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Abstract

Kunakh O., Zhukova Y., Yakovenko V., Daniuk O.: Influence of plants on the spatial variability of soil penetration resistance. Ekoldgia (Bratislava),
Vol. 41, No. 2, p. 113-125, 2022.

Soil penetration resistance is an informative indicator to monitor soil compaction, which affects a range of ecological processes in floodplain ecosys-
tems. The aim of the investigation was to reveal the influence of vegetation cover on the spatial variability of penetration resistance of floodplain soils.
The study was carried out in the elm oak forest in the floodplain of the Dnipro River (Dniprovsko-Orilsky Nature Reserve, Ukraine). The study of
the soil profile morphology was performed in accordance with the guidelines of the field description of soils FAO. The soil penetration resistance was
measured in the field using the Eijkelkamp manual penetrometer to a depth of 100 cm at 5-cm intervals within the polygon consisted of 105 sampling
points. Vegetation descriptions were made in a 3x3-meter surrounding from each sampling point. The soil penetration resistance was found to regu-
larly increase with increasing depth. The changes in resistance values were insignificant until 25-30 cm depth. After that, there was a sharp increase in
penetration resistance up to the depth of 70-75 cm, after which the indicators plateaued. In the three-dimensional aspect, the spatial variation of soil
penetration resistance can be fractionated into broad-scale, medium-scale, and fine-scale components. Tree vegetation induces a broad-scale compo-
nent of soil penetration resistance variations, which embraces the whole soil profile. The herbaceous vegetation induces a medium-scale component,

which embraces the upper and middle parts of the soil profile. The fine-scale component is influenced by pedogenic factors.

Key words: soil compaction, floodplain, distance-based Moran's eigenvector maps, community ordination, phytoindication.

Introduction

Penetration resistance is a physical property of soil that depends
on soil texture and bulk density (Mohanty et al., 2004; Imhoff et
al., 2016), moisture content (Vaz et al., 2001; Junior et al., 2014),
porosity and permeability (Holthusen et al., 2018), particle size
distribution (Dexter et al., 2007), structure, mineral and organic
matter content of soil (Medvedev, 2009; Yao et al., 2015), pH,
cation-exchange capacity, clay particle thickness, and presence
of iron oxides and free aluminum hydroxide, which determine
the nature of the resulting cohesive forces between soil constitu-
ent (Assouline et al., 1997). The soil penetration resistance is an
informative indicator for monitoring soil compaction (Benev-
enute et al., 2020). The soil compaction increases the resistance
of the soil to plant root growth (Unger, Kaspar, 1994; Correa et
al., 2019) impedes the movement of soil animals (Lamandé et al.,
2003; Plum, 2005) reduces porosity, which slows water transfer

and air diffusion; and decreases the rate of mineralization of nu-
trients (De Neve, Hofman, 2000). The soil compaction modifies
the soil moisture regime and can inhibit root growth if certain
boundary levels are exceeded, resulting in the plant not being
able to obtain water or nutrients at depth (Sinnett et al., 2008).
Poor root development makes mature trees more susceptible to
windthrow (Bécel et al., 2012). The compactness of anthropo-
genic soils is a consequence of technological procedures (Zhu-
kov, Gadorozhnaya, 2016; Zadorozhnaya et al., 2018). Therefore,
the study of soil penetration resistance is often performed to as-
sess the effect on crop yields (Schjenning et al., 2016; Colombi
et al.,, 2018) or tree growth dynamics in forest plantations (Kr-
zic et al.,, 1999; Labelle et al., 2019). The soil penetration resist-
ance was shown to be an important attribute of the ecological
niche of mollusks under land reclamation (Kunakh et al., 2018;
Yorkina et al., 2018). The soil penetration resistance along with
other morphological and physical properties is used to diagnose
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urban soils (Prokof’eva et al., 2021) and is a reliable indicator of
recreational load (Yorkina et al., 2020; Budakova et al., 2021).
The natural soils receive much less attention in this respect (Ya-
kovenko, Zhukov, 2021).

The regulatory role of soil penetration resistance in natural
soils is also important, even though there are no effects that are
caused by excessive anthropogenic influences. The study of an-
thropogenic soils attracts attention when the soil impedance in-
creases as the most probable cause of decreased productivity of
plant communities. In the natural ecosystems in the floodplain,
low soil impedance can be a marker of soil dynamism and be
the cause of disorganization of the community structure of soil
macrofauna (Zhukov et al., 2017, 2018). Reduced soil compac-
tion was shown to support the development of non-native plant
species populations. Invasive species are sensitive to the amount
of available nutrients in the soil, and reducing soil compaction
allows root systems to penetrate deeper and makes more nutri-
ents available (Kyle et al., 2007). There is an optimum level of soil
compaction for root growth, but because natural soils are often
very heterogeneous, the roots of plants growing in such environ-
ments are likely to experience a range of bulk soil densities and
may well respond to such local changes (Tracy et al., 2011).

