
1. Introduction
In plant communities, there have been efforts to improve understanding of the species coexistence in terms 
of ecological paradigms (Rodriquez-Robles et  al.,  2020). The major interests in ecohydrology have been 
linked to how different vegetation types coexist, how woody plant encroachment alters dynamics of wa-
ter and carbon dioxide exchanges, and how coexisting vegetation species share or compete for the same 
resources (Barron-Gafford et al., 2017; Lee et al., 2018; Quijano et al., 2012; Scott et al., 2014; Yu & D'Odor-
ico, 2015a). This study establishes hydraulic redistribution (HR) as a mechanism that supports the coexist-
ence of the plant species with evidence of facilitative water-use between coexisting trees and grasses, where  

Abstract Hydraulic redistribution is the transport of water from wet to dry soil layers, upward or 
downward, through plant roots. Often in savanna and woodland ecosystems, deep-rooted trees, and 
shallow-rooted grasses coexist. The degree to which these different species compete for or share soil-water 
derived from precipitation or groundwater, as well as how these interactions are altered by hydraulic 
redistribution, is unknown. We use a multilayer canopy model and field observations to examine how 
the presence of deep, but tree-root accessible, groundwater impacts seasonal patterns of hydraulic 
redistribution, and interaction between coexisting vegetation species in a semiarid riparian woodland 
(US-CMW). Based on the simulation, trees absorb moisture at the water table (∼10 m depth) and release 
it in the shallow soil depth (0–3 m) during the dry pre-monsoon season. We observed the occurrence 
of a new convergent hydraulic redistribution pattern during the monsoon season, where moisture is 
transported from both the near-surface (0–0.5 m) and the water table to intermediate soil layers (1–5 m) 
through tree roots. We found that hydraulic redistribution demonstrates a growth facilitation effect at this 
site, supporting 49% of growing season tree transpiration and 14% of the grass transpiration. Compared 
to a similarly structured upland savanna without accessible groundwater, the riparian site shows an 
increased amount of hydraulically redistributed water and more facilitative water use between coexisting 
grasses and trees. These results shed light on the linkage between accessible groundwater and the role of 
hydraulic redistribution on the interaction between deep-rooted and shallow-rooted vegetation.

Plain Language Summary Often in savanna and woodland ecosystems, deep-rooted trees 
and shallow-rooted grasses coexist. Trees and grasses employ hydraulic redistribution to move water 
between soil layers (from wet to dry soil) through their roots. We examine the interaction between 
coexisting plants and how the presence of groundwater impacts seasonal patterns of water movement 
through roots. Modeling and experimental results show that at a riparian site in the southwestern US, 
tree roots move water upward to support both trees and neighboring grasses. When trees have access 
to groundwater, hydraulic redistribution creates a facilitative dependence of grasses with the trees. 
This study demonstrates interesting hydraulic redistribution patterns during a wet season. During the 
monsoon period, trees absorb water from both soil surface and deep groundwater and release water to 
the intermediate soil depths. This study shows that water can simultaneously be moved upward and 
downward within the roots of a single plant.
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trees have root access to groundwater, in a semiarid riparian setting. HR is the process by which water is 
distributed from regions of high to low soil-water potential through roots, which act as preferential flow 
paths (Burgess et  al.,  1998; Burgess et  al.,  2000; Burgess, Adams, Turner, Beverly, et  al.,  2001; Hultine 
et al., 2003, 2004). Roots serve as preferential low-resistance pathways for water along soil-water potential 
gradients between wet and dry soil zones, and between roots and the soil matrix (Schulze et al., 1998).

In upland ecosystems when plants do not have access to groundwater, field measurements and numerical 
modeling show that grasses use moisture that is available in shallow depths whereas deep-rooted trees 
utilize deeper soil moisture (Barron-Gafford et al., 2017; Lee et al., 2018; Quijano & Kumar, 2015; Quijano 
et al., 2012). However, in the riparian ecosystems, the presence of accessible groundwater adds extra com-
plexity to the above- and below-ground ecohydrological dynamics and furthermore alters ecophysiological 
characteristics and photosynthetic function of coexisting vegetation species and the exchange of water, 
energy, and nutrients (Barron-Gafford et al., 2020). Despite multiple studies on ecohydrologic significances 
of HR, the dynamics of HR when roots have access to stable deep soil-water sources (e.g., groundwater) 
is unknown. In such situations, the groundwater may play a significant role in facilitating above- and be-
low-ground ecohydrologic linkages through HR. The objective of this study is to examine the impact of 
accessible groundwater on HR in terms of the seasonal HR pattern, facilitative or competitive interaction 
between coexisting vegetation, and annual water budget in a semiarid environment. We find when trees 
have access to a stable groundwater source, the movement of water flow through the root system creates a 
more complex pattern than has been established before. Specifically, we find that water can move simul-
taneously downward from the moist upper layers during wet periods and upward from the deeper zones 
with access to groundwater into the middle layers, a novel phenomenon we characterize as convergent HR.

To address the knowledge gap of how overstory-understory interactions are affected by HR in the presence of 
a stable groundwater source, we combine field measurements at a fully instrumented riparian woodland site 
with an HR model. We use a shared resource model (Quijano et al., 2012), where overstory trees and under-
story grasses indirectly interact by accessing the same moisture and nutrient resources in the soil and through 
the transport of moisture by their roots. Through hydraulic descent, lateral tree roots near the surface gather 
available water and move it toward the trunk, and then taproots transport it downward to deeper zones, typi-
cally at nighttime or when the canopy is inactive (Hultine et al., 2004; Scott et al., 2008). This downward water 
movement by deep-rooted overstory vegetation may create a competitive effect since the amount of near-sur-
face soil-water available for shallow-rooted plants decreases (Barron-Gafford et al., 2017; Lee et al., 2018). 
On the other hand, hydraulic lift, where deep-rooted trees transport water from deep to shallow soil layers, 
can induce a facilitative relationship between coexisting vegetation in terms of enhanced plant nutrients and 
available water (Cardon et al., 2013; Matimati et al., 2014; Quijano et al., 2013; Sun et al., 2014) and by provid-
ing a buffering mechanism during the dry season (Barron-Gafford et al., 2020). Either the deep-rooted trees 
and/or the shallower rooted plants can use the hydraulically lifted water to support transpiration.

