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Abstract 

Soil boron occurring in various forms was correlated with boron contents in the leaves of olive trees in 51 and 
in barley leaves in 20 soils. The amounts of boron: in soil solution (CwsB), non specifically adsorbed (NsaB), 
specifically adsorbed (SaB), occluded in Mn oxides (MnoB), occluded in amorphous Fe-A1 oxyhydroxides (FeoB), 
were correlated with soil properties such as: organic matter content, pH, free aluminum and iron oxyhydroxides 
(Aid, Fed), amorphous aluminum and iron oxyhydroxides (Alo, Feo). The later correlation studies were conducted 
on a total number of 153 soil samples inclusive of the soils used for the plant uptake investigations. 

The results show that the boron contents in the leaves of olive trees were significantly correlated with FeoB, 
CwsB, SaB and MnoB but with CwsB, Nsa B, SaB and FeoB in barley leaves. The respective correlation coefficients 
suggest that available forms of soil boron vary with plant species. 

The hot water soluble boron was significantly correlated with all the fractions of boron studied except MnoB, 
confirming its value as a measure of available soil boron. However, the non significant (a = 0.05) correlation with 
MnoB, which show significant correlation with the contents in the leaves of olive trees and barley, suggest that this 
procedure does not extract significant amounts of available B held in Mn oxyhydroxides. 

The highest amount of CwsB originated from the Cws B and to a lesser degree from the SaB and NsaB. The 
correlation among the boron held in the forms studied and the selected soil properties were either no significant or 
significant with the highest correlation found between FeoB and pH and Feo. 

Introduction 

Boron (B) is found in soils under various forms and is 
distinguished in many categories (Evans and Sparks, 
1983). However, only a few forms are available to 
plants and their determination has a vital significance 
for the estimation of its availability to plants. Keren et 
al. (1985a) suggested that B uptake by plants is influ- 
enced by B in soil solution rather than by adsorbed B. 
Boron in soil is adsorbed by various soil components 
such as clay minerals (Hatcher et al., 1967; Biggar and 
Fireman, 1960), sesquioxides (Hatcher et al., 1967; 
Sims and Bingham, 1968) and organic matter (Parks 
and White, 1952; Gupta, 1968) on which B can be 

stored or removed depending on the change of B con- 
centration of soil solution (Keren et al., 1985b). 

The specification of the various nutrient forms is 
accomplished by fractionation, assuming that some 
reagents extract from the soil nutrients associated with 
certain of its constituents. Although research has been 
conducted to sufficient extent for some nutrients, such 
as phosphorus, copper, manganese or zinc, it is limited 
for the different forms of B present in the soils. Jin et 
al. (1987), suggested a fractionation procedure sepa- 
rating soil B into that of the soil solution (CwsB), the 
non specifically adsorbed to soil surfaces (NsaB), the 
specifically adsorbed to soil constituents (viz. occlud- 
ed in Mn oxyhydroxides (MnoB), in noncrystalline Fe 
and AI oxyhydroxides, in crystalline Fe and A1 oxyhy- 
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droxides) and that associated with soil silicates (ResB). 
Corn plants were used for estimation of the availability 
of these B fractions. 

Problems primarily caused by the lack of B in cer- 
tain crops, and especially in olive trees, have been 
reported in Greece (Demetriades et al., 1960). Howev- 
er, detailed information on B nutrition of various crops 
is not available. Barley is categorized as a crop mod- 
erately tolerant to B toxicity (Bingham et al., 1985). 
The objectives of this study were: (i) to determine the 
B fractions of different soils and to examine the avail- 
ability of these fractions to olives and barley, and (ii) 
to study the distribution of soil B fractions in a num- 
ber of soils and to investigate their relationships to soil 
properties. 

Materials and methods 

Fifty one sites were chosen in areas of Lesvos island 
Attica, Hepirus, Agrinion, Larissa and Messolongi 
where B deficiency has been observed in olive trees. 
In all sites, soil and olive leaf samples were collected. 
The soil samples were composite and taken from 4-5 
locations under the olive trees from layers of 25-30 
cm thick and at depths ranging from 0-90 cm. The leaf 
samples were collected from the same sites in August 
from branches of the previous growing period. The 
olive trees sampled were either B deficient or non defi- 
cient, classified according to the presence or absence 
of deficiency symptoms visually observed in the field 
(viz. pale green and yellow colors of tip of the leaves or 
necrosis and "witches broom" as reported by Hartmann 
et al., 1966). 

