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Abstract
Whole-tree harvesting practices are often restricted on soils with intrinsically low

soil nutrients. Delineating restricted soil components from nonrestricted compo-

nents presents a challenge for forest practitioners working with glaciofluvial par-

ent materials. We investigated a suite of biological and edaphic factors to assess

if restricted soil components are functionally distinct from nonrestricted soil com-

ponents in partially restricted soil complexes across northern Wisconsin, USA.

This study tested repeatable methods for soil delineation based on soil particle

size, varying in spatial extent, and are independent of county boundaries or dis-

crepancies across soil survey areas. Habitat type provided the most robust tool to

distinguish the soil components and is the recommended approach. Habitat typ-

ing currently requires field data collection, since it does not exist as a geographic

information system product in Wisconsin. Timber sale establishment often occurs

during the off-season when habitat typing is not possible. In this case, an addi-

tional decision tree including habitat type and deviation from mean elevation (DEV)

model is provided to estimate soil components remotely and verify the results when

habitat typing is feasible. The 1,300-m radius DEV performed best with a 10-m

digital elevation model, and reflects the differences between moraines and out-

wash plains landforms. These findings suggest that the utility of the DEV model

and spatially explicit soil textural information in delineating restricted series from

soil complexes has promise in light of improved remotely sensed information and

geographic information system technologies that can be field-validated by habitat

type.

Abbreviations: AVVb, Acer saccharum–Vaccinium angustifolium–Viburnum acerifolium habitat type; DEM, digital elevation model; DEV, deviation from

mean elevation; MSI, moisture stress index; NCSS, National Cooperative Soil Survey; PArVAa, Pinus strobus–Acer rubrum–Vaccinium angustifolium–Aralia
nudicaulis habitat type; SOH, stem-only harvest; WTH, whole-tree harvest.
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1 INTRODUCTION

Unlike a traditional stem-only harvest (SOH), where the bole

is harvested down to 10 cm in diameter, a whole-tree har-

vest (WTH) allows loggers to harvest the entire tree, which

includes branch material less than 10 cm in diameter (Boyle

et al., 1973). A disproportionate amount of nutrients is located

in the leaves or small-diameter twigs and branches. Therefore,

WTH will export more nutrients from a forest stand than a tra-

ditional SOH by two- to threefold (Sverdrup & Rosen, 1998).

Wisconsin’s forest management guidelines restrict WTH on

nutrient-limiting sandy soils because of concerns about long-

term sustainability (Bronson et al., 2014). Wisconsin defines

nutrient-limiting sandy soils as (a) clay contents < 3%, (b)

cation exchange capacities < 3 meq L−1, (c) a drainage class

of well-drained or drier, (d) the absence of lamellae loam

and heavier textural layers, (e) carbonates and water table not

described within the profile, and (f) not classified as an Alfisol

or Mollisol (Bronson et al., 2014). The major soils restricted

from WTH in Wisconsin are Typic Udipsamments and Entic

Haplorthods, and the full series list can be found in Appendix

D of Bronson et al. (2014). Wisconsin foresters currently use

the USDA NRCS web soil survey to identify whether the

area being harvested is located on a restricted soil. Soil com-

plexes of restricted soils and nonrestricted soils are currently

restricted from WTH at the level corresponding to the percent

composition of the complex. Because specific soil series are

not differentiable when the landscape is mapped in soil com-

plexes, the restricted soil series is not identifiable in the field

and assigns the partial restriction status to the more produc-

tive soil series. Therefore, in the soil complexes with a WTH

restricted soil and a WTH nonrestricted soil, foresters can-

not determine where on the landscape WTH is allowed. In

the state of Wisconsin, the partially restricted soil complexes

represent approximately 100,500 ha (Figure 1).

Studies on the immediate and long-term effects of WTH

on soil nutrient pools have yielded mixed results. Research on

the immediate effects compared soil pool differences within

the top 30 cm after a WTH and a SOH and found non-

significant differences between the harvests on a moraine soil

(Inceptic Hapludalfs) (Premer, 2015; Premer et al., 2016) and

on a sandy outwash soil (Entic Haplorthods) (Premer et al.,

2019). Notably, the sandy outwash soil lost approximately

54% more of the extractable Ca after WTH than after SOH

(Premer, 2015); however, the Ca losses were reported to be

nonsignificant because of the large SD in the values: SOH,

420 ± 620 Ca kg ha−1; WTH 110, ± 320 Ca kg ha−1 (Premer

et al., 2019). Although the Ca values did not show a signifi-

cant difference between the harvests, the values demonstrate

the nutrient-poor nature of the soils (320–420 Ca kg ha−1),

as WTH of aspen (Populus spp.) can remove 1,034 Ca kg

ha−1 (Silkworth & Grigal, 1982). Nutrient budget studies of

Core Ideas
∙ Public soil database and map units create a frame-

work to empirically delineate a soil complex

∙ Habitat type best delineates soils with conflicting

whole-tree harvest regulation status

∙ Whole-tree harvesting has the potential to limit the

productivity of nutrient-poor soils

∙ Deviation from mean elevation provides a remote

estimation to be field-validated

∙ Public soil database values show particle size’s

relationship to podzolization

aspen WTHs on regionally nutrient-rich (nonrestricted) soils

reported the WTH practice to be repeatable for nine 30-yr

rotations, after which Ca contents in the soils may become

limiting (Boyle et al., 1973). For example, Ca and Mg were

found to not be replaced by inputs after WTH in till soils

(Typic Fragiochrepts)(Silkworth & Grigal, 1982).

