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Abstract
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This paper tested the hypothesis that the placement of trees in the floodplain ecosystem leads to multiscale
spatial structuring and plays an important role in formation of the spatial patterns of the soil macrofauna.
The research polygon was laid in an Eastern European poplar-willow forest in the floodplain of the River
Dnipro. The litter macrofauna was manually collected from the soil samples. The distances of the sampling
locations from the nearest individual of each tree species were applied to obtain a measure of the overstorey
spatial structure. The pure effect of tree structured space on the soil animal community was presented by the
broad-scale and meso-scale components. The soil animal community demonstrated patterns varying in tree
structured space. The tree induced spatial heterogeneity was revealed to effect on the vertical stratification
of the soil animal community. The complex nature of the soil animal community variability depending on
the distance from trees was depended on the interaction of tree species in their effects on soil animals. The
importance of the spatial structures that interact with soil, plants and tree factors in shaping soil macrofauna

communities was shown.
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Introduction

The environmental control on species distribution accord-
ing to the niche theory will result in the variation of spe-
cies composition explained by environmental variables
(CuANG et al., 2013). Abiotic processes are generally con-
sidered as environmental filters, which select those species
that match the specific habitat requirements (LOSOSOVA et
al., 2015). The non-environmental factors such as disper-
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sal and other population processes have been shown as
being important in community structuring (LEGENDRE et
al., 2005). Dispersal is the probability that a given patch
will be colonized (KiNG and WiTH, 2002). The dispersal
limitation and/or ecological drift have been revealed to be
important as factors responsible for soil community as-
sembly (BaHrRAM et al., 2016; DUMBRELL et al., 2010; PEaY
etal., 2010; PoweLL et al., 2015; STEGEN et al., 2012). The
dispersal limitation is considered as being able to generate
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spatial patterns in community structure that are detectable
by spatial filters (CHANG et al., 2013). Community com-
position and species distribution would be spatially struc-
tured independent of environment if dispersal limitation
was a major assembly process (JONES et al., 2006; AIBA et
al., 2012). The assumption that the pure spatial component
represents the role of dispersal limitation holds only in
cases where all relevant environmental variables are con-
sidered (CHANG et al., 2013). The impact of environmen-
tal factors has been shown to increase as the spatial scale
increases, due to the inclusion of greater environmental
heterogeneity (BARTON et al., 2013; CHASE, 2014; DE CA-
CERES et al., 2012; DINI-ANDREOTE et al., 2015).

The soil biota is structured by abiotic and/or biotic
forces (e.g., competition, predation) (SCHEU and SCHAE-
FER, 1998). Animal communities may be controlled from
the bottom via shortage of resources or from the top via
predators (HUNTER and PrICE, 1992; POwER, 1992). In
many investigations, soil communities are considered to
be driven by environmental selection (BARDGETT and van
der PUTTEN, 2014; HANSON et al., 2012; IcoNDOVA and
MajzLaN, 2015). The soil macrofauna communities re-
spond to two main environmental factors: the structure of
the vegetation and the quality of above-ground litter (DE-
CAENS et al., 1998). The edaphic and plant factors have
been revealed to play an important role in structuring the
communities of soil macrofauna on the level of beta diver-
sity (ZHUKoOV et al., 2018b). The soil-pore-size distribu-
tion, soil microclimate, root structure and above-ground
vegetation structure result in the small-scale of the soil
fauna’s patch distribution (VIKETOFT, 2013). Soil animal
communities are directly influenced by vegetation through
litter and roots (PONSARD et al., 2000; MITCHELL et al.,
2007). Densities of soil biota have been shown to increase
generally with increasing plant cover and litter input
(Frouz et al., 2008). Plants modify the microclimate in
their vicinity by cooling down the soil and air in the shade
of their leaves (MATHIEU et al., 2009). Environmental con-
ditions, such as gradients in soil pH, soil moisture and veg-
etation composition have a large impact on soil organism
distributions (SAETRE, 1999; JIMENEZ et al., 2006). But no
statistically significant relationship was found between the
occurrence of epigeic macrofauna and the microclimate of
the studied forest stands (Lazorik and Kura, 2015). The
plants modify food quality, quantity, and the microclimate
of the soil macrofauna (MATHIEU et al., 2009).

