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Abstract: The Far East of Russia is a region where boreal and tropical faunas mix; it is also a zone of
cladoceran endemism. The present study aimed to compare a set of microcrustacean (Cladocera and
Copepoda) associations in three large lakes of the Russian Far East: Khanka, Bolon, and Chukcha-
gir. The associations of the microcrustaceans were identified based on the function of the discrete
hypergeometric distribution. Many of the 108 taxa found here were unaffiliated with an association.
Interestingly, the portion of taxa involved and “not involved” in species associations differed among
geographic faunistic complexes. The rate of endemism was significantly higher among the taxa
incorporated into the associations as compared to the “not involved” taxa. In all the lakes, there
were large clusters of phytophilous species characteristic of the macrophyte zone (and its margins)
and clusters characteristic of pelagic and sublittoral plankton. We found that in the three lakes, the
microcrustaceans formed a set of functionally similar associations, but the taxonomic composition
of each functional association was specific to each lake. We hypothesize that the composition of
functional clusters reflects the history of colonization for each water body. That is, the founder effects
and subsequent “monopolization” of habitats have affected species associations.

Keywords: zoogeography; Palearctic; functional clusters; plankton; littoral zone

1. Introduction

The study of biodiversity patterns in terrestrial organisms is a well-established part of
the biological sciences that dates back to Wallace [1]. However, it is obvious that patterns
of freshwater biodiversity will likely deviate from those found for terrestrial organisms.
Studies of freshwater biodiversity emerged in the 20th century and were based on model
groups such as the common microcrustaceans, Cladocera and Copepoda [2,3].

Unfortunately, before the 1970s, the paradigm of cosmopolitanism was used to describe
species distributions, following Darwin’s [4] ideas of their dispersal and Baas Beecking’s [5]
slogan “everything is everywhere”. Then, several studies that aimed to test the hypothesis
of cosmopolitanism were conducted or inspired by the pioneering works of Frey [6,7]. It
was shown that many “cosmopolitan taxa” are, in fact, represented by groups of locally
distributed species [8–13]. The study of freshwater biogeography intensified with the rapid
development of molecular methods [14–20]. Similar studies were carried out for other
microcrustaceans such as the Copepoda [21–25]. However, there remains a geographic bias
in such studies.

The Far East of Eurasia (Japan, South Korea, and NE China) has been intensively
studied. A special program of the microcrustacean biodiversity studies has also been
established for the Far East of Russia [18,26–30]. Kotov [31] proposed assigning cladocerans
of this region to geographic faunistic complexes. Then, it was demonstrated that species
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composition in different complexes changed from North to South in the Far East of Russia;
the whole region appears to represent a zone of mixing for boreal and tropical fauna [27].
At the same time, this is a zone of cladoceran endemism [18], and some of the endemics and
representatives of other geographic faunistic complexes show seasonal variation reflecting
the colonization history of microcrustaceans [32].

The distributions of the cladoceran taxa are often analyzed in the course of phy-
logeographic, taxonomic, and faunistic works. However, their associations (in reality,
taxocoenoses) are rarely analyzed. Previously, it was shown that the proportions of bo-
real/tropical/endemic taxa changed with latitude. Moreover, associations [27] also changed
with latitude in a seasonal manner [32].

Several of the largest water bodies located in the transition zone between the boreal
and tropical faunas [27] have been well-studied with respect to microcrustaceans: Lake
Khanka [27,33], Lake Bolon [34], and Lake Chukchagir [28] (Figure 1). Although these lakes
belong to a single Freshwater Ecoregion (616: “Lower Amur”) according to FEOW [35], our
previous works have demonstrated significant latitudinal differences among their basins [27].

Figure 1. Map of the region, with the explored water bodies: 1—Khanka Lake; 2—Bolon Lake;
3—Chukchagir Lake. Visualization of the localities was made in the free software QGis 3.22.10 [36]
using Open Access spatial GIS data from http://www.naturalearthdata.com (accessed on 1 December
2022) (Natural Earth Dataset) as the layers.

The present study aims to compare a set of microcrustacean associations in these three
large lakes of the Russian Far East (Figure 1).

