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Abstract

Major parts of agricultural lands in arid and semi-arid regions of India are affected by soil
salinity and waterlogging in canal command area and outside. Waterlogging is caused by
a rising water table and poor drainage conditions. Stress due to waterlogging and salinity
are serious to plants in all stages from seed germination to active growth and maturity.
Unmanaged affected agricultural lands turn into low productive marshlands in the long
run. Physical provision of surface or sub-surface drainage structures can rescue in such a
situation. Yet, high skill and investment are required in the installation and maintenance of
such structures. Alternatively, biodrainage method has been evolved as an effective
method recently world over. In biodrainage, plants are raised over a larger area, which
can transpire and remove an enormous amount of water from the soil. Plants having ade-
quate adaptive traits and tolerance mechanisms are desirable to mitigate waterlogging
and salinity. Biodrainage is suitable in rainfed and irrigated conditions. Planting of right
plant species in optimum population and geometry decides the efficiency of biodrainage.
Further, combining biodrainage with the conventional drainage can improve land and
water productivity. Eucalyptus is the most suitable tree species for biodrainage as it has
well performed in versatile environments. It possesses appreciable tolerance to salinity,
sodicity and waterlogged conditions of the soil. Fast-growing with a straight trunk, deep
rooting ability, low shading effect and high transpiration capacity are promising character-
istics of this tree. Prominent woody species like Acacia nilotica, Dalbergia sissoo, Hard-
wickia binata can also be grown for high profit.
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INTRODUCTION

Waterlogging and salinity are widespread con-
straints in major areas of irrigated agriculture and
rainfed lands where the groundwater table is fluc-
tuating at shallow depth. The waterlogged area in
India is about 4.5 million (M) ha, comprising 2.2 M
ha in canal commands and 2.3 M ha outside of
canal commands. Similarly, the salt-affected area
is around 6.73 M ha, comprising 2.96 M ha as
saline soil and 3.77 M ha as sodic soil. The water-
logged and salt-affected lands may be found sep-
arately or exist together. In Tamil Nadu salt-
affected lands comprise of 13231 ha as saline soil
and 354784 ha as sodic soil totalling to 368015 ha
(Gupta and Goyal, 2017)

The waterlogged condition may be present over a
long period, covering the whole or a part of a
year. The depth of occurrence of the water table
may change with seasons. The water table is the
level below which the soil is fully saturated. Water
table occurring closer to ground surface moisturiz-
es the upper strata of soil by capillary fringes.
Waterlogging results not only due to the rising of
the water table, but also due to very poor drain-
age conditions of surface soil strata. Constant
standing water or saturation cuts off the direct
supply of atmospheric air to soil pores, making
plants roots deprived of oxygen supply. The flow
of oxygen through pore filled water occurs by dif-
fusion, which is a very slow process. Greater is
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the saturation, and smaller is the rate of diffusion
(Neira et al., 2015). This situation poses several
problems in agricultural production.

Waterlogging creates anaerobic conditions in the
soil which may kill the beneficial aerobic bacteria,
boosts the greenhouse effect by promoting the
growth of methanogens which produce methane,
consistently maintains low soil temperature, builds
up high salt concentration on soil surface, and
substantially lowers crop yields. Less aerated
waterlogged condition combined with salinity in-
hibit seed germination and growth of plants, en-
courage the growth of water-loving weeds which
compete with crops for nutrients, and on a long
run, a large part of agricultural land is transformed
into marshes (Parkash and Mohan, 2016).

Proper measures are required to tackle the in-
creasing problems of waterlogging and salinity
development. Traditional surface and subsurface
drainage methods for draining the water are cost-
ly and may cause eco-degradation and leaching
of nutrients. Surface drainage removes excess
water from the surface into low lying furrows
through slants. Sub-surface method of drainage
requires proper layering of tiles or buried drainage
pipes in the underground, which demands high
technical skills.

There are many other ways of managing water-
logging problems. Biodrainage is one of the cost-
effective agroforestry models, in which trees are
grown along with crops either at bunds or by inter-
cropping. By the process of transpiration, trees
continuously remove a substantial amount of wa-
ter from surface soil strata, thereby lowering the
water table. Trees also benefit on the long term
by giving forest products. This concept of bio-
drainage has recently emerged as most effective
and highly economical measure practicable eve-
rywhere (Heuperman, 1992; Gafni, 1997; Ka-
poor, 2001; Mahmood et al., 2001; Heuperman et
al., 2002; Dagar, 2014; Kamra et al., 2019). Bio-
drainage may be defined as “Draining out of ex-
cess soil water in the atmosphere through deep-
rooted plants using their bio-energy” (Ram et al.,
2008; Dubey, 2012; Chauhan et al., 2012).

In biodrainage approach, trees having certain
adaptive and functional characteristics are select-
ed and grown in waterlogged lands. Trees with
larger leaves, deeper roots and fast-growing hab-
its are generally chosen. Further, these trees
must not release any allelopathic substance in the
soil to inhibit the growth of nearby crops. The aim
of biodrainage is to siphon out a large amount of
water from soil and let out to atmosphere. One
top example is Eucalyptus, which has a very high
rate of transpiration rate of each tree about 1250
litres per day. Other species include Populus,
Casuarina, etc. In the process of biodrainage,
about 98 per cent of absorbed water is expected
to be transported by xylem upwards for transpira-

tion, and only 2.0 per cent is retained by the plant
for maintaining the turgidity. Biodrainage can be a
control measure for waterlogged lands with water
table within three meters beneath (Parkash and
Mohan, 2016). In this review paper, information
regarding the characteristics of waterlogged soails,
soil salinity development, concepts of convention-
al methods and biodrainage approaches, adaptive
responses of plants, desirable traits of tree
species for their water discharging capability and
practical benefits of biodrainage are briefly
presented.

