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Abstract: Pleistocene water bodies have been studied using the paleolimnological approach,
which traces environmental changes using particular subfossils as ecological proxies, rather than
analysis of the paleocommunities themselves. Within a given taphocoenosis, the presence and
quantity of animals are related to environmental conditions rather than to community types where
relationships between taxa are stabilized during their long-term co-occurrence and are (at least
partially) more important than the particular environmental conditions at the time of deposition,
which may have experienced significant seasonal and inter-seasonal variations. Here, we analyze
Branchiopoda (Crustacea) of two paleolocalities in the Transbaikalian Region of Russia: Urtuy (MIS3)
and Nozhiy (older than 1.5 million years). Cladocerans Daphnia (Ctenodaphnia) magna, D. (C.) similis,
D. (Daphnia) pulex, Ceriodaphnia pulchella-reticulata, C. laticaudata, Simocephalus sp., Moina cf. brachiata,
M. macropopa clade, Chydorus cf. sphaericus, Capmtocercus sp. and anostracans Branchinecta cf. paludosa,
and Streptocephalus (Streptocephalus) sp. are found in two localities. With the exception of the last
taxon, which now occurs in the southern Holarctic, all other taxa inhabit the Transbaikalian Region.
Within Eurasia, the steppe zone has the greatest diversity of large branchiopods and a high diversity
of some cladocerans, such as subgenus Daphnia (Ctenodaphnia) and Moina sp. Here we demonstrated
that the branchiopod community in shallow steppe water bodies has been unchanged since at least
the Pleistocene, demonstrating long-term morphological and ecological stasis.
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1. Introduction

The branchiopod crustaceans (fairy shrimps (Anostraca), tadpole shrimps (Notostraca),
clam shrimps (Laevicaudata, Spinicaudata, Cyclestherida), and water fleas (Cladocera)) are well-known
from various fossil strata, with the most ancient representatives (anostracans) reported from
the Cambrian [1]. Anostracans, notostracans, and spinicaudatans form the earliest branchiopod
communities in the Upper Devonian [2—4], whereas cladocerans are absent in the Devonian record.
They may have been missed by paleontologists due to their small size and poor fossilization, and we
do not know the exact time of their differentiation. Most Palaeozoic cladoceran fossil records are
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dubious [5]; regardless, the branchiopods are an ancient lineage. The first true cladocerans were
found in Mesozoic strata, co-occurring with “large branchiopods” (anostracans, notostracans, and clam
shrimp) [6-9], but their exact age of differentiation is unknown.

Branchiopod remains have been found in relatively young, Quaternary paleolocalities [10,11]
and there are numerous examples from the Early Holocene and Late Pleistocene [12-15]. The latter
records are models for paleolimnologic environmental reconstructions based on subfossil remains.
This method focuses on the autochthonous components of the taphocoenoses (“communities” of
subfossil remains), in contrast to allochthonous components (such as pollen, spores, and terrestrial
insects). Different branchiopods have different ecological preferences, and with large taphocoenosis
data sets it is possible to determine aspects of the palaeoenvironment. Many cladoceran remains
have been accurately identified to species [15-18]. In contrast, the large branchiopods are rarely
used or even recorded in such studies [10,19]. They have potential paleo-ecological significance,
but identification of their fossil remains (mainly mandibles, limbs, and resting eggs) is not sufficiently
developed [20,21]. In addition, the large branchiopods prefer seasonally astatic aquatic habitats,
whereas paleolimnological approaches have been primarily based on sediment cores from large lakes.

The Late Pleistocene has been studied using the paleolimnological approach, which traces
environmental changes using particular subfossils as ecological proxies, rather than analysis of the
paleo-communities themselves. Subfossil identification is conducted by experts in particular groups
(i.e., cladocerans) frequently using methods that may destroy remains of other groups (such as boiling
in potassium hydroxide [14,17]). Within a given taphocoenosis, presence and quantity are related
to environmental conditions rather than to community types where relationships between taxa are
stabilized during their long-term co-occurrence and are (at least partially) more important than the
particular environmental conditions at the time of deposition, which may have experienced significant
seasonal and inter-seasonal variations.

