ABSTRACT

BARRETT, THOMAS BOONE. Soil Boron in Loblolly Pine Plantations of the
Southeastern United States. (Under the direction of D. L. Kelting.)

Boron (B) is not well understood in intensively managed pine plantations
across the Southeastern United States. Forest fertilizer research has focused
primarily on N and P applications, with essentially no research being conducted on
micronutrients such as B. The objectives of this study were to quantify soil B
fractions and to identify relationships that may exist between soil B fractions and soil
and site properties. Soil samples from 50 sites scattered across 11 states were
used to provide a wide range of soil and site properties. Soil properties including
total carbon, pH, exchangeable acidity, exchangeable base cations, effective cation
exchange capacity, and particle size were determined. Site properties such as 30-
year average annual precipitation, drainage class, soil taxonomic information, and
parent material were used for the analysis. Three B fractions were chosen for
analysis due to their relative quantities and overall contribution to the B pool. The
readily soluble B fraction was determined by boiling a 2:1 solution of 0.02 M CaCl;
and soil. This fraction ranged from 0.00 to 1.35 mg B kg™, with a mean value of 0.28
mg B kg'. The specifically adsorbed plus oxide bound fraction was determined
using a sequential extraction procedure with 0.2 M acidic ammonium oxalate. The
oxide bound B fraction ranged from 3.8 to 30.5 mg B kg™ soil and the mean was
11.7 mg B kg™ soil. The organically bound fraction was extracted with 0.02 M nitric

acid (HNOs3) and 5-mL of 30% hydrogen peroxide (H202). The organically bound B



fraction ranged from 5.1 to 650.6 mg B kg™ soil, with a mean value of 75.5 mg B kg™
soil.

The readily soluble fraction was significantly and positively (r = 0.57)
correlated with 30-year average annual precipitation. The specifically adsorbed plus
oxide bound fraction was significantly and positively correlated with the effective
cation exchange capacity (r = 0.62) and exchangeable base cations (r = 0.75). The
organically bound fraction was significantly and positively correlated with total
carbon (r = 0.60) and exchangeable acidity (r = 0.60).

Organically bound B contained the highest overall levels of B. Organically
bound B from poorly drained soils were approximately triple that of well-drained
soils. Poorly drained soils contained nearly twice as much total carbon as well
drained soils. The readily soluble fraction contained the lowest levels of B followed
by the oxide bound fraction. Soils derived from marine sediments contained the
highest levels of B across all fractions.

Results from this work should provide the groundwork for understanding B in

forest soils through the characterizations of B outlined in this study.
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INTRODUCTION

Boron (B) deficiency has been suggested to be the most widespread
micronutrient problem in soils and plants of the United States (Purvis, 1939; Jordan
and Powers, 1946; Berger, 1962; Sparr, 1970; Goldberg, 1997). B has been
intensively researched in agricultural soils (Berger and Truog, 1945; Gupta, 1979,
1993) since the early part of the twentieth century and was found to play an
important role in plant growth and development. However, little research has
focused on forest soils of the Southeastern United States.

Loblolly pine (Pinus taeda L.) is the dominant pine species on some 12 million
hectares of pine plantations in the Southeast, where it is considered the most
economically important pine species (Burns and Honkala, 1990). Fertilization of
pine plantations with nitrogen (N) and phosphorus (P) has dramatically increased
from 50,000 hectares in 1980 to 600,000 hectares in the year 2000 in response to
the increasing value of wood products (NCSFNC, 2001).

Recent evidence has suggested that repeated applications of N and P
fertilizers in pine plantations can lead to deficiencies in other nutrients such as B
(NCSFNC, 1994). Tree growth response to N and P fertilization may be reduced by
the limitations of B. Stone (1990) hypothesized that increased use of macronutrients
would induce B deficiencies over time. B deficiency symptoms in the Southeast are
not as apparent as the ones in Chile, Colombia, Australia, or New Zealand and
fertilization is a necessity in order to have a viable timber product (Tollenaar, 1969;
Flores, 2000; Urrego, 2000; Lambert et. al., 1997; Olykan, 1995). Tree diseases

and other macronutrient deficiencies sometimes mask B deficiency symptoms in



pines of the Southeast. Therefore, a better understanding of the role of B in forest
soils of is needed in the Southeastern United States.

The Ultisol order covers the majority of the loblolly pine range and is
characterized by its low base saturation, extremely acid to moderately acid
conditions, and its high degree of weathering (Buol et al., 1997; Foth and Ellis, 1997,
Pritchett and Fisher, 1987). B deficient areas are generally comprised of acidic,
highly leached, and coarse-textured soils (Troeh and Thompson, 1993; Barber,
1984).

Stone (1990) reported that soil properties were essential to understanding
occurrences of B deficiencies in forest stands. Furthermore, Stone (1990) predicted
that changes to these soil properties through erosion (loss of surface layers), site
preparation, fire, and macronutrient fertilization would contribute to B deficiency.
Soil properties such as texture (Kubota et al., 1948; Wilson et al., 1951; Wear and
Patterson, 1962; Adriano, 1986; Gupta 1993), pH (Goldberg, 1997; Gupta, 1993;
Elrashidi and O’Connor, 1982; Peterson and Newman, 1976) organic matter (Berger
and Truog, 1945; Parker and Gardner, 1982; Mortvedt et al., 1991; Hou et al., 1994)
and cation exchange capacity (Jin et al., 1987; Hou et al., 1994) have been related
to indices of B availability, as have site properties such as precipitation (Hobbs and
Bertramson, 1949; Page and Paden, 1954; Pais and Jones, 1997; Xu et al., 2001)
and underlying geology (Adriano, 1986).

The majority of B found in soils can be traced to either geologic material such
as tourmaline (3 to 4% B), or seawater (4.6 mg kg™) (Stone, 1990). However,

tourmaline is extremely resistant to weathering and literally unavailable due to its



slow dissolution, which is comparable to diamond. Seawater contributes to B cycle
through its contact with sediments and through ocean sprays. To better understand
the contribution of B from soils, we must first review the B fractions that contribute
the greatest to the B cycle.

