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Distribution and redistribution of salt ions in saline soils with shallow

groundwater table

VN Mathinya' and ML Molomo'

'Department of Soil, Crop and Climate Sciences, University of the Free State, Bloemfontein, South Africa

Saline water resources are more abundant than freshwater. Bringing these resources into sustainable,
productive use will offer opportunities to reduce competition for freshwater resources, especially in arid and
semi-arid areas where freshwater is scarce. Hence, the primary objective of this study was to elucidate the
dynamics of salt ions in saline profiles of various soil types (sandy Clovelly and sandy loam Bainsvlei) under
malt barley cultivation across 2 seasons where no leaching between the seasons took place. Results of this
lysimeter study investigating increasing irrigation salinity (EC) set at 1.5,4.5, 6,9, and 12 dS:-m~' over 2 seasons
were used to explore ion dynamics of a saline environment. The lysimeter set-up included a saline constant
(1.2 m) groundwater table with its salinity corresponding to EC.. Findings showed that ion concentrations
are higher closer to the water source only in the Bainsvlei soil and remain variable in the Clovelly soil. Salt
dynamics were more predictable in sandy loam soil than in sandy soil, making management of saline sandy
soils far more challenging when leaching is not possible. Therefore, our hypothesis that the absence of
leaching between seasons will lead to a differentiated progressive accumulation of salt ions in the soil profile,
with variable effects on the soil depending on soil texture, was true. We conclude that the desalinized zone,
which we determined to be at a depth of 600 mm, should be used to guide crop selection. Furthermore,
in addition to the apparent provision for leaching of saline profiles, fertilization should target restoring ion
balances, especially provisioning for calcium deficiencies. Both soils were prone to nutritional disorders,
most especially calcium deficiency. Therefore, in addition to provision for leaching saline profiles, fertilization
should target calcium provisioning for crop production in arid saline environments.

INTRODUCTION

Water scarcity and the subsequent excessive accumulation of soluble salts — a process referred to as
salinization - has persisted as a long-standing issue in the agricultural sectors of arid regions such as
Southern Africa. With an average precipitation of about 460 mm-yr' and exceptionally high potential
evapotranspiration with a range of <1 800 mm-yr in the country’s east to >3 000 mm-yr in the
northwestern part of the country (Du Preez and Van Huyssteen, 2020), South Africa is no exception.
This limited availability of water resources leads to a water allocation contention for agricultural,
industrial, and domestic demands. This contention mandates the use of low-quality water for crop
irrigation (De Clercq et al., 2021). Therefore, it is unsurprising that by the 1980s, salinization had
affected 10% of irrigated land in South Africa (Du Plessis, 1986).

Consequently, salinization of soil and water resources poses a severe challenge, directly diminishing
the agricultural potential of soil and indirectly impacting land-based livelihoods (Pessoa et al.,
2022). Extensive research has been undertaken to enhance sustainable staple crop production in
arid environments where salt stress prevails. Despite the scarcity of salinity-related research across
Africa, studies have documented the effects of salt-induced stress on cereal grain growth and yields
(Dikgwatlhe et al., 2008; Mathinya et al., 2021) as well as allowable salinity threshold values (Mathinya
etal., 2019). It is evident from the literature that the extent of growth inhibition caused by salinity on
cereal grains may be influenced by the nutritional status of the plant (Munns, 2002; Al-Seedi, 2008) or
the phytotoxicity of specific ions in saline soils (Anjum et al., 2015). Moreover, Bernstein et al. (1974)
emphasized that increasing salinity not only elevates plant nutrient requirements but also hinders the
uptake of nutrient cations. Recent research efforts have explored avenues such as crop breeding for
improved salt tolerance (Mujeeb-Kazi et al., 2019), the application of bio-stimulants (Rakkammal et
al.,, 2023), and soil amendments (Mahdy, 2011; Bello et al., 2021) to mitigate salinity effects.