Neretina et al. [21] demonstrated that Late Pleistocene Beringia (less than 50 thousand years ago)
freshwater branchiopod communities were at least partly non-analogous with any recent communities
in that region, similar to the mammal (“Mammoth Fauna”) and higher plant (“Mammoth tundra”
= “tundra-steppe”) groups, which also formed non-analogous communities [22,23]. Non-analogous
fresh water communities also need to be further studied.

Here, we analyze an opposite situation in the Transbaikalian Region of Russia, where the
branchiopod community in shallow steppe water bodies was unchanged at least during the Pleistocene,
demonstrating long-term ecological stasis.

2. Materials and Methods

Numerous samples [24] were previously collected from two Pleistocene localities (Figure 1).
They were preliminarily analyzed by the Institute of Natural Resources, Ecology and Cryology of
the Siberian Branch of the Russian Academy of Sciences [25-27]. They provided material rich in
branchiopod crustaceans.

The Urtuy paleolocality (coal mine “Urtuysky” near the town of Krasnokamensk, N50.17°,
E118.00°) was located in the south-western portion of the Vostochno-Urulunguiskaya Depression.
The site is a depression filled with dark grey, Middle-Late Pleistocene sediments of different ages,
excavated through coal mining, with different concentrations of fossils [25]. Late Pleistocene-Early
Holocene silts (120-8.2 KY) were rich with animal and plant remains [24]. We analyzed the samples
taken at step III of the coal mine (see Figure 2 in Enikeev [25]), corresponding to MIS3. Radiocarbon
dating of a mammoth tusk in a closer layer gave the age of 28,525 + 200 cal.y. Unfortunately, the locality
was completely destroyed by mining, and more accurate dating is not possible. Palaeobotanical
analysis led to the conclusion that the sediments were formed in a shallow lake surrounded by mainly
steppe-meadow vegetation, with signs of climate aridity [26].
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Figure 1. Map of north eastern Eurasia with geographic position of the two study sites: 1—Urtuy;
2—Nozhiy. The base maps are from the public domain atlas in the desktop app, Marble 2.2.20
(http://edu.kde.org/marble).

Nozhiy paleolocality (a ravine near Lake Nozhiy, N50.82°, E114.84°) is located in the
Uldza-Toreyskaya Depression [24]. The section is part of the Tchasuchey Regional Series of the
Transbaikalian Area [27], from the Lower Pleistocene. Its exact age is unknown; it is roughly estimated
as Gelasian-Calambrian [28], with a lower boundary of 2.58 million years ago (Marine Isotope
Stage 103 (MIS 103)) and upper boundary of 773 thousand years ago (MIS 19). The rare pollen
of Tsuga Garrier (Pinaceae) was found in the same samples, but that gymnosperm was absent in
Mongolia and the Trasbaikalian Area to ca. 1.5 MYA [29] and now occurs south of Transbaikalia.
Therefore, our samples are probably older than 1.5 MYA. This section is represented by a sandy loam
with clay lenses, containing numerous animal remains, including a large number of bones from
the amphibians Strauchbufo raddei Strauch and Rana sp. [24]. The pollen and carpological analysis
demonstrate that the sediments were formed in a large, shallow meso-eutropic lake with a developed
macrophyte zone surrounded by steppe vegetation and some forest elements [24,26].
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Figure 2. Ephippia of Daphnia from two localities: (a—c) D. (Ctenodaphnia) similis from Nozhiy,
general view of two ephippia and sculpture in the region of egg loculi; (d—f) D. (Ctenodaphnia) magna
from Urtuy, general view of two ephippia and sculpture in dorsal portion. (g-i) D. (Daphnia) cf. pulex

from Urtuy, general view, armature of dorsal margin and sculpture in the region of egg loculi. Scale bars:
1 mm for a.b, d, G; 0.1 mm for ¢, f, h-i.

The samples from both localities were stored dried since collection. A quantity of 200 g of
silt was analyzed from each locality. The samples of silt were manually subdivided into 1-3 cm?
fragments, triturated manually and weighed, and then placed in small net bags with 0.1 mm mesh
size. The bags were soaked in clean water for 30 min to soften the contents. Then the bags were rinsed
with tap water until the water was clear. The contents of each bag were placed in a small Petri dish
and examined in clean water under a Leica MZ7.5 stereomicroscope (Leica Microsystems, Wetzlar,
Germany), and all recognizable fragments were collected using a pipette or forceps, and transferred
to 96% ethanol. Some branchiopod remains were preliminarily studied with a high-power Olympus
CX-41 microscope (Olympus Corporation, Japan). A portion of crustacean remains was air dried,
attached to stubs, coated with gold in a SIS0A Sputter Coater, and studied under a Vega TS5130MM
scanning electron microscope (Tescan, Czech Republic). Individual specimens were identified using
the relevant literature, reference collections, and personal experience.

