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Canopy vs. Roots: ProducƟ on and 
DestrucƟ on of Variability in Soil 
Moisture and Hydrologic Fluxes
The leaves and stems of forest canopies intercept and redistribute precipitaƟ on in space. 
Many invesƟ gaƟ ons have demonstrated that spaƟ al paƩ erns of throughfall and stemfl ow 
are persistent in Ɵ me, and this produces wet and dry spots in the soil. At the same Ɵ me, root 
uptake for transpiraƟ on acts to destroy this variability. This homogenizaƟ on is enhanced 
by root compensaƟ on (extracƟ on at high rates from wet regions) and hydraulic redistribu-
Ɵ on (transport of water from wet soils to dry via the roots). Because many hydrologic and 
biogeochemical processes are nonlinear funcƟ ons of soil moisture, an understanding of 
the relaƟ ve strength of the producƟ on and destrucƟ on of spaƟ al variability is necessary 
to represent those processes at larger scales. The creaƟ on and reducƟ on of spaƟ al vari-
ability is invesƟ gated through stochasƟ c modeling of soil-moisture dynamics. This work 
invesƟ gated the combined eff ects of canopy intercepƟ on and root uptake on the water bal-
ance, the localizaƟ on of recharge, the variability of soil moisture in Ɵ me and space, and the 
upscaled relaƟ onship between plant uptake and mean soil moisture. IntercepƟ on and plant 
uptake counterbalance each other to some extent with respect to the water balance and 
average hydrologic fl uxes, although there may be some condiƟ ons for which one process 
dominates. In contrast, canopy intercepƟ on has a noƟ ceable eff ect on recharge localiza-
Ɵ on and the horizontal variability of soil moisture that cannot be undone by root processes. 
Thus, this variability may need to be accounted for to properly represent biogeochemical 
processes that are nonlinear funcƟ ons of soil moisture. In all cases, the parƟ cular results 
depend on the strength of the canopy and root processes, along with the characterisƟ cs of 
climate, soil, and vegetaƟ on.

Many hydrologic and biogeochemical processes occurring in the vadose 

zone are nonlinear functions of soil moisture. As a result, they depend not only on average 

values of soil moisture but also on the character of its variability in space and time. An 

understanding of the production and destruction of this variability is required to properly 

understand and represent ecohydrologic processes across scales. h e structure and function 

of vegetation presents a compelling puzzle in this regard because leaves and stems increase 

the spatial variability of water l uxes while roots act to homogenize soil moisture. Who 

wins in this competition and what are the ef ects?

Field studies show that canopy interception redistributes water in space, creating patterns 

of distinct wet and dry spots that persist through time. h ese spatial patterns vary among 

species and plant functional type and propagate through to soil moisture, recharge, and 

geochemical l uxes. At the same time, water uptake for transpiration acts to homogenize 

soil moisture within the root zone, and a number of i eld and laboratory investigations 

have demonstrated that some plants can actively redistribute water via their roots. If strong 

enough, the belowground processes have the potential to mitigate or undo the heterogene-

ity introduced by canopy interception. h rough a set of numerical experiments, this work 

investigated the combined ef ects of canopy interception and root uptake on the water 

balance, the localization of recharge, the variability of soil moisture in time and space, and 

the upscaled relationship between plant uptake and mean soil moisture.

 Background
Throughfall Variability and Persistence
Precipitation that falls on vegetated surfaces is i rst i ltered by plant canopies, which retain 

and redistribute water. Water that makes its way to the forest l oor is separated into two 

components: throughfall—the water that passes through or drips from canopy leaves and 

branches, and steml ow—the water that funnels down the stem of a plant. In most cases, 

Plants redistribute precipitaƟ on and 

create spaƟ al variability in soil mois-

ture through canopy interception 

and, at the same Ɵ me, homogenize 

soil moisture and undo the variabil-

ity through root uptake. Through a 

modeling study driven by stochasƟ c 

rainfall, the eff ects of these compet-

ing processes on the water balance, 

localization of recharge, and the 

temporal and spatial variability of 

soil moisture are explored. While in 

some cases the root processes can 

miƟ gate the eff ects due to canopy 

interception, in others the canopy 

eff ects dominate.
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throughfall is a far larger component of the forest water balance, 

and the combination of throughfall and steml ow is usually less 

than the incident precipitation (notable exceptions occur in cloud 

forests). A variety of biotic and abiotic factors af ect the amount 

of water intercepted and evaporated directly from the canopy (e.g., 

Levia and Frost, 2003, 2006), and a number of models have been 

developed to predict mean interception based on vegetation char-

acteristics and meteorologic conditions (e.g., Liu, 2001; Gash et al., 

1995; Gash, 1979; Rutter et al., 1971).

Additionally, vegetation canopies act to redistribute water in space, 

and many throughfall investigations have focused on character-

izing this variability. From these studies, some common themes 

have emerged. First is that spatial patterns are temporally per-

sistent, even across seasons and years (Guswa and Spence, 2012; 

Gerrits et al., 2010; Zimmermann et al., 2009; Shachnovich et al., 

2008; Keim et al., 2005; Guswa and Rhodes, 2004; Nadkarni and 

Sumera, 2004; Gomez et al., 2002; Raat et al., 2002; Whelan and 

Anderson, 1996), and spatial correlation is weak. In many studies, 

spatial correlation is nonexistent or below the sampling resolution 

(e.g., Guswa and Rhodes, 2004; Gomez et al., 2002; Loustau et al., 

1992). In a detailed study, Zimmermann et al. (2009) found cor-

relation lengths for seven out of 14 events to be <2 m; for the other 

events with longer correlation lengths, the nugget component of the 

variogram represented more than half of the total variability. Spa-

tial coei  cients of variation approach stable and consistent values 

around 15 to 30% for large rain events and accumulations of precip-

itation with time (e.g., Guswa and Spence, 2012; Keim et al., 2005; 

Carlyle-Moses et al., 2004; Raat et al., 2002; Loustau et al., 1992). 

Spatial distributions are ot en positively skewed, with a few very 

wet spots beneath canopy drip points (Guswa and Spence, 2012; 

Zimmermann et al., 2009; Ziegler et al., 2009; Ford and Deans, 

1978), although Guswa and Spence (2012) found distributions with 

slightly negative skewness values under hemlock [Tsuga canaden-

sis (L.) Carrière] stands. Lastly, specii c i eld studies have shown 

that the spatial patterns of throughfall propagate to soil moisture 

(Schume et al., 2003; Raat et al., 2002), plant uptake (Bouten et al., 

1992; Ford and Deans, 1978), and recharge and leaching (Nikodem 

et al., 2010; Chang and Matzner, 2000; Manderscheid and Matzner, 

1995; Bouten et al., 1992).