Work by Jin et. al. (1987) outlined a variety of extractions of soil B fractions,
revealing their relative levels of magnitude. The ability of certain B fractions to
contain and to release B within days, months, or years makes them highly valuable
in terms of supplying B to pines. Identifying specific B fractions that may contain
high levels of B and can subsequently release it so that is bio-available would be of
key importance.

The readily soluble fraction is the B fraction is the one most available to
plants. This fraction is the conduit through which all other B sources must flow in
order to be taken up by plants. However, this fraction generally contains the lowest
levels of B at anytime. Other B fractions such as the oxide bound and organically
bound have shown to contain relatively high levels of B (Hou et. al., 1994; Jin et. al.,
1987). B in these fractions also has the ability to be released quickly through
weathering processes and by decomposition, making its characteristics ideal for
supply to plants.

Within the B cycle, fractions are competing for B constantly. B may be
released from the one fraction and be bound by another fraction. This process may
go on many times before the readily soluble fraction is able to obtain it and release it
to the plant. A variety of processes may need to take place in order for B to release

and to find its way into the plant.



A number of methods have been used to extract various B fractions from
soils. The most common fraction extracted is the readily soluble, commonly
extracted with boiling water or a calcium chloride solution (Berger and Truog, 1939,
1944; Dible et al., 1954; Gupta, 1967; Cartwright et al., 1983; Mahler et al., 1984;
Shuman et al., 1992); however, not all methods are suitable for acidic forest soils.
Certain methods contain chemicals that actually negate the extraction procedures in
acidic soils and are more suitable for alkaline soils (Aitken et al., 1987; Novozamsky
et al., 1990). The hot-water soluble method of Parker and Gardner (1981) provides
a fast, reliable method, especially when utilizing an inductively coupled plasma
atomic emission spectrometer system (ICP-AES) described by Spiers et al. (1990).
The use of ICP-AES reduces interferences and increases precision (Sah and Brown,
1997).

The readily soluble fraction has been used almost exclusively for site
recommendations, although very little is understood about the role of this other B
fractions in B availability (Gupta, 1979, 1993; Keren and Bingham, 1985). The
readily soluble fraction works well as an indicator for agriculture crops, which are
generally grown on an annual basis. Pine plantations may require different
indicators to predict long-term B availability since most rotation lengths generally
exceed two or three decades. Since the readily soluble fraction only represents a
portion of the total B supply, understanding other B fractions may indicate how much
each fraction contributes to the B cycle and the potential availability of B in forest

soils.



Two of the lesser-understood and rarely extracted fractions, the oxide and the
organically bound, have strong affinities to bind with Fe and Al hydroxides and
organic matter, respectively. Since large quantities of these soil constituents are
present in Southeastern forest soils, desorption and mineralization may provide
these fractions with a release mechanism to become available to the potentially bio-
available B pool.

Jin et al. (1987) developed methods for extracting oxide bound B. These
methods employed both sequential and separate extraction procedures. Hou et al.
(1996) utilized a single oxide bound extraction procedure. The work of Jin et al.
(1987) showed that significant quantities of B were found in the oxide bound B
fraction (8.7 to 73.4 mg B kg™ soil), which is nearly 100 times greater than the
quantities found in the readily soluble fraction for the same study.

Organically bound extractions have been used for other trace elements, but
no other researcher had utilized these methods to analyze organically bound B prior
to Hou et al. (1994, 1996) and Lambert et al. (1997). Research by Hou et al., (1996)
provided a chemical fractionation method for B. Earlier work by Hou et al. (1994)
provides some idea of the quantities of B found in this fraction, where B ranged from
0 to 22.97 mg B kg™ soil across all extractions. However, Lambert et al. (1997)
using a slightly different extraction procedure found quantities in the organic B
fraction from 15.0 to 60.8 mg B kg™ soil.

Their relative quantities and the rate at which they may become available to

the overall B cycle, suggests that the readily soluble, oxide bound, and organically



bound fractions are the most important to consider when estimating long-term B
availability.

With little work focusing on B in forest soils of the Southeast and recent
evidence suggesting that deficiencies may arise, an investigation was undertaken
with the following objectives: (1) to quantify B fractions across the chemical and
physical property range of loblolly pine and (2) to identify relationships between B

fractions and soil and site properties.

METHODS

Study Sites

The North Carolina State Forest Nutrition Cooperative (NCSFNC) has an
extensive number of fertilizer field trials throughout the Southeast. Soil samples
collected from 50 sites from NCSFNC field trials were used in this investigation.
These sites were selected to obtain a broad range of soil and site conditions from
the native range of loblolly pine (Figure 1).

Soil samples used in this study represented 5 soil orders and 33 different soil
series. The drainage class ranges from poorly to well drained with textures
extending from fine to coarse. Soil samples utilized in this study had previously
been collected, air-dried, ground, and stored for up to 20 years in some cases.
Sample Collection and Preparation

Soil samples were collected across 16 plots (4 treatments x 4 repetitions),

which constituted the NCSFNC field trial. Soil samples were obtained within each



plot by depth or horizon. Soil samples were taken prior to the application any
silvicultural treatment and represent the background levels of the site.

Soil samples from the field trials were air-dried and passed through a 2.0-mm
(No. 10) mesh sieve. A composite sample was then made for each site by depth or
horizon by using equal quantities of soil from each individual sample. The
composite samples were thoroughly mixed to insure a homogeneous sample. An
adequate quantity of soil was prepared to complete all analyses and to retain a
portion for archive purposes. The composite samples were then ground and
passed through a 0.250-mm (No. 60) mesh sieve. Each sample was properly

labeled and stored for analysis.



Figure 1.