2. Materials and Methods

In each lake, the sampling was performed from the shore and from the boat. At
each locality, the qualitative samples were collected by hauling a plankton net (diameter
0.1 m, 50 µm mesh) through the water column. Similar methods were used in the central
pelagic zone, which was free of macrophytes, and in the coastal shallow water areas with or
without vegetation (open littoral) (Table S1). All samples were immediately fixed in ethanol
at a concentration of 96%. At the laboratory, all samples were provisionally inspected under
stereoscopic microscopes, and the specimens were selected individually by a pipette, trans-
ferred to slides with a drop of glycerol, covered by coverslips supported by minute model

http://www.naturalearthdata.com
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clay “legs”, and identified under a high power Olympus BX41 microscope at the species
level using the available keys on Copepoda [37–46] and Cladocera [47]. Some individuals
were dissected using tungsten needles electrolytically sharpened in 10% NaOH [48]; each
dissected body part was transferred individually by the aforementioned needles to a new
drop of glycerol on a separate slide, covered by a cover slip, and investigated in detail
under an immersion lens at magnification x 100. Juveniles and ephippia of the Cladocera
were identified up to the genus level; nauplii and copepodites of the Copepoda—up to
family level. However, the juveniles were excluded from the main analyses.

The species richness in each lake basin was studied previously [27,28,34]
(Tables 1 and S1). However, for this study, we focused on the structure of the species
associations. Note that although Lake Khanka has a maximum depth of 10.6 m, its mean
depth is only 4.5 m, and it has extensive shallow areas [49]; therefore, it is comparable to
the other lakes in depth.

Table 1. The explored water bodies and the number of samples analyzed in this study.

Lake River
Basin Square, km2 Maximum

Depth, m
Latitude,
m.a.s.l.

Date of
Collection Studied by

Number of
Samples

Studied Here

Number of
Taxa

Found Here

Khanka Amur 4070 10.6 64 Sept 2009 [27] (Cladocera only) 31 91

Bolon Amur 338 4 16 Sept 2007,
Aug 2016 [34] 18 56

Chukchagir Amgun 350 6 68 Aug 2017 [28] 29 41

The ecological preferences of the detected microcrustaceans were identified according
to the literature data on Calanoida [37–40], Cyclopoida [41–46,50,51], Harpacticoida [37,45],
and Cladocera [47,52–54]. The copepods were subdivided into four main ecological groups:
planktonic, phytal, bentho-phytal, and plankto-phytal (Table S1). This classification has not
been developed for the Cladocera to date (although, see Rizo et al. [55] for the tropics); their
ecological adaptations are more complicated, and the interpretation of their individual
ecological preferences follows Bledsky and Rybak [54] and Korovchinsky et al. [47].

All of the taxa (except those identified only to the genus or family level) were
subdivided into four geographic faunistic complexes sensu Kotov [31], modified from
Kotov et al. [32] (Table S2):

(1) WE, widely distributed Eurasian faunistic complex;
(2) EAA, widely distributed in East Asia and could penetrate North America;
(3) EA, endemics belonging to the Far Eastern zone of endemism;
(4) ST, southern tropical;

and an artificial group:

(5) WS, non-revised widely distributed species.

In a few cases, the assignment of a cladoceran taxon to a complex was updated using
information from subsequent publications [27,32]; the attribution of a copepod taxon to
the geographic faunistic complex was made here based on the literature sources listed
above [37–46,50,51]. For each lake, we plotted a diagram reflecting the proportions of taxa
belonging to each geographic faunistic complex (Figure 2).
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Figure 2. Portions of the taxa belonging to the different faunistic complexes of microcrustaceans
(a) and only Cladocera (b) in the three studied lakes; the same for the taxa in the species associations
(at p < 0.05) of microcrustaceans (c) and Cladocera (d), the rate of different faunistic complexes among
the taxa in the associations (e), and the rate of the taxa not involved in any species associations (f) in
the water bodies studied here.