In this study we focus on two main questions: (a) How does the access to groundwater and seasonality of 
precipitation (dry vs. wet period) across a growing season affect the pattern (depth, directions, and amounts) 
of hydraulically redistributed soil water? (b) How do the HR patterns induced by the access to groundwater 
and seasonal precipitation impact the transpiration of deep-rooted and shallow-rooted vegetation species? 
By investigating these questions, we examine how the dependences between coexisting vegetation species 
trigger facilitative or competitive interactions in terms of their water use. This study is organized as follows. 
In Section 2, we describe the study site, and in Section 3 we introduce methods for field measurements and 
ecohydrologic modeling. In Section 4, we compare the modeled and measured results (Section 4.1), examine 
seasonal HR patterns (Section 4.2), and compare an ecosystem that has groundwater access (riparian site) 
with another upland ecosystem where vegetation does not have access to groundwater (Section 4.3). Lastly, 
we summarize and present the main findings from this study in Section 5.

2. Study Site
Our study is based on the riparian Charleston Mesquite Woodland (US-CMW) site which is located on an 
older alluvial terrace alongside the San Pedro River within the San Pedro National Riparian Conservation 
Area (Scott et al., 2004) in southern Arizona, USA (31°40'N, 111°11'W; 1,191 m elevation). The climate of 
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the San Pedro valley is semiarid with summer mean air temperature of 26°C and mean maximum temper-
atures around 34°C (Scott et al., 2004). At the study site, the main growing season (May–October) is com-
posed of pre-monsoon (May–June, dry season) and monsoon (June–September, wet season) periods. About 
60% of the annual rainfall occurs during the North American Monsoon season in the summer. The season-
ality of precipitation (Figure 1b) results in distinct wet and dry periods throughout the year and generates 
soil-water potential gradients through soil depths. Despite dry and hot pre-monsoon season, the grasses are 
perennial, maintaining a lower leaf area index (LAI) than mesquites (Figure 1c).

The alluvial terrace is composed of sandy loam interspersed with layers of clay and gravel. Major vegeta-
tion species are mesquite trees (Prosopis velutina Woot) and understory perennial sacaton bunchgrasses 
(Sporobolus wrightii Munro ex Scribn) (Scott et al., 2004). Mesquite has a root structure of a single taproot, 
extending vertically down to ∼10 m depth with access to the water table, and wide-ranging lateral roots 
near the surface (Cable, 1977; Yepez et al., 2007), which is suitable for redistributing water across the soil 
depth (Hultine et al., 2004). Although HR has been observed in different plant species across a wide range 
of climate zones (Emerman & Dawson, 1996; Hultine et al., 2003; Ludwig et al., 2003; Meinzer et al., 2004; 
Oliveira et al., 2005; Ryel et al., 2002; Scott et al., 2008), whether the sacaton bunchgrasses redistribute mois-
ture through their roots at this riparian site remains unknown. Direct measurement of sap flow through the 
roots of the grasses could not be obtained due to their fibrous root system.

At the study site, mesquites have been found to access the groundwater table (Yepez et al., 2003, 2007), 
which declines ∼1 m from the start of the mesquite growing season in the dry season until the monsoon 
season around July when groundwater replenishing floods in the river recharge the alluvial aquifer under 
the woodland (Scott et al., 2004). Mesquites leaf out in early May when the surface soil is usually extremely 
dry. During this period, mesquites primarily use groundwater, while the understory grass is largely inactive 
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Figure 1. 2016 meteorological data for Charleston Mesquite Woodland study site. Daily (a) shortwave radiation, and (b) precipitation. (c) Interpolated leaf area 
index (based on bi-weekly data) of overstory mesquite trees and understory grasses.
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(Scott et al., 2003; Yepez et al., 2003). Around July, the monsoon rains begin and the understory vegetation 
greens up. For understory grasses, the deepest rooting depths have not been observed to exceed 3 m, imply-
ing that these shallow-rooted understory plants lack direct access to the groundwater (Yepez et al., 2007). 
During the summer monsoon season, the growth of mesquite and grass peaks around August and the total 
vegetation cover is approximately 80% over a year. We assume that surface runoff is negligible in the site 
since there was no evidence of flow channel and the sandy soil quickly absorbs any infiltration-excess run-
off (Yepez et al., 2007).

3. Methods
3.1. Instrumentation and Ecosystem Monitoring

The flux tower data are available in the Ameriflux depository and the sap flux data are directly measured at 
the field. Eddy covariance flux instrument is used to measure land-atmosphere exchange of water, energy, 
and carbon dioxide (CO2) fluxes (Scott et al., 2004). At the flux tower observation height of 14 m, an open-
path infrared gas analyzer (LI-7500; LI-COR Inc., Lincoln, NE) and sonic anemometer (CSAT-3; Camp-
bell Scientific Inc., Logan, UT) have been installed since 2001 to quantify the turbulent exchanges of heat, 
moisture, and CO2 every 30 min. Standard meteorological measurements of wind speed, wind direction, 
air temperature, humidity, and shortwave radiation are also collected. The atmospheric measurements are 
used to drive the multilayer canopy (MLCan) model (Drewry et al., 2010b). Soil moisture (CS616; Camp-
bell Scientific) and soil temperature (using thermo-couples) are measured in 30 min intervals at different 
soil depths. The measured soil moisture and latent heat flux are used for validation of the above- and be-
low-ground dynamics of the model (See Section 4.1). In order to obtain LAI for coexisting vegetation, we 
take the total LAI from MODIS (ORNL DAAC, 2018), which is available every 8 days at 1 km resolution, and 
partition into mesquite LAI and grass LAI based on manual LAI measurements, field observations, and the 
distinct seasonal leaf out patterns of the mesquite and bunchgrass, following the method described in Lee 
et al. (2018). At the study site, the small increment in LAI prior to the summer monsoon (doy 30–50, Fig-
ure 1) and the increase in LAI during the monsoon are attributed to bunchgrass leaf out. LAI of mesquites 
increases during the growing season and remains higher than the LAI of grasses.