Root Uptake
Contrary to the vegetation canopy, which, as discussed above, gen-

erates spatial variability, plant roots and the uptake of water for 

transpiration act to homogenize soil moisture (cf., Ivanov et al., 

2010; Katul et al., 1997; Breazeale, 1930). As water is withdrawn 

from the soil column, uptake from dry areas slows down or stops 

as the moisture becomes unavailable to the plant; uptake contin-

ues from wet areas and thus drives the system toward a uniform 

dryness. In some plants, this homogenization is amplii ed by two 

behaviors: root compensation and hydraulic redistribution (e.g., 

Katul and Siqueira, 2010).

When resistance to water l ow in their roots is low, plants may 

extract water at a high rate from wetter soils to compensate for part 

of the root system being dry. h at is, water can be extracted from 

a wet region at a rate that is higher than what would be needed to 

meet transpiration demand on a per-root basis. h e magnitude of 

this compensating behavior varies from plant to plant. Split-root 

and localized irrigation experiments have documented that in 

some cases this compensation may be minimal, whereas in others 

it may be that a plant can meet transpiration demand when only 

half of its roots are extracting water (Kang et al., 2003; Yao et al., 

2001; Croker et al., 1998; Fort et al., 1998; Green et al., 1997; Auge 

et al., 1995; Khalil and Grace, 1993; Neales et al., 1989).

Additionally, some plants will not only compensate for heteroge-

neous soil moisture via enhanced uptake but will also move water 

from wet to dry soil through their root systems—a process known 

as hydraulic redistribution or hydraulic li� . Initially demonstrated 

for the upward movement of water by sagebrush (Artemisia tri-

dentata Nutt.) from deep, wet layers to the surface (Caldwell and 

Richards, 1989; Richards and Caldwell, 1987), evidence now exists 

for the upward and downward l ow of water for herbs, grasses, 

shrubs, and trees across a range of climates (e.g., Domec et al., 2010; 

Oliveira et al., 2005; Burgess et al., 1998; Caldwell et al., 1998; 

Dawson, 1993). In additional to the vertical movement of water, 

recent investigations have also demonstrated lateral redistribution 

of soil moisture (e.g., Nadezhdina et al., 2009; Burgess and Belby, 

2006). As with root compensation, the strength of this phenom-

enon varies from plant to plant. Some vegetation exhibits little or 

no ability to redistribute water (e.g., Espino and Schenk, 2009), 

and, in other cases, water l uxes due to hydraulic redistribution 

can amount to 20 to 25% of daily water use (Domec et al., 2010; 

Emerman and Dawson, 1996).

Both root compensation and hydraulic redistribution amplify 

the homogenizing ef ect of plant uptake on soil moisture. In so 

doing, transpiration and ecosystem productivity can be enhanced 

(e.g., Domec et al., 2010; Katul and Siqueira, 2010; Ryel et al., 

2002), although redistribution of moisture does not always lead 

to increased transpiration (Nadezhdina et al., 2009). In either case, 

these root processes will mitigate the spatial variability of hydro-

logic l uxes and soil moisture introduced by the canopy.

 Approach
In this modeling ef ort, the representation of processes was kept 

consistent with the questions being asked and simple enough so 

that the results could be attributed to specii c aspects of the system. 

h is work focused on determining stand-scale l uxes and character-

istics that are inl uenced by the spatial variability of throughfall and 

hydraulic redistribution at the sub-stand scale. To maintain this 

focus, the project considered a relatively l at vegetation patch, and 

all lateral l ows except for hydraulic redistribution were neglected. 

While previous work has shown that such a simplification is 
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justii able for some environments (Siqueira et al., 2008; Vrugt et 

al., 2001; Katul et al., 1997), it did limit the scope of this work 

because lateral l uxes can be signii cant components of the local 

water balance in areas of moderate to high topographic relief.

h is simplii cation enabled the forest l oor to be represented by a 

set of one-dimensional models of soil moisture, coupled to each 

other via the root network. Rainfall was represented as a stochastic 

process, and the spatial variability of throughfall was captured by 

a distribution of ini ltration forcing across these one-dimensional 

models. Soil moisture in each column was subsequently withdrawn 

and redistributed by plant roots. Because the emphasis was on the 

timing and variability of throughfall events and hydraulic redistri-

bution, a semi-daily time scale was used to capture ei  ciently the 

dynamics of these processes.

A layered model allows the explicit representation of vertical vari-

ability in processes and parameters throughout the root zone. h e 

evolution of soil moisture in space and time can be represented by 

a volume-balance equation, modii ed to account for plant uptake 

and redistribution:

( ) ( )
( )

, ,
,

nS z t q z t
u z t

t z

⎡ ⎤∂ ∂⎣ ⎦ =− −
∂ ∂

 [1]

where S is the local saturation, n is porosity, q is vertical soil-

moisture l ux, u is the local sink or source due to plant uptake or 

redistribution with dimensions of depth per depth per time, z is 

the vertical coordinate, and t is time. For solution, Eq. [1] must 

be coupled with initial and boundary conditions, a relationship 

or set of relationships between l ux and local saturation, and an 

expression for plant uptake.

Throughfall
To capture the ef ects of precipitation frequency and intensity on 

the production and destruction of soil moisture variability, 

throughfall events were represented as a stochastic process. Pre-

cipitation events were characterized by a frequency, λ*, and expo-

nentially distributed depths with mean α . With a focus on closed 

canopy systems, interception was represented by a threshold depth, 

Δ, such that the spatially averaged throughfall depth TFi  for a 

given rain event of magnitude Pi is

( )TF max 0,i iP= −Δ  [2]

h at is, all precipitation up to the threshold, Δ, is intercepted by 

the canopy, and all additional water generates throughfall, a repre-

sentation supported by i eld data (Guswa and Spence, 2012). h is 

leads to a representation of throughfall as a stochastic process with 

mean depth α and frequency given by

* exp
⎛ ⎞Δ⎟⎜λ=λ − ⎟⎜ ⎟⎜⎝ ⎠α

 [3]

as in Rodriguez-Iturbe et al. (1999).

For each event, the spatial distribution of throughfall depths is 

modeled with a Gamma distribution with a mean equal to TFi
and a coei  cient of variation, CV, which was taken to be constant 

across all events (cf., Guswa and Spence, 2012). h e Gamma dis-

tribution was chosen because it is a parsimonious distribution, 

dei ned completely by its mean and coei  cient of variation, is 

bounded by zero, and has a slightly positive skew. h e spatial vari-

ability is represented as being perfectly persistent through time 

such that the relative wetness of a given location remains constant. 

h at is, a location that receives throughfall equal to the 90th per-

centile of the distribution for one event would receive throughfall 

depths corresponding to the 90th percentile for all events.