Tree density and diversity could be the key drivers of
the spatial patterning of soil macrofauna diversity (GHOL-
AMmI et al., 2017). Tree diversity can increase earthworm
community diversity by the mechanism of creating small
scale microhabitat diversity (CEsarz et al., 2007). Forest
vegetation favours litter-dwelling macroarthropods (CAL-
LAHAM et al., 2006). The shading effect of trees, the lower
soil temperature, and higher soil moisture creates favour-
able conditions for higher abundance of earthworms (T1aN
et al., 2000). The structure of the vegetation determines the
diversity of microhabitats and life conditions for macro-
invertebrates. The above-ground litter production depends
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on the nature of the vegetation (DECAENS et al., 1998). The
plant diversity may increase soil fauna diversity due to
the fact that soil animals make a complementary use of
the different types of litter (HooPERr et al., 2000). Grassy
vegetation favours the abundance and species richness of
soil-dwelling animals such as earthworms (GRAEFE and
BEyLicH, 2003). Plant biomass and primary production
are often supposed to have a direct bottom-up positive
effect on soil fauna density that is independent of plant
diversity (CHEN and WIsE, 1999; HooPer et al., 2000)

In this study, we aimed to: i) estimate proportional
input of soil structure, composition of herb community
and spatial factors to structuring of soil macrofauna com-
munities, ii) test the hypothesis that the placement of trees
in the floodplain ecosystem leads to multiscale spatial
structuring and plays an important role in formation of the
soil macrofauna spatial patterns, iii) test the hypothesis
that vertical stratification of the soil animal community is
sensitive to the tree induced spatial variability.

Methods
Site description

The research was carried out in May 2018 in the “Dni-
provsko-Orilsky” Nature Reserve. The research polygon
(48°30°51”N, 34°49°02”E) was laid in an Eastern Euro-
pean poplar-willow forest in the floodplain of the River
Protich, which is a left inflow of the River Dnipro. The
study site comprises 1.0 ha of deciduous woodland bor-
dered by arena terrace above the 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. The ter-
ritory has a temperate-continental climate with an an-
nual 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).

Sampling methods

The polygon consisted of 7 transects. Each transect was
made up of 15 sampling points. The distance between
rows within the polygon was 3 m (ZHUKOV et al., 2018a).
Soil macrofauna was defined as an invertebrate group
found within terrestrial soil samples which has more than
90% of its specimens in such samples visible to the naked
eye (macroscopic organisms) (WARREN and Zou, 2002;
LAVELLE et al., 2003; GHOLAMI, 2016). Geobionts (large
soil invertebrates that permanently inhabit the soil) and
geophiles (organisms that live in the soil only for particu-
lar phases of their lives) (KRIVOLUTSKY, 1992; GHOLAMI
et al., 2016) were assessed. Samples consisted of single
blocks of soil, 25 x 25 x 30 cm?® deep, dug out quickly. A
quadrat was fixed on the soil surface prior to taking the



soil samples. The litter macrofauna was manually col-
lected from the soil samples. The soil macrofauna were
sorted and the animals were stored in 4% formaldehyde
(MATHIEU et al., 2004; ZHUKOV et al., 2018a).

Vegetation survey and plant variables

Vascular plant species lists were recorded for each 3 x 3
m subplot along with visual estimates of species cover us-
ing the nine-degree Braun-Blanquet scale (WESTHOFF and
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 quad-
rats. 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.

In syntaxonomic aspect the vegetation can be iden-
tified as follows: Class Salicetea purpureae Moor 1958,
Ordo Salicetalia purpureae Moor 1958, Union Salicion
albae R.Tx. 1955, Ass. Populetum albae Br.-B1.1931

Based on geobotanical descriptions, phytoindica-
tive assessment of environmental factors according to
DipukH (2011) was made. Didukh phytoindication scales
(DibukH, 2011) include edaphic and climatic scales.
The edaphic phytoindication scales include the soil wa-
ter regime (Hd), the variability of humidity (fH), the soil
aeration (Ae), the soil acidity (Rc), the total salt regime
(S1), the carbonate content in the soil (Ca) and nitrogen
content in the soil (Nt). The climatic scales include the
parameters of the thermal climate (thermal regime, Tm),
humidity (Om), cryo-climate (Cr) and the continentality
of climate (Kn). In addition to these, the lighting scale
(Lc) is indicated, which is characterized as a microclimate
scale. Thermal properties of the soils are indicated by the
thermal regime scale, and the hydrothermal properties by
the ombro regime scale (ZHUKOV et al., 2018a). Phytoin-
dicational assessment of environmental factors was per-
formed by the ideal indicator method of Buzuk (2017).

