Biosaline Agriculture
and Salinity Tolerance
in Plants

Edited by Miinir Oztiirk, Yoav Waisel, M. Ajmal Khan and
Guven Gork

Birkhiuser Verlag
Basel ¢ Boston e Berlin



Biosaline Agrimdture and Salinity Tolerance in Plants
Edited by M. Oztirk, Y. Waisel, M.A. Khan and G. Gdrk
© 2006 Birkhauser Venag/Switzerand

Vegetative bioremediation of sodic and saline-sodic
soilsfor productivity enhancement and environment
conservation

Manzoor Qadir', Jim D. Oster2, Sven Schubert3 and Ghulam Murtaza®*

! International Centerfor Agricultural Research in the DryAreas, PO Box 5466, Aleppo.
Syria

2 Department d Environmental Sciences, Universityd California,USA

3 Institute of Plant Nutrition, JustusLiebig University, Giessen, Germany

* Institute of Soil and Environmental Sciences, University of Agriculture. Faisalobud,
Pakigan

Introduction

Salt-affected soils occupy nearly 20% of irrigated area worldwide [1]. As a mgjor
category ofsalt-affected soils, sodicand saline-sodic soils are characterized by the
occurrence of sodium (Nat) at levels that result in poor physical properties and
fertility problems, thereby threatening agricultural productivity in many arid and
semi-aridregions. Ameliorationof thesesoilsisdriven by providing asoluble source
of calcium {Ca®*) to replaceexcess Na* on the cation exchange complex [2]. The
displacedNa™ iseither leachedfrom theroot zone by excessirrigation, aprocessthat
requiressoil permeability and provisionof anatural or artificial drainage system, or
istaken up by crops.

Many sodic and saline-sodic soils contain inherent or precipitated sources of
Ca?*, i.e, cacite (CaCOs) at varying depths. Due toits negligible solubility (0.14 *
mmol L), natural dissolutionof calcite does not providesufficient Ca?+ toamelio-
rate these soils. Consequently,amelioration of thesesoils has been dominated by the
application of chemical amendments[3]. Some amendmentssupply soluble sources
of Ca®* to the soil solution, which then replace excess Na+ on the exchange com-
plex, whileothersassist in increasing the dissolution rate of calcite. There have been
constraintswithchemical ameliorationin several devel opingcountriesduring thelast
two decades becauseof 1) low-quality of amendments containing alargefraction of
impurities, 2) restricted availability of amendments when needed for amelioration,
and/or 3) increased costsof amendmentsdue to competing demands by industry and
reductions in government subsidies for their agricultural use. Owing to oveniding
importanceof thelastfactor, chemical amelioration basbecomeprohibitivelyexpen-
sivefor resource-poorfanners. However, thereis growingevidencefrom researchers
and farmersindicatingthat thesesoilscan be brought back toahighly productivestate
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using a plant-assisted amelioration approach - vegetativebioremediation- that does
not rely on chemical amendments[4-6]. Synonymous termsfor vegetative bioreme-
diation include phytomelioration, phytoremediation, and biological reclamation.
Typical plant-assisted amelioration strategies for contaminated soils, such as
those containing elevated levels of heavy metalsand metalloids, work through culti-
vation of specific plant speciescapableof hyper-accumulationof target ionic species
in their shoots, thereby removing themfromthe sail [7]. In contrast, vegetativebiore-
mediation of sodic and saline-scdic soilsisachieved by the ability of plant roots to
increase the dissol ution rate of calcite, thereby resulting in enhanced levels of Ca**
in soil solution. The salinity-scdicity combination presentin the soil solution during
vegetative bioremediation maintains adequate soil structure and aggregate stability
that enhance theamelioration process|[8]. Thischapter highlightstheroleof cropping
for vegetativebioremediationof cal careoussudic and saline-sodicsoilsanditsevalu-
ation against other amelioration approaches. This informationwill assist researchers
and farmadvisors in choosing appropriate crops as well ascrop, soil and irrigation
management practices to achievemaximum benefit during the amelioration process.

