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Relatively high levels of boron (B) can be found in soils and irrigation water used
for agriculture in semi-arid and arid regions. Furthermore, climatic conditions and
resulting high levels of plant transpiration in dry regions intensify B uptake and
accumulation in plants and increase the probability of B toxicity. The focus of this
review is on B interactions with soils and plants in dry regions. A basic introduction
to B in soils and solutions and to B in the soil-water-plant continuum is presented to
provide the reader with sufficient background to understand issues of B in arid and
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Keywords: semi-arid agriculture. Crops in arid areas are prone to exposure to stress-causing
Boron toxicity, factors from excess B that occurs simultaneously with general salinity stress. In
salinity, some cases in arid zone agriculture excess B is a result of native soil-born B,
Peanut, in other cases it is a result of B introduced with irrigation water. Both native and
Grapevine introduced B can have long-term consequences on crop growth and agricultural

management. The nature of excess B-salinity interactions is also reviewed. Case
studies representing two scenarios regarding excess B in arid agriculture are
presented. In the first, naturally occurring B in vineyards in the Jordan Valley led to
toxicity, even after years of leaching and irrigation with low-B water. In the second,
saline water with high B concentration historically utilized in the western Negev for
irrigation of cotton had serious repercussions on subsequent peanut crops. Crop
and water management options appropriate to anticipated conditions of high B in
arid agriculture are presented and discussed.

1. Introduction The characteristics of typical arid and semiarid zone
soils — that they can be saline, contain high natural lev-
els of B, and have relatively low organic matter content

— all affect soil B reactions and plant B uptake.

Boron (B) is an essential micronutrient element
required for the normal growth of plants. Plants
vary in their B requirements, but the range between

deficient and toxic soil solution concentrations of B is  Boron toxicity in plants is a phenomenon encountered

smaller than for any other nutrient element [1]. Boron
deficiency is most likely in coarse textured soils in
humid regions. B toxicity, however, resulting from high
levels of B in soils and from additions of B via irrigation
water, is common in arid and semi-arid regions [2]. The
climatic conditions (high temperatures, low rainfall, low
humidity, and high light intensity) and the resulting high
levels of plant transpiration in the dry regions intensify
B uptake and accumulation in plants and thus increase
the probability of B toxicity.

Boron is taken up into plants from the aqueous soil
solution and is largely a function of the solution’s B
concentration [2]. The concentration of B in soil solu-
tion is strongly affected by B-soil chemical interactions
— primarily adsorption-desorption processes that are,
in turn, affected by soil constituents and conditions [2].

in many places throughout the world’s arid regions.
Specific cases of high B levels and toxicity to agricul-
tural crops have been reported in South Australia [3],
California [4], Israel [5], Turkey [6], and Chile [7, 8].
Boron can be found as a native component of soils
and can also be introduced with irrigation water. A par-
ticularly important source of excess B to agriculture is
found when recycled wastewater is used for irrigation
[9]. In spite of the extent of excess B in the arid zones,
research and knowledge concerning B toxicity is less
than that of B deficiency.

Boron in soils and agricultural systems has been wide-
ly reviewed in the past. Keren and Bingham [2] and
Goldberg [1] thoroughly discussed B chemistry and
B-soil interactions, Gupta et al. [10], offered a compre-
hensive look at B in plants, Nable et al. [11], Stangoulis
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and Reid [12] and Yau and Ryan [13] specifically dealt
with B toxicity, as did Reid et al. [13] and [14] in physio-
logically based discussions. Readers wishing in-depth
treatment of these topics are encouraged to turn to
those sources.

This review aims to focus on B interactions with soils
and plants in arid and semi-arid regions. A basic in-
troduction to B in soils and solutions and to B in the
soil-water-plant continuum is provided here to give the
reader sufficient background to understand the issues
of B in arid-zone agriculture. Commonly, excess B in
arid regions is accompanied by conditions of high sa-
linity [2]. These topics are reviewed in terms of their
relevance to arid agriculture and are discussed using
case studies from Israel’'s Negev desert region.

2. Boron chemistry

The coordination number of the B minerals is either
3 or 4 or a combination thereof. In solution, B(OH),°
behaves as a very weak Lewis acid (K, =6 x 107, pK_
9.1) according to the equilibrium equation:

B(OH),° + H,0 <=>B(OH), + H*

At low concentration (<0.2 mg/l), only the mononucle-
ar species B(OH),° and B(OH), are present. At higher
concentrations and with increasing pH, polynuclear
ions, such as B,0(OH).* or those incorporating B,O,
rings, are formed. Further increase in pH results in
higher nuclearity borates, but above pH 10, B(OH),
is produced exclusively [15]. Complexation with B
is mostly limited to compounds having two hydroxyl
groups in the cis-conformation, classified as cis-diols.
The most stable of these complexes are formed with
cis-diols attached to a furanoid ring [16]. In this way B
binds to plant sugars, soil organic matter, metal oxides
and clays.

3. Boron soil interactions

Boron transport in soils and B available for plant up-
take is a function of B concentration in the soil solution.
B in soil solution is determined by: a) soluble B enter-
ing the soil-water system; either from the soil mineral
fraction or from B imported through groundwater or ir-
rigation water; and b) sorption reactions between the
aqueous soil solution and soil solids.

