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Abstract About half of the Amazon rainforest is subject
to seasonal droughts of 3 months or more. Despite this
drought, several studies have shown that these forests,
under a strongly seasonal climate, do not exhibit sig-
nificant water stress during the dry season. In addition
to deep soil water uptake, another contributing expla-
nation for the absence of plant water stress during
drought is the process of hydraulic redistribution; the
nocturnal transfer of water by roots from moist to dry
regions of the soil profile. Here, we present data on
patterns of soil moisture and sap flow in roots of three
dimorphic-rooted species in the Tapajós Forest,
Amazônia, which demonstrate both upward (hydraulic
lift) and downward hydraulic redistribution. We mea-
sured sap flow in lateral and tap roots of our three study
species over a 2-year period using the heat ratio method,
a sap-flow technique that allows bi-directional mea-
surement of water flow. On certain nights during the dry
season, reverse or acropetal flow (i.e.,in the direction of
the soil) in the lateral roots and positive or basipetal sap
flow (toward the plant) in the tap roots of Coussarea
racemosa (caferana), Manilkara huberi (maçaranduba)
and Protium robustum (breu) were observed, a pattern
consistent with upward hydraulic redistribution
(hydraulic lift). With the onset of heavy rains, this pat-
tern reversed, with continuous night-time acropetal sap

flow in the tap root and basipetal sap flow in lateral
roots, indicating water movement from wet top soil to
dry deeper soils (downward hydraulic redistribution).
Both patterns were present in trees within a rainfall
exclusion plot (Seca Floresta) and to a more limited
extent in the control plot. Although hydraulic redistri-
bution has traditionally been associated with arid or
strongly seasonal environments, our findings now sug-
gest that it is important in ameliorating water stress and
improving rain infiltration in Amazonian rainforests.
This has broad implications for understanding and
modeling ecosystem process and forest function in this
important biome.
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Introduction

Approximately half of the evergreen forests of the
Amazon Basin are subjected to dry seasons of at least
3 months duration with <0.5 mm d�1 of rainfall
(Nepstad et al. 1994). During the severe drought episode
associated with the 1997/1998 El Niño Southern Oscil-
lation (ENSO), approximately one-fourth of the region’s
forests depleted >70% of the plant-available soil
moisture in the upper 10 m of soil (Nepstad et al. 2004).
Interestingly, however, several studies have found that
Amazon forests maintain high leaf area indices, high
predawn leaf water potentials, and high productivity
despite seasonal drought (Nepstad et al. 1994, 2004;
Saleska et al. 2003; Asner et al. 2004; Rocha et al. 2004).
Trees can grow substantially during the rainless season;
in fact, this period is the only time of the year when eddy
flux data shows that the Tapajós Forest, Central Ama-
zônia becomes a sink for atmospheric carbon dioxide
(Saleska et al. 2003).

Deep water uptake is one mechanism that has been
suggested to explain the absence of seasonal water stress
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in Amazonian ecosystems. During the prolonged dry
season, three-fourths of soil water uptake is supplied
from below 2 m depth (Nepstad et al. 1994; Hoddnett
et al. 1996; Jipp et al. 1998). However, since the majority
of fine roots are present near the soil surface in these
forests, we might expect that under conditions of high
evaporative demand, deep soil water uptake will still be
limited by the low densities of fine roots at depth
(Nepstad et al. 1994; Jipp et al. 1998; Jackson et al. 2000;
Ryel et al. 2002). An additional or alternative explana-
tion for the absence of plant water stress during drought
is via hydraulic redistribution of water that can move
passively through the roots upward (hydraulic lift) or
downward, whenever a gradient in soil water potential
exists among soil layers which is stronger than the
overall gradient between soil and atmosphere (e.g.,
especially during the night when evaporative demand is
low, Burgess et al. 1998; Caldwell et al. 1998).

