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The ground vegetation layer is the most diverse plant community in forest ecosystems. We have shown the role of spatial va-
riables, soil properties and overstorey structure in spatial variation of the herb-layer community in a riparian mixed forest . The research
was conducted in the "Dnipro-Orils’kiy" Nature Reserve (Ukraine). The research polygon was located in the forest in the floodplain of

Oles Gonchar Dnipro the River Protich, which is a left tributary of the River Dnipro. Plant abundance was quantified by measuring cover within an experi-
National University, mental polygon. The experimental polygon consisted of 7 transects, each comprising 15 test points. The distance between the rows in
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the site was 3 m. At the site we established a plot 0of 45 x 21 m, with 105 subplots of 3 % 3 m organized in a regular grid. A list of vas-
cular plant species was composed for each 3 x 3 m subplot along with visual estimates of species cover projection. The plant commu-
nity was represented by 43 species, of which 18.6% were phanerophytes, 39.5% were hemicryptophytes, 9.3% were therophytes, 7.0%
were geophytes. An overall test of random labelling revealed the total nonrandom distribution of the tree stems within the site.
The species-specific test of random labelling showed the nonrandom segregated distribution of Acer tataricum, Pyrus communis,
Quercus robur, and Ulmus laevis. Crataegus monogyna and Euonymus europaeus were distributed randomly. The nearest neighbour
of Acer tataricum was less likely to be Ulmus laevis. There was no direct spatial connection between Acer tataricum and other trees.

Crataegus monogyna, Pyrus communis, Quercus robur and Euonymus europaeus were not segregated from all other species. The
Meitopol, 72318, Ukraine.  nearest neighbour of Ulmus laevis was less likely to be Acer tataricum. Constrained correspondence analysis (CCA) was applied as
fa'[’;ya;;m 77 T@gmalcom ordination approach. The forward selection procedure allowed us to select 6 soil variables which explain 28.3% of the herb-layer
’ community variability. The list of the important soil variables includes soil mechanical impedance (at the depth 0-5, 30-35, 75-80, and
95-10 cm), soil moisture, and soil bulk density. The variation explained by pure spatial variables accounted for 11.0 %. The majority of
the tree-distance structured variation in plant community composition was broad-scaled. The spatial scalograms were left-skewed
asymmetric. Significant relationship was found between the pure spatial component of the community variation and a number of phy-
toindicator estimations, most important of which were the variability of damping and humidity. Tree stand was obseerved to be a con-
siderable factor structuring both the herb-layer community and spatial variation of the physical properties of soil.
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Introduction

Floodplain forest ecosystems form centers of biological diversity
(Schnitzler et al., 2005; Zhukov & Gubanova, 2015b; Brygadyrenko,
2016; Schindler et al., 2016). These ecosystems occupy a small part of the
territory of the steppe zone of Ukraine, but give refuge to a large variety of
soils, vegetation and animal communities (Gritsan et al, 2019).
The environmental processes occurring at landscape levels are directly
reflected in the state of floodplain ecosystems (Ward et al., 2002; Zhukov
& Gubanova, 2015a; Talbot et al., 2018). The small-scale variation of
herb-layer community structure is affected by the soil properties, oversto-
rey structural features and factors of a neutral nature. It should be noted
that the nature of the influence of trees on herbaceous plants is much more
complicated and involves the impact of trees on the habitat by modulating
the availability of resources to other species (Jones et al., 1994). The spa-
tial component is presented in the variability of soil properties and the
overstorey effects on the understorey plant community. The nearest dis-
tance 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 to the nearest tree is an easy and obvious measure of the
impact of the overstorey both on the herbaceous layer and soil (Zhukov et
al., 2019). The herb-layer of forest ecosystems is affected by a complex of
factors, the source of which are soil conditions, the structure of a oversto-
rey, interspecies interactions at the level of the herb-layer community and
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the factors of neutral nature. Neutral theory is based on the presumption
that species of the community are ‘neutral’ in their ecological fitness
(Buns et al., 2016). An important feature is that almost all of these factors
are spatially structured. The neutral processes may be modeled by means
of the spatial factors (Cottenie, 2005). The spatial structure has hierarchy
of a certain scale. The environmental variables explain mostly broad-
scaled spatial patterns (Chudomelova et al., 2017). The factors of different
nature are mainly manifested at different scale levels, which is especially
important for assessing those factors that cannot be directly measured or
are difficult to measure (Laliberté et al., 2009). This is especially true for
the neutral nature factors, which in a time dimension occupy a considera-
bly wider range than the duration of conventional environmental observa-
tions. The soil physical properties form fine-scale patterns of an endogen-
ous nature. Also fine-scale morphological soil structure may occur due to
influence of trees. Morphological structure of soil on the fine-scale level is
interpreted in terms of soil ecomorphs. The fine-scale structured soil pat-
terns demonstrate ability to affect the herb layer stratum (Zhukov & Zado-
rozhnaya, 2016). Using soil variables, one may explain both broad-scale
and fine-scale spatial patterns (Zhukov et al., 2019).

