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a b s t r a c t

Competition for water among multiple tree rooting systems is investigated using a soil–plant model that
accounts for soil moisture dynamics and root water uptake (RWU), whole plant transpiration, and leaf-
level photosynthesis. The model is based on a numerical solution to the 3D Richards equation modified
to account for a 3D RWU, trunk xylem, and stomatal conductances. The stomatal conductance is deter-
mined by combining a conventional biochemical demand formulation for photosynthesis with an optimi-
zation hypothesis that selects stomatal aperture so as to maximize carbon gain for a given water loss.
Model results compare well with measurements of soil moisture throughout the rooting zone, of total
sap flow in the trunk xylem, as well as of leaf water potential collected in a Loblolly pine forest. The model
is then used to diagnose plant responses to water stress in the presence of competing rooting systems.
Unsurprisingly, the overlap between rooting zones is shown to enhance soil drying. However, the 3D spa-
tial model yielded transpiration-bulk root-zone soil moisture relations that do not deviate appreciably
from their proto-typical form commonly assumed in lumped eco-hydrological models. The increased
overlap among rooting systems primarily alters the timing at which the point of incipient soil moisture
stress is reached by the entire soil–plant system.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Background: Forest ecosystems provide many economic, ecolog-
ical and social benefits [1] and play a key role in regulating the en-
ergy, carbon, and water fluxes between the biosphere and the
atmosphere. Soil water is extracted by plant roots, flows through
the plant vascular system and evaporates from the plant leaves
thus providing a bridge in which soil water reservoir and atmo-
spheric water vapor concentration interact. Root water uptake
(RWU) controls the water dynamics in the subsurface, thereby
affecting plant water availability [2], soil water content [3], and
the partitioning of net radiation into latent and sensible heat fluxes
thereby impacting atmospheric boundary layer dynamics [1,4,5].
Yet, despite its documented importance, a number of thorny issues
remain when representing RWU in hydrological and atmospheric
models [6], and addressing a subset of these issues frames the
compass of this work. Among the least studied of these issues is
the representation of RWU when competition among trees for
available root-water occurs. Such competition is rarely accounted
for in conventional ecological and hydrological models. Earlier
work mostly focused on grass-trees competition in the vertical
dimension. In this type of competition, it was assumed that deep
tree roots use water not consumed by the shallow grass rooting
system [7,8] and the competition for RWU becomes apparent when
vertically-averaging the grass-tree rooting system [7,9]. Even with-
in this restricted representation, resolving such rooting competi-
tion was shown to be essential in reproducing biomass dynamics
[7,9]. One of the barriers to progressing on the root-water compe-
tition issue is the inherent three-dimensional nature of the prob-
lem. Here, a new 3D model of RWU is developed to investigate
the effects of overlapping root-systems within a forest canopy so
as to infer up-scaled representation of such competition effects
on bulk ecohydrologic models.

RWU modeling: Modeling RWU requires coupling plant transpi-
ration and photosynthesis together with a three-dimensional
evolving soil moisture field. Two main approaches, both based on
Richards’ equation to describe soil water dynamics [2], have been
used to model RWU: (1) a macroscopic approach and (2) a
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microscopic approach that accounts for the detailed root architec-
ture. The first approach accounts for RWU by introducing a
‘‘macroscopic’’ sink term, generally defined as a function of
spatially-distributed root parameters (e.g., root length density).
This approach assumes that the vertically integrated RWU can be
represented via a potential transpiration dictated by atmospheric
demand for water vapor modulated by an ad hoc water stress func-
tion (e.g., Feddes approach [10]). Some compensatory mechanisms
have been incorporated within such a framework [11,12]. When
water potential gradients (WPG) are employed, this approach can
reproduce important processes such as hydraulic redistribution
(HR) [13]. HR has been observed in a number of experiments
[14,15] and included in different modeling approaches [13,16–22].
While most models in this class can satisfactorily reproduce both
compensation and redistribution mechanisms, they generally use
a vertically distributed RWU approximation, thereby censoring
any horizontal interactions among plants. Multidimensional mac-
roscopic models do exist [12,23], but they generally use simplified
RWU functions that may be unrealistic in heterogeneous soils [24].
The importance of a three-dimensional perspective has been
recently underlined [25] spawning a number of simulations of
water flow through soil and roots using a root hydraulic network
[2,25–27]. This second approach includes detailed plant-scale
models based on explicitly resolved root architecture coupled with
the three-dimensional Richards equation for water flow in the
soil-root system of an isolated single small plant or seedling
[2,25,26]. Because the precise root architecture for multiple inter-
acting trees is rarely known a priori, and given the computational
burden involved, a root architecture approach is not yet feasible for
large scale hydrological simulations. An intermediate approach
that retains the 3D properties of the problem and yet provides a
numerically-viable simplified RWU approach is needed when
exploring the interplay of hydrological, physiological, and ecologi-
cal mechanisms at the watershed scale. Existing 3D models
(belonging to both categories) commonly neglect photosynthetic
processes, which largely controls transpiration, and hence RWU.
An approach that also accommodates these mechanisms and can
be embedded in a robust three-dimensional soil moisture model
offers a decisive advantage when generalizing plant-water rela-
tions at larger scales. With such a representation, the competition
between plants for soil water (e.g., neighboring trees in a forest
stand) can be made explicit and its effects on upscaled watershed
processes can be explored.

