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Abstract

Time domain reflectometry [TDR] was used to investigate the spatial and temporal variation in surface soil water dynamics
under a number of types of vegetation, including both trees and crops grown in isolation, and grown together as an agroforestry
system. The installation and operation of this technique are presented, and discussed in terms of its suitability to monitor rapid
fluctuations in soil-water content in a spatially heterogeneous system such as that described in this experiment.

The relatively small sampling volume of each of the TDR waveguides permitted discrete measurements to be made of soil
water content (6y). In the tree-only and tree+crop treatments, this revealed considerable variation in 6y resulting from spatial
redistribution of rainfall under the tree canopies, with a significant input to soil close to the base of the trees being made by
stemflow, i.e. water intercepted by the tree canopy and channelled down the stem.

Over the experimental period (one rainy season) the TDR data suggested that net recharge to the soil profile in the sole crop
system was 53 mm, almost 75% more than occurred in either of the two treatments containing trees, reflecting greater rainfall

interception by the tree canopies.

Introduction

The experiment reported here formed part of a larger
investigation of water use in an agroforestry system. Such
water use studies are rare (Ong et 4l., 1991), and tree/crop
systems are often spatially complex in nature, with both
the tree and crop canopies affecting rainfall distribution
and input to the soil surface. Furthermore, in addition to
most crop roots being concentrated in the top 0.5 m, Toky
and Bisht (1992) found that root density was highest in the
top 0.3 m for ten out of twelve agroforestry tree species
investigated. Observations made as part of the larger field
experiment confirmed that this was true for the tree and
crop combination used in this study. For these reasons,
time-domain reflectometry (TDR) was used to measure
the rapidly occurring changes in surface soil water content
over short lateral distances (<1 m) and depths (0 — 0.4 m),
providing data for future modelling of the soil water bal-
ance.

TDR has been used for many years in the telecommu-
nications industry for locating breaks in coaxial cable.
Several authors have demonstrated the relationship

between a soil’s dielectric constant (K;,) and the volumet-
ric water content (6,), and a more complete treatment of
the theory of this relationship can be found elsewhere
(Davis and Chudobiak, 1975; Topp and Davis, 1985;
Ledieu et al., 1986; Zegelin et al., 1992). One advantage of
TDR over many other forms of soil water measurement is
that it lends itself to automated control and multiplexing,
so that continuous data can be collected, with a frequency
necessary to measure the dynamic nature of surface soil
water storage.

Several authors have used TDR to investigate spatial and
temporal variation in soil water content under maize (van
Wesenbeeck and Kachanoski, 1988; Zhai er al., 1990;
Coelho and Or, 1996); they found persistent differences
‘on’ and ‘off” crop rows. Similarly, several TDR studies
have shown the effect that forest canopies impose on soil
water content, both in semi-arid (Breshears ez ¢/., 1997) and
temperate situations (Nyberg, 1996; Ladekarl, 1998).
However, few, if any, studies have been carried out using
TDR to examine spatial and temporal variation in soil water
content in combined tree and crop agroforestry systems.
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Materials and methods
SITE DESCRIPTION AND EXPERIMENTAL DESIGN

The experiments were conducted at the Machakos field
station of the International Centre for Research in
Agroforestry (ICRAF) in Kenya. The station is situated
about 80 km south-east of Nairobi at 1° 33’ South, 37° 8
East, at about 1560 m altitude (Kibe ez al., 1981). The site
has a south to south-west facing slope of about 22% and
was covered by scrub dominated by Acacia sp. before the
experiment was established in 1991. The slope runs down-
hill to the Maruba river about 200m below the site. The
Machakos field station is typical of the surrounding
Kenyan uplands (Scott ez al., 1971).

The soil consists of a series of shallow (0.2 to 2 m) red-
dish-brown to brown well-drained luvisols (FAO soil
classification) varying in clay content over the profile, with
a number of distinct horizons (Kibe ez al., 1981; Huxley et
al., 1989). Water release curves for the surface (0-0.4 m)
soil layers at the field site, were determined from intact soil
cores (Soil Survey, UK). These confirmed that the soil
was a typical sandy clay loam and was unlikely to exhibit
soil water contents lower than 0.05 m3 m™3, the threshold
below which most commonly used TDR calibration equa-
tions are unable to determine 6, accurately (Zegelin et al.,
1992).

