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ABSTRACT

The plasticity of root water uptake determines the maintenance of transpiration during periods of water limi-
tation and drought. However, the mechanistic basis of plant water uptake, as well as the implications of water
uptake strategies at the individual and ecosystem scale remain elusive. We model three-dimensional root water
uptake under variably saturated conditions for a one-hectare temperate forest plot for a growing season with a
pronounced mid-season dry period. Variations in root architecture, hydraulic properties, and degree of lateral
interaction between root systems produce divergent local responses to water limitation and provide insights on
individual and community response to meteorological conditions. Results demonstrate the plasticity of ecosystem-
scale responses to surface drying, where interacting roots shift regions of active uptake to deeper soil layers with
less abundant root biomass. These shifts, a product of both root system and soil hydraulic properties, illustrate
intimate links between root and soil hydraulics in determining plant water sourcing. We further demonstrate that
root lateral interactions are beneficial at the ecosystem-scale, even when trees compete for water. Specifically, a
more spatially extensive root system facilitates access to a larger soil water reservoir, often ameliorating water
limitation and reducing sharp water potential gradients. While the reduction of water stress is a benefit, it can be
offset by increased root construction and maintenance costs associated with the larger rooting system. A plausi-
ble “viability” region of root communal co-existence is therefore implied where competitive pressures and root
production costs are balanced by a potential water benefit.

1. Introduction

plant and community responses are nonlinear and difficult to disentan-
gle (Phillips et al., 2016).

Shifting patterns of precipitation and rising temperatures have high-
lighted forest vulnerability to heat- and drought-induced stresses. Water
limitation conditions have been linked to decreases in forest productiv-
ity (Ciais et al., 2005; Zhao and Running, 2010), altered biogeochem-
istry (Schlesinger et al., 2016), increased rates of disturbance from fire,
insect infestation, and disease (Kolb et al., 2016; Littell et al., 2016;
Preisler et al., 2017), and, in extreme cases, mass tree mortality (Allen
et al., 2010; Anderegg et al., 2016). While the impacts of prolonged
water limitation are well understood, factors contributing to individual
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The subsurface, namely interactions between soils and root systems,
is particularly complex, given variability in soil conditions (Fatichi et
al., 2015a; Ivanov et al., 2010), root structure (Kramer-Walter et al.,
2016; McCormack et al., 2017; Weemstra et al., 2016), and response
patterns (He et al., 2014; Matheny et al., 2017a; Thomsen et al., 2013).
Despite this complexity, there is consensus that improved understanding
and model representation of subsurface dynamics is needed to fully de-
scribe water, energy, and ecological dynamics for vegetated ecosystems
(McDowell et al., 2013). Over the past decade, there has been a uni-
fied effort to increase representation of root zone processes in models
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across spatial scales and disciplinary foci (Couvreur et al., 2012; Manoli
et al., 2014; Sulis et al., 2019). A number of reviews have highlighted
current implementations of root system function and opportunities for
improvement (e.g., Fatichi et al., 2015b; Javaux et al., 2013; Warren et
al., 2015). Across scales, the majority of models rely on one-dimensional
profiles of root biomass or length with depth, largely ignoring the lat-
eral dimension of root mass and function. While pioneering studies have
examined water uptake for overlapping root systems (e.g., Manoli et al.,
2014), they typically examine a limited number of individuals with min-
imal representation of root topology or architecture.

For systems that face water-limitation, either from short-term, sea-
sonal dry periods or longer-term droughts, plasticity of root water up-
take (RWU) establishes the ability of individuals to meet atmospheric
demand for moisture and maintain physiological function. The manifes-
tion of plasticity is determined by both intrinsic properties of individuals
and interactions within the community and environment. Of particular
interest is how the spatial distribution of root structural and hydraulic
properties contribute to the plasticity of RWU. Partitioning of root dis-
tribution or root niche separation, and stratified rooting depth may al-
low root systems to maintain adequate water supply during periods of
water limitation (Brum et al., 2018; Ivanov et al., 2012; Silvertown et
al., 2015). Rooting depth, in particular, is widely used in hydrological
models to represent the region of plant-available moisture (Yang et al.,
2016).

A proposed complement to vertical root segregation is the horizon-
tal segregation of root systems -likely an equally crucial but less under-
stood mechanism for efficient and thorough resource utilization (Schenk
et al., 1999). The horizontal mingling of root systems is well-known,
with studies of fine root competition and dynamics in monospecific and
mixed-species forests finding strong support for overlapping root sys-
tems (Lang et al., 2010; Leuschner et al., 2001; Meinen et al., 2009;
Valverde-Barrantes et al., 2015). While dependent on species and local
environmental factors (e.g., soil and nutrient distribution), maximum
root lateral extents have been observed as far as 20-40m from tree stem
sources (Meinen et al., 2009; Stone and Kalisz, 1991), with Rewald and
Leuschner (2009) reporting root lateral extents upwards of ten times
beyond the tree crown radius. These extents all but guarantee lateral
interaction between neighboring individuals.

Root system expansion, be it into deeper soil layers or laterally
through surface soils, constitutes a significant investment in carbon
through tissue construction and maintenance. Trade offs between car-
bon investment and the acquisition of critical resources (e.g., water and
nutrients) forms the basis of plant economic theory, with potential com-
petitive advantages conferred to those that optimize investment costs
with resource gains (Bloom and Chapin, 1985). Approaches utilizing op-
timality theory have explored the balance between root zone investment
and perceived acquisition benefits, garnering new insights into the dis-
tribution of plant rooting depths (Guswa, 2008; Yang et al., 2016) and
soil moisture dynamics (Schymanski et al., 2008) across precipitation
regimes. Yet, despite the ubiquitous co-mingling of lateral roots, the im-
plications of investment in lateral root structure on water acquisition in
natural forest ecosystems remains largely unaddressed.

Given inherent challenges to in situ measurement of below-ground
processes, physically-based computational models of soil and root wa-
ter dynamics provide an opportunity to explore and quantify the role of
root spatial interactions in silico without the need for destructive field
measurements. In this work, we introduce a computationally scalable
model of three-dimensional RWU that captures forest plot-scale dynam-
ics, including lateral interactions, while maintaining critical plant-scale
structural and hydraulic information. We use observed field conditions
during a typical growing season in a temperate, mixed-deciduous forest
located in northern Michigan. The primary objective of this study is to
explore and quantify the role of lateral root interactions in water uptake
processes at the individual-tree and plot scales. Spatiotemporal patterns
of water uptake, soil moisture, and plant water status were compared

Advances in Water Resources 151 (2021) 103896

for a range of root lateral spread scenarios, architectures, and hydraulic
properties. Finally, we explore the implications that strategies of carbon
investment in rooting structure may have on forest systems that experi-
ence water limitation.

