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ABSTRACT

Salt-affected soils are a global challenge, affecting 1 billion ha of land, with 200 million ha found in
Africa. The challenge brings adverse impacts on agricultural productivity, food security, environ-
mental sustainability, and food security. In Tanzania, more than 2 million ha of land are salt-
affected, of which 1.7 million ha are saline soil and 0.3 million ha are sodic soil. To cope with this
threat, it is necessary to have a thorough understanding of its extent (coverage), existing types, and
available management strategies. This review presents a comprehensive account of the challenges
and opportunities of salt-affected soils in Tanzania and examines management options that have
been observed to increase agricultural productivity in rice-growing areas. A systematic review of
relevant articles published in databases was carried out using PRISMA guidelines and flowcharts.
This review highlights the origin, extent, types, and various techniques for alleviating salt-affected
soil problems. It also emphasize on the use of inorganic and organic amendments, salt-tolerant
varieties, irrigation water quality, and drainage infrastructure. We revealed that farmers, use
burned and unburned rice husks, sawdust, gypsum, and farm yard manure (FYM) as copping
mechanisms. Furthermore, there have been continuing efforts to develop salt-tolerant rice vari-
eties, coupled with maintenance of irrigation infrastructure and site-specific soil management
options, as appropriate solutions to tackle salt issues. Given the light of existing data, the review
recommends using RS and GIS for updating information on salt-affected soils, particularly in
irrigated areas, as an essential component of sustainable management and preventing further
loss of agricultural land.
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Introduction (Na*), potassium (K"), calcium (Ca®"), and magnesium
(Mg®"), and anions of chloride (CI"), sulfate (SO42-),

Back inf 1
ackground information bicarbonate (HCO5"), carbonate (CO;*"), and nitrate

The global estimates of salt-affected soils from various
sources indicate that around 1 billion hectares of land are
affected on all continents (Ivushkin et al., 2019; Wicke
et al., 2011), with hotspots in India, Pakistan, China, the
United States, Argentina, Sudan, and Central and
Western Asia (Butcher et al., 2016). Salt-affected soils
are characterized by having either high contents of solu-
ble salts or substantial amounts of exchangeable sodium
ions, which have a direct impact on the growth and
sustainability of most plants (Shahid et al, 2018;
Wallender & Kenneth, 2012). Such soils are mostly
found in arid and semiarid regions of the world, which
are characterized by evaporation and evapotranspiration
that exceed precipitation (Amini et al., 2016; Butcher
et al., 2016; Corwin & Scudiero, 2019; Omuto et al.,
2020). Salt-affected soils contain major cations of sodium

(NO;37) (P. Kumar & Sharma, 2020; Munns et al., 2020;
Shahid et al, 2018; Wallender & Kenneth, 2012;
Wallender & Kenneth, 2012; C. Zhao et al., 2020; Z6rb
et al., 2019; Zhao et al. The harmful effect of soil saliniza-
tion varies depending on climatic and soil conditions,
light intensity, and the ability of plant species to grow
and tolerate the environment (Acosta-Motos et al., 2017).

The estimates predict that 50% of arable land around
the world will become impacted by salt-affected soils by
2050, consequently increasing food insecurity (Butcher
et al., 2016), hence making soil salinization increase
a serious global threat to agricultural production
(Butcher et al., 2016; Corwin & Scudiero, 2019). The
prevailing climate change is likely to intensify the effect
of salt-affected soils (Corwin & Scudiero, 2019; Eswar
et al, 2021; Wen et al, 2021), leading to dramatic
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impacts on crop growth and productivity and conse-
quently reducing yield by more than 50%, especially in
arid and semi-arid regions (Anami et al., 2020; Ivushkin
et al., 2019). Thus, in light of the expected enormous
growth in the global population, salt-affected soils are
one of the key challenges to food production (Chen &
Mueller, 2018; Egal, 2020; Wen et al., 2021; Zorb et al,,
2019).

In sub-Saharan Africa, soil salinization affects
19 million ha of land (Tully et al., 2015), whereas in
Tanzania, over 3 million ha of land are affected (FAO,
2000). Research conducted by Kashenge-Killenga et al.
(2016) in some irrigation schemes indicated that 7-
15 percent of the schemes had salt-affected soils and
that about 2-10 percent of rice fields were abandoned.
Furthermore, Kashenge-Killenga et al. (2016) and
Meliyo et al. (2016) reported high values of electrical
conductivity (EC) ranging from 14 to 19 dSm™' in
various irrigation schemes. Consequently, the average
yield losses ranged from 5 to 70 percent (Kashenge-
Killenga et al., 2016), while in extreme cases the yield
losses were up to 100 percent. To address the effect of
salt-affected soils on cash and food crop production,
stakeholders’ awareness of the problem and the most
effective management options deserve global attention.

To date, different approaches have been proposed for
the prevention, mitigation, and reclamation of salt-
affected soils, including the use of organic and microbial
soil remediation (Amini et al., 2016; Gunarathne et al.,
2020; H. Sun et al, 2017; Leogrande & Vitti, 2019;
Saifullah Dahlawi et al., 2017; U. B. Singh et al., 2021);
breeding for salt-tolerant varieties for different crops
(Dehnavi et al., 2020; Kamran et al., 2020; Sunita et al.,
2020), engineering and water serving technologies
(Mohanavelu et al., 2021), precision application of che-
micals and fertilizers (El Hasini et al., 2019; G. Qadir et al.,
2017; Gangwar et al., 2019), and phytoremediation (A.
Kumar et al.,, 2020; Nouri et al., 2017). However, most of
these technologies are quite expensive and unaffordable
for farmers in rural areas. Hence, in order to effectively
manage salt-affected soils, a combination of technologies
is required (Butcher et al., 2016), so that farmers can
choose the technology that best suits their needs.

