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Abstract—Enchytraeid communities were studied in the upper soil of birch forests in areas within the pollu-
tion gradient of emissions from the Middle Ural Copper Smelter (MUCS). In the unpolluted area, 17 species
were identified (from 6 to 13 in different sample plots), the average density was 13666–44903 specimens/m2,
average (raw) biomass 1357–3699 mg/m2. Near the smelter, population density, biomass and species richness
were reduced by 80, 20, and 2.4 times, respectively. However, the diversity of communities changed only
slightly, and the diversity structure of enchytraeids in the impact zone is potentially comparable to the back-
ground’s. In the background zone, the highest values of density and biomass were concentrated in the upper
layer (0–2 cm) of soil, corresponding to the forest litter (61 and 63%, respectively). In the impact zone, the
vertical distribution of enchytraeids was different: density (59%) and biomass (61%) were redistributed to the
underlying (2.1–4 cm) layer (lower part of the litter), which contained the highest concentrations of metals.
Changes in the vertical distribution of enchytraeids are not thought to be related to pollution effects.
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INTRODUCTION

Enchytraeids are small oligochaetes that play an
important role in nutrient cycling and organic matter
degradation in terrestrial forest ecosystems [1–4].
From an ecological standpoint, enchytraeids serve as a
convenient indicator group of organisms [5, 6], suit-
able for assessing soil quality. Enchytraeids are also
useful for monitoring chemical stress, as species-spe-
cific differences in pollutant sensitivity can lead to
rapid and pronounced changes in community compo-
sition and structure [6].

Field studies of enchytraeids under metal pollution
conditions are relatively few, and studies focused on
point sources of pollution are scarce [7–13]. In almost
all cases examined, a decrease in population density
and biomass in the contaminated area was noted, and
in some examples, a decrease in diversity was also
observed.

It is important to note that all currently available
data on enchytraeids in impact regions were obtained
relatively locally (Europe), almost all in biocenoses of
the same type (coniferous forests), and under similar
pollution conditions (neutralization of the pH of sur-
rounding soils). Obviously, this is not enough to form

a comprehensive picture of the response of enchy-
traeid communities to industrial pollution.

A separate, poorly studied issue is the effect of pol-
lution on the vertical distribution of enchytraeids. In
undisturbed ecosystems, the highest population den-
sity is observed in the upper 2–3 cm of soil and
decreases significantly with depth [14–16]. There is
virtually no information on changes in the vertical dis-
tribution of enchytraeids near point sources of pollu-
tion. For the area of a copper smelter in Sweden, a shift
of a significant proportion of the total number of
enchytraeids from the upper soil layer (0–3 cm) to the
underlying soil layer (3–6 cm) has been described
[14]. We are not aware of any other similar studies, but
the available data allowed us to formulate a testable
hypothesis. Our work presents the first data for Russia
on the composition and structure of enchytraeid com-
munities in the impact region, which allows us to
speak about its relevance.

Objective—To analyze changes in the population
density, biomass, species structure, and vertical distri-
bution of soil enchytraeids in birch forests of the terri-
tory exposed to pollution by Middle Ural Copper
Smelter (MUCS) emissions. The hypotheses that in
the birch forests of the contaminated area: (1) the pop-
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ulation density and biomass of enchytraeids are greatly
reduced; (2) species richness is reduced and the com-
munity structure is altered; and (3) the density of
enchytraeids is shifted from the upper soil layer to the
underlying soil.