2. Model theory
2.1. Root hydraulic architecture

2.1.1. Root system architecture

Root system architecture varies between and within species, with
axes of variation arising from both physiological and environmental
factors. Typically, system topology can be classified as one of three
archetypes: flat (dominated by lateral roots near the surface, with sec-
ondary roots reaching deeper into the soil), tap (a dominant “carrot-like”
vertical root with secondary roots sprouting laterally), or dimorphic (a
mixed form of flat and tap root systems) (Sutton and Tinus, 1983). As
technology to assess actual root architecture in field conditions without
destructive measures (e.g., ground-penetrating radar) is still developing
and unavailable for our study area, we use both flat and tap archetypes.
While a given ecosystem may contain multiple topologies, each scenario
in this study was assigned a single archetype. By choosing opposing
topologies for comparison, we capture the range of potential root system
configurations.

Three-dimensional root structures were generated using RootBox
(v5e, available from https://www.csc.univie.ac.at/rootbox/) (Leitner et
al., 2010), a dynamic root growth model that utilizes Lindenmayer-
system (L-system) strings (Lindenmayer, 1977) to generate branching
segments along predefined production rules. Production parameters
were defined to generate two general root archetypes: tap and flat root
systems (Supplementary Material S.1).

2.1.2. Hydraulic parameterization

Root hydraulic parameterization is accomplished through a hybrid
macroscale approach (Couvreur et al. 2012, Meunier et al. 2017). The
approach uses special cases of microscale RWU equations (Doussan et
al., 2006) to generate macroscale parameters that are computationally
tractable for large domain simulations, yet maintain microscale hy-
draulic information. Specifically, for each modeled root architecture,
root segments are assigned intrinsic hydraulic conductivities that quan-
tify the ease with which water flows from root surfaces to the stem.

Microscopic RWU is solved one time for two cases: (1) uniform and
(2) hydrostatic soil water potential distribution with depth. From case
(1), the relative contribution of each root segment to overall water up-
take is determined and described as standard uptake fraction (SUF) by
Couvreur et al. (2012). The SUF values depend on the specific root ar-
chitecture and root hydraulic properties and are independent of the dis-
tribution of soil water potential or transpiration rate. Case (2) charac-
terizes the root system’s response to non-uniform soil water potential.
The two cases yield whole root system equivalent conductance (K,) and
the compensatory conductance (Kopp)- Keomp is @ plant-scale parameter
that quantifies the degree to which water uptake is locally enhanced in
wetter soil regions and reduced in drier ones. When soil water potential
is uniform, compensatory root water uptake is equal to zero. Similar to
the SUF, K, and K., only depends on specific root architecture and
hydraulic properties (Couvreur et al., 2012). Couvreur et al. (2012) also
showed that for roots with high axial conductance, K, and K, can
be approximated as equal. These plant- or macroscale quantities are
further used in a coupled root and soil water physics model to simu-
late water uptake at a larger, plot-size scale. The Couvreur macroscopic
parameterization scheme has been previously coupled to the R-SWMS
(Couvreur et al., 2012, 2014), HYDRUS (Baram et al., 2016; Cai et al.,
2018), and CLM models (Sulis et al., 2019).
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2.2. PFLOTRAN-root water uptake

PFLOTRAN, a massively parallel flow and reactive transport model
(Hammond et al., 2014; Lichtner et al., 2017), is used to solve
the three-dimensional Richardson-Richards equation (Richards, 1931;
Richardson, 1922) to describe flow in variably saturated soil. Root water
uptake is described as a source/sink term in the Richards equation using
the macroscale parameterization (Couvreur et al., 2012). The governing
equation of the variably saturated flow mode in PFLOTRAN is given by

L0 _y. (pK—"’V<w " pgz)) — Gy M
! H

where p (kg m~3) is the density of water, ¢ (m®m~3) is soil porosity, s
(-) is water saturation, x (m?) is soil permeability, k, (-) is relative per-
meability (-), u (Pa s) is viscosity of water, ¢ (Pa) is soil water pressure
and S (kg m~3 s71) is the sink or source due to root water uptake. In this
work, we extended the variably saturated flow mode of PFLOTRAN to
include macroscale RWU parameterization.

The domain is discretized into grid cells, represented as finite vol-
umes with defined soil properties, hereafter referred to as soil grid cells.
Multiple root systems may occupy the soil grid cell, each contributing to
the overall uptake rate. At a soil grid cell, k, the total sink is expressed
by Couvreur et al. (2012) as

M
Skp = Taer, pSSFyp + Kcomp,p<Hs,k - Z HS’/-SSFM)SSF,(’IJ 2)
=1

where Sy ,, is the generated sink term in the grid cell k for a root system
p (p=1, ... P); Ty, is the actual transpiration (or total uptake) for root
system p; Hy is the soil water potential of the grid cell k; M is the total
number of soil grid cells that root system p occupies; Koy, is compen-
satory conductance (m? s~!) and SSF is the standard sink fraction (-).
SSFyp is the aggregated value of standard uptake fractions (SUF) for all
microscale root nodes (n=1, ..., N) occupying soil grid cell k,

Ny

SSF,= ) SUF,,. ©)
n=1

Komp and SUF are determined from macroscopic parameterization

routines, specific to individual root systems, summarized in Section
2.1.2. The total sink for a grid cell k, S, is the sum of all water uptake
rates from roots occupying the cell.

P
Se=2 Sk, @)
p=1

Water potential at the root collar, H,,j, is used to determine the
overall water potential status of the stem. H_y,, is defined following
Couvreur et al. (2012) as

Tact,p

K,

rs, p

M
Hcol/ar,p = Z Hs,jSSFj,p - (5)
j=1

where Hyjq.p is the water potential at the root collar for root system
p and K,, is the whole root system equivalent conductance for root sys-
tem p. A threshold water potential at the plant collar, Hy, is set as the
hydraulic limit water uptake, mirroring isohydric stomatal response to
water limitation. T, is then expressed as a conditional function

M
Krs Z Hx,jSSFj - Hrh,p if ’Htollur,p
actp = { j

J=1
Tpot,p [f ‘Hcollar,p

> [Hun, | ©

< |Hun,|
where T, , is tree-scale potential transpiration.

