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Plant roots connect belowground moisture with aboveground vegetation
functionalities, making root plasticity critical for drought resilience. This study
employs an enhanced land surface ecohydrological model, Duke Coupled
Hydrology Model with Vegetation and Dynamic Roots (DCHM-VDR), to
investigate how root dynamics affect vegetation adaptation under a range of
climate conditions. DCHM-VDR features a moisture-driven  root
parameterization that simulates dynamic root profiles and hydraulic
redistribution (HR). Applied to a semiarid woodland with groundwater-
dependent mesquites and shallow-rooted shrubs, model results compare well
against AmeriFlux tower data and capture observed soil moisture patterns tied to
root water uptake, including mesquite’s dimorphic root profile and shifts in water
source and the direction of HR. Accounting for HR lowers overall water use
efficiency (WUE) by more than 50% in the dry season due to release of deep root
water uptake to moisten dry soil layers. Dynamic root profiles reduce water
demand by avoiding dry soil patches and utilizing moist layers with increased
WUE, especially for shrubs. Mesquites with a dimorphic root profile show a 3-fold
annual transpiration (Tr) increase from 183 mm to 629 mm/year and reduced HR/
Tr from 34% to 6%, along with a small reduction of around 10% for shrubs,
reflecting the importance of groundwater sourcing and the codependence of
shrubs on mesquite for water stress resilience. Future climate scenarios were
examined using the Thermodynamic Global Warming downscaled data.
Mesquites and shrubs respond positively to wetter winters, albeit with
opposite water use strategies in the drier growing seasons due to different
rooting depths and HR modulation of soil moisture. Mesquites increase
transpiration by adjusting root fraction, water uptake, and HR closer to the
saturated zone, while shrubs reduce transpiration and increase WUE by 17%
compared to a decrease of 13% in mesquite WUE under the driest scenario. The
intertwined water use strategies of mesquites and shrubs expressed by the root
water uptake dynamics determine ecosystem response aboveground under
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more extreme climate conditions, highlighting the importance of modeling root
architecture dynamics and co-adaptive ecohydrological processes in predicting
ecosystem responses to climate change.
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coexisting species, groundwater-soil-plant-atmosphere continuum

1 Introduction

The relationship between vegetation dynamics and water
availability plays a key role in water and carbon exchange
between the land and the atmosphere in water-limited regions.
Under high water stress during seasonal or prolonged droughts,
plant communities develop a range of adaptations, including the
downregulation of stomatal conductance, redistribution of moisture
in the soils by plant roots, and deep root systems (Oren et al., 1999;
Amenu and Kumar, 2008; Wang et al., 2018). As leaves control the
rate of transpiration and carbon assimilation based on atmospheric
conditions, roots respond to soil moisture heterogeneity and alter
their source of water uptake based on precipitation patterns and
water table depth (WTD) (Drewniak, 2019; Arora and Boer, 2003).
However, the belowground root dynamics and interactions of
coexisting species, especially in deep soil near the saturated zone,
are often challenging to measure and thus are poorly represented in
most land surface models, limiting our ability to provide robust
predictions of ecosystem responses to water stress (Wang et al,
2022; Wang et al., 2018). Since atmospheric drying is projected to
intensify in the future (Lian et al., 2021; Jones et al.,, 2023), how
vegetation with different rooting depths facilitates or competes for
soil moisture has great implications for overall ecosystem
functioning and resilience.

In regions where groundwater is shallow and upper soil is dry,
extensive studies report tree roots extending to the saturated zone
and the ability of roots to wet shallow soil layers during dry periods
(Hultine et al., 2004; Fan et al., 2017; Wang et al., 2018). Although
observations of groundwater use by deep roots are uncommon,
groundwater withdrawal by plants is suggested by diurnal
fluctuations and the gradual decline of water table levels
following the onset of the growth period, as well as from growth
periods that are out of phase with precipitation patterns (e.g., Scott
et al, (2004)). Consequently, annual evapotranspiration (ET) of
ecosystems with groundwater-dependent species often exceeds
yearly precipitation (Scott et al, 2006). As roots penetrate
through the soil, they also serve as a conduit that guides the
passive transport of water from humid soil layers to drier soil
layers, a process often termed hydraulic redistribution (HR)
(Amenu and Kumar, 2008). Although HR can occur in any
ecosystem that experiences temporary drought regardless of
annual rainfall, higher HR is usually found in water-limited
regions with shallow groundwater where the vertical water
potential gradients are large driving water flow from deep moist
soils to shallow dry soils (Neumann and Cardon, 2012). The
redistributed water by deep-rooted trees provides additional
moisture for the coexisting shrubs, which have relatively shallow
rooting depths and are more dependent on precipitation. Besides
upward redistribution of soil moisture (i.e., from deep to shallow
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soil), seasonally wet periods with ample precipitation can stimulate
root water uptake in shallow soil layers and the redistribution of
surface moisture downward (Hultine et al., 2004; Scott et al., 2004).
Therefore, while deep-rooted plants maintain groundwater access
throughout the year, the distinct wet-dry periods drive seasonal
shifts in the vertical distribution of roots, giving roots plasticity to
switch water sources between soil moisture and groundwater (Fan
et al., 2017; Scott et al., 2008).

Due to the lack of observational data to develop benchmarking
root models and the scale gap between model resolution (hundreds
to thousands of meters) and the heterogeneity of
microenvironments roots experience (typically at millimeter
scale), many land-atmospheric models typically represent root
profiles by a static, exponentially decaying distribution of root
fractions (Wang et al, 2016; Drewniak, 2019). Some models
define root fraction as the fraction of total root biomass or root
area index from a root physiology perspective, while others define
root fraction as the fraction of total root water uptake from a plant
hydraulics perspective (Arora and Boer, 2003; Wang et al., 2018).
Although root biomass or density usually decreases with depth, the
amount of water uptake may not decrease monotonically with
depth, especially in groundwater-dependent ecosystems (Zeng,
2001; Wang et al, 2018). In water-limited regions, where the
water table is reachable by tree roots, an exponential distribution
of root fraction in models can overestimate soil water stress by
limiting most root activities in the upper 2 m soil. In addition, a
static root profile does not capture the seasonal variability of soil
depths where roots get their water depending on WTD and
precipitation patterns (Wang et al., 2016).

A self-optimizing root fraction profile that responds to resource
availability can greatly enhance vegetation functionality in dry
climates and overcome the complex parameterization needed to
simulate detailed carbon allocation of root biomass and hydraulics
between soil and different compartments of roots. Various
approaches have been pursued to implement self-optimizing root
fraction profiles, including maximizing carbon gain while
minimizing water cost under different environmental conditions
(Arora and Boer, 2003; Schymanski et al., 2008; Wang et al., 2018)
and adjusting rooting depths based on changes in local resources,
such as moisture and nutrient availability (Wang et al., 2016;
Drewniak, 2019; Wang et al, 2022). Given the importance of
groundwater in arid climates, Wang et al. (2016) and Wang et al.
(2022) further implemented a fluctuating water table along with
dynamic root profiles and found improved simulation results when
deep-rooted plants grow more roots into the saturated zone and
adapt to water stress.

Qualitatively, trees with stable groundwater access enhance
ecosystem resilience by shifting water uptake from shallow soil
during wet seasons to deep groundwater during dry seasons and
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Maps showing the location and land cover of the study site in the Upper San Pedro River Basin. The basin (shaded in grey) extends into both Arizona,

USA (AZ, USA) and Sonora, Mexico (Sonora, MX); (A) [U.S. Geological Survey (USGS), 2023b]. In (B), the locations of the AmeriFlux tower site (red star), the
San Pedro River (black solid line) and its tributaries (grey dashed lines), and the USGS wells (white circles) used to train the Water Table Depth prediction
model are plotted on top of a land cover map of the zoomed portion of the basin. The land cover map is from the National Land Cover Database
2004; [Wickham et al., 2014]. In (C), an enlarged satellite imagery highlights the range of the riparian mesquite woodland (dark green colors) around the
tower (red star) and the location of the San Pedro River. Source for river location and satellite imagery: Esri; National Atlas of the United States; USGS;
available at https://www.arcgis.com/home/item.html?id=8206e517c2264bb39b4a0780462d5bel.

providing additional moisture to shallow soil by HR. However,
studies focused on root profile in ecohydrological processes
associated with more than one vegetation type and maximum
rooting depth, including the interactions between deep- and
shallow-rooted species and their mutual responses to water stress,
are rare in the literature. In this study, we incorporate a time-
varying, moisture-driven root fraction profile and water uptake
parameterization into an existing ecohydrological model
(DCHM-V) to investigate how root dynamics of vegetations with
different water sources influence soil moisture and aboveground
vegetation activity at a semi-arid woodland site. At this study site,
overstory trees (i.e., mesquites) have constant access to groundwater
and share shallow soil moisture with shorter and shallow-rooted
shrubs (Scott et al., 2004). The dynamic root profile characterizes the
vertical distribution of effective root water uptake based on soil
moisture, while an updated root water uptake scheme governs water
transport through the groundwater-soil-plant continuum, allowing
for HR. The model is first evaluated against observations. We then
drive the model with atmospheric forcing projected by
Thermodynamic Global Warming (TGW) simulations to project
how the interactions between the overstory and understory may
change under more extreme climates (Jones et al., 2023). The main

goal of this study is to address the following questions:

1) How do coexisting trees and shrubs optimize their root

fraction profiles based on local soil moisture and
precipitation patterns at seasonal and interannual scales?

2) How do the time-varying root profiles facilitate or moderate
the competition for

vegetation species?

soil moisture between different
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3) How will the below- and above-ground vegetation activities
adapted to the current climate respond to a warmer, more
extreme climate?