MATERIALS AND METHODS

Characteristics of the Study Area

The study was conducted in the least elevated part
of the Ural Mountains (150–400 m above sea level) in
the southern taiga subzone, in the vicinity of MUCS
(56.8515° N, 59.9069° E), which has been operating
since 1940. The main components of the emissions are
sulfur dioxide, f luorine compounds, nitrogen oxides,
metals, and metalloids (Cu, Pb, Zn, Cd, Fe, and As).
The annual volume of emissions in 1980 reached
225000 tons, after which it began to decline: to
148000 tons in 1990, 63000 tons in 2000, 28000 tons
in 2004, and to 3000–5000 tons after 2010 [17]. The
plant’s activities led to the formation of a man-made
geochemical anomaly with a significant accumulation
of heavy metals in the original sod-podzolic soils of
heavy loamy composition. In the soils of the contami-
nated area, the eluvial-gley process intensified, the
content of exchangeable Ca and Mg decreased, the
processes of organic matter destruction slowed down,
and the humus state changed [17, 18]. Near the
smelter, there is a marked suppression of all layers of
vegetation: woody (the stock of forest stands, their
density and crown density have been reduced, the pro-
portion of dead wood has increased), grass-shrub, and
grassy (species richness and abundance have been
reduced) [19, 20]. Significant changes also occurred in
the animal population; in particular, in the commu-
nity of pedobionts in the impact zone, a sharp
decrease in the abundance of most groups was noted,
as well as a predominance of phytophages and zoo-
phages over saprophages [22].

The sample plots were located in birch forests,
derivatives of the original dark coniferous forests. Pre-
viously (in 2022), the vegetation condition and several
soil parameters were described in the sample plots.
The tree layer is dominated by silver birch (Betula pen-
dula Roth), Scots pine (Pinus sylvestris L.) is found
occasionally, and aspen (Populus tremula L.). The
diameter of trees in the background zone is 6–30 cm,
in the impact zone it is 2–30 cm. The herbaceous-
dwarf layer of the background zone is dominated by
Calamagrostis arundinacea (L.) Roth, Aegopodium
podagraria L., Rubus saxatilis L., Oxalis acetosella L.,
Asarum europaeum L., and Stellaria holostea L. The
impact zone at 3.7 km is dominated by Deschampsia
cespitosa (L.) P. Beauv., Veratrum lobelia Bernh., and
Horsetail L., while the rest of the plots are dominated
by Agrostis tenuis Sibth. and D. cespitosa. The content
of metals in the soil of the sample plots (Appendix,
RUSSI
Table S1) corresponds to the values specified for the
background and impact zones [17].

Sample Collection
Enchytraeids were collected from 10 sample plots

(SPs) (Fig. 1) located to the west of the plant: 5 in the
impact zone (distance from 1.9 to 3.7 km) and 5 in the
background zone (15.9–20.3 km), over the course of
1 day (9/27/2024).

At each SP (20 × 20 m), 6 samples were taken,
spaced at least 2 m apart. The samples were collected
using a collapsible soil sampler (diameter 5 cm, cross-
sectional area 19.6 cm2). The sampler extracted from
the soil was opened into two longitudinal halves, gain-
ing access to the soil core (Fig. 2), after which the
thickness of the forest litter was measured with an
accuracy of 0.1 cm. Next, using two rounded spatulas
and a ruler, the core was divided into 2 cm layers, and
the top four layers (0–2, 2.1–4, 4.1–6, and 6.1–8 cm)
were each packed into separate zip-lock bags. Imme-
diately after collection, the soil samples were placed in
cooler bags, where the temperature was maintained at
10–15°C using water ice (to prevent the samples from
freezing too much). A total of 60 soil samples (240 lay-
ers) were collected.

Extraction of Enchytraeids
Enchytraeids were extracted by wet extraction

without heating [22] in a climate room at a constant
temperature (+15°C). Each core layer was processed
separately: carefully reduced to fragments by hand and
transferred to a sieve with a mesh diameter of 0.7 mm.
The sieve with the sample was placed in a plastic fun-
nel, prefilled with cold tap water. A test tube was
attached to the bottom of the funnel using an elastic
silicone tube, which served as a collection point for the
worms leaving the soil. Extraction was carried out for
24 h, since this period is sufficient to account for most
of the enchytraeids [23]. After the distillation was
completed, the tube was detached and stored in a rack
at +15°C. Each extraction cycle involved one com-
plete sample (all four core layers) from each SP; thus,
4 layers × 10 SPs = 40 samples (layers) were simulta-
neously extracted each time. The total duration of
extraction of the collected material was 6 days.

