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For a successful planning of the environmental monitoring, the understanding of the formation patterns of
communities and their interactions with the environment is of great importance. During monitoring studies,
ecosystems of the protected areas can serve as reference sites for assessing the disturbance degree, espe-
cially when anthropogenic impacts are absent or insignificant. The first and most comprehensive investi-
gations of the fauna of benthic invertebrates in the watercourses of the Krasnoyarsk Stolby National Park
were conducted in the late 1950s — early 1960s. They included a study of the faunistic composition of ben-
thic invertebrates and zoobenthos distribution in biotopes and water bodies. In 2020-2023, the reconnais-
sance studies of macrozoobenthos was carried out in 24 watercourses in the Krasnoyarsk Stolby National
Park, Siberia. All watercourses belong to three receiving basins of the River Bazaikha, River Yenisei, and
River Mana. A total of 57 quantitative and nine qualitative samples of zoobenthos were collected. Using
the non-metric multidimensional scaling (NMDS) analysis, we established the relationship between the
taxonomic composition of macroinvertebrates and river basins, flow velocity, average riverbed gradient,
main channel length and bottom sediment. Redundancy Analysis (RDA) was used to analyse the influence
of environmental factors. The impact of nine hydrophysical and hydrochemical environmental factors on
macroinvertebrates was studied. Our research made it possible to identify 104 species from eight classes of
invertebrates of the zoobenthos in the surveyed watercourses. The highest species diversity was noted for
Diptera. A relatively high number of Trichoptera, Ephemeroptera and Plecoptera species was also recorded.
Lithorheophilic organisms, typical of streams with rocky substrates, low water temperatures and favour-
able oxygen conditions, dominated in the invertebrate fauna. The examined rivers had similar species
composition of zoobenthos. For most streams, the similarity level made up to 60-79%. Among the studied
watercourses, the highest species richness and abundance of macroinvertebrates was common for the large-
in-length rivers. It was shown that flow velocity, average riverbed gradient and main channel length were
most closely related and significant (p < 0.05) to macroinvertebrate distribution. For streams with high and
low flow rates, typical inhabitants of the rithral zone, namely larvae of Ephemeroptera and Plecoptera, as
well as Gammaridae, were the differentiating forms. In two other groups, in addition to Ephemeroptera and
Gammaridae, larvae of the family Chironomidae also made a remarkable contribution to differences in the
species composition of streams with a greater length and a small riverbed gradient. Water temperature had
the greatest effect on the total number of macroinvertebrates, while the length of the main channel, miner-
alisation and pH influenced it moderately.
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PATTERNS OF MACROINVERTEBRATE DISTRIBUTION IN WATERCOURSES

Introduction

River systems are important reservoirs of
landscape biodiversity accounting for a tiny
fraction (0.0002%) of the world total water
volume, but hosting the majority of global bio-
diversity (Dudgeon et al., 2006; Sabater et al.,
2013). National parks, especially those located
in the mountainous areas, can be considered
natural islands for biodiversity conservation
(Guareschi et al., 2012). Benthic invertebrates
play a great role in the mountain streams. The
spatial distribution and diversity of macroinver-
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tebrate assemblages are influenced by a com-
bination of several environmental factors de-
pending on hydrological conditions, chemical
and physical parameters (Costa & Melo, 2008).
Obtaining a general knowledge about the spe-
cies composition and abundance of zoobenthic
organisms with regard to habitat factors is of a
paramount importance, especially on sites with
insignificant or absent anthropogenic impacts.
Identification of the mechanisms underlying the
habitat preferences of zoobenthos makes it pos-
sible to predict the potential transformation of
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the composition of macroinvertebrate assem-
blages if their habitats change (Poff et al., 2010;
Burgazzi et al., 2021). Such studies provide a
fundamental contribution to the conservation
and rational use of natural resources, as well as
a solution of problems of climate changes im-
pact on the biota of natural water bodies.
Krasnoyarsk Stolby National Park is situ-
ated on the northwestern spurs of the Eastern
Sayan bordering the Central Siberian Plateau in
the Krasnoyarsky Krai. Right tributaries of the
River Yenisei (namely, River Bazaikha in the
northeast, River Mana and River Bolshaya Sliz-
neva in the southwest-west) represent the natu-
ral boundaries of this Protected Area. The area
of the Krasnoyarsk Stolby National Park has a
well-developed hydrographic network of more
than 300 km in length. Hydrobiological and ich-
thyological studies of watercourses of this terri-
tory were first carried out in 1956—1960 (Zape-
kina-Dulkeit & Dulkeit, 1961). Recent data on
the state of benthic organisms in these streams
are absent. The purpose of our study was to in-
ventorise the zoobenthos species composition
and assess the influence of various ecological
factors of the habitat on diversity and distribu-
tion of bottom invertebrates in the river network
of the mountainous region located within the
Krasnoyarsk Stolby National Park. We assume
that the distribution of macroinvertebrates here
is determined by hydrological and morphomet-
ric parameters of the watercourses, rather than
their confinement to a particular river basin.

Material and Methods

In the summer (July — August) of 2020-
2023, some exploratory studies of macrozoob-
enthos were carried out in some watercourses of
the Krasnoyarsk Stolby National Park (Stolby
State Nature Reserve until December 2019).
In the study area, the hydrographic network is
well-developed and all its water bodies belong
to the basins of three receiving rivers, namely
the River Bazaikha, River Yenisei and River
Mana (Fig. 1). In the Bazaikha River basin, we
studied the River Kaltat (mouth) and its left-side
sources, the streams Babsky Kaltat, Stolbovsky
Kaltat, Nelidovsky; Vesyoly, Bolshoi Inzhul,
Mokhovoi, and Synzhul. Four sections of the
River Bazaikha were surveyed near the Dolgu-
sha cordon, upper the Inzhul cordon, upper the
Synzhul stream mouth and in the mouth of the
River Bazaikha (outside the Protected Area). In
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the Mana River basin, we examined the streams
Krivopokhvalny, Knyazeva, Berly, Vynosnaya,
Maly Indei, Sredny Indei, Indei, Kaidynka,
Maslyanka, Snezhnaya, and Sarala. Two sec-
tions of the River Mana (near the cordon Ber-
ly and cordon Kandalak), as well as the River
Bolshaya Slizneva, stream Laletina, and stream
Berkutovsky (left source of the stream Fokin-
sky) in the Yenisei River basin were studied. A
total of 24 watercourses were surveyed, includ-
ing the receiving water bodies (River Mana and
River Bazaikha).