Because of the potential long-term impact of WTH on

site nutrient capital, the Wisconsin Department of Natural

Resources, in collaboration with the NRCS, developed guide-

lines for WTH based on soil productivity. However, nonloamy

mantled glacial till–outwash soil complexes present a chal-

lenge, as the outwash is restricted from WTH and the till

soil is not restricted (Bronson et al., 2014). There is a clear

need to identify the locations of the specific soil bodies within

the complexes, as management activities will have different

impacts on the nutrients removed as a result of the various

sizes of the soil pools.

The nonrestricted Alfic Haplorthod consociations

[Keweenaw (sandy, mixed, frigid Alfic Haplorthods),

Mancelona (Sandy, mixed, frigid Alfic Haplorthods),

Menominee (sandy over loamy, mixed, active, frigid Alfic

Haplorthods), and Sarona (coarse-loamy, mixed, superactive,

frigid Alfic Haplorthods) series] are typically formed in

sandy to sandy loam deposits over loamy till with landform

types of drumlins, end moraines, eskers, ground moraines,

kame moraines, lake plains, outwash plains, and stream ter-

races (Soil Survey Staff USDA–NRCS, 2018). The restricted

Entic Haplorthod and Typic Udipsamment consociations

[Sayner (sandy, mixed, frigid Entic Haplorthods), Rubicon

(sandy, mixed, frigid Entic Haplorthods), Vilas (sandy, isotic,

frigid Entic Haplorthods), and Menahga (mixed, frigid Typic

Udipsamments) series] are formed in coarse sands or sands

found mainly on outwash plains and valley trains, but also

on beaches, disintegration moraines, eskers, kames, outwash

terraces, outwash areas on moraines, and sand dunes (Soil

Survey Staff USDA–NRCS, 2018). The spatially intricate
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F I G U R E 1 Location of partially restricted Gridded Soil Survey Geographic Database (gSSURGO) soil complexes, restricted (R) and

nonrestricted (NR) soil consociations, and sampling locations. (a) Remapping efforts to ensure continuity across county boundaries are evident. (b–c)

Artifacts of individual county mapping are present and most pronounced in the Florence–Marinette boundary

environment created by multiple glacial advances and

retreats, as well as the limitations of the technology available

at the time of mapping, resulted in undifferentiated soils at the

mapping scale (<2 ha). However, because of the complexity

of the soils, NRCS soil scientists have revisited the soil

complexes and have determined that the soils on higher

elevations are typically Alfic Haplorthods (nonrestricted)

components, and the soils on lower elevations are typically

the Entic Haplorthods (restricted) and Typic Udipsamments

components (restricted) (R. Bevernitz, S. Eversoll, and A.

Gajdosik, 10-RHI MLRA Soil Survey Office staff, personal

communication, 15 June 2016).

Advances in information and technology, such as light

detection and ranging and analysis procedures have increased

the accuracy of digital soil or landform mapping by includ-

ing pedological, terrain, land use, and vegetation variables

(Vincent et al., 2018). Associations among soil properties

such as texture, soil moisture variability, and subsurface soil

bands with herbaceous plant communities have been demon-

strated (Host & Pregitzer, 1992; Host et al., 1987; Hart et al.,

1988). Additionally, glacial landforms have been mapped by

relative elevation models such as the topographic position

index and the deviation from mean elevation (DEV) model.

A topographic position index of (Z0 – Z̅) less accurately

identified landforms than DEV = (𝑍0 − 𝑍̄)∕σ, where Z0 is

the center cell value, 𝑍̄ is the mean of the surrounding cell val-

ues, and σ is the SD of the surrounding cell values (De Reu

et al., 2013). The radius of the moving window is the param-

eter of the DEV model, and in the glaciated soils, radii of 100

to 2,000 m are used (De Reu et al., 2013).

The water-worked till moraines are intricate environments

that can contain inclusions of different textured soils or may
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have experienced erosional events after deposition. In a sim-

ilar till–outwash formation known as the Grayling Fingers

in lower Michigan, an investigation found that the Kalkaska

(sandy, isotic, frigid Typic Haplorthods) or Rubicon (Entic

Haplorthods) series were associated with the lower elevations,

side slopes, and valleys, whereas the glacial till was associated

with the higher elevations and was situated on top of the out-

wash soils, occasionally incorporating a sand lens (Schaetzl &

Weisenborn, 2004). These patterns of elevation were used in

mapping the soils in the study area and are visible at the land-

scape scale, as the linear features of the moraines and out-

wash plains show the direction of glacial retreat (Figure 1).

