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Abstract Water more than other factors limits growth
and productivity of terrestrial plants. Strategies of
plants to cope with soil drought include hydraulic
redistribution of water via roots from moist to dry soil.
During periods of drought, water may be transported
upward through root systems from moister subsurface
to dry surface soil by a process known as “hydraulic
lift” (HL). On warm and dry days when plant
transpiration peaks, hydraulically lifted water released
into soil can support growth and survival of the lifting
and neighboring plants. Soil and rhizosphere micro-
organisms and the soil fauna could also benefit from
HL-derived water, which eventually increases the
availability of nutrients to plants. Although HL was
examined mainly in the context of terrestrial plant
ecology, this biological subterranean sprinkler process
may also prove to be a sustainable alternative to
conventional engineered irrigation techniques currently

used for agronomical purposes. Therefore, this review
aims to outline and discuss potential practical applica-
tion of HL for crop production, land restoration, and soil
phytoremediation.
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Introduction

Water is the fundamental resource that defines life on
this planet and is often scarce on land. Particularly in
dry environments, soil water is a resource with a high
degree of spatial and temporal heterogeneity (Schenk
2006). To survive, terrestrial biota had to develop
means to acquire and transport this resource. “Go, I
say, go on your way, do not tarry, water carry, let it
flow abundantly, and prepare a bath for me!,” as
Johann Wolfgang v. Goethe in “The Sorcerer’s
Apprentice” poetically refers to the sometimes mag-
ical forces that move water. Termites in Africa and
India that live in arid environments transport ground-
water from several meters below to their nests near
the soil surface (Wood 1988). Roots of the shepherd’s
tree (Boscia albitrunca) in the Kalahari Desert have
been noted 68 m below the surface to tap groundwater
according to observations of maximum rooting depth
found in the literature (Canadell et al. 1996). Plant
roots are the “big movers” of water in soil (Clothier
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and Green 1997). A single willow tree can pump
more than 1,300 l of water in one summer day from
soil (Nyer and Gatliff 1996). Water absorbed by roots
may be permanently stored in the living plant or may
flow through the plant xylem, delivering dissolved
nutrients, until it is transpired from the leaves and
back to the atmosphere. However, some of the water
in living plants leaks back from the roots into the soil
by a phenomenon known as “hydraulic redistribution”
(HR; Burgess et al. 1998). HR describes the process
of passive movement of water from roots into soil
with lower water potential, while other parts of the
plant root system in moister soil layers are absorbing
water. At night when transpiration ceases, water is
released from roots, e.g. into the upper soil layers, and
absorbed by plant roots the next day (Caldwell et al.
1998). The transfer of deep soil water to dry surface
soil via plant root systems is known as “hydraulic lift”
(HL; Richards and Caldwell 1987) and has numerous
practical implications when considering frequent
droughts and notorious water shortage in many parts
of the world that limit plant growth and crop
production. Some 1.8 billion people will be living in
regions with absolute water scarcity by 2025 and two-
thirds of the world population could be subject to
water stress if present trends of climate change and
rising human consumption of water resources continue
(UNEP 2007a). In developing countries and especial-
ly in the subtropical regions, an increase in droughts
may lead by 2080 to a decrease of 11% in land
suitable for rain-fed agriculture (UNEP 2007b). More
irrigation is being proposed but hydraulic lift and its
potential for agronomical application has received
little consideration. HL has been investigated and
discussed merely in the context of terrestrial plant
ecology (Dawson 1993; Caldwell et al. 1998). This
review paper aims to outline practical consequences
of HL for crop production and environmental resto-
ration. In addition, HL and water-lifting species are
briefly introduced based on scientific literature pub-
lished to date.

Process of hydraulic lift

Water is essential to plants. It constitutes a major
biomass component, provides structural support,
mediates chemical reactions, and dissolves and trans-
ports nutrients, metabolites, and other vital chemicals

(Dörter 1986; Lambers et al. 2000). Water deficit can
negatively impact performance, distribution, and
abundance of terrestrial plant species (Dawson 1993)
and has been implicated as the most important factor
limiting carbon fixation, plant growth, and hence
global net primary production (Boyer 1982; Schulze
1986). Therefore, terrestrial plants use strategies such
as hydraulic redistribution to cope with water deficit.
Prior to proof of HR being established in the field,
many laboratory and greenhouse studies revealed that
roots may emit water into dry soils if another part of
the root system is in moist soil (Jensen et al. 1961;
Schippers et al. 1967; van Bavel and Baker 1985). In
one of the early experiments, Braezeale (1930)
demonstrated the ability of roots of wheat seedlings
to moisten dry soil below the wilting point if portions
of the root system had access to free water or moist
soil. Plant roots may redistribute water upward
(hydraulic lift), downward from wet top soil to dry
deeper soil, or lateral in the soil (Warren et al. 2007).
Both upward and downward redistribution of soil
water occurred in Amazonian tree species depending
on whether surface soil or deep soil contained more
water (Oliveira et al. 2005). Substantial quantities of
water were sometimes moved between soil compart-
ments by roots in laboratory experiments (Baker and
van Bavel 1988). Particularly important for possible
practical application, lateral water transport from the
roots of a water-lifting plant to roots of a neighboring
plant was demonstrated in the laboratory (Caldwell et
al. 1998). Direct lateral transport of hydraulically
lifted water between trees occurred through a com-
mon mycorrhizal network (Warren et al. 2007).

The first strong evidence for HL in the field was
observation of diel (24-h cycle) fluctuations in soil
water potential (Ψs) associated with big sagebrush
(Artemisia tridentate; Richards and Caldwell 1987).
The diel fluctuations of Ψs clearly followed day–night
cycles, i.e. Ψs increased at night when soil moisture
rises and decreased during the day when soil moisture
decreases. HL theory states that during the day, when
leaf stomata open, water moves from all regions of
soil in which moisture is available at higher water
potential toward the plant at lower water potential and
passes into the transpiration stream (Caldwell et al.
1998). At night, when stomata are closed and water is
still transported through the taproot to the leaves while
transpiration is reduced, the plant water potential rises
gradually above the water potential in the drier and
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typically upper soil layers. Here, water will flow out
from roots into the soil; essentially water moves from
moist subsurface soil via the root system to drier
surface soil, effectively increasing soil moisture in the
root zone (Fig. 1). Recently, reverse sap flow as an
indicator of HL was recorded for two tree species in
Kenya and southwestern Australia (Burgess et al.
1998), four woody species of the Brazilian Cerrado
(Scholz et al. 2002), and three Amazonian trees
(Oliveira et al. 2005). The observed sap flow continued
until soil and plant water potential equilibrated.
Braezeale (1930) called root systems “equalizers” of
soil moisture. Soil type and compaction seem to exert a
considerable effect on the release of water from roots.
A more compacted soil structure directly correlated
with increased water release (Schippers et al. 1967)
whereas coarse-textured soils had a negative influence
on the occurrence of hydraulic lift, perhaps due to less
root–soil contact in sandy soils relative to finer-
textured soils (Yoder and Nowak 1999). Water release
from roots into dry soil was measured by different
methods that were described in detail by Caldwell
et al. (1998) and Smith et al. (2004).