The soil is underlain by layers first of weathered and
then coherent rock (gneiss) at varying depths. A band of
very shallow soils (0.2 to 0.6 m deep) ran across the site
from the top north-west corner towards the bottom south-
east corner. Soils were generally deeper (0.7 to 1.5 m)
above and below this band (Wallace ez al., 1995).

This experiment formed part of an agroforestry trial
conducted by ICRAF and the Institute of Hydrology at
Machakos established in October 1991, details are given
elsewhere (Wallace et al, 1995). Briefly, plots of size
20 m X 20 m were planted either with Grevillea robusta, a
popular upperstorey tree species in East Africa (ICRAF,
1995), grown on their own (T4 treatment), maize planted
on its own (C, treatment), or the two components grown
together (CT4 treatment). These planting arrangements
are shown in Fig. 1. Maize was planted after the onset of
the rains, when the entire ground surface was prepared
with hand hoes, in rows 1 m apart, 0.3 m between plants.
The tree canopies were regularly pruned during the course
of the experiment following local farming practice, main-
taining similar sized canopies on all trees.

INCIDENT RAINFALL

Annual rainfall has a bi-modal distribution, with a short
rainy season of 265 mm usually lasting from late October
to late December, and a longer rainy season of 345 mm
running from late March to the end of May. Monthly rain-
fall peaks in April and November and there is little rain-
fall in July, August and September. Machakos district has
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a large inter-annual variation in monthly and seasonal rain-
fall. The climate is on the boundary between sub-humid
and semi-arid (Huxley ez al., 1989).

Incident rainfall was measured using a tipping-bucket
raingauge (200 mm diameter) positioned uphill from the
plots and approximately 20 m from the nearest trees.
Rainfall was measured every 10 minutes and cumulative
hourly values were stored on a data logger (Campbell 21x,
Campbell Scientific Instruments, USA).

TIME DOMAIN REFLECTOMETRY: INSTALLATION

The TDR system (Soil Moisture Corp. Trase™ System I,
Goleta, CA, USA) installed in this agroforestry trial used
buriable waveguides or ‘sensors’, of a three-wire design,
0.2 m long, with a space of 15 mm between the wires.
Three-wire probes simulate a coaxial line directly and
therefore do not need additional impedance matching
transformers or ‘baluns’ (Topp, 1992). A sensor length of
0.2 m was chosen to provide an acceptable degree of res-
olution in 6, (0.01 m® m=3) when used with long (30 m)
cables. Using shorter sensors with long cable lengths
would have introduced an underestimation of K, and
hence reduced the resolution of estimates of 6,
(Heimovaara, 1993).

60 TDR sensors were installed on 5 April 1994 by dig-
ging small soil pits down-slope of the sensors’ desired loca-
tion (see Fig. 1). The TDR sensors were multiplexed to a
central signal processing and recording unit. Waveforms
from the sensors were inspected manually to ensure that
each was working correctly before the soil from each pit was
refilled carefully and compacted to approximate the undis-
turbed soil bulk density. Each TDR ‘location’ comprised a
group of four sensors, inserted horizontally into the up-
slope soil face, at depths 0.05, 0.15, 0.25 and 0.35 m.

Three sensor groups (12 sensors) were located in one of
the C; plots, each group positioned midway between the
rows of maize, each sampling the same area of soil. In each
of the T4 and CTgq plots, six sensor groups (24 sensors)
were installed at various distances (0.3, 1.0, 1.5, 1.8, 2.0
and 2.5 m, see Fig. 1) from the base of trees of average
height, basal diameter and projected canopy area.

The radial distances of the TDR sensor groups meant
that the soil water contents measured by each group were
representative of a different sized fraction of the area occu-
pied by each tree. Therefore, the overall area (12 m?) was
subdivided into concentric rectangular zones around the
tree, with the inner and outer boundaries of each zone
given by the midpoints between the radial distances of
each of the TDR sensor groups (see Table 1). Each zone
had the same proportions as the 4 X 3 rectangle occupied
by each tree. The areal average soil water content was
therefore a weighted mean value, using the percentage area
of each zone as the weighting factor.