Objectives: The main objective here is to develop a mechanistic
3D model of RWU so as to explore the implications of root compe-
tition on ecosystem transpiration and carbon uptake. More specific
objectives are to (1) develop and apply a soil–plant-atmosphere
model incorporating a 3D description of soil water dynamics, (2)
investigate the effects of some biotic and abiotic compensatory
mechanisms such as HR and Darcian redistribution on RWU and
water use efficiency, and (3) evaluate the effects of tree-to-tree
overlapping root zones on ecosystem level RWU rates. The main
novelty is a framework in which a 3D hydrological model is cou-
pled to plant transpiration and leaf photosynthesis that is then
used to explore root water uptake for overlapping tree rooting sys-
tems in the presence of dynamic groundwater fluctuations.
2. Mathematical model

The transpiration flux is expressed in terms of gradients in
water potential through a series of conductances along the path-
way connecting water from the soil (wi), to the xylem (wR), and
to the leaf (wL) (Fig. 1). Stomatal conductance is assumed to max-
imize carbon gain, while minimizing water loss. The following
assumptions are made [22]:
(a1) water extracted by roots only feeds transpiration and no
water storage occurs within the plant system,

(a2) each soil layer is directly linked to the xylem through the
root biomass allocated to the same layer,

(a3) energy losses in the root system are negligible compared to
the dissipation in the soil and soil-root interface,

(a4) RWU is not limited by any other mechanism (e.g., nutrient
limitation),

(a5) root growth is here ignored, though it may be significant at
long time scales.

2.1. Soil–plant exchanges

A recent 1D root model [22] is expanded here to a 3D general
framework. Richards’ equation is used to describe soil moisture
dynamics in a three-dimensional porous medium and is given as:

SsSw wð Þ @w
@t
þ n

@Sw wð Þ
@t

¼ ~r � KsKr wð Þ ~rwþ gz

� �h i
þ qðw; x; y; z; t;wLÞ; ð1Þ

where Ss is the elastic storage term (m�1), Sw is water saturation (–),
w is the soil water potential (m), t is time (s), n is the porosity (–), Ks

is the saturated hydraulic conductivity (m s�1) tensor, Kr is the rel-
ative hydraulic conductivity (–), gz ¼ 0; 0;1ð ÞT is the gravitational
potential energy gradient with z, the vertical coordinate, directed
upward and qðw; x; y; z; t;wLÞ is a macroscopic source/sink term
(s�1) through which soil water dynamics is coupled with the
root–plant system via the leaf water potential wL. Anisotropic satu-
rated hydraulic conductivity is modeled as a diagonal matrix with
diagonal elements Kx, Ky, and Kz, the saturated hydraulic conductiv-
ities along the coordinate directions. Eq. (1) is highly nonlinear due
to the functional dependence upon pressure head of the soil water
retention curves, which are modeled following van Genuchten and
Nielsen [28]. The numerical solution to Eq. (1) is obtained by means
of a Finite Element approach with linear (P1) basis functions and
implicit Euler time-stepping, as implemented in the CATHY model
[29]. The scheme considers nonlinear boundary conditions at the
soil surface to account for ponding or evaporation limitations due
to variable surface soil moisture. The numerical solver is based on
an unstructured tetrahedral grid and employs time step adaptation
to ensure convergence for highly nonlinear problems and address
the ODE stiffness resulting from the discretization of the nonlinear
source term. Inexact Krylov-based Picard iteration with ad hoc effi-
cient preconditioning is used in the solution of the nonlinear system
of equations [30–32]. Discretization of the source term is obtained
by means of the second order accurate midpoint rule, by which at
each grid node i the source term qi ¼ qðwi; xi; yi; zi; t;wLÞ is multiplied
by the corresponding nodal soil volume Vi. Coupling between the
soil and the root system proceeds as follows: Single plants are de-
fined by a surface grid node, j (with j between 1 and the number
of plants in the model domain), which can be identified as the base
of the plant trunk. The total water uptake per unit soil volume from
node i, appearing in Eq. (1), is expressed as the uptake from all
plants having non-zero root biomass at node i, i.e., qi ¼

P
jqi;j. The

term qi;j is the soil water uptaken (per unit soil volume) by the roots
of plant j at grid node i. A plant node j is connected to each soil node
within its root zone through a conductance, gi;j, representing the
path traveled by water from the soil pores into the nearest root
within the finite element centered in i. The conductance gi;j ex-
presses the water flux from the soil to the root (or viceversa) cross-
ing the root membrane per unit area of the membrane and per unit
difference of the total water potential between the soil and the root
(see inset in Fig. 1). To obtain the flux per unit soil volume of the
domain entering (or exiting) the root system at node i, it is neces-
sary to account for the total root surface area per unit soil volume,



Fig. 1. Model structure: the pathway of water movement from the soil through the plant system into the atmosphere modeled using a series of conductances. Water fluxes
are proportional to potential energy gradients between the soil (wi), the root system (wR), and the leaves (wL). Rainfall, soil evaporation and water table fluctuations are
specified as boundary conditions and the root water competition between neighboring trees is evaluated by changing the spacing D between two identical pine trees, each
having a root zone length dr .
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soil], such that the soil water (per unit soil volume)
uptaken by the roots of plant j at grid node i is:

qi;j ¼ �gi;j wR;j þ zR;j
� �

� wi þ zið Þ
� �

aR;i: ð2Þ

The total root surface area per unit soil volume is computed as
aR;i ¼ 2prBi, where the effective root radius r is assumed to be
2 mm and Bi is the root length density at node i (mroot m�3

soil);
zR;j is the elevation of the base of the trunk and zi is the elevation
of the ith grid node (m). Because of Assumption 3 above, the
hydraulic head is everywhere constant within the root system set
to wR;j þ zR;j, which appears in Eq. (2) irrespective of the specific
node i considered (see Fig. 1). The total soil-to-root conductance,
gi;j, is calculated by considering the effect of soil conductance
(gs;i), relative to the average path traveled by water from the soil
to the nearest root, and of the root membrane conductance (gr;i).
The conductance of the path traveled within the soil to the nearest
root is gs;i ¼ Kil