Characteristics of waterlogged soils: In normal
soils, oxygen replenishment is aided by aeration
capacity of the soils. Atmospheric air freely ex-
changes with soil air replenishing oxygen in a con-
tinuous process. Conversely, waterlogging causes
a saturated condition resulting in low oxygen con-
centration (hypoxia) in soils. As most soil pores
are plugged with water, it cuts off direct air-
exchange. Consequently, the atmospheric oxygen
diffuses in the soil through the water in a very
small amount as the solubility of oxygen is low
(0.28 mol m™ at 20°C). In partially saturated soil,
the diffusivity of oxygen in water-filled pores is
about 10000 fold slower than through air-filled soil
pores. Thus, hypoxia rapidly occurs in water-
logged soils as the dissolved oxygen is rapidly
utilized by bacteria and roots (Ahmed et al., 2013).
When saline soils become waterlogged crops in-
crease the concentrations of Na* and CI” in plant
shoots in response to salinity which subsequently
reduces the shoot growth and manifests itself as
an adverse effect on growth and survival of plants.
Growing of tolerant crops identified by breeding
methods is necessary to cope up in this situation.
If the condition is a long term flooding, a complete
absence of oxygen (anoxia) causes another kind
of water stress, which leads to change in microflo-
ra by favouring the growth of anaerobic microor-
ganisms of the soil. Anaerobic microorganisms
use electron acceptors such as ions of sulphate,
nitrate, or sulphur as alternatives to oxygen and
ultimately produce ethylene and other metabolic
products in large amounts, which are deleterious
to crops. Tree species tested in different experi-
mental conditions accumulated a large amount of
Na* and CI” ions in shoot tissues (Table 1) under
waterlogged conditions when compared to a well-
drained situation (Barrett, 2003).

Waterlogged conditions not only result due to ex-
cess water supply in the command areas but also
due to landform pattern, surface topography, sub-
surface barrier, the fine texture of soils, poor soil
drainage, inappropriate irrigation practice, unsuita-
ble cropping pattern, insufficient natural drainage
and proximity to the river flood plain. Upward ca-
pillary fringe from increasing groundwater table
gradually blocks all the pore spaces in the soil,
finally fully slowly saturates the soil profile. The
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Table 1. Concentrations of Na* and CI” in shoot tissues of woody perennials.

Concentrations of Na*in
tissues (mmol g™ dry

Concentrations of Clin
tissues (mmol g™ dry

Plant Species Tissue weight) weight)

Drained Waterlogged Drained  Waterlogged

(aerated) (hypoxic) (aerated) (hypoxic)
Acacia ampliceps Phyllodes 0.29 0.78 - -
Atriplex amnicola Leaves 5.00 5.59 4.12 8.53
Casuarina glauca Top half shoot 0.15 0.59 0.27 0.72
Eucalyptus camaldulensis  Top half shoot 0.21 1.98 0.24 1.66
Eucalyptus globulus Leaves 0.30 0.69 0.67 1.20
Vitis vinifera Leaves top third 0.69 1.38 1.19 0.68

shoot

(Source: Barrett, 2003)

free water standing above the ground surface ap-
pears as waterbody. The appearance of saturated
soil is darker than the surrounding soil. The domi-
nance of the growth of algae and hydrophytic
plants can be noticed (Raouf et al., 2012). Follow-
ing waterlogging soil salinization normally occurs
especially in arid and semi-arid regions.

The growth and development of plants under wa-
terlogging are mainly hindered by reduced levels
of oxygen in the soil around the root zone
(Christianson et al., 2010). Resorting to deep till-
age and proper measures of drainage may im-
prove aeration in submerged soils. Sub-soil ma-
nuring can also be practised by placing a large
volume of N-rich organic matter within and above
the impervious clay layers (Celestina et al., 2018).
Providing adequate land drainage is necessary to
improve crop productivity in the waterlogged area
for reducing soil submergence, salinity control and
relieving new area for agriculture purposes. Glob-
ally the total arable land has increased from 1371
M ha in 1961 to 1533 Mha in 2009 which may not
be expanded further due to anticipated account of
the continuing urbanization (Ausubel et al., 2013).
Ministry of Water Resources, Government of India
has specified limits of depth of water table (DWT)
from the ground surface in order to categorize
saturated soils as waterlogged/ critical soils (<2
m), potentially waterlogged soils (2-3 m) and safe
area (>3 m) for the purpose of taking up land im-
provement measures from 1991 onwards. Usually,
the height of capillary fringe in soils varies from
0.9 to 1.5 m, corresponding to coarse to fine-
textured soils.

Impact of waterlogging on soil salinity: Domi-
nantly climate and topography are major control-
ling factors of salinization (Schofield and Kirby,
2003; Nosetto et al., 2008; Xu et al., 2019). With
increasing aridity, the problems of salinity increase
manifold. Topography also influences salinity by
the redistribution of water and adjusting water ta-
ble below or above ground.

Shallow water depth accomplice side by side with
accumulation of salts in soil profile activated by

high evaporative demands in dryland areas
(Singh, 2013). On the other hand, when the
groundwater level moves toward the surface in the
rainy season, the soil salinity is reduced (Michael,
2009). However, after the rain recurrence of evap-
oration leads to accumulation of salts on the sur-
face (Bennett et al., 2009). The magnitude of ac-
cumulation of salts in the soil profile is related to
the type of vegetation on the land, amount of an-
nual rainfall, rise and fall behaviour of groundwa-
ter, the pattern of climate and land topography.