3.1. Sources of soil B

Boron is widely distributed [17] in both the lithosphere
and hydrosphere. In rocks its concentration averages
about 10-20 mg B/kg. In sea water it can range from
1-10 mg B/I, while its concentration in fresh surface
waters is generally much lower. A survey of 1542 sur-
face water samples reported a mean B concentration
of 0.1 mg/l [18]. However, concentrations up to 1000
mg/l have been measured in salt lakes and hydrother-
mal waters [19]. Most soils have low B content (less

than 10 mg/kg); high B content soils are those associ-
ated with recent volcanism [15] and arid or semi-arid
regions. Groundwater can be high in B if exposed to
geological formations with soluble B. Boron-containing
minerals are either insoluble (tourmaline) or very solu-
ble (hydrated B minerals).

3.2. Soil solution B — adsorption processes

The relative solubility of minerals generally is not found
to control the concentration of B in soil solution [1]. The
B concentration in the soil solution is instead much
more highly influenced by B adsorption reactions. The
amount of B adsorbed by soils varies greatly with the
contents of soil constituents, the most important be-
ing clay minerals, sesquioxides and organic matter [2].
Calcium carbonate acts as an important B adsorbing
surface in calcareous soils. Boron adsorption is great-
er in soils having higher calcium carbonate content
[20]. The mechanism of B adsorption is generally con-
sidered to be ligand exchange. On a per-weight basis,
clay minerals adsorb significantly less B than do most
oxide minerals and organic matter.

Layer-silicate clay minerals adsorb B; the order of B
adsorption on a per-weight basis is kaolinite < mont-
morillonite < illite [21]. The rate of B adsorption to clay
minerals begins with an initial, fast adsorption reac-
tion (less than one day) followed by a slow diffusion
of B into the crystal lattice [22]. Initially, B adsorbs to
the surface hydroxyl groups on the clay particle edg-
es. Subsequently the B migrates and is incorporated
structurally into tetrahedral sites, where it replaces
structural silicon and aluminium.

Boron adsorbs on both crystalline and amorphous alu-
minum- and iron-oxides. Boron adsorption is greatest
on freshly precipitated solids, decreases with aging
due to increasing crystallinity [23], and is greater for
aluminium oxides than iron oxides [24] on a per-weight
basis. Magnesium (Mg) hydroxide can remove appre-
ciable amounts of B from solution. Due to Mg hydrox-
ide coatings, silicate minerals containing mainly Mg in
their chemical formulas adsorb more B than silicate
without Mg. The appreciable B adsorption capacity of
the sand and silt fractions of arid zone soils low in clays
and organic matter may therefore result from clusters
and coatings of Mg hydroxide on silicate minerals [25].

Knowledge concerning B adsorption to organic mate-
rials is much less comprehensive than that concern-
ing clays and metal oxides. It is nevertheless under-
stood that soil organic matter significantly affects B
distribution between the soil’s solid and liquid phases
and influences B uptake by plants. Boron adsorbs on
all soil organic matter constituents [26, 27], including
natural organic matter like compost and peat [28, 29].
Garate and Meyer [30] concluded that the main fac-
tors affecting B retention by organic matter were pH,
Ca and fulvic acid content, and the humic-to-fulvic
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acid ratio. Interaction between B and organic matter
can alter soil solution B. Boron deficiency has been
observed in soils with high organic matter content [31-
34]. This deficiency has been shown to be related to
the high affinity of organic matter to B [28, 33, 35, 36]
and its removal from solution. In a case where a small
amount of composted organic matter not rich with B
was added to the soil (Loess, Calcic Haploxeralf) the
number of adsorption sites was significantly increased
and soil solution B and plant uptake were decreased
[37]. Alternatively, adding organic matter to soil has
been reported to increase B content and its availability
to plants [38, 39].

Factors influencing B adsorption and desorption from
soil constituents include: B concentration in the soil so-
lution, solution pH, presence and type of exchangeable
ions, ionic composition of the soil solution, wetting and
drying cycles and temperature [1, 2]. Boron adsorp-
tion on soils is particularly dependant on solution pH.
Boron adsorption on soil constituents increases with
increasing pH, reaches maximum levels at around pH
9 and decreases with further increases of pH [40]. The
pH dependence of B adsorption can be explained by
competition between borate ions, boric acid and hy-
droxyl ions for specific sorption sites [21]. Quantitative
relationships between solution concentrations of the
ions are a function of pH but not by adsorption charac-
teristic or number of adsorption sites [21, 28].

Information concerning the reversibility of B adsorption
reactions in soils is contradictory. For some soils, de-
sorption isotherms correspond closely to B adsorption
isotherms while other soils exhibit hysteresis [20]. In
investigations of the cause of hysteresis, no significant
correlation was found with soil properties including:
clay, organic carbon, pH, electrical conductivity (EC),
cation exchange capacity, surface area, aluminum ox-
ide content, or iron oxide content [20]. Mechanisms
of irreversibility of B sorption have been shown to in-
clude: ligand exchange, formation of bidentate surface
complexes and incorporation of B into clay mineral lat-
tices [1].

