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Abstract

Zhukov O., Kunah O., Dubinina Y., Zhukova Y., Ganga D.: The effect of soil on spatial variation
of the herbaceous layer modulated by overstorey in an Eastern European poplar-willow forest.
Ekoldgia (Bratislava), Vol. 38, No. 3, p. 253-272, 2019.

The tree species composition can influence the dynamics of herbaceous species and enhance the
spatial heterogeneity of the soil. But there is very little evidence on how both overstorey structure
and soil properties affect the spatial variation of the herb layer. The aim of this study is to evalu-
ate the factors of the soil and overstorey structure by which it is possible to explain the fine-scale
variation of herbaceous layer communities in an Eastern European poplar-willow forest. The re-
search was conducted in the “Dnipro-Orils’kiy” Nature Reserve (Ukraine). The research polygon
(48°30°51”N, 34°49”02”E) was laid in an Eastern European poplar-willow forest in the floodplain
of the River Protich, which is a left inflow of the River Dnipro. The site consists of 7 transects.
Each transect was made up of 15 test points. The distance between rows in the site was 3 m. At
the site, we established a plot of 45x21 m, with 105 subplots of 3x3 m organized in a regular grid.
The adjacent subplots were in close proximity. Vascular plant species lists were recorded at each
3x3 m subplot along with visual estimates of species cover using the nine-degree Braun-Blanquet
scale. Within the plot, all woody stems > 1 cm in diameter at breast height were measured and
mapped. Dixon’s segregation index was calculated for tree species to quantify their relative spatial
mixing. Based on geobotanical descriptions, a phytoindicative assessment of environmental fac-
tors according to the Didukh scale was made. The redundancy analysis was used for the analysis
of variance in the herbaceous layer species composition. The geographic coordinates of sampling
locations were used to generate a set of orthogonal eigenvector-based spatial variables. Two meas-
urements of the overstorey spatial structure were applied: the distances from the nearest tree of
each species and the distance based on the evaluation of spatial density of point objects, which
are separate trees. In both cases, the distance matrix of sampling locations was calculated, which
provided the opportunity to generate eigenvector-based spatial variables. A kernel smoothed in-
tensity function was used to compute the density of the trees” spatial distribution from the point
patterns’ data. Gaussian kernel functions with various bandwidths were used. The coordinates
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of sampling locations in the space obtained after the conversion of the trees’ spatial distribution
densities were used to generate a set of orthogonal eigenvector-based spatial variables, each of
them representing a pattern of particular scale within the extent of the bandwidth area structured
according to distance and reciprocal placement of the trees. An overall test of random labelling re-
veals the total nonrandom distribution of the tree stems within the site. The unexplained variation
consists of 43.8%. The variation explained solely by soil variables is equal to 15.5%, while the vari-
ation explained both by spatial and soil variables is 18.0%. The measure of the overstorey spatial
structure, which is based on the evaluation of its density enables us to obtain different estimations
depending on the bandwidth. The bandwidth affects the explanatory capacity of the tree stand. A
considerable part of the plant community variation explained by soil factors was spatially struc-
tured. The orthogonal eigenvector-based spatial variables (dbMEMs) approach can be extended
to quantifying the effect of forest structures on the herbaceous layer community. The measure of
the overstorey spatial structure, which is based on the evaluation of its density, was very useful in
explaining herbaceous layer community variation.

Key words: overstorey structure, soil properties, phytoindication, poplar-willow forest, scalogram,
spatial eigenvector mapping.

Introduction

The greatest plant biodiversity in forest ecosystems is concentrated in the ground veg-
etation layer (Gilliam, 2007). Extinction rates in herbaceous plants are more than three
times those of hardwood tree species and approximately five times those of gymno-
sperms (Levin, Wilson, 1976). The herbaceous layer has the potential to determine the
overstorey species composition due to the fact that some herbaceous species may be
superior competitors for soil nutrients, compared with tree seedlings (Lyon, Sharpe,
2003; Gilliam, 2007). The herbaceous layer plays an important role in the functioning of
forest ecosystems by supplying high quality litter to the forest floor (Elliott et al., 2015).
The herbaceous layer serves as habitat and food for other organism groups (Whigham,
2004). Herbaceous species can respond quickly to changed environmental conditions
(von Oheimb, Hardtle, 2009).

There are two distinct explanations of community structure: niche assembly and disper-
sal assembly (Dallas, Drake, 2014). In accordance with niche assembly, community compo-
sition is controlled predominantly by environmental forces (Weiher et al., 2011). The scale
of observation effects on the relative importance of specific environmental factors (Siefert
et al,, 2012) and the use of space across different scales in the community analysis could be
useful (Gazol, Ibanez, 2010). Abiotic processes are generally considered as environmental
filters, which select those species that match the specific habitat requirements (Silvertown
et al., 2006; Lososova et al., 2015). Environmental filtering is probably not very important at
finer scales (Chudomelova et al., 2017). Dispersal is the probability that a given patch will
be colonized (King, With, 2002). Dispersal assembly suggests that community composition
is forced by the ability of species to reach new habitats, making spatial variables stronger
determinants of community composition than environmental variables (Weiher et al., 2011).
Dispersal effects are important only within the confines of environmental gradients (Gilbert,
Lechowicz, 2004). The influence of the environmental factors was revealed as progressively
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decreasing from broader to finer spatial scales (Laliberte et al., 2009). As scale becomes finer,
dispersal or biotic processes such as interspecies interactions increase their importance (Ga-
zol, Ibanez, 2010). Spatial distances may be considered as a surrogate for dispersal through
space over time (Karst et al., 2005). Community composition and species distribution would
be spatially structured independent of environment if dispersal limitation was a major as-
sembly process (Jones et al., 2006; Aiba et al., 2012). Neutral processes become weaker as
a consequence of the greater heterogeneity of environmental conditions (Nettesheim et al.,
2018). By scaling down, the number of individuals within a given grain or extent is reduced,
and individual-based stochastic processes become more important (Chase, 2014). As the size
of the sampling plot decreased, the relative importance of environmental factors declined
predominantly due to the reduction of environmental variability at finer scales (Frelich et al.,
2003; Legendre et al., 2009).

