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ABSTRACT
Subsurface environments are often highly heterogeneous and infiltration water is often distributed
unevenly due to aboveground interception and redistribution of rainfall by the plant canopy. These
phenomena significantly affect groundwater recharge and nutrient leaching. Field experiments involving
subsurface lysimeters and tensiometers were performed to quantify the spatial distribution of fluxes in an
Andisol under a banana plant. Wick lysimeters were installed at a depth of 70 cm at several locations with
respect to the banana stem to measure the spatial distribution of subsurface water fluxes. Collected
experimental data were simulated using the 3D HYDRUS software package. Spatially distributed drainage
fluxes were well reproduced with the numerical model. Due to the impact of stemflow, drainage volumes
under the banana stem were up to six times higher than in the row downstream from the stem, as well as
between rows, as these areas were sheltered from direct rainfall by the banana leaves and received only
throughfall.
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INTRODUCTION
Stemflow is an important hydro-ecological process in forested and agricultural ecosystems because it results in a
spatially localized input of water into the soil at the foot of the plant stem and thus significantly influences
groundwater recharge (Taniguchi et al., 1996). Due to their large leaves, banana crops exhibit a strong partitioning
of rainfall, resulting in a high amount of stemflow (Bassette and Bussière, 2005). Moreover, banana plants are often
locally and intensively fertilized at the foot of the plant stem with up to 400 kg N ha−1 yr−1 and 800 kg K ha−1 yr−1
(Godefroy and Dormoy, 1988). Stemflow is thus likely to remove large quantities of these nutrients from the root
zone and leach them into the deeper subsurface.
Extensive literature has been produced about rainfall interception in forested ecosystems (Carlyle-Moses and Price,
1999) and about the spatial variability of subsurface drainage due to different types of irrigation (Young and
Wallender, 2002) and plant evapotranspiration (Arya et al., 1975). Still, few studies have been performed to quantify
the effect of stemflow on the spatial pattern of drainage and associated solute leaching (Sansoulet et al., 2007).
Among the large number of well-established modeling programs, HYDRUS (Šimůnek et al., 2006) was selected to
simulate water transfers under banana plant because it allows application of the different boundary conditions
required for this problem (e.g., stemflow, throughfall, free drainage, and seepage face), has a sophisticated graphical
user interface that simplifies the design of complicated three-dimensional geometries of the transport domain,
enables consideration of different soil layers and their inclination, considers root water uptake, distinguishes
between soil evaporation and plant transpiration, and simulates also solute movement.
This study was an extensive field study undertaken to evaluate distributed subsurface water fluxes under banana
plants and to use the collected data to evaluate and numerically simulate these distributed water fluxes using the
HYDRUS software package. Hence, the study had several phases: (i) laboratory experiments to obtain soil hydraulic
parameters characterizing the unsaturated hydraulic conductivity function, K(h), and the soil water retention curve,
θ(h); (ii) field experiments to measure surface water fluxes (stemflow and throughfall) and subsurface pressure
heads and drainage fluxes; and (iii) numerical modeling using the HYDRUS model to predict distributed water
fluxes and compare them to the in situ drainage measurements.
MATERIALS AND METHODS
Field Experiments
In the French West Indies intensive banana cultivation on volcanic ash soils has been going on since the 1960s
(Ndayiragije, 1996). These soils, particularly the Andisols (Soil Survey Staff, 1996), are well known to have a high
infiltration capacity. From 15 June to 29 Nov. 2004 (168 d), field experiments with installed lysimeters and
tensiometers were performed to quantify the spatial distribution of drainage fluxes in an Andisol after rainfall
interception by banana plants. The experiments were performed at the CIRAD research facility in Guadeloupe
(Basse Terre), French West Indies (16°09′ N, 61°16′ W, 250 m above sea level).
The experimental field was a small watershed of 6000 m2 with an average slope of 12%. Planting of the banana
plants (1800 plants ha−1) took place on 2 Apr. 2003. An automated meteorological station measured global and net
radiation, air temperature, relative humidity, and wind speed and direction were measured every 15 s and then
averaged and stored for 5-min intervals.
Five experimental plots were instrumented in June 2003. The first site was upslope of the field where the A horizon
was 10 cm thinner (due to tillage erosion), two were downslope of the field where the soil accumulated, and two
were in the middle of the field. One of the plots, called the fully equipped plot, was isolated from the neighboring
soil with a metal sheet and equipped with a runoff collector (Fig. 1) and a stemflow collector (installed at the stem of
the banana plant). The collectors for drainage, runoff, and stemflow at this site were also equipped with pressure
transducers that were linked to the Campbell CR10 datalogger. At the other four plots, soil solution samplers were
weighed manually after each rainfall event.
Distributed drainage was measured using glass wick lysimeters. Wick samplers with a fiberglass wick that maintains
a fixed tension are the most appropriate and cost-effective devices for collecting the leachate (Boll et al., 1992;
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Rimmer et al., 1995; Vandervelde et al., 2005). A 45- by 45- by 5-cm steel plate container was first filled with soil
from the B horizon. And installed 30 cm below the A horizon. The soil profile above the lysimeters, including the
banana plants, surface litter, the A and the B horizon, was not disturbed. Each experimental site included four
lysimeters that intercepted water at different positions relative to the stem (Fig. 1). Twenty lysimeters were installed
overall. Two lysimeters were considered to be affected by stemflow. Lysimeter 1 was located directly below the
stem, while Lysimeter 2 was located between 25 and 70 cm downslope from the stem. The third lysimeter
(Lysimeter 3) was also located in the row of banana plants between 120 and 165 cm downstream from the stem
under the leaves of a neighboring banana plant. This lysimeter was considered to be affected by throughfall and only
to a lesser extent by stemflow. The last lysimeter (Lysimeter 4) was installed between two banana plants between
rows, 95 cm away from the banana stems.
Fig. 1. Schematic representation of the flow domain in the banana plantation with indicated locations of
Lysimeters 1 to 4, tensiometers, and the stemflow collector.
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Partiteur de stemflow