It has been suggested that hydraulic redistribution
can buffer plants against seasonal or even chronic water
deficits and allow trees to use soil water more effectively
by generating continuous uptake from wet soil layers
and facilitating root growth and survival in dry soil
layers (Dawson 1993). Its occurrence may actually
contradict expected plant and ecosystem responses to
drought, because at least in the short-term, plants may
ameliorate their own levels of water stress by essentially
‘‘extending’’ their rhizosphere, which will ultimately
affect the rates of water transfer to the atmosphere.
Therefore, documenting hydraulic redistribution is
important for understanding and modeling ecosystem
processes, water budgets (Dawson 1996; Emerman and
Dawson 1996; Horton and Hart 1998; Jackson et al.
2000) and even regional-scale climate models (Feddes
et al. 2001; Lee et al. 2005, in review).

Hydraulic redistribution (HR) has been well docu-
mented in arid and semiarid ecosystems, croplands,
temperate and coniferous forests in North America,
Australia and Africa (Richards and Caldwell 1987;
Dawson 1993; Burgess et al. 1998; Caldwell et al. 1998;
Brooks et al. 2002; Ludwig et al. 2003, 2004; Ryel et al.
2003; Espeleta et al. 2004; Meinzer et al. 2004). How-
ever, until now, HR had not been documented for wet-
tropical ecosystems, probably because of the assumption
that the high total annual precipitation of these ecosys-
tems (>2,000 mm on average) precludes the develop-
ment of water potential gradients in the soil; a requisite
condition for HR. But even though total annual pre-
cipitation is high in some Amazonian (and other) rain-
forests, the absence of rain during several months in
winter time may be enough to permit the upper soil
layers to dry significantly. Tropical systems that exhibit
these conditions are therefore just as likely as any other
system to exhibit HR as an important contribution to
plant and ecosystem water relations.

Recently, Rocha et al. (2004) observed nocturnal in-
creases in shallow soil water content during the dry
season in the Tapajós forest, central Amazonia and on
the basis of this, they speculated that Amazonian rain-

forest trees may exhibit HR. In this same forest we
experimentally tested Rocha et al.’s (2004) supposition
that dimorphic-rooted species in the Amazon can
redistribute water not only upwards during the dry
season but also downwards during the dry-to-wet season
transition.

Water use behaviors associated with drought such as
HR are particularly important, given that El Niño
events have increased drought severity in Amazonian
regions, and predictions suggest the climate of this re-
gion will become drier as a consequence of global
warming and land use change (Trenberth and Hoar
1997; Hulme and Vilmer 1998). Beginning in 1999, a
throughfall reduction experiment was established in the
Floresta Nacional do Tapajós (state of Pará, Brazil,
described in Nepstad et al. 2002) with the aim of
understanding integrated responses of moist tropical
forests to severe droughts. This experiment was an ideal
system to test the actual role of HR on plant and eco-
system water fluxes during extremely dry years in trop-
ical ecosystems. HR can be especially important under
drier conditions because it can contribute to drought
avoidance, postponing the effects of surface soil desic-
cation and allowing tree and forest to function for
longer periods as long as deep soil moisture is still
present (Dawson 1993, 1996). As deep soil moisture is
depleted, hydraulic redistribution should reverse the
direction in response to rain events, transferring water
from the soil surface to deeper soil layers; a process that
could facilitate deep root growth (see Burgess et al.
2000b). In order to understand the response of these
ecosystems and the plants that inhabit them to current
and predicted changes in rainfall patterns, we need a
better understanding of drought-related functional traits
and strategies displayed by the key functional plant
types. Therefore, the objective of this study was to
determine direction, timing and magnitude of soil water
redistribution by roots of three common Amazonian
tree species and assess the role of such phenomenon in
the broader scheme of plant water uptake in natural and
drought conditions in an Amazonian forest.