[ Native Range of Loblolly Pine (Pinus taeda L.}
*  Soil Sample Locations

Location of Soil Sample Sites in the Southeastern United States




Laboratory Analysis
Soil Properties

A 10-g sub-sample was selected from each composite sample and dried at
105°C for 24 hours to determine moisture content on an oven-dry basis according to
the methods described by Klute et. al., (1986). Soil pH was determined in a 1:1
soil/H20 solution, following equilibration the pH was determined by using a Mettler
DL12 Titrator pH probe while simultaneously vortexing the sample (Sparks, 1996).
Exchangeable acidity was determined by extracting 10:1 solution/soil sample in 1 N
potassium chloride (KCI) for 1 hour, followed by titrating the supernatant to a pH
endpoint of 8.2 (Carter, 1993). The samples were then centrifuged and filtered
through a 2.5-um Whatman glass fiber filter and analyzed using the Mettler DL12
Autotitrator. Exchangeable base cations were determined from a 10:1 solution/soil
sample extracted in 1 M ammonium chloride (NH4Cl), the solution was then
centrifuged and analyzed for calcium, potassium, magnesium, and sodium (Ca, K,
Mg, and Na) using the Varian Liberty Series /I inductively coupled plasma atomic
emission spectrometer (ICP-AES) (Klute, 1986). Total carbon (C) was determined
via dry combustion of 0.250-mm sieved soil in an NC 2100 Saolil
Carbon/Hydrogen/Nitrogen (CHN) analyzer made by CE instruments. Samples
were corrected for moisture content following analyses. Duplicates, internal
standards, and National Bureau of Standards (NBS) were used to ensure quality
control and quality assurance throughout all analyses.

Particle size analysis was determined on each composite sample utilizing the

hydrometer method outlined by Klute et al. (1986). Sand, silt, and clay fraction



percentages were then used to determine the USDA texture with the USDA textural
triangle. Precipitation data for the sites was obtained from the National Climatic
Data Center (NCDC) website (NCDC, 2001).

Boron Fractions

The readily soluble B fraction (solution plus non-specifically adsorbed) was
extracted by using the hot-water soluble method of Sparks (1996). This method
involved adding 40-mL of 0.02 M calcium chloride (CaCl;) to a 250-mL flat bottom
flask containing 20-g of soil. The solution was then heated until boiling. At the point
of boiling, a glass funnel was inserted into each flask to reflux the soil solution. The
solution was allowed to boil under this reflux condition for 5 minutes. The flasks
were promptly removed from the heat at the end of the boiling period and allowed to
cool, and filtered through Whatman No. 42 filter paper into a 50-mL Nalgene sample
bottle. The extracted solution was analyzed directly with ICP-AES using the
methods outlined by Spiers et al. (1990).

The specifically adsorbed plus oxide bound fraction was determined using a
sequential extraction procedure (Hou et al., 1994). This involved adding 20-mL of
0.2 M acidic ammonium oxalate to 1-g of soil in a 50-mL centrifuge tube. The
solution was shaken for 4 hours, removed from the shaker, centrifuged for 15
minutes, and the supernatant was poured into a 50-mL Nalgene sample bottle. The
residual soil was retained for use on the next phase of the sequential procedure.

The organically bound fraction was obtained by utilizing the soil from the
previous extraction. The soil residue was extracted by adding 3-mL of 0.02 M nitric

acid (HNOs3) and 5-mL of 30% hydrogen peroxide (H2O2) to each centrifuge tube
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(Hou et al., 1994). The solution was loosely capped and maintained at 85°C in a
water bath for 2 hours with intermittent shaking. The samples were removed from
the water bath, where 3-mL of 30% H.O, was added to the centrifuge tube. The
centrifuge tubes were then returned to the water bath where they remained for 3
hours. The tubes were removed from the water bath and allowed to cool. A 5-mL
aliquot of 3.2 M ammonium acetate in 20% v/v nitric acid was added to the cooled
solution. The solution was then diluted to 20-mL with deionized distilled water on a
weight basis. The solution was shaken for 30 minutes and then centrifuged for 15
minutes. The supernatant was poured into a 50-mL Nalgene sample bottle. The
solution was clarified using 0.25 g activated charcoal that had been previously
washed in 3.2 M ammonium acetate in 20% v/v nitric acid.

Activated charcoal (0.25 g) was added to each solution to remove color from
oxides and humic substances. The charcoal was thoroughly washed with respective
extracting solutions prior to clarifiying each sample solution. Tests conducted prior
to actual analyses showed that adding 0.25 g of charcoal did not alter B
concentrations in known solutions. Samples were then prepared following the
Azomethine-H procedure described by Sparks, (1996); Wolf, (1971, 1974). The
samples were allowed to develop color for 2 hours and then loaded directly into 4.5-
mL polystyrene cuvettes, absorbance was read at 420 nm on a spectrophotometer
(Bausch & Lomb Spectronic-100).

Statistical Analysis
Descriptive statistics were described for all soil properties and B fractions.

Relationships were explored using simple correlation analysis between pH, total
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carbon, clay content, sand content, exchangeable acidity, base saturation, ECEC,
30-year average annual precipitation, and B fractions. Results were summarized by
mineralogical and textural families, geologic groups, and by drainage classification.
Taxonomic and geologic information were determined from county soil surveys and
state geologic maps and not from specific characterization. All of the statistical

analyses were performed using the SAS" system.

RESULTS

Soil Properties

The pH ranged from 3.6 to 5.8 with a mean of 4.6 (Table 1). Total carbon
content varied widely from 0.05 to 1.18 g C kg™ soil with a mean of 0.26 g C kg
soil. Exchangeable acidity ranged 0.04 to 5.21 cmol. kg™ soil with a mean of 1.34
cmol. kg™ soil. Base saturation covered a range from 0.06 to 9.48 cmol. kg™ soil
with a mean of 1.44. The effective cation exchange capacity (ECEC) had a mean of
2.78 cmol. kg™ soil and ranged from 0.93 to 10.58 cmol. kg™ soil. These values
reflect the low cation exchange capacity (CEC) status of the Ultisol order (Buol et al.,
1997), which comprises >70% of this dataset. Clay content ranged from 26 to 336 g
clay kg™ soil, with a mean content of 166 g clay kg™ soil. Sand content covered a
wider range from 245 to 885 g sand kg™’ soil and had a mean content of 669 g sand
kg™”. Silt content ranged from 0 to 517 g silt kg™, with a mean of 166 g silt kg”'. The
30-year average annual precipitation ranged from 1103 to 1763 mm yr”, with a

mean of 1372 mm yr .
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Table 1. Descriptive statistics for soil and site properties and B fractions from
surface horizons of 50 studies.