Vegetative bioremediation of sodicand sdine-sodic soils

V egetative bioremediation of calcareous sodic and saline-sodic soilsisa promising
option that increases the dissolution rate of calcite through the processes at the
soil-root interface resulting in enhanced levels of Ca®t in soil solution. Vegetative
bioremediation (Vp;,) isafunction of the following factors:

Vasio = E Rpcoo + R+ + Rphy + SNat ()

where Rp,, referstoincreased partial pressureof CO; within the root zone. Ry
isenhanced proton (H*) releasein the root zonein case of certain N;-fixing crops,
Rpny dealswith physical effectsof rootsinimproving soil aggregationand hydraulic
properties of the root zone, and Sy.+ consists of Na*t content of shoot which is
removed through harvest of aerial plant portion. Thecollectiveeffectsof thesefactors
ultimately lead to soil amelioration, provided leaching and drainage are adequate

[Fig. 1).

Comparativeefficiency of vegetative bioremediation

The evauation of vegetative bioremediation and chemical approaches in various
countriesreveal scomparableperformanceof bothintermsof sodicsoil amelioration.
Resultsof a field experiment conducted on a barren, calcareous, akali soil (pH; » =
10.6,EC;.2 =2.7 dSm~*, ESP=94) indicated that theameliorati onefficiency of two
grasses, Paragrass(Brachiariamuti ca (Forssk.) Stapf) and Kamal grass (L eptochloa
fusca (L.) Kunth), was comparable with soil application of gypsum at 125 Mg
ha~! [9]. The yield of first rice (Oryzasativa L.) crop in the gypsum treatment
averaged 3.7 Mg ha~! as compared to 3.8 and 4.1 Mg ha—! from the treatments
cropped for 1 year with Para and Kamal grasses, respectively. The corresponding
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rice yields after 2 years of grass cropping were 5.3 and 6.1 Mg ha~!. In another
field experiment [10], amelioration efficiency of Kallar grass was evaluated during
different periods of root decay by leachinga calcareous, silty clay loam, saline-sodic
soil (pH, = 8393, EC, = 168375 dSm™!, SAR =325-108.9) 3, 6, 9, and 12
daysafter each harvest during 2 yearsof grasscultivation. Each plot was kept flooded
for 3daysduring leaching. Theamelioration efficiency of Kallar grass wasgreater in
theplotsleached 6 days after harvesting, and it was comparable with gypsum-treated
soil.

In a field study [11], cropping of seshania (Sesbania bispinosa (Linn.) W.E
Wight), Kallar grass, and sordan (Sorghum xdrummondii (Steud.) Millsp. & Chase)
wascompared against gypsum application (13 Mg ha~'} onacalcareous, sandy clay
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loam, saline-sodic soil (pH, =8.2-8.6, EC, =7.4-90 dSm™!, SAR =55.6-73.0).

Theplant speciesweregrownfor twoseasons (15months) with averageforageyields
intheorder: sesbania(40.8 Mgh a') >Kallar grass(29.3 Mgha~!) >sordan (24.7
Mg ha~1). After two cropping seasons, the treatment efficiency for grain yield of
the subsequent wheat (Triticumaestivum L.) crop wasin the order: seshania (3.79
Mg ha™1) = gypsum (3.68 Mg ha~!) > Kallar grass (3.14 Mg ha~!) > sordan
(2.27 Mg ha-*) > control (0.65 Mg ha~1). In a later field experiment [5], four
plant species - Kallar grass, sesbania, millet rice, and finger millet - were tested
against gypsum application (14.8 Mg ha~*) to amelioratea calcareous, sandy clay
loam, saline-sodic soil (EC. =9.1-11.0dSm ', SAR = 59.4-72.4). The treatment
effectivenessto decreasesoil ECe and SAR wasin theorder: gypsum =: sesbania>
Kallar grass > millet rice > finger millet. Forage yields of the plant species were
directly proportional to their soil amelioration efficiency.

