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Quantifying Soil Profile Change Caused by Land Use
in Central Missouri Loess Hillslopes

Three major challenges are present when studying anthropogenic impacts
on soil profile properties: (i) site selection; (ii) sampling and modeling native
and cultivated soil-landscape relationships; and (iii) graphically and statisti-
cally comparing native and cultivated sites to model soil profile changes.

. This study addressed those challenges by measuring and modeling selected
John M. Kabrick soil profile properties of paired (native) forest and analogous nonnative (cul-
tivated) loess hillslopes in central Missouri. The paired hillslopes in Saline
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County were mapped as Typic Hapludalfs. Horizonation and depth distribu-
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etermining the effects of land use on the soil resource remains one of the

foremost challenges facing soil scientists and agronomists (Tugel et al,,

2005; Lin, 2011). Of particular importance is the difficulty in assessing
the true impact of land use on native soil properties and productivity. Establishing a
proper baseline of soil properties is critical when the impacts of land use on the soil
are determined (Kiss et al., 1986; Soil Survey Staff, 1993; Olson, 2010; Stolt et al,,
2010; Olson et al., 2013). For quantifying the effects of cultivation, the proper base-
line soils are those that have formed under the same parent materials, climate, and
native vegetation but have not been cultivated (Ruhe and Daniels,1965; Ruhe et al,,
1967; Danicls et al., 1987); because soil properties are also affected by slope position,
the proper baseline on sloping landscapes requires an understanding of soil-land-
scape relationships by slope position (Lee et al., 2001; Wilson et al., 2010; Kabrick et
al,, 2011) and a quantification of those relationships (Thompson et al., 2001, 2006;
Thompson and Kolka, 2005). Native and cultivated landscapes must be compared to
provide an accurate measure of soil change resulting from land use, cultivation, and
accelerated erosion (Ruhe and Daniels,1965; Ruhe et al., 1967; Daniels et al., 1987),
and depth distribution functions (DDFs) depict changes in soil properties with
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depth. Typically, the y axis of a graph is the profile depth, and the x
axis is the numerical representation of a soil property (e.g., clay per-
centage) or the depth to a soil property (e.g., clay maximum) or a
description of a soil horizon (e.g., A horizon thickness). The DDFs
are soil property “signatures” that can be used to better understand
the soil development that occurs during periods of relative land-
scape stability (Butler, 1959). They have been used to study the
relationships between soil-landscape positions and depth distri-
butions of clay (Norton and Smith, 1930; Ruhe, 1969; Molina,
2009; Wilson et al.,, 2010), organic C (Aandahl, 1949; Kleiss,
1970; Nizeyimana and Olson, 1988; Thompson and Kolka, 2005;
Thompson et al., 2006; Molina, 2009), and P (Runge and Riecken,
1966; Smeck and Runge, 1971; Day et al., 1987; Cassagne et al.,
2000; Wang et al., 2008; Molina, 2009).

Depth distribution functions have also been applied to study
the effects of cultivation and accelerated erosion (periods of relative
landscape instability) on the soil profile. Researchers have studied
the depth distributions of clay (Stone et al., 1985; Kreznor et al,,
1989; Olson et al,, 1994; Jankauskas and Fullen, 2002), organic
C (Kreznor et al., 1989; Olson et al., 1994, 2002; Jankauskas and
Fullen, 2002), and P (Sharpley and Smith, 1983; Jankauskas and
Fullen, 2002). This body of research suggests that the downward
migration of the boundary between the surface soil and subsoil
might be traced by studying and comparing the clay, organic C, and
P DDFs for native forest and corresponding cultivated soil profiles:

The final challenge is the modeling of these complex native
and cultivated soil-landscape systems to make statistical and graphi-
cal comparisons to determine land use impacts. Many researchers
(Kleiss, 1970; Ruhe, 1969; Ruhe and Walker, 1968; Walker and
Ruhe, 1968; Thompson et al,, 2001, 2006) have shown that regres-
sion analysis (RA) is well suited for the study of the relationships be-
tween terrain attributes as the independent variables (such as slope
percentage, distance from summit, slope length, and slope shape)
and surface layer and subsoil features as the dependent variables.

These previous studies have outlined three major challenges
and approaches in measuring soil-landscape relationships and soil
change: (i) locating similar native and cultivated landscapes for
comparison; (ii) modeling soil-landscape relationships on both
native and cultivated sites using DDFs as a basis for comparison;
and (iii) statistically comparing the DDFs of native and cultivated
sites across soil landscapes to quantify soil change. This study ad-
dressed those challenges by careful selection of native baseline sites
and analogous cultivated sites, by systematic soil profile descrip-
tion and site sampling by topographic position to highlight soil-
landscape relationships and impacts of slope position on soil prop-
erties, which facilitates comparison of native and cultivated soil
properties by slope position, and by applying the statistical meth-
ods of RA when a predictor variable or variables is used for predict-
ing a variable of interest (Neter et al., 1990). To increase the util-
ity of the statistical analysis, included within the RA used in this
study were empirical model building (EMB) and response surface
methodology (RSM). Box and Draper, (1987) described RSM as
a group of statistical techniques for EMB and model exploitation.
They explained that by careful design and analysis of experiments,

RSM seeks to relate a response (¥) or output variable to the levels
of predictor or input variables (X) that affect it. Researchers have
successfully applied EMB and RSM to soils research (e.g., Thoma
et al,, 2006; Tranter et al., 2007), and it has been shown to be a
useful approach in modeling land use and land cover change (e.g.,
Verburg, 2006). The EMB and RSM approaches emphasize an it-
erative approach of investigation and provide tools that are highly
suited to increase our knowledge of soil-landscape relationships
and land use impacts on these relationships.