The mechanism of water release is not completely
understood. Active water exudation from roots was
initially proposed, but the large amount of fluid
sometimes involved in hydraulic lift suggest passive
water movement along a gradient from higher root
water potential to lower soil water potential (Caldwell
et al. 1998). Water apparently moves from the roots
into soil through the purely physical process of “soil
suction” (Müller-Stoll 1965) and in response to
gradients in soil water content (van Bavel and Baker
1985). These authors state that the ability of roots to
function as water emitters is not fundamentally
different from their ability to take up water. A key
role in the bulk flow of water in plants and between
roots and soils is apparently played by aquaporins,
which are membrane water channel proteins that
facilitate passive movement of water molecules down
a water potential gradient (Jackson et al. 2000).
Aquaporins are encoded by many genes that are
known to be temporally and spatially regulated during
plant development and in response to drought-related
stress (Kjellbom et al. 1999). The array of potential
mechanisms causing water loss from roots in soil is
reviewed extensively by Caldwell et al. (1998).

The amounts of water lifted each night can be
considerable. Estimates of hydraulically lifted water

range from 14% of the daily evapotranspiration (ET;
Wan et al. 1993) to about 33% (Richards and
Caldwell 1987), although some place the values were
as high as 50% (van Bavel and Baker 1985) and
100% (Kurz-Besson et al. 2006; Warren et al. 2007).
The 33% value related to 1 l of water per square meter
ground surface area per night lifted by the shrub A.
tridentata. Umbrella Thorn Acacia (Acacia tortilis), a
tree that grows in extremely arid conditions in Africa,
may lift 70 to 235 l of water each night (Ludwig et al.
2003). Emerman and Dawson (1996) estimated that a
mature maple tree (ca. 20 m tall) lifted 102±54 l of
water per night; HL temporarily recharged the upper
soil layers to nearly 25% of the daily water use of the
tree. Amounts of water released by Bermuda grass or
cotton roots into the dry soil accounted for 31% to
42% of the plants daily transpiration (van Bavel and
Baker 1985; Baker and van Bavel 1988). Under cork
oak trees (Quercus suber L.) in a savanna-type
Mediterranean ecosystem in Portugal, HL was esti-
mated to supply 17% to 81% of the water transpired
during the following day by the trees at the peak of
the drought season, i.e. 0.1–14 l per tree and day
(Kurz-Besson et al. 2006). Brazilian savanna trees
redistributed 2 to 11 cm3 h−1 of sap away from the
stem toward the soil (Scholz et al. 2002). The field
estimates of HL are in agreement with more precise
laboratory measurements (Caldwell et al. 1998).

During a 3-year field study, HL activity in a
subxeric sandhill plant community was most preva-
lent at 25 cm soil depth, but also common at 50 cm
depth (Espeleta et al. 2004). Hydraulic lift even
occurred at 1 m depth under cork oak trees in a
Savannah-type Mediterranean ecosystem (Kurz-Besson
et al. 2006) and at depths of 2 m under Douglas-fir
and ponderosa pine stands in the US Pacific North-
west (Brooks et al. 2002). Between April and
November, when surface soil droughts happened most
frequently on the sandhill site, HL was especially
common, occurring during more than 100 days per
year. HL may contribute to tolerance of more frequent
and severe droughts in xeric habitats by prolonging
survival of existing roots and promoting the formation
of new fine roots in dry surface soil (Espeleta et al.
2004). More fine roots cause even greater water efflux
rates during HL events and hence lead to increased
soil moisture, which could further improve nutrient
uptake in otherwise dry surface soils (Dawson 1998).
Consequently, a close link between root architecture/
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demography and HL was suggested in the literature
(Smith et al. 2004) and demonstrated for the first time
in the field on this sandhill site (Espeleta et al. 2004).

Water efflux from roots into soil might be viewed
as an undesirable process of little use to the plant, but
with HL, upper soil horizons provide diel water
storage and serve as a buffer against desiccation for
several days (Richards and Caldwell 1987), thereby
preventing root rectification and cavitation (Scholz
et al. 2002). Hydraulic lift provides a daily pool of
stored water in top soil layers not only for the deep-
rooted plants that conduct the hydraulic lift, but also
for associated, more shallow-rooted plants that do not
participate in the lifting but still benefit from the lifted
water (Caldwell et al. 1998; Sekiya and Yano 2002).
Water lifted and released into the topsoil by A.
tridentata was obtained by the neighboring grasses
whose roots intermingled with those of the shrub in
the upper, drier soil layers (Caldwell and Richards
1989). In a ponderosa pine stand, hydraulically lifted
water apparently enhanced the survival of ponderosa
pine seedlings during summer drought (Brooks et al.
2002). Dawson (1993) reported HL around mature,
solitary maple trees (Acer saccharum) during a
summer drought in upstate New York and noted that
neighboring vegetation not able to tap groundwater
directly, acquired some proportion of their moisture
from the hydraulically lifted water of the maple tree.
The proportion of hydraulically lifted water used by
adjacent plants ranged from 3% to 60% (Caldwell
et al. 1998).

Hydraulically lifting plants

Some 30 species and varieties exhibiting hydraulic lift
both in the laboratory and in the field were listed by
Caldwell et al. (1998). More than 60 new instances of
hydraulic redistribution, including HL, have been
reported since the process was first documented in
the field (Espeleta et al. 2004). Many reports of HL
come from greenhouse studies with seedlings or
mono-specific stands, where diel variations in soil
water potential are attributed to hydraulic lift of an
individual species. Still, the information on single
plants capable of HL and also on how co-occurring
species in natural habitats differ in HL ability is
insufficient (Espeleta et al. 2004). Existing data
suggest that HL is not limited to particular plant

species in arid and semiarid environments but the
process is widespread both in different taxa and
ecosystems (Caldwell et al. 1998). Hydraulic lift is far
more common than first expected (Oliveira et al.
2005). Newly reported examples of HL in the field
come from species in Mediterranean climates, arid and
cool temperate regions, seasonal dry tropical and
subtropical habitats including rainforests (Jackson
et al. 2000; Oliveira et al. 2005), and from trees in
wet and dry boreal forests (Brooks et al. 2002; Schenk
and Jackson 2002). When considering HL as an
adaptive process, hydraulic lift should be prevalent
among phreatophytes, species from habitats that expe-
rience frequent surface drought but have access to deep
water (Jackson et al. 2000; Espeleta et al. 2004).