The open source repository for the PFLOTRAN-Root model is avail-
able through Github (DOI: 10.5281/zenodo.3540881).
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Table 1

Allometric equations used to describe stem and root zone size characteristics.
Equations describe tree height H (m), diameter at breast height DBH (cm),
crown diameter W (m), crown height H’ (m), stem fraction D (-), crown
volume V (m?), and lateral spread LS (m).

Tree allometry

Parameter Equation Reference

Tree Height
Crown Diameter
Crown Height
Crown Volume

H=9.97 xlog [DBH] -12.61
W=2.67 xlog [DBH]-1.90
H'=D e H, where D=0.6
V=2H W?

(Garrity et al., 2012)
(Garrity et al., 2012)
(Canham, 2005)
Volume of an ellipsoid

Scenarios of lateral spread

IS=W)2
log [LS]=-0.202 +0.406log [V]
log [LS]=0.2978 + 0.406log [V]

Crown radius
(Casper et al., 2003)
(Casper et al., 2003)

Sc1, Localized
Sc2, Intermediate
Sc3, Extensive

3. Data and methods
3.1. Site description

This study uses data from the University of Michigan Biological Sta-
tion in northern, lower Michigan, USA (45.56° N, 84.71° W). A temper-
ate deciduous forest, the canopy is dominated by big-tooth aspen (Popu-
lus grandidentata) and paper birch (Betula papyrifera), with co-dominants
and an understory consisting of red oak (Quercus rubra), maple (Acer
rubrum, Acer saccharum), and pine (Pinus strobes, Pinus resinous). The
mean annual precipitation is 805mm with a mean annual temperature
of 6.8°C. Soils are well-drained Haplorthods of the Rubicon, Blue Lake
or Cheboygan series with 92.2% sand, 6.5% silt and 0.6% clay (Nave
et al., 2011). Meteorological, evapotranspiration, and soil moisture ob-
servations for the site are available through Ameriflux site ID US-UMB
(Pastorello et al., 2020).

3.2. Tree size and allometry

During the 2011 growing season, a species-specific tree inventory
was conducted within a 50m by 50m plot in the footprint of the US-UMB
eddy covariance tower (He et al., 2014). This area serves as the domain
for all subsequent analysis and model simulations. Spatial coordinates of
all trees within the area were used to specify ‘root collar’ locations. Small
trees (DBH < 10cm) of the same species collocated within 2m of each
other were assumed to share the same root system and aggregated to
form a single stem. To prevent ‘domain edge’ effects, the computational
area was expanded by 25m on all sides, with additional trees added at
random following plot derived distributions of stem density and size.
The entire computational domain is thus 100m x 100m x 2m and con-
tains 574 trees with DBH values ranging from 5 to 73.5cm. Site-specific
allometric relationships from previous studies were used to approximate
tree height, crown diameter, and crown height (Table 1, Garrity et al.,
2012). Crowns were assumed to be ellipsoids for the purpose of deter-
mining their volume. This information was used to generate time series
of tree potential transpiration.

3.3. Forcing data

Time varying boundary conditions, specifically net precipitation
and potential transpiration (T,,), were generated for a subset of the
2010 growing season (06/07,/2010 — 08/23/2010) (Fig. 1c) using
tRIBS+VEGGIE (Ivanov et al., 2008), an ecohydrological model that rep-
resents water and energy processes and essential regulatory processes
for vegetation. Specifically, ecosystem scale Ty, was determined by im-
posing ample soil moisture conditions to ensure that water uptake was
never constrained. Tp,,, was downscaled to individuals in proportion to
their crown volume and fraction of root system that resided within the
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Fig. 1. Site conditions and forcing for the simulation period 06/07/2010 —
08/23/2010. (a) Precipitation and mean daily temperature, (b) observed soil
water content from different depths near the US-UMB tower, and (c) ob-
served evapotranspiration and potential evapotranspiration as generated from
tRIBS+VEGGIE. The gray shaded region denotes a dry period where soil mois-
ture values began declining.

100m x 100m plot,

F, root,p Vp
Tootp = Tpot Aoy g )
Zp:l From‘,p I/p
where T, , is the potential transpiration for stem p (kg s, Tyor is the

ecosystem scale potential transpiration per unit area (kg s' m~2), A is
the simulation domain area (m?), Frootp is the fraction of root system
p that resides within the simulation domain (-), and A is the crown
volume of stem p (m3).

Simulated net precipitation, the difference between measured to-
tal precipitation and losses due to interception processes, is uniformly
distributed throughout the domain. Horizontal homogeneity of precip-
itation is a simplification of actual conditions, where interception and
throughfall processes may produce highly heterogeneous patterns of soil
water infiltration. This simplification was chosen for the purpose of this
numerical exercise to isolate the effects of root system architecture and
lateral interaction on water uptake patterns.

3.4. Soil hydraulic properties

Soil saturation and pressure were characterized using Mualem-van
Genuchten (MVG) soil characteristic curves (van Genuchten, 1980;
Mualem, 1976). Parameters defining the shape of the curve were taken
from He et al. (2014) and derived from Rajkai and Véarallyay (1992) to
define soil water retention and hydraulic conductivity curves. The two
soil parameter sets represent potential conditions for the observed soil
composition (Table 2, Supplementary Material S2).
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Table 2

Soil hydraulic parameters used to define the van Genuchten (1980) soil water
and hydraulic conductivity curves. Soil 1 properties were taken from He et al.
(2014) and soil 2 properties were derived from Rajkai and Vérallyay (1992).

