
Hydraulic lift: processes, methods, and practical
implications for society

Salah M. Alagele . Shibu Jose . Stephen H. Anderson . Ranjith P. Udawatta

Received: 16 May 2020 / Accepted: 12 March 2021 / Published online: 20 March 2021

� The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract Soil water is an essential factor in soil–

water–plant studies and larger-scale hydrological

investigations. It is considered more critical than other

factors that limit plant growth and also affects many

fundamental biophysical processes. New strategies are

needed to overcome drought and to maintain environ-

mental sustainability. Hydraulic lift (HL) or hydraulic

redistribution (HR) processes are one of these strate-

gies found in soil–plant systems, but their effects on

crop production and the environment have not been

well documented. This article reviews (1) the process

of HL, (2) methods showing evidence of HL using soil

water potential (Ws) and sap flow techniques, (3)

hydraulically-lifting plants, and (4) practical implica-

tions for society. The HL is whereby soil water may be

transported upward by deep roots of trees and grasses

from the moist region (subsurface) to dry region

(surface) at night. Thus, HL provides water to areas

planted to shallow rooted plants at the upper soil

layers. The HL of water by roots from wet to dry soil

layers is a potential approach for better use of water

resources for crop/grass growth. Also, increases in soil

water by HL improve root growth and function which

include soil carbon decomposition or nutrient miner-

alization rates, and this can probably be associated in

nutrient cycling. Another benefit is that mycorrhizal

fungi play a relevant role in HL and in the redistri-

bution of this water among plants. Thus, HL provides

many soil, agricultural, and environmental benefits.

Keywords Agroforestry � Climate change � Crop

production � Hydraulic distribution � Sap flow � Soil

water content � Soil water potential

Abbreviations

HL Hydraulic lift

HR Hydraulic redistribution

SWC Soil water content

Ws Soil water potential

Introduction

Soil water has a predominant influence in prescribing

engineering, agronomic, ecological, biological, and

hydrological properties of the soil, and it is an

S. M. Alagele (&)

Department of Desertification Combat, College of

Agricultural Engineering Sciences, University of

Baghdad, Baghdad, Iraq

e-mail: salah.alagele@coagri.uobaghdad.edu.iq

S. Jose � S. H. Anderson � R. P. Udawatta

School of Natural Resources, University of Missouri, 302

Anheuser-Busch Natural Resources Building, Columbia,

MO 65211, USA

R. P. Udawatta

The Center for Agroforestry, University of Missouri, 203

Anheuser-Busch Natural Resources Building, Columbia,

MO 65211, USA

123

Agroforest Syst (2021) 95:641–657

https://doi.org/10.1007/s10457-021-00614-w(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0002-2963-5435
http://orcid.org/0000-0002-5664-6121
http://orcid.org/0000-0002-2097-7922
http://crossmark.crossref.org/dialog/?doi=10.1007/s10457-021-00614-w&amp;domain=pdf
https://doi.org/10.1007/s10457-021-00614-w


environmental, hydrological, and climatic variable

that has an impact on many fundamental biophysical

processes (Susha Lekshmi et al. 2014). Soil water is a

critical component in agricultural production for

optimal plant yields (Ofori et al. 2014). The availabil-

ity of sufficient amounts of soil water throughout the

growing season, particularly during dry climatic

regions is essential for plant growth which is influ-

enced by water stored in the soil (Al-Kaisi et al. 2012).

Soil water content (SWC) is an essential factor for

determining the water and energy balances in the soil,

transporting chemicals (e.g., fertilizers or pesticides)

and managing irrigation (Seyfried and Murdock

2001). Thus, soil water becomes quite important in

the field of agricultural, hydrological, and environ-

mental aspects (Robinson et al. 2008).

When the SWC is lower than optimal, plants will

not be capable of withdrawing water from the soil fast

enough in response to potential evapotranspiration.

Soil water extracted by plant roots, is transformed into

transpiration (Novák and Hlaváčiková 2019). In

general, transpiration is the transport of water from

the roots to the substomatal cells of leaves. Then, the

liquid phase changes to the gaseous phase (water

vapor) and is transported from substomatal cells to the

atmosphere following a decreasing water potential

gradient (creating a lower osmotic potential in the

leaf) (Hopkins and Hiiner 2009). Before the transpi-

ration process can proceed, plant roots absorb soil

water and potentially store water in the living plants or

flow through the plant xylem. This stored water will be

lost from the plant leaves and back to the atmosphere

through the stomata (Liste and White 2008). Some of

the water stored in the living plants is released from

the root system into the soil at night by a phenomenon

known as ‘‘hydraulic lift (HL) or hydraulic redistri-

bution (HR)’’ (Burgess et al. 1998). The HL usually

occurs at night when transpiration has diminished

sufficiently to allow the water potential in the roots to

exceed the Ws in the drier portions of the soil. This

process describes the water movement from plant

roots into the soil where Ws is lower (Caldwell et al.

1998; Neumann and Cardon 2012).

The transfer of water via roots from the moist and

deeper soil layers to relatively drier upper soil layers is

termed as ‘‘Hydraulic lift’’ (Richards and Caldwell

1987; Hirota et al. 2004). This phenomenon may be

useful for improvement in crop production, the

environment, and restoration of degraded land (Liste

and White 2008). However, HL may occur when

plants (trees or grasses) have access to sufficient

amounts of water in deeper layers; therefore, they can

transfer the water from the moist layers to dry soil

layers through their roots. Emerman and Dawson

(1996) defined HL and reported that the water is

absorbed at night by deep tree roots, or possibly

grasses, and delivered to the dry and upper soil layers.

This can provide the opportunity for parasitism of the

released water to roots of neighboring plants (Cald-

well 1990).