The stubs for scanning electron microscopy (SEM) with extracted branchiopods are deposited
in the collection of Borissiak Palaeontological Institute of Russian Academy of Sciences (Moscow),
collection accession number: PIN RAN 5815.
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3. Results

3.1. Cladocera

Most cladoceran remains (especially in Utruy) (Table 1) belong to the genus Daphnia O.F. Miiller
(Figure 2).

Table 1. General list of branchiopod remains found in 200 g of silt from two Pleistocene localities.

Recent Steppe Water
Taxon Urtuy Nozhiy Bodies in Transbaikalia
and Mongolia
Cladocera
Daphnia (Daphnia) pulex group 675 - +
Daphnia (Ctenodaphnia) magna Straus 10 - +
D. (C.) similis Claus - 24 +
Ceriodaphni pulchella-reticulata 1 - +
C. laticaudata P.E. Miiller 3 - +
Simocephalus sp. 6 - +
Moina sp. 1 3 +
Chydorus cf. sphaericus 74 - +
Alona s lat. 1 - +
Anostraca
Streptocephalus (Streptocephalus) sp. 6 - -
Branchinecta cf. paludosa Miiller - 61

Ephippia of the subgenus Daphnia (Ctenodaphnia) Dybowski et Grochowski provides us with
valuable information. These species are rare in the forest zone, while common in temporary and
large, shallow semipermanent and permanent lakes and ponds in arid regions [30]. The ephippium
of D. (C.) similis (Figure 2a—c) is circular, with a deep linear cleft in the anteriodorsal portion, and it
is sculptured with small tubercles [31,32]. Ephippia of D. (C.) magna (Figure 2d—f) are identified by
the subrectangular shape (the anterior margin is usually almost straight) and scaliform sculpture [21];
These two species were found in Recent water bodies of the Transbaikalian Region [33-35] and the
closest regions of Mongolia [36] (D. similis was reported as D. carinata, [32]). Furthermore, D. (C.)
sinensis [32,34] is now present there, but was absent in Pleistocene samples.

The representatives of the Daphnia (Daphnia) pulex group (Figure 2g—i) could not be identified to
species level with ephippium morphology [20]. This group consists of several species with different
distributions [37] and ecological preferences [30], and to date, ephippia records have no indicator value.
These species are found in Recent water bodies of the Transbaikalian Territory [34].

Ceriodaphnia Dana ephippia can be identified to species level [18]. A single deformed ephippium
from Urtuy belonged to C. pulchella or C. reticulata (further identification impossible due to poor
preservation) (Figure 3a,b). Most ephippia from Urtuy have a strong sculpture of rounded projections
in the egg locula portion, characteristic of C. laticaudata P.E. Miiller (Figure 3c,d). All Ceiodaphnia
taxa are widely distributed in Northern Eurasia [38], including the Transbaikalian and Mongolian
steppes [34,36]. Simocephalus Schodler ephippia (Figure 3e,f) cannot currently be identified to species
level [39]. The species of Simocephalus are very common in various water bodies around the world [39].

Moina Baird ephippia were found to belong to two species groups. A single ephippium from
Nozhiy has a single resting egg (Figure 3g). It was smoothed due to non-ideal preservation, but distinct
reticulation is still visible on the egg chamber surface and on the valve margins. This type of
ornamentation is characteristic of the Moina brachiata group [40,41]. Species of this group have wide
ecological preferences, and inhabit a variety of Recent temporary water bodies [40,42]; they are recorded
from the Transbaikalian Region and nearest regions of Mongolia [34-36,42].
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Figure 3. Ephippia of Daphniidae and Moinidae from two localities: (a,b) Ceriodaphnia pulchella-reticulata
from Utruy, general view and sculpture in the region of egg locula; (c,d) Ceriodaphnia laticaudata from
Urtuy, general view and sculpture at margin of egg locula; (e, f) Simocephalus sp. from Urtuy, general view
and sculpture of ephippium; (g) Moina brachiata from Nozhiy; (h) Moina macrocopa group from Nozhiy;
(i) Moina macrocopa group from Urtuy. Scale bars: 0.1 mm for a, c-i; 0.01 mm for b.