Tobler’s “first law of geography” says that everything is related to everything else, but near
things are more related than distant things (Tobler, 1970). This law is the foundation of spa-
tial autocorrelation. Spatial autocorrelation is the similarity between two observations of a
measured variable based upon their spatial location (Griffith, 1992; Legendre, 1993; Lennon,
2000). Spatial autocorrelation considerably manifests itself at fine-scale level (Chudomelova
etal., 2017). Spatial autocorrelation causes the problem of pseudoreplication. Pseudoreplica-
tion was defined as “the use of inferential statistics to test for treatment effects with data from
experiments where either treatments are not replicated (though samples may be) or replicates
are not statistically independent” (Hurlbert, 1984). Spatial autocorrelation of a species com-
munity is generated by intrinsic and extrinsic processes (Fortin, Dale, 2005). Environmental
variables are the extrinsic forces that control species distribution (Legendre, Legendre, 2012).
Dispersal, historical events and biotic elements are the intrinsic forces (Teng et al., 2018).

Explained variation in species composition can be separated into four parts: pure en-
vironmental variation, pure space variation, the variation explained both by environment
and space, and unexplained variation (Borcard et al, 1992). Depending on the relative
importance of niche explanations or dispersal processes, a community is considered to be
controlled either by environmental or spatial factors (Cottenie, 2005). Variation explained
purely by spatial variables represents partly unmeasured environmental variables with spatial
structure (Legendre et al., 2009). The variation partitioning method results has been shown
as being dependent on the quality of predictors. Spatially structured but unmeasured envi-
ronmental variables may affect community composition (Jones et al., 2008). The degree of
dispersal limitation contributes to both the pure environmental and pure spatial variance
partitions. The assumption that a pure spatial component represents the role of dispersal
limitation holds only in cases where all the relevant environmental variables are considered
(Chang et al,, 2013). The ratio of variation attributed to environmental variation depends
not only on the strength of extrinsic processes, but also on the specific spatial patterns of the
environmental factors (Smith, Lundholm, 2010).

The tree species composition can influence the dynamics of herbaceous species (Bratton,
1976) by changing light availability (Breshears et al., 1997) and enhancing the spatial hetero-
geneity of the soil (Andivia et al., 2015). When the spatial pattern in species composition of
the overstorey forest stratum is significantly correlated with that of the herb layer stratum,
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the strata are said to be linked (Molder et al., 2008). Herb-layer species are sensitive eco-
logical indicators (Standovar et al., 2006). The herb layer and overstorey respond to different
gradients in young stands but respond to similar gradients in increasingly similar ways as
the stand matures (Gilliam et al., 1995). However, there is very little evidence on how both
overstorey structure and soil properties effect herb layer spatial variation.

The aim of this study is to evaluate by which soil and overstory structure factors it is pos-
sible to explain the fine-scale variation of herb layer communities in an Eastern European
poplar-willow forest. The first hypothesis is that the overstorey is able to spatially structure
the soil properties, which in turn affect the variation of forest herb layer communities. The
second hypothesis is that tree spatial patterns form complex structures whose effect may be
best modeled on the basis of density dependent rather than distance dependent measures.

Material and methods

Study area

The research was conducted in the “Dnipro-Orils’kiy” Nature Reserve (Ukraine) (Fig. 1). The research polygon
(48°30°51”N, 34°49”02”E) was laid in an Eastern European poplar-willow forest in the floodplain of the River Pro-
tich, which is a left inflow of the River Dnipro. The territory has a temperate-continental climate with an annual
mean maximum decade temperature of 25.7 °C, and a minimum of -10.0 °C, and with a mean annual precipitation
of approximately 565 mm (20 year average according to data of the Dnipro meteorological station).

The study site comprises 1.0 ha of deciduous woodland bordered by arena terrace above floodplain of the River
Dnipro. Forests in the steppe zone of Ukraine have a very restricted distribution and usually have an island status.
The soils are fertile sandy loam, the underlying geology comprises Quaternary Aeolian sandy sediments.

Data collection

The site consisted of 7 transects. Each transect was made up of 15 test points. The distance between rows in the site
was 3 m. At the site, we established a plot of 45x21 m, with 105 subplots of 3x3 m organized in a regular grid. The
adjacent subplots were in close proximity. Vascular plant species lists were recorded for each 3x3 m subplot along
with visual estimates of species cover using the nine-degree Braun-Blanquet scale (Westhoff, van der Maarel, 1978).
The projective cover of plant species was recorded at ground level, the understorey (up to 2 m height) and canopy
(above 2 m height). We were able to make species level identification for all quadrats. Seedlings and saplings of
woody species were later excluded from the analyses. Within the plot, all woody stems > 1 cm in diameter at breast
height were measured and mapped. Dixon’s segregation index was calculated for tree species to quantify their rela-
tive spatial mixing. The measure of segregation describes the tendency of one species to be associated with itself or
with other species (Dixon, 2002).