In the Mojave Desert, HL was detected for all plant
species examined: five shrub species with different
rooting depths and leaf phenologies and one perennial
grass (Yoder and Nowak 1999). During the summer
drought period, the upper soil profile was moister in a
California coast live oak stand than in an adjacent
grassland (Querejeta et al. 2007). On a sandhill site in
South Carolina, Pinus palustris exhibited the highest
HL activity, whereas two oak species showed inter-
mediate activity (Espeleta et al. 2004). Hydraulic lift
was less ubiquitous for the investigated grasses. Trees
were clearly the dominant redistributors of water to
the surface soil in this study and the amplitude of HL
in a single day reached peak soil water potential (Ψs)
values between 0.3 and 0.42 MPa. In a 20-year-old
Douglas-fir stand and in an old-growth ponderosa
pine stand, nocturnal hydraulic redistribution replaced
28% and 35% of the water removed daily from the
upper 2 m of soil during July and August (Brooks
et al. 2002). The high magnitude of HL in surface soil
suggests that roots of trees can contribute significantly
to the rewetting of the topsoil (Espeleta et al. 2004).
This apparently relates to the mostly greater rooting
depths of trees and shrubs compared to other plant
forms (Schenk and Jackson 2002). Grass roots in the
African savanna, for example, are restricted to the
upper soil layers that dry out first, while tree roots
have access to deeper soil layers, which are usually
above the wilting point (Walker and Noy-Meir 1982).
Still, grasses and numerous other non-woody plants,
especially deeply rooted herbaceous legumes can also
facilitate HL if roots penetrate deep wetter soil
(Caldwell et al. 1998; Schenk and Jackson 2002;
Espeleta et al. 2004).
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Differences in HL activity between species or a
total lack of HL may not only be related to rooting
depth but can be linked to an inherent HL inability
because of greater senescence rates of surface-
dwelling fine roots; this has been shown for a savanna
bunchgrass (West et al. 2003; Espeleta et al. 2004).
Hydraulic constraints that limit upward transport of
water or differences in root membrane permeability to
water efflux might further result in HL activity
differences among species (Espeleta et al. 2004).
Water-lifting species can also differ in their temporal
HL pattern. Opposite to C3 and C4 plants, a Mojave
Desert species (Yucca schidigera) with the crassula-
cean acid metabolism (CAM) photosynthetic pathway
released water in shallow soils during the day when
not transpiring and absorbed water from soil at night
when CAM plant transpiration began (Yoder and
Nowak 1999). The authors concluded that because
CAM plants can transport water to shallow soils
during the day when surrounding C3 and C4 plants
transpire, CAM species that hydraulically lift water
may influence water relations of neighboring plant
species to an even greater extent than hydraulically
lifting C3 or C4 species. Complementary use of soil
water, in this case at discrete times, is crucial for the
success of mixing HL and protégé species in water-
limited environments (Smith et al. 2004). In addition,
soil texture differences among study sites can also
explain differences in the frequency that HL was
detected among species (Yoder and Nowak 1999).

Implications of HL for field crop production

Irrigation and crop growth

Of the 1,500 million hectares of global crop land,
approximately 250 million hectares are irrigated (FAO

2002). These 17% provide about 40% of world food
production. This underlines the importance of suffi-
cient water for crop production, and the demand for
irrigation grows as the need for food and renewable
energy increases. With growing food demand, shift-
ing diets, and climate change models predicting
increased drought frequency and intensity, the effec-
tive irrigated land area will need to increase by 34%
in developing countries alone over the next 30 years
(FAO 2007). Meeting the Millennium Development
Goal (MDG) on hunger will require an increase of
50% in water use by crops by 2015 and a doubling by
2050 (UNEP 2007a, b). Because abundant water
increases yields of crops in all climates (Table 1),
irrigation will expand also in more humid and
temperate regions. However, current irrigation tech-
niques are both costly and ineffective. Nearly 40% of
irrigated water is lost by evaporation prior to crop
utilization of the resource (FAO 2002). This ineffi-
ciency certainly contributes to a dramatically in-
creased water use for irrigation that accounts for
nearly 70% of global freshwater withdrawals (UNEP
2007a, b). Environmental impacts are obvious as one-
tenth of the world’s major rivers no longer reach the
sea during some part of the year because of upstream
irrigation (UNEP 2007a, b). Roughly 20% of the
irrigated area of the USA is supplied by groundwater
pumped in excess of recharge (Tilman et al. 2002).
As a result, freshwater shortage in many parts of the
world worsens and costs for farmers soar (FAO
2007). The increasing water scarcity is undermining
development, food security, public health and eco-
system services (UNEP 2007a, b). Therefore, in-
creasing irrigation efficiency – getting more crop per
drop – has become a top priority (FAO 2002). But
even with much needed improvements in efficiency,
conventional irrigation alone is not sufficient (UNEP
2007a, b).

Table 1 Crop yield increases through engineered water irrigation in the field

Crop Climate Yield increase Reference

Chickpea Cool-temperate, sub-humid 74–124% (grain) Rajin Anwar et al. 2003
Wheat Semi-arid 73.4% (grain) Li et al. 2007
Corn Temperate, continental 179.2% (grain) Scheierling et al. 1997
Beans Temperate, continental 145.6% (grain) Scheierling et al. 1997
Cashew Tropical 77% (nut yield) Oliveira et al. 2006
Potatoes Temperate, maritime/continental 20–>30% Dörter 1986
Corn Temperate, maritime/continental 43% (fresh shoot) Dörter 1986
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A variety of means exist to meet the water
challenge, including agricultural systems that mimic
natural ecosystems (UNEP 2007a, b). With HL
widespread in terrestrial ecosystems, this natural
process may provide a biological alternative to
mitigate the effects of current water-squandering
engineered irrigation techniques. HL moistens dry
soil exactly where rooting density and water acquisi-
tion of crops are maximized. The upper 0.2 m of the
soil contains almost 60% of all roots (Schenk 2005)
and crops draw 95% of their water through roots from
soil (Dörter 1986). Considering the significant
amounts of water being lifted and powered solely by
gratis solar energy, HL could become a critical
component to innovative, sustainable, and low-cost
irrigation solutions around the globe. If an increase in
soil moisture is significant, reverse flow of hydrauli-
cally lifted water may lead to the efficient use of
water in intercropping and agroforestry systems in
semi-arid areas (Sakuratani et al. 1999). For the
economically disadvantaged countries of the world;
HL may prove the one solution currently feasible to
irrigate crops for higher yields so as to meet food
demands and even potentially provide a source of
income. In Africa, abundant open land attracts
increasing interest for biofuel production but the
current shortage of water is already limiting the
irrigation of food crops (VDI 2007). Here, HL may
prove to be an invaluable opportunity to facilitate the
growth not only of sufficient food crops but also of
profitable quantities of biofuel plant species, all in the
absence of expensive and water-wasting irrigation
equipment. Consequently, local ecosystems and econo-
mies, as well as potentially the global climate, could
benefit from HL-promoted plant biomass production.