We constructed a separate matrix of the species presence/absence in the samples from
each lake separately. The positively associated pairs of species in each lake were identified
using discrete hypergeometric distribution that describes a draw without replacement
from a finite population [56,57]. Applied to species co-occurrence, it allows defining the
probability of finding one species in samples that already contain another one:

p(x) =

(
m
x

)
·
(

N −m
n− x

)
(

N
x

) ,

where m, n—the observed occurrence of two species, x—joint co-occurrence of each pair
of species, and N—total number of samples. For each lake, 95% and 99% one-sided confi-
dential intervals of hypergeometric distribution function P(x) were used to decide on the
association of species pairs. The list of positively associated pairs of species was visual-
ized using undirected graphs. The graph nodes were clustered based on the maximum
modularity criterion [58] using the cluster_optimal function of the igraph package [59] in



Diversity 2023, 15, 338 5 of 13

the R 3.6 statistical analysis environment [60]. The size of the nodes in the graph is loga-
rithmically proportional to the species occurrence. The thickness of the edge is inversely
proportional to the species association strength, defined as 1 - (1 - P(x))/0.05. Then, the same
analysis was conducted for the cladocerans and copepods separately.

Based on the hypergeometric distribution analysis, all of the taxa were subdivided
into: (1) those assigned to an associations (coenophilous sensu Razumovsky [61]) and
(2) those not involved in an association (coenophobic sensu Razumovsky [61]). Note that
this subdivision (which seems to be informative) is common in the Russian literature [62]
but almost unknown in the western literature. Coenophilous taxa corresponds to the “com-
petitors” in the CSR strategies of Grime [63], while coenophobic taxa roughly corresponds
to the “stress-tolerant”+”resistant” species of Grime [63]. For each lake, we plotted a dia-
gram reflecting the rate of taxa belonging to each geographic faunistic complex for the taxa
assigned to any association. Finally, the diagrams representing the rate of taxa belonging to
different complexes among all coenophilic and all coenophobic taxa were plotted.

3. Results
3.1. Species Richness

In total, we recorded 108 taxa of Cladocera and Copepoda: 91 in Khanka Lake, 56 in
Bolon Lake, and 41 in Chukchagir Lake (Table 2), among them—74 taxa of the Cladocera:
58 in Khanka Lake, 43 in Bolon Lake, and 27 in Chukchagir Lake (they belonged to different
faunistic complexes as follows: EA—16, EAA—4, ST—5, WE—8, and WS—41) and 34 taxa
of the copepods: 33 in Khanka Lake, 13 in Bolon Lake, and 14 in Chukchagir Lake (they
belonged to different faunistic complexes as follows: EA—4, EAA—3, ST—4, WE—7, and
WS—16). The rate of specific taxa was 0% in Chukchagir, 8% in Bolon, and 21% in Khanka.

Table 2. The presence of taxa belonging to different geographic faunistic complexes in the three lakes
and their assignment to associations at p < 0.05.

Geographic
Faunistic
Complex

Present in:
Assigned to

Associations at
p < 0.05 in:

Khanka Bolon Chukchagir Khanka Bolon Chukchagir

ST 9 4 1 4 1 0
EA 15 10 5 7 1 3

EAA 6 3 3 3 1 2
WE 13 7 3 10 2 1
WS 48 32 29 28 11 15

Total 91 56 41 52 16 21

The geographic faunistic compositions were similar in Khanka and Bolon, while
Chukchagir was characterized by a notably higher proportion of cosmopolitan taxa (WS)
and a lower proportion of tropical (ST) and endemic (EA) taxa (Figure 2a,b, Table 2).

3.2. Association Structure

A substantial proportion of the 108 taxa studied here was not involved in associations:
total taxa—39 at p < 0.05 (36% of all taxa), Cladocera—27 at p < 0.05 (36% of cladoceran
taxa), Copepoda—12 at p < 0.05 (35% of copepod taxa). Surprisingly, only two cladocerans,
Ceriodaphnia pulchella and Coronatella rectangula, were involved in associations in all three
lakes; and 24 taxa (22%) were involved in an association in a single water body only.

Some taxa from different geographic faunistic complexes varied among the three lakes:
a minimum rate of cosmopolitan (WS) and a maximum rate of endemic (EA) and tropical
(ST) taxa were detected in Khanka. A similar rate of WS was detected for the other lakes,
but in Chukchagir, no ST taxa were involved in an association (Figure 2c). A similar pattern
was found for the cladocerans only (Figure 2d).
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Interestingly, the rate of different faunistic complexes was different among the taxa
involved and not involved in the species associations: if the portion of WS was comparable,
the part of the WE and EA was higher among the coenophylic taxa, while the rate of the ST
and EAA was higher among the coenophobic taxa (Figure 2e,f).

