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Using Soil Physical and Chemical Properties to Estimate Bulk Density

Sonja A. Heuscher, Craig C. Brandt,* and Philip M. Jardine

ABSTRACT

A stepwise multiple regression procedure was developed to predict
oven-dried bulk density from soil properties using the 1997 USDA-
NRCS National Soil Survey Characterization Data. The database
includes both subsoil and topsoil samples. An overall regression equa-
tion for predicting oven-dried bulk density from soil properties (R =
0.45, P < 0.001) was developed using almost 47 000 soil samples.
Partitioning the database by soil suborders improved regression rela-
tionships (R? = 0.62, P < 0.001). Of the soil properties considered,
the stepwise multiple regression indicated that organic C content was
the strongest contributor to bulk density prediction. Other significant
variables included clay content, water content and to a lesser extent,
silt content, and depth. In general, the accuracy of regression equations
was better for suborders containing more organic C (most Inceptisols,
Spodosols, Ultisols, and Mollisols). Bulk density was poorly predicted
for suborders of the Aridisol and Vertisol orders which contain little
or no organic C. Although organic C was an important variable in
the suborder analysis, water content explained most (>30%) of the
variation in bulk density for Udox, Xererts, Ustands, Aquands, and
Saprists. Relationships between bulk density with soil volume mea-
sured on oven-dried natural clods and bulk density with soil volume
measured at field-moisture content and one-third bar were also deter-
mined (R? = 0.70 and 0.69, respectively; P < 0.001). Utilizing the
regression equations developed in this study, oven-dried bulk density
predictions were obtained for 71% of the 85 608 samples in the data-
base without bulk density measurements. While improving on meth-
ods of previous analyses, this study illustrates that regression equations
are a feasible alternative for bulk-density estimation.

SOIL BULK DENSITY measurements are often required
as an input parameter for models that predict soil
processes. Such models often use bulk density measure-
ments to account for horizon mass when aggregating
soil data. Methods to measure bulk density are labor
intensive and time-consuming. As a result, bulk density
measurements are frequently missing from soil data-
bases or have been measured using several different
procedures. Thus, models have been developed to pre-
dict bulk density from soil physical and chemical data
(Saini, 1966; Bernoux et al., 1998; Manrique and Jones,
1991; Calhoun et al., 2001; Rawls, 1983; Baumer, 1992).
These studies have often focused on a specific or limited
data set, and there are few published results concerning
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the relationship between bulk density measurement
methods.

The objective of this study was to predict the oven-
dried bulk density of samples in a database constructed
from the USDA-NRCS National Soil Survey Character-
ization Data (Soil Survey Staff, 1997). This required
determining the relationships between soil properties
and bulk density as well as determining the relationships
between bulk density measurement methods for the
purpose of converting bulk density values measured at
one-third bar and at field moisture content to oven-
dried bulk density.

Since many soil textural and chemical properties are
measured on a <2-mm mass basis (e.g., Fe content,
cation exchange capacity, clay content, etc...), account-
ing for differences in mass between individual soil hori-
zons is necessary to obtain a measurement representa-
tive of several horizons. The measured and predicted
bulk density of the <2-mm soil fraction, horizon thick-
ness, and course fragment volume were used to calculate
a horizon mass estimate. Then a mass weighted average
is used to aggregate soil property measurements. The
statistical procedures and models for bulk density esti-
mation are described in this paper.

MATERIALS AND METHODS

The National Soil Survey Characterization Data used in
this study contains information for approximately 21 667 ped-
ons and 136 000 samples from all 50 states, Puerto Rico, Virgin
Islands, Trust Territories, and some foreign nations. The data
set contains physical, chemical, engineering, mineralogical,
and descriptive data for the pedons. Analytical procedures
used to measure the soil physical and chemical properties are
described in the Soil Survey Laboratory Investigations Report
No. 42 (Soil Survey Staff, 1996).

Table 1 includes a list of soil properties evaluated in this
paper and a brief description of their measurement procedure.
To determine the relationships between bulk density and soil
properties, multiple regression models were created using the
procedure REG with a stepwise variable selection routine
(SAS Institute, 1982). The soil properties listed in Table 1 were
evaluated along with several calculated variables (Table 2).
Variables in Table 2 were considered for multiple regression
modeling because earlier studies have shown significant rela-
tionships between these variables and bulk density (Manrique
and Jones, 1991; Calhoun et al., 2001; Rawls, 1983).