The objectives of this study were to sample and model the
depth distributions of clay and organic C and the horizonation of
native (forested) and nonnative (cultivated) loess soil landscapes
and to determine the effects of land use on these loess hillslope soils
in central Missouri. Our hypotheses were that (i) native and culti-
vated sites needed to be paired by location and by slope position to
control for differences in parent materials, native vegetation, and
soil development patterns, (ii) DDFs would differ among slope
positions because of differential soil development patterns medi-
ated by topography, and (iii) that RA, EMB, and RSM could be
used to model changes in DDFs so that soil properties at native vs.

cultivated sites could be compared across soil landscapes.

MATERIALS AND METHODS
Study Site Selection

Locating native baseline sites presented the greatest challenge
in this study. In the humid Midwest, most areas that have soils and
landscapes suited for agriculture or forestry have been logged, cul-
tivated, or both. Final selections of the two native study sites were
based on historical documents, historical acrial photography, topo-
graphic quadrangles, on-site investigation of vegetation, parent
material, landscape, soil maps, soil profile descriptions, and site ac-
cessibility for sampling. Sloping loess landscapes along the Missouri
River provided the widest choice of sites that met the criteria for the
study and also soils that were formed in one parent material. Sites
with the least amount of anthropogenic disturbance were selected.
Selections of the two cultivated sites proved to be much easier, and
they were selected using the same criteria used for the native site se-
lection. Four study sites were selected: paired native and cultivated
sites in Saline County, Missouri, and paired native and cultivated
sites in Boone County, Missouri (Fig. 1; Table 1). The selected sites
were at similar distances from the loess source and were similar in
soils, elevation, aspect, and gradient (Table 1). The sites were labeled
with the name of the dominant soil series and land use at each loca-
tion. The dominant soil series was Knox (Soil Survey Staff; 2013) at
the Saline County sites, and the sites were labeled as Knox—native
and Knox—cultivated. The dominant soil series was Menfro (Soil
Survey Staff, 2013) at the Boone County sites, and the sites were la-
beled Menfro—native and Menfro—cultivated. Detailed site and soil

series information is presented below.

Environmental Settings

The Saline County sites occur in Major Land Resource Area
107B, the Missouri and Iowa Deep Loess Hills, and the Boone
County sites occur in Major Land Resource Area 115B, the
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Central Mississippi Valley Wooded Hillslopes (NRCS, 2006). All
sites are on the deep loess bluffs adjacent to the Missouri River.
Krusekopf and Scrivner (1962) reported that loess along the
Missouri River was deposited during two or more glacial episodes
and is >9 m thick adjacent to the source. Loveland Silt (loess) is the
lower deposit, and Peoria Loess is the upper deposit. The Loveland
Silt accumulated during the Illinoian glacial episode approximate-
ly 125,000 yr BCE (Norton et al., 1988). The Peoria Loess accu-
mulated during the late Wisconsinan glacial episode, from 29,000
to 14,000 yr BCE (Ruhe, 1969). Most of the loess that forms the
contemporary land surface along the Missouri River is considered
to be Peoria. Specific stratigraphic and geomorphic control was
not established for these sites, but in general the nearly level por-
tion of these loess interfluves probably has been stable since loess
deposition and weathering for approximately 14,000 yr (Ruhe and
Daniels, 1965; Ruhe et al., 1967). The less stable valley slopes are
generally younger than the interfluves (Ruhe and Daniels, 1965;
Ruhe etal,, 1967; Huddleston et al., 1975). The age differences be-
tween interfluves and valley slopes emphasize the need to take into
consideration slope position when selecting and comparing sites.

The Saline County native site (Knox—native) was forested
when sampled (Table 2) but had a history of prairie vegetation
according to Volumes 43 and 44 of the field notes to the origi-
nal land survey of Saline County from 1817, now located in the
Missouri State Archives (Carr and Belden, 1905). The Saline
County cultivated site (Knox—cultivated) had been cultivated or
in native prairie pasture since the early or mid-1800s and has been
intensively cultivated since the late 1800s or early 1900s (Carr and
Belden, 1905; Schroeder, 1981). The two Saline County sites were
mapped as a phase of the Knox series (fine-silty, mixed, superac-
tive, mesic Mollic Hapludalfs) in the modern soil survey (Baker,
1993; Soil Survey Staff, 2010b) at a scale of 1:24,000.

{dpm
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Fig. 1. Location of the paired study sites in Saline and Boone
counties, Missouri.

The Boone County native site (Menfro—native) supports na-
tive deciduous forest (Table 2) and is considered a relict of the for-
ests that once covered the steep loess hills along the Missouri River
(Walters, 1981). The Boone County cultivated site (Menfro—culti-
vated) has been cultivated or in pasture since the mid- to late 1800s
and has been intensively cultivated since the early 1900s with the
advent mechanized agriculture (Woodruff, 1990; C.M. Woodruff,
personal communication, 1990). Both Boone County sites were
mapped as a phase of the Menfro series (fine-silty, mixed, superac-
tive, mesic Typic Hapludalfs) (Krusekopfand Scrivner, 1962; Young
etal., 2003; Soil Survey Staff, 2010a) at a scale of 1:24,000.

Soil descriptions (Schoencberger et al., 2012) were made
from reference soil pits that were excavated near the summits of

Table 1. Information on the four study sites in Saline and Boone counties, Missouri.

C Dominant soil . . Summit Slope Gradient
ounty . Site name Location .
seriest elevation aspect range
m %
Saline Knox Knox—native Section 24, Township 52 N, Range 22 W 256 S-SE 0.0-35.5
Saline Knox Knox—cultivated Section 26, Township 53 N, Range 21 W 224 S-SwW 0.5-17.0
Boone Menfro Menfro—native Section 7, Township 47 N, Range 14 W 231 S-SE 0.5-34.5
Boone Menfro Menfro—cultivated Section 6, Township 47 N, Range 13 W 219 S-SE 0.5-20.0
t Knox: fine-silty, mixed, superactive, mesic Mollic Hapludalfs; Menfro: fine-silty, mixed, superactive, mesic Typic Hapludalfs.
Table 2. Tree species basal area for the Saline County and Boone County native sites.
Knox-native site Menfro—native site
Species Basal area Species Basal area
m? ha~! m? ha~!