A series of tensiometers (SKT 850, SDEC, Reignac sur Indre, France), capable of measuring pressure heads
between 0 and −99 kPa, were installed in multiple locations at each experimental site. In the fully equipped plot,
tensiometers were installed at three depths (6, 25, and 55 cm) above the four lysimeters and around the banana plant
(Fig. 1) and the time step for measurements was between 10 s (during rainfall) and 15 min (between rainfalls). At
other sites, they were installed at 20-, 40-, and 60-cm depths near the banana stem and downslope from the stem in
the row in four sets. Pressure heads were measured every 30 s, then averaged and stored for 15-min intervals.
Tensiometers were connected to the same Campbell CR10 datalogger as the tipping bucket.
The topography of the fully equipped plot was measured using a Trimble 3300DR tacheometer (Trimble Geomatics,
Dayton, OH). To evaluate the water balance, daily evapotranspiration (ET) before and after banana flowering was
calculated during the 168-d experiment according to (i) Pellerin (1986), who expressed the potential
evapotranspiration, ETP, as a function of the global radiation (i.e., ETP = 0.23 × global radiation), and (ii) Monteith
(1965), who related the actual evaporation to its potential value using the crop coefficients k (i.e., ET = kETP).
Governing Flow Equation
Water flow was simulated using the HYDRUS model (Šimůnek et al., 2006) to numerically solve the Richards
equation (Richards, 1931) describing water movement in three-dimensional transport domains in variably saturated
porous media. The governing water flow equation is written in a mixed form to ensure excellent mass balances of
the numerical solution (Celia et al., 1990):

∂θ ∂   ∂h   ∂   ∂h   ∂   ∂h  
=
K   +  K   +
K  − 1  − S [1]
∂t ∂x   ∂x   ∂y   ∂y   ∂z   ∂z  
where θ is the volumetric water content [L3 L−3], h is the pressure head [L], S is a sink term accounting for the root
water uptake [T−1], z is the vertical coordinate [L], x and y are the horizontal coordinates [L], t is time [T], and K is
the unsaturated hydraulic conductivity [L T−1]. The finite-element method is used in HYDRUS to numerically solve
the governing partial differential equations.
Soil Hydraulic Properties
HYDRUS, similar to most models that simulate unsaturated water flow in soils, requires knowledge of two
nonlinear functions: the unsaturated hydraulic conductivity function, K(h), and the soil water retention curve, θ(h).
The relations K(h) and θ(h) are often parameterized using functions proposed by Mualem (1976) and van Genuchten
(1980), which are referred to here as van Genuchten (VG) equations:

θ ( h) =

θs − θ r

(1 + αh )

n m

+ θr h < 0 [2]

θ ( h ) = θs , h ≥ 0 [3]
with m = 1 −

1
, n > 1 [4]
n

and
m
K (h) = K s Se l 1 − (1 − S e1/ m )  [5]


2

with S e =

θ − θr
[6]
θs − θ r
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where θr and θs are the residual and saturated water contents [L3 L−3], respectively, α is the inverse of the air-entry
value [L−1], n is the pore size distribution index, Ks is the saturated hydraulic conductivity [L T−1], Se is the relative
water saturation (dimensionless), and l is the tortuosity factor (dimensionless). What is an appropriate value of l is
still the subject of debate. Earlier studies have set l equal to 0.5 as the best estimate proposed by Mualem (1976).
To be able to account for the effects of soil structure, the soil saturated hydraulic conductivity was measured in the
field directly using the double-ring infiltrometer method (Reynolds et al., 2002) applied to both A and B horizons
(four replications). From the double ring experiment, we took the final steady-state infiltration flux from the inner
ring and declared it to be Ks. The laboratory evaporation method (e.g., Wind, 1968; Mohrath et al., 1997; Šimůnek et
al., 1998) was used to obtain the other soil hydraulic parameters (i.e., θr, θs, α, and n).The soil hydraulic parameters
for both A and B horizons were then used for simulations with the HYDRUS model.
HYDRUS Simulations
Drainage fluxes calculated using the HYDRUS model were validated using the field drainage data between 25 Sept.
and 9 Nov. 2004 (46 d) and statistically evaluated. The modeling period, which was shorter than the experimental
period, was representative of the wet season during which the main drainage fluxes were recorded. We chose only
46 d to avoid long simulation times, as three-dimensional simulations are still very computationally demanding.
The flow domain and finite element grid (Fig. 2) were defined so that boundary and initial conditions reproduced the
in situ conditions. Water flow in a three-dimensional flow domain with four wick lysimeters (Fig. 2b) was first
simulated using HYDRUS. Detailed microtopography measured in the field was used to reproduce the surface
conditions. The transport domain was considered to be, on average, 0.7 m deep and the surface area was about 8 m2.
Three different materials with different soil hydraulic properties were defined to account for two soil horizons (A
and B) and the wicks.
Fig. 2. A schematic representation of the flow domain indicating (a) surface boundary conditions, (b) bottom
boundary conditions, (c) pressure head initial conditions, and (d) tetrahedral finite element mesh.
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Pressure heads measured with tensiometers on 25 Sept. 2004 were used as initial conditions (Fig. 2c). Stemflow and
throughfall were used as atmospheric and time-variable flux boundary conditions, respectively, at the soil surface of
the domain (Fig. 2a). Stemflow measured with the stemflow collector (Fig. 1) was applied on a small area around
the plant stem to ensure the proper volume of infiltrating water. As Bassette (2005) has shown, for the banana plants
at our experimental site stemflow increases the incident rainfall relative to the throughfall by 18 to 20 times.
The wicks were simulated using a modified seepage face boundary condition with a limiting pressure of −55 cm to
account for the vertical part of the wick. The seepage face is a dynamic outflow boundary condition that changes
dynamically according to the flow conditions in the system. HYDRUS assumed a uniform pressure head equal to
−55 cm along the active part of the seepage face through which water seeped out of the wick, and then calculated
water flux for this area. Free drainage was specified on the remaining part of the bottom of the transport domain
(Fig. 2b). This boundary condition represents a unit hydraulic gradient. A zero flux boundary condition was applied
to all vertical boundaries.
Transpiration was simulated using the sink term of Eq. [1]. Roots were assumed to be distributed uniformly both
under the plant stem and between the rows in the upper 50 cm of the soil profile (A horizon) according to Lecompte
et al. (2003). The water uptake was reduced from its optimal value due to the decrease in the calculated pressure
heads according to the model of Feddes et al. (1978).
A finite element grid (Fig. 2d) was created using an automatic grid generator. The finite element grid consisted of a
total of 33,090 nodes and 184,788 finite elements. Finally, the time discretization was defined using the initial time
step of 0.0001 d and the minimum allowed time step of 0.00001 d.
Statistical Evaluation
The model performance was evaluated using all measured and simulated drainage data. The correspondence
between observed and predicted soil water drainage fluxes was statistically evaluated using the coefficient of
efficiency (E), defined by Nash and Sutcliffe (1970) as