Boron adsorption and desorption from soil adsorp-
tion sites regulate B concentration in the soil solution.
This regulation itself is a function of the changes in
solution B concentration and of the affinity of the soil
constituents for B [41]. Thus, adsorption of B may buf-
fer fluctuations in solution B concentration such that B
concentrations in soil solution may vary only slightly
with changes in soil water content.

3.3. Leaching B from soils

Soluble salts, including B, existing in the soil can be
moved out of the root zone with water applied for this
purpose. Boron as boric acid or borate is mobile in soil
solution. The capacity for leaching B from the root zone
is a function of water content and water movement in

the soil as well as of B transport processes (which are
themselves affected by B adsorption-desorption pro-
cesses). In general, the amount of water needed to
leach B from soil is much higher than that needed to
remove non-reactive solutes like CI- or Br-.

A column study [42] showed that the amount of water,
measured in terms of pore volumes, to achieve trans-
port of B so that adsorption and desorption processes
reached equilibrium and maximum B moved out of the
soil was 4-8 times greater for B transport compared
to the ideal mass-transfer of Br. Actual transport and
leaching of B, however, are determined by the same
parameters that affect the B adsorption-desorption
process. For example, transport of B through soil col-
umns was retarded by increased clay content and by
increased solution pH [42].

Boron transport in a loamy sand soil was also strongly
controlled by rate-limited adsorption, which, in turn,
was dependent on pore-water velocity [43]. Informa-
tion from B adsorption-desorption processes studied
under equilibrium conditions (as in the column experi-
ments) can and are used to predict B transport in soil
[44, 45], but the assumption of equilibrium may not
be appropriate for actual field conditions, where the
parameters and processes controlling B movement
would likely vary with space and time. Communar and
Keren [43] found rates of B adsorption that were high-
er than those of B desorption in non-equilibrium condi-
tions. The pH in soil solution, well established as hav-
ing primary importance to adsorption processes, often
varies as a function of time, location in the field and
soil depth [46]. Shouse et al. [47] monitored salinity
and B concentration in a 60-ha agricultural field. Soil
salinity and B concentrations were found to be highly
correlated and were observed to be largely a product
of soil textural variations. A number of additional fac-
tors, such as water redistribution and solute concen-
tration augmentation by evaporation, can also affect
B transport in unsaturated soils under transient water
flow regimes [48]. Increases in solution B concentra-
tion caused by evaporation are compensated, in part,
by B adsorption, whose effect depends on the rate of
adsorption-desorption reactions.

The maximum effect is achieved when adsorption oc-
curs instantaneously (equilibrium adsorption). Under
rate-limited adsorption, the concentration of B in the
solution changes; it parallels the variation of water
content, with some time lag. Communar and Keren
[48] estimated the effect of transient, non-monotonic
water flow on B transport in unsaturated, homoge-
neous loamy sand and loess soils. Their results in-
dicate that non-steady-state conditions caused by
interruptions in flow affect B transport and lead to sig-
nificant changes in solution B. In spite of this, lysimeter
studies investigating the effect of excess B in irriga-
tion water on crops suggest that in regularly irrigated
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soils assumptions of B-adsorption equilibrium may in
fact be reasonable, as long as concentration of B in
applied water stays constant. Full-season studies on
tomatoes in a sandy loam soil indicated that drainage
water B reached steady-state values after 20-50 days
of irrigation and that the time to steady-state increased
with increased irrigation water B concentration and de-
creased with increased irrigation volumes [49].

A long-term experiment with date palms grown in ly-
simeters and irrigated with B-salinity combinations [50,
51] also showed that in the sandy loam soil studied, in
a very hot dry climate, a leaching fraction of 0.25 was
sufficient to provide equilibrium conditions for B in 1
m? containers after 3-5 months and that steady-state
conditions of B in soil solution and in drainage water
were maintained for years thereafter.

4. Boron in plants
4.1. Plant function and B nutrition

Boron plays an apparent role in a number of physio-
logical processes in plants, including: cell enlargement
and division in roots and leaves, microsporogenesis
and pollen tube growth [52], sugar transport, cell wall
synthesis, lignifications, cell wall structure, carbohy-
drate metabolism, RNA metabolism, respiration, in-
dole acetic acid (IAA) metabolism, phenol metabolism,
membrane integrity, and ascorbate metabolism and
induce oxygen activation [53-55]. Hu and Brown [56]
discuss B deficiency in detail and suggest that “the
rapid and specific inhibition of plant growth that occurs
upon removal of B is a consequence of two important
features of B physiology: the specific structural role B
plays in the cell wall and the limited mobility of B in the
majority of species”.

Boron uptake in higher plants occurs passively
through the lipid bilayers and is a function of external
boric acid concentration, membrane permeability,
internal complex formation and transpiration rates
[56]. Aquaporins in plants can also transport small
neutral solutes [57, 58] and that passive lipid diffusion
and aquaporins or other Hg-sensitive channels [59-61]
serve as possible pathways of B into the plant.