Burr oak (Quercus macrocarpa Michx.) 9.1 Sugar maple (Acer saccharum Marshall) 12.2

Basswood (Tilia americana L.) 6.5 Black oak (Quercus velutina Lam.) 9.0

Honey locust (Cleditsia triacanthos L.) 6.2 White oak (Quercus alba L.) 5.1

Northern red oak (Quercus rubra L.) 4.3 Shagbark hickory [Carya ovata (Mill.) K. Koch] 4.7

White ash (Fraxinus Americana L.) 4.3 Northern red oak (Quercus rubra) 1.4

American elm (Ulmus Americana L.) 1.5 Chinkapin oak (Quercus muehlenbergii Engelm.) 0.1

Sassafras [Sassafras albidum (Nutt.) Nees] 1.4

Box-elder (Acer negundo L.) 0.8

Shagbark hickory (Carya ovata) 0.8

Hackberry (Celtis occidentalis L.) 0.2

Total 35.0 32.5
www.soils.org/publications/sssaj 227



Table 3. Description of representative soils taken near the
summits of the Knox—native, Knox—cultivated, Menfro—native,
and Menfro—cultivated sites.

Horizon Depth Matrix Texturet  Clay Organic
color C
cm % g kg™!
Knox—native site (Knox silt [oam)
Oi 2-0
Al 0-5 T0YR 2/1 sil 18.8 47
A2 5-13 T10YR 3/2 sil 17.7 25
A/E 13-22 T0YR 3/2 sil 18.4 12
B 22-43 T0YR 3/3 sil 18.7 10
Bt1 43-64 T0YR 4/6 sil 24.2 8
Bt2 64-87 T0YR 4/6 sil 23.2 6
Bt3 87-118 T10YR 4/6 sil 21.9 3
BC1 118-147 T10YR 4/6 sil 171 2
BC2 147-192 10YR 5/6 sil 15.1 2
Knox—cultivated site (Knox silt loam)
Ap 0-11 T0YR 3/4 sil 23.0 16
BE 11-22 TOYR 4/4 sil 23.4 7
Bt1 22-62 T0YR 4/6 sil 28.4 5
Bt2 62-87 T10YR 4/6 sil 24.5 3
Bt3 87-109 T0YR 4/4 sil 23.3 2
Bt4 109-145 T0YR 4/5 sil 21.3 2
2BC 145-180 T0YR 4/6 sil 22.6 2
Menfro—native site (Menfro silt loam)
Oi 1-0
Al 0-5 T0YR 2/1 sil 13.8 37
A2 5-10 T0YR 3/2 sil 11.1 19
AE 10-16 T10YR 3/3 sil 11.4 12
E1 16-23 T0YR 5/3 si 8.3 7
E2 23-31 T10YR 5/3 sil 9.9 4
EB 31-39 10YR 3/4 sil 19.1 4
Bt1 39-56 T10YR 4/6 sicl 31.7 3
Bt2 56-79 7.5YR 4/4 sicl 30.1 3
Bt3 79-105 7.5YR 4/4 sicl 27.5 2
2Bt4 105-136  7.5YR 4/4 sil 25.7 2
2Bt5 136-171 TOYR 4/4 sil 24.2 2
2Bt6 171-185 10YR 5/4 sil 21.4 2
2BC 185-200 T0YR4/6 sil 20.1 2
fro-culti . o si
Apl1 0-9 T0YR 3/3 sil 12.5 20
Ap2 9-23 T0YR 4/3 sil 13.6 13
EB 23-30 T0YR 5/4 sil 16.0 7
Bt1 30-37 T0YR 5/4 sil 23.3 5
Bt2 37-50 10YR 5/4 sicl 29.6 4
Bt3 50-84 T10YR 5/4 sicl 33.9 4
Bt4 84-110 T10YR 5/4 sicl 30.9 3
Bt5 110-150 T10YR 5/4 sicl 27.9 2
Bt6 150-180 T10YR 5/4 sicl 27.5 2

t sil, silt loam; si, silt; sicl, silty clay loam.

all four sites, and samples were collected for laboratory analysis
(Soil Survey Laboratory Staff, 2004). All four reference pedons
fit within the classification of the dominant soil series mapped
at each site (Table 3). All four reference pedons classified as
Hapludalfs and thus are high-base-status soils with argillic ho-
rizons (Buol et al., 2011). The Mollic Hapludalf pedons of the
Saline County sites (Knox—native and Knox—cultivated) are like
the Typic Hapludalfs of the Boone County sites (Menfro-na-
tive and Menfro—cultivated), but they have a surface horizon

that meets all of the requirements for a mollic epipedon except

thickness (Soil Survey Staff, 2010c). Both the Typic and Mollic
Hapludalfs exhibit contrasting soil horizons, which are typically,
but not exclusively, O, A, E, and Bt, and provide distinct depth
distribution signatures of morphological, physical, and chemical
properties. The variations of these signatures with slope position
and land use are presented in the representative DDF cross-sec-
tions and graphs.

Topographic Mapping

The 1:24,000 scale of soil mapping, landform and land-
scape parameters, and land use guided the site sampling scheme
and intensity. At each site, a grid consisting of four transects
10 m apart was established from the summit to the lower part
of the backslope. The transects were typically 68 m in length
and were oriented downslope, perpendicular to the contour.
Elevation was measured at 1-m intervals along cach transect
established, using a cloth tape for measuring horizontal dis-
tances and a transit for measuring changes in elevation. The
topographic maps were used to delineate the summit, shoulder,
and backslope positions.

Distance from the slope summit was determined by mea-
suring from the slope summit to the sampling point with a cloth
tape. Slope percentage was calculated from the elevation data
for each sampling point by taking the difference between the
elevations 1 m above and 1 m below the sampling point, divid-
ing the difference by 2, and then multiplying by 100. Slope posi-
tions were assigned following the nomenclature of Ruhe (1969)

using slope percentage, slope shape, and onsite observation.