Furthermore, parallel to the examination of salinity effects on crops, studies have investigated
the response of soil properties to escalating salinity levels. Elevated salt content can induce
physicochemical deterioration of the soil (Babcock et al., 1959; Grattan and Grieve, 1999; Haj-
Amor et al., 2018), leading to soil structural damage (Chemura et al., 2014), reduction in soil pore
volume (Barnard et al.,, 2009), and ultimately diminishing soil hydraulic conductivity. Additionally,
salinity fosters soil structural instability by clogging soil pores (Rengasamy, 2018) and forming a
thin crust at the soil surface, thereby reducing the infiltration rate of irrigation water into the soil
profile, consequently affecting crop water use. Research underscores the considerable variation in
these effects based on factors such as soil type, depth, microclimate, and the presence of limiting
layers (Zhao et al., 2019). Limiting layers, often leading to perched water tables, emerge as primary
factors influencing the transport, accumulation, release, and subsequent redistribution of soil water
and salts, closely intertwining with groundwater level and salinity (Zhao et al., 2019).
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Additionally, recent investigations into the transport characteristics
of soil salt ions have furnished a theoretical framework and
technical support for averting secondary soil salinization (Zhao
et al,, 2019; Muhammed et al., 2023). However, significant gaps
persist in our understanding and management of saline profiles,
particularly concerning the distribution and redistribution of soil
salt ions in soil-crop systems with saline perched water tables,
where no leaching occurs between seasons - a situation exacerbated
by limited water resources and climate change (Du Preez and Van
Huyssteen, 2020). A better understanding of salt dynamics in such
conditions may aid in better nutrient management for sustainable
crop production in saline soils. Hence, the primary objective
of this study was to elucidate the dynamics of salt ions in saline
profiles of various soil types under malt barley cultivation across
2 seasons where no leaching between the seasons took place. We
hypothesized that the absence of leaching between seasons will lead
to a differentiated progressive accumulation of salt ions in the soil
profile, with variable effects on the soil depending on soil texture.

MATERIALS AND METHODS
Experimental site

A lysimeter experiment (Fig. 1) was conducted at the
experimental research facility of the Department of Soil, Crop
and Climate Sciences (SCCS), the University of the Free State
(UFS) at Kenilworth near Bloemfontein (29° 01' 00" S, 26° 08'
50" E), South Africa, by Mathinya et al. (2019). The experiment
was conducted over 2 successive winter growing seasons on
sandy (Clovelly) and sandy loam (Bainsvlei) soil to investigate
the response of malt barley water use and grain yield to saline
irrigation under shallow groundwater table conditions.
During the 2 seasons, the mean minimum temperatures were
9.4 and 7.9°C for the first and second seasons, respectively.
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Figure 1. Layout of the malt barley lysimeter experiment in the first
season (Mathinya et al., 2019)

The corresponding mean maximum temperatures were 28.9 and
27.3°C. With a reference evapotranspiration (ET,) of 6.4 mm
and a maximum relative humidity (RHx) of 67.9%, the second
season was drier than the first season, which recorded an ET,
of 52 mm and a RHx of 66.3% (Mathinya et al.,, 2019). The
lysimeter facility was deemed appropriate not only because it was
constructed to closely resemble the natural soil profiles under
malt barley irrigation in the Northern Cape but also because its
movable shelter offered protection against rainfall events with
the potential to interfere with the experiment by dilution of the
irrigation treatments.

Barley was irrigated with 5 irrigation water quality levels (EC)),
ie., T1 (1.5), T2 (4.5), T3 (6), T4 (9), and T5 (12 dS-m™"). These
treatments were prepared using a combination of 6 salts as
follows: sodium chloride (NaCl), calcium chloride (CaCl,),
magnesium sulfate (MgSO,), sodium sulfate (Na,SO,), potassium
chloride (KCl), and magnesium chloride (MgCl,). The ratios
and combination of salts to obtain the required EC and sodium
adsorption ratio (SAR) values were established through laboratory
experimentation based on long-term values of the Lower Vaal
River and its tributaries. The same water used for irrigation was
also used to maintain the height of the water table. So, the salinity
of this constant (1.2 m) groundwater table corresponded to that
of the EC,. A split-plot design with 3 replicates was used where the
main plots were assigned by irrigation water quality while sub-
main plots were assigned for soil type.

Soil and plant analysis

Without any leaching of the profiles in between the seasons
(Season 1 — the beginning of the first season; transition season —
end of the first season, which is also the beginning of the second
season; Season 2 — the end of the second season), soil samples were
collected from each lysimeter at the beginning and end of each
season at 300 mm depth intervals up to a depth of 1 800 mm (540
soil samples in total). The samples were then stored in cool dark
rooms in the basement of the SCCS Department, and portions
were used for different analyses as necessary. For the current
investigation, the remaining portions of the soil samples were
analysed for pH and cations, i.e., calcium (Ca), magnesium (Mg),
potassium (K), sodium (Na), and phosphorus (P), using standard
procedures (The Non-affiliated Soil Analysis Work Committee,
1990) by the accredited laboratory of the SCCS Department at
the UFS. Table 1 presents the results of the soil analyses before
the commencement of the experiment; further details on the soil
properties and the agronomic aspects of the study may be found
in Mathinya et al. (2019).