Material Processing
For the majority of the material (30 samples from

the impact zone and 20 from the background zone),
the species affiliation of enchytraeids was determined,
and the abundance of each species (specimens) was
calculated. For the remaining 10 samples from the
background zone, the total population density of
enchytraeids (specimens/m2) was calculated.

Enchytraeids were identified in vivo using a light
microscope according to [24]. Species described later
AN JOURNAL OF ECOLOGY  Vol. 56  No. 5  2025
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Fig. 1. Layout of sample plots relative to the source of pollution—the Middle Ural Copper Smelter (MUCS).
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Fig. 2. General view of the soil core in a collapsible soil sampler (a) and a diagram of the relationship of soil core layers with the
average thickness of the forest litter and organomineral horizon in birch forests of the background and impact pollution zones (b).
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than the publication of the referenced source or miss-
ing from it were identified by comparison with the
original description. The taxonomy has been brought
into line with the World Register of Marine Species
database [25]. For living, mature individuals, the spe-
cies affiliation was established; immature individuals
were in most cases identified to the genus level. The
dead enchytraeids formed the group Enchytraeidae
indet.

After identification and counting, all enchytraeids
were preserved in a 95% ethanol solution. For each
specimen, a scaled image was obtained using a binoc-
ular microscope and a digital camera. In the ImageJ
program [26], the length (mm) and body area (mm2)
were measured on the images, on the basis of which
the average body width of each specimen was calcu-
lated. Body volume (mm3) was calculated using the
standard cylinder formula, taking the width of the body
as the diameter. The wet body mass (mg) was obtained by
multiplying the volume by the average body density value
for all enchytraeids (1.051 mg/mm3). It has been shown
that for different species the deviation of density from
the average does not exceed 1% [27]. The method we
have described allows us to determine the mass of each
enchytraeid specimen, including those that were not
determined to be of a particular species or those that
have died. Alternative calculation methods use spe-
cies-specific regression relationships of body length
and body mass [28, 29] and are only applicable to a
limited list of species. To obtain dry biomass values
from the data we have provided, it is sufficient to apply
a coefficient of 0.18, which is the standard ratio of dry
to wet body mass for all enchytraeids [30].

Data Analysis

The data were analyzed in the R software environ-
ment [31]. For the density and biomass of enchytrae-
ids, the mean ± error was calculated for the contami-
nation zones for five SPs (for all 60 samples), as well as
the occurrence of each species in the samples (for
20 samples in the background zone and 30 in the
impact zone) and in the sample plots (for five SPs).
Occurrence was estimated as the ratio of the number of
samples (or SPs) in which the species was encountered
to the total number of samples (or SPs). The litter
thickness data obtained for each sample allowed us to
estimate the distribution of enchytraeid density and
biomass in the forest litter and the upper part of the
organomineral horizon. Data layout and processing
were performed using the dplyr package [32], and
visualization was performed using the ggplot2 package
[33], which are part of the tidyverse library set. The
proportions of enchytraeid density in each soil layer
and soil horizon relative to the total density were com-
pared between contamination zones using the equality
of proportions test with Yates’s correction for continu-
ity (the prop.test function in the base R package).
RUSSI
Size classes were calculated for logarithmic enchy-
traeid body mass data presented as a variation series.
The boundaries of size classes, as well as weighted
average class intervals, are given in the Appendix,
Table S2. Diversity profiles (Hill numbers) were con-
structed for background and impact zones based on
species lists with summarized density and biomass val-
ues (CommunityProfile function of the entropart
package [34]). The profiles of potential diversity (rar-
efaction and extrapolation) for the background and
impact zones, as well as the assessment of the com-
pleteness of the sample volumes in them, were calcu-
lated using the iNEXT function of the package of the
same name [35]. The confidence interval boundaries
were estimated using a permutation test (999 permuta-
tions).