Transect Soil Profile Description
and Transect Soil Sampling

Cores were collected to a depth of approximately 120 cm at
6-m intervals down the four transects at cach site beginning with
the second point from the slope summit. The native site cores
were taken with a hand probe with a 3.0-cm-diameter soil tube.
On the cultivated sites, soils were cored with a trailer-mounted
hydraulic probe with a 4.0-cm-diameter soil tube. At each site,
the parts of the hillslope sampled included the summit, shoulder,
and backslope.

The sola were described using standard descriptive nomen-
clature (Schoeneberger et al., 2012), with the following modifi-
cations: (i) an A horizon for forested sites is a mineral horizon
that formed at the surface and is characterized by an accumula-
tion of organic matter intimately mixed with the mineral frac-
tion and not dominated by characteristics of E or B horizons; (i)
an A horizon on cultivated sites (designated as Ap) is a mineral
horizon that formed at the surface and has properties resulting
from cultivation; (iii) a plowed mineral horizon, even though
previously an E or B horizon, is designated as an Ap; (iv) an E
horizon is a mineral horizon in which the dominant pedogenic
process is loss of silicate clay; and (v) an argillic B horizon is char-
acterized by an illuvial concentration of clay.

For the purposes of this study, an A horizon at the native
sites and an Ap horizon at the cultivated sites were designated as
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surface horizons. A subsurface horizon was an E and/or a transi-
tional AB, EB, or BE horizon dominated by the characteristics of
A, E, or B horizons, where the first letter designates the horizon
most characteristic of the subsurface horizon. An argillic B hori-
zon was designated as subsoil.

Cores were segmented and sampled by horizon to the top
of the B horizon; the remainder of the core was segmented and
sampled in 10-cm increments to the bottom of the core. The
samples were then placed in polyethylene bags and taken to
the laboratory for analyses. Forty-cight cores were taken at the
Knox—native, Menfro—native, and Menfro—cultivated sites, and
44 cores were taken at the Knox—cultivated site for a total of 188
observations of each soil property.

Laboratory Procedures

The transect soil samples were air dried and crushed to pass
a 2-mm sieve. Clay percentage was determined by the Follmer
procedure (Indorante et al., 1990). Organic C was determined
by dry combustion (Soil Survey Laboratory Staff, 2004) using a
Leco CR-12 C analyzer. Organic C (OC) was reported as grams
per kilogram to facilitate the depth distribution graphical com-
parison of OC with clay percentage.

Depth Distribution Functions

In this study, we used DDFs of OC (g kg™!) and clay con-
tent (%) in conjunction with the soil descriptions to provide
information on surface horizons (A or Ap), the location of the
Ap horizon in the soil profile in relation to subsurface horizons
(AB, E, EB, or BE), and subsoil horizons (B) for selected hill-
slope transects. One of the four transects at cach site was selected
for DDF cross-sectional representation. This information in-
cluded the thickness of the A or Ap horizon (surface horizon),
the thickness of the subsurface horizon, depth to the top of the
B horizon, depth to <7.5 gkg_1 oC (OC-/..S), and depth to the

clay maximum.

Statistical Model Building

To meet the objectives of the study and to specifically test
Hypothesis (iii) of the study, RA, EMB, and RSM were used to
model changes in DDFs by slope position and by land use (native
vs. cultivated sites).

Empirical model building is based on the regression fit (i.c.,
RA) of one or more variables (predictors) known to be related to
the response variable(s) of interest (Neter et al., 1990). With two
or more predictors, the resulting fit is a response surface relating
the response variable to the predictor. The EMB process allows
a sequence of models that can account for linear, curve, and in-
teraction relations among variables. In addition, the modeling
process allows easy testing of interactions and of terms indicat-
ing linear or curvilinear fit. The present study incorporated RA
(Neter et al,, 1990) and EMB (Box and Draper, 1987) to first
determine the relationships among landscape features, slope po-

sition as measured by distance from summit, and soil properties

in the upper part of the soil profile and then to determine the
effects of land use on these soil profile properties.

Distance from the slope summit (as a measure of slope posi-
tion) was chosen as one of the predictor variables because previ-
ous studies (Kleiss, 1970; Ruhe, 1969; Ruhe and Walker, 1968;
Walker and Ruhe, 1968) documented its influence on soil prop-
erties and soil variability on sloping landscapes. The distance
from the summit of the slope was designated as X ;. The four sites
were labeled as qualitative independent variables as outlined by
Neter et al. (1990) and were designated as X, through X, and
appropriately coded as 0 or 1:

Site X, X3 X,
Knox—native 1 0 0
Knox—cultivated 0 1 0
Menfro-native 0 0 1
Menfro—cultivated 0 0 0

Figure 2 summarizes the model-building steps and regres-
sion analysis. Multiple regression analysis was performed with
Minitab 16 statistical software (Minitab Inc.). All four sites were
included for analysis. The selected soil profile properties (¥) were
depth to clay maximum, thickness of the A horizon, thickness of
the subsurface horizon, depth to the top of the B horizon, clay
content of the surface horizon, OC content of the surface hori-
zon, and depth to <7.5 gkg‘1 oC (OC75). The predictor vari-
ables for the selected soil profile properties (¥) were X, distance
from the summit of the slope (m), and the four sites designated
as X, through X, with the proper coding.

The models were labeled with Roman numerals and were

built and tested in the following order:
Model T had X as a single predictor variable.
Model IT had X} and X 12 as the predictor variables.

Model IIT added site (X,—-X,) to the X; and X12 predictor
variables.

Model IV added site (X,-X,) to the X, and Xl2 predictor

variables and the interaction of site with the X; predictor variable.

Model V added site (X,-X,) to the X; and Xl2 predictor
variables and the interactions of site with the X predictor
variable and the X 12 predictor variable with site.

