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Introduction

The temporal and spatial dynamic of population abundance or 
community diversity may be explained on the basis of the niche 
theory (Schoener, 1974; Tokeshi, 1999). A set of biotic and abi-
otic conditions under which a given organism can survive and 
reproduce is considered as its ecological niche (Hutchinson, 
1957). Environmental filtering, biotic interactions, and inter-
specific competition have important implications for patterns 
of species diversity and composition (Chase, Myers, 2011). The 
measurement of niche properties concerns such questions as the 
problem of range, the problem of spacing, and the problem of 
nonlinearity (Colwell, Futuyma, 1971). The niche may be quan-
titatively described by niche position and niche width (Gregory, 
Gaston, 2000). The species response parameters like optima or 
niche width depend on the model shape (Jansen, Oksanen, 2013) 
and can be used to explain the ecological behavior of species 
(Michaelis, Diekmann, 2017). All model attributes, apart from 
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Abstract
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Different approaches were applied to assess soil moisture optima and tolerance of the ecological niche temporal projection of terrestrial invertebrates 
within an experimental polygon created to investigate the reclamation processes after deep underground hard-rock mining in the Ukrainian steppe 
drylands. Sampling was carried out in 2013–2015 on a variant of artificial soil (technosols). To investigate the spatiotemporal variation in the abun-
dance, species richness and species composition of invertebrate assemblages the animals were sampled using pitfall traps. The readily available water 
for plants, precipitation, wind speed, atmospheric temperature, atmospheric humidity, and atmospheric pressure were used as environmental predic-
tors. The two-dimension geographic coordinates of the sampling locations were used to generate a set of orthogonal eigenvector-based spatial vari-
ables. Time series of sampling dates were used to generate a set of orthogonal eigenvector-based temporal variables. Weighted averaging, generalized 
linear mixed models, Huisman-Olff-Fresco models expanded by Jansen-Oksanen, correspondence analysis, and constrained correspondence analysis 
were used to estimate soil moisture species optima and tolerance. The moisture content in the technosols was revealed to be the most important factor 
determining the temporal dynamics of terrestrial invertebrate community in conditions of semi-arid climate and the ecosystem which formed as a 
result of the reclamation process. The species response to the soil water content is affected not only by the soil water content but also by the complex 
of the other environmental, temporal, and spatial factors. The effect of other factors on the species response must be extracted previously to find real 
estimations of the species optima and tolerance. 
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the optimum, are heavily influenced by the properties of the data 
set, which is why it appears to be difficult to establish the “true” 
niche characteristics of a species (Michaelis, Diekmann, 2017). 
Niche width is the distance through a niche along some particu-
lar line in niche space (Colwell, Futuyma, 1971). Niche width is 
essentially the inverse of ecological specialization (Kohn, 1968). 
The different aspects of the niche size such as climatic tolerance, 
habitat, or diet breadth were revealed to affect the species range 
size (Gaston et al., 1997). The term specialization is used for dif-
ferent levels of the biological organization (individual, species, 
population, or community) and measured at very different spa-
tial scales (Devictor et al., 2010). The intraspecific and interspe-
cific interactions and environmental conditions affect niche posi-
tion and niche width (Brown, 1999; Lawton, 1999). Interspecific 
competition is a dominant force in animal communities which 
induces niche shifts (Tarjuelo et al., 2017). The general diversity 
theory integrating metabolic principles with niche-based com-
munity assembly predicts that decrease in temperature should 
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reduce niche widths along environmental gradients due to de-
creasing growth rates, and the changing niche widths should lead 
to contrasting α- and β-diversity patterns (Okie et al., 2015).

For the unimodal species response model, the simplest way to 
estimate the species optimum is by calculating the weighted aver-
age of the value of environmental variables in the samples where 
the species is present (Šmilauer, Lepš, 2014). Th e weighted averag-Šmilauer, Lepš, 2014). Th e weighted averag-, Lepš, 2014). The weighted averag-
ing approach for species relative importance assessment was de-
veloped by Curtis and McIntosh (1951). The Gaussian bell-shaped 
response model is the classical and frequently used model (Gauch, 
Whittaker, 1972). If the relationships between species occurrences 
and values of a quantitative environmental variable conform to 
bell-shaped curves, the optimal for species values of the environ-
mental variable may be found by averaging over the samples in 
which a species occurs or can be weighted by species abundance 
(ter Braak, Looman, 1986). Correspondence analysis is based on 
the assumption of symmetrical unimodal species responses along 
environmental gradients (ter Braak, 1985), which is why weighted 
averaging is the basis of this ordination technique (Hill, 1973). 
The generalized linear models allow the modeling of symmetric 
bell-shaped response curves (ter Braak, Looman, 1986). The Huis-
man-Olff-Fresco (HOF) approach provides a wide set of the mod-
els which are characterized by a statistical correctness, flexibility, 
and ecological interpretability (Huisman et al., 1993). This model 
framework was expanded to comprise seven ecological niche pat-
terns (Jansen, Oksanen, 2013). 