Seven soil samples collected from the above sites 
plus thirteen more samples collected from new sites 
were used for studying the availability of soil B frac- 
tions to barley.in a pot experiment. An inactive material 
(perlite) was placed at the bottom of each pot and was 
covered by 3 kg of air dried soil material (< 2 mm 
fraction). The soils were fertilized with 120 kg N ha -1 
and 50 kg P205 ha -1 • Twenty seeds were planted per 
pot. All pots were placed in a non heated greenhouse 
in a completely randomized block design with three 
replications. An amount of deionized water ranging 
from 50-150 mL was added to each pot at intervals of 
2 or 3 days depending on the soil texture and the plant 
growth to maintain the soils close to field capacity. Any 
drainage water was collected and was added again to 
the pot the following day in order to avoid any loss of 
B. The plants after emergence, were thinned to five per 

pot; and were left to grow until the boot stage. Then 
they were harvested and prepared for B analysis. 

The leaf samples of olives and barley, before ana- 
lyzed, were washed with deionized water and 0.01 
M HC1 solution, dried at 80°C and grounded to pass 
through a 60 mesh sieve. Thereafter, B was determined 
in the dry matter by dry combustion at 550°C (Jack- 
son, 1958) and solubilizing the ash with 1M HC1. B 
was determined in the solutions with the azomethine-H 
method (Bingham, 1982). 

In addition to the samples described above, soil 
samples were also collected from other sites in the pre- 
viously mentioned areas, where B nutrition problems 
were apparent in various crops. Finally, a total of 153 
soil samples (including 51 and 20 soil samples for the 
study of B nutrition in olive trees and barley, respec- 
tively seven of which were used for both plants) were 
collected from different areas of the country Lesvos 
island, Attica, Larissa (central Greece), Fthiotida (cen- 
tral Greece), Hepirus (western Greece), Messolongi 
and Agrinion (western Greece), representing the major 
Greek soil series. 

The following properties, affecting B retention 
(Gupta et al., 1985) and the distribution of B to var- 
ious forms were determined in the soil samples: pH 
in soil/water ratio 1:1 (Mc Lean, 1982), organic mat- 
ter content by the Walkey-Black modified wet oxida- 
tion procedure (Nelson and Sommers, 1982), cation 
exchange capacity (Rhoades, 1982), exchangeable 
bases after extraction with ammonium acetate (pH = 
8.5) (Thomas, 1982), total specific surface area after 
saturation with ethylene glycol (Cihaek and Bremner, 
1979), NH2.OH.HC1 extractable Mn and NH4-oxalate 
extractable Fe and A1 in dark (Jin et al., 1987). Hot 
water soluble B (Hws B) was extracted after boiling 
10 g of soil with 20 mL,of 0.01M Ca C12 for 5 min 
(Gupta, 1979). 

The following soil B fractions were determined in 
all the above soil samples: Water soluble, non specifi- 
cally adsorbed, specifically adsorbed, occluded in Mn 
oxyhydroxides, and occluded in amorphous Fe and 
A1 oxyhydroxides. Additionally, the total B and the 
residue B was determined in 64 selected soils sam- 
pies. These fractions were determined according to 
the procedure suggested by Jin et al. (1987), which is 
briefly described below. Sub-samples were taken from 
each soil sample for separate B fraction extraction as 
follows: The soil solution B (Cws B) was extracted 
by shaking 10 g of soil with 20 mL deionized water 
at room temperature for 24 h. The non specifically 
adsorbed B (Nsa B) was obtained by shaking 10 g of 
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Table I. Range of some chemical properties of the soils studied 

