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Abstract: Information on mammal remains from 665 sites/localities was used to estimate the range of size diversity of European
species in the Eem interglacial (MIS 5e) and the GS 2.1 stadial (MIS 2). Review of faunal composition and comparison of the
rank distributions of the occurrence of species remains across sites allowed determination of the composition of groups of typ-
ical and indicator species for each of the time intervals. Entropy, dominance index and self-organization index were calculated
from the rank distributions of the occurrence of large, small and medium-sized herbivorous, carnivorous and representatives of
the order Eulipotyphla. The parameters of the non-linear function describing the increase in the average number of species that
can be found in 1, 2, 3, etc. randomly selected sites were calculated. The relationship between the parameters of these functions
and between them and species richness is shown. The paper discusses hypotheses about the relationship between parameter
variations and changes in range size ratios in different mammal groups during the Eem interglacial and at the end of the Last

Glacial Maximum.
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Introduction

The problem of predicting the evolution of modern
ecosystems in the context of changing planetary physical
conditions and anthropogenic impacts in part is caused by the
uncertainty in our understanding of the general mechanisms
of ecosystem response in the past. Species richness and
derived biodiversity variables are fundamental parameters
of the state of ecosystems, reflecting the complexity of their
organization and their relative resilience to fluctuations in
environmental conditions (Butchart et al. 2010, Barnosky
et al. 2012). The study of fossil mammalian faunas allows
reconstruction of evolutionary patterns of their composition
and diversity in the past (Grayson et al. 1996, Hernandez
Fernandez 2006, Semken et al. 2010, Kahlke 2014, Lopez-
Garcia et a. 2016, Royer et al. 2016, Markova et al. 2019).
The results of these studies provide a basis for understanding
natural limits of mammalian adaptive capacity and for
selecting qualitative and quantitative parameters that reflect
the response of faunas to historical changes in environmental
conditions. At the same time, researchers overlook the fact
that the transformation of ecosystems is accompanied by
changes in the ranges of the species that make them up. This
is not just a matter of range reduction or expansion, but also
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of range subdivision, changes in the shape of boundaries,
etc. Quantitative characteristics of the historical variability
(diversity) of mammalian ranges at the level of faunas have
still not been investigated thoroughly. This topic falls within
the scope of palacobiogeography.

As far as Europe is concerned, the material on the fossil
mammalian fauna I have is most complete in the case of
the Late Pleistocene (MIS 5 — MIS 2) (Markova et al. 2019,
Puzachenko et al. 2021). At that time, the following climatic
events took place in Europe: the end of the Riss glaciation
(= Wolston, Saale, Dnieper) and the beginning of the last
Riss-Wiirm interglacial (= Ipswich, Eem, Mikulino), with an
optimum of about 126 thousand years ago (MIS 5e¢); the last
Wiirm glacial cycle (= Devens, Veichsel, Valdai (MIS 5d —
MIS 2, 109.0-11.7 ka BP), with the Last Glacial Maximum
(LGM) at 26-20 ka BP, which ended with the beginning of
the Holocene interglacial. The most contrasting conditions
for European Late Pleistocene ecosystems were therefore
during the Eem interglacial and the LGM.