Plants affect the compactness of the soil. Tree stands in a
riparian mixed forest are a significant factor structuring both
the herbaceous community and the spatial variation of soil
physical properties (Yakovenko, 2017; Zhukova et al., 2020). The
roots transmit the weight of the trees into the soil, compacting
it (Kozlowski, 1999). As roots expand, they penetrate through
the soil and modify the physical, chemical, and biological prop-
erties in the surrounding area, the rhizosphere (Fageria, Stone,
2006). These changes can persist after root degradation, form-
ing a branched system of associated biopores (Lucas et al., 2019).
Natural disturbances such as geological events, glacial activity,
or soil sliding can change the degree of the soil compaction on
a large scale (Nawaz et al,, 2013; Wang et al.,, 2020). Alternat-
ing wetting and drying can compact the soil as a result of swell-
ing and shrinkage processes (Boivin et al., 2006). Sandy topsoil
saturation during flooding can cause significant settling of soil
particles to increase compaction. Slumping consequently follows
the weakening of soil aggregates due to wetting and partial disin-
tegration at contact points, allowing the aggregates to pack more
densely (Xu et al., 2017; Nsabimana et al., 2020). On a smaller
scale, the soil can be compacted or loosened by trampling, bur-
rowing, and digging by animals (Roesch et al., 2019).

The technique of measurement of this attribute allows to col-
lect in a relatively short period of time significant amounts of
data on the spatial variability both in the horizontal and in the
vertical directions. Thus, the soil penetration resistance is a good
indicator of the variability of soil properties and can be applied
to assess the spatial organization of the soil body. The usage of
geostatistical and multivariate analysis allowed to evaluate the
soil penetration resistance both vertically and horizontally. The
multivariate analysis provided an opportunity to establish ho-
mogeneous zones with similarity both vertically and horizontal-
ly (Medina et al., 2012). For both anthropogenic soils and natural
ones, the study of the influence of various causes on the variabil-
ity of the soil penetration resistance is of interest.

The aim of this article is to identify the influence of vegeta-
tion cover on the spatial variability of soil penetration resistance
of floodplain soils.
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Material and methods

Study area

The study was carried out in the elm oak forest in the flood-
plain of the Dnipro River (Dniprovsko-Orilsky Nature Reserve,
Ukraine) (48.50°N 34.77°E). Soil properties were measured at
105 points, which were located on a regular grid (Fig. 1). The
points are located in the center of 3x3 m squares, within which
the relevés was made. The squares are contiguous with each
other, constituting a polygon. On the opposite corners of the
polygon were placed locations where vertical soil transects were
made.

Description of soil morphology

The study of the soil profile morphology was performed in accord-
ance with the guidelines of the field description of soils FAO (Jahn
etal,, 2006). Genetic type of soil profile was determined according
to Rozanov (Rozanov, 2004). The classification of soils was per-
formed according to IUSS Working Group WRB (WRB, 2014).

Plant community description

The vegetation description was performed at polygon consisted
of 105 sampling points (relevés). The points were located along
7 transects with 15 sampling points each. The distance between
points in the transect as well as the distance between transects
was 3 m. The adjacent sampling points were in close proximity
to each other. Vascular plant species lists were recorded for each
3x3 m sampling point, along with a visual assessment of spe-
cies coverage using a Braun-Blanquet scale (Westhoff, Van Der
Maarel, 1978). The projective cover of plant species was meas-
ured at soil level, understory (up to 2 m in height), and canopy
(above 2 m in height). Seedlings and seedlings of tree species
were subsequently excluded from the analysis. Plant taxonomic
names follow the Euro+Med Plantbase resource (http://ww?2.
bgbm.org/EuroPlusMed). A phytoindication of environmental
factors was performed based on the Didukh (Mohanty, Patra,
2012).

Soil properties measurement

The soil penetration resistance was measured in the field using
the Eijkelkamp manual penetrometer, to a depth of 100 cm at
5-cm intervals (Zhukov, Gadorozhnaya, 2016; Zhukov et al.,
2019). The average error of the measurement results of the device
is + 8%. Measurements were made with a cone with a cross sec-
tion of 1 cm? At each measurement point, the soil penetration
resistance was performed in only one replication.

Statistical analysis

The phytoindication estimates of environmental factors obtained
on the basis of species composition and grass projective cover
were used as predictors of the environment, as well as data on the
crown cover of trees. The data on crown density and projective
cover of herbaceous plants (proportion in the range from 0 to 1)
were transformed: asin((c)"®), where c, is the projective cover of
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Fig. 1. Scheme of the location of sample sites and soil sections. The points 1, ..., 105 indicate the locations where soil properties were meas-
ured. The squares denote vegetation description locations. Rectangles denote locations of soil sections #1 and #2.

the i-th species. Species that occurred in the relevés at least 10
times were selected for the ordination procedure. There were 18
such species. The ordination of the plant community was per-
formed using the method of nonmetric scaling (Kruskal, 1964)
using the Bray-Curtis distance (Bray, Curtis, 1957; Warton et al.,
2012). According to the criterion of decreasing stress, the ordinal
solution with four dimensions was found to be optimal (Hout
et al., 2013). The environmental factors were fitted to the ordi-
nal dimensions using the envfit function from the vegan package
(Oksanen et al., 2019).

The soil penetration resistance data for each soil layer were
rescaled by standardization (or Z-score normalized), after which
their mean value was set to zero, and the value itself was pre-
sented in units of standard deviation:

Xops — mean(x)

X = -
stand = standard deviation(x)

where is observed value and is standardized value.