The estimation of the influence of the spatial organization of oversto-
rey on the herb-layer is also a difficult task. Various components in the soil
properties are highly correlated (Paluch & Gruba, 2012). The impact of
trees has a complex spatial organization, or is very changeable in time.
Trees are capable of modifying properties of soil in neighbouring territo-
ries (Binkley & Giardina, 1998). The latter circumstance is particularly
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related to the light regime. Sunlight penetration through the canopy direct-
ly determines the spatial pattern of the herb-layer community structure
(Blank & Carmel, 2012). The amount of light that passes through the tree
crown depends on many factors that vary significantly during the day, the
seasons and throughout the year. The light variability mediated by the
stand density is the important environmental regime which determines the
interactions between organisms and their physical environments
(Stohlgren et al., 2000). In this regard, the integrated indicators of the plant
community response to tree stand effect has a certain advantage, as they
reflect a regular pattern of the impact of trees on the environment (Zhu-
kov, 2015a).

The estimation of impact of different sources is complicated due to
their mutual interrelation. Tree species have a significant impact on humus
characteristics, which significantly explain the distribution of forest un-
derstorey species (Oijen et al., 2005). This relationship can be functional or
indirect. Trees also affect variability of the soil conditions, and soil conditions
affect the dynamics of growth and condition of trees. General regimes,
caused by relief or parent materials, take effect both on trees and soils.

The objective of this study was evaluation of the role of spatial va-
riables, soil properties and overstorey structure in spatial variation of the
herb-layer community in riparian mixed forest.

Materials and methods

The studies were conducted in the "Dnipro-Orils’kiy" Nature Reserve
(Ukraine) (Fig. 1).

"Dnipro-Orils’kiy" Nature Reserve
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Fig. 1. Arrangement of experimental polygon and the sampling points:
a—map of the "Dnipro-Orils’kiy" Nature Reserve; b — satellite image
of the territory around the research polygon; ¢ — scheme of the research

polygon and tree species individual locations

The experimental polygon (48°30'56" N, 34°49"21" E) was located in
a forest in the floodplain of the River Protich, left tributary of the River
Dnipro. The territory has a temperate-continental climate with an annual
mean maximum temperature for the decade 20082018 equaling 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 0.945 ha of deciduous
woodland bordered by an arena terrace above the floodplain of the River
Dhnipro. Forests in the steppe zone of Ukraine have a very restricted distri-
bution, usually appearing as “islands™, which implies a considerable im-
pact of the surrounding non-forest environment (Zhukov et al., 2019).

The abundance of plant species was quantified by measuring cover
within each subplot of the experimental polygon. The experimental poly-
gon consisted of 7 transects, each transect comprising 15 subplots with the
size of 3 x 3 m (Zhukov et al., 2019). The adjacent subplots were in close
proximity.

The projective cover of plant species was recorded at ground level
(hemicryptophytes, therophytes, and geophytes), understorey (up to 2 m
height, nanophanerophytes) and canopy (above 2 m height, phanero-
phytes). We were able to make species level identification for all subplots.
Seedlings and saplings of woody species were later excluded from the
analyses. Within the plot, all tree stems >20 cm in diameter at breast
height were measured and mapped. Dixon’s segregation index was calcu-
lated for tree species to quantify their relative spatial mixing. The measure
of segregation describes the tendency of one species to be associated with
itself or with other species (Dixon, 2002).

The investigated biotope may be identified as G1.22 Mixed oak-elm-
ash woodland of great rivers according to the EUNIS classification or
91F0 Riparian mixed forests of Quercus robur, Ulmus laevis and Ulmus
minor, Fraxinus excelsior or F. angustifolia, along the great rivers of the
Atlantic and Middle-European provinces (Ulmenion minoris) according
to the Council Directive 92/43/EEC (Borsukevish & Onishenko, 2018).
In syntaxonomic aspect the vegetation can be identified as follows:

Class Alno glutinosae-Populetea albae P. Fukarek et Fabijani¢ 1968
Ordo Alno-Fraxinetalia excelsioris Passarge et G. Hofmann 1968
Alliance Alnion incanae Pawtowski, Sokotowski et Wallisch 1928
Ass. Ficario-Ulmetum minoris Knapp 1942 em. J. Matuszkiewicz 1976
Subass. Ficario-Ulmetum minoris franguletosum alni Onyshchenko 2009

On the basis of geobotanical descriptions, we performed phytoindica-
tive assessment of environmental factors according to Didukh (Didukh,
2011). Measurement of soil mechanical impedance was carried out in the
field using a hand Eijkelkamp penetrometer, to a depth of 100 cm with
interval of 5 cm. The mean error of the measurement results obtained
using the device is + 8%. The measurements were made by a cone with a
cross-sectional dimension of 2 cm?. Within each measurement point, the
mechanical impedance of the soil was determined in a single repeatability
(Zhukov, 2015b). To measure the electrical conductivity of the soil in situ,
a HI 76305 sensor was used (Hanna Instruments, Woonsocket, R. L).
The soil bulk density was determined using Kachinsky classification, and
soil moisture was determined using weight method. The aggregate struc-
ture was evaluated by the dry sieving method according to Savinov (Zhu-
kov et al., 2015). The percentage content of such fractions accounted for:
<0.25,0.25-0.5, 0.5-1, 1-2, 2-3, 3-5, 5-7, 7-10, >10 mm. Thickness of
litter layer was measured with a ruler at 5 sampling points per sample
subplot. According to the WRB (IUSS Working Group WRB 2015), the
soil was identified as Fluvic Calcic Gleysol (Loamic, Humic) (Yakovenko
etal., 2019).