3.2. Measurements of Hydraulic Redistribution

We used the heat ratio method (Burgess et al., 1998; Burgess, Adams, Turner, Beverly, et al., 2001; Burgess, 
Adams, Turner, White, & Ong, 2001), in which we installed temperature probes at equal distances upstream 
and downstream from a pulsed heat source to make continuous bi-directional measurements of sap flow. 
Following the protocol and setup developed in Barron-Gafford et al. (2017) and Lee et al. (2018), we installed 
sap flow meters (SFM1, ICT International, Australia) in the taproot, two lateral roots, and the trunk of the 
four trees. The measured bi-directional heat pulse velocity is proportional to sap flux through the roots, 
which is an indicator of hydraulically redistributed water (Burgess, Adams, Turner, Beverly, et al., 2001; 
Burgess, Adams, Turner, White, & Ong, 2001). Positive sap flux measurements represent sap flow toward 
the tree trunk (water moving from surrounding soil to the root) and negative measurements represent sap 
flow away from the trunk (water moving from the root to surrounding soil). At the study site, there were 
limitations in where the sap flow meter could be measured, since the depth to where we could excavate roots 
without disturbing the root system is limited to 0.5 m, which is shallow compared to the maximum rooting 
depth of the mesquite. We excavated roots around the base of the mesquite to install the temperature probes 
and investigate the root distribution of the mesquite. We observed that the mesquites have a dimorphic root 
distribution with 2–12 lateral roots extending horizontally and one descending taproot. The diameter of 
mesquite taproot is remarkably larger than the diameter of the lateral roots, suggesting that the taproot can 
extend deeply in the soil to be able to access the groundwater around 10 m depth. These rooting patterns and 
depths are confirmed through observations along the down-cut banks of the alluvial terrace near the river. 
After the measurement period, the sap flux data were corrected to account for the wounding effect based on 
the wound width and the sap flow meter installation (Barrett et al., 1995; Burgess, Adams, Turner, Beverly, 
et al., 2001). At the end of the study period, we imposed no flow condition by drilling holes upstream and 
downstream from the sap flux sensors and filling them with silicone caulk. Using the zero velocity flow, 
we were able to distinguish between the negative and positive flow. Sap flux measurements are used as the 
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comparison of the HR patterns with the modeled result and are not used as drivers of the simulation of 
HR. While there is some evidence that there are significant diurnal storage changes in trees above-ground 
(Matheny et al., 2014), this comes from large deciduous trees in northern Michigan. To our knowledge, little 
is known about storage changes in roots and in mesquite vessels, either above- or below-ground.

3.3. Model Description

In order to simulate coexisting vegetation species that interact through above- and below-ground process-
es, we use the one-dimensional MLCan model (Drewry et al., 2010a) that has been enhanced to include 
multi-species interactions (Quijano et al., 2012, 2013). The primary setup of the model for a single species 
soil-root-plant continuum includes HR formulation based on Amenu and Kumar  (2008). Subsequently, 
the model was developed for a multispecies modeling framework, which became capable of simulating the 
interaction between multiple vegetation species, including plants with C3 and C4 photosynthetic pathways 
(Quijano et al., 2012, 2013). The model computes stomatal conductance based on the Ball-Berry model (Ball 
et al., 1987), which describes the response of stomatal conductance to relative humidity, net photosynthe-
sis, CO2 mole fraction, and soil moisture state. The model does not preclude nocturnal transpiration if the 
stomata are not fully closed. Evidently, the soil water potential gradients overwhelm the soil-to-leaf water 
potential gradient especially at night when photosynthesis-driven demand is absent. Details of relevant pa-
rameters used for the study site (and the upland site which is used for site comparison study in Section 4.3) 
are presented in Table 1.

HR by trees is an important component of ecohydrologic dynamics that forms a strong linkage between the 
long-memory of the deep-soil reservoir and the relatively short-memory of atmospheric dynamics (Amenu 
& Kumar, 2008). Below-ground multispecies interaction in MLCan is accommodated through a shared re-
source model where the soil acts as a common reservoir allowing root access of multiple vegetation species 
to water and nutrient resources. For a multispecies ecosystem, root distributions and root hydraulic prop-
erties of coexisting vegetation species play an important role in below-ground water transport. The model 
calculates radial root conductivity at different soil layers and incorporates the decrease in root conductivity 
over depths. Both radial and axial root conductivities for each soil layer are obtained by weighting the 
conductivity of the root system by the root distribution within the layer, where root distribution exponen-
tially decreases over depth. Thus, we obtain the value of Kh that declines exponentially over the soil depth 
within a single vegetation species. Amenu and Kumar (2008) provides detailed model setup and equations 
used for hydraulic redistribution and below-ground ecohydrologic processes and Quijano Kumar  (2015) 
provides a sensitivity analysis of root conductivities for the model. Woody plants are known to redistribute 
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Riparian site Upland site Units

Location 31.40°N 31.8214°N

111.11°W 110.8661°W

Elevation 1,190 1,116 m

Simulation year 2016 (2017) 2015

Annual precipitationfor simulation year 243 (312) 474 mm

Mean groundwaterDepth 9.8 >100 m

Mean canopy height 7 2.5 m

Flux tower observation height 14 7.82 m

Sand content 55 75 %

Clay content 20 10 %

Root depth (z95) 11 (overstory) 2.5 (overstory) m

3 (understory) 0.8 (understory) m

Abbreviations: SRM, Santa Rita Mesquite; CM, Charleston Mesquite.

Table 1 
Site Specific Parameters for Riparian Charleston Mesquite (CMW) and Upland Santa Rita Mesquite (SRM) Sites
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moisture through their roots and large perennial grasses with a considerably deep rooting depth of ∼3 m 
might perform HR (Barron-Gafford et al., 2020; Quijano et al., 2012). However, whether the sacaton bunch-
grasses perform HR at this site or not remains unclear. Therefore, we present the simulation results for two 
cases when both trees and grasses redistribute water and when only trees perform HR.