�1
i , where Ki ¼ kKsKrki is the norm of the soil hydrau-

lic conductivity (m s�1) evaluated at node i and li the rizhosphere
radius (m), i.e., the mean length traveled from the bulk soil to the
root surface. The length li can be estimated as li ¼ a=

ffiffiffiffiffiffiffiffi
pBi
p

, where
a ¼ 0:53 is an empirical coefficient [13,33]. The effective conduc-
tance (not conductivity) resulting from two conductances in series
is given by gi;j ¼ ðgs;i � gr;iÞ=ðgs;i þ gr;iÞ [22].

The sign of qi;j is controlled by the energy gradient between the
soil and the plant xylem and it defines the direction of water flow
at the soil–plant interface: when wR;j þ zR;j < wi þ zi, soil water is
uptaken by the root system (RWU), otherwise water is redistrib-
uted by roots into the soil (HR). As a consequence of RWU, energy
gradients originate in the soil, thus activating another compensa-
tory mechanism: Darcian redistribution. The Darcy’s flux is
controlled by the soil parameters only and it is computed here as
the residual between qi and the left term of Eq. (1).

The transpiration rate Tj (m3 s�1) of plant J is driven by the po-
tential energy gradient between the trunk base and the leaf [22]:

Tj ¼ �gx;j wL;j þ zL;j
� �

� wR;j þ zR;j
� �� �

Ax;j; ð3Þ

where wL;j is the leaf water potential (discussed later), gx;j is the xy-
lem conductance, Ax;j is the xylem cross sectional area (m2), and zL;j

is the elevation at which the effective leaf water potential is evalu-
ated at (m). The conductance gx;j accounts for the vulnerability of
the xylem to cavitation according to Daly et al. [34] (see Supple-
mentary material for details). The pressure head in the xylem, wR;j,
is now determined by equating the transpiration rate Tj to the total
water flux uptaken by the root system of plant j, i.e., Tj ¼

P
iqi;j � Vi.

This equality yields [22]:

wR;j ¼
gx;jAx;jðwL;j þ hc;jÞ þ S1j

S2j þ gx;j Ax;j
; ð4Þ

where hc;j ¼ zL;j � zR;j is the canopy height, S1j ¼
P

igi;jaR;i

ðwi � di;jÞVi;di;j being the difference in elevation between the ith
soil node and the base of the trunk, and S2j ¼

P
igi;jaR;iV i. The

leaf water potential wL;j is unknown and, due to the dependence
of the sink term qi;j on wL;j, Eq. (1) is under-constrained. A leaf scale
mass transfer model is now needed to mathematically close the
problem.

2.2. Plant-atmosphere

Even though a single wL;jðtÞ is used to represent the water
potential in the entire canopy, the model here incorporates a
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vertically-explicit description of the light regime. This description
decomposes the leaf area into vertical layers so as to account for
light attenuation and its effects on the photosynthesis calculations
[22]. At each canopy layer, the leaf-scale transpiration is defined by
the mass transfer of water vapor between the leaf and the atmo-
sphere at the canopy layer r:

fw;j;r wL;j

� �
¼ a gst;j;r wL;j

� �
VPD�w ð5Þ

where a ¼ 1:6 is the relative diffusivity of water vapor with respect
to CO2, gst;j;r is the CO2 stomatal conductance at canopy layer r
(mmol m�2 s�1), VPD is the vapor pressure deficit (assuming that
the leaf is well coupled to the atmosphere) and �w ¼ MWw=qw,
where MWw (g mol�1) and qw (kg m�1) are molar weight and den-
sity of water, respectively. The VPD is computed as the difference
between vapor pressure at saturation and ambient conditions
[22]. Here, air temperature, water vapor and CO2 concentrations
are assumed to be vertically uniform within canopy air volume
set to their (time-varying) measured values above the canopy and
only the light regime is determined at different canopy layers. The
leaf photosynthesis at canopy layer r is described by a biochemical
demand function [35]:

fc;j;r ¼
a1;r

a2 þ cic;r
cic;r � ccp
� �

; ð6Þ

where the photosynthetic parameters a1 and a2 are selected
depending on whether light or Rubisco limits photosynthesis [22]
at layer r; ccp is the CO2 compensation point [mmol lmol�1]. The in-
ter-cellular CO2 concentration cic can be eliminated and replaced by
stomatal conductance when assuming Fickian mass transfer be-
tween the leaf and the atmosphere [22] governs CO2 exchange.
When Rubisco is limiting a1 ¼ Vc;max and a2 ¼ Kcð1þ Co;a