Though salt-affected soils have significant negative
impacts on agricultural production by turning pro-
ductive lands into barren grounds and spoiling water
quality and ecosystem services, research results show
that if such soils are properly managed, they are
highly productive with significant economic potential
(G. Qadir et al., 2017; Stavi et al., 2021; Wicke et al.,
2011). The economic potential of salt-affected soils
can only be realized if the extent and characteristics

of such soils are well established to allow the proper
selection of technologies for their effective manage-
ment options. However, in Tanzania in particular, the
information on the extent and characteristics of salt-
affected soils is scanty and scattered (Butcher et al.,
2016; Ivushkin et al., 2019), thus posing a challenge to
how to effectively manage such soils for sustainable
agricultural production. Therefore, this systematic lit-
erature review was conducted to explore the currently
available information on salt-affected soils in
Tanzania, including their extent, types, origin, and
distribution, and what have been the coping strategies
for sustainable farming on such soils in both irrigated
and rainfed agro-ecologies.

Rational of the review

Soil salinization has become a serious challenge in sus-
tainable agriculture for food and nutritional security in
developing countries (A. Singh, 2021; Butcher et al,
2016). The global reports estimate the extent of salt-
affected soils to be around 1 billion ha, whereas the
information down to individual countries is not well
documented (Ivushkin et al., 2019; Omuto et al., 2020).
Tanzania inclusive, the data is more significant for plan-
ning and management strategies. The problem of salt-
affected soils is an increasing concern in Tanzania, like in
other parts of the world, especially in rice-growing areas
(Kashenge-Killenga et al, 2013, 2016; Makoi &
Ndakidemi, 2007; Meliyo et al, 2016). Although the
negative impacts of salt-affected soils on farmers fields
have been reported, including loss of crop yields and the
abandonment of arable land in some areas after becoming
unproductive, the information is not well documented
(Kashenge-Killenga et al., 2016). Thus, the need to meet
increasing food demand for the growing population
under condition of declining agricultural land necessi-
tates prioritizatio of research on salt-affected soils (P.
Kumar & Sharma, 2020) and effective management
options for increasing crop production.

Knowledge and a comprehensive understanding of
the current information are the way forward toward
the alleviation of this challenge, thereby increasing
productivity and food security (Shokat &
Grofikinsky, 2019). Therefore, it is very important
to have real-time data about the extent, distribution,
and types of salt-affected soils to support and guide
informed decision-making to improve agricultural
production in Tanzania. This review presents the
current status of the available information and exist-
ing gaps and proposes a way forward that guides
research priorities targeting the development of salt-



affected soil management options for improved crop
production, specifically in rice irrigation schemes. In
this regard, conducting a review of the pertinent
scholarly literature is crucial for assessing existing
knowledge and identifying research gaps in
a particular area of research interest, which helping
to expand the knowledge base (Snyder, 2019).

Methodology adopted for the review
Search strategy, keywords and criteria of selection

The work adopted the Preferred Reporting Items for

SUSTAINABLE ENVIRONMENT (&) 3

framework, an approach that demonstrates a clear path,
guarantees scientific quality, and ensures transparency for
conducting a systematic review (Grant & Booth, 2009;
Page et al,, 2021). Several systematic review flow charts
have been developed and adopted to conduct systematic
review and meta-analysis, including SALSA (search,
appraisal, synthesis, analysis) by Grant and Booth (2009),
the Protocol, Search, Appraisal, Synthesis, Analysis, and
Report (PSALSAR) framework by Mengist et al. (2020),
and the PRISMA approach by Moher et al. (2010). This
review opted to follow a modified PRISMA flowchart,
which is a widely accepted checklist designed to improve

Systematic Reviews and Meta-Analyses (PRISMA)  the reporting standards of comprehensive literature
Articles identified Articles removed as Published and
< from search engine » duplication (n = 56) Urﬁlu‘t;hshedzre;pon
= (n=419) collected (n = 5)
S Published (n = 4)
£ i Unpublished (n = 1)
= Citation
Records after
duplicate removed
— (n :363)
— Reports sought for
= ] ) Articles excluded for r(er‘irlzeze)ll
< Articles screened published language, title,
5 (n=363) abstract content or full
@ text content (n = 173)
— Reports assessed for
() eligibility (n =4)
- Full-text articles Articles excl}lded with Publish§d n=3)
E assessed for reasons no direct relevant Unpublished (n = 1)
o . .
= eligibility (n = 190) 1nf9rmat10n for the
[} review
(n=57)
) v
Articles included in
3 review
s (n=133)
2 Reports of included [~
studies
(n=3)

Origin;

Properties;
Management;

Challenges;
Opportunities;

Discussed topics on salt-affected soils:

Extent, distribution and causes;

Economic implication

Figure 1. Systematic review pathway based on the PRISMA approach, modified by Page et al. (2021).
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reviews and meta-analyses (Jafarzadeh et al, 2021). As
shown in Figure 1, it involves four phases: identification,
screening, eligibility, and inclusion. The paper used nine
(9) search engines, namely Elsevier, MDPI, Frontiers,
Global Science, Springer, Wiley, Taylor & Francis,
PubMed, and Web Research Gate, to download and collect
published articles from peer-reviewed journals. In areas
with limited published works, unpublished reports that
had relevant information were also considered. Keywords
were used in searching papers to minimize unwanted
papers and avoid the risk of missing relevant papers.
Broad themes were also used, covering aspects such as
the origin of salt-affected soils, the extent of salt-affected
soils, the distribution of salt-affected soils, management
options for salt-affected soils, the challenges and opportu-
nities of salt-affected soils, and the economic implications
of salt-affected soils.

Generally, the search identified a total of 419 jour-
nal papers listed in search engines and 5 reports. Out
of 419 articles collected, 56 were duplicates and were
removed. Further screening was done for the remain-
ing 363 papers, and the 173 papers were rejected
because the titles, abstracts, and texts of the articles
did not directly match the target of the review.
Further screening was done, and 57 articles out of
the remaining 190 were removed for having no direct
relevant information in the main text. Finally, 133
articles and one report were used to examine and
discuss various aspects of salt-affected soils in
Tanzania. Figure 1 illustrates the flow of the review
from search sites to the final decision for articles used
in this review using the PRISMA approach (Grant &
Booth, 2009; Page et al., 2021).