The principle of the ecological niche has to be used for concep-
tualization of the restoration of the mine-degraded lands (Zhenqi 
et al., 2012; Kunakh et al., 2018). Deep underground hard-rock 
mining has a considerable impact on the landscape, transforming 
original habitats and leaving landscapes in altered states (Hodecek 
et al., 2015; Klimkina et al., 2018; Zhukov, Maslikova, 2018; Yorki-
na et al., 2019). The landscape transformation due to open-pit coal 
mining causes major changes in terrain structures, waterways, mi-
croclimates, land uses, and living organism communities (Sklen-
icka et al., 2004; Hendrychova et al., 2011; Yorkina et al., 2018; Za-
dorozhnaya et al., 2018). The technical and biological reclamation 
phase is essential for managing a disturbed landscape (Hildmann, 
Wunsche, 1996; Rehor et al., 2006; Hodecek et al., 2016). The tech-
nical phase of the reclamation processes is a significant distur-
bance that slows down the successional rate of beetle communities 
(Hodecek et al., 2016). The soil formation is essential for successful 
reclamation of post-mining sites (Madej, Kozub, 2014). The soil 
macrofauna distribution pattern was found to be strongly related 
to soil development after reclamation (Ge et al., 2014; Zhukov et 
al., 2018). Animal post-reclamation succession can be influenced 
by plant community diversity or by abiotic conditions (Hendry-
chova, 2008; Buchori et al., 2018; Zhukov, Gadorozhnaya, 2016). 
The “niche-breadth” hypothesis sensu Brown (1984) was applied 
to explain the of local communities’ structure in non-reclaimed 
mining sites (Brandle et al., 2003). Investigations of niche char-
acteristics of the terrestrial arthropods are still rare (Entling et al., 
2007), and there is no evidence about species response within ter-
restrial invertebrates groups to the effect of the environmental gra-
dients of the reclaimed lands. 

Drylands include arid, semi-arid, and dry subhumid areas. 
Water is the main limiting factor affecting dynamic of the eco-
logical processes in many semi-arid grassland ecosystems (Chase 
et al., 2000). Within dryland areas, precipitation is in deficit, ex-
hibits a high temporal variability, and is mostly unpredictable 

(Reynolds et al., 2007). Water, soil nutrients, and plant biomass 
are the important resources in arid or semi-arid conditions, for 
which long periods of low abundance are interrupted by rela-
tively short periods of high abundance. Short periods of high 
resource availability are usually triggered by rainfall events until 
moisture is depleted (Schwinning, Sala, 2004). Ecological pro-
cesses in arid lands are often described by the pulse-reserve para-
digm (Collins et al., 2014). High air temperatures, low humidity, 
and abundant solar radiation result in high potential evapotran-
spiration, which may lead to water deficit. Many dryland soils 
contain small amounts of organic matter and have low aggregate 
strength (Reynolds et al., 2007). These ecological conditions are 
the most extreme within anthropogenically transformed territo-
ries, including reclamation ecosystems (Hendrychova, 2008). 

In this study, we applied different approaches to assess soil 
moisture optima and tolerance of the ecological niche temporal 
projection of the terrestrial invertebrates within an experimental 
polygon created to investigate the dynamic of reclamation pro-
cesses after deep underground hard-rock mining in the Ukrain-
ian steppe drylands. Our main objective here was to determine 
whether the variability of water content in the technosols affects 
the temporal dynamic of the terrestrial invertebrates and to find 
properties of the species response curves to soil water content. 
We formulated three hypotheses. Hypothesis 1: Species response 
to the soil water content depended not only directly on soil wa-
ter content but was also affected by the complex of other envi-
ronmental, temporal, and spatial factors. To find real estimates 
of the species optima and tolerance, the effect of other factors 
on the species response must be extracted previously. Hypoth-
esis 2: Each ecological group of the terrestrial invertebrates ho-
mogenous with respect to the humidity gradient (xerophilous, 
xeromesophilous, mesophilous) has a specific set of models best 
explaining a species response to water content in technosols. Hy-
pothesis 3: The asymmetric species response to soil moisture in 
different parts of the soil humidity range is predominantly due to 
different causes. The abiotic factors are the most important in the 
arid margin of the gradient, and the biotic factors are prevalent 
in the most humid margin of the gradient.