We use the root distribution equation to specify z50 and z95, depths at which cumulative root fraction from 
the surface is 50th and 95th percentile, respectively (Schenk & Jackson, 2002). The mesquite root distribu-
tion allows it to reach down to the groundwater level, around 10 m depth. We implement an initial ground-
water depth in the model by setting the soil water content below the water table depth to saturation. We 
assume that the soil texture of the study site is vertically homogeneous sandy loam, although in reality there 
are sporadic pockets of clay and gravel. Since trees and grasses are linked through a shared below-ground 
resource, a water release from tree roots may benefit understory grasses that share the same soil-water re-
source pool. HR changes the soil moisture availability through the vertical soil depth and thus affects the 
interactions between trees and grasses, especially at this study site where only the trees have access to the 
deep soil moisture. The model provides the amount of hydraulically distributed water that is subsequently 
used to support transpiration of each vegetation species in the water-limited environment, which we use to 
examine the impact of HR on overstory and understory water use when only the deep-rooted overstory trees 
have an access to groundwater. The details of the modeling and methods used for water use partitioning 
between deep-rooted and shallow-rooted vegetation species using root and LAI fractions are provided in 
Lee et al. (2018).

4. Results and Discussion
4.1. Model and Data Comparison

To examine ecohydrologic processes at the riparian woodland, we combine field measurements with the 
model results. Here we present soil moisture measurements at different depths and compare them with 
simulated soil moisture (Figures 2a–2d). Note that we use a simulation model that is not calibrated with 
field measurements and the one-dimensional model produces spatially averaged representative soil-mois-
tures while the observed soil water contents from the field are point measurements and can vary even with-
in the footprint of a tree. Therefore we do not expect a perfect agreement between the measured and mod-
eled soil moistures. There is a good agreement between observed and simulated soil moisture tendencies, 
especially during the monsoon season (Figures 2a–2d). After a precipitation event, there is a rapid increase 
followed by a gradual drawdown of the soil moisture. The overall drawdown rate of the modeled soil mois-
ture matches that of the measured soil moisture. However, in panels 2(a) and 2(b), the drawdown after the 
first peak of soil moisture is faster in modeled soil moisture, resulting in lower modeled soil moisture values 
especially in 30–35 cm depth. Since the study site is located near the San Pedro River, with fluctuating water 
levels from season to season, we suspect that the effect of belowground lateral moisture transport from/to 
the river could be a factor affecting the drawdown rate of the simulated soil moisture, especially when the 
river is recharged after precipitation events in dry winter. Both measured and modeled latent heat fluxes 
stay low before the mesquites leaf out and increase in the growing season (Figure 2e). The fluxes further 
increase during the monsoon due to responses of the understory grasses to enhanced soil-water availability. 
Through the year, modeled latent heat flux shows a good agreement with measured latent heat flux. Further 
discussions on the comparison between measured and modeled soil moisture and latent heat fluxes are 
included in Appendix A.

The positive sap flow measurements through the trunk (Figure  3) indicate that sap flow is transported 
upward through the trunk. The upward transport could be due to vessel refilling and not much due to 
nighttime transpiration since there is little evidence of significant nighttime transpiration calculated based 
on the eddy covariance measurements of latent heat flux. In 2016 and 2017, total precipitation was 243.1 
and 312.7 mm, respectively, where around 60% of the precipitation occurred during the summer monsoon 
period. Compared to 2016, there was concentrated precipitation during the monsoon season in 2017, af-
ter an extended dry period during the pre-monsoon season (Figure 4a). Due to seasonal variation in pre-
cipitation patterns, water movement through roots shows a distinctive pattern in terms of the direction 
and the amount of HR. Measured nocturnal sap flow through tree roots shows that a larger amount of 
water is transported during the wet period, either upward or downward, compared to that during the dry 
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pre-monsoon period. Interestingly, the directions of HR flow during wet seasons in two consecutive years 
are opposite of each other. Mesquites transport water downward through their taproot during the monsoon 
season in 2016, whereas they transport water upward during the monsoon season of the subsequent year. 
However, the reversal of the flow in the taproot is not shown in the model results (Figure 4), possibly due 
to the limitations in sap flow meter installation addressed in Section 3.2. Also, there is a possibility that the 
model may be off because of the parameterization of the root profiles that would result in different pressure 
gradients across the whole 10 m vadose zone that are somewhat different from reality. During the rainy days 
of 2016 (Figure 3d, day of year 183, 200, and 216), the amount of water transported through roots increases 
as a response to the precipitation, where mesquites store larger amounts of water at a deeper depth. Water 
moves horizontally through the lateral root towards the trunk (positive sap velocity through lateral root) 
and vertically down through the taproot at night time (negative sap velocity through taproot). The follow-
ing year had a prolonged dry season prior to the monsoon period. The extended dry condition triggered an 
upward water transport from groundwater, as shown in measured sap velocity through mesquite taproot 
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Figure 2. Comparison of observed and modeled (a–d) soil water content over different depths, and (e) daily averages 
of latent heat flux at Charleston Mesquite site for 2016.
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(Figure 3e) and in model simulation (Figure 4e). Mesquites continue to transport water upward even when 
there is large rainfall during the following monsoon period. During the period, mesquites transport an in-
creased amount of water upward through their taproot. In this site, the connectivity to groundwater and the 
amount of water stored in the deeper vadose zone could reduce the degree to which mesquites depend on 
seasonal precipitation by mitigating the water stress through HR.