Ephippia with two resting eggs from Nozhiy and Urtuy have a sculpture with more or less
prominent reticulation (Figure 3h,i). These ephippia belong to the M. macrocopa clade according to
Bekker et al. [42], including M. macrocopa (Straus), M. kaszabi Forré and M. lipini Smirnov. More accurate
identification is impossible at this time. Some ephippia morphology studies using SEM have been
conducted on the M. macrocopa species group [43]. All of these taxa may be found in the Recent
Palaearctic eutropic temporary water bodies. Both of the first two taxa are found in the nearest regions
of Mongolia [36,44].

It is most likely that the remains of Chydorus Leach (Figure 4a) belong to the C. sphaericus
group. The members of this group are very common in all types of continental water bodies [45].
Species identifications are based solely on gamogenetic specimens [45,46]. Chydorus sphaericus
populations are very common in the steppe water bodies of the Transbaikalian Region and adjacent
Mongolia [33,34].
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Figure 4. Remains of Cladocera (a,b) and resting eggs of Anostraca (c-i) from two localities:
(a) Chydorus cf. sphaericus from Urtuy, valve; (b) Alona s. lat. from Urtuy, ephippium; (c-g) Branchinecta
sp. from Nozhiy, resting eggs; (h,i) Streptocephalus sp. from Urtuy. Scale bars: 0.1 mm.

A single Alona s. lat. ephippium (Aloninae) was found (Figure 4b); it is diagnosed by the small size,
elongated shape, lack of sculpture on the egg locule, and weak linear sculpture on the posterioventral
portion [17]. Representatives of this taxon are common in the Transbaikalian Region [47].

3.2. Anostraca

The eggs from Nozhiy belong to the genus Branchinecta Verrill (Branchinectidae). The eggs
depicted in Figure 4c—e fit within the range of variation observed in the Holarctic B. paludosa (Miiller),
whereas the eggs in Figure 4f,g are fairly similar to Branchinecta ferox (Milne-Edwards), which is
widespread in the Palaearctic. These eggs both match reasonably well to material in D. Christopher
Rogers’s collections, and with previously published images [48,49]. Both species are well known in
Recent times throughout the region where the samples were collected.

Eggs from Urtuy (Figure 4h,i) appear to belong to the genus Streptocephalus s. str. The monobasic
Streptocephalidae are widespread across Africa, tropical southern and southeastern Asia, and southern
temperate North America and Europe [50,51]. In Asia, most species are found in the tropics and
southwestern deserts [52,53], with one species ranging as far north as Guangxi Zhuang Autonomous
Region and Yunnan Province, China [54]. Only one species in this genus (S. coloradensis Dodds,
from North America) reaches northern latitudes equal to those at Urtuy [55]. Streptocephalus s. str. eggs
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are spherical and show a range of variation [56-58]. The material from Urtuy fits within the range
of morphological variation found in other Asian species, specifically for S. dichotomus Baird (see [59],
Figure2cf,g), S. sirindhornae Sanoamuang, Murugan, Weekers, and Dumont (see [54], Figure 1e),
S. shinsawbuae Shu, Rogers, Chen, & Sanoamuang (see [53], Figure 4d), and S. simplex Gurney (see [60],
Figures 1 and 2, and [61], Figure 2j).

Although it is not possible to deduce the specific identity at this time, the eggs appear to be most
similar to S. sirindhornae, and may belong to that taxon, or another that is now extinct or unknown.
The Urtuy site is roughly 3000 km north of the nearest known Streptocephalus populations, and those
populations are S. sirindhornae in China and Myannmar [53,54].

4. Discussion

Most cladoceran ephippia and anostracan resting eggs found in our two Pleistocene localities
belong to taxa inhabiting steppe water bodies of the Transbaikalian Region in Recent times, with the
exception of Streptocephaus sp. It appears that the distribution pattern of this genus has changed
similarly to the aforementioned gymnosperm Tsuga. The Anostraca [62], Daphnia (Ctenodaphnia)
sp., and Moina sp. (and also Notostraca not found in our localities) form the dominant crustacean
community complexes in this type of seasonally astatic water bodies [21,63]. We did not find any
differences in the morphology of Transbaikalian Region branchiopod resting eggs between the Recent
period and those from tens of thousands and even a million years ago. This observation confirms the
opinion on morphological stasis in the cladoceran taxa [64,65]. The Anostraca and Notostraca are also
classical stasis models [3,4,65,66], and we demonstrate this once more.