Materials and methods

Study site

The study was carried out between June 2001 and Au-
gust 2003 at the Floresta Nacional do Tapajós, located
in east-central Amazônia (State of Pará, Brazil,
2.8968�S, 54.9519�), about 67 km south of the city of
Santarém. The forest is characterized as broad leaf
evergreen located on a broad, flat plateau. Mean annual
rainfall is around 2,000 mm with a very distinct 3–
5 month dry period (August–December). Less than 15%
of total annual precipitation falls during this period,
indicating strong seasonality in rainfall (Fig. 1). This
forest can also experience severe drought during El Niño
events, when annual rainfall falls to 800 mm. The soil
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type is Oxisol (Haplustox), dominated by kaolinite clay
minerals and is free of a hardpan or iron oxide concre-
tions in the upper 12 m. The water table is more than
100-m deep (Nepstad et al. 2002).

Sap flow measurements were made within the control
and treatment plots of a throughfall exclusion experi-
ment (‘‘Seca Floresta’’). This experimental ‘‘rainout’’
was initiated in 1999 to simulate the effects of extreme
droughts (usually associated with El Niño years) on
plant and forest functioning. The experiment consists of
two 1-ha forest plots (control and treatment), both fully
trenched (1.0–1.7 m depth) along the perimeters to iso-
late from the surrounding forest. Sternberg et al. (2002)
have shown, using isotope labeling experiments, that no
lateral movement of water occurred between inside and
outside the plot. In addition, we selected trees that were
located in the central part of each plot, at least 30 m
from the trench. Rainfall was partially excluded from
the treatment plot by plastic panels and wooden gutters,
installed in the understory of the treatment plot, which
excluded on average 75% of throughfall and 50% of
total rainfall during the wet season period.

Study species

We chose three species that represent three different
‘‘functional types’’: Coussarea racemosa A. Rich
(Rubiaceae), representing an understory type; Protium
robustum (Burseraceae), a mid-canopy species and
Manilkara huberi (Ducke) Chevalier (Sapotaceae), rep-
resenting a canopy species. We excavated the coarse root
systems around the base of two individuals (one indi-
vidual at each plot) and down to a depth of 1 m to
investigate their rooting pattern. We observed that all
individuals had a dimorphic root system with 2–12 lat-
erals roots extending horizontally and a single
descending tap root. We found that the diameter of C.
racemosa tap roots was markedly reduced at 1 m depth,
suggesting that the individuals of this species are not

very deep rooted. However, the diameter of M. huberi
and P. robustum tap roots remained similar to that of the
stem at 1 m, suggesting that the roots of these species
can extend very deeply in the soil. We monitored water
flow in all tap roots and in two to four lateral roots.

Coussarea racemosa is the most common tree species
in the Tapajós forest (I. Tohver, unpublished data). It is
a shade tolerant, understory tree and can grow up to
15 m. M. huberi is another dominant species in the
Tapajós forest and has great economic importance as a
timber tree. It is an emergent tree that can reach up to
45 m. However, the individuals we chose in both plots
had not yet reached the canopy: both were approxi-
mately 20 m tall. P. robustum is a mid-canopy tree, 20–
25 m tall. We elected to compare trees of the same size
class to control for this variable, so that all the indi-
viduals of the canopy and mid-canopy class were about
20 m in height. In addition, excavation of much larger
specimens was not possible because of the disturbance it
would have created for ongoing research in the experi-
mental plot.