This work is a continuation of the studies on Pleistocene
mammal fauna of Europe, carried out by the authors
with colleagues over the last two decades (Markova and
Puzachenko 2018, 2021, Puzachenko et al. 2021, 2022,
Puzachenko and Markova 2019, 2020, 2023; and the
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Text-fig. 1. European sites dated to Eemian interglacial (MIS 5e; a) or Greenland Stadial 2.1 (MIS 2; b) and list of sites with 20 or
more species. a: 1 — Valdavara 3 (Vaquero et al. 2018), 2 - Villacastin (Arribas 1994a, b), 3 — Galeria de las Estatuas (Arsuaga et
al. 2017, Demuro et al. 2019), 4 — Lezetxiki, level VII (Falgueres et al. 2005, Garcia-Ibaibarriaga et al. 2018), 5 —Vaufrey, Grotte
XIV (Brugal and Jaubert 1991, Hernandez et al. 2014), 6 — Coudoulous II, couche 7 (Brugal et al. 2001, Thery-Parisot et al. 2008),
7 — Abri-des-Pécheurs (Moncel 2010, Moncel et al. 2015), 8 — Orgnac 3, level 5a (Hanquet 2011), 9 — Baume Flandin (Moncel 2005,
Moncel et al. 2008), 10 — Payre (Daujeard et al. 2011, Foury et al. 2016), 11 — Baume Moula-Guercy (Crégut-Bonnoure et al. 2010,
Valensi et al. 2012), 12 — Grand Abri aux Puces (Slimak et al. 2010), 13 — Cédres (Defleur et al. 1990, Valladas et al. 1999), 14 —
Lazaret, complex E (Valensi and Abbassi 1998, Valensi and Psathi 2004, Michle et al. 2009), 15 — Montignoso (Rustioni et al. 1999),
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references in them). Previously, the authors conducted
studies on the evolution of mammalian faunal assemblage
composition on the scale of particular geographical regions
of Europe, and at varying time intervals of the Middle —
Late Pleistocene and Holocene. In this study, I show that
it is possible to obtain quantitative estimates of important
parameters of mammalian diversity across the European
subcontinent, despite the inherent uncertainties that typically
accompany palaeontological data.

To demonstrate this possibility, a number of diversity
parameters of species’ range size were estimated and
compared for the Eem interglacial and LGM mammal
faunas in Europe, using only data on species occurrences.
The next aim of the work was to select the most informative
quantitative parameters characterizing the variation in
the spatial distribution of species at the chosen temporal
scales, and to formulate hypotheses in a biogeographical
perspective.

Regional setting and time intervals

The study area covers the European sub-continent (Text-
fig. 1), from the Atlantic coast in the west to the Urals in
the northeast. The eastern border of the sub-continent
conventionally draws along the Volga River. The southern
border runs along the northern Caucasus, the Black Sea
coast and further west along the Mediterranean coast to
Gibraltar. It is the part of a temperate zone characterized
by the west-east transition from maritime to temperate
continental climate.

Harting (1875) first recognized the Eemian interglacial

Netherlands, and named it after the local Eems River. In the
parastratotype of the Eemian interglacial in the Amsterdam
terminal section, it was dated by U-series to 118 + 6.3 ka BP
(Kukla et al. 2002). In the north of Eastern Europe, similar
uranium-thorium dates were obtained for the Mikulino
interglacial deposits studied in the Cheremoshnik key
section (Upper Volga basin, Russia): 114.2 + 11.6/— 9.2 ka
BP and 115.5 + 15.8/- 11.6 ka BP (Rusakov et al. 2015). In
the south of Eastern Europe, a lagoon and marine sequence
with Karangatian molluscs and small mammal fauna was
described in the Eltigen section (eastern Crimea) and dated
by #°Th/U to 127 + 8.9 ka BP (Cycle I) (Dodonov et al. 2000,
Markova 2000). The North Greenland Eemian Ice Drilling
Site provided the duration of the Eemian interglacial (130-
115 ka BP) and the chronological position of its optimum
(126 ka BP) (Dahl-Jensen et al. 2013). Thus, the interglacial
condition correlates with the MIS Se sub-stage. The mean
annual air temperature was not probably different from today,
or slightly higher, during the optimum period. The climate
was probably wetter in the west, and drier in the east and
northeast of Europe than today (Markova and Puzachenko
2018, Dabkowski and Limondin-Lozouet 2022).

Here and below are radiocarbon dates calibrated using
OxCal 4.4 software and the IntCal20 calibration curve
(Reimer et al. 2020). A gradual increase in the Scandinavian
Ice Sheet from northwest to southwest, south, and south-
east directions accompanied the transition to the LGM
(~29-28 ka BP) from the onset of MIS 2 in Europe (Mix
et al. 2001, Svendsen et al. 2004, Ehlers and Gibbard 2008,
Velichko et al. 2011, Ehlers et al. 2013, Batchelor et al.
2019). The climate situation in Europe in the LGM was
markedly different from today, with distinct regional features

from boreholes near the town of Amersfoort, the (Bush and Philander 1999, Ludwig et al. 2016, Visnjevi¢ et