For example, a general north–south pattern for the landforms

is apparent (Figure 1c) and can be corroborated by soil pedon

data.

The total number of pedons that can provide parent mate-

rial information from the National Cooperative Soil Survey

(NCSS) characterization database is limited. The NRCS col-

lected 14 pedons of the restricted soils located in the par-

tially restricted soil complex in 2016. Including these recent

14 pedons, and pedons in the NCSS Characterization

Database from Minnesota, Michigan, and Wisconsin, there

are currently 40 NCSS pedons located within the series level

of soil classification for the soils found within the restricted

complex map units of our study region. The number of avail-

able NCSS pedons increases as the level of specificity of soil

classification decreases; there are 73 pedons within the same

family and 94 within the same subgroup. Distinctions rele-

vant for soil classification in some circumstances can be extra-

neous for forest management, as the number of forest cover

types and habitat types are often much smaller than the num-

ber of soil map units (Kotar, 1986). Moreover, series may

vary across a forest stand while exhibiting nearly identical

textural values. For example, the Entic Haplorthods series

consisting of Rubicon, Sayner, and Vilas are distinguished

from each other by rock percentages and horizonation (Soil

Survey Staff USDA–NRCS, 2018). Overall, the subgroup

level of classification appears to be a reasonable approach

to guide policy decisions for the soil complexes in the

absence of suitable sample sizes. Notwithstanding, we note

that even at this level of classification, inconsistencies across

soil map units exist, particularly across county boundaries

(Figure 1).

The main objective of this study was to provide a functional

basis for delineating soil components in WTH-restricted soil

complexes in northern Wisconsin. This study tests repeat-

able methods for soil delineation based on soil texture derived

from the best available public databases and soil map units,

relative elevation, and phyto-edaphic relationships such as

stand productivity metrics and habitat types that are indepen-

dent of county boundaries or discrepancies across soil survey

areas. Together, these activities provide a basis for interpret-

ing where on the landscape WTH-restricted soil components

reside within soil complexes.

2 MATERIALS AND METHODS

2.1 Field study

The study sites were confined to aspen (Populus spp.) forests,

with an age between 40 and 55 yr as the typical rotation

length window (Wisconsin Department of Natural Resources,

2013) and located on a partially restricted soil complex

(Figure 2). Sites were sampled in conjunction with NRCS

pedon sampling of the restricted component within the soil

complex in 2016. Eight sampling points were randomly gen-

erated at each site using the Create Random Points tool

in ArcGIS 10.3 (Environment Systems Research Institute;

https://www.esri.com/en-us/home, accessed 6 June 2021) and

at each sampling point, a soil sample, a herbaceous species

survey, and overstory tree information were collected. The

soil samples were collected with a bucket auger to a depth

of 100 cm and separated by horizon in a trough by bucket

withdrawal (∼10 cm resolution). The soil samples were taken

across the entire horizon to ensure adequate and unbiased

representation, and a sample was taken from every horizon

up to 100 cm at each sampling point. If rocks impeded the

bucket auger, the process was repeated up to three times,

the deepest sample was collected, and missing values were

imputed by site. The soil samples were transported to Michi-

gan Technological University (Houghton, MI) and refriger-

ated before analysis. All herbaceous species were recorded

within the vicinity of the sampling point (5 m radius) and

classified into a habitat type (Burger et al., 2002). The

total height and diameter at breast height, and a basal tree

core were collected from the nearest dominant or codom-

inant tree free from obvious defects. If an aspen tree was

not available within the local area of the point sampling

plot, another shade-intolerant to mid-tolerant species was

sampled.

The field sampling scheme was updated in 2017 to sample

across the elevation boundaries of the partially restricted com-

plex, Alfic Haplorthod consociations, and restricted conso-

ciations (Figure 2). Eight points per soil type were sampled

in 30-m digital elevation model (DEM) centroid locations in

an approximate 0.4-ha gridded sampling scheme, which was

chosen as it was a slightly finer resolution than what the soils

were mapped at. Incorrect forest inventories, such as aspen not

being the primary forest type, at times required deviation from

the idealized grid. In these rare situations, the neighboring

30-m DEM centroids were sampled with the intent of max-

imizing the sample points across the transitional boundaries

of the map units. Basal area was recorded by a 10 basal area
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F I G U R E 2 Example of field sampling across elevation gradients

in the partially restricted soil complex, anchored to the corresponding

soil consociations. The gridded sampling is 0.4 ha and at a slightly finer

resolution than the soils were mapped

factor prism and categorized as aspen and not aspen. In total,

323 plots were sampled through the 2016 and 2017 seasons.

2.2 Laboratory study

Soil samples were dried at 55 ˚C to a constant mass and sieved

(No. 10, Fisher Scientific; 0.2-cm mesh) to remove roots,

rocks, woody debris, and char. Soil particle size was deter-

mined via the simplified hydrometer method with 100 g of

soil combined with deionized water into 1,025-ml suspension

tubes with the aggregates displaced by 10 ml sodium hexam-

etaphosphate and dispersed for 5 min (Klute et al., 1986). The

soil was agitated, and readings were taken at 30 and 60 s to

determine sand (>50 μm), and 1.5 and 24 h to determine the

clay fraction (<2 μm) with silt calculated as the difference

(Klute et al., 1986).