Results and discussion
Origin of salt-affected soils

The genesis of salt-affected soils occurs through natural
processes influenced by salty parent materials, mineral-
ogy, groundwater, windblown salt particles, and floods
(Omuto et al., 2020; Stavi et al., 2017). While human-
induced activities such as irrigation (with poor drainage
or irrigation with saline water), inappropriate fertilizer
application, improper waste disposal, inappropriate use
of wastewater, misuse of soil amendments, inappropri-
ate soil-water management, and land-use change
(Amini et al., 2016; Shahid et al., 2018; Stavi et al.,
2021). Whether natural or human-induced soil saliniza-
tion emerges as a major environmental constraint
impeding soil productivity, agricultural sustainability,

and food security, particularly in arid and semi-arid
regions of the world (Chiconato et al., 2019; Corwin &
Scudiero, 2019; Mukhopadhyay et al., 2021; Shrivastava
& Kumar, 2015).

Spatial distribution, extent, types, and the causes of
salt-affected soils in Tanzania

Spatial distribution, extent, and types of salt-affected
soils in Tanzania were reported by Mnkeni (1996),
who indicated that 3.6 million ha of land had salt pro-
blems, of which 83% were saline and 16% were sodic.
The occurrence of these soils is most extensive in areas
with arid and semi-arid climates and in coastal regions
where there is an incursion of sea water through estu-
aries and rivers. Additionally, in inland areas, shallow
groundwater influences are also present. On the other
hand, FAO (2000) estimated that over 1.7 million ha
were saline, whereas 300,000 ha were sodic. According
to Mnkeni (1996), salt-affected soils mainly occur in
alluvial plains and valleys that receive soils influenced
by the nature of the parent materials eroded by surface
runoff or colluvial from highland areas. In the northern
highlands, water sources of the Pangani river run within
and over the volcanic lava and ashes of Kilimanjaro and
Meru mountains, eroding salt materials and overflowing
in flat areas (Mnkeni, 1996). Salt-affected soils in the
internal drainage basin and swamps like those in the
central zone regions and within the rift valley were due
to long-term collection of water, poor drainage
(Mnkeni, 1996), and higher evapotranspiration than
precipitation.

Recently, climate change has been perceived as
one of the contributing factor that accelerates the
problem of salt-affected soils in Tanzania (Kashenge-
Killenga et al., 2016). This is evidenced by the
experiences of increasing drought and the decreasing
length of the growing seasons caused by poor dis-
tribution of rainfall patterns where evapotranspira-
tion exceeds precipitation (Kashenge-Killenga et al.,
2016). Besides natural factors, the problem of salt-
affected soils is being intensified by management
factors, including inadequate irrigation infrastructure
and poor agricultural practices (Meliyo et al., 2016;
Omar et al., 2022). For example, there is a lack of
farm inlets and outlet canals that encourage farmers
to share irrigation water across farm boundaries.
While both natural and management factors are
contributing to intensifying salt-affected soils, the
current extent and spatial distribution of salt-
affected soils remain a challenge due to a lack of up-
to-date information (Kashenge-Killenga et al., 2014).
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Figure 2. Spatial Distribution of Salt-affected Soils in Tanzania (De Pauw, 1984).
Table 1. Classification of salt-affected soils based on ECe, ESP, SAR and pH values
Salt-affected soil  Electrical conductivity (ECe) Exchangeable sodium percentage  Sodium adsorption ratio  Soil reaction Soil structure
class (dSm™) (ESP (%)) (SAR) (pH) condition
Normal <4.0 <15 <13 6.5-8.5 Flocculated
Saline >4.0 <15 <13 <8.5 Flocculated
Saline-sodic >4.0 >15 >13 >8.5 Flocculated
Sodic <4.0 >15 >13 >8.8 Dispersed

Source: Wallender and Kenneth (2012). Agricultural Salinity Assessment and Management.

Figure 2 indicates the distribution of salt-affected
soils in Tanzania (De Pauw, 1984).

Classification and general properties of
salt-affected soils

Salt-affected soils are classified as saline, sodic, and
saline-sodic soils based on their chemical and physical
properties (Table 1), which are the electrical conduc-
tivity of saturated paste extract (ECe), pH, the

calculated exchangeable sodium percentage (ESP),
and the sodium adsorption ratio (SAR) (Wallender &
Kenneth, 2012). The saline soils are the ones with
excess accumulation of soluble salts in the root zone
and have high ECe values (>4 dSm™). Sodic soils, on
the other hand, are characterized by the accumulation
of high levels of exchangeable sodium relative to other
cations, hence with SAR>13 and/or ESP>15% (Cuevas
et al., 2019; Hassani et al., 2020). On the other hand,
saline-sodic soils are characterized by having both
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Table 2. Characterization of salt-affected soils based on exchangeable ions

Type of salt-affected
soil Sodium ratio

Properties

Saline

12502
Na*
__Na*
s <1
2002 +HCO;
a-+2507
Na*t —1
T +250
Sodic 2002 +HCO
- +2507
Na* 1
T 42502

Kenneth, 2012)

Saline-sodic

2005 +HCO; 1 stable soil structure due to flocculation; usually porous and permeable (Chhabra, 2005; Osman, 2018; Wallender &

1 stable soil structure; good physical conditions of the soils (Chhabra, 2005)

5 1 unstable soil structure; dispersed soil organic matter (Chhabra, 2005; Osman, 2018; Wallender & Kenneth, 2012)

highly soluble salts and exchangeable sodium, ECe>4
dSm™, SAR>13, and ESP>15% (Wallender &
Kenneth, 2012).