The selected material was analysed and pro-
cessed using the standard methods (Abakumov,
1992). Bottom samples from boulders and peb-
bles were collected with a hydrobiological net
(with subsequent calculation of the total area
of stones by their projection on a plane), then
washed through a nylon gauze with the mesh
size of 350 x 350 um. Samples were collected
only from rocky substrates since fine-grained
sediments were completely absent on the sam-
pling sites or washed away by the powerful
floods of 2020 and 2021. Taken two to three
times quantitative samples were combined into
an integrated sample. For more complete ac-
counting of the zoobenthos composition, the
samples were collected manually in various
biotopes. The samples were examined portion-
wise, and the organisms found were placed in
test tubes with 70% ethyl alcohol. After drying
on a filter paper, we weighed the organisms on
a torsion balance. Each species was determined
using Tsalolikhin (1994, 1995, 1997, 2000,
2001, 2004) and Alekseev & Tsalolikhin (2016).
A total of 57 quantitative and nine qualitative
samples of zoobenthos were collected. More
than 4600 macroinvertebrate specimens were
collected and identified.

During the study period, we measured
depth, transparency, water temperature, concen-
tration of dissolved oxygen in water, pH, miner-
alisation (by NaCl), and organic matter content
(by BOD,). The type of bottom sediments was
defined visually based on the predominant size
of the constituent fractions (Nikanorov et al.,
2013). A granulometric analysis of fine-grained
fractions of sediments was not performed. The
concentration of dissolved oxygen, percentage
of water saturation with oxygen, and water tem-
perature were measured using a Mark-302M ox-
imeter, while water mineralisation and pH by a
portable ion-selective device ANION 4120.
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Fig. 1. The location of the studied watercourses in the Krasnoyarsk Stolby National Park, Russia. Designations: 1 — River
Bolshaya Slizneva, 2 — stream Laletina, 3 — stream Mokhovoi, 4 — stream Bazaikha (the mouth), 5 — River Kaltat, 6 —
stream Synzhul, 7 — River Bazaikha (upper of the Synzhul stream mouth), 8 — stream Bolshoi Inzhul, 9 — River Bazaikha
(cordon Inzhul), 10 — stream Vesyoly, 11 — River Bazaikha (cordon Dolgusha), 12 — stream Berly, 13 — stream Snezhnaya,
14 — stream Knyazeva, 15 — River Mana (cordon Berly), 16 — stream Kaidynka, 17 — stream Krivopokhvalny, 18 — stream
Vynosnaya, 19 — stream Maslyanka, 20 — stream Maly Indei, 21 — stream Sredny Indei, 22 — stream Bolshoi Indei, 23 —
stream Sarala, 24 — River Mana (cordon Kandalak), 25 — stream Nelidovsky, 26 — stream Stolbovsky Kaltat, 27 — stream

Babsky Kaltat, 28 — stream Berkutovsky.

One of the most important and frequently
used procedures in assessing the structural and
functional organisation of ecological systems is
species composition comparison. The most com-
mon analysis scheme is visualisation due to iden-
tification by ordination differences, test-based
comparison of differences in the species composi-
tion, and identification of species with the highest
differences in samplings (Sushko, 2021).

When comparing the species composition
of the studied watercourses, the analysed data
were divided into four groups according to 1)
river basins (River Bazaikha, River Yenisei,
River Mana); 2) flow velocity (1 — low velocity
(0.0-0.3 m/s), 2 — mean velocity (0.3-0.6 m/s),
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3 — high velocity (more than 0.6 m/s)); 3) aver-
age channel gradient (1 —> 70 m/km, 2 — 20-70
m/km, 3 — < 20 m/km); 4) length of the main
channel (1 —> 100 km, 2 —20-100 km, 3 — <20
km); 5) bottom sediment (1 — large stones (> 130
mm), 2 — small stones (65-30 mm), 3 — sand and
gravel (< 65 mm)).

Statistical data processing was performed in
the PAST v. 4.14 software (Hammer et al., 2001).
To identify the patterns of species distribution
in samples, the indirect ordination method of
non-metric multidimensional scaling (NMDS)
was applied. Mathematical data processing was
based on the relative abundance of organisms
of each taxonomic group in the samples. In as-
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sessing the statistical reliability of the identified
groups, we used the ANOSIM method. This non-
parametric procedure enabled to test significant
differences between two or more groups. The
final statistical measure, R-test, was derived
from the analysis (Sushko, 2021). At R = 1, the
assemblages were very different, while at R =
0 they turned out to be completely identical.
Values of R > 0.75 were usually interpreted as
a good level of differences, R > 0.50 as the pres-
ence of differences, R < 0.25 as barely notice-
able differences. Negative R-values suggest that
the differences within groups are higher than
those between the groups (Clarke, 1993). The
SIMPER procedure was used to determine the
species making the highest contribution to the
similarity and difference between the samples.
Statistical methods of direct ordination can re-
flect the changes in the macroinvertebrate state
depending on the aquatic environmental factors
(Jongman et al., 1999). Redundancy Analysis
(RDA) was employed to analyse the influence
of environmental factors on the main character-
istics of macrozoobenthos.

Results

Characteristics of the environmental fac-
tors of the studied watercourses

The studied rivers of the Krasnoyarsk Stolby
National Park differ greatly both in their hydro-
logical regime and hydrochemical parameters.
Their morphometric parameters are presented
in Table S1. Because of the heavily forested
area of the Krasnoyarsk Stolby National Park,
river channels are extremely littered and poorly
warmed in summer. In winter, especially with a
severe frost onset and low snow cover, power-
ful ice (resting in some sites until mid-June) is
formed on many streams. Due to a strong shore
unevenness, high velocity and poor valley de-
velopment, riverbeds of all streams are rocky,
their width and depth are insignificant (Zape-
kina-Dulkeit & Dulkeit, 1961). Floodplains are
developed only in the valleys of the River Mana
and River Bazaikha, with a number of differ-
ences. The River Mana does not form meanders
though it flows among rocky mountains in the
lower reaches, but actively creates sand and
pebble islands inside the channel, as well as pro-
nounced floodplain terraces at some places. On
the contrary, the River Bazaikha strongly mean-
ders, constantly washing away loose sediments
thereby forming oxbow lakes and steep loops.
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As a result, the water turbidity in the warm pe-
riod in the River Bazaikha is noticeably higher
than in the River Mana.