The limited number of channels available to multiplex
the TDR sensors prevented spatial replication within the
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Fig. 1. A schematic representation of the layout of the three treatments in which TDR sensors, throughfall and stemflow gauges were deployed.
Eackh of the small squares is 0.5 m X 0.5 m, and each of the shaded blocks is 1.5 m?. TDR sensors were deployed midway between maize rows
in sole-planted maize. Otherwise, TDR sensors were deployed at various radial distances (shown) from the base of a tree in both the sole-tree
and tree+crop treatments. Gauges measuring rainfall interception were placed in positions identical to the TDR sensors in all three treatments.

three treatments, but to attempt to account for possible
differences in surface soil texture or composition, the
entire network of TDR sensors was moved three times
during the experiment and reinstalled in the same arrange-
ment (i.e. between crop rows and/or around trees). Each
time the sensor network was relocated, the same trends in
soil water content were observed, suggesting that these
were due to treatment effects rather than variations in soil
conditions.

All sixty TDR sensors were logged hourly from 5 April
1994 onwards. Waveforms from each sensor were inter-

preted automatically by the software in the central pro-
cessing unit and stored as volumetric water contents
(6y, m3 m3). The data were downloaded every few days
using a portable computer, and were inspected manually
to remove occasional spurious readings. The noise compo-
nent common to TDR data was reduced by taking a 7-
point moving average of the hourly data, following the
procedures of Zegelin et al. (1992), and Baker and Spaans
(1994). The variance between the moving average and the
measured water contents was typically less than 0.5 mm.
Volumetric water contents (6,) were converted to storage

Table 1. The way in which the 12 m? occupied by each tree in the Tq and CTq treatments (4 X 3 m planting) was sub-
divided into concentric zones, the boundaries of which were the midpoints between the TDR sensors. The percentages
of the total area of each of the zones were used to obtain weighted areal average soil water contents.

Radial distance Inner boundary Outer boundary Rectangular area of Proportional
of TDR sensor zone around tree ? land area
(m) (m) (m) (m?) (%)

0.3 0.00® 0.65 0.81 6.76

1.0 0.65 1.25 2.19 18.24

1.5 1.25 1.65 2.25 18.75

1.8 1.65 1.90 1.59 13.25

2.0 1.90 2.25 2.88 24.00

2.5 2.25 2.50 2.28 19.00

s Each zone had the same proportions as the 4 X 3 rectangle occupied by each tree.
b The innermost zone was considered to stretch from the centre of the tree to the midpoint between the sensors at 0.3 and 1.0 m.
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values (S) in mm, integrating the values from each of the
four sensor depths in each 0.4 m profile.

TIME DOMAIN REFLECTOMETRY: CALIBRATION

The empirical equation of Topp et al. (1980) relating K,
and 0O,

0, = =5.3 x 102 + 2.92 x 10-2 (K,,) —
5.5 x 10 (K,)? + 43 x 106 (K,)* (1)

was shown to work in various soils of different textures
and compositions, although more recent attempts have
been made to derive TDR calibrations that incorporate soil
physical aspects (Ledieu ez al., 1986). The TDR system in
the present study uses a copyrighted ‘lookup table’ (Soil
Moisture Corp., 1991) based on time delay factors and
subsequent K, values. The Trase™ calibration table fol-
lows the empirical model of Topp ez /. (1980) closely but
allows for variation in soil type (Skaling, 1992). Zegelin
et al. (1992) stated that the ‘universal’ empirical calibration
derived by Topp et al. (1980) worked well in almost all
soils except those with a significant organic component;
however, even in light textured soils, there might be a sys-
tematic deviation from the relation below soil water con-
tents of 0.05 m3 m=3 because the dielectric component of
individual soil components then becomes important.

To determine whether the ‘built-in’ Trase™ lookup
table provided an accurate enough estimation of soil water
content at Machakos, it was compared with the Topp et al.
(1980) calibration, using both intact cores of soil taken
from the field (125 mm diameter, 250 mm deep) and pre-
pared ‘test cells’ filled with dried field soil (60 mm X 60
mm X 250 mm) repacked to the mean soil bulk density.
The test cells were wetted gradually from beneath by plac-
ing them on a bed of wet sand until they reached the
desired volumetric water content. The soil water content
of the test cells was measured gravimetrically by drying the
soil at 80 °C until constant weight had been determined.
The soil water content was then expressed volumetrically
(m3 m3),

The TDR signals from both the cores and the test cells
were measured with the same type of waveguide that were
used in field measurements, inserted vertically into the
soil. The dielectric constant of each test cell or core was
determined by the TDR central unit, and these K, values
were used to calculate volumetric water contents (m? m=3)
using both the Trase™ system lookup table, and Eqn. 1.
The values of 68y calculated by each method were plotted
against oven-dried determinations of 8, and the relation-
ships are shown in Fig. 2.