Table 1. Soil analysis results accompanied by the corresponding standard deviations in parentheses, before the commencement of the

experiment
Soil type Treatment pH ECe (mS'm™) lon concentration (mg-kg™)
Ca++ Mg++ K+ Na+
Clovelly T1 6.6 174 378.94 (155.86) 103.30 (26.84) 110.84 (54.71) 72.40 (48.66)
T2 6.6 160 429.61 (319.54) 108.60 (54.49) 128.38 (38.69) 71.26 (54.67)
T3 6.4 220 389.89 (181.26) 124.08 (26.30) 138.65 (87.67) 61.71 (40.14)
T4 6.4 182 421.44 (2 424.59) 123.26 (24.39) 178.73 (100.88) 61.93 (44.61)
T5 6.3 186 256.28 (225.42) 140.07 (24.18) 190.36 (132.89) 57.30 (41.55)
Bainsvlei T 6.9 20 537.78 (173.42) 161.74 (58.16) 274.28 (395.27) 97.89 (50.24)
T2 7.2 196 598.22 (361.67) 155.56 (56.83) 80.23 (58.53) 124.38 (74.96)
T3 6.8 180 517.94 (185.18) 175.74 (74.39) 404.09 (281.72) 134.36 (85.07)
T4 6.8 221 529.78 (227.78) 196.70 (84.29) 215.87 (156.52) 93.00 (41.12)
T5 7.2 282 519.33 (185.00) 154.59 (65.73) 94.45 (79.21) 148.83 (100.40)
ECe: soil salinity; T1: 1.5, T2: 4.5, T3: 6, T4: 9, and T5: 12 dS:m™"
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Additionally, the harvested barley grains per treatment and soil
type were kept in a ventilated refrigerator at temperatures ranging
from 0 to 1°C (Mathinya et al., 2021). For the current study, the
grains from 2 harvests (end of the first season and end of the
second season) were passed through a stainless-steel grinder with
a 20-mesh sieve and mixed thoroughly to produce a homogenized
sample. These homogeneous samples were digested using perchloric
acid and analysed for cation content using atomic absorption or
flame emission spectrophotometry as per standardized laboratory
procedures for analyses of plant samples (Agrilasa, 1993).

Quality control and quality assurance

As communicated by the laboratory, all equipment was well
maintained and calibrated throughout the analysis period as the
laboratory actively participates in a Proficiency Testing Scheme
for both soil and plant analysis. As such, certified reference
materials and proficiency testing samples were included in sample
analysis as a quality control and assurance measure.

Statistical analysis

The relationships between soil solution composition and barley
grain nutrient content were expressed with Spearman’s rank

correlation analysis using MS Excel 2013. The treatment mean
values and standard deviations (SD) were calculated for all
results. Data were tested for normal distribution before analysis
of variance. All data exploration and statistical analyses were
conducted in R Studio (version 4.3.1, 2023). The R package,
gg plot, was used for all figures.

RESULTS
Soil chemical properties

Results of all the measured soil chemical properties at the
beginning of the first season (Season 1), the end of the first season
— which was also the beginning of the second season as there
was no leaching between the seasons (transition season), and the
end of the second season (Season 2) are presented in Table Al
(Appendix). Below we present the variation of these results with
soil type throughout the seasons.

Calcium

The highest Ca concentrations were recorded in the transition
season (Fig. 2). In this transition season, treatments of lower
EC, (Treatments 1 and 2) had higher concentrations of Ca than
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Figure 2. Calcium concentration (mg-kg™) as influenced by EC; treatments in the two soil types throughout the seasons (A) Clovelly, and

(B) Bainsvlei soils
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treatments with higher EC; (Treatments 3, 4 and 5). The sandy
Clovelly soil recorded lower Ca concentrations for all the
treatments than the sandy loam Bainsvlei soil. At the beginning
of the first season, Ca concentrations were stable in both soil
types for all treatments. Calcium concentrations in the second
season were generally lower than that of the transition season.
Treatment 1 (EC, = 1.5 dS:‘m™") showed the biggest decrease from
the transition season to the second season in both soils relative to
the rest of the treatments.