Property Units Mean Std. Dev. Min Max
pH 4.6 0.6 3.6 5.8
Total C g kg™ 0.26 0.23 0.05 1.18
Ex. Acidity cmol, kg™’ 1.34 1.34 0.04 5.21
Base Sat. cmolc kg'1 1.44 1.83 0.06 9.48
ECEC cmol, kg™’ 2.78 2.04 0.93 10.58
Clay g kg™ 166 76 26 336
Sand g kg 669 150 245 885
Silt g kg™ 166 117 0 517
Precipitation mm 1372 177 1103 1763
Readily Soluble B mg kg™’ 0.28 0.27 <0.00 1.35
Oxide Bound B mg kg™’ 11.7 4.8 3.8 30.5
Organically Bound B mg kg™’ 75.5 122.7 5.1 650.6

B Fractions

The readily soluble B fraction ranged from below the detection limit to 1.35

mg B kg™ soil with a mean of 0.28 mg B kg™ soil. The readily soluble B fraction was

skewed toward the lower values, with greater than 90% of the studies containing

less than 0.60 mg B kg™ soil (Figure 2a.). Only one soil exceeded 1.0 mg B kg™

level for the readily soluble B fraction.

The oxide bound B fraction ranged from 3.8 to 30.5 mg B kg™ soil and the

mean was 11.7 mg B kg™ soil. The oxide bound B was more normally distributed

compared to the readily soluble B fraction (Figure 2b.). Forty-nine of the fifty studies

analyzed contained values below 22.0 mg B kg™ soil. One study exceeded the 30.0

mg B kg™ soil.
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The organically bound B fraction ranged from 5.1 to 650.6 mg B kg™ soil, with
a mean value of 75.5 mg B kg'1 soil. This range represents 2 orders of magnitude in
variation among the studies. Approximately 42% of the studies analyzed contain
values less than or equal to 20.0 mg B kg™ soil (Figure 2c.). Ten studies exceeded
100.0 mg B kg™ soil.

The readily soluble fraction represented less than 0.5% of the sum of the
three fractions. The oxide bound B fraction comprised the second largest portion
(16.6%) and contained approximately 40 times more B than the readily soluble B
fraction. The organically bound B fraction was 83% of the three B fractions. No

significant simple linear correlations existed between the three B fractions (Table 2).
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Figure 2. Frequency distributions for the readily soluble (a), specifically
absorbed (b) and organically bound (c) boron fractions for surface
horizons from 50 studies.
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B Fractions and Soil Properties

The readily soluble B fraction was significantly and positively correlated (r =
0.57) with 30-year average annual precipitation (Table 2 and Figure 3). No other
linear correlations or apparent trends were found between soil properties and the
readily soluble B fraction. The oxide bound B fraction was significantly and
positively correlated with ECEC (r = 0.62) and base saturation (r = 0.75), which were
the strongest simple correlations found between a B fraction and a soil property
(Figures 4 and 5). The organically bound B fraction was significantly and positively
correlated with total carbon (r = 0.60) (Figure 6). Several data points were located
outside the range of the other data. Organically bound B fractions was also
significantly and positively and exchangeable acidity (r = 0.60) (Figure 7).

Well-drained soils contained slightly higher levels of readily soluble B (0.30
mg B kg™ soil) as compared with poorly drained soils (0.24 mg B kg™ soil) (Table 3).
The highest levels of the readily soluble B for poorly drained soils were found in very
fine-textured soils (0.51 mg B kg soil), whereas well-drained soils with sandy
textures contained 0.62 mg B kg™’ soil. Oxide bound B contained equal quantities of
B across poorly and well-drained soils. The highest quantities of oxide bound B
were found in the finer textured soils across both drainage classes. Organically
bound B extracted from poorly drained soils (124.4 mg B kg™ soil) contained nearly
triple that of well-drained soils (45.6 mg B kg'1 soil). Fine-loamy textures contained
the highest levels of organically bound B in poorly drained soils (215.2 mg B kg'1)
soil while fine-textured soils were found to contain the highest levels in well-drained

soils (54.0 mg B kg™ soil).
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The highest levels of B for the readily soluble B fraction were found in the
kaolinitic mineralogical family (0.37 mg B kg™ soil) (Table 4). The siliceous and
mixed mineralogical families contained the lowest quantities of readily soluble B with
0.21 and 0.22 mg B kg™ soil, respectively. The highest quantities of oxide bound B
were found in the smectitic mineralogical family (21.7 mg B kg™ soil). The lowest B
values were found in the kaolinitic and siliceous mineralogical families with 9.7 and
10.6 mg B kg™ soil, respectively. All mineralogical families contained substantial
portions of B in the organically bound B fraction. The organically bound B was
highest in the siliceous mineralogical family (81.6 mg B kg'1 soil), and lowest in the
kaolinitic mineralogical family (35.9 mg B kg™ soil).