Boron is mobile in the xylem and its transport within the
plant is primarily via mass flow with the transpiration
stream. Beyond the xylem, B is generally considered
highly non-mobile in most plants, as it accumulates in
leaves and is normally not found to be transported to
other organs or locations. Only in particular plant spe-
cies that produce polyols that complex with the B and
allow its transport has B been demonstrated to be mo-
bile in the phloem [62]. Molecular, genetic and physio-
logical studies show that B transport in plants not only
occurs by passive diffusion across membranes but is
also catalyzed by regulated transport proteins (NIPs
(nodulin-26-like intrinsic proteins), boric acid channels,

and BORs, B exporters). These transporters function
to support normal growth under high B conditions [63].

4.2. Excess B and toxicity

High B concentrations in soil solution leads to plant
toxicity. The range of B concentrations in the soil solu-
tion causing neither deficiency nor toxicity symptoms
in plants is particularly narrow [2]. For a wide variety of
plant species, the primary visible symptoms of B toxic-
ity are chlorotic and/or nectrotic patches that first ap-
pear at the margins and tips of mature leaves. These
symptoms are typical in most plants, where, as previ-
ously mentioned, B mobility is restricted to the tran-
spiration stream and excess B accumulates in leaves
[11]. The extent of B toxicity symptoms is a function of
B accumulation in the leaves which, in turn, depends
on the B concentration in soil solution, length of ex-
posure, transpiration rate and species and genotype.
Root elongation can be decreased by high B [64]
but the concentration in soil solution causing such a
response is much higher than that leading to visual
symptoms of toxicity in shoots since B concentration
in the roots remains relatively low compared to that in
leaves. Contrary to most species where B is immobile,
in species in which B is phloem mobile the symptoms
of toxicity are flower and fruit disorders, bark necrosis
which appears to be due to death of cambial tissues,
and stem die back [65]. Recently, Reid [66] concluded
that B movement in plants involves is of a complex
multi-layered system designed to optimizing the use of
B utilization over a broad range of concentrations. At
the cellular level, plants can switch the direction of B
flow through the polar expression of membrane trans-
porters, while at the whole plant level, integration of
xylem and phloem transfer can deliver B to specific
tissues dependent on developmental stage.

Plant response to exposure to high B has long been
understood to be species specific [67]. In a number
of crops, there is also a wide range of genotype- or
variety-specific variation in response to excess B [68].
Boron toxicity is also a function of type of exposure;
the relative toxicity of B entering through the leaves
when foliage is exposed to B-laden water is greater
than that of B entering via roots [69]. We do not yet
sufficiently understand the mechanisms for B toxicity
in sensitive plants or how tolerant plants evade
toxicity [14, 64, 70]. Sensitivity to B is accompanied
by significant changes in the physiology and activity of
numerous enzymes and apparently involves a number
of metabolic processes, including reduced expansion
in meristematic regions, development of necrotic areas
in mature tissues (reduced photosynthetic capacity),
reduced supply of photosynthate to developing
regions of the plant, and, at particularly high B levels,
inhibited root growth. Toxicity may be associated with
the form of B in plants and that soluble B holds greater
importance than total B [70-72].
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4.3. Drought and B toxicity

Stress due to low moisture levels is common in arid
regions. Adsorbed B was found to be independent of
variations in soil moisture content from 50 to 100%
of field capacity in one study [73] and increased with
decreasing soil water content in another [41]. Wetting
and drying cycles increased the amount of B fixa-
tion [74] with the effect of drying becoming more pro-
nounced with increased additions of B. Boron avail-
ability has been alternatively reported to decrease or
increase as soils dry [1]. The differences may be due
to expected effects of drying on root distribution and
activity in regards to B in the soil profile. Fleming [75]
found B deficiency in plants in dry soils because the
lower depths where roots extracted water when the
upper profile was depleted contained little B. Yau [76],
on the other hand, reported increased B uptake un-
der drought conditions, as the deeper soil in his study
was particularly high in B. Little is known concerning
interactive effects of boron toxicity with water stress on
plants [49, 76]. Shani and Hanks [77] modeled B toxic-
ity, salinity and drought stress based on independent
multiplicative factors but their range of experimental
crops and stress factor levels was limited.

Ben-Gal and Shani [49] tested five irrigation levels (30,
60, 100, 130 and 160% of potential evapotranspira-
tion) with three B-water concentrations (0.3, 4.0 and
8.0 mg/l) on tomato transpiration and biomass produc-
tion. They found that low moisture levels and high B
in some cases led to higher leaf B content, but never
to lower yield, and concluded that simultaneous B
and drought stresses did not result in greater toxic-
ity but, rather, one or the other stress-causing factor
was found to be dominant in plant response. Yau [76],
alternatively, reported that drought conditions led to
increased B accumulation and increased B toxicity ef-
fects in barley growth. The expression of more severe
B toxicity when water is limiting was explained by the
tendency of drought-affected plants to grow roots deep
into the subsoil where B had accumulated. Contrary to
this result, Hamurcu et al., [78], who investigated the
effect of different B treatments on drought tolerance
of watermelon plants, showed that increasing dos-
age of B alone caused more severe growth reduction
than when combined with PEG 6000-induced drought
stress. Drought stress caused less accumulation of
B in leaves and roots. They also showed that high B
caused lipid peroxidation in a reactive oxygen species-
independent manner and drought stress-induced lipid
peroxidation was alleviated by increasing B dosage.