Ko
Þ where

Vc;max is the maximum carboxylation capacity referenced at 25 �C,
Kc and Ko are the Michaelis constants for, respectively, CO2 and
O2 fixation at 25 �C and Co;a is the oxygen concentration in the
atmosphere. When light is the limiting factor, a1 ¼ cQp;r and
a2 ¼ 2ccp, where c is the apparent quantum yield (–), Qp;r is the pho-
tosynthetically active radiation at the canopy layer r (lmol m�2 -
s�1). Light attenuation within the canopy is modeled using an
extinction coefficient accounting for leaf angle distribution and so-
lar zenith angle [22]. The photosynthetic parameters are adjusted
for air temperature as described elsewhere [36]. Stomatal conduc-
tance is optimized for maximum carbon gain according to a linear-
ized formulation also described elsewhere [22,37]. Because
nocturnal transpiration can be significant [13,20,38], the leaf-level
formulation [37] is modified to include nighttime transpiration.
This modification is based on the fact that effective bulk leaf con-
ductance gst;j accounts for both - the optimal stomatal control by
the plant on the stomatal aperture, encoded in gst;d, and a residual
loss gst;n when stomata are almost closed (e.g., leaks due to imperfect
closure, curticular, etc. . . .). Under the assumption that these path-
ways are parallel (Fig. 1), it follows that gst ¼ gst;d þ gst;n. As conven-
tional in stomatal optimization theories [37], an objective function
for the plant is assumed to be maximizing the leaf carbon gain fc at a
given water loss fw (in units of carbon) for a species-specific water
use efficiency k. The following objective function can thus be de-
fined: f ðgsÞ ¼ fc � k � fw. Assuming that leaves optimally and auton-
omously regulates gst;d only, it is possible to set @f ðgstÞ=@gst;d ¼ 0
and solve for gst;d. Hence, it follows that at the canopy layer r [37]:

gst;rðwLÞ ¼
a1;r

a2 þ s ca
�1þ ca

a kðwLÞ VPD

	 
1=2
" #

þ gst;n; ð7Þ

where s is a model constant connected to the long-term ci=ca; ca

[mmol mol�1] is the CO2 concentration in the atmosphere and the
cost parameter k [lmol mol�1], i.e., the cost of water for the plant to
complete the photosynthesis, is estimated from the time-integrated
leaf water potential according to Manzoni et al. [39]. We refer to
[22,37] for further details on the optimality model. The nocturnal
stomatal conductance gst;n can be determined from the relation
between sapflow and VPD [20]. Since the cost parameter varies
over much longer time scales than the leaf potential (e.g., daily), a
single value of k is used for the different canopy layers (but time
varying) and the center of the canopy is used in the calculations
of wL;jðtÞ [22].

2.3. Non-linear closure equation

Because of the flux continuity across the soil–plant system,
integrating Eq. (5) over the leaf area and equating to Eq. (3) leads
to the following nonlinear closure equation for plant j:

Gj w;wL;j

� �
¼ Tj w;wL;j

� �
�
X

r

f w;j;r wL;j

� �
� LAIj;r � Ac;j ¼ 0; ð8Þ

where Ac;j is the canopy projected area (m2) and LAIj;r is the leaf area
index at the canopy layer r (m2

leaf m�2
soil). Eq. (1) is defined for

every plant j and is coupled to the discretized Richards equation
to augment the nonlinear system for the variable wL;j. Because of
the presence of several inflection points in Gj, the numerical solu-
tion is obtained by the secant method at every Picard iteration.
Let m be the external Picard iteration counter and k the time step
index, the value of wL;j is obtained by the following internal iteration
on n:

wnþ1
L;j ¼ wn

L;j � Gj wkþ1;m;wn
L;j

� � wn
L;j � wn�1

L;j

Gj wkþ1;m;wn
L;j

� �
� Gj wkþ1;m;wn�1

L;j

� � :
The initial guesses w0

L;j and w1
L;j are evaluated within the range of

physical values for the leaf water potential (here we assumed
�10 6 wL;j 6 0 MPa and we used the boundaries of the interval as
initial guesses) using a few bisection steps to ensure the existence
of a root of Gj, i.e., Gjðwk;m;w0

L;jÞGjðwk;m;w1
L;jÞ < 0. When no roots exist,

the value of wL;j that minimizes Gj is assumed as the solution.

3. Case study: a Loblolly pine plantation

3.1. Site description

The model is evaluated using a 2-year data set collected in a
Loblolly pine plantation situated in the lower coastal plain of North
Carolina, USA (35�110N, 76�110W). A description of the study area
and data collected can be found elsewhere [40,20]. Briefly, the
plantation (denoted as US-NC2 in the Ameriflux database) is a
100 ha mid-rotation Loblolly pine stand established in 1992 after
clear cutting the mature pine trees [20]. The trees were planted
at a 1.5 m � 4.5 m spacing [40]. The plantation is drained by a net-
work of parallel ditches (90–130 cm deep; 90 m spacing) and more
widely spaced roadside canals. The meteorological, hydrological,
and eco-physiological data used were collected during years
2007 and 2008. Input micro-meteorological data (e.g., air temper-
ature, photosynthetically active radiation or PAR, relative humid-
ity, rainfall) were recorded every minute and averaged every
30-min. Water vapor fluxes were also measured using an eddy
covariance (EC) system located on the meteorological tower at
the site [40]. The EC system sampling frequency is 10 Hz and the
averaging period is 30 min, synchronized with the meteorological
measurements. The soil is stratified as a sequence of an organic
horizon about 30 cm deep, followed by a 30 cm thick organic-
sandy layer and by a sandy-loam layer below 60 cm [20,40,41].
The soil hydraulic parameters are described elsewhere [41] and
summarized in Table 1. Soil moisture was measured continuously
at 10, 20, 30, 40, 50, 60, 80, and 140 cm depths using Sentek
EnviroSCAN capacitance sensors (Sentek Sensor Technologies,



Table 1
Soil hydraulic parameters: porosity values n are defined according to Domec et al.
[20] and the saturated hydraulic conductivities Kx;y and Kz are based on laboratory
testing from Diggs [41]. The residual soil moisture content hr , the capillary or air entry
pressure ws [30], and the exponent parameter nvg are the coefficients of the soil water
retention curves according to van Genuchten and Nielsen [28] and Paniconi and Putti
[30].