As plant cover data tended to be left-skewed (J-shaped), right skewed
(L-shaped) or U-shaped, the statistical presumptions of the plant cover
data normality were rejected. Plant cover was assumed as being beta-
distributed (Damgaard & Irvine, 2019). The shape parameters of beta
distribution were found on the basis of the experimental data by means of
the betaCvMfit function of the R (R Core Team, 2020) package RobPer
(Thieler et al., 2016). The nonparametric bootstrap confidence interval of
the plant cover projection was estimated by means of the boot.ci function
of the R package boot (Canty & Ripley, 2016).

Constrained correspondence analysis (CCA) was applied to model of
the variance in herb layer species composition (Ter Braak, 1986). Before
the analyses, percentage cover of species was arcsine-transformed. Soil
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mechanical impedance, soil electrical conductivity, thickness of litter
layer, moisture and soil bulk density were log-transformed. First the signi-
ficance of CCA global model including all soil variables was tested. A soil
model based on the forward selection of soil variables was developed with
double stopping rule (alpha significance level and the R2adj were calcu-
lated using all explanatory variables) (Blanchet et al., 2008). Variables
were retained only with a significant relationship to community composi-
tion (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. The significances of all the models
were tested, and R2adj was extracted.

The geographic coordinates of sampling locations were used to gene-
rate a set of orthogonal eigenvector-based spatial variables (lbMEMs),
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 factors as cova-
riables was applied to the subset of spatial variables. The significance of
soil models with selected spatial variables as covariables was tested using the
Monte Carlo permutation test (9999 permutations) (Zhukov et al., 2019).

The distance matrix from each species to the nearest tree was applied
as a measure of spatial structure of overstorey The distance matrix of
sampling locations provided the opportunity to generate eigenvector-
based spatial variables (lbMEMs-tree based). The forward-selection pro-
cedure on partial CCAs with previously selected soil factors as covariables
was applied to the subset of tree-structured spatial variables and the signi-
ficance of environmental models with selected spatial variables as cova-
riables was tested using the Monte Carlo permutation test (9999 permuta-
tions) (Zhukov et al., 2019).

In the next phase of the study, the dbMEMs were forward-selected
directly on the basis of the community data to explore patterns in commu-
nity variation by variance partitioning between environmental and spatial
influence. The significance of pure spatial and environmental fractions
was tested using Monte Carlo permutation tests with 999. The scalogram
approach was applied for in-detail analysis of the spatial scaling of com-
munity variation (Legendre & Legendre, 2012). For this purpose, the two
sets of CCA analyses were carried out with each of the dbMEM variables
as a predictor. As a response variable, the first set of CCA analyses used
raw (arcsine transformed) species data, while the second set used residuals
of the environmental model in which forward-selected environmental
variables functioned as predictors (Chudomelova et al., 2017). From each
CCA, we extracted R2adj 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 interpre-
tation of spatial structures in community composition not explained by
environmental variables (Zhukov et al., 2017).

The environmental factors were applied to CCA-ordination by enfit
function from the vegan library (Oksanen et al., 2018). The constrained
ordination approaches (correspondence or redundancy analysis) allowed
us to assess the effects of the soil moisture as an explanatory variable on
the invertebrate community with temporal, spatial, environmental factors
and soil type as condition variables. The detrended correspondence analy-
sis (DCA) was used to determine whether species responses are primarily
monotonic or primarily unimodal. To do this, the length of the first major
gradient of variation in community data was estimated (ter Braak & Pren-
tice, 1988).

If gradient length is more than two standard deviation, then con-
strained correspondence analysis (CCA) must be selected as ordination
approach. Otherwise constrained redundancy analysis (RDA) is most
suitable. All statistical analyses were conducted in R (v. 3.5.0., R Founda-
tion for Statistical Computing, Vienna, AT), using the following pack-
ages: vegan (v. 2.5-2, https://CRAN.R-project.org/package=vegan) for the
multivariate analysis and for the computation of global and partial Mo-
ran’s 1. (Oksanen et al., 2019), 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., 2012), dixon for testing the spatial
segregation and association based on nearest-neighbour contingency table
analysis (De la Cruz, 2008), spatstat for density estimation of the tree
stems’ spatial distribution (Baddeley & Turner, 2005).

Results

The plant community was represented by 43 species, of which 18.6%
were phanerophytes, 39.5% were hemicryptophytes, 9.3% were thero-
phytes, 7.0% were geophytes (Table 1). Quercus robur L. and Ulmus
laevis Pall. were characterized by the largest projection cover (23.5% and
13.3% respectively) among phanerophytes.