The model(s) with the best fit were selected based on model
significance and highest adjusted R%. The use of the adjusted R?
was desirable in this study because the adjusted R? increases (i.c.,
improves the model fit) only if the added independent variable
improves the model more than would be expected by chance.
The response surfaces (also referred to as regression functions
or regression surfaces) were plotted using statistically significant
model(s) with the highest adjusted R%. The plotted points were
distance from summit X, values with the appropriate site cod-
ing (coded X,-X,). The model equations and the correspond-
ing response surfaces represent the influence of the independent
variables (X, ) of slope position and site (X,—X,) on the selected

soil properties ().

www.soils.org/publications/sssaj
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RESULTS AND DISCUSSION
Knox—Native vs. Menfro—Native
Depth Distribution Function Cross-Sections

The surface, subsurface, and subsoil layers were present at all
slope positions at the Knox—native site (Fig. 3a) and, with the ex-
ception of a point 14 m from the slope summit, they were present
at all slope positions at the Menfro—native site (Fig. 3b).

The horizonation and the expression and shape of the
representative and clay DDFs for the Knox—native (Fig. 3a)
and Menfro-native (Fig. 3b) sites are typical in this region
for Hapludalfs formed in loess. The representative OC DDF
graphs for the three slope positions show a maximum in the
surface horizon, ranging from 15 to >40 g kg™! in the surface
horizon for the Knox—native site and ranging from 5 to slightly
>30 gkg_l for the Menfro—native site. The OC,, 5 ranges from
slightly more than 20 to approximately 40 cm for the Knox—
native site representative DDFs and ranges from 20 to 25 cm

for the Menfro—native site representative DDFs. Beneath the

OC, s, the OC content for both sites is similar in OC content
and distribution, with OC content ranging from approximate-
lySto7 gkg L.

The representative clay DDFs show distinct zones of elu-
viation and illuviation at all three slope positions for both sites.
The surface and subsurface clay contents for the Knox—native
sites range from 10 to 15% and from 5 to 15% for the Menfro—
native site. There is a distinct clay increase at the 40-cm depth
for the Knox—native site and at the 20- to 25-cm depth for
the Menfro—native site. The clay maximum percentage for the
Knox—native site occurs at 59 cm at the summit and increases
to a depth of 70 cm on the shoulder and to almost 80 cm on the
backslope, with the clay maximum ranging from 20 to 25%. For
the Menfro—native site, the clay maximum occurs at 60 cm at the
summit and at approximately 50 cm on the shoulder and back-
slope. The clay maximum is 30% for all three slope positions.

The expression and shape of the OC and clay DDFs reflect
the Knox—native site’s history of prairie vegetation according to

the original land survey from 1817

Site Selection

* Paired Native and Cultivated Loess Hillslapes (Saline County, MO)

* Paired Native and Cultivated Loess Hillslopes {Boone County, MO}

(Carr and Belden, 1905) and its
classification as a Mollic Hapludalf
compared with the Menfro-native

. .
site’s history of forest vegetation

l

Determine soil landscape relationships far

Dependent Yariables

(soll properties) —»! all four sites using multiple regressions |«

(Walters, 1981) and classification

Depth to clay maximum

'

For each dependent variable
determine relaticnship using
distance from slope summit

Thickness of the A harizan

Thickness of the subsurface
horizon

Depth to top of B harizon {slope positian) and all 4 sites as

independent variables.

Content of clay in the surface

harizoh i

First Level Screening of Overall
Madel (1% or 2" order with
appropriate interactions)
Determined far each soil
property.

!

Subset af madels from First

Caontent of organic C in the
surface harizon

Depth to £7.5 g/kg organic C
{OC..)

Level Screeningare now
selected far most apprapriate

best fitting model.

/\

as a Typic Hapludalf. It is critical
Independent Variables .
to note that the Knox—native and

Distance from slope summit Menfro—native site DDF cross-

Native {Saline County) sections show variation by site (i.e.,

because of differing pedogenesis)

Cultivated (Saline County)

and by slopc position, emphasiz—
Native (Boone County) . . . .
ing the importance of considering

Cultivated (Boone County} these two variables when studying
land use impacts on the soil land-

scape and the need for selecting ap-

propriate baseline sites for study-

ing the impacts of land use as em-
phasized by Daniels et al. (1987)
and Olson (2010).

Knox—Native vs.
Knox-Cultivated and
Menfro-Native vs.
Menfro—Cultivated Depth

Ho: All four sites the same.

Distribution Function

!

t _________________ l Ha: One or more sites are different.

Cross-Sections

One response surface equation
for each soil property for all four
sites.

each countv).

One response surface equation
for each soil property for each of

four sites (forest vs. cultivated in

Using the Knox-native site
(Fig. 3a) as a bascline, compari-

sons could now be made to the

Plot data, analyze data, and make
inferences and interpretations. Utilize

findings for future model building.

Fig. 2. Flow chart for empirical model building and response surface representation of soil-landscape

relationships in native and cultivated sites in Missouri.

Knox-cultivated site (Fig. 3c) to
determine the impacts of cultiva-
tion and accelerated erosion. The
surface, subsurface, and subsoil lay-
€rs are present at the summit posi-

tion of the Knox—cultivated site.
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Moving downslope on the Knox—cultivated site to the shoulder
and backslope, the subsurface horizon thins and eventually dis-
appears. The representative DDFs for the Knox-cultivated site
document the shallower depth to the top of the B horizon, the
shallower depth to clay maximum, lower surface OC contents,

and shallower OC, 5. Comparison of Knox—native and Knox—
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Fig. 3. Depth distribution of selected soil properties for the (a) Knox-native site, (b) Menfro-native site, (c) Knox—cultivated site, and (d) Menfro—
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horizon that is now labeled Ap, and indicates a disturbance of
the surface layer by mechanical means (Soil Survey Staff, 1993).
With the exception of a point 14 m from the summit, the
surface, subsurface, and subsoil layers are present at the shoulder
position of the Menfro-native site (Fig. 3b). The Menfro—cul-
tivated site (Fig. 3d) shows a similar downslope horizonation
pattern to the Knox—cultivated site. Moving from the shoulder
down through the backslope, the subsurface horizon thins and
eventually disappears and the depth to the top of the B horizon
and the depth to clay maximum become shallower. Comparison
of Menfro—native and Menfro—cultivated DDF cross-sections
and representative DDF graphs shows distinct soil profile
changes related to slope position and land use. The results of this
comparison are similar to the results of the Knox—native, Knox—
cultivated comparison and show that the more sloping positions
(shoulder and backslope) are more susceptible to accelerated ero-
sion and the consequent truncation and admixing of soil hori-

zons due in large part to cultivation.