Hydraulic lift in agroecosystems

Investment and operation costs for possible HL
irrigation systems (HLIS) can be expected to be much
lower than for engineered installations. High evapo-
ration losses that accompany standard above ground
irrigation will likely diminish as HLIS dispense water
below ground. In spite of the obvious benefits, little
attention has been paid to the application of HL in
agroecosystems, i.e. in crop and forage production
systems. Van Bavel and Baker (1985) concluded from
a laboratory study that such a mechanism of upward
transport and exudation of water by plants in dry

surface soil has significant practical consequences and
should lead us to reconsider technologies of crop
irrigation, including subsurface irrigation. The mag-
nitude of HL in perennial and annual field crop
systems is not yet known, but if implemented, this
process of hydraulic lift could have significant
implications for irrigation, fertilization, and intercrop-
ping (Caldwell et al. 1998). Only a handful of
researchers with agronomical interests have actually
examined or discussed hydraulic lift in crop and
pasture species (Corak et al. 1987; Vetterlein and
Marschner 1993; Wan et al. 2000; Sanderson et al.
2004) and little of this research was done in the field.
Sekiya and Yano (2004) demonstrated in an agricul-
tural field trial that deep-rooted leguminous intercrops
lifted water at depth and some of this water was used
by associated shallow-rooted crops that had no direct
access to the deep water. Skinner (2004) and Skinner
et al. (2004) investigated and discussed the occur-
rence of HL in humid-temperate pasture systems with
perennial ryegrass (Lolium perenne), orchardgrass
(Dactylis glomerata) and white clover (Trifolium
repens) sown as grass/legume mixtures into field
plots of which half included a deep-rooted perennial
forb (chicory; Cichorium intybus).

The data from laboratory studies imply that several
widely grown field crops and pasture plants, namely
wheat, corn, beans, alfalfa, and select grasses facili-
tate HL (Caldwell et al. 1998; Espeleta et al. 2004).
Notably, legumes seem to be particularly effective
biological irrigators, perhaps because many woody
(Mimosaceae) and herbaceous legumes (Fabaceae)
found in water-limited environments are deeply
rooted (Schenk and Jackson 2002). Lupines on a
deep sand in southwestern Australia extracted water
from a depth of up to 3.5 m (Lefroy and Stirzaker
1999). This makes legumes promising candidates for
fodder production and soil amelioration on drought-
affected land but also to suitable intercrops that can
provide soil moisture to profitable cash crops such as
wheat and corn whose root systems develop more
shallow. Using a split-tube in which the soil in the top
tube was dried while the bottom was kept wet, Corak
et al. (1987) demonstrated that alfalfa plants not only
lifted tritium-labeled water from the bottom to the top
but also transferred it to a corn plant that coexisted in
the top tube. Consequently, the corn plant survived
soil drought longer. In an agricultural field trial
conducted at the Zambia National Irrigation Research
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Station, corn (Zea mays) was intercropped with deep
rooting legumes, namely pigeon pea (Cajanus cajan)
and sesbania (Sesbania sesban) whose roots accessed
groundwater (Sekiya and Yano 2004). The data
showed that pigeon pea supplied water from deeper
soil layers to the associated corn plants through
hydraulic lift. This biological irrigation function, with
the concomitant transfer of water to surrounding
plants may be incorporated into and regulated by
agricultural practices. For example, the adoption of
shorter intercrop species with deep rooting systems
such as alfalfa as the lifting species was suggested by
the authors. As the associated main crops grow, they
will provide the lifting species with shade so that the
function of hydraulic lift can be improved without any
additional treatment. Low light conditions enhanced
HL and the release of water from surface roots
(Schippers et al. 1967). Interestingly, positive inter-
actions existed especially between intercropped mix-
tures of legumes and grasses in intensive grassland
systems with yields consistently greater than from
monoculture, even at high productivity levels (Kirwan
et al. 2007). The mechanisms for this mixing effect
among grass and legume species remain unclear but
HL could be implicated since some experiments took
place on dry Mediterranean sites.

With HL most often reported for woody plant
species, agroforestry may also improve water avail-
ability to crops in arid regions (Nair 1993; Ong and
Leakey 1999; Pate and Dawson 1999). A markhamia
tree (Markhamia lutea) and upland rice (Oryza sativa
L.) plants that grew in split-root system competed for
water during the first soil drying period but during the
later drying period, the rice plants whose roots
intermingled with tree roots appeared green and
viable, while rice plants alone became desiccated
(Hirota et al. 2004). Because the soil water content
tended to be higher where tree and rice plants grew
together as compared to rice alone, the authors
concluded that hydraulically lifted water was trans-
ferred from the tree to the rice plants, thereby
promoting viability of the latter. For shallow-rooted
crops growing in drying soils next to trees, HL by the
tree roots could provide a source of water and hence
facilitate crop growth (Emerman and Dawson 1996;
Smith et al. 2004). Conversely, fast growing and deep
rooting crops that are capable of HL may increase the
survival rates of planted young trees with shallow root
systems in arid regions or during periods of drought.

On the contrary, competition for water and unac-
ceptable loss of crop yield has been repeatedly
observed in agroforestry around the globe (Rao et al.
1998; Lefroy and Stirzaker 1999; Ong and Leakey
1999; Schroth 1999; Dupraz et al. 2005). However, in
many of these cases, tree root systems had no access
to groundwater, depleted water supplies in the crop
rooting zone, would not conduct HL or even redis-
tributed water from surface soil downward. Down-
ward “siphoning” of water by trees in dry periods and
regions without groundwater access exaggerates water
stress to crops and loss of crop yield can occur (Smith
et al. 2004). Food security may be seriously jeopar-
dised by introducing trees and agroforestry in regions
in Africa with less than 800 mm rain unless tree roots
have access to the water table (van Noordwijk and
Ong 1999). Where roots of trees tap water below the
crop rooting zone and perhaps lift and exude water
into surface soil, competition with adjacent crops for
water is expected to be negligible and combinations
of trees and crops have the potential to become more
successful in increasing crop yields (Ong and Leakey
1999; Smith et al. 2004).