Some field trials of cmp bioremediation techniques have not been successful
primarily because a salt-resistant forage cmp was not thefirst crop in the rotation.
In a field experiment [12], biological (rice-wheat rotation), physical + biological
(subsoiling by curved chisels toadepth of 0.54+0.06 mat achisel spacing of 1.2-1-5
m+ rotation), chemical + biological (gypsum at 100% gypsum requirement of the
upper 0.15 . of soil-+ rotation), and chemical + physical + biological (gypsum +
subsoiling + rotation) methods were compared to ameliorate two cal careous saline-
sodic soils. Irrigation water (EC = 1.8 dSm—1, SAR= 9.8) was applied according
to the crop water requirement. The first crop in the rotation was rice, which was
acompletefalureand did not produce any grain on one soil (pH, = 8.6-9.1, EC,
=123-150 dSm~*, ESP = 58.7-74.6), and a grain yield of 0.72 Mg ha—' on
the other soil (pH; = 88—89, EC. = 9.6-15.2 dSm™*, ESP = 42.5-45.6). Four
years after cropping. the average rice grain yield from both soils was in the order:
gypsum (1.99Mgha~?) > gypsum+ subsoiling (1.84 Mgha—!) > subsoiling (1.41
Mg ha™') > vegetative bioremediation (1.02 Mg ha—!). Gypsum and gypsum +
subsoiling treatments had similar values for the wheat grain yield (2.72 Mg ha™*)
followed by subsoiling (1.79 Mg ha™—!) and vegetative bioremediation (1.46 Mg
ha~). Within the upper 0.15 m depth, all the treatmentsdecreased EC, levels less
than 5 dSm~"! and ESP |levelslessthan 22 on both the soils.

Several crop rotations have been evaluated for the amelioration of saline-sodic
and sodic soils. Trree imgated crop rotations were tested to ameliorate acal careous
sdine-sodic field (pH, = 8.1-8.2, EC, =9.2-13.7 dSm~’, SAR = 30.6-42.7). The
rotations distributedin plotsof 18 m? were: sesbania-barley (Hordeurn vulgareL .),
riceewheat, and Kallar grass-afalfa (Medicago sativa L.). All the crop rotations
reclaimed the upper 0.15 m of soil after 1year (SAR < 10) asdid amelioration by
thenon-cropped gypsumtreatment, which decreased SARIessthan 14[13].Although
initial salinity and sodicity levelsof this soil werecloser to that used by [12], there
werethreedifferences: | ) the soil was relatively coarser in texture, 2) the plots were
imgated with canal water (EC =0.3dSm~?, SAR=0.5).and 3) theirrigation water
was applied in excessof crop water needsto leach Nat to lower depths.

In an evaluation of 14 experiments, carried out in different parts of the world.
there was a comparableeffect of chemical and bioremediationapproaches [14]. The
chemical treatment (applicationof gypsumin all experiments) caused 62 % decrease
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inoriginal sodicity levels, whereasa 52 %decrease was cal culatedfor the vegetative
bioremediation treatments. However, in some experimentsbioremediationwaseither
unsuccessful or much less efficient than the chemical treatmentfor the reasons. 1) a
crop resistantto ambient soil salinity and sodicity levels was not thefirst in the crop
rotation; 2) bioremediationcrop was grown during the time, which was not its most
suitable growing season; 3) time was insufficient to exploit the potential impact of
the bioremediation crop; and/or 4) irrigation was not appliedin excessof crop water
requirement, which restricted the downward movement of Na* from the root zone.
In general. bioremediation worked well on moderately sodic and saline-sodic soils,
provided 1)irrigation wasin excess of crop water requirement to provideadequate
leaching; and 2) the excessimgation was applied when the crop growth and hence
Poo, Wereat their peak.On thesesoils, the performanceof vegetative bioremediation
was comparable with soil application of gypsum. On highly sodic and saline-sodic
soils, chemical treatment was better than the cropped treatments.