The manuscript is organized as follows. Section 2 describes the
study site. Section 3 provides a brief overview of the existing DCHM-
V model followed by detailed formulations of newly added
belowground. Section 4 describes the experimental design and
data sets used in this study, including the forcing and parameters
used in each experimental simulation. Analysis and discussion of
results are provided in Section 5. In particular, the model is first
evaluated using atmospheric forcing and vegetation parameters
from different sources and compared against observations and
related previous studies in the literature. The sensitivity of
ecohydrological simulations to water table depth, dynamic root
parameterization, and root structures and flexibility under
current climates are discussed in Section 5.2, and Section 5.3
presents how vegetation with dynamic roots adapted to current
climate responds to more extreme climates. Section 6 provides a
summary and concludes the manuscript.

2 Study site

Our study is conducted in a mesquite woodland site on an
floodplain terrace adjacent to the main channel of the San Pedro
River in southeastern Arizona (Figure 1). The climate of the river
valley is semiarid, with summer average maximum temperatures
around 34°C and an annual precipitation of 288 mm (Scott et al.,
2004). Winter frontal storms, usually occurring between November
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and March, provide 30% of the mean annual precipitation, and
convective storms during the North American Monsoon, usually
from July to September, provide about 60% of the annual
precipitation (Scott et al, 2006). The soil texture is reportedly
composed mainly of sandy loam interspersed with layers of clay
and gravel (Scott et al., 2004).

Velvet mesquite trees dominate the woodland ecosystem with an
understory layer primarily composed of shrub species (Scott et al.,
2004). Velvet mesquite trees have deep-rooted systems that depend
on groundwater sources (Scott et al., 2003). The root system of
mesquite trees often consists of a deep taproot to access groundwater
sources and a large number of lateral roots to harness soil moisture
(Hultine et al., 2004; Scott et al., 2004). In contrast, understory roots
have not been observed beyond 2-3 m soil depths, suggesting that
they cannot reach groundwater typically at around 10 m at this site
(Scott et al., 2004).

3 Methods

This study expands the coupling of ecohydrological processes to
the Duke Couple Hydrology Model with Vegetation (DCHM-V) to
study the role of vegetation adaptations in land-atmosphere
interactions under a changing climate by improving the vertical
soil profile of the rootzone, incorporating parameters and processes
for desert climates, and developing a parsimonious parameterization
of root dynamics. DCHM-V is a land surface model that solves for
water mass and energy balance, coupled with a biochemical
representation of both C3 and C4 photosynthesis pathways and a
substrate-structure dark respiration parameterization (Barros, 1995;
Devonec and Barros, 2002; Garcia-Quijano and Barros, 2005;
Lowman and Barros, 2016; Lowman et al., 2018). Gebremichael
and Barros (2006) and Lowman et al. (2018) have applied DCHM-V
in the Sonoran Desert and South Africa, respectively, and
successfully captured the observed magnitude and variations of
the coupled water-carbon cycles in ecosystems spanning from
semi-arid savanna to humid forests. The model is also part of a
3-D distributed land hydrology model that captures surface-
subsurface interactions and channel routing at a sub-kilometer
scale without calibration and is used for flood prediction (Yildiz
and Barros, 2005, Yildiz and Barros, 2007, Yildiz and Barros, 2009;
Tao and Barros, 2013, 2014; Liao and Barros, 2023). However,
previous applications do not make distinction between species
within a model column and did not account for HR, and thus,
were not capable of examining the belowground dynamics and
interactions between vegetation and soil moisture or between
coexisting species.

Here, the 1-D (column) version of DCHM-V is used to simulate
vertical land-vegetation-atmosphere interactions. Heat and water
fluxes are evaluated at individual pixels and at each timestep between
each soil layer and exchange with the atmospheric boundary layer at
the surface. Given our study site’s coexisting tree and shrub
vegetation composition, shading provided by the overstory trees
divides the lower vegetation layer (i.e., shrubs) and the land surface
into shaded and unshaded areas. While all shrubs in the lower
vegetation layer share the same vegetation parameters, the shaded
portion is termed “understory shrubs,” and the rest that is exposed
to direct sunlight is termed “open shrubs.” A generic term “shrubs”
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is used to indicate the entire lower vegetation layer, adding together
the understory and open shrubs. Below ground, the overstory
rootzone extends to the capillary fringe above the water table, so
a groundwater layer is introduced in the model to capture the
interactions between mesquite roots and groundwater. The roots
of the shrubs only occupy the top 3-m soil column, where they share
the available water with the overstory. Due to a deeper soil column
that extends to the water table reaching 11 m in depth (Scott et al.,
2008), the original 3-layer soil column with 1 m depth in DCHM-V
is expanded to 16 layers with 12 m depth. While soil depths and
vegetation parameters used here represent soil and vegetation
characteristics for this study site, the model formulation can be
applied to any ecosystem. Next, we introduce the essential
modification and formulation for dryland vegetation processes
added to DCHM-V and refer to the enhanced model as DCHM-
VDR hereafter.

Figure 2 shows a conceptual depiction of the model. A flowchart
of the model and a conceptual diagram to illustrate the fractional
representation of land cover classes at sub-grid scale are presented in
Supplementary Figure S1. A glossary of the variables and acronyms
used in this manuscript is presented in the Supplementary Material.

3.1 Stomatal conductance

The model relies on an empirical stomatal conductance model
following Stewart, (1998), which is described in detail in Devonec
and Barros (2002) and Garcia-Quijano and Barros (2005).
Mesquites are phreatophytic and highly efficient in extracting
water from deep saturated zones (Hultine et al., 2004; Scott et al.,
2004). To simulate the high transpiration and carbon assimilation
rates measured in the field during prolonged drought periods,
simulations of the stomatal opening of mesquites need to capture
their high tolerance in vapor pressure deficit (VPD) and soil water
stress. A glossary of model parameters is provided in
Supplementary Material.

The VPD control in the stomatal conductance model follows
Oren et al. (1999), where stomatal conductance (g;) is linearly
related to the natural log of vapor pressure deficit (VPD; Equation
1). The intercept (gs.s) and the slope (m) characterize the
maximum g, when VPD is at 1 kPa and the sensitivity of g to
VPD, respectively. Based on a linear regression of available data
from field measurements for mesquites (Lin et al., 2015), gges =
0.3043 mol/m?/s and m = 0.36097s. - No specific data were found
for the major shrub species at the study site. Hence, the median
values of gger = 0.228 mol/m?/s and m = 0.317gsre s for the shrubs

in the Sonoran Desert were adopted here (Ogle et al., 2012).
s :gsref_m' In (VPD) (1)
To reduce stomatal opening when soil moisture is low, a linear

response of g; to soil moisture stress based on the soil’s wilting point
(Owp) and field capacity (0y.) is implemented as follows:

0,0< 0y,

>
|

fz(é):
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The average soil moisture (6) sensed by the canopy is estimated
by averaging the soil moisture in soil layer j where water extraction
occurs and scaled by the root fraction (fro0,j; Equation 3).

Z(froot,j N 0])

0=t 3
%froot,j ( )

This parameterization ensures that soil moisture availability is
only critical to plants in layers where roots extract water. For
middle soil
precipitation infiltration or capillary rise contribute little to the

instance, the layers not reached by either

soil moisture stress sensed by the mesquite.

3.2 Hydraulic redistribution (HR)

The plant hydraulics approximation in DCHM-VDR was
updated to enable HR based on the “plant hydraulic stress”
configuration in Community Land Model version 5.0 (Kennedy
etal., 2019). The original formulation in DCHM-V uses Darcy’s law
to approximate one-way water flow from soil to vegetation, which is
more appropriate for shallow soils and humid regions (Devonec and
2002; Garcia-Quijano 2005). The new
formulation simultaneously solves root potential (y,,,) and leaf

Barros, and Barros,

water potentials (y,,, (), assuming no change in plant water storage
(Equation 4).
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{ CV . Z Groot,i = qleaf (4)

Qieaf = Cv -E,

where C, is the vegetation cover fraction, quum is the total
root water fluxes between plant roots and all soil layers
(Equation 5), Greqs is the root-to-leaf water flux (Equation
6), and E, is vegetation transpiration. Root water uptake
from each soil layer i and the evaporative demand at the
plant leaves are tied to the soil water potentials (v, ),
plant water potentials (y,,, and y,,,,), and gravitational
potentials (gz; and gh, where z; and h are soil layer depth
and vegetation height, respectively) and scaled by root fraction
(froot) and leaf area index (LAI).

v/soil,i - v/mot - gzi

qroot,i = front,i N ryﬂ (5)
—y...—gh
eas = LAI - Yoot I‘{/le;z f g ( 6)

The resistances between soil and roots and between roots and
leaves are estimated by I's_,; and I',_j, respectively, following Garcia-
Quijano and Barros (2005). Since root water uptake is a function of
the potential gradient between the soil and plant roots, roots extract

‘//root

Groot,i <0). Conversely, roots release water, directly contributing

water from the wet soil layers (ie., ¥ ;;~ -9zi<0 and

to the soil moisture storage, when soil is dry due to low soil
water potential (i.e., ¥ ;= V,por — 92i > 0 and Groor,i > 0).
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As shrubs and mesquites share soil moisture storage in the
shallow root zone (upper 3 m), they both have access to the released
water by HR. While the two species withdraw water from each
shallow soil layer’s soil water resource pool, assuming their roots are
equally effective, the total released water by HR is partitioned among
the species based on LAI fraction (f4r) and root fraction (fyoot)-
We estimate the released water available to each vegetation (p) in
each soil layer (i) as follows:

fraot,i,p ° fLAI,p

f(HR),;, = (7)
i Z(fmot,i,p : fLAI,p)
P
where frout,i,p = % and fLAI,p = ZI‘Aﬁ Vegetation with
p rootiop p P

higher LAI and root fraction in a soil layer occupies a higher
fraction of total HR.

3.3 Root dynamics

A new moisture-driven dynamic root system was also
introduced in the DCHM-VDR. The model uses root fractions to
quantify how much water is extracted from each soil layer as a
fraction of total root water uptake controlled by soil moisture
availability and evaporative demand. Rather than defining each
layer’s root density or biomass, a root fraction profile directly
estimates root activity (e.g., which layers are actively exchanging
water with the roots). This parameterization does not distinguish
between tap roots, fine roots, or lateral roots, but rather, the goal is to
estimate the overall effective root water transport. For instance, tap
roots near the saturated zone are very efficient in transporting water
upwards and thus may have a high root fraction, even if the actual
root biomass may be small. It is further assumed that the root
systems are mature, which is true to reality at the study site (Scott
et al., 2003).