In syntaxonomic aspect, the vegetation can be identified as follows:

Class Salicetea purpureae Moor 1958,

Ordo Salicetalia purpureae Moor 1958,

Union Salicion albae R.Tx. 1955,

Ass. Populetum albae Br.-Bl.1931.

Based on geobotanical descriptions, phytoindicative assessment of environmental factors according to Didukh
(2011) was made. Didukh phytoindication scales (2011) include edaphic and climatic scales. The edaphic phytoin-
dication scales include soil water regime (Hd), variability of damping (fH), soil aeration (Ae), soil acidity (Rc), total
salt regime (SI), carbonate content in the soil (Ca) and nitrogen content in the soil (Nt). The climatic scales include
the parameters of thermal climate (thermoregime, Tm), humidity (Om), cryo-climate (Cr) and the continentality of
climate (Kn). In addition to these, the lighting scale (Lc) is highlighted, which is characterized as a microclimate scale.
Thermal properties of soils are indicated by the scale of thermal regime, and hydrothermal is the scale of ombro mode.
Phytoindicational evaluation of environmental factors was performed by the ideal indicator method of Buzuk (2017).
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Measurement of soil mechanical MPANOE MAMOE  MME0E MMBIE PS00E MUNOE S0
impedance was carried out in the field ettt
using a hand penetrometer Eijkelkamp,
to a depth of 100 cm with an interval of 420N
5 cm. The average error of the measure-
ment results of the device is + 8%. The
measurements were made by a cone with
a cross-sectional dimension of 2 cm? .
Within each measurement point, the me-
chanical impedance of the soil was made
in a single repeatability. To measure the
electrical conductivity of the soil in situ,
a sensor HI 76305 was used (Hanna In-
struments, Woonsocket, R. 1.). This sensor
works in conjunction with the portable
device HI 993310. The tester estimates
the total electrical conductivity of the soil,
that is, combined conductivity of soil air,
water and particles. The results of meas-
urements of the device are presented in
units of saturation of the soil solution with
salts as g/l. Comparison of measurement
results of HI 76305 with laboratory data
allowed us to estimate the conversion fac-
tor of units as 1 dS/m = 155 mg/l (Pennisi,
van lersel, 2002). The soil bulk density was
estimated by Kachinskiy, soil moisture by
weight method (Vadunina, Korchagina,
1986). The aggregate structure was evalu-
ated by the dry sieving method according
to Savinov (Vadunina, Korchagina, 1986).
The percentage content of such fractions
is established: < 0.25, 0.25-0.5, 0.5-1, 1-2,
2-3, 3-5,5-7,7-10, > 10 mm. Litter layer
thickness was measured by a ruler at 5
sampling points per sample subplot. R p— e i

48°32'90" N

48°31'20"N4

4R°30'90"N

4R°29'20"N+

Data analyses Fig. 1. Placing of experimental polygon and the sampling points. A
- the map of the “Dnipro-Orils’kiy” Nature Reserve; B — the satel-
Soil aggregate structure is presented by lite image of the territory around the research polygon; C - photo of
the vectors of n (n =9 in our case) strictly  the research polygon (arrow shows the direction of the photographic
positive real components (x, x,, ... ,x,),  shoot).
such that x +x, +-+x =k > 0, where « is
100 (percentages) or 1 (proportions). Therefore, soil aggregate fractions are related to each other and any change
in one fraction must affect the other fractions (Aitchison, 1986). Soil compositions were handled statistically using
log ratio transformations (Parent et al., 2012). Isometric log ratios are orthogonal projections of compositional data
(Egozcue et al,, 2003). Due to there being D-1 degrees of freedom in compositional vectors (Aitchison, Greenacre,
2002), for the 9 soil aggregate fractions, there are 8 isometric log ratio variables (ILR-variables). The basis for iso-
metric log-ratio transformation of the compositions data was computed by such methods as basic, balanced, optimal
and principal balance methods (PBhclust, PBmaxvar, and PBangprox) (Egozcue et al., 2003). In order to select the
optimal basis of the transformation, the matrix of distances of the sampling points in the space of the ILR-variables
was compared with the matrix of distances of the sample points in the space of soil physical properties (electrical
conductivity, soil mechanical impedance, bulk density and moisture), and with the distances matrix in the space of
phytoindication scales and the matrix in the space of distances from tree stems. The evaluation was performed by
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using the Mantel test (ordinal and partial with matrix of the geographical distances as a conditional matrix). We
assumed that transformation should lead to a solution that correlates best with the other properties of the environ-
ment and such correlation should not be spatially conditioned.

Redundancy analysis (RDA) was used for the analysis of variance in herb layer species composition (Rao, 1964).
Before the analyses, percentage cover of species was Hellinger transformed to avoid problematic Euclidean distances
used in the RDA (Legendre, Gallagher, 2001). Soil mechanical impedance, soil electrical conductivity, litter layer
thickness, soil temperature, moisture and soil bulk density were log transformed. The significance of RDA global
model including all soil variables was first tested. A soil model based on the forward selection of soil variables was
built with double stopping rule (alpha significance level and the R’ . calculated using all explanatory variables)
(Blanchet et al., 2008; Chudomelova et al., 2017). Variables were retained only with a significant relationship to
community composition (p < 0.05, 9999 permutations). The models’ marginal effect was computed, in which each
selected soil variable was used separately as a predictor of community composition and the significance of all the
models was tested and R, was extracted.