A different number of associations was found in each lake based on the hypergeometric
distribution function (Figure 3).

Figure 3. Associations of microcrustaceans in three lakes in the Far East of Russia: (a) Khanka
Lake at p < 0.05; (b) Khanka Lake at p < 0.01; (c) Bolon Lake at p < 0.05; (d) Bolon Lake at p < 0.01;
(e) Chukchagir Lake at p < 0.05; and (f) Chukchagir Lake at p < 0.01.

In Khanka Lake, the microcrustaceans formed 10 associations at p < 0.05 (Figure 3a):
(1) Macrophyte habitat (with plankto-phytal copepod species such as Mesocyclops leuckarti);
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(2–3) Macrophyte habitat (including bentho-phytal species such as Eucyclops gr. serru-
latus, Paracyclops fimbriatus orientalis in cluster 2, and Eucyclops macruroides denticulatus and
Thermocyclops crassus in cluster 3);

(4) Open shallow water habitat (with bentho-phytal Attheyella (Neomrazekiella) dogieli);
(5) Pelagic plankton (with Mesocyclops dissimilis and Epischura chankensis);
(6) Macrophyte habitat (with Neodiaptomus schmackeri);
(7) Macrophyte habitat (including bentho-phytal Tropocyclops prasinus).
Associations 8–10 were represented by few taxa with small strength and are not

discussed here.
Eight associations were found at p < 0.01 (Figure 3b); 1 and 1′ were parts of the

association 1 at p < 0.05, and 3 and 3′ were parts of the association 3 at p < 0.05:
(1) Macrophyte habitat (with Megacyclops gigas);
(1′) Macrophyte habitat (with Mesocyclops leuckarti);
(3-3′) Edge of the macrophyte zone (with Eucyclops macruroides macruroides and Eudiap-

tomus vulgaris).
The species set was almost the same or somewhat reduced as at p < 0.05 in the cases of

associations 2 and 4–6.
In Bolon Lake, the microcrustaceans formed six associations at p < 0.05 (Figure 3c).
(1) Macrophyte habitat (with plankto-phytal Eucyclops macruroides macruroides);
(2) Macrophyte habitat (with bentho-phytal Microcyclops varians);
(3) Plankton of the central deep part (with planktonic Coronatella rectangula,

Bosmina longirostris);
(4) Macrophyte habitat (with Mesocyclops leuckarti and Eucyclops gr. serrulatus).
Associations 5 and 6 were represented by few taxa with small strength and are not

discussed here.
Only two associations (3 and 4) were found at p < 0.01 (Figure 3d), they were deriva-

tives of the corresponding clusters 3 and 4 at p < 0.05.
In Chukchagir Lake, the microcrustaceans formed five associations at p < 0.05

(Figure 3e).
(1–2) Macrophyte habitat (with Eucyclops macruroides denticulatus and Megacyclops

viridis in cluster 1 and plankto-phytal Thermocyclops crassus in cluster 2);
(4) Macrophyte zone;
(5) Plankton (both pelagic and sublittoral).
We do not discuss association 3 due to its few records and small association strength

between taxa.
Only three associations (1, 2, and 4) were found at p < 0.01 (Figure 3); they were

derivatives of the corresponding clusters found at the analysis at p < 0.05.
Therefore, in each lake, we found several associations related to the macrophyte zone,

the edge of the macrophyte zone, and the plankton (pelagic and sublittoral ones). However,
in each lake there was a specific set of species in each ecological association.

The same analysis was conducted for cladocerans (Supplementary Figure S1) and cope-
pods (Supplementary Figure S2), which separately demonstrated that their clusters were
derivatives of the cladoceran+copepod clusters, which is evidence of the
analysis’ correctness.