Most watercourses of the Krasnoyarsk
Stolby National Park are not anthropogenical-
ly disturbed. In the recreational impact zone,
Berkutovsky, Laletina, Nelidovsky, Stolbovsky
Kaltat, Babsky Kaltat and Mokhovoi streams
are located. The River Mana is a favourite place
for organised and wild water tourism in the sum-
mer period. The River Bazaikha experiences a
strong anthropogenic impact only in its estuary,
located in the private sector of the Krasnoyarsk
city. In the XX century (until 1985, 1966), in-
tensive timber drifting was carried out on the
River Mana and River Bazaikha.

As part of the project «Monitoring of anthro-
pogenic (man-made) impacts on forest ecosys-
tems of the Krasnoyarsk Stolby National Parky,
hydrochemical studies of watercourses have also
been conducted. These studies show that most pa-
rameters of the surface waters (except for heavy
metals, phenols and benzopyrene) vary greatly.
In terms of relative indicators of water miner-
alisation (specific conductivity, dry residue), the
surveyed rivers are classified as ultra-fresh hy-
pohaline waters, where hydrocarbonate ion, sul-
fate ion, strontium and calcium concentrations
make the most statistically significant effect on
mineralisation during the low-water period. All
water bodies are characterised by a slightly alka-
line pH, which gradually decreases (to neutral)
during intensive snowmelt or heavy rains (Tro-
pina, 2021). Observations of the hydrochemical
composition have been carried out since 2015
on 23 parameters during contrasting hydrologi-
cal periods (spring high water and summer low
water) on ten controlled watercourses.

The trophic status of the watercourses in the
Krasnoyarsk Stolby National Park is quite low.
They are all of an oligotrophic type. In the ni-
trogen group, nitrate ion has the highest specific
gravity; its concentrations slightly vary (average
concentrations during spring floods and summer
low water are 6.12 mg/dm® and 3.50 mg/dm?, re-
spectively). Nitrite ion, an optional component
of the surface waters, is usually present in trace
concentrations (< 0.02 mg/dm?®). In some cases,
its subthreshold values reach 0.06 mg/dm3 (the
maximum permissible concentration of nitrites
is 0.08 mg/dm?). Ammonium nitrogen in the
studied objects varies greatly. For instance, dur-
ing spring floods, the absolute range of values
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is within 0.02-0.30 mg/dm® (average long-term
value: 0.131 mg/dm?®), whereas in the summer
low-water period it makes up 0.03-2.06 mg/dm?
(average long-term value is 0.31 mg/dm?). The
presence of the increased concentration of am-
monium nitrogen in watercourses is of short du-
ration. Due to high flow rates in most cases, the
high oxygen supply of the surface waters of the
Krasnoyarsk Stolby National Park contributes
to the fast transformation of reduced nitrogen
forms into oxidised forms.

The absolute variation of phosphate concen-
trations accounts for 0.002—0.380 mg/dm? at the
average long-term values of 0.042—-0.046 mg/
dm?®. The phosphate content in surface waters of
the Krasnoyarsk Stolby National Park is charac-
terised by large spatial and temporal dynamics
and strongly depends on meteorological condi-
tions. The main source of phosphate inflow is
soil and groundwater infiltration to the drainage
network. Therefore, the highest concentrations
of PO, are observed on thawed soils either
during summer floods, or at spring flood reces-
sion. Thus, the examined watercourses have a
mixed type of alimentation, predominantly due
to ground and very fresh water of the sulfate-
hydrocarbonate-calcium type well supplied with
dissolved oxygen, and low trophic status.

Taxonomic composition

A total of 104 species of benthic inverte-
brates from eight classes were identified in the
studied watercourses, namely Insecta (91 spe-
cies), Gastropoda (5 species), Hirudinea (2 spe-
cies), Oligochaeta (2 species), Arachnida (1 spe-
cies), Bivalvia (1 species), Crustacea (1 species),
Turbellaria (1 species). (Table S2). In the class
of Insecta, the highest species diversity was not-
ed for Diptera (36 species, including 24 Chiron-
omidae), among which the genus Orthocladius
(in 26% of samples) and Simulium (28%) were
most frequently recorded. The maximum pro-
portion of Diptera in zoobenthos number was
found in the River Mana (50%), as well as the
stream Vynosnaya (31%) and stream Kaidynka
(41%). In addition, the surveyed watercourses
had a relatively high number of species from the
orders Trichoptera (21 species), Ephemeroptera
(14 species) and Plecoptera (13 species). Among
Trichoptera, Glossosoma sp. and Rhyacophila
sp. were most frequently found in the rivers (26%
each). Among Ephemeroptera, the representa-
tives of the genera Baetis (79% of samples) and
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Rhithrogena gr. lepnevae (47%) were identified
in all watercourses. Among Plecoptera, Isoperla
Bans, 1906 was most frequently detected (21%).
Philolimnogammarus sp. were among the per-
manent inhabitants (77.5%). Representatives of
the class Oligochaeta Limnodrilus hoffmeisteri
Claparede, 1962 (40%) and the order Coleoptera
Noterus sp. (31%) were also quite common.

The maximum number of species was iden-
tified in the River Bazaikha (55 species), stream
Laletina (33 species), River Mana (29 species),
River Kaltat (29 species), River Bolshaya Sliz-
neva (25 species). In other watercourses, this in-
dicator was less than 18 species. The surveyed
watercourses were similar in the zoobenthos
species composition, which is evident from the
results of the cluster analysis (Fig. 2). The fauna
composition the Stream Berkutovsky differed
from others, most likely due to the small num-
ber of identified taxa of macroinvertebrates. We
grouped all watercourses into clusters according
to their confinement to the related river basins.
In terms of the zoobenthos composition, River
Bazaikha — River Kaltat, stream Stolbovsky
Kaltat — stream Nelidovsky, River Bolshaya SI-
izneva — stream Laletina, stream Berly — stream
Vynosnaya were the closest.