Areas 
Soil properties Lesvos Fthiotida Agrinio Messolongi Attica Epirus 

(n=53) (n=14) (n=27) (n=26) (n=10) (n=23) 

pH 4.6-7.7 6 .3-7 .8  3.8-5.7 7.2-8.5 7.7-7.9 6.3-7.9 
Org.mat. (g/kg) 23.0-56.3 12.1-29.9 4.0-23.1 2.0-31.9 8.7-27.8 5.31-31.5 
CEC (cmol/kg) 0.4-51.7 44.7-64.9 6.4-13.2 5.1-29.3 8.5-17.8 13.4--40.9 
K (cmol/kg) 0.2-1.1 0 .6-0 .9  0.2-0.7 0.1--0.9 0.4-1.2 0.3-0.8 
Mg (cmol/kg) 0.3-10.6 3.1-83.3 0.1-2.3 0.1-4.9 1.7-4.1 0.2-5.2 
Feo (g/kg) 0.4-2.1 1 .4-2.9  1.1-2.5 0.5-3.0 0.2-0/7 17.8-2.2 
Alo (g/kg) 0.3-1.6 1.3-2.5 0.6-1.3 0.4-0.9 0.6-1.3 17.9-2.9 
Fed (g/kg) 1.6-17.3 0.2-1.2 0.7-2.0 0.2-0.8 4.1-9.3 4.8-23.0 
Aid (g/kg) 0.2-1.3 0 .3-1.1  0.8-2.6 0.3-0.9 0.3-0.4 0.4-2.4 
Mn (mg/kg) 20-558 190-1070 191-914 130-495 143-485 157-986 
HwsB (mg/kg) 0.08-0.88 0.14-0.61 0.06-1.0 0.14-3.56 0.12-0.54 0.02-0.35 

soil with 20 mL 0.02 M CaC12 solution at room temper- 
ature for 24 h. The specifically adsorbed B (SaB) was 
determined after shaking 6 g of soil with 30 mL. 0.01 
M mannitol in 0.02M CaC12 solution at room temper- 
ature for 24 h. All the above extractions were carried 
out simultaneously. The B occluded in Mn oxyhydrox- 
ides (Mno B) was solubilized by shaking 4 g of soil 
with 40 mL 0.1M acidified NH2OH H C1 in 0.01 M 
HNO3 solution at room temperature for 30 min. The B 
occluded in amorphous Fe and A1 oxyhydroxides (Feo 
B) was extracted by shaking 1 g of soil with 40 mL 
0.175M NH4-oxalate solution (pH 3.25) in the dark for 
4 h at room temperature. The total B (Tot B) was mea- 
sured after fusing 0.5 g of soil (60 mesh) with Na2CO3 
in a platinum crucible at 1000°C and solubilized with 
6N HC1 (Bingham, 1982). In all the extracts B was 
determined by an inductively coupled plasma (ICP). B 
concentration in each fraction was calculated by sub- 
traction of the B in the prior fraction(s). The difference 
between the sum of all B fractions and total B is the 
residue B. 

The relationships between B content in the dry bar- 
ley and olive leaves and B concentration in the various 
soil fractions were studied by simple and multiple cor- 
relation analysis. The procedure of stepwise variable 
selection (forward elimination) was used when neces- 
sary. 

Results and discussion 

Soil properties 

The range and the average values of the chemical prop-. 
erties of the soils studied are presented in Table 1. 
These data demonstrate that the soils varied widely. 
The pH ranged from 3.8 to 8.5. The lowest values 
were measured in soils of the Agrinion plain and the 
highest ones in Messolongi area. Organic matter con-- 
tent ranged between 2.0 and 56.3 g kg -1 and cation 
exchange capacity between 0.4 and 64.9 cmol(+) kg -1 . 
Exchangeable potassium ranged from 0.12 to 1.20 
cmol(+) kg -1. NH4OAc extractable magnesium var- 
ied from 0.11 to 83.3 cmol(+)kg -1 . The higher values 
observed in Fthiotida area in soils developed in alluvial 
materials originated from peridotites. 