The architecture of a mature root system remains relatively
stable under typical climatic fluctuations but can adaptively adjust
its water extraction depth in response to changes in precipitation
patterns and fluctuations in WTD. Thus, the dynamic rooting
profile in the model updates root fractions in each soil layer i
based on the daily average soil moisture (6;) at the end of each
day (t) for the next day (f + 1; Equation 8).

t 4 Aft

t+l root,i root,i (8)

root,i N
_zz(fioat,i + Afioot,i)
i=

The daily change in root fraction in each layer (A f° Equation

t .
root,i’
9) is controlled by a daily change coefficient (Ak}), layer thickness
(Az;), and layer bottom depth (z;p). A maximum rate of change
(Grymax) further caps the daily changes in root fraction in each layer,

such that Af!

voori cannot exceed the value of G,y

A s = G K- 2 ©)

Zip
A critical soil moisture threshold (0.,) controls whether root
fraction changes in each layer, and the amplitude of the change
coefficient depends on 6; compared against field capacity and wilting
point. Waterlogging is set to limit root growth when soil moisture
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reaches 95% of saturation (6,,,), as most roots cannot survive under
anaerobic conditions (Equation 10).

-0 f B <6;<0.950,,
Ak,- = ch - Gwp (10)
0 else

As aresult, roots are more active in moister and shallower layers.
Specifically for this study site, where shrubs and mesquites share soil
moisture in the upper 3 m soil, 6; is the same for both vegetation
species in the shallow soil layers. However, mesquite roots have
access to deeper, moister soil layers, especially during dry periods,
leading to higher root fractions distributed to deeper layers. The
sensitivity of root profiles and vegetation dynamics to the two most
important parameters in the model, G, and 6,,, is examined in
Section 5.2.1. The new self-optimizing rooting profile directly
impacts the soil moisture profile by shifting the water extraction
depths along the root column. Changes to the soil moisture profile,
in turn, influence soil water stress and aboveground
vegetation processes.

The architecture and flexibility of root profiles control roots’
sensitivity to changes in the vertical soil moisture profile and where
roots extract water. Plant hydraulics control vegetation’s ability to
extract water, with more effort needed to draw water from deep and
dryer soil layers. In combination, they influence the water use
strategy of plants in response to different levels of water stress,
that is, the water use efficiency (WUE) of the entire plant in its
ecohydrologic context. In this study, we define hydrological WUE
(WUEy,) as the ratio of gross primary productivity (GPP) over total
gross root water uptake
(i.e., WUE;, = GPP/ quot,i,where Groot,i <0), which includes the
water released to the soil by roots through HR. We further define
plant WUE (WUE,) as the ratio of GPP over transpiration, which is
the net water uptake reaching the canopy after subtracting the water

released to the soil by HR.

4 Experimental design and data

DCHM-VDR was first forced by historical climate and evaluated
against AmeriFlux tower observations to establish confidence in the
model’s ability to capture the processes that govern the water and
energy budgets. To explore sensitivity and adaptation to climate
change in the region, two sets of ten-year-long simulations were
conducted for the mesquite woodland site to explore the interaction
of above- and belowground vegetation compartments under varying
climate conditions driven by the Thermodynamic Global Warming
(TGW) simulation dataset (described in Section 4.1): (1) historical
climate (2000-2009) and (2) future climate (2090-2099) (Jones
et al., 2023). Under the historical climate, we further examine the
sensitivity of the ecosystem to WTD, root fraction parameterization,
and different root structures. Table 1 provides a summary
description of the simulations conducted.

Model evaluation simulations use atmospheric forcing primarily
from the AmeriFlux tower observations or the historical scenario of
the TGW simulation dataset from 2003 to 2004. Vegetation
dynamics are derived from Moderate Resolution Imaging
Spectroradiometer (MODIS) products and Landsat imagery.
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TABLE 1 A description of the experiments conducted in this study, along with the source of atmospheric forcing and vegetation parameters used in

each run.
Scenarios Atmospheric forcing LAI Root profile # Of runs
Shrub: MODIS

AmeriFlux tower Mesquites: Dynamic )

(2002-2003) i. MODIS ¥

Model evaluation ii. Landsat
i. Dynamic
TGW simulations historical Shrub: MODIS ii. Static (exponential) 5
scenario (2000-2009) Mesquite: Landsat iii. Static (mean optimized
root profile
hotter “projected” LAI (scaling the
Future Climate TGW Simulations Oi]:lierre‘;zcel III‘IAIIJ:)IY ;l;;:;e;n Dynamic 2
Scenarios (2090-2099) (SSP585) cooler by CMIP6 ScenarioMIP
SSP585 MME)

LAL: Leaf Area Index. TGW: Thermodynamic Global warming. MODIS: Moderate Resolution Imaging Spectroradiometer. CMIP6: Coupled Model Intercomparison Project Phase 6. SSP585:

Shared Socio-economic Pathway 5-8.5. MME: multi-model ensemble.

Climate change experiments are forced by the future climate
scenarios that follow the shared socioeconomic pathway with the
highest emission (SSP585) in the TGW simulation dataset. The
future LAI trend is derived from comparing the Sixth Coupled
Model Intercomparison Project Phase (CMIP6) historical model
outputs and SSP585 future global climate projections. In this study,
we focus on the response of vegetation to climate variations and
assume vegetation structures, including vegetation cover, fraction of
photosynthetically active radiation (FPAR) absorbed by vegetation,
and surface albedo, will remain the same in the future. Soil
parameters are also assumed to be static and derived from the
Soil Web Survey (USDA-NRCS, 2023).

A complete list of the data used in the model is provided in
Supplementary Table SI. Dynamic WTD is predicted by a
Multilayer Perceptron (MLP) model trained using nearby well
observations, described in Section 4.3.

4.1 Atmospheric forcing data

For model evaluation, atmospheric forcing from the local
AmeriFlux Tower observations is used first (Scott, 2002), except
for downward longwave surface radiation and surface pressure due
to limited tower observations. These two missing variables are
obtained from the North America Land Data Assimilation
System Phase 2 (NLDAS-2) atmospheric forcing data, which
integrates multiple sources of observation-based and model
reanalysis data and is primarily used to drive offline land-surface
models (Mitchell et al., 2004; Xia et al., 2012). For the short period
that longwave surface radiation observations are available from the
tower, the variations and amplitude of NLDAS-2 match well with
the observations (not shown here).

The TGW dataset used to force the climate change experiments
is available over the U.S. at a spatial resolution of 12 km and hourly
and 3-hourly temporal resolution. The dataset first uses the Weather
Research Forecasting Model to dynamically downscale past weather
data from the European Centre for Medium-Range Weather
Forecasts version 5 re-analysis as a historical reference.
Thermodynamic warming signals are derived from 8 global

circulation models (GCMs) following SSP585 available via
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CMIP6 and used to forecast future warming trajectories. The
GCMs are grouped into two categories based on their relative
climate sensitivity. The trajectories predicted by signals derived
from GCMs with a higher sensitivity are referred to as the hotter
scenario, and the trajectories predicted by models with lower
sensitivity are referred to as the cooler scenario. More details on
the dataset are provided in Jones et al. (2023).

Incoming shortwave and longwave radiation at the land surface
are corrected for the shading effects of the overstory canopy cover
since subcanopy measurements are unavailable. A simple Beer-
Lamber Law approach is adopted to estimate the transmissivity
of shortwave radiation in vegetation canopy based on LAI and solar
zenith angle () as follows:

W LA

Tveg = @ 2cosk

(11)

One limitation of this approach is the inability to capture
artifacts tied to the canopy structure (e.g., heterogeneity in the
porosity space between leaves within the canopy). We further
assume that canopy-emitted longwave radiation is the only
source of downward longwave radiation under the tree
canopies. Tower observed canopy temperature is gap-filled
using a half-hourly lapse rate for each day of the year
between canopy temperature measured at 10 m and air
temperature measured at 3 m when observations are

available. To estimate future canopy-emitted longwave
radiation, future canopy temperatures are interpolated from
the 2 m air temperature using lapse rates derived from air
temperatures at 2-m and the lowest model level from the TGW
simulation dataset. Due to the lack of temperature profile data,
this approach cannot capture the daytime temperature
inversion at the canopy layer, and therefore, it only provides
a lower bound estimate of canopy temperatures during
the daytime.

Land surface albedo was acquired from the NLDAS-2 Mosaic
Land Surface Model L4 dataset at hourly temporal resolution and
12.5 km spatial resolution (Xia et al., 2012). For simplicity, we
assume land surface heterogeneity will not change in the future,
thus, land albedo the

all model runs.

and surface remains same for
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4.2 Vegetation parameters

One of the sources for observed LAI and FPAR is MODIS Terra
(MOD15A2H) and combined Terra and Aqua (MCDI15A2H)
products, available at 500-m spatial resolution and 8-day
temporal resolution (Myneni et al., 2021a; Myneni et al.,, 2021b).
Since overstory canopies usually hinder remote sensing observations
of understory, we use the average values of the gap-filled and
smoothed MODIS results for all the 500-m pixels that have a
land cover type of shrubland according to the combined Terra
and Aqua product (MCD12Q1) in an area of 6 km x 6 km centered
over the tower location to represent the dynamics of shrub near/
under trees (Friedl and Sulla-Menashe, 2022). Specifically for
mesquite, another source of observed LAI and FPAR with finer
spatial resolution is the Enhanced Vegetation Index (EVI) derived
from Landsat-7 imagery data [Landsat-7 image courtesy of the U.S.
Geological Survey]. The estimates assume a linear relationship
between FPAR and EVI and an exponential, non-linear
relationship between LAI and EVI (Myneni et al, 1997). The
adaptive Savitzky-Golay filter in TIMESAT was used to fill gaps
and reduce noise in vegetation time series of both data products
(Jonsson and Eklundh, 2004). For both products, spring and autumn
air temperatures control the mesquite growing season (i.e., LAI >0)
between the last freeze in spring and the first freeze in autumn, while
open shrubs and understories are perennial (Scott et al., 2004).