Magnesium

The Bainsvlei soil had higher concentrations of Mg than the
Clovelly soil (Fig. 3). Generally, Treatment 4 (9 dS-m™) had the
highest Mg concentrations. The transition season had the highest
variation in the concentration of Mg. Generally, Mg concentrations
were decreased in every treatment on the Clovelly soil in all
seasons. The opposite was true for the Bainsvlei soil. Treatment
5 did not follow the general increase in Mg concentration trend
with an increase in EC,.
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Figure 3. Magnesium concentration (mg-kg™) as influenced by EC, treatments in the two soil types throughout the seasons (A) Clovelly, and

(B) Bainsvlei soils
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Potassium

Of all the measured ions, K showed the most variation throughout
the seasons (Fig. 4). However, it had stabilised by the end of the
second season. At the end of the second season, K concentrations
were generally higher on the Clovelly soil than on the Bainsvlei
soil. This is the opposite trend to what was observed for Ca.
Potassium concentrations still increased with an increase in EC,.

Sodium

Sodium increased with an increase in EC; (Fig. 5). Like Ca and
Mg, concentrations of Na were highest in the Bainsvlei soil. Like
K concentrations, Na concentrations had stabilised by the end of
the second season. However, unlike with the concentrations of K,
Treatment 5 had lower Na and did not follow the general trend of
increasing with an increase in EC,.
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Figure 4. Potassium concentration (mg-kg™) as influenced by EC, treatments in the two soil types throughout the seasons (A) Clovelly, and

(B) Bainsvlei soils
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Figure 5. Sodium concentration (mg-kg™) as influenced by EC; treatments in the two soil types throughout the seasons (A) Clovelly, and

(B) Bainsvlei soils

Phosphorus

Phosphorus had the lowest concentrations of any measured ion.
These concentrations (Fig. 6) showed no marked increase from
season to season. Generally, concentrations of P were higher
in the Bainsvlei soil. Phosphorus concentrations did not show
marked increases with increasing EC,.

Distribution and redistribution of salt ions (concentration
with depth)

Across all seasons, the Ca concentration was the highest in the
top 300 mm and lowest at the Clovelly soil's 1 200-1 500 mm
soil depth (Fig. 7A). By the end of the second season, the rest
of the profiles had similar concentrations, except for the first
300 mm layer, which still had higher Ca concentrations. Similar
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observations could be made for the Bainsvlei soil, except that Ca
concentrations were lowest at the 900-1 200 mm layer in this soil
(Fig. 7B). The rest of the ions also showed differences regarding
where they were most and least accumulated in the different soils
and seasons (Table 2).

Generally, ion concentrations were lowest at the 600 mm soil
depth in the Bainsvlei soil. Although with some variation, ion
concentrations were highest at the 300 and 1 800 mm depths for all
seasons. For the Clovelly soil, on the other hand, no generalizations
could be made. Depths of the highest and lowest concentrations
seem to be ion-specific in all seasons. For example, Na and K are
highest at the 1 800 mm depth and lowest at the 600 mm depth.
On the other hand, Ca and Mg are the highest at the 300 mm depth
and lowest at the 1 500 and 1 800 mm depths, respectively.
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Figure 6. Phosphorus concentration (mg-kg™) as influenced by EC, treatments in the two soil types throughout the seasons (A) Clovelly, and
(B) Bainsvlei soils
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Figure 7 continued. Calcium concentration (mg-kg™") with depth throughout the seasons (A) Clovelly, and (B) Bainsvlei soils

Table 2. General trends of ion accumulation (zones of highest and lowest accumulation in mm) with soil depth in the two soil types

Season Soil type Trend Ca++ Mg++ Na+ K+ P
Beginning of Clovelly Highest 300 300 1800 1800 1800
season | Lowest 1500 1800 900 600 900
Bainsvlei Highest 300 1800 1800 1800 300
Lowest 600 600 600 600 1500
Transition season Clovelly Highest 300 300 1800 1800 1800
Lowest 1500 1800 600 600 1500
Bainsvlei Highest 300 1800 1800 1800 300
Lowest 600 600 600 600 1500
End of Season 2 Clovelly Highest 300 300 1800 1800 300
Lowest 1200 1800 600 600 900
Bainsvlei Highest 300 1800 300 1800 300
Lowest 1200 600 600 600 1200

Although clear trends could be observed with regard to the
differences in cation dynamics in the different soil types, a more
detailed perspective of the respective ion dynamics with depth
could have been provided by a concurrent look at anions at the
respective depths.