Boronfrac~ons 

The range and the average values of the different B 
fractions and hot-water-soluble (Hws B) B are given 
in Table 2. The HwsB ranged from 0.02 to 3.56 mg 
B kg-1 of soil. The highest values were measured in 
soils of the Messolongi area, in which B-fertilizers 
were applied for B deficiency of the olive trees. Total 
B content ranged from 29.7 to 259.1 mg B kg-  1 of soil, 
the amount depending on the origin of the soil parent 
materials. The highest B concentrations were observed 
in soils developed on the shales of Lesvos island. 
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Table 2. Range and average values (in brackets) of concentrations of the soil boron fractions and hot water 
soluble B 

B concentration Areas 
(mg/kg) Lesvos Fthiotida Agrinio Messolongi Attica Epirus 

(n=53) (n=14) (n=26) (n=26) (n=10) (n=23) 

CwsB 0.01-0.030 0.01-0.04 0.01-0.06 0.01-0.07 0.01-0.15 0.01-0.06 
Nsa B 0.01-0.05 0.01-0.06 0.01-0.05 0.01-0.05 0.01-0.06 0.01-0.05 
SaB 0.01-0.22 0.01-0.17 0.01-0.11 0.01-0.11 0.04-0.27 0.01-0.24 
Mno B 0.01-0.97 0.08-1.38 0.01-0.36 0.01-0.37 0.12-10.1 0.06-0.90 
Feo B 0.12-3.56 1.52--4.74 0.A. A, A.17 0.41--4.57 1.56--4.07 1.06-4.53 

Res B* 28.3-257 53.2-126 51.2-159.1 122-152 51.2-60.2 56.8-89.2 
Tot B* 29.7-259.1 58.5-129 54.3-160.3 126-163.2 55.0-65.0 59.2-93.8 
Hws B 0.08-0.88 0.14-0.61 0.06-1.0 0.14-3.56 0.12-0.54 0.02-0.35 

* Lesvos n = 35, Fthiotida n = 6, Agrinio n = 14, Messolongi n = 6, Megara n = 5, Epirus n = t0. 

Table 3. Relations of boron content in leaves of olive trees and barley and soil B fractions 

Olives (n=51) Barley (n=20) 
Regression equation R Regression equation R 

CwsB: Y=20.8+27.8*X 0.54*** CwsB: Z=3.2+18.5*X 0.97*** 
NsaB: - 0.07ns NsaB: Z=5.6+67.3*X 0.68** 
SaB: Y=19.9+25.2*X 0.47*** SaB: Z=l.3+25.2*X 0.96*** 
MnoB: Y=18.5+14.6*X 0.36*** MnoB: - 0.11 ns 
FeoB: Y=15.4+4.4*X 0.65*** FeoB: Z=0.8+18.7*X 0.81'** 
TotB : - -0.21 ns TotB : - 0.23 ns 

Z=0.8+ 18.66*CwsB+4.9*Mno B, 
R2=0.96 *** 

Y = B content in dry leaves of olive (mg B kg-1), Z = B content in dry tissue of barley (mg B 
kg-l),  X = Concentration of the respective soil fraction (mg B kg-1). 
*, ***, ns = significant at probability level 0.01 and 0.001 and non-significant, respectively. 

The  concentra t ion o f  soil B fraction extracted by 

cold  water, considered as the amount  of  B in soil solu- 

t ion (Jin et al., 1987), ranged f rom traces to 0.3 mg  

B kg -1 o f  soil (Table 2), represent ing 0.06 to 2.58 % 

of  the total B content.  B extracted by CaC12, consid- 

ered as the non specifically sorbed B on surfaces o f  

soil consti tuents ( Iyenger  et al., 1981; Jin et al., 1987), 

ranged f rom traces to 0.53 mg  B k g -  1 of  soil. I f  the two 
previous  fractions are subtracted f rom B extracted by 

mannitol ,  the remained  B is considered as the adsorbed 

on clay surfaces specifically, or  complexed  with soil 

organic mat te  (Jin et al., 1987; Rhoades  et al., 1970). 