A matrix consisting of standardized soil penetration resist-
ance values was subjected to a Redundancy Analysis (RDA)
(Gilbert, Bennett, 2010; Dray et al., 2012). Based on the local
coordinates of the sampling points, a distance matrix between
points was generated. The distance-based Moran’s eigenvector
maps (Borcard, Legendre, 2002; Legendre, Legendre, 2012) were
computed from the distance matrix using the function dbmem
from the package adespatial (Dray et al., 2018). The 48 dbMEM
eigenfunctions were extracted. Each of the dbMEM eigenfunc-
tions models a spatial pattern with a frequency that increases in
proportion to the order number of the function. The dbMEM
eigenfunctions were used as predictors in the Redundancy Anal-
ysis procedure of standardized soil penetration resistance data.

The explanatory power of the predictors in the Redundancy
Analysis was estimated using the function RsquareAd;2.rda (Ze-
leny, 2016). A scalogram was constructed by estimating R* for
each spatial predictor separately. The vegetation ordination di-
mensions were also considered as conditional predictors. Three-
dimensional mapping of soil penetration resistance isolines was
performed in the software program Voxler® 4.2.584.

Results

Soil morphology

The vertical cross section of soil #1: The description was per-
formed on October 5, 2018, in the Dniprovsko-Orilsky Nature Re-
serve. The soil section was placed on a flattened area of the flood-
plain (Fig. 2A). The character of the soil surface was undulating.
The vegetation was represented by elm oak. The projective cover
of the grass stand was 40-60%. The forest litter was 2-3 cm thick
and consisted of tree leaves and herbaceous plant residues. The
projective cover of the forest litter was 30-40%. The soil-forming
bedrock was represented by alluvial sandy sediments. The ground-
water level was 140 cm. There were occasional traces of soil inver-
tebrate activity, which had no significant effect on horizon mixing.
There was no boiling from HCl in the soil profile. The genetic type
of the profile was identified as hydrogenous differentiated and was
polycyclic and stratified in structure. The classification position ac-
cording to WRB was Fluvic Gleysol (Arenic, Ochric).

The vertical cross section of soil # 2: The description was per-
formed on October 5, 2018, in the Dniprovsko-Orilsky Nature
Reserve. The soil section was placed in a local lowering of the
floodplain (Fig. 2B). The soil surface was undulating and flat-
tened. The vegetation was represented by elm oak. The projective
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A: O (3-0 cm) is the forest litter from leaves of trees and herbaceous plants of various degrees of destruction. Al (0-2 c¢m) is the surface
humus-accumulative, sod horizon. Light gray, dry, sandy loam. Unstructured, loose, abundantly interlaced by root systems of herbaceous
plants. Easily separated from the next horizon. The transition to the next horizon is sharp in color, structure, density, and saturation by roots.
A2 (2-13 c¢m) is the humus-accumulative horizon. Brown-gray with humus spots, fresh, sandy loam. Root saturated. The structure is dusty-
grained, and the aggregates are not persistent, easily dispersed when pressed with fingers. Compaction is dense. The transition to the next
horizon is gradual in color. A/C (13-23 cm) is the transitional horizon. The color is heterogeneous. On the background of the main mass of
brown color, spots of light yellow color of different sizes with diffuse contours are observed. The texture is light loamy. Wet. The structure is
dusty-grained, and the aggregates are easily broken when pressed. The compactness is dense. Roots of shrubs and trees are found. The exist-
ing root holes are colored with dark humus material of loose compactness. The transition to the next horizon is sharp undulating in color,
granulometric composition, structure, and density. C1 (23-79 cm) is the first alluvial horizon. Light yellow in color with rusty spots that
increase with depth. Sandy, unstructured, fresh. Occasionally, there are vertically oriented bands of material colored with organic matter. The
transition to the next horizon is not clear 2-3 cm wide in color. C2 (79-97 cm) is the second alluvial horizon. Light gray, stratified. The lay-
ers of the humus material are 0.5-1 cm thick with an interval of 1.5-2 cm. The darker colored layers 0.5-1 cm thick alternate with light gray
material 1.5-2 cm thick. Sandy, dense compact, moist. Tree roots occur. The transition to the next horizon in color and moisture is smooth,
and the transition zone is 1.5 cm wide. Cl1 (97-116 cm) is the first alluvial gleyic horizon. Rusty gray with rusty spots and horizontal bands
of the humus material. Sandy, loose compactness. The transition to the next horizon is abrupt in color and moisture. CI2 (116-140 cm) is the
second alluvial gleyic horizon. Loose wet sand. Brownish-gray and bluish-gray color corresponds to reducing conditions and gleyic proper-
ties. From a depth of 140 cm, there is groundwater.