Soil-Moisture Dynamics and Recharge
Once throughfall is generated, all water enters the soil column; this 

model does not consider the generation of overland l ow. Ini ltra-

tion is considered to be fast relative to the daily time scale, a sim-

plii cation that is appropriate for soils without signii cant clay (e.g., 

Melone et al., 2006). h is allows ini ltration to be represented as 

instantaneous shots of water added to the root zone.

Local throughfall i lls each soil column from the top down, bringing 

the saturation of each layer to i eld capacity. h is process proceeds 

until all of the incoming water is used up or the entire root zone is 

saturated to i eld capacity, at which point any excess water is con-

sidered to be recharge. At er ini ltration, the subsequent capillary 

movement of water between soil layers is neglected in deference to 

the removal or supply via plant roots (e.g., Struthers et al., 2006; 

Guswa et al., 2004). h ese simplii cations retain the spatial variabil-

ity of soil moisture throughout the root zone and eliminate the cost 

of resolving soil-moisture redistribution at short time scales.

Plant Uptake and Hydraulic Redistribu  on
h e representation of plant uptake encompasses two related behav-

iors: root compensation and hydraulic redistribution (see above). 

Root compensation refers to the ability of a plant to withdraw water 

from wetter soils at a high rate to compensate for a lack of water 

in other parts of the root zone. Hydraulic redistribution refers to 

the actual movement of water from wet to dry parts of the soil via 

the root system.

Plant uptake and these behaviors are modeled by an electric circuit 

analogy, following the early work of Gardner (1960) and Cowan 

(1965) and subsequent extensions (e.g., Li et al., 2001; Lhomme, 

1998; Shani and Dudley, 1996; Cardon and Letey, 1992; Federer, 

1979, 1982; Herkelrath et al., 1977). Plant uptake is proportional 
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to a dif erence in water potential between the soil and the plant, 

and the movement of water from the soil into the plant is limited 

by two resistances: one associated with the movement of the water 

through the soil to the roots and one associated with water move-

ment through the root and plant tissue. h e local uptake function 

is described mathematically by

( ) ( )
( ) ( )

( )
p

s r

,
, RLD

,

S z t t
u z t z

R S z t R

⎡ ⎤Ψ −Ψ⎣ ⎦=
⎡ ⎤+⎣ ⎦

 [4]

where RLD is the local root-length density (mm roots mm−3 

soil), Ψ is the water potential in the soil, and Ψp is the plant (stem) 

water potential, Rs is the soil resistance (inversely proportional to 

the unsaturated conductivity), and Rr is the root resistance (e.g., 

Larcher, 1995; Lhomme, 1998). h e local density of roots as a func-

tion of depth is represented as a truncated exponential (cf., S. Tron, 

personal communication, 2011; Jackson et al., 1996):

( )
( ) ( )

( )
scale scale

r scale

1 exp
RLD RLD

1 exp

Z z Z
z

Z Z

⎡ ⎤−⎢ ⎥⎣ ⎦=
⎡ ⎤− −⎢ ⎥⎣ ⎦

 [5]

where RLD  is the mean root-length density throughout the root 

zone, and Zr is the maximum root depth, Zscale is a scale factor 

that approaches the mean root depth as Zr/Zscale increases. Water 

potential and saturation are related by

( ) h
e

h1

b
S S

S
S

−⎛ ⎞− ⎟⎜ ⎟Ψ =Ψ ⎜ ⎟⎜ ⎟⎜ −⎝ ⎠
 [6]

where Ψe is the air-entry pressure, Sh is the hygroscopic saturation, 

and b is a shape parameter (Clapp and Hornberger, 1978).

h e total transpiration rate is obtained by integrating u(z,t) (Eq. 

[4]) over the root zone. In unstressed conditions, actual transpira-

tion equals the potential rate. As the soil dries out, however, the 

plant will begin to close its stomata to reduce transpiration and 

prevent damage to its tissues. In the model presented here, the 

functioning of plant stomata and the associated vulnerability 

curve are not represented explicitly. Rather a critical plant poten-

tial is determined, herein referred to as the wilting potential, Ψw; 

the plant potential, Ψp, is constrained to remain above this value. 

h erefore, no water will be taken up from soils at the wilting poten-

tial, Ψw, making Sw a lower limit on soil moisture.

Because of the branching nature of roots, water l ows from the 

soil to the plant via a number of parallel pathways. With multiple 

paths for uptake, the root system can compensate for spatial varia-

tions in soil moisture by extracting water from wet regions at a 

high rate. h e ability to do so is a function of the magnitude of 

the root resistance term in Eq. [4] because the soil resistance is 

negligible at higher saturations. If the root resistance is small, the 

plant can extract water at high rates from wet regions to compen-

sate for portions of the root zone that are dry. h is behavior can 

be expressed by a factor, γ, where 1/γ is dei ned as the minimum 

fraction of the roots that must be in wet soil (at i eld capacity) in 

order for the plant to withdraw enough water to meet the transpi-

ration demand if extraction from elsewhere in the soil column is 

zero (e.g., Guswa et al., 2002, 2004). Note that this compensation 

parameter, γ, is not something added to the model presented in Eq. 

[4]. It is dei ned as

( )fc wr

pot r

Z

T R

Ψ −Ψ
γ=  [7]

where Ψfc is the water potential at i eld capacity and Tpot is the 

potential transpiration. h e parameter γ is a way of intuitively 

expressing the ef ect of the root resistance on plant compensation. 

Split-root experiments have indicated that the values of this param-

eter can range from 1 to >2 (e.g., Yao et al., 2001; Croker et al., 

1998; Fort et al., 1998; Green et al., 1997; Auge et al., 1995; Khalil 

and Grace, 1993; Neales et al., 1989). Of course, even though local 

uptake can provide water at high rates, the total uptake, i.e., the 

integral of Eq. [4] over the root zone, is constrained to be less than 

or equal to Tpot by adjusting Ψp.

In addition to accounting for this compensating behavior, the for-

mulation of plant uptake given by Eq. [4] can also represent hydrau-

lic redistribution, the movement of water from wet to dry regions 

of the soil via the root system. h is will occur at those locations for 

which Ψ < Ψp; that is, locations where the soil-water potential is 

less than the plant potential. h is is unlikely to occur during the 

day, when the plant is transpiring and the plant potential is low, but 

can occur at night when the plant-water potential increases. More 

and more investigations are demonstrating the signii cance of this 

process in the i eld (see above).