Soil variables

Measurement of soil mechanical impedance was carried
out in the field using a hand penetrometer Eijkelkamp, to
a depth of 100 cm at intervals of 5 cm. The average er-
ror of the measurement 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
mechanical impedance of the soil was made in a single
replication. To measure the electrical conductivity of the
soil in situ, the sensor HI 76305 was used (Hanna Instru-
ments, Woonsocket, R. I.). This sensor works in conjunc-
tion with the portable device HI 993310. Soil temperature
was measured from 1 to 2 pm by digital thermometers
WT-1 (PJSC “Steklopribor”, http://bit.steklopribor.com,
to 0.1 °C accuracy) at a depth of 5-7 cm. Temperature
measurements were made in triplicate at each test point.

The aggregate structure was evaluated by Savinov’s dry
sieving method (VADUNINA and KORCHAGINA, 1986).
The percentage content of such fractions was established:
<0.25,0.25-0.5,0.5-1, 1-2,2-3, 3-5, 57, 7-10,>10 mm,
and plant roots. The bulk density of the soil was estimated
by the Kachinskiy method, soil moisture by the weight
method (VADUNINA and KORCHAGINA, 1986; ZHUKOV et
al., 2018a).

Statistical analysis

Redundancy analysis (RDA) was used for analysis of the
variance both in herb layer and soil macrofauna species
composition (Rao, 1964). Before the analyses, percent-
age cover of plant species or abundance of animal species
was Hellinger transformed to avoid problematic Euclidean
distances used in the RDA (LEGENDRE and GALLAGHER,
2001). Soil mechanical impedance, soil electrical conduc-
tivity, litter layer thickness, soil temperature, moisture and
soil bulk density were log transformed. The axes extracted
after redundancy analysis of the herb layer community
were used as constrained for soil macrofauna ordination
procedure. Phytoindication estimation of the ecological
factors (DIDUKH, 2011) was used to find an ecological in-
terpretation of the plant community ordination axes.

The significance of RDA global model was first
tested. The soil and plant models were based on the for-
ward selection of soil plant variables and were built with
double stopping rule (alpha significance level and the R?, i
calculated using all explanatory variables) (BLANCHET et
al., 2008). Variables were retained only with a significant
relationship to community composition (p < 0.05, 9999
permutations). The models’ marginal effect was comput-
ed, in which each selected soil or plant variable was used
separately as a predictor of community composition and
the significance of all the models was tested and R’ 4 Was
extracted.

The geographic coordinates of sampling locations
were used to generate a set of orthogonal eigenvector-
based spatial variables (IbMEMs), each of them repre-
senting a pattern of particular scale within the extent of
the sampling area (BORCARD and LEGENDRE, 2002). The
forward-selection procedure on partial RDAs was applied
to the subset of spatial variables. The significance of soil
models was tested by the Monte Carlo permutation test
(9999 permutations).

The distances of the soil sampling locations from the
nearest individual of each tree species were applied as a
measure of the overstorey spatial structure. The distance
matrix of sampling locations was calculated, which pro-
vided the opportunity to generate eigenvector-based spa-
tial variables (d(bMEMs-tree based). The forward-selec-
tion procedure on partial RDAs was applied to the subset
of tree-structured spatial variables and the significance of
models 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
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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 9999. The
scalogram approach was applied to inspect in detail the
spatial scaling of community variation (LEGENDRE and
LEGENDRE, 2012). To do this, the two sets of RDA analy-
ses were carried out with each of the dbMEM variables
as a predictor. As a response 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 predictors (CHUDOMELOVA et al., 2017). From
each RDA we extracted R’ i for individual dbMEMs and
plotted them into juxtaposed barplots (CHANG et al., 2013).

All 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 Mo-
ran’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 (DRrAY et
al., 2018).

Results

During manual sorting of the soil samples, 29 species of
soil animals were found. The density of the soil macro-
fauna of the polygon was 91.4 £ 20.2 ind./m?. The domi-
nant group was larvae of the insects, which averaged
63.7% of the total community abundance and presented
by 19 species including dominant Serica brunnea (Lin-
naeus, 1758). The family Elateridae was the most diverse
among soil dwelling insect larvae. Earthworms (Lumbric-

idae) averaged 33.5% of the total community abundance.
Earthworms were represented by four species: two endo-
geic species Aporrectodea caliginosa trapezoides (Duges,
1828) and Aporrectodea rosea rosea (Savigny, 1826), one
anecic species Octodrilus transpadanus (Rosa, 1884), and
one amphibiont species Eiseniella tetraedra tetraedra
(Savigny, 1826).