The geographic coordinates of sampling locations were used to generate a set of orthogonal eigenvector-based
spatial variables (dAbMEMs), each of them representing a pattern of particular scale within the extent of the sampling
area (Borcard, Legendre, 2002). The forward-selection procedure on partial RDAs with previously selected soil fac-
tors as covariables was applied to the subset of spatial variables. The significance of soil models with selected spatial
variables as covariables was tested by the Monte Carlo permutation test (9999 permutations).

Two measures of the overstorey spatial structure were applied: distances from the nearest tree of each species
and the distance based on the evaluation of spatial density of point objects, which are separate trees. In both cases,
the distance matrix of sampling locations was calculated, which provided the opportunity to generate eigenvector-
based spatial variables (dlbMEMs-tree and dbMEMs-density based respectively). A kernel smoothed intensity func-
tion was used to compute the density of the trees’ spatial distribution from the point patterns data. Gaussian kernel
functions with various bandwidths were used. The density of the trees’ spatial distribution for each species was
converted into the distance measure:

Dist = 1-dens,

where dens — density of the trees’ spatial distribution, Dist — measure of the distance. The coordinates of sampling
locations in the space obtained after the conversion of the trees’ spatial distribution densities were used to generate
a set of orthogonal eigenvector-based spatial variables (AbMEMs-density), each of them representing a pattern of
particular scale within the extent of the bandwidth area structured according to distance and reciprocal placement
of the trees. The forward-selection procedure on partial RDAs with previously selected soil factors as covariables was
applied to the subset of tree-structured spatial variables and the significance of environmental models with selected
spatial variables as covariables was tested by the Monte Carlo permutation test (9999 permutations).

In the next phase of the study, the dbMEMs were forward-selected directly on community data to explore
patterns in community variation by variance partitioning between environmental and spatial influence. The sig-
nificance of pure spatial and environmental fractions was tested by Monte Carlo permutation tests with 999. The
scalogram approach was applied to inspect in detail the spatial scaling of community variation (Legendre, Legendre,
2012). To do this, the two sets of RDA analyses were carried out with each of the dbMEM variables as a predictor.
As aresponse variable, the first set of RDA analyses used raw (Hellinger-transformed) species data, while the second
set used residuals of the environmental model in which forward-selected environmental variables acted as predic-
tors (Chudomelova et al., 2017). From each RDA, we extracted R , for individual dbMEMs and plotted them into
juxtaposed barplots (Chang et al., 2013). Phytoindication estimation of the ecological factors (Didukh, 2011) was
used to find an ecological interpretation of spatial structures in community composition not explained by environ-
mental variables.

All the statistical analyses were conducted in R (v. 3.5.0., R Foundation for Statistical Computing, Vienna,
AT), using the following packages: vegan (v. 2.5-2, https://CRAN.R-project.org/package=vegan) for the multivariate
analysis and for the computation of global and partial Moran’s I. (Oksanen et al., 2018), adespatial (v. 0.3-2. https://
CRAN.R-project.org/package=adespatial) for the forward selection and for the generation of spatial filters (Dray
et al., 2018), compositions (https://CRAN.R-project.org/package=compositions) for compositional data analysis
(Boogaart et al., 2018), dixon for testing the spatial segregation and association based on contingency table analysis
of the nearest neighbor count (De la Cruz, 2008), spatstat for density estimation of the tree stems’ spatial distribution
(Baddeley, Turner, 2005).
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Results

The forest overstorey includes Populus alba L. (41.5% of total tree stems), Ulmus laevis Pall
(40.7 %), and Crataegus fallacina Klokov (4.4%). There are dead trees within the site (13.3
%) (Fig. 2). The distance from the sampling locations to Populus alba stems is 2.0+0.094 m
(maximum - 4.6 m), to Ulmus laevis stems is 2.3£0.13 m (maximum - 7.6 m), to Crataegus
fallacina stems is 12.8+0.81 m (maximum - 30.6 m), and to dead stems is 3.8+0.19 m (maxi-
mum - 9.1 m).
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Fig. 2. Spatial locations of the three species individual within the site.

An overall test of random labelling reveals the total nonrandom distribution of the tree
stems within the site (overall test of random labelling 21.1, p-value of the overall test from the
asymptotic chi-square distribution with the appropriate degrees of freedom is 0.05). The spe-
cies-specific test of random labelling shows the nonrandom distribution of the C. fallacina
(11.1, p = 0.01), while other species are distributed randomly. The nearest neighbor contin-
gency table indicates the aggregated spatial distribution of the C. fallacina stems within site
(Table 1). There is no direct spatial connection between C. fallacina and Ulmus laevis. The
dead trees are distributed randomly. The Populus alba stems are distributed non-randomly
with a tendency to regular pattern. The Ulmus laevis distribution is random.

The simple Mantel test revealed that the soil aggregate structure is closely related to the
variability of other physical properties of the soil, phytoindication estimates of environmen-
tal factors and varies depending on the distance to the tree stems (Table 2). The partial Man-
tel test showed that there is a spatial component in the soil aggregate structure data that is
independent from spatial structure both in physical properties and distance from the stems
as the Mantel statistic controlling for the effect of space is not significantly different from zero
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T able 1. The nearest neighbor contingency table and Dixon’ spatial segregation test for tree species.