In conclusion, access to groundwater or other
sufficient deep water sources in soil is key to any
bioirrigating effect in intercropping systems, includ-
ing agroforestry. Subsequently, the lifted water must
be available to the protégé crops, i.e. their roots must
reach into the bioirrigated soil regions and moisture
levels must rise above the permanent wilting point.
Eventually, the root system of the protégé crop must
outcompete the lifting plant for the water being made
available (Smith et al. 2004); hence root suction
pressures of the protégé plant can not fall short of the
HL species. Selection of suitable woody or herba-
ceous intercrops that in mix with a protégé crop use
water in a complementary way is therefore crucial
for successful agroforestry and intercropping in
general (Ong and Leakey 1999). Mimicking natural
ecosystems has been suggested for this purpose
(Lefroy and Stirzaker 1999; van Noordwijk and
Ong 1999). But in some ecosystems, bioirrigation
through intercropping will fail and should be opted
out. For example, in regions with high salt content in
groundwater, the application of trees to lift water
from the saturated zone above groundwater is
severely limited (Lefroy and Stirzaker 1999). When
trees use water from the water table, salts dissolved
in the groundwater will concentrate in the root zone
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of the trees, which will ultimately affect growth of
adjacent crops.

Direct effects of HL on crop growth

The possible mechanisms by which HL promotes
crop and forage plant growth are numerous but
largely unexplored. In general, water irrigation in
dry years can increase crop yields notably if sufficient
water reaches the roots, which provide nearly all of
the water contained in crop biomass (Dörter 1986).
Water maintains intracellular turgor pressure, prevents
desiccation-related damage to vital plant structure and
function, transports dissolved nutrients and other
essential chemicals, and sustains photosynthesis. But
if topsoil water supplies are inadequate, plants may
respond by substantial death of surface fine roots that
can cause cessation of water efflux, thereby prevent-
ing excessive water loss into the soil (Caldwell et al.
1998; Espeleta et al. 2004). The death of fine roots in
response to topsoil drying functions as a “hydraulic
fuse” (Jackson et al. 2000). HL can hinder root death
and prolong fine root survival in dry surface soil and
increased the abundance of new roots (Dawson 1998).
More fine roots and increased rates of organic matter
decomposition and N mineralization in response to
HL-supplied water added to dry surface soil could
enhance the amounts of mineral nutrients available to
crops (Emerman and Dawson 1996; Caldwell et al.
1998; Espeleta et al. 2004). Also, HL by standing
intercrops or on agroforestry sites may support the
germination of main crop seeds in HL-impacted
topsoil, perhaps leading to higher rates of seedling
emergence and greater survival during spring
droughts. Thus, an effective HL field system may
allow fewer seeds to be sown, perhaps accelerating
the development of crops so as to suppress weed
growth and thereby decreasing herbicide inputs.
Eventually, the resistance of such well established
and firm crop stands against summer droughts could
improve. After all, HL-supported crops may be
harvested earlier, at higher yields, better quality, and
lower costs.

Indirect effects of HL on crop growth

In addition to such direct effects, sufficient quantities
of water in the soil–root interface should impact
cultivated plants indirectly as they increase soil

macrofauna (earthworm) activity and subsequent
nutrient availability under hedgerow species (Rao
et al. 1998) as will as supporting the proliferation and
activities of root-associated microorganisms that
effect crop growth and health in many positive ways
(Richards and Caldwell 1987). Martinus Beijerinck
(1851–1931) once formulated that everything is
everywhere, the environment selects. Under appropri-
ate environmental conditions, microbial processes in
the root zone that can considerably promote crop
performance include symbiotic and nonsymbiotic
nitrogen fixation, phosphorous mobilization, nutrient
mineralization and transport, and plant pathogen
suppression. These rhizosphere processes would
profit from the occurrence of HL in otherwise dry
topsoil layers (Richards and Caldwell 1987; Dawson
1993). Scholz et al. (2002) also suggested that HL
may contribute to maintenance of the activity of
mycorrhizae and symbiotic nitrogen-fixing bacteria as
the upper portion of the soil profile dries. Despite the
apparent positive impact of HL on biogeochemical
processes in upper soil layers, experiments specifical-
ly designed to test these effects in the field are limited
(Caldwell et al. 1998). No known field trials have
examined the links between HL, rhizosphere micro-
bial ecology, and biogeochemistry in crop or forage
systems.

Mycorrhizal fungi are among the numerous bene-
ficial microorganisms that are closely associated with
the roots of nearly all plant families, including most
crops (Sen 2000). The mycorrhizal symbiosis can
improve nutrient and water uptake by crops and may
suppress plant pathogens, thereby promoting crop
growth and health. However, soil drought adversely
effects mycorrhiza by reducing soil hyphal length and
biomass (Querejeta et al. 2007). The exudation of
hydraulically lifted water into dry topsoil layers
apparently protects fungal hyphae against severe
water stress (Caldwell et al. 1998). Querejeta et al.
(2007) showed that HL facilitated ectomycorrhiza and
vesicular–arbuscular mycorrhiza (VAM) resistance
against extreme soil desiccation in a California oak
stand. Once well established, the symbiosis between
crops and VAM fungi itself increased the resistance to
drought in VAM plants, apparently due to improved
P-uptake, production of plant hormones, increased
water transport by greater root surface area provided
by VAM fungal hyphae, and osmotic adjustment in
leaves of VAM-infected crop plants (Peña et al.
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1988). Such positive effects of HL would be
particularly interesting for field applications of com-
mercial fungal inoculants, whose beneficial impacts
and economic profitability will certainly increase with
greater fungal survival rates and a more effective
mycorrhizal symbiosis.

Generally, the success of field crop inoculations
such as that of legumes with rhizobia to promote
atmospheric nitrogen fixation, depends on soil con-
ditions, including moisture and temperature (Davies
and Whitbread 1989). Field trials under different soil
and climatic conditions in Germany showed that
Rhizobium leguminosarum inoculant strains increased
growth and grain yields of peas (Pisum sativum)
between June and July but only if the soils contained
sufficient moisture (Höflich 1993). Extended drought
on sandy soil sites during this period inhibited the
plant development and hence the effectiveness of
rhizobia inoculation. Similar relationships were
obtained for the treatment of crops with numerous
plant growth-promoting rhizosphere bacteria (PGPR)
that were used as biofertilizers or biopesticides. PGPR
must first successfully colonize the rhizosphere and
root surface in order to elicit plant pathogen biocon-
trol activity or other crop growth-promoting effects
(Davies and Whitbread 1989; Ikram 1989). The
ability to do so depends on many factors, including
how the crop plant provides PGPR with favorable
physical and chemical conditions such as enough
water in the root zone (Vessey 2003; Gardener 2007).
When soil moisture content was not limiting, hori-
zontal and vertical moves of up to tens of centimeters
were observed for introduced Azospirillum strains in
the wheat rhizosphere (Bashan and Levanony 1987).
HL crops or pasture plants could thus support
inoculated growth-promoting microorganisms and
benefit more from inoculation than non-HL plants in
dry soils. Alternatively, lifting intercrops that are able
to share emanated water with the non-lifting main
crop may provide the crop–PGPR association with
necessary water. The HL plant may also serve as
reservoir from which inoculated strains spread and
colonize the target crop plant as soil moisture levels
improve following rain.