Depth (mbs) n (–) Ksoil (m s�1) hr (–) ws (m) nvg (–)

0.00–0.30 0.50 7:2� 10�5 0.03 �0.10 1.43

0.30–0.60 0.45 1:0� 10�4 0.02 �0.10 1.33

0.60–5.00 0.37 7:2� 10�5 0.03 �0.25 2.50

Table 2
Plant model parameters: values are based on previous literature or on field
measurements.

Parameter Description Units Values References

Plant parameters
hcano Plant/canopy height m 17 [20]
Acano Projected canopy

area
m2 9 Assumed

Axylem Xylem area m2 0.06 Assumed
r Root radius m 0.02 Assumed
RAI Root area index m2 m�2 2.1–4.7 [20]
gr Root conductance s�1 3 � 10�11 Assumed
B Root length density cm cm�3 0.07–3.70 [20]
LAI Leaf area index m2 m�2 2.5–5.6 [20]

Xylem conductance
gx;max Maximum xylem

conductance
s�1 5 � 10�6 Assumed

d Vulnerability curve
coefficient

m 200 [22,42]

c Vulnerability curve
coefficient

– 2 [22,42]

Photosynthetic model
Vc;max25 Maximum

carboxylation
capacity at 25 �C

lmol m�2 s�1 41 [20]

Kc;max25 Michaelis constant
for CO2 fixation at
25 �C

lmol mol�1 300 [22]
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Stepney, Australia) and water table fluctuations were monitored
every hour by a groundwater well installed at the site [40]. Tree
transpiration was separately determined from trunk sap flux mea-
surements on different pine trees. Specifically, sapflux measure-
ments were collected at 1.4 m above the ground at four radial
positions using 20 mm heat dissipation probes [15]. These transpi-
ration estimates are interpreted as the integrated RWU and are
used in comparisons with model results. Plant model parameters
are based on literature values or assumed according to field obser-
vations (e.g., projected canopy area, xylem area and root radius).
All the model parameters are illustrated in Table 2.
Ko;max25 Michaelis constant
for O2 fixation at
25 �C

mmol mol�1 300 [22]

cp;25 CO2 compensation
point at 25 �C

mmol lmol�1 2.6 [22]

Stomatal optimality model
k�max Maximum marginal

water use efficiency
lmol mol�1 1755 [39]

b Empirical parameter m�2 1.2 � 10�5 [39]
wL;max Leaf water potential

at maximum k
m �277 [39]

c Apparent quantum
yield

– 0.015 [43]

a Relative H2O=CO2

diffusivity
– 1.6 [37,22]

s Coefficient for gs

calculation
– 0.7 [37,22]

Co;a O2 concentration in
air

mmol mol�1 210 [37,22]

c�a Reference CO2

concentration
lmol mol�1 400 [37,22]

ca Ambient CO2

concentration
mmol mol�1 380 [37,22]

gs;n Nocturnal stomatal
conductance

mmol m�2 s�1 18 [20]
3.2. Model run setup

The model is first compared with measured transpiration and
photosynthesis for a single pine tree by using a 1D vertical domain.
These simulations are intended to calibrate the model parameters,
ensure a physically plausible model behavior, and provide a refer-
ence 1D case (i.e., not including competition among neighboring
trees). Given the 3D nature of the model formulation, the dimen-
sionality of the model is reduced to 1D by adopting a model do-
main that consists of vertical line of nodes, where Richards’
equation is solved for, surrounded by nodes where boundary con-
ditions (BCs) are imposed using measured water table levels. The
1D model thus reproduces an equivalent soil column of diameter
2dr (see Fig. 1). The vertical profile of the root length density Bi is
based on Domec et al. [20], where measurements commenced at
0.15 m below the soil surface. The Bi near the surface was deter-
mined by extrapolation using a typical exponential root distribu-
tion profile [22]. Field measurements of the meteorological and
hydrological drivers (e.g., rainfall, temperature, relative humidity,
PAR, etc.) are used to calculate the atmospheric forcing. Rainfall
data are corrected for canopy interception assuming an intercep-
tion rate of 15% [40]. An understory EvapoTranspiration (ET) is cal-
culated as the difference between the EC measured latent heat flux
(LE) above the canopy converted into mass units [40] and the sap
flow data. The resulting net flux is then imposed as a Neumann
boundary condition at the soil surface of the model domain. Input
precipitation is considered as a potential rate and actual infiltration
is evaluated based on the soil current saturation state, allowing
switching between Neumann and Dirichlet BCs in case of water
ponding [29].