Species C. fallacina Dead P. alba U. leavis
Obs.Count 2 1 3 0
Exp. Count 0.22 0.81 2.51 2.46
C. fallacina P
S 1.11 0.11 0.14 -
p-value 0.00 0.82 0.68 0.04
Obs.Count 0 5 5 8
Exp. Count 0.81 2.28 7.52 7.39
Dead
S - 0.42 -0.27 0.06
p-value 0.35 0.12 0.23 0.77
Obs.Count 4 8 15 29
Exp. Count 2.51 7.52 22.99 22.99
P alba

S 0.22 0.03 -0.28 0.19
p-value 0.31 0.85 0.05 0.11
Obs.Count 0 8 25 22

. Exp. Count 2.46 7.39 22.99 22.16

U. leavis

S - 0.04 0.06 -0.01
p-value 0.09 0.80 0.59 0.97

Notes: Obs.Count - observed nearest neighbor count; Exp. Count — expected nearest neighbor counts; S - segrega-
tion measure (values of S larger than 0 indicate that species is segregated; the larger the value of S, the more extreme
the segregation; values of S less than 0 indicate that species is found as neighbor of itself less than expected under
random labelling. Values of S close to 0 are consistent with random labelling of the neighbors of species); p-value -
based on the asymptotic normal distribution of the Z statistic.

T able. 2. Correlation (Mantel test) between distances matrix of the sample points in space of the soil aggregate
fraction after log ratios transformation on the different basis and distance matrix in the space of the physical proper-
ties, phytoindication scales and distance from the stems.

Basis of the Physical properties Phytoindication scales Distance from the stems
transforma-

tion Simple |p-level | Partial*| p-level | Simple | p-level | Partial* | p-level | Simple | p-level | Partial* | p-level
Basic 0.20 0.01 | -0.02 | 0.64 | 0.27 0.01 0.20 0.01 0.20 0.01 0.04 0.17
Balanced 0.22 | 0.01 | 005 | 0.17 | 0.19 | 001 | 012 | 0.01 | 0.18 | 0.01 | 0.05 | 0.15
Optimal 0.22 | 0.01 | -0.01 | 0.57 | 030 | 0.01 | 024 | 0.01 | 021 | 0.01 | 0.04 | 0.14
Pbhclust 0.19 | 0.01 | -0.02 | 0.65 | 027 | 0.01 | 021 | 0.01 | 0.14 | 0.03 | -0.02 | 0.62
IPBmaxvar 0.18 |0.002 | -0.03 | 0.70 | 024 | 0.01 | 016 | 0.01 | 020 | 0.01 | 0.05 | 0.20
IPBangprox 0.25 0.01 0.04 0.21 0.25 0.01 0.17 0.01 0.13 0.01 | -0.04 | 0.76

Notes: * — a partial Mantel statistic is calculated between the distance matrix obtained after soil aggregate fraction
composition on the different basis and distance matrix in the space of the physical properties, phytoindication scales
and distance from the stems controlling for the effect of geographic distance matrix.

(Legendre, Fortin, 1989). But the spatial structure in the soil aggregate fraction data is partly
determined by the spatial gradient in the phytoindication scales and partly by other factors
not explicitly identified in the study as the Mantel statistic controlling for the effect of space
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Table. 3. Spearman correlation between soil aggregate fraction and variables after log ratios transformation (pre-
senting statistically significant correlation coefficients with p < 0.05).

Aggregate Isometric log ratios variables
fraction, mm ILR 1 ILR 2 ILR 3 ILR 4 ILR 5 ILR_6 ILR 7 ILR_8
> 10 -0.78 0.87 0.84 0.78 0.76 0.71 0.70 0.62
7-10 - 0.65 0.65 0.75 0.77 0.72 0.62 0.48
5-7 - - 0.40 0.40 0.34 0.45 0.29 0.26
3-5 - 0.46 0.28 0.65 0.62 0.45 0.38 0.35
2-3 - 0.19 0.21 - 0.21 0.28 0.31 0.19
1-2 - - - -0.21 -0.40 - - -
0.5-1 - - -0.32 -0.33 -0.32 -0.55 - -
0.25-0.5 0.19 -0.52 -0.61 -0.54 -0.56 -0.70 -0.88 -0.65
<0.25 - -0.28 -0.40 -0.34 -0.31 -0.45 -0.64 -0.87
0.180

% X

Residuals = Unexplained Residuals = 0.438

Fig. 3. Variance partitioning between spatial and soil explanatory variables.

Notes: [a] - variation explained solely by soil variables; [b] - variation captured by spatial (AbMEM) variables
corresponds to pure space (residual spatial component); [c] - variation captured by distances from tree stems;
[a]+[b] - variation explained both by spatial and soil variables; [a]+[c] - variation explained both by spatial vari-
ables and distances from tree stems; [b]+[c] - variation explained both by soil variables and distances from tree
stems; [a]+[b]+[c] - variation explained by spatial, soil variables and distances from tree stems. All the variance
fractions shown are significant (p < 0.001).

is significantly different from zero. The maximal Mantel test was obtained after optimal basis
of the log ratios’ transformation of the soil aggregate fraction data. The Spearman correlation
matrix between soil aggregate fraction and variables after log ratio transformation allows for
better interpretation of the ILR-variables (Table 3).
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Fig. 4. Dependence of variation in herb-layer community composition from the bandwidth in evaluating the over-
story density. Dotted line shows variation explained with tree-distance dbMEM variables. X-axis is a bandwidth,
y-axis is variation explained by explanatory tables.