Quantitative characteristics of zoobenthos
in the studied watercourses varied widely. They
were maximal in the River Bazaikha, River
Mana, and minimal in the stream Maly Indei,
stream Sredny Indei, River Kaltat, stream Sara-
la, and stream Kaidynka (Table 1). In terms of
biomass, the rivers were dominated and sub-
dominated by larvae of the orders Trichoptera
and Ephemeroptera. In the River Mana, inverte-
brates from the order Plecoptera were sub-dom-
inant. In most rivers, Gammaridae dominated
in biomass, yielding to Ephemeroptera only in
some streams.

Factors influencing the structure of mac-
roinvertebrate assemblages and regulating
their spatial distribution

We studied the relationships of seven main
indicators of the zoobenthos structure (spe-
cies diversity index, abundance and biomass in
general, as well as abundance and biomass of
EPT and Gammaridae groups) with nine hydro-
physical and hydrochemical indicators (depth,
temperature, length of the main channel, flow
velocity, average channel gradient, pH, mineral-
isation, oxygen content and BOD;). To identify
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most significant factors, we used the principal
component method. From the classification of
environmental factors, two principal compo-
nents (PC) were identified, covering 97% of the
total variance (Fig. S1). The main proportion of
PC1 was made up of water mineralisation and
length of the main channel, while PC2 of the
average stream gradient (Fig. S2). Using the
correlation analysis, we revealed for these en-
vironmental factors reliable (p < 0.05) moderate
positive correlations with various macrozoob-
enthos metrics. A reliable relationship was also
noted for water temperature, pH, oxygen con-
tent, depth and flow rate (Table S3).

The multivariate ordination made it possible
to establish the dependence of the main charac-
teristics of invertebrates in various watercourses
on gradient vectors of the environmental fac-
tors (Fig. 3). The analysis showed a significant
(p < 0.05) high negative impact along the first
axis (87.4% of the total variation) of water tem-
perature, as well as a moderate effect of min-
eralisation, pH and main channel length on the
total abundance of macroinvertebrates.

The redundancy analysis showed a sig-
nificant influence of the studied environmental
factors on the total number of zoobenthos. De-
pendencies of other assemblage characteristics

on the environmental factors were not found,
thereby indicating the probable influence of un-
accounted factors, among which the type of bot-
tom sediments is the leading one. In the studied
watercourses subject to frequent floods (respon-
sible for destruction of habitats), the impact of
this factor requires further research.

One of the most important and frequently
used procedures in assessing the structural and
functional organisation of ecological systems
is species composition comparison. The most
common analysis scheme is visualisation due
to identification by ordination differences, test-
based comparison of differences in the species
composition, and identification of species with
the greatest differences in samplings (Sushko,
2021). The following factors were chosen as
factors influencing the distribution of macroin-
vertebrates in the studied watercourses: length,
channel angle of incidence, flow velocity and
substrate. These factors are major in mountain
streams (Krno et al., 2007; Dudgeon, 2012;
Guareschi et al., 2012; Vorobjeva & Chertoprud,
2023). In addition, attachment to the river basin
was taken into account. Since the watercourses
of the Krasnoyarsk Stolby National Park are lo-
cated at the same altitude (low mountains), this
factor, altitude, was not taken into account.
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Fig. 2. Dendrogram for hierarchical clustering (group-average link method, Bray-Curtis similarity index), based in taxonomi-
cal structure of the macrozoobenthos in the studied watercourses in the Krasnoyarsk Stolby National Park, Russia. Designa-
tions: 1 — stream Babsky Kaltat, 2 — River Bazaikha, 3 — stream Berkutovsky, 4 — stream Berly, 5 — River Bolshaya Slizneva,
6 — stream Bolshoi Indei, 7 — stream Bolshoi Inzhul, 8 — stream Vesyoly, 9 — stream Vynosnaya, 10 — River Kaltat, 11 — stream
Knyazeva, 12 — stream Krivopokhvalny, 13 — stream Laletina, 14 — stream Maly Indei, 15 — River Mana, 16 — stream Masly-
anka, 17 — stream Mokhovoi, 18 — stream Nelidovsky, 19 — stream Sarala, 20 — stream Snezhnaya, 21 — stream Sredny Indei,
22 — stream Stolbovsky Kaltat, 23 — stream Synzhul, 24 — stream Kaidynka.
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Table 1. Main characteristics of zoobenthos in the studied watercourses in the Krasnoyarsk Stolby National Park, Russia

Watercourse Number of species H Abundance, thousand specimens/m? Biomass, g/m?

Stream Babsky Kaltat 14 2.02-3.14 1.51-2.43 4.12-7.84
River Bazaikha 55 2.65-4.06 0.70-7.47 1.32-17.86
Stream Berkutovsky 9 1.83 1.44 2.97

Stream Berly 9 2.10-2.30 0.45-0.47 1.51-2.16
River Bolshaya Slizneva 25 2.29-3.57 0.24-0.81 0.94-3.57
Stream Bolshoi Indei 12 1.86-3.24 0.67-1.07 2.39-5.35
Stream Bolshoi Inzhul 16 1.93-1.96 1.18-2.30 0.51-1.85
Stream Vesyoly 18 2.10-2.61 2.31-5.96 2.82-8.56
Stream Vynosnaya 13 2.52-2.60 0.42-1.65 0.95-9.18
Stream Kaidynka 11 2.36-2.60 0.47-1.08 0.32-1.32
River Kaltat 29 1.05-1.43 0.66-0.95 0.64-1.22
Stream Knyazeva 7 2.08-2.50 0.65-1.16 1.55-2.93
Stream Krivopokhvalnyj 7 0.90-1.06 0.18-1.34 0.72-7.58
Stream Laletina 33 2.75-3.50 0.28-1.54 0.23-7.03
Stream Maly Indei 9 0.46-2.08 0.16-0.55 0.15-1.05
River Mana 29 2.78 -3.40 2.16-3.35 8.75-17.23
Stream Maslyanka 16 2.11-2.63 0.82-1.21 1.39-2.02
Stream Mokhovoi 18 1.59-3.20 0.62-1.36 4.00-6.34
Stream Nelidovsky 15 2.92 0.96 2.58

Stream Sarala 12 2.69-3.14 0.63-0.85 0.95-1.26
Stream Snezhnaya 13 2.27-2.58 0.68-1.54 1.75-2.89
Stream Sredny Indei 8 2.01-2.52 0.19-0.36 0.95-1.30
Stream Stolbovsky Kaltat 15 1.12-2.77 0.52-0.74 2.22-11.85
Stream Synzhul 9 2.02 0.24-0.53 0.36-4.57

Note: H — Shannon species diversity coefficient.