In the soils studied this fo rm of  B ranged f rom traces 
to 0.27 m g  B kg -1 o f  soil  representing only a small  

percentage  o f  the total B (about 1.27%). B occluded in 

Mn  oxyhydrox ides  represents 0 .12-1 ,38% of  the total 

B. The  amount  of  B occluded in amorphous  Fe  and A 1 

oxyhydroxides  ranged f rom 0.12 to 4.17 m g  B kg -1 

of  soil represent ing 0 .12 -10 .83% of  the total B, and it 

was more  abundant  than all previous  fractions togeth- 

er. Residue B (B associated with soil silicates) ranged 

f rom 28.3-257 m g  B kg -1 (95 .3-99 .2  %) including 

the main  amount  o f  total B. The above  amounts  of  B 

are in the same order  with those repor ted  by Jin et al. 

(1987). 

Availability o f  soil B fractions 

a. Olives 
Olive  is considered to be a crop with m e d i u m  B require-  
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ment (Gupta et al., 1985). Tsadilas (1991) demonstrat- 
ed that the concentration of B extracted by hot water 
was significantly correlated with the concentration of 
B of the olive leaves and a value higher than 0.33 mg 
kg-1 of soil was found sufficient for the olive crop. 
In the soils studied, Hws B lied in either side of this 
value, and the B content of olive leaves ranged from 
7.63 to 63.8 mg B kg -1 of dry matter. Values less than 
20 mg B kg-  1 of dry matter correspond to insufficient 
B nutrition and deficiency symptoms become appar- 
ent and distinct for concentration less than 10 mg B 
kg -1 of dry material (Hansen, 1945; Demetriades et 
al., 1960). 

As the Figure 1 and the Table 3 show, the B content 
in in leaves of olive trees was significantly correlated (a 
= 0.001) with the B occluded in Fe and A1 oxyhydrox- 
ides (Feo B) (r = 0.65), the B of soil solution CwsB) (r 
= 0.54), the specifically adsorbed B (SaB) (r = 0.47), 
and the B occluded in Mn oxyhydroxides (MnoB) (a = 
0.01, r = 0.36) but did not correlate (a = 0.05) with non 
specifically adsorbed B (Nsa B) and total B. The rea- 
son for no significant correlation of B content in olive 
leaves with Nsa B is probably attributed to the very 
small values and the narrow range of this B fraction. 

b. Barley 
Barley is considered as a moderately tolerant to B crop 
(Bingham et al., 1985). Values of B concentration in 
dry tissue of barley at the boot stage 1.9 - 3.5 mg kg-  1 
are associated with B deficiency. Values around 10 mg 
B kg -  1 are indicative of B sufficient level, but values 
above 20 mg B kg - i  are considered as toxic (Gupta, 
1979). Although the concentration in the barley plants 

grown on some of the soils studied were below or 
above the critical values for sufficiency and toxicity, 
no distinct symptoms of B deficiency and toxicity were 
observed. 

Simple correlation analysis demonstrated that the B 
content in plant tissue of barley was strongly correlated 
(a = 0.001) with the concentrations of Cws B (r = 0.97), 
Sa B (r = 0.96), Feo B (r = 0.81), and less strongly 
with Nsa B (r = 0.68, a = 0.01) (Table 3). No relation 
was found with either Mno B and total B content of' 
the soils. However, in a multiple correlation analysis 
of B content in tissue of barley versus Cws B and 
Mno B, the partial correlation coefficients were 0.97 
(a = 0.001) with Cws B and 0.63 (a = 0.01) with Mno 
B. A multiple regression equation (Fig. 1 and Table 
3) taking into consideration the Cws B and Mno B 
accounted for 96% of the variation of B content in 
tissue of barley. 

Jin et al. (1987), considered the fractions Cws B and 
Nsa B as the readily available to the plant soil B called 
"intensity" factors and the fractions Sa B and Mno B 
as "quantity" factors related to total B supply power of 
the soils. Moreover, the previous authors reported that 
Feo B was not available to corn plants. The available 
data of this study demonstrated that Feo B should be 
additionally included among the previously mentioned 
"quantity" factors. The regression equation of B con- 
tent in olive leaves versus Feo B (Table 3) make clear 
that 46% (r = 0.65) of the variation of B content in 
leaves of olive trees is associated with amorphous Fe 
and A1 oxyhydroxides, while 96% of the B in the leaves 
of barley comes from the soil fractions of Cws B and 
Mno B. The obtained data indicate that the available 
forms of B vary with plant species. 
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Table 4. Relationships between B fractions in the studied soils (n = 153) 

