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Abstract

Soil water storage was monitored in three landscape elements in the forest (plateau, slope and valley floor) over a 3 year period
to identify differences in sub-surface hydrological response. Under the plateau and slope, the changes of storage were very sim-
ilar and there was no indication of surface runoff on the slope. The mean maximum seasonal storage change was 156 mm in the
2 m profile but it was clear that, in the dry season, the forest was able to take up water from below 3.6 m. Soil water availabil-
ity was low. Soil water storage changes in the valley were dominated by the behaviour of a shallow water table which, in nor-
mal years, varied between (.1 m below the surface at the end of the wet season and 0.8 m at the end of the dry season. Soil
water storage changes were small because root uptake was largely replenished by groundwater flow towards the stream. The
groundwater behaviour is controlled mainly by the deep drainage from beneath the plateau and slope areas. The groundwater
gradient beneath the slope indicated that recharge beneath the plateau and slope commences only after the soil water deficits
from the previous dry season have been replenished. Following a wet season with little recharge, the water table fell, ceasing to
influence the valley soil water storage, and the stream dried up. The plateau and slope, a zone of very high porosity between
0.4 and 1.1 m, underlain by a less conductive layer, is a probable route for interflow during, and for a few hours after, heavy

and prolonged rainfall. :

Introduction

This study was part of the Anglo-Brazilian Amazonian
. Climate Observation Study (ABRACOS) (Gash et al.,
1996), the main aim of which was to obtain land surface
parameters and calibration data to be used for Amazonian
deforestation scenarios in General Circulation Model
(GCM) simulations. Three paired (forest and pasture)
sites in Western, Central and Eastern Amazonia were
instrumented and monitored for 3 to 4 years; data on cli-
mate (Bastable ez al., 1993, Culf er al., 1996), micro-mete-
orology (Wright ez 4/.,1992, Wright ez al.,1996), plant
physiological responses (McWilliam er al., 1993, Roberts et
al., 1996) and soil water content and hydraulic conductiv-
ity (Hodnett e al., 1995, 1996, Tomasella and Hodnett,
1996) were collected.

GCMs use a grid with a typical length scale of 200 km.
As it is not possible to monitor soil moisture to a depth of
several metres on this scale, soil moisture at the central
Amazonian site was monitored in three main landscape

elements, plateau, slope and valley floor, in which soil
water storage changes might differ. It was expected that
surface runoff and/or interflow on the slope, and the pres-
ence of a water table in the valley, would lead to
significantly different soil water behaviour in the three ele-
ments. The study area was within a large region with sim-
ilar soils and geomorphology, on the same geological
formation.

This paper compares the soil water storage response in
the three landscape elements over a 3 year period to
improve understanding of the functioning of the sub-sur-
face hydrological processes in this environment so as to
allow better conceptualisation in process-based hydrologi-
cal models (Dunne, 1983, Klemes, 1983) for Amazonia.
Such an understanding may provide a sound basis for the
scaling up of processes and suggest ways to incorporate
into GCMs the spatial variability of hydrological
processes. The results obtained are discussed in the light
of the results from the plateau already discussed by
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Hodnett et al. (1995) and Tomasella and Hodnett (1996).
The data presented here provide insights into hydrologi-
cal processes and the role of the soil in streamflow gener-
ation and water table response.

Methods
SITE DESCRIPTION

Location and geomorpology

The study area was located in forest adjacent to a cattle
ranch, Fazenda Dimona (2° 195, 60° 04W) about 100 km
north of Manaus. The land surface in the area is a plateau
dissected by valleys of various dimensions (Bravard and
Righi, 1989). At the study site, the valley, relative to the
surrounding plateau, is about 25 m deep and has a wide
floodplain with a small stream about 30 m from the foot of
the hillslope. The landforms in the study area are similar
to those described for the region by Anon (1978). The
toposequences are very similar to sections ‘A’ and ‘B’
shown by Chauvel ez al. (1987b) for Bacia Modelo, a 23.5
km? catchment some 30 km to the south of the study area.

Soils, vegetation and climate

The soils have formed on largely unconsolidated sediments
of the Tertiary Barreiras formation. The plateau soils are
clayey oxisols, generally classified as haplic acrorthox
under the USDA Soil Taxonomy. They are kaolinitic,
with a clay content of 75-85% and a dry bulk density
between 0.93 and 1.15 Mg m=3. The porosity in the upper
1 m is high (56-64%), but it is mainly concentrated in the
macro and meso-pores (which drain rapidly) and in the
very fine pores (in which the water is inaccessible to
plants) with the result that plant available water is very
low. Correa (1985) obtained values of 70 mm m. Deeper
in the profile, the macro and meso-porosity are less and the
water availability is lower. These soils are widespread
(Anon 1978); almost identical soils have been described by
Ranzani (1980), Chauvel (1982) and Correa (1984), for
Bacia Modelo.

The soil catenary sequence is similar to that described
by Bravard and Righi (1989) for a deeper valley where
there was a gradual change in texture from clay on the
plateau to sandy clay on the lower slopes. At the study site,
" there is an abrupt transition to very sandy soils on the val-
ley floor, where there is a shallow water table. The soils
are classified as ultic haplorthox on the upper/mid slope
and orthoxic paleudults on the lower slope. The sandy val-
ley floor soils are quartzipsamments. The forest is mainly

of the terra firme type (Pires, 1978) which occurs on

higher ground where there is no seasonal flooding. On the
valley floor, where the water table is generally shallow, the
forest is characterised by a greater density of palms.

The climate is humid tropical. The mean daily maxi-
mum temperature is about 33 °C and there is little seasonal
variation. The mean annual rainfall (1966-1992) at Reserva
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Ducke, about 70 km SSE of the study site, is 2442 mm
with a standard deviation (SD) of 306 mm and a range
from 1901 mm in 1980 to 3128 mm in 1986. The wettest
months are March (304 mm, CV 25%) and April (292
mm, CV 26%) and the driest months are August (95 mm,
CV 55%) and September (103 mm, CV 48%). Rainfall
intensities can be very high. Out of 162 days of 5 minute
rainfall data available from November and December 1992
and May to August 1993 (unfortunately excluding the
wettest months), there were 6 events with 5 minute inten-
sities exceeding 100 mm h~! and 4 events with average
intensities exceeding 100 mm h! for 30 minutes. The total
rainfall for the 162 days was 1033 mm, of which 47% fell
at an intensity exceeding 50 mm h1.

EXPERIMENTAL DESIGN

Soil water content, potential and water level measurement

Figure 1 is a schematic cross-section from the plateau to
the valley, showing the location of the instruments. Soil
water content was measured using an IH neutron probe
(Model IH III, Didcot Instrument Co., Abingdon, UK)
calibrated as described by Hodnett et al. (1995). In
September 1990, 5 neutron probe access tubes were
installed in each slope unit, to 2 m depth on the plateau
and slope and 1 m on the valley floor, where in the late
dry season, the water table was 0.3 to 0.5 m below the sur-
face. On the plateau, tubes were installed to 3.6 m in
October 1991 (replacing those to 2 m) after the data sug-
gested water uptake from below 2 m; resources did not
permit deeper tubes to be installed on the slope. The tubes
were read at 0.1 m and 0.2 m, and then at 0.2 m intervals
to the bottom of the tube.

Soil water potential was measured using mercury
manometer tensiometers installed at depths of 0.2, 0.4, 0.6,
0.8, 1.0, 1.2, 1.5, 1.8 and 2.1 m; one set was on the plateau
and another at the foot of the slope (max depth 1.5 m).
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Fig. 1 Schematic cross-section showing form of hillslope and
position of instruments.
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Each set was close to a neutron probe access tube. Water
level was measured with a manual dipper in 7 dipwells
adjacent to, and paired with, access tubes T24 to T30 and
numbered D1 to D7 down the slope. Elevations along the
transect and at each measuring point were determined rel-
ative to a datum point (ground level at T30) using a sur-
veying level. The maximum slope on the transect was
18%.

Chlimatic data

An automatic weather station operated throughout the
study period in an adjacent clearing, about 1 km from the
forest instrumentation (Bastable ez 4/., 1993). Rainfall was
measured using a tipping bucket gauge, initially logged
hourly and subsequently at 5 minute intervals. Un-
fortunately, the gauge was not very reliable and there are
many gaps in the data.

OBSERVATIONS AND DATA PROCESSING

Observations of soil water content, potential and water
table level were made weekly from mid-September 1990,
except during the periods of intensive micrometeorologi-
cal studies (September—October 1990 and July—September
1991), when they were made twice each week. The data for
the period up to December 1993 are presented here. The
readings for the individual tubes were processed as
described by Hodnett ez 4/. (1996a) to give water contents
at each depth and storage (mm) in the 0—1 m, 1-2 m and
02 m layers. Mean water contents and layer storage val-
ues were calculated for the plateau (tubes T16-20), slope

(T21-23) and valley floor (T26 and T28-30). Tubes T24,
T25 and T27 were in a transition zone between the slope
and the valley floor where the soil water storage was
influenced by the valley floor water table in the wet sea-
son. Tensiometer manometer measurements were con-
verted to total hydraulic potential (relative to the ground
level at each set). The water levels in the dipwells were
measured relative to the top of the lining tube and then
converted to depth below datum.

Results
SOIL WATER STORAGE

Figure 2 shows the forest soil water storage to a depth of
1 m for the plateau, slope and valley floor for the period
from October 1990 to December 1993. Also shown is the
water table depth below the valley floor (D4) and the rain-
fall between water content measuréments. Periods when
the raingauge was malfunctioning are indicated by nega-
tive values (—5 mm).

Plateau/ slope comparisons

The soil water storage changes in the 0-1 m layer on the
plateau and the slope were virtually identical throughout
the entire period, regardless of the season. This is remark-
able, and indicates that surface runoff, if any (it was never
observed), does not lead to differences in the wetting-up
of the profile. The data imply that the processes of water
input, redistribution and loss (deep drainage and uptake to
supply evapo-transpiration) are almost identical on the
plateau and slope.
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Fig. 2 Plateau, slope and valley floor. Profile soil water storage (mm) to a depth of 1 m for the period from September 1990 to
December 1993. Also shown are the water table depth on the valley floor and the rainfall between soil moisture measurements.
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The storage in the profile was consistently greater on the
plateau than on the slope, reflecting the greater clay con-
tent of the plateau soils (and hence a greater content of
bound water). However, water content changes were sim-
ilar. The minimum profile storage was observed on 5
November 1990 (plateau and slope). The storage was
almost as low on 6 February 1992, which was unusual as
January and February are, on average, among the wettest
months.

Once the profile has wetted up at this site, the profile
storage (as shown by weekly data) does not vary much in
the wet season because of frequent rainfall and because
drainage is rapid following large rainfall events (Hodnett
et al., 1996a). Any storage peaks are short-lived. The stor-
age in the profile remained close to this characteristic wet
season level for 7 months in 1990-91, 2 months in 1991-92
and 9 months in 1992-93.

Valley floor groundmater levels

Up to October 1991, the water table was never more than
0.6 m below the surface. It reached a peak in June 1991
after the 1990-91 wet season and was within 0.3 m of the
soil surface for almost 5 months. The water level then fell
gradually to below a depth of 0.8 m (the maximum depth
of the dipwell) in December 1991. During the weak
1991-92 wet season, the water table rose above 0.8 m only
in March and April 1992. The water level then fell to a
minimum of 1.83 m below the surface on 4 November
1992 (measured in a newly installed dipwell). The water
levels recovered between January and May 1993 and the
water level recession in 1993 was similar to that of 1991.

Valley floor soil water storage

These soil water storage data (to 1 m depth) comprise soil
water AND groundwater for the period when the water
table was less than 1 m below the surface. As a result,
changes in soil water storage were generally small; up to
October 1991, the maximum storage change in the valley
was 33 mm, compared to 90 mm on the plateau. Between
July and October 1991, the storage decreased steadily,

interrupted by very minor increases (typically 15 mm) fol-
lowing rainfall. On the plateau and slope, the same events
led to storage increases of up to 70 mm. These data sug-
gest that on the plateau, there was no deep drainage fol-
lowing these events but, in the valley, much of the rainfall
must have drained rapidly to the water table and thence to
the stream. The valley floor minimum storage was
observed in October 1992, almost two years after the min-
imum on the plateau and slope.

After the water table rose back into the 1 m measured
profile in January 1993, the soil water storage showed a
steady and almost unbroken increase until June 1993, as
the water table continued to rise. During this period, the
soil water storage on the plateau and slope remained
largely constant, close to the typical wet season level, with
maximum changes of about 30 mm in response to rainfall
events.

Maximum observed storage changes

Table 1 shows the maximum observed profile storage
changes to 1 m and 2 m depth in the three landscape ele-
ments. The maximum storage occurred on 10 May 1991
on both plateau and slope. The minimum was observed on
2 or 5 November 1990. In Table 1, the storage changes for
all elements have been calculated between 5 November
1990 and 10 May 1991. The valley floor maximum and
minimum were observed on 14 June 1991 and 31 October
1992 respectively and the change in storage between these
dates is also shown.

For the 2 m profile, the maximum storage changes
observed under the plateau and slope were 154 mm and
159 mm. On the slope, the change in the top metre was
slightly less than on the plateau but was compensated by
larger changes in the second metre. Spatial variability, as
indicated by the standard deviations (SD) of the maximum
changes, was low on both plateau and slope. Over the
period when the maximum storage change was observed
on the plateau and slope, the change in the valley was only
33.5 mm (SD 20.4 mm). Tube 28 on the valley floor
showed much larger storage changes than the other tubes

Table 1. Maximum observed soil water storage changes (mm) for plateau, slope and valley

PLATEAU
Min. 5/11/90
Max. 10/5/91

SLOPE

Min. 5/11/90
Max. 10/5/91

VALLEY
5/11/90-10/5/91  Min. 31/10/92
Max 14/6/91

Layer 0-1m 0-2m O01lm 02Zm 0-Im 02Zm 0-Im 02m
Mean 894 153.9 82.7 159.3 33.5 33.51 127.9 —
S.D. 3.0 5.7 4.7 5.0 20.4 204 14.1

Max. 85.2 145.9 76.3 153.0 19.6 117.5

Min. 93.3 162.4 87.3 165.2 68.7 152.0

! Same as 0.1 m, as water table above 1 m bgl between these dates
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Fig. 3 Wettest and driest water content profiles for plateau and slope (10 May 1991 and 5 November 1990) and valley (7 June
1991 and 31 October 1992). The profile for 5 November 1990 (when the plateau € slope were driest) is also shown for the val-

ley.

because it was on a slight mound and had a deeper unsat-
urated zone. The storage change for the 3 tubes with the
shallower water table was 21.8 mm (SD 2.2 mm).

The mean maximum storage change for the 1 m valley
profile was 128 mm,; this was significantly higher than on
the plateau/slope, where the largest change for any tube
was 93 mm. At Tube 30, in the centre of the floodplain,
the change was 152 mm; changes are larger than on the
plateau and slope due to the sandier texture of the soil, and
because the wettest condition observed was saturation.
Saturated conditions may have occurred on the plateau
and slope for brief periods but were observed only once
under the weekly monitoring regime.

DISTRIBUTION OF WATER CONTENT CHANGES
WITH DEPTH

Figure 3 shows profiles of mean water content for the
dates when the highest and lowest storage was observed in
the 3 landscape units. The form of the water content
profiles on the plateau and slope was very similar; both
showed a zone of low water content between 0.5 and 1.2 m
in both the wet and the dry profiles; the importance of this
is discussed later. Below 0.3 m on the slope, the largest
water content changes in the profile did not exceed
0.11 MVF and were typically about 0.08 MVF. These val-
ues are indicative of the available water capacity (AWC) of
the soil, but over-estimate it slightly because the wettest
profile is above field capacity and part of the change is
drainage. The changes on the slope were slightly higher
than those on the plateau, but these seasonal water content
changes are very low compared to those in other soil types
(Hodnett er al. 1995). The less clayey slope soils have been
shown to have a slightly higher AWC in the upper metre
than the more clayey plateau soils (Correa, 1984).

The wettest of the valley profiles in Fig. 3 shows the
water table within about 0.1 m of the surface. On 5
November 1990, when the plateau and slope were driest,
the water table was at 0.6 m and the very small water con-
tent changes from the wettest condition can be seen. The
difference between the wettest and driest profiles for the
valley shows that changes above 0.6 m were much larger
(0.24 MVF at 0.2 m) than on the plateau and slope, but
similar below 0.6 m.

SOIL WATER DEPLETION IN DRY PERIODS

Figures 4a, b and c show, for the plateau, slope and valley
floor respectively, the rate of decrease of soil water storage
plotted against profile storage for periods with less than 2
mm of rain between soil water measurements. The plateau
and slope showed a similar relationship, with the highest
depletion rates (4-5 mm day!) when the storage in the top
2 m was high and the lowest (<1 mm day!) when storage
was near its minimum. Shuttleworth ez al. (1984) mea-
sured daily forest transpiration rates of up to 4.3 mm day~!
and soil water depletion rates in excess of this are likely to
include an element of drainage. The pattern for the valley
was opposite to that on the plateau and slope. The lowest
soil water depletion rates (0.5-1 mm day!) occurred when
storage was high (water table near the surface) and the
highest (3 mm day!) when storage was low (water table
below 1 m).

During the early part of the dry season, groundwater
flow from beneath the hillslope towards the stream main-
tains the water table near to the surface and replenishes the
water taken up by the valley floor forest. As the ground-
water discharge decreases, the forest has to take up
progressively more of its requirement from stored soil
water.
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Fig. 4 Soil water depletion rates (2 m profile) as a function
of profile storage, for periods with less than 2 mm of rain: (a)
plateau, (b) slope and (¢c) valley floor (1 m profile).

EVAPOTRANSPIRATION RATES DETERMINED FROM
THE WATER BALANCE

The driest soil water conditions in the study period devel-
oped at the end of the 1990 dry season. After a 32 mm
rainfall event on 3 October, there was only 6 mm of rain
in the period up to 5 November 1990. Measurements for
this period are examined in detail.

Plateau and slope

Figure 5 shows profiles of total hydraulic potential for the
plateau after the rainfall on 3 October. On 5 October there
was a marked wetting front between 0.8 m and 1.0 m
depth. The rest of the profile was at very low potentials
(close to the limit of, or beyond the range of tensiometers)
showing that, before the rain, the forest had already dried
the profile to below 2 m. A zero flux plane (ZFP) devel-
oped in the wetted zone and uptake caused potentials at all
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depths to fall below tensiometer range again after about 10
days. They remained so for a further 3 weeks until heavy
rainfall occurred after 6 November. During the period
between 3 October and 5 November, storage in the 1-2 m
layer decreased by only 6.2 mm and 8.5 mm on the plateau
and slope respectively, confirming that both had already
been largely dried out.

Figure 6 shows the cumulative rainfall and cumulative
loss (evapo-transpiration + drainage) from the plateau and
slope 2 m profiles, estimated from the soil water balance
for the same period. The drainage loss was negligible
because field capacity for these soils is between —6 kPa and
—10 kPa (Reichardt, 1988) and matric potentials in the
lower profile were < —60 kPa throughout the period.

The cumulative loss curves were virtually identical, and
provide a further demonstration of the similarity of the soil
water behaviour under plateau and slope. During the
period shown, there was a large decrease in uptake rate
from the 2 m profile. Between 5 and 16 October, loss rates
determined from the water balance were 3.82 mm day!
and 3.62 mm day™! for the plateau and slope respectively.
For the 14 day period to 5 November, the mean rates for
the plateau and slope were only 0.66 and 0.74 mm day!
respectively. The negligible loss rates over the final 7 days
show that uptake from the upper 2 m of the profile had
virtually ceased. It is very unlikely that the forest could
survive on this very low rate of uptake while showing
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Fig. 5 Plateau, profiles of total hydraulic potential following
the rainfall event of 32 mm on 3 October 1990.
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little sign of stress, and it was almost certainly taking water
from greater depth. If uptake rates of 3.6 mm day! were
sustained, about 75 mm of water would have been taken
up from below 2 m in the period up to 5 November. Data
from the 3.6 m plateau tubes installed in October 1991
showed that uptake can occur from below this depth
(Hodnett ez al., 1995, 1996b). Deep uptake has also been
noted by Nepstad et al. (1994), although in an area with a
more pronounced dry season.

Valley and lower slope, groundwater contribution to
transpiration

Figure 7 shows, for each of the slope and valley tubes, the
mean rate of soil water depletion for the period 5 October

RATE OF SOIL WATER DEPLETION (mm/d)

0 1 2 3 4
0 T T T ] T

2 OO\O\O\Q

10

DEPTH TO WATER TABLE (m)

12+

TYPICAL FOREST TRANSPIRATION RATE

Fig. 7 Soil water depletion rate at the individual slope and
valley tubes plotted as a function of depth to water table for
the period 5 October—5 November 1990.

to 5 November 1990 plotted against the mean depth to the
water table. For Tubes 24-30, the water table depth was
determined from the dipwell data. For Tubes 21-23,
higher on the slope, the depth to the water table was esti-
mated from their elevation and by extrapolation of the
groundwater gradient measured between the dipwells fur-
thest up the slope (D1 and D2). A mean dry season evapo-
transpiration rate of 3.8 mm day!, taken from
Shuttleworth (1988), is shown for comparison. The deple-
tion rates calculated for the tubes where the water table
was within 2 m of the surface account for all of the possi-
ble unsaturated zone water content change, but where the
water table was deeper, the depletion rates do not account
for uptake from the unsaturated zone between 2 m and the
water table.

The data show a decreasing contribution from the water
table (and/or the deep unsaturated zone) as the water table
depth increases to a depth of 3.6 m. If the forest evapo-
transpiration rate is estimated to be 3.8 mm day!, the data
suggest that 91% of this was contributed from the water
table at 0.45 m, compared to 47% from 1.11 m and only
13% from 3.6 m. However, between a water table depth
of 3.6 m and 6.3 m, there appears to be a transition to a
larger contribution from the profile below 2 m (mean 45%)
for the upper slope tubes. For the plateau tubes, the mean
estimated contribution from below 2 m was similar (50%).

Soil water potential profiles for the same period are
shown for the valley in Figure 8. This tensiometer set was
about 0.6 m above the valley floor where, at the start of the
study, the water table was at about 1 m depth. One day
before the 32 mm event on 3 October, there was an
upward gradient from the water table at a depth of 1.04 m;
a day after, potentials throughout the profile had increased
and the water table had risen to 0.96 m, but uptake from
the surface layers had already re-established an upward
potential gradient above 0.4 m (Fig. 8a). Profiles from 4
October onward are shown in Fig. 8b. Over the next 18
days, the potentials became increasingly negative in the
layers above 0.7 m (below tensiometer range at 0.2 and 0.4
m). At 0.8 m and below, the potential decreased in equi-
librium with the water table, which fell 0.22 m over this
period.

WET SEASON.PROCESSES

Plateau

Figure 9 shows water content profiles for 6 February (dri-
est), 5 March and 19 March for two of the five 3.6 m tubes
on the plateau to illustrate the progress of the wetting
front after the extended dry spell up to February 1992.
The behaviour at the other three tubes was very similar.
On 5 March, there was a well defined wetting front
between 1.8 and 2.0 m, with no evidence of wetting below
this depth. This suggests that, at this forest site, the
advance of the wetting front is remarkably uniform and
progressive. The wetting front had reached 3.6 m by 19
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Fig. 8 Valley, profiles of total hydraulic potential (a) one day before and one day after the 32 mm rainfall event on 3 October

1990, and (b) over the subsequent 18 day dry period.

March. The very small seasonal water content change
(0.02-0.03 MVF) in the profile below 3 m is apparent.
Figure 10 shows wet season profiles of total soil water
potential for the forest plateau site during March 1991. A
typical wet season profile, on 17 March, shows unsaturated
conditions with a downward potential gradient throughout
the profile. Uptake of water from the upper profile was

rapid and by 19 March there was a steep upward gradient,
with a ZFP at 0.4 m depth. On 28 March, one day after
146 mm of rain, saturated conditions were observed on the
plateau (below 1.2 m) for the only time during the study
period, under the weekly monitoring regime. It is likely
that the saturated zone would have extended higher in the
profile closer to the event.

VOLUMETRIC WATER CONTENT
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Fig. 9 Plateau water content profiles showing the wetting up of the 3.6 m profile between 6 February 1992 and 19 March 1992,
with a clearly defined wetting front at about 2 m on 5 March. Examples are shown from (a) Tube 16 and (b) Tube 19.
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Fig. 10 Plateau, profiles of total hydraulic potential during
the 1991 wet season. The profile for 28 March shows satura-
tion below 1.2 m, the only time that this was observed on the
plateau.

Valley

Figure 11 shows profiles of total hydraulic potential at the
end of the 1990-91 and 1991-92 wet seasons. On 24 and
31 May 1991 the water table was at 0.65 m, with a steep
upward gradient from the water table on 31 May. In con-
trast, on 30 April 1992, there was a downward gradient to
a water table at 1.4 m; by 14 May, the upper layers had
dried to beyond tensiometer range and the water table had
fallen to 1.55 m. The final profile, for 31 October 1992 (the
driest conditions observed) when the water table was at 2.3
m, shows an upward gradient from 1.5 m, which was par-
ticularly steep above 1.2 m. Except for periods of one or
two days after rain, there was almost always a gradient
from the water table towards the surface at this site; a ZFP
was rarely observed. The gradient in the zone immediately
above the water table (the capillary fringe) was generally
small because the unsaturated hydraulic conductivity is the
same as at saturation. The sharp change in gradient marks
where the conductivity decreases abruptly at the top of the
capillary fringe.

FLOODPLAIN AND LOWER SLOPE WATER TABLE
BEHAVIOUR

Figure 12 shows water level data from dipwells D1, fur-
thest up the slope, to D4, on the floodplain at the foot of

the slope, and the water table gradient between D1 and D3
(see Fig. 1) for the entire study period. In the first part of
the 1990-91 wet season, water levels increased sharply fol-
lowing rainfall events, and recessed between events. After
March 1991, water levels rose almost continuously to reach
a maximum on 7 June, almost a month after the maximum
storage was observed in the 2 m profile on the plateau and
slope. Increases in water level ranged from 0.79 m at D1,
furthest upslope, to only 0.35 m at D7 on the floodplain.
After June 1991 water levels decreased almost continu-
ously to below the base of the dipwells in December 1991.
The stream, whose bed is about 0.8 m below the datum
level, became dry at about this time and did not flow again
until early 1993. Water levels rose only briefly in 1992 but
recovered in the 1992-93 wet season, reaching the dipwells
in January and then rising continuously until May.

The weekly data always showed a water table gradient
from the slope towards the valley floor. During the early
part of the 1990-91 wet season there was an overall
decrease in the the water table gradient. After March 1991
the gradient increased to a maximum in June 1991 and
then decreased during the following dry season. A similar
pattern was observed in 1993, indicating an increase of
flow toward the valley beginning a few months after the
start of the wet season, and a gradual decrease in flow dur-
ing the dry season and early wet season.
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Fig. 11 Valley, profiles of total hydraulic potential in the
1990-91 wet season (24 and 31 May), the 1991-92 wet sea-
son (30 April 1992) and the 1992 dry season (14 May and
31 October).
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Fig. 12 Water levels for 4 dipwells in sequence down the foot of the slope to the valley floor (D4) between September 1990 and
September 1993. Levels are expressed relative to a valley floor datum. The water table gradient between D1 and D3 is also

shown.

Discussion
PLATEAU AND SLOPE

The soil water storage behaviour on the plateau and slope
was remarkably similar, in terms of overall storage changes
(Fig. 2), standard deviation of maximum storage changes
(Table 1), dry season evapo-transpiration (Fig. 5) and the
low variability of the advance of the wetting front on the
plateau (Fig. 9). This is surprising in view of the variabil-
ity of throughfall (Lloyd and Marques, 1988) and the
uneven tree distribution which might lead to considerable
variability of uptake. Hodnett er al. (1995) have indicated
that the inherent variability of soil water availability is low.
For the soil water storage behaviour to be so similar on
plateau and slope, all of the processes influencing the soil
water storage must be almost identical in both areas.

Soil water uptake was identical on both plateau and
slope (Fig. 5); if it is the same throughout the year, then
. drainage losses should also be the same. On the slope, the
‘drainage’ loss determined from the water balance is the
net result of surface runoff, interflow and deep drainage,
all of which are rapid processes (probably within 12 h of
an event) and it is not readily possible to separate their
effects on the soil water storage (measured weekly). Runoff
could occur at any time of year during storms of sufficient
intensity, but significant deep drainage occurs only after
the profile has been fully wetted. Any reduction in infiltra-
tion as a result of runoff on the slope should be apparent
in the storage data after dry season and early wet season
storms. There was no evidence of this, despite slopes of
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18%. Nortcliff and Thornes (1984) measured negligible
runoff on a hillslope plot on similar soils and concluded
that ‘most of the losses were due to deep percolation and
to evapotranspirational losses’.

On the slope, interflow may be an important mechanism
for transporting water rapidly to the floodplain. The min-
imum observed in the water content profiles between 0.4
m and 1 m on the plateau and slope (Fig. 9) is also seen
in the adjacent pasture. This layer has a high porosity in
the micro and meso-pore range and a very high saturated
conductivity, and overlies a zone with a much lower con-
ductivity (Tomasella and Hodnett, 1996). It was also
observed that, following saturation by ponding water on
the plot, the zone of saturation drained within 5 hours of
the cessation of irrigation (cf. Fig. 10). Bonell (1993) has
suggested that the relatively low saturated conductivity
measured by Nortcliff and Thornes (1984) at a depth of
1 m at the Reserva Ducke site may act as a ‘throttle’ layer
and lead to a saturated zone developing above it in heavy
rainfall conditions. At the site of the present study, this
layer is clearly a potential interflow route under conditions
of prolonged and intense rainfall. However, saturated con-
ditions are unlikely to persist for long because of vertical
drainage through the underlying layer. As a result,
interflow will be very transient process. The strongly
porous layer is a characteristic feature of these soils
(Chauvel, 1982). The interflow process itself may, in part,
contribute to its creation, together with the faunal

and mineralogical processes discussed by Chauvel et al.
(1987).
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VALLEY

In the valley, the processes controlling the depth of the
water table play a key role in determining the seasonal soil
water storage changes. Figure 9 shows that the soil profile
on the plateau (and presumably the slope also) wets up
with a well defined wetting front. Early in the 1990-91 wet
season, the generally decreasing water levels and gradient
(Fig. 12) indicated that recharge was occurring through
the floodplain, but that little or no recharge reached the
water table from beneath the plateau and slope. Although
storage in the 2 m profile on the plateau and slope had
reached a typical wet season value by December 1990, the
water table gradient began to increase steadily only in
March 1991, suggesting that only then had the deficit in
the profile below 2 m been replenished, permitting
recharge to commence beneath the slope and plateau areas.
These data also imply that recharge by by-pass flow in
macropores is probably not an important process at this
site.

The lag between the maximum plateau profile storage in
early May and the maximum water table level in June
implies a transit time of about 1 month for drainage pulses
to pass through the deep unsaturated zone and for the
water table at the foot of the slope to respond to this
recharge input. After the water table had reached its max-
imum level, the gradient decreased through the dry season
as the groundwater storage beneath the plateau and slope
discharged beneath the floodplain to the stream. This dis-
charge maintains the water table close to the valley floor
and sustains streamflow (albeit declining) throughout nor-
mal dry seasons. These results support the observation by
Nortcliff and Thornes (1984) that the water level in the
floodplain is sustained by vertical recharge through the
hillslope (and plateau) areas.

The effect of the decreasing discharge of water from
beneath the hillslope was also shown by the increase in val-
ley floor soil water depletion rates as the storage declined
(Fig. 4). When the water table was within 0.3 m of the sur-
face, the very low soil water depletion rates (0.5 mm day™!)
indicated that the groundwater discharge was contributing
as much as 3.3 mm day! to forest water uptake. After
December 1991, when the water table reached 1.0 m, there
was a very marked decréase in water level (Fig. 12,
Dipwell 3) and valley floor storage (Fig. 2) as the forest
began to rely mainly on soil water storage. The stream
dried up in late 1991 (probably a fairly rare event) but a
small groundwater gradient from beneath the hillslope
remained; this must have maintained a small groundwater
flux contributing to valley floor forest soil water uptake.

LONG-TERM CONTEXT OF THE DATA

Hodnett ez al. (1996b), examined the soil water storage
data from the Fazenda Dimona site in the context of a
longer term record predicted using the daily rainfall data
from Reserva Ducke for the period 1966-1992. The analy-

sis showed that a deficit of 210 mm developed below 2 m
on the plateau by February 1992 and that a larger deficit
occurred only once in the predicted 27 year series. The
very close similarity of soil water behaviour on the plateau
and slope suggests that a similar deficit would have devel-
oped under the slope. As a result of the large deficit and
the late onset and low rainfall of the 1991-92 wet season,
there was very little recharge. Conditions during late 1991
and through 1992 were clearly not typical of ‘normal’ con-
ditions but did provide a valuable insight into the soil
water behaviour that would result in different parts of the
landscape if climate change led to longer dry seasons. The
lack of recharge from beneath the plateau and slope in
1991-92 had a very pronounced effect on the valley floor
soil water storage throughout the following year, until a
large amount of recharge from November 1992 to May
1993 restored more ‘normal’ conditions.

summary and conclusions
PLATEAU AND SLOP

There was virtually no difference in the soil water storage
changes on the plateau and slope, regardless of season,
suggesting that the water balance processes affecting soil
water storage were similar in both landscape units. The
data suggest that the forest was able to use all of the water
available in the upper 2 m of the profile. The maximum
storage changes recorded in the 2 m profile were 154 mm
and 159 mm on the plateau and slope respectively,
confirming the very low soil water availability shown by
other studies on similar soils in the area. Seasonal changes
of water content below 2 m depth were only 0.02-0.03
MVF. On the plateau, water was taken from below 3.6 m
and the results imply that this also happened on the slope.
The similarity of behaviour means that, for modelling pur-
poses, the plateau and slope areas may be treated as one.

Surface runoff was not observed on the plateau or slope.
In the early wet season, the plateau soils wet up with a well
defined wetting front, and bypass flow does not appear to
be an important recharge process. Deep drainage (ground-
water recharge) appears to occur beneath the plateau and
slope only after the profile has been rewetted to a typical
wet season condition (restoring a downward gradient of
hydraulic potential throughout the profile and raising the
unsaturated conductivity).

VALLEY FLOOR

Except during 1992, changes in storage on the valley floor
were dominated by the water table, which varied between
0.1 m and 0.8 m of the soil surface at the end of the wet
and dry seasons respectively. This limited the range of stor-
age change to about 50 mm; soil water uptake by the forest
was largely replenished by groundwater discharge from
beneath the plateau and slope to the stream. The ground-
water contribution to uptake varied inversely with the depth
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to the water table, from an estimated 91% with the water
table at 0.45 m to 23% with the water table at 1.69 m.

The small soil water storage changes are typical of most
years because, although the groundwater discharge varies
through the year, it rarely ceases. The discharge is depen-
dent on the timing and amount of deep drainage from
beneath the plateau and slope areas. There was a marked
lag between the replenishment of the plateau and slope
storage and the start of the increase in groundwater
gradient towards the valley. In 1991-92, which was excep-
tionally dry, there was little recharge beneath the
plateau/slope. As a result, the valley floor water table
remained below 0.8 m throughout 1992 and the forest then
used stored soil water, resulting in much larger storage
changes. The minimum storage occurred completely out of
phase with the plateau storage. At the end of the wet sea-
son, maximum water levels, and storage, occurred about a
month after maximum storage was observed on the
plateau.

The amount of water available for evaporation by vege-
tation is normally controlled by the rainfall, the evapora-
tion and the soil properties but, in the valley, there is an
additional lateral contribution from groundwater. In par-
ticular, this may need to be taken into account in GCM
formulation, because in dry periods, the plateau and slope
areas may suffer soil water stress whereas the vegetation in
the valley floor may not. This may be particularly the case
for shallow rooted vegetation such as pasture. The depth
of the water table in the valley floor, and the recharge
processes that control it, will have a significant influence
on the generation of storm runoff.

Acknowledgements

The ABRACOS project was funded by the UK Overseas
Development Administration (ODA) in collaboration with the
Ageéncia Brasileira de Cooperagio (ABC) for whose support the
authors are grateful. The study could not have been carried out
without the support of the Instituto Nacional de Pesquisas da
Amazénia and particular thanks are due to the conscientious
group of technicians and observers who made the regular obser-
vations.

Referenc: .

" Anon. 1978. Projeto Radambrasil, Levantamento de Recursos
Naturais. Folha SA20, Manaus. Ministerio das Minas e
Energia, Departamento Nacional de Producao Mineral, Rio de
Janeiro, Brazil.

Bastable H.G., Shuttleworth, W.J., Dallarosa, R.L.G., Fisch, G.,
Nobre C.A., 1993. Observation of climate, albedo, and surface
radiation over cleared and undisturbed Amazonian forest. Int.
F. Climatol. 13, 783-796.

Bonell, M., 1993. Progress in the understanding of runoff gen-
eration dynamics in forests. 7. Hydrol. 150, 217-275.

Bravard, S., and Righi, D.,1989. Geochemical differences in an
Oxisol—Spodosol  toposequence of Amazonia, Brazil.
Geoderma 44, 29-42.

276

’

Chauvel, A., 1982. Os latossolos amarelos, alicos, argilosos den-
tro dos ecossistemas das bacias experimentais do INPA e da
regiao vizinha. Acta Amazonica 12(3), 47-60.

Chauvel, A., Guillaumet, J.L. and Schubart, H.O.R. 1987a.
Importance et distribution des racines et des étres vivants dans
un latossol argileux sous forét amazonienne. Revue D’Ecologie
et de Biologie du Sol 24(1), 19-48.

Chauvel, A., Lucas, Y., and Boulet, R. 1987b. On the genesis of
the soil mantle of the region of Manaus, central Amazonia,
Brazil. Experientia 43, 234-241.

Correa, J.C., 1984. Caracteristicas fisico hidricas dos solos
latossolo amarelo, podzélico vermelho amarelo e podzol
hidromérfico do estado do Amazonas. Pesquisas Agropecuarias
Brasileiras, Brasilia 19, 347-360.

Correa, J.C., 1985. Efeito de métodos de cultivo em algumas pro-
priedades fisicas de um latossolo amarelo muito argiloso do
estado do Amazonas. Pesquisas Agropecuarias Brasileiras,
Brasilia 20, 1317-1322.

Culf, A.D., Esteves, J.L., Marques Filho, A. De O. and da
Rocha, H.R., 1996. Radiation, temperature and humidity over
forest and pasture in Amazonia. In: Amazonian Deforestation
and Climate, Eds Gash, J., Nobre, C.A., Roberts, .M., and
Victoria, R.L. John Wiley, Chichester, U.K. pp. 175-191.

Dunne, T., 1983. Relation of field studies and modeling in the
prediction of storm runoff. 7. Hydrol. 65, 25-48.

Gash, J.H.C., Nobre, C.A., Roberts, J.M. and Victoria, R.L. An
overview of ABRACOS. In: Amazonian Deforestation and
Climate, Eds Gash, J., Nobre, C.A., Roberts, J.M., and
Victoria, R.L. John Wiley, Chichester, UK. pp. 1-14.

Hodnett, M.G., Pimentel da Silva, L., da Rocha, H.R. and Cruz
Senna, R., 1995. Seasonal soil water storage changes beneath
Central Amazonian rainforest and pasture. 7. Hydrol. 170,
233-254.

Hodnett, M.G., Oyama, M.D., Tomasella, J., and Marques
Filho, A. de O., 1996a. Comparisons of long-term soil water
storage behaviour under pasture and forest in three areas of
Amazonia. In: Amazonian Deforestation and Climate, Eds Gash,
J., Nobre, C.A,, Roberts, J.M., and Victoria, R.L. John Wiley,
Chichester, UK. pp. 57-77.

Hodnett, M.G., Tomasella, J., Marques Filho, A. de O., and
Oyama M.D., 1996b. Deep soil water uptake by forest and
pasture in central Amazonia: predictions from long-term daily
rainfall using a simple water balance model. In: Amazonian
Deforestation and Climate, Eds Gash, J., Nobre, C.A., Roberts,
J.M., and Victoria, R.L. John Wiley, Chichester, UK. pp.
79-99.

Klemes, V., 1983. Conceptualisation and scale in hydrology. 7.
Hydrol. 65, 1-23.

Leopoldo, P.R., Franken, W.K., and Villa Nova, N.A., 1995.
Real evapo-transpiration and transpiration through a tropical
rainforest in central Amazonia as estimated by the water bal-
ance method. For. Ecol. Manag. 73, 185-195.

Lloyd, C.R. and Marques, A. de O., 1988. Spatial variability of
throughfall and stemflow measurements in Amazonian rain-
forest. Agric. For. Met., 42, 63-73.

McWilliam, A.C., Roberts, J.M., Cabral, O.M.R., Leitao,
M.V.BR,, de Costa, A.C.L., Maitelli, G.T., and Zamparoni,
C.A.G.P., 1993. Functional Ecol. 7, 310-317.

Nepstad, D.C., de Carvalho, C.R., Davidson, E.A., Jipp, P.H.,
Lefebvre, P.A., Negreiros, G.H., da Silva, E.D., Stone, T.A.,
Trumbore, S.E. and Vieira, S., 1994. The role of deep roots



Soil water storage: Comparisons between plateau, siope and valiey floor

in the hydrological and carbon cycles of Amazonian forests and
pastures. Nature (Lond) 372, 666—669.

Nortcliff, S., and Thornes, J.B., 1984. Floodplain response of a
small tropical stream. Ch 5 in Catchment experiments in fluvial
geomorphology, Eds T.P. Burt and D.E. Walling. pp. 73-85,
Geo Books, Norwich, UK.

Pires, J.M.,1978. The forest ecosystems of the Brazilian Amazon:
Description, functioning and research needs. In: Tropical For.
Ecosystems, pp. 607-627. UNESCO, Paris.

Ranzani, G., 1980. Identificagdo e caracterizagio de alguns solos
da Estagio Experimental de Silvicultura Tropical do INPA.
Acta Amazonica 10, 741.

Reichardt, K., 1988. Capacidade de campo. Revista Bras. Ci. Solo
12, 211-216.

Roberts, J.M., Cabral, O.M.R., da Costa, J.P., McWilliam, A-
L.C., and de A.S4, T.D., 1996. An overview of the leaf area
index and physiological measurements during ABRACOS. In:
Amazonian Deforestation and Climate, Eds Gash, J., Nobre,
C.A., Roberts, J.M., and Victoria, R.L. John Wiley,
Chichester, U.K. pp. 287-306.

Shuttleworth, W.J., Gash J.H.C., Lloyd, C.R., Moore, C.J.,
Roberts, J.M., Marques Filho, A. de O., Fisch, G., Silva
Filho, V. de P., Ribeiro, M. de N.G., Molion, L.C.B., de

Abreu Si, L.D., Nobre, C.A., Cabral, O.M.R., Patel, S.R. and
de Moraes, J.C., 1984. Eddy correlation measurements of
energy partition for Amazonian forest. Quart. J. Roy. Meteorol.
Soc., 110, 1143— 1162.

Shuttleworth, W.J., 1988. Evaporation from Amazonian
Rainforest. Proc. Roy. Soc. Lond., B233, 321-346.

Tomasella, J., and Hodnett, M.G., 1996. Soil hydraulic proper-
ties and van Genuchten parameters for an oxisol under pasture
in central Amazonia. In: Amazonian Deforestation and Climate,
Eds Gash, J., Nobre, C.A., Roberts, ].M., and Victoria, R.L.
John Wiley, Chichester, UK. pp. 101-124.

Wright, LR., Gash, J.H.C., Rocha, HR., Shuttleworth, W.J.,
Nobre, C.A., Carvalho, P.R.A., Leitao, M.V.B.R., Maitelli,
G.T., and Zamparoni, C.A.G.P., 1992. Dry season microme-
teorology of Amazonian ranchland. Quat. J. Roy. Meteorol.
Soc. 118, 1083-1099.

Wright, LR., Gash. J.H.C., da Rocha, H.R. and Roberts, J.M.,
1996. Modelling surface conductance for Amazonian pasture
and forest. In: Amazonian Deforestation and Climate, Eds Gash,
J., Nobre, C.A., Roberts, .M., and Victoria, R.L. John Wiley,
Chichester, U.K. pp. 437-458.

277