2.3 Data and modeling

2.3.1 Textural soil classification from NCSS
database

To classify the soils collected in the field, decision trees

were created from the NCSS database. Soil pedon data were

obtained from the NCSS database for all Alfic Haplorth-

ods, Entic Haplorthods, and Typic Udipsamments within

Michigan, Minnesota, and Wisconsin. The pedons were

intersected with the 2018 Gridded Soil Survey Geographic

Database soil map units, and pedons that still belonged to

the appropriate subgroups were selected for analysis, result-

ing in 34 Alfic Haplorthods (nonrestricted), 34 Entic Hap-

lorthods (restricted), and 26 Typic Udipsamments (restricted).

The weighted average of soil particle size by horizon depth

was calculated for the first 100 cm per pedon correspond-

ing to the field sampling depth of 100 cm. The particle sizes

for the NCSS pedons were determined by the 3A1a1a pipette

method (Soil Survey Staff, 2014). Although the field-sampled

soils and the NCSS pedon particle sizes were determined

by different methods, strong correlations (sand: R2 = 1.00;

silt: R2 = 0.95; clay: R2 = 0.99) were found between the

hydrometer and pipette methods for soils in the Great Lakes

region (Kolka, 1993). Gathering the pedon data to develop

classification thresholds was necessary, as the Gridded Soil

Survey Geographic Database sand, silt, and clay values are

represented by the minimum, average, and maximum and

overlapped for the soils of interest in this study. The NCSS

pedons from Michigan, Minnesota, and Wisconsin were used

as the best publicly available particle size information to

describe the soils of interest because of their shared soil for-

mation processes and geological history, the lack of adequate

sample sizes in Wisconsin, and their importance to forestry

practices across the states.

The recursive partitioning algorithm from the rpart pack-

age (Therneau et al., 2018) was used to create decision trees

to delineate the soil particle size values (sand, silt, and clay)

independently. Kernel density estimation is a nonparametric

estimate of a probability density function and was used to

visualize the distribution of the individual soil particle sizes

and results of the recursive partitioning algorithm. Repeated

cross-validation (k = 10, repeats = 25) was used to obtain a

stable model for small sample sizes (Kuhn & Johnson, 2013).

Soil particle size thresholds were determined independently

because of a lamellic horizon present in the Keweenaw series

(Alfic Haplorthods) with a width of 0.3 to 5.1 cm and clay
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values between 8 and 15% (Soil Survey Staff USDA–NRCS,

2018). Cohen’s κ is a balanced way of representing model

accuracy, as it accounts for random chance of occurrence,

with random chance beginning at a value of 0 (Cohen, 1960).

A value of 0.3 and above is considered as the baseline for

reliable models. The κ thresholds have been defined as 0.01

to 0.2, none to slight; 0.21 to 0.40, fair; 0.41 to 0.60, mod-

erate; 0.61 to 0.80, substantial; 0.81 to 1.00, almost perfect

agreement (Cohen, 1960). The results of the NCSS database

classification were then used to classify the soils collected in

the field.

2.3.2 Predictive modeling of field-sampled
soils

The collected phyto-edaphic information was assembled into

a dataset, with the specific details provided below. The herba-

ceous species identified at each plot were categorized into

habitat types in line with the guide to forest communities and

habitat types of Northern Wisconsin (Burger et al., 2002).

This habitat type guide uses an assemblage of herbaceous

species to group forest communities by soil nutrient and soil

moisture regimes, and are named for the dominant tree species

and characteristic understory species (Burger et al., 2002).

We used the Region 3 classification system, since it spans

much of the northern part of the state and the majority of the

study plots, and comparison with the Region 3 is encouraged

in neighboring regions (Burger et al., 2002). The comparison

tables among the habitat types were used to differentiate: (a)

Acer saccharum Marshall–Tsuga canadensis (L.) Carrière–

Maianthemum canadense Desf. from Pinus strobus L.–Acer
rubrum L.–Vaccinium angustifolium Aiton–Aralia nudicaulis
L. (PArVAa) by the presence of round-lobed hepatica [Hepat-
ica americana (DC.) Ker Gawl.], baneberries (Actaea spp.),

and gooseberries (Ribes spp.) and (b) PArVAa from Pinus
strobus–Acer rubrum–Vaccinium angustifolium by the pres-

ence of wild sarsaparilla (Aralia nudicaulis) (Burger et al.,

2002). The habitat type classifications were coded into a cat-

egorical variable according to the habitat types by group and

region matrix to rank the habitat types (Table 1) (Burger

et al., 2002). Site index values and tree diameter at breast

height were scaled to a base year of 50 for the aspen species

present (Populus grandidentata Michx. and Populus tremu-
loides Michx.) (Carmean et al., 1989; Teck & Hilt, 1991).