The ordination of the density and biomass of ench-
ytraeid species relative to the “pollution zone” factor
was performed using the principal component method
in the ggord package [36]; the model parameters
(characteristic numbers and distances to centroids)
were calculated using the pairwiseAdonis package
[37]. Before performing the ordination, the density
and biomass values for the species list in each sample
were normalized using the Hellinger transformation in
the labdsv package [38]. The effect size (log response
ratio) for several arrangements of enchytraeid density,
biomass, and species richness at the sample level was
estimated using the LRRd function of the SingleCa-
seES package [39].

RESULTS

Enchytraeid Population Density

Enchytraeid population densities varied greatly
between pollution zones. In the background zone at
different SPs, the average density varied from 13666 to
44903 specimens/m2 (Appendix, Table S3). The high-
est density (61% of the total) of enchytraeids was noted
in the upper 2 cm of the soil core (Fig. 3a; Appendix,
Table S4), although in the forest litter and organomi-
neral horizon the density was comparable (Fig. 3b).

In the impact zone, the average density was
reduced by 80 times compared to the background and
ranged from 0 to 1188 specimens/m2 at different SPs
(Appendix, Table S3). The highest density (59% of the
total) was recorded in the 2.1–4 cm layer, while in the
0–2 cm layer it was reduced (Fig. 3a; Appendix, Table
S4). A comparison of the distribution of enchytraeids
between the layers of the soil core (as a share of the
total density) in the background and impact zones
confirmed the differences between the 0–2 cm layers
(p = 0.0007) and 2.1–4 cm (p = 0.0002) and no differ-
ences between layers 4.1–6 cm (p = 0.8818) and 6.1–
8 cm (p = 0.4941). The proportion of enchytraeids in
the total density in the forest litter increased in the
impact zone compared to the background zone (p =
AN JOURNAL OF ECOLOGY  Vol. 56  No. 5  2025
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Fig. 3. Distribution of enchytraeids in soil core layers (a—population density, c—biomass) and soil horizons (b—density, d—bio-
mass). Soil horizons: FL—forest litter, OM—organomineral. The sampling unit is the sample plot (n = 5).
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0.0059, Fig. 3b); the proportion in the organomineral
horizon in both zones was comparable (p = 0.1413).

A pronounced effect of the “contamination zone”
factor on the density of enchytraeids was noted in all
the examined soil horizons, soil core layers, and vari-
ants of combining layers (Fig. 4).

Enchytraeid Biomass

In the background zone, the average biomass of
enchytraeids varied within the range of 1357–
3699 mg/m2 at different SPs (Appendix, Table S5).
The highest biomass (as well as density) was noted in
the 0–2 cm layer (63% of the total, Fig. 3c; Appendix,
Table S6). The biomass in the forest litter was some-
what greater than in the organomineral horizon
(Fig. 3g). In the impact zone, the average biomass was
reduced by 20 times and varied from 4 to 424 mg/m2 at
different SP (Appendix, Table S5). The highest bio-
RUSSIAN JOURNAL OF ECOLOGY  Vol. 56  No. 5  2
mass was noted in the 2.1–4 cm layer (61% of the total,
Fig. 3c; Appendix, Table S6). A comparison between
the background and impact zones of the proportions
of enchytraeid biomass in the soil core layers relative to
the total biomass revealed significant differences in all
combinations (p < 0.0001). A similar comparison for
soil horizons revealed an increase in the proportion of
enchytraeid biomass in the forest litter (p < 0.0001)
and a decrease in the proportion of biomass in the
organomineral horizon (p < 0.0001) in the impact
zone compared to the background zone (Fig. 3g).