Using the stepwise selection routine, only variables with an
F statistic that met the 0.999 significance level for entry were
included into the regression equations (SLENTRY = 0.999).
After a variable was added, all variables were examined and
variables that did not produce an F statistic significant at
the 0.001 probability level were deleted (SLSTAY = 0.001).
According to Muller and Fetterman (2002), using these criteria
for a stepwise modeling strategy provides a better approxima-
tion to the all-possible-regressions strategy, which requires
fitting all possible models.

Oven-dried bulk density measurements present in the data-
base were used as the dependent variable in the multiple
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Table 1. Description of parameters evaluated for inclusion in the simple and multiple regression models used in the estimation of

bulk density.

Parameter name

Description

Bulk density, oven dry

Bulk density, <2-mm soil fabric, with soil volume measured by coating natural clods in plastic then weighing the

oven-dried clod in air and water to obtain its volume by Archimedes’ principle. Bulk density is calculated by
dividing the weight of the oven dried clod by this volume. (g cm™3)

Bulk density, 1/3 bar

Bulk density, <2-mm soil fabric, with soil volume measured by coating natural clods in plastic then weighing the

clod at one-third bar tension in air and water to obtain its volume by Archimedes’ principle. Bulk density is
calculated by dividing the weight of the oven-dried clod by this volume. (g cm™)

Bulk density,
field moisture content

Bulk density, <2-mm soil fabric, with soil volume measured by coating natural clods in plastic then weighing the
clod at field moisture content in air and water to obtain its volume by Archimedes’ principle. Bulk density is

calculated by dividing the weight of the oven-dried clod by this volume. (g cm™)

clay Total clay content of the <2-mm fabric, the soil separate with <0.002-mm particle diameter, determined with the
Kilmer and Alexander pipette method. Clay-size carbonate is included. (% weight)

silt Total silt content of the <2-mm soil fabric, soil separate with 0.002- to 0.05-mm particle diameter, determined with
the Kilmer and Alexander pipette method. (% weight)

sand Total sand content of the <2-mm soil fabric, the soil separate with 0.05- to 2.0-mm particle diameter, determined

by wet sieving. (% weight)

c_org Organic C of the <2-mm soil fabric, determined by the Walkley-Black modified acid-dichromate FeSO, titration

procedure. (% weight)

we Water content at —15 bar determined by placing a sample of <2-mm air-dried soil in a retainer ring on a cellulose
membrane in a pressure membrane extractor. The membrane is covered with water to wet the sample by
capillarity, and the sample is equilibrated at 15 bar tension. The gravimetric moisture content is determined.

(% weight)

depth Horizon sample depth, measured from soil surface to the midpoint of horizon. (cm)

Table 2. Description of calculated variables evaluated for inclu-
sion in the multiple regression models used in the estimation
of bulk density.

Variable Name Description

wlScly ratio of water content at —15 bar to clay content
wc? square of water content at —15 bar

wc? cube of water content at —15 bar

clay? clay content squared

clay? clay content cubed

c_org square root of organic C content
c_org’ organic C content squared
c_org’ organic C content cubed

silt? silt content squared

silt® silt content cubed

sand’ sand content squared

sand® sand content cubed

siltplusclay silt content + clay content

regression models. The regression models were then used to
predict oven-dried bulk density values for samples in the data-
base missing this measurement. The 50 904 samples in the
database contain an oven-dried bulk density measurement
and the 85 608 samples lack the measurement.

Before model development, the quality of the measure-
ments in the database was assessed by setting limits for soil
properties to eliminate suspect values. The following condi-
tions resulted in deletion of the sample’s data record:

- Missing values for soil properties used for model devel-
opment

- Bulk density values <2.25 and >0.25 g cm™*

- Organic C (c_org) values <100%

- Water content (wc) values <150%

- Individual clay, sand, or silt contents <100%

- Sum of clay, sand, and silt <106 or >94%

Establishing an acceptable range of 106 to 94% for the sum
of clay, sand, and silt allows for a 2% error in each of the
individual measurements of clay, sand, and silt content. Fol-
lowing quality control approximately 47 000 of the 50 904 sam-
ples that contain oven-dried bulk density measurement were
available for model development.