Table 1
Plant community composition and descriptive statistic
of the plant species projective cover

Beta-
Raunkizer plant life-form disrbution Projective  Vari- O(?nﬁdmce
and species shapepara- " O % ance interval
__ mefers ’ -
Alpha Beta 2.5% 97.5%
Phanerophytes
Acer negundo L. 025 3198 079 002 052 L12
Fraxinus excelsior L. 001 9898 001 00001 000 003
Populus nigra L. 005 1025 053 005 022 111
Pyrus communis L. 016 229 643 174 429 929
Quercus robur L. 168 549 2348 220 2057 2624
Salix alba L. 003 1393 019 001 005 055
Ulmus laevis Pall. 185 1205 1331 077 1169 1504
U. minor Mill. 0009 9898 0010 00001 0.00 0.029
Nanophanerophytes

Acer tataricum L. 061 1054 549 043 434 684
Amorpha fiuticosa L. 033 2215 147 006 105 198
Berberis vulgaris L. 001 9898 0010 00001 0.00 0029
Cornus sanguinea L. 021 944 221 020 150 329
Crataegus monogyna Jacq. 030 1331 222 015 156 304
Euonymus europaeus L. 008 2028 038 002 014 062
Frangula alnus Mill. 004 1673 026 001 0.0 062

Parthenocissus quinquefolia (L) Planch. 0009 3231 0029 0001 000 0086

Rhamnus cathartica L. 0019 9993 0019 00002 000 0048
Ruubus caesius L. 013 2807 046 002 025 075
Sambucus nigra L. 02 1685 168 009 L17 236
Hemicryptophytes

Alliaria petiolata (M.Bieb,) Cavara et 035 1671 205 011 149 277
Grande

Anihviscus sybvestris (L.) Hoffin, 007 240 032 001 014 062
Arctium lappa L. 019 1811 106 005 070 163

Brachypodium sylvaticum (Huds.) P.Beauv. 0.11 5672 019 0003 010 032

Calystegia sepium (L.) R Br. 008 4173 019 0004 009 035
Carex pilosa Scop. 015 3211 048 001 029 075
Chelidonivum majus L. 060 2621 225 008 179 285
Cynoglossum officinale L. 0009 3231 0029 0001 000 0086
Geranium robertianum L. 036 1120 313 024 230 419
Geum urbanum L. 045 3773 119 003 090 156
Glechoma hederacea L. 037 1898 190 009 137 252
Leonurus cardiaca L. 0019 9993 0019 00002 0.00 0043
Poanemoralis L. 009 107.15 009 0001 004 014
Scrophularia nodosa L. 030 2505 117 004 081 16l
Silene baccifera (L.) Roth 038 1782 211 011 156 283
Symphytum officinale L. 0024 3636 0067 0002 0010 0.181
Urtica dioica L. 065 911 668 058 540 830
Therophytes
Anthriscus cerefolium (L.) Hoffim. 093 803 1035 093 864 1233
Erodium cicutarium (L.) L'Hér. 0019 9993 0019 00002 0.00 0048
Galium aparine L. 285 2192 1152 040 1037 1274
Stellaria media (L.) Vill 074 1078 642 048 5.19 780
Geophytes

024 209 1048 281 762 1405
0046 4042 0.114 0003 0038 0248
0019 9993 0019 00002 000 0.048

Convallaria majalis L.
Humulus hupulus L.
Lamium album L.

Acer tataricum L., Cornus sanguinea L., and Crataegus monogyna
Jacq. had the largest projection cover among the nanophanerophytes
(5.5%, 2.2%, and 2.2% respectively). Urtica dioica L. (6.7%) and Gera-
nium robertianum L. (3.1%) had the largest projection cover among he-
micryptophytes. Galium aparine L. (6.4%) and Anthriscus cerefolium (L.)
Hoffim (10.4%) had the largest projection cover among therophytes (6.4%
and 10.4% respectively). Convallaria majalis L. had the largest projection
cover among geophytes (10.5%).

The forest overstorey included Quercus robur L. (18.7% of total tree
stems), Ulmus laevis Pall. (39.0%), and Pyrus communis L. (5.7%).
The forest understory included Acer tataricum L. (16.3% of total tree
stems), Crataegus monogyna Jacq. (8.9%), and Euonymus europaeus L.

Biosyst. Divers., 2020, 28(4)

392



(11.4%). The distance from the sampling locations to Quercus robur
stems was 3.8 +0.21 m (maximum — 11.4 m), accounted for 2.7 £0.16 m
(maximum — 8.8 m) to Ulmus laevis stems, 9.3 + 0.56 m (maximum —
19.3 m) to Pyrus communis stems, 5.8 £ 0.32 m (maximum — 13.4 m) to
Acer tataricum stems, 5.8 £ 0.32 m (maximum — 13.4 m) to Crataegus
monogyna stems, and 6.4 + 0.31 m (maximum — 14.2 m) to Euonymus
europaeus. Overall test of random labelling revealed the total nonrandom
distribution of the tree stems within the site (overall test of random label-
ling 146.6, P-value of the overall test from the asymptotic chi-square
distribution with the appropriate degrees of freedom equaled <0.01)
(Table 2).