Environmental variables

Rainfall was measured daily at the site using an
automated tipping-bucket rain gauge (RainWise Inc.
Bar Harbor, Maine) installed at the top of a wooden
tower, above the canopy. Soil water data were col-
lected once a month from May 1999 to September
2003, using Time Domain Reflectrometry (TDR)
probes installed to a depth of 11 m in both treatment
and control plots. Each 30-cm long TDR sensor was
inserted into undisturbed soil at the end of a 1.5-m
auger hole drilled horizontally into the wall of 11 m-
deep shaft and back-filled with soil. This minimized
the effects the shaft might have on soil moisture
measurements. Six shafts were dug (three per plot) and
had two horizontal sensors placed in opposite walls, at
0.5, 1, 2, 3-m, and so on, at 1-m intervals to 11-m

Fig. 1 Monthly rainfall from
January 2001 to September
2003 collected at the km 67 site
of the Floresta Nacional do
Tapajós, central Amazônia
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depth. Two vertically inserted sensors were also added
above the array of horizontally installed sensors to
capture surface dynamics. In addition, 50-cm TDR
sensors were installed vertically at 144 grid points in
each plot; VWC measurements were made using a
cable tester (Tektronix 1502C) and the calibration
equation was developed using a similar Belterra clay
formation from eastern Amazônia (Jipp et al. 1998).

Sap-flow probe installation and measurements

We used the heat ratio method (Burgess et al. 1998,
2001a, b) to make continuous measurements of sap flow
in roots and stems of our study species. The HRM is
described in detail in Burgess et al. (2001a, b), but its
principle is basically to measure the increase in temper-
ature following a heat pulse at two symmetrical points,
above and below a heater inserted 6 mm into the active
sapwood. We decided to use this technique because it
allows bi-directional measurements of sap flow and also
measures very slow flow rates.

One heater and a pair of copper–constantan ther-
mocouples were inserted radially into the xylem tissue of
the major lateral roots (two to four per individual) and
tap roots of all specimens. Each thermocouple had two
junctions to measure sap velocity at two depths in the
xylem tissue. A metal guide (with three holes carefully
drilled on a parallel line, spaced out 6 mm apart) was
used to help drilling holes and minimize probe mis-
alignment during insertion. All probes were connected
to a AM416 multiplexer (Campbell Scientific Inc.
Logan, Utah, USA) by 8 m-long cable. The heater was
set up to send a pulse every 30 min and temperature
ratios were recorded continuously with a data logger
(CR10x, Campbell Scientific Corp., Logan, UT, USA)
that was connected to the multiplexer by four shielded
conductor cables.

We calculated the heat pulse velocity (Vh; cm h�1)
following Burgess et al. (1998) as:

Vh ¼ ðk X�1Þ � ln ðv1 ðv2Þ�1Þ � 3; 600;

where k is the thermal diffusivity of the fresh wood, X is
the distance between the heater and the thermocouples
(fixed value of 0.6 cm in our study), and v1 and v2 are
the differences between the initial temperature at the two
thermocouples (downstream and upstream the flow in
relation to the heater, respectively) and the temperature
measured after a heat pulse. k has a fixed value at the
beginning equal to 2.5·10�3 cm2 s�1 but it was corrected
after we determined the thermal properties of wood. All
corrections for wound and misalignment of the probes
were made according to Burgess et al. (2001).

At the end of the study, we cut all the roots to stop
sap flow. This procedure was suggested by Burgess
et al. (2001) as the most accurate way to determine the
reference velocity (zero) flow value. Once this zero

flow value was determined, we were able to distinguish
between reverse flow (from the root to the soil) and
uptake (from the soil to the trunk). We opt here to
present heat pulse velocities instead of volumetric flow
rates because in the latter case, quantities would sim-
ply scale with the size of each individual root moni-
tored. Not all roots could be monitored; and further,
summing ‘‘all lateral roots’’ or all tap roots is difficult
where roots with intermediate orientations are present.

Results

Precipitation

Seasonal and interannual variation in rainfall were high
(Fig. 1). Rainfall was 1,660 mm in the first year (2001)
and 2,140 mm in the second year (2002). A low-rainfall
period always occurred between August and December
(dry season). Total precipitation for the dry season of
2001 was 126 mm (7% of total annual rainfall) and
306 mm (14% of total annual precipitation) for 2002
(Fig. 1).