4.2. Seasonal HR Patterns in Pre-Monsoon and Monsoon Periods

Since we do not know for certain whether bunchgrasses support HR at the site, we present the simulation 
results for cases when both trees and grasses perform HR (Figure  4) and when only trees perform HR 
(Figure 5). Model simulation in both cases demonstrates how distinctive seasonal precipitation affects the 
behavior of HR water through the entire unsaturated soil column, from the soil surface to groundwater 
depth. We found that the presence or absence of grass HR does not have a significant impact on how the 
trees redistribute water throughout a year. During the dormant canopy period (day of year 1–120), the 
overall nighttime water movement through mesquite roots is upward, where groundwater is redistributed 
to shallow soil layers (Figures 4–6). During the growing season (day of year 130–250), mesquites uptake the 
maximum amount of subsurface water, resulting in a gradual drawdown in the groundwater level during 
the new leaf production period. Particularly during the monsoon, despite the fact that there is a relatively 
large amount of precipitation, mesquites uptake a greater amount of water from the deep soil layer than 
from the uppermost soil layers (Figures 6b and 6d). At this riparian woodland site, groundwater serves as 
the main water source for mesquites and the connectivity to stable groundwater prompts hydraulic lift in 
both dry and wet seasons. During the nighttime, in the absence of transpiration demand, the soil-mois-
ture gradient results in the release of water to soil layers at 0–3 m depth during the pre-monsoon season, 
whereas it results in the release of water in the deeper vadose zone (soil depth 1–5 m) during the monsoon 
season (Figure 6). The hydraulically redistributed soil-moisture recharge in deeper vadose zone agrees with 
recorded field data for this site that show increased soil water content in 2–5 m depth, despite only shallow 
(<1 m) soil water infiltration from precipitation (Hultine et al., 2004). The amount of water released by the 
mesquites is greater during the monsoon (Figure 6) since the daytime atmospheric demand tends to be less 
during the monsoon due to lower vapor pressure deficit, temperature, and radiation.

When comparing monsoon periods in two consecutive years, mesquites release water during nighttime 
from roots to surrounding soil at 1–4 m depth in 2016 (Figures 4d and 5d) and at 2–7 m depth in 2017 
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Figure 3. Measured precipiation during (a) 2016 monsoon, (b) 2017 pre-monsoon, and (c) 2017 monsoon seasons. Mean nighttime sap velocity measured at 
the mesquite trunk, taproot (at depth of 0.5 m), and one of the lateral roots during (d) 2016 monsoon, (e) 2017 pre-monsoon, and (f) 2017 monsoon. Positive 
values represent water flow in the direction that supports transpiration.
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(Figures 4f and 5f). During the monsoon period in 2017, precipitation was concentrated over a short time 
period, following an extended dry period (Figures 4a and 5a). Therefore, the intense precipitation created a 
large soil water gradient near the uppermost soil layers. When the topsoil layers are wet and taproots have 
access to groundwater at deeper depths, mesquites absorb water from both near-surface and groundwater 
(in both cases when only trees perform HR and when trees and grasses perform HR, Figures 4f and 5f). 
Due to reduced water demand from above-ground biomass at nighttime, water flows through the roots both 
downward in the near-surface zone and upward from the deeper zones (near the groundwater source) and 
is released in the intermediate layers. This unusual bi-directional HR pattern detected during the 2017 wet 
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Figure 4. Illustration of model-generated hydraulic redistribution at different soil depths over 2 years corresponding 
to only overstory mesquite (in a case when both trees and grasses perform hydraulic redistribution). (a) 2016–2017 
measured precipitation, and (b) depth and magnitude of water uptake and release by roots, with mesquite vertical 
root density distribution shown as a dotted line. The vertical black lines indicate four 3-day windows whose details 
are shown sequentially in panels (c–f): (c) 2016 pre-monsoon, (d) 2016 monsoon, (e) 2017 pre-monsoon, and (f) 2017 
monsoon seasons. (Horizontal bars in panels (c–f) indicate the day (white bar) and night (black bar) periods of a day. 
Vertical tick marks labeled with date in panels (c–f) correspond to 00:00 a.m. for the day).
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season was previously documented in field studies in Utah based on soil water potential measurements 
after a precipitation event in senesced plants (Leffler et al., 2005; Neumann & Cardon, 2012), but was never 
demonstrated in HR simulation. The simulation of bi-directional HR flow affirms the observed convergent 
flow through root systems and suggests the need for a more refined characterization of HR where water 
could simultaneously move upward and downward, a combination of hydraulic lift and hydraulic descent, 
within roots of a single plant. We pose the occurrence of this bi-directional convergent flow as a hypoth-
esis that may guide future experimental design. Future observational studies can be designed to further 
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Figure 5. Illustration of model-generated hydraulic redistribution at different soil depths over 2 years corresponding 
to only overstory mesquite (in a case when grasses do not perform hydraulic redistribution). (a) 2016–2017 measured 
precipitation, and (b) depth and magnitude of water uptake and release by roots, with mesquite vertical root density 
distribution shown as a dotted line. The vertical black lines indicate four 3-day windows whose details are shown 
sequentially in panels (c–f): (c) 2016 pre-monsoon, (d) 2016 monsoon, (e) 2017 pre-monsoon, and (f) 2017 monsoon 
seasons. (Horizontal bars in panels (c–f) indicate the day (white bar) and night (black bar) periods of a day. Vertical tick 
marks labeled with date in panels (c–f) correspond to 00:00 a.m. for the day).
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confirm this new finding of the bi-directional HR patterns based on the present synthesis of model and 
measurement.