Strategic planning of agricultural management

systems is required to improve water productivity as

well as a good understanding of crop water use. For

instance, in dry seasons during the growing period,

plant water demand exceeds water supply, and hence

plants may suffer from severe water stress. Finding

alternative water sources is important (1) to reduce

plant water stress, (2) to meet the metabolic require-

ments and transpiration demand, and to overcome

other environmental challenges (Horton and Hart

1998; Gerjets et al. 2017). The process of HL can

play a vital role in water movement from the deep tree

roots to the drier upper soil; this process may provide

additional water for shallow-rooted and neighboring

crops (Gerjets et al. 2017). Additionally, the integra-

tion of trees with crops could improve and maintain

soil water resources available for plants during

drought periods due to the reduction of potential

evapotranspiration from plants and soil (shading) as

well as wind speed (Lin 2010).

Richards and Caldwell (1987) reported that plant

roots commonly pass through dry soil layers to layers

that contain more moisture. In general, Ws is often

more negative in the drier soil layers than the root

water potential. If water is lost from plant roots to drier

soil, the root systems can form a bridge for water

transport between soil layers. Therefore, this phe-

nomenon can be defined as a process of water

movement from wet to dry soil layers using the plant

system as a conduit. In this process, the water

movement direction is upward towards the drier and

shallower soil layers (Caldwell et al. 1998).

The HL has been observed in many natural tree-

grass mixtures and ecosystems (Burgess et al. 1998;

Ludwig et al. 2003). The HL has been documented for

various plant species with different climates. Several

researchers have conducted many studies to examine

the impacts of various plant species on the HL
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(Richards and Caldwell 1987; Dawson 1993; 1996).

Richards and Caldwell (1987) found in the field plots

of interspersed sagebrush (Artemisia triden-

tata ssp. vaseyana (Rydb.) Beetle) and tussock

grasses (Agropyron desertorum and Agropyron spi-

catum) that the water was absorbed and transported at

night from moist to drier upper soil layers by deeper

roots of these plant species. Using a sugar maple (Acer

Saccharum), Dawson (1993, 1996) found that greater

aboveground growth occurred under plants that

utilized a high amount of hydraulic-lifted water with

significantly higher leaf water potentials as compared

with another neighboring plant that used little or no

hydraulically-lifted water. Also, a study implemented

by Kurz-Besson et al. (2006) indicated that there were

apparent relationships which were found between leaf

water potential and xylem sap isotopic composition,

and these relationships confirmed the critical effect of

the redistribution of groundwater in the Cork-oak

tree (Quercus suber L.).

A better understanding of the HL process and its use

in various vegetative management systems (trees/-

grass) can improve agricultural sustainability. The HL

may have positive environmental benefits such as

climate change mitigation, production improvement,

and sustainable use of soil and water resources

(Burgess 2011). Also, this phenomenon can contribute

to providing a water source to irrigate neighboring

plants and conserving soil with implications to poten-

tially improving crop production. The approach used

for this review consisted of collecting several pub-

lished papers on the process of HL to illustrate

evidence for supporting this process. Also, this review

(1) provides details on field and laboratory methods

and different techniques (measurement of soil water

potential (Ws) and sap flow) for evaluating hydrauli-

cally-lift by plants and (2) shares the practical

implications of the HL for society.

Process of hydraulic lift

Water is a vital component of every living organism

(Novák and Hlaváčiková 2019). Although it is one of

nature’s simplest chemicals, water has unique proper-

ties that contribute to a wide variety of physical,

chemical, and biological processes (Susha Lekshmi

et al. 2014). These processes significantly affect

almost every portion of soil development and

behavior, as well as the growth of plants (Weil and

Brady 2016). Fifty percent of the world’s population

could be subjected to water stress if present trends of

global climate change, as well as local/global climate

warming and rising human consumption of water

resources, continue (Zhang et al. 2018). Water deficit

can adversely influence plant growth and sustainable

agricultural production (Dawson 1993). Finding other

water sources and developing more efficient water

utilization methods are significantly needed. The HL is

one of these solutions, but its potential for agronomic

and agricultural applications has received little

consideration.

The HL is the movement of water from moist to dry

soil layers by plant root systems (Caldwell et al. 1998).

Many researchers have studied the process of HL

(Caldwell et al. 1998; Emerman and Dawson 1996;

Burgess et al. 1998; Jackson et al. 2000; Liste and

White 2008; Armas et al. 2010; O’Keefe and Nippert

2017). These researchers reported that water is

absorbed by plants from all depths (soil layers) in

which soil moisture is available, and this water passes

into the transpiration stream through living plants

during the day. At night when whole-plant transpira-

tion is reduced (due to stomata being closed), and plant

water potential rises; water moves from moist soil

through the root system to drier soil layers. Movement

of water during nighttime depends on a passive

mechanism driven by a water potential gradient that

transports water through the root system, from the

deep moist to the upper drier soil layers (Richards and

Caldwell 1987). If the soil in deeper layers is wetter,

water moves from deeper to more shallow, drier soil

layers (Fig. 1). Patterns of water flow from plants to

soil can occur as described by Prieto et al. (2012).

They indicated plant transpiration draws water inflow

from the soil through stems and to the atmosphere

through stomata during the daytime. However, when

stomata are closed during periods of reduced plant

transpiration which occurs during the night, plant

water potential equilibrates with the soil water poten-

tial. This effect can cause water transport due to the

water potential gradient between active plant roots and

the drier soil resulting in water flow to drier soil (Prieto

et al. 2012).

