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Plant response to soil and atmospheric water stresses is the dominant control of Dryland ecosystem functions,
affecting water resources, ecosystem stability and biodiversity. The link between water stresses and plant water
status is regulated by plant hydraulics, of which the corresponding impact on plant water use and the suscep-

\é\/atertuse irati tibility of Dryland ecosystems remains under-explored. We used a plant hydraulic model to describe hydraulic
vapotranspiration . . . .. . . .
Wair flux P states and water flux of two species (Populus euphratica and Tamarix ramosissima) in desert riparian ecosystems.

We optimized hydraulic parameters and tested the model using observed physiological states and ecosystem
water flux. The optimized model was used to evaluate plant hydraulic sensitivity, tree mortality risk, and
evapotranspiration under a wide range of water stress scenarios. The model captures the observed leaf water
potential, sap-flow and ecosystem evapotranspiration. Our scenario analysis demonstrates that hydraulic sen-
sitivities generally reduce as the water stresses intensify. The results highlight a strong coupled impact of the co-
occurrence of soil and atmospheric water stresses on restricting ecosystem water flux and intensifying mortality
risk. The assessment of multiple aspects of eco-physiological functions and the stress scenario analysis of desert
riparian ecosystems will contribute to a better prediction of ecosystem functions and facilitate resource man-
agement under future climate.

Water stresses

1. Introduction et al., 2020). To better predict the regional and global impact of Dryland

ecosystems in response to climate change, it is crucial to quantify how

Drylands account for over 45% of the terrestrial land area (Lal,
2004). The dynamics of Dryland ecosystem fluxes, which are primarily
driven by soil and atmospheric water stresses, play a dominant role in
the trend and variability of the global carbon budget (Ahlstrom et al.,
2015; Biederman et al., 2017; Poulter et al., 2014). Dryland ecosystems
are especially susceptible to climate warming and drought (Reed et al.,
2012; Schlaepfer et al., 2017). Over the recent decades, drastic changes
in vegetation cover and demographic composition occurred in many
Dryland ecosystems. Such changes are expected to intensify in the
coming decades, leading to significant consequences on carbon and
energy budget, water resources, biodiversity, and wildfire risk (Allen
et al., 2010; Breshears et al., 2005; Brodribb et al., 2020; Kulmatiski
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hydroclimatic stresses regulate plant vulnerability and ecosystem fluxes
(Bjorkman et al., 2018; Sperry and Love, 2015).

Plant responses to stress ultimately depend on the interplay of plant
traits with the combination of soil and atmospheric stresses, which re-
sults from plant hydraulic processes (Sperry and Love, 2015; McDowell
et al., 2019). As the soil dries down, declining leaf water potential (¥7)
could cause malfunctioning of xylem associated with cavitation, thus
limiting water supply and possibly causing hydraulic failure. On the
other hand, increasing atmospheric water demand, i.e., vapor pressure
deficit (VPD), can modulate ¥; and restrict stomatal opening to prevent
excessive water loss at the cost of restrained carbon gain. Therefore, the
sensitivity of leaf water potential to water stresses (i.e., hydraulic
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sensitivities) lies at the center of plant stress-responses. Besides, dozens
of studies have demonstrated that stomata respond to ¥; directly
(Anderegg and Venturas, 2020; Brodribb et al., 2003; Klein and Niu,
2014). However, many of the current ecosystem and land surface models
still use empirical soil water stress functions to shut down stomata as soil
water stress intensifies (Hu et al., 2009; Oleson et al., 2010; Sellers et al.,
1996; Shuttleworth and Wallace, 1985). Doing so may overestimate the
sensitivity of ecosystem flux to soil water stress (Liu et al., 2020b).
Alternatively, plant hydraulics mechanistically describes plant water
transport through the vascular system, assessing leaf water potential
that directly regulates stomatal conductance (McDowell et al., 2019).
Multiple studies have shown that incorporating plant hydraulics into the
current theoretical framework of the soil-plant-atmosphere continuum
better captures ecosystem water use especially under dry conditions
(Anderegg et al., 2017; Bonan et al., 2014; Liu et al., 2020b; Mirfen-
deresgi et al., 2016). Testing the performance of the plant hydraulic
model in Dryland ecosystems will thus facilitate a better understanding
of the dynamics of plant hydraulic sensitivity and water and carbon
fluxes under future water stress scenarios.

Declining leaf water potential under water stress reduces transpira-
tion and photosynthesis while increasing mortality risk. Similar to hy-
draulic sensitivity, the extent to which mortality risk and ecosystem
water flux change may also vary across the soil and atmospheric stress
regimes. Recent studies suggest that VPD is projected to continue
increasing throughout this century with elevated temperature (Ficklin
and Novick, 2017; Yuan et al., 2019); whereas the projected change of
soil moisture varies by geographic location with larger uncertainty, with
diverse trajectories for tropical, subtropical, and temperate Drylands
(Schlaepfer et al., 2017; Zhou et al., 2021). It is thus crucial to investi-
gate the individual and combined impact of soil and atmospheric water
stresses on mortality risk and ecosystem water flux in Dryland ecosys-
tems. Besides, limited water flux has often been considered to be asso-
ciated with increased ecosystem susceptibility under stress, such as in
land surface models where both are directly linked to environmental
stress through empirical relations per plant functional type (Niu et al.,
2011; Oleson et al., 2010). However, a recent study on temperate forests
in California suggested that the response trajectories of ecosystem water
flux and vulnerability may not always be coupled under varying envi-
ronmental conditions (Feng et al., 2017). What remains under-explored
is under what soil and atmospheric water stresses the ecosystem water
flux is or is not coupled with the ecosystem vulnerability to water
stresses, especially in Dryland ecosystems.