5. Boron-salinity interactions

Soils in semi-arid and arid regions where little or no
leaching occurs tend to have high levels of B, but also
are high in overall salinity [2]. In these regions, wa-
ter available for irrigating agricultural crops can also
contain high concentrations of salts along with B [11].
Crops in such areas are therefore prone to simulta-
neous exposure to stress-causing factors from both

salinity and excess B. Examples of native soils with
naturally high levels of salt and B are found in the Jor-
dan Valley, shared by Israel and Jordan, and in soils of
South Australia, where underlying shallow, saline-high
B water tables can be prevalent [79]. Irrigation with
saline groundwater containing high B concentrations
occurs in many dry regions with notable examples
found in California’s San Joaquin Valley [80], Texas'’s
Rio Grande Valley [81] Canada’s Saskatchewan Prov-
ince [82], in Israel's Negev region [5], and in Chile’s
Lluta Valley [8]. An additional source of combined high
levels of salts and B is found in recycled wastewater
[9, 83], which is increasingly used water source for ir-
rigation.

5.1. Boron-salinity interaction in soil

Salinity can influence B-soil interactions both directly,
by affecting sorption processes, and indirectly, by alter-
ing the soil's hydraulic conductivity, thereby affecting
B transport and leaching. Boron adsorption on clays
increases with the increasing ionic strength of the so-
lution [22, 28, 84]. The influence of ionic strength was
found to be greater for sodium clays, as compared to
calcium clays [84]. Increasing ionic strength with CaCl,
increases B adsorption on organic matter, as well [28].
Increasing ionic strength enhances the dissociation of
boric acid in solution to higher affinity borate ions [85],
thus increasing B adsorption. Additionally, increased
ionic strength of solution diminishes the width of dou-
ble-diffused layers, enabling greater concentration of
borate adjacent to mineral surfaces and increasing B
adsorption even more [2]. The presence of chloride,
nitrate or sulfate has little effect on B adsorption on
clays, while the presence of phosphate appreciably
reduces B adsorption [1].

High sodium concentrations can lead to clay disper-
sion, loss of soil structure and porosity, and subsequent
reductions in soil hydraulic conductivity. Leaching of B
in sodic soils is therefore particularly difficult, as wa-
ter movement through the soil indirectly decreases the
mobility and transport of B.

5.2. Boron-salinity interaction in plants

Plant stresses caused by salinity or B alone have been
thoroughly investigated and, while their independent
effects on growth and yield have been well described
in the literature [10, 11, 86, 87], less knowledge exists
concerning cases where they occur concurrently.
Bingham et al. [88] found that the shoot weight of
wheat was not affected by interaction between B
concentration (in the range of 0.09 to 1.39 mM) and
salinity (in the EC range of 0.5 to 4.2 dS/m). A similar
conclusion was reached by Mikkelsen et al. [89] for
alfalfa plants and by Grattan et al. [90] for eucalyptus.
Shani and Hanks [77] grew barley and corn in the field
and concluded that the osmotic and B effects were
additive rather than interdependent. Ferreyra et al.
[7] observed that the growth of 42 different kinds of
plants was higher than expected from the sum of the
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two factors, a finding that indicates amelioration of B
toxicity by salinity. Holloway and Alston [91] and Grieve
and Poss [92] showed that the response of wheat to B
decreased with increasing salinity. Similar trends were
found for tomato [93, 94], chickpea [95], grapevines
[96], and date palm [51].

The nature of the interaction of combined B and sa-
linity effects can be additive, antagonistic or synergis-
tic. Data for bell pepper [97] and reanalysis of data
from the literature for wheat [88] and tomato [94] imply
amelioration of toxicity (an antagonistic relationship)
regarding growth and yield for combined B toxicity and
salinity [97]. Antagonism between salinity and B may
be a result of decreased toxicity of B in the presence
of NaCl, reduced toxicity of NaCl in the presence of
B, or both together. Yermiyahu et al. [97] suggested a
possible explanation for bell peppers, where uptake of
B is reduced in the presence of Cl and uptake of Cl is
reduced in the presence of B. Masood et al. [98], grew
wheat hydroponically and found that Cl was reduced
in plants by excess application of B. At adequate B
supply, NaCl increased apoplastic and symplastic sol-
uble B concentrations, whereas the total B content re-
mained unchanged. At a high B level, however, soluble
and total B were reduced by salt stress. They conclud-
ed an alleviating effect of the combined stresses on
toxic ion concentrations, which did not prevent addi-
tive growth reductions. However, the mechanism of B-
salinity interactions is not clear and there are currently
no satisfactory physiological or physical explanations
for B-Cl uptake interactions.