Both methods estimated 6, very well, accounting for
more than 96% of the scatter, and with sample variances
around the 1:1 relationship of 0.01 and 0.03 m3 m=3 for the
Topp and Trase™ calibrations, respectively. Given that
the difference between the two methods was similar to the
limit of sensitivity of the instrument (0.01 m3 m3), and to
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Fig. 2. Comparison between soil water contents determined gravimet-
rically and estimated using the built in Trase™ (O) and Topp (®)
TDR calibrations. Data were obtained from repacked soil in labora-
tory test cells and from intact soil cores taken from the field.

avoid an extra step in data analysis, the Trase™ method
was used to estimate 8,.

CANOPY RAINFALL INTERCEPTION

To compare changes in surface soil water content to vary-
ing water input, matching measurements of rainfall inter-
ception by the tree and crop canopies were made. For
reasons of cost, manually recorded rather than tipping
bucket raingauges were used. These were measured after
every rainfall event. Siting the gauges too close to the
TDR sensor groups would have rendered the purpose of
the study impossible, i.e. recording rapid changes in sur-
face soil moisture.

Therefore a matching interception gauge for each TDR
sensor group was installed in an equivalent position around
a tree of equal height, basal diameter and projected canopy
area, no more than 3 m away (or ~ 2 m further along the
same crop rows in the case of the C; plots). As with the
TDR sensor groups, the network of interception gauges
was moved at regular intervals to other trees in the plots
as a form of temporal replication.

Even with canopies pruned to a consistent size and
shape, the possibility remains of small scale variation in
interception between tree canopies, e.g. due to ‘canopy
drip’ from branches directly over the raingauge. However,
the results of a larger interception study in the same plot
(Jackson, 1999) determined that although there was
significant variation in interception at different radial posi-
tions away from the tree, the variation between gauges at
similar positions was low (less than 5%).
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Soil water storage
and daily rainfall [mm]

13-Oct

27-Oct

10-Nov

24-Nov 8-Dec 22-Dec

Fig. 3. Changes in the integrated water storage (S) in the top 0.4 m soil profile in the three treatments, Cy, Ty and CTy (thick to thin lines,
respectively) between 13 Oct and 31 Dec, 1994. The data are shown as weighted means of the integrated 0.4 m profiles (see text for detarls)
at all six TDR positions in the Ty and CTy treatments (see Fig. 1), and the mean of the three TDR positions in the Cy plot. Corresponding

datly rainfall is shown below the TDR graph.

One effect of the tree canopies, in particular, is to chan-
nel some of the rainfall intercepted by the foliage down the
trunk and into the soil immediately surrounding the base
of the tree. Obviously, the degree to which this occurs is
influenced strongly by the shape of the tree canopy but in
the case of Grevillea the volumes of water involved can be
substantial. Nine stemflow gauges were installed on trees
in each of the T4 and CT4 plots. The gauges comprised a
flexible plastic collar which was sealed to the trunk of the
tree with a non-toxic silicone compound about 0.75 m
above the ground. The collars drained to plastic jerry-cans
of 35 1 capacity, which were measured at the same time as
the interception gauges.

Observations made on trees without gauges showed that
when the stemflow water reached the soil surface, all
infiltrated close to the base of the tree (< 0.5 m), i.e. well
within the 1.5 m? block of soil containing the tree shown
in Fig. 1. On this basis, stemflow was converted to mm
equivalents using a distribution area of 1.5 m?, and was
combined with the throughfall measurements made over
this block of soil.

Results and discussion

TREATMENT EFFECTS ON 0—0.4m PROFILE
WATER STORAGE (S)

It was important to quantify the surface soil water dynam-
ics of the agroforestry system in comparison with the
conventional tree-only and crop-only alternatives. Farming
practices in semi-arid regions, such as the maize-only sys-
tem used in this study, often use less than 50% of the rain-
fall input to the soil surface (Ong et al., 1991; Wallace,
1991), the rest being lost gradually during the dry inter-
seasonal periods under conventional crop-only systems, by
soil evaporation from the bare soil, and through drainage.