Material and methods 

Experimental polygon

The research was carried out at the Research Centre of the 
Dnipro State Agrarian and Economic University in Pokrov city. 
The experimental polygon for the study of optimal regimes of ag-
ricultural recultivation was established in 1968–1970. Sampling 
was carried out on a variant of artificial soil (technosols) formed 
on loess-like loam, red-brown clay, green-gray clay, technological 
mixture of the rocks, and loess-like loam with a humus-rich 70 
cm top soil layer (the geographic coordinates of the experimental 
polygon are 47°38’55.24”N.L., 34°08’33.30”E.L.) (Yorkina et al., 
2018). The data set comprised 20 plots from five technosol types 
presented within the experimental polygon (Fig. 1). 

Animal data collection

To investigate the temporal dynamic in the abundance, species 
richness, and species composition of invertebrate communities 
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within the experimental polygon, animals were sampled using 
pitfall traps (Knapp et al., 2019). In each plot, three pitfalls were 
placed in a triangle of 3 m base (Desender et al., 1999; Pontegnie 
et al., 2005) and emptied each 7–9 days. In 2013, pitfalls were 
placed on April 9, in 2014 – on April 5, and in 2015 – on April 
6. The pitfall traps were made of 1-litre glass cups (10 cm in di-
ameter) buried in the soil with the rim of the cup with the soil 
surface. The cups were filled with 250 ml of preservative fluid 

made from concentrated NaCl solution, which seems to be ef-
ficient for collecting invertebrates and is relatively non-toxic to 
non-target organisms. 

Environmental predictors

The readily available water for plants (RAW, mm in 1 m soil lay-
er), precipitation (mm), wind speed (m/s), atmospheric temper-

Fig. 1. The satellite image (https://www.bing.com) of the landscape transformed after open-pit hard-rock mining (A) and Research Centre 
of the Dnipro State Agrarian and Economic University in Pokrov (Ukraine) (B). Plots: 1, 2, 3, 5, 6 – technosols on loess-like loam, 6, 7, 8, 9, 
10 – technosols on red-brown clay, 11, 12 – technosols on green-gray clay, 13, 14, 15, 16 – technosols formed on loess-like loam with humus-
rich 70 cm top soil layer, and 17, 18, 19, 20 – technosols on technological mixture of rocks.
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ature (daily minimum, daily maximum, daily mean, ºC), atmos-
pheric humidity (%), and atmospheric pressure (gPa) were used 
as environmental predictors (Kunah et al., 2019). The Nikopol 
Meteorological Station data were used. 

Spatial and temporal predictors

The two-dimension geographic coordinates of sampling loca-
tions were used to generate a set of orthogonal eigenvector-based 
spatial variables (spatial dbMEMs), each of them representing a 
pattern of particular scale within the extent of the sampling area 
(Dray et al., 2006). Likewise, but only the one-dimension time 
series of sampling dates were used to generate a set of orthogonal 
eigenvector-based temporal variables (time dbMEMs), each of 
them representing a pattern of particular scale within the extent 
of the investigated time period (Borcard, Legendre, 2002; An-
geler et al., 2011). 

Ordination approaches and methods for niche param-
eters estimation

Weighted averaging was used to estimate the species optimal 
value along the ecological gradient (ter Braak, Looman, 1986). 
The species tolerance was calculated as the square root of the 
weighted mean of the squared differences between the species 
optimum and the actual value in the sample (Šmilauer, Lepš, 
2014). Generalized linear mixed models were used for mod-
eling species-environment relationships (Jamil, ter Braak, 2013). 
Huisman-Olff-Fresco models (Jansen, Oksanen, 2013; Michae-
lis, Diekmann, 2017) were fitted in the R statistical program (v. 
3.3.1) (R Core Team, 2019) using the package “eHOF” (Jansen, 
Oksanen, 2013, version 3.2.2). We subjected the Hellinger-
transformed abundance matrix of species to correspondence 
analysis (CA), constrained correspondence analysis (CCA), and 
constrained redundancy analysis (RDA) to extract the major 
patterns of variation (Legendre, Birks, 2012; ter Braak, Smilauer, 
2015). For the statistical analyses, we used the appropriate proce-
dures of Statistica (Version 5.5, StatSoft Inc., http://www.statsoft.
com) or R (version 3.5.2; R Core Team, 2019). 

