no significant variation was
observed in the predawn and midday leaf water potential
during the study (across March to August) or in relation to
crown decline despite the increase in soil porewater salinity
from 7.16 to 13.90 PSU, which should cause a decrease in
osmotic potential from –0.49 to –0.95 MPa (Figure 2;
Supplemental Table S1). Additionally, vulnerability curves in-
dicated that the values of P50 (–3.38 MPa and –4.00 MPa
for March and July, respectively) were much lower than any
of the predawn or midday leaf water potential values.
Because the trees exhibited many physiological impacts be-
fore experiencing high PLC, this indicates that loss in cellular
function reached a critical threshold before the precipitous
loss in PLC. Therefore, it appears that these spruce trees
have gone through the rapid osmotic phase of stress and
are currently in the slower ionic phase (Munns and Tester,
2008). That is, trees lost the ability to exclude major ions
over time, and high Na + stress-induced cellular injury in dy-
ing trees. To provide more evidence to determine the con-
tribution of foliar Na + to the key plant functional traits
during tree death, we conducted a PCA (Figure 7). The
results showed that 88.2% of the total variance of the first
PC axes were significantly correlated with foliar Na + concen-
tration, which additionally confirmed our above analysis
and provides a better view of the breaking points in which
salinity promotes mortality.

Conclusions
The manipulation of the floodplain ecosystem from freshwa-
ter to tidally influenced salt deposition in 2014 promoted
the death of coastal spruce trees, providing us with a unique

Figure 4 Relationship between native PLC and PLFC. A segmented
model with break-point estimation is fitted to the data from the
“Segmented” package in program R version 3.5.3. Change-point
x = 45% was shown with a purple dashed line. Insert: Vulnerability
curves of sitka-spruce (Picea sitchensis) generated in March and July.
The water potential at 50% of conductivity lost (P50) are –3.38 MPa
and –4.00 MPa for March (is shown with solid blue line) and July (is
shown with solid red line), respectively. The confidence intervals of
the regressions are shown in light blue and light red color, respectively.
The 95% confidence interval for P50 are shown with dashed lines. The
curves were fitted using R package “fitplc.”

Figure 5 Relationships across key functional traits. Relationship between carbon assimilation rate (A) and stomatal conductance (gs; A); between
gs and sapwood-specific hydraulic conductivity (Ks; B); between Ks and native PLC (C); and between A and turgor loss point (ptlp; D). A linear
model is fitted to the data. The points represent the individual trees. The confidence interval of the linear regression is shown in light grey color.
The coefficients of determination and P-value are also shown.
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opportunity to observe the dynamic process of tree mortal-
ity in the field. Our results provide experimental evidence
that seawater exposure induced losses of crown foliage, gas
exchange, hydraulic, and osmotic traits before mortality in

this ecosystem. The declining gas exchange was related to
stem hydraulic loss and leaf osmotic damage under seawater
exposure. Meanwhile, increased soil porewater salinity
caused high Na + concentration stress and cellular injury,

Figure 6 Relationship between foliar Na + concentration and tree key functional traits. Traits are carbon assimilation rate (A; A), sapwood-specific
hydraulic conductivity (Ks; B), native PLC (C), and turgor loss point (ptlp; D). A linear model is fitted to the data in each panel. The points repre-
sent the individual trees. The confidence intervals of the linear regressions are shown in light gray color. The coefficients of determination and P-
values are also shown.

Figure 7 PCA for tree functional traits, foliar Na + concentration, and crown mortality. A, PCA based on three key functional traits and different
crown status (live foliated crown condition, PLFC). The percentages in the axis labels indicate the variance explained by the axis. PC axes 1 and 2
explain 88.2% and 6.4% of the total variation, respectively. A: carbon assimilation rate; ptlp: osmotic potential at turgor loss point. (B) Linear regres-
sion showed that the first component of PC axis (Dim 1) correlated with foliar Na + concentration (P5 0.05) among different levels of PLFC
(from healthy trees to dying trees, as color from blue to red). The key functional trait data for analysing was measured in July, and the ptlp were
the mean values of measurements in June and August.
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induced osmotic dysfunction, and impaired hydraulic func-
tion, which most likely drove the rapid loss of crown foliage.
Our observations provide strong evidence of toxic effects of
ion accumulation on maintenance of cellular function, cellu-
lar injury, and death led to hydraulic system damage in
dying trees. The ecosystem-manipulation upon which we
derived our measurements provides a way to analyze death
processes over short time scales, while over longer time-
scales, sea level rise has been demonstrated to similarly kill
off upland forests and create “ghost forests” (e.g. Kirwan and
Gedan 2019). Extensive sea-level rise in upcoming decades
will create more ghost forests. Our findings provide a critical
understanding of seawater exposure-induced mortality and
highlight that cellular function injury under high salinity
accumulation leads to incipient mortality, which promotes
important insights for future mortality projections in coastal
areas under climate change.