Soils derived from shale and fine marine sediments contained the highest
levels of readily soluble B (0.35 mg B kg™’ soil) across the range of geologic
materials (Table 5). Readily soluble B samples collected from soils derived from
sedimentary rocks and marine sediments contained an average of 0.27 mg B kg’
soil as compared with samples from soils overlying metamorphic rocks which
contained an average of 0.17 mg B kg™ soil. Oxide bound B levels were found to be
the highest in soils resulting from mafic metamorphic rocks (21.8 mg B kg™ soil). B
extracted from shale and limestone (sedimentary rocks) resulted in the lowest values
for the oxide bound B fraction with 7.6 and 5.9 mg B kg’ soil, respectively.
Organically bound B was found to be the highest in marine sediments with an
average concentration of 64.6 mg B kg™ soil. Organically bound B was also higher

in limestone-derived soils (55.8 mg B kg” soil). Soils derived from mafic
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metamorphic rocks contained the lowest value for organically bound B (5.6 mg B kg

! soil).
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Figure 3. Readily soluble boron as a function of 30-year average annual
precipitation for surface horizon soils.
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Table 3. Boron fractions by drainage class and textural family (n=50).

Boron Fraction

I()jlr:Siglage g;;;[ﬁ;al é\tll(ic'li(;fs ggiﬂ;g Oxide Bound  Organically Bound
-------------- mgkg‘l-----------------
Poorly Very fine 1 0.51 30.5 11.3
Poorly Fine 5 0.26 (0.06)T 13.6 (2.0) 130.6 (95.6)
Poorly Clay loam 2 0.12 (0.01) 11.2 (1.1) 91.9 (62.7)
Poorly Fine-loam 5 0.30 (0.07) 10.5 (1.6) 215.2 (125.5)
Poorly Loam 3 0.26 (0.15) 6.5 (1.3) 68.9 (53.2)
Poorly Sand 3 0.10 (0.05) 7.8 (1.2) 77.3 (40.6)
Poorly Average 19 0.24 (0.04) 11.4 (1.4) 124.4 (41.2)
Well Fine 15 0.34 (0.08) 12.9 (3.9) 54.0 (16.7)
Well Fine-loam 10 0.34 (0.10) 11.8 (1.3) 48.1 (13.7)
Well Loam 5 0.03 (0.01) 10.7 (1.5) 30.4 (11.8)
Well Sand 1 0.62 10.1 13.3
Well Average 31 0.30 (0.06) 11.9 (0.70) 45.6 (9.5)

1 Mean value with standard error in parentheses.
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Table 4. Boron fractions by mineralogical family (n=50).

Boron Fraction

Mineralogy IS\I& d(ég Readily Soluble Oxide Bound Organically Bound
-------------- mgkg‘l-------------
Kaolinitic 18 0.37 (0.09)1 10.6 (0.8) 35.9(7.9)
Mixed 10 0.22 (0.04) 14.5 (1.3) 55.7 (23.7)
Siliceous 19 0.21 (0.04) 9.7 (0.7) 81.6 (18.8)
Smectitic 3 0.31(0.10) 21.7 (4.4) 53.7 (40.4)

1 Mean value with standard error in parentheses.

Table 5. Boron fractions by geological grouping (n=50).

Boron Fraction

gfglll‘;%;;al N d‘i’efs Readily Soluble  Oxide Bound Or%fﬁflg”y
-------------- mgkg!-------ooo---

Marine Sediments

Fine 18 0.35 (0.08) 13.5 (1.3) 49.8 (14.7)

Medium 14 0.30 (0.07) 11.1 (1.0) 88.5(23.4)

Coarse 10 0.17 (0.07) 9.2(0.9) 55.5(17.8)
Metamorphic Rocks

Felsic 5 0.18 (0.06) 12.1 (1.5) 29.3 (13.0)

Mafic 1 0.15 21.8 5.6
Sedimentary Rocks

Limestone 1 0.18 7.6 55.8

Shale 1 0.35 5.9 16.5

1 Mean value with standard error in parentheses.
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DISCUSSION

B Fractions

The readily soluble B fraction in this study represented a relatively narrow
range, which is remarkably consistent with literature from many geographic areas of
the world. Values obtained for the readily soluble B fraction were consistent with
results presented by Jin et al., (1987, 1988); Hou et al., (1994); Lambert et al.,
(1997); Datta et al., (1998); Rahmatullah et al., (1999); and Xu et al., (2001).
Readily soluble B extracted by Ratto de Miguez et al., (1999) covered a larger range
(0.20 to 2.60 mg B kg™ soil) than our values. Soil samples analyzed by Lombin
(1985) found a much narrower range of readily soluble B values (0.18 to 0.36 mg B
kg™ soil).

These relatively narrow ranges of readily soluble B suggest that only small
quantities of B can be held in this fraction. This may be due to the immediate
demand by plants for B and the highly sensitive nature of this fraction to
environmental changes.  Precipitation and drought are two key environmental
changes that regulate the readily soluble B fraction via mass flow.

The oxide bound B fraction covered a sizeable range in the current dataset
(3.81t030.5mg B kg'1 soil). Literature containing oxide bound B fractions contained
a wide range of values. Jin et al., (1987, 1988) and Rahmatullah et al., (1999)
reported oxide bound values of 8.7 to 73.4 and 15 to 30 mg B kg™’ soil, respectively.
Conversely, oxide bound B values from my research were nearly 10 times greater
than the results of Hou et al., (1994) (0.00 to 1.69 mg B kg™ soil) and over 100 times

greater than those of Xu et al., (2001) (<0.01 to 0.70 mg B kg™ soil).
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The agricultural soils used by Hou et al., (1994) were relatively young,
sedimentary soils from Ontario, Canada, that have undergone considerably less
weathering in comparison to the highly weathered soils of the Southeastern United
States (Evans, 1987, 2002). This lack of soil development may suggest that with
minimal weathering, B has not been released into biogeochemical cycle of Canadian
soils to the extent it has in the Southeast. Lambert and Ryan (1990) found that good
soil development helped improve B availability even on parent materials low in B.

The Chinese soils of Xu et al., (2001) contained soils of similar taxonomy;
however, high precipitation areas likely increased the weathering of the parent
materials and the soil development, whereby releasing more B to the soil solution.
Low precipitation areas will limit weathering and soil development, which in turn may
decrease the availability of B in the soil solution via mass flow.