Notes: [a] — variation explained solely by soil variables; [b] - variation captured by spatial (dbMEM) variables cor-
responds to pure space (residual spatial component); [c] - variation captured by trees density; [a]+[b] - variation
explained both by spatial and soil variables; [a]+[c] - variation explained both by spatial variables and trees density;
[b]+[c] - variation explained both by soil variables and trees density; [a]+[b]+[c] - variation explained by spatial,
soil variables and trees density.

The model of RDA including all soil variables was significant (R , = 0.47, F = 3.84, p <
0.001). The forward selection procedure allowed us to select 19 soil variables, which explain
46.1% of the variability of the community (F = 5.94, p < 0.001). The list of the important soil
variables includes soil mechanical impedance (at the depth 0-5, 30-35, 55-60, 60-65, 65-70,
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Fig. 5. Distance based on the density of the tree spatial distribution with bandwidth is equal to 17. The points show
tree location. Distance is normalized to diapason 0-1.

75-80, 80-85, 85-90, and 90-95 cm), electrical conductivity, litter thickness, soil tempera-
ture, moisture, density and isometric log ratios variables (2, 3, 4, 6, 7).

There are 48 dbMEMs-spatial variables with soil variables as covariates, which together
explain 41.1% of the plant community variability. The forward selection procedure allowed
us to select 20 variables, which explain 40.3% of the variability of the community (F = 11.04,
p < 0.001).

The model of RDA including all dbMEMs-tree distance variables with soil variables as
covariates was significant (R’ , = 0.15, F = 1.49, p < 0.001). The forward selection procedure
allowed us to select 1 variable, which explains 0.7% of the variability of the community (F =
2.29,p < 0.001).

The unexplained variation accounts for 43.8% (Fig. 3). The variation explained solely by
soil variables is equal to 15.5%, while the variation explained both by spatial and soil vari-
ables is 18.0%.

The measure of the overstorey spatial structure, which is based on the evaluation of its
density, enables us to obtain different estimations depending on the bandwidth. The band-
width affects the explanatory capacity of the tree stand (Fig. 4). The lowest level of unex-
plained community variance obtained for bandwidth is equal to 17. The assessment of tree
stand density was obtained with this bandwidth (Fig. 5). The model of RDA including all
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T able 4. Variation in plant community structure explained by the models with soil variables.

Marginal Spatial partial Tree partial Tree density
Variable effect | p-value effect p-value effect p-value | partial effect | p-value
Rzadi Rzadi Rzudi Rzadi
Soil mechanical impedance at depth, MPa
0-5cm 0.030 0.001 0.007 0.121 0.012 0.038 -0.009 0.883
30-35cm | -0.001 0.487 -0.002 0.616 0.010 0.045 0.039 0.024
55-60cm | -0.002 0.607 0.010 0.045 -0.002 0.617 0.006 0.206
60-65 cm 0.018 0.014 0.003 0.239 0.027 0.004 -0.009 0.873
65-70 cm 0.009 0.061 0.009 0.069 0.001 0.366 0.051 0.012
75-80 cm 0.048 0.001 0.006 0.117 0.036 0.001 -0.010 0.974
80-85 cm 0.037 0.001 0.001 0.350 0.039 0.001 0.087 0.001
85-90 cm 0.028 0.001 -0.006 0.920 0.020 0.005 -0.003 0.406
90-95 cm 0.017 0.011 -0.005 0.853 0.023 0.004 -0.002 0.375
Other edaphic parameters
EC 0.009 0.064 0.016 0.015 0.027 0.001 0.001 0.302
Litter 0.057 0.001 -0.003 0.657 0.041 0.001 -0.005 0.483
Temp 0.000 0.420 0.004 0.199 0.006 0.111 0.052 0.011
Moisture 0.025 0.004 0.016 0.012 0.033 0.001 -0.009 0.883
Density 0.015 0.025 0.004 0.179 0.033 0.001 0.039 0.024
Isometric log ratios variables
ILR_2 0.013 0.023 0.008 0.067 0.027 0.001 0.006 0.206
ILR_3 0.005 0.130 0.003 0.241 0.024 0.003 -0.009 0.873
ILR_4 0.018 0.009 0.004 0.193 0.030 0.001 0.051 0.012
ILR_6 0.010 0.053 -0.002 0.596 0.031 0.001 -0.010 0.974
ILR_7 0.000 0.388 0.002 0.303 0.025 0.004 0.087 0.001

Notes: Marginal effect represents variation explained by a given variable without the effect of other variables in the
model. P-value accounting for autocorrelation is a significance of soil model with selected eigenvector-based spatial
variables (dbMEMs) as covariables; EC - Electrical conductivity, dSm/m; Litter — Litter depth, cm; Temp - soil tem-
perature, °C; Wetness — moisture of soil, %; Density - soil density, g/cm®.

dbMEMs-tree density distance variables was significant (R? , = 0.46, F = 1.48, p < 0.001).
The forward selection procedure allowed us to select 16 Variabfes, which explain 11.8% of the
variability of the community (F = 2.49, p < 0.001).

After accounting for spatial dependence in the model, considerable shifts in significance
were detected for marginal effects of some variables (Table. 4). Variation explained by such
variables as soil mechanical impedance at the depth 0-5, 60-65, 75-80, 80-85, 85-90, and
90-95 cm, litter thickness, soil density, ILR 4, and ILR 6 is spatially structured, meaning that
there is an decrease in variation explained by these soil factors after including spatial variables
as covariates in the models. Variation explained by some soil variables is structured by the
influence of trees. Tree density creates a much stronger effect on the plant community than
variables derived from distance from the tree stems. This became evident after a decrease
in the variation explained by the larger number of soil variables, if one takes into account

264



the effect of the dbMEMs-tree
density variables than if one
takes into account the effect
of the dbMEMs-tree distance
variables.