NEPT 0.5

T BODS
%_ Flow rate BE%I 2
.- T
15 10 0.5 Stream 1.0
N gradient

Axis 2 (2.2%)

NG

Axis 1 (87.4%)

Fig. 3. Redundancy Analysis (RDA) ordination diagram of the relationships between environmental factors and the
main characteristics of macroinvertebrates in the studied watercourses in the Krasnoyarsk Stolby National Park, Russia
(p <0.05). Designations of factors: T — water temperature, Length — length of the main channel, Stream gradient — average
channel gradient, Depth — depth, Flow rate — flow velocity, pH — hydrogen index, Salinity — mineralisation, O, — oxygen
content, BOD, — biological oxygen demand. Designations of macrozoobenthos characteristics: H — species diversity in-
dex, N — total number of zoobenthos, B — total biomass of zoobenthos, NEPT — number of Ephemeroptera, Plecoptera,
Trichoptera groups, BEPT — biomass of Ephemeroptera, Plecoptera, Trichoptera groups, NG — number of Gammaridae,
BG — biomass of Gammaridae.
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To identify the patterns of species distribu-
tion in samples, we performed the non-metric
multidimensional scaling (NMDS) procedure.
The ordination diagrams (Fig. 4) showed that
the samples are most clearly grouped by «flow
velocity», «length of the main channely», and
«average channel gradient». Data on samples
distribution by «basin» group do not allow us
to identify discrete groups of considerably over-
lapping samples.

The ANOSIM procedure was used to check
the ordination results and statistical reliability
of sample distribution by groups. One-factor
ANOSIM showed statistically significant dif-
ferences between the sample groups (Table 2).
At the same time, R-values for the «basin» and
«bottom sediment» groups were less than 0.25
thus indicating minor differences present in
these groups. This is reflected in the ordination
diagrams demonstrating a great overlap of these
groups. The R-values for groups of streams
with low and high flow velocity, > 100 km and
< 20 km in length, as well as for streams with
a channel gradient of 20—70 m/km and < 20 m/

km indicate the differences. This is confirmed
by the ordination diagrams where they are most
distant from each other. The SIMPLER proce-
dure suggests that Philolimnogammarus sp.
(18.6%) (Gammaridae), Isoperla sp. (17.3%)
(Plecoptera), Baetis sp. (8.8%), Ecdyonurus
sp. (5.1%) (both — Ephemeroptera) provide the
highest contribution to the differences in the
species composition of streams with high and
low flow velocity. In rivers (length > 100 km)
and streams (length < 20 km), the differences in
species composition were determined by Baetis
sp. (7.2%) (Ephemeroptera), Philolimnogam-
marus sp. (6.8%) (Gammaridae), Orthocladius
sp. (8.7%), Eukiefferiella sp. (6.3%), Diamesa
baicalensis Tshernovskyi, 1949 (5.8%) (all —
Chironomidae). In watercourses with various
channel gradients, the differences in species
composition were determined by Philolimno-
gammarus sp. (8.2%) (Gammaridae), Baetis
sp. (7.7%) (Ephemeroptera), Orthocladius sp.
(7.5%), Eukiefferiella sp. (5.1%) (both — Chi-
ronomidae). The contribution of other species
did not exceed 5%.

Table 2. R-values and statistical confidence level for pairs of sample groups from watercourses in the Krasnoyarsk Stolby
National Park (Russia) in pairwise comparisons in the one-factor ANOSIM procedure

Sample groups R p
Basin
River Mana — River Bazaikha 0.13 <0.001
River Mana — River Yenisei 0.14 0.04
River Bazaiha — River Yenisei 0.08 0.09
Flow velocity
0.0-0.3 m/s — 0.3-0.6 m/s 0.23 0.06
0.0-0.3 m/s—> 0.6 m/s 0.65 <0.001
0.3-0.6 m/s —> 0.6 m/s 0.07 0.03
Average channel gradient
> 70 m/km — 20-70 m/km 0.01 0.41
> 70 m/km — < 20 m/km 0.26 <0.001
20-70 m/km — <20 m/km 0.56 <0.001
Length of main channel
> 100 km —20-100 km 0.37 <0.001
> 100 km — <20 km 0.55 <0.001
20-100 km — < 20 km 0.11 0.79
Bottom sediment
> 130 mm — 65-30 mm 0.03 0.79
> 130 mm — < 65 mm 0.05 0.01
65-30 mm — < 65 mm 0.06 0.09

Note: statistically significant values (at p < 0.05) are given in bolds.
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Fig. 4. Non-metric multidimensional scaling (NMDS) ordination of the sample groups from watercourses in the Krasnoyarsk
Stolby National Park, Russia (Bray-Curtis similarity index). Designations: A — river basins: 1 — Mana (circle), 2 — Bazaikha
(cross), 3 — Yenisei (plus); B — flow velocity: 1 —> 100 km (dot), 2 — 20—100 km (circle), 3 — < 20 km (cross); C — average
channel gradient: 1 — low velocity (0.0-0.3 m/s) (cross), 2 — mean velocity (0.3—-0.6 m/s) (circle), 3 — high velocity (more than
0.6 m/s) (plus); D — length of the main channel: 1 —> 70 m/km (cross), 2 —20-70 m/km (circle), 3 — <20 m/km (plus); E — bot-
tom sediment: 1 — large stones (> 130 mm) (cross), 2 — small stones (65-30 mm) (plus), 3 — sand and gravel (< 65 mm) (circle).