Saline soils

Saline soils contain high levels of soluble salts in the soil
solution, enough to cause adverse effects on the growth
of most crops. The dominant cations in saline soils are
calcium (Ca®*), magnesium (Mg>*) and/or potassium
(K"), as well as anions of chlorides (CI7), sulphates
(S0,*), and carbonates (CO®7) and Dbicarbonates
(HCO3") (Richards & USDA, 1954; Wallender &
Kenneth, 2012). Although NaCl dominates, nitrates
may be present on a few occasions (Osman, 2018). An
accumulation of soluble salts in the root zone alters the
pH and composition of soil solution and interferes with
plant absorption processes (osmosis/osmotic pressure)
of water and essential nutrients, causing imbalances and
deficiencies (Akhatar, 2019; C. Zhao et al., 2020). Plants
growing on saline soils are forced to activate different
physiological and biochemical mechanisms that help
them cope with the resulting stress, including changes
in morphology, anatomy, photosynthesis, water rela-
tions, toxic ion distribution, and biochemical adaptation
(A. Kumar & Bandhu, 2005; Rahneshan et al., 2018).
The primary effect induced in plants by excessive solu-
ble salts is to limit the ability of plant roots to absorb soil
water, even under wet soil conditions (Munns et al,,
2020). Soil water flows from a higher osmotic potential
(low salt concentration) in plant cells to a low osmotic
potential (high salt concentration) in the soil solution,
causing symptoms like a drought effect (Munns et al,,
2020). With the high concentration of soluble salts, the
ratio of Na* to the major dominant ions, Cl” and SO,
is less than 1 (Table 2). The preponderance of chloride
and sulphate ions gives saline soils a brownish-white
appearance (Wallender & Kenneth, 2012).

Saline soils have a good soil structure because excess
soluble salts keep the clay particles in a flocculated state,
which helps the particles cling together and initiate
binding into aggregates that are usually porous and

permeable (Wallender & Kenneth, 2012). Saline soils
are the dominant salt-affectesoil class in Tanzania,
although their curent extent and distribution are not
very clear

Sodic soils

Sodic soils are denoted by a high concentration of
exchangeable sodium ions (Na") in the soil exchange com-
plex, where sodium ions (Na*) compete with calcium (Ca?
), potassium (K"), and other cations and occupy more
than 15% of the soil cation exchange capacity (CEC)
(Richards & USDA, 1954). Sodium replaces other cations
in the exchange complex, causing the dispersion of soil
particles (Wallender & Kenneth, 2012), because the mono-
valent sodium cation has a weaker binding force compared
to the divalent cations of calcium (Ca**) and magnesium
(Mg2+). The dominant cations in sodic soils are sodium
(Na+), and the dominant anions are carbonate (CO5;>),
bicarbonate (HCOj3"), and/or chloride (CI"), and sulphate
(SO,>7) (Richards & USDA, 1954). The major challenge
caused by excessive sodium is damage to the soil structure,
accompanied by an increase in the compactness of soils
and a decrease in infiltration, hydraulic conductivity, and
oxygen availability in the root zone (Wallender & Kenneth,
2012). A high concentration of sodium increases soil pH
(alkalization) through the presence of HCO; and CO5*~
(Leogrande & Vitti, 2019; Shahid et al., 2018).

The forces that bind clay particles together are
greatly weakened when excessive sodium comes
between them, causing clay particles to expand,
swell, and disperse (Wallender & Kenneth, 2012).
The soil dispersion reduces the stability of soil aggre-
gates, with the consequence of accelerating soil ero-
sion (Gangwar et al, 2019). Sometimes sodicity is
formed as a secondary effect where leaching has
washed away soluble salts into the subsoil and left
sodium bound to the negative charges of the clay
(Wallender & Kenneth, 2012). Soil sodicity has detri-
mental effects on water permeability and soil aeration,
water holding capacity, root penetration, seedling
emergence, and microbial communities and their



activity (Akhatar, 2019; Irakoze et al., 2021; Sheoran
et al, 2021). Due to low soluble salts but high
exchangeable sodium, the ratio of sodium ions to the
sum of major anions is greater than 1 in sodic soils
(Chhabra, 2005).

The extent of salt-affected soils reported by Mnkeni
(1996) and FAO (2000) indicated a lower proportion of
saline-sodic soil compared to saline and sodic soils in
Tanzania. This is most likely because saline-sodic soils
can turn into sodic soils after washing or leaching of
soluble salts if sodium amendments are not made,
thereby increasing the extent of sodic soils (Abate
et al., 2021; C. Zhao et al., 2020).

Saline-sodic soils

Saline-sodic soils are the group of salt-affected soils
having a combined effect of both salinity and sodicity
(Alcivar et al., 2018; Wallender & Kenneth, 2012). These
are considered to be highly degraded in terms of soil
physical, chemical, and biological properties and hence
least productive (Chaganti et al., 2015). Saline-sodic
soils are more challenging in reclamation because sepa-
rate treatments are required for both salinity and sodi-
city (Alcivar et al., 2018; Osman, 2018). The dominant
cations in saline-sodic soils are sodium (Na®), calcium
(Ca®*), magnesium (Mg>*), and/or potassium (K"),
while dominant anions are chloride (Cl7), sulphate
(SO4%), bicarbonate (HCOs ) and nitrate (NO;3")
(Richards & USDA, 1954). The proportionally high
concentration of soluble salts (saline-sodic soil) keeps
the colloids flocculated and well aggregated, but careless
leaching of saline-sodic soils may cause dispersion,
accompanied by degradation of soil structure and loss
of water permeability (Osman, 2018), and the turning of
saline-sodic soil into sodic soil. These soils are reported
to be of limited extent in Tanzania, but they are also
difficult to distinguish from sodic and saline soils by
most soil users. This justifies the need to update the
characterization of salt-affected soils in Tanzania.