Because of the location of soil types across the state and

inherent climatic differences, attempts were made to remove

the climatic influences from the variables related to the pri-

mary and secondary growth of the aspens. Linear models were

developed for the tree productivity metrics on the basis of

annual precipitation and growing degree-days; the residuals of

the models were included in the dataset. The tree productivity

metrics were also divided by the average growing degree-days

to estimate growth at 50 yr per average growing degree-days.

The 30-yr average of annual growing degree-days above 0 and

10 ˚C were obtained from the USA National Phenology Net-

work (2017).

Remotely sensed variables have been related to landforms

and soil properties, such as the DEV model for landform map-

ping (De Reu et al., 2013) and the Moisture Stress Index

(MSI) (Hunt & Rock, 1989) for strong correlations to soil

moisture (Welikhe et al., 2017). Ten-meter DEMs and Grid-

ded Soil Survey Geographic Database soil map units were

obtained from the USDA NRCS Geospatial Data Gateway.

Although some counties in Wisconsin have 1- to3-m DEMs

in the US Geological Survey 3D Elevation Program, many

counties are limited to 10 m. Therefore, the 10-m DEM was

used to maintain a uniform dataset across the state. The DEV

models were calculated for 100- to 2,000-m radii in incre-

ments of 100 m corresponding to the radii used previously

in mapping of glacial landforms (De Reu et al., 2013). The

MSI is a measure of plant water stress, measured as MIR/NIR,

where MIR is middle infrared (1.3–2.5 μm) and NIR is near

infrared (0.7–1.3 μm) (Hunt & Rock, 1989) and, given the

strong correlation with soil moisture (Welikhe et al., 2017),

was a variable of interest to delineate the soil types. All cloud-

free and leaf-on images from 30 June 2013 to 16 Sept. 2018

for Landsat8 were obtained from the US Geological Sur-

vey Earth Explorer (https://earthexplorer.usgs.gov/, accessed

6 June 2021)and used to calculate overall and monthly aver-

ages.

Modeling requires the assumption of the independence of

the variables, so when variables were derived from the same

data source, the models were run independently to not violate

the assumption. For example, the DEV variables ranged from

100 to 2,000 m in radius in 100-m increments, and the models

were run by selecting one of the radii at a time while dropping

the remaining DEV variables from the dataset. Model perfor-

mance can vary by dataset, so several models including sup-

port vector machine, k-nearest neighbor, logistic regression,

ridge regression, lasso regression, elastic net, neural network,

and recursive partitioning were used in predictive modeling.

The Caret package was used for model parameter management

and validation, as it is a commonly used library for predictive

modeling in R statistical software (Kuhn, 2008). The recur-

sive partitioning algorithm provided the strongest predictive

power and was selected for further analysis. Recursive parti-

tioning creates classification trees based on hierarchical clus-

tering of the data in feature space (Friedman, 1977). As recur-

sive partitioning is prone to overfitting, minimum split sizes

of 0.075, 0.1, and 0.125 were included, meaning that each

partition must contain at least that proportion of the dataset.

Repeated cross-validation (k = 10, repeats = 250) was used to

find a stable model (Kuhn & Johnson, 2013).
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3 RESULTS

3.1 National Cooperative Soil Survey
database classification

In terms of soil classification according to the NCSS pedons,

the Alfic Haplorthods (nonrestricted) showed significant dif-

ferences from both the Entic Haplorthods (restricted) and

the Typic Udipsamments (restricted) for the total clay, silt,

and sand particle size classes (Figure 3, Table 2). The

partitions among the groups showed reasonable agreement

between the restricted soils (Figure 3, Table 2), although the

Entic Haplorthods were texturally closer to the Alfic Hap-

lorthods because of their larger silt percentage (Figure 3,

Table 2). The silt and sand groups were also broken into

finer particle size classes, and all groups besides very coarse

sand showed significant differences between the Alfic Hap-

lorthods and the Entic Haplorthods–Typic Udipsamments

(Figure 3, Table 2). The NCSS soil particle size values were

used to classify the observed particle size values from the

soil complexes into Entic Haplorthods or Typic Udipsam-

ments by meeting the criteria of: <3.68% clay, <14.43% silt,

or >85.33% sand and <3.04% clay, <11.05% silt, or >85.87%

sand, respectively, and in accordance with the sampled map

units (Table 2). There was agreement across the soil classifi-

cation levels for these classification thresholds (Table 3).

Textural differences were also detected within the restricted

soils. The Entic Haplorthods were significantly different from

the Typic Udipsamments for total silt, coarse silt, very fine

sand, and medium sand but only the coarse silt and medium

sand provided reliable thresholds for distinguishing the soil

types (Figure 3, Table 2). The threshold values that separated

the Entic Haplorthods from the Typic Udipsamments (both

restricted) were similar to the thresholds that distinguished the

Alfic Haplorthods (nonrestricted) from the Entic Haplorth-

ods.