Soil hydraulic properties

Parameter Soil 1 Soil 2 Unit
K, Saturated hydraulic conductivity 350 350 mm h-!
6,, Saturated volumetric soil moisture content ~ 0.3700  0.4856 m3 m™3
0,, Residual volumetric soil moisture content 0.0400 0.0056 m> m~3
«, Shape parameter of van Genuchten (1980) 0.0052 0.0029 mm-!
n, Shape parameter of van Genuchten (1980) 1.68 1.38 -

3.5. Root distributions and zones of uptake

Modeled root architectures rely upon inference from measured root
structural information, in particular, root length. Root length density
(RLD) is used to describe the length of root per soil volume. RLD does
not linearly scale with the more commonly measured root biomass
and requires additional information for conversion, including root di-
ameter distribution (Fig. 2a). Root biomass density (RBD) was quan-
tified at 20cm intervals to a soil depth of 80cm using cores sampled
near the US-UMB tower (He et al. 2013). The median dry weight root
mass by depth was fitted to an exponential decay function, given by
RBD(z) =5478.8exp (—0.038 z) where z is depth (cm). The broad spa-
tial distribution of root sampling throughout the inventoried plot was
intended to capture the range of system-wide (rather than individual
tree). Specific root length (SRL), the ratio of root dry mass to root length,
was measured for root diameters < 2mm. Root length and diameter were
estimated using the WinRhizo software (Regent Instruments, Canada).
Fine root distribution was divided into four diameter classes (0-0.05
mm, 0.05-0.1mm, 0.1-0.15mm, and 1.5-2.0mm) based on fractions re-
ported for similar temperate forest sites (Makita et al., 2009; Montagnoli
et al., 2012). The RLD profile is described as

C
RLD(z) = )" f. RBD(2) SRL, (8)

c=1

where RBD(2) is root biomass density (g m~3) as a function of depth z,
SRL is specific root length for diameter class c (m g~1), fis the fractional
percentage of diameter class i, and C=4 is the number of root diameter
classes.

3.6. Lateral spread scenarios

Three scenarios of lateral spread were designed to examine the rela-
tionship between root spatial interactions and tree water status (Fig. 3).
Scenario 1 (Scl or localized) acts as a ‘lower bound’ for root lateral
spread, in which the root system extent mirrors the extent of the above-
ground crown projection. Scenarios 2 and 3 (Sc2 and Sc3 or intermediate
and extensive) utilize the lower and upper confidence intervals for root
allometric relationships for semi-humid environments from Casper et
al. (2003), with lateral spread a function of crown volume (Fig. 3b).
While the coarse architecture of the root systems expand, fine roots are
spatially redistributed, weighted by individual size, such that each sce-
nario maintains the same median root length density profile (Fig. 2b and
Fig. 4).

3.7. Root competition index

Tree size is frequently used to extrapolate system scale behavior from
local measurements. While size plays a large role in determining the area
from which individuals acquire water and nutrients, it does not account
for competition from neighboring individuals. To account for both sys-
tem size and spatial interactions, we adapted analogous above-ground
competition metrics (Arney, 1973) to develop a Root Competition Index
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- Fig. 2. (a) Empirical relationship between
SRL and fine root diameter fitted to the
function In(SRL)=7.178 exp(-0.7337d), with
R2=0.9340, given as a black line with 90%
confidence intervals in gray. (b) The calculated
vertical profile of RLD for the US-UMB plot. The
dark gray shaded region encompasses the 10
- 90t percentiles, the light shaded region en-
compasses the 25 — 75t percentiles, and the
black line is the median.
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(RCI). The RCI is given by
Z;'=1 a;; + RA;

)
where a;;

;i is the area of root zone overlap between subject tree i and
competitor j, RA; is plan area of root system i, and n is the number of
competitors as defined by area overlap. An RCI value of 100 indicates
zero interaction between root systems.

To characterize the impact of lateral interaction on water uptake and
water potential status, representative individuals were selected using k-
means cluster analysis (Lloyd, 1982). The selection of cluster variables
was an attempt to balance changes in root overlap with differences in
demand due to tree size. Specifically, for each lateral spread scenario,
clusters (k=4) were obtained according to RCI and DBH. First, each
cluster partition was assigned a value (1-4) that weighted its degree of
interaction relative to the other partitions (based on RCI). For example,
a cluster value of 1 would indicate low spatial interaction relative to the
other clusters, while a value of 4 would indicate a high degree of spatial
interaction relative to the other clusters. The assigned cluster values for
each individual was summed across the three lateral spread scenarios to
determine an aggregate rank, with values ranging 3-12. The aggregate

RCI; = 100< ©

4

Extensive
80 ppmens

6 8 10 12

Fine Root Length Density [cm cm'3]

Fig. 3. (a) Three scenarios of lateral spread
with an increasing degree of interactions from
left to right. Black filled circles mark stem loca-
tions with marker size proportional to DBH and
black circles denote individual lateral spread.
Representative individuals (Section 3.8) are
marked in red. Figure depicts a subset of the
simulation domain for clarity; see SM for full
simulation domain. (b) Relationship between
DBH and root lateral spread as given in Table 1.
(c) Root architectures generated with the Root-
Box model (flat and tap root archetypes) for lat-
eral spreads of 1m and 20m, with fixed max-
imum rooting depth of approximately 80cm
(fourth and fifth branching order roots are not
shown). (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)

rank accounts for nonlinear changes in root system interaction areas
across Sc1-Sc3 and unites them under one metric.

The aggregate rank is a measure of relative competition status but
does not fully account for differences in demand based on tree size.
Therefore, cluster analysis was repeated for the aggregate rank and DBH.
Randomly selected individuals from each cluster were used for further
analysis.

3.9. Quantifying carbon-water tradeoffs

Several metrics were used to quantify individual root structural in-
vestment and response to water limitation. Relative carbon investment
in root structure between the scenarios was quantified for fine roots and
coarse roots for each modeled individual. Relative carbon investment,
C, for a root system p can be described as:
Lp - Lmin

G

(10)
Lmax - Lmin

where L, is the total root length for root system p, L;;, is the minimum
total root length from all individuals within the simulation domain,
and L, is the maximum total length from all individuals within the
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simulation domain, across all lateral spread scenarios. The relative car-
bon investment was computed separately for coarse roots and fine roots.

Days where potential demand was not met (i.e., To < Tpo) Were
counted across the simulation period and compared between the sce-
narios. These are referred to as ‘soil controlled days’ as dry soils im-
pede the individual’s ability to meet atmospheric moisture demands. As
lateral spread increases, the volume of the soil water reservoir also in-
creases, at the cost of increased interaction. The ‘cost of cooperation’,
W, quantifies the relative water benefit conferred upon an individual for
expansion of the root system and is analogous to an aridity index. It is
computed for an individual root system p as

Tact,p
T,

pot, p

Wy=1-

an

where T, is determined following Eq. (6) and T, following Eq. (7). A
value of 0 indicates that all potential demand is met, while a value of
1 indicates that no water uptake occurs. Beyond a simple aridity index,
Wp is a measure of the cost of cooperation across root scenarios when
all other abiotic facts (e.g., soil, climate) are held constant. Beyond a
simple aridity index, Wp is a measure of the cost of cooperation across
root scenarios when all other abiotic facts (e.g., soil, climate) are held
constant.