Relationships between soil and barley grain ion
concentrations

Results of the soil chemistry (Table A1, Appendix) were correlated
to the results of grain ion concentrations (Table A2, Appendix)
to produce the two correlation matrices discussed here. The
concentration of all ions in the grain, except Ca, was as reported
by Wozniak et al. (2014). This was only true for the end of the first
season. These concentrations were variably higher at the end of
the second season. In the first season, most negative correlations,
whether strong or not, were found in the Bainsvlei soil (Table 3).
The only significant correlation from this soil was between grain
Mg and grain Na, which were positively correlated. In the Clovelly
soil, relationships were mostly positive and strong. In this soil,
Mg and K were significantly positively correlated. The only other
significant correlation was between soil Ca and grain K.
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The second season differed from the first season in that the most
observed negative relationships were now found in the Clovelly
soil (Table 4). On the Bainsvlei soil, most negative relationships
were with soil Ca. Significantly positive correlations were between
soil K, grain Na, grain Ca, and grain K. On the Clovelly soil, soil
Na had a significant positive correlation with 3 parameters, i.e.,
soil Ca, Mg, and K.

Soil Mg also had a significantly positive correlation with soil K.
The other significantly positive correlations were between grain
K and Ca and grain K and Mg. The last two significantly positive
correlations were that of grain Na and Mg and, grain Na and grain K.

DISCUSSION

The availability and uptake of nutrients by plants in saline
environments are affected by many factors. Salts can accumulate
on the soil surface along with the upward capillary transport in
saline irrigated soil profiles with a saline water table, thereby
completely changing the distribution and redistribution of ions
in the soil profile. If no leaching occurs at the end of the season
on such a profile, how would the new ion dynamics influence the
growing environment for the next crop? This is an area of salinity
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Table 3. Spearman’s correlation between chemical properties of soil and grain for the Clovelly and Bainsvlei soil types at the end of the first

season
Bainsvlei soil
Soil Grain
Ca Mg K Na Ca Mg K Na

Clovelly soil Soil Ca 1 -0.396 -0.620 -0.123 0.208 0.234 0.478 -0.128
Mg 0.773 1 0.685 0.197 -0.624 -0.725 -0.796 -0.462

K 0.844 0.972* 1 0.614 -0.701 -0.104 -0.354 0.245

Na 0.799 0.828 0.857 1 -0.065 0.519 -0.116 0.718

Grain Ca 0.671 0.260 0.459 0.288 1 0.389 0.043 0.247

Mg 0.362 0.192 0.339 -0.074 0.829 1 0.679 0.917*

K 0.732 0.527 0.696 0.450 0.936* 0.845 1 0.425

Na 0.074 —-0.229 —-0.278 —-0.461 0.114 0.226 —-0.067 1

*Significant at 5% level

Table 4. Spearman'’s correlation between chemical properties of soil and grain in the Clovelly and Bainsvlei soil types at the end of the second

season
Bainsvlei soil
Soil Grain
Ca Mg K Na Ca Mg K Na

Clovelly soil Soil Ca 1 0.240 -0.817 0.187 -0.234 -0.291 -0.070 —-0.667
Mg 0.791 1 —-0.078 0.630 0.322 —-0.080 0.024 —-0.194

K 0.887 0.979*% 1 0.028 0.636 0.493 0.525 0.913*

Na 0.948* 0.913* 0.973* 1 0.735 0.659 0.595 0.238

Grain Ca 0.104 -0.103 —0.051 0.118 1 0.842 0.919* 0.795

Mg -0.257 -0.192 -0.239 -0.160 0.871 1 0.869 0.783

K -0.179 -0.299 -0.292 -0.156 0.951* 0.959* 1 0.781

Na -0.125 -0.023 —0.060 0.020 0.881 0.971* 0.915* 1

*Significant at 5% level

research that warrants immediate attention as irrigation water of
good quality is continuously diminishing. Yet, such research is
scanty, and with this study we contribute to this area of inquiry
with three perspectives: soil chemical properties, ion distribution,
and redistribution with depth, and look at the relationships of ion
concentrations between the soil and the grain.