The forest overstorey included Populus alba L.
(41.5% of total tree stems), Ulmus laevis Pall (40.7%), and
Crataegus fallacina Klokov (4.4%). There were dead trees
within the site (13.3%) (Fig. 1). The average distance from
the sampling locations to the nearest Populus alba stems
was 2.0 £ 0.094 m (maximum — 4.6 m), to Ulmus laevis
stems 2.3 + 0.13 m (maximum — 7.6 m), to Crataegus fal-
lacina stems 12.8 £ 0.81 m (maximum — 30.6 m), and to
dead stems 3.8 £ 0.19 m (maximum — 9.1 m).

The plant community data (considering Hellinger-
standardized species data) were subjected to ordination
procedure by redundancy analysis, as a result of which the
6 principal components were extracted (Table 1). These
principal components explained 57% of the plant com-
munity variation. The principal components can be inter-
preted by comparison with environmental factors derived
from phytoindication assessment. The correlation analysis
revealed that the principal component 1 reflects the varia-
tion of plant community due to soil total salt regime gradi-
ent. The principal component 2 reflected the opposite cor-
relation between soil humidity and aeration. The principal
component 3 was sensitive to climatic regimes. The prin-
cipal component 4 reflected variations in the nitrogen con-
tent as well as some climate regimes. The principal com-
ponent 5 indicated an inverse dependence of variability of
moisture and carbonate content in the soil. The principal
component 6 was a marker of the acidity gradient. The ex-
tracted principal components were used as markers of the
herb layer species community in further analysis.
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Fig. 1. Spatial locations of the tree species individuals within the site.
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Table 1. Fitting phytoindication values onto the plant community ordination (only significant correlation coefficients are pre-

sented, p < 0.05)

Principal components and proportion of the variation explained

Predictors PCI PC2 PC3 PC4 PC5 PC6 R Pr (>1)
0.18 0.11 0.08 0.07 0.07 0.06

Hd ~0.67 0.69 - - - - 0.42 0.001
fH - -0.56 - - ~0.76 - 0.27 0.001
Re 0.74 - - - - -0.55 0.29 0.001
sl 0.97 - - - - - 0.44 0.001
Ca - - - - 0.69 ~0.32 0.12 0.051
Nt -0.39 ~0.49 - -0.72 - - 0.42 0.001
Ae 0.36 ~0.80 - 0.32 ~0.36 - 0.39 0.001
Tm - ~0.43 - 0.87 - - 0.40 0.001
Om - -0.77 0.53 - - - 0.26 0.001
Kn - - ~0.85 ~0.46 - - 0.22 0.001
Cr 0.55 - - 0.71 ~0.42 - 0.48 0.001
Lc -0.53 ~0.72 - 0.40 - - 0.38 0.001

Hd, soil humidity; fH, variability of moisture; 4e, aeration of soil; Re, acidity; S/, total salt regime; Ca, carbonate content in
soil; NVt, nitrogen content; 7m, thermal climate; Om, humidity; C, cryoclimate; Kn, climate continentality; Lc, light in plant

community.

The model of RDA including all soil variables was
significant (Rzad/. =0.33, F=2.51,p<0.001). The forward
selection procedure allowed us to select 16 soil variables,
which explained 29.8% of the variability of the soil ani-
mal community (F = 3.75, p < 0.001). The list of the im-
portant soil variables included soil mechanical impedance
(at the depths 0-5, 25-30, 35-40, 45-50, 50-55, 60—65,
65-70, and 75-80 cm), soil electrical conductivity, litter
thickness, soil temperature, moisture, and aggregate frac-
tion (>10, 5-7, 1-2, 0.5—-1 mm). The influence of most soil
properties on the soil animal community was due to their
spatial structuring (Table 2). Soil structured effect is the
variation of the soil animal community which is explained
by the soil properties as constrained variables without ex-
traction the effect of the other factors. When these effects
are extracted (if spatial, plant and tree distance variables
are used as covariates) we will obtain the pure soil effect.
Almost all variation explained by soil variables was spa-
tially structured. Accounting for dependence in model re-
siduals using spatial filters as covariates, the majority of
the soil properties’ influence models were not significant at
P <0.05. The exceptions were the models of soil mechani-
cal impedance at a depth of 45-50 and 60—65 cm, soil elec-
trical conductivity, litter thickness, soil temperature and
moisture. These variables presented the pure soil effect on
the macrofauna community. The influence of aggregate
size fractions > 10 mm content on the soil animal commu-
nity was due to herb layer community. The distance from
trees modulated the effects of humidity, temperature and
aggregate size fractions 1-2 on the soil animal community.
The soil mechanical impedance at a depth of 45-50 cm,
soil electrical conductivity and litter thickness influenced
the soil animal community, which does not depend on oth-
er environmental regimes.