The effect of the “contamination zone” factor on
biomass in all the considered soil horizons, soil core
layers, and layer combination options was pronounced
and comparable in magnitude to the effect for density
(Fig. 4).

The distribution of enchytraeids by size classes was
close to lognormal (see Appendix, Table S2; Fig. 5):
the largest number of individuals were included in the
025
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Fig. 4. The effect size of the “pollution zone” factor on the population density, biomass, and species richness of enchytraeids in
different soil horizons, soil core layers, and layer combination options (depth 0–4 cm and 0–6 cm). The sampling unit is the sam-
ple plot (n = 5).
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central classes (2, 3, 4), the smallest were included in
the extreme ones (1, 6, 7). In the impact zone
(Fig. 5b), despite the differences in the ratio of class
shares, the range of changes in their values generally
coincided with those described above (Fig. 5a).

Diversity of Enchytraeids

In total, 19 species of enchytraeids were identified
in the study area (Table 1). In the background zone,
17 species were found (from 6 to 13 at different sites),
RUSSI
among the dominant ones were: Buchholzia appendic-
ulata (Buchholz, 1862), Enchytronia parva Nielsen &
Christensen, 1959 s.l., and Cognettia sphagnetorum
(Veydovsky, 1878) s.l. (see Appendix, Table S3). Seven
species were identified in the impact zone, and their
number at the SP increased with distance from the
smelter: from absence at the nearest (1.9 km from the
plant) to five species at the most distant (3.7 km).
Enchytronia parva and Fridericia ratzeli (Eisen, 1872)
were predominant (Appendix, Table S3).
AN JOURNAL OF ECOLOGY  Vol. 56  No. 5  2025
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Fig. 5. Distribution of enchytraeids by size classes in the
background (a) and impact (b) pollution zones.
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For most species recorded in the impact zone, a
decrease in occurrence was noted. Only Enchytraeus
buchholzi Vejdovský, 1878 and Fridericia ratzeli
showed an incidence similar to that of the background
zone (see Table 1). In general, the effect of the “pollu-
tion zone” factor on species richness is clearly pro-
nounced (see Fig. 4).

The structure of enchytraeid communities in the
background and impact zones differs only at the level
of species richness and abundance of rare species (q <
0.9), while the “cores” of communities (i.e., the num-
ber of the most abundant species and the ratio of their
numbers) are similar (Fig. 6a). The cumulation-
extrapolation curve of potential species richness in the
background zone is close to saturation in the region of
20 species (Fig. 6b). In the impact zone, assessing
potential diversity is difficult due to the reduced abun-
dance of enchytraeids. However, the values of the
actual cumulative diversity in the background and
impact zones are very close (solid lines in the diagram,
see Fig. 6b).

The minimum sample size in the impact zone, suf-
ficient to obtain a diversity of enchytraeids comparable
to the background within the range of values, is about
50 samples (the beginning of the area of intersection of
confidence intervals; Fig. 7). However, the potential
sample size required for a complete study of the diver-
sity of enchytraeids in the impact zone includes at least
150 samples (the area where the cumulative curve
reaches a plateau; Fig. 7).

The results of the ordination of the species struc-
ture of enchytraeid communities indicate its similarity
in the background and impact zones (Fig. 8). When
analyzing both abundance and biomass, no species
were identified that were clearly drawn to the condi-
tions of the contaminated area. The average distance
to the centroids increased with increasing proximity to
the pollution source: both for abundance (in the back-
ground zone—0.551, in the impact zone—0.709) and
for biomass (0.635 and 0.730, respectively).

DISCUSSION
Changes in Population Density, Biomass, and Diversity

During the study, 19 species of enchytraeids were
identified. According to recent reports [40, 41], 9 of
them were noted for the first time in the Sverdlovsk
oblast, and another one was noted for the first time in
Russia (Fridericia auritoides Schmelz, 2003). Of the 14
species previously noted for the Sverdlovsk oblast, we
identified 10 (71%) [41].