Before model development, collinearity diagnostics for the
independent variables were examined. Variables sand and

siltplusclay were dropped from consideration because they
are a linear combination of other variables. Since sand was
dropped, sand® and sand® were also dropped. The ratio of
water content at —15 bar to clay content (w15cly) was dropped
from consideration because including this variable would ex-
clude samples with clay contents of zero.

The data were subdivided into groups by suborder using
taxonomic information contained in the database. Due to dif-
ferences in clay content, organic C, and water content among
soil suborders, partitioning the data by suborders reduced the
variance of soil properties in the data sets with the goal of
finding a range of soil property data for which a linear regres-
sion works well. Another advantage of this approach is that
correlation of bulk density with other soil properties is proba-
bly more stable and consistent within groups of soils that have
similar characteristics. Manrique and Jones (1991) have shown
that partitioning data by suborders is beneficial for the purpose
of predicting bulk density. Wosten et al. (2001) found that
more accurate regression equations can be developed for
groups in a database of measured soil hydraulic characteristics
as compared with the database as a whole. Thus in this study,
a regression equation was developed for each suborder.

Following model development, plots of studentized residu-
als for each suborder’s regression equation were examined to
identify possible outliers. In addition, plots of residual versus
predicted values for each suborder were examined for patterns
indicating an invalid fitted model. Collinearity diagnostics
were examined again for each suborder. Suborders with a
collinearity condition indices >14 and a proportion of variance
>(.5 for two or more variables were presumed to have a
collinearity problem. In these cases, one or more of these
variables were deleted from the regression equation then the
stepwise regression was repeated until the collinearity diag-
nostics no longer indicated a problem.

A relatively small number of samples (2115) in the database
lack oven-dried bulk density measurements, but contain the
one-third bar or field moisture content bulk density measure-
ments described in Table 1. To determine relationships be-
tween these bulk density measurement methods, linear regres-
sion models were created using the procedure REG in SAS
(SAS Institute, 1982).
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RESULTS

Regression equations developed for each suborder
are displayed in Table 3. The P values for all the models
and independent variables are <0.001. The minimum
number of samples required for a valid model was deter-
mined by multiplying the number of predictor variables
(including the intercept) by ten (Muller and Fetterman,
2002). Suborder models lacking enough samples to meet
this requirement were dropped from consideration and
are not shown on Table 3. Cryids, Arents, Gypsids,
Umbrepts, and Torrerts were suborders with enough
samples to meet this requirement but are not shown on
Table 3 because none of the parameters were significant
predictors of bulk density. A possible explanation for
the reason that Cryids, Umbrepts and Torrerts were
unable to be modeled is that they had a low number of
samples. Gypsids had plenty of samples (109) but the
fact that they were unable to be modeled is not surpris-
ing since they are Aridisols. Suborders belonging to
the Aridisol order have some of the lowest R* values
compared with other suborders in Table 3. Arents lack
diagnostic horizons because they have been mixed
deeply by plowing, spading, or other methods by hu-
mans. Thus, they are likely to have large variations in
bulk density due to the mechanical disturbance by hu-
mans. This is a probable reason that they were unable
to be modeled. Figure 1 displays the resulting linear
regression relationship of suborder model estimated
oven-dried bulk density to measured oven-dried bulk
density for all suborders.

A large number of samples in the database lack bulk
density measurements and appropriate taxonomic infor-
mation for suborder model prediction. To predict the
bulk density of these samples, a multiple regression
model was developed for all soils, regardless of taxo-
nomic classification. The resulting equation, displayed
in Table 3, is called the “all-soils” model. Figure 2 dis-
plays the resulting linear regression relationship of “all-
soils” model estimated oven-dried bulk density to mea-
sured oven-dried bulk density.

Simple linear regression models were also developed
between oven-dried bulk density and the other two bulk
density measurement methods shown in Table 1. The
relationship between the oven-dried and field moisture
content bulk density measurements was:

(Bulk density, oven dry) = 0.54 + 0.697
(Bulk density, field moisture content)

with an R? value of 0.70. This model was developed
from 2473 samples. The high R? value of the model is
somewhat surprising since field moisture content can
vary; thus, one might expect clod volume and conse-
quently field moisture content bulk density to vary sig-
nificantly.