Summary of Depth Distribution Function
Cross-Section and Representative Depth
Distribution Function Results

The DDF cross-sections and representative DDFs by slope
position support our hypotheses that (i) native and cultivated
sites needed to be paired by slope to control for differences in
parent materials, native vegetation, and soil development pat-
terns; and (ii) DDFs would differ among slope positions because
of differential soil development patterns mediated by topogra-
phy. These results lead us to the testing of Hypothesis (iii) that
RA, EMB, and RSM could be used to model changes in DDFs
so that soil properties in native vs. cultivated sites could be com-
pared across soil landscapes.

Site Response Surfaces
The flowchart for the EMB is presented in Fig. 2. The first-
level screening revealed five models with the greatest potential

for modeling the relationships between the selected soil profile
properties and slope position and site (Table 4). All of the mod-
els were significant at the P < 0.007 level with the exception of
Model I (distance from summit) and Model II (distance from
summit and distance from summit squared) for surface hori-
zon OC content, which have P < 0.80. Adding the site variables
(Model III) greatly increased the adjusted R for all response
variables except for the A horizon thickness. Adding terms that
accounted for site interactions increased the adjusted R (Models
IV and V), and Model V (Table 4) was selected as the most ap-
propriate model for all measured soil properties. For each soil
property, Model V was significant at P < 0.007 and had the great-
est adjusted R? values. The high level of significance and high
adjusted R led us to conclude that RSM could be used to model
changes in DDFs so that soil properties in native vs. cultivated
sites could be compared across soil landscapes (Hypothesis iii).
Using Model V in Table 4 and the response surface equa-
tion parameters for the seven soil properties at the four sites
(Table 5), response surfaces (Fig. 4) were generated by substi-
tuting a distance from summit X in meters and incorporating
the indicator variables X, to X to change the coefficients as-
sociated with the differences for each site. The X values ranged
from 2 to 62 m from the summit with 3 m between each point
for a total of 21 X values. Distance from the summit X, for
cach site represented actual points on the summit, shoulder,

and backslope.

Knox-Native vs. Menfro-NativeResponse Surfaces

As shown in Fig. 4, the primary response surface com-
parisons were between the Knox—native and the Knox—culti-
vated sites and between the Menfro—native and the Menfro—
cultivated sites, but a brief discussion to compare the Knox—
native and the Menfro—native sites is necessary to stress the
importance of native-site differences when selecting baseline

sites for study.

Table 4. Results of overall multiple regression analysis by soil property (Y). The predictor variables are distance from summit of
slope (m), X;; site indicator variables are X2 though X,. For Knox-native: X, = 1, X5 = 0, X, = 0. For Knox—cultivated: X, = 0, X;
=1, X, = 0. For Menfro—native: X, = 0, X; = 0, X, = 1. For Menfro—cultivated: X2 =0, X; =0, X, = 0. Model I has X; as a smgle
predlctor variable. Model Il adds X;% as a predlctor variable. Model 11l adds site as a predlctor variable. Model IV adds the interac-
tion of site with the X, predlctor variable. Model V then adds the interaction of the X,? predictor variable with site. The adjusted
R? values indicate the overall “appropriateness” of the model, including any differences in site.

Adjusted R?

Surface  Surface Subsurface
Model A horizon  horizon  horizon . Depth to clay Depth to top
. . horizon . . OC, %
thickness  organic C clay . maximum  of B horizon 5
thickness

content content
ly= BO + [31X1 0.19 0.0t 0.09 0.06 0.04 0.16 0.05
11: y=30+61x1 +(32)(12 0.21 0.0t 0.10 0.07 0.05 0.15 0.04
Iy = By + ByXy +ByX,2 + 83X, + B,X5 + BsX,y 0.22 0.55 0.51 0.59 0.69 0.59 0.44

= 2

IViy =80 + 81Xy + 82X, + 83X, + ByX5 + BsXy + 0.26 0.56 0.69 0.67 0.73 0.68 0.58
BeXq Xy + 87X, X5 + BgXq Xy
Vey=Bo+ 81Xy +8)X,% + B + 8%+, + 86X Xy g 3 0.56 0.76 0.69 0.74 0.69 0.59

+B,X0X + BgXi Xy + BoXy2X) +B10X; 2X; + By X, 7X,

+ Model has P < 0.80; all other models have P < 0.007.
 Depth to <7.5 g kg™! organic C.
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The soil property response surfaces varied by slope position
(Fig. 4) for the Knox—native and Menfro—native sites differed
in shape (e.g., linear, concave, or convex), slope, and magnitude.
Also, the interacting independent variables, distance from the
slope summit (e.g., slope position), and site in Model V show
that the impacts of slope vary with site and that both variables
need to be accounted for when interpreting the results of the pre-
dictive equations.

The common factors for both sites were the Peoria Loess
parent material, the summit shoulder and backslope landscape
positions, and the humid continental macroclimate. The pri-
mary difference between the two sites was vegetative history.
The Knox—native site was forested when sampled (Table 2) but
had a history of prairie vegetation according to the original land
survey from 1817 (Carr and Belden, 1905), and the area is pres-
ently mapped as Knox silt loam, which is a Mollic Hapludalf.
The forest of the Menfro—native site is considered a relict of the

forests (sce Table 2) that once covered the steep loess hills along

the Missouri River (Walters, 1981); the area is presently mapped
as Menfro silt loam, which is a Typic Hapludalf. The thickness of
the A horizon was similar in all three slope positions for both the
Knox—native and Menfro—native sites, but the OC content in
the surface horizon, and OC7~5 were greater at the Knox—native
site. This difference is a reflection of the prairie influence on the
site and is indicated by the mollic subgroup of the Knox series
mapped at the site.