Materials and methods

Field site information
The study site was located along Beaver Creek (46� 540 2500

N, 123� 580 3300 W), a first-order tidal creek that drains into
Johns River on the western coast of Washington State, USA
(described in Zhang et al. 2021b). Beaver Creek is �1.5 km
from Grays Harbor and 14.5 km from the Pacific Ocean.
The field site is characterized by a mild, wet climate with a
mean annual temperature and precipitation of 10.4�C and
1920 mm (during the period 1980–2017), respectively.
Meterological data (air temperature rainfall and relative hu-
midity (RH)) were monitored throughout the study period
in the center of the study floodplain using a HOBO Micro
Station Logger equipped with plug-and-play smart sensors
for rain, temperature, and RH sensors (Onset Computer
Corporation, Bourne, MA, USQ). Mean annual temperature
in 2019 was 9.8�C at the study site, with mean monthly
temperature ranging from 1.9�C in February to 17.0�C in
August (Supplemental Figure S2). Annual precipitation in
2019 was 1,376 mm, with total monthly precipitation lowest
in June (16 mm). Total daily radiation was lowest in
December (0.25 MJ m–2) and highest in June 2019 (30.06 MJ
m–2).

The coastal forest lies on a floodplain that did not experi-
ence flooding or seawater exposure until 2014 due to two
culverts near the confluence of Beaver Creek that prevented
seawater invasion but allowed freshwater drainage out of
the creek (Washington Department of Fish and Wildlife
(WDFW), 2019). In 2014, the culverts were removed for fish
habitat restoration (Wang et al., 2019; Ward et al., 2019;
Sengupta et al., 2019). Now, the trees experience seawater
exposure from daily tidal exposure of �2 m in the adjacent
stream, and approximately monthly extreme flooding events
that saturate the floodplain for extended periods. High tides
that inundate the site typically occurred with monthly regu-
larity. The soil salinity also varied seasonally, with lower sa-
linity occurring in winter and higher in summer. Maximum
surface water salinity can reach 30 PSU at high tide in this

area (Sengupta et al., 2019; Yabusaki et al., 2020). Since 2014,
tree growth has slowed and mortality has increased in the
floodplain Sitka-spruce trees (Picea sitchensis, the dominant
tree species in the Pacific Northwest; Wang et al., 2019;
Ward et al., 2019).

Determination of PLFC and tree sampling
At the beginning of the study (March 2019), we surveyed
and recorded mortality and the crown mortality conditions
(PLFC; %) of Sitka-spruce trees along an � 800-m transect
from along the Beaver Creek floodplain (Figure 1). The
PLFCs were estimated based on needle browning and leaf
shedding (crown “greenness,” which is the percentage of the
total branched canopy that holds live foliage; the same ap-
proach used in Gaylord et al., 2013 and Poyatos et al., 2013).
Trees were considered alive when green needles were pre-
sent. A tree was recorded as dead when there was no live
foliated crown (the PLFC was 0%; Gaylord et al., 2013). The
PLFC for each tree was the average of estimates from the
same three to five researchers from three directions sur-
rounding the tree on each date, to increase comparison ac-
curacy across individual trees and months. During each
campaign over the entirety of the study period (March to
August 2019), we recorded PLFC and collected samples
(healthy branches) from the trees along a gradient of PLFC
from 7% to 95% for gas exchange, hydraulics, and other
functional traits measurements (Supplemental Table S2).
Noteably, the number of measured trees decreased during
the year due to the rapid decline in the crown condition
(some of the trees completely died during the study).