Soil chemical properties

Qur results have indicated that at lower salinities, Ca
concentrations are higher (Fig. 2). This reduced availability of Ca
with increasing salinity has been attributed to ion precipitation
with anions (Grattan and Grieve, 1999). Furthermore, saline
soils are known to harbour conditions of high ionic strength
that reduce the availability of some ions, such as Ca in this case.
Therefore, plant Ca requirements will be expected to increase
as salinity increases, and Ca deficiencies may be more common
in saline profiles. Since a primary effect of Ca deficiency is the
restriction of root growth and penetration, Ca deficiency induced
by salinity stress may further aggravate moisture stress by
limiting root proliferation (Fageria and Moreira, 2011), with an
implication that fertilization recommendations for saline profiles
need to account for the inherently lower Ca availability in such
profiles.

Salinity disrupts the expected ion compositions and interactions
in the soil, with the soil texture contributing to these dynamics.
Unlike Ca, Mg and Na, K was higher in the sandy Clovelly
soil than in the sandy loam Bainsvlei soil. On the other hand,
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P showed no marked increases or decreases throughout the
seasons, regardless of the soil type. This is contrary to the findings
of Xie et al. (2022) who showed that an increase in salinity led
to reduced P availability. In addition to ionic strength effects
that reduce ion availability, P concentrations in the soil are also
influenced by sorption processes (Grattan and Grieve, 1999),
which may explain the differences in our findings. Hence, the
coupled effect of saline water irrigation and saline shallow
groundwater table presents an even more complex soil profile
(Mathinya et al., 2019). Furthermore, the concentration and
ratios of accompanying elements can influence the availability,
uptake, and transport of a particular nutrient and may indirectly
affect the uptake and translocation of others (Pessoa et al., 2022;
Muhammed et al., 2023). This may also explain why P showed
no marked increases with increasing EC,. Additionally, we
acknowledge that the contrary findings may be due to the missing
link to the anions, which were not analysed in this study.

Distribution and redistribution of ions with depth

This study noted higher concentrations of ions closer to the water
source (both irrigation water at the soil surface and water table).
However, this observation was only for the sandy loam Bainsvlei
soil. On this soil, lower concentrations were recorded at the
600 mm depth. On the other hand, accumulation with depth had
no general trend for the sandy Clovelly soil and appeared instead
to be ion-specific. For example, concentrations of Ca and Mg were
highest at the 300 mm level but lowest at 1 500- and 1 800-mm
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depths, respectively. It was also noted that Na and K were highest
closer to the water table and lowest at the 600 mm depth. This is
where, as referred to by Zhang et al. (2021), the desalinization zone
would occur. A desalinized zone of 500 to 600 mm was observed
by Zhu et al. (2023) in an irrigated cropland area. However, a
desalinized zone has, to the best of our knowledge, never been
determined for the conditions represented by our experimental
setup, making the findings of this study critical and pertinent to
management of saline soil profiles. This an important parameter
that can be used for planning purposes regarding the type of crop
to be planted in saline soils of a sandy loam nature.

Similar results of higher ion concentrations in levels closer to
the water source were noted by Ahmed et al. (2012), although
the authors did not account for the influence of soil type.
Furthermore, Zong et al. (2022) noted the influence of potential
evapotranspiration on ion dynamics with depth in a saline profile.
As indicated by the findings of these authors, salt concentrations
were higher in the shallow soil layers where the impact of potential
evapotranspiration was higher. With our findings, the implication
is, therefore, that crops could perhaps be successfully cultivated
in saline soils provided their effective rooting zone coincides with
the desalinised zone. This is an area on which future research
efforts could be focused for improved management of saline soils
for crop production.

Relationships between soil and the barley grain ion
concentrations

With the exception of Ca, soil salinity at progressively higher
levels increased the accumulation of ions in the barley grain, as
expected (Talbi et al., 2011). Our findings are similar to those of
Zeiner et al. (2022) who demonstrated that the salinity treatments
applied significantly influenced the single-element contents in the
different parts of the plant. Without periodic leaching, Ca shows
more antagonistic effects with other ions in the Bainsvlei soil but
not the Clovelly soil. At lower salinity (end of the first season),
the sandy loam Bainsvlei soil gave more negative correlations
than the Clovelly soil. However, the opposite becomes true at
higher salinity (end of Season 2). Therefore, in saline conditions,
ion deficiencies are predominant. Uptake of K, in contrast to
the uptake of Na and Mg, was suppressed by increasing levels
of soil salinity. Like Grattan and Grieve (1999), we found Na-K
antagonistic effects in barley. Furthermore, the suppressive effect
on K was also by Ca, although this was only the case in the sandy
Clovelly soil and only at the end of the second season (with no
leaching). This is yet another indicator of the critical role the soil
type plays in salinity dynamics and management. It is even more
essential to take note of the soil type for crop production in arid
soil environments due to the immobility of some ions, such as
P. Suffice it to say that crop production under saline soil profiles
is knowledge- and management-intensive and requires a detailed
view of the ion or nutrient dynamics in such profiles, which the
current study has shed light on.