Although clay contents were quite similar for the oxide bound B studies
presented above, the specific type of clay mineral found in has the greatest effect on
soil B content. Phyllosilicate minerals have a wide range of surface areas, with
kaolinitic minerals having relatively low surface areas, while smectitic minerals have
much higher surface areas (Sparks, 1995). These higher surface area minerals
such as smectite may provide more adsorption sites for B to bind.

The organically bound B fraction ranged from 5.1 to 650.6 mg B kg'1 soil.
Hou et al., (1994) and Lambert et al., (1997) are the only authors that had reported
organically bound B values in the literature prior to this study. The values obtained
in the current research contained a significantly wider range of B values than the two

studies presented. The organically bound B fraction values for the Australian soils of
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Lambert et al. (1997) ranged from 15.7 to 60.8 mg B kg™ soil. These values were
nearly considerably lower than the values found in the current research. The
methods of Lambert et al. (1997) also utilized slightly different extraction methods
than that of the current study, which were adapted from Hou et al. (1994). Hou et al.
(1994) found values ranging from 0.00 to 11.03 mg B kg™ soil with a mean of 3.57
mg B kg™’ soil. The values of Hou et al. (1994) were an order of magnitude less than
the current research.

Lambert et al. (1997) selected soils to coincide with a range of geologic
materials found in forests of Australia. The Canadian soils of Hou et al. (1994)
developed under a significantly different set of conditions than those found in the
Southeastern US and Australian forests. The crop being grown is one significant
difference between the soils of Hou et al. (1994) and the Australian and US soils.
Agricultural crops are harvested annually, which significantly reduces the inputs from
the above- ground biomass. Pine forests generally have a litterfall every year, which
contributes considerable quantities of needles and subsequently B through the cell
wall material. The high levels of B found in the organically bound fraction in this
study may suggest that B is bio-accumulating in the soil organic fraction from annual
litterfall deposits. Gurlevik et al. (2003) determined that approximately 40 percent of
the B contained in the forest floor was released through decomposition the first year.
The loss of this critical B input could explain the differences in organically bound B
levels between forest and agricultural soils.

Although no direct correlations existed among B fractions in this study, only

simple linear correlations were tested. More complex relationships inevitably exist
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among the fractions. These complex relationships among the fractions are possibly
controlled by changes in site conditions and differences in soil properties as well as
land use history. Limited knowledge of these fractions hinders the overall
understanding of their relationships and the ability to predict B availability.

B Fractions and Soil Properties

Readily Soluble

Interestingly, soil samples stored up to 20 years in some instances, showed a
significant positive relationship with 30-year average annual precipitation. This
relationship possibly depicts the results of long-term weathering and release of B
into the soil solution. Unlike our study, other researchers found precipitation to be
negatively correlated with readily soluble B (Page and Paden, 1954; Xu et al., 2001).
Xu et al. (2001) attributed this inverse relationship to greater leaching in areas with
higher precipitation and the influence of soil properties such as texture. Page and
Paden (1954) indicate that B deficiency occurs as a result of high rainfall and the
subsequent leaching of B through the soil profile. Hobbs and Bertramson (1949)
found a relationships between B deficiency symptoms and precipitation in which they
theorized that B deficiencies were a result of low soil moisture conditions and not
necessarily low levels of B in the soil.

The simple positive relationship found in the current study between
precipitation and the readily soluble B fraction may be indirectly related to water’s
influence on soil and geologic materials. Weathering processes include dissolution,
hydration, hydrolysis, oxidation, reduction, and carbonation (Kabata-Pendias and

Pendias, 1984). These processes require the presence or absence of water to
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complete their chemical reaction. This necessity for water alludes to the possible
link between precipitation and the inherent levels of readily soluble B in the soil.
Regardless of this explanation is difficult to pinpoint an apparent reason for this
relationship.

Well-drained soils contained higher levels of the readily soluble B when
considering drainage class across all textural classes. Within drainage classes,
well-drained, coarse-textured soils and fine-textured, poorly drained soils yielded the
highest levels of readily soluble B.

Sedimentary rocks of marine origin contained the highest levels of readily
soluble B in the current dataset (Table 5). According to Fairbridge (1972) most
parent materials are relatively poor in B, with the exception of marine sediments.

Igneous rocks generally contain the lowest levels of total B (5 to 10 mg kg™")
with metamorphic rocks following close behind, with an average of 5 to 50 mg kg™)
(Table 6). Sedimentary rocks, especially those of marine origin contain between 50
and 500 mg kg'1 of total B. The high levels of B in marine sedimentary rocks have a
strong bearing on soils derived from these parent materials and stress the

importance of knowing the geology of a particular site.
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Table 6. Total B content in selected geologic materials.

Geologic Material B (mg kg™) Reference
(1972)

Acid Rocks 3-30 Barber (1984), Kabata-Pendias and

Pendias (1984), and Walker (1975)

Basic Rocks 1-5 Barber (1984) and Walker (1975)
Granites 10-15 Goldschmidt (1958), Adriano (1986), and

Sparks and Evans (1983)
Basalts 0.1 -6 Marshall and Fairbridge (1999) and

Goldschmidt (1958), and Adriano (1986)

Metamorphic Rocks 5-50 Barber (1984) and Walker (1975)

Gneiss 10 Walker (1975)
Slate 2-50 Walker (1975)
Sedimentary Rocks 20-100 Krauskopf (1979) and Sparks and Evans
(1983)
Shales 100-130 Kabata-Pendias and Pendias (1994),
Krauskopf (1979), and Walker (1975)
Sandstones 30-35 Kabata-Pendias and Pendias (1984),
Krauskopf (1979)
Limestones 20-30 Kabata-Pendias and Pendias (1984) and
Sparks and Evans (1983)

Marine sediments 100-500 Kabata-Pendias and Pendias (1984) and

Marshall and Fairbridge (1999)

Marine clay sediments 50-500 Goldschmidt (1958)
Non-marine clay 5.10 Goldschmidt (1958)

sediments
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Specifically Adsorbed

The oxide bound fraction was significantly positively correlated with ECEC
and base saturation. The ECEC relationship suggests that with an increasing
number of adsorption sites, more B may be sorbed. Surface area may prove to be a
surrogate for ECEC, since an increase in surface area generally coincides with a
larger number adsorption sites. These adsorption sites are essential to retaining as
much B within the soil profile, thus maintaining a B pool for future plant needs.