16 — Avetrana (Pandolfi et al. 2013, Salari et al. 2019, Kotsakis et al. 2020), 17 — Caverna degli Orsi (Berto and Rubinato 2013), 18 —
Krapina (Doppes et al. 2008, Musil 2010a), 19 — Kozarnika (Popov and Marinska 2007, Tillier et al. 2017), 20 — Horvati-lik (Pazonyi
and Kordos 2004), 21 — Por-lyuk (Janossy 1986, Luzi et al. 2019), 22 — Kalman Lambrecht Cave (Janossy 1964, 1986, Musil 2010a),
23 — Cherny Yar (Titov and Golovachev 2017, Golovachev and Titov 2019), 24 — Bueraki 2 (Kirillova and Svitoch 1994), 25 — Joint
Mitnor Cave (Sutcliffe 1960, Stuart 1986, Currant and Jacobi 2001), 26 — Kirkdale Cave (Boylan 1981, McFarlane and Ford 1998),
27 — Mont-Dol (Simonet and Monnier 1991, Monnier et al. 2016), 28 — Scladina, unit 5 (Cordy 1992, Abrams et al. 2014, Blain et al.
2014), 29 — Zemst (Germonpré 2003), 30 — Biedermann travertine (Dietrich and Berckhemer 1983), 31 — Biedermanhdhle, Stuttgart
Untertiirkheim (Wenzel 1998, Kolfschoten 2000), 32 — Bisnik Cave (Cyrek et al. 2010, Socha 2014), 33 — Burgtonna I-III (Kahlke
1995, Kolfschoten 2000), 34 — Taubach (Kahlke 1961, Heinrich and Janossy 1977, Bratlund 1999), 35 — Weimar-Ehringsdorf (Kahlke
1958, Schifer et al. 2007), 36 — Neumark-Nord 2/2 (Kolfschoten 2002, Kindler et al. 2020), 37 — Schonfeld (Kolfschoten 2000), 38 —
Borisova Gora (San’ko and Motuzko 1991), 39 — Barsuchii Dol Cave (Kuzmin et al. 2017, Kosintsev et al. 2022). b: 1 — Gorham’s Cave
(Waechter 1951, Cooper 1996, Stringer et al. 2008), 2 — Boquete de Zafarraya (Lecervoisier 2003, Wood et al. 2013), 3 — Caldeirao
(Povoas et al. 1992, Davis 2002, Zilhao et al. 2021), 4 — Maltravieso-Chimeneas (Lopez-Garcia et al. 2013, Baifiuls-Cardona et al. 2014),
5 — L’Arbreda (Zilhao 2006, Lopez-Garcia et al. 2015), 6 — Cueva de las Hienas (Laplana et al. 2018, Jones et al. 2021), 7 — El Mirén
(Lopez-Garcia et al. 2013), 8 — La Riera (Altuna 1986, Jones et al. 2020), 9 — Arlanpe (Garcia-Ibaibarriaga et al. 2013, Alonso et al.
2013), 10 — Santimamiiie (Castaiios 1984, Rofes et al. 2014), 11 — Amalda (Straus and Straus 1990), 12 — Urtiaga (Altuna 1972), 13 -
Aitzbitarte II1, IV (Altuna and Mariezkurrena 2011, Peman 2011), 14 — Isturitz (Bouchud 1952, Costamagno et al. 2016), 15 — Zatoya
(Almuzara and Maestu 2001), 16 — Grotta della Ferrovia (Ceregatti et al. 2023), 17 — Grotta della Serratura (Kotsakis et al. 2003),
18 — Kalamakia (Lecervoisier 2003, Harvati et al. 2013), 19 — Kozarnika (Guadelli et al. 2005, Popov and Marinska 2007), 20 — Suren-1
(Demidenko and Noiret 2012, this study), 21 — Kamennaya Balka 1, 2 (Baigusheva and Titov 2007, Agadzhanyan 2009), 22 — Mezmais-
kaya Cave (Baryshnikov et al. 1996), 23 — Taillis-des-Coteaux (Soler et al. 2007), 24 — Roc de Marcamps (Delpech 1983, Jiirgensen
et al. 2017), 25 — Combe Sauniere I (Castel et al. 2006), 26 — Laugerie-Haute (Delpech 1983, 2012), 27 — Colombiere (Hanquet 2011),
28 — Oetrange (Ferrant and Friant 1937, Fabre 2010), 29 — Spitzbubenhohle (Konigswald 1983, Stampfli 1983), 30 — Vindija (Miracle
et al. 2010), 31 — Bivak (Janossy et al. 1957, Janossy 1986), 32 — Dzerava skala (Horac¢ek 2005, Musil 2010b), 33 — Oblazowa (Lorenc
2013, Nadachowski and Valde-Nowak 2015), 34 — Deszczowa (Stefaniak et al. 2009), 35 — Duruitoarea Veche (David and Pascar 2012),
36 — Cosauti I (David and Pascar 2012), 37 — Yudinovo (Markova 1995, Germonpré et al. 2008), 38 — Novgorod-Siversky (Rekovets
1985), 39 — Byki 1, 7 (Chubur 2001, Akhmetgaleeva and Burova 2021, Markova and Puzachenko 2021), 40 — Medvezh’ya (Bachura
and Kosintsev 2007), 41 — Bobylek (Razheyv et al. 2005, Danukalova et al. 2020), 42 — Dyrovaty Kamen (Sadykova 2002, Ulitko 2006),
43 — Prizhim 2 (Smirnov et al. 1990), 44 — Serpievskaya 1 (Danukalova and Yakovlev 2006), 45 — Ustinovo (Smirnov et al. 1990), 46 —
Imanay Cave (Fadeeva et al. 2023), 47— Kul’jurt-Tamak (Nekhoroshev and Girya 2004, Yakovlev 2014), 48 — Syrtinskaya (Kuzmina
2009), 49 — Maksyutovo (Danukalova et al. 2011).
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al. 2020). The annual mean surface temperature was lower
than at present by ~8.5 °C. There was probably a strong
west-east temperature gradient. In the west of Europe, zonal
atmospheric circulation prevailed, as it does today. In the
south of Europe, western transport and cyclonic movements
were more frequent, and in Central and Eastern Europe,
southern and eastern air masses predominated. The rainfall
was higher in Western Europe, especially in the southwest,
compared to today (Lofverstrom 2020).