Floodplain soil porewater salinity measurements
and modeling
We measured soil porewater in a shallow well located in the
center of the floodplain (38 m inland from the creek) to
provide empirical salinity trends during the study. The pore-
water salinity was monitored at 30-min frequency from
April 2018 to August 2019. The well was 1-m deep, 2-in di-
ameter PVC with 2.5 mm slots at 1-cm intervals across the
entire belowground length (ESP Supply). The well was
screened using 250-mm well socks (ESP Supply) and sealed
at the ground surface with bentonite clay to reduce artifacts
of infiltration during flood events. Electrical conductivity
readings from deployed devices (HOBO U24-002
Conductivity, Onset Computer Corporation) were converted
to salinity following standard UNESCO/IOC/SCOR/IAPSO
procedures as defined in the International Thermodynamic
Equation Of Seawater – 2010 (IOC et al. 2010) using the
Gibbs SeaWater Oceanographic Toolbox written for R
(“gsw” package; Kelley et al. 2017; Yabusaki et al., 2020).
Salinity data were collected on 30-min intervals.

In addition to sensor measurements, we utilized a reactive
transport model to estimate soil porewater salinity near
each studied tree at depths of 0.05, 0.15, 0.25, 0.35, and 0.45
m. The restoration of tidal access to Beaver Creek in 2014
allowed seasonally varying salinity (1–33 PSU) from the
Grays Harbor estuary to propagate up Beaver Creek during
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a rising tide, and freshwater baseflow to flow downstream
during falling tide. The highest monthly tides are sufficient
to partially inundate the floodplain leading to progressive sa-
linization of the previously freshwater system. A three-
dimensional variably saturated flow and salinity transport
model of the floodplain (Yabusaki et al., 2020) was devel-
oped using the PFLOTRAN Richards Equation simulator
(Hammond et al., 2014) to simulate tree-specific soil pore-
water salinity from May 2015 to April 2019. The subsurface
(545 cm) salinity was modeled as our sampling trees were
distributed on the same floodplain. Depth-resolved (0.05,
0.15, 0.25, 0.35, and 0.45-m depth) time histories of pore-
water salinity at each tree location were part of the model
output generated at an hourly frequency with 3-m lateral
and 0.1-m vertical resolution. We averaged the salinity from
different depths as the tree-specific soil porewater salinity.
The model results were validated against our continuous
time-series data from our primary well (described above) as
well as with measured water levels and salinity from the
nearby creek and two additional floodplain wells (Yabusaki
et al. 2020). A more detailed description of the modeling
can be found in Yabusaki et al. (2020) at this site.

Leaf gas exchange
We measured leaf gas exchange parameters, including car-
bon assimilation rate (A), stomatal conductance (gs), and
transpiration rate (E) by using a portable gas exchange sys-
tem (LI-6800, LI-COR Inc., Lincoln, NE, USA) with a 6 cm2

combined light source leaf chamber, monthly from May to
August 2019 on sunny days from 09:00 to 14:00. A 20-m
pole pruner was used to cut three 41-m long branches
from each tree, cut ends were covered with wet towels and
put in the plastic bags, and gas exchange measurements
were measured immediately on the small twig (with approx-
imately 30 needles) from each branch. Gas exchange meas-
urements closely followed the approach recently described
by Wu et al. 2019 and 2020. Specifically, the chamber condi-
tions were kept close to ambient by matching air tempera-
ture and relative humidity. For each measurement, we set
chamber CO2 concentration to 400 ppm and the photosyn-
thetically active radiation to 1,200 lmol m–2 s–1.
Measurements were conducted at a flow rate of 500 lmol
s–1. After clamping a small twig in the chamber, we checked
the chamber for leaks and putty (Qubitac) was used to seal
the chamber if the leak was 45%. We logged data three to
five times after A and gs reached stability within 5 min to
maximize representation of ambient conditions during mea-
surement. The foliage enclosed within the 6,800 chambers
was photographed and its leaf area was measured using
Image-J software (US National Institutes of Health, Bethesda,
MD, USA). The gas exchange data were corrected by leaf
area.