Knox—Native vs. Knox—Cultivated and Menfro-
Native vs. Menfro—Cultivated Response Surfaces
The response surfaces of the Knox—native site vs. Knox—cul-
tivated site and the Menfro—native site vs. Menfro—cultivated
site are presented in Fig. 4. The thickness of the A horizon (Fig.
4) was similar for the Knox—native and Knox—cultivated sites at
all three slope positions and for the Menfro—native and Menfro—
cultivated sites at all three slope positions. This similarity can be
explained by looking at the standard nomenclature that is used to

Table 5. Response surface equation parameters for seven soil properties (Y) at four sites; X, = distance from summit. Equations are
from Model V in Table 4. These equations incorporate the indicator variables to change the coefficients associated with the site
differences. For Knox-native: X, = 1, X3 = 0, X, = 0. For Knox—cultivated: X, = 0, X; = 1, X, = 0. For Menfro-native: X, = 0, X; =

0, X, = 1. For Menfro—cultivated: X, =0, X; =0, X, = 0.
Soil property

Model V parameters

Knox—native site equations

Bo By B, B3 Pe By
Depth to clay maximum 53.74 -0.08 -0.004 4.95 0.5 -0.0004
Subsurface horizon thickness 14.1 -0.41 0.0028 -7.27 0.58 —-0.0049
Depth to top of B horizon 27.07 -0.23 -0.0011 -7.02 0.39 -0.0017
A horizon thickness 13.01 0.18 —-0.0039 -0.57 -0.12 0.0024
Surface horizon clay content 9.53 -0.07 0.0054 5.71 0.03 -0.0058
oG, st 27.34 -0.25 0.0028 25.78 —-0.02 —-0.0055
Surface horizon organic C content 1.66 -0.01 0.0002 2.01 0.02 -0.0006

Knox—cultivated site equations

Bo 81 82 By 87 810
Depth to clay maximum 53.74 -0.08 -0.0049 -13.41 -0.79 0.0115
Subsurface horizon thickness 14.07 -0.41 0.0028 -8.00 0.05 0.0017
Depth to top of B horizon 27.07 -0.23 —-0.0011 -7.27 -0.07 0.0033
A horizon thickness 13.01 0.18 -0.0039 0.73 -0.13 0.0016
Surface horizon clay content 9.53 -0.07 0.0053 4.86 0.64 -0.0117
0GC, 5 27.34 -0.25 0.0028 -6.10 0.53 -0.0076
Surface horizon organic C content 1.66 -0.01 0.0002 -0.12 0.01 —-0.0001

Menfro—native site equations

B B 3 Bs Bg B1q
Depth to clay maximum 53.74 -0.08 —-0.0049 9.04 -0.81 0.0148
Subsurface horizon thickness 14.07 -0.41 0.0028 1.67 0.23 —-0.0011
Depth to top of B horizon 27.07 -0.23 -0.0011 3.53 -0.06 0.0041
A horizon thickness 13.01 0.18 —-0.0039 1.86 -0.29 0.0051
Surface horizon clay content 9.53 -0.07 0.0053 -2.53 0.49 -0.0104
oG, 27.34 -0.25 0.0028 -0.02 0.00 0.0014
Surface horizon organic C content 1.66 -0.01 0.0002 1.11 -0.01 0.0000

Menfro—cultivated site equations

8o 5 5
Depth to clay maximum 53.74 -0.08 -0.0049
Subsurface horizon thickness 14.07 -0.41 0.0028
Depth to top of B horizon 27.07 -0.23 -0.0011
A horizon thickness 13.01 0.18 -0.0039
Surface horizon clay content 9.53 -0.07 0.0053
oC, & 27.34 -0.25 0.0028
Surface horizon organic C content 1.66 -0.01 0.0002

+ Depth to <7.5 g kg~! organic C.
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describe and label soil horizons (Schoeneberger et al., 2012). The
A horizon is, by definition, a mineral horizon that has formed
at the surface; the A horizon at cultivated sites is a mineral hori-
zon that formed at the surface and has properties resulting from
cultivation, designated as Ap (or “plow layer”). In this part of
Missouri and on these landscapes, the thickness of the plow layer
can range from a few to 50 cm, depending on the tillage practice.
The definition of an Ap horizon does not consider the location
of the horizon within the original or undisturbed soil profile
(Soil Survey Staff, 1993).

Evidence supporting this fact included the surface hori-
zon clay content, subsurface horizon thickness, depth to top of
B horizon, and depth to clay maximum response surfaces (Fig.
4). Summits are the most stable part of these hillslopes and the
least susceptible to erosion; as expected, the horizon sequences
of the native and cultivated sites at the summits are similar in
both counties. The shoulder and backslope positions are more
susceptible to erosion, and, as shown by the response surfaces,
an increase in surface horizon clay content and a decrease in
subsurface horizon thickness, depth to the top of the B horizon,
and depth to the clay maximum supported this observation.
Also, the surface horizon OC content showed a distinct decrease
from the Knox—native to the Knox—cultivated sites and from the
Menfro—native to the Menfro—cultivated sites. This decrease was
probably a result of the combined effects of accelerated erosion
and the dilution of the OC amount by mixing with the deeper E
and B horizons, which have a lower OC content.

Soil Profile Change

The cross-sectional DDF graphs, representative DDFs by
slope position, and DDF response surfaces for each site highlight
the distinct changes that occurred on these native loess hillslopes
when the soils were cultivated. Model V indicated significance
for the independent variable of X} and X 12 and the interactions
of X and X12 with site. From Model V, we observed a curvi-
linear response and significant interactions of the independent
variables of slope position, as measured by the distance from the
slope summit (X and Xlz) and site (X, X5 and X coded ap-
propriately as 0 or 1). We inferred that together landscape posi-
tion and land use impact soil profile expression at all four sites
and when comparing the Knox—native with the Knox—cultivated
site and the Menfro—native with the Menfro—cultivated site, we
measured and modeled anthropogenic soil profile change.