The time interval considered here coincides with the
Greenland Stadial GS 2.1 (2.1c-2.1b) (Rasmussen et al.
2014) and the R1-R2 retreat phases of the Scandinavian Ice
Sheet (Boultonetal. 2001),1.e.,~22.4—17.0 ka BP. The timing
of the coldest interval and the position of the temperature
minimum in the European region differs, depending on the
proxy data used: the NGRIP oxygen isotope (6'*0) series
(Rasmussen et al. 2014) or the marine benthic §'%0 series
(Lisiecki and Raymo 2005, Lisiecki and Stern 2016). In the
first case, the minimum falls in the GS 3 interval, 27.54—
23.34 ka b2k (= before 2,000 A.D.; Vinther et al. 2006),
but in the second one, it falls in the range between 22 and
17 ka BP or even between 20 and 18 ka BP. The maximum
cooling may have occurred sometime after the maximum
expansion of the ice cover (Clark et al. 2009), which was
also asynchronous along different parts of the Scandinavian
Ice Sheet boarder (Boulton et al. 2001, Demidov et al. 2006,
Batchelor et al. 2019, Makkaveyev et al. 2020).

Material and methods

This study used data for mammal species from 665 sites/
localities confidently dated to either the MIS 5e interglacial
or the GS 2.1 stadial by various methods (Text-fig. 1, Tab.
1). A full description of the database is provided in the
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Table 1. Description of the dataset used in this study (see Text-
fig. 1).

Group of mammal Number of sites/localities
MIS 5e | GS 2.1 | Total

Total 222 442 665
Large herbivorous® 191 411 602
Carnivorous® 137 258 396
Small herbivorous® 127 229 356
Eulipotyphla 56 88 144
Microchiroptera 12 15 27
Number of sites with 20 or more species 39 49 88

*Primates, Elephantidae, Camelidae, Rhinocerotidae, Suidae,
Equidae, Hippopotamidae, Bovidae, Cervidae