Discussion

The species composition of the studied wa-
tercourses corresponded to that of the moun-
tainous rivers. Lithorheophilic organisms, typi-
cal for watercourses with rocky substrates, low
water temperatures and a favourable oxygen re-
gime, dominated in the invertebrate fauna. The
first and most complete studies of the fauna of
bottom invertebrates in the rivers of the Kras-
noyarsk Stolby National Park were conducted
in 1956-1960. They included the investiga-
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tions of the faunistic composition of bottom in-
vertebrates, the distribution of zoobenthos by
biotopes and water bodies (Zapekina-Dulkeit
& Dulkeit, 1961). As compared with previous
studies, a lower species diversity of zoobenthos
was revealed. A high difference in species rich-
ness between data reported in the late 1950s
and data of this article are primarily determined
by different collection methods and the num-
ber of processed samples (Zapekina-Dulkeit &
Dulkeit, 1961). In 2020-2023, the exploratory
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studies involved mainly the estuaries of the
largest watercourses of the Krasnoyarsk Stolby
National Park, including a few sites on the re-
ceiving border rivers. Interestingly, the identi-
fied dominant zoobenthos groups in 2020-2023
were consistent with data of Zapekina-Dulkeit
& Dulkeit (1961). The detected taxa were also
a part of the dominant complex of other water-
courses in the Yenisei River basin (Andrianova,
2018; Andrianova et al., 2019). The studied wa-
tercourses were distinguished by a higher spe-
cies richness and quantitative characteristics
in large rivers compared to small streams. This
trend is associated with natural depletion of the
taxonomic composition in some types of water-
courses previously noted by other researchers
in the River Ob basin (Yanygina, 2014), small
streams of the River Zeya basin (Bezmaternykh
& Vdovina, 2014), and the mountain rivers of
China (Zhao et al., 2015).

Environmental conditions, including alti-
tude, riverbed gradient, geological features are
important factors affecting the distribution of
benthic invertebrate assemblages in the moun-
tain streams (Krno et al., 2007; Dudgeon, 2012;
Guareschi et al., 2012). Based on the indirect
ordination methods, the present study shows
that the parameters of flow wvelocity, aver-
age gradient, and main channel length are best
correlated (significant at p < 0.05) with mac-
roinvertebrates distribution. Other studies also
demonstrate the influence of these driving vari-
ables on the distribution of invertebrates liv-
ing in streams (Donohue et al., 2006; Krno et
al., 2007; Heino, 2009; Hussain, 2011; Lewin
et al.,, 2015). Despite statistically significant
differences between the river basins and bot-
tom sediment, there is a significant overlap of
these groups in the NMDS diagram and a high
degree of dissimilarity within the groups (low
R-value), thus indicating a gradual change in
the species composition. The importance of
the river basin factor rises with increasing dis-
tance between the compared geographic locali-
ties (Heino et al., 2017), which is confirmed by
other studies (Vorobjeva et al., 2020; Vorobjeva
& Chertoprud, 2023). In the Krasnoyarsk Stolby
National Park, the hydrographic network is well
developed, while the watercourses are closely
located and have similar macroinvertebrate
structure that has been confirmed by the results
of the analyses. The type of bottom sediments is
among the driving factors influencing the spa-
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tial distribution of benthic invertebrates (Negi-
shi et al., 2012; Foto Menbohan et al., 2017).
The strong dissimilarity of this group of factors
in NMDS diagrams was primarily explained by
the fact that mainly rocky substrates were stud-
ied. In sampling sites, fine soil fractions were
either completely absent or washed away by the
powerful floods of 2020 and 2021.

Hence, it confirms the hypothesis about the
primary influence of hydrological and morpho-
metric characteristics of watercourses on mac-
roinvertebrate distribution. From the obtained
material, we have derived a set of differentiat-
ing taxa for the compared groups of samples.
For streams with high and low flow rates, typi-
cal representatives of the orders Ephemeroptera
and Plecoptera, as well as the family Gammari-
dae, act as differentiating form. In the remain-
ing two groups from longer rivers with a slight
gradient of the riverbed, in addition to the or-
der Ephemeroptera and family Gammaridae, the
family Chironomidae also made a significant
contribution to the differences in the species
composition. In all groups, eurybiont species
not strictly confined to any particular biotope
were differentiating taxa (Philolimnogammarus
sp. and Baetis sp.).

In rivers, macroinvertebrate diversity can
be influenced by several factors, such as stream
size, landscape type, including temperature, al-
titude (above sea level), hydrochemical compo-
sition, soil composition (LeCraw & Mackreth,
2010; Hussain, 2011; Compton et al., 2013; Ma-
tias et al., 2015; Li et al., 2019; Zahraddeen et
al., 2019; Ouellet et al., 2020). The performed
analysis of redundancy of environmental factors
influence on the composition and structure of
zoobenthos in the studied watercourses suggests
a high negative effect of water temperature,
and a moderate influence of the main channel
length, mineralisation and pH.

The importance of water temperature has
long been recognised as a major determinant of
organism distribution and richness in streams
(L1 et al., 2012; White et al., 2017; Pander et
al., 2022), as well as the most obvious abiotic
variable associated with both altitudinal and lat-
itudinal gradients. Temperature extremes cause
a decline of species diversity, abundance, and
biomass (Glazier, 2012; Arai et al., 2015), caus-
ing shifts in the assembly composition (Arim et
al., 2007). Our findings confirm the previously
known information about a negative impact of
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low temperature on the quantitative character-
istics of benthic invertebrates in streams. Water
temperature is among the main environmental
factors affecting the abundance of major zoo-
benthos groups in the River Kan, a tributary of
the middle flow of the River Yenisei (Andri-
anova et al., 2019). A reliable influence of tem-
perature on zoobenthos was also noted in the
Khabarovsky Krai (Vorobjeva & Chertoprud,
2023) and Fenonscandia (Baryshev, 2023). The
response of zoobenthos organisms to water tem-
perature variations is crucial for understanding
the impacts of climate change on freshwater
ecosystems (Jourdan et al., 2018). The study of
this aspect is especially important for the moun-
tain water bodies not subject to anthropogenic
impact. They can be considered natural islands
for biodiversity conservation.