B: O (5-0 cm) is the stratified forest litter composed of tree leaves and residues of herbaceous plants. Dry, easily scattered. Al (0-7 cm) is
the surface humus-accumulative, soddy horizon. Color brown to dark gray. Light loam. Loosely compact, abundantly interbedded with
herbaceous root systems and decaying leaves. Finely coarse-grained, and the aggregates break up easily when pressed. The horizon material
is easily separated from the next horizon. The transition to the next horizon is sharp in color, structure, and rootiness. A2 (7-29 cm) is the
humus-accumulative horizon. Brown-gray with patches of more humus-accumulative material. Wet. Light loam. The structure was silty-
grained, and the aggregates are not persistent and easily crumbled when pressed. The compactness was loose. There were roots of shrubs. The
transition to the next horizon was sharp undulating in color. ACc (29-41 cm) is the transitional horizon. Gray with dark gray or rusty spots.
Wet. Light loam. Unstructured, loose compactness. There were individual roots of bushes and trees. The transition to the next horizon was
gradual in color, not clear. Cc (41-53 cm) is the first alluvial horizon. Light gray with irregularly shaped rusty spots that extend mostly hori-
zontally. Wet. Sandy, unstructured, loosely compacted. There were roots of woody species. The transition to the next horizon was not distinct
2-3 cm wide in color. Clc (53-79 cm) is the second alluvial sandy horizon. Wet. Mottled in rusty-gray, grayish-blue and brownish colors. The
horizon presented layers of humusy material 0.5-1 cm thick with an interval of 1.5-2 cm of background color material. The darker colored
layers 0.5-1 cm thick alternated with light gray material 1.5-2 cm thick. Loose, unstructured sand. Roots of tree species occur. Transition
to the next horizon by color and moisture. Cl (79-110 c¢m) is the alluvial gley sandy horizon. The color of the horizon was grayish-blue,
rusty-gray, and dark gray, which is characteristic of reducing conditions. Loose compactness with horizontal dark gray gley patches and rusty
layers. From a depth of 110 cm - groundwater.

cover of the grass layer was 10-20 cm. The forest litter was 5-6
cm thick with a projective cover of 30-40 cm. The soil-forming
rock was alluvial sand. The groundwater level was at a depth of
110 cm. There was occasional evidence of soil invertebrate activ-
ity, which made a restricted pedoturbation impact. Soil boiling
from HCI was absent. The genetic type of the profile was identi-
fied as hydrogenous differentiated. The structure type was poly-
cyclic and layered. The classification position according to WRB
was Fluvic Mollic Gleysol (Loamic, Humic).

Plant community ordination

The 52 plant species were identified in the vegetation cover of
which 4 species (7.7% of the number of species) were phan-
erophytes, 9 species (17.3%) were nanophanerophytes, 25 spe-
cies (48.1%) were hemi-cryptophytes, 9 species (17.3%) were
therophytes, and 5 species (9.6%) were geophytes (Table 1). A
nonmetric multivariate scaling provided to extract four dimen-
sions. The NMDS1 dimension explained the opposite dynamics
of autochthonous tree species on one hand and ruderal adventive
species on the other. This dimension correlated strongly with the
indicators of thermal regime, trophicity, and nitrogen nutrition.
The NMDS2 dimension explained the opposite dynamics of Ul-
mus laevis on one side and Pyrus communis on the other. This

dimension correlated strongly with the acidity, trophicity, and
aeration regimes. The NMDS3 dimension correlated strongly
with the soil carbonate content, soil aeration, and cryogenic re-
gime. The NMDS3 dimension was strongly correlated with the
light regime, moisture, and moisture variability.

Soil penetration resistance variation

The soil penetration resistance regularly increased with increas-
ing depth (Table 2). The changes in resistance values were in-
significant until 25-30 cm depth. After that, there was a sharp
increase in penetration resistance up to the depth of 70-75 cm,
after which the indicators plateaued. In the upper soil layer up
to the depth of 55-60 cm, the coefficient of variation of soil pen-
etration resistance was at the level of 16-28%, and with increas-
ing depth, this index monotonically decreased. The skewness
of distribution showed a tendency to decrease with depth. The
skewness was greatest at a depth of 15-20 cm, where the distribu-
tion is most asymmetric with a shift to the left. The skewness was
lowest at a depth of 85-90 cm, where the distribution showed
the greatest shift to the right. The kurtosis was lowest at a depth
of 65-70 cm, where the distribution was obviously bimodal. The
kurtosis was greatest at a depth of 95-100 cm, where the distribu-
tion non-randomly tended to be modal.
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Table 1. Species diversity of the plant community and the correlation of plant projective cover with dimensions obtained by nonmetric
multidimensional scaling.

Crown enclosure or Ordination dimension
. % . o o

Life form* | Species pro;ectlzfrf):zfr, %xst. NMDS1 NMDS2 NMDS3 NMDS4
Acer negundo L. 0.45+0.09 - - - -

Ph Pyrus communis L. 1.68+0.46 - - - -
Quercus robur L. 25.70+1.31 - - - -
Ulmus laevis Pall. 13.62+0.66 - - - -
Amorpha fruticosa L. 4.28+0.42 - - - -
Caragana frutex (L.) C. Koch + - - - -
Crataegus fallacina Klokov 0.19+0.07 - - - -
Euonymus europaeus L. 0.08+0.04 - - - -

nPh Euonymus verrucosus Scop. + - - - -
Frangula alnus Mill. 0.02+0.01 - - - -
Rhamnus cathartica L. 0.34+0.16 - - - -
Rubus caesius L. 2.56+0.33 0.54 0.31 -0.15 0.26
Sambucus nigra L. 0.36+0.12 -0.88 0.32 0.09 -0.05
Alliaria petiolata (M.Bieb.) Cavara et