3.3. Coenophilous and Coenophobic Taxa

After the selection of the coenophilous (present one or more associations) and coeno-
phobic (absent from associations, 39 at p < 0.05, 70 at p < 0.01) taxa (Table S2), we calculated
the rate of different faunistic complexes among each aforementioned group (Figure 2e–f).
The rate of the WE and EA was notably higher among the coenophilic taxa, while the rate
of the EAA and ST was higher among the coenophobic taxa.
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4. Discussion

The main limitation of our analysis was the use of only qualitative data, which did not
take into consideration the dominance or rarity of the taxa. In our analysis, each species
pair contributed equally to the clustering. Nevertheless, we believe that our new view
could be important for (1) a preliminary characterization of species associations and (2) a
subdivision of the entire pool of taxa into coenophilous and coenophobic categories.

We found that the number of species, the number of species involved in associations,
and the number of associations were higher in Khanka Lake, and there were different
reasons for this phenomenon. Lake Khanka is significantly larger than the other lakes, and
the number of studied samples was higher (although not significantly higher) for the former.
Lakes Bolon and Chukchagir have extensive sections densely covered by macrophytes
(the pelagic zone is almost absent in Bolon and Chukchagir, as most of the lake bottom
is covered by macrophytes). In contrast, in Khanka, the macrophyte zone incompletely
covers the bottom surface. Both the large open littoral zone with specific fauna (such as the
ilyocryptid cladoceran) and the large pelagic zone contribute to a higher biotopic diversity
of Lake Khanka as compared to Bolon and Chukchagir.

Earlier we found, based on the traditional statistical methods [27], that there were
specific clusters of the cladocerans, which were characteristic of Lake Khanka. Our recent
analysis fully confirmed this conclusion: the bottom-dwelling cladocerans [53] formed
specific associations. Here, we found that the number of copepod species in Khanka Lake
was two times higher than in the other lakes. We could expect that a higher number of taxa
would result in a higher number of species associations [64].

Interestingly, although Bolon and Chukchagir have very similar water surfaces and
depths and are located relatively close to each other (a distance c.a. 240 km), the former
was similar in its associations to Khanka (a distance c.a. 550 km) rather than the latter. This
may reflect both water bodies belonging to the Amur basin, while Chukchagir belongs
to the Amgun river basin (although the Amgun flows into the Amur not far from the
mouth of the latter). The lowest diversity of the cladocerans in the northerly located
Chukchagir Lake could be partly explained by the anoxic conditions in its hypolimnion
during the winter period [65]. A large number of rotting macrophytes have accumulated
at the bottom and formed a sapropel layer; previously, this layer was mined for use in
agriculture. The lowering of the zooplanktonic species richness in lakes prone to anoxia
has been previously proposed [66].

Our samplings were made in different years but during the same season (the second
half of August to the first half of September). We had only three points (a point representing
a lake at a season) in space and time for comparison, and we could not adequately discuss
the possible fine differences between water bodies, since we were not sure that during
different years the associations did not change in each lake. Moreover, we discussed
the similarities found cautiously, as such a situation could be different in different years.
Further, our dataset was very poor for a standard statistical analysis; we need to add more
points. We can only note that the portion of taxa involved in the associations was highest in
Khanka Lake, the largest water body with presumably the most diverse biotopes. However,
our analysis of the qualitative data allows us to make an important preliminary conclusion
regarding microcrustacean α- and β-diversity. Namely, we found that in the three studied
large lakes, the microcrustaceans formed a set of functionally similar associations, but the
taxonomic composition of each functional association was specific to each lake.

In all the lakes, there were large phytophilous species clusters characteristic of the
macrophyte zone and of the edge of this zone and clusters characteristic of pelagic and
sublittoral plankton. As expected, the littoral zone clusters were maximally diverse, while
the planktonic clusters were less diverse, as the number of littoral microcrustaceans (at
least the cladocerans) was significantly higher than the number of planktonic taxa [26,54].
The largest set of clusters was in Khanka, with two different clusters from the macrophyte
zone and two different clusters from the edge of this zone; pelagic and sublittoral plankton
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were also represented by two different clusters. Finally, a specific association of the open
littoral zone was only found in Lake Khanka.

Note that although the species composition of Khanka and Bolon was comparable,
the number and contents of the associations were different. Analyzing Table S2, we see
many cases when a species, which was incorporated into an association in one lake, was
also present in other lakes but was not incorporated into associations even at p < 0.05.
One possible explanation for such a situation is a strong role for stochastic factors in
the earlier stages of the formation of such stable associations. We hypothesize that the
exact composition of the functional clusters reflects the history of the colonization of each
water body, i.e., priority effects, founder effects, and the subsequent monopolization of the
biotopes by the different taxa in the different lakes.