This anthropogenic soil profile change included a reduction
of the surface horizon C, a decrease in the 0C,5 a thinning
or loss of subsurface horizons (E, AB, EB, or BE), a decreasing
depth to the top of the B horizon, and a decreasing depth to the
clay maximum. Taken together, these soil properties indicate
how simultaneous cultivation and erosion resulted in both the
truncation of the profile and the incorporation of material from
the subsurface layer and subsoil into the plow layer.

These soil changes highlight the importance of having ap-
propriate bascline sites (Daniels et al., 1987; Papiernik et al.,
2007); understanding native soil variability and anthropogenic

impacts on that variability (Daniels et al., 1987; Lobb, 2011;
Olson et al., 2005); studying the whole soil profile (Kravchenko
and Robertson, 2011; Stolt et al., 2010; Syswerda et al,, 2011);
studying soil-landscapes or catenas (De Alba et al,, 2004; Arriaga
and Lowery, 2005; Papiernik et al., 2007, 2009); having appro-
priate spatial units (e.g., hillslope components) (Ruhe, 1969;
Pennock et al., 1994); and an appropriate experimental design
and statistical analysis (Neter et al., 1990; Box and Draper, 1987)
to model, include and integrate these pedological concepts.

Experimental Design to Study Soil Profile Change

Brown et al. (2004) emphasized the importance of linking
an understanding of soil-landscape formation to predictive soil-
landscape models. This study linked classic soil-landscape analy-
sis and the RA, EMB, and RSM modeling techniques to un-
derstand native and cultivated soil-landscape formation and to
build predictive models of these relationships. The results of our
study suggested that anthropogenic soil profile change on these
loess hillslopes could be successfully modeled and that slope
position and site characteristics are major contributors to the
change. The approach in this study adds a pedological dimen-
sion to the study of soil change by including both soil profile
properties and the variation of the soil profile properties across
these sloping landscapes.

Our experimental design presented three major challenges:
(i) site selection; (ii) sampling and modeling native and culti-
vated soil-landscape relationships; and (iii) graphically and
statistically comparing native and cultivated sites to model soil
profile change.

Baseline sites are critical for this type of study (Ruhe and
Daniels, 1965; Daniels et al., 1987; Papiernik et al., 2007; Olson,
2010; Lobb, 2011). The challenge of finding two native study
baseline sites was difficult, but a review of historical documents,
historical aerial photography, topographic quadrangles, onsite
investigation of vegetation, parent material, landscape, soil maps,
soil profile descriptions, and site accessibility for sampling guid-
ed us in the selection of sites suitable for the study.

The DDF cross-sections were revealing and comparisons could
be made, but statistical and graphical models would be needed to an-
alyze the large data set to make comparisons and inferences. To meet
this challenge, we built on the descriptive hillslope models (Ruhe,
1969) and applied RA, EMB, and RSM statistical techniques (Box
and Draper, 1987). Taking the classic application of RA (Neter ct al,,
1990) to soil-landscape studies (Ruhe and Walker, 1968; Walker and
Ruhe, 1968) a step further, we used EMB (Box and Draper, 1987) to
systematically build a model (Fig. 2) of soil-landscape relationships
for all four sites, which then allowed testing of the differences be-
tween the native and cultivated sites to determine anthropogenic soil
profile changes to these loess hillslopes. The response surfaces (Fig.
4) show statistically and graphically the DDF changes that occurred
by slope position and by land use, and they also show the error in-
volved in these types of measurements. The error does not lessen the
usefulness of the models, but it does highlight future challenges when
building soil-landscape models using RA, EMB, and RSM.
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The significance and high adjusted R? for the final models sug-
gests that the approach used in this study was an effective way to
model soil profile change in these loess landscapes. This approach can
also be applied to other soil-landscape studies. With proper site se-
lection, application of soil-landscape concepts, and statistical model
building, we gained a better understanding of soil-landscape forma-
tion and soil-landscape evolution to provide an improved predictive
soil-landscape model for understanding baseline soil variability and
how that variability is influenced by land use. This study reinforces
the importance of soil-landscape modeling in our science, as outlined
by Brown et al. (2004) and Brown (2005), and how soil-landscape
modeling can improve our understanding of anthropogenic influ-
ences on those models.

CONCLUSIONS

Both DDFs and EMB were successfully applied to characterize
the impact of land use on native loess soil landscapes in Missouri. Two
native sites and two nonnative sites were carefully selected for com-
parison. Understanding native soil variability is critical as a basis for
understanding changes in soil properties resulting from cultivation.
Statistical and graphical comparisons revealed changes in soil proper-
ties by slope position within a site and changes resulting from cultiva-
tion. The EMB approach allowed other independent variables, such as
slope shape and native vegetation type, to be added to the model and
tested. Greater geomorphic and stratigraphic control at the study sites
will increase our understanding of the impacts of geologic, modern,
and accelerated erosion on these loess soil landscapes.

The results showed a distinct downward migration of the native
A horizon into the subsurface layer and subsoil in the soils on culti-
vated hillslopes and highlights the importance of studying the com-
plete soil solum when modeling and quantifying soil change. This
downward migration of the Ap horizon occurred predominantly on
the shoulder and backslope of the cultivated-site hillslopes, which
are the most sloping and unstable parts of these landscapes and the
most susceptible to accelerated erosion. Using baseline soil land-
scape sites and making soil profile comparisons by slope position al-
lows soil scientists to more accurately map this downward migration
in soil descriptions. The thickness of an Ap horizon gives little or no
indication of the amount of accelerated erosion that has taken place.
The location of the Ap horizon in relation to the location of the na-
tive A horizon is a much more accurate measurement of accelerated
erosion. This downward migration of the Ap horizon duringa short
period of time shows that our soil resources are limited not only in
area but also quantitatively and qualitatively in depth.
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