Wimmer and Goldbach [99] studied five different B
and salt-resistant wheat genotypes grown hydroponi-
cally with low and high B supply. Boron-uptake rates
were reduced with increasing salt concentration only
under high B supply. They suggested that under high
B supply, when B uptake is predominantly passive by
diffusion or channel-mediated via aquaporins, transpi-

ration-driven water flow is the dominant factor for B
accumulation in aerial plant parts. Under low B supply,
when a significant portion of B can be taken up via ac-
tive pathways, transpiration is not the decisive factor
for B accumulation. Bastias et al. [100] investigated
the effect of B compared to Ca in order to elucidate
whether the two nutrients have similar effects and/or
to reveal a relationship under salinity. They showed in-
crease of aquaporin functionality under the presence
of both B and Ca compared with NaCl-treated plants.
del Carmen Rodriguez-Hernandez [101] studied water
transport and membrane integrity of broccoli (Brassica
oleracea L.) in response to B and salinity. Their results
suggest that B and NaCl trigger a hydric response in-
volving aquaporins, together with changes in nutrient
transport and plasma membrane stability. Research
on broccoli at the USDA-ARS U.S. Salinity Laboratory
showed complex interactions between salinity, B, and
pH [102-105].

6. Bioavailability and toxicity of residual B in
managed soils in irrigated dry-zone agriculture

6.1. Case study 1 — natural soil B in vineyards in
the Jordan Valley

Orchards and vineyards dominate the landscape in Is-
rael’s Jordan Valley where the hot, dry climate contrib-
utes to the potential for early-season fruit production.
The native soils in the Jordan Valley are in many cases
saline [106] and are prone to high levels of B. B toxicity
has been hypothesized as an explanation for chlorotic
leaf edges observed during vegetative growth periods,
particularly late in the season, in table grape vine pro-
duction in the Jordan Valley (Fig. 1). Grape production
in the Jordan Valley had steadily declined and aver-
age fruit size decreased. In addition, the lifespan of
vineyards in the region was found to be substantially
reduced compared to other regions growing the same
varieties (Pini Sarig, personal observation).

Figure 1. Boron toxicity symptoms on grapevines (Sugarone on Ruggeri) grown in containers in the Jordan Valley, Israel: (A) symptoms on
leaves of vine irrigated with water containing 3.1 mg/I B; (B) branch from grapevine irrigated with low-boron (0.3 mg/I, left) and high-boron

(3.1 mgl/l, right) solutions (from Yermiyahu et al. [107]).
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A study was carried out to investigate the leaching of
salts and B from soils in Jordan Valley commercial
vineyards and to evaluate the effects of residual B on
grapevines. This study revealed cases of long-term B
toxicity even after leaching and when good quality-low
B water was used for irrigation. Three- to six-year-
old plots planted with three varieties of table grapes
on Ruggeri rootstock (Table 1) were chosen in com-
mercial vineyards where non-cultivated soil adjacent
to the plots could be compared to the cultivated soil
in the vineyard. Soils in the vineyards were alluvial,

with dominant textures ranging from loam to clay. Sites
3 and 4 had an upper horizon up to 30-cm thick that
was sandy loam and lower horizons with up to 30%
clay. Sites 1 and 2 had higher clay levels throughout
the profile, with up to 50% clay. Vineyards were drip-
irrigated with local water with EC = 0.9 dS/m and B =
0.05 mgl/l since the vines were planted. Sampling pits
were dug using a back hoe in March of 1999.

Three pits were dug at each site; two inside the vine-
yard adjacent to vine rows and a third outside of the

Table 1. Description of vineyard plots sampled for soil B and salinity levels and monitored for B toxicity; “low”, “medium”
and “high” B levels reflect visual evaluation of toxicity symptoms on grapevines.

Plot no. Location Variety Age Boron toxicity level
(years)
1 Tomer Perlet 5 low
2 Gilgal Perlet 3 low
3 Yitav Sugarone 6 medium
4 Nativ Hagdud 125 6 high
Soil B (mg/l) Soil EC (dS/m)
0 3 6 9 0 5 10 15 20
0 1 1 0 1 1
30 Plot 1 30 Plot 1
60 60 -
-o— cultivated
90 ) 90 -
-8 cultivated
120 1 -+ uncultivated 1204
150 150
0 3 6 9 0 5 10 15 20
0 1 1 0 1 1 1
30 A Plot 2 30 A Plot 2
g 60 - 60
& 90 90 -
~ 120 120 A
=
150 150
=5
175) 0 3 6 9 0 5 10 15 20
ﬁ 0 1 1 0 1 1 1
%‘ 30 4 Plot 3 30 - Plot 3
N 60 - 60
90 90 -
120 | 120
150 150
0 3 6 9 0 5 10 15 20
0 1 Il 0 1 1 1
30 A 30
Plot 4 Plot 4
60 - 60
90 - B 90 -
120 | A 120 A
150 150

Figure 2. Saturated paste B and EC as a function of depth in four vineyards in the Jordan Valley; samples were taken at the onset of the
growing season from three locations in each plot: two adjacent to vine rows and one outside the cultivated area.
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cultivated area. Soil was sampled from the pits 50
cm from the drip line at 0—-20, 2040, 40-60, 60-90,
90-120 and 120-150 cm depths from the surface and
used to determine saturated paste EC (ECe) and B
(Be). Samples of diagnostic leaves from grapevines
were taken on two dates in each of three years: af-
ter flowering (second or third week of March — leaves
growing adjacent to flowering clusters), and at the end
of the season (second or third week of November — the
most mature young leaf to the fifth leaf from the end of
branch). Three replicates were sampled for each plot,
40 leaves per sample.