Leaf water potential
We measured leaf water potential monthly in the field from
March to August (except April) 2019 with a pressure cham-
ber (Model 1505-D; PMS Instruments, Albany, OR, USA) to

determine water status. Branch samples for predawn
(Wpd; MPa) and midday (Wmd; MPa) water potential were
collected before sunrise (04:00–06:00) and at midday
(12:00–14:00), respectively. Two or three branches from each
were cut using a pole pruner. Water potential was measured
by using two or three twigs excised from the larger
branches, and the ends were cleanly cut with a fresh razor
blade for better visualization (Hochberg, 2019).

Foliar sodium (Na + ) concentration
We measured foliar sodium (Na + ) concentration with ion
coupled plasma optical emission spectrometry (ICP-OES,
7300 DV, Perkin Elmer, MA, USA) after acid digestion.
Specifically, samples were weighed into tared clean polyeth-
ylene vials. We added 4-mL trace metal-free (TMF) concen-
trated nitric acid to samples and allowed to sit for 1 h.
Samples were then heated for 6 h at 80�C. Samples sat over-
night after heating. Then added 5-mL TMF concentrated hy-
drochloric acid to the samples, and samples were digested
for 6 h at 85�C. After samples were cooled and 3 mL of
TMF hydrogen peroxide was added, we heated samples at
80�C for 1.5 h. After these digestion steps, samples were
cooled and 60 mL of DI water was added. The final sample
was then weighed and subtracted from the tare weight to
calculate the mass of the digestates and ultimately the den-
sity of the digestate. The samples were allowed to sit over-
night to settle any remaining particles and decanted for
analysis. Blank samples with 60 mL of DI water were also
subjected to the same procedures as above using only the
solvents and no solid matrix.

In samples with low Na + concentration, the samples were
re-analyzed in an axial mode for better sensitivity. A two-
point calibration was used, a blank and a high standard. The
calibration was verified using a second source standard for
all analyzed analytes. Continuing calibration verification
standards and blanks were run every 10 samples, to ensure
that the analytical system was operating properly. We added
an internal standard online to correct for any matrix effect
from the samples. Method blanks were below detection lim-
its. Data are reported as mg g–1 dry weight in this study.

Stem hydraulic conductivity and vulnerability
curves
We measured hydraulic conductivity and vulnerability
curves in March and July 2019. We collected �1.5-m-long
healthy branches from the individual trees with different
PLFC using a 5-m-high pole pruner in the field. Cut ends
were covered with parafilm and samples were placed in
large opaque plastic bags with wet towels to prevent the
samples from drying out, then transported to the laboratory.
Once in the laboratory, a stem segment (�14 cm in length
and 5–8 mm in diameter) was excised under water immedi-
ately after a branch was taken out from the bag for native
hydraulic conductivity (Kh; kg m s–1 MPa–1) measurements.
We trimmed off �1-cm bark at each end of the segment
under water. After making a final, clean cut on each end
with a fresh razor blade, the segment was connected to a
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tubing system and perfused with degassed and filtered min-
eralized water (20 mM KCl). A constant hydraulic head of
50 cm (�P; MPa) was used to generate pressure that drove
the solution flow through the segments and avoid flushing
native embolism. The solution then flowed into a reservoir
on an analytical balance (±0.1 mg; Secura 225D-1S;
Sartorius), and the weight was recorded by a computer
(Sperry et al., 1988a). We corrected for stem passive water
uptake by beginning and ending each conductance mea-
surement with a “background” measurement (Torres-Ruiz et
al., 2012). Kh was calculated as:

Kh ¼ F � L=DP (1)

where F was the flow of water through the stem (F; kg s–1),
L is the stem length (m), and DP is the driving force (MPa).
Hydraulic conductivity was also normalized by sapwood
area (Asw; m2) to calculate sapwood-specific hydraulic con-
ductivity (Ks; kg m–1 s–1 MPa–1). Sapwood area was deter-
mined at both ends of the segment.