The relationship with base saturation is very similar to that of ECEC, since
base saturation is a component of ECEC total. This increase in base saturation will
also provide more adsorption sites.

Poorly and well-drained soils contained similar levels of oxide bound B across
textural classes. Fine-textured soils contained the highest levels of oxide bound B
within drainage class possibly due to the type of extraction method and the binding
affinity of clay particles. Keren and Bingham (1985) and Keren (1996) theorized that
B is adsorbed on clay mineral edges rather than planar surfaces, as did De Bussetti
et al., (1995) who theorized that most B adsorption sites are located on the rough
edges of clay particles. Clay particles generally have higher surface areas than
coarse particles, which may provide a greater number of binding sites for B. The
high levels of B found were found in the smectitic mineralogical family. Goldberg
and Glaubig (1985), found that materials with high surface areas had the highest B
adsorption. Smectites formed from micas are likely to contain the highest levels of

boron (Dixon and Weed, 1977).
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Organically Bound B

Not surprisingly, the organically bound B fraction was significantly positively
correlated with total carbon. Three data points fell outside of the range of the other
data. These points contained the highest levels of organically bound B and are all
from the Aquic suborder, which indicates that they have poorly drained
characteristics and generally more organic matter. These sites have been reported
to be some of the most productive pine plantations in the Southeast (Allen, 2004;
Campbell, 2004).

The high binding affinity of humic substances may explain the relationship
with organic B fraction and the majority of B being found in this fraction. Parks and
White (1952) were the first to indicate the importance of humic substances as a sink
for B. Lambert, Turner, and Knott (1997) and Yerimayahu (2001) reaffirm the
importance of organic matter as the primary sink for maintaining B in soils.

Humic substances are comprised of varying degrees of humic and nonhumic
constituents. Different structural compositions of organic matter may have different
binding effects with B. Research by Hou et al. (1996) found that no significant
relationship existed between humic acid and organically bound B. Lambert et al.,
(1997) extracted organically bound B by humic fraction and found that the fulvic acid
fraction contained the highest levels of B. The work of Lambert et al. (1997)
provides some indication that fulvic acids may play an important role in binding and
subsequently releasing B. According to Stevenson (1982), forest soils contain
humic substances that are dominated by fulvic acids. Fulvic acids are easily

degraded by microbial activity and acidic conditions (Brady, 1990; Sparks and
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Evans, 1983), which may suggest that greater quantities of B can be released in the
acidic, forest soils of the Southeast.

Yerimayahu et al., (1988, 2001) suggests that organic matter’'s capacity to
bind with B is at least 4 to 7 times greater than that of clays and soils on a weight
basis, which is consistent the results of my study. Although, this capacity of organic
matter to bind with B has been suggested, only recently have mechanisms for this
adsorption been investigated. The mechanism for B adsorption in the presence of
organic matter is likely to be ligand exchange (Yerimayahu et al., (1988); Gu and
Lowe, 1990). The boric acid molecule and the borate anion can complex with
hydroxycarboxylic acids, dicarboxylic acids, and diol groups depending on the pH of
the solution (Schmitt-Koplin et al., 1998). Schmitt-Koplin et al., (1988) also present
findings showing B binding as bidentate monoesters and tridentate diesters.

The relationship between organically bound B and exchangeable acidity is
significantly and positively correlated (r = 0.60). This relationship involves pH, where
the decrease in exchangeable acidity will subsequently raise pH. Since rising pH is
known to negatively affect the availability of B (Gupta, 1997), exchangeable acidity
can be viewed as possible surrogate for pH, where it indirectly affects the outcome.

Organically bound B for poorly drained soils was found to be nearly triple that
of well-drained soils. Poorly drained soils in this study contained twice as much
organic matter as the well-drained soils. These higher levels of organic matter may
provide more opportunities for complexation of B. Poorly drained soils may also
contain organic matter that has a different overall makeup than that of well-drained

soils, which may suggest different binding capabilities. The high binding affinity of
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organic matter and the elevated levels of organic matter suggest higher levels of
organically bound B. Levels of organically bound B presented by Hou et al. (1994)
in poorly drained soils were nearly twice that of well-drained soils, supporting the
trend of the current dataset.

All mineralogical families contained substantial portions of organically bound
B; however, the siliceous mineralogy contained the highest overall levels (Table 5).
In the Southeast, the siliceous mineralogy is normally related marine sediments and
poorly drained soils. Since poorly drained soils contained nearly double that of well-
drained soils, this may provide an explanation for the increased levels of B. Marine
sediments contain the highest overall level of organically bound B. This is due to the

high levels of B found in the ocean (4.6 mg B L™).

CONCLUSIONS

The organically bound fraction contained the highest levels of B amongst the
three fractions analyzed. Simple linear relationships were found for all three
fractions with soil and site properties; however, no simple linear relationships were
found among the three B fractions. Drainage class was critical to differentiating the
readily soluble and organically bound fractions. The organically bound B fraction
contained the highest overall quantities of B. Poorly drained soils contained the
highest levels of the organically bound B fraction. Marine sedimentary rocks were

found to contain the highest levels of B across all fractions.

36



The characterization of B across Southeastern forests should begin to shed
some light into the available quantities of B in the soil fractions and provide the initial
work to better manage southern forests for this important micronutrient.

Future work should focus on combining foliar and tree growth data to further
explain the relationships of B in intensively managed forests. A more involved study
of organically bound B and its release to subsequent fractions may provide some

indication of the available B supply in the soil.
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Appendix A. Descriptions of soils used for boron analyses.