A total of 13 models in CMIP6 provide daily LAI outputs for
historical and SSP585 scenarios (Supplementary Table S2).
However, a comparison of historical CMIP6 LAI outputs with
the satellite-observed LAI data demonstrates that CMIP6 models
fail to capture the phase and amplitude of LAI seasonality at the
study site. Furthermore, CMIP6 models do not differentiate between
understory and overstory vegetation. Instead of directly assimilating
CMIP6 LAI outputs into DCHM-VDR, we calculate how much LAI
increases for each day of the year (DOY) in the future scenarios
based on CMIP6 multi-model ensembled (MME) LAI outputs.
Then, we use the CMIP6 MME mean increase ratio (r,poy) in
LAI to scale observed mesquite and shrub LAI to represent future
vegetation dynamics (Equation 12).

LAI 1,DOY ,SSP585

Twpoy = (12)

LAI u,DOY ,historical

Satellite-observed vegetation cover fraction (CVgenite) is
estimated using the Normalized Difference Vegetation Index
(NDVI) from Landsat 7 Band 3 (the red band) and Band 4 (the
near-infrared band), where bare soil NDVI (NDV ) is 0.05 and full
vegetation NDVI (NDVTI;) is 0.8 (Equations 13, 14).

Band 4 — Band 3
NDVI = [ 2414 =~ Dand > (13)
Band 4 + Band 3
NDVI—-NDVI,
Vatellite = | —————————— 14
C satellite <NDVIS—NDVIO> ( )

Based on the literature, CV g.iiite is partitioned into mesquite,
understory shrub, and open shrub cover fractions such that
mesquites dominate around 70% of the canopy cover during
peak growth periods (Scott et al, 2014), and shrubs (the
combination of understory and open shrub) cover ranges from
around 10% in pre-monsoon periods to 50% in monsoon periods
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(Scott et al., 2003; Yepez et al., 2007). Since we assume land cover
and vegetation composition and structures will remain the same in
the future, we use the observed vegetation cover fraction and FPAR
data for future climate scenarios.

4.3 Regional water table depth (WTD)
prediction

Groundwater is a crucial water source for mesquite trees,
especially during the dry periods. However, WID observations
are not publicly available at the study site, and predictions need
to be made for the future climate. In this study, we train an MLP
model to predict WID using climate and vegetation data, field-
based groundwater observations, and geographical variables
(Supplementary Figure S2). Eight groundwater wells with more
than 5 years of publicly available daily observations near the San
Pedro River in the Upper San Pedro River Basin, where our study
site is, are selected [U.S. Geological Survey, 2023¢; Figure 1]. At each
site, daily minimum and maximum temperatures are obtained from
Daymet (Thornton et al., 2022), daily total precipitation is obtained
from Stage IV (Du, 2011), and LAI is obtained by averaging the
quality-filtered MOD15A2H and MCD15A2H products (Myneni
et al,, 2021a; Myneni et al., 2021b). The minimum horizontal and
vertical distances between each well and the San Pedro River are
derived from 1-m Digital Elevation Models (U.S. Geological Survey,
2023a) and National Hydrography Dataset flowline data (U.S.
Geological Survey, 2023b).

MLP is selected because of its nonlinear modeling ability,
flexibility in input data formats, and effectiveness in generalizing
data (Sahu et al, 2020). After testing 20 different sets of MLP
hyperparameters to tune the number of layers and number of nodes
per layer, a two-layer MLP with a hidden size of 64 and 128 in each
layer, respectively, is chosen and trained using a learning rate of
0.0001 for 10 epochs. Cross-validation is used to check the ability of
MLP to capture seasonal and spatial variations in WTD. The last
2 years of data at each site are grouped into a test set, withheld from
training and validation. After leaving out the test set, each fold of the
cross-validation uses data from one of the wells as the validation set
and data from the other sites as the training set. After each site is
used as a validation set at least once, the average root-mean-square
error (RMSE) is 0.3 m. The average RMSE and coefficient of
determination (R*) on the test set are 04 m and 0.96,
respectively. The model performance on the test set shows good
agreement in the seasonal variations and the amplitude of WTD
between prediction and observations. However, the model cannot
capture non-stationarity, such as strong WTD uprising in extremely
wet years and the potential influence of anthropogenic groundwater
withdrawal (Supplementary Figure S3).

After validating and testing the model, WTD is predicted by
forcing the MLP model with the climate conditions of each period.
Due to the limited land cover types characterized by the training
data, the trained MLP can only capture the seasonal trend of WTD at
the riparian woodland site in this study but underestimates the
absolute depth or the range of fluctuation. Instead, the range of
seasonal variations of the predicted WTD aligns better with the
observation at the shrubland and grassland sites upstream (Scott
et al., 2006). In Section 5.2.2, we scale and shift the predicted WTD
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FIGURE 3

A comparison of tower observed and modeled daytime average latent heat (A), daytime average Bowen ratio (B), and daily total GPP (C). Simulations
using atmospheric forcing from tower observations and vegetation parameters from MODIS and Landsat are shown in orange and purple, respectively.
Simulations using atmospheric forcing from the historical scenario of the TGW dataset and vegetation parameters from Landsat are shown in green. An
asterisk is put next to "Observation” in the legend to highlight that tower estimates of latent heat and sensible heat were modified to impose daily
energy balance closure while preserving the daily Bowen ratio; CO, fluxes were modified in the same way as sensible and latent heat (typically a positive
correction of ~25%) (Scott et al., 2004). The grey shaded lines in (A, C) aim to represent the uncorrected tower data and were derived by reducing the

latent heat and GPP by 25%.

under historical climate, such that the average depth extends to 10 m
and the decline of the water table after mesquite leaf-out reaches 1 m
according to the literature (Scott et al., 2008), and discuss in detail
how the bias in the predicted dynamic WTD do not affect the overall
root water uptake patterns and future trends. Another limitation in
using the trained MLP to predict future WTD at the study site is that
this approach assumes the current relationship between atmospheric
forcing and WTD still holds in the future, yet such a relationship is
likely going to change due to complex interactions among
hydrological processes, especially at a riparian site. However,
accounting for the non-stationarity in WTD is beyond the scope
of this study and will be addressed in more detail when integrating
DCHM-VDR into the 3-D distributed land hydrology model.
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5 Results and discussion
5.1 Model evaluation for historical climate

To evaluate DCHM-VDR’s performance on riparian woodland
in a semi-arid climate, simulation results are compared with field
measurements. The model is uncalibrated, and model results are
grid-based and spatially averaged. Thus, we do not expect a perfect
agreement between model simulations and the point-scale
measurements made at the AmeriFlux tower. Rather, the goal is
to establish the model’s ability to simulate the water processes and
photosynthesis rates consistent with observed seasonal and inter-
annual variability.
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5.1.1 Comparisons of model simulations against
observation
5.1.1.1 Evaluation of simulated soil moisture

Simulated shallow soil moisture responds to rainfall pulses
similar to tower observations (Supplementary Figure S4). The
model is generally more sensitive to intense and consecutive
precipitation events while less sensitive to small and isolated
precipitation events, partly due to a lack of representation for
preferential infiltration pathways tied to roots and soil in the
model. Also, our column model cannot capture lateral subsurface
flow at times of increased precipitation and when water levels are on
the rise, which lowers the sensitivity of modeled soil moisture at
mid-depths (Supplementary §4D, E). Although no
observations are available near the water table, DCHM-VDR
captures the seasonal drawdown of deep soil moisture during the
(May-October) and the
(October-May;

Figures

mesquite peak growing season

replenishment  during  the  dormancy

Supplementary Figure S4F).

5.1.1.2 The seasonality of aboveground vegetation activities

The seasonality of modeled latent heat, GPP, and Bowen ratio
(i.e., the ratio of sensible heat to latent heat) matches well with tower
observations (Figure 3). Both latent heat fluxes and GPP remain low
between the first nighttime freeze event in late fall and the last freeze
event in mid-spring, which signal the senescence and leaf-out of
mesquites, respectively. As mesquites begin transpiring water and
assimilating carbon actively after leaf-out, latent heat and GPP rise
simultaneously. After entering the monsoon season, frequent and
large precipitation events replenish shallow soil moisture
(Supplementary Figures S4A-D) and facilitate the growth of
shrubs, further increasing the latent heat and GPP (Figures 3A,
C). Towards the end of the growing season, decreasing temperatures
lowers mesquite and shrub activities and reduces latent
heat and GPP.

The Bowen ratio follows the opposite trend of latent heat
(Figure 3B). In winter, the Bowen ratio is highly sensitive and
can reach above ten because vegetation is mostly dormant under
low temperatures, leading to low latent heat. During mesquite’s
growth period, high latent heat due to active transpiration and
monsoon activities reduce Bowen ratio to below one, as shown in the
insets that enlarge Bowen ratio from May 15 to November 15 in
Figure 3B. The underestimation of the modeled Bowen ratio during
mesquite’s growth period is due to a difference in reference height
used by the model (2 m) and the measurement height of the tower
(14 m). The overstory has a maximum canopy height of
approximately 12 m, so the tower measures energy balance above
the canopy. However, our model simulates energy balance below the
canopy, near the surface, and thus, cannot be compared to tower
observations directly. The shading of the canopy reduces the heat
exchange between surface soil and sub-canopy air and,
subsequently, the Bowen ratio. Model simulations without
effects closely,

demonstrating the cooling effects of shading on reducing sub-

shading match tower observations

more
canopy sensible heat and Bowen ratio (Supplementary Figure S5).
5.1.1.3 The effects of different forcing

Simulations forced by TGW atmospheric data have an earlier
onset of the mesquite growth period due to the temperature
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difference between measurements made at a point scale and
reanalysis forcing data at a grid scale. The study site is in a
riparian corridor, where in situ nighttime temperatures are
generally 5°C-10°C lower than outside of the corridor (Scott
et al, 2004). Because subgrid-scale heterogeneity cannot be
captured, temperatures from the TGW dataset are generally
higher than tower measurements, triggering earlier onsets of the
mesquite growth period. Higher temperatures before mesquite’s
growth period also result in higher sensible heat and Bowen
ratios. In addition, the differences in precipitation between Tower
(black) and TGW (grey) during the monsoon (Supplementary
Figure S6B) explain the lower modeled soil moisture using TGW
forcing, especially in 2002 (Supplementary Figures S4B-D).