In a simultaneous study (Jackson et al., 1999), neutron
probe measurements made over the entire profile (0—2 m)
showed that the soil below 0.4 m hardly recharged at all
following rainfall. In addition, Smith ez al. (1999) found
that more than 50% of the rooting system of the Grevillea
trees was concentrated in the top 0.4 m of soil. Our data
suggest that these roots utilised much if not all of the
incoming rainfall during these seasons, and prevented the
lower soil layers from recharging. For these reasons, rapid
changes in the 0-0.4 m soil layer measured by the TDR
sensors are particularly important.

The mean (0-0.4 m) water storage values for the Cg, T4
and CTgq treatments are plotted against time in Fig. 3, for
part of the 1994 short rains. The data are presented as
averages of three sensor groups (in the Cg treatment) or
weighted areal averages of six groups in the T4 and CTq4
treatment. Initial water storage just before the onset of the
rains (12 Oct 1994) was similar for all three treatments, at
18.4 + 1.7 mm, 18.0 = 1.5 mm and 18.6 + 0.3 mm for the
CTgq, T4 and Cq plots, respectively.

Rainfall interception was greater under the tree canopies
than under the sole crop (Table 2), leading to lower soil
water inputs in the Ty treatment, and the lowest occurring
in the CT4 treatment, where increases in water storage fol-
lowing rainfall were on average 15% lower than in the C;
plots (» < 0.05). Hourly increases in water storage in the
CT4 plots ranged between 0.1 and 6.8 mm h~! and were
lower during each rainfall event than those for the T4 and
C; plots, which ranged from 0.1 to 9.3 mm h’, and from
0.1 to 8.1 mm hl, respectively (p < 0.05).

After rainfall, there were distinct differences between
treatments in terms of the rate of decrease in soil water
content. The absolute drying rates for the agroforestry
plots, ranged between 0.1 and 1.7 mm h! over the period
of study. These rates were lower after each rainfall event
than those for the sole tree plots, and sole crop plots,
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Table 2. Cumulative rainfall (XP;) and net rainfall (combined throughfall and stemflow: XP,) in the
Cg, Ta and CTq treatments, recorded between Oct 12 and Dec 31, 1994. Data are given as mm of

water and XP, as a percentage of XP,.

Cumulative net rainfall (XP,) below tree/crop canopies

Cumulative rainfall
off-plot (XP,) (mm)

Sole crop, Cg
(mm) (% ZPy)

Tree+crop, CTy
(mm) (% XPyp)

Sole tree, Ty
(mm) (% ZPy)

512 463 90%

421 82% 390 76%

which ranged from 0.1 to 2.4 h™!, and from 0.1 to 2.6 h™1,
respectively (p < 0.05).

The ‘rising’ and ‘falling’ portions of the TDR time
courses were separated and are presented in Fig. 4 as
cumulative gains and losses of surface soil water in each of
the treatments. Throughout the period, water storage was
greatest in the C; treatment at 414 mm, slightly lower in
the Tq plots at 402 mm, and lowest when the trees and
crops were grown together in the CTy treatment at
346 mm.

400-]

w
S

N
o
2

Cumulative increases in
soil water storage [mm]}

8
P BT

Dalily rainfall [mm]

.
4
=
g

Cumulative decreases in
soil water storage [mm]
2 )
3
1

[~
o
g

400+
13-Oct 10-Nov 8-Dec

Fig. 4. Data from Fig. 3 plotted in terms of cumulative gains and

losses in water against time in the Gy, Ty and CTy profiles (thick to

thin lines, respectively) between 13 Oct and 31 Dec, 1994.

Corresponding daily rainfall is shown below the TDR graph.
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Cumulative losses of water were initially greater in the
Tq plots than in either the Cg or CTy4 plots, which may
reflect higher transpiration rates from the larger trees in
the Ty plots (Lott ez al., 1997). Large gains in water in the
Cg plots during this initial period, with correspondingly
small losses, may be due in part to the fact that the C,
maize plants were quite small and transpirational demand
was low. As the Cg crop cover increased cumulative losses
more closely matched those from the Tq4 treatment.

By the end of the period studied, the cumulative losses
from the Cg, T4 and CTq plots were 359 mm, 364 mm and
314 mm, respectively. By the end of the rainy season (late
Dec 94), net profile storage increased by 55 mm in the C;
plots, by 38 mm in the T4 plots and by 32 mm in the CTy
plots. Cumulative rainfall (XP;) during the period shown
was 512 mm.