To ef ectively represent this process, each day is separated into a 

daytime and a nighttime period, and water uptake during the day-

time is as described above. To simulate hydraulic redistribution at 

night, the plant-water potential is set to the value that produces a 

net zero l ux across all roots, i.e., across all soil layers across all of 

the coupled one-dimensional models. h is assures that water is 

conserved within the root zone, and the nighttime l ux of water 

to or from a patch of soil is then given by Eq. [4]. h is redistribu-

tion may occur vertically within a soil column and horizontally 

across columns. h is formulation is consistent with stem-mediated 

hydraulic redistribution (e.g., Nadezhdina et al., 2009; Burgess and 

Belby, 2006) and implies that each point in the soil is hydraulically 

connected to every other—a simplii cation that increases the ei  -

ciency of the redistribution. h us, the pairing of this model with 

one that does not permit hydraulic redistribution will represent 
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bounding behaviors for the root system. It should be emphasized 

that both root compensation and hydraulic redistribution are not 

added to the model but come naturally from the Ohm’s law formu-

lation of the hydraulic process (e.g., Mendel et al., 2002).

To illustrate the uptake behavior, Fig. 1 presents relative local 

uptake and hydraulic redistribution as a function of local satura-

tion. h e y axis presents the local rate of uptake or redistribution 

per unit of roots relative to what is required to reach Tpot. Curves 

are presented for two values of plant compensation (γ = 1.05 and 

2). h e heavy lines represent uptake when the plant potential is 

equal to the wilting potential, i.e., when the plant is withdrawing 

water at the maximum rate. When soil water is plentiful (i.e., when 

saturation is near i eld capacity), relative local uptake approaches 

γ (Eq. [7]). h e strong nonlinearity in the function indicates that 

local uptake is relatively insensitive to changes in saturation when 

saturation is high but quite sensitive as the soil dries out.

h e lighter lines represent redistribution of water to the soil when 

the plant potential is equal to Ψ(Sfc)—that is, when the plant 

potential is equal to the water potential at i eld capacity. Such a 

situation represents a limiting behavior, approached if most of the 

root zone were wetted to i eld capacity with only a small fraction 

of dry roots. Because redistribution occurs in dry soils, the rate of 

redistribution depends on both the root and soil resistances. In 

Fig. 1, and throughout this study, the soil resistance was chosen to 

be small such that the root resistance dominates. In other words, 

this study presumed that the unsaturated hydraulic conductivity 

at the wilting point is not the factor limiting the el  ux or uptake 

of water. h is maximizes the potential for hydraulic redistribution; 

as seen in Fig. 1, the local, relative rate of uptake (positive) or el  ux 

(negative) is given by

( ) ( )
( ) p

r

,
, RLD

S z t
u z t z

R

⎡ ⎤Ψ −Ψ⎣ ⎦=  [8]

Scenarios Inves  gated
To investigate the competing ef ects of throughfall variability and 

root uptake, this study considered a set of core simulations that 

included two levels of throughfall variability (CV = 0 and 25%), 

two levels of root compensation (γ = 1.05 and 2), and hydraulic 

redistribution turned on and of . Across these simulations, the 

interception depth, potential transpiration, plant-available water, 

and root depth and distribution were held constant. Table 1 indi-

cates the particular values of the parameters used in these simula-

tions. h e choice of Zr = 100 cm and Zscale = 30 cm leads to a root 

distribution with half of the roots in the top 20 cm and three-

quarters in the top 40 cm (cf., Jackson et al., 1996).

h ree dif erent climates were considered: a base case, a light case, 

and a wet case. In the base case, the mean event depth, α , was 20 

mm event−1 and precipitation frequency was 0.1 events d−1. h e 

climate of this base case can be characterized by two important 

Fig. 1. Local uptake per unit of roots relative to what is needed to meet 
potential transpiration as a function of water saturation S in the soil. 
h e heavy lines with positive values represent uptake when the plant 
potential Ψplant is equal to the wilting potential Ψwilt; the lighter curves 
below zero indicate redistribution of water to the soil when the plant 
potential is equal to the soil-water potential at i eld capacity (Ψfc). 
Dashed lines are the curves for cases with compensation parameter γ
= 1.05 and solid lines represent γ = 2. h e vertical dotted line is the 
lower limit on saturation, i.e., the wilting point (Sw).

Table 1. Parameter values used in the model to demonstrate the ef ects 
of throughfall variability and root uptake.

Characteristic Variable Value

h roughfall variability CV 0, 0.25

Root compensation γ 1.05, 2.00

Hydraulic redistribution ΗR yes, no

Interception, mm event−1 Δ 2.5

Soil texture sandy loam (Clapp and 
Hornberger, 1978)

 Air-entry pressure, cm ψe
−22

 Hygroscopic saturation Sh 0.001

 Shape parameter b 4.9

Plant-available water θpaw = 
n(Sfc − Sw)†

0.14

Maximum root depth, cm Zr 100

Root distribution, cm Zscale 30

Potential transpiration, 
mm d−1

Tpot 3.5

Precipitation:
 mean depth, mm; 

frequency, d−1

α; λ* α = 20; λ* = 0.1 (base case)

α = 20; λ* = 0.2 (wet case)

α = 10; λ* = 0.2 (light case)

† n, porosity; Sfc, saturation at i eld capacity; Sw, saturation at the wilting point.
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dimensionless parameters. h e i rst is the ratio of mean precipita-

tion to potential transpiration, W = αλ*/Tpot (e.g., United Nations 

Environment Programme, 1997; Milly, 1993). h e second is a nor-

malized root depth

paw scale
*

Z
Z

θ
=

α
 [9]

where θpaw is the plant-available water content (i.e., the dif erence 

between water content at i eld capacity and the wilting point) and 

Z* represents the number of mean throughfall events that can be 

absorbed by a dry soil within the depth Zscale. For the base climate, 

W was 0.57, indicating a dry climate, and Z* was 2.1. In addition 

to this base case, this work also considered a light case (α = 10 mm 

event−1, λ* = 0.2 events d−1), for which W remained at 0.57 but Z* 

= 4.2, and a wet case (α = 20 mm event−1, λ* = 0.2 events d−1), for 

which W = 1.14 and Z* was 2.1.