CONCLUSION

Saline water resources are more abundant than fresh water.
Bringing these resources into sustainable, productive use will offer
opportunities to reduce competition for freshwater resources,
especially in arid and semi-arid areas where this resource is
scarce. However, this study has demonstrated that saline profiles
are prone to nutritional disorders, most especially Ca deficiency.
The absence of leaching in between growing seasons further
exacerbates ion imbalances and deficiencies in saline profiles,
making crop production with saline resources knowledge- and
management-intensive. The movement of salt ions in sandy loam
soil has a predictable pattern, which can be useful for formulating
management strategies. On the other hand, the same cannot be
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said for sandy soils, making them far more challenging to manage
effectively without the luxury of leaching in between the seasons.
Even so, there is a potential for sustainable crop production in these
environments if the effective rooting zone of the crop could be
matched to the desalinised zone that we determined in this study.

Our results supported our hypothesis that the absence of
leaching between seasons will lead to a differentiated progressive
accumulation of salt ions in the soil profile, with variable effects
on the soil depending on soil texture. Hence, we conclude that
the desalinized zone, which we determined to be at a depth of
600 mm, should be used to guide crop selection for production
in saline soils irrigated with water of poor quality. However,
dynamics in other soil types may be different and could
potentially also change the location of the desalinized zone. This
is an area on which future research efforts could be focused for
improved management of saline soils. Furthermore, in addition
to the obvious need for provision for leaching of saline profiles,
management of saline profiles for crop production must include
fertilization that targets the restoration of ion balances, especially
provisioning for Ca deficiencies.
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APPENDIX

Table A1. Results of the soil chemical analysis (mean concentration; standard deviation in parentheses) over the two seasons as affected by