3.2 Model results

Habitat type, as a single variable, most strongly distinguished

the nonrestricted soils from the restricted soils in all the

models tested (Figure 4). The threshold which separated the

soil types was between PArVAa (5) for the restricted soils

and Acer saccharum–Vaccinium angustifolium–Viburnum
acerifolium L. (AVVb) (6) for the nonrestricted soils. In

other words, the Pinus–Quercus–Epigaea, Pinus strobus–

Acer rubrum–Vaccinium angustifolium, and PArVAa habitat

types were found on restricted soils but all the other habi-

tat types for Wisconsin’s Region 3 were found on nonre-

stricted soils. The numbers provided with the habitat type

are the categorical variables corresponding to the Habitat
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F I G U R E 3 Kernel density estimation (KDE) for soil particle size percentage by subgroup from the National Cooperative Soil Survey

Characteristic Database pedons. Partitions are presented for significant differences and κ values near or greater than 0.3, represented by vertical lines

separating the soil types. The partitions for total clay, silt, and sand percentages were used to classify field-collected soil

Types by Group and Region matrix and can be referenced

for other regions (Table 1). The bimodal distribution of the

restricted habitat types reflected a gap in the categorical vari-

ables for Region 3 compared with the other types across the

state (Table 1).

The second-best performing model reiterated the impor-

tance of habitat type but also incorporated the DEV model

at a radius of 1300 m (Figure 5, Figure 6). The complexity

of the formation and the later erosion of the water-worked

till resulted in soil textures not always aligning with the land-

forms, that were heavily relied upon for soil mapping. Reason-

able agreement was observed between the soil map units and

the DEV model; however, the sampled soils did not always

show the same level of agreement with relative elevation

(Figure 5). The first step of the decision tree split the data

on the basis of a habitat type value higher than AVVb (6)

and secondarily, a value less than the Quercus alba–Amorpha
canescens habitat (4). The decision tree then used the DEV

model to identify the moraine component of the complex by

isolation of the higher values (≥0.56) at the 1,300-m radius.

Significant differences among the soils were not detected

until the DEV model reached a radius of 1,600 m to 2,000 m

(Figure 7a), and the multivariate model performed best with

the DEV model with a 1,300 m radius (Figure 7b). These

results highlighted the interactions between habitat type and

landscape position, and demonstrated the general tendency

of the Alfic Haplorthods (nonrestricted) to be located on the

moraines and the restricted soils to be located on outwash

landforms as the DEV radius increased.

Forest productivity metrics such as diameter, site index, and

basal area, as well as remotely sensed information such as

MSI, did not adequately separate the soil types (Table 4). All

site index variables when combined with habitat type showed

κ values above 0.5 but were not as accurate as DEV at a

1,300-m radius when combined with habitat type (κ = 0.57).

Site index values combined with DEV at 1,300 m provided

poor results (Table 4). The diameter variables were not signif-

icantly different among the soil types and were not included in

the recursive partitioning algorithm. The basal area variables

were also not significantly different among the soil types, and

the aspen basal area combined with habitat type returned a

model with a κ value of 0.54.

4 DISCUSSION

4.1 Phyto-edaphic relationships

The habitat type classification variable outperformed other

variables as a single predictor of the restricted and nonre-

stricted soils in the recursive partitioning model. Habitat

types of PArVAa or lower identified the Typic Udipsamments
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T A B L E 3 Soil thresholds developed on the soil particle sizes individually and combined by soil classification level, and results of Wilcoxon

tests for significant differences. Reported threshold values separate soils for the first soil type reported

Soil texture
Soil classification
level

Entic Haplorthods vs. Alfic
Haplorthods

Typic Udipsamments vs. Alfic
Haplorthods

Entic Haplorthods vs. Typic
Udipsamments

Threshold κ Threshold κ Threshold κ
Clay Subgroup <3.68 0.76 <3.04 0.57 CONa 0.10

Family <3.97 0.70 <3.03 0.38 Null

Series <3.97 0.73 Null Null

Silt Subgroup <14.43 0.74 <11.05 0.90 CON 0.02

Family <14.43 0.73 <11.05 0.86 Null

Series <14.43 0.51 Null Null

Sand Subgroup ≥76.70 0.70 ≥85.87 0.99 CON 0.08

Family ≥85.33 0.45 ≥85.87 0.99 Null

Series ≥85.33 0.48 * Null

All Subgroup Silt < 14.43 0.65 Sand ≥ 85.87 0.93 Silt ≥ 11.24,

Clay < 2.19

0.5

Family Silt < 14.43 0.65 Sand ≥ 85.87 1 Clay < 2.19,

Silt ≥ 10.09

0.46

Series Clay < 3.97 0.58 Null Null

Wilcoxon Test

p values

Clay 3.37 × 10–13
<.01 .11

Silt 4.53 × 10–14
<.01 .03

Sand 2.62 × 10–11
<.01 .29

aCON, conflicting results were obtained when run on the individual textures of the Entic Haplorthods and the Typic Udipsamments because of their similarities; Null,

inadequate sample size for the recursive partitioning algorithm.

F I G U R E 4 Kernel density estimation of habitat type by soil type,

indicating that habitat type is a strong predictor of soil type (κ = 0.57).