The main moisture sources of mesquites and grasses are different at the riparian woodland site. The con-
nectivity to groundwater resources reduces the coupling between mesquite productivity and seasonal pre-
cipitation (Scott et al., 2014). According to the simulation results, mesquites heavily depend on ground-
water (Figures 4c–4f and Figures 5c–5f) whereas understory grasses utilize water that is redistributed by 
the mesquites (at ∼2 m during the pre-monsoon period) and water from precipitation (at < 0.5 m during 
the monsoon period) (Figures 7c–7f). In a case where grasses also perform HR, they uptake water from 
shallower soil depths when near-surface soil moisture is available and release water to deeper depths at 
night (Figures 7d–7f). When precipitation is absent, grasses uptake water that is hydraulically lifted from 
groundwater by deep-rooted mesquites (Figures 4c–4e and Figures 7c–7e). This result agrees with Scott 
et al.  (2003) and Yepez et al.  (2007) who demonstrated that mesquites depend on groundwater for their 
major water source whereas the shallow-rooted understory vegetation relies on recent precipitation. From 
the field measurement, mesquite transpiration does not show a significant change when near-surface soil 
moisture increased. The presence of groundwater affects how water movement through the root system 
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Figure 6. Illustration of model-generated sum of hydraulically redistributed water (water transport between root-soil 
interface) by mesquites for each model layer at different soil depths at nighttime during (a) 2016 pre-monsoon (March–
May), (b) 2016 monsoon (June–August), (c) 2017 pre-monsoon (March–May), and (d) 2017 monsoon (June–August) 
seasons. Red highlighted box represents the zone where water is released by roots and blue highlighted box represents 
the zone where water is absorbed by roots. Nighttime corresponds to 7p.m–7a.m, when transpiration is negligible.
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fosters facilitative interaction between overstory trees and understory grasses. The upward moisture flow 
through deep-rooted trees could be a key mechanism that maintains the coexistence of deep-rooted woody 
plants and shallow-rooted grasses (Yu & D'Odorico, 2015b).

During the monsoon period in 2016, unlike the monsoon period in 2017 when mesquite roots simultaneous-
ly transport moisture upward and downward, mesquite roots constantly transport groundwater upward at 
night. When it rains during the monsoon period in 2016, grasses absorb rainwater from the uppermost layer 
and redistribute downward. It develops a simultaneous upward (by mesquites) and downward (by grasses) 
water movement over the soil column, recharging moisture to the intermediate soil depths (Figure 8). The 
result shows that if grasses perform HR, they transport moisture in the direction opposite to the direction of 
HR through mesquite roots during the wet season. This contrasting HR flow directions in the roots of coex-
isting plants has never been documented in previous literature, since most of the studies measure or model 
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Figure 7. Same as Figure 4 but for understory grass (in a case when both trees and grasses perform hydraulic 
redistribution). (a) 2016–2017 measured precipitation, and (b) depth and magnitude of water uptake and release by 
roots, with grass vertical root density distribution shown as a dotted line. The vertical black lines indicate four 3-day 
windows whose details are shown sequentially in panels (c–f): (c) 2016 pre-monsoon, (d) 2016 monsoon, (e) 2017 pre-
monsoon, and (f) 2017 monsoon seasons. (Horizontal bars in panels (c–f) indicate the day (white bar) and night (black 
bar) periods of a day. Vertical tick marks labeled with date in panels (c–f) correspond to 00:00 a.m. for the day).
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HR only for a single vegetation species, usually for the trees. This soil water recharge could benefit both 
coexisting plants by enhancing nutrient uptake, minimizing soil surface evaporation, and supporting root 
growth in dry soils (Brooks et al., 2002; Burgess, Adams, Turner, Beverly, et al., 2001; Burgess et al., 1998; 
Caldwell & Richards, 1989).

4.3. Comparison Between Ecosystems With and Without Groundwater Access

To examine how root access to groundwater alter the competitive or facilitative interaction between co-
existing vegetation, we compare the simulation results of the riparian site with that of the upland Santa 
Rita Mesquite (SRM) savanna site (based on simulation previously published in Lee et al. (2018)). The two 
ecosystems have the same semiarid monsoonal climate and a similar vegetation mixture of mesquite trees 
and bunchgrasses. For both sites, precipitation occurring primarily during a short monsoon period in a dry 
ecosystem provides a distinctive soil-water gradient over depth, driving HR through mesquite roots. At the 
two sites, mesquites and grasses share soil moisture in shallow depths, while deep-rooted mesquites have 
exclusive access to deep soil moisture at the riparian site. Therefore we found that HR is more favorable for 
supporting transpiration of deep-rooted mesquites compared to shallow-rooted grasses in both ecosystems 
(Figure 9). The major difference between the two sites is that the mesquites in the riparian site have access 
to groundwater whereas mesquites in the upland site lack access to a stable groundwater source, where 
the mean depth to groundwater exceeds 100 m. More site-specific parameters are provided in Table 1 and 
results are presented in Table A1.

At the upland site, mesquites transport water in the opposite direction in dry pre-monsoon and wet mon-
soon seasons (Figure 10). In the pre-monsoon period, mesquites uptake water below 1 m and release water 
in the shallower soil depth (soil depth 0–0.5  m), resulting in overall upward nocturnal water transport 
through mesquite roots. As monsoon season begins, mesquites absorb water from the near soil surface and 
release water in deeper soil depth (below 0.25 m), overall moving water downward. In the upland site, the 
concentrated seasonal precipitation during the monsoon period reverses the direction of the HR flow. There 
may be a number of reasons why mesquites maintain roots in the shallow soils that happen to promote 
hydraulic descent when the soil water gradients are favorable. Trees extend their roots horizontally in the 
shallow soils since there are more nutrients in the shallow soils (Cardon et al., 2013). Also maintaining 
roots in the shallow soils enables trees to move water away from grass roots to minimize the amount of 
water trees could lose via the competition with grasses in near-surface soil (Barron-Gafford et al., 2017; Lee 
et al., 2018). Hydraulic descent may help to expand the distribution and prolong the activity of roots deeper 
in the soil profile.
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Figure 8. Illustration of model-generated hydraulic redistribution at different soil depths (in a case when both trees 
and grasses perform hydraulic redistribution) during a week in 2016, when trees and grasses redistribute moisture 
through their roots in the opposite directions. Depth and magnitude of water uptake and release by roots of (a) both 
mesquite and grass, (b) only mesquite, and (c) only grass. Mesquite (red) and grass (purple) vertical root density 
distributions are overlain as dotted lines. Horizontal bars above panel (a) indicate the day (white bar) and night (black 
bar) periods of a day.
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HR pattern in the riparian site shows less variation as a response to monsoon precipitation compared to 
that in the upland site (Figures 6 and 10), since the mesquites in the riparian site have a constant water 
source and depend less on the seasonal precipitation. Mesquites in the riparian site utilize a greater amount 