The HL may have important consequences for

ecosystem water balance where plant roots create

large gradients in Ws (Hultine et al. 2004). Also, HL is

affected mainly by the physical properties of root and
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soil, and it may occur whenever root systems penetrate

soil layers at different Ws (Leffler et al. 2005). Liste

and White (2008) stated that water moves from all

regions of soil from regions of higher Ws toward

regions of lower water potential into the transpiration

stream during the day when leaf stomata are open. At

night when stomata are closed, transpiration decreases

or ceases through the taproot of trees or grasses to

plant leaves (Fig. 1). Water moves from roots into the

upper soil layers, and this amount of water may

irrigate neighboring plants. The transport of water is

available not only for the plant itself but also for its

neighbors (Sekiya et al. 2011).

Although the water release mechanism is not

entirely understood, the amount of hydraulically-lifted

water can be substantial each night. Therefore, HL is

useful for plants, and transporting the water may be

considered a significant water source with water

uptake by neighboring plants (Horton and Hart

1998). This system enables deeper-rooted trees or

grasses to obtain water, which is out of reach of

shallow rooted crops, and may be of significant benefit

to these crops in water-scarce environments (Burgess

2011). Thus, HL places soil water resources where

they would otherwise not occur and assists a range of

ecological and hydrological consequences (Neumann

and Cardon 2012). The HL deserves more attention

from landowners, farmers, economists, soil/crop sci-

entists and policymakers due to this process having

important environmental consequences for (1) soil

water recharge and (2) survival of plants through

drought periods (Leffler et al. 2005).

Methods showing evidence of hydraulic lift

The HL can provide many positive environmental

benefits such as crop production and sustainable use of

soil and water resources. Hydraulically-lifted water

can be detected through different measurement tech-

niques, which include assessment of daily oscillations

in bulk soil around root systems, evaluation of sap

flow, and other techniques (Prieto et al. 2012). Table 1

shows the main methods that have been employed for

supporting and showing evidence of HL for both field

and laboratory conditions. The HL can be recognized

through different methods (Table 1), but these often

depend on detecting daily changes in bulk soil

moisture around root systems. Several researchers

studied the process of HL and employed various

Fig. 1 Schematic showing the hydraulic lift (HL) process and some possible benefits for the water-lifting plant and neighboring plant

(from Liste and White 2008)
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techniques to support evidence of the occurrence of

this phenomenon (Richards and Caldwell 1987;

Dawson 1993; Burgess et al. 1998; Wan et al. 2000;

Prieto et al. 2010a).

Measurement of diel fluctuations using soil water

potential (Ws)

The soil water potential (Ws) is sometimes more

negative in the drier soil than the root water potential

(Wr) for roots in moist soil. Most evidence for the

process of HL has come from the studies of measure-

ment ofWs. Water movement in unsaturated soil zones

is based on both Ws and gravity, but when gravity is

less significant, differences in soil water potential

(matric and/or osmotic) are the main force for water

movement and act as drivers for the HL. However,

recent experimental evidence shows that HL is much

more complex than previously thought and a complex

source-sink system in the plant-soil interface (Scholz

et al. 2002). Many researchers believe that a gradient

in Ws between the upper and lower soil layers can be

established, which is the driving force for the HL. The

mechanism employed to demonstrate this process is

based on the passive movement of water down a water

potential gradient. Thus, several researchers have

studied and measured Ws to illustrate evidence of the

HL (Richards and Caldwell 1987; Caldwell 1990;

Dawson 1993, 1996; Emerman and Dawson 1996;

Yoder and Nowak 1999; Kurz-Besson et al. 2006;

Prieto et al. 2010a, b).

A study was conducted by Richards and Caldwell

(1987) to monitor the process of HL using soil

moisture techniques for two consecutive years (1985

and 1986). The (Ws) was measured by screen-cage

thermocouple psychrometers during drying cycles in

the midsummer of 1985 and 1986 with field plots of

two plant species, which included sagebrush (Artemi-

sia tridentata ssp. vaseyana (Rydb.)) and tussock

grasses (Agropyron desertorum and Agropyron spica-

tum). Figure 2 shows that water is rapidly lost from the

plant during the day (stomates open in the daytime),

with results illustrating that a high decrease in Ws

during the day. At night, increasing Ws was observed

with time due to stomatal closure of the shrubs, and the

uptake of root water from the 35 to 80 cm soil depths

quickly slowed when plants were no longer transpir-

ing. The daytime decreases of Ws exceeded the

nocturnal increases. As evidence that these differences

in Ws at day and night come from the HL process, the

researchers noticed during transpiration-suppression

experiments using plastic bags over the plant shoots

that there was an increase in Ws during both day and

night.

Prieto et al. (2010a) assessed the HL patterns under

different arid land shrubs. They also performed

transpiration suppression experiments in the two

locations: during spring 2005 in Chile and during

spring 2008 in Spain on five different shrub species.

Table 1 The main techniques used to show evidence of HL for field and laboratory conditions ( modified from Prieto et al. 2012)

Evidence method Technique Variable

measured

Soil Status References

Soil moisture and Soil

water potential

Soil psychrometers Water

potential

(Ws)

Nondestructive Richards and Caldwell (1987), Dawson

(1993), Prieto et al. (2010a)

Time-domain

reflectometry

Water content

(h)

Nondestructive Topp et al. (1996), Wan et al. (2000)

Frequency domain

capacitance

Water content

(h)

Nondestructive Paltineanu and Starr (1997), Brooks et al.