®Canidae, Ursidae, Hyaenidae, Felidae, Mustelidae
¢Lagomorpha, Rodentia

electronic Supplementary Data. For the last interstadial,
some uncertainty in dating is accepted, such as dates based
on the composition of faunal assemblages, or significant
variations in dates obtained by instrumental methods.
Therefore, local faunas that conventionally assigned to the
“early-first half” of MIS 5 were also included in the analysis.
Only about 13 % of sites contained information on
20 or more taxa, i.e., well-characterized local faunas.
Microchiroptera were observed in only 4 % of the localities,
so this group was excluded from the analysis. Itis worth noting
that there is a rather obvious disproportion in the occurrence
of remains of representatives of the “large herbivorous” and
“carnivorous” groups, which I conditionally identify here for
convenience, in comparison with “small and medium-sized
mammals” (Lagomorpha, Rodentia, and Eulipotyphla).

Relative occurrence b = -MIS 5e
0.0800 ® _-GS2.1
0.0600 ——— - approximation
0.0400
0.0200 - “tail” of the distribution
0.0080 -
0.0060 -
0.0040 -
0.0020 -

\guanaspidqEnnnnn
00008~ Species rank
0_0006IIIIIIIIIIIIIIIIIIII

14 8 121620242832364044485256606468727680

Text-fig. 2. Rank distributions of relative occurrence of large (a) and small or medium-sized (b) herbivorous mammals in MIS 5Se

interglacial and GS 2.1 stadial in Europe.
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I distinguished several groups of species: the most
abundant (widespread) species, indicator species, rare and
sporadic species (“singletons”) for the MIS 5e sub-stage
or the GS 2.1 stadial. If species were recorded in both time
intervals (MIS 5e or GS 2.1), a frequency of localities with
the indicator species should be significantly different in one
of them (at least more/less 1 standard deviation).

I used only the frequencies of localities where species
occurred, and did not estimate the abundance of their
remains. The distributions of the number of occurrences of
species from different groups were analyzed. To do this, 1
ranked species by frequency of occurrence, from the most
common to those recorded only once. The most common
species has rank 1, followed by rank 2 and so on. This leads
to a rank distribution (see example in Text-fig. 2).

The theoretical justification for the existence of rank
distributions, including species abundance distributions as
well as different models for their approximation, have been
discussed for a long time (see the review of the problem in
Magurran 2004, McGill et al. 2007). This study assumes
that the within the identified groups, species occurrence is
proportional to the size of their ranges in MIS 5e or GS 2.1.
The presence of highly tolerant species with ranges covering
most of the region under consideration are expressed by the
high dominance of one or more first ranks of distribution. A
flat ranking distribution indicates the dominance of species
with medium-sized ranges relative to the total area of Europe,
and long-tailed distributions — a significant proportion of
species with small compact or fragmented small ranges:
highly specialized species, with special environmental
requirements, sub-regional endemics, critically endangered
species or species whose main range is outside Europe.

A quantitative general assessment of the rank distribution
properties listed can be obtained using traditional diversity
indices: Simpson’s index of dominance (D) (Simpson 1949)

calculated as
SPN

[Zn (ni—l)}/N(N—l)

(unbiased form); Shannon’s index (entropy) (H) (Shannon

1948):
SPN

- n,/Nlog,n,/N—-(SPN-1)/2N

(unbiased form); redundancy or index of self-organization
(R) — 1 — “equitability or Pielou’s evenness” = 1 — H/
log,(SPN) (Shannon 1948, von Foerster 1960), where SPN
is species number, n; — number of localities with species i,
N — total number of localities.

The Simpson’s dominance (D) reflects the contribution
to the rank distribution of species with very wide ranges. The
entropy quantifies the diversity of species’ range sizes and
the contribution of species with small ranges. The index of
self-organization (0 <R < 1) shows how far is the particular
rank distribution from equal random continuous uniform
distribution (R = 0), i.e., the hypothetical case where the
ranges of all species are approximately equal. In general, R
increases as the tail of the distribution lengthens and the first
ranked species dominate.

I selected randomly the number of localities (LCN) from
the sample, and calculated the number of detected species

(SPN) there. Let us accept the hypothesis that the number
of species in Europe did not change significantly over the
time intervals considered, i.c., was limited — “equilibrium/
stationary” hypothesis. In this case, one can assume the
existence of the relationship “species — localities number
relationship” (SLR), which is close to the “species — sample
number relationship” and “species — area relationship” or
“species— area curve”, well known in island biogeography
and community ecology in general (Lomolino 2001,
Schiener 2003).