Large branchiopods were nearly extinct in large water bodies during the Cenozoic, and used
seasonally astatic and permanent saline water bodies as refugia (see review of Van Damme & Kotov [5]).
Kerfoot & Lynch [67] assumed that the differentiation of bony fishes at the Palaeozoic/Mesozoic
boundary drove the branchiopods into temporary waters. However, this idea ignores the fact that
large branchiopods were present in many large water bodies during the Mesozoic and Early Cenzoic.
For example, branchiopod remains are numerous in the Messel paleolake, which was a large Eocene
permanent water body, where numerous fish also occurred [68]. In addition, there are examples of
fish and large branchiopods coexisting today [69,70]. Extinction mechanisms of large branchiopods in
large lakes are related to the formation of Recent type water bodies and cannot be easily determined at
this time.

Recent temporary and permanent saline lakes in Eurasia are mainly associated with steppes and
semideserts forming “The Eurasia Steppe Belt” [71]. Vekhov & Vekhova [72] noted in the Eurasia forest
zone that large branchiopods inhabit predominantly river floodplains, preferring the temporary vernal
water bodies with neutral fresh water of snow melt and/or river origin unavailable for halophiles,
whereas the larger watersheds are almost entirely lacking large branchiopods. Many shallow water
bodies in forest zone watersheds are boggy and have a very low pH, making them unavailable for
most large branchiopods. It is most likely that northward forest expansion had a significantly negative
impact on large branchiopods, similar to the large mammals of the “Mammoth Steppe” complex [73,74].

In contrast, in the steppe and semidesert zones branchiopods are common in both river valleys and
watersheds under a wide range of salinity, from nearly distilled water to hypersaline lakes. It is difficult
to define the steppe/semidesert water bodies, but they tend to be: (1) shallow, seasonally astatic or
permanent, endorheic basins with highly variable hydroperiods and prolonged dry seasons; (2) under
broad, seasonal gradients of temperature, salinity, etc. due to their shallowness and astatic fluctuations
in filling and drying; (3) subject to a large pH range, dominated by alkaline water bodies; and (4) subject
to the entire water column freezing in winter, but with little or no snow cover. These characteristics tend
to be highly unattractive for many hydrobionts, including fish. Steppe and semidesert water bodies
represent good branchiopod refugia, which is why they are extremely common there, with individual
communities sometimes including many taxa.
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Within Eurasia, the steppe zone has the greatest diversity of large branchiopods [63,72] and a high
diversity of cladocerans, such as subgenus Daphnia (Ctenodaphnia) [36]. These branchiopods prefer
neutral to alkaline, and not acidic, waters [75], although the specific distribution patterns are (at least
for anostracans) directly related to soil geochemistry [76]. Branchiopods are not common in the forest
zone where all large water bodies are populated by fish. Furthermore, the steppe water bodies form a
distribution center for Moina sp., which has existed since the Mesozoic [6]. Here we have demonstrated
that the steppe zone branchiopod fauna has remained unchanged during the Pleistocene.

Ecological stasis is generally characteristic of seasonally astatic water bodies: “temporary pools
are probably the most permanent of all freshwater habitats” [65]. However, the ecological stasis
in Transbaikalian shallow waters is related to the ecological stasis of the surrounding terrestrial
communities. Steppe biomes are relatively old; modern-type steppe habitats were first recorded
in Eurasia in the Eocene, and vast areas were covered by C4 grasslands in northern and southern
hemispheres by the time of the Miocene/Pliocene boundary [77]. Since that time, the vegetation of
the Transbaikalian Region was continuously represented as steppes (or savannahs) in contrast to
more northern territories where the vegetation type was radically changed several times [78]. It is
important to note that the unchanged vegetation type reflects relatively smooth climatic oscillations
in the Transbaikalian Region compared to more northern territories [78]. We believe this is the
main explanation of the observed ecological stasis in contrast to more northern territories where the
branchiopod communities changed significantly at the Pleistocene/Holocene boundary, similarly to
the terrestrial communities [21].
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