Results

In total, 257,437 invertebrate (Arthropoda and Mollusca) indi-
viduals of 6 classes, 13 orders, 50 families, and 202 species or 
parataxonomic units were recorded (Table 1). Diplopoda was 
most abundant taxonomic group, though it was represented only 
one species Rossiulus kessleri (Lohmander, 1927). This species 
took up 49.4% of the total community abundance. Coleoptera 
and Araneae were the considerably numerous taxonomic groups, 
which took up 22.4% and 18.2% of the total community abun-
dance. These taxa were the most species rich. Coleoptera was 
represented by 122 species, and Araneae was represented by 67 
species. Seventy-one species among the investigated 202 species 
occurred 50 times or less.

HOFJO approach provides opportunities for species re-
sponse modeling using more alternative models. The model IV 
often is the most optimal model of the species response to soil 
moisture gradient. Somewhat less often, the optimal models are 
III, V, and VII (Fig. 2). Thus, species response to the influence 

of the moisture content in the soil can be described by Gauss-
ian curve (model IV), or close to it asymmetric bell-shaped 
curve (model V). For ordination procedure of the community 
with monotonic patterns, the more appropriate is RDA, and with 
unimodal patterns, the more appropriate procedure is CCA (ter 
Braak, Prentice, 1988). DCA revealed that the length of the first 
axis gradient is more than 2 standard deviations (2.49 in our 
case), which points to the appropriateness of applying the cor-
respondence analysis (CA) and the constrained correspondence 
analysis (CCA) as an ordination procedure.

CA-ordination axes may be explained by the environmental 
factors, time and spatial variables, and the technosol type (Table 
2). The first four CA axes are able to explain 19.1% of the total 
community variation. The axis 1 is the most correlated with soil 
moisture (RAW), but the significant correlation is found for soil 
moisture and CA axis 4. Temperature and atmospheric pressure 
are considerable predictors of the invertebrate community vari-
ation. The significance of the time predictors is strongly ranged 
in descending order of the temporal dbMEMs variables. This re-
sult reveals that the importance of the time oscillations decreases 
with increasing of their frequencies. The spatial predictors con-
siderably affect the community variation. 

The HOFJO approach showed that species responses to soil 
moisture gradient are mainly bell shaped (for which CCA is the 
best ordination procedure). But the responses of many species 
are monotonic (for which the RDA is the best ordination pro-
cedure). The fractioning of the animal community variability in 
relation to meteorological data, spatial and time predictors, and 
the technosol type was performed on the basis of both CCA and 
RDA (Fig. 3). The variation partitioning of the community based 
on CCA approach points to the major role of the complex factors 
that are the result of the interaction of temporal and spatial fac-
tors, as well as the temporal, spatial, and meteorological factors. 
The results based on RDA approach also indicate the significant 
role of interaction between weather and time factors. These re-
sults point to the need for extraction of the role of soil moisture 
factor interactions with other factors to assess precisely the influ-
ence of soil moisture on the dynamics of invertebrate communi-
ties.

Fig. 2. The optimal models distribution of species response to the 
soil moisture gradient. X-axis – HOF and two additional models 
of the species responses to the soil moisture gradient; Y-axis – the 
number of species for which model is the best according to AICc.
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Taxa Family Number of individuals Number of species
2013 2014 2015 2013 2014 2015

Arthropoda
Crustacea
Isopoda Trachelipodidae 850 255 1853 1 1 1
Diplopoda
Julida Julidae 45,649 34,170 47,453 1 1 1
Chilopoda
Geophilomorpha Geophilidae 15 5 2 1 1 1
Lithobiomorpha Lithobiidae 72 31 284 1 1 1
Scolopendromorpha Cryptopidae 105 22 237 1 1 1
Scutigeromorpha Scutigeridae 7 11 2 1 1 1
Arachnida
Araneae

 

Agelenidae 351 46 628 4 4 4
Dictynidae 20 – 15 1 – 1
Gnaphosidae 8399 4195 9223 20 17 18
Linyphiidae 36 3 19 2 1 2
Liocranidae 18 2 11 3 1 2
Lycosidae 3343 1536 4789 8 7 8
Miturgidae 114 2 255 2 1 2
Oxyopidae 23 11 15 2 1 2
Philodromidae 873 521 630 6 2 5
Pisauridae 35 11 12 2 1 2
Salticidae 434 96 652 5 5 5
Theridiidae 108 17 95 3 1 3
Thomisidae 952 524 992 7 4 7
Titanoecidae 80 58 5 1 1 1
Dysderidae 33 11 17 1 1 1