Examples of such curves for the mammalian fauna of
the region of Central Europe at the end of MIS 3 (~38-29 ka
BP) were previously showed in Puzachenko et al. (2022). A
formula similar to Arrhenius’ power curve (Arrhenius 1921):
SPN = A(LCN)* best described the relationship between
the mean number of species and the number of localities.
Constant A is the average number of species per randomly
selected locality, depending on average species richness
within a geographical region. Formally, z characterizes the
rate of accumulation (growth) of species richness, and in
the log-transformed version of Arrhenius’ formula, it is the
tangent of the slope angle of the line describing the growth
of the number of species from the number of sites/localities.
In our interpretation, constant z — is the parameter depending
on the distribution of species ranges within a region. Its value
is inversely related to the degree of range overlap, reaching a
value of 1 in the hypothetical case where species ranges do
not overlap. In the “equilibrium/stationary” hypothesis, both
constants are at the same time parameters of the number of
species ranges in a region (equal to species richness) and
the distribution of their size, which in turn is related to the
overlap of ranges in geographical space. In other words,
they represent diversity invariants for the region under study
over a fixed time interval.

I found out that usage of the traditional formula resulted
in an underestimation of mean SPN for the LCN interval
2(3)-6(7). In other words, diversity accumulation showed
significant non-linearity. Therefore, in addition to the
Arrhenius model, I tested other variants of SLR models:
Gleason model (Gleason 1925): SPN = A + z In (LCN);
the logistic curve (Archibald 1949): B/(A + LCN™);
the logarithmic-power model, which I introduced here
empirically without rigorous mathematical justification:
SPN=A+ B [In (LCN)]~

The dominance of the localities with remains of large
and medium-sized mammal classes is due to generally
weaker relative knowledge of micromammals (Tab. 1),
so each group of mammals was studied separately. At the
same time, there is a certain convention in the definition of
these groups themselves, which could potentially introduce
some bias into the results of the analysis. In addition,
some of the almost unresolvable uncertainties associated
with palacoenvironmental reconstructions should be taken
into account. Another source of uncertainty is uneven
geographical distributions of occurrences. For example, the
vast majority of locations in Central, Western and Southern
Europe are associated with karst and mountainous areas,
i.e., places where caves are often found. In contrast, on the
plains, in Eastern Europe, the density of sites is much lower,
but the absence of records within the presumed range of the
species does not prove that the animals avoided these areas.
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Table 2. List of the most abundant, indicator and some most rare and endemic species in Europe in the Eem interglacial (MIS 5e) and the GS 2.1 stadial (MIS 2).
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The Scandinavian ice sheet covered large areas of Europe
during the Late Pleistocene. As the glaciers advanced, they
destroyed the older sediments of the Eem interglacial and
destroyed any evidence of animal habitation north of about
50 degrees. Finally, many or even most sites, especially
from the second half of the Late Pleistocene, are associated
in one way or another with the presence of hominids. Thus,
it is possible that these are mainly evidences of human
dispersal across Europe, which may not only misinterpret
reconstructions of species ranges, but also influence the
occurrence of remains of game species.

For processing of the data, I used the software products
STATISTICA v. 8.0 (StatSoft, Tulsa, OK, USA) and PAST
v. 4.16 (Hammer et al. 2001).

Results and discussion

Brief overview of the European faunas MIS Se and GS 2.1

The majority (>82 %) of European mammal species
remained present in the area throughout the Late Pleistocene,
despite qualitative changes in global climate.

The most severe changes between the Eem interglacial
and the end of the LGM, inclusive, occurred in the group
of large herbivorous mammals. This group lost 16 taxa,
or about 41 %, if Asian species Camelus knoblochi and
Elasmotherium sibiricum are excluded. The immigration of
the woolly mammoth and the musk ox could not compensate
for such a significant loss of biodiversity. The wave of
extinctions after MIS 5e spread to species that were mostly
Middle or even Early Pleistocene relics, and to endemic
island species from Sardinia and Corsica (Palaeoloxodon
sp., Hippopotamus sp., Stephanorhinus sp., Haploidoceros
mediterraneus, Hemitragus sp.).