3.36+0.34 -0.38 -0.08 -0.27 0.10

Grande
Anthriscus sylvestris (L.) Hoffm. 0.24+0.06 -0.25 0.69 0.57 0.36
Arctium lappa L. 0.21+0.08 - - - -
Asparagus officinalis L. 0.08+0.05 - - - -
Brachypodium sylvaticum (Huds.) P. Beauv. 0.03+0.03 - - - -
Calystegia sepium (L.) R.Br. 0.14+0.07 - - - -
Carex acuta L. + - - - -
Carex vulpina L. 0.10+0.05 - - - -
Chelidonium majus L. 0.10+0.04 - - - -
Cynoglossum officinale L. 0.06+0.03 - - - -
Erysimum aureum M.Bieb. 0.03+0.03 - - - -

HKr Festuca drymeja Mert. & W.D.J. Koch 0.15£0.06 - - - -
Geranium robertianum L. 0.06+0.04 - - - -
Geum urbanum L. 2.21+0.18 0.28 -0.11 0.18 -0.29
Glechoma hederacea L. 5.91+0.46 0.01 -0.28 0.29 0.05
Leonurus quinquelobatus Gilib. 0.19+0.06 -0.30 -0.37 0.00 0.93
Lithospermum officinale L. + - - - -
Lycopus europaeus L. 0.02+0.01 - - - -
Lysimachia nummularia L. 2.43+0.44 0.13 0.69 0.44 0.30
Poa nemoralis L. 0.37+0.11 -0.41 0.17 -0.36 -0.13
Silene baccifera (L.) Roth 0.11+0.05 - - - -
Silene latifolia Poir. + - - - -
Symphytum officinale L. 0.14+0.05 -0.63 -0.16 0.93 -0.10
Urtica dioica L. 3.36+0.34 -0.50 0.27 0.23 -0.13
Veronica chamaedrys L. + - - - -
Anthriscus cerefolium (L.) Hoffm. 1.03+0.23 0.10 0.39 -0.46 0.10
Atriplex micrantha C. A. May 0.27+0.14 - - - -
Galium aparine L. 2.25+0.18 0.03 0.04 -0.09 -0.34
Lactuca serriola L. + - - - -

T Lapsana communis L. 0.04+0.03 - - - -
Polygonum aviculare L. 0.32+0.08 0.56 -0.10 -0.09 -0.39
Stellaria media (L.) Vill 0.16+0.07 - - - -
Vicia tetrasperma (L.) Schreb. 0.84+0.17 0.23 -0.56 0.02 0.47
Viola arvensis Murr. 0.70+0.14 0.16 -0.65 -0.35 0.51
Alopecurus pratensis subsp. arundinaceus

+ —_ —_ —_ —_

(Poir.) Husn.

G Aristolochia clematitis L. 0.16+0.06 0.98 0.55 0.16 0.54
Calamagrostis epigeios (L.) Roth 0.30+0.11 - - - -
Convallaria majalis L. 6.59+0.57 0.07 -0.08 -0.31 -0.11
Elymus repens (L.) Gould 0.29+0.14 - - - -

Notes: * — Raunkizr plant life form (Raunkiaer, 1937): Ph - phanerophytes, nPh — nanophanerophytes, HKr — hemi-cryptophytes, T - thero-
phytes, G — geophytes, ** — in the table “+” indicates a single appearance of plants.
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Table 2. Descriptive statistics of the variation of soil penetration resistance (N = 105).

Layer, cm Meanztst. error, MPa Coefficient of variation, % Skewnesstst. error Kurtosistst. error
0-5 1.2940.023 18.67 0.03+0.24 -0.31+0.47
5-10 1.50+0.035 23.86 -0.01+0.24 -0.3240.47
10-15 1.46+0.033 22.89 0.14+0.24 -0.58+0.47
15-20 1.45+0.022 15.60 0.57+0.24 0.14+0.47
20-25 1.51+0.026 17.50 0.16+0.24 -0.55+0.47
25-30 1.85+0.044 24.23 0.17+0.24 -0.04+0.47
30-35 2.4440.051 21.47 0.11+0.24 -0.09+0.47
35-40 3.0740.082 27.56 0.08+0.24 -0.58+0.47
40-45 3.8340.103 27.68 0.03+0.24 -0.43+0.47
45-50 5.0240.111 22.69 0.42+0.24 0.01+0.47
50-55 6.18+0.133 22.13 0.07+0.24 0.04+0.47
55-60 7.3610.134 18.71 -0.1840.24 0.08+0.47
60-65 8.10+0.105 13.31 0.12+0.24 -0.70+0.47
65-70 8.70+0.098 11.49 -0.05+0.24 -1.1140.47
70-75 9.05+0.088 9.91 -0.07£0.24 -0.7340.47
75-80 9.4040.060 6.49 -0.254+0.24 -0.4240.47
80-85 9.64+0.030 3.16 -0.10+0.24 -0.28+0.47
85-90 9.88+0.023 2.44 -0.4240.24 -0.1840.47
90-95 9.94+0.013 1.29 -0.25+0.24 0.25+0.47
95-100 9.96+0.008 0.80 -0.074£0.24 0.37+0.47

Table 3. Fitting ecological parameters to dimensions derived after nonmetric multidimensional scaling of herbaceous vegetation.