There were 48 dbMEMs-spatial variables which to-
gether explain 66.6% of the animal community variability.
The forward selection procedure allowed us to select 38
variables, which explain 65.8% of the variability of the
community (F=6.12, p<0.001).

The broad-scale variables played the greatest role in
spatial variation of the soil animal community (Fig. 2). If
no covariates were included, the distribution of explained
variation was rightward skewed. The spatial placement of
trees had a little effect on spatial variation of soil animal
community. Filtering out tree distance variables as covari-
ates had a rather minor effect on the distribution of the
variation explained shape. The soil models were able to
account for most of the broad-scale variation, which may
be detected as a decrease in the height of black columns.
The influence of herb layer vegetation was similar to the
influence of soil properties, probably due to their close de-
pendence.

Accounting for environmental factors in model resid-
uals using soil, plant and tree distance data as covariates
changed the distribution of explained variation consider-
ably, decreasing the importance of broad-scaled dbMEMs
in favour of meso- and fine-scaled dbMEMs. Also of note
was the role of the evenness of the variation at different
scales of the pure spatial components.

The model of RDA including 30 dbMEMs-tree dis-
tance variables was significant (RZU G 021, F=191,p<
0.001). The forward selection procedure allowed us to se-
lect 10 variables, which explains 19.2% of the variability
of the community (F = 3.47, p < 0.001). The broad-scale
component of the tree structured space had the greatest in-
fluence on the soil animal community (Fig. 3). Accounting
for spatial variables as the covariates significantly reduced
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Fig. 2. Scalograms illustrating the scaling of spatial
structured variation in community data (No variables as
covariates, blue bars) and tree models (red bars), residuals
of the soil models (black bars), plant models (green bars)
and pure spatial effect (yellow bars). The value of R{ld] is the
variation explained by individual dbMEM 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 represents the finest scale).

0.04
1

0.000 0.010 0.020
I
—
—
[—
[—
|
|
—
|
_
[—
|
h

0.000 0.010 0.020

1 2 3 45 6 7 8 910 12 14

0.00 0.02
L1
——
E—
—
|

|

|

|

|

—

—

|

|

|

|

|

the level of the tree location influence on the soil animal
community. Accounting for soil and the herb layer veg-
etation properties decreased the role of the broad-scale
component and does not substantially affect either fine- or
meso-scale components of tree-structured space.

The pure effect of tree structured space on the soil
animal community was presented by the broad-scale and
meso-scale components. The broad-scale component was
indicated by endogeic (positive values) and epigeic (Litho-
bius lucifugus, Trachelipus rathkii, Tipula lunata) or an-
ecic (Octodrilus transpadanus) soil animals (negative
values) (Table 3). The meso-scale component was indi-
cated by epigeic (positive values) and endogeic (4dporrec-
todea trapezoides, Athous haemorrhoidalis, Melolontha
melolontha) and anecic (Octodrilus transpadanus) ani-
mals. The complex nature of the soil animal community
variability depending on the distance from the nearest tree
showed the interaction of tree species in their effects on
soil animals (Fig. 4).

The model of RDA including 6 principal compo-
nents of the herb layer community variation was signifi-
cant (R°,, = 0.20, F'=5.37, p < 0.001). The forward se-
lection procedure allowed us to select 5 variables which
explains 18.7% of the variability of the community (F =
5.78, p < 0.001). The influence of herb layer vegetation
on soil animals was strongly spatially structured (Table
4). This result follows from the fact that the accounting
for spatial variables as covariates made the effect of plant
community on soil invertebrates variables not statistically
significant at P < 0.05. In turn, the influence of herb layer
vegetation on soil animals did not depend on soil proper-
ties. The influence of the principal component 4 was re-

m No covariates
B Spatial as
covariates

m Soil as covariates
= Plant as covariates

I L

O Pure tree spatial effect

16 18 20 22 24 26 28 30

Fig. 3. Scalograms illustrating the scaling of tree structured variation in community data (No variables as covariates, blue
bars) and residuals of the spatial models (red bars), soil models (black bars), plant models (green bars) and pure tree effect
(yellow bars). The value of R?, ;; 18 the variation explained by individual dbMEM 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 30 the finest scale).
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Table 3. Species with the largest absolute value of the RDA-axes with broad-scale and meso-scale dbMEMs-tree vari-

ables as covariates

Broad-scale
(dbMEMs-tree 2 as covariate)