For the scenarios with spatially varying throughfall, simulations 

were run for 10,000 d for 100 coupled one-dimensional models, 

each with 50 soil layers. For the homogenous cases, a single one-

dimensional model with 50 layers was used. Across these sce-

narios, the combined ef ects of canopy and root processes were 

investigated with respect to the water balance, the localization of 

recharge, the spatial and temporal variability of soil moisture, and 

the upscaled relationship between stand-average soil moisture and 

transpiration.

Results
h e intent of this modeling ef ort was twofold. First, this study 

sought to explore the fundamental interplay between the spatial 

variability generated by canopy processes and the homogenizing 

ef ects of root processes. Additionally, this study sought to provide 

insight into the pragmatic question of what errors are introduced if 

the spatial ef ects of both canopy and root processes are neglected. 

h at is, what dif erences result from representing the system as 

homogenous in horizontal space at the patch scale (as many hydro-

logic models do) vs. accounting for horizontal variability?

Water Balance
h e ef ect of canopy and root processes on the water balance, specif-

ically the ratio of recharge to ini ltration, is presented in Table 2 for 

the base and wet climates. Under the light climate, recharge was 

ef ectively zero for all cases. For the base climate, spatially varying 

throughfall resulted in an increase in recharge; for the wet climate, 

the ef ect of throughfall variability on the water balance was small 

or negligible. Hydraulic redistribution and increased root com-

pensation both had the ef ect of reducing recharge (and, concomi-

tantly, increasing transpiration). For the wetter climate, hydraulic 

redistribution had a more modest ef ect on the recharge ratio than 

when the climate was drier. Relative to hydraulic redistribution 

(HR), root compensation had a larger ef ect on the water balance. 

Comparing the case of a homogenous input of water and limited 

root processes (CV = 0, γ = 1.05, HR = false) with the case of 

heterogeneous throughfall and active roots (CV = 25%, γ = 2, HR 

= true), Table 2 indicates that the water balance was similar under 

the base climate: recharge ratios of 0.023 vs. 0.027, respectively. 

For the wet climate, the incorporation of root processes reduced 

recharge by nearly one-third below what was calculated when hori-

zontal variability was neglected.

Recharge Concentra  on
In addition to inl uencing the mean patch-scale water balance and 

recharge, canopy and root processes can af ect the localization of 

recharge. Redistribution of throughfall into persistent wet and dry 

spots concentrates recharge; this ef ect increased with increasing 

CV of throughfall (Guswa and Spence, 2012). Figure 2 presents the 

Table 2. Recharge ratio (average recharge/average ini ltration) for base 
and wet climates and homogenous (CV = 0) and spatially variable (CV 
= 25%) throughfall.

Root 
compensation

Hydraulic 
Redistribution

Recharge ratio

Base climate Wet climate

CV = 0 CV = 25% CV = 0 CV = 25%

1.05 no 0.023 0.052 0.16 0.17

1.05 yes 0.017 0.040 0.15 0.17

2.0 no 0.020 0.024 0.11 0.14

2.0 yes 0.008 0.027 0.12 0.11

Fig. 2. Localization of recharge under the base climate scenarios 
presented as the spatial cumulative distribution function for 
recharge. Solid lines represent cases for which nighttime hydraulic 
redistribution occurs (HR = true), and dashed lines represent cases 
without hydraulic redistribution (HR = false); γ represents the degree 
of root compensation (Eq. [7]), and the heavier black lines indicate 
cases with a high degree of root compensation (γ = 2).



www.VadoseZoneJournal.org

ef ect of root processes on this localization for the base climate. h e 

i gure presents the spatial cumulative distribution function (cdf) of 

recharge, moving from the wettest portion of the forest l oor to the 

driest. For a homogenous input of water, the curve would follow 

the 1:1 line. When throughfall varies in space, hydraulic redis-

tribution and increased root compensation have only a moderate 

ef ect on undoing the recharge concentration generated by canopy 

processes. For all four cases, approximately 90% of total recharge 

was generated in just half of the domain. Hydraulic redistribu-

tion (solid lines) had a slightly larger ef ect than increased root 

compensation (black lines), leading to cdfs that were slightly more 

linear than in the case of no hydraulic redistribution. Curves for 

the wet case (not shown) also showed this localization ef ect and 

were even less dif erentiated by root processes than those in Fig. 2. 

When comparing among the cdfs, it is important to keep in mind 

that the total amount of recharge varied among the scenarios, as 

expressed by the recharge/ini ltration ratio.

Spa  al Variability of Soil Moisture
Similar to the recharge concentration, canopy and root processes also 

af ect the horizontal variability of soil moisture within a patch. h e 

horizontal variability of ini ltration generated by canopy processes 

leads to variability in soil moisture, modulated by averaging depth. 

In this study, two averaging depths were considered: 40 and 100 cm, 

which correspond to the top 75 and 100% of the plant roots, respec-

tively. h e variables S40 and S100 represent the vertically averaged 

saturations within these depths. h ese quantities were calculated at 

the start of each day, as were measures of their horizontal variabil-

ity: σx,S40 and σx,S100, representing the spatial standard deviation of 

vertically averaged saturation. Horizontally averaged values of S40 

and S100, i.e., daily values of mean soil moisture within the patch, 

are indicated by S40avg and S100avg. Temporal averages (<S40avg>, 

<S100avg>, <σx,S40>, and <σx,S100>) indicate characteristic values 

across the entire simulation, and Tables 3, 4, and 5 present results for 

the base, wet, and light climates, respectively.

For the base case, long-term averages of soil moisture, <S40avg> 

and <S100avg>, were relatively unaffected by root processes, 

Table 3. Ef ect of throughfall variability and root processes on the recharge ratio and soil-moisture variability for the base case. For these simulations, 
precipitation frequency was 0.1 events d−1 and mean depth was 20 mm event−1. h e combinations of these values correspond to values of climate 
wetness of 0.57 and normalized root depth of 2.1. h e variables <S40avg> and <S100avg> represent the long-term averages of soil moisture in the top 
40 and 100 cm of the root zone, respectively, and <σx,S40> and <σx,S100> represent the long-term averages of the spatial standard deviation of daily soil 
moisture in the top 40 and 100 cm of the root zone, respectively. 

h roughfall
variability

Root 
compensation

Hydraulic redistribution

Recharge ratio†

Top 40 cm Top 100 cm

Occurrence Rate <S40avg> <σx,S40> <S100avg> <σx,S100> 

% mm d−1

0 1.05 no – 0.023 0.33 – 0.31 –

25 1.05 no – 0.052 0.33 0.019 0.32 0.040

25 1.05 yes 0.32 0.040 0.33 0.016 0.31 0.025

25 2.0 no – 0.024 0.31 0.015 0.28 0.023

25 2.0 yes 0.42 0.027 0.30 0.010 0.28 0.014

† Average recharge/average ini ltration.