The indicators of enchytraeid communities in the
background zone are comparable with those given for
unpolluted birch forests in central Europe (14 species,
density 15000–30000 specimens/m2, wet biomass
1200–1400 mg/m2) [42]. When comparing the back-
ground zone with the coniferous forests of central and
northern Europe, population density and species rich-
RUSSIAN JOURNAL OF ECOLOGY  Vol. 56  No. 5  2
ness were comparable (from 6 to 21 species, 6000–
134000 specimens/m2), and the biomass was lower (in
raw terms – 2170–29079 mg/m2) [8, 13, 28, 43–45].
In the more southern broadleaf forests of England,
Canada, and Japan, the average biomass of enchytrae-
ids is also higher than that noted by us (in terms of wet body
mass 10610–16680 mg/m2; cited from [28]).

In the impact zone of MUCS, all registered species
of enchytraeids have reduced density and biomass, and
the majority of species also have reduced occurrence.
This result correlates well with previous studies, which
in most cases also described a decrease in the density
025
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Table 1. Occurrence of enchytraeids in samples and in sample plots in different pollution zones

Pollution zones: B—background, I—impact. The occurrence of species in samples in the background zone is calculated for n = 20,
in the impact zone for n = 30; occurrence in sample plots (SPs) in both zones for n = 5.

Species
In samples On SPs

B I B I

Buchholzia appendiculata (Buchholz, 1863) 0.7 0 1 0
Fridericia auritoides Schmelz, 2003 0.2 0 0.4 0
Fridericia bulboides Nielsen & Christensen, 1959 0.1 0 0.2 0
Fridericia callosa (Eisen, 1878) 0.2 0 0.2 0
Fridericia lacii Dózsa-Farkas, 2009 0.2 0 0.2 0
Fridericia paroniana Issel, 1904 0.2 0 0.4 0
Fridericia schmelzi Cech & Dózsa-Farkas, 2005 0.1 0 0.2 0
Fridericia sp. 0.6 0 1 0
Henlea ghilarovi Nurminen, 1980 0.1 0 0.2 0
Henlea perpusilla Friend, 1911 0.2 0 0.6 0
Henlea sp. 0.3 0 0.8 0
Marionina communis Nielsen & Christensen, 1959 0.4 0 0.8 0
Marionina vesiculata Nielsen & Christensen, 1959 0.1 0 0.2 0
Marionina sp. 0.2 0 0.8 0
Stercutus niveus Michaelsen, 1888 0.2 0 0.6 0
Cognettia sphagnetorum (Vejdovsky, 1878) 0.3 0.03 0.6 0.2
Enchytraeus buchholzi Vejdovsky, 1878 0.7 0.10 0.8 0.6
Enchytraeus sp. 0.1 0.03 0.4 0.2
Enchytronia parva Nielsen & Christensen, 1959 0.5 0.03 0.6 0.2
Fridericia ratzeli (Eisen, 1872) s.l. 0.3 0.13 0.6 0.4
Henlea nasuta (Eisen, 1878) 0.5 0.03 1 0.2
Bryodrilus sp. 0 0.03 0 0.2
Cognettia glandulosa (Michaelsen, 1888) 0 0.03 0 0.2
[7, 8, 10, 11, 13,] and diversity [8, 13] of enchytraeids.
It is noteworthy that the impact of pollution sources
on surrounding ecosystems differed from that of
MUCS, the emissions of which led to a decrease in the
pH of the soils of surrounding biocenoses [17]. Thus,
the activities of a copper smelter in Sweden [13], zinc
plants in Poland [12, 13], and the Netherlands [8] led
to the neutralization of the initially acidic soils of
coniferous forests. The copper-nickel plant in Finland
did not have a significant impact on the acidity of sur-
rounding soils [7, 9, 10]. Near the zinc plant in
Poland, on the contrary, an increase in diversity in
enchytraeid communities has been described [11]. The
study’s authors linked this to a decrease in the density
of C. sphagnetorum, which dominates background sites
and avoids sites contaminated by more neutral soils or
high metal concentrations. Other species, on the con-
trary, moved into contaminated areas, which led to a
decrease in dominance and an increase in the even-
ness of communities in the impacted area.