Here, we systematically evaluated how hydraulic sensitivities, mor-
tality risk, and evapotranspiration (ET) respond to soil and atmospheric
water stresses. We focused on desert riparian species, which compose
the most diverse and productive ecosystem in dryland deserts. The ri-
parian species have crucial impacts on desert ecosystem functions
including water use, productivity, ecosystem stability, and biodiversity
(Stromberg et al., 2013; Wu et al., 2019), which are primarily controlled
by water stresses. Desert riparian ecosystems are exposed to large sea-
sonal variations of atmospheric water demand and seasonally shallow
groundwater due to interaction with the water table in the river. The
strong control and large variation in water stresses make the desert ri-
parian ecosystem an ideal setting to evaluate plant hydraulic behaviors
across stress regimes. Besides, desert riparian species include a collec-
tion of distinct hydraulic and morphological traits that generate
different strategies to operate under water stresses (Brouillette et al.,
2014; Zhang et al., 2017). Here we analyzed two typical desert riparian
species with distinct traits, i.e., Populus euphratica and Tamarix ramo-
sissima. Doing so allows investigation of the interaction between traits
and stress regimes on the vulnerability and water use of desert riparian
ecosystems. We used a plant hydraulic model (PHM) to describe plant
hydraulic dynamics and ecosystem water flux under varying hydro-
climatic conditions. The PHM was adapted from a recent study across
multiple climate regions (Liu et al., 2020b) to account for the specific
environmental settings of the desert riparian ecosystem. Because plant
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hydraulic traits strongly control stress-responses of desert riparian spe-
cies (Zhang et al., 2017), it is important to appropriately parameterize
the PHM. To do so, we used a model-data fusion approach to estimate
the most likely hydraulic traits related to the plant water transport
system (Liu et al., 2020b). The model was tested against the observed
leaf water potential, sap-flow, and ecosystem ET. The optimized model
was then used to estimate hydraulic sensitivity, mortality risk, and ET
under a range of simulated stress scenarios. The analysis provides a
diagnostic tool to assess ecosystem function in response to water
stresses, which will facilitate water resources and ecosystem manage-
ment under future climate.

2. Materials and methods
2.1. Plant hydraulic model

We used a plant hydraulic model (PHM) adapted from Liu et al.
(2020b) to describe dynamic root water uptake, plant water potentials,
stomatal operation, and transpiration. In the PHM, water extracted from
the soil is transported through the xylem to the leaves following a water
potential gradient from the roots to the leaves (Fig. 1a). Soil evaporation
is calculated using the Penman-Monteith equation (Shuttleworth and
Wallace, 1985; Song et al., 2018, 2020). Soil water is extracted from the
soil into the roots, transported to the leaves through the xylem system,
and dissipates into the atmosphere through the stomata. We assume
continuity from the xylem in the roots all the way up to the xylem in the
leaves. Thus, both xylem and leaf water potentials are determined by the
dynamic budget of water supply from the root water uptake and atmo-
spheric water demand, which in turn are controlled by soil moisture and
VPD. The representation of root water uptake is adapted specifically for
desert riparian trees described as follows. The rooting zone is discretized
as four layers according to the soil texture measurements (Li et al.,
2019a): a shallow-soil layer (0-30 cm), a middle-soil layer (30-100 cm),
a deep soil layer (100cm-GWT), and a groundwater layer (GWT to the
maximum rooting depth). In each layer, water is extracted by the roots
following:

Vi = 8o (\Ps.r - lIJr) (€]
where V; (mol m~2 s71) is the water uptake in the ith layer (i € {1, 2, 3,
4}); &r,i (mol m~2 s71) is the soil-root conductance in the ith layer; ¥ ;
(MPa) is the soil water potential in the ith layer, calculated using
measured moisture content based on empirical soil-water relations
(Clapp and Hornberger, 1978); and ¥, (MPa) is the root water potential.