The ECe and Be in the uncultivated soil reached 17
dS/m and 9 mg/l in saturated paste extracts, respec-
tively (Fig. 2 plot 8). In cultivated soil, salinity and B
significantly decreased, with ECe as low as 1.2 dS/m
and Be as low as 0.4 mg/l. This depletion followed
pre-planting leaching and continual-leaching irriga-
tion regimes during growing seasons. The ECe in the
soil profile of all the plots was consistently lower than
2 dS/m, which is considered to be a critical value for
grapevine response [108], below which yield is not re-
duced.

Boron in the sampled Jordan Valley soils was highly
variable (Fig. 2). In the data presented, two of the plots
were high in B while two had much lower B levels. In
both sets of soils the B in the uncultivated pits de-
creased with depth and in cultivated soil B increased
with depth. In the low soil-B content plots, B concentra-
tion ranged from 0.1-0.3 mg/l, while in the high soil-B
content plots, B concentration was more than five-fold
higher. The ratio of B in cultivated to B in uncultivated
soil was greater as depth of sampling increased. At
150 cm below the surface the B concentration in cul-
tivated plots, where natural B levels were high, was
more than 2 mg/l, a level of B that is considered toxic
and has been found to induce toxicity symptoms in
grapevines [107, 108].

Analysis of leaf samples confirmed that B uptake and
accumulation was greater in plots where B was origi-
nally higher and where deep soil contained relatively
high residual B (Fig. 3). Boron accumulated in leaves
throughout the growing season. Samples taken at the
beginning of the season had lower B content: 100 and
160 mg/kg for plots 1 and 4, respectively. Boron in leaf
material collected at the ends of the seasons reached
900 mg/kg in vines grown in the higher-B soil (Plot 4)
while B levels in leaves from vines grown in soils with
lower B were ~300 mg/kg (plots 1 and 2).

Roots were observed in the sampling pits in the entire
profile up to 200-cm depth. Root activity at the greater
depths, where B is relatively high, would explain ob-
servations of B toxicity symptoms in these soils, even
when B in the upper horizons was low. For example,
the profile in Fig. 2, labeled (A), was taken adjacent to
a healthy vine while that labeled (B) was located close
to a vine that exhibited B toxicity symptoms. The soil
B in the first profile was <1.0 mg/l at all depths. The

1200
§ M beginning of season
| 900 O end of season
o
=
en i
é 600
=]
< 300
)
=

O |
1 2 3 4
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Figure 3. Concentration of B in diagnostic leaves from grapevines
sampled early in and near the end of three growing seasons; col-
umns show average values and lines represent standard deviations
for the three sampling seasons; plots 1 and 2 had correspondingly
low soil B, while plots 3 and 4 had correspondingly high soil B.

soil B in the second profile was very similar to the soil
B in the first profile down to 60-90 cm, but at greater
depths it increased significantly to 1.5 mg/l in satu-
rated paste extract. Apparently, root uptake of water
at the greater depths led to B uptake and subsequent
accumulation and toxicity. One solution to this problem
would be to further leach the B to even greater depths.
A second possible solution would be to change current
agronomic practices in the region, where irrigation is
reduced following harvest, and stopped completely in
the winter while the vines are dormant. Such manage-
ment (no winter irrigation) encourages root expansion
and activity into deep soil where the B concentrations
can be high. Alternative management, where irrigation
is continued to maintain relatively high soil moisture in
the upper leached horizons all year long, would likely
resolve the problems of B toxicity.

6.2. Case Study 2 - B originating from saline irriga-
tion water in Israel’s Western Negev

For a period of over 20 years, beginning in the 1970s,
low-quality irrigation water, characterized by high
levels of sodium salts, an EC of 3-5.5 dS/m and B
concentrations reaching 2.0-3.5 mg/l was utilized
to irrigate cotton in Israel’s Western Negev region.
Management routinely involved pre-plant winter ap-
plication of gypsum to the area’s loess soils to offset
sodicity problems and to facilitate infiltration, followed
by summer cotton cultivation. Recently, as profits from
cotton cultivation have declined, the practice of irrigat-
ing with saline water has been discontinued and cotton
has been replaced by less salt-tolerant crops including
peanuts and potatoes. In cases where peanuts were
cultivated on fields that had previously supported cot-
ton irrigated with the saline water, phenomena includ-
ing leaf desiccation and reduced growth and yields of
nut pods were observed.