Opiliones Phalangiidae 11 – 11 1 – 1
Insecta
Coleoptera

 

Aphodiidae 17 27 34 1 1 1
Buprestidae 29 – 22 1 – 1
Byrrhidae 52 – 35 1 – 1
Cantharididae 12 2 9 1 1 1
Carabidae 5870 5825 4866 47 39 46
Cerambycidae 196 55 57 5 2 4
Cetoniidae 75 43 14 3 3 2
Chrysomelidae 73 69 75 1 1 1
Coccinellidae 78 20 81 2 2 1
Curculionidae 319 257 483 9 7 7
Dermestidae 3314 2421 3047 2 2 2
Dynastidae 190 94 284 1 1 1
Elateridae 245 212 287 3 2 3
Geotrupidae 101 5 54 1 1 1
Histeridae 1510 1330 1598 6 5 6
Lucanidae 20 44 – 1 1 –
Meloidae 518 505 172 4 3 4
Scarabaeidae 682 395 624 7 5 7
Silphidae 750 555 1371 6 5 6
Staphilinidae 507 165 695 4 2 4
Tenebrionidae 9000 4489 7455 12 11 12
Trogidae 109 81 107 3 2 3
Melolonthidae 8 25 – 1 1 –

Hemiptera Pyrrhocoridae 1473 1358 1467 1 1 1
Lepidoptera Noctuidae 633 848 732 1 1 1
Orthoptera Acrididae 5778 7764 4324 1 1 1
Mollusca
Gastropoda
Pulmonata Enidae 422 267 428 2 2 2

Hygromiidae 8 16 – 1 1 –

Table 1. Pitfall trapped invertebrates with number of individuals and species (parataxonomic units). 
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The soil moisture influence with taking into account of the 
conditional effect of the time, space, technosol type, and mete-
orological factors can explain 2.1% of the community variation 
(F = 44.04, p < 0.001). CCA axis statistically significantly cor-
relates with readily available water (r =–0.53, p < 0.001). The sta-
tistically significant correlation of this axis with meteorological 
parameters, time, and space variables was not found. There is no 
statistically significant effect of the technosol type on this axis 
(F = 0.04, p = 0.99). The species scores on CCA axis allow us 
to estimate the species optimum within the humidity gradient, 
and mean-square deviations of the species scores are indicators 
of tolerance to moisture conditions.

K-mean cluster analysis of the animal species on the basis of 
the optimum and tolerance estimations according to CCA ap-

proaches allowed us to establish the presence of four clearly iso-
lated clusters (Fig. 4). The optimal values and tolerance to the soil 
humidity are statistically significant different for the clusters (F 
= 444.6, p < 0.001 and F = 20.7, p < 0.001, respectively). Clusters 
can be meaningfully interpreted as ecological groups of animals 
which are characterized by specific relation to the soil moisture 
conditions. The most major ecological groups on the basis of the 
relationship to moisture conditions usually are designated as 
hygrophilous, mesophilous, and xerophilous. Phytoindication 
evaluation of humidity conditions on the studied technosols in-
dicates a range from mesophilous to xerophilous. Therefore, the 
species group that is the most demanding of moisture conditions 
we identified as mesophilous. Accordingly, the species group that 
is able to survive under water-deficit conditions was identified as 