In a 10-year period study, the hydrological and
salinity impacts of 11 selected Eucalyptus spe-
cies/ ecotypes planted in a biodrainage system in
two extreme waterlogging/ salinity conditions in a
valley of Israel were different. In irrigation support-
ed waterlogged slightly saline site (650 mm annu-
al rainfall) the water uptake by the trees was in-
sufficient to control the rising water table, whereas
in more saline/ alkaline drier rainfed location (450
mm annual rainfall) from the fourth year after
planting groundwater dropped below 3 m from the
soil surface (Gafni and Zohar, 2007; Singh, 2017).
In another study conducted in central Argentina,
water table depth was impacted by topography,
whereas land use pattern exerted a stronger influ-
ence on the state of salt accumulation. In a soil
layer of 0-2 m, with an increase in water table
depth, there was a decrease in the amount of ac-
cumulated salts and reached zero beyond 5 m
depth (Fig. 1). Distinctly accumulation of the high
amount of salts was found in tree plantations
when the water table was at a shallow depth
which was nearly four-fold more in concentration
than cropland or grassland (Nosetto et al., 2013).
Salinity build-up in dryland areas may occur due
to changes in water balance in the catchment ar-
ea, by remobilization of salts stored underground.
Sudden indication of salinity on surface soil is the
indicator of the rise in the water table that would
have started a decade back. In terms of electrical
conductivity (EC) of soil saturation extract (EC.)
soil salinity is generally classified for crops raised
in medium and fine-textured soils (Table 2). In
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Fig. 1. Impact of depth of water table on accumula-
tion of salt in the soil profile (Source: Nosetto et al.,
2013).

sandy and loamy sand textured soils, the same
salinity effect can be realized at the half value of
each EC, limit (Richards, 1954; Ritzema, 1994).
Waterlogged soils can be saline, saline-sodic, and
sodic soils. Saline soils contain high concentra-
tions of soluble salts in the combinations of chlo-
rides and sulphates of calcium, magnesium and
sodium which form as white encrustations on the soil
surface particularly in drylands (Stirzaker et al.,
2002).

Sodic soils have soil pH >8.5 that can extend in
severity up to pH 11.0, high exchangeable sodium
percentage (ESP >15), varying EC (ECe <4 dS m’
"y and low soil organic matter (<5g kg™). In these
situations, due to pedogenic processes, precipita-
tion of calcium may usually occur as a thick
CaCO; layer (kankar pan) below the illuvial layer
of soil profile. The saline-sodic soils have high
levels of soluble salts as well as sodium ions.

Poor quality irrigation water is an important limiting
factor of crop productivity. In waterlogged soils
particularly there is a dire need to control the ac-
cumulation of salts in soil solution as well as depo-
sition on the soil surface. Otherwise, undesirable
quality of water may unfavourably result in high
soil salinity and sodicity, reduced cation ex-
change, impaired nutrient availability, increased
dispersion of clays, destruction of soil structure,
reduced aeration, and restrictive infiltration. Com-
monly irrigation water measuring EC lower than
0.7 dS m™' causes no hazard to most crops while
EC higher than 3.0 dS m™ may restrict the growth
of most crops. The brackish water measuring EC
beyond 0.7 up to 3.0 dS m™ can be safely irrigat-
ed in the canal for salt-tolerant crops and may
cause foliage injury in sprinkler irrigation. Brackish
water can also be used for trees under agroforest-
ry. Particularly Eucalyptus, Acacia, Casuarina,

Poplar, Mesquite and Tamarisk tolerate well
(Lauchli and Epstein, 1990). Furthermore, it is im-
perative to adopt appropriate drainage methods to
remove surplus water gained through a rise in the
water table or excessive irrigation for the control of
soil salinity.

Need for proper method of drainage: On agri-
cultural lands problems of waterlogging and sub-
sequent build-up of salinity slowly develop possi-
bly due to the presence of fine-textured soil or im-
pervious sub-surface soil layer, which results in
low soil permeability. Particularly flat lands with
soils that have developed over the restrictive geo-
logical layer and receive excessive rainfall become
waterlogged. Compaction of subsoil may also re-
sult in lands under continuous cultivation, where
tillage machineries are often used on wet soil.

In India, 2.0 M ha area is severely waterlogged
saline soils in arid/semi-arid states of Haryana,
Punjab, Rajasthan and Gujarat and 1.0 M ha each
in the coastal and black cotton vertisol regions. In
2025, it is expected that about 13.0 M ha area in
irrigation commands will be affected by waterlog-
ging and soil salinity. Unless remedial practices
followed, increased use of saline/alkali groundwa-
ter in several northwestern and southern states
might accelerate the hazard to over 20.0 million ha
by 2050 (Anonymous, 2015).

No drainage system is needed in the irrigated
lands in semi-arid areas if the groundwater table is
deep (>3.0 m). With shallow water table, salt accu-
mulation on surface soil by rising water table oc-
curs if the ratio of potential evapotranspiration to
total applied water (irrigation and precipitation) is
less than 0.6 (Bastiaanssen et al., 2001). Drainage
systems in arid and semi-arid regions are primarily
aimed to remove the accumulated salts from the
root zone, lower the groundwater levels and con-
trol the development of secondary salinization.
These purposes can be achieved by both pipe and
open drains. In humid regions establishment of
drainage systems is primarily aimed to reduce the
water content around the root zone and improve
adequate aeration soon after excessive rainfall or
irrigation. Secondarily, drainage systems help to
improve access and trafficability for timely planting
and harvesting operations. Open drainage sys-
tems are the most common for such conditions
(Gupta, 2016).

Selection of appropriate drainage systems is
needed to control the depth of water table and soil
salinity, wherever possible. Establishing the cor-
rect engineering methods of field drains will benefit
on the long term. Field drains for surface drainage,
and subsurface drainage are different. Apart from
internal horizontal flow of seepage water along the
slope, surface runoff also reaches the field drains
by flow-through row furrows or by sheet flow. Field
drains are simply designed as V-shaped, with side
slopes within 6 to 1 (Ritzema et al., 1996; Long et al.,
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Table 2. Soil salinity effect on crop stand in medium and fine-textured soils.

EC. (dS m™) Classification Crop stand

0-2 Non-saline Not affected

2-4 Slightly saline Sensitive crops affected

4-8 Saline Many crops affected

8-16 Strongly saline Only tolerant crops possible

>16 Extremely saline A few very tolerant crops possible

Source: Ritzema (1994)

Table 3. Design parameters of subsurface drainage for different climatic regions.

Drainage coefficient (mm d™)

Drainage depth (Dg)

Drain spacing (Ds)

Climate Range Optimal Outlet D4 (M) Soil texture Ds (m)
Arid 1-2 1 Gravity 0.9-1.2 Light 100-150
Semi-arid 1-3 2 Pumped 1.2-1.8 Medium 50-100
Sub humid 2-5 3 Heavy 30-50

(Source: Ritzema et al., 2008; Kamra, 2013)

2017).