Once established, PGPR may even increase the
efflux of hydraulically lifted water into soil by promot-
ing the formation of fine roots and root hairs of the HL
host plant. Several PGPR promoted root proliferation by
plant hormone excretion (Liste 1993; Höflich et al.

1994). More root biomass exhibits increased water
efflux rates during HL events (Espeleta et al. 2004),
which could enhance nutrient uptake, and provide
additional attachment sites for introduced growth-
promoting microorganisms (El-Mokadem et al. 1989).
Plant roots densely populated by beneficial microbes –
introduced or indigenous – contained fewer plant
pathogens and therefore exhibited better overall plant
health (Kloepper 1993). With such benefits in mind,
HL could increase crop yields considerably especially
during months with superior light and temperature
conditions. Therefore, an application of hydraulic lift in
the field could help farmers harvest more produce per
hectare while at the same time decreasing inputs for
fertilizers, pesticides, and irrigation. This will increase
the farmer’s income and reduce environmental impacts
typically associated with agriculture.

Much research and development is necessary
before eventually capitalizing on HL in drought-
afflicted field cropping systems. Specifically, the
complex interactions between lifting plants, non
lifting crops, soil physical, chemical, and biological
components and processes, climatic conditions, and
agricultural practices must be elucidated by laboratory
and field investigations. Efforts should also be
directed towards identification and control of possible
environmental and economic impacts of HL field
applications. For example, plant hydraulic lift of
saline groundwater could cause surface soil saliniza-
tion, a process that results in lower crop yields (Lefroy
and Stirzaker 1999; FAO 2003). Furthermore, HL may
notably affect regional water balances both below
ground and in the atmosphere (Espeleta et al. 2004).

Implications of HL for land restoration

Approximately 17% of the global land area has been
negatively impacted by human interventions (Oldeman
et al. 1991). Land degradation affects food and fiber
production, restricts recreation opportunities, and has
significant consequences for the environment, includ-
ing biodiversity (Eswaran et al. 1999). Stricter
regulations are now stipulated by governments world-
wide to restore landscapes damaged by dumping
waste, extraction of useful materials, urban and
industrial development, unsustainable farming and
forestry, fires, wars, or natural disasters. In Greece,
more than 270,000 ha of land (55% woodland), i.e. 5%

Plant Soil (2008) 313:1–17 9



of the Greek land area, were destroyed by fires in 2007
and the Greek government has announced plans to
begin reforesting the charred land (Hamashige 2007).

Woodlands are often the anticipated result of
ecological and landscape rehabilitation (Jim 2001).
In a project aimed at the restoration of a granite
quarry site, it appeared however that even the most
tolerant herbaceous and woody pioneer plants can fail
because the initially barren land surface causes a rapid
loss of soil moisture. Water shortage is a major cause
of revegetation failure not only in Mediterranean and
other arid climates but also in temperate environments
(Toy 1979; Valladares and Gianoli 2007). In Germany,
coniferous monocultures are frequently planted on
exposed waste and mining dumps to ensure low water
infiltration by high evapotranspiration and have
shown elevated sensitivity to drought (Knoche et al.
2006). Limited plant growth due to soil aridity has
also occurred at vegetation-covered landfill sites
across different climates because of generally shallow
and poor quality cover soils, high elevations, expo-
sure, and missing vertical or limited lateral water
inflow to replenish evapotranspiration losses from
upper soil layers (Leone et al. 1980; Marton 1996;
Brauns et al. 1997).

On an alternative landfill cover waste site in
southwestern Berlin, Scots pines (Pinus silvestris)
were planted to reduce water infiltration rates. During
the above normal temperatures of the dry summer of
2006, the top grassy 20 cm of the installed soil cap
dried out and nearly all spring-planted 2-year old
Scots pine saplings died (Liste, unpublished). In
comparison, up to 90% of the young pines survived
on extra field plots that received daily water. Soil
water shortage was also a major contributor to higher
pine seedling mortality rates on a landfill containing
coal combustion waste (Barton et al. 2005). Interest-
ingly, the 170-cm thick engineered soil cap on the
Berlin landfill waste site was consistently moist from
80 cm depth downward. However, roots of the
juvenile Scots pines could not yet reach the deeper
moister soil layers. Engineered irrigation was not
implemented because of high cost and concerns
related to contaminant leaching and weed growth
promotion. Under such circumstances with subsurface
soil moisture potentially accessible to plants, fast and
deep rooting HL species may offer an innovative and
sound bioirrigation solution based on transferring
lifted water from depth to young trees with shallow

root systems in dry surface soil. Thus, HL plants
could increase tree survival rates as well as reduce
seepage into the waste layer until planted trees are of
sufficient size to provide efficacious soil water
infiltration control.

The use of “nurse” plants to facilitate the estab-
lishment of juvenile target plant species such as trees
holds promise as an attractive concept in land
restoration in a variety of communities and ecosys-
tems (Valladares and Gianoli 2007). Generally, the
“nurse” is a mature plant of a different species than
the juvenile target plant and promotes the establish-
ment of the latter species (e.g. by amelioration of
abiotic stress such as soil drought), which does not
perform well in early growth stages (Callaway and
Pugnaire 1999; Shumway 2000; Gomez-Aparicio
et al. 2004; Padilla and Pugnaire 2006). Compared
with surrounding areas, soil moisture and nutrients
below nurse plants are often high (Pages et al. 2003).
The phenomenon of facilitation (positive plant–plant
interactions) seems rather site specific. In arid environ-
ments, for instance, facilitation tends to be more
common under the canopy of sparse shrubs whereas
in the understory of dense forests, competition for
water was the dominant phenomenon (Valladares and
Gianoli 2007). Appropriate nurse plant candidates and
planting systems for particular restoration sites must
thus be identified early on in site restoration efforts.

