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a b s t r a c t

The water uptake by roots of plants is examined for an ideal situation, with an approxima-
tion that resembles plants growing in pots, meaning that the total soil volume is fixed. We
propose a coupled water uptake–root growth model. A one-dimensional model for water
flux and water uptake by a root system growing uniformly distributed in the soil is
presented, and the Van Genuchten model for the transport of water in soil is used. The gov-
erning equations are represented by a moving boundary model for which the root length,
as a function of time, is prescribed. The solution of the model is obtained by front-fixing
and finite element methods. Model predictions for water uptake by a same plant growing
in loam, silt and clay soils are obtained and compared. A sensitivity analysis to determine
relative effects on water uptake when system parameters are changed is also presented
and shows that the model and numerical method proposed are more sensitive to the root
growth rate than to the rest of the parameters. This sensitivity decreases along time, reach-
ing its maximum at 30 days. A comparison of this model with a fixed boundary model with
and without root growth is also made. The results show qualitative differences from the
beginning of the simulations, and quantitative differences after 10 days of simulations.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

In the development of a theory to describe plant water uptake, electrical analogues of the system have been used for
analysis [1–3]. The analogues are based on the assumption that rooting patterns are uniform and constant in each soil layer.
Steady flow is presumed in both the soil and the plant over the period of calculation. In this approach the plant water poten-
tials are primarily the result of an imposed value of transpiration rate and its variations. Later papers [4–6] have presented
detailed reviews on plant water uptake. In those papers the Richards equation is used, with a sink term. Another approach is
to model the water movement and uptake over large areas, using individual plant [7], or global behavior [8]. A microscopical
approach has also been proposed [9], where the total water uptake is calculated based on using a constant value for the
entire rooting profile. In more recent papers [10–12] the root growth has been taken into account, still using a fixed domain.
The root growth is inscribed on a domain that is not a function of time. Some other papers about nutrient uptake consider
root growth and instantaneous coupling with the nutrient flux by using a variable domain approximation [13]. In this last
model [13] a variable root length, and consequently, a variable available volume of soil to each root of a root system is
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considered using a moving boundary model. In this model the root system is uniformly distributed in the soil and the var-
iation of available soil volume per unit of root length is modeled by a moving boundary. The approach presented here is
based on that in [13]. In the proposed model plants growing in controlled conditions, as in a growth chamber, are assumed.
A constant temperature and evapotranspiration rate is presumed. In this situation, the water potential at the root surface is
determined by the soil water potential, and consequently determines water uptake by the growing root system. The pro-
posed model considers an uniform root water uptake for all the root system. The goal of this paper is to present a simplified
model of water uptake coupled with a growing root system and analyze the influence of system parameters on water uptake
using typical values.

2. Model

Darcy’s law describes the flow of water on a porous unsaturated medium as

~Jð~r; tÞ ¼ �KðWð~r; tÞÞ~rWð~r; tÞ; ð1Þ

with~J ½cm3=cm2 s� the water flux per surface unit at position ~r ½cm� at time t ½s�;K ½cm=s� the soil water conductivity and
W ½cm� the soil water potential.

The corresponding continuity equation (mass conservation) is given by

�r �~J ¼ @h
@t
; ð2Þ

with h ½cm3=cm3� the soil water content per unit of volume, with the approximation of only radial flux the transport equation
results
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where r is the cylindrical radial coordinate, and

CðWðr; tÞÞ ¼ dh
dW
ðWðr; tÞÞ ð4Þ

is the differential capacity of water ½cm�1�.
The soil water constitutive relations for K; h, and C, as functions of W, are the ones proposed by Van Genuchten [14], and

consist of the expressions given by:

KðWÞ ¼ Ks

1þ W
We

� �nh im

� W
We

� �n�1
� �2

1þ W
We

� �nh imðpþ2Þ ; ð5Þ

hðWÞ ¼ 1þ W
We

� 	n� ��m

ðhs � hRÞ þ hR; ð6Þ

CðWÞ ¼ ðhs � hRÞ
1� n
We

1þ W
We

� 	n� ��m�1
W
We

� 	n�1

; ð7Þ

where Ks ½cm=s� is the saturated soil conductivity, hs ½cm3=cm3� is the saturated soil water content, hR ½cm3=cm3� is the resid-
ual water content, We ½cm�; p½1� and n½1� are experimental coefficients, and m ¼ 1� 1=n.

We presume that the water potential does not change with soil depth, the soil does not evaporate, and laboratory
conditions, like light and temperature are maintained constant. The root density is homogeneous on the soil, the total
volume is fixed (as in pots), therefore the soil volume per unit of root length is decreasing as in Fig. 1. Based on these assump-
tions, and taking into account the root length density as a function of time ðtÞ the following moving boundary model in
cylindrical coordinates [9,13] is proposed
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