The soil-root conductance has often been considered to be limited by
soil hydraulic conductivity in unsaturated soils (Katul et al., 2003; Liu
et al., 2020b). However, in the desert riparian ecosystem, when the
groundwater level rises into the rooting zone, roots can access water in
saturated soil. In this case, the soil-root conductance may no longer be
limited by the high soil hydraulic conductivity, rather, by the maximum
root conductance that is intrinsically determined by the radial and axial
hydraulic structure of the root (North and Peterson, 2005; Rieger and
Litvin, 1999). Therefore, to account for limitations of both the soil and
the root, the soil-root conductance is represented using a cylindrical root
model (Katul et al., 2003) capped by the maximum root conductance.
That is,

Gt = { (K,»\/RTI,) / (Zmp,,8) if gri < &rmax o)

8r,max if gori > 8r,max

where K; (m s 1) is the unsaturated soil hydraulic conductivity in the ith
layer, calculated according to Darcy’s law for unsaturated flow; RAI; (m?
m~2) is the root area index the ith layer; Z.; (m) is the depth of the ith
layer; p,, (Kg m~>) is the water density; g (m s~ 2) is the gravitational
acceleration; and g, max (m s™! MPa™!) is the maximum root conduc-
tance. The upper limit of soil-root conductance, i.e., g. max, allows better
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Fig. 1. Plant water transport system and key hydraulic traits of the two desert riparian species. (a) Model diagram describing water flow throughout the plant, where
¥, ¥, ¥xand ¥ represent water potentials in the soil, root, xylem and leaf; g is the leaf stomatal conductance, and Ty is transpiration. Soil profile is divided into the
shallow, middle, deep soil layers and a groundwater layer. (b) Rooting profiles of P. euphratica (grey line) and T. ramosissima (green line). (c) Vulnerability curves of
P. euphratica (grey line) and T. ramosissima (green line). P50 is the water potential corresponding to 50% loss of hydraulic conductivity (PLC).

characterization of root water uptake from the groundwater layer or soil v
layers close to saturation. :
The total water flux extracted from the soil (Ts = >_; V;) is transported I = / w 8y (x)dx ®)

through the xylem as follows (Sperry et al., 2017):
where x (MPa) is water potential within the xylem at any given location
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between the roots and the leaves; g, (m s~ MPa™D) is the xylem
conductance, which reduces with plant water potential following a
vulnerability curve as below.

8 (%) = gomar[l + (x/P50)]”" “

where g max (m s~ MPa 1) is the maximum xylem conductance; a is the
shape parameter of the vulnerability curve; P50 (MPa) is the xylem
water potential at which 50% of maximum xylem conductance is lost.

The water supply (T, mol m2sYis dissipated through transpira-
tion (T4, mol m 2 s’l), which is calculated based on energy balance on
the canopy surface, that is:

AR, + PyC,g,VPD

= (5)
A/‘[[ + P()Cpga/GS

Where 4; (J mol 1) is the latent heat of vaporization of water; R (J m 2
s’l) is the net radiation (R, J m—2 s™1) absorbed by the canopy,
following Beer’s law; Py (Pa) is the atmospheric pressure; A (Pa K Dis
the rate of change of saturated vapor pressure with temperature; C, (J
mol~! K1) is the specific heat of air; g, (mol m~2 s71) is the aero-
dynamic conductance, following (Campbell and Norman, 2012); G, (mol
m 2 s71) is the canopy conductance, which is equal to [gz '+ (g
LAD 117! (Bonan, 1996), where LAI (m? m~2) is the leaf area index and
gs (mol m~2s71) is the stomatal conductance at the leaf level. Here, gsis
calculated based on the leaf-gas exchange optimality theory (Katul et al.,
2009):

g, = argmax(f.(g,) — . (g;)) ©)

where f, (g;) and f, (g;) are the water loss and carbon fixation respec-
tively; A (umol mol ™) is the marginal water use efficiency. In the plant
hydraulic system, g can be solved under a given 1 by combining Eq. (6)
with the biochemical demand for CO; (Farquhar et al., 1980). A has been
demonstrated to relate to ¥; (Manzoni et al., 2011), that is,

j’ = j’H"Wexr)(ﬁ(J?l) (7)

where 4, (pmol mol™1) is 4 under the ambient CO5 concentration and
well-watered conditions; Sy (MPa™ 1) is the slope parameter; ¥; (MPa) is
the mean ¥, in the previous day (Huang et al., 2017).

Assuming a resistance-based system with no capacitance and thus
negligible plant water storage, leaf water potential and transpiration can
be solved by equating the water supply (Eq. (3)) to the water demand
(Eq. (5)).

2.2. Site properties and datasets

The PHM was applied to two desert riparian sites (1.5 km apart) of
the Heihe Watershed Allied Telemetry Experimental Research (HiWA-
TER, Li et al., 2017), which are located downstream of the Heihe river
basin, Northwest China. The mean annual potential evaporation exceeds
3700 mm, whereas the mean annual precipitation is around 42 mm
(Zhu et al., 2012). Mean temperatures in July and January are 26.95 and
—11.68 °C, respectively (Yu et al., 2017). The two sites are each domi-
nated by a common desert riparian species in China, Populus euphratica
and Tamarix ramosissima, respectively (Ayup et al., 2015). The
P. euphratica site (41.99 ° N, 101.13 ° E) and the T. ramosissima site
(42.00 ° N, 101.14 ° E) are both located on a flood plain, approximately
1.0 km and 0.8 km from the riverbank, respectively.