Table 2
The nearest-neighbour contingency table
and Dixon’s spatial segregation test for tree species

Ata- Cmo- E.euro- P.com-

Species . . QO.robur  U. laevis
taricum _nogyna____ paeus munis
Observed 12 2 2 1 1 2
A. tata-  Expected 311 18 23 1.15 377 787
ricum S 091 0.05 -0.07 -0.06 -0.64 -0.77
p-value <001 0.70 0.76 0.70 0.09 <001
Observed 2 1 1 0 2 5
C.mo- Expected 18 09 126 0.63 207 433
nogyna S 0.05 0.05 -0.11 ~Inf -0.02 0.11
p-value 0.70 0.64 0.68 032 0.74 0.55
Observed 0 0 10 0 2 2
E. euro- Expected 23 126 149 08 264 551
paeus S —Inf —Inf 132 —Inf -0.14 0.59
p-value 0.06 020 <001 032 0.54 0.07
Observed 0 0 0 6 0 1
P.com- Expected 1.15 0.63 08 034 132 275
munis S —Inf —Inf ~Inf 2.06 —Inf 0.59
p-value 0.19 033 033 <001 0.20 0.14
Observed 2 2 3 0 9 7
0. robur Expected 377 207 2.64 132 4.15 9.05
" S -031 -0.02 0.06 —Inf 047 0.17
p-value 028 0.75 0.52 023 0.04 041
Observed 0 4 3 1 6 34
U laevis Expected 787 433 551 275 9.05 1849
’ S —Inf 004 -029 -046 -021 0.59

p-value <0.01 0.82 027 021 020 <0.01

Note: Observed count — observed nearest neighbour count; Expected count — ex-
pected nearest neighbour counts; S — segregation measure (values of S larger than 0
indicate that species is segregated; the larger the value of S, the more extreme is the
segregation; values of S less than 0 indicate that species was found as neighbour of
itself less than expected under random labeling; values of S close to 0 are consistent
with random labelling of the neighbours of species); P-value — on the basis of asymp-
totic normal distribution of the Z statistic.

The species-specific test of random labelling showed the nonrandom
segregated distribution of Acer tataricum (segregation measure 11.1, P <
0.01), Pyrus communis (segregation measure S = 2.1, P <0.01), Quercus
robur (S=0.5, P =0.04), and Ulmus laevis (S= 0.6, P <0.01). Crataegus
monogyna and Euonymus europaeus were distributed randomly.
The nearest neighbour of Acer tataricum was less likely to be Ulmus
laevis (S =—0.77, P < 0.01). There was no direct spatial connection be-
tween Acer tataricum and other trees. Crataegus monogyna, Pyrus com-
munis, Quercus robur and Euonymus europaeus were not segregated
from all other species. The nearest neighbour of Ulmus laevis was less
likely to be Acer tataricum (S = Inf, P <0.01).

Soil mechanical impedance in the 0-5 cm surface layer was 0.72 +
0.01 MPa (Fig. 2). Until the depth of 35-40 cm, the changes of soil me-
chanical impedance were insignificant, while the local maximum of this
soil property was observed at the depth of 1520 cm. Below the depth of
40-45 cm, there was seen a rapid increase in the soil mechanical impe-
dance, resulting in the soil mechanical impedance at the depth of 95—
100 cm accounting for 3.69 + 0.09 MPa. This indicated that the soil
mechanical impedance within the investigated polygon can serve as a
significant limiting factor that influences the structure of the herbaceous
vegetation.

Soil electrical conductivity of the soil surface layer was 049 +
0.06 dSmvm (Fig. 3). In 6.6% of cases the soil electrical conductivity value
was higher than 2 dSm/m. This value was a marker for a critical level of
the soluble salt content in soil, able to restrict plant growth.

Depth of forest litter varied (04 cm) with average value of 2.23 +
0.07 cm. The moisture content in the soil surface layer at the time of the
study was 3.58 = 0.24%. The bulk density of soil surface layer varied
widely (0.33-1.48 g/em’). The macroaggregates larger than 10 mm, the
proportion of which was 23.46 + 0.98% (Fig. 4), had the greatest role in
the soil aggregate structure. The gradient length of the first major gradient
of variation in community data, estimated using DCA, was more than two
standard deviations (2.59). Then constrained correspondence analysis
(CCA) was applied as ordination approach. The model of the partial CCA
of the plant community data, including all soil variables as covariables,
was significant (R2adj = 0.39, F =3.03, P <0.001). The forward selection
procedure allowed us to select 6 soil variables, which explained 28.3% of
the community variability (F = 7.84, P <0.001). The list of the important
soil variables included the soil mechanical impedance (at the depth 0-5,
30-35, 75-80, and 95-100 cm), the soil moisture, and the soil bulk density.