Additional benefitsof vegetative bioremediation

Nutrient availability status of post-amelioration soil is crucia for the growth of
subsequent crops. Research on nutrient behavior during ameliorationusing chemical
and biological methodshas been conducted by determining the availability status of
some macro- and micro-nutrientsduring amelioration of a calcareous saline-sodic
soil (pH, =8.2-8.6, EC, = 7.4-9.0 dSm~!, SAR =55.6—73.0). The bioremediation
treatments included cropping of sesbania, sordan, or Kallar grass for 15 months.

There was an increasein phosphorus (P), zinc (Zn), and copper (Cu) availabilityi n
the bioremediation plots resulting from the production of root exudates and likely
dissolution of some nutrient-coated calcite. Conversely, the non-cropped gypsum
treatment decreased the avail ability statusof these nutrients. Besidesleachinglosses,
adsorption of nutrientson some newly formed CaCO3, a secondary consequence of
gypsum'dissol ution, contributed to thisdecrease. Soil N content wasdecreasedin all
thetrestments except for Ne-fixing sesbaniatreatment whereN content wasincreased
from0.49 gkg—' t0 0.53gkg-". Therewasno treatment effect on soil potassium(K)
availability sinceillite, a K-bearing mineral, wasdominant in the clay fraction [15].
Soil microbial biomassisan agent of transformationfor added and nativeorganic
matter and actsas alabile reservoir for several plant-availablenutrients. The activity
of microbial biomassis commonly used to characterize microbiological status of a
soil and to determine the effects of agricultural practices on soil microorganisms.
Dehydrogenase activity (DHA) in soilsis related to microbial populations, respira
tion activity and soil organic matter, and provides an index of the overall microbial
activity [16]. Thisparameter has been studied in few experimentsdealing with sodic
soil amelioration through chemical and biological means. After using several com-
binationsof chemical and vegetativebioremediation treatments, DHA and microbial
biomass carbon (MBC) were determined [17]. The treatments consisted of Kamal
grass grown for 1 or 2 years (harvested biomass removed or |eft to decompose on
the soil surface), gypsum application (at 14 Mg ha~!) + Kamal grass, gypsum +
sorghum, gypsum + rice, and gypsum + seshania. The soil on which these treat-
mentswere applied was alkali (pH;.2 = 10.6, ECy.2 =21 dSm ™!, ESP= 95, DHA
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= 45 pg triphenylformazang=!, MBC =56.7 mg kg-'). The levels of DHA in
post-amelioration soil were greater (1187 g triphenylfomazang=!) in the biore-
mediation treatments than gypsum * crop treatments (96.1 g triphenylformazan
g~ 1). The MBC values were greater in gypsum + crop treatments (206.3 mg kg-'
soil) than in the cropped treatments (161.7 mg ke~ soil). The overall experimental
averageof MBC (184mgkg-" soil) for al thetreatments was morethan threetimes
theinitial level of 56.7 mgkg ! soil. In an earlier study [18], asignificantincrease
in urease and dehydrogenase activities was found in alkali soils under permanent
vegeration such as grasses. Green manuring of an akali soil with seshania has also
been reported to increase urease ad dehydrogenaseactivities [19].