It is important to note that the diversity structure of
enchytraeid communities in the background and
RUSSI
impact zones is quite similar (see Fig. 6a). This may
mean that the seemingly catastrophic decline in num-
bers in the impact zone has had little effect on the
community structure itself. A decrease in occurrence
was noted in the impact zone for almost all species
(see Table 1), which suggests that less abundant ench-
ytraeid species have simply not yet been taken into
account. This assumption may be indirectly con-
firmed by the fact that almost all species represented in
the impact zone have a high abundance in the back-
ground zone (see Appendix, Table S3).

It is also necessary to consider the distribution of
enchytraeids by size classes, the range of values of
which is comparable in both zones (see Fig. 5). In
enchytraeids, body mass is closely related to length
and correlates with species affiliation [30], so the pres-
ence of almost all size classes near the MUCS, despite
a 20-fold decrease in biomass, suggests higher diver-
sity than found in this study. More direct confirmation
is the high similarity of the cumulation curves of the
background and impact zones in the area of real
cumulated diversity (see Fig. 6b), as well as the results
AN JOURNAL OF ECOLOGY  Vol. 56  No. 5  2025
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Fig. 6. Profiles of diversity indices (Hill numbers) (a) and extrapolation of potential diversity (b) of enchytraeids in contaminated
zones (B—background, I—impact): dotted lines—extrapolated values; shaded areas—boundaries of the 95% confidence interval;
accounting unit—sample plot (n = 5).
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of the ordination of the structure of enchytraeid com-
munities (Fig. 8). The state of communities in the
impact zone of MUCS, is less stable (the distance to
the centroids of the ordination diagrams is increased),
and species that are attracted to the conditions of the
contaminated area have not been identified at this
stage of the study. However, to identify the actual
diversity of the impact zone, significant additional
efforts are required (the minimum sample is estimated
at 50 samples, the optimal one is 150–200 samples, see
Fig. 7). This conclusion can serve as a methodological
RUSSIAN JOURNAL OF ECOLOGY  Vol. 56  No. 5  2
guideline for organizing further studies in this direc-
tion.

Despite the arguments presented, a significant
decrease in the density, species richness, and biomass
of enchytraeids in the impact zone of MUCS allows us
to state a pronounced negative effect in all soil hori-
zons and variants of combining soil core layers (see
Fig. 4). From a methodological point of view, this may
mean that the general trend of the reaction of enchy-
traeid communities to pollution can be correctly
determined by analyzing any of the given parameters
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Fig. 7. Extrapolation of the potential sample size in the impact zone (I) required to achieve species richness comparable to the
values of the background zone (B): dotted lines are extrapolated values; shaded areas are the boundaries of the 95% confidence
interval; the sampling unit is the sample plot (n = 5).
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and any of the layers considered, regardless of the
depth of extraction. However, due to the low popula-
tion density of enchytraeids in the impact zone, this
conclusion needs to be confirmed by a study with a
larger sample size.

Changes in the Vertical Distribution

The total density and biomass of enchytraeids are
vertically distributed unevenly and in the background
zone are concentrated in the upper 2 cm of soil, which
corresponds to the average thickness of the forest litter
(see Figs. 2 and 3). A similar situation has been
described for the soils of European spruce [14] and
pine [16, 44] forests, where 47–70% of the total den-
sity and at least 54% of the total biomass [44] of ench-
ytraeids were concentrated in the upper 2–3 cm of
soil.