Additionally, the centroid of root water uptake characterizes the
“center of mass” of the moisture sink density distribution due to an indi-
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Fig. 4. Illustration of distributions for the lo-
calized (Scl) (a, ¢, €) and extensive (Sc3) (b, d,
f) rooting scenarios. (a — b) Domain scale RLD
for the extrema scenarios with the simulated
median (black dashed line) and 25-75™ per-
centile range (shaded gray) shown against the
observed profile percentiles (10%, 25t 75t
and 90™ in light gray dashes; average profile
is the black solid line). (¢ — d) Areal view of
90t percentile RLD at 5m x 5m scale. (e - f) 3D
domain slices showing RLD with depth across
simulation domain at 0.05m depth scale. Color
scales are uniform across (c - f).
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vidual’s transpiration flux. When the moisture sink density distribution
is proportional to the root length density distribution, the centroid of
uptake will occur at the root distribution’s center of mass (0.385m for
the distribution illustrated in Fig. 2b). A shift of the centroid above the
center of mass indicates that roots in shallow layers are contributing
proportionately more to uptake than deeper roots. The opposite is true
when the centroid shifts below the root distribution center of mass. To
compare shifts across the different scenarios with variable magnitudes
of cumulative uptake, each individual’s centroid was weighted by its
daily water uptake.

4. Results
4.1. Degree of root interaction

The three rooting scenarios produced a wide range of root interac-
tion. Lateral spread ranged from 1.2-4.8m, 1.3-9.8m, and 4.2-31.0m for
the localized, intermediate, and extensive scenarios, respectively. The RCI
ranged from 100-477, 100-834, and 2784-5479 across the rooting sce-
narios (Supplemental Material, Fig. S11). A value of 100 indicates no
root system overlap and was found in both the localized (Sc1) and in-
termediate (Sc2) rooting scenarios. The largest degree of interaction oc-
curred within the northwest quadrant of the analysis domain (Fig. 5c)
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Fig. 5. (a) K-means cluster analysis for all 127
individuals of the inner 50m x 50m plots based
on aggregate rank and DBH. (b) Relative fre-
quency per size class for each representative
group. (c) Representative groups within the
simulation domain, with randomly selected in-
dividuals marked by black circles and their sim-
ulation identifier. In all plots, groups are rep-
resented as low interaction (green diamonds),
moderate interaction (yellow triangles), high in-
teraction (red circles), and large size (orange
squares). (For interpretation of the references
to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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which consisted of primarily large growth trees with a higher relative
stem density.

Cluster analysis identified four major groups based on root compe-
tition and tree size. The four groups were labeled: low interaction, mod-
erate interaction, high interaction, and large trees (Fig. 5a-b). The three
“interaction” groups encompass individuals with DBH < 30cm binned
according to rank. These clusters have ranks ranging from 3-5, 5-8, and
9-12, respectively. The large tree cluster encompasses individuals with
DBH > 30cm spanning the moderate and high interaction levels, with
ranks ranging from 6-10. Representative individuals from each cluster
(n=3-5) were randomly selected and used in the subsequent analysis
(Fig. 5¢, Table S5).

4.2. Magnitude of water uptake

The growing season was marked by consistent rainfall events un-
til simulation day 22 when precipitation events decreased in magni-
tude and frequency (Fig. 1a). The mid-season dry period ended on day
68, when more frequent precipitation resumed. A comparison of eddy-
covariance measured latent heat fluxes with modeled domain scale T},
indicate that despite relative soil dryness, observed T, was not con-
strained (Fig. 1c¢), with a cumulative total of 281mm over the period.

For the modeled systems, the relationship between Ty, and T, was
driven by soil hydraulic properties and rooting scenario. Under Soil 1,
simulated T, does not meet T, due to excessive drying of the soil
across the scenarios (Fig. 6a). As root lateral spread increases, accessi-
ble soil water reservoirs grow, increasing system wide cumulative up-
take, T, from 183 to 233mm. For Soil 2, which had higher porosity
and overall soil water content, uptake was not as constrained and Tp,,
was met across all three scenarios. The difference in RWU between Soils
1 and 2, which were derived using the same soil textural information
(Supplemental Material S2) indicates a strong control of soil hydraulic
parameterization over RWU and the onset of water limitation, decou-
pled from root hydraulic parameterization.

The influence of root structural archetype (e.g., flat roots vs. tap
roots) was examined across all lateral spread scenarios. For individu-
als, the cumulative difference in RWU across the growing season varied
from 0 — 11.2% and 0 — 4.5% for the localized (Sc1) and extensive (Sc3)
lateral spreads respectively (see Supplemental Material S6 for individ-
ual breakdown). Averaged across the representative groups, differences
were most pronounced for large trees with localized roots (Table 3, Large
Trees) and to a lesser extent, those experiencing high relative competi-
tion (Table 3, High Interaction). Given the similarity between the two

architecture responses, all subsequent results and discussion will refer
to the flat root structural archetype, unless otherwise noted.

While system wide water uptake increases with root lateral expan-
sion, the effects differ among interaction groups (Fig. 6b-d). For the ex-
tensive rooting scenario (Sc3), periods of water stress, as indicated by the
number of “soil controlled days,” increase for the low interaction group,
stay relatively the same for the moderate interaction group, and decrease
for the high interaction and large tree groups (Fig. 6b). Mean diurnal up-
take increases for the high interaction and large tree groups (Fig. 6¢-d),
with these groups contributing the bulk to system wide increases in cu-
mulative water uptake (Fig. 6a-d).

4.3. Shifting zones of water uptake

Under water limitation (Soil 1), individual uptake during the mid-
period shifts away from the root system’s center of mass into deeper soil
layers (Fig. 7, left panel). The centroid of RWU responds quickly to small
pulses of rainfall, returning to the center of root mass distribution or to
surface layers as water percolates through the soil column. The mid-
period rainfall events were not large enough to saturate the entire soil
column, with the centroid returning to deeper layers as the rainfall pulse
was depleted. As lateral interaction increases, the magnitude and timing
of centroid shifts change across all representative groups. Dense areas
of the forest (i.e., areas of moderate and high interaction) and large trees
experience larger downward shifts in the centroid of uptake relative to
less dense areas of low interaction. As root lateral spread becomes more
extensive, the low interaction group experiences a downward shift of the
centroid, indicating shallow soil drying and higher competitive stress.
Across all groups, the onset of deeper uptake occurs earlier in the dry
period (days 23-35) for the localized scenario compared to the extensive
scenario, where uptake shifts around day 33. While the shifts in RWU
occur later and are shorter for extensive rooting, they are more intense,
with deeper uptake occurring across all representative groups. Without
water limitation (Soil 2, Fig. 7, right panel), there are no significant
shifts away from the center of root mass distribution.