Recursive partitioning splits the habitat type value between Pinus
strobus–Acer rubrum–Vaccinium angustifolium–Aralia nudicaulis
(PArVAa) and Acer saccharum–Vaccinium angustifolium–Viburnum
acerifolium (AVVb) to distinguish the Alfic Haplorthods from the

restricted soils, as represented by the vertical dotted line

and Entic Haplorthods, and AVVb or higher identified the

Alfic Haplorthods. Habitat type has been found to have

strong relationships with soil types and has been put forward

as a relevant classification system for forest management

(Kotar, 1986). Similar relationships between plant groupings

and landforms have been found for glacially derived soils

(Host et al., 1987, 1988; Host & Pregitzer, 1992; Mokma

& Vance, 1989 ; Schaetzl, 2002). For example, on kame

complexes and moraines with subsurface bands, the Trien-
talis and Viburnum groups were dominant, whereas without

the subsurface bands and on outwash soils, the Vaccinum
group was found (Host et al., 1988). The species groupings

showed general agreement with the habitat types used by the

Wisconsin Department of Natural Resources (Burger et al.,

2002, but notable differences exist (Table 5). For example,

the Vaccinium group is delineated into the Pinus–Quercus–

Epigaea and Pinus strobus–Acer rubrum–Vaccinium
angustifolium habitat types, the Hamemelis and Viburnum
groups compared with the AVVb and AVb habitat types are in

the opposite order of the productivity gradient, and the Trien-
talis and Desmodium groups and the Acer–Tsuga–Dryopteris
habitat type do not exist in the opposing classification scheme

(Table 5). The understory communities appear to be fairly

stable, as they did not show a significant difference between

SOH and WTH, although the overall richness, diversity,

and evenness increased after WTH (Premer et al., 2016).

Taken together, these results indicate that there is a robust

relationship between the soils and vegetative communities

that can be utilized to identify the unique soil components

within a mapped complex.

Plant–soil relationships have a long history of use in for-

est management decisions such as habitat type and site index

(Burger et al., 2002; Carmean et al., 1989). Interestingly, stand

productivity metrics such as diameter, basal area, and site
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F I G U R E 5 Deviation from Mean Elevation (DEV) model with a

1,300-m radius, classified soils, and Gridded Soil Survey Geographic

Database (gSSURGO) map units. Landform mapping shows agreement

between the soil maps, but textural classification sometimes shows

misalignment, reiterating the importance of habitat type

index did not provide adequate thresholds for distinguishing

between restricted and nonrestricted soil types. Aspens are

adapted to a variety of soil types, which could explain the

poor performance of the site index metric in the context of

the soil complex, especially if nutrients are shared clonally.

The site index value reflects a myriad of factors that affect

tree growth such as tree genetics, climate, previous manage-

ment history, and soil properties that influence available water

and nutrients (Burger, 1996; Schoenholtz et al., 2000). A large

variation in total biomass was also observed in topograph-

ically complex landforms (Host et al., 1988). Although the

MSI showed a strong correlation with soil moisture (Welikhe

et al., 2017), the relationship was not able to delineate the

nonrestricted and restricted soils. The efforts made to miti-

gate the effects of climate on the productivity metrics did not

result in better-performing models than the habitat type or the
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F I G U R E 6 The multivariate decision tree for separating the soils through recursive partitioning (κ = 0.57). Habitat type isolates the tails of the

distribution; deviation from mean elevation (DEV) identifies the upper slopes of the moraine. Percentages correspond to the percentage of the

dataset, showing the strength of the habitat type–soil relationship, as 80% is separated by habitat type and 20% by the landform mapping DEV model

at a 1,300 m radius

combined habitat type and DEV model, suggesting that local

topographic variation was more important than regional cli-

mate variability in understanding stand–soil relationships.

4.2 Relative elevation model approach

The multivariate model performed best at a radius of 1,300 m.

All classification models improved when the DEV model radii

ranged from 1,300 to 2,000 m, which was slightly below to

within the range where significant differences were detected.

The pattern observed by soil scientists of higher elevations

corresponding to the Alfic Haplorthods component of the

complex is at times correct, but there are circumstances when

the sandier material has been incorporated into the moraines

or the finer textured material residues at the lower elevations.

The discrepancies between DEV values and soil particle sizes

are generally caused by the complexity of meltwater paths and

textural variations in initial formation, which occur in sand

lens formations (Schaetzl & Weisenborn, 2004), and could

further be explained by erosion of the moraine after the orig-

inal formation. The imperfect relationship between landform

and soil texture (Figure 5) is the reason why habitat type is

still required within the multivariate model. The current res-

olution of DEMs available across the state of Wisconsin is

10 m. When finer-scale DEMs are available, the DEV model
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could be expected to perform better (i.e., improved ability to

detect finer scale meltwater paths) but would still require sim-

ilar radii to identify the landform patterns to distinguish the

moraine from the outwash soils.

4.3 Soil texture

The distinction between Spodosols and Entisols has been

related to changes in aspect, snow depth, snowmelt puls-

ing, organic matter accumulation, fire history, overstory

vegetation, and particle size and mineralogy (Hunckler &

Schaetzl, 1997; Mokma & Vance, 1989; Mokma & Evans,

2000; Schaetzl & Isard, 1991, 1996; Schaetzl et al., 2015;

Tonkonogov, 1971). We used the NCSS database to establish

decision trees for classifying soils by the texture attributes.