of water through HR and constantly transport water upward (Figure 6), 
which is beneficial to shallow-rooted grasses. Model simulation of 2016 
demonstrates that in the riparian site, mesquite and grass annually tran-
spire 428 and 157 mm of water, respectively. Following the methodology 
established by Lee et al. (2018), we found that HR supports 49% of mes-
quite transpiration and 14% of understory transpiration in a case where 
both trees and grass perform HR (Figure 9a). Based on the model result, 
the percent of HR supporting grasses in the riparian site increased by 
∼50% (∼20% in a case when both trees and grasses perform HR) com-
pared to that in the upland site where there is no accessible ground-
water (Figure 9). Also note that 2015 was a wet year for the upland site 
(Table A1), compared to the mean annual precipitation (1937–2007) of 
377 mm (Scott et al., 2009), which increased the amount of water avail-
able in the ecosystem and therefore possibly increasing the amount of 
hydraulically redistributed water supporting shallow-rooted grasses. In 
contrast to competitive utilization of moisture by mesquites through HR 
in the upland site, the riparian site exhibits facilitative dependences be-
tween coexisting species due to HR.

We now compare the annual water budgets and their components for 
these two sites based on the model simulation. Annually, mesquites 
transpire more than grasses for both sites. Especially at the riparian site, 
mesquites transpire almost double of the amount of water transpired by 
grasses. The amounts of annual total evapotranspiration (ET) are 830 and 
394 mm, leading to TR/ET ratios of 70% and 59% in the riparian and the 
upland sites, respectively (Table A1). The amount of annual precipitation 
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Figure 9. Illustration of the modeled water dynamics showing amount of water transpired by coexisting vegetation 
species (the percentage of annual precipitation (TR/PPT) indicated in parentheses) and percentage of hydraulic 
redistribution (HR) supporting each transpiration in the ecosystems of (a) riparian Charleston Mesquite (with 
groundwater access), and (b) upland Santa Rita Mesquite (without groundwater access). The percentage of HR 
supporting annual precipitation for a case when only trees perform HR is written in blue. Figure not drawn to scale. 
(Figure for the upland site is created based on simulation results in Lee et al. (2018)).

Figure 10. Illustration of model-generated sum of hydraulically 
redistributed water (water transport between root-soil interface) by 
mesquites for each model layer at different soil depths at nighttime 
during (a) 2015 pre-monsoon (March–May) and (b) 2015 monsoon (June–
August) seasons at upland Santa Rita Mesquite site. Red highlighted box 
represents the zone where water is release by roots and blue highlighted 
box represents the zone where water is absorbed by roots. Nighttime 
corresponds to 7pm–7am. (Figure created based on simulation result in 
Lee et al. (2018)).
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in the upland site (474 mm in 2015) is almost double of the amount of annual precipitation in the riparian 
site (243 mm in 2016). Despite lower annual precipitation, the riparian site has a greater amount of water 
transpired by mesquites and grasses over the year (Table A1 and Figure 11a) since the deep-rooted mes-
quites access groundwater (Figure 4b). Results from the same year for both sites could not be compared 
because instruments from the upland site had to be moved to the riparian site for the measurements. Model 
results show that in the upland site, there is net water storage over a wetter-than-average year where a lot of 
precipitation came towards the end of the summer growing season (Figure 11b). In the riparian site, water 
is drawn from groundwater and deep soil water serves as a source of water supporting a larger amount of 
transpiration. At the riparian site, the amount of water supplied from deep soil is greater than the amount 
of water provided by precipitation (Figure 11a) and more amount of water left the ecosystem as ET (830 mm 
for 2016 simulation) than entered as precipitation (243 mm in 2016) (Table A1). Also, the water supply from 
the deep-water source allowed the amount of water transpired by mesquite alone (428 mm) to be greater 
than the amount of annual precipitation.

5. Summary and Conclusions
This study explored how the presence of an accessible deep water source, such as groundwater or recharge 
of precipitation in the dormant season, impacts water transport through HR and water utilization by coexist-
ing trees and grasses in a semiarid woodland site. We examined how the presence of groundwater prompts 
facilitative interaction between coexisting vegetation through HR. Modeling results in conjunction with 
field measurements provided insights about the hydrologic mechanisms that link soil moisture, groundwa-
ter, hydraulically redistributed water, and transpiration. One of the major results of this study presents a 
new bi-directional HR pattern, poses an emergent hypothesis, and would possibly require additional stud-
ies to delineate a more detailed characterization of this process. We explored HR patterns in pre-monsoon 
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Figure 11. Comparison of annual water budgets for 2015 at the upland Santa Rita Mesquite (SRM) with that for 2016 
at the riparian Charleston Mesquite sites in a case when both trees and grasses perform HR. For a case when only trees 
perform HR, refer to Table A1. (Annual water budget for SRM is based on simulation results in Lee et al. (2018)).
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and monsoon seasons, and also compared two semiarid ecosystems with and without a reliable deep water 
source. We quantified the use of hydraulically redistributed water between two coexisting vegetation spe-
cies using the shared resource model following the methodology developed in Lee et al. (2018). The main 
findings from this study based on the model simulation for 2016–2017 are:

•  In a semiarid ecosystem with mixed trees and grasses, HR is more favorable to supporting the transpira-
tion of deep-rooted trees but indirectly also supports the transpiration of shallow-rooted grasses. When 
deep-rooted trees have access to groundwater in the riparian woodland, trees are the primary beneficiary 
and the neighboring understory grasses around the trees also benefit from groundwater by using hydrau-
lically redistributed water. The percentage of HR supporting grass transpiration in the riparian ecosys-
tem shows approximately 50% increase (∼20% increase when grasses do not perform HR) compared to 
that in an ecosystem without groundwater access, creating a facilitative relationship between overstory 
trees and understory grasses in the riparian ecosystem

•  HR patterns differ between dry pre-monsoon and wet monsoon periods. During the pre-monsoon sea-
son, water is absorbed from the groundwater and released in the shallow soil depth. During the monsoon 
season in 2017, water that is absorbed from uppermost layers and from the groundwater is released to 
intermediate soil layers through tree roots, demonstrating bi-directional convergent HR flow that was 
detected in the field