At the plot scale, water uptake from characteristic wet (days 22-
26) and dry (days 34-38) periods were compared for four soil layers
(Fig. 8). During the well-watered period, the relative contribution of
different soil layers to domain-scale RWU is fairly consistent, mirroring
the root length density distribution. However, as these layers dry and
water limitation sets in, the relative contribution of deeper soil layers
(specifically, 40-60cm and 60-80cm) increases by 10-15%. These shifts
are seen across all lateral interaction scenarios, but at varying intensity.
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Fig. 6. (a) Cumulative system-scale uptake
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dry soil limited water uptake for the repre-
sentative clusters for low to large interaction
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black interior line, and outlier by the open
marker. (c — d) Mean daily uptake (kg hr™!) for
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Table 3
Mean percent difference of cumulative uptake between flat roots and tap roots for
the extrema lateral spread scenarios (localized and extensive).

Std Mean Extensive, Sc3 Std

Classification Mean Localized, Scl
Low Interaction -2.29
Moderate Interaction  -0.47
High Interaction -1.01
Large Tree 6.44

448  -0.53 0.64
0.17  -0.75 0.65
012 176 1.39
1.03  1.20 1.36

4.4. Soil moisture

Mean soil water content in the root zone (top 80 cm) decreased from
0.20 m® m~3 in the early growing season, to < 0.10 m® m~3 in the
mid-season dry period. As rain events became more frequent, mean
water content rose above 0.10 m3 m~3. Mean soil water content val-
ues were comparatively lower during the dry period for the extensive
rooting scenario (Sc3), indicative of the higher rates of cumulative up-
take (Fig. 9a, b). During the dry period, spatial patterns of soil mois-
ture closely track root system distributions (Fig. 9¢, d), with localized
roots (Scl) displaying higher spatial heterogeneity than extensive roots
(Sc3). This is especially apparent when examining the coefficient of vari-
ation (Cv) of root zone soil water potential across the simulation period
(Fig. 9e). The localized (Sc1) and intermediate (Sc2) rooting scenarios,
with similar root density distributions show similar patterns of Cv, with
values exceeding 1 during the dry period. Cv for extensive (Sc3) rooting
is lower, never exceeding 1, even during the mid-season dry period, im-
plying a relatively higher homogeneity in the spatial distribution of root
zone soil water. For comparison, the Cv of RLD is 1.25, 1.07, and 0.95 for
the localized, intermediate, and extensive rooting scenarios respectively.
During periods of high precipitation, the Cv of SWP is lower than the
Cv of RLD. As soil reservoirs are depleted during the dry period, the Cv
of SWP approaches or exceeds the Cv of RLD. These periods of higher
variability in soil water potential compared to root density may arise
from the interplay between local root hydraulic properties and individ-
ual uptake demands. Overall, these results highlight two complementary

processes: mean soil moisture behavior and variability of soil moisture.
As mean water content decreases in Sc3 relative to Scl (i.e., 0.3 < 0.1,
spatial variability of soil water content as decreases (i.e., Cvg 3 < Cvg;).

4.5. Carbon investment vs. water acquisition

Median plot-scale fine root density was the same across all tested
scenarios (Fig. 4a-b). With increasing lateral spread, fine roots were dis-
tributed proportionately across coarse structural roots. As such, relative
fine root carbon costs remained relatively consistent between all three
scenarios (Fig. 10a). As the coarse root architectures expanded from
localized rooting (Scl) to more extensive rooting (Sc3), relative carbon
costs for coarse roots increased as a function of tree size, with the exten-
sively rooted trees investing upwards of nine-fold more towards lateral
structure compared to the localized scenario (Fig. 10b). These differ-
ences are most pronounced in large growth trees (DBH>25cm, Large
cluster) which make up more than two-thirds the canopy crown volume
(Fig. 10c).

Expansion of the root system increases the size of an individual’s
soil water reservoir but benefits to water uptake can be dampened by
increased interactions with neighboring roots, so that the actual useable
water volume may not keep pace with increases in root system volume
(Fig. 10d). While increasing lateral spread alleviates constrained uptake
(the cost of cooperation, W, becomes smaller), to a degree, individu-
als are still unable to meet the full atmospheric demand (W is larger
than zero). Despite large investments in structural carbon for the large



E. Agee, L. He, G. Bisht et al.

With Water Limitation

Without Water Limitation

Advances in Water Resources 151 (2021) 103896
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Fig. 8. The relative contribution of the various soil layers (see the legend) to
domain scale water uptake for (top panel) localized (Sc1) and (bottom panel)
extensive (Sc3) rooting scenarios. The simulation results for the characteristic
wet period is denoted with the solid lines and for the characteristic dry period
with the dashed lines. The results correspond to Soil 1.

tree and high interaction groups, water benefit (e.g., alleviation of water
stress) is not gained, with W reaching a lower limit. Low and moderate
interaction groups, with relatively low competitive pressures compared
to their peers, are able to meet atmospheric demand (W close to zero)
while maintaining low relative carbon costs.

5. Discussion
5.1. Root processes and soil moisture patterns

Root water uptake plays an important role in the spatiotemporal
evolution of soil moisture, but the driving mechanisms (e.g., growth,
hydraulics, distribution, etc.) underlying these patterns are not fully un-
derstood (see summary by Koch et al., 2019). The three lateral spread
scenarios presented help elucidate the contribution of rooting distribu-
tions and competition on soil water content and plant water sourcing.
The results further show the intimate connection between root and soil
hydraulics. While derived from the same soil textural information and
observed field conditions, the two soil hydraulic parameterizations show
two different water regimes: one soil hydraulic parameterization induc-
ing water limitation and the other not. While the subsequent discussion
focuses primarily on the water-limiting case, it is worth noting that these
responses are highly dependent on soil hydraulic properties.