To investigate the problems in peanut cultivation,
adjacent fields at Kibbutz Nir Oz with and without
histories of irrigation with saline water were selected.
Water quality parameters for the saline water, for
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fresh water used for irrigation until 1989, and for
high-quality tertiary treated municipal wastewater
(Shafdan) used henceforth are given in Table 2.
Peanuts planted in June 2003 in 10 plots in each field
were monitored. The winter rainfall and the amount
and type of irrigation water applied from 1980 to 2002
are presented in Table 3. Soil physical characteristics

(Table 4), including texture and hydraulic properties,
were uniform throughout the plots. Soil was sampled
at the beginning and end of each cropping season and
ECe and Be were determined as a function of depth to
120 cm. Leaf samples from peanut plants were taken
five times during the growing periods and tested for
accumulated salts and

Table 2. Average values of some quality parameters for the three water sources historically used to irrigate
Kibbutz Nir Oz fields: Fresh, saline, and treated waste water (Shafdan)

o Water type

Characteristic Fresh Saline Shafdan
Electrical Conductivity (dS/m) 1.1 4.2 1.3
Chloride (meq/l) 7.1 31.0 6.9
Sodium (meq/l) 4.6 40.0 5.8
Calcium + Magnesium (meq/l) 5.0 6.0 6.4
Boron (meg/l) 0.2 21 0.3
Sodium Adsorption Ratio 29 23.0 3.2
pH 7.3 7.5 7.6

Table 3. Crop growth and irrigation history of fields watered with saline (contaminated) and fresh water (uncontaminated).

Contaminated field

Uncontaminated field

Year Rain fall
(mm) Crop Water Amount Crop Water Amount
(mm) (mm)

1980 360 cotton saline 500 wheat - -
1981 235 cotton saline 470 wheat - -
1982 235 cotton saline 510 peanut fresh 700
1983 387 cotton saline 520 potato fresh 475
1984 144 cotton saline 480 wheat - -
1985 205 cotton saline 485 wheat - -
1986 226 cotton saline 490 peanut fresh 700
1987 326 cotton saline 517 potato fresh 475
1988 298 cotton saline 520 wheat - -
1989 348 cotton saline 510 wheat - -
1990 276 cotton saline 540 peanut Shafdan 700
1991 286 cotton saline 540 potato Shafdan 475
1992 427 cotton saline 550 wheat - -
1993 304 cotton saline 520 wheat - -
1994 141 - - - wheat - -
1995 452 cotton saline 530 peanut Shafdan 700
1996 217 cotton saline 540 potato Shafdan 475
1997 282 - - - wheat - -
1998 251 wheat saline 80 wheat - -
1999 64 - - - peanut Shafdan 700
2000 177 wheat saline 80 potato Shafdan 475
2001 287 potato Shafdan 420 wheat - -
2002 251 wheat - - wheat - -
Total 6179 8802 5875
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Soil salinity was similar at the beginning of the sea-
sons in the plots with a history of saline irrigation and in
those without such a history down to a depth of 90 cm
(Fig. 4). Deeper samples revealed higher salinity (ECe
= 5 dS/m) in fields with a history of saline irrigation
than in those without such a history (ECe = 2 dS/m).
At the end of the growing seasons, these differences
were reduced (Fig. 4). Boron concentration along the
profile in soils with a history of saline irrigation ranged
from 1.2 to 2.0 mg/l (Be), substantially higher than the
B concentration in the soils with no history of saline ir-
rigation, which ranged from 0.3 to 0.5 mg/I.

At the end of the season, slightly greater Cl and Na
were found in plants grown in plots with a history of
saline irrigation (Table 5). Boron content of plant leaf
matter in the plots with a history of saline irrigation was
significantly greater as it reached 150-250 mg/kg dry
matter compared to 50—-90 mg/kg dry matter for plants
in the plots with no such a history. Vegetative biomass
production was 21% lower for plots with a history of
saline irrigation as compared to the other plots. Pod
yield for peanuts was 38% lower in the plots with a his-
tory of saline irrigation (Table 5).

Table 4. Representative values of parameters for soils at Kibbutz Nir Oz, Israel.

Cation
Text %
Soil depth exture (%) Lime (%) Exchange
(cm) . Capacity
Clay Silt Sand (meq/100g)
0-30 15.0 5.0 80.0 8.5 6.9
30-60 17.5 10.0 72.5 11.0 7.7
60-90 225 10.0 67.5 16.2 9.9
90-120 20.0 17.5 62.5 25.3 8.4
Soil B (mg/l)
0 1 2 0 1 2
O L L O 1 1
30 30
60 60
~
g 90 90
)
=" 120 120
=
~d
o Soil EC (dS/m)
= 0 2 4 6 8 0 2 4 6 8
: 0 1 1 1 0 | | |
2 taiminated
—o—
0 o) 30 4 uncorTa|.m|nae 30 -
—A— contaiminated
60 60
90 90 A
120 120

Figure 4. Boron concentration and electrical conductivity (EC) in saturated paste from soil sampled at the beginning (left)

and the end (right) of a growing season.

Table 5. Mineral content in leaves and peanut yield in uncontaminated and contaminated fields.

Uncontaminated field

Contaminated field

Boron (mg/kg) 50-90 200-250
Chloride (%) 0.73-1.70 0.65-2.05
Sodium (%) 0.09-0.13 0.12-0.22

Dry matter (g/plant) 66.6 51.2
Pod yield (ton/h) 44.3 27.6
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Long-term irrigation with low quality (high salinity,
high B) water was found to have lasting effects on soil
chemistry and crop production, due to the residual B in
the soils. After switching to high-quality water, excess
irrigation and winter rains caused sodium chloride to
be leached out of the root zone. Boron, on the other
hand, adsorbed to soil components (clays and organic
matter) and remained in the soil at rather high levels.
This B clearly remained available for plant uptake, and
led to reduced yields in the peanut crop.
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