. Ordination dimension
Predictor* NMDSI | NMDS2 | NMDS3 | NMDS4 K p-level
Phytoindication scales
Hd -0.20 0.13 0.60 -0.76 0.04 0.43
fH 0.36 -0.52 0.43 0.65 0.17 <0.001
Rc -0.06 0.85 0.53 -0.01 0.28 <0.001
S1 -0.52 0.61 0.50 0.33 0.25 <0.001
Ca -0.02 -0.35 -0.83 0.43 0.14 0.01
Nt -0.84 0.54 0.01 -0.01 0.06 0.18
Ae -0.38 0.58 0.67 -0.24 0.31 <0.001
Tm -0.91 -0.38 -0.04 -0.18 0.08 0.08
Om 0.18 -0.61 -0.58 0.52 0.07 0.12
Kn -0.29 -0.74 -0.35 0.49 0.05 0.23
Cr 0.20 -0.65 0.72 -0.16 0.14 0.01
Lc -0.42 -0.18 0.43 0.78 0.10 0.04
Crown enclosure of tree species
Acer negundo 0.24 0.08 0.75 -0.61 0.07 0.11
Pyrus communis -0.59 -0.67 0.27 0.35 0.24 <0.001
Quercus robur -0.64 -0.24 0.20 -0.70 0.26 <0.001
Ulmus laevis -0.50 0.84 0.19 0.12 0.10 0.03
Amorpha fruticosa 0.74 0.43 0.37 -0.36 0.19 <0.001
Crataegus fallacina 0.38 0.58 0.54 0.47 0.04 0.40

Notes: * Hd - the soil water regime (mean indicator value 12.8+0.14 is optimal for mesophytes), fH - the variability of damping (mean indi-
cator value 6.5£0.10 is optimal for hemi-hydrocontrastophobes - plants adapted to fresh forest-meadow habitats with moderately irregular
wetting of soil layer fully drenched by precipitations), Rc - the soil acidity (mean indicator value 8.1+0.05 is optimal for sub-acidophiles —
plants which grow on faintly acid (pH=>5.5-6.5) forest soil, meadow marsh habitats), SI - the total salt regime (mean indicator value 5.0+0.05
is optimal for mesotrophes dwelling on soils not reach on salt), Ca - the carbonate content in soil (mean indicator value 5.5+0.10 is optimal
for hemi-carbonatophobes - plants avoiding carbonate substrates), Nt - the nitrogen content in soil (mean indicator value 6.9+0.11 is op-
timal for hemi-nitrophiles — plants which grow on soils moderately rich in mineral nitrogen), Ae - the soil aeration (mean indicator value
5.9+0.07 is optimal for hemi-aerophobes — plants which grow on the moderately aerated soils), Tin — the thermal climate (mean indicator
value 10.240.08 is optimal for sub-mesotherms which indicates radiation balance to be equal to 2137 MJ*m**year™"), Om — the ombroregime
(mean indicator value 12.7+0.09 indicates a difference between annual precipitation quantity and evaporation to be equal to -44.1 mm),
Kn - the continentality (mean indicator value 5.8+0.13 is optimal for sub-oceanic ecogroup), Cr - the cryo-climate (mean indicator value
9.8+0.06 is optimal for hemi-cryophytes which indicates the temperature of the coldest months to be equal to -1.4°C), Lc - the light regime
(mean indicator value 7.8+0.07 is optimal for sub-heliophytes — plants of light forests and shrubberies).
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Fig. 3. Scalogram of spatial variables with different predictors as conditional covariates. The abscissa axis is the ordinal numbers of the dbMEM
variables; the ordinate axis is the explained variation of the standardized value of soil penetration resistance by the respective dbMEM variable.

The dbMEM eigenfunctions were able to explain 46.7% of
the variation in soil penetration resistance (F = 2.90, p < 0.001).
The broad-scale spatial components (dbMEM eigenfunctions
1, 3, 4, 5, 6, 7) were able to explain 16.3% of the variation (F
=4.38, p < 0.001), the medium-scale components ((bMEM ei-
genfunctions 11, 18) were able to explain 4.05% of variation (F
= 3.19, p < 0.001), and the fine-scale components ((bMEM ei-
genfunctions 32, 35, 43) are able to explain 1.26 % of variation
(F = 1.44, p < 0.001). Accounting for the MDS1 dimension as
a conditional variable resulted in a decrease in the explanatory
power of the spatial variables (R ,> = 42.8%, F = 2.61, p < 0.001).
The scalogram indicated that for many of the spatial variables,
the explanatory power decreased, but for variables 3, 16, 35, and
45, the explanatory power increased (Fig. 3). Including MDS1
and MDS2 dimensions as a conditional variable significantly
decreased the explanatory power of the spatial variables (R diz =
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33.8%, F =2.09, p < 0.001). The vegetation features that were ex-
plained by the MDS2 dimension conditioned the spatial patterns
that were described by the broad-scale dbMEM eigenfunctions
1-4 and the medium-scale dbMEM eigenfunction 15. Account-
ing for MDS1 and MDS2 as conditional variables increased the
explanatory power of dbMEM eigenfunction 5, 18, 24, 34, and
45. Accounting for MDS1, MDS2, and MDS3 dimensions as a
conditional variable also decreased the explanatory power of db-
MEM eigenfunctions 3, 7, 11, 18, 24, and 35 (R ,* = 29.5%, F =
1.87, p < 0.001). In contrast, the explanatory power of dbMEM
eigenfunctions 2, 5, and 16 increased. Accounting as conditional
variables for all measurements that were derived from the veg-
etation ordination allowed for an estimate of the pure spatial
component of the variation in the soil penetration tolerance.
Accounting for MDS1, MDS2, MDS3, and MDS4 dimensions
as a conditional variable explained 29.5% of the variation in the