Meso-scale
(dbMEMs-tree 16 and 17 as covariates)

Species with the largest value of the RDA-axes

Agrotis clavis
Cardiophorus rufipes
Athous haemorrhoidalis
Otiorhynchus ligustici

Rhipidia uniseriata
Cochlicopa lubrica
Tabanus bromius
Thereva nobilitata

Species with the smallest value of the RDA-axes

Octodrilus transpadanus
Tipula lunata
Trachelipus rathkii
Lithobius lucifugus

Aporrectodea trapezoides
Athous haemorrhoidalis
Melolontha melolontha
Octodrilus transpadanus

03
<02

g <02
<04

U. leavis

30

20

C. fallacina

10

Bl 0125
[ <0.025
10- <-0.075

Bl <-0.175

0 2 4 6 8
Dead

Bl > 0.025
g [1<-0.05
Bl <-0.15

U. leavis

W
(=]

N\

C. fallacina
(3]
(e

—_
(=)

Il > 0.0098

Il <0

B <-0.1

[1<-02

10 B <-03
B <04

0 2 4 6 8
Dead

Fig. 4. The variation of the soil animal community RDA-axes with dbMEMs-tree 2 and dbMEMs-tree 16 and 17 as
explanatory variables in dependence from tree distances (in meters). x-axis and y-axis — distances from the trees.

vealed as being due to the distance from tree plants. The
pure herbal component that did not depend on other mea-
sured environmental properties is presented by only the
principal component 5.

The environmental factors considered all together
explained 70% of variation in the community structure of
soil animals (Fig. 5). The largest contribution to the varia-
tion of the soil animal community structure was made by
the purely spatial component (28.1%). The pure contri-
bution of soil properties is significantly less (3.5%) and
pure contribution of the distance from trees (1.1%). The
contribution of herb layer community structure to varia-
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tion of the soil animal community was extremely small,
although statistically significant (0.6%). The spatially
structured components of environment properties signifi-
cantly affected the structure of the soil fauna community.
The spatially structured soil properties determined 7.8%
of the variation in the community. The spatially structured
component of plant communities, depending on soil prop-
erties, determined 8.1% of the variation in the community
of soil animals. The spatially structured component of the
tree structured space influence greatly exceeded the role
of a pure tree structured component (6.2% vs. 1.1%).



Table 4. Variation in soil animal community structure explained by models with herb layer community variables

Plants structured With spatial variables

With soil variables ~ With tree distances

Pure plants

Predictors as covariates as covariates as covariates

R p-level R p-level R p-level R p-level R’ p-level
PC1 0.08 0.001 0.00 0.234 0.01 0.06 0.06 0.001 0.01 0.13
PC2 0.04 0.001 0.01 0.099 0.01 0.012 0.04 0.001 0.01 0.123
PC3 0.01 0.002 0.00 0.778 0.02 0.002 0.01 0.009 0.00  0.646
PC4 0.03 0.001 -0.01 0.891 0.01 0.034 0.00 0.392 0.00  0.525
PC5 0.01 0.008 0.00 0.214 0.01 0.005 0.02 0.002 0.02  0.050
PC6 0.01 0.010 0.00 0.550 0.03 0.001 0.02 0.001 0.01 0.168

<)

Residuals = Unexplained

@V

Residuals = 0.300

Values <0 not shown

Fig. 5. Variance partitioning between spatial, soil, plant and tree distance explanatory variables.

[a] — variation explained solely by soil variables; [b] — variation captured by spatial (dbMEM) variables corresponds to pure
space (residual spatial component); [c] — variation captured by distances from tree stems; [d] — explained solely by plant
variables. The intersection of the ellipses corresponds to the variations explained by the respective sources together All the
variance fractions shown are significant (p < 0.001).