In order to restrain the water table at the desired
level, subsurface drainage is preferred. Tubewell
drainage and mole drainage are applied only in
very specific conditions. Mole drainage rapidly
removes excess surface water. Tubewell drainage
can be provided for quickly controlling the water
table and salinity in agricultural areas. It consists
of pumping from a series of wells an amount of
groundwater equal to the drainage requirement.
The success of tubewell drainage depends on
many factors, including hydrological conditions of
the area, physical properties of the aquifer to be
pumped and those of the overlying fine-textured
layers (Kamra et al. 2019).

Substantial improvement in crop yields in subsur-
face drainage has been recorded in projects imple-
mented in different states of India. Subsurface
drainage increased cropping intensity by 40-50%,
farm income by 200-300%, and yields of rice

(>50%), wheat and cotton (>100%) crops. Fur-
ther, based on the practical outcome of Indo-
Dutch drainage projects, the design parameters
(Table 3) viz., drainage coefficient, drain spacing
and depth of subsurface drainage were standard-
ized (Ritzema et al., 2008; Kamra, 2013).
Concept of biodrainage: Recent developments
in drainage systems employ underground instal-
lations of drain pipes for gravity flow or vertical
pipes/ wells for pumped drain water disposal.
These systems are relatively costly while installa-
tion and after that in maintenance (Kamra et al.,
2019).

Under these circumstances, the concept of bio-
drainage has been evolved as a cost-effective
natural means of draining water to sustain irrigat-
ed agriculture world over. It is getting momentum
at present due to its several advantages. Bio-
drainage is a method of raising plants over a larg-
er area, which can transpire an enormous

Water table depth

1.0m

1.5m 2.0m

BIODRAINAGE CAPACITY (MM)
w
8
o

=

1 1l I 1 1

Year of measurement

Groundwater salinity (ECdSm?) > ——04

3.0

-—6.0 —<9.0 —»—12.0

Fig. 2. Biodrainage capacity of Eucalyptus for different water table depth (Source: Chhabra and Thakur, 1998).
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Fig. 3. Mechanisms of recharge, discharge and fall of the water table in biodrainage showing depression effect
of biodrainage by tree having sinker root system for absorption of water from deeper layers of soil strata and
canopy for transpiration at ~ 700 L day”’. Shallow rooted field crops are not capable of the depressing ground-

water table.

amount of water and tolerate waterlogging and
salinity.

Commonly tree plantations are established as bio-
draining plants for long-range benefits, instead of
shrubs or annuals. By the transpiration of a large
amount of absorbed water tree plantations also
remove substantial salts and minerals and utilize
them in biomass production (Venkatraman and
Ashwath, 2016). Water balance refers to the
amount of water removed from lands that are
equal to the amount of water recharged. Thus, on
a daily basis biodrainage plantations can attempt
to maintain the water balance majorly and salt
balance to some extent.

In a lysimeter study, the measured biodrainage
capacity (mm year") of Eucalyptus decreased
with an increase in groundwater depth. Relatively
biodrainage capacity increased at groundwater

After 4 years —

Before Start After 18 months

k.

»”

depth of 1.5 m rather than at 1.0 and 2.0 m depth
in the second year, which may be due to a better
root proliferation with non-saline water (Fig. 2).
When years advanced, biodrainage capacity in-
creased progressively, possibly due to expected
growth of root and shoot biomass. In addition, it
was noticed that biodrainage capacity was highest
when the groundwater salinity was lowest and vice
versa. This effect was more pronounced in the
second and third years. This might be due to the
impact of salinity which might have interfered in
the extraction of water by the roots by its osmotic
effect (Chhabra and Thakur, 1998).

Compared to physical drainage systems which are
normally established after he development of wa-
terlogging and salinity problems, biodrainage is a
preventive technique which aims to avoid such
problems in canal commands. This technique is

After 10 years
\7 g

Fig. 4. Effect of Eucalyptus strip along irrigation cum drainage canal over the years (Source: Masilamani et al.,

2003) .
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very useful when the soil salinization has not still
begun to a serious level due to the rise in the
groundwater level (Kamra et al., 2019). Biodrain-
age proved as an effective option to intercept
seepage by trees planted along a canal and wa-
tercourses. Species such as Acacia nilotica, Dal-
bergia sissoo, Sesbania grandiflora and Casurina
equisetifolia intercepted 86%, 84%, 72% and 72%
of canal seepage respectively, in saline vertisols
regions of India (Patil et al., 2005).

Biodrainage systems may be established under
both rainfed and irrigated conditions. Selection of
right plant species and planting with an optimum
population in a suitable plant geometry would help
to achieve the desired soil moisture regime
(Sarkar et al., 2018; Singh and Lal, 2018). Com-
bining biodrainage system with conventional
drainage and farming possibly would improve land
and water productivity as well as safeguard the
environment (Chowdhury et al., 2011).

Under rainfed conditions when plantations are
established, advantageously the soil bulk density
is reduced by the presence of abundant roots
which may enhance groundwater recharge as well
as facilitate roots to draw water from the subsur-
face flow. In irrigated areas, selection of tree spe-
cies with high transpiration rates are necessary to
alleviate waterlogging caused by canal seepage.
Hence, for biodrainage growing usual crops as
practiced in conventional drainage should not be
allowed as it may end up with poor performance
with high incurred cost (Singh and Lal, 2018).
Identifying the right tolerant plant species or intro-
ducing tolerance mechanisms in plants will be the
most successful economical approach in imple-
menting biodrainage methods.

Tree roots usually grow to anchor the trunk and
proliferate in search of water and nutrients hori-
zontally or even vertically downwards. In moist
fertile soil, roots remain confined to 1-2 m depth
and extend a few metres around the trunk hori-
zontally. Dry situations may induce root growth to
penetrate vertically down even up to 20 m. Hence,
this kind of rooting is known as the dimorphic root
system, comprising surface root system which
includes subterranean roots around the trunk and
sinker root system, which includes solitarily roots
growing vertically down. Sinker roots are mainly
involved in biodrainage by vertically transporting
the groundwater to trunk for evapotranspiration
(Fig. 3). They are also capable of distributing wa-
ter in upward and downward directions by moving
water from the wet zone to dry zone in the soil
profile (Devi et al., 2016).