The length of the main river channel can have
a great effect on macroinvertebrate assemblages
as well. Some studies show a noticeable increase
in species richness and diversity of zoobenthos
(from small mountain watercourses to large riv-
ers), evidenced of the benthic assemblage trans-
formation (Kannoje et al., 2012; Bezmaternykh
& Vdovina, 2014; Yanygina, 2014; Zhao et al.,
2015). The influence of the main channel length
on the benthic invertebrate features in water-
courses of the Krasnoyarsk Stolby National Park
is confirmed by the methods of indirect and di-
rect ordination. Other studies also prove the in-
fluence of river size on distribution, number of
species and abundance of macroinvertebrates
(Céréghino et al., 2002; Juvigny-Khenafou et
al., 2021; Dou et al., 2022). At the same time,
most studies indicate little or no effect of stream
size on zoobenthos characteristics (Kokes, 2011;
Kannoje et al., 2012; Zhao et al., 2015; Kown-
acki & Szarek-Gwiazda, 2022).

The impact of water mineralisation on inver-
tebrates in the mountain rivers should be consid-
ered in the context of the biodiversity conserva-
tion (Niedrist & Fiireder, 2016), as the organisms
are particularly sensitive to the increased water
salinity (Clements & Kotalik, 2016). Macrozoo-
benthos of the mountainous rivers and streams
evolves in conditions of low salt content and
less tolerant to increased concentrations (Kef-
ford et al., 2016). In recent years, mountainous
regions of the world have undergone hydrologi-
cal and socio-economic transformations (Hock et
al., 2019). Therefore, varying salt concentrations
of mountainous small and large rivers should be
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taken into account. Some predictive models show
that salt concentrations in numerous rivers of
Germany (Le et al., 2019) and the USA (Olson,
2019) will double during XXI century. These
facts, as well as the results of our study, indicate
the need for assessing the relative deviations of
mineralisation from the natural background in the
mountain watercourses of the Krasnoyarsk Stolby
National Park since an increased salinity is able
to affect the adaptability of various aquatic organ-
isms (Canedo-Argiielles, 2020). The most impor-
tant macro-components of the surface water in the
study area, determining the level of their miner-
alisation, are hydrocarbonate ion, calcium, and
sulfate ion. The predominance of hydrocarbon-
ate ion in the macro-ionic composition of water
is due to the widespread occurrence of calcareous
rocks (e.g. limestone, marl, dolomite) in the geo-
logical basement referred to various suites of the
Upper Riphean and Vendian (Strunin, 2000).

The relationships between the hydrogen
index of water and zoobenthos organisms are
complex and depend on various factors, such
as the chemical composition of water, trophic
status and environmental conditions of a water-
course. In various water bodies, macroinverte-
brates react to pH fluctuations differently. As
compared to other water quality indicators, the
effect of this parameter on aquatic organisms in
freshwater streams is either minimal (Holland
et al., 2015), or manifests itself in combination
with other indicators (Piliere et al., 2014). In
some mountain water bodies, an effect of the
hydrogen index on the taxonomic composition
of macroinvertebrates was absent (Kownacki et
al., 2000). At the same time, in wetlands, pH
makes a major contribution to the formation of
the macroinvertebrate assembly structure (Chen
et al., 2012). In the studied watercourses of the
Krasnoyarsk Stolby National Park, the pH is
determined by the contents of hydrocarbonate
ions and metals (Tropina, 2021), affecting the
macroinvertebrate assemblages along with wa-
ter temperature and mineralisation.

Conclusions

The taxonomic composition of the commu-
nities that inhabit flowing waters is poorly pre-
dictable. However, it is possible to identify the
associations of species and life forms reliably
dependent on the studied environmental factors.
Identification of the mechanisms underlying the
habitat preferences of zoobenthos ensures the
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prediction of the potential transformation of the
composition of macroinvertebrate assemblages, if
their habitats change. In the watercourses of the
Krasnoyarsk Stolby National Park, the analysis
of the distribution of macroinvertebrate commu-
nities shows statistically significant relationships
with flow rate, average riverbed gradient, and
length of the main channel. The river basin factor
also plays an important role, but our investigations
indicate a progressively changing species compo-
sition of macroinvertebrates in watercourses of
various river basins. The communities of benthic
macroinvertebrates on various substrates dif-
fer significantly, but the groups of samples from
various substrate types demonstrate the strongest
dissimilarity. In the studied watercourses subject
to frequent floods, the impact of this factor re-
quires further research. The conducted redundan-
cy analysis of the relationships between the en-
vironmental factors and major characteristics of
macroinvertebrates in the studied mountain rivers
has revealed the highest effect of water tempera-
ture, and a moderate influence of the length of the
main channel, mineralisation and pH of water on
zoobenthos abundance. The water temperature is
among the key factors directly or indirectly deter-
mining the distribution and richness of organisms
in watercourses. When monitoring the effects of
both climate change and (organic) pollution, wa-
ter temperature studies are of importance. The
analysis results suggest that the length of moun-
tainous rivers and the associated heterogeneity of
habitats are essential for maintaining of macroin-
vertebrate diversity and ecosystem functioning in
the studied watercourses.