Soil moisture

The effect of partial throughfall exclusion on soil
moisture varied by depth (Fig. 2). Near the surface
(0.5 m, Fig. 2a), seasonal peaks of soil moisture were
reduced by the treatment, while dry season minima
were similar to the treatment plot. At depth (10 m),
soil moisture recharge was virtually eliminated, and
VWC declined throughout the study period (Fig. 2c).
When recharge of deep soil water was apparent, it
lagged 2–4 months behind surface soil recharge. VWC
at 4 m depth showed an intermediate pattern (Fig. 2b).
In shallow soil of the control plot (50 cm), we
observed a seasonal pattern of water depletion and
recharge following seasonality in rainfall (Fig. 2a). At
this plot, full recharge of deep soil moisture (10 m)
usually lagged 2–4 months from surface soil recharge,
suggesting that rainwater moved slowly in this soil by
infiltration (Fig. 2c). In sum, partial exclusion of
throughfall (�60%) decreased the soil moisture sub-
stantially and prevented full recharge of all soil com-
partments. Minor recharges were observed sporadically
but were insufficient to reach the pretreatment levels of
water content. Deep soil (10 m) dried out substantially,
reaching a minimum of 0.32 m3 m�3 at the end of the
exclusion period in July 2003, suggesting that plants
depleted deep soil water sources during drought
(Fig. 2c).

On a number of occasions during 2002 and 2003, we
observed small increases in soil moisture at 10 m in the
treatment plot coinciding with recharge of superficial
soil (arrows in Fig. 2a, c). No peaks of recharge were
observed at 4 m in the treatment plot during these
periods (Fig. 2b).
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Root sap flow

Trees in the control plot

During the night, we observed reverse sap flow in lateral
roots (i.e., acropetal flow from the roots toward the soil)
and positive sap flow (basipetal, towards the stem) in the
tap root of M. huberi (Fig. 3) and C. racemosa (data not
shown but the pattern is similar to M. huberi), in the
control plot during several days in the dry season, which
is a pattern consistent with upward hydraulic redistri-
bution (hydraulic lift). With the onset of heavy, wet
season rainfall, we observed basipetal nocturnal sap-
flow rates (water uptake) in the lateral roots and con-
tinuous nighttime reversals in sap flow in the tap root of

M. huberi in the control plot, indicating water movement
from wet top soil into lateral roots and then towards
deeper soils via the tap root (Fig. 3). This pattern was
observed in this tree during 10 days in the transitional
period between wet and dry seasons (December 2002),
after a rainfall event of 42 mm. We also observed pat-
terns that indicated both upward and downward HR by
P. robustum in the control plot. Acropetal sap flow in
lateral roots before rain and basipetal sap flow in the
same roots after rain during the dry–wet season transi-
tion (Fig. 4) indicate HR, but we lack corresponding
data for tap roots (due to sensor failure). P. robustum
was also very responsive to rainfall, as sap velocity in-
creased sharply after rewetting of soil by rain, indicating
water uptake (Fig. 4).

Fig. 2 Long-term dynamics of
volumetric water content
(VWC) at three different depths
in the control (gray line with
diamonds) and treatment plots
(black line with filled squares) of
the ‘‘Seca Floresta’’ experiment
at Floresta Nacional do
Tapajós. Points represent
averages (n=6±SE). The line
at January 2000 represents the
start of throughfall rain
exclusion. Arrows represent
simultaneous periods of
recharge between shallow
(0.5 m) and deep soil (10 m),
suggesting downward hydraulic
redistribution. Shaded bars
represent periods of natural
seasonal droughts
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Trees in the dry plot

Nocturnal acropetal flow in lateral roots and basipetal
flow in tap roots (hydraulic lift) were recorded in all the
species studied in the treatment plot (Figs. 5, 6, 7), where
drought was more extreme than in natural conditions.