Table 4. Ef ect of throughfall variability and root processes on recharge ratio and soil-moisture variability for the wet case. For these simulations, 
precipitation frequency was 0.2 events d−1 and mean depth was 20 mm event−1. h e combinations of these values correspond to values of climate 
wetness of 1.14 and normalized root depth of 2.1. h e variables <S40avg> and <S100avg> represent the long-term averages of soil moisture in the top 40 
and 100 cm of the root zone, respectively, and <σx,S40> and <σx,S100> represent the long-term averages of the spatial standard deviation of daily soil 
moisture in the top 40 and 100 cm of the root zone, respectively.

h roughfall
variability

Root 
compensation

Hydraulic redistribution

Recharge ratio†

Top 40 cm Top 100 cm

Occurrence Rate <S40avg> <σx,S40> <S100avg> <σx,S100>

% mm d−1

0 1.05 no – 0.16 0.42 – 0.43 –

25 1.05 no – 0.17 0.42 0.025 0.42 0.051

25 1.05 yes 0.27 0.17 0.41 0.020 0.41 0.038

25 2.0 no – 0.14 0.39 0.020 0.38 0.040

25 2.0 yes 0.44 0.11 0.38 0.016 0.37 0.031

† Average recharge/average ini ltration.
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although root compensation (γ) had a modest ef ect (Table 3). 

Both root compensation and hydraulic redistribution, however, 

had a notable ef ect on the horizontal variability of soil moisture. 

For the top 40 cm of the root zone, the long-term average of σx,S40
decreased from 0.019 to 0.010. Similarly, <σx,S100> went from 

0.040 to 0.014 as roots became more active. Tables 4 and 5 indi-

cate that the results were similar for the wet and light cases; mean 

soil moisture was slightly af ected by root processes, which had a 

greater ef ect on soil moisture variability.

Figure 3 presents histograms of daily σx,S40 for the base climate. 

As evidenced in these plots, most days have low spatial variability, 

and the frequency of days with larger spatial variability drops of  

quickly. As roots become more active, the distribution becomes 

steeper, with a higher fraction of lower variability days and a l at-

ter tail. Figure 4 presents the covariation of σx,S40 and S40avg. 

Each point represents a value of S40avg and σx,S40 for 1 d, and the 

dashed lines represent the mean values across the length of the 

simulation (i.e., <S40avg> and <σx,S40>). Points are color coded to 

indicate the corresponding magnitude of daily transpiration, with 

blue representing transpiration T > 0.9Tpot and red representing 

days for which T < 0.5Tpot. Spatial variability is pinned at zero for 

S40avg = Sw and S40avg = Sfc because those saturations are achiev-

able only for a homogenous distribution of soil moisture. Except-

ing the cases for which the entire patch is uniformly wet, spatial 

variability is larger when soil moisture is high and decreases as the 

soil dries out. Increased root activity has the ef ect of l attening 

the envelope and reducing spatial variability when the soil was dry. 

h is ef ect appears more pronounced for the process of hydraulic 

redistribution than for increased root compensation (compare Fig. 

4b and 4d with Fig. 4a and 4c). Root compensation had a larger 

ef ect on the transpiration rate, however. For a given pairing of 

mean soil moisture and horizontal variability, i.e., for a similar 

geometric arrangement of soil moisture, transpiration is greater 

in Fig. 4c and 4d than in Fig. 4a and 4b.

Temporal Variability of Soil Moisture
To complement the ef ects of root processes on the horizontal 

variability of soil moisture, Fig. 5 presents the temporal variabil-

ity of S40 and S100 as a function of horizontal location for the 

base climate. Measures of temporal variability, σt,S40 and σt,S100, 

were calculated as the temporal standard deviation of S40 or S100, 

respectively, across the length of the simulation. Horizontal posi-

tion within the forest patch is characterized by its local value of 

ini ltration relative to the average for the stand, and larger values 

Table 5. Ef ect of throughfall variability and root processes on recharge ratio and soil moisture variability for the light case. For these simulations, 
precipitation frequency is 0.2 events d−1 and mean depth is 10 mm event−1. h e combinations of these values correspond to values of climate wetness of 
0.57 and normalized root depth of 4.2. h e variables <S40avg> and <S100avg> represent the long-term averages of soil moisture in the top 40 and 100 
cm of the root zone, respectively, and <σx,S40> and <σx,S100> represent the long-term averages of the spatial standard deviation of daily soil moisture 
in the top 40 and 100 cm of the root zone, respectively.

h roughfall
variability

Root 
compensation

Hydraulic redistribution

Recharge ratio†

Top 40 cm Top 100 cm

Occurrence Rate <S40avg> <σx,S40> <S100avg> <σx,S100>

% mm d−1

0 1.05 no – 0.00 0.34 0.28

25 1.05 no – 0.00 0.33 0.028 0.28 0.023

25 1.05 yes 0.39 0.00 0.31 0.019 0.27 0.013

25 2.0 no – 0.00 0.28 0.015 0.25 0.010

25 2.0 yes 0.47 0.00 0.28 0.010 0.25 0.006

† Average recharge/average ini ltration.

Fig. 3. Histograms of horizontal variability of daily soil moisture in 
the top 40 cm for the base climate; HR indicates whether hydraulic 
redistribution is included (true) or prohibited (false), γ represents 
the degree of root compensation (Eq. [7]), <S40avg> represents the 
long-term average soil moisture in the top 40 cm of the root zone, 
and <σx,S40> represents the long-term average of the spatial standard 
deviation of daily soil moisture in the top 40 cm, i.e., the mean for the 
histogram.
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indicate wetter spots. Dashed horizontal lines indicate the tem-

poral variability of S40 and S100 for scenarios with homogenous 

throughfall, i.e., with the patch represented with a single one-

dimensional model.

All plots for the base climate (Fig. 5) indicate that the temporal vari-

ability of vertically averaged soil moisture generally increased with 

increasing wetness; drier spots were consistently dry, while wetter 

spots experienced wetting and drying cycles. Root activity acted 

to reduce the overall temporal variability (slightly, as indicated in 

the legend by changes to the averages of σt,S40 and σt,S100 within 

the patch), but the local ef ects varied with relative wetness. With 

increasing root activity (hydraulic redistribution or increased root 

compensation), wet spots see a slight increase in temporal variability, 

and the center portions of the distributions are pushed down, lead-

ing to more linear curves moving from Fig. 5a to 5d.