∑ ( observed − predicted )
E = 1−
∑ ( observed − mean )
n

i =1
n

i =1

i

i

2

i

2

[7]

obs

RESULTS AND DISCUSSION
Estimation of Soil Physical and Hydraulic Properties
The physical and chemical properties of the Andisol (Table 1) were in the range expected for Andisols containing
allophane (Quantin, 1994). Particularly relevant are the very low bulk density values, the high C content, and the
large total porosity considering the large clay content of these soils.
Table 1. Physical properties of the Andisol: clay content, bulk density, organic C, and total porosity.
Horizon
Clay†
Bulk density
Organic C
Total porosity
%
g cm−3
%
m3 m−3
A
58.6
0.71
6.69
0.673
B
63.1
0.49
3.73
0.665
† Clay content was determined by quantitative recovery of clay after sonication and dispersion with Na+saturated resins and before H2O2 oxidation of organic matter.

Soil hydraulic parameters for the VG functions for different soil layers are presented in Table 2. Specifically, the
Mualem pore size distribution model (Mualem, 1976; van Genuchten, 1980) was used to predict K(h) from retention
curves determined from the evaporation experiments and the saturated hydraulic conductivity determined from the
infiltration experiments. It should be noted that the wick could not limit the flow of water in the soil because its
hydraulic conductivity is considerably higher than the hydraulic conductivity of either horizon for all pressure heads
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Table 2. Effective soil hydraulic parameters† obtained using the Wind and double-ring infiltrometer methods
(direct measurements).
θr
θs
α
Material
n
Ks
l
3
−3
−1
−1
m
md
———— m m ————
A horizon
0.13
0.75
19.0
1.07
3
0.5
B horizon
0.11
0.75
23.3
1.05
1.06
0.5
Wick
0
0.63
0.06
3.61
280
0.5
† θr and θs, residual and saturated volumetric water contents; α, inverse of the air-entry value; n, pore size
distribution index; Ks, saturated hydraulic conductivity; l, tortuosity factor.

Experimental Results
The annual rainfall (6568 mm) and average temperature (24.1°C) measured in 2004 were quite different from the
average values of 3565 mm and 24.4°C collected from 1979 to 1999 by Météo France (2000). During the 168-d
experiment, the cumulative rainfall was 4120 mm, with 141 rainfall events with volumes >2 mm. The
characteristics of these events, given in terms of volume, intensity, and duration, are presented in Fig. 3. A mean
rainfall had a volume of 28.2 mm, a maximum intensity of 96.7 mm h−1, an average intensity of 34.56 mm h−1, and a
mean duration of 3 h 46 min, whereas a median rain had a lower volume (9.8 mm) and duration (2 h 6 min) and
equivalent intensities. The largest rainfall, which had a volume of 692 mm, maximum intensity of 312 mm h−1, and
maximum duration of 45 h 46 min, occurred at the end of the experimental period in November 2004 and was not
representative of the other rainfall events.
Fig. 3. Box plots characterizing statistical properties of rainfall volume, rainfall duration, and maximum and
mean rainfall intensities. Maximum and minimum values as well as first, second, third, and fourth quartiles
and mean and median values are plotted.
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Measured pressure heads below the plant foot and between the rows at three depths (6, 25, and 55 cm), as well as
daily rainfalls, are represented in Fig. 4. Pressure heads recorded below the plant foot are, at all depths, on average
about 21% higher than pressure heads recorded between the rows. This is mainly due to higher infiltration at the
plant foot because of stemflow. Tensiometers installed closer to the soil surface reacted faster and to a greater extent
than those at deeper depth. They were more strongly affected by climatic conditions (rain, evaporation, and
transpiration).
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Fig. 4. Mean pressure heads (calculated from five sets, CV = 17%) measured with tensiometers in the soil
(top) at the foot of the plant stem (Lysimeter 2) and (bottom) between rows (Lysimeter 4). Precipitation rates
are also shown in both figures.
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HYDRUS Model Simulations and Mass Balance
The total rainfall during the 46-d modeling period was 1367 mm. Pressure heads illustrating the three-dimensional
pattern of water flow during a rainfall event under the banana plant are shown in Fig. 5. This figure clearly shows
that most of the water flow is concentrated around the stem of the banana tree, while reduced fluxes are apparent
downstream from the stem in the row and between the rows.
Fig. 5. Pressure heads illustrating the three-dimensional water flow under the banana plant during a rainfall
event (total rainfall = 65 mm).