Downward hydraulic redistribution was also re-
corded in P. robustum in the dry plot when the plastic
panels were removed and rainfall was permitted to reach
the soil (Figs. 5 and 6). The reversals in sap flow in the

tap root of this tree were of greater magnitude than
those in the trees in the control plot and lasted for up to
16 days, probably as a result of the very steep water
potential gradient between wet shallow soils and dry
deep soils. Day-time acropetal flow in the tap root also
suggests that deep soil was quite dry: such a pattern
shows that the tap root was competing for water that
would otherwise have moved towards the leaves via the
stem (Fig. 5). Reverse sap flow in the tap root of P.
robustum (August 2003) coincided with the period of

Fig. 3 Sap velocity (Vh) in the
tap root and lateral root of
Manilkara huberi during a
representative period of the
dry–wet season transition (23
December to 15 January 2002)
in the control plot of the ‘‘Seca
Floresta’’ experiment in
Floresta Nacional do Tapajós,
Pará, Brazil. Before the onset of
rains, night-time reversals in
sap flow in the lateral roots and
positive sap flow in the tap root
show plants conducting upward
hydraulic redistribution (shaded
bars—nocturnal periods). With
the onset of heavy, wet season
rainfall, continuous nighttime
reversals in sap flow were
observed in the tap root,
indicating water movement
from wet top soil where lateral
roots grew into deeper soils
(downward hydraulic
redistribution)

Fig. 4 An example of sap
velocity (Vh) measured in the
lateral root of P. robustum
during the dry–wet season
transition (January–Feburary
2003). A major rainfall event
occurred on day 8 (dashed line),
rewetting the upper soil; here,
we observed a marked increase
in nocturnal (positive) sap flow
in the lateral root, suggesting
downward HR. Shaded bars
represent nighttime
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increases in moisture content at surface and deep soil
(Fig. 2a, c, last arrow—August 2003) in the treatment
plot.

We never observed downward hydraulic redistribu-
tion in C. racemosa, and we were unable to document
root sap flow dynamics in the roots of M. huberi at the
dry plot during dry–wet season transition (due to sensor
failure). During the dry season, sap flow traces in
M. huberi indicated hydraulic lift (Fig. 7). Wet season
downward redistribution in M. huberi would likely have
been greater under the dry plot compared to that ob-
served in the control plot.

Discussion

This study provides the first clear evidence that HR
exists in tropical rainforest trees. One of the earliest

descriptions of HR were presented in desert shrubs by
Richards and Caldwell (1987) and since then it has been
observed in a range of different plant life forms and
vegetation types including Mediterranean-type scrub-
lands (Burgess et al. 1998, 2000a, b), temperate forests
and croplands (Brooks et al. 2002; Dawson 1993, 1996;
Wan et al. 2000) and savannas (Ludwig et al. 2003, 2004,
Sholz et al. 2002). A review of studies showing HR was
last published by Caldwell et al. (1998); since this pub-
lication, the studies cited above have added examples
showing that HR is far more widespread than first ex-
pected. Our findings now extend observations of HR to
include tropical rainforest trees that inhabit an ecosys-
tem type that covers 20% of terrestrial land surfaces
(Whitmore 1998).

Our conclusions are based on two main lines of evi-
dence: first, simultaneous peaks of recharge in water
content between shallow and deep soil layers were

Fig. 5 Sap velocity in the tap
root and lateral root of P.
robustum before and after
removal of panels (dry–wet
season transition) in the
treatment plot at the Seca
Floresta experiment. Hydraulic
lift before rain and after a heavy
rain event (36 mm), and reverse
flow were observed in the tap
root and positive sap-flow rates
in the lateral root, suggesting
downward HR. Shaded bars
represent nighttime