(2002)

Sap flow Heat ratio method Sap velocity/

direction

Semidestructive Burgess et al. (1998, 2000)

Stem heat balance Sap velocity/

direction

Nondestructive Wan et al. (2000)

Thermal Dissipation Sap velocity/

direction

Nondestructive Brooks et al. (2002)
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Transpiration suppression experiments were con-

ducted with covered shrubs by black, opaque plastic

fabric for a period of 48–72 h, and measurements of

Ws were recorded at different depths under these

shrubs. Determinations of Ws were implemented using

soil psychrometers, which were installed at 40-, 60-,

and 80-cm depths in Quebrada El Romeral in Chile

and at 30-, 50-, and 80-cm depths in Rambla del

Saltador in Spain. They found that Ws decreased

during the day as plants were actively losing water,

whereas Ws increased in the upper soil layers at night

when transpiration was lower. The significance of the

cycle was the greatest at a depth of 30 cm in Spain or

40 cm in Chile (Fig. 3). A continuous increase in Ws

was recorded with suppressed transpiration. They

concluded that the increases in Ws during prolonged

periods of low transpiration could be significant with

plants performing the HL.

A study conducted by Dawson (1993) reported that

at 20 and 35 cm soil depths demonstrated distinct diel

oscillations. A fragipan layer (hardpan) was observed

at a depth of approximately 50 cm. From their

observations of root distributions, some larger diam-

eter (1.9–3.7 cm) roots penetrated the fragipan layer,

and they established new roots in the deeper soil layers

near the groundwater table. These results illustrated

that the moisture found in the upper soil layer was not

come from capillary rise, from the shallow water table,

during the night due to the presence of the hydrauli-

cally restrictive fragipan at 50 cm depth. The fragipan

layer prevents movement of water from deeper layers

to upper soil layers due to this layer having very low

permeability for water movement. They concluded

that the tree roots absorbed water at night from the

deeper layer and released it into the upper 35-cm soil

layer, above the fragipan (Fig. 4).

These observations from different studies explain

that an increase in Ws (less negative) and SWC within

the upper soil layer is much higher than can be

supplied by the upward movement of water in the soil

alone. At night or under cloudy days, transpiration and

evaporation processes will be lower; these could help

to transfer water from plant roots to soil and also allow

recharging water into upper soil layers from deeper

layers, which may irrigate neighboring shallow-rooted

plants (Bayala et al. 2008; Bayala and Prieto 2020).

Also, these studies stated that the water employed by

some of the neighboring plants may have a positive

impact on their water use patterns and plant growth.

Measurement of sap flow

It is essential to know how much water is used by

plants to determine better soil–plant conditions. This

information could be useful to identify plant water use

under different conditions which include well-watered

Fig. 2 Graph showing measurement of soil water potential (Ws) (megapascal, MPa) at three soil depths (35, 50, and 80 cm) during the

daily cycle with a transpiration-suppression in July 1986 ( modified from Richards and Caldwell 1987)
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Fig. 3 Graphs showing soil water potential (Ws) (megapascal,

MPa) measured at 30 cm depth under representative individuals

of Retama sphaerocarpa (a) and Artemisia barriers (b) in Spain

and at 40 cm depth under representative individuals of

Flourensia thurifera (c) and Senna cumingii (d) in Chile. Solid

lines are the measured water potential. Dashed lines are modeled

HL patterns in the absence of transpiration suppression. Grey

bars are nighttime periods. Thick grey bars are the period when

the plants were covered ( modified from Prieto et al. 2010a)

Fig. 4 Graph showing diel fluctuations in soil water potential

(Ws) (megapascal, MPa) measurements at selected distances

away from each tree at five positions (0.5, 1.0, 1.5, 2.5, and

5.0 m. Lines represent an average of 20 and 35 cm soil depths (

modified from Dawson 1993)
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versus water-stressed conditions and sunny versus

cloudy conditions. Further evidence of the HL process

using the sap flux technique is among the most useful

methods to detect water stress and to assess plant water

consumption (Fu et al. 2016). The measurement of the

whole plant transpiration has many applications. A

constant power heat balance gauge method has been

shown to provide accurate stem flow measurements,

where the xylem mass flow rate is calculated from a

balance of heat into and out of a stem (Dugas 1990).

The constant heat balance technique measures the

mass flow of sap depending on heat dissipation by

convection (Lott et al. 1996). This method can be used

to estimate crop water use (Nicolas et al. 2005) since

transpiration is closely related to xylem sap flow

(Fernández and Moreno 1999; Bethenod et al. 2000).

Therefore, sap flow measurement within root systems

is one of the methods to study the HL phenomenon

more closely. Some researchers have proven hydrauli-

cally-lifted water using a sap flow technique to show

evidence for HL (Dawson 1996; Burgess et al.

1998, 2000; Kurz-Besson et al. 2006; Wan et al.

2000; Prieto et al. 2010b).

A study conducted by Burgess et al. (1998) used a

modification of the heat pulse method to measure sap

flow in plant roots of Grevillea robusta and Eucalyp-

tus camaldulensis as well as demonstrated a redistri-

bution of soil water from the deeper soil profile to the

dry upper soil layers by the root systems. They found

that there were two different water movement patterns

which include: (i) movement of water from deeper to

upper soil layers (they reported this as the HL process),

and (ii) flow of water from upper to deeper layers in the

soil profile (they stated that this is the reverse of the

HL process). Figure 5 shows that there were two

periods: (1) before rain (days 1–6) and (2) after rain

(days 7–12). Before the rain, flow rates in lateral roots

of G. robusta were negative, moving away from the

stem base towards the root tips, during the night and at

lower rates of transpiration, and flow rates were only

favorable during periods of high transpiration demand.

This pattern of sap flow strongly supports the process

of HL. After the rain, sap flow was positive in the

lateral roots as the water was quickly absorbed from

the surface layers, and water transported to roots in

deeper and drier soil layers (this is reverse of HL).

Baker and Van Bavel (1987) and Wan et al. (2000)

evaluated the impacts of the HL process on plant

transpiration. They employed the technique of sap

flow using a stem heat balance from 9 to 11 April

involving two drought-tolerant maize (Zea mays L.)

hybrids (TAES176 and P3223) during the flowering

stage (Fig. 6). Two drought-tolerant maize (TAES176

and P3223) were selected because these plant species

represent high and low capacities of HL, respectively.