The model is subsequently used to simulate two identical and
interacting Loblolly pine trees under conditions similar to those
observed within the plantation (3D simulations). Considering the
tree spacing at the site, a 10 m � 5 m � 5 m model domain is used
to represent a portion of the plantation thereby avoiding boundary
effects on the numerical solution. The effect of tree competition for
RWU is investigated by simulating a 100 days drying cycle. The
atmospheric forcing recorded on July 14th, 2007 (a typical day
characterized by high transpiration thereby highlighting the impli-
cations of root competition on soil water availability and RWU), are
repeated periodically during the simulated dry down period: the
water table was kept constant at 3 m below the surface and no-
flow conditions were imposed on the outer soil boundary. Simula-
tions with different tree spacing D, defined as the distance between
the root systems (such that D < 0 indicates partially overlapping
root systems), are also explored (Fig. 1).

In all the 3D model calculations, the following assumptions are
adopted and repeated here for clarity: (a) the root system is static
(root growth is neglected) and (b) only competition for water is
considered, assuming that trees do not compete for other re-
sources. While competition for light is another major factor in for-
ested canopies, the outcome of this competition is not explicitly
considered here though it does affect canopy height, leaf area,
and ratio of leaf-area to root-area index that are pre-specified here.
To compress the 3D simulations so that they are comparable with
the 1D simulation results, the root distribution is assumed con-
stant in the horizontal directions and the same volume of roots
as in the 1D simulations is considered. Preliminary simulations of
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a drying cycle were run both with the 1D and 3D set up and com-
parable results were obtained (not shown here for brevity). A
homogeneous lateral root distribution was not based on field con-
ditions, but it is the simplest assumption that allows addressing
differences in soil water dynamics and transpiration responses
when comparing the 1D and 3D setups.
4. Results and discussions

4.1. Model calibration

A comparison between measured and modeled soil moisture is
presented in Fig. 2 for the entire year of 2007. The model satisfac-
torily captures the observed soil moisture patterns at all depths.
The initial discrepancy between simulations and measurements
is attributed to the choice of the initial pressure distribution
(hydrostatic profile based on the observed water table), but the
discrepancy between the model system state, forcings, and mea-
surements is greatly reduced after just a few rainfall events. Other
discrepancies between model results and measurements are re-
lated to the occasional rapid transients in soil moisture within
the deeper layers. These measured transients can be plausibly ex-
plained by small scale heterogeneities not accounted for in the
model (e.g., preferential flow paths causing fast downward flow
or presence of sand/clay lenses not included here). Some evidence
that these small scale heterogeneities play a role can indeed be fin-
gerprinted. For example, the peak in soil moisture observed at 1 m
below the soil surface on day 305 (Fig. 2d) can be explained by the
presence of preferential flows since this peak is not related to a
Fig. 2. Soil water dynamics: (a) rainfall events and water table fluctuations
observed at the site during year 2007. Model results are compared with soil
saturation Sw measured at a depth of (b) 10 cm, (c) 50 cm and (d) 100 cm.
water table fluctuation and is not observed in the upper soil layers
(Fig. 2a–c). Despite these deviations between model calculations
and measurements, it can be surmised that the calibrated model
behavior realistically reproduces the main processes impacting soil
moisture dynamics in this system.

The ability of the model to describe the RWU mechanisms are
shown in Fig. 3. The model captures the biotic behavior in terms
of leaf water potential (Fig. 3b) and transpiration (Fig. 3c and d).
Because of the single-layer approximation for the above-ground
leaf pressure, modeled wL is compared with measurements from
both leaf and branches, showing a reasonable match with branch
values. The measured sap-flux (Fig. 3c) also shows large variability
among different trees, but the model provides an adequate
description of the mean behaviour (Fig. 3c). The dynamics of
RWU along the soil column (of diameter 2dr as identified in
Fig. 1) during the two-years period is also illustrated in Fig. 4b.
The RWU is higher during the summer periods as expected and it
decreases during the winter despite the ever-green nature of this
stand and the warm climate. During dry periods, soil water is first
redistributed by roots in the top soil, subsequently redistribution is
more prominent in the deeper layers (Fig. 4d). In particular, HR is
not high during the first year, as the water table is shallow, while
it increases during the second year, due to a significant drop in
the water table (Fig. 4d). The range of variability of HR spans two
orders of magnitude across ecosystems [21] and, as discussed else-
where [15], it can mitigate the effects of soil drying on stand
evapotranspiration and net primary productivity. In Loblolly pine
plantations, reported estimates of HR can exceed 1 mm d�1, rang-
ing between 6% and 12% of daily transpiration [15]. The model here
predicts a peak HR rate of 0.5 mm d�1 in 2007 and 1.1 mm d�1 in
2008 (i.e., 10–20% of daily transpiration), in agreement with the
magnitude of HR observed at the site [20] and reported elsewhere
in the literature [21].