40 50 60 70 80
Day

As shallow soil layers (0-30cm) are depleted of water, plant water
sourcing shifts to deeper soil layers (Fig. 7, left panel). When soil wa-
ter is sufficient, as in Soil 2 (Table 2), all groups are able to fulfill their
water demands, showing little evidence of deviation of the centroid of
uptake away from the center of mass (Fig 7, right panel). The intensity,
frequency, and duration of these shifts are the combined effects individ-
ual water demands and local competition. The intensity of downward
shifts in water sourcing are largely driven by root system overlap and
interaction. In the localized rooting scenario (Sc1), the low and moderate
interaction groups (Fig. 7, left panel, green and yellow lines) have rela-
tively exclusive access to their soil water reserves, meeting their modest
atmospheric demands and averting extreme drying from shallow layers.
Water uptake occurs across the entire root profile, illustrated by no devi-
ation of the centroid of uptake from the center of mass. As lateral spreads
increase and water reserves become shared among root networks, low
and moderate individuals experience enhanced shallow soil drying, shift-
ing their overall uptake to deeper soil layers. The high interaction group
(Fig. 7, left panel, red lines) maintains shared soil water reservoirs across
the lateral rooting scenarios, but as root lateral spreads become exten-
sive, the magnitude or intensity of centroid deviations become greater.
While the intensity of centroid shifts is greater for extensive root sys-
tems, this is offset by differences in frequency and duration. The onset
of deeper water uptake, while not as strong, occurs sooner (upwards
of 10 days) for localized root systems. This is primarily limited to large
trees and those with moderate or high interaction. Lateral expansion of
these root systems not only decreases the frequency of these shifts but
increases overall uptake due to soil reservoir increases (Fig. 6 c-d).

Across the rooting scenarios, spatial patterns of soil moisture closely
track root spatial distributions, becoming more homogeneous as roots
expand laterally (Fig. 9). For a given soil medium, the homogeniza-
tion of soil moisture represents a minimization of the free energy of
the system. Heterogeneous fields contain sharp soil water potential gra-
dients and unutilized pockets of moisture. In their thermodynamic as-
sessment of RWU, Hildebrandt et al. (2016) demonstrated that homo-
geneous soil water potentials minimize energy dissipation losses dur-
ing water transport delaying the onset of water limitation compared to
heterogeneous conditions. This implies that in environments prone to
water-limiting soil drying, a root distribution which promotes homo-
geneity is a thermodynamically favorable means of delaying the onset
of physiological water stress. While maintaining the same amount of
overall fine root length between scenarios, the coefficient of variation
for the extensive systems (Cvg.3) decreased upwards of 50-70% during
the mid-season dry period while cumulative transpiration increased 26%
over localized roots (Cvg;). The modeled homogeneous distribution of
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Fig. 9. (a - b) Mean relative saturation, aver-
aged across the dry period, for the localized and
extensive scenarios respectively at 2m x 2m
scale. (c —d) Mean relative saturation, averaged
across the dry period, for the localized and ex-
tensive scenarios at 0.05m scale. (e) Time series
of spatial coefficient of variation for soil water
potential across the simulated period, with dry
period indicated as shaded gray.

Fig. 10. (a) The relative carbon cost of fine
roots for all three scenarios of lateral expan-
sion. (b) The relative carbon cost of coarse root
architecture for all three scenarios of lateral ex-
pansion. (c) Relative crown volume of each rep-
resentative group. (d) The relative structural
cost (Cp) versus the ability to meet atmospheric
demand or the cost of cooperation, Wp, under
Soil 1 for the four representative groups. The
gray shaded region encompasses the majority
of trees as illustrated by (c).
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soil water of the extensive roots (Sc3) contributed to a more homoge-
neous soil water potential field, and subsequently higher rates of water
uptake.

Further consequences of large soil water potential gradients may in-
clude the cavitation of root xylem vessels or physical separation of fine
roots from the soil, decreasing the conductance of water from the soil
into the plant. Within the leaf, decline of water conductance has been
shown to begin in outside-xylem vessels, a mechanism suggested to mit-
igate the effect of increasing xylem tensions that may lead to cavitation
of water transport vessels (Scoffoni et al., 2017). Within the rhizosphere,
the shrinkage of roots promotes a disconnection from soils (Carminati
et al., 2009), separating the rhizosphere from highly negative soil wa-
ter potentials. The ability of roots to dynamically adjust their region of
uptake due to this decoupling is an important strategy to ameliorate the
potentially physiologically detrimental effects of dry soils (Carminati
and Vetterlein, 2013).

5.2. The carbon cost and water benefit of exploration

As roots extend laterally or down through soil layers, individuals in-
cur a greater overall carbon cost, both from tissue construction and sub-
sequent respiratory maintenance (Fig. 10a-b). This growth increases the
size of an individual’s soil water reservoir but benefits to water uptake
can be dampened by increased interactions with neighboring roots, so
that the actual useable water volume may not keep pace with increases
in root system volume. As such, water benefits from carbon investment
depend largely on forest density and tree size (e.g., relative competition
and demand), but reach a threshold upon which further benefit cannot
be gained by expansion (Fig. 10d).

The four presented interaction groups — low, moderate, and high in-
teraction, and large tree — provide a point of comparison for how rel-
ative competition and atmospheric demands for water generate inde-
pendent pressures for root system segregation or expansion. Low and
moderate interaction groups have low relative competition and demand
and are analogous to young or low density forest stands. These groups
perform well with localized lateral roots (Scl), able to nearly or fully
meet their atmospheric demand without the need for extensive explo-
ration (Figs. 6a, 10d). This is not the case for individuals in denser stand
areas (high interaction) or with large atmospheric demands (large trees).
Large trees, with DBH>25 c¢m (Fig. 5b), constrain uptake more often and
earlier than smaller trees with similar relative competition (similar RCI),
unable to meet their proportionately larger atmospheric demands. High
interaction root systems also experience the impacts of water limitation
more strongly than other groups (Fig. 6b-d, 10d). Extensive lateral root-
ing (Sc3) reduces the number of ‘soil controlled’ days for these groups,
improving their overall performance. Though expansion does not fully
alleviate water stress for these groups, it suggests that as forests become
denser or larger, more extensive root structures confer a water acquisi-
tion benefit despite increases in root competition (greater RCI). The low
interaction group, composed of smaller trees with relatively lower de-
mand, benefits most from horizontal segregation (i.e., the lateral isola-
tion of the root system from competitors), while larger trees with higher
demands must forego segregation in order to meet their larger water
demands, particularly during times of low precipitation. Exclusive soil
water access is a benefit only while soil water reservoirs are sufficient
to meet demand.