Discussion

Non-random spatial organization of species assemblage
involves the existence of at least one structuring factor,
e.g. inter-specific competition and/or habitat constraints
(JIMENES et al., 2012). The structure of animal commu-
nities may be governed by processes of a neutral nature
or by environmental factors (KARUNARATNE et al., 2015).
The spatial trends of any complexity for a given experi-
mental design can be approximated by complex combina-
tions of the dbMEMs-variables. The variation explained
purely by spatial variables represents partly unmeasured
environmental variables with spatial structure, and partly
dispersal limitation (LEGENDRE et al., 2009). The purely

spatial component is associated with the effects of a neu-
tral nature. However, pure space patterns of the soil animal
community may be not only of neutral origin but also of a
biotic nature and formed as a result of the spatial structur-
ing of the forest ecosystem trees’ space due to the trees’
spatial location. The purely spatial component can also
be the result of unmeasured environmental factors. In this
case, neutral processes are associated with fine-scale spa-
tial patterns. The purely spatial patterns also can be induced
due to structuring of space by trees. This kind of the spatial
structure can also be modeled by the dbMEMs-approach.
But in this case, the spatial structure is given not only by an
arbitrary set of sampling points, but also by the placement
of real objects of nature — trees. Plant community ordina-
tion axes may be used as quantitative characteristics of the
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impact of plants on the soil animal community (ZHUKOV et
al., 2018a). Phytoindicator values allowed us to interpret
these axes as gradients of the specific ecological factors.

The variability of soil properties affects the soil fauna
(BERG and BENGTSSON, 2007; VIKETOFT, 2013). Our re-
sults reveal that the herb layer in turn also affects both the
soil and the soil animals directly. Soil and plants are con-
nected by their mutual influence. The influence of the soil
mechanical impedance and soil aggregate structure on the
soil animal community was not statistically significant if
spatial covariates were included in the models. This re-
sult shows that the effect of these soil properties on the
soil animal community is spatially dependent. Obviously,
in flood conditions the parent material variability of the
alluvial soils is very considerable (WEBER and GOBAT,
20006), resulting in the formation of spatial trends in soil
mechanical impedance and aggregate particles’ composi-
tion (SaGLAaM and DENGIz, 2017). Duration of flooding
and intensity of the sedimentation of suspended particles
is a source of the spatial mosaic of alluvial soils (THOMS,
2003). These spatially structured factors may have a di-
rect impact on soil animals, which explains the spatially
structured effect of the soil mechanical impedance and soil
aggregate structure on the soil animal community.

The formation of soil aggregates larger than 10 mm
can be attributed to the activity of the root system of her-
baceous plants (GE et al., 2018). This explains the fact that
vegetation is a source of the influence of the soil aggregate
content larger than 10 mm on the soil animals. The forest
canopy structure determines the quantity of light reaching
the surface of the soil and thus variation in the temperature
of the surface of the soil (SHAW and BIBLE, 1996). This
explains the influence of the tree stand on the effect on the
animals of soil surface temperature.

The pure soil factors that do not depend on other
measured environmental properties or the spatial variables
include soil electrical conductivity and litter thickness.
These variables cannot be excluded as being characterized
by variations in the spatial component, which is not in-
cluded in the frame of the experimental approach of sam-
pling point locations. The amount of litter may change the
amount of food resources and habitat characteristics. For
optimal dynamic of biological processes as well as the life
of soil organisms and plant roots, it is important that a suf-
ficient supply of water and air enters the soil (POLLAKOVA
et al., 2017). Litter is an important factor that determines
the characteristics of the soil animal habitat. Organic mat-
ter inputs to the soil, including leaf litter, root litter and
root exudates, represent the energy base of the soil food
web (VERHOEF and BRUSSAARD, 1990). Our results show
that these soil properties are extremely important for soil
animals and allow us to estimate proportional input of soil
structure, composition of herb community and spatial fac-
tors to structuring of soil macrofauna communities. Our
findings revealed that the purely spatial component had
the largest contribution to the variation of the soil animal
community. The role of the soil properties and the distance
from trees are significantly less. The significance of the
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herb layer was found to be extremely small.

The tree species composition can influence the dy-
namics of herbaceous species (BRATTON, 1976) by chang-
ing light availability (BRESHEARS et al., 1997) and enhanc-
ing the spatial heterogeneity of the soil (ANDIVIA et al.,
2015). The influence of tree structured variation in soil
animal community composition was found to be broad-
scaled. Accounting for spatial variables as the covariates
significantly reduces the variation in the soil animal com-
munity explained by trees. The change in density of a ma-
ture forest caused by previous thinning may significantly
influence the structure of studied communities of epigeic
macrofauna when a very intensive thinning is carried out
(StaSiov and SviTok, 2014). Accounting for vegetation
and soil properties reduces the role of the broad-scale
component of the trees’ influence. It is noted that the tree
structured broad-scale component corresponds to meso-
scale spatial variables. The spatial pattern in species com-
position of the overstorey forest stratum is significantly
correlated with that of the herb layer stratum (MOLDER et
al., 2008). It is obvious that the meso-scale spatial com-
ponent is due to the effect of trees on soil animals. This
finding confirmed our hypothesis that the placement of
trees in the floodplain ecosystem leads to multiscale spa-
tial structuring and responsible for formation of the pure
spatial patterns of the soil macrofauna.