The relationship between the oven-dried and one-
third bar bulk density measurements was:

(Bulk density, oven dry) = 0.37 + 0.839
(Bulk density, 1/3 bar)

with an R? value of 0.69. The model was developed from

48 058 samples and shows that oven-dried bulk density
is generally higher than one-third bar bulk density. Thus,
clod volume is lower for oven-dried samples than for
one-third bar samples due to the additional water loss
and shrinkage on oven drying the soil clod. The P values
for both models are <0.0001. The results show that both
the field water content and one-third bar measurements
are useful for predicting oven-dried bulk density.

Oven-dried bulk density values estimated from the
regression models were added to the database. Where
taxonomic information was available, the suborder
models were utilized, and for samples lacking taxonomic
classification, the “all-soils” model was used. For the
relatively small number of samples in the database lack-
ing a measurement for oven-dried bulk density but not
one-third bar or field moisture bulk density, the regres-
sion equations displayed above were used to predict
oven-dried bulk density. Since these equations yield an
accurate prediction (R? = 0.70 and 0.69) of oven-dried
bulk density, they were used instead of the suborder
models or all-soils model.

DISCUSSION AND CONCLUSIONS

Results of this study show that oven-dried bulk den-
sity can be predicted from parameters such as organic
C content, particle-size distribution, water content, and
depth (R* = 0.45, Fig. 2). However, when the data were
partitioned by suborders, bulk density prediction using
the same parameters improved significantly (R*> = 0.62,
Fig. 1). Regression equations can also be used to accu-
rately predict (R? = 0.69 and 0.70) oven-dried bulk den-
sity from other types of bulk density measurements.

Results show that organic C content and the square
root of organic C content are strongly correlated to bulk
density. Organic C content shows a negative relationship
with bulk density, indicating bulk density decreases as
organic C content increases. This result is consistent
with published relationships between bulk density and
soil properties (Federer et al., 1993; Saini, 1966; Man-
rique and Jones, 1991; Rawls, 1983). Organic C content
alone explains 25% of the variation in bulk-density for
all soil samples in the database (Fig. 3). The square
root of organic C content alone, explains 33% of the
variation in bulk-density (Fig. 4). Taking the square root
of organic C content reduces the impact of extreme
values. The same effect could be achieved by taking the
logarithm of organic C; however, the square root was
chosen since there are samples in the database with
organic C contents of zero.

Partitioning the data by suborders resulted in devel-
opment of regression equations for 48 suborders (Table 3).
Oven-dried bulk density was poorly predicted (R* < 0.40)
from soil properties for 13 suborders and relatively accu-
rately predicted (R?> > 0.60) for 14 suborders (Table 3).
The quality of the regression models for suborders is af-
fected by presence of organic C since organic C content
is the best predictor of bulk density. Other parameters
such as water content at —15 bar, clay content, silt con-
tent, and depth describe variation in bulk density, but
not to the extent that organic C does. Thus, suborders
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Fig. 1. Observed versus estimated oven-dried bulk density. The esti-
mated bulk density values were obtained from the suborder models.
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Fig. 2. Observed versus estimated oven-dried bulk density. The esti-
mated bulk density values were obtained from the all-soil model.
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Fig. 3. Observed oven-dried bulk density versus organic C content.

with little or no organic C have lower R? values. These
include suborders in the Aridisol and Vertisol orders.
Xererts have the highest R of the suborders in the
Vertisol order since water and clay content explain 49 %
of the variation in bulk density. This is consistent with
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Fig. 4. Observed oven-dried bulk density versus the square root of
organic C content.

the high shrink-swell potential of Xerert soils. Silt and
clay content explained most of the variation in bulk
density for suborders in the Aridisol order. This also
makes physical sense because many Aridisols have high
silt and clay contents. With the exception of Cryalfs and
Boralfs, Alfisols also have low quantities (<0.75%wt)
of organic C. The square root of organic C content
described 34 and 40% of the variation in bulk density
for Boralfs and Cryalfs, respectfully. Clay and water
content explained an additional 25% of the variation in
bulk density for Cryalfs; this is why Cryalfs have a much
higher R? value than Boralfs.

Suborders of the Entisols show the greatest variation
in R* values (Table 3). Aquents have the highest R’
value of all suborders yet Arents were unable to be
modeled. This variation can be explained by the fact
that Entisols are soils of recent origin that are diverse
in environmental setting and land use (USDA, 2004).
The high R? value for Aquents results from the fact that
54% of the variation in bulk density was explained by
the square root of organic C and clay explained an
additional 20%. Water content and the square root of
organic C content are variables that explained the major
portion of the variation in bulk density for suborders
in the Andisol order. Water content explained all of the
variation in bulk density for both Aquands and Saprists,
and both models show an inverse relationship between
bulk density and water content. This makes physical
sense because Aquands and Saprists are commonly satu-
rated with water.