In the contaminated area, both parameters tend to
shift deeper into the soil, being “redistributed” into
the 2.1–4 cm layer. This corresponds to the situation
near a copper smelter in Sweden, where 80% of the
total abundance of enchytraeids was recorded in the
upper layer (0–3 cm) of the background plots, while
only 50% was recorded near the pollution source [13].
The shares of density and biomass in the forest litter in
relation to the total values increased near MUCS (see
Figs. 3b and 3d) and began to approximately corre-
spond to the sums of the shares of density and biomass
in the 0–2 cm and 2.1–4 cm layers of the background
zone (see Figs. 3a and 3c). This phenomenon is
undoubtedly associated with a twofold increase in the
thickness of the litter (from 2.1 ± 0.3 cm to 3.8 ±
0.2 cm; see Fig. 2b and Appendix, Table S1) in birch
forests of the impact zone due to the well-described
inhibition of destructive processes [47]. In the back-
ground zone, the thickness of the litter on average cor-
RUSSI
responded to a layer of 0–2 cm, in the impact zone it
corresponded to the sum of layers of 0–2 and 2.1–
4 cm.

The displacement of enchytraeids to the lower part
of the litter can hardly be associated with the avoid-
ance of pollutants, since in the impact zone the maxi-
mum concentrations of all metals (except Fe) were
noted precisely in the lower layer of the litter, at the
border with the organomineral horizon [18]. Thus, the
highest density of enchytraeids was recorded in the
most toxic soil layer. Factors that can influence the
vertical distribution of enchytraeids may be the quan-
tity and quality of the food substrate [44, 47], namely
detrital material 5–10 years old [48], the highest con-
centration of which is associated with the lower part of
the litter. Another possible factor is insufficient mois-
ture in the upper part of the litter, which can cause the
migration of enchytraeids into the underlying layers
[49, 50].

It can also be assumed that at least some species of
enchytraeids may maintain a preferred depth regard-
less of the soil horizon in which it is located. In this
case, thickened litter layer in the impact zone simply
“captures” new, “depth-preferring” species. This ver-
sion is consistent with the features of the vertical dis-
tribution of the species Enchytronia parva, which was
the most numerous in the impact zone. A typical
deep-layer species [15, 16], E. parva, is concentrated
in the 2.1–4 cm layer in the background zone (33.3%
of the total density in the layer), which belongs to the
upper part of the organomineral horizon. In the
impact zone, E. parva still predominates in the same
2.1–4 cm layer (38.5%), which at this level is already
part of the forest litter (see Appendix, Table S3). The
biomass of the species changes in a similar way (see
Appendix, Table S6).
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Fig. 8. Ordination of abundance (a) and biomass (b) in enchytraeid communities using the principal coordinate analysis (PCA)
relative to the “pollution zone” factor; pollution zones: B—background, I—impact.
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It should be noted that at this stage of the study, any
discussion about the distribution patterns of enchy-
traeids in the impact zone are to some extent specula-
tive due to the small number of collected worms and
their uneven distribution.

CONCLUSIONS

The study showed that the population density, bio-
mass, and species richness of enchytraeids were
reduced in birch forests in the impact zone of MUCS.
However, the diversity structure of enchytraeid com-
munities has changed little. Diversity in the impact
zone is potentially comparable to the background
diversity, but its assessment is difficult due to the
reduced frequency of species. The vertical distribution
of the density and biomass of enchytraeids in the con-
taminated area shifted due to an increase in the pro-
portion of the 2.1–4 cm layer, which in the back-
ground zone belongs to the organomineral soil hori-
zon, and in the impact zone it belongs to the lower part
of the forest litter.

Thus, the tested hypotheses regarding the decrease
in density, biomass, and species richness, as well as
about the change in the vertical distribution of enchy-
traeids in the contaminated area were confirmed. The
hypothesis regarding changes in the structure of ench-
ytraeid communities has not been confirmed at this
time.
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