4.2. Trees competition

Having demonstrated the model skills, a system of two identical
trees (T1 and T2) with interacting roots is now considered so as to
explore the effect of root competition on RWU and photosynthesis
during a 100 day drying cycle. Each tree has a rooting system with
a projected area of 9 m2 (i.e., dr ¼ 1:5 m, see Fig. 1), assuming a lin-
ear relation between canopy and roots projected area. Configura-
tions ranging from no interaction (D ¼ 1:0 m) to progressively
greater overlap (D ¼ �0:5 m and D ¼ �1:5 m, corresponding to
overlaps of 17% and 50% of the projected area of a single root sys-
tem) are now examined. In the overlap areas, the total RWU in-
creases due to increased local root biomass (Fig. 5). An increased
root overlap leads to an RWU vertical distribution that appears less
localized within the root zone when compared to the biomass pro-
portion allocated to each layer (the ’bumps’ in Fig. 4a). This re-
duced spatial localization in RWU away from the root density
distribution is due to a proportionally greater uptake in the
remaining layers, partly activated by the compensatory mecha-
nisms (HR and Darcian redistribution). When the response of a sin-
gle tree is considered (e.g., T1, as the responses are equal, due to
symmetry), greater interaction among the rooting systems causes
an earlier onset of HR and of water stress, with a corresponding de-
crease in RWU (Fig. 6a and b). This also results in a faster decline in
leaf water potential and a corresponding increase of the cost
parameter k (Fig. 6c and d), causing rapid censoring of leaf
transpiration.

The space–time distributions of water fluxes exchanged by one
tree with the soil within its root zone also show some interesting
patterns as the interaction between root systems is increased
(Fig. 7). As noted earlier, the soil dries more rapidly when root
competition for water is intensified, with a corresponding



Fig. 3. Tree transpiration dynamics: (a) modeled leaf water potential wL and (c) tree transpiration during an exemplary day (day 144 of year 2007). Leaf (j) and branch (�)
water potentials measured on different days of year 2007 are also compared with modeled wL in panel (b) and shown as reference in panel (a). Sap flow measurements from
different trees are compared with modeled transpiration on day 144 (different symbols in panel c) and cumulative transpiration over year 2007 and 2008 (dashed lines in
panel d).

Fig. 4. Observed root density profile (a, c), modeled RWU (b) and HR (d) during year 2007 and 2008 at different soil depths. The water table fluctuations are also shown (black
line in panel b).
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inhibition of RWU and a faster shift of the active uptake layer to
greater depths (Fig. 7a and b). The HR flux initially sustains RWU
in the top soil layers (Fig. 7a and b), where redistribution by
Darcy’s flow is partially inhibited (Fig. 7c and d) by the low soil
water saturation and the correspondingly low hydraulic conductiv-
ity. Darcian redistribution is, on the contrary, most effective in
providing soil moisture within the deeper layers (Fig. 7e and f),
where the largest proportion of RWU takes place when most of
the soil column has dried down. Overall, RWU is sustained by up-
ward redistribution of water both through the roots (Fig. 7d) and
through Darcian flow (Fig. 7e and f) but, as e.g., shown in [22],
Darcy’s flow accounts for the majority of the redistributed water.



Fig. 5. Simulation results of RWU by multiple trees. The RWU rates at time t = 5.5 days (after the start of the drying experiment) are shown for the test cases with different
tree spacing: (a) D ¼ 1 m, (b) D ¼ �0:5 m, and (c) D ¼ �1:5 m.

Fig. 6. Transpiration dynamics of tree T1 for different spacings D: (a) daily RWU, (b)
HR, (c) daily averaged wL and k are shown for the case of non-overlapping (D ¼ 1 m)
and overlapping (D ¼ �0:5 m and D ¼ �1:5 m) root systems.
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Also, it should be emphasized that HR and the Darcian redistribu-
tion act in concert within the root zone so as to mediate the spatial
regions of reduced soil moisture.
The robustness of these patterns for different root density pro-
files and soil hydraulic properties have also been explored (results
shown in the Supplementary material). Briefly, drying fronts with
the same forcings and boundary conditions but with an exponen-
tially distributed root biomass having the same total biomass
(BðzÞ ¼ ea�zþb, where a and b are parameters) were simulated. The
same numerical experiments were run assuming uniform sand
(Ks ¼ 10�4 m s�1) or silt (Ks ¼ 10�7 m s�1). Collectively, these sim-
ulation results robustly show the dominance of Darcian upward
redistribution to sustain RWU when compared to root HR. The lat-
ter provides significant contribution only near the soil surface, and
in the initial phase of the soil drying. When the top soil layer is dry,
the hydraulic conductivity there rapidly becomes small thus sup-
pressing further root HR: water potentially lifted by the root sys-
tem cannot in this case infiltrate into the surrounding soil. A
second robust feature is that Darcian redistribution tends to be
concentrated in the deeper layers, where a greater mean soil satu-
ration ensures relatively high values of soil hydraulic conductivity
and allows significant amounts of water to be moved towards the
lower boundary of the root zone. As expected, a more conductive
soil (sand) produces a faster transition towards stressed plant con-
ditions, but still induces a significant amount of water redistribu-
tion by Darcian flow (in the deeper rooting zone) and by the root
system (in the upper layers at the initial stages of the drying exper-
iment). In all cases, root competition more rapidly pushes the sys-
tem to drier conditions and amplifies the importance of these two
redistribution mechanisms to support RWU and carbon
assimilation.
4.3. Transpiration and soil saturation

A ’macroscopic’ relation between ET and the root-zone aver-
aged saturation, �Sw, is often assumed in bulk ecosystem models
seeking to capture the essential components of the soil–plant-
atmosphere system [44–48]. Typical bulk models are based on
a water balance equation describing the change in soil saturation
within the entire root-zone as a function of water infiltration
(generally accounting for stochastic rainfall, canopy interception
and run-off rates [46–48]) and ET. The ET rate in this context is



Fig. 7. Water fluxes in the root zone of tree T1: modeled (a, b) RWU, (c, d) HR and (e, f) the Darcy flux divergence as a function of depth for the case D ¼ 1 m (left panels) and
D ¼ �1:5 m (right panels).