It is expected that in the space of costs and benefits resulting from the
imposed root spatial exploration, there should be an optimal or “viable”
region of co-existence. In this region, access to a larger soil reservoir has
the benefit of water stress alleviation (i.e., W reduction, even when com-
peting for soil water with other individuals) and results in “justifiable”
carbon costs up to a point, after which further investments in rooting
spread do not provide additional water uptake benefits. This is expected
to be particularly true for individuals with high interaction or large size.
Despite having high relative carbon costs (Fig. 10a, d), additional wa-
ter benefit reaches a lower limit, as seen from the lack of reduction in
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W (Fig. 10d). Beyond this threshold, carbon investment or allocation is
best channeled towards other means of drought response.

An alternative viable strategy to ameliorate drought stress is to ac-
cess deeper soil water. Deep rooting has long been proposed as a coping
mechanism for water limitation in some species (e.g., Barbeta et al.,
2015; Nepstad et al., 1994; Thomsen et al., 2013). This study instituted
a uniform rooting depth of 80 cm, a depth which encompasses a ma-
jority of the fine root profile (as evidenced by field data), to isolate the
impact of lateral spread. Within this limit, mean soil water content in
deep soil layers (>1 m) remained greater than 0.10m3 m~3 across the
simulated period. Observations from US-UMB show dry deep soil layers,
with soils from 1 to 3m maintaining moisture close to residual satura-
tion (0.03-0.04m> m~3) for the majority of the growing season (Fig 1b).
Our results indirectly support empirical evidence from the same study
site of deep water uptake during periods of infrequent precipitation. In
Matheny et al. (2014), deep-rooted red oaks (Quercus rubra) were able to
meet atmospheric demand during dry periods, while shallow-rooted red
maples (Acer rubrum) were not. The different rooting-depth strategies of
these two species were confirmed using xylem water isotope analysis
(Matheny et al., 2017a). To cope with water limitation, individuals ex-
periencing high atmospheric demand and those with high competitive
pressure or lateral interaction must optimize both lateral spread and
rooting depth to maintain water uptake during dry periods. Our analy-
sis supports empirical studies that highlight the importance of both tree
size and spatial proximity as determinants of stable plant water relations
during drought (Lechuga et al., 2018).

5.3. Representation of root structure and their coupling with stem and
canopies in models

Implementation of interacting root system structure and RWU in ter-
restrial models is an area of opportunity for large scale terrestrial models
(Warren et al., 2015). Three-dimensional representation of individual
root architecture requires substantial data for parameterization and val-
idation, operating within a limited data space compared to analogous
above-ground properties. The simulations here used best available data
for community structure, soil conditions, and species-specific hydraulic
properties within the study area (Supplemental Material S3). Despite
scant information about below-ground structure and function, valuable
insights are gained by coupling root hydraulic architecture and inter-
action with models that capture soil water dynamics. One- and quasi
two-dimensional representations of root profiles have offered insights
into how forest below-ground structure can help sustain transpiration
during dry periods by fully utilizing different zones of available mois-
ture (e.g., Ivanov et al., 2012). Expanding upon these insights, we have
shown that lateral interaction and competition between root systems
plays a quantifiable role in plant water sourcing. The four representa-
tive groups showed divergent behavior in their response to water limi-
tation in terms of zones of uptake and ability to meet potential demand.
Individuals of the same size, but with different degrees of interaction,
responded differently, with higher degrees of interaction driving water
uptake into deeper soil layers.

Assigning hydraulic properties and atmospheric demand by species
would be a future avenue of research and may further elucidate the
complex interplay of plant hydraulic strategies at the individual and
community scale. Representative groups were determined as a function
of their size and degree of competitive interaction. Hydraulic strategy
serves as a potential third axis for determining representative groups, ei-
ther within pre-existing plant functional types that are utilized by most
earth system models or as a novel paradigm to define plant groupings
on a more physical basis (Matheny et al. 2017b). Here we neglected
stem hydraulic resistance, though it may become substantial in tall cav-
itating trees. A simplistic “beam” hydraulics such as plant functional
types that are utilized by most earth system models accounting for ver-
tical variations of sapwood geometry and hydraulic traits (Couvreur et
al., 2018) or more detailed stem architecture and capacitance model
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(Mirfenderesgi et al., 2016; Bohrer et al., 2005) could be implemented
in future versions, and would allow more realistic feedbacks between
cavitation and leaf regulation of transpiration (Bartlett et al., 2016).
For this numerical exercise, net precipitation was distributed uniformly
across the domain, decoupling soil moisture patterns generated from
root processes from those generated by precipitation throughfall. Guswa
et al. (2012) demonstrated that horizontal variability in soil moisture
is modulated in space and time by root (e.g., hydraulic redistribution
and compensatory water uptake) and canopy processes (e.g., intercep-
tion and stemflow). As such, incorporating heterogeneous precipitation
would be an avenue of future research.

The current generation of dynamic global vegetation models
(DGVMs) has made tremendous strides in the representation of above
ground canopy structure, with several modes of representation that al-
low for testing of hypotheses that address the dynamics among individ-
uals or cohorts in their acquisition of light and other resources (Fisher
et al., 2018). Further refinement of below-ground structure, especially
in the horizontal dimension, is urgently needed to represent spatial and
temporal niches of soil environment and control on vegetation function.
These improvements need to have mechanistic coupling with more fully
resolved soil hydraulics to provide the critical basis for linkage between
below- and above-ground processes needed to address questions of re-
source acquisition, carbon allocation, and relevant tradeoffs.

6. Conclusions

In this work, we presented a coupled three-dimensional model of soil
water dynamics and root water uptake that utilizes a hybrid macroscale
approach to represent three-dimensional root hydraulic architecture.
This model was used to examine the role of root lateral interactions
on root water uptake processes and plant water sourcing under water-
limiting conditions. Spatial root distributions and the degree of lateral
interaction between root systems is shown to shape the spatiotemporal
evolution of soil moisture, with interaction contributing to the shift of
water uptake to deeper soil horizons during periods of low precipita-
tion. Exploration of the root system, through expansion of lateral roots,
results in the homogenization of soil water potentials, a thermodynam-
ically favorable condition which also helps delay the onset of water
limitation. However, root lateral expansion comes with higher carbon
investment cost in root tissue production and maintenance, suggesting
that an optimal or viable region exists which balances resource acqui-
sition needs with investments in structure. This work further demon-
strates that lateral or horizontal interactions are a critical dimension to
consider when examining ecosystem water relations, especially under
conditions of water limitation.
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