Correlation coefficient 
1 2 3 4 5 6 

1. HwsB - 0.90*** 0.69*** 0.87*** 0.08 ns 0.59*** 
2. CwsB - 0.68*** 0.90*** 0.02 ns 0.58*** 
3. NsaB - 0.61"** 0.02 ns 0.29** 
4. SaB - 0.12 ns 0.66*** 
5. MnoB - 0.15 ns 
6. FeoB 

**, ***, ns : Significant at probability level 0.01 and 0.001 and non significant, 
respectively. 

Table 5. Multiple regression equation relating Hws B and. B 
fractions of the studied soils 

B fraction R 2 DELTA R 2 Sign. level 

CwsB 0. 82 0.821 0.001 
SaB/CwsB 0.83 0.014 0.001 
NsaB/SaB/CwsB 0.84 0.009 0.002 

HwsB = 0.16 + 0.90 * CwsB + 0.61 * SaB + 1.28 * NsaB 

Table 6. Relations between fractions and and soil properities (n = 153) 

Correlation coefficient 
pH OM Fed Feo Ald Alo 

CwsB 0.23** -0.30*** -0.20* 0 .12 -0.21"* -0.18" 
NsaB 0.15 -0.04 -0.13 0 .02 -0.12 -0.06 
SaB 0.36*** 0.04 -0.24** 0.20* -0.28*** 0.19' 
MnoB 0.25** 0.01 -0.09 -0.05 -0.17" -0.03 
FeoB 0.40*** 0.13 -0.12 0.52*** -0.16 0.25** 

* **, *** : Statistically significant at probability level 0.05, 0.01 and 0.001, 
respectively. 

Relationships between B-forms and soil properties 
Cws  B, Nsa  B, and Sa B were  strongly correlated with 

each other  and weakly  or  not  at all with Feo  B and Mno  

B (Table 4). The  Hws  B was significantly correlated 

with all B fractions except  for M n o  B. The  correlat ion 

coeff ic ient  be tween  Hws  B and Feo  B was smaller  than 

with  the other  forms. Af ter  s tepwise select ion of  the 

variables  (B fract ions) by forward el imination,  it was 

found that the highest  percentage  o f  Hws  B originates 

f rom the B in the soil solution and to a lesser but 

significant amount  f rom B non specif ical ly adsorbed 

on soil consti tuents and f rom B adsorbed in a specific 

way on clay surfaces and organic matter. All  these B 

fractions confine to 84 % of  H w s B  (Table 5). These  

findings are in agreement  with those reported by Evans  

and Sparks (1983). Since  H w s B  is not  correlated with 

M n o  B (Table 4), and the later fract ion is to some extent  

available to ol ive trees (Table 3), hot  water  extract ion 

does not  extract sufficient amounts  o f  B associated with 

Mn  oxyhydroxides .  These  results conf i rm that Hws  B 



is a satisfactory measure of the availability of soil B to 
the plants. However, the determination of Mno B may 
improve the estimates of available B. 

Many investigators reported that soil pH is among 
the most important factors affecting B availability 
(Gupta and McLeod, 1977; Khan et al., 1979; Martens, 
1968; Peterson and Newman, 1976; Wear and Patter- 
son, 1962), but not always in the same manner. The 
available data demonstrated that all B fractions, except 
Nsa B were significantly correlated (a = 0.01, for Cws 
B, a = 0.001 for Sa B and Feo B) with soil pH (Table 
6). This correlation was positive in all cases. Feo B 
was mainly adsorbed on amorphous Fe oxyhydroxides 
and gave the strongest correlation with soil pH. On the 
other hand, organic matter content was not correlated 
with any B fraction. In all but one case oxyhydrox- 
ides were negatively correlated with the more avail- 
able B fractions (e.g. Cws B, Nsa B, and Sa B). These 
observations suggest that B retention by sesquioxides 
is strong, and these soil constituents tend to reduce the 
easily available B to plants. 
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