Predictors
Axes, % inertia explained

R2 Pr(>r) Significance codes
CA1, 8.6 CA2, 4.1 CA3, 3.5 CA4, 3.0

Climatic predictors
Precipitation –0.63 0.74 0.03 0.23 0.09 0.001 ***
Wind –0.25 –0.55 –0.08 –0.79 0.07 0.001 ***
Tmin 0.40 0.89 0.04 0.18 0.33 0.001 ***
Tmax 0.30 0.86 0.08 0.40 0.29 0.001 ***
T 0.38 0.88 0.06 0.28 0.33 0.001 ***
Hum –0.77 –0.26 –0.14 –0.57 0.08 0.001 ***
Pres 0.66 –0.16 –0.16 –0.71 0.18 0.001 ***
RAW –0.96 0.09 0.01 0.27 0.93 0.001 ***
Time predictors
Time_1 0.94 –0.20 0.06 0.26 0.56 0.001 ***
Time_2 –0.13 –0.91 –0.02 –0.39 0.29 0.001 ***
Time_3 0.90 0.35 0.05 0.26 0.15 0.001 ***
Time_4 –0.44 –0.84 –0.13 –0.28 0.08 0.001 ***
Time_5 –0.97 0.16 0.12 –0.16 0.07 0.001 ***
Time_6 –0.25 –0.93 –0.10 –0.25 0.04 0.001 ***
Time_7 0.95 0.23 –0.09 0.17 0.02 0.001 ***
Spatial predictors
Spat_1 –0.06 0.16 0.91 –0.39 0.38 0.001 ***
Spat_2 0.02 0.04 –0.97 –0.24 0.45 0.001 ***
Spat_3 0.06 0.22 0.56 –0.80 0.09 0.001 ***
Spat_4 0.14 0.51 0.37 0.76 0.03 0.001 ***
Spat_5 –0.06 –0.72 0.32 –0.61 0.01 0.007 **
Spat_6 –0.43 0.09 –0.40 –0.81 0.01 0.044 *
Spat_7 0.90 0.11 0.01 0.42 0.00 0.997
Spat_8 0.00 0.84 0.53 0.15 0.00 0.678
Spat_9 0.21 –0.42 0.44 0.77 0.00 0.474
Technosol types
Technosols – – – – 0.21 0.001 ***
GG 0.03 –0.11 0.90 0.22 – – –
LL –0.07 0.12 0.75 –0.47 – – –
PZ –0.03 –0.26 –0.81 0.39 – – –
RB 0.03 0.10 0.43 0.29 – – –
TM 0.07 0.03 –1.25 –0.27 – – –

Table 2. Fitting environmental factors, temporal and spatial variables, and technosol type onto a CA ordination.

Notes: Significance codes: ***, <0.001; **, <0.01; *, <0.05.
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xerophilous. Species also show differences in tolerance to mois-
ture conditions. Among the mesophilous species investigated are 
stenotopic, while xerophilous species are eurytopic. Within the 
humidity range between the xerophilous and the mesophilous 
species, there are two homogeneous ecological groups that are 
transitional in terms of preferences for humidity conditions and 
are different in tolerance. So we identified stenotopic and eury-
topic xeromesophilous. The total number of mesophilous species 
is 66 (32.7% of the total), xerophilous – 19 (9.4%), stenotopic 

xeromesophilous – 48 (23.8%), and eurytopic xeromesophilous 
– 69 (34.2%). The optimum and tolerance estimations of ecologi-
cal groups by CCA approach are significantly different from the 
assessments by other methods. The main difference is that the 
soil humidity optimum assessment without taking into account 
the effect of the other environmental factors, spatial and tempo-
ral variables, and technosol type for xerophilous and xerophilous 
is biased in the direction of the more humid conditions. The as-
sessment for stenotopic xeromesophilous species is biased in the 
direction of more dry conditions. Assessing tolerance of the spe-
cies is also somewhat displaced. So, by the method of weighted 
mean, xerophilous species are the most stenotopic and the level 
of the mesophilous tolerance is almost the same as eurytopic xe-
romesophilous.

Discussion

The communities of terrestrial invertebrates which were formed 
after a period of half a century of reclamation have high levels 
of species and taxonomic diversity. The communities formed in 
conditions of reclamation have been reported in some research 
to have high diversity, which even exceeds diversity in the natu-
ral equivalent of the transformed ecosystems (Sklenicka et al., 
2004; Hendrychova et al., 2011; Ge et al., 2014; Hendrychova, 
2008; Buchori et al., 2018). Niche-based and dispersal-based 
processes are considered as the principal factors responsible for 
community assembly (Cottenie, 2005). The partitioning of the 
community variation into environmental and spatial compo-
nents is seen as an important approach to revealing various pro-
cesses responsible for community structure (Dray et al., 2012). 
The environmental control on species distribution according to 
the niche theory will result in the variation of species composi-
tion explained by environmental variables (Chang et al., 2013). 
In our investigation, the spatial component of the community 
variation was modeled using dbMEM-spatial variables. These 

Fig. 3. Variance partitioning between time, spatial, meteorological, and technosol type explanatory variables. A – using chi square in con-
strained correspondence analysis (CCA); B – using adjusted R-squared in redundancy analysis ordination (RDA); C – the meaning of the 
symbols.
Notes: [a] – variation explained solely by the meteorological variables; [b] – variation captured by temporal (dbMEM) variables corresponds 
to pure time; [c] – variation captured by spatial (dbMEM) variables corresponds to pure spatial; [d] – variation explained by technosol type; 
[a]+[b] – variation explained both by meteorological and temporal variables; [a]+[c] – variation explained both by meteorological and the 
spatial variables; [b]+[c] – variation explained both by the spatial and temporal variables; [c]+[d] – variation explained by spatial variables 
and technosol type. All the variance fractions shown are significant (p <0.001).