Fig. 8. Transpiration and soil saturation: (a, c) relative RWU and (b, d) WUE as a function of average soil saturation within the root zone during the drying cycle with (top
panels) and without (bottom panels) rainfall.
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often defined as a fraction of a maximum evapotranspiration for
the ecosystem [46,47] through a water stress function, q, which
varies with �Sw : ETð�SwÞ ¼ qð�SwÞ � ETmax. The form of qð�SwÞ and the
value of ETmax are usually assumed with reference to a
zeroth-dimensional spatial framework in which the effects of
competition among rooting systems cannot be accounted for.
The 3D nature of the model here is used to investigate the
implications of root competition on the dependence of RWU/
transpiration on �Sw. To this end, we extract from the dry-down
experiments corresponding values of ET and �Sw to construct
ETð�SwÞ curves for different root spacings D (Fig. 8a). The relation
between ET and soil-moisture appears insensitive to D and that
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ET vs. qð�SwÞ curves collapse onto one another. That is, a unique
function qð�SwÞ emerges even when tree spacing is altered (all else
being the same). Irrespective of the D variations, hydraulic limita-
tions to RWU commence when soil saturation drops below the
same critical value of approximately �S�w ¼ 0:12. Root competition
speeds up the rate at which soil moisture stress is realized with-
out actually altering the functional transpiration-soil moisture
relation. The difference among root spacing scenarios lies in the
speed at which the system traverses through the function in
Fig. 8a. In particular, for D ¼ 1:0 m (no overlap), D ¼ �0:5 m,
and D ¼ �1:5 m, the critical soil moisture value is reached after
39, 29, and 24 days, respectively. The mean rainfall inter-arrival
time at the site (see Supplementary material) is generally lower
than the time needed for the system to reach such stress condi-
tions (around 90% of the rainfall events has an inter-arrival time
68 days). However, inter-arrival times of 18 days have been
observed in 2007–2008, and the degree of root overlapping may
play an important role in controlling the transition to stress
conditions. Interestingly, the decrease in RWU corresponds to
an increase in the Water Use Efficiency (WUE), defined as the
ratio of the whole plant photosynthetic rate to the plant transpi-
ration rate (WUE ¼ fc=fw), which is also insensitive to D (Fig. 8b).
To verify the robustness of this insensitivity of the stress
response function to root competition, further simulations with
different boundary conditions were run. In particular, the effect
of rainfall is evaluated by running drainage experiments in which
a constant rainfall is applied at the top of the domain. An infiltra-
tion rate of 1 mm d�1 was assumed so as to explore how the
modified vertical soil moisture profile impacts the qð�SwÞ form.
Precipitation changes the soil moisture profile with respect to
the simple drainage experiment by increasing the available water
in the top soil (where most of the root biomass is) thus slowing
down the onset of water stress. The main finding is that rainfall
shifts the critical value of the mean soil moisture, �S�w, towards
drier states (Fig. 8c and d). Furthermore, the shift of the critical
value for water stress does exhibit a dependence on the amount
of root overlap, albeit relatively mild. Comparable results are ob-
tained from simulations with different soil properties (Supple-
mentary material). These results suggest the existence of a
stress response function that is independent of the degree of root
overlap under dry conditions, but is dependent on rainfall
amount and frequency and, mainly, on soil hydraulic properties.
Understanding how the soil saturation-RWU relation varies under
different hydrological conditions and root biomass allocation
strategies is a topic for future work.

4.4. Limitations and perspectives

Interactions and competition among different rooting systems
has been explored using a pine plantation as a case study. We as-
sumed that the vertical root profiles of each tree in the plantation
are identical and set to the observed root distribution in the simu-
lations, constant in the lateral direction and time invariant. How-
ever, different adaptation strategies might be used by plants to
optimally distribute biomass in the root zone [49] and these pro-
cesses might become particularly relevant when the interaction
between plants induces a rapid onset of water stress limiting their
water use efficiency (as shown here). Even though these processes
might not be dominant at large scales compared to other spatial
processes (e.g., spatial variability of hydraulic properties, topogra-
phy, root-zone spatial variation, multiple species, etc. . . .), they can
become significant when tree scale processes are upscaled. Model-
ing these phenomena would require the incorporation of root
dynamics and a detailed knowledge of root allocation strategies.
Such work can build on the present results, but is outside the scope
of this contribution.
5. Conclusions

A three-dimensional description of the soil–plant system is pre-
sented and applied to model root water uptake by overlapping
rooting systems of Loblolly pine trees. The approach couples Rich-
ard’s equation for soil moisture redistribution with a mechanistic
description of plant transpiration and leaf photosynthesis. The re-
sults show that overlapping root systems affect soil moisture
dynamics, Darcian redistribution, and hydraulic redistribution.
When the three-dimensional RWU is volume-averaged in space,
the main effect of overlapping root systems is to induce a more ra-
pid onset of water stress conditions. Averaged ET vs. mean soil
moisture relations are relatively independent of the degree of root
overlap under dry conditions, but depend on soil hydraulic proper-
ties and, to a lesser extent, on the amount of rainfall infiltration.
Because the model provides a 3D representation of the processes
regulating root water uptake, it can be used to explore inherently
spatial effects such as the role of soil heterogeneities and root allo-
cation strategies on RWU and carbon uptake.
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