SPATIAL HETEROGENEITY IN RAINFALL AND
SOIL WATER STORAGE UNDER TREE AND CROP
CANOPIES

During the experiment there was no significant difference
between the three positions in the sole crop plot in terms
of either rainfall input or surface soil water content.
However, van Wesenbeeck et al. (1988) showed that,
under a maize canopy, the inter-row soil profile was
significantly wetter than the soil directly beneath the
crop. This spatial variation was attributed to differences
in soil bulk density (and subsequent infiltration) caused
by mechanical double-disk seeding at the time that the
maize crop was planted.

In this study, as the entire ground surface was dug over
prior to planting the crop, such artificial variations in bulk
density should not have been present. Nevertheless, to
ensure that placing the TDR sensors between crop rows
neither over- or underestimated soil water content, peri-
odic measurements of 8, were made ‘on’ and ‘off’ crop
rows using a hand-held capacitance probe (Robinson and
Dean, 1993); no significant variation in 6, was detected.
This lack of spatial variation in 6, suggests that any redis-
tribution of rainfall via stemflow by the maize plants (as
observed by Parkin and Codling, 1990) was either mini-
mal, or was compensated for by localised surface runoff,
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Table 3. Cumulative net rainfall (combined throughfall and stemflow: XZP,) recorded between Oct 12
and Dec 31, 1994 at various locations (see Fig. 1) below the tree and crop canopies in the T4 and
CTq treatments. Data are given as mm of water and 2P, as a percentage of cumulative gross rainfall
(ZP,) during the period, which was the same as in Table 1, i.e. 512 mm.

Cumulative net rainfall (ZP,) below tree/crop canopies

0.3 m from tree

1.5 m from tree 2.5 m from tree

Treatment (mm) (% ZPy) (mm) (% ZPy) (mm) (% ZPy)
Sole tree (Ty) 399 78% 347 68% 481 94%
Tree + crop (CTg) 421 82% 312 61% 469 92%
Tgq/CT4 average 410 80% 330 64% 475 93%

redistribution in the surface soil layers, and/or through
soil evaporation and abstraction by crop roots.

The effect of adding trees to a cropping system, as in
the case in agroforestry systems, may be to increase rain-
fall interception, and thereby reduce the amount of rain-
fall that reaches the ground and is therefore, available to
the crop (Wallace ez al, 1995). This makes the system
more spatially complicated and makes it more difficult to
model changes in surface 6, that result from rates of evap-
oration, drainage and abstraction which have been
modified by the presence of trees. In this experiment,
significant differences in both rainfall input and surface
soil water content were observed beneath the trees, and the
effect of the tree canopies on rainfall redistribution and
profile water storage (S) was examined. Table 3 sum-
marises the amount of water reaching the surface at dis-
tances 0.3, 1.5 and 2.5 m from the tree in both the T4 and
CT plots. Stemflow accounted for a little over 6% of inci-
dent rainfall, and was added to throughfall measurements
made closest to the trees (as mentioned earlier).

Although there were slight differences between the two
tree treatments, the lowest interception occurred at 2.5 m,
midway between four trees (see Fig. 1). The fact that there
was any difference between P, and P, at this position sug-
gests that, as reported in previous interception studies
(Aldridge, 1975; Herwitz and Slye, 1995), some of the
rainfall must have been inclined away from vertical fall
paths and was therefore being intercepted by the adjacent
tree canopies. P, was greater at (0.3 m distance than at
1.5 m (midway between two trees along the contour line)
due largely to the additional soil water input from
stemflow.

Figure 5 shows the variation in the amount of water
stored in the top 0.4 m of soil as determined by TDR sen-
sor groups located at 0.3, 1.5 and 2.5 m from the tree in
one of the T4 plots. Initial water storage before the onset
of the rains (12 Oct 1994) was 14.2 £ 0.8 mm, 9.8+ 1.1 mm
and 24.7 £ 0.7 mm at the three positions, respectively.
There was a good agreement between increases in soil
water storage and the ranking of interception values shown

Soil water storage
and daily rainfall [mm]

13-Oct 27-Oct 10-Nov

22-Dec

24-Nov

8-Dec

Fig. 5. Changes in the integrated water storage (S) in the top 0.4 m soil profile in three positions in one of the CTy plots between 13 Oct and
31 Dec, 1994. Data are from TDR sensors at 0.3, 1.5 and 2.5 m (thick to thin lines, respectively) from the base of the tree (see Fig. 1).