The “Monopolization Hypothesis” was proposed by De Meester et al. [67]. It describes
well the events during a water body’s colonization by different aquatic animals: microcrus-
taceans, rotiferans, bryozoans, etc. Such an effect is well-documented in the cases of the
colonization of lifeless ground by the meiobenthos and rock pools by plankton [68,69]. Free
biotopes are firstly colonized by a stochastic set of taxa; mainly, these are easily dispersed
forms, with rapid adaptation to local conditions, and the subsequent formation of a huge
bank of resting eggs imparts a strong competitive advantage for the early colonizers [67].
Novichkova and Chertoprud [70] found “ecological filters” in their study of the plankton of
Arctic water bodies. The association of microcrustaceans with a certain Arctic water body
results from the resting egg bank following environment factors. Summer temperatures
determine the proportion of eggs hatched during a particular year. When there is a minimal
release of taxa from the resting eggs, other taxa have an increased opportunity to colonize
and become established.

As expected, the rate of endemics was significantly higher among the taxa incorporated
into the associations as compared to the coenophobic taxa (Figure 3). The Far Eastern
endemic geographic complex contains old pre-Pleistocene relicts [18,32], which have lived
in the region for a long time, instead of other geographic faunistic complexes from a
younger (Late Pleistocene) time [32]. These old taxa have a several-million-year advantage
in the colonization of the studied lakes. They are well-adapted to local conditions. At
the same time, a high rate of the widely distributed boreal taxa (WE) in the studied
lakes probably means that they were among first colonists during the climate change
at the Pleistocene/Holocene boundary. In contrast, the tropical taxa (ST) were mainly
coenophobic in the region, which is the northern boundary of their distribution ranges.
Possibly, they arrived too late, after most water bodies were already monopolized. Some
of these taxa could be even very recent invaders, such as Thermocyclops taihokuensis found
in Chukchagir lake. This taxon is known to have widened its distribution range recently,
including even European Russia (Cheboksary Reservoir) [51]. Not surprisingly, the East
Asian-Beringian taxa (minimally represented geographic faunistic complex) were mainly
coenophobic. Our region is a southern border of their distribution, the complex has a very
late differentiation and expansion time (Late Pleistocene, even Early Holocene) [32,71], and
these taxa arrived to already “monopolized” water bodies.

Our important conclusion is that many taxa, whose proportions are similar among
the copepods and cladocerans, are not incorporated into assiciations. We can only discuss
such coenophobic taxa preliminarily, as among them there was a high rate of rare species
that were only found in a single lake. These organisms could potentially be involved in
associations in other types of water bodies, located at a distance from large lakes. We
need to continue these studies, using a statistical analysis of quantitative data instead of
our preliminary look at qualitative data. Finally, we need to take into consideration the
differences in water chemistry and other abiotic factors among the studied water bodies as
possible drivers of differences in species composition.
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5. Conclusions

We think that the use of statistical distribution models already allows us to make
two general conclusions: there is a high rate of coenophobic taxa among the cladocerans
and copepods, and there are functionally similar associations in different large lakes with
different taxonomic composition due to historical effects (e.g., a fast monopolization of
water bodies by the initial colonizers).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d15030338/s1, Supplementary Table S1: Species identified from each sample; Supplementary
Table S2: Total data on the presence of each taxon in each lake, the presence of the species involved
in the associations, and their ecological preferences; Supplementary Figure S1: Associations of the
cladocerans in three lakes in the Far East of Russia: (a) Khanka Lake at p < 0.05; (b) Khanka lake at
p < 0.01; (c) Bolon Lake at p < 0.05; (d) Bolon Lake at p < 0.01; (e) Chukchagir Lake at p < 0.05; and
Chukchagir Lake at p < 0.01; Supplementary Figure S2: Associations of the copepods in three lakes
in the Far East of Russia: (a) Khanka Lake at p < 0.05; (b) Khanka Lake at p < 0.01; (c) Bolon Lake at
p < 0.05; (d) Bolon Lake at p < 0.01; (e) Chukchagir Lake at p < 0.05; and Chukchagir Lake at p < 0.01.
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