Management of salt-affected soils

In order to ensure the sustainable reclamation of salt-
affected soils, management options should be developed
based on the type of salt-affected soil, degree of effect,
and availability of site-specific amendment materials
that are affordable by the farmers. Several advocated
best-bet options can reverse salinity, sodicity, and sal-
ine-sodic effects in soils. However, most of the options
take time to address the problems, and in every case,
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they are expensive. The best solutions to be used are
dictated by the type of salt-affected soils and their grav-
ity. The choice also depends on whether one is working
in irrigation schemes with canals or on non-irrigated
soils without canals. Depending on the situation,
improving the efficiency of irrigation canals and drai-
nage canals, capturing and treating salty drained water,
and increasing the amount of water that gets into aqui-
fers are prerequisites for the effective management of
salt-affected soils. Use of soil amendments that improve
infiltration and mulching to save soil water from eva-
poration losses can also help to manage the detrimental
effects of salt-affected soils on crops. Details of best-bet
options for the management of salt-affected soil are
presented below.

Organic remediation

Research in various parts of the world shows that var-
ious forms of organic soil amendments, such as biochar,
green manure compost, and municipal solid waste com-
post, improve the physical, biochemical, and microbial
properties of salt-affected soils. These amendments can
be used individually or in combination for the reclama-
tion of degraded soils, especially salt-affected soils (El
Hasini et al., 2019; M. Huang et al., 2019; Sheoran et al,,
2021). Other researchers reported the combined appli-
cation of green waste compost, sugarcane compost, and
gypsum to reclaim saline soils (Diacono & Montemurro,
2015; El Hasini et al., 2019; Leogrande & Vitti, 2019).
The literature further shows that organic matters stimu-
late nitrogen mineralization in salt-affected soils by
increasing organic matter solubilization (X. W. Wang
et al., 2019). For example, Y. P. Singh, Mishra, et al.
(2019) reported that the application of vermicompost at
10 tha™! saved 25% N without a significant reduction in
the grain yield of rice and wheat in sodic soils.

In recent years, the application of biochar as an
amendment for salt-affected soils has been reported
and has attracted considerable attention from several
researchers (A. Yang et al, 2020; Bin Yousaf et al.,
2022; Kul et al., 2021; M. Singh et al., 2022; Phuong
et al., 2020; Saifullah Dahlawi et al., 2017; Y. Sun et al,,
2022), with emphasis on the improvement of the physi-
cal, chemical, and biological properties of salt-affected
soils. Though numerous researchers reported positive
results using biochar as an amendment for salt-affected
soils, the efficacy is controlled by various factors such as
temperature, feedstock, soil salt types, and biotic inter-
actions (Almutairi et al.,, 2023; Freitas et al., 2020;
H. Huang et al., 2021; Ippolito et al., 2020). The com-
bined effects of these factors have an impact on the
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quality and performance of biochar (Kavitha et al,
2018). The high cost of production and high application
rate are among the major constraints of using biochars
for the amelioration of salt-affected soils (Saifullah
Dahlawi et al., 2017). Organic amendments are there-
fore the solution for organic farming to improve soil
physicochemical properties, enhance crop yield, and
reduce greenhouse gas emissions (Amini et al., 2016;
Fidel et al., 2019; Gunarathne et al., 2020; Kammann
etal.,, 2017; Kubaczynski et al., 2020). Moreover, organic
amendments help to improve soil aggregate formation
and stability by binding the small particles in saline-
sodic and sodic soils to form large, water-stable aggre-
gates (Diacono & Montemurro, 2015). Table 3 sum-
marizes some of the reported amendment materials
and their application rates across several countries.

In addition, biochar may reduce salt injury through
the following three mechanisms: (1) transient binding of
sodium (Na+) on its exchange sites, which reduces Na*
uptake; 2) rising potassium (K*) in soil solution, which
maintains the Na+/K+ ionic balance, hence preventing
Na" uptake; and 3) improving water retention, thus
rising soil moisture content, which causes dilution
effects and hence reduces Na™ uptake (A. Yang et al.,
2020; Abo Elyousr et al., 2022; Ali et al., 2021; Ketehouli
et al., 2019; Mehmood et al., 2020). Figure 3 illustrates
the mechanisms.

Regardless of the good results reported on the use
of organic amendments in the management of salt-
affected soil, there is limited information available
for Tanzania. Meliyo et al. (2016) recommended 3-
8 tons/ha of farmyard manure (FYM) to boost soil
organic matter and improve the infiltration rate,
thereby accelerating the leaching of soluble salts
down the root zone on clay soil. According to
Makoi and Ndakidemi (2007), the use of FYM at
25 t ha™' was adequate to improve the infiltration
rate and available water capacity of sodic soils.
However, the majority of small-scale farmers may
not be able to obtain recommended quantities of
FYM for salt-affected soil management unless alter-
native organic sources are considered (Makoi &
Ndakidemi, 2007). Moreover, research results
(Meliyo et al., 2016), at Ndungu Irrigation Scheme,
Same District, show that locally available organic
amendments like rice husk, rice straw, and sawdust
incorporated in salt-affected soils 45days before
flashing are effective in improving soil infiltration,
ECe, and yield comparable to gypsum. It was found
that ECe dropped from 14 dS/m to less than 4 dS/m,
which is appropriate for rice and many other crops,
and this was attributed to improved infiltration that

allowed proper flashing out of salts from the root
zone.

Irrigation water quality and drainage
infrastructure

The quality of irrigation water plays a vital role in
sustaining the productivity of agricultural land (Awan
et al, 2021; Prasad et al., 2022). It is common for
irrigation water to contain some amount of salts; thus,
depending on the frequency of irrigation and drainage
conditions, salts brought into the field with irrigation
water can accumulate over the soil surface with time
(Mohanavelu et al., 2021). Based on global estimates,
more than 20% of the irrigated area is affected by sali-
nization induced by irrigation practices (M. Qadir et al.,
2014). Numerous resources and strategies, including the
use of non-saline or less-saline water for irrigation and
the development of proper drainage facilities (artificial
drainage), have been highlighted to reduce soil saliniza-
tion in irrigation schemes (Liu et al., 2019; Mohanavelu
etal., 2021). In most cases, the source of irrigation water
is surface water, which along the pathway can dissolve
salts from parent materials and transfer them to accu-
mulate in the irrigation schemes (Shouse et al., 2010).
Soluble salts can accumulate over the soil surface if the
internal drainage is insufficient to drain the salts that are
brought in with irrigation water (Connor et al., 2012).
Among the management options for removing access
salts from the topsoil layer is leaching with non-saline
water. But if the water table is near the surface, like in
humid and sub-humid areas, the leached salts can per-
colate below the plant root zone and lead to contamina-
tion of groundwater (Shahid et al., 2018).