By morphology, most surfaces of roots are insulat-
ed by bark for longer lengths, which is a lignin
material. Lignified portions of roots are not in-
volved in water, metabolites and ions absorption.
In surface and sinker roots system, a small portion
of roots present at the end has the function of ab-

sorption. This non-lignified primary root portion
having root hairs can only establish contact with
soil particles and function with mycorrhizal associ-
ations, nutrient uptake, and water absorption
(Brunner et al., 2015).

The extent of the presence of each type of root
system varies with plant species. Poplus deltoides
has majorly surface root system confined within
80 cm soil layer extending upto 120 cm radius.
While tree species, viz., Prosopis cineraria, Aca-
cia nilotica, Eucalyptus tereticornis has both root
systems and sinker roots reach down up to 250
cm. In drier regions, Prosopis pallida can extend
roots until the water table is reached at 20-25 m
depth (Hultine et al, 2003; Devi et al, 2016).
Deep-rooted trees are effective in biodrainage
process.

Bringing agricultural lands under canal irrigation
is a key cause of raising the water table. After the
introduction of Bhakra canal irrigation in western
Haryana, the water table which was stabilized at
about 28 m depth has attained a shallow depth at
6 m from surface within few decades, and current-
ly 50 per cent of lands have become saline be-
sides the waterlogging problems. Although these
problems are common in most of the irrigated
agriculture systems, adoption of biodrainage can
be a remedy in all locations, and at least 10 per
cent of the area can be allotted for biodrainage
process (Heuperman et al., 2002).

Eucalyptus sp., which has robust sinker roots and
greater transpiring ability (>1200 L day[ is pref-
erably planted in biodrainage plantations. They
are also capable of redistributing water both up-
ward and downward within soil profile in response
to dry and wet conditions in a better way than
many other trees and plants. By sap flow meas-
urements using heat ratio this phenomenon has
been noticed commendably with E. camaldulensis
and E. platypus (Burgess et al., 1998; Stephen et
al., 2001; Andrew and Peter, 2018).

Recharge by interception, throughfall and
stemflow in biodrainage plantation: During
rainfall, biodrainage plantations must harvest
most of the rainwater; hence soil profile can be
enriched with fresh water. Compared to other tree
species interception loss of rainwater is less in
Eucalyptus. Water loss due to evaporation is also
minimum in E. camaldulensis. In a study, it was
found out that out of 1105 mm rainfall received E.
globulus trees collected 1.5% water by stemflow,
21.9% water by interception while the remaining
76.6% water was received as throughfall (Samraj,
1984; Livesley et al., 2014).

When soil becomes saturated, biodrainage pro-
cess begins with water uptake from the saturated
soil by the roots, transportation of water to shoots
and end with transpiration of water by the plant
foliage. Selection of plants for biodrainage needs
to be efficient in every process of absorption,
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transportation and transpiration of water. Transpi-
ration capacity of plants is the main measure of
plant efficiency. It is the direct indication of the
amount of withdrawal of groundwater (Fig. 3).
However, the transpiration process depends on
climatic conditions, plant species, the density of
plantation, the area under plantation, water supply
and root system (Chen et al., 2012).

pan evaporation, can be another useful parameter
to assess the capability of biodrainage plantation
(Gupta, 2005). This ratio varies with plant type,
soil texture, clay content, depth of water table,
groundwater salinity, leaf area index, etc. Particu-
larly increase in groundwater salinity reduces wa-
ter uptake by trees and other plants (Ren et al.,
2019). After designing the biodrainage system,
water balance in the land must be monitored on

Crop factor, which is the ratio of transpiration to

Table 4. Prospective traits of trees in alleviating waterlogging and salinity.

Eucalyptus — as most suitable tree species for biodrainage

Luxurious water consumption

The trunk grows straight hence low shading effect

Fast rooting rate: Rooting rate in 6 months - 1.2 m; 16 months — 2.85 m; 30
months —4.15 min Doon Valley in Uttaranchal;

6-year trees of 12 species rooted up to 2.1 m in California;

20-year trees rooted up to 10 m in northern Victoria (Australia)

Fast-growing tree in tropics/ subtropics having favourable wood properties and C
sequestering ability

Water table depression effect : Eucalyptus hybrid (5.34% ) > Eucalyptus tereti-
cornis C-10 (4.95%) > Eucalyptus tereticornis C-130 (4.63%) >Eucalyptus tereti-
cornis C-3 (2.79%)

Salinity tolerance : E. occidentalis > E. camaldulensis

Dong et al. (1992)
Calder et al. (1997)
Ram et al. (2007)

Trabado and Wilstermann
(2009)

Tokyet al. (2011)

Zohar et al. (2008)

Rooting characteristics Eucalyptus sp.

E. grandis - Roots of 9-year-old trees reached up to 28 m in South Africa.

E. Camaldulensis - Tap roots reached 1.6 m in 5 years, 2.9 m in 15-years in high
rainfall zone at Jabalpur; up to 10 m in Rajasthan

E. tereticomis - Roots of 16-year trees reached up to 3.75 m; 20 -year trees
reached up to4.40 m

E. globulus - Roots of 20-year trees confined to upper 3 m in Nilgiris Hills
E. occidentalis - Sinker roots reached up to 2 m in the desert area of Israel

Ram et al. (2007)
Dye (1996)

Ram et al. (2007)

Ability of carbon sequestration

E. globulus sequestered 5-6 Mg C ha™ in north-west India in 5 years, while 3.0-
11.5 Mg C ha™" in south-west Australia in 10 years

E. tereticornis sequestered 1.63 Mg C ha™ in Haryana in 15 years; E. camaldu-
lensis sequestered 6.55 Mg C ha™" in coastal Bangladesh in 20 years; while Aca-
cia nilotica sequestered 26.18 Mg C ha™ in Punjab province in Pakistan in 10
years