soil penetration resistance (F = 1.85, p < 0.001). This indicates
that the importance of the MDS4 dimension was insignificant in
forming variability in the soil penetration resistance.

The analysis of the spatial variation of the soil penetration
resistance (Fig. 4) and its fractions induced by different causes
(Fig. 5), as well as the information on the correlation of this in-
dex with NMDS dimensions (Table 3), indicated that the spatial
patterns of variation of the soil penetration resistance embraced
all soil layers. The purely spatial pattern was characterized by the
minimum structuring influence for the upper soil layers (0-20
cm) and the maximum structuring influence for the middle soil
layer (25-35 cm). Each of the vegetative dimensions makes its
own contribution to the mentioned differentiation. The influ-
ence of the MDS4 dimension on the soil penetration resistance is
negligible. The role of the vegetation dimensions decreases with
depth.

Discussion

Two types of soil were represented within the experimental pol-
ygon: Fluvic Gleysol (Arenic, Ochric) and Fluvic Mollic Gleysol
(Loamic, Humic). The profile distribution of soil penetration
resistance within the entire polygon has a common pattern. The
compaction slightly increases with depth in the surface humus-
accumulative sod horizon, humus-accumulative horizon, and
transitional horizon. Within the alluvial horizons, there is a
sharp increase in soil compaction, and in the deeper horizons,
compaction changes insignificantly with depth. In addition to
the general profile pattern of compactness variability, the rela-
tive changes in this parameter within one layer are important.
The relatively lower compaction along the horizontal level may
mark the zone of preferential water flow in the soil. The prefer-
ential flows significantly affect the water regime and ecological
conditions of the soil (Zhang et al., 2018). Soil compaction can
reduce the strength of the preferential flow due to the disrup-
tion of macropore continuity. An increase in inferential flow
strength due to compaction was also shown (Mossadeghi-
Bjorklund et al., 2016). Penetration resistance is a reliable in-
dicator of soil compaction and preferential water flow in the
soil profile (Mossadeghi-Bjorklund et al., 2019). The values
of soil penetration resistance in a standardized form provide
a detrended index, which indicates the differential ability of
the soil to penetrate or migration of water. The standardized
values represent, in units of root-mean-square deviation, the
penetration resistance values at different soil layers. The indica-
tors presented in the same units become comparable. The exist-
ing approaches to three-dimensional mapping of soil penetra-
tion resistance reproduce isolines of the same soil impedance
(Castrignano et al., 2004; Tekin et al., 2008). The standardized
values of soil penetration resistance allowed to obtain three-
dimensional “tomograms” of the soil body. Three-dimensional
diagrams show the pattern of transition between two types of
soils.

The concept of hierarchy of structural levels of soil organi-
zation describes the relationship between different structural
elements of soil (Voronin, 1984; Yudina et al., 2018). The genet-
ic conditions of soils give rise to a dual differentiation of pedo-
logical or soil horizons: by their vertical arrangement and by
their spatial distribution. The first corresponds to the conven-
tional notion of a soil profile, or solum, or sequence of soil ho-
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Fig. 4. Correlation of soil penetration resistance with axes obtained
after RDA procedure with the spatial variables as predictors and or-
dinate dimensions as conditional variables: abscissa axis is the order
of soil layers 0-5, 5-10, ..., 95-100 cm; ordinate axis is correlation
coefficients with RDA axes; dbMEM is spetial eigenfunctions as
predictors; and MDS], ..., MDS4 are dimensions obtained in results
of multidimensional vegetation scaling applied as conditional vari-
ables.

rizons viewed in a vertical section. The second corresponds to
the lateral arrangement of the different types of horizons within
a landscape, which allows the definition of soil systems (Ditzler
et al., 2002). Three-dimensional diagrams reveal that the soil
body consists of three-dimensional morphological structures,
the scale level of which exceeds the level of the morphologi-
cal profile, but is lower than the pedon level. The transition be-
tween soil types is not abrupt, but it is the result of a change in
the proportion between morphological elements of the same
type. These morphological elements are pedogenic and biogen-
ic in nature. The phytogenic component was considered in the
study, but the zoogenic role in the formation of morphological
structures cannot be excluded.