Simulation results using vegetation parameters derived from
satellite products at different spatial resolutions illustrate the
impacts of uncertainties in vegetation parameters on modeled
vegetation activity. As shown by a series of sensitivity tests
performed by Yildiz and Barros (2007), vegetation properties
of vegetation cover fraction and LAI are the key model
parameters governing ET, especially in a dry climatic regime.
First, land cover changes from dense mesquite forest to desert
shrubland at a distance greater than 150 m southeast of the tower
(Figure 1) (Scott et al., 2004). Landsat has a spatial resolution of
30 m, while MODIS LAI/FPAR products have a spatial
resolution of 500 m. Hence, MODIS averages across a
mixture of mesquite woodland and desert shrubland, whereas
Landsat primarily senses the mesquite forest within the tower
pixel. Previous studies have measured an average LAI of around
1.0 m/m and 1.6 m/m before and after the leaf-out of mesquites
at this site (Scott et al., 2004), which can be successfully captured
by Landsat EVI-derived LAI but not by MODIS (Supplementary
Figure S7). Consequently, simulations using Landsat-derived
LAI and FPAR (purple) produce latent heat and GPP more
comparable with tower observations than MODIS (yellow,
Figures 3A, C).

However, the seasonality and amplitude of understory LAI
are difficult to describe because the obstruction by the forest
canopy makes it difficult for remote sensing observations to
capture understory vegetation dynamics. In this study, we
average the values of the surrounding shrubland pixels
identified by MODIS to obtain understory LAI, where
overstory shading is substantially lower. Hence the values we
use are likely an underestimate of the understory LAI in the
mesquite woodland.

Moreover, the underestimation of simulated GPP and
overestimation of Bowen ratio during pre-monsoon and post-
monsoon periods can be associated with uncertainties in the
partitioning of overstory and understory vegetation cover
fractions. Specifically, fixing the mesquite vegetation cover at 70%
according to ground measurements (Scott et al., 2004), which is
consistent with the value derived from LAI at the monsoon peak,
significantly increases latent heat flux and GPP during the mesquite
green-up phase (Supplementary Figure S8) to better agree with the
tower observations corrected for energy budget closure. However,
using globally available data, such as MODIS and Landsat, enhances
the model’s applicability across various ecosystem types and
different hydroclimatic regimes, providing greater transferability
and reproducibility.
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FIGURE 4

Diurnal cycle of seasonally averaged root water fluxes as a function of soil layer depth by both vegetation types in 2002 (top row) and 2003 (bottom
row). Plant roots extract water from the red-shaded soil layers and release water in the blue-shaded layers. Seasonally averaged mesquite and shrubs
(both understory and open shrubs) root fraction profiles are plotted in the first column for 2002 (top row) and 2003 (bottom row). The colors of the root
fraction plots represent different seasons. Solid lines represent mesquites, and dashed lines represent shrubs. All results are from model simulations
using atmospheric forcing from tower observations and vegetation parameters from Landsat and plotted on a log scale. Each day starts at midnight, O:

00 local time.

5.1.2 Temporal variations in root dynamics
5.1.2.1 Root fraction profile and groundwater use

Figure 4 depicts the seasonally averaged root water fluxes and
root fraction profiles as a function of depths in 2002 and
2003  simulated
observations and vegetation parameters derived from Landsat.

using atmospheric forcing from tower
Since the evolution of the dynamic root profile is primarily
driven by soil moisture gradients, the optimized root fraction
profiles closely follow the precipitation patterns. Particularly,
mesquite roots transition from mainly extracting near the water
table during pre-monsoon periods (orange solid lines) to near the
surface and near the water table during the monsoon periods (green
solid lines, Figure 4). Recorded field data shows minimal
fluctuations in soil water content to rain pulses at 1-m depth
(Scott et al., 2004), which is also illustrated by the insensitivity of
simulated soil moisture in Supplementary Figure S4E. Constrained
by the depth of precipitation infiltration and capillary rise, most root
activities are concentrated in the top 1 m and near the water table of
the soil column. This dimorphic root profile matches well with field
observations in regions with dry seasons and relatively shallow water
tables (Bleby et al., 2010; Fan et al., 2017).

Although trees may supplement groundwater sources with
shallow soil moisture sources during the monsoon period, their
root distribution is unlikely to undergo significant changes as the
changes require an alteration of mesquites’ hydraulic architecture
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and investment of additional resources (Scott et al., 2003). Scott et al.
(2006) analyzed field measurements in the 2003 growing season
(May-November) and reported a groundwater use estimate of
473 mm, contributing to 74% of total ET. Similarly, in our
simulations, most mesquite roots remain in the deep soil layers
(layers 8-14) regardless of precipitation patterns (Figure 4).
Consequently, root water uptake from deep soil, where the only
water source is the capillary rise from groundwater and HR by
mesquite, constitutes 72% (374 mm) of total ET (522 mm) over the
growing season in 2003 (Supplementary Table S3). The groundwater
access allows mesquite to tolerate high water stress during the dry
periods and grow out of phase with precipitation, explaining the
observed and simulated high latent heat and GPP and low Bowen
ratio during the pre-monsoon period (March-June) despite minimal
precipitation (Figure 3). On the other hand, shrubs have a shallower
rooting depth and thus have relatively fewer variations in the depths
of root water uptake though the trend of a higher fraction of shallow
roots during wet periods resembles that of mesquites.

5.1.2.2 HR in dry and wet seasons

Guided by the dynamic root fraction profiles, root water uptake
and redistribution demonstrate distinctive daily and seasonal
patterns (Figure 4). During daytime (6:00-18:00),
transpiration prompts net root water uptake, and little water is
released to the soil by roots. At night (18:00-6:00), root water

active
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FIGURE 5

The diurnal cycles of seasonally average root water uptake (red) or release (blue) as a function of soil layers and depths by both vegetation types for
different root fraction parameterizations: top row-static, exponentially decaying root fraction profiles (EXP); middle row-static, dimorphic root fraction
profiles averaged from the dynamic root simulation (DIM); and bottom row - dynamic root fraction profiles. Results are plotted on a log scale. Seasonally
averaged mesquite and shrubs (both understory and open shrubs) root fraction profiles are plotted in the first column for different root profiles in
each row. Solid lines represent mesquites, and dashed lines represent shrubs. Static root profiles are shown in black in the top two rows. The colors of the
dynamic root fraction plots represent different seasons. Each day starts at midnight, 0:00 local time.

potential rises due to low transpiration demand, and HR occurs
frequently. The water potential differences between roots and soil
lead to root water extraction in moist soil layers and root water
release in the dry soil layers.

During the monsoon season, direct precipitation infiltration due
to frequent rain events increases soil moisture in the top 0.5 m soil
(Supplementary Figures S4B-D). Higher soil moisture prompts
higher root fractions (green lines) and water uptake in shallow
rootzone (soil layers 0-7, Figure 4). As transpiration ceases at night,
the shallow rootzone moisture is redistributed downward to the
deeper soil layers. Our model estimates an average root water release
rate of 0.24 + 0.15 mm/day by mesquites during the monsoon season
(July-September, Supplementary Table S4). Previous studies in the
San Pedro River Basins estimate an average downward HR of 0.16 +
0.13 and 0.46 + 0.37 mm/day from mesquites without groundwater
access and 1.48 + 1.23 from mesquites with groundwater access
during the monsoon season (Neumann and Cardon, 2012). Our
model results fall within the range of field measurements.

Besides the monsoon season, winters at the study site are also
relatively wet. Despite mesquite dormancy in winter, belowground
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vegetation processes are still active because nighttime soil
temperatures are above zero all year round, and the transport by
root is hydraulically done and detached from metabolic energy. As
intermittent rain events wet the shallow soil layers, shrubs and
mesquites extract water from the wet shallow rootzone (top three
soil layers) and release the water to deeper soil layers
(Supplementary Figure S9). Total HR in winter on average
release 0.12 mm/day, which is 38% of the average release rate
(0.32 mm/day) during the monsoon season (Supplementary
Table S4). The redistributed moisture stored in deeper soil
columns during the dormant season could provide crucial
additional water supply for mesquite and shrubs at the beginning
of the growing season before the monsoon season arrives (Hultine
et al,, 2004). On the contrary, pre-monsoon and post-monsoon
seasons are usually dry with little precipitation. Large potential
gradients drive mesquite and shrubs to lift water from deeper,
moister soil layers to surface soil layers.

The simulated patterns of hydraulic descent during wet periods
and hydraulic lift during dry periods align with previous studies at
this study site (Hultine et al., 2004; Scott et al., 2008; Lee et al., 2021).
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Annual water budget (A) and annual transpiration and release (B) in DCHM-VDR simulations under the historical scenario based on values in
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less than 1% of total water supplied and used, thus not visible. In (B), the percentage of root water released by HR over transpiration (i.e., the contribution of
released water to transpiration), calculated using Equation 6, is indicated on top of the bars that show total transpiration and transpiration by each

vegetation.

The redistributed water lowers the soil water stress and supports
mesquite and shrub transpiration during the day. As mesquite roots
extend through the middle dry soil columns and reach the saturated
zone, mesquites on average uptake (1.22 mm/day) and release
(0.15 mm/day) a greater amount of water than shrubs, which
uptake and release 0.15 mm/day and 0.05 mm/day, respectively
(Supplementary Table S4). However, the release rate of
mesquites is much lower than their uptake rate compared to
shrubs since mesquites can utilize groundwater to meet
transpiration demand, implying that mesquites are less
dependent on HR.