After measurement of native Kh, the segments were sub-
merged in degassed solution (20 mM KCl) under vacuum
infiltration overnight (412 h) to remove emboli in trache-
ids. Before maximum hydraulic conductivity (Kmax), the
stem segments were trimmed to confirm the absence of
bubbles at the cut ends under the degassed solution. Kmax

was measured as above for Kh measurement. The native per-
centage loss of conductivity (PLC) was calculated as:

PLC ¼ 100� ð1� ðKh=KmaxÞÞ

(2)Vulnerability to cavitation was determined by creating vul-
nerability curves using the bench dehydration method
(Cochard et al., 2010; Sperry et al., 1988b). We collected four
to six stem xylem segments from each long branches of
individuals for Kh and Kmax measurements. At the same
time, we cut three small twigs from the branch and put
them each in a plastic bag to equilibrate for 15 min, then
measured their water potential with a pressure chamber.
We let the branch samples dry on the bench. The measure-
ments of Kh, Kmax, and water potential were continued until
the stem lost 490% conductivity or the water potential less
than –8 MPa. A reparameterized Weibull model was used
to generate vulnerability curves by fitting water potential
versus PLC data points (Neufeld et al., 1992; Ogle et al.,
2009) from the “FITPLC” package in program R version 3.5.3
(Duursma and Choat, 2017). The water potential at 50% of
conductivity lost (P50) was determined for each month from
this model.

Leaf pressure–volume relationships
Leaf P–V curves were measured May, June, and August 2019
using the bench drying technique (Tyree and Hammel,
1972). Three twigs (�15 cm) of each were cut from 41 m
branches that were used for predawn water potential meas-
urements. The twigs were put in Whirl-Pak bags with the
cut end in water during transport to the laboratory. Before
the determination of P–V relationships, the twigs were recut

under water and allowed to rehydrate overnight. Leaf fresh
weight was measured with an analytical balance and water
potential was measured with a pressure chamber periodi-
cally during slow desiccation of the samples on the bench.
At the end of this process, the samples were dried in an
oven at 70�C for 48 h for dry mass determination. P–V
curves were constructed for each twig to estimate osmotic
potential at full turgor (p0; MPa), turgor loss point (ptlp;
MPa), SWC (g g–1), relative water content at the turgor loss
point (RWCtlp; MPa), modulus of elasticity (e; MPa). Plotting
the inverse of water potential against RWC allowed the de-
termination of the ptlp as the point of transition between
linear and nonlinear portions. We estimated p0 by extrapo-
lating the straight-line section to 100% RWC, and SWC was
the ratio of water mass to leaf dry mass in a fully saturated
leaf. We determined e from the slope of the pressure poten-
tial between p0 and ptlp, and e estimates cell wall rigidity av-
eraged across the leaf. The “water_mass. R” and
“pvc_fitting_v4. R” functions were used to generate P–V
curves in R version 3.5.3.

Statistical analysis
We used repeated-measures ANOVA to test differences of
PLFC and soil porewater salinity among months. We used
linear mixed-effect (LME) models to evaluate the relation-
ships (1) between soil porewater salinity, gas exchange
parameters (A), water potential (Wpd and Wmd), Ks, P–V
parameters (p0, ptlp, SWC, RWCtlp, and e), and PLFC; (2) be-
tween A and gs, gs and Ks, Ks, and PLC, A and ptlp; (3) be-
tween A, Ks, PLC, ptlp, and foliar Na + concentration. In our
models, we considered the different individuals as a random
factor. The differences of A, Ks, ptlp among/between months
were tested by ANOVA or student’s t test. A regression
model with change-point estimation with R package
“segmented” (version 1.1-0) was used to fit the relationship
between PLC and PLFC. In addition, we conducted PCA
based on four key functional traits and eight individuals
measured all these four functional traits to investigate multi-
variate associations among all variables. We also extract the
first component of the axis (Dim 1), and correlated it with
foliar Na + concentration using LME models. All statistical
analysis was performed using R statistical software (version
3.5.3; R Core Team, 2018). Results were considered statisti-
cally significant at P5 0.05.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Relationship between osmotic
potential at full turgor (p0), SWC, RWCtlp, and modulus of
elasticity (e) and PLFC.

Supplemental Figure S2. Meteorological data in the site.
Supplemental Table S1. Mean porewater salinity and the

equivalent seawater osmotic potential for PSU of River Bank
by month (March–August) in the year 2019.
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Supplemental Table S2. Sample size and monthly mea-
sured information for all parameters.
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