The peak transpiration of TAES176 was 42 and 27%

higher than that of P3225 on 9 and 10 April,

respectively. These results imply that higher transpi-

ration in drought-tolerant maize (Zea mays L.) hybrid

(TAES176) may have probably resulted from water

exudation into the upper soil, which triggered a higher

stomatal conductance. On the other hand, drought-

tolerant maize (Zea mays L.) hybrid (P3225) seems

unable to meet the higher transpiration demand due to

root hydraulic conductance being insufficient and

hence lower for hydraulically-lifted water. Thus, the

sap flow technique using the stem heat balance and

heat ratio method detects the process of HL, and this

method can measure changes in direction and quantity

of sap flow (Burgess et al. 2000).

Two processes which include HL and reversal of

the process of HL have been noted during their

observations when they used these techniques (Bur-

gess et al. 2000). The researchers suggested that the

term HL is inappropriate, and hence they used the term

HR, which is more appropriate and more comprehen-

sive for a description of these observations. Also, they

concluded that more water may be transported into the

Fig. 5 Graph showing hourly averages of heat pulse velocity

(Vh) (6–17 November 1996) measured by the heat ratio in the

Trunk (Trunk-HR) as well as the heat ratio (Root 1-h) and

compensation (Root 2-C) method in two lateral roots of G.

robusta at Machakos Field Station, Kenya. Negative flow in

Root 1-h indicates the flow away from the trunk, towards the

root tips (from Burgess et al. 1998)
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upper drier soil layers when transpiration is suppressed

by shading and during nighttime (Warren et al. 2008).

Investigations during many studies have been con-

ducted to detect the HL process. They have employed

measurements of diurnal SWC and Ws patterns and

sap flow techniques that have focused on the magni-

tude of HL and its contribution to ecosystem water

flux. Although these techniques are time-consuming,

often are difficult to perform for certain conditions,

and often are expensive, these methods also provide a

better understanding and extent to which HL occurs in

soil–plant systems. Thus, using these techniques has

shown that there was obvious evidence of the occur-

rence of the HL, and both of these two types of

approaches should be extensively used for investigat-

ing the HL.

Hydraulically lifting plants

Throughout the world, the process HL has been

reported in over 60 plant species in many biomes, from

tropical and temperate forests to arid and semi-arid

ecosystems (Prieto et al. 2012). The HL has clearly

been detected for a few species of herbs, grasses,

shrubs, and trees, but it is believed to be a more general

phenomenon (Caldwell and Richards, 1989). The

diversity of plant species in different studies and

experiments, including field and laboratory, doesn’t

indicate that the process of HL is necessarily limited to

particular plant species. Tables 2 and 3 show different

experiments in the laboratory and field, respectively,

with diverse species of plants. Researchers have

utilized different plant species such as woody taxa

(trees and shrubs) and various species of herbs and

grasses in selected experiments in order to prove that

the phenomena of HL can occur. Most of these studies

have reported that HL occurs because they found

variations in Ws in an individual species.

Studies were conducted by Richards and Caldwell

(1987) and Caldwell and Richards (1989) using

sagebrush (Artemisia Tridentata), which is an aro-

matic shrub from the family Asteraceae and grows in

arid and semi-arid conditions. They found that the

deep roots of the shrub were significantly enhanced

with HL, as indicated by reductions of 25–50% in

transpiration. They reported that HL has important

implications for plant water relations, mineral nutrient

uptake, competitive interactions among neighboring

plants, and arid land hydrology. Results also demon-

strated that deeper roots seem to absorb and transport

water during both day and night.

Fig. 6 Graph showing sap flow average of the hybrids TAES176 and P3225 on 9–11 April. The plants were shaded in mid-morning (the

hatched bars), and the shade was removed in the early afternoon ( modified from Wan et al. 2000)
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Different studies were performed by Dawson

(1993, 1996) and Emerman and Dawson (1996) using

sugar maple (Acer saccharum). These experiments

found that neighboring trees, which conduct HL, can

utilize a significant proportion of this water source,

which comes by absorbing water from deep roots of

trees, and this water passes from the deeper roots into

the upper soil layer at night, for irrigating neighboring

plants. The process of HL could also lessen the impact

of drought on the performance and growth of neigh-

boring plants. A study conducted by Jackson et al.

(2000) demonstrated that large trees (e.g., sugar

maple) may lose around 350–600 L day-1 and can

transfer 100 L of water into the rhizosphere each night

throughout much of the growing season at the soil

surface. On the other hand, small trees require access

to deeper groundwater and do not redistribute much

water. Jackson et al. (2000) concluded from field

measurements that soil and root water potential, soil

properties, and the size distribution of trees were the

most important parameters that are needed for assess-

ing the HL phenomenon.

The HL was investigated by Wan et al. (2000) in

greenhouse research including two drought-tolerant

maize (Zea mays L.) hybrids throughout the flowering

stage. They stated, as mentioned before in the upper

soil under TAES176 and P3223 hybrids, that higher

root volume and larger primary roots (20–28% larger

diameter) for TAES176 may contribute to higher root

hydraulic conductance and more significant water

efflux from the roots than a drought-susceptible hybrid

(P3225). Using blue oak (Quercus douglasii) wood-

land as indictor, Ishikawa and Bledsoe (2000) found

that there were diurnal Ws fluctuations (gradual

increase at night and rapid decrease during daytime).

This observation has provided significant evidence for

continued blue oak root activity throughout the

summer.