In many cases, irrigation water in Tanzania is of good
quality either without or with little dissolved salts at
acceptable levels (Kashenge-Killenga et al., 2016).
However, most irrigation schemes are found on the
foot slopes of the Rift Valley Escarpment, which are
characterized by high temperatures, most often on lee-
ward sides, and hence unreliable or low precipitations.
This is the case for all irrigation schemes in the Usangu
plains, Lake Rukwa valley, Korogwe district in Tanga
region, and Kilimanjaro region. Other areas are hinter-
land depressions or valleys equally characterized by high
temperatures and low precipitation, including the
Singida, Tabora, and Shinyanga irrigation schemes.
These areas are characterized by poor leaching due to
high water tables just near the soil surface, making salts
accumulate over the surface. The problems are aggra-
vated by poor irrigation infrastructure (canals without
lining) and old canals without adequate renovation and
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Biochar

Incorporated

Salt-affected soil
(Na~, Ca*", Mg 2+, 1,
SO4 57, and HCO; -)

/Properﬁos \
» HighinC
» Substantial quantities of Ca, N,
Na, Mg, K. CEC and CO3-
» High specific surfacearea

\r Highly porous j

avail ability uptake

Nutrient retained in soil Binding Na~ on its exchange site hoas
Increase CEC, OC and Maintaining Na /K~ ionic balance
available P Increasing water holding capacity e  Salporosity
Buffer soil pH influence dilution affects o Rinciny cilng e
Increase soil surface area High Na adsorption ability e  permeability
Enhance nutrients Reducing Na™ Accelerate Na™

leaching

Enhance plant growth

Figure 3. Systematic mechanisms of biochar interaction in salt-affected soil environment.

close supervision (Meliyo et al., 2016). Nearly 90 percent
of irrigation schemes had inadequate irrigation infra-
structures, which increases the possibility of spreading
salt concentration (Kashenge-Killenga et al., 2016).
Unfortunately, the country lacks up-to-date informa-
tion on the extent of salt-affected soils in irrigated
areas, so one can hardly specify the actual contribution
of poor irrigation water quality and drainage infrastruc-
tures on soil salinization.

Planting salt tolerant crops

In salt-affected soil environments, salt-tolerant crops are
an alternative coping mechanism. The ability of plants

to grow and complete their life cycle in a harsh environ-
ment containing high concentrations of soluble salt is
one of the ways to manage salt-affected soils (Irakoze
et al., 2021; Manuel et al, 2017). Salt-tolerant crop
varieties have been developed to sustain growth under
osmotic effects, ion toxicities, and nutrient imbalance
conditions (Manuel et al.,, 2017; Zhang & Dai, 2019).
The osmotic effect induces metabolic changes in the
plant like those caused by water stress ‘wilting’ induced
by drought (Chiconato et al., 2019; Munns & Gilliham,
2015). Some important sereal crops varieties (Table 4)
tolerant to various levels of salt concentration, have
been released but their tolerance varies with weather
growth stages and crop species (Farooq et al., 2017;



Liang et al, 2017; Phogat et al., 2018). Maas (1993)
developed a linear model to estimate a yield loss under
the unit-increased salinity level beyond the threshold.
The model explained that for any given crop, the relative
yield loss (Y,) for soil salinities exceeding the threshold
can be estimated using the following equation:

Y, = 100 — b(EC, — a) (1)

Where Y, is the relative yield; a is the salinity threshold
expressed in (dS/m); b is the slope that represents the
percentage of yield expected to be reduced for each unit
of added salinity above the threshold; and ECe is the
mean electrical conductivity of a saturated soil extract
taken from the root zone.

Crop plants are more sensitive to salts during the
early growth stages (at germination and seedling stages),
but the degree of sensitivity differs critically between
species and is more similar among the cultivars within
similar species (Farooq et al., 2017). Crops naturally
develop a large number of physiological and biochem-
ical strategies to cope with salt stresses (Sharma et al.,
2016; W. Wang et al., 2003; Zorb et al., 2019), but differ
in their threshold levels (C. Zhao et al., 2020). Table 4
shows some cereal crops released for salt tolerance along
with their tolerance level.

Salt-tolerant rice varieties, such as SATO 1 and
SATO 9 (Kashenge-Killenga et al., 2016), were devel-
oped and released in 2016 as part of a soil salinity
management strategy and can grow in a salt-affected
soil environment. However, seed availability and adop-
tion by the farmer are still slow because, although the
variety is high yielding and grows well under salinity, it
is a non-aromatic one, which is not in high demand in
local markets. Additionally, the majority of farmers in
Tanzania prefer rice varieties with high yield, early
maturity, aromatic flavor, and hence high market value

Table 4. Selected cereal crops released for salt-tolerance
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(Suvi et al., 2020). Thus, a rice breeding program must
focus on meeting farmers’ preferred traits to accelerate
the adoption rate of newly released varieties. It is also
important to caution that even salt-tolerant rice vari-
eties have a threshold that they can cross, and hence the
development of salt-affected soil reclamation technolo-
gies and/or integrated management options remains an
important undertaking.