Corresponding daily rainfall is shown below the TDR graph.
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in Table 3. The TDR sensor groups at 0.3 m and 2.5 m
from the tree showed greater increases in storage follow-
ing rainfall (ranging between 0.1 and 24.7 mm h~! and
from 0.1 to 19.8 mm h™!, respectively) than did the soil
1.5 m along the tree line (see Fig. 1), ranging from 0.1 to
14.2 mm h7L, ;

Following rainfall, the rate at which soil water content
decreased was similar for both positions closer to the tree,
ranging from 0.1 mm h! to 11.1 and 9.4 mm h! at 0.3 m
and 1.5 m, respectively. Drying rates were consistently
faster at 2.5 m distance, ranging from 0.1 to 16.9 mm h-1.
It may be that high bare soil evaporation rates at this posi-
tion (Jackson and Wallace, 1999) were the driving force
behind declines in soil water content.

The ‘rising’ and ‘falling’ portions of the TDR time
courses were separated, in the same fashion as for Fig. 4,
and are presented in Fig. 6. Substantial differences in both
cumulative gains and losses of surface soil water were
observed at each of the positions around the tree. Over the
course of the rainy season, water storage was greatest at 2.5
m (414 mm), and more than 150 mm lower 1.5 m along
the tree line at 351 mm. The soil directly beneath the tree

g
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Fig. 6. Data from Fig. 5 plotted in terms of cumulative gains and
losses in water against time for the TDR sensor profiles at 0.3,
1.5 and 2.5 m (thick to thin lines, respectively) between 13 Oct and
31 Dec, 1994. Corresponding daily rainfall is shown below the TDR
graph.
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(0.3 m) showed cumulative water gains of 442 mm, which
suggested a significant input was made by stemflow
infiltrating at the base of the tree.

Trends in cumulative losses of water reflected the dif-
ferential inputs of soil water at each of the positions, with
the greatest drying occurring midway between the trees at
2.5 m. This may be due mainly to lower rates of evapora-
tion from the shaded soil close to the tree (Jackson and
Wallace, 1999), but lower root densities close to the tree
(Smith ez al., 1999) might have led to differences in soil
water abstraction. Overall, the cumulative losses were 405
mm, 332 mm and 497 mm, at 0.3, 1.5 and 2.5 m from the
tree, respectively, with net profile storage increasing by
12 mm, 19 mm and 16 mm.

The arrangement of four TDR waveguides at various
depths at each location allowed a more detailed investiga-
tion of the infiltration dynamics in the Machakos soil.
Figure 7 shows two examples where a wetting front devel-

Profile water storage [mm]
0.3 m distance from tree

Profile water storage [mm]
1.5 m distance from tree

0 10 20 30 10 20 30

Fig. 7. Progression of soil-water storage profiles ar three distances
(0.3, 1.5 and 2.5 m) from the base of a tree in one of the sole tree
(T4) plots during and following two rainfall events. The three graphs
on the lefi-hand side show the development of wetting fronts through
relatively dry soil, while the right-hand series shows profiles that
developed when the antecedent soil-water contents were higher (see
Table 4).
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Table 4. Comparison of the amount of water infiltrating the soil at three distances from the base
of the tree in one of the CTy plots (shown in Fig. 7) with the amount of incident rainfall as

measured by the automatically logged raingauge.

Rainfall event on 13-14 October 1994

Initial values (S;) and cumulative changes in integrated profile water

storage (S) in mm at:

Cumulative 0.3 m from tree 1.5 m from tree 2.5 m from tree
Time (h) rainfall (mm) 22.5 (Sy) 12.8 (S) 17.3 (S)
0 0 0.0 0.0 0.0
1 2.6 0.1 0.2 0.3
2 17.4 15.9 9.5 13.1
3 49.2 31.0 19.3 37.3
4 66.8 38.8 23.0 63.5
5 68.2 56.4 319 65.3
6 68.8 52.5 419 65.3
7 69.2 50.8 43.2 68.6
8 70.2 50.0 45.5 67.9
Rainfall event on 10-11 November 1994
Initial values (S;) and cumulative changes in integrated profile water
storage (.S) in mm at:
Cumulative 0.3 m from tree 1.5 m from tree 2.5 m from tree
Time (h) rainfall (mm) 59.3 (S) 49.8 (S)) 52.1 (Sy)
0 0 0.0 0.0 0.0
1 9.8 13.9 8.0 7.4
2 22.6 324 13.7 22.7
3 324 375 20.0 334
4 45.5 43.4 24.0 41.0
5 67.8 45.7 30.0 60.5