In the group of carnivorous mammals, 3 species (about
9 %) became extinct (Aonyx antiqua (= Cyrnaonyx antiqua),
Ursus thibetanus, Ursus rossicus). An additional 7 species,
including pantherines, cave bears s. 1. and cave hyenas,
became extinct in Europe at the end of the LGM or shortly
after, or had their ranges drastically reduced.

The data I have on the occurrence of small and medium-
sized mammals may not be accurate. For example, our
database for GS 2.1 lacks occurrences of the Corsican hare
(Lepus corsicanus), European edible dormouse (Glis glis),
great jerboa (Allactaga major), Giinther’s and Gerbe’s vole
(Microtus guentheri, Microtus pyrenaicus), midday jird
(Meriones meridianus) and Altai vole (Microtus obscurus).
There is little doubt that these species were present in southern
and southeastern Europe at the end of the LGM. The absence
of information on the Granada hare (Lepus granatensis),
the montane water vole (Arvicola scherman), Terricola
atapuerquensis and some other species in MIS Se also can
be interpreted as insufficient study of the group as a whole.
Species that are certain or very likely to have disappeared
from the European fauna by the end of the LGM include
Trogontherium cuvieri, Spermophilus citelloides, Terricola
mariaclaudiae, Terricola vaufreyi, and Pliomys episcopalis.
Data on the distribution of Eulipotyphla species are even less
reliable. Therefore, we cannot claim that any species on the
list are truly extinct in the interval MIS 5e — GS 2.1.
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Text-fig. 3. Localities with remains of some of most abundant and indicator species of Eem interglacial (MIS Se) in Europe.

Table 2 presents the lists of species classified as (1)
most abundant, (2) indicator species, which mark MIS 5e
or GS 2.1 time, and (3) rare (the latter list is partial). For the
Eem interglacial, indicator species include Palaeoloxodon
antiquus, Mammuthus intermedius, Stephanorhinus kirch-
bergensis, and Lagurus lagurus (Text-fig. 3). The ranges of

these species probably covered most of the subcontinent. The
group of species with large ranges also includes Megaloceros
giganteus, Clethrionomys (= Myodes) glareolus, Microtus
agrestis, Terricola subterraneus. Indicators of an interglacial
condition, widespread only in the western and/or western
and central parts of Europe, are as follows: Hippopotamus

407



SN o0 e
@rtnem EUF ontiar

Russian

~—“Central-_{
Russian

@ Vulpes Iagopuyi%

T

® Marmota bobak:@
B Marmota marmota™

=

SE Qe
{7 Black Se;\g Cove,
=5 »\) 3

@ Lasiopodomys grggalis/anglicu

@ Dicrostonyx torquatus

Bo5, | 45 \;\C\ >
(7 Black Sea™ Coty,
9 k\”/ﬁ\*‘.\,\) p = 0\5“

= 4 7
@ Alexandromys oeconomus’'. .
m Lemmus lemmus™ " =
A Lemmus silfigcus
e g,
&%

A (SN SR
e SN
s (“Black Sea \ Qeqce
s q)ky/*\\ \,V\/B "Stss.

Text-fig. 4. Localities with remains of some indicator species from end of Last Glacial Maximum (GS 2.1) in Europe.

amphibius, Stephanorhinus hemitoechus, Dama dama,
Ursus spelaeus s. 1., Hystrix brachyuran, Glis glis,
Apodemus sylvaticus, Allocricetus (= Cricetulus) bursae
(unless it is classified as the gray hamster; Horacek and
Lebedova 2022), and Crocidura suaveolens. The indicator
group includes the Asian black bear, for which the MIS 5e
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interglacial was the last time it was present in the fauna, and
whose population occupied a very small area in southern
Europe. The current list includes forest, forest-steppe
and steppe species (narrow-nosed rhinoceros, “Choulans
mammoth” Mammuthus intermedius, and steppe lemming).
This combination in the interglacial mammal assemblage
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Text-fig. 5. Localities of Coelodonta antiquitatis, Equus ferus, Rangifer tarandus and Ochotona pusilla in Eem interglacial (MIS 5e)

and end of Last Glacial Maximum (GS 2.1) in Europe.

of Europe is consistent with ideas about the heterogeneous
structure of the temperate forest belt of Europe at that time,
and marked an increase in aridity from west to east, from the
Atlantic Ocean (Markova and Puzachenko 2018, Pearce et
al. 2023).