Lal (2009)

Wicke et al. (2013)

Water discharging ability of trees

E. Camaldulensis - 3-year-old trees transpired 1360 mm ha™

Acacia nilotica - 5-year-old trees transpired 2225 mm ha™

Elaeagnus angustifolia L., Populus spp., Ulmus pumila L. have greater discharg-
ing ability

Discharging rate: Eucalyptus>Prosopis juliflora> Callistemon lanceolatus> Melia
azedarach> Terminalia arjuna> Pongamia pinnata

Zohar et al. (2008)
NIH (1999)
Khamzina et al. (2006)

Dagar (2014)

High Biomass Production

Prosopis juliflora> Acacia nilotica> Casuarina equisetifolia>
Terminalia arjuna> Pithecellobium dulce>Eucalyptus tereticornis (20-year plan-
tation produced above-ground biomass of 30-60 t ha™ in alkali soil)

Singh et al.(2008)

Soil organic C enrichment

Acacia spp> Eucalyptus spp (due larger litterfall from Acacia and fast decompo-
sition rate)

Gill and Abrol (1993)
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Fig. 5. Eucalyptus + Rice intercropping in wetland farm of Kumulur, Tamil Nadu (Source: Masilamani et al., 2019) .

shortterm and longterm basis.

Infiltration capacity of the soil is another compo-
nent of biodrainage which must be monitored
carefully. Low infiltration affects recharge of rain-
water in the soil profile and during excessive rain
may cause runoff loss of freshwater and soil ero-
sion. Water use in biodrainage system is another
component to be monitored. Apart from soil limita-
tions, physiological functions of the plant play a
major role in water use. Myers et al. (1998) indi-
cated that water use is related to stomatal re-
sponse to high vapour pressure deficit, rather than
soil salinity. As evaporative demand increases,
crop factor would drastically decrease.

In small plants and trees, water transport is gov-
erned by turgor pressure of cells maintained at
various levels. Turgor pressure varies within the
plant system at different positions according to
internal moisture content, physiological activity,
solute concentration, etc. In order to attain the
water balance in various parts of plant water
transport occurs multi-directionally within the plant
system. Water is the one that can be adjusted
readily and quickly within the plant tissue. For the
purpose of exhibiting cell stiffness living non-
woody plants maintain 70-95% water, whereas
woody plants retain about 50% water in their tissues
(Hirons and Thomas, 2018). During transpiration,
upward transmission of water happens as a primary
event against the acceleration due to gravity.

Water movement occurs by the driving force
linked with the status of water pressure in solil,
plant, and atmospheric air as a continuum. The
pressure difference (potential) is the driving force
which moves water from the place of higher pres-
sure to a place of lower pressure. By virtue of lo-
cation, water potential develops within plants,
which is the resultant potential accounted by the
summation of osmotic, pressure and gravitational
potentials. As the resultant potential is against
gravity, it is lower than atmospheric pressure, and

hence it is referred to as negative pressure or
suction.

Water potential in the soil is subjected to matric
suction of soil particles which increases with dry-
ing. In waterlogged soils matric suction is meagre.
The salinity of waterlogged soils exhibits the
greater osmotic potential of water in soil solution
and makes it harder for plants to absorb water.
The ability of water absorption by plants is eventu-
ally limited by the soil water potential at the per-
manent wilting point (PWP). For many agricultural
crops, PWP is fixed at -1.5 MPa (-15 bars), how-
ever temperate trees can absorb water even up to
the range of -2 to -4 MPa (Hirons and Thomas,
2018). Further, soil texture also affects the water
uptake by plants particularly under dryland situa-
tions, as the volume of water available for uptake
is about one-third to half in coarse-textured soil
when compared to medium and fine-textured soils
(Nielsen and Vigil, 2018).

Overall, water transport in plants is carried out by
the potential water gradients established in differ-
ent locations and stages in the soil-plant-air-
continuum. Sequentially water moves from lower
suction to higher suction regions in a tree starting
from soil (-0.3 MPa) through root xylem (-0.6
MPa), trunk xylem (-0.8 MPa), Leaf cell walls (-1.0
MPa), leaf air space (-7.0 MPa) to the outside air
(-10 to -100 MPa) of the atmosphere. Water po-
tential of air changes widely due to changes with
relative humidity and air temperature (Andrew
and Peter, 2018). Trees lose more than 95% of
the water in atmospheric air by transpiration. Be-
sides the cooling effect of heated leaves, inci-
dentally, transpiration process allows carbon diox-
ide and oxygen to diffuse in and out and delivers
minerals that are dissolved in the moving water to
the growing points of the tree (McElrone et
al., 2013).

Adaptive mechanisms of plants for waterlog-
ging and salinity: Waterlogging and soil salinity
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Table 5. Relative tolerance of prominent trees in waterlogged condition.

Category Tolerant Moderately tolerant Slightly tolerant
Soil alkalinity (pH >10) (pH 9-10) (pH 8.0-9.0)
Prosopis juliflora, Acacia Eucalyptus tereticomnis, Cap- Grevillea robusta, Aza-
nilotica, paris decidua, Tamarix artic-  dirachta indica, Melia azeda-
Casuarina equisetifolia ulate, Pithecellobium dulce, rach, Leucaena leucocepha-
Prosopis alba, P. cineraria, la, Hardwickia binata, Popu-
Cassia siamea lus deltoides, Tectona gran-
dis
Soil salinity (ECe 15-25dS m™) (ECe 10-15dS m™) (ECe 7-10dS m™)
Prosopis chilensis, Acacia auriculaeformis, Eu- Casuarina cunninghamiana,
Tamarix troupii, calyptus umbellate, Eucalyptus tereticornis, Aca-
Acacia tortillis, Terminalia arjuna, cia auriculiformis, Guazuma
Acacia nilotica, Pongamia pinnata, ulmifolia, leucaena shanno-
Casuarina equisetifolia, Dalbergia sissoo, ni, Samaneasaman, Albizzia
Callistemon lanceolatus, Acacia catechu, caribea
Eucalyptus camaldulensis Acacia Senegal,
Prosopis cineraria
Coastal re- Casuarina equisetifolia, Cocos nucifera, Palmae,
gions Terminalia catappa, Glochidion sp. Metroxylon sagu, Nypa fruti-
Lannea coromandelica, Calophyllum inophyllum,  cans,
Tamarix sp. Barringtonia asiatica Pandanus sp.
Coastal water-  Avicennia, Aegiceras, Ceri- Excoecaria, Scyphiphora, Eucalyptus spp. Casuarina

logged regions  ops, Rhizophora, Bruguiera,

Sonneratia, Heriteria

Nypa, and Xylocarpus

equisetifolia, Anacardium
occidentale, Acacia auricu-
laeformis, Azadirachta indica