APPENDICES

Mineralogy = Textural No. of
Soil Series Subgroup Family Family Studies
Ailey Arenic Kanhapludults Kaolinitic Loamy 1
Appling Typic Kanhapludults Kaolinitic Fine 1
Bladen Typic Albaquults Mixed Fine 1
Blanton Grossarenic Paleudults Siliceous Loamy 1
Brantley Ultic Hapludalfs Mixed Fine 1
Cecil Typic Kanhapludults Kaolinitic Fine 3
Colita Typic Glossaqualfs Siliceous Fine-loamy 1
Cowarts Typic Kanhapludults Kaolinitic Fine-loamy 1
Dothan Plinthic Kandiudults Kaolinitic Fine-loamy 1
Durham Typic Hapludults Siliceous Fine-loamy 1
Eustis Psammentic Paleudults Siliceous Sandy 1
Evadale Typic Glossaqualfs Smectitic Fine 1
Fullerton Typic Paleudults Kaolinitic Fine 1
Fuquay Arenic Plinthic Kandiudults Kaolinitic Loamy 1
Greenville Rhodic Kandiudults Kaolinitic Fine 1
Iredell Oxyaquic Vertic Hapludalfs Mixed Fine 1
Leaf Typic Albaquults Mixed Fine 2
Lynchburg Aeric Paleaquults Siliceous Fine-loamy 2
Marlboro Typic Paleudults Kaolinitic Fine 1
Meggett Typic Albaqualfs Mixed Fine 1
Olustee Ultic Alaquods Siliceous Sandy 2
Orangeburg Typic Kandiudults Kaolinitic Fine-loamy 3
Pantego Umbric Paleaquults Siliceous Fine-loamy 2
Pelham Arenic Paleaquults Siliceous Loamy 2
Sacul Aquic Hapludults Mixed Fine 3
Seagate Typic Haplohumods Siliceous Sandy 1
Smithdale Typic Hapludults Siliceous Fine-loamy 2
Stilson Arenic Plinthic Paleudults Siliceous Loamy 1
Stough Fragiaquic Paleudults Siliceous Coarse-loamy 1
Susquehanna Vertic Paleudalfs Smectitic Fine 1
Sweatman Typic Hapludults Mixed Fine 1
Tifton Plinthic Kandiudults Kaolinitic Fine-loamy 1
Torhunta Typic Humaquepts Siliceous Coarse-loamy 1
Troup Grossarenic Kandiudults Kaolinitic Loamy 1
Wagram Arenic Kandiudults Kaolinitic Loamy 1
Wilcox Chromic Dystruderts Smectitic Very-fine 1




Appendix B. Summary of Boron Fraction Analyses for Surface Horizon Soils.

: . Drainage Readily’ Oxide Organically
Study Location Horizon Class Soluble Bound Bound
130402 Amelia, VA A w 0.00 10.6 15.6
130502 Bienville, LA A P 0.23 18.1 15.4
130702 Decatur, GA A w 0.06 13.0 65.1
130902 Brunswick, NC A P 0.50 9.8 290.3
130903 Cumberland, NC A P 0.12 10.0 154.6
131101 Colleton, SC A P 0.07 10.9 12.8
131102 Georgetown, SC A w 0.38 14.3 17.6
131103 Berkeley, SC A P 0.29 9.9 650.6
132402 Conecuh, AL A w 0.06 10.9 14.8
132403 Covington, AL A w 0.00 9.7 12.8
132601 Wayne, GA A P 0.01 10.1 157.5
132602 Wayne, GA A P 0.09 3.8 175.3
132604  Effingham, GA A w 0.04 6.3 15.4
132605 Bertie, NC A P 0.21 6.2 513.6
132702 Bradley, TN A w 0.18 7.6 55.8
133103 Sabine, LA A w 0.17 15.2 12.0
133104 Aiken, SC A w 0.01 7.8 16.8
133105 Greenwood, SC A w 0.14 8.8 80.8
142401 Escambia, AL A w 0.33 8.5 21.0
142402 Baldwin, AL A w 0.73 9.1 24.7
142403 Covington, AL A P 0.56 7.9 15.6
143201 Escambia, FL A W 0.61 7.7 17.1
143301 Baldwin, AL A w 0.80 7.7 16.4
143302 Escambia, AL A W 1.35 8.2 93.3
143303 Greene, MS A w 0.62 10.1 13.3
143304 Greene, MS A P 0.40 14.0 15.3
150102 Fairfield, SC A w 0.33 10.9 14.2
152603 Appling, GA A P 0.19 6.9 48.2
153202 Escambia, FL A w 0.88 12.2 124.9
153301 Choctaw, AL A w 0.1 9.4 34.9
153401 Trinity, TX A P 0.35 5.9 16.5
153901 Bibb, AL A w 0.44 9.7 113.6
153903 AL various A w 0.53 141 69.5
180101 Kershaw, SC A w 0.06 15.0 76.0
180301  Oglethorpe, GA A w 0.15 21.8 5.6
180601 Halifax, VA A W 0.29 17.4 13.9
180801 Craven, NC A P 0.38 141 82.9
181001 Marion, AL A W 0.09 19.5 5.1
181101 Berkeley, SC A P 0.26 15.9 105.7
182201 Wilkes, GA A w 0.13 12.7 22.2
182401 Nassau, FL A P 0.06 15.7 25.9
183101 Sabine, LA A W 0.17 15.5 70.7
183102 Vernon, LA A W 0.08 10.7 33.0
184001 Sumter, AL A P 0.51 30.5 11.3
184201 Brantley, GA A P 0.09 6.4 26.2
184202 Brantlley, GA A P 0.14 7.7 15.9
184301 Webster, GA A W 0.02 11.4 31.1
184401 Bradley, AR A P 0.1 12.3 291
184501 Marengo, AL A w 0.21 17.3 37.2
184801 Newton, TX A W 0.19 16.5 269.1

* Units for boron fractions (mg B kg™ soil)
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