The pure trees’ effect on soil and animal community
is caused by broad- and meso-scale components. The im-
pact on the soil animal community depends on the eco-
logical characteristics of individual species. As was found
in a previous investigation, for litter-dwelling animals, the
most characteristic spatial patterns are on the broad- and
meso-scale levels but for endogeic and anecic animals,
the most significant variability is on the fine-scale level
(Zaukov et al., 2018a). Our results revealed that the ef-
fect of the tree structured broad-scale component differ-
entiates the community of soil animals, from one side, to
insect larvae (zoophages — Cardiophorus rufipes, Athous
haemorrhoidalis and phytophagous — Agrotis clavis and
Otiorhynchus ligustici), and on the other side — to the
epigeic (Lithobius lucifugus, Trachelipus rathkii, Tipula
lunata) and anecic (Octodrilus transpadanus) lifeforms.
The meso-scale component differentiates the community,
on the one hand, to the epigeic, and, on the other hand, — to
the endogeic (Aporrectodea trapezoides, Athous haemor-
rhoidalis, Melolontha melolontha) and anecic (Octodrilus
transpadanus). The nature of the trees’ effect on soil ani-
mals is species-specific. The relative positioning of trees
in the space creates a complex mosaic of ecological con-
ditions. Thus, the structure of the forest canopy leads to
vertical stratification of the soil animal community.

The influence of plant variables on the soil animal
community became insignificant after accounting for
spatial variables. There is no effect of soil properties on
influence of vegetation on the soil animals. The effect of
plant principal component 4 (thermal climate and cryocli-
mate) on the soil animal community is due to the forest
canopy structure. The structure of the tree crowns and tree



placement considerably affects the variation of the micro-
climate in the forest ecosystem. The pure plant influence
on soil animals is caused by the principal component 5
(calcium carbonate content in soil and variability of mois-
ture). Calcium deficiency in the sand floodplain soils can
act as a limiting factor for the soil fauna. The spatial dis-
tribution of plants, which are the source of this element,
can have an impact on soil fauna.

Conclusions

The spatial component had the largest contribution to the
variation of the soil animal community. Soil, tree, and
herb layer vegetation variables were revealed to be highly
spatially structured. Soil variables estimated in the present
investigation explained 29.8% of the variability of the soil
animal community. The considerable part of the variation
explained by soil properties was spatially structured. Only
soil electrical conductivity and litter depth had a statisti-
cally significant effect on the soil animal community after
using other environmental and spatial filters. The effect
of the aggregate fraction content with size > 10 mm was
mediated by the herbal layer. The effect of the aggregate
fraction content with size 1-2 mm and soil surface tem-
perature was mediated by the tree canopy structure.

The main part of the soil animal community varia-
tion explained by tree derived dbMEM variables was spa-
tially structured. Adding spatial variables to the covari-
ates leads to decrease in the importance of broad-scaled
dbMEMs tree derived variables. The effect of the soil
and plant properties on the soil animal community may
be considered as partly induced by tree dependent spatial
structuring. Tree induced spatial structuring consisted of
two scaling components: broad-scale and meso-scale. The
sensitivity of the community to the effect of these factors
was ecologically specific. The tree effect was transmitted
through vertical stratification of the soil animal commu-
nity.

The influence of herb layer vegetation on soil ani-
mals was strongly spatially structured. The pure herbal
component reflected the dependence of the soil animals
on the calcium-rich plants’ spatial distribution. Trees af-
fect herb layer species which were sensitive both to tem-
perature and nitrogen regime variation. Soil animals were
influenced by this canopy effect too. These findings allow
us to suggest that the spatial structures that interact with
soil, plants and tree factors in shaping soil macrofauna
communities have a considerable importance.

A promising direction for further research on the
problem discussed here is to study the effects of tree can-
opy on the structuring of soil macrofauna communities in
different types of forest ecosystems. The investigation of
not only distance dependent impact but density dependent
impact of tree distribution on soil macrofauna communi-
ties is important.
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