A study carried out at the Texas Agricultural

Experiment Station using savanna tree-shrub clusters

as evidence, Zou et al. (2005) indicated that the

process of HL is common but temporally dynamic in

these Savanna (tree-shrub groups), as well as HL is

considered an important process for some of these

communities (tree-shrub), but not all understory

shrubs. Kurz-Besson et al. (2006) found at the peak

of the drought season that hydraulically-lifted water in

the cork oak (Quercus suber) trees were estimated to

account for 17–81% of the water used during the

following day by tree transpiration. Also, a positive

influence was noted with xylem sap isotopic compo-

sition and leaf water potential in early September; this

observation confirmed the redistribution of ground-

water in the rhizosphere on tree water status.

Table 2 A list of selected plant species used in laboratory hydraulic lift (HL) experiments and the nature of evidence

Plant species Reference Nature of evidence

Phaseolus vulgaris (bean) Schippers et al.

(1967)

Water efflux from hypocotyl

Populous species (poplar) Hansen and

Dickson (1979)

Water transfer between roots of

neighboring seedlings

Cynodon dactylon * C. transvaalensis (bermudagrass) Baker and van

Bavel (1986)

Water transfer between soil

compartments

Medicago sativa (alfalfa) Corak et al. (1987) Water transfer to maize plants in the

same pot

Gossypium hirsutum (cotton) Baker and van

Bavel (1988)

Water transfer between soil

compartments

Prunus persica (peach) Glenn and Welker

(1993)

Water transfer between soil

compartments

Eucalyptus viminalis Phillips and Riha

(1994)

Water transfer between soil

compartments

Zea mays (maize) Topp et al. (1996) Water efflux from individual roots

A markhamia tree (Markhamia lutea (Benth.) Schumann) and

upland rice (Oryza sativa (L.))

Hirota et al. (2004) Sap flow measurement and soil

volumetric water content
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Table 3 A list of selected plant species illustrating HL in the field from different studies and the nature of evidence

Plant species Reference Nature of evidence

Artemisia tridentate (sagebrush) Richards and

Caldwell

(1987)

Caldwell and

Richards

(1989)

Ws fluctuations, daytime bagging experiment,

deuterium labeling, nighttime lighting experiments

Agropyron desertorum (crested wheatgrass) Caldwell

(1990)

Ws fluctuations, nighttime lighting experiments

Gutierrezia sarothrae (broom snakeweed) Wan et al.

(1993)

Water accumulation in the upper root zone, soil water

content fluctuations

Acer saccharum (sugar maple) Dawson

(1993, 1996)

Ws fluctuations, natural abundance of deuterium

Acer saccharum (sugar maple) Emerman and

Dawson

(1996)

Ws fluctuations, nighttime—lighting

Grevillea robusta and Eucalyptus camaldulensis Burgess et al.

(1998)

Sap flow measurement

Larrea tridentata (deep-rooted species) Yoder and

Nowak

(1999)

Ws fluctuations, nighttime lighting/shading experiments

Ephedra nevadensis (shallow-rooted species)

Ambrosia dumosa (shallow-rooted species)

Lycium pallidum (drought-deciduous species)

Yucca schidigera

Achnatherum hymenoides

drought-tolerant maize (Zea mays L.) hybrids Wan et al.

(2000)

Sap flow measurement and soil volumetric water

content

blue oak woodland Ishikawa and

Bledsoe

(2000)

Ws fluctuations, day-night cycles

P. palustris, Q. laevis, Q. incana, Q. margaretta, A.
stricta and S. scoparium

Espeleta et al.

(2004)

Ws fluctuations and soil temperature, nighttime and

lighting experiments

savanna tree–shrub clusters Zou et al.

(2005)

Diel cycling and nocturnal increases in soil water

potential (Ws)

Cork-oak (Quercus suber L) Kurz-Besson

et al. (2006)

Ws daily fluctuations, day-night cycles as well as soil

water isotopic composition

karite� (Vitellaria paradoxa) and ne�re� (Parkia
biglobosa) tree species

Bayala et al.

(2008)

Ws fluctuations, day-night cycles

Juniperus phoenicea subsp. Turbinate (Cupressaceae) Armas et al.

(2010)

physiology measurements, including water relations,

CO2 exchange, photochemical efficiency, sap

osmolality, and water and C isotopes

Flourensia thurifera, Senna cumingii and Pleocarphus
revolutus (Chile), Retama sphaerocarpa and Artemisia
barrelieri (Spain)

Prieto et al.

(2010a)

Ws fluctuations, day-night cycles

Retama sphaerocarpa (L.) Boiss, a tree-like shrub Prieto et al.

(2010b)

Ws fluctuations, day-night cycles, and sap flow

measurement

woody and herbaceous tallgrass prairie species (Rhus
glabra, Amorpha canescens, Vernonia baldwinii, and
Andropogon gerardii)

O’Keefe and

Nippert

(2017)

Diurnal changes in the isotopic signature of soil and

plant xylem water
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Newly reported examples of hydraulically-lifted

water in the field come from different studies in

Mediterranean climates, arid ecosystems, and mesic

prairie. Prieto et al. (2010a, b) conducted field studies

using different plant species which included two

drought-deciduous shrubs, Flourensia thurifera

(Molina) D.C. and Senna cumingii (Hook. and Arn.)

H.S. Irwin et Barneby, as well as an evergreen shrub,

Pleocarphus revolutus D. Don. All of these species are

endemic to Chile. Also, the species selected for study

in Spain included Retama sphaerocarpa (L.) Boiss.,

which is an evergreen species with a dimorphic root

system that can reach 30 m deep, and Artemisia

barrelieri Besser, which is a small evergreen shrub

that also has a dimorphic root system, which

reaches[ 1 m deep. They developed a model that

was used to simulate the temporal evolution and

magnitude of the HL during a soil drying cycle under

relatively stable climatic conditions. They reported

that these plant species have carried out the HL

process.