Thus, varying regional environmental fac-
tors are responsible for differences in the taxo-
nomic composition and abundance of macroin-
vertebrate assemblages in the watercourses of the
Krasnoyarsk Stolby National Park. Prediction of
the assemblage composition is important for ad-
equate assessing the watercourse status. Inves-
tigations of undisturbed and slightly disturbed
(by anthropogenic activity) river sections allow
us to get a notion about the range of ecosystem
variability in nature. Conducting of such studies
in water bodies of various hydrological types in
various regions is promising for environmental
monitoring of fresh waters.
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[ToHnmaHMe 3aKOHOMEPHOCTEH (OPMUPOBAHMS COOOIIECTB U UX B3aUMOAEHCTBHSI C OKPYIKAIOIIeH cpe1oil He-
00X0IMMO JUIsl YCTICITHOTO IUIAHMPOBAHUSI SKOJIOIMUECKOI0 MOHUTOPUHTA. DKOCHCTEMBI 0C000 OXpaHsIEeMbIX
MPUPOIHBIX TEPPUTOPHUII MOTYT UTPaTh POJIb ITAJOHHBIX YYaCTKOB JUISl OLIEHKH CTEIEHU HAPYLIEHUS B XOAE
MOHHTOPHHTOBBIX HMCCIIE0OBAaHHH, OCOOEHHO B YCIIOBHSX, KOT/Ia aHTPOIIOTCHHOE BO3JEHCTBHUE OTCYTCTBYET
i He3HauuTelbHO. [lepBhle M Hanbosee MOJIHbBIE UCClIeOBaHUs 1O (ayHe JOHHBIX 0ECITO3BOHOYHBIX BO-
JIOTOKOB HalnuoHasibHOro napka «KpacHosipckne CtonObr» OblTH mpoBeneHbl B KoHIE 1950-X rr. — Hauane
1960-x rT., OHM BKJIIOYQIHM M3y4eHHe (ayHHCTHUECKOrO COCTaBa JOHHBIX OECIIO3BOHOYHBIX, pacIpe/eiicHue
3000eHTOCa 10 OnoTtonaM M BogoemaM. B 2020-2023 rr. mpoBeaeHbl PEKOTHOCIMPOBOYHbIC NCCIICI0BAHUS
Makpo3000eHTOca 24 BOIOTOKOB HalMoHalbHOTO napka «KpacHosipckue Ctonos». Bee BooToku oTHOCSTCS
K TpeM OacceifHaM MPUHUMAIOLINX BOAOTOKOB — p. bazanxa, p. Enuceii u p. Mana. Beero 0bu10 oro6pano 57
KOJIMYECTBEHHBIX U JIEBSATh Ka4€CTBEHHBIX P00 3000eHTOCa. [Ipy momMoImy HeMeTpHIeCKOro MHOTOMEPHOTO
mkanuposanust (NMDS) Obl1a npoaHann3npoBaHa CBsi3b paclpeeseHuss MaKpoOeCII03BOHOUHBIX C PEYHBIMU
GacceifHaMu, CKOPOCTBIO TEUCHHS, BETMUNHON CPETHETO MaJICHUs PYCIIa, IPOTSHKEHHOCTHIO OCHOBHOT'O pyciia
u TaIoM cyocrpara. /s aHanu3a BIUSHHUS (AKTOPOB OKPYIXKAIOLIEH CPeabl HA OCHOBHBIE XapaKTEPUCTUKU
MaKpo3000eHTOCca HCIOIb30BajIcs aHainu3 n3ositounocT (RDA). M3ydyeHno BiausHue hakTOPOB OKpYyKatoen
Cpenbl ¢ JEeBIATHIO IUIPOPU3NIECKUMHU M THAPOXUMHUYECKIMU TToKa3aTeasiMi. Ha coBpeMeHHOM dTarie B 300-
GeHTOoCe 00ciIeJ0BaHHBIX BOJOTOKOB BhIsiBIIEHO 104 BHIa M3 BOCKMHU KiIaccoB Oecrio3BoHOYHbIX. Hanbomnbiee
BHJIOBOE Pa3HOOOpaszne OTMEUeHO 1uist oTpsifa Diptera, TakKe BBISIBIEHO OTHOCHTEJIEHO BBICOKOE KOJIMUYECTBO
BuI0B B oTpsgax Trichoptera, Ephemeroptera u Plecoptera. B ayHe 6ecrio3BoHOUHBIX IMPENMYIIECTBEHHO
npeoOnajgany JTUTopeo(riIbHbIE OPraHU3MBbI, XapaKTepHbIE JJIsi BOJOTOKOB C KaMEHUCTBHIMH CyOcTpaTamH,
HU3KOW TeMIepaTypoi BOJbI M 0JIaronpusiTHHIM KHCIOPOIHBIM pexxuMoM. OOcieIoBaHHbIE BOAOTOKH OJTM3KH
110 BHJIOBOMY COCTaBy 3000€HTOCA, /Ui OOJBIIMHCTBA BOAOTOKOB YPOBEHb CXOACTBA MOJYYEH B Ipesesiax
60-79%. Cpenu rcciaeJ0OBaHHBIX BOJOTOKOB HanOoJsiee BBICOKOE BUJI0BOE OOraTCTBO M 00MINe MakpoOecos3-
BOHOUHBIX XapaKTEepPHO JuIs OoJiee KPYIHBIX MO NPOTSHKEHHOCTH PEK 110 CPaBHEHUIO ¢ pyubsiMu. IlokazaHo,
YTO CKOPOCTh TEUEHUS, BEJIMYMHA CPEIHET0 Ma/ICHUS U IIPOTSHKEHHOCTh OCHOBHOTO pyciia Hanboliee CBs3aHbl
(3HaumMel ipu p < 0.05) ¢ pacnpeneneHreM MakpoOeCII03BOHOUHBIX. J{J1sl BOJOTOKOB C BEICOKUMH U HU3KHMHU
CKOPOCTSIMU Te4eHHs B kKauecTBe AuddepeHnupyonmx GopM BEICTYNAIN THITMYHBIC OONTATEIN PUTPAIIH JIH-
ynHkH Ephemeroptera u Plecoptera, a Takxxe Gammaridae. B 1Byx npyrux rpynmnax Juist BOJOTOKOB OoJbLIen
MIPOTSKEHHOCTH U HEOOJBIIUM YKIOHOM pyciia nomuMo Ephemeroptera m Gammaridae Becomblii BKJIax B
pa3uyus BUIOBOTO COCTaBa TAKXKe BHOCWIM JHMUMHKHU cemericTBa Chironomidae. Hanbomnbinee BiusHue Ha
OO0IIyI0 YUCICHHOCTh MaKpOOECIIO3BOHOYHBIX OKa3bIBAET TEMIIEpaTypa BOJbI, TAK)KE OTMEYCHO YMEPEHHOE
BO3/I€IICTBHE JUIMHBI OCHOBHOIO pycia, MUHepanu3anuu u pH Boxsl.

KiroueBsbie cioBa: Oacceiin p. EHunceil, BogoTok, 3000eHTOC, 0000 OXpaHsemas IPUPOAHAs TEPPUTOPHS,
(daxTop cpeabl
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