5.1.2.3 Interannual variations in root dynamics

When comparing the precipitation patterns in the two
consecutive years (2002 and 2003), 2002 had an extended
drought period before the monsoon season but experienced
relatively more concentrated and intense precipitation during the
monsoon season (Supplementary Figure S6). The prolonged dry
period in the 2002 pre-monsoons season negatively affected
mesquite and shrub at the beginning of the growth period and
resulted in lower total transpiration (393 mm) in 2002 compared to
2003 (462 mm; Supplementary Table S3). Although precipitation
intensity during the 2003 monsoon season is weaker than in 2002,
vegetation activities are unaffected as latent heat and GPP are
comparable with those in 2002 (Figures 3A, C). The wetter post-
monsoon period in 2003 further extended the high transpiration
rates towards the end of the growing season and changed the
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direction of HR from upward in 2002 to downward in 2003
(post-monsoon column in Figure 4). The reduced transpiration
rates caused by the prolonged dry period in 2002 highlight the
importance of moisture conditions before the onset of the mesquite
growth period.

5.2 Root plasticity under historical climate

5.2.1 Sensitivity of roots under historical climate
The the
parameterization, maximum rate of change (Gyax, fraction of

two critical parameters in dynamic root
total roots per day) and soil moisture threshold (6., m/m),
regulate the rate of change in roots and the sensitivity of root
fractions to soil moisture conditions. The difference in aboveground
vegetation activity is trivial as long as Gypay is above zero
(Supplementary Figure S10A). The significant difference between
a changing and non-changing root profile will be discussed in
Section 5.2.3 when comparing static and dynamic root profiles.
Shrub roots are generally insensitive to Gjqy, but more shallow
mesquite roots are allocated to deeper soil layers as Gqy increases,
especially in the shoulder seasons when mesquite roots retract more
quickly to groundwater source (Supplementary Figure S11E). The
higher deep root fraction associated with faster changing rates,
especially in the shoulder seasons, promotes the hydraulic lift of
which the deep

(Supplementary Figure S11D).

groundwater, increases soil  moisture
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Differences in daily mean soil moisture profiles between dynamic and static root profiles averaged across 2000-2010. (A) shows the difference
between dynamic and static, exponentially decaying root fraction profiles. (B) shows the difference between dynamic and static, dimorphic root fraction
profiles obtained from averaging the root fraction profile simulated using the dynamic root fraction scheme under historical climate. Green colors
represent a higher soil moisture using dynamic root profiles. Brown colors represent lower soil moisture using a dynamic root profile. Day of the year
refers to Julien’s day of the year. The two black horizontal lines mark the bottom of the infiltration zone (top 1 m) and the top of the capillary fringe (0.5 m

above the water table) in the soil column.

The soil moisture threshold (6,,), on the contrary, has a larger
influence on vegetation activities, root fraction, and soil moisture
profile. Roots are less sensitive to soil dryness at a lower soil moisture
threshold, and the distribution is more uniform throughout the soil
column (Supplementary Figure S12E). A more uniform root profile
signifies a more uniform root water extraction profile from all soil
layers, lowering the overall soil moisture (Supplementary Figures
S12B-D). The higher presence of roots in drier layers also increases
the plants’ soil moisture stress and reduces transpiration and GPP at
the canopy level (Supplementary Figure S10B). During mesquite’s
their connectivity
groundwater, so the Bowen ratio, GPP, and WUE are less

growth period, mesquites maintain to
sensitive to the fraction of roots in shallow soil layers. Overall,
the lower sensitivity of ecosystem functions to the rate of change in
roots and the higher sensitivity to soil moisture threshold suggest
that the dynamic root profile optimizes based on antecedent soil
moisture conditions and precipitation durations with less

dependence on the speed of reaching optimization.

5.2.2 The influence of varying water table depth

While precipitation drives shallow root profiles, groundwater
level inhibits deep roots due to the anoxic environment associated
with waterlogging. Although the column version of DCHM-VDR
cannot capture the groundwater flow and the two-way coupling
between root water extraction and variations in the water table, we
use an MLP-predicted, time-varying water table to capture the
control of WID on rooting depths. As discussed in Section 4.3.,
the trained MLP underestimates WTD and seasonal groundwater
drawdown at the mesquite woodland site due to data availability
limitation in the training set. Here, we scale and shift the predicted
WTD under historical climate to match literature-reported values
(Supplementary Figure S13) to test whether a slightly deeper WTD
significantly changes the interactions between vegetation and
water sources.

The overall root architecture and water uptake patterns remain
unchanged after using a deeper water table (Supplementary Figure
S14). However, the higher potential difference between surface and

Frontiers in Environmental Science

14

deep soil as roots extend deeper to meet the bias-corrected WID
requires more effort for mesquites to lift deep groundwater, so
mesquite increases its root fraction and water uptake in the shallow
rootzone using the bias-corrected WTD (Supplementary Figure
S15). Deeper WTD does not affect mesquite transpiration and
WUE,, but increases gross root water uptake and decreases
WUE,, in the shoulder seasons when the surface soil is dry as
mesquites compete with shrubs for moisture and need to lift more
groundwater to shallow rootzone (Supplementary Figure S16B).
Increased competition also reduces shrub root water uptake and
increases both shrub WUE, and WUE;, (Supplementary Figure
S16C). Regardless of the changes in belowground dynamics,
using bias-corrected WTD does not influence the Bowen ratio
or GPP (Supplementary Figure S16A). In general, deeper WID
leads to higher shrub WUE and lower mesquite WUE, but a 2-m
shift does not result in significant changes in aboveground
vegetation.

5.2.3 The importance of both the structure and
flexibility of root profiles
5.2.3.1 Differences in root water uptake patterns when
using different root profiles

To better understand the influence of root fraction profile on
belowground and aboveground moisture availability, we compare
model simulations using three root fraction parameterizations: (1)
static exponential: static, exponentially decaying root fraction
profiles for both shrubs and mesquites, (2) static dimorphic:
static root fraction profiles obtained from averaging the root
profiles optimized by the dynamic root fraction parameterization,
such that mesquite root profile is dimorphic, and (3) dynamic:
dynamic root fraction profiles calculated using Equations 8-10. Each
type of root fraction profile and its associated seasonally averaged
total root water fluxes are shown in Figure 5, with root dynamics for
mesquites and shrubs separately shown in Supplementary Figure
S17. The static exponential profile allocates more roots between
1-6 m depths, while the static dimorphic and dynamic profiles
invest more roots in the top 0.5 m and 2 m above the water table.
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Accordingly, roots work at different depths using different
root profiles.

When using a static exponential root profile, roots uptake and
release significant amounts of water in the middle soil layers (1-6 m
depth) regardless of the dry and wet seasons (Figure 5). Dry middle
soil prompts high HR at night, causing shrubs to constantly
redistribute and mesquites to lift
groundwater upward to wet the middle layers (layers 6-12,
Supplementary Figure S17).

moisture downward

In contrast, the dimorphic or dynamic profiles focus root
activity in the top 2 m and bottom 4 m of soil, changing water
extraction depths and HR directions seasonally (Figure 5). During
wet seasons, uptake increases near the surface in response to
precipitation replenishment, while HR redistributes shallow soil
moisture to mid-depths and near the saturated zone at night
S17). uptake
primarily occurs near the water table, and HR lifts water to drier

(Supplementary Figure During dry seasons,
shallow layers. Although roots overlap more in the shallow soil
layers, unlike the static exponential root profiles, precipitation
recharge during the monsoon period and shifts in water source
during the dry periods can still sustain transpiration demand
during the day.

The differences in root water uptake patterns between static
dimorphic and dynamic root profiles are less pronounced when
averaged annually, which is expected since the static dimorphic root
profiles are the decadal average of the dynamic root profiles.
However, at a seasonal scale, the dynamic root profile operates
better in responding to changing precipitation by shifting uptake
depths (Supplementary Figure S18). Water uptake concentrates
more in mid-depths (layers 6-8) or near the water table (layers
10-14) during pre-monsoon seasons, then shifts from mid-depth
(light green) to the surface (dark green) during the wet seasons, and
stays near the surface during post-monsoon season as the preceding
monsoons replenish shallow soil moisture (Supplementary Figure
S18). Increased competition also occurs as roots shift to shallow wet
layers and avoid the dry soil layers, lowering shrub uptake and
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transpiration during the monsoon season while showing minimal
impact in other seasons or on mesquites.

Figure 6 summarizes the annual water budget and the fraction of
HR over transpiration when different root profiles are used. Due to a
higher fraction of roots allocated to the dry middle soil layers,
mesquite with a static exponential root profile withdraws only
256 mm/year on average and releases 73 mm/year, leading to a
transpiration rate of 183 mm/year (Figure 6A; Supplementary
Tables S5, S6). With a dimorphic root profile, root water uptake
and release by mesquite reaches 692 mm/year and 63 mm/year,
respectively, resulting in an annual transpiration of 629 mm, 3-fold
of that with exponential profiles. More importantly, the higher
dependence of mesquites with dimorphic roots on groundwater
reduces the fraction of HR over transpiration for mesquites from
34% to 6% (calculated using Equation 6), indicating a much less
reliance on HR (Figure 6B). Shrubs have higher uptake using
exponential than dimorphic profiles due to less competition but
release more water to the middle dry soil layers, reducing overall
transpiration from 40 to 31 mm/year and increasing the fraction of
HR over transpiration from 73% to 79%. Using dynamic root
profiles results in the least fraction of HR over transpiration
(69% for shrubs and 6% for mesquites), demonstrating the
effectiveness of dynamic roots in utilizing soil moisture and
modulating HR and the influence of roots on the interactions
between shrubs and mesquites.