Fig. 4. K-means cluster analysis of the animal species on the basis 
of the optimum and tolerance estimations according to CCA ap-
proaches. Clusters: Ks – xerophilous (eurytopic), StKsMs – sten-
otopic xeromesophilous, EuKsMs – eurytopic xeromesophilous, Ms 
– mesophilous (stenotopic).
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variables are able to reflect both the dispersion processes occur-
ring in space and the effect of spatially structured environmental 
properties on animal communities. The time factor is also very 
important. Obviously, the impact of environmental factors is de-
pendent on the biological state of the species, which is generally 
described by the term biological time. In other words, the same 
level of a factor’s impact on the biological system, which is in var-
ious stages of development, will have a different effect. Therefore, 
the modeling of regular time processes is also important to cor-
rectly assess the species response to factor gradient. In our study, 
temporal component of the community variation was modeled 
using dbMEM-time variables.

The estimation of optimal level of an ecological factor for 
species living activity and its tolerance to such a factor could be 
made in many different ways (Izakovičová et al., 2020). A weight-
ed mean can give unbiased assessment subject to symmetrical 
form of the species response. The symmetrical response close to 
the Gaussian bell-shaped curve may well be modeled using the 
regression approach. But in reality, the character of the species 
response to the impact of environmental factors is much more 
diverse, as the weighted mean method or regression approach 
gives adequate optimum assessment only for a limited number of 
cases. Estimations of species optima by different methods show a 
fairly high level of compliance. But it should be noted that the ef-
fects of other factors and interspecific interaction led to the shift 
of some species optima in the central part of the range of humid-
ity: xerophilous or more mesophilic species manifest themselves 
as xeromesophilous. The shifting of xerophilous species is ob-
served most intensively.

Among the models of the HOFJO list, the concept of a single 
optimum is presented only by models IV and V. For other mod-
els, optimum evaluation can be made to a great extent only on 
the assumption of convenience. Thus, the model II that provides 
optimum, if it exists, is outside the studied range of environmen-
tal factors, and factors’ marginal value (the smallest or largest) 
as the optimum is selected as the best estimate from the existing 
ones. Model III simulates the presence not of an optimum point 
but the optimal range of the uniformly optimal values. As a com-
promise, the optimum evaluation is calculated as the average val-
ue of the optimal range. Bimodal distributions are simulated by 
the models VI and VII. The averaging of the two optima implies 
that that the bimodal model is the result of the transformation 
of the initially unimodal response under the influence of other 
factors and that the real optimum is between the two optima in a 
bimodal distribution. 

The observed optimum is the result of a factor and the other 
factors and the interspecific interactions in the community (Tar-
juelo et al., 2017). The impact on species of other factors that 
are not correlated with the focal factor leads to an increase in 
variation of the species response, i.e., increasing tolerance. The 
synergy or antagonism in the effects of other factors will cause 
a shift of the estimated optimum value. Also important is the 
consideration of the interspecific interactions in a community 
which influence the observed pattern of the species response to 
the factors studied. This task can be performed using ordina-
tion techniques such as RDA or CCA with variable humidity as 
predictors and other factors as covariates. The RDA ordination 
technique requires a monotone impact of environmental factors 
on species, and CCA requires unimodal response. Unlike RDA 
or CCA, non-metric multidimensional scaling (NMDS) is not 

sensitive to species response models and in this sense has the ad-
vantage over these two methods. Non-metric multidimensional 
scaling was recommended as a robust technique for indirect gra-
dient analysis (Minchin, 1987). But constrained NMDS is not 
very well developed (ter Braak, Smilauer, 2015), which is why 
we used alternative methods – RDA or CCA. As shown by the 
results obtained, most often the unimodal model is most suitable 
to explain patterns of species response to the impact of soil mois-
ture because the CCA approach is most suitable.