Sodic and saline-sodic soils have lost a large fraction of their original carbon
(C) poal [20]. The magnitude of the loss may range between 10-30 Mg C ha™*,
depending on the antecedent podl and the severity of degradation. The soil C pool
is not only important for the soil to perform its productivity and environmental
functions, but also plays an important role in the global C cycle. In addition to
ameliorationeffect, cultivationof appropriatecrops, shrubs, and treeson sodicand
saline-sodic soils has the potential to mitigate accel erated greenhouse effects by
increasing soil C through biomass production (Tab. 1). Monitoring changes in an
akali soil cropped with four tree species—acacia (AcacianiloticaWilld ex Ddlile),
shisham (Dalbergia sissoo Roxb. ex DC.), mesquite (Prosopisjuliflora (Swartz)
DC.) and arjuna (Termindia arjuna Bedd.) - suggested shisham and mesquite as
more efficient in terms of biomass production and decreasing Na+ levels in the
soil. Similarly, therevas greater microbial activity in upper 0.6 m soil under these
speciesdue to the accumulationof humusfrom decompositionof lesf litter and root
decay, which increased soil organic C:The rate ofincreasewes low for tefid  2-4
years, exponentia between 4-6 years, and plateau at alow ratefor 6-8 years [21].
Establishment of mesquiteon asodicfield increased organic C of thetop 1.2 msoil
from 118 MgCha—!t013.3MgCha~—!in5 years, 34.2MgCha~' in 7 years, and
54.3 Mg C ha~! in 30 years. The average annua rate of increase in soil organic C
was 1.4Mgha—1 over the30-year period [22]. Other estimatesfrom field studieson
alkali soilssuggest that differentland-usesystems consisting of @ number of grasses
and trees can sequesterorganic C in therange of 0.2-0.8 MgC ha~? yr~1 [6].

Plant speciesfor vegetative bioremediation

Thesdection of plant speciesfor vegetative bioremediationisgenerally based on the
ability of the speciesto withstand ambient levels of soil salinity and sodicity while
also providing a saleable product or one that can be used on-farm . Considerable
variaion existsamong crops to withstand saline-sodic conditions [23]. Such inter-
and intra-crop diversity suggests that field trials be conducted to identify local crops
that are adaptable to saline-sodic soil conditions [24]. The fanners, farm advisors,
and researchers familiar with local conditions, including crop response to adverse
soil conditions and cropping strategies thet fit into the local economic conditions,
could provide a vauable resource base for making appropriate recommendations.
In addition, application of plant breeding approaches is needed to develop crop
genotypeswith enhanced salt resistanceand performancein field conditions[25].
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Table 1. Potentid of two land-use systems (grass only and tree-grass) for carbon (C) s
questration in acacareousakai soil (pH = 10.0-10.2, EC= 2.0-6.4dSm™"}. Recelculated
from [6]

Treatment® OrganicCin soil (gkg™*) at dffe@tdepths® C sequestration
(Mg ha~! yr )¢

0-0.075 m 0075-015n Mean
Desmodadhya 29 1.6 23 0.33
Soombdus 24 1.3 1.8 0.17
Acacia + Desmodadya 3.6 1.8 2.7 0.47
Dabergiat+ Desmodadya 16 24 35 0.73
Prosopist Desmostadhya 4.7 25 3.6 0.77
Acada+ Desmodedya 26 1.4 20 0.23
Ddbagat Desncdadya 3.2 1.7 25 0.40
Pmsopis + Desmogtachya 36 19 238 0.50

‘Desnodachya  (Desmogtachyabipinnata(L.) Stapf), Spombolus (Spombolus marginatus
Hochst ex A. Rich), Acada (Acadanilotica (L) Delile), Dabergia(Dabergiasssoo Roxb.
ex DO , Pmsopis (Pmsopisjuliflora (Sv)) DC)

bAfter 6 yearsd plantation

'Assuming initidl Ccontentin thesoil as 1.3 g kg~ (averagedt the C content, which ranged
from 1.0-1.6 gkg-") and massof 0.15 mdepth of 1 haas2x 10° kg, therae o organicC
sequestration in the soil under each trestment wes cal cul atedas

Organic C sequertr (Mg-ha=* -y~ }-={{mean C content -origina C content insoil)2 / 6

Several crops, shrubs, trees, and grasses have been used as vegetativebioremedi-
ationtoolsto amelioratesodic and saline-sodic soils. Some researchershavefavored
the inclusion of Kallar grass [9], sesbania[ 11], alfalfa[26], Bermudagrass [§], or
sordan [4] as thefirst cmp to accel erate sodic soil amelioration. Several other plant
species have produced adequate biomass on salt-affected soils. Theseinclude shrub
species from the generaAtriplex and Maireana [27, 28], Kochia scoparia L. [29],
Salicornia bigelovii Torr. [30], Echinochloa crusgalli (L.) P. Beauv. [31], and Por-
tulaca oleracea L. [32], among others. However, it is imperativeto compare them
with other speciesalready testedfor sodic soil amelioration. In addition, efforts are
needed to search other cropssuch as high-value medicinal and aromatic species with
the potential for adequategrowth on sodic and saline-sodic soils.