Fig. 6 Averages of nocturnal
(between 8:30 p.m. and 5:30
a.m.) sap-flow velocity in the
lateral root and tap root of
P. robustum before and after
(dashed line) the removal of
panels in the treatment plot at
Seca Floresta experiment.
Hydraulic lift was observed
before the rains, and with the
onset of heavy, wet season
rainfall, continuous night-time
reversals in sap-flow were
observed in the tap root and
positive sap flow in lateral
roots, indicating water
movement from wet top soil to
deeper soils (downward
hydraulic redistribution)
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observed several times in the treatment plot following
the break of wet season. For example, in July 2003 at the
treatment plot, the entire soil profile down to 10 m had
dried out substantially after 3 years of throughfall
exclusion. During this month, the plastic panels were
removed and 82 mm of rainfall partially recharged
shallow soil. At the same period, we observed an in-
crease in water content at all depths from 6 m to 11 m
(data presented only for 10 m), with no changes in water
content in layers between 1 m and 4 m (data presented
only for 4 m). If rainwater had moved by infiltration, we
would have expected a gradual increase in moisture
content displayed as a wetting front moving from upper
to lower soil layers following rain. Though our soil
moisture data were collected only once a month and
might not have captured all of the fine-scale dynamics of
water redistribution, we believe that the concomitant
increase in soil moisture at different soil depths was the
result of HR by plant roots and very unlikely to be the
result of capillary rise from groundwater because at our
site the water table occurs below 100 m depth (Nepstad
et al. 2002).

There are three requirements for downward HR to
occur: (1) soil with low hydraulic conductivity such that
inverted vertical water potential gradients can be
established following rain, (2) roots must be present in
shallow and deep soil layers and connected by hydrau-
lically intact pathways, and (3) leaf water potentials
must be greater than water potentials in the dry soil
layers. In the last case, when demand for water by leaves
is a stronger sink for water than dry soil, water will not
be exchanged between soil but instead all soil layers will
supply water to the leaves. The soils at this forest have
very high clay content and low hydraulic conductivity,

which fulfill the first criteria. Measurements made in a
similar Haplustox (Belterra Clay formation) soil in
eastern Amazônia (Jipp et al. 1998; Nepstad et al. 2002)
showed that recharge by water infiltration is estimated
to take 3–4 months to reach a depth of 10 m (Jipp et al.
1998). Sternberg et al. (2002) suggested an even slower
percolation rate of about 0.25 m/month following a
deuterium pulse applied around trees in the ‘‘Seca
Floresta’’ experimental plot. Deep soil layers at our site
were very dry after 3 years of rainfall exclusion, and
when surface soils became wet following rain, an in-
verted vertical gradient in water potential gradient was
likely.

In terms of the second criteria, fine roots were more
abundant in shallow soil but were also found down to
11 m during excavation of the shafts (Nepstad et al.
2002). Depletion of water at different soil depths fol-
lowing drought indicates that plant roots can absorb
water throughout the 11 m profile but were probably
most actively at the zone below 5 m at the end of
drought. As suggested by Wan et al. (2002), rainfall
exclusion can influence plants to develop more roots at
depth. Sap flow reversals in the tap roots of P. robustum
in the treatment plot in this same period (July 2003)
supports the idea that downward HR could have been
responsible for increase in water content at depth fol-
lowing rain as shown in other systems (Burgess et al.
2001c; Ryel et al. 2003). At certain times of the year we
expected (based on soil water contents) increases in
water content at depth due to downward HR but did not
observe it. It is possible that during these times of the
year, greater daytime transpiration may have prevented
any net HR at our sampling frequency. Also, fine root
activity, tunover and cavitation likely varies seasonally

Fig. 7 Sap velocity (Vh) in the
tap root and lateral root of
Manilkara huberi during a
representative period of the
exclusion period (manipulated
drought during 10–22 August
2001) at the treatment plot of
the ‘‘Seca Floresta’’ experiment
in Floresta Nacional do
Tapajós, Pará, Brazil. Night-
time reverses in sap flow in the
lateral roots and positive sap
flow in the tap root—pattern
consistent with upward
hydraulic redistribution.
Shaded bars represent nighttime
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and must be considered when predicting HR from soil
water contents alone.