5.2.3.2 Correlations between root profile and soil moisture

Figure 7 illustrates the decadal average difference in soil
moisture between dynamic and static root profiles. With a static
exponential root profile, high root fraction and strong water
potential gradients result in more water released in the middle,
dry soil layers in all seasons since neither infiltration nor capillary
rise can reach these depths. However, a comparison of the soil
moisture profiles using different root profiles demonstrates that HR,
the primary water input in these soil depths, cannot fully
compensate for the transpiration loss as soil moisture is
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Differences in daily mean soil moisture in each soil layer between the hotter future scenario and historical scenario averaged across the 10-year
simulation period. Brown shades mean the soil will be drier in the future. Green shades indicate moister soil in the future. The two black horizontal lines
mark the bottom of the infiltration zone (top 1 m) and the top of the capillary fringe (0.5 m above the water table) in the soil column. The differences for the

cooler future scenario are shown in Supplementary Figure S23.

Climate Change Impact on the Diurnal Cycle of the Vertical Profiles of Root Water Fluxes
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FIGURE 10

Differences in future and historical seasonally average root profiles and water fluxes as a function of soil layer depth by mesquite and shrubs (both
understory and open shrubs). Results are plotted on a log scale. Darker (lighter) green shades indicate higher (lower) uptake in the future. Darker (lighter)
purple shades indicate higher (lower) releases (i.e., HR) in the future. Root activities shift from light-colored soil layers in the historical climate to dark-
colored soil layers in the future. Values are not shown for layers that switch between release and uptake between future and historical climate
scenarios. Solid (dashed) lines represent changes in mesquite (shrub) root profiles. Note that the range of the x-axis for the root fraction profile is different.

Each day starts at midnight, 0:00 local time.
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FIGURE 11

Differences in future and historical seasonally average root profiles and water fluxes as a function of soil layer depth by mesquite only. Results are
plotted on a log scale. Darker (lighter) green shades indicate higher (lower) uptake in the future. Darker (lighter) purple shades indicate higher (lower)
releases (i.e., HR) in the future. Root activities shift from light-colored soil layers in the historical climate to dark-colored soil layers in the future. Values are
not shown for layers that switch between release and uptake between future and historical climate scenarios. Each day starts at midnight, O:

00 local time.

consistently higher if roots are relatively less active in the middle
layers (Figure 7A). In contrast, dimorphic and dynamic
profiles preserve soil moisture in mid-depths while
exploiting shallow infiltration and groundwater. The lower
shallow soil moisture when using dimorphic and dynamic
root profiles reflects the effective utilization of precipitation
during the wet season.

Although differences in soil moisture between the dynamic and
static dimorphic root profiles are more trivial, dynamic roots
generally lead to slightly lower soil moisture at all depths
(Figure 7B). Frequent rain events during the monsoon periods
prompt higher root water uptake near the surface with dynamic
root profiles, lowering shallow soil moisture. This reduction is most
significant in years with strong monsoons (e.g., layers 2 — 8 between
DOY 200-300 in 2001, 2006, 2007, and 2008), while surface soil
moisture is preserved as dynamic roots work in deeper, moister
layers (layers 6-8) in years with drier pre-monsoon and monsoon
periods (e.g., 2002-2004; Supplementary Figure S19). The slightly
lower soil moisture in deeper soil columns with dynamic roots could
be caused by increased water uptake when mesquite roots shift
between shallow and deep rootzone in different seasons. In general,
dynamic roots better respond to intra-annual variations in moisture
availability. The opposite signs of the difference in soil moisture

profile when comparing an exponential and a dimorphic static root
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profile against dynamic root profiles highlight the importance of the
architecture of root systems in shaping soil moisture.

5.2.3.3 The impact of root profiles on aboveground
vegetation activities

Figure 8 compares the monthly trajectories of the Bowen ratio,
WUE, and GPP when using different root profiles. Overall, the Bowen
ratio decreases as GPP increases during the pre-monsoon period,
signaled by mesquite growth onset (Figure 8A). For both vegetation
types, WUE is low in winter due to inactive canopies and high in
growing seasons as all vegetation begins transpiring (Figures 8B, C).
WUEy,, the ratio of GPP over gross root water uptake, is generally lower
than WUE,, the ratio of GPP over transpiration, since part of the root
water uptake is released to dry soil layers rather than transpired. With
stable groundwater access, mesquite has a lower and more stable WUE
than shrubs, implying that shrubs are more sensitive to seasonal
variations of moisture availability and more conservative in water use.

Using a static exponential root profile increases overall WUE
during the growth period but at the cost of a lower GPP and higher
Bowen ratio, especially in the pre-monsoon season (Figure 8A).
Differences in GPP and WUE between exponential and dimorphic
root profiles are mainly due to mesquites experiencing higher soil
water stress with exponential profiles. The significantly higher
WUE,, (dashed dark brown line) compared to WUE}, (solid dark
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FIGURE 12

Same as Figure 11, but for shrubs (both understory and open shrubs) in the upper 2 m soil.

brown line) further shows that a large amount of water is released
such that gross root water uptake is much higher than transpiration
(Figure 8B). Shrub roots are more concentrated near the surface and
separated from mesquite roots, allowing shrubs to take full
advantage of precipitation infiltration after monsoons arrive.
Hence, shrubs with static exponential root profiles are less
conservative in water use and have a low WUE after entering the
monsoon season (dark brown triangles) and vice versa in pre-
monsoon seasons (dark brown circles, Figure 8C).

The differences in WUE between static dimorphic (orange) and
dynamic roots (green) are contributed mainly by shrubs. Dynamic
profiles prompt higher uptake competition near the surface,
particularly during wet seasons, leading shrubs to optimize water
use and increase WUE (Figure 8C). Mesquite WUE shows minimal
changes, as they primarily rely on groundwater rather than
seasonally varying precipitation infiltration. Yet, dynamic roots
have a more significant impact on shrub WUE, particularly
during dry years, underscoring their role in optimizing water use
under stress. Yet, monthly trajectories of WUE vs. GPP in the driest
and the wettest year of the simulation period demonstrate more
significant impacts of dynamic roots on WUE (Supplementary
Figure $20). During the wettest year (2001), dynamic roots
increase uptake and competition near the surface instead of
keeping mesquite roots deeper near the water table since the
post-monsoon season is exceptionally wet, which increases
mesquite WUE. During the driest year (2009), dynamic roots
increase shrub WUE the most since shrubs are more sensitive to
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precipitation, highlighting the significance of dynamic roots in
optimizing water use under water stress.

5.3 Ecohydrological responses to
future warming

5.3.1 Future climate conditions

By the end of the century, TGW simulations forecast a
substantial decrease in rainfall intensity during the monsoon
seasons by 70% under the hotter scenario and 33% under the
cooler scenario, such that the drought in pre-monsoon seasons
effectively increases in intensity and duration (Supplementary
Figure S21A; Supplementary Table S7). Air temperature is
projected to increase in all seasons at a similar rate at the study
site, as indicated by the parallel but shifted linear regression curves in
Supplementary Figure S21B. The cooler scenario, projected by less
sensitive CMIP6 models (i.e., cooler scenarios), shows a smaller
temperature increase, as expected, leading to a less extreme
atmospheric dryness condition. Under the most extreme case, the
temperature will be 7.6 °C higher by the end of the century. Reduced
precipitation and higher temperatures induce high VPD during the
growth period (Supplementary Figure S21C). Despite the drying
trend in the growth periods, winter precipitation will continue to
increase, potentially due to higher temperatures and moisture-
holding capacities. Hence, VPD in winter does not change
significantly in the future.
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The decadal average fractional change in annual total GPP and
transpiration in the future compared to historical climate based on
values in Supplementary Table S7. Markers represent fluxes for total or
individual vegetation. Colors represent different future climate
scenarios compared against the historical climate. Horizontal (vertical)
error bars show the standard deviation of annual fractional change in
transpiration (GPP) across the 10-year period. Points that fall in the
dark grey area indicate an increase in WUE),, and a decrease for those
that fall in the light grey area. The horizontal error bars for shrubs are
shown in full in Supplementary Figure S26.

The increase in temperature also leads to an earlier leaf-out
and later senescence of mesquite as the first and last freeze events
are further apart due to warmer temperatures (Supplementary
Figure S22A). CMIP6 MME outputs project higher LAT in all
seasons. In response to the more extended growth period of
mesquite and reduced precipitation in the monsoon period in
the future, WTD declines earlier and more rapidly at the
beginning of the growth period and reaches a deeper depth
but still does not exceed the maximum rooting depth of
mesquites (Supplementary Figure S22B). However, as
described in Section 4.3, the predicted future WTD does not
consider any potential influence of land cover and land use
change on the precipitation-recharge relationship and recharge
processes of the existing aquitards. The model also assumes that
root penetration through soil is not impeded by any clay
aquitards. Therefore, mesquite maintain their stable access to
groundwater in all future climate scenarios.

5.3.2 Root dynamics and soil moisture in the future
5.3.2.1 Future changes in soil moisture

Figure 9 illustrates the differences in modeled soil moisture
profiles between the hotter future and the historical climate
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scenarios. Differences for the cooler future scenario have a
similar pattern shown in Supplementary Figure S23. Increased
projected winter precipitation results in higher shallow rootzone
moisture, providing additional early growth period moisture.
Whereas reduced precipitation in both intensity and variability
throughout the growth period (DOY 100-330) lowers shallow
soil moisture (Figure 9). Regardless of the variations in the
changes in future shallow soil moisture, deep soil moisture
(below 1 m) shows a consistent reduction, implying that the
changes are more likely associated with vegetation dynamics
rather than precipitation patterns. The different responses of
shallow and deep soil moisture to climate change demonstrate
that different processes control surface and deep soil moisture
(Lian et al., 2021).

5.3.2.2 Seasonal changes in root water uptake patterns

Seasonal differences in root profiles and diurnal cycles of root
water flux between future and historical scenarios are shown in
Figure 10. The differences contributed by mesquites and shrubs
separately are shown in Figures 11, 12, respectively. A negative root
fraction difference indicates a future reduction and vice versa for a
positive difference. HR shifts from light to dark purple layers, and
root water uptake shifts from light to dark green in the future. Shrub
roots shift to deeper soil layers under all future scenarios, while
changes in mesquite roots are more variable.