The majority of both the
spatially structured and tree-
distance structured variation
in plant community com-
position was broad-scaled
(captured by dbMEMs with
lowest numbers) (Fig. 6). The
soil models and pure spatial
effect were able to account for
mainly broad-to mesoscale
variation.

We found that there is a
range of values of bandwidth
in which a higher level of ex-
planation of the herbaceous
layer community structure
can be achieved than in the
case of the use of distance to
the nearest tree. The best ex-
planation of the herbaceous
layer community is due to the
highest explanatory ability of
the overstorey by means of
density-dependent measure
than tree-distance measure.
Increasing the bandwidth up
to the optimum value is ac-
companied by an increase in
the number of density-de-
pendent dbMEMs-variables
(Fig. 7).

The significant relation-
ship was found between soil
induced community structure
and phytoindication values
of the soil acidity, carbonate
content and aeration regime
(Table 5). The significant rela-
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Fig. 6. Scalograms illustrating the scaling of spatially structured variation
in community data (white bars) and residuals of the environmental mod-
els (black bars). The value of R, is the variation explained by individual
dbMEM variables. The dbMEMs are ordered decreasingly according to
the scale of spatial patterns they represent (d(bMEM 1 represents the
broadest scale, dbMEM 48 the finest scale).
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Fig. 7. Dependence of the number of the density-dependent dbMEMs-
variables with a significant relationship to the community composition
obtained after forward selection procedure from the bandwidth for tree
density assessment.
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T ableb5. Significance of regression between subplot-based phytoindicator scale values and soil effects in the spe-
cies data (first two RDA axes with soil predictors as explanatory variables), pure space (first two RDA axes with
spatial predictors as explanatory variables and selected soil and tree-distance variables as covariables), tree distance
effects (first RDA with tree distance predictors as explanatory variables and selected soil and spatial variables as
covariables), and tree-distance variables as covariables), tree density effects (first RDA with tree density predictors
as explanatory variables and selected soil and spatial variables as covariables).

Phytoindifator Soil fﬂeCt p-value Spat:;egtlrtlal p-value Tre:ﬂl;;itlal p-value g::zeﬁe:f;:z p-value
scale K R R Ry
Hd -0.01 0.55 0.00 0.34 -0.01 0.88 -0.01 0.90
fH 0.01 0.17 0.00 0.40 0.04 0.02 0.04 0.02
Rc 0.06 0.01 0.00 0.48 0.01 0.21 0.00 0.38
S -0.01 0.58 -0.01 0.96 -0.01 0.87 -0.01 0.79
Ca 0.06 0.01 0.05 0.01 0.05 0.01 0.09 0.00
Nt 0.00 0.25 0.01 0.21 -0.01 0.97 -0.01 0.80
Ae 0.04 0.02 0.02 0.07 0.09 0.00 0.08 0.00
Tm 0.01 0.14 0.00 0.27 0.00 0.41 -0.01 0.52
Om -0.01 0.87 0.01 0.22 0.00 0.37 0.00 0.32
Kn -0.01 0.66 0.02 0.08 0.00 0.30 0.00 0.46
Cr -0.01 0.51 -0.01 0.93 0.00 0.48 -0.01 0.66
Lc 0.00 0.45 0.02 0.10 0.05 0.01 0.05 0.01

Notes: * Hd - soil water regime; fH - variability of damping; Rc - soil acidity; Sl - total salt regime; Ca - carbonate
content in soil; Nt — nitrogen content in soil; Ae - soil aeration; Tm — thermal climate (thermoregime); Om - humid-
ity; Kn - continentality of climate; Cr - cryo-climate; Lc - light.

tionship was found between the pure spatial component of the community variation and
carbonate content. Tree distance and density effects are able to explain variability of damp-
ing, carbonate content, aeration and light regime.

Discussion

The small-scale variation of herb-layer community structure is influenced by the soil proper-
ties, structural features of the overstorey and neutral processes. The spatial factors may be
considered as the markers of the neutral processes (Cottenie, 2005). The difficulty is that the
variability of soil properties and effects of the overstorey also have a spatial component of its
variation. There are reciprocal relationships between various components in the soil proper-
ties (Paluch, Gruba, 2012). Sunlight penetration through the canopy is directly related to
the spatial pattern of the herbaceous layer (Blank, Carmel, 2012). The variability of the light
caused by the stand density is often seen as the leading environmental regime, which deter-
mines the interactions between organisms and their physical environments (Stohlgren et al.,
2000). This explains the widespread use of measuring light conditions under the canopy for
assessment of the influence of the overstorey on the herbaceous layer (Chudomelova et al.,
2017). It should be noted that the nature of influence of trees on herbaceous plants is much
more complicated and involves the impact of trees on the habitat by modulating the avail-
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ability of resources to the other species (Jones et al., 1994). Trees are capable of modifying the
properties of the soil in their vicinity (Binkley, Giardina, 1998). The pattern of soil properties
under single forest trees is generally developed with radial symmetry to the tree, varying with
distance from the tree trunk (Zinke, 1962). Tree species have a significant impact on humus
characteristics, which significantly explain the distribution of forest understorey species (Oi-
jen et al., 2005). The nearest distance to the tree species can be considered as a very apparent
measure of influence on the herbaceous plants. The arrangement of different tree species can
significantly complicate the structure of ecological space. The distance of the nearest tree is
an easy and obvious measure of the impact of the overstorey, both on the herbaceous layer
and soil. But it does not take into account the role of the relative positions of the trees of the
same species. Tree density is sensitive to the number of trees of the same species per square
unit. Evaluation of density can be measured with different bandwidths, which provides an-
other opportunity for the modeling of scale-dependent effects.