The stress-gradient hypothesis suggests that under high 
abiotic stress species, interactions will tend to be more facili-
tative, and under low abiotic stress, they will tend to be more 
competitive (Bertness, Callaway, 1994; Bowker et al., 2010). This 
hypothesis needs further verification, but the results we received 
indicate the different patterns of a species response to humid-
ity gradient. In more dry conditions, the prevalent distributions 
are unimodal asymmetric, and in more moist – bimodal, and in 
moderate conditions, the distributions are symmetric unimodal. 
The bimodal models were suggested for species responses which 
are under the significant influence of biotic factors (Jansen, Ok-
sanen, 2013). Thus, the data we obtained do not contradict the 
stress-gradient hypothesis. The underlying cause of asymmetry 
in a species response to an environmental gradient could be ex-
plained by the varying strength of abiotic and biotic factors on 
cold and warm limits of the gradient, respectively (Dvorský et 
al., 2017). The asymmetrical nature of the responses of species 
in conditions of deficiency of moisture can be explained by the 
more physiologically stressful influence of abiotic factors, when a 
comparatively small decrease in humidity can have a dispropor-
tionately large impact, resulting in asymmetry. In addition, one 
cannot exclude a purely mathematical nature of asymmetry in 
marginal positions when the asymmetry can be an artifact. The 
humidity range has a limited extent between the largest and low-
est level, whereas Gaussian normal distribution has an infinite 
extent. However, asymmetric response mainly occurs exactly in 
the area of arid margin of the humidity range.

Critical niche dimensions vary between trophic or func-
tional groups (Purse et al., 2012). Our results reveal that trophic 
groups differ in patterns of response to the influence of humid-
ity. The differences may be due to the fact that saprophagous or 
litter-transforming (Lavelle et al., 1997) macro-arthropods tend 
to show lower levels of host or dietary specialization than other 
functional groups (Maraun et al., 2003). The specialization on 
particular microhabitats or land cover types may represent more 
critical niche dimensions than diet breadth for saprophagous 
macro-arthropods (Paoletti et al., 2007; David, Handa, 2010). 
Actually similar response patterns were detected for saprophages 
and predators. The representatives of these trophic groups have 
mostly a symmetrical unimodal (model IV) or an increasing or 
decreasing trend where the maximum is below the upper bound 
(model III) response type. In plant low-stress condition, the ar-
thropod predator abundance was detected as increasing (Trotter 
et al., 2008). Soil decomposers were found to be highly sensitive 
to the reduction of the precipitations and may be eliminated by 
summer drought (Morón-Ríos et al., 2010). 

The herbivorous response is an asymmetric unimodal or an 
asymmetric bimodal. This result indicates a significant heteroge-
neity of the herbivorous complex, which reflects an understand-
ing that herbivore responses to plant stress spans two extremes, 
which are designated as plant stress and plant vigor hypotheses 
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(Trotter et al., 2008). According to the plant stress hypothesis, 
some herbivores respond positively to increased plant stress, 
which may be among other things due to drought (White, 1976). 
Probably, asymmetric unimodal response type of herbivores 
may be explained by the plant stress hypothesis. Indeed, in some 
plants as stress increases, available nitrogen increases, while 
plant defenses are often negatively correlated with stress (White, 
1984). In turn, the plant vigor hypothesis (Price, 1991) may ex-
plain an asymmetric unimodal response type of the herbivores. 
The herbivores exhibit increased performance when feeding on 
rapidly growing plants, as vigorously growing plant tissues may 
have increased nutritional content (Inbar et al., 2001). Obviously, 
favorable trophic conditions for herbivores may lead to intensi-
fication of the competition, the consequences of which may be 
modeled by an asymmetric bimodal response type. 

Conclusion

In conditions of semi-arid climate and in an ecosystem which 
formed as a result of the reclamation process, the moisture con-
tent in the technosols is the most important factor determining 
the temporal dynamics of the terrestrial invertebrate commu-
nity. The ecological features of species niche such as optimum 
and tolerance to the effects of environmental factors explain the 
temporal dynamics of the community structure. The weighted 
mean as a way to estimate the species optimum gives only a gen-
eral idea about the ecological preferences of the species in the 
case of the unimodal species response model. Similarly, such a 
situation obtains for other indicators that do not include the ef-
fects of a combination of factors and interspecific interactions. 
Taking into account a combination of factors and interspecific 
interactions can significantly adjust the optimum value evalua-
tion for a number of species. The deviations of species response 
to influence of soil moisture from symmetric bell-shaped form 
in different parts of the soil humidity range are due to different 
factors. The abiotic factors are predominant to producing asym-
metric responses toward the physiologically more stressful ends 
of the soil water gradients. The biotic factors have predominant 
importance on the range margin with sufficient moisture condi-
tion. Not taking into account the role of soil moisture interaction 
with other factors leads to a shift in species optimum estimates to 
the central part of the range of humidity.
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