(Source: Gill et al., 1990; Singh and Singh 1993; Dagar, 2014)

cause abiotic stresses in plants. Anoxic conditions
under waterlogging end up in the production of
phytotoxic compounds in soil, while saline condi-
tions affect the uptake of water and nutrients by
plants. Plants capable of adaption make morpho-
logical, anatomical, biochemical, and metabolic
changes suitably according to stress and stress-
free situations (Parent et al., 2008). From hypoxic
to development of anoxic condition induce synthe-
sis of about 20 selective anaerobic stress proteins
to promote the activity of energy generation in the
absence of oxygen, which are mainly the enzymes
of glycolysis, ethanolic fermentation, carbohydrate
metabolism and also others involved in aerenchy-
ma formation and cell pH control (Vartapetian,
2006). Morphological and anatomical adaptations
primarily include the formation of lenticels,
aerenchyma and adventitious roots. Greater num-
ber of hypertrophied lenticels formation under the
submerged condition in Quercus sp. may be indic-
ative of the adaptive response of tolerance to
flooding (Parelle et al., 2006).

Aerenchyma development is an important adaptive
response in flood-tolerant plants, particularly in
bottomland woody species. These lacunae gas
spaces increase porosity in shoot and may venti-
late phytotoxic volatile compounds produced in the
root to the atmosphere through the shoot

(Pezeshki, 1996). The proportion of aerenchyma
in plants of wetlands and non-wetlands can be
used as a factor for determining the level of adap-
tation (Vasellati et al., 2001).

Flooding the lands induce the production of ad-
ventitious roots near the soil surface which may
take up the adaptive function in place of decaying
basal roots that fail to transport water and nutri-
ents (Mergemann and Santer, 2000). Plants in
response to waterlogging showed a decline in
cytosolic pH initially to stimulate the shift of bio-
chemical function of alcohol dehydrogenase by
inhibiting lactate dehydrogenase. Reduction in
cytosolic pH occurs due to the production of lactic
acid during fermentation, soon after waterlogging
(Chang et al., 2000). Physiologically plants re-
spond to soil submergence immediately by reduc-
ing stomatal conductance. Plants also exhibit re-
markable perturbation in chlorophyll fluorescence
parameters. In Cork oak (Quercus variabilis) and
China wingnut (Pterocarya stenoptera) an obvious
reduction in the maximum quantum efficiency of
photosystem 1l was recorded (Hua et al., 2006).
Similarly, waterlogging induced stress causes
plants to produce elevated concentrations of reac-
tive oxygen species (ROS) like superoxide (Oy),
hydrogen peroxide, and hydroxyl (OH"), which
damagingly react with cellular molecules and me-
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tabolites, and impair the metabolic reactions of PS
II (Ashraf, 2009; Ashraf, 2012). In the adverse
situation of excessive ROS production, every plant
has an adaptive mechanism of production of anti-
oxidants to neutralize the effect of ROS. Under the
waterlogged condition, one of such kinds of enzy-
matic antioxidant defence reaction was observed
in maize seedling (Tang et al., 2010).

Unlike waterlogging stress, plants employ different
mechanisms to overcome stress due to soil salini-
ty. Halophytes have already evolved features to
thrive normally in saline conditions, while glyco-
phytes lethally suffer when confronting salinity
stress. As a counteraction to salinity stress, other-
wise known as hyperosmotic stress, plants under-
go different physiological changes which causes
membrane interruption, nutrient imbalance, and
impaired ability to detoxify ROS (Gupta and
Huang, 2014). As one of the salinity adaptive tol-
erance mechanisms plants accumulate a greater
amount of soluble sugars in plant parts. In the
leaves of Bruguiera parviflora decreased amount
of starch and increased amount of reducing and
non-reducing sugars was recorded while the salin-
ity level of the soil was elevated (Parida et al.,
2004). In response to salt stress upregulation of
10 genes associated with osmoregulation was
observed in halophyte plant species Spartina al-
terniflora (Baisakh et al., 2006).

Exploring genetic dil] erences in the plant varieties
for tolerance to waterlogging, salinity, sodicity
would take a long way to go because experimen-
tation with long-duration plant species in varying
waterlogged situations requires studies for a long
period. Discovery of genes and linked markers to
various tolerance mechanisms will empower
breeders to pyramid tolerance genes and make
successful progress in future (Benny et al., 2019).

Tolerance of trees to waterlogging, soil salinity
and sodicity: Salt affected soils develop in this
world by natural processes and anthropogenic
activities. Soil rehabilitation by establishing agro-
forestry systems with suitable planting techniques
and salt-tolerant plant species are effective ways
to improve productivity and desalinize salt-
affected lands (Vargas et al., 2018).