Various nurse plant species already aid the refor-
estation of damaged landscapes in temperate regions.
The revegetation of abandoned arable land and closed
landfills in Germany usually begins with planting
rapidly growing deciduous pioneer species. They will
form a preforest and convert commonly eutrophic and
exposed raw soils into more forest-like soils (Brauns
et al. 1997). After several years, the eventual
establishment of young coniferous trees occurs. Such
pioneer trees include alder (Alnus spp.), poplar
(Populus spp.), willow (Salix spp.), birch (Betula
spp.), or rowan berry (Sorbus spp.). Some of the
species, including poplar and willow have demon-
strated HL abilities. These may not only be good
candidates for preforest formation but serve also as
bioirrigating nurse plants if coplanted with target
conifers. For successful concurrent planting aimed at
bioirrigation via HL, the lifting nurse plant must
develop rapidly and supply water to the target plants
almost instantly. This may be difficult to accomplish
even with fast growing willows or poplars unless
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cuttings placed in moister deep soil sprout quickly
and lift water sufficiently. Alternatively, deep rooting
herbaceous annuals, biennials, or perennials might be
better candidates as they develop much faster than
woody species (Schulze et al. 2002). For example,
alfalfa root systems reached depths of 136 cm within
the first year of growth in a sandy Cambisol
(Kutschera 1960). Roots of rye or oats penetrated 67
or 91 cm deep into soil only 41 and 42 days after
sowing in early spring (Schulze 1911). Both crops are
known nurse plants to young trees in forestry (Fischer
1999) and oats and other grasses have actually
conducted HL in the field (McCully 1995).

Another interesting aspect of ensuring sufficient
amounts of available soil water to young planted trees
on land restoration sites is worth mentioning. After
irrigating, the Scots pines on the Berlin landfill waste
site survived and thrived and therefore tree root
inoculations with commercial formulations of plant
growth-promoting Bacillus subtilis (FZB42®) and
mycorrhizal fungi (Amykor®) further enhanced pine
tree growth (Liste, unpublished). Inoculation of
woody plant stock destined for land revegetation with
selected bacterial or fungal strains has often been
shown to improve survival and development of
planted trees (Rincón et al. 2006; Kozdrój et al.
2007). Whether or not HL nurse plants can also boost
the success of microbial tree sapling inoculations and
hence the overall performance of planted trees on
reclamation sites is worth investigating.

Implications of HL for soil phytoremediation

Plants can facilitate the removal of harmful organic
and inorganic contaminants from soil. A wealth of
literature describes enhanced biodegradation of or-
ganic chemicals in the root zone (rhizosphere) and an
efficient uptake of heavy metals by roots of annual
and perennial plants, including herbaceous and
woody species (Shimp et al. 1993, Cunningham
et al. 1996; Lasat 2002; Schnoor 2002; Pilon-Smits
2005). Over 400 species of heavy metal hyper-
accumulating plants have been identified (Broadley
et al. 2001; Baker and Whiting 2002). Most data on
remedial plant effects come from laboratory and
greenhouse studies, conducted under well controlled
conditions. In the field, the same plants often produce
less pronounced or negligible soil decontamination

effects. Variable soil moisture is clearly a critical
confounding factor in field studies (Cunningham et al.
1996). Less precipitation with greater evapotranspira-
tion pressure decreases overall soil moisture levels
during the summer. Decreasing soil water contents
diminish rates of contaminant degradation by microbes
as inadequate water supplies impede microbial prolif-
eration and metabolism (Alexander 1999). Beside
microbes, soil drought also affects plants and hinders
contaminant transport in soil, which is severely
limiting phytoremediation success (Sung et al.
2002). A phytoremediation field demonstration at
the US Navy’s Craney Island Fuel Terminal in
Virginia revealed that water resources may be re-
quired for many locations even in temperate climates
since short-term dry summer periods will adversely
affect phytoremediation performance (Fiorenza et al.
2000). Therefore, the costs for irrigation will directly
limit the performance or the scale-up of phytoreme-
diation systems. Consequently, low-cost alternative
solutions are needed and HL may be a feasible option.

Plant hydraulic lift may not only make available
more water to associated plants but also pollutants,
which can be further metabolized in the rhizosphere
(Shimp et al. 1993). A steady HL-driven rewetting of
the rhizosphere soil will keep microbes viable and
active, subsequently promoting the biodegradation of
organic chemicals to higher than expected levels in
dry soil. If the soil water content is sufficient, the
favorably higher temperatures during summer will
further enhance microbial activity and contaminant
biodegradation to maximum levels. HL may also
enhance the release of chemicals from soil and their
transport to roots for increased plant uptake or
biodegradation in the rhizosphere. Upon water addi-
tion to soil, immobilized PAHs were desorbed at a
greater extent (Thiele and Brümmer 1997). Drying
and wetting cycles in soil, as they are likely to occur near
roots by evapotransipration during the day and HL at
night, caused the release and decomposition of soil
organic material due to soil aggregate disruption (Denef
et al. 2001). Repeated wetting and drying also decreased
extractability and availability of aged phenanthrene to
microorganisms in soils (White et al. 1997). Frequency
and intensity seem to determine the actual effect of
drying and wetting cycles on the fate of chemicals in
soils (Park et al. 2007). But as nocturnally released HL
water flows back to the roots during diurnal transpira-
tion, this water stream may literally flush the soil,
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moving organic pollutants into the root zone for rapid
biodegradation and heavy metals for plant uptake
(Liste and Alexander 2000a, b). The phytoextraction
of contaminants from soil can be improved by
increasing the transpiration rate of plants (Kuiper
et al. 2004). Plant hydraulic lift can substantially
increase plant transpiration (Kurz-Besson et al. 2006)
and as more water is exuded by HL plants, more
contaminant molecules may be removed from soils.

Because fine root survival and development in dry
soil was greater for plant species that exhibited HL
(Espeleta et al. 2004), such plants are likely to foster
the removal of pollutants from soils even during dry
summer months and in arid regions. More fine roots
increase the surface area of the root system, which is a
key factor in enhancing the adsorption and removal of
contaminants from soil (Shimp et al. 1993; Schwab et
al. 1998). Eventually, a more steady and robust root
growth throughout the whole year may lessen the
time required for phytoremediation of contaminated
land. In addition, mycorrhizae survived and per-
formed better and rhizosphere microbial activities
were greater when in association with the roots of HL
plants, especially in soil subject to drought (Querejeta
et al. 2007; Caldwell et al. 1998). Implications for
phytoremediation are obvious as beneficial effects of
mycorrhiza and other root-associated microbes on
contaminant removal from soil were evident in many
studies (Schnabel and White 2001; Liste and Prutz
2006; Chen et al. 2007). Microbial inoculants were
proposed to further aid plant growth in polluted soil
and promote contaminant degradation in the root zone
(Kuiper et al. 2001; Saleh et al. 2004). The introduced
microbes may also perform better and produce more
consistent phytoremediation success when paired with
HL plants, particularly if the contaminated land is dry.