Inorganic amendments

Inorganic (chemical) amendments such as gypsum
(CaSO,) which provide a source of calcium (Ca*")
that replaces the exchangeable sodium (Na®) on the
exchangeable sites, are commonly used to reclaim
alkaline (sodic) soils. Gypsum application is one of
the best-known methods for the reclamation of alka-
line (sodic) soils (Bello et al, 2021; Lastiri-
Hernandez et al, 2019). In alkaline soil, Ca** can
replace a substantial amount of the exchangeable Na*
from the exchange site, and subsequently, Na* com-
bine with SO, to generate soluble salts that are
leached out of the root zone via an irrigation water
system (Sarwar et al, 2011). The ionic exchange
reaction at the soil exchange site in alkaline soil is
shown in Eq. (1). This reaction improves soil stabi-
lity and permeability (i.e. increases soil porosity,
oxygen availability, and infiltration capacity) while
decreasing soil pH, EC, and ESP (Alcivar et al.,
2018; Sarwar et al,, 2011; Y. P. Singh, Mishra, et al,,
2019). It also stimulates soil microbial activity and
increases nutrient availability (Kim et al., 2018). For
gypsum to be effective in the amelioration of salt-
affected soil, adequate water should be available to
irrigate the soil after gypsum application to enhance
the quick leaching out of displaced Na® from the
rhizosphere (Bello et al., 2021).

Tolerance level (ECe)

Crop Varieties Released country (dsm™) Reference

Rice BRRI Dhan 61 Bangladesh 12-14 (Ismail & Horie, 2017)
BRRI Dhan 47 Bangladesh 12-14 (Ismail & Horie, 2017)
BINA Dhan 8 Bangladesh 12-14 (Ismail & Horie, 2017)
CR Dhan 406 India 5-8 (Ismail & Horie, 2017)
CR Dhan 405 India 5-8 (Ismail & Horie, 2017)

Wheat ETBW-5879 13 (Nekir et al., 2019)
SANDALL-3 14.05 (Nekir et al., 2019)

Sesame EW-01 10 (Mamo et al., 2021)

Sorghum Meko 6.81 (Hailu et al., 2020)

Note: The tolerance level depends much on weather conditions, especially temperature and relative humidity.
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Globally, several reclamation techniques have been
recommended to reduce the negative impact of salt-
affected soils by improving physical, chemical, and bio-
logical soil properties. However, limited information is
available in Tanzania, where little research has been
conducted to develop area-specific recommendations
on the application rates for inorganic amendments.
The study conducted by Makoi and Ndakidemi (2007)
revealed that the combination of farmyard manure
(FYM) and gypsum at rates of 25 t ha™! and 12.5
t ha™' significantly reduced EC, ESP, and increased
infiltration rate compared to the treatment of FYM
and gypsum alone in sodic soil. Furthermore, it has
been demonstrated that the integrated use of gypsum
and various organic amendments improved the quality
and productivity of alkaline (sodic) and saline-sodic
soils through changes in soil properties (Alcivar et al.,
2018; Bello et al., 2021).

Land and soil resource management practices
for reclamation of salt-affected soils

Salt scraping

The scraping method involves removing the salt crust
that has accumulated on the soil surface, particularly in
saline-affected land (Endo & Kang, 2015). Salt scraping
can be used to remediate saline soils if the dynamics of
salt precipitation are taken into account (Shaygan &
Baumgartl, 2022). Evaporation is the main factor influ-
encing the upward movement of saltwater to the surface
of the soil, while high rainfall events can leach salts deep
into the soil profile (Shaygan & Baumgartl, 2022). The
effectiveness of this method requires that the leaching
process be followed to remove the remaining soluble
salts (Endo & Kang, 2015).

Soil ripping

In most cases, sodic and saline-sodic soils have disper-
sive behavior (Shaygan & Baumgartl, 2022), which
results in low soil porosity with massive structure and
high soil strength, especially when dry, which prevents
root extension; a low infiltration rate, resulting in water-
logging or perched water tables, which drowns roots;

and poor movement of air into the subsoil, resulting in
low oxygen availability to growing plants. In this situa-
tion, ripping technology can be used as a means to
reduce soil compaction and accelerate salt leaching
(Mageshen et al.,, 2022). It is, however, recommended
to combine ripping with organic and inorganic amend-
ments for long-term improvements in soil physical con-
ditions (Endo & Kang, 2015).

Salt leaching

For the prevention of salt accumulation on the soil sur-
face and in the root zone caused by evaporation and
evapotranspiration, a significant amount of fresh water
is required to overcome the rate of evaporation and
evapotranspiration. A fraction of the applied water
flow through the root zone and flush away the excess
salts (Ebrahim Yahya et al., 2022). Therefore, the
amount of water applied must be optimized to allow
leaching without a water-table rise (Ebrahim Yahya
et al,, 2022). However, poor soil properties, such as
low permeability, make this process ineffective (Xu
et al., 2020). Without leaching, salts accumulate at the
soil surface (Shaygan & Baumgartl, 2022) and can limit
plant establishment.

There are several other techniques reported for
managing and preventing salt accumulation that are
not discussed in this article. These include subsurface
drainage technologies (Okuda et al., 2020; Y. Yang et al.,
2022), particularly in arid and semi-arid areas; salt-
tolerant microbes (Egamberdieva et al, 2019
Kumawat et al., 2022; Otlewska et al., 2020); and land-
shaping techniques (Bandyopadhyay et al., 2009).

Economic implications in reclamation of
salt-affected soils

Estimation of the costs attributed to the reclamation of
salt-affected soils is very heterogeneous due to different
methodologies used in the assessment process, differ-
ences in soil types, the intensity of salinization, and the
type of reclamation required (Munns & Gilliham, 2015).
Yield loss is the most detrimental factor used to assess
damage induced by salt-affected soils on a local scale
(Thimmappa et al., 2016). The major economic cost of
soil salinization is the reduced income to farmers caused
by the reduced yield (Munns & Gilliham, 2015), which
differs from one country to another and is largely influ-
enced by the costs of inputs against the profit farmers
can make in the seasons with average rainfall (Munns &
Gilliham, 2015). At the farm level, net income decreases
sharply with increasing salinity, which increases the cost
of production (Thimmappa et al., 2016).