6

-+ Mean
5t T Mean+2*SD

1 3 5 7 9 11 13 15 17 19
Fig. 2. Soil mechanical impedance profile distribution:
X-axis is the soil layer depth: 1 —0-5 cm, ... 20—95-100 cm;
Y-axis is the soil mechanical impedance, MPa
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Fig. 3. Spatial variation of the soil variables within the experimental
polygon: X-axis and Y-axis are the local coordinates, m

There were 48 dbMEMs-spatial variables with soil variables as cova-
riables, which together explained 66.2% of the plant community variabili-
ty. The forward selection procedure allowed us to select 18 variables,
which explain 65.8% of the variability of the community (F = 6.81, P <
0.001). The model of CCA, including all dbMEMs-tree distance variables
with soil variables as covariates, was significant (R2adj = 0.25, F = 2.15,
P<0.001). The forward selection procedure allowed us to select two
variables (Fig. 5), which explains 14.3% of the variability of the plant
community (F = 15.76, P < 0.001). The model of the partial CCA of the
plant community data, including all phytoindicator variables as cova-
riables, was significant (R2adj = 0.30, F = 4.65, P < 0.001). The forward
selection procedure allowed us to select 3 phytoindicator variables, which
explain 28.4% of the community variability (F = 14.7, P <0.001). The list
of the important phytoindicator variables included the soil water regime
(Hd), the soil aeration (Ae), and light (Lc). The unexplained variation
accounts for 65.1%. The variation explained solely by soil variables
equaled 1.6%, while the variation explained both by spatial and soil va-
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riables was 6.2%. The soil, spatial and tree distance variables were able to
explain 6.1% of the community variation. The variation explained by pure
spatial variables equaled 11.0%. The role of the other sources of the varia-
tion was considerably low. The majority of the tree-distance structured
variation in plant community composition was broad-scaled (captured by
dbMEMs-tree variables with lowest numbers). The soil, phytoindicator,
and spatial effects were able to account for mainly broad- and mesoscale
tree-distance structured variation. The pure tree induced spatial effect on

the plant community was found to be statistically significant, covering the
broad- and partly mesoscale diapason of the community variation.

The spatial scalograms were leftskewed asymmetric (Fig. 7).
DbMEM-tree variables may improve the explanation of the plant commu-
nity variation by the spatial variables. The soil and phytoindicator effects
were able to account for spatially structured variation. The pure spatial
effect on the plant community was found to be statistically significant,
covering the broad- and mesoscale diapason of the community variation.
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Fig. 5. Spatial variation of the dbMEMs-tree distance variables within the experimental polygon: X-axis and Y-axis are the local coordinates, m

The variation in plant community structure may be explained by soil
mechanical impedance at depths of 0-5, 30-35, 35-40, 45-50, and 95—
100 cm, the soil bulk density, the moisture content, and the portion of 2—
3 mm aggregate fractions (Table 3). The spatial effect accounted for varia-
tion explained by soil mechanical impedance at depths of 35-40, 45-50,
and 95-100 cm, soil moisture, and aggregate fractions. There was no
phytoindicator partial effect on explanatory power of the soil mechanical
impedance, and taking into account the phytoindicator effect led to in-
crease in the explanatory power of the edaphic parameters. The explanato-

ry power of the soil bulk density and aggregate fractions considerably
decreased after taking into account tree partial effect. A significant rela-
tionship was found between the soil induced community structure and the
phytoindication values of soil water regime, variability of damping, total
salt regime, and continentality of climate (Table 4). A significant relation-
ship was found between the pure spatial component of the community
variation and many of the phytoindicator estimations, of which the varia-
bility of damping and humidity were of the greatest importance. There
was no significant tree distance effect on the phytoindicator estimations.
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Fig. 6. Scalograms illustrating the scaling of tree structured variation
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Fig. 7. Scalograms illustrating the scaling of spatial structured variation
in plant community data (No variables as covariables, blue bars) and
residuals of the tree distance models (red bars), soil models (black bars),
phytoindicator models (green bars) and pure spatial effect (yellow bars);
the value of R2adj is the variation explained by individual dbMEM-spatial
variables; the dbMEMs are ordered decreasingly according to the scale
of spatial patterns they represent (x-axis is the number of dbMEM,;
dbMEM 1 represents the broadest scale, dbMEM 48 — the finest scale)

Discussion

The ground vegetation layer is the most diverse plant community in
the forest ecosystems (Gilliam, 2007). The niche assembly and dispersal
assembly are discussed as the altemative explanations for community
structure (Dallas & Drake, 2014a; Faly & Brygadyrenko, 2014; Brygady-

renko, 2015, 2019). The niche assembly concept suggests that community
structure is largely affected by environmental factors (Weiher et al,
2011b). In our investigation, we considered the effect on the herbaceous
plant community of the forest ecosystem of such environmental factors, as
the soil conditions and the impact of tree plants. Dispersal assembly sug-
gests that community is structured by the ability of species to reach new
habitats (Dallas & Drake, 2014b). That is why spatial variables may be
considered as the effective determinants of community composition
(Weiher et al., 2011a). In our work, the spatial component of the variation
was investigated as a factor of the plant community structure.