Organic C content or the square root of organic C
content explained most of the variation in bulk density
for suborders belonging to the Inceptisol, Spodosol, Ul-
tisol, and Mollisol orders. Organic C, however, ex-
plained little or no variation in bulk density for Oxisols.
Water and silt content explained most of the variation
in bulk density for Udox, and clay content explained
49% of the variation in bulk density for Ustox. Overall,
the suborder models developed in this study accounted
for between 18 and 77% of the variation in bulk density.

For most soils, depth is inversely related to organic
C content. Thus, depth was included in the analysis



=
(0]
>
S
(0]
(7]
(0]
S
(2]
@
<
=)
S
>
o
o
(&)
<
o]
kS
-
(0]
=
<
—
o
>
=
o
(&)
o
%)
(0]
(8}
C
o
(&)
wn
o)
%)
>
o]
©
()
<
@
5
>
o
I
C
p—
>
o
3
(4}
kS
p -
(0]
€
<
——
o
>
Z
o
(&)
o
)
(0]
(&)
C
k)
(&)
)
fe)
)
=
o
-
£
©
(0]
()
>
©
o
S
o
(0]
o

6 SOIL SCI. SOC. AM. J., VOL. 69, JANUARY-FEBRUARY 2005

2.5

1.5

y=14511+0.0014x

R%=0.08
N=50220
0.0 + : : :

200 300

Depth (cm)
Fig. 5. Observed oven-dried bulk density versus sample depth.
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to prevent confounding. Depth is directly related to
mechanic stress caused by the weight of overburden
soil. It seems logical to expect that this stress would
affect soil bulk density. Despite this, results show that
depth is not a strong predictor of bulk density. This is
due to the distribution of bulk density as a function of
depth as seen in Fig. 5. Note the low R? value of Fig. 5
and a large variation in bulk density regardless of depth.
Depth described 0.08% of the variation in bulk density
in the all-soils model. For the suborder models, the
depth was not significant enough (p value too high) to
be included in the finial regression equation for most
suborders, and of the suborders that did include depth
as a predictor variable, the greatest variation in bulk
density that the depth parameter described is 7%.

In comparison with past studies, this study was con-
ducted on a much larger data set. Thus, since regression
equations are only valid for the range of data from
which they are derived, this range of data improves as
more data becomes available. Also, having more sam-
ples improves the accuracy of the models since the un-
certainties in the regression coefficients are reduced.
This study was similar to that conducted by Manrique
and Jones (1991) and in some ways may be considered
a continuation of their work since they also evaluated
data from the Soil Survey Laboratory in Lincoln, NE.
This study was conducted on a larger number of samples
because more data are now available. Results, however,
are not directly comparable with those of Manrique and
Jones (1991) since they developed models for predicting
one-third bar bulk density instead of oven-dried bulk
density. They also grouped their data by suborders, but
did not establish a minimum sample size or conduct
some of the statistical analyses included in our study.

Establishing a minimum sample size is necessary to
obtain a “valid” model (Muller and Fetterman, 2002)
and reduces the chances of getting falsely high R? values
due to bimodal distributions. In this study a minimum
sample size was established based on the number of
predictor variables, and additional diagnostic analysis
were conducted (examined collinearity, plotted stu-
dentized residuals and residual versus predicted values).
Thus, this study improved on the methods of past studies

and has evaluated the impact of including depth in the
statistical analysis.

Of the 136 512 samples in the database, 50 904 sam-
ples had an oven-dried measurement, and an estimated
oven-dried bulk density was determined for 61 138 sam-
ples lacking a measurement. The 24 470 samples could
not be modeled because they did not meet quality con-
trol limits or they were missing data for variables neces-
sary for modeling. Thus, using a combination of the
suborder models, the all-soils model, and the measure-
ment method models, oven-dried bulk density can be
predicted for 71% of the soil samples in the database
lacking an oven-dried bulk density measurement. Re-
sults of this study indicate that regression relationships
are useful for predicting bulk density from common soil
properties. Results also indicate that regression relation-
ships developed between soil bulk density measurement
methods are useful for converting bulk density measure-
ments between methods.
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