We proposed that the dbMEMs-approach can be a useful tool for modeling the spatial
effects of the overstorey. The coordinates of sampling locations used to generate a set of or-
thogonal eigenvector-based spatial variables (dbMEMs) may be calculated in the space of
the distances to the nearest tree species or in the space opposite to tree densities. The value
inverse to density can be considered as the distance from or between clusters of trees of the
same species. This distance can also be used to calculate the dbMEMs variables. It must be
noted that the dbMEMs approach is usually applied for modeling the geographical patterns
within the extent of the sampling area (Borcard, Legendre, 2002) or time patterns from the
beginning to the end of the sampling period (Legendre, Gauthier, 2014). The trees consti-
tute a specifically structured space, in which a gradient of the environmental properties is
formed in relation to the distance from the tree trunk. In this case, the extent is defined by
the distance from the tree trunk to the sampling location farthest from the trunk of the tree.
In the process of modeling, the extent may be varied, but the reference point is a single tree
(in the case of estimation of distances) or the point with the highest density of the stand (in
the case of density estimation). Spatial patterns in the specified extent can be modeled using
the dbMEMs-variables.

If variables derived from tree distances are considered as the reference for comparison,
it can be concluded that the change of the bandwidth for computing a kernel smoothed
intensity function from a trees’ point pattern can significantly increase the explanatory abil-
ity in general of the model based on the dbMEMs-tree density dependent variables. Using
dbMEMs-tree density dependent variables calculated with bandwidth is 17, which gives the
possibility to reduce the unexplained component of the community variation from 43.8 to
37.5%. The increase of the explanatory ability of the model is mainly due to the dbMEMs-tree
density dependent variables. A considerable part of the variation explained by soil variables
is tree structured, meaning that an increase in variation explained by dbMEMs-tree density
dependent variables decreases the variation explained purely by spatial variables. It is clear
that the overstorey is important for spatial variability of the soil properties. This conclusion
is also confirmed by the fact that the bandwidth increase of up to an optimal level leads to
higher importance of the variation explained by spatial variables and shared with tree density
and both by soil variables and shares with tree density.
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The spatial heterogeneity of soil is mainly driven by the distribution of tree patches (Andivia
et al,, 2015). Our results revealed that the pure spatial component and the spatially structured
soil properties are the most important factors that affect the herbaceous community. In turn,
overstorey structure is more effective than pure effect of the soil properties. Soil variables are
most important in explaining both broad-scaled and fine-scaled compositional patterns. In
other studies, it was shown that environmental variables mostly explain broad-scaled com-
positional patterns (Laliberte et al., 2009; Legendre et al., 2009; Gazol, Ibanez, 2010; Chang et
al,, 2013; Chudomelova et al., 2017). We can explain this result by the ability of soil physical
properties to form fine-scale patterns of an endogenous nature. Also, fine-scale morphologi-
cal soil structure may be formed under the influence of trees. Morphological structure of soil
on the fine-scale level is referred to as soil ecomorphs (Zhukov, Zadorozhnaya, 2016; Zhukov
et al,, 2018). These soil patterns influence the herb layer stratum. We found that understory
species composition was best explained by the soil mechanical impedance, litter depth, soil
temperature and soil moisture, and soil aggregate structure. It is also necessary to note the
role of overstorey in the variation of soil properties. Mechanical impedance of the soil is a very
important and ecologically relevant soil property, which is considered as a factor influencing
the living conditions of plants (Zhukov, Gadorozhnaya, 2016; Zadorozhnaya et al., 2018). The
general pattern of tree induced variability of soil properties is due to the difference between the
effect of litter and the adjacent opening or neighboring tree (Zinke, 1962). The litter thickness is
an important factor influencing the soil temperature (MacKinney, 1929) and can reduce the ef-
fects of soil temperature extremes and moderate minimum and maximum temperature values
(Fekete et al., 2016). The soil moisture is positively dependent on forest litter thickness (Xing
et al.,, 2018). On the other hand, soil moisture considerably effects leaf litter decomposition. In
wetter conditions, a higher level of litter decomposition occurs in general (Yoon et al., 2014).
Soil aggregate structure is critical to plant growth (Barthes, Rose, 2002; Canton et al., 2009). But
the reverse is also true: vegetation affects soil structure at different scales and through a wide
variety of mechanisms (Angers, Caron, 1998).

Conclusion

The local variation in the studied herb layer community was best explained by soil mechanical
impedance (at the depth 0-5, 30-35, 55-60, 60-65, 65-70, 75-80, 80-85, 85-90, and 90-95 cm),
soil electrical conductivity, litter thickness, soil temperature, wetness, density, and aggregate struc-
ture (isometric log ratios variables 2, 3, 4, 6, 7). A considerable part of the pant community vari-
ation explained by soil factors was spatially structured. The orthogonal eigenvector-based spatial
variables ((bMEMs) approach can be extended to quantifying the effect of forest structures on
the herb layer community. The measurement of the overstorey spatial structure, which is based on
the evaluation of its density, was very useful to explain the variation of the herb layer community.
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