Table 3
Variation in plant community structure explained by models
with soil variables (statistically significant predictors are presented only)

» Partial effect
effect - spatial phytoindicator tree
Ry value Ry pvaue R, pvalue R, p-value

Marginal

Variable

Soil mechanical impedance at depth, MPa

0-5cm 0041 0001 0015 0014 0030 0001 0026 0.002
30-35cm 0070 0001 0020 0009 0061 0001 0060 0.001
3540cm 0033 0001 0004 0180 0029 0001 0029 0.001
45-50cm  0.016 0009 0001 0310 0008 0031 0019 0001
95-100cm_0.007 0076 0.008 0.082 0008 0.039 0.013 0.009

Other edaphic parameters

Density 0025 0004 0016 0012 0033 0001 -0009 0.883
Moisture 0015 0025 0004 0179 0033 0001 0.039 0.024
Aggregate fractions, mm
23 0013 0023 0008 0067 0027 0001 0006 0206
7-10 0005 0130 0003 0241 0024 0.003 -0.009 0873

Note: marginal effect represents variation explained by a given variable without the
effect of other variables in the model; P-value accounting for autocorrelation was the
significance of soil model with selected eigenvector-based spatial variables
(dbMEMs) as covariables; moisture — moisture of soil, %; density — soil density,
glont’.

Herb-layer species are known to be sensitive and informative ecolog-
ical indicators (Weiher et al., 2011a). In our investigation, the phytoindica-
tion estimations of the certain ecological factors were formally considered
as a special source of the variation of plant community structure. The phy-
toindication estimates are markers of the coordinated dynamics of plant
community species, which is due to the similarity of plant responses to the
effect of certain environmental factors. It should be noted that we are far
from the idea that a formal name of the indicated factors is fully consistent
with the real environmental processes occurring within the investigated
polygon. Such an opinion is due to the fact that meaningful interpretation
of phytoindication scales is based on the data obtained as a result of study-
ing of the plant species responses to ecological factors at the scale level of
the landscape or physical geographic zone (Didukh, 2011). Therefore, the
interpretation of the phytoindication scales at the level of ecosystem
should be treated with a certain degree of caution.

Herbaceous species are sensitive to the changes in environmental
conditions (von Oheimb & Hérdtle, 2009). The structure of plant commu-
nity was revealed to correlate with physical properties of soil, but this
correlation was due to the coordinated spatial trends of both vegetation
and soil properties. Ground-layer vegetation in temporal forests is greatly
affected by the overstorey composition and structure (Barbier et al., 2008).
The pattern of soil properties under single forest trees is generally develo-
ped with radial symmetry to the tree, varying with distance from the tree
trunk (Zinke, 1962). Trees were revealed to act as a significant and com-
plicated structuring factor, which independently influences both the vege-
tation community and the physical properties of soil. The tree species
composition may take an effect on the dynamics of herbaceous species
(Bratton, 1976) by changing light availability (Breshears et al., 1997) and
enhancing the spatial heterogeneity of soil (Andivia et al., 2015).

The role of the trees in forming the spatial patterns covers mainly the
broad-scale component, allowing one to consider the influence of the tree
canopy on the permeability to solar radiation, as the main mechanism of
such structuring effect. The limiting factors act as an environmental filter
that affects both species richness and composition of the plant community.
The competition for light and water is the main mechanism of the oversto-
rey effect on the ground-layer vegetation (Burrascano et al., 2011). This
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result is consistent with hypothesis that environmental filtering is probably
not very important at finer scales (Chudomelova et al., 2017). Neutral
processes become weaker as a consequence of increasing heterogeneity of
the 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).

Community composition may be spatially structured regardless of
environment if dispersal limitation is the main assembly process (Aiba
etal.,, 2012). Obtained data revealed that the pure spatial component was
able to explain 11.0 % of the plant community variation. Spatial distances
may be considered as surrogate for dispersal through space over time
(Karst et al., 2005). The spatial component of the plant community varia-
tion may be caused by the impact both of the unmeasured environmental
variables with spatial structure (Legendre et al., 2009) and the effect of
neutral nature (Hubbell, 2001; Chave, 2004; Hubbell, 2005; Rosindell et
al., 2011). The pure spatial influence had a complicated structure, which
was confirmed by the high number of significant CCA-axes extracted
after application of the spatial variables as predictors and their wide-scale
range. Also, the pure spatial component was shown to be a statistically
significant predictor of the phytoindication factors, revealing the important
role of the non-measured factors in the formation of the spatial patterns of
vegetation. The use of space across different scales in the community
analysis could be useful. The pure spatial component covered the broad-
and medium-scale range. As a mechanism of the occurrence of pure spa-
tial component plant community variation one can assume the phenome-
na of species dispersal-limitation and vegetative growth, as well as com-
petitive interaction between plant species (Tuomisto, 2003). The biotic
interactions (e.g., competition) and historical processes, such as coloniza-
tion and local extinctions, are factors of great impact on species richness
and composition (Pausas & Austin, 2001). The herbaceous species active-
ly compete for soil nutrients (Lyon & Sharpe, 2003). As scale becomes
finer, dispersal or biotic processes such as interspecies interactions increase
their importance (Gazol & Ibafiez, 2010).