Consistent losses of crop yield caused by soil salini-
zation as a result of climate change or the rising water
table may alter the cropping system and make it impos-
sible for crop production; ultimately, the land usage may
revert to pasture production using salt-tolerant grasses
or other species, including halophytes (Munns &
Gilliham, 2015). Not only that, but farmers in salt-
affected areas are also affected by food insecurity due
to the devastating consequences of salt-induced costs in
crop production (Haider & Hossain, 2013; P. Kumar &
Sharma, 2020). According to M. Qadir et al. (2014), the
global estimate of salt-induced costs due to crop failure
in irrigated areas could reach US $27.3 billion, with an
estimated cost of US $441 per ha of land (M. Qadir et al.,
2014), and economic loss could be as high as the esti-
mated values if the salinity levels increase without
proper management (M. Qadir et al., 2014).

In Tanzania, low yields have been reported in most
rice-producing irrigation schemes (Kashenge-Killenga
et al., 2013; Makoi & Ndakidemi, 2007), and some of
the farms have even been abandoned (Meliyo et al.,
2016). The estimated area loss by salt-affected soils in
irrigation schemes ranges from 5 to 25% for more than
70% of the schemes surveyed (Kashenge-Killenga
et al., 2016). Similarly, the study conducted by Omar
et al. (2022) based on farmers’ views indicated that
about 25% of the land in the surveyed irrigation
schemes was salt-affected. On the other hand, yield
losses in salt-affected areas range from 5-100%
depending on severity levels and irrigation water avail-
ability (Kashenge-Killenga et al., 2016). Unfortunately,
the cost induced by salt-affected soils has not been
reported for Tanzania as a case study because the
current extent of salt-affected soils is not well estab-
lished and no cost estimations have been done.
Nevertheless, despite the negative impact of salt-
affected soils on agricultural systems, it was established
that if successfully managed, land with salt-affected
soils becomes productive again and can hence be
used for crop production (M. Qadir et al., 2014).

Based on a few reviewed case studies for Tanzania,
salt-affected soils have been reported to exist in different
agro-ecologies but are more alarming in rainfed low-
lands and irrigated areas. Climate change is becoming
a critical factor that has a significant impact on soil
salinity (Corwin, 2021). Climate change is expected to
increase the frequency of extreme weather events, with
unusually low precipitation, higher temperatures,
higher potential evapotranspiration, and more frequent
droughts in parts of the world (Malhi et al., 2021).

Similarly, to other Sub-Saharan African countries, cli-
mate change and population growth rates are major factors
influencing food insecurity in Tanzania (Bjornlund et al.,
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2020). The challenge of climate change is expected to
worsen the situation of food insecurity (Ires, 2021;
Randell et al., 2022). For instance, the central and some
parts of the northern highlands of Tanzania experienced
moderate to severe drought (Mdemu, 2021; Verhoeve
et al., 2021), which caused serious threats to water avail-
ability, food security, and local livelihoods (Mdemu, 2021).
There is a potential for climate change to exacerbate the
hazards of soil salinity, especially in arid and semi-arid
regions (Eswar et al., 2021).

Climate change could accelerate the hazards of soil
salinity, especially in arid and semi-arid regions, and has
the potential to spread the problem in the near future to
currently unaffected areas (Eswar et al., 2021). Under this
scenario, areas affected by salt contamination become
worse, and it needs attention for the future of agriculture
and its ability to satisfy the growing food demand for the
fast-growing population (Mukhopadhyay et al., 2021).
Therefore, it is important to address the challenges
caused by salt-affected soils (i.e. high osmotic stress,
nutritional disorders, toxicities, poor physical soil condi-
tions, and reduced crop productivity) promptly.
Minimizing the negative effects of climate change and
reclamation of salt-affected soils are among the critical
solutions to future food security (Corwin, 2021). Thus,
research focusing on the extent, types, and management
options of salt-affected soils is critically important. Thus,
understanding the salt-affected soils aerial extent, types,
and severity for a specific area is of critical importance for
developing effective management options.

Conclusion and the way forward

Salt-affected soils are a challenge to agricultural land
and have a substantial impact on the sustainability of
food and nutritional security. In the face of its severe
impact in some parts of the world, it calls for interven-
tion to ensure food sustainability. Thus, to fulfill the
demand for food security at regional and national levels,
appropriate information is a key factor in lessening salt
stress on agricultural land and improving crop sustain-
ability. This review aimed to explore the currently avail-
able data on salt-affected soils in Tanzania, including the
distribution extent, types, origin, and what have been
the coping strategies for sustainable farming under both
irrigated and rainfed agro-ecologies. Soil salinity affects
plant physicochemical properties, including increasing
osmotic pressure and oxidative stresses, which adversely
affect crop growth, yield, and quality. There have been
various mitigation techniques developed to manage salt-
affected soils around the world, such as the use of
organic and inorganic amendments, phytoremediation,
salt-tolerant microbes, land-shaping techniques, and
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salt-tolerant crops. It is imperative to note, however,
that the effectiveness of each technique varies based on
the soil’s physicochemical properties, water availability,
and the climatic conditions of a particular location.
Additionally, the integration of leaching techniques
and salt-tolerant varieties could be the most effective
way to overcome salt stress challenges in Tanzania. In
light of the conclusions above, it is recommended that
comprehensive soil characterization studies be con-
ducted to determine the extent (coverage) and the sever-
ity of the problem. In irrigated and lowland rainfed rice-
producing areas, soil types should be classified and
sources of salinization identified. Data from the above
studies will be useful for guiding future research regard-
ing the management options of salt-affected soils for the
improvement of crop production. The information will
also be used to predict the future impact of climate
change on salt-affected soils as well as to develop afford-
able soil management options for reclaiming salt-
affected soils.
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