irrigation water quality on two different soil types

Season Soil type Treatment pH Concentration (mg-kg™)
Ca** Mg** K* Na* P
Beginning of Clovelly T 6.6 378.94(155.86) 103.30(26.84)  110.84 (58.71) 72.40 (48.66) 42.06 (58.95)
Season 1 T2 6.6 429.61(319.54)  108.60 (54.49)  128.38(38.69) 71.26 (54.67) 22.52 (46.36)
T3 6.4 389.89(181.26)  124.08(26.30)  138.65 (87.67) 61.71 (40.14) 42.69 (55.40)
T4 6.4 421.44(24259  123.26(24.39)  178.73(100.88)  61.93 (44.61) 50.08 (68.99)
T5 6.3 256.28(225.42)  140.07 (24.18)  190.36 (132.89)  57.30 (41.55) 23.02 (24.49)
Bainsvlei T 69 537.78(173.42)  161.74(58.61)  274.28(395.27)  97.89 (50.24) 19.09 (23.65)
T2 72 598.22(361.67)  155.56 (56.83) 80.23 (58.53) 124.38 (74.96) 12.32(21.65)
T3 6.8 51794(185.18)  175.74(74.39)  404.09(281.72)  134.36 (85.07) 30.95 (39.03)
T4 6.8 529.78(227.78)  196.70 (84.29)  215.87 (156.52) 93.00 (41.12) 16.10 (18.32)
T5 72 519.33(185.00)  154.59 (65.73) 94.45(79.21)  148.83(100.40) 17.21 (24.47)
End of Season Clovelly T 73  386.39(102.11)  65.04 (40.67) 104.87 (57.45) 45.46 (27.03) 13.39 (9.11)
1/ beginning of T2 72 354.22(73.26) 63.39 (51.82) 133.01(109.00)  145.26 (68.02) 14.67 (21.08)
Season 2 T3 7  348.56(102.01)  80.60 (48.98) 102.11 (60.90) 161.94 (58.08) 21.23 (33.09)
T4 6.4 543.89(201.57)  119.71(78.68)  236.39(228.28)  272.33 (141.63) 10.44 (9.79)
T5 6.3 51211 (158.40)  200.61(60.72)  357.52(295.49)  290.14 (184.03)  22.87 (30.60)
Bainsvlei T 71 780.28(334.54)  241.86(78.78)  353.59(394.39)  146.19 (124.36) 52.11 (53.66)
T2 6.8 923.39(449.11)  289.22(188.36)  392.13(252.26)  339.16 (118.93) 54.22 (49.81)
T3 6.7 678.78(290.55) 311.53(138.48)  705.14 (330.60)  355.34(153.32)  31.89 (34.01)
T4 6.6 729.33(426.51) 332.91(146.16) 576.37 (208.95) 432.52(236.59)  43.89 (42.11)
T5 6.7 852.56(277.88) 279.59(131.30)  586.60 (215.92)  485.53(138.71)  66.44 (76.63)
End of Season 2 Clovelly T1 72 369.83(128.09)  30.45 (37.68) 114.01 (123.74)  64.82(71.63) 58.67 (52.71)
T2 71 459.72(223.03)  48.40 (48.95) 216.38(90.49)  202.81 (76.68) 41.33(33.94)
T3 7  467.39(232.20)  81.88(72.30)  280.03(126.91)  265.74 (92.37) 52.89 (38.39)
T4 7  460.83(155.38)  87.29 (25.65) 311.33(120.87)  291.69 (80.51) 37.67 (22.68)
T5 69 48550(138.63)  131.37(41.92)  400.15(174.30)  331.75(91.45) 48.90 (34.96)
Bainsvlei T 71 702.56(201.78)  168.13(92.81)  399.49 (617.54)  105.70(52.91)  81.33(109.47)
T2 71 863.5(324.68)  178.43(116.08)  208.01(140.73)  222.59 (104.70) 70 (47.78)
T3 7  678.67(22197)  180.99 (86.85)  454.33(387.94) 287.29(125.88)  60.67 (41.61)
T4 6.7 804.67(257.68) 254.98(87.05)  351.99(166.35) 299.57 (115.27)  93.78 (101.56)
T5 6.7 816.56(304.71)  174.45(87.83)  396.08(151.98)  222.13(88.34)  82.67 (103.84)

T1:1.5,T2:4.5,73:6,T4:9,and T5: 12 dS:m™

Table A2. Results of the grain chemical analysis (mean concentration; standard deviation given in brackets) over the two seasons as affected by
irrigation water quality on two different soil types

Season Soil type Treatment Concentration (mg-kg™)
Ca++ Mg++ K+ Na+
End of Season 1 Clovelly T1 875 (776) 1688 (59.8) 242 (34.5) 87.8 (19.6)
T2 877 (401) 1722 (26.4) 267 (49.3) 109 (32.2)
T3 873 (403) 1784 (196) 233(12.7) 175 (79.8)
T4 1083 (93.6) 1659 (194) 263 (39.3) 137 (67.8)
T5 403 (161) 1353 (891) 166 (146) 123 (68.5)
Bainsvlei T 438(163) 1450 (310) 224 (44.4) 51.2(18.1)
T2 472 (303) 1384 (445) 170 (102) 72.7 (35.8)
T3 530 (297) 1668 (249) 228 (93.6) 120 (53.5)
T4 387 (139) 1504 (36.5) 215 (57.8) 105 (21.3)
T5 390 (56.6) 1775 (66.8) 216 (40.3) 160 (8.49)
End of Season 2 Clovelly T 487 (263) 987 (659) 150 (90.4) 78.2(52.5)
T2 235 (180) 1032 (635) 39.8 (86) 138 (104)
T3 513 (545) 1676 (120) 276 (85.4) 276 (98.9)
T4 867 (285) 1591 (495) 292 (282) 335 (209)
T5 1242 (215) 2177 (332) 504 (112) 445 (132)
Bainsvlei T1 280 (117) 1434 (209) 289 (83.8) 83.7 (2.36)
T2 705 (212) 1451 (6.25) 354 (36.8) 171 (23.8)
T3 282 (150) 1348 (436) 255 (116) 190 (65.4)
T4 858 (406) 1682 (46.8) 440 (32.8) 326 (25.5)
T5 726 (122) 1607 (273) 413 (143) 239 (91.8)

T1:1.5,T2:4.5,73:6,T4:9,and T5: 12 dS‘m™'
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