This exercise found reliable decision trees with the coarse

silt fraction to not only delineate the Alfic Haplorthods from

the Entic Haplorthods (threshold = 9.9, p value = 1.73 ×
10–10, κ = 0.79) and Typic Udipsamments (threshold = 5.06,

p value = 5.51 × 10–11, κ = 0.9), but also to delineate the

Entic Haplorthods from the Typic Udipsamments (thresh-

old = 4.46, p value = 4.73 × 10–4, κ = 0.27); briefly, this

texture threshold delineated the Spodosols from the Entisols.

The κ value between the Entic Haplorthods and Typic Udip-

samments showed only slight agreement and the distribution

appeared to be bimodal (Figure 3), indicating the influences

of the remaining variables and the complexity of the pod-

zolization process. The translocation of fine particles has been

described as the first step in podzolization (DeConinck &

Laruelle, 1960), and the outwash soils of interest in this study

have varying amounts of loess deposition and fine particles

(Kolka et al., 1996; Luehmann et al., 2013; Schaetzl & Attig,

2013). Taken together, these factors speak to the complexity

of the podzolization process; however, it is still possible to

delineate these soils on the basis of particle size.

The glacial processes extend far past Wisconsin and where

similar landforms and map units exist, this approach can

be replicated elsewhere. Although the classification schemes

have differences, the overstory species (Acer saccharum) has

been related to the more nutrient-rich soils of interest across

several studies (Burger et al., 2002; Host et al., 1988; Mokma

& Vance, 1989; Schaetzl, 2002). The PArVAa habitat type

includes Acer saccharum as an herbaceous indicator species

but not as the dominant overstory species, which demonstrates

that the species can seed but not establish into the overstory.

For a broader application, we recommend working within

local habitat type classification systems in which A. saccha-
rum is the terminal species. Since all models increased in per-

formance at 1,300 m, we expect the radius to perform well

in the DEV model for containing the landform information,

but reiterate potential the mismatching of landform and soil

particle size.
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F I G U R E 7 Performance metrics from the deviation from mean elevation (DEV) model with radius sizes derived from (De Reu et, al., 2013).

(a) Wilcoxon-test p values showing significant differences between the soil types from 1,600 to 2,000 m (α = .05). (b) DEV model with habitat type

by the proportion of dataset required in each partition (minisplit) showing the best performance at a radius of 1,300 m and a minimum partition of 0.1

(κ = 0.57), and a peak in performance at the 1,300-m radius across the minisplit parameter. Gaps in the 0.125 series show where DEV was not used

within the recursive partitioning

5 CONCLUSION

The Alfic Haplorthods–Typic Udipsamments or Entic Hap-

lorthods complexes are partially restricted from WTH, and the

nonrestricted Alfic Haplorthods components are best delin-

eated from the restricted components by habitat type. The

Alfic Haplorthods can be identified by the AVVb habitat type

or higher, and the restricted Typic Udipsamments and Entic

Haplorthods by the PArVAa habitat type or lower in the soil

productivity gradient. The division of habitat types also corre-

sponded to a split in the terminal successional species between

Acer saccharum and Pinus strobus–Acer rubrum. The termi-

nal successional tree specie–-soil relationship may be useful

for similar soils outside of the range of herbaceous species in

this study, within the context of local habitat type classifica-

tion systems.

During the winter, when habitat typing may not be pos-

sible, the nonrestricted soils can also be identified by rela-

tive elevation in the form of the DEV model at a radius of

1,300 m. The Alfic Haplorthods can be identified by a DEV

value equal to or greater than 0.56, and the restricted Typic

Udipsamments and Entic Haplorthods by a DEV value less

than 0.56 at the 1,300 m radius of a 10-m DEM. Improve-

ments in technology and the availability to obtain finer-scaled

DEMs derived via light detection and ranging will probably

also increase the ability of the DEV model to identify the

soil types and meltwater flow paths not captured in the 10-m

DEM. Because of the topographical differences between the

outwash and moraine landforms, finer-scaled DEMs could be

expected to perform well between 1,300 and 2,000 m, whereas

the meltwater flow paths may require smaller radii. These

findings suggest that the utility of the DEV model and spa-

tially explicit soil textural information in delineating restricted

series from complexed soils has promise in light of improved

remotely sensed information and geographic information

system technologies that can be field validated by habitat

type.

Soil particle size information derived from the NCSS

pedons allowed for the development of quantitative thresh-

olds to delineate the WTH restricted and nonrestricted soils

within the complex. The approach of using the NCSS pedons

provided a framework of the best publicly available informa-

tion to describe the attributes of the soils of interest and can

be updated with changes to the database through increased

sampling. The ability to delineate the WTH restricted soils

by particle size alone hints at the role texture is playing in

soil development, most probably through increased produc-

tivity, organic matter accumulation, and localized effects on

drainage.
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