In saline/sodic waterlogged soils for taking up bio-
drainage measure Eucalyptus based agroforestry
system was found effective in semi-arid regions of
Haryana (Ram et al., 2008). Apart from that very
salt-tolerant species like Casuarina obesa and
Acacia stenophylla can be grown well in strongly
saline areas. In intermittently irrigated dryland sa-
line soils tree species like Casuarina cunning-
hamiana, Eucalyptus argophloia, E. camaldulen-
sis, E. melliodora, E. moluccana, E. sideroxylon,
and E. tereticornis can be grown with the use sa-
line irrigation water of EC 4-8 dS m™. More salt-
tolerant species like E. occidentalis and Casuarina
glauca and E. camaldulensis can grow satisfacto-

rily with extremely saline (16—20 dS m™) irrigation
water (Marcar and Crawford 2004). Information
gathered from many reports (Table 4) showed
that among many tree species evaluated Eucalyp-
tus sp. has performed well due to its characteristic
traits of growth behaviour and tolerance mecha-
nisms.
In waterlogged saline soil, the performance of
E.tereticornis grown along with wheat - rice rota-
tion for 6 years in paired strip row planting method
was evaluated. During the 6 year tree popula-
tion planted at 1m X 1m spacing (300 trees ha™)
performed well and yielded 33.5 t ha™ timber dry
wood, sequestered 15.2 Mg C ha™, transpired at a
rate of 68.0 L day™' and discharged 745 mm year™
water from soil, ultimately lowering water table
upto 43 cm (Dagar et al., 2016).
Mitigation of problems of waterlogging and
salinity: In India, total waterlogged command
area occupies 1.72 M hectares, which is 1.93% of
the major and medium irrigation command (88.9
M ha) areas (RRSSC, 2009). Approximately 7.0 M
ha is affected by salinity and alkalinity due to wa-
terlogging. Out of which about 54,000 ha is in the
Cauvery delta zone of Tamil Nadu.
A pilot study conducted at Agricultural Engineer-
ing College and Research Institute, Kumulur, Tiru-
chirappalli District, Tamil Nadu indicated that
among plants planted along irrigation cum sew-
age discharge canal Eucalyptus tereticornis rec-
orded higher survival percentage (94%) when
compared to banana (65%) at the stage of 18
months (Fig. 4). Due to introduction of biodrain-
age measure water stagnation, foul smell, mos-
quito problem and harmful weed growth were not
observed along the canal, and the nearby field
area has also become dry for the period beyond
10 years (Masilamani et al., 2003). In another
study conducted in the same location, Eucalyptus
+ Rice intercropping was raised. The yield of rice
varieties CO51 and CO52 in Eucalyptus inter-
planting system was 2100 kg ha™ and 2600 kg ha’
and in rice monoculture system was 4625 kg ha’
and 5000 kg ha™ respectively (Fig. 5). On cost-
effectiveness rice + wood biomass (Eucalyptus)
system was found better than rice monoculture;
hence Eucalyptus + rice would be a profitable
biodrainage practice in wetland areas (Masilamani
etal., 2019).
Acacia nilotica, Capparis decidua, C. sepiaria,
Salvadora oleoides, S. persica and Clerodendrum
phlomidis are prominent woody species which can
grow on very high pH soils while Acacia leuco-
phloea, A. eburnea, Mimosa hamata, Prosopis
cineraria, Buteamono sperma, Diospyros tomen-
tosa, Balanites roxburghii and Maytenus emar-
ginata can tolerate in slightly low pH soils.
Prosopis juliflora was found to tolerate in Typic
Natrutalfs, even though the top 44 cm of soil had
pH 10.3, ESP of 70, and ECe of 12 dS m™. Other
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planted species failed to grow in this sail
(Khamzina et al., 2006). Based on relative toler-
ance to waterlogging associated with salinity and
sodicity of soil and irrigation water tree crops can
be generally grouped (Table 5) for observing sat-
isfactory growth in the prevailing situation (Gill et
al., 1990; Singh and Singh, 1993; Dagar, 2014).
For establishing biodrainage plantation planned
effort is required for initial land preparation and
taking up planting. Then practically little effort is
required in the maintenance of plantations from
third year onwards. Thereafter, economic worth of
trees increases with the age of trees (Ram et al,,
2008; CSD Manual, 2018). Commonly biodrain-
age plantations are taken up in strip or block
planting methods.

Strip planting along channels: Usually trees are
planted in strips along with main irrigation chan-
nels to intercept seepage. The size of the strip
may be planned according to the land area availa-
ble (Pancel, 2015).

Strip planting inland area: Tree strips are estab-
lished within cropland. Based on economic con-
siderations and competition for water and nutrient,
the distance between two biodrainage strips is to
be decided. Accordingly, the area allotment for
tree strips and cropland is set. At least one-tenth
of the area may be allotted within the land, in one
or more strips of trees to have a realizable benefit
of biodrainage. In high saline soils, trees planting
can be done in a raised bed or parallel ridge.
Planting two rows of trees in a strip at every 8.5 m
apart or adjusting tree planting in ten strips per
hectare would be a convenient plan (Ram et al.,
2011; Pancel, 2015).

Block plantation: Blocks of trees can be planted
at a required distance between the croplands. In
this method excess water in the cropped area is
drawn by the fall of the water table under the tree
plantation (Pancel, 2015).

Conclusion

In biodrainage process, plants transpire plenty of
water and reduce the depth of water table thereby
prevent rising of salts to the soil surface. Usually,
trees are planted due to their deep rooting capaci-
ty, tolerance mechanisms and continuous action
of transpiration as direct effect trees do not re-
move a large amount of salts by absorption. Most
trees thrive well to grow even in high saline/ sodic
and waterlogged conditions. Eucalyptus is the
most suitable tree species for biodrainage as it
has well performed in versatile environments. It
possesses appreciable tolerance to salinity,
sodicity and waterlogged conditions of soil. Fast-
growing with a straight trunk, deep rooting ability,
low shading effect and high transpiration capacity
are some of positive characteristics associated
with this tree. Acacia nilotica, Dalbergia sissoo,
Hardwickia binata are prominent woody species

which can also be grown. Biodrainage plantations
can be established in paired row strips giving
equal spacing between strips. At the most, ten
strips can be planned in a hectare of cropped land
allotting at least ten per cent of total area. It is a
cost-effective method; trees absorb CO, from the
air and reduce greenhouse effect; trees act as
wind barriers; tree debris enriches organic matter
levels of soil; weed growth is reduced by shade
effect. Further, transpiration and shade effect of
plantation cool the atmosphere and soil surface.
Measurable C is sequestered until harvest. Profit-
able income can be realized by plant products
having food and fodder values and after the har-
vest by plant products having fuelwood and small
timber.
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