In contrast, Fig. 6 presents the same i gure for the wet climate. In 

this case, root activity tended to increase the overall temporal vari-

ability of soil moisture for the patch, and, again, local ef ects were 

dependent on the wetness of the location. h e temporal variability 

of dry regions was relatively unaf ected, while wetter regions saw 

an increase in temporal variability as roots acted to deplete those 

regions more quickly. Also, relative to Fig. 5, many of the curves in 

Fig. 6. Temporal variability of soil moisture (σt) as a function of 
wetness for the wet climate. Relative ini ltration is the ratio of local 
ini ltration to stand-mean ini ltration. h e horizontal dashed lines 
indicate the temporal variability of saturation in the upper 40 cm 
(S40, upper line) and the upper 100 cm (S100, lower line) for the 
case of spatially uniform throughfall; HR indicates whether hydraulic 
redistribution is included (true) or prohibited (false), and γ represents 
the degree of root compensation (Eq. [7]).

Fig. 5. Temporal variability of soil moisture (σt) as a function of 
wetness for the base climate. Relative ini ltration is the ratio of local 
ini ltration to stand-mean ini ltration. h e horizontal dashed lines 
indicate the temporal variability of saturation in the upper 40 cm 
(S40, upper line) and the upper 100 cm (S100, lower line) for the 
case of spatially uniform throughfall; HR indicates whether hydraulic 
redistribution is included (true) or prohibited (false), and γ represents 
the degree of root compensation (Eq. [7]).

Fig. 4. Daily soil-moisture variability, σx,S40, as a function of daily 
average soil moisture S40avg in the top 40 cm of soil for the base 
climate. Blue points indicate days for which transpiration was >90% of 
potential transpiration Tpot, while red points represent days for which 
transpiration was <50% of Tpot; HR indicates whether hydraulic 
redistribution is included (true) or prohibited (false), and γ represents 
the degree of root compensation (Eq. [7]). h e horizontal dashed line 
indicates the value of <σx,S40>, the long-term average of the spatial 
standard deviation of daily soil moisture in the top 40 cm; the vertical 
dashed line represents the long-term average soil moisture in the top 
40 cm of the root zone, i.e., <S40avg>.
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Fig. 6 are not monotonic but exhibit local maxima for intermediate 

values of ini ltration. With a wetness index, W, near 1, average pre-

cipitation and evapotranspiration were approximately in balance 

for this climate. h us, for intermediate values of ini ltration, the 

wetting and drying cycles led to signii cant temporal variability. 

Wetter spots, with increased relative ini ltration, produced soils 

that were more consistently wet with lower temporal variability, 

and a similar ef ect is seen for the dry spots.

Upscaled Transpira  on
Figure 7 presents the upscaled relationship between average daily 

transpiration and S40avg. Each point represents a daily value of tran-

spiration averaged across the forest patch and the corresponding value 

of S40avg at the start of the day. h e nonunique cloud of points relat-

ing S40avg and daily transpiration arose due to the dependence of 

plant uptake on not only the mean value of soil moisture but also 

its geometric arrangement across the root zone. Each point is color 

coded according to horizontal variability. Blue points indicate days 

for which soil moisture was relatively homogenous: σx,S40/S40avg
is <0.03; red points indicate days for which soil moisture was more 

variable: σx,S40/S40avg is >0.15. h e dashed lines indicate tempo-

rally averaged values of transpiration and S40avg throughout the 

entire length of the simulation. h e solid black line indicates what 

the uptake would be if soil moisture were spatially homogenous 

(horizontally and vertically). Note that some of the upscaled points lie 

above this envelope (see the points corresponding to low saturations) 

because the plant roots were not uniformly distributed. For example, 

even if most of the root zone is dry, a light rain that wets the top soil 

layers, where most of the roots are, can lead to signii cant plant uptake.

As indicated in Fig. 7, the upscaled relationship between S40avg
and transpiration is strongly dependent on the value of root com-

pensation, γ. Additionally, hydraulic redistribution has the ef ect 

of reducing the spread of points and pushing them closer to the 

relationship for homogenous soil moisture. To fully understand 

Fig. 7, however, it is useful to know whether the nonuniqueness in 

the relationship between daily transpiration and S40avg is due pri-

marily to horizontal or vertical variability in soil moisture. h ere-

fore, Fig. 8 presents the same results as Fig. 7 but for homogenous 

throughfall; i.e., the only soil moisture variability is in the vertical 

direction. h e similarity between Fig. 7 and 8 indicates that much 

of the nonuniqueness in the relationship between transpiration 

and average root zone saturation is due to the vertical distribution 

of soil moisture (cf., Guswa et al., 2002, 2004; Guswa, 2005).

Discussion
h e model results of this study elucidate the competing ef ects of 

canopy interception and root uptake on the spatial and temporal 

Fig. 7. Upscaled relationship between stand-mean soil moisture in the 
top 40 cm (daily S40avg) and daily transpiration for the base climate 
and spatially varying throughfall. h e heavy solid line indicates the 
relationship for a homogenous distribution of soil moisture. Blue 
points indicate days for which the spatial coei  cient of variation for 
soil moisture in the top 40 cm (i.e., σx,S40/S40avg) is less than 0.03, 
and red points represent days for which it is greater than 0.15. h e 
light dashed lines indicate long-term averages; HR indicates whether 
hydraulic redistribution is included (true) or prohibited (false), and γ
represents the degree of root compensation (Eq. [7]).

Fig. 8. Upscaled relationship between soil moisture in the top 40 cm 
(daily S40) and daily transpiration for the base climate and uniform 
throughfall. h e heavy solid line indicates the relationship for a 
homogenous distribution of soil moisture. h e light solid and dashed 
lines (nearly overlapping) represent average transpiration across the 
cloud of points for given values of S40 for cases with homogenous 
and spatially varying throughfall, respectfully; HR indicates whether 
hydraulic redistribution is included (true) or prohibited (false), and γ
represents the degree of root compensation (Eq. [7]).
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variability of soil moisture and associated hydrologic l uxes. h e 

focus was on a homogenous vegetation patch with little or no top-

ographic relief. Spatial variability introduced by throughfall was 

represented as perfectly persistent and of a magnitude consistent 

with multiple i eld studies (e.g., Guswa and Spence, 2012; Keim 

et al., 2005; Carlyle-Moses et al., 2004; Raat et al., 2002; Loustau 

et al., 1992). Root uptake was represented with a familiar electric 

circuit analogy (e.g., Gardner, 1960; Cowan, 1965), which included 

the ef ects of root compensation and hydraulic redistribution. Each 

of these root processes was considered with two levels, representing 

ends of the spectrum, i.e., root systems with little ability to com-

pensate for spatial variations in soil moisture and those at the upper 

end of what has been observed in the i eld.