A number of tree plantations have been grown on sodic and saline-sodic soils.
These include: Terminalia arjuna (Roxb. ex DC.) Wight and Am. [33], Pmsopis
juliflora(Sw.)DC. [22],Dalbergin sissoo Roxbex DC.,Acacianilotica(L.) Willd. ex
Delile[6], Parkinsoninaculeatal . and Prosopiscineraria(L.) Druce[34],Sesbania
seshan (L.) Merr. and TamarixdioicaRoxb. ex Roth [35],and L eucaenal eucocephala
(Lam.) deWit [36], amongothers. In Australia, revegetation by treeswasfound to be
the best long-termoptionfor controlling dryland salinity [37]. Useful informationis
availableregardingsourcesof seeds, nursery raising techniques,andland preparation
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and planting proceduresfor 18 different tree and shrub species with potential for
growth on salt-affected soils [34].

Based on cost and benefit analysis, severd studies have compared economics
of sodic soil amelioration. A net economic loss (cost:benefit 1.00:0.75) was found
during vegetative bioremediationathough the growth of Kama grasswasadequate,
which helped reduce soil sodicity. The economic Las was attributed to the small
market demand of the grass in the presence of other good-quality foragesin that
locality [38]. On the other hand, the bioremediation strategy has been found to be
economically beneficia when there was a market demand or local utilization of
the crops a the farm level [39, 40]. Agroforestty systems comprising severd tree
species on saline-sodic soils have been found to be economically feasible in some
developing countries because of firewood need in local markets [36]. On the other
hand, the market for firewood is not supportive to make agroforestry economically
viablein Cdifornia[8]. Preliminary assessmentsin Australiasuggest that thereare
26 salt-resistant plant speciescapableof producing 13 products(or services) of value
to agriculture [27]. From an economic perspectivemuch dependson local needs. In
an immediate sense, vegetative bioremediationcan only be economicaly feasible if
the selected crops, grasses, or treeshave a market demand or local utilization a the
farrievd. In thelong run, one must also consider the value of theimproved soils.

Condusons

In recent decadesyegetative bioremediationbasheen found to bean efficient,inex-
pensive, andenvironmentally acceptabl estrategy toamelioratesodicand saline-sodic
soils. Its comparableperformancewith that of chemical ameioration highlightsthe

effectiverol eof croppingintheameliorationof thesesoils. Vegetativebioremediation
has shown to be advantageousin severa aspects: 1)no financia outlay to'purchase
chemical amendments, 2) accruedfinancia or other benefitsfromcropsgrown during

amelioration, 3) promotion of soil-aggregate stability and creation of macro-pores
thatimprovesoil hydraulicpropertiesand root proliferation,4) greater plant-nutrient

availabilityin soil after vegetativehioremediation,5) more uniformand greater zone
of amelioration in terms of soil depth, 6) sequestration of C in post-amelioration
soil, and 7) environmentally feasible and productive use of otherwise margina and

degraded soils. However, vegetative bioremediationis dlower in effecting positive
change than chemical approaches and is contingent on the presence of calcitein

soil, which is common when compared to most sodic and saline-scdic soils of arid

regions. In addition, its scope becomes limited on highly sodic soils where growth

of the bioremediationcropsislikely to be variableand patchy and the use of chemi-

cal amendmentssuch as gypsum isinevitable. Clearly, vegetative bioremediationis
an effectivelow-cogt intervention for resource-poor fanners. This approach has the
potential for large-scal eadoption under government or community-based programs
aimed a theameliorationand improved productivity of degraded common property

resources.
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