b

a

c

d

Page 9 of 12

Figure 5 shows the measured and simulated cumulative drainage fluxes from the four lysimeters vs. time. The mass
balance error of the water flow simulation was <1%. Simulations showed that under heavy fluxes, such as those due
to stemflow, the wicks reproduced the actual field drainage reasonably well. Mass transfers across the wick–soil
interface are determined by differences in pressure heads between the wick and the soil. Under the driest conditions,
which corresponded to the lower drainage volumes, pressure heads in the wick were higher than in the soil and the
drainage flow stopped. When pressure heads at the bottom of the soil profile decreased below −0.55 m, the flow
through the seepage face stopped.
Fig. 5. Measured and simulated cumulative fluxes from four lysimeters.
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Both measurements and calculations showed relatively fast responses of drainage fluxes in Lysimeters 1 and 2 to
rainfall events. Although the overall correspondence between measured and calculated fluxes is very high, there are
some distinct differences. While measured drainage in Lysimeters 1 and 2 continued, although at very small rates,
even during time periods without rainfall, calculated drainage started and ended rather abruptly and there were long
time periods of no calculated drainage. This is because of the type of boundary conditions that were used by the
model to represent lysimeters. Lysimeters were modeled using the seepage face boundary condition, which is active
when pressure heads exceed the limiting value (−55 cm) and becomes inactive when pressure heads drop below this
value.
The numerical model using the measured hydraulic parameters obtained from laboratory and in situ experiments
reproduced the general trends of distributed drainage measured using lysimeters under the banana plant fairly well
(Fig. 9). Indeed, the comparison of model simulations with field experimental results confirmed that simulated and
measured data were quite similar. The model performance was evaluated by comparing the observed and predicted
cumulative drainage in Lysimeters 1, 2, 3, and 4 (Fig. 9), as well as observed and predicted pressure heads (Fig. 10)
at different soil depths and locations. The coefficient of efficiency (E) ranged from 0.62 to 0.76. The model slightly
overestimated fluxes downslope from the plant stem, however. This can be explained by possibly higher root water
uptake from deeper soil layers than anticipated. Simulations and collected drained volumes, as well as measured soil
pressure heads, demonstrated that the flow under the banana tree was entirely dominated by stemflow and its
redistribution in the soil profile. Stemflow infiltrated directly along the plant stem, but part of it was redirected
downstream from the stem due to the slope. The drained volumes under the banana stem were six times higher than
those downstream from the stem in the row and between the rows since these zones were sheltered by the banana
leaves and received essentially only throughfall. Simulations showed that under heavy fluxes, such as those due to
stemflow, the wicks reproduced the actual field drainage reasonably well.
CONCLUSIONS
Using experimental and calculated drained volumes, as well as soil pressure head data, we attributed drainage fluxes
under the banana stem or immediately downstream from the stem almost exclusively to the stemflow. The drained
volumes under the banana stem were six times higher than 1.2 m downstream from the stem in the row and between
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the rows, since both these zones were sheltered by the banana leaves and received essentially only throughfall.
Simulations showed that under heavy fluxes, such as those due to stemflow, the wicks reproduced the actual field
drainage reasonably well. Under smaller surface fluxes (e.g., throughfall), measured water fluxes with lysimeters
were, on average, 50% underestimated compared with simulated water fluxes without lysimeters.
The spatially distributed water fluxes under the banana plant also considerably influence solute transport. Our
results, i.e., a concentrated water flow around the plant stem, bring into question the common practice of applying
fertilizers and pesticides at the foot of the plant. Under these conditions, the abundant stemflow may rapidly leach
the soluble nutrients or pesticides from the root zone into deeper horizons, and eventually into the groundwater. We
therefore recommend that additional research be conducted to evaluate how our results can be interpreted in the
context of a locally and intensively fertilized banana plantation. Such research could provide better guidelines for
fertilization practices that would better protect subsurface water resources.
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