Water deposition by HL is not restricted to the
upper soil horizon but has been observed even at
depths of 2 m. Therefore, HL effects on contaminant
removal may extend further down as HL-promoted
root growth into deeper soil layers increases extrac-
tion and upward movement of deep-soil contami-
nants. The additional chemical burden absorbed by
the roots could be distributed from depth via HL
much faster than by capillary rise to surface soil.
Maximum speeds of xylem sap flow reached 2 m h−1

in conifers, 60 m h−1 in herbaceous species, and
150 m h−1 in lianas (Schulze et al. 2002). In
comparison, capillary rise of water in differently

textured soils ranged from 1 to 5 mm day−1 when
groundwater was 100 cm below the planted soil
surface (Scheffer and Schachtschabel 2002). Upward
transport of root-absorbed contaminants or metabo-
lites in plants was reported for heavy metals (Salt
et al. 1998; Page et al. 2006) and organic compounds
such as the explosives RDX and TNT metabolites
(Schoenmuth and Pestemer 2004a, b). No subsequent
release of lifted contaminants from plant roots into
surface soil has been reported in the literature. But if
contaminants are placed in surface soil, the conditions
for their aerobic biodegradation are usually more
favorable than in deeper soil horizons (Olson and
Fletcher 1999). However, hydraulically lifted com-
pounds or toxic metabolites could potentially accu-
mulate in surface soil, at least temporarily and mainly
near the excreting fine roots. This may increase
environmental and human health risks, which must
be evaluated prior any application of HL plants in soil
phytoremediation strategies.

Next steps toward HL application

For a future field application of HL, suitable plants
must be identified. Regardless of the application
purpose, root depth is a key initial plant screening
criterion since HL primarily depends on access to
water deeper in soil. Evidence exists that certain plant
families are more likely to include either shallow- or
deep-rooted plants and that differences in the shape
and size of root systems may be caused by physio-
logical, anatomical or morphological traits that are
specific to a species or plant family (Schenk and
Jackson 2002). While rooting depths were not
different between C3 and C4 plants, the authors found
that maximum rooting depths and root system sizes
differed among plant growth forms and increased with
aboveground plant size: annuals<perennial forbs=
grasses<semi-shrubs<shrubs<trees. Many legumes
(woody Mimosaceae, herbaceous Fabaceae) in water-
limited environments were deeply rooted. Plants in
the Asteraceae tend to be deeply rooted as compared
to other herbaceous plants, but shallow-rooted when
compared with other woody plants. Fibrous-rooted
grasses were more deeply rooted than the average
herbaceous plant (Schenk and Jackson 2002). The
depth record for a grass was for Achnatherum
splendens at 6 m in the semi-deserts of Kazakhstan,

12 Plant Soil (2008) 313:1–17



close to the depth records of 6.5 m for tap-rooted
perennial forb species Karelinia caspia (Asteraceae)
and Zygophyllum fabago L. (Zygophyllaceae) from
the same environment (Baitulin 1979). Hence, fibrous
root systems may not always be shallower than tap-
rooted ones. The roots of some 48 crop species grown
in the field typically penetrated depths of 150 to
300 cm (Borg and Grimes 1986). Very consistent with
the occurrence of hydraulic redistribution, including
HL, were plant species with dimorphic root systems,
comprising deep roots in addition to superficial lateral
roots (Scholz et al. 2002). In any case, a pool of
suitable deep rooting plants should be selected for
intended sites and application purposes and then be
examined for their ability to actually conduct HL.
Most promising HL candidates are eventually tested
under specific application-relevant conditions, e.g. at
different groundwater depths, soil properties, man-
agement systems, and climates. HL plant species or
varieties designed for crop or forage production
systems, if not of direct agronomic value, must
function well as intercrops that do not compete but
effectively bioirrigate and promote the growth of non-
lifting main crops. This requires complementary

resource use by the coexisting plant species, i.e. the
acquisition of resources such as water and nutrients
by the root systems of the associated species must
occurs from spatially discrete sources or at discrete
times (Smith et al. 2004). Hydraulically lifting CAM
plants seem perfect intercrop candidates as they
release water into soil during the day when C3 and
C4 crops extract and transpire most, thereby avoiding
competition for water. This also applies to plant
species that released hydraulically lifted water from
shallow roots into upper soil during both the day and
the night (Scholz et al. 2002).

Conclusions

Assuming adequate solar energy, the availability of
water in soil becomes the key factor limiting growth
and survival of terrestrial plants, the functioning of
soil biota and processes, and hence, crop and timber
yields. Engineered systems overcome soil water
deficiencies, but are expensive, inefficient, and
therefore unrealistic for universal application, partic-
ularly in regions of fresh water shortage. The field
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Water Water
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- Phytoremediation

Night: Trans piration low
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Water
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Fig. 1 The process of hydraulic lift (HL) and potential benefits for the water-lifting plant and neighboring species in crop production,
land restoration, and soil phytoremediation systems
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application of plants capable of hydraulic lift could
provide an attractive, feasible, and low-cost biological
alternative to engineered irrigation systems. HL plants
can lift water from deeper soil layers to drought-
affected top soil horizons and may promote the
growth of neighboring crops or other target plants
and perhaps boost key soil biochemical processes
such as nutrient replenishment, contaminant elimina-
tion, and carbon sequestration in terrestrial ecosystems
(Fig. 1). Many questions remain unanswered, e.g.
which plant species conduct hydraulic lift most
effectively under particular conditions; grow rapidly
and robustly; do not suppress the primary or protégé
plant; fit best in different cropping, intercropping,
land revegetation, and phytoremediation systems; best
meet regional economic and social needs; or affect
specific ecosystems the least. Beside benefits, future
research inquiries also need to address possible risks
associated with the scale up of HL applications,
including faster exhaustion of soil and ecosystem
water reserves, surface soil salinization, or the accu-
mulation of lifted deep soil contaminants in surface
soil. For example, the patterns of use and redistribution
of soil water by plant species have considerable impact
on the hydrological cycles in terrestrial ecosystems
(Jackson et al. 2000), can alter the water balances of
entire forests and regions (Espeleta et al. 2004), or
even modify seasonal climate in a particular area (Lee
et al. 2005). Large changes in ecosystem hydrology
can occur as a result of relatively small changes in
species composition (Espeleta et al. 2004). Therefore,
along with any large scale application of hydraulic lift,
possible environmental impacts must be assessed.
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