The soil texture is silt loam in the shallow and middle layers, and
sand in the deep and groundwater layers at both sites based on in situ
samples (Li et al., 2019a). The P. euphratica has a mean age of 120 years
and a mean canopy height of 13.2 m; whereas the T. ramosissima is 6
years old and 1.9 m high on average. The maximum rooting depth is 4 m
and 5 m for P. euphratica and T. ramosissima, respectively (Bai et al.,
2021). The vertical rooting profile was estimated by fitting the measured
fine root biomass across the soil layers to a root distribution model
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(Jackson et al.,, 1997) (Fig. 1b). The hydraulic trait P50 was also
measured using the benchtop dehydration method (Skelton et al., 2015)
for the two species (Fig. 1c). A detailed description of these measure-
ments can be found in Bai et al. (2021).

The model is driven by half-hourly meteorological and hydrological
conditions measured at the sites, including net radiation, air tempera-
ture, humidity, precipitation, wind speed, sensible heat fluxes, friction
velocity, the vertical profile of soil water content, and the depth to
groundwater table (GWT, m). CO, and HyO fluxes were monitored
above the canopy using open-path eddy covariance measurements at
each site. Soil water content (SWC, m® m~2) was monitored at 4, 10, 20,
40, 80, 120, 160 and 200 cm. Values of SWC were averaged over the
shallow (depths of 4, 10 and 20 cm), middle (depths of 40 and 80 cm)
and deep (depths of 120, 160 and 200 cm) soil layers. The growing
seasons, i.e., April to October, during 2014-2017 were used as the study
period. Days with precipitation or daily minimum temperature below
0 °C were excluded from the analysis. Hydro-meteorological data is
publicly and freely downloadable from Figshare (https://doi.org/
10.6084/m9.figshare.c.3706849). Data collection was described in Li
etal. (2017). Besides, leaf water potentials at the predawn (¥4, between
5 am and 6 am) and at the midday (¥4, between 12 am and 1 pm) were
measured on twigs of five sample trees across the growing season in
2016 (Li et al., 2019a), a total of 50 samples in five months. Transpi-
ration of the P. euphratica during the 2014 and 2015 growing seasons
was measured using the thermal dissipation sap flow velocity probes
(Bai et al., 2017). The leaf area index (LAI) at each site was extracted
from the MODIS (Moderate Resolution Imaging Spectroradiometer)
product (MCD15A3H.006) with a spatial and temporal resolution of
500 m and 4 days. LAI was filtered using the Savitzky-Golay filter to
diminish noise and then linearly interpolated to the same temporal
resolution as the flux measurements.

2.3. Estimating hydraulic traits using MCMC

Evaluating plant hydraulic response to water stresses using the PHM
requires appropriate parameterization of plant hydraulic traits. Here,
the model parameters related to the plant water transport system were
systematically estimated in a Bayesian framework using Markov chain
Monte Carlo (MCMC). This approach identifies the most likely set of
traits that leads to model outputs consistent with observed constraints at
each site, while also providing estimates of parameter uncertainty. Six
plant hydraulic traits (4w, Bo, P50, @, gy max, and g-max) were jointly
estimated using MCMC. Specifically, an adaptive Metropolized inde-
pendence sampler was used to generate posterior samples (Ji and
Schmidler, 2013). This sampling method has been used to effectively
retrieve plant hydraulic traits at multiple flux tower sites (Liu et al.,
2020Db). Prior information of physiologically realistic ranges and con-
straints on hydraulic traits in Liu et al. (2020b) were also used here. For
the additional trait g, max, @ non-informative prior spawning 5 x 10~%to
5x 10 °ms ! MPa ! (flat in a log scale) was used, which covers the
range of estimated values in measurement studies (Rieger and Litvin,
1999).

The MCMC was constrained by both the observed ET and the leaf
water potential, which are directly regulated by plant hydraulic traits.
ET observations in three (2014-2016) out of the four years and all
available leaf water potential observations were used to estimate the
parameters. The posterior distribution of hydraulic traits was estimated
based on the product of the prior and the likelihood function. The
likelihood function was calculated by comparing the modeled ¥;and ET
with observations. For each category of ¥; and ET, the errors between
the model output and observation were considered independently and
identically distributed, following a zero-mean Gaussian distribution
with an unknown variance to be estimated. The total likelihood was then
calculated as the summation of the likelihood of ¥; and ET, that is,
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. Ln,
log <L (y’,;”“ Y g

where L is the likelihood of observed ET (y,) and ¥; (y,) under given
parameters (6, i.e., the six hydraulic traits); n, and n, are the number of

‘)= ilogL(y o)+ il°gL<>i‘9>> ®

valid data of ET and ¥, respectively. y! is the ith observation of ET; y{) is

the jth observation of ¥; yX™ and y;;"" are the collection of all observed
ET and ¥, respectively.

Ten independent MCMC chains, each with a random starting point,
were used for each site. Within- and among-chain convergences were
diagnosed by the Geweke (< 1.05) and Gelman-Rubin values (< 0.2)
(Brooks and Gelman, 1998). All MCMC chains converged before 11,000
steps. The samples after convergence provided the estimation of the
joint posterior distribution of the target parameters. Among the poste-
rior samples, 100 sets of parameters were randomly selected and their
average values were used for the analysis below.

2.4. Model assessment

The PHM was run at a half-hourly timestep. The modeled outputs
were compared to three measured datasets, including the predawn and
midday leaf water potentials (¥;) of both species during the 2016
growing season, the daily sap-flow-based transpiration (T4) of
P. euphratica in the growing seasons of 2014 and 2015, and the daily
ecosystem evapotranspiration (ET, mol m~2s71) from 2014 to 2017. The
unit was converted to mm d ! based on the molecular mass and density
of H,O when compared to measurements. Note that the model was
constrained by ET in the first three years (2014 to 2016) and leaf water
potential during the 2016 growing season. ET in the last year (2017) and
all transpiration observations (2014-2015) were not used as constraints,
thus providing test sets to evaluate the predictive performance of the
model. The accuracies of Tg, as well as the training and test sets of ET,
were estimated using the coefficient of determination (Rz) and the root
mean square error (RMSE).

2.5. Scenario analysis

We used the optimally parameterized PHM to evaluate the eco-
physiological response to water stress. Specifically, we focused on
three variables, hydraulic sensitivity, tree mortality risk, and ET.

Temporal variation in ¥; is influenced by both soil water and VPD
(Anderegg et al., 2017). The hydraulic sensitivity to soil water stress
(050i) Was calculated according to Martinez-Vilalta et al. (2014):

lIImd = asnillllpd + A (9)

where ¥},q and ¥4 are the predawn and midday ¥; across the growing
seasons; Ay is the intercept. Likewise, based on the linear relationship
between the midday VPD and ¥4 (Fig. S3), we also quantified the
hydraulic sensitivity to atmospheric water stress (o4) using the
following regression:

Wi = —064ir VPDyy + Ay (10)

where VPD,,4 is the midday vapor pressure deficit across the growing
seasons; and A, is the corresponding intercept. Here, a negative sign was
added in front of 64;- because unlike the positively related ¥, and ¥pq in
Eq. (9), ¥mq and VPD,,4 are often negatively related. The negative sign
ensures a positive o4 comparable to o

We also investigated stress-induced mortality risk using modeled leaf
water potential and stomatal conductance. The duration plants operate
under high percentage loss of conductivity can be used to distinguish
tree mortality (Liu et al., 2017; Mcdowell et al., 2013; Sperry et al.,
2015). Here, two types of duration-based tree mortality risk, i.e., hy-
draulic failure risk (HFR) and stomatal closure risk (SCR) were estimated
under dynamic atmospheric and soil water stresses. HFR quantifies the
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fraction of days when the daily minimum leaf water potential falls below
P50 (HFR=hours (¥,<P50)/hours of the entire record), and SCR was
formulated as the fraction of days on which stomata are completely
closed (SCR=hours (g; < = 0)/hours of the entire record). Both HFR and
SCR are based on the duration of stressed physiological states, which are
arguably more effective in capturing tree mortality than intensity-based
metrics (Mcdowell et al., 2013; Sperry and Love, 2015). The same risk
metrics have also been used to evaluate changes in mortality risk under
different climate scenarios (Liu et al., 2017).

Based on the optimized model at both sites, a systematic scenario
analysis was used to estimate the response of hydraulic sensitivities,
stress-induced mortality risks, and ET to a range of atmospheric and soil
water stress scenarios. In each stress scenario, atmospheric and soil
water stresses were manually changed to generate different combina-
tions of stress scenarios. The observed time series of atmospheric water
stress (i.e., VPD) was multiplied by a factor ranging from 20 to 200%
with a step size of 10%. Scenarios of soil water stress were generated by
adding a uniform change, from +0.4 to —2.0 m with a step size of 0.1 m,
to the observed time series of GWT. The highest increase of GWT (4-0.4
m) was used because an increase higher than 0.4 m will cause GWT to
rise above the ground surface. Note that soil moisture also changes with
GWT. To account for the nonlinear variation of soil moisture with GWT,
we derived piecewise linear relationships between GWT and soil mois-
ture of each layer based on observations (Figs. S1, S2). The derived re-
lations were used to represent soil moisture across layers as the GWT
varies. Detailed information on calculations of soil water content under
new GWT scenarios is available in Supplementary Note S1 and S2. In this
way, the generated stress scenarios preserve the observed seasonal and
inter-annual fluctuations as well as empirical relations among hydro-
climatic conditions. The designed 500 combinations of VPD and GWT
were then used to drive the hydraulic model parameterized with 100
sets of posterior parameters. The 100 ensembles were used to investigate
the hydraulic sensitivities, mortality risks and ET of the studied eco-
systems. The notations and units of variables used throughout are listed
in Table S1.

3. Results
3.1. Parameter retrieval using model-data fusion

The model-data fusion approach identifies the root, xylem and leaf
hydraulic traits of the two studied species (Fig. 2). For both species,
xylem hydraulic parameters (i.e. g, max, P50 and a) are widely distrib-
uted over the prior ranges (Fig. 2b-d), which suggests a low sensitivity
of the likelihood function (Eqn. (8)) to the xylem traits. However, the
stomatal (i.e. Ay, fo) and root (i.e. g, max) hydraulic traits exhibit narrow
posterior distributions, indicating strong controls on ET and leaf water
potential used as constraints. The low sensitivity to the xylem traits is
consistent with findings at multiple FLUXNET sites (Liu et al., 2020b)
and a remote sensing scale (Liu et al., 2020a) likely due to leaf water
potential usually being much higher than P50 and thus rarely influenced
by P50. The low sensitivity to the xylem traits is also affected by the
correlation of P50 with other hydraulic traits across MCMC samples that
generate similar model likelihoods. In addition, under sufficient water
supply, the tree species (P. euphratica) has a higher maximum root
conductance (g,max) and marginal water use efficiency (i), than the
shrub species (T. ramosissima) (Fig. 2a, e); and T. ramosissima exhibits a
stronger stomatal control as leaf water potential declines (more negative
Bo, Fig. 2f).

3.2. Model performance in estimating ¥, T and ET

The performance of the PHM was assessed by comparing measured
leaf water potentials, sap flow, and ecosystem-scale ET with model
outputs. Specifically, the PHM captures both the diurnal range and
seasonal variations of measured ¥; for both species (Fig. 3). Notably,
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although transpiration was not included as a model constraint, the
modeled transpiration reproduced the observation based on the sap flow
of P. euphratica, with R2 0f 0.64 and RMSE of 0.47 mmol m 25! (Fig. 4).
At an ecosystem scale, the PHM was able to capture ET within both the
training and the test sets (Fig. 5), with R% of 0.76 and 0.79 respectively at
the P. euphratica site, and 0.69 and 0.78 at the T. ramosissima site. The
training and predictive performance of PHM in estimating the described
hydraulic states and fluxes at diurnal (Fig. 3), seasonal and inter-annual
scales (Figs. 4, 5) support its ability to properly describe plant hydraulic
responses of the two studied species to hydroclimatic variations.

3.3. Variation in hydraulic sensitivities across stress scenarios

We systematically analyzed the sensitivities of leaf water potential to
soil (o50) and atmospheric (64;) water stresses, referred as hydraulic
sensitivities hereafter (Fig. 6). Instead of being a species-specific trait
that remains relatively constant, the hydraulic sensitivities of both
species vary significantly across stress regimes. Under the current
observed stress conditions, o, of both species is greater than 1 (OBS in
Fig. 6), indicating leaf water potential drops at a higher rate than soil
water potential does during soil dry-down. However, as the stress in-
tensifies (moving toward the upper right corner of Fig. 6a, b), the

sensitivity to soil stress declines. The sensitivity to VPD (o4;) also shows
similar patterns as o, although its variation across stress regimes is
dominated by VPD (Fig. 6¢, d). The reduced sensitivities to both soil and
atmospheric stresses indicate that leaf water potential becomes decou-
pled to stresses under severe conditions. However, the extent to which
the hydraulic status decouples from given external stress varies across
species. For example, as GWT drops by 2 m, o5, reduces from 1.58 to
0.82 for P. euphratica but remained almost the same (1.38 to 1.26) for
T. ramosissima.

3.4. Response of mortality risk to water stresses

We used modeled leaf water potential and stomatal conductance to
estimate stress-induced mortality risk, including hydraulic failure risk
(HFR) and stomatal closure risk (SCR), under the same stress scenarios
as in Fig. 6. The results suggest that both the magnitude of HFR and SCR
and their sensitivities to stresses significantly vary across stress regimes
(Fig. 7). For both species, SCR increases as GWT declines and as VPD
increases, due to the limitation of leaf water potential and VPD on sto-
matal opening (Fig. 7a, b). Remarkably, SCR increases faster with stress
under severe stress scenarios (upper right corner of Fig. 7a, b) than
under low stress scenarios (lower left corner of Fig. 7a, b). For example,
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Fig. 3. Modeled and observed leaf water potentials (¥;) of P. euphratica and T. ramosissima during the growing season of 2016. Grey dotted lines represent the
modeled ¥). The green dots denote the observed ¥;. The vertical green bars denote uncertainty ranges of the measured ¥,.

under current GWT (OBS in Fig. 7a, b), 40% increase of VPD only in-
creases SCR by less than 5% for both species. However, when GWT drops
by —1.4 m, the same increase of VPD would cause 36% and 12% increase
of SCR for P. euphratica and T. ramosissima, respectively. This result
highlights the compound impact of soil and atmospheric stresses on
mortality risk. HFR, on the other hand, mainly increases with decreasing
GWT due to reduced leaf water potential (Fig. 7c, d). Starting from VPD
conditions lower than the current observed scenario, increasing VPD
intensifies HFR through reduced leaf water potential, which creates a
sufficient potential gradient for water supply to meet the increased de-
mand of ET. When VPD exceeds the current observed scenario, its lim-
itation on stomatal conductance attenuates water demand and therefore
decreases HFR. As a result, HFR remains stable or even reduces with
increasing VPD under a high VPD condition. Similar to SCR, HFR also

increases faster under severe soil stress scenarios, but not under
increased atmospheric stress scenarios. Specifically, under the observed
stress scenario (OBS in Fig. 7c, d), 0.4 m decline of GWT only intensifies
HEFR of both species by less than 5%; while under a scenario where GWT
is already 1.0 m lower than the observation, the same 0.4 m decline of
GWT would dramatically increase HFR by 22% and 13% for P. euphratica
and T. ramosissima, respectively. Under most stress scenarios,
T. ramosissima exhibits lower risk magnitude and stress sensitivities than
P. euphratica (Fig. 7b, d), indicating a stronger drought resistance of
T. ramosissima.

3.5. Response of et to water stresses

The scenario analysis was also used to estimate the response of Tyq
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the two studies species. OBS denotes the current observed stress scenario.

(Fig. S4) and ET (Fig. 8) to water stresses. Both Ty and ET show similar
responses to dynamic soil and atmospheric water stresses. Specifically,
ET reduces as GWT declines, though with varying sensitivities across
stress regimes. At the P. euphratica site (Fig. 8a), reducing GWT barely
limits ET under low stress scenarios (low VPD and high GWT), as sug-
gested by nearly horizontal contour lines in the lower left corner of
Fig. 8a. However, under moderate to high VPD conditions, ET quickly
reduces with declining GWT. For example, starting from the observed
stress status, 1 m decline of GWT would only cause 15% decrease of ET.
However, additional 1 m decline of GWT (to 2 m below the current
status) would cause a much higher additional decrease of 35%. Under
VPD conditions lower than —40%, ET increases are mainly dominated
by VPD. Nonetheless, as extremely high VPD limits stomatal conduc-
tance, ET remains relatively constant or even slightly reduces with
increasing VPD, which is demonstrated by the nearly vertical contour
lines in the upper right corner of Fig. 8. This pattern suggests that ET is
driven by atmospheric water demand under low stress conditions, while
limited by soil water supply under high stress conditions. The red-
dashed line in Fig. 8a denotes the ridge line of the contours of
P. euphratica, which separates the stress domain to demand-driven
(lower left) and supply-limited (upper right) regimes. As expected, the
separation of demand-driven and supply-limited regimes varies with
species properties. At the T. ramosissima site, ET is mostly demand-
driven except when VPD becomes 60% higher than the observed sce-
nario (Fig. 8b). ET of the T. ramosissima site is less sensitive to both soil
and atmospheric water stresses compared to that of the P. euphratica site,
which indicates a greater capability to buffer water stresses.

4. Discussion
4.1. A dynamic view of hydraulic sensitivity

Our study estimates the response surfaces of hydraulic sensitivities of
two desert riparian species under different soil and atmospheric water
stresses. Consistent with previous studies (Feng et al., 2017; Li et al.,
2019b; Matheny et al., 2017; McLaughlin et al., 2017; Sperry and
Hacke, 2002; Wu et al., 2021), our results also demonstrate that plant
hydraulic sensitivities vary significantly with environmental stresses
(Fig. 6). Notably, the systematic scenario analysis here reveals the di-
rection of hydraulic sensitivity in response to stress. That is, from
moderate to extreme water stress conditions, leaf water potential be-
comes less sensitive to stresses (the upper right parts of Fig. 6a and c).
Under extreme water stresses, variation of ¥; drops to a minimal level
and becomes decoupled from soil moisture or VPD. Such reduction of
sensitivity occurs not only under dry soil, as reported in most previous
studies (Feng et al., 2019; Guo et al., 2020; Hochberg et al., 2018;
Tramontini et al., 2014), but also under dry atmosphere such as during
heat waves (Trugman et al., 2018). As droughts are expected to become
hotter under climate change (IPCC, 2013), evaluating the impact of the
nonlinear hydraulic response to both soil and atmospheric moisture
stresses become increasingly important. Given that more land surface
models start to explicitly represent plant hydraulics, further study is
needed to evaluate how dynamic hydraulic sensitivity affects water/-
carbon fluxes and ecosystem vulnerability in a global change context.

4.2. Ecosystem vulnerability regulated by hydraulic traits

As a direct result of declining leaf water potential, mortality risk is
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observed stress scenario under dynamic soil and atmospheric water stresses. The red dashed line in (a) denotes the ridge line of the contour map.

intensified under compound soil and atmospheric water stresses (Feng
et al., 2017). Comparing the two species, T. ramosissima shows lower
hydraulic sensitivities and mortality risks than P. euphratica does under
the same stress scenario (Figs. 6, 7). This result indicates T. ramosissima
is more resistant to water stress. Previous studies suggested that taller
trees tend to be more vulnerable to cavitation than shorter trees (Bro-
dribb et al., 2020; McDowell and Allen, 2015). Here, T. ramosissima is

10

much shorter and more drought-resistant. Note that the difference in
drought resistance between the two species is unlikely caused merely by
canopy height, as the difference of the maximum xylem conductance
(g, max, inversely related to canopy height) between the two species is
statistically indistinguishable (Fig. 2b). T. ramosissima also has deeper
roots and a greater proportion of deep roots (Fig. 1a, b), which allows
access to deep groundwater when the soil dries out (Miller et al., 2010).
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Besides, T. ramosissima also has a more negative P50 (Fig. 1c) and
smaller xylem vessels, as reported by contemporary studies (Ayup et al.,
2015; Bai et al., 2021), thereby preventing embolism and xylem cavi-
tation under severe soil and atmospheric water stresses (Choat et al.,
2018; Manzoni et al., 2014). Similar to a previous forest hydraulic model
(Christoffersen et al., 2016), these characteristics also highlight hy-
draulic traits that play important roles in simulating the stress resistance
of desert riparian ecosystems.

We used a simplified resistance-based scheme to represent plant
water transport assuming no capacitance following previous studies
(Katul et al., 2003; Manzoni et al., 2014). This simplification breaks the
link between water pressure and storage, while it significantly reduces
the computation load for effective estimation of plant hydraulic traits,
which enables all the scenario analyses. Like in the previous studies,
omitting capacitance and regardless of trait plasticity introduces un-
certainties (Keenan and Niinemets, 2016; Mrad et al., 2018). Plant water
storage is expected to buffer the decline of leaf water potential and thus
introduce ‘legacy effects’ on the transpiration response to hydroclimatic
stresses (Mrad et al., 2018). Due to the potential impact of plant water
storage, the magnitude of mortality risk is expected to be lower, and ET
is expected to be higher than the estimates here. However, the relative
response patterns to different stress scenarios likely remain consistent.
Besides, as plant water storage has been found to affect plant water use
mainly at a diurnal scale (Huang et al., 2017), it is expected to
marginally alter the main findings on stress-response patterns based
annual averages of ET and mortality risk. In addition, re-occurring water
stresses may alter the seasonal LAI and plant hydraulic traits (e.g., the
leaf-specific hydraulic conductivity and the Huber value) (Lopez et al.,
2016; Klein et al., 2018), both of which was not considered here. Due to
trait plasticity, recurring water stress could alter plant traits, e.g.,
reducing LAI increases the risk of carbon starvation, and partial refilling
of the xylem prevents plants from full recovery after experiencing water
stress, which impairs the hydraulic and stomatal functions, thus leading
to lower ET and higher mortality risk than the estimates here. Future
work is required to quantify the influence of trait plasticity on the re-
sponses of ET and mortality risk to water stresses.

4.3. Ecosystem water use under dynamic water stresses and coupling with
vulnerability

As suggested by Feng et al. (2017), the responses of ecosystem
vulnerability and water flux are not always coupled under stress. Our
analysis here specifies that the coupling between water flux and
vulnerability depends on both the stress regime and the source of risk. At
both sites, under high VPD conditions, variations of ET and SCR in
response to GWT are coupled, except when GWT becomes extremely
low. Likewise, the responses of HFR and ET to GWT are coupled under
moderate to high VPD, but decoupled under minimum VPD (Fig. S5).
Therefore, predicting ecosystem water flux and vulnerability requires
estimation of site-specific stress regime and improved understanding of
mortality mechanism.

The systematic scenario analysis predicts the combined effects of co-
occurrence of soil and atmospheric water stresses on ET. We identified
the stress domain where ET is promoted (through diffusion gradient)
and limited (through stomata) by VPD, respectively. ET first increases
and then decreases as VPD exceeds a threshold. This threshold, notably,
reduces as soil water stress intensifies. These findings highlight that
constraining the uncertainty of subsurface hydrological conditions,
which is arguably more uncertain, is as important as quantifying VPD
change to predict ecosystem ET under future climate. Besides, our
analysis also highlights that, ecosystem water flux and mortality risk,
although both resulting from hydraulic dynamics, are not always
coupled, depending on specific stress regime and mortality mechanism.
Our analysis systematically assessed multiple aspects of eco-
physiological functions in response to joint soil and atmospheric water
stresses, which will provide insights for water resource and risk
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management of Dryland riparian ecosystems.

5. Conclusions

This study used a plant hydraulic model to estimate the hydraulic
sensitivities, tree mortality risk and evapotranspiration of two desert
riparian ecosystems. We derived the hydraulic traits at an ecosystem-
scale using a model-data fusion approach, which enables the model to
capture observed plant hydraulic dynamics as reflected by leaf water
potential, sap-flow and evapotranspiration. Starting from the observed
soil and atmospheric water stresses, we generated a wide range of stress
scenarios to evaluate the individual and compound impacts of water
stresses. The results highlight low plant hydraulic sensitivities under
high water stresses, and the strong coupled impact of co-occurrence of
soil and atmospheric water stresses on restricting ecosystem water flux
and intensifying mortality risk. Ecosystem water flux and mortality risk,
although both resulting from hydraulic dynamics, are not always
coupled, depending on specific stress regime and mortality mechanism.
Our analysis assessed multiple aspects of eco-physiological functions
under dynamic soil and atmospheric water stresses in desert riparian
ecosystems. The findings will contribute to a better prediction of
Dryland ecosystem functions and facilitate water resource management
under future climate.
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