ops and moves down through the 0.4 m profile, at 0.3, 1.5
and 2.5 m from the base of a tree in one of the CTq plots.
The first set of graphs is a typical example of the soil wet-
ting up after a long dry period, and shows the infiltration
after an overnight rainfall event of 70.2 mm (13-14 Oct,
94). The mean initial profile water storage (.S;) at the three
positions was 17.5 + 4.9 mm.

The second set of graphs represents the situation where
the initial profile storage was higher (mean S; = 53.7 £ 5.0
mm), and shows the infiltration following another over-
night rainfall event of 67.8 mm (10-11 November, 1994).
The duration of rainfall (¢) is shown for each of the profiles
(t = 0,2,4,6 and 8 h for the first set of graphs and
t =0,1,2,3 and 5 h for the second series).

In the first case where a dry soil profile is gradually wet-
ting up, the wetting front moved down through the soil

more rapidly at 2.5 m from the tree than at the other two
positions; after 4 hours of rainfall, the front had almost
reached the bottom of the 0.4 m profile, and 6 hours after
the rain started the sensors at the 0.35 m depth had
detected the wetting front. In comparison, neither of the
other two profiles had wetted up completely, even 8 hours
after the start of the rainfall. ;

In the second case, where values of S; were higher, the
rates of wetting up were much faster at all three positions.
As initial profile storage values were higher, less water was
needed in each case to bring the soil water contents up to
the values where hydraulic conductivity was sufficient for
gravitational flow down through the soil to match the rain-
fall intensity. In this situation, the soil near the base of the
tree (0.3 m) wetted up faster than that at 2.5 m, although
the final profiles of S were quite similar 5 hours after the
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rainfall started. The soil at 1.5 m from the tree did not wet
up to the same degree as the other two positions and the
wetting front had only just reached the bottom of the.
profile 5 hours after the start of the rain.

Table 4 shows the changes in the integrated soil profile
water storage during these two rainfall events. It sum-
marises the data shown in Fig. 7 and demonstrates that the
soil around the base of the tree (0.3 m) wetted up more
rapidly than the soil either in line with the trees (1.5 m),
or out in the open (2.5 m). The data suggest that
significant amounts of water may reach and infiltrate the
soil close to the tree by indirect means. Stemflow is usu-
ally believed to be of little importance when the water bal-
ance is calculated on an areal average basis. However,
stemflow is not evenly distributed over the area beneath a
tree canopy but often concentrates significant quantities of
water (Prebble and Stirk, 1980) and nutrients (Belsky ez
al., 1993) into a small area around the base of a tree.

It is possible that the observed differences during each
event in transmission zone water content between the var-
ious positions may be explicable in terms of different
infiltration rates, and therefore the hydraulic conductivity
needing to be attained in order for gravitational flow to
match rainfall input. Such differences in infiltration rate
and soil bulk density might result from the presence of
tree roots, as reported by Zinke (1961) and Eschner (1967).

Concluding remarks

The choice of time domain reflectometry using buriable
waveguides in this experiment provided the means to fol-
low the spatial and temporal variations in surface soil-
water content (6y) and storage (S). From the trends
observed, and accepting the restrictions imposed by lim-
ited replication, the data suggest that significant differences
in recharge may develop when trees are incorporated into
an existing cropping system.

The data presented here form part of a larger dataset
combining deep profile measurements (Jackson er al.,
1999) soil evaporation (Jackson and Wallace, 1999; Wallace
et al., 1999) and rainfall interception (Jackson, 1999),
which, when taken together, suggest that trees in agro-
forestry systems may be able to utilise water resources that
would otherwise be lost during intervals between cropping
seasons, through soil evaporation and drainage.

When considering a spatially heterogeneous system like
this, it is important to realise that the heterogeneity exists
not just in two dimensions, but in three, taking into
account both the crops and upperstorey tree species. The
combination of interception measurements and the TDR
technique in a small study like this, has demonstrated how
variation in soil-water inputs across the area between trees
can be measured. Further experiments with greater
degrees of replication are required to shed more light on
this matter.
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