•  During the wet season, grasses absorb rainwater from the uppermost layer and redistribute downward 
whereas trees transport moisture upward from groundwater. In a case where we assume both plants 
perform HR, trees and grasses move water through their roots in the opposite direction, at the same time, 
recharging moisture to the intermediate soil depths

•  Over a one year period, the riparian site with less precipitation has higher transpiration than the upland 
site, where trees lack groundwater access, for both trees and grasses since deep-rooted plants in the ri-
parian site supply deep soil-water to the ecosystem through HR

Although the study period is limited to 2 years, the results of this study contribute to a better understanding 
of the interplay of groundwater access and HR on water use partitioning between coexisting vegetation 
species and seasonal HR patterns in a semiarid environment. This knowledge allows us to explore the hy-
drologic impacts of HR on coexisting vegetation in an ecosystem with accessible groundwater.

There may be a benefit in upland mesquites (Scott et al., 2008) where HR helps to prolong the use of soil 
moisture outside of the wet season by banking the water. At the riparian site, the downward HR may help 
to expand the distribution and prolong the activity of roots deeper in the soil profile. The upward HR may 
support the transpiration of shallow-rooted grasses. Future experiments, such as sap measurements in mul-
tiple depths, soil water potential arrays, and isotopic measurements, may need to be adequately designed to 
account for the bi-directional HR pattern and the impact of HR in different zones of the soil.

Appendix A
In this section, we provide the simulation results and further discussion of the comparison between ob-
servation and modeled results. In Table  A1, we provide model results for riparian Charleston Mesquite 
Woodland (CMW) and upland Santa Rita Mesquite (SRM) sites that are plotted in Figure 11. Based on the 
simulation of the riparian site, deep-rooted trees are more efficient in productivity per unit lower leaf area 
index (LAI) compared to shallow-rooted grasses. Over the year, trees maintain a higher mean LAI (0.62) 
compared to grasses (0.48) and transpire a larger amount of water. The amounts of transpiration per unit 
LAI for trees and grasses are 0.063 and 0.040 mm/hr, respectively. There is approximately 35% difference 
between the rates of transpiration per unit LAI for trees and grasses. Based on the comparison between 
two cases where both trees and grasses perform HR and where only trees perform HR, we can examine the 
impact of grass HR. We found that whether the grasses redistribute moisture through their roots or not does 
not play a significant role in the net productivity and transpiration over a year. However, in a case where 
grasses do not perform HR, the amount of moisture loss due to soil evaporation increased by 7%, leading 
to increased use of soil moisture and deep soil moisture. The comparison between the simulation results 
of two cases suggests that HR by grasses may serve as a mechanism to carry moisture away from the soil 
surface to minimize the evaporative loss.
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The scatter plot with a fitted regression line using ordinary least squares (Figure A1) shows that over the 
year, there is a close agreement between measured and modeled latent heat. However, during the dry sea-
son, modeled latent heat slightly overestimates the measured latent heat. The latent heat flux observed from 
the flux tower is affected by the footprint of the flux tower, which depends on the fraction of bare soil area, 
tower height, wind direction, and wind velocity. The fraction of the bare soil area within the flux tower foot-
print varies from season to season, which could be a possible factor impacting the measured latent heat flux.

To examine the cause of the reduced signature of soil moisture as a response to precipitation around the doy 
of 183, we provide the comparison of observed and modeled soil moisture at 5 cm for the monsoon season 
(Figure A2). The attenuated soil moisture signal of the precipitation around doy 183 is due to an unusual 
precipitation pattern. There are a series of small precipitation events (0.1 mm per 30 min, which is the min-
imum measurement resolution) that occur over several days. This precipitation pattern could be caused by 
instrumental error. Since the amount of each precipitation event is not large enough to penetrate deeper 
into the soil, there is a small signal in the modeled soil moisture around doy of 183.
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Figure A1. Comparison between daily averages of observed and modeled latent heat flux at Charleston Mesquite site 
for 2016.

Riparian Site Upland Site Units

Simulation year 2016 2015

Precipitation 243 (243) 474 mm

Mesquite transpiration 428 (428) 128 mm

Grass transpiration 157 (157) 104 mm

Soil evaporation 229 (246) 151 mm

Soil moisture (+deep soil water for the riparian site) 587 (604) (water supply) 80 (water use) mm

Interception evaporation 15 (15) 11 mm

Values in parenthesis show components of annual water budget when only trees redistribute moisture in the Riparian site (no grass-HR case).
Abbreviations: SRM, Santa Rita Mesquite; CMW, Charleston Mesquite.

Table A1 
Simulation Results for Riparian Charleston Mesquite (CMW) and Upland Santa Rita Mesquite (SRM) Sites When Both Trees and Grasses Redistribute Moisture 
Through Their Roots
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To demonstrate the impact of HR on soil moisture, we provide the diurnal pattern in the observed soil mois-
ture (Figure A3). Soil moisture increases in the nighttime (and early in the morning) as evidence of plants 
releasing moisture to the surrounding soil. There is a decrease in soil moisture during the daytime due to 
evapotranspiration. Also, large seasonal changes in deep vadose zone soil moisture have been observed at 
this site (Hultine et al., 2004) using repeated ground-penetrating radar measurements of soil moisture.
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Figure A3. Measured soil water content from two probes at 15 cm depth at Charleston Mesquite site for doy of 
130–140 in 2017. The tick marks of the x-axis indicates the midnight and night time period are shaded.

Figure A2. Comparison of observed and modeled soil moisture content at 5 cm depth at Charleston Mesquite site for 
doy of 160–290 in 2016.
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Data Availability Statement
The MLCan model code and all data used in this study are available as open access from http://doi.
org/10.5281/zenodo.3931000 and the flux tower data are available in the Ameriflux depository (Scott, 2020 
-AmeriFlux US-CMW Charleston Mesquite Woodland, Data set. https://doi.org/10.17190/AMF/1660339).
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