Key European indicators for GS 2.1 and the LGM as a
whole include woolly mammoth, musk ox, wolverine, Arctic
fox, Eurasian collared lemming (Dicrostonyx torquatus),
European snow vole (Chionomys nivalis), bobak marmot
(Marmota bobak), narrow-headed vole (Lasiopodomys
gregalis/anglicus) and several others (Tab. 2, Text-fig. 4).
Among the species characteristic of the final stage of the
Mammuthus-Coelodonta Faunal Complex (Kahlke 2014),
one can also distinguish a large group whose ranges
cover most of Europe, mainly its western half (Capra sp.,
Rupicapra sp., Lemmus lemmus) or eastern parts (Marmota
bobak, Lemmus sibiricus). Some species commonly included
in the Mammuthus-Coelodonta Faunal Complex were not
included in the group of indicator species. For example,
the woolly rhinoceros (Coelodonta antiquitatis) and the
steppe pika (Ochotona pusilla) were widespread in Europe
in MIS Se (Text-fig. 5). However, their range expansion
and increase in abundance was quantitative rather than
qualitative during the end of the LGM. On the other hand,
the reindeer (Rangifer tarandus) and especially the cabaloid
horse (Equus ferus) were also well represented in European
localities dated to MIS Se (Text-fig. 5), but by the end of the
LGM their abundance was significantly higher than during
the interglacial time. This was the basis for including these
species in the list of GS 2.1 indicators.

Biodiversity parameters

The results of previous studies on species richness
dynamics in the Late Pleistocene of Europe, focused on
the regional scale, showed a significant decrease in SPN
precisely in the GS 2.1 stage, compared not only to the
isotopic stage MIS 3 (when SPN was maximum), but also
to the preceding period of the MIS 2 stage (Puzachenko
and Markova 2019). Apparently, at that time at the final
part of the LGM, environmental conditions maximally
unfavorable for mammals formed, especially in the areas
close to the ice sheet edge. At the same time, the species
richness of mammals estimated at longer intervals of the
Late Pleistocene, at the level of isotopic stages, did not show
a significant difference between MIS Se and MIS 2; at the
level of individual regions, it could have been even lower
during the interglacial time (Puzachenko and Markova 2020,
Puzachenko et al. 2022). As mentioned above, the number
of taxa recorded in GS 2.1 was significantly lower than in
MIS 5e for large herbivores and predatory mammals (Tab.
3). In the group of small and medium-sized herbivores, the
differences between interglacial and glacial periods were not
significant. The material for comparing species richness in
the Eulipotyphla group is, in my opinion, not representative.

It should be emphasized again that the obtained diversity
parameters of faunal complexes for the corresponding rank
distributions relate to the occurrence of sites containing
remains of different species. Note that the analysis of rank
distributions is of particular interest from the point of view
of evaluating the measurement of diversity and assessing the
state of systems in terms of equilibrium-stationarity-non-
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Table 3. Diversity parameters calculated from rank distributions of selected mammal groups for the faunas of the Eem interglacial

(MIS 5Se) and the GS 2.1 stadial (MIS 2).

SPN H, bit D R

Group of animals

MISSe | GS2.1 MISSe | GS2.1 t-test, p MIS 5e | GS2.1 t-test, p MISSe | GS2.1
Large herbivorous 36 23 4.35 3.88 9.9, <0.001 0.06 0.084 -7.2,<0.001 0.159 0.141
Carnivorous 31 26 4.09 3.96 1.61,0.11 0.079 0.088 -1.64,0.10 0.166 0.158
Small herbivorous 76 78 5.45 5.31 1.54,0.12 0.034 0.035 -0.18, 0.86 0.13 0.155
Eulipotyphla 20 24 3.62 3.82 -1.39,0.165 0.112 0.098 1.09, 0.28 0.164 0.168
Full fauna 115 102 5.8 5.43 7.92, <0.001 0.026 0.035 