The study conducted by Sekiya et al. (2011) used

deep-rooting systems of different perennial forage

plants of guinea grass (Panicum maximum), tall fescue

(Festuca arundinacea), white clover (Trifolium

repens), smooth bromegrass (Bromus inermis) and

sun hemp (Crotalaria juncea) with their shoots

removed to minimize the effect of light interception.

They confirmed that the approach of deep-rooting

associated plants with their shoots removed is a vital

method for HL study, and it may consider an important

irrigation tool and improvement of crop production in

water-scarce environments. A study conducted by

O’Keefe and Nippert (2017) observed diurnal changes

in the isotopic signature of soil and plant xylem water

to evaluate if the process of HL occurs in woody and

herbaceous tallgrass prairie species. They used differ-

ent species in their study which included one clonal C3

shrub (Rhus glabra L., smooth sumac), one legumi-

nous C3 subshrub (Amorpha canescens Pursh., lead-

plant), one C3 forb (Vernonia baldwinii Torr.,

Baldwin’s ironweed), and one C4 grass (Andropogon

gerardii, big bluestem). They stated that the HL could

be a patchy process, particularly in heterogeneous

soils. However, further investigations may be needed

to detect other plant species that show this process,

particularly under arid conditions. Although the

consequences of the HL for neighboring species are

many, various studies and evidence explain that the

provision of water through the HL can be a facilitative

mechanism in many plant communities (Prieto et al.

2012).

Practical implications for society

The recent food crisis has highlighted challenges with

producing sufficient crops for increased food, fiber,

and fuel demands (Mittal 2009). In addition, chal-

lenges exist in using water resources efficiently for

production needs (Godfray et al. 2010; McLaughlin

and Kinzelbach 2015). These challenges have

increased over time. Desa (2009) stated that the world

population would increase from 6.9 billion people in

2010 to 9.1 billion by 2050. Therefore, world food

demand will significantly increase, and the competi-

tion for land and water resources will also increase.

Certain areas are vulnerable to food insecurity partic-

ularly the Middle East and Africa. Water shortages,

particularly freshwater shortages and desertification in

many parts of the world, worsen, and costs for farmers

are a challenge in several countries. These challenges

can have severe environmental and economic effects

within these regions (Shetty 2006).

To overcome some of these challenges, a better

understanding of the expected climate change effects,

such as increases in temperature and evapotranspira-

tion as well as changes in rainfall distribution and

growing season length, are essential for adapting

management systems. Extensive lands in the world,

particularly in the Middle East and Africa, also need to

implement irrigation systems to meet water demand

for crops, and these irrigation systems are expensive

due to design, equipment and water application costs

(Laraus 2004). The process of HL is potentially one of

the solutions which may provide water to some of the

neighboring plants grown in combination with HL

plants which can subsequently have a positive influ-

ence on water use patterns and crop growth (Dawson

1993). The HL can provide a natural alternative to

mitigate the effects of current high water consumptive

engineered irrigation approaches.

The HL process may become a critical component

of innovative, sustainable, and low-cost irrigation

solutions around the world. For regions in the Middle

East and Africa, this natural process may be an

applicable solution for increasing crop production

since HL may work as an irrigation system and supply
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water from deeper soil layers to upper soil layers

(shallower plant roots). This increase in soil water at

the soil surface may irrigate adjacent crops and may

enhance the productivity and reduce the challenges for

the food security (Liste and White 2008). This

biological phenomenon can be used to design water-

efficient crop-tree integrated systems that utilize deep

water below the crop root zones while reducing the

evaporation losses from the near-surface due to

reduced temperature and wind velocity conditions

with the integrated trees. For example, perennial

forage plants, particularly P. maximum and F. arun-

dinaceae, have proven to function as efficient biolog-

ical irrigation systems (Sekiya et al. 2011). Many

studies propose that the process of HL may be

manipulated to create ‘‘self-irrigating’’ agroecosys-

tems in which rows of deep-rooted ‘‘water donor’’

plants alternate with water-receiving areas planted to

shallow-rooted neighboring plants in upper soil layers

in water-scarce environments which can possibly

increase crop production (Weil and Brady 2016).

The process of HL has been shown to enhance the

performance and water status of neighboring species,

particularly under dry conditions (Filella and Penuelas

2003). Necessarily, access to groundwater or other

sufficient deep-water sources in the soil is considered a

key to any bioirrigation impact in intercropping

systems, including the agroforestry management sys-

tem (Liste and White 2008). The use of selected

agroforestry management and sustainable vegetation

practices has been recommended to improve environ-

mental and ecological challenges (Udawatta et al.

2002; Kumar et al. 2012). Deep-rooted tree species,

such as casuarina (Casuarina equisetifolia L.), which

is also a drought-tolerant species, can be used in alley-

cropping practices to reduce soil surface evaporation

and to supplement irrigation by HL while improving

soil and environmental quality.

Agroforestry is a land management system that

utilizes trees in the landscape as well as traditional

plants simultaneously in the same area for environ-

mental and economic benefits (Nair 1993). Therefore,

fast-growing and deep rooting crops that are capable

of HL could improve the survival rates of young trees

with shallow root systems in arid regions or during

periods of drought (Armas et al. 2010). Also,

hydraulically-lifted water by trees may wet upper soil

layers sufficiently to allow roots to take up nutrients

that might otherwise be unavailable and hence

increase crop production (McCulley et al. 2004).

If the HL is a widespread phenomenon, it can have

an important impact on ecosystem nutrient cycling

(Horton and Hart 1998). For example, HL might delay

soil dry-down, and this may allow mycorrhizae and

other soil microorganisms to remain active for a longer

period (Dawson 1993). This may enhance nutrient

mineralization and may lead to higher nutrient avail-

ability and uptake by plants (Liste and White 2008).