Table 4

Significance of regression between subplot-based phytoindicator scale
values and pure soil effects in the species data (first significant CCA axis
with soil predictors as explanatory variables and selected spatial and
tree-distance variables as covariables, F = 1.67, P <0.001), pure space
(first five significant CCA axes with spatial predictors as explanatory
variables and selected soil and tree-distance variables as covariables,
F=3.17,P <0.001), pure tree distance effect (first significant CCA
with tree distance predictors as explanatory variables and selected soil
and spatial variables as covariables)

L . Pure spatial .

Phytoindi-  Soil . Tree partial

cator scale* effect R, ¥ value eﬂl?:cltn;lz@ prvalue effect By P -value
Hd 004 004 0.02 026 0.01 0.17
fH 003 007 0.19 0.00 0.00 040
Re 000 042 0.06 0.04 0.00 043
N 004 006 0.08 0.02 -001 0.77
Ca 000 032 0.07 0.04 -0.01 0.85
Nt 003 008 0.13 0.00 0.02 0.09
Ae -002 089 -0.04 093 -001 052
Tm 004 004 0.09 0.02 -001 0.83
Om -001 069 028 0.00 0.00 031
Kn 007 001 0.15 0.00 -001 0.70
Cr -001 052 0.18 0.00 0.00 024
Lc 001 023 0.07 0.03 -0.01 0.84

Note: phytoindicator scale*: Hd — soil water regime; fH — variability of damping;
Re - soil acidity; SI — total salt regime; Ca — carbonate content in soil; Nt — nitrogen
content in soil; Ae — soil aeration; Tm — thermal climate (thermoregime); Om —
humidity; Kn— continentality of climate; Cr— cryo-climate; Lc—light.

Our results correlate with the statement that the soil properties largely
influence the plant community. The understorey species composition of

the poplar-willow forest was best explained by the soil mechanical impe-
dance, litter depth, soil temperature and soil moisture, and soil aggregate

structure (Zhukov et al., 2019). Abiotic processes are generally considered
as environmental filters which select those species that match the specific
habitat requirements (Lososova et al., 2015). The soil mechanical impe-
dance at different depths, soil bulk density and water content, and the
content of the mesoaggregates had a considerable effect on the herbaceous
community. This result is consistent with evidence that root elongation
stops in soil with penetrometer resistance of 0.8-5.0 MPa (Greacen et al.,
1968). The critical value of the soil mechanical impedance for the growth
of plant root systems is 3 MPa (Medvedev, 2009). In our investigation
such value was observed from the depth of 55-60 cm and deeper. The
coherent patterns of variation of both the plant cover and the soil mechani-
cal impedance at the depth of 35-50 cm, soil moisture and the content of
aggregates 7—10 mm were caused by their common response to the gen-
eral impact of the spatially structured process. Soil aggregate structure is
critical to plant growth. But the reverse is also true: vegetation affects soil
structure at different scales and through a wide variety of mechanisms
(Angers & Caron, 1998). The scale of observation affects the relative
importance of specific environmental factors (Siefert et al., 2012). The
influence of the environmental factors was revealed as progressively
decreasing from broader to finer spatial scales (Laliberté et al., 2009). The
effect of the above-mentioned soil properties on vegetation community
was independent from the phytoindication estimates of the environmental
factors and the influence of trees on the spatial organization of environ-
mental conditions. The peculiarities of the organization of the flooded soil
can be considered as a source of such spatial process, which is dependent
on the intensity of sediments deposition during the flood. The floodplain is
one of the youngest and most dynamic elements of the relief. The com-
plex and mosaic organization of the floodplain soil is caused by flooding.
It formed during the Holocene and continues to develop actively (Yako-
venko et al., 2019). Floodplain ecosystems are complicated natural com-
plexes that are characterized by significant spatial variability (Rinklebe &
Langer, 2006). Soils in floodplain areas are affected by erosion processes
and sedimentation processes, as well as transformation and translocation
of the substance, leading to constant impact that forms the veins and layers
of sandy or clay deposits and varying degrees of humus accumulation
(Walder et al., 2008).

Conclusion

The pure spatial component was more important to explain the varia-
tion of the herb-layer community in a riparian mixed forest than the effect
of soil and tree distance variables. The pure spatial influence had a com-
plicated structure. The important role of the non-measured factors in the
formation of the spatial patterns of vegetation was revealed. The species
dispersal-limitation and vegetative growth, as well as competitive interac-
tion between plant species were suggested as a source of the pure spatial
component of the herb-layer community variation. The soil mechanical
impedance at different depths, soil bulk density and water content, and the
content of the mesoaggregates had a considerable effect on the herbaceous
community. Trees were revealed to act as a significant and complicated
structuring factor, which independently influenced both the vegetation
community and the physical properties of soil.

The authors are grateful to the staff of the "Dniprovsko-Orilsky" Nature Reserve for
their support and assistance with this research. We thank the two anonymous revie-
wers for helping us to improve earlier versions of this paper.
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