The morphological structures of the soil scale above the
soil profile but below the pedon are very diverse and fuzzy.
An adequate model for such soil morphological formations is
a wave process of varying frequency. The morphological pat-
terns of soil compaction can be fractionated into broad-scale,
medium-scale, and fine-scale spatial components. The genera-
tion of frequency patterns of different scales is due to different
causes. The broad-scale component is caused by trees, and the
influence of this factor covers the entire soil profile studied. In
a natural floodplain forest, distance from trees was shown to
be a factor that determines the spatial pattern of variation in
soil penetration resistance. In turn, soil resistance affects the
species composition of the forest herbaceous layer (Zhukov et
al., 2019). Tree species transfer wind energy through oscilla-
tory movements of the trunk and roots into the soil (Netsvetov,
Nikulina, 2010). At the same time, each tree species is charac-
terized by specific spectral features of the oscillatory process it
generates (Kovacic et al., 2018). Trees influence the variability
of soil properties by regulating the availability of resources to
plant species from other layers (Jones et al., 1994; Flinn, Marks,
2007). The regulation of the light regime is the most important
mechanism of the influence of trees on the grass layer of the
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Fig. 5. Isolines of soil penetration resistance in 3D space. The soil penetration resistance is presented after standardization of the values
within one layer: (1) the observed values are presented (warm color corresponds to isoline —0.7, green color corresponds to isoline 0, and
cold color corresponds to isoline 0.7); (2) the values are presented which modeled by the spatial variables (warm color corresponds to isoline
-0.7, green color corresponds to isoline 0, and cold color corresponds to isoline 0.7); (3) the values are presented which modeled by the
spatial variables with plant axis MDSI as covariate (warm color corresponds to —0.7 isoline, green color corresponds to 0 isoline, and cold
color corresponds to 0.7 isoline); (4) the values are presented which modeled by the spatial variables with plant axes MDS1 and MDS2 as
covariate (warm color corresponds to —0.4, green color corresponds to isoline 0, and cold color corresponds to isoline 0.4); (5) the values are
presented which modeled by the spatial variables with plant axes MDS1, MDS2, and MDS3 as covariates (warm color corresponds to isoline
-0.35, green color corresponds to isoline 0, and cold color corresponds to isoline 0.35); and (6) the values are presented which modeled by
the spatial variables with plant axes MDS1, MDS2, MDS3, and MDS4 as covariates (warm color corresponds to isoline —0.35, green color
corresponds to isoline 0, and cold color corresponds to isoline 0.35).
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ecosystem (Kunakh et al., 2021). The intensity of tree influence
varies horizontally and vertically. Trees change the properties
of the soil in their close proximity (Binkley, Giardina, 1998).
As the depth of soil layers increases, the influence of vegeta-
tion and soil biota decreases and the influence of weathering
increases (Goebes et al., 2019). Soil properties adjacent to an
individual tree vary with distance from the tree trunk accord-
ing to radial symmetry (Zinke, 1962).

The medium-scale patterns of soil compaction variability
are influenced by the herbaceous layer. The root system of her-
baceous plants affects the physical condition of the soil. This
influence mainly embraces the upper soil layer. Trees strongly
influence the attributes of organic matter, which largely deter-
mines the distribution of forest understory plants (Oijen et al.,
2005). The spatial organization of vegetation cover should be
noted to be influenced by the physical and chemical variability
of soil conditions. The variability of moisture content, soil acid-
ity, and nutrient supply are important factors of such influence.
While the influence of trees has a leveling effect, the influence
of herbaceous plants leads to contrasting compaction in the soil
profile. The decrease of compaction in the upper soil layer is ac-
companied by an increase of compaction in the middle soil layer.
Soil compactness significantly affects plant root development.
The root growth is reduced in compacted soils (Vocanson et al.,
2006). A decrease in the rate of oxygen diffusion in compacted
soils may be the cause of a decrease in the density of thin oak
roots (Watson, Kelsey, 2006). The root growth rate and root elon-
gation zone are reduced in compacted soils (Bengough, 1997;
Lecompte et al., 2003). The plant roots become more tortuous
with a greater density of branching and shorter lateral roots in
compacted soils (Kondpka, 2009).

The variation in vegetation described by the NMDS4 meas-
urement has no effect on soil penetration resistance. This influ-
ence can be assumed to have other frequency characteristics than
those that can be accounted for in the present study. Obviously,
to verify the hypothesis of their importance, the measurement
of soil properties should be performed with a smaller sampling
interval. The pure spatial component models the pedogenic
variability of soil compaction. The processes of sediment depo-
sition during floods affect the soil properties of floodplain soils
and may be responsible for the formation of spatial patterns of
soil compaction. The fluctuating groundwater level in the flood-
plain affects soil moisture supply and also regulates the ratio of
oxidative and reducing conditions in the soil. These regimes are
reflected in the packing level of soil particles in the soil, which
entails variability in soil compaction.

Conclusion

The vegetation cover affects the horizontal and vertical pat-
terns of variability in the soil penetration resistance of flood-
plain soils. The zone of a sharp increase in soil compaction
with depth is associated with alluvial horizons. In the three-
dimensional aspect, the components of variation of soil pen-
etration resistance at different scales can be distinguished. The
broad-scale component of variation is predominantly due to
the influence of tree vegetation. The medium-scale component
is due to the influence of herbaceous vegetation. The fine-scale
component is independent of vegetation cover and influenced
by pedogenic factors.
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