Thus, the role of deep roots of trees with nutrient

uptake with HL can move nutrients directly around

roots where nutrient uptake occurs (Hultine et al.

2004). For example, sagebrush, a deep-rooted woody

plant found in the deserts of North America, conducts

enough HL to enhance the microbial mineralization of

nitrogen from organic matter in surface soil (Weil and

Brady 2016). Nutrients are usually stored in shallow

soil layers, but a pool of nitrate (NO3) is stored deeper

in the soil in some arid and semi-arid ecosystems

(Walvoord et al. 2003). Although the presence of NO3

and other chemicals in the root zones of plants may

cause contamination of underground water if leached,

the water movement from deep soil layers through HL

may increase nutrient uptake by deep roots and

incorporate deep-stored nutrients into plant tissues

(e.g., leaves) (Prieto et al. 2012).

The HR affects nutrient uptake by plants, and this

hence contributes to increasing soil water availability

that enhances soil microbial and enzymatic activity

(Prieto et al. 2012). Several researchers have indicated

that neighboring plants that are grown by the process

of HL can improve soil macrofauna (earthworm)

activity and subsequent nutrient availability under

hedgerow species (Richards and Caldwell 1987;

Dawson 1993; Rao et al. 1998; Scholz et al. 2002).

These researchers reported that increasing soil micro-

bial biomass (e.g., bacteria and fungi) may have the

potential to enhance soil biodiversity. Also, they stated

that neighboring crops could environmentally improve

the soil surface and increase soil microbial activity,

such as mycorrhizal fungi. This can enhance nutrient

and water uptake by plants and organic matter

accumulation; thereby these plants are of significant

agricultural and ecological importance.

Although the role of mycorrhizal fungi in the HL

process still remains unknown, Mycorrhizal fungi

correlated with plant roots often enhance plant water

relations through the increased extension of root
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growth and improved surface absorption (Allen 2007;

Lehto and Zwiazek 2011). Thus, mycorrhiza can play

a major role in the process of HL. Under dry soil

conditions, water can flow from roots to soils through

mycorrhizal fungi bristles through higher water

absorption (Querejeta et al. 2003), and this may

increase the quantity of HL. Since the diffusion of

nutrients becomes insufficient in dry soil, water efflux

through mycorrhizal fungi may also increase diffusion

rates and thus nutrient uptake by plant roots correlated

with mycorrhiza (Egerton-Warburton et al. 2007).

Therefore, many studies illustrated that the process of

HL can provide water supplied from the tap-root of

trees to fine roots by mycorrhizal fungi and thereby

promote nutrient ion mobility and uptake during the

dry periods of the growing season (Brooks et al. 2002;

McCulley et al. 2004).

When the process of HL occurs, the potential

production of biomass crops and sustainable use of

soil and water resources could provide more perennial

roots, which have created a marked abundance of

biopores and added organic matter in the soil profile

and may improve soil hydraulic properties, particu-

larly in the soil surface (Jackson et al. 2000). Growing

these vegetative covers utilizing HL can also poten-

tially protect the ground with living vegetation and

living roots to prevent/reduce soil erosion/soil degra-

dation as well as add significant quantities of organic

matter and higher amounts of residues that are readily

used by soil organisms (Weil and Brady 2016; Han

et al. 2018). Also, when soils are covered with living

vegetation for a longer period, there tends to be

reduced loss of nitrate (NO3) and less groundwater

contamination (Magdoff and Van Es 2009) as well as

reduce wind exposure and potential evapotranspira-

tion of soils and crops (Gerjets et al. 2017). Thus, the

process of HL may play a major role in ensuring soil,

water, and environmental quality.

Conclusions

This paper reviews the process, evidence, diverse

plant species, and practical implications for the society

of HL. This review showed that the HL may signif-

icantly contribute to improving crop production. This

phenomenon describes water movement from plant

roots into the soil with lower Ws. Plants absorb water

during the daytime to meet the transpiration demand.

When the transpiration process is very low or

suppressed at nighttime due to stomata being closed,

plant water potential is equilibrated with the soil where

most active roots are found. Therefore, gradients in Ws

can be created between the drier soil and plants;

subsequently, water may flow from plant roots to these

dry soil layers in the upper layers and may irrigate

neighboring plants. This review gives further support

of the occurrence of HL measured using two tech-

niques which include SWC and Ws studies and sap

flow evaluations. The two techniques have provided a

better understanding of the occurrence of HL under

different plant species and climate conditions. Some

practical implications for the society of HL have been

presented, and these implications may affect hydro-

logical and biogeochemical cycles. Thus, the estab-

lishment of trees (e.g., agroforestry) on strategic

locations (e.g., degraded or agricultural lands) is

useful for improving soil and environment quality.

Additionally, planting neighboring crops may enhance

soil quality by increasing soil carbon sequestration and

water storage, particularly in damaged landscapes.

The benefits of the HL process are greater when

vegetative management practices are grown on

degraded or marginal lands than when these practices

are used in agriculture or forest lands. Although this

review provides information, evidence, and applicable

studies for the occurrence of HL, many questions are

still unanswered. These questions include: (1) which

plant species implement HL most effectively under

particular conditions and grow rapidly and robustly,

(2) how much water is lifted overnight, (3) is the

process of HL widespread, (4) is it appropriate or best

to use in different cropping management systems, and

(5) or may HL meet regional economic and social

requirements. Therefore, more studies and investiga-

tions may be needed to elucidate the process and

answer these questions. Overall, the successful estab-

lishment of trees and grasses for implementing HL can

be one of the viable management options to accom-

plish essential improvement in soil and environmental

quality as well as crop production.
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