For the base climate, with a low ratio of recharge to ini ltration, 

throughfall variability increased recharge and decreased transpira-

tion (Table 2). h is is consistent with the i ndings of Guswa and 

Spence (2012), which were based on point models of soil-moisture 

dynamics without an explicit representation of root compensa-

tion and hydraulic redistribution. h at work demonstrated that 

recharge increases with increasing CV of throughfall and that the 

ef ects are greater for deeper roots and drier climates. h e results 

of this study indicate that increasing root activity has the potential 

to reduce or eliminate the ef ects of throughfall variability on the 

patch-scale water balance (Table 2). Specii cally, under the base 

climate, the recharge ratio for independent roots (γ = 1.05, HR 

= false) and homogenous throughfall was approximately equal 

to that for variable throughfall and active roots (γ = 2). For a 

wetter climate, however, the impact of throughfall variability was 

diminished, and increased root activity may lead to lower rates 

of recharge even when throughfall variability is increased. h ere-

fore, in some instances, the horizontal processes at the patch scale 

(canopy redistribution and root activity) may be of setting, and 

their neglect may not af ect water-balance predictions. In other 

cases, one of the processes may dominate, and a failure to represent 

the ef ects may lead to errors in the water balance.

Regardless of the net ef ect on the patch-scale water balance, the 

scenarios investigated here indicate that heterogeneous throughfall 

will always lead to a localization of recharge (Fig. 2). Even high 

levels of root activity (γ = 2, HR = true) are insui  cient to coun-

ter the concentrating ef ects of canopy redistribution. h is result 

may in part explain recent i ndings regarding the ecohydrologic 

separation of water that supplies stream l ow from water that sup-

plies transpiration (e.g., Brooks et al., 2010; Phillips, 2010). In 

combination with macropore l ow and water held tightly in small 

pores (Brooks et al., 2010), redistribution of throughfall by forest 

canopies could lead to signii cant portions of the forest patch that 

generate little or no recharge and are depleted by plant uptake only 

and a few locations of concentrated recharge that rapidly transmit 

water below the root zone.

Additionally, this localization of recharge can impact biogeochemi-

cal processes, nutrient cycling, mineral weathering, and solute leach-

ing. Similarly, spatial variability of saturation at the patch scale will 

af ect those processes that are nonlinear functions of soil moisture. 

h is result is consistent with the framework of hot spots and hot 

moments (Vidon et al., 2010; McClain et al., 2003), which indicates 

that average biogeochemical rates and l uxes can be dominated by 

interactions at small spatial and temporal scales. h us, failure to 

account for the spatial concentration of water in biogeochemical 

process and transport models may lead to erroneous results. Root 

activity has the potential to reduce but not eliminate the horizontal 

variability of soil moisture and l uxes (Tables 3–5; Fig. 2, 3, and 4).

Ef ects on the temporal variability of root-zone soil moisture are 

more complex. For the base climate (Fig. 5), canopy redistribution 

led to dry spots with lower temporal variability and wetter spots 

with higher variability than the homogenous case (compare the 

points to the dashed lines in Fig. 5). Increased root activity had only 

a minor ef ect on the temporal variability of soil moisture under the 

base climate. For the wet climate, the temporal variability of root-

zone soil moisture was spatially more uniform and slightly greater 

than for the base climate. From the drier to the wetter spots, the 

temporal variability of S40 was similar and close to the value for the 

case of homogenous throughfall. Under the wet climate, increased 

root activity increased the temporal variability of wetter spots and 

decreased the variability of drier spots. As with spatial variability, 

these ef ects can impact ecohydrologic processes that are nonlin-

ear functions of soil moisture. For example, with high rates of root 

activity, dry spots may be maintained in a slightly wetter state and 

may be more hospitable to microorganisms. Wet spots will dry more 

quickly, perhaps leading to increased aeration of the soil.

Figures 7 and 8 indicate that the upscaled relationship between 

patch-scale soil moisture and daily transpiration is complex and 

nonunique. Most of the nonuniqueness in the relationship stems 

from vertical rather than horizontal variability in soil moisture 

(cf., Guswa et al., 2004; Guswa, 2005). h erefore, a vertically lay-

ered model that homogenizes in the horizontal direction may be 

adequate to represent the upscaled relationship.

All of these implications are predicated on model results, and a dis-

cussion of some key simplii cations is warranted. One simplii cation 

is that throughfall is perfectly persistent in time; that is, the wetness 

rank of an individual soil column was i xed. While this is consis-

tent with general patterns observed in i eld studies, it represents an 

extreme. Measured data also showed event-to-event variability in 

throughfall rank, driven in part by abiotic factors such as rainfall 

intensity and wind speed and direction. h e overall magnitude of 

the spatial coei  cients of variation used in this work incorporated 

these ef ects because the coei  cients match the data from longer 

term accumulations. Nonetheless, the event-to-event variability of 

throughfall in the i eld will be larger than what is represented here 

and will af ect the temporal and spatial variability of soil moisture.
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h is work also eliminated the soil resistance term from the uptake 

function (Eq. [8]). h erefore, hydraulic redistribution was higher 

than what it would be if represented with Eq. [4]. Given that exu-

dation of water from plant roots is a very local phenomenon, it is 

unclear that an unsaturated hydraulic conductivity calculated as 

a function of average saturation would be appropriate to represent 

the soil resistance for this process. h us, there is more work to be 

done with respect to upscaling the movement of soil water not only 

to roots following ini ltration but also from and to plant roots via 

hydraulic redistribution.

 Conclusions
A set of numerical experiments were used to investigate the compet-

ing ef ects of canopy and root processes at the patch scale on the 

water balance, recharge localization, spatial and temporal variability 

of soil moisture, and the upscaled relationship between mean soil 

moisture and transpiration. h e water balance and upscaled l uxes 

were somewhat insensitive to horizontal variability, although there 

may be some conditions for which the ef ects are large. h e homog-

enizing ef ects of root uptake can also undo some of the ef ects that 

result from canopy processes. h us, failure to account for horizon-

tal variability may not have a large ef ect on the water balance. In 

contrast, canopy interception had a noticeable ef ect on recharge 

localization and the horizontal variability of soil moisture. h us, 

these processes may need to be accounted for to properly represent 

biogeochemical processes that are nonlinear functions of soil mois-

ture, and this may also help explain the phenomenon of soil-water 

bypass (Brooks et al., 2010). In all cases, the particular results depend 

on the strength of the canopy and root processes, along with the 

characteristics of climate, soil, and vegetation.
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