A second line of evidence for HR comes from sap flow
data measured in tree roots in both plots. Some of the
observed differences of HR patterns among individual
trees may be related to the drought treatment. In the
control plot, sap flow traces indicative of downward HR
in M. huberi and P. robustum (Figs. 3, 4) were docu-
mented only during the dry–wet season transitional per-
iod (December and January). In the treatment plot,
downward HR in P. robustum was only recorded in July
(Fig. 5), as a consequence of the removal of plastic pan-
els, which allowed rain to rewet shallow soil. It appears
that downward HR requires both a rainless period to dry
the soil profile to depth followed by rainfall that rewets
the surface soil, which are slow to recharge to depth. The
magnitude and number of occasions that downward HR
was observed were also greater in P. robustum in the dry
plot when compared to trees in the control plot owing
presumably to a steeper water potential gradient between
shallow and deep soil in the dry plot. Reversals in sap
flow in the tap root of this tree during daytime is further
evidence that deep soil was very dry.

Ecological significance

Recent studies have challenged the idea that water
supply is always abundant and reliable in tropical rain-
forests (Nepstad et al.1994, 2004; Trenberth and Hoar
1997; Dias et al. 2002). In fact, most of the Amazonian
forests and other tropical rainforests around the world
have been experiencing periods of severe and prolonged
droughts (Curran et al. 1999; Goldammer 1999) usually
associated with major climate events like El Niño years.
At present, we know very little about the effects of water
deficits on forest growth, nor the physiological mecha-
nisms that tropical rainforest plants use to either avoid
or tolerate water stress. Deep rooting (Nepstad et al.
1994) and stomata control (Cunningham 2004) are two
well-known mechanisms that allow plants to cope with
periods of high atmospheric demand and low water
availability. As a further drought tolerance behavior,
HR may also be important in tropical forests at a range
of different scales. At the plant level, HR may help
plants avoid drought stress by creating a readily avail-
able pool of water in superficial soil where most of a
tree’s fine roots are located (Caldwell et al. 1998).
Downward redistribution may also play a role in facil-
itating deep root growth since the propagation of the
wetting front through the roots themselves means that
roots will never outgrow their water supply (Burgess
et al. 2001c).

At the stand level, HR can influence the amount of
dry season evapotranspiration (Jackson et al. 2000; Ryel
et al. 2002). Several studies have reported that Amazo-
nian rainforests maintain transpiration and carbon
sequestration during seasonal droughts by tapping water

from deep water sources (Nepstad et al. 1994; Hodnett
et al. 1995; Saleska et al. 2003; Goulden et al. 2004).
However, fine root density in these forests is very low at
depth, which might limit deep soil water uptake during
periods of high atmospheric demand (Jackson et al.
2000). The superficial water pool originated by noctur-
nal HR should be accounted as another water source for
transpiration during dry periods. Obviously, calculating
the magnitude of these impacts at the ecosystem-level
will require the collection of more extensive data than
those currently at hand. We hope broader surveys of
species differences will follow, including the influence of
the canopy position. We expect fully emergent species or
specimens to perhaps exhibit decreased HR compared to
that measured in this study (due to greater evaporative
demand, see point (3) above), but these trees may also
have deeper roots, which may increase HR. The inter-
play between such dynamics requires further study.

Our data suggest that at broader scales knowledge of
the occurrence of HR can enhance efforts to model
ecosystem responses to water deficits. Such a model has
been applied to the regional climate simulations of
Amazonia and shows that the inclusion of this impor-
tant plant behavior (HR) has a marked influence on
both the ecosystem and climate of that region (Lee
et al.2005, in review). Broadening our understanding of
the role of species and improving our ability to calculate
the magnitude of this phenomenon will no doubt con-
tribute further to this process, particularly as land-use
and the ecosystems impacts this change.
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