In winter, a uniform increase in total water uptake and a shift of
mesquite and shrub root fraction towards the shallow rootzone
(layers 0-8) reflect a positive vegetation response to more frequent
rain events and higher temperatures. Warming causes earlier onset
of mesquite growing seasons, increasing transpiration demand and
reducing deeper soil HR as mesquite root fraction increases in
11).
redistribute moisture from near-surface to mid-depth soil

shallow rootzone (Figure Shrubs also more actively
(Figure 12), providing additional water storage for daytime
transpiration.

Greater precipitation infiltration and HR in winter leads to
higher soil moisture stored in the shallow rootzone (layers 4-6,
Figure 9), beneficial for subsequent pre-monsoon water uptake.
Consequently, although the subsequent pre-monsoon seasons are
projected to become even drier, water uptake increases in middle
rootzone (layers 4-8) as root activities shift away from the arid
surface soil and utilize the moisture stored in winter (Figure 10),
leading to an increase in total root water uptake by 14%-22% for
mesquite and 10%-11% for shrubs (Supplementary Table S8).
shrubs  still
redistribute moisture upward from near the water table and from

Furthermore, although both mesquites and
mid-depth soil (Figures 11, 12), a higher fraction of mesquite roots
occupies the upper soil column following the rainy winters, reducing
mesquite HR by 9%-10% and boosting transpiration.

Since future monsoon seasons will receive much less
precipitation, root water uptake patterns align more towards the
pre-monsoon seasons, extracting less near the surface and more
active at mid-depths (Figure 10). As the prolonged drought period
depletes the soil moisture stored in the upper rootzone, shrubs are
more negatively impacted due to their shallow root systems,
decreasing uptake by up to 37% under the hotter scenario
(Supplementary Table S8). Mesquite roots are less impacted by

severe droughts, with no significant change in water uptake under
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the cooler scenario and a decrease of 11% under the hotter future
scenario (Supplementary Table S8), because they shift deeper
towards the saturated zone instead of staying in the mid-depths
like during the wetter winter and pre-monsoon seasons (Figure 11).
There is also a slight reduction in uptake (-2 — 4%) co-occurring with
a higher release (7%-14%) by mesquite, which could be the reason
for the increase in shrub uptake in the sub-surface soil (layers
4-8; Figure 12).

The trend of decreasing competition as precipitation decreases
(e.g., during the monsoon period under the hotter future scenario)
aligns well with the stress-gradient hypothesis in ecology, which
predicts that ecological interactions shift positively with decreasing
stress (Dohn et al,, 2013). In particular, Dohn et al. (2013) found a
shift from competitive to facilitative interactions between trees and
understory grass productivity as precipitation decreases in semi-arid
regions. Similarly, mesquites compete with shrubs for shallow soil
moisture in winter as more rainfall events take place but facilitate the
redistribution of water during prolonged droughts as surface
moisture becomes more limited in the future.

5.3.3 Aboveground vegetation activity in the future

The decadal average fractional changes in annual total
transpiration and GPP, along with the direction of WUE change
in the future, are plotted in Figure 13. At the ecosystem level,
transpiration increases under both future scenarios, while GPP
increases under the cooler scenario but decreases under the
hotter scenario. The decrease in total GPP under the hotter
future scenario is primarily due to mesquite GPP reduction,
indicating mesquite vulnerability to heat stress compared to
C4 shrubs. The increase in total transpiration is also mostly
contributed by mesquite, showing the advantage of deep rooting
systems with groundwater access. Shrub transpiration has a large
interannual variability and, on average, decreases in the future. The
large uncertainty associated with shrub transpiration is in part due
to low transpiration under the current climate, so small fluctuations
lead to large fractional changes, but also implies a high sensitivity of
shrubs to water stress.

Frontiers in Environmental Science

The higher tolerance of mesquites to rising water stress has already
been observed under historical climate in the past years, demonstrated
by woody plants encroaching large areas of riparian habitats and
exploiting groundwater resources (Scott et al., 2006). Furthermore,
the positive response of mesquite transpiration to warming-induced
reduction in water availability may impact future rainfall recycling as
more moisture is delivered to the atmosphere (Lowman et al., 2018),
especially in semi-arid to arid climates, where ET largely exceeds
precipitation. However, it is important to note that the increase in
mesquite transpiration due to warming largely depends on the access of
mesquite roots to groundwater. Rapid and significant decline in future
water table due to changes in the recharge processes and land use, such
as increased anthropogenic freshwater withdrawal, may disconnect
mesquite roots from the saturated zone and reduce mesquite
transpiration. Hence, all analyses presented here depend on the
assumption that the rate and range of WID decline do not exceed
the growth rate and maximum rooting depth of mesquites.

A comparison of future and historical monthly trajectories of
Bowen ratio and GPP highlights significant changes during winter
and pre-monsoon seasons as warming increases winter precipitation
and extends the mesquite growing season (circled in Figure 14A).
Higher soil water availability during the early stage of growth periods
reduces Bowen ratio and increases total latent heat and GPP as
vegetation more actively transpires and assimilates carbon. However,
responses to warming are not uniform between vegetation types.

During the growth period, a positive response of mesquite water
uptake and transpiration to warming lowers mesquite WUE
(Figure 14B). The larger decrease in mesquite WUE, than
WUE), during the shoulder seasons implies that transpiration
increases more than the gross root water uptake, which is
expected since atmospheric dryness lowers leaf water potential
and draws more water toward the canopy instead of releasing it
to the soil. On the other hand, shrub WUE increases in the future
with a similar change in WUE), and WUE,, implying that shrubs
become more conservative in water use in response to the increasing
soil water stress while keeping their dependence on HR

(Figure 14C). However, it is important to note that the
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interannual variations in shrub root water uptake are relatively large
such that the monthly trajectory of shrub GPP vs. WUE under the
most extreme future scenario still falls between the historically
wettest and driest year (Supplementary Figure S25A). In contrast,
mesquite WUE will decrease below the historical range during the
shoulder seasons but change little during the peak growing season
(Supplementary Figure S25B).

Overall, the different responses between mesquite and shrubs to
future warming can be attributed to their different sensitivity to
precipitation. Shrubs depend on precipitation to reduce soil
moisture stress, so their future water-use strategy is similar to the
historically driest year since the average precipitation during the
growth period in the future is comparable with the lower end of
precipitation under historical climate. Mesquite transpiration is
more proportional to the evaporative demand and less limited by
soil water stress as mesquites primarily rely on groundwater. Hence,
atmospheric drying and longer growing seasons in the future will
increase mesquite root water uptake, such that mesquites will
while shrubs will become more

become water spenders

conservative in water use.

6 Conclusion

The role of root profiles in modulating belowground moisture
conditions and aboveground vegetation activity was characterized
using a coupled land surface hydrology model equipped with a
potential-driven plant hydraulics representation and dynamic root
parameterization. The revised model can capture well the
belowground interactions and dynamics of mesquites and shrubs
compared to AmeriFlux tower observations, along with the
seasonality and amplitude of the water and energy fluxes
(i.e., latent heat, GPP, and Bowen ratio).

Driven by moisture gradients, the self-optimizing root
parameterization produces a dimorphic mesquite root profile and
an exponentially decaying shrub root profile that are sensitive to
antecedent soil moisture and precipitation regime. Mesquites with
dimorphic root profiles increase transpiration by 3-fold, from 182 to
628 mm/year, and reduce the fraction of HR over transpiration from
34% to 6%. Following the seasonal march of wet-dry periods at the
study site, plants with dynamic roots increase their root fraction and
water uptake in shallow rootzones during wet periods and shift to
deeper soil layers during dry periods. By leveraging soil moistening
during events and avoiding the dry patches in soil, plants with
dynamic roots, especially shrubs, reduce water loss and optimize
water use strategy, leading to a 10% decrease in the HR over
transpiration ratio and a higher WUE.

In the future, increased winter precipitation and higher
temperatures stimulate root activity and competition for moisture in
the shallow rootzone, while the opposite occurs during the drier growth
periods. With access to a stable groundwater source, mesquite
transpiration increases by 4%-13% in the future and has relatively
small uncertainties as mesquites primarily rely on groundwater rather
than precipitation. However, mesquite GPP has a clear decrease (—10%)
under the more extreme warming scenario, suggesting an amplified
negative response to high temperatures. On the contrary, shrubs
decrease transpiration by 3%-10% with significant interannual
variations but increase GPP by 5%-13%. As a result, drier growing
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seasons in the future lead to a reduction in mesquite WUE by 12%-13%
and an increase of shrub WUE by 14%-17%, so shrubs adopt a more
conservative water use strategy while mesquites are relatively insensitive
to warming-induced atmospheric drying.

The results presented here are limited by the uncertainty in
vegetation parameters regarding the partition of overstory and
understory, and future phenology and vegetation cover. In
the

to

have acclimation
adaptation
temperatures and CO, concentrations. However, we determine
that the ensembled mean of CMIP6 model outputs is the best

currently available for future vegetation dynamics and can

particular, model does not an

mechanism simulate plants’ to  higher

represent some of the stimulating effects of CO, fertilization
on vegetation density. The TGW simulation data also cannot
account for multi-decadal climate variabilities in future climate
projections. Hence, this study is more focused on investigating
the influence of warming and changing precipitation patterns on
the ecohydrological processes.

While model parameterization used in this study is specific to a
semi-arid, groundwater-dependent ecosystem with coexisting
mesquite and shrubs, the improved model formulation permits
more detailed analysis on the coupled above -and below-ground
vegetation response to climate change. The introduction of a
has

implications in inferring root architecture when observations are

dynamic root parameterization significant  practical
scarce, particularly for deep-rooted species. Moreover, adaptive
roots optimize water use strategy based on heterogeneous
moisture profiles, leading to significantly different aboveground
vegetation responses to drought under a warmer climate.
Belowground root dynamics and capturing root water uptake
profiles are essential in understanding the eco-hydrological
process of coexisting species with different root structures and
estimating the water budget in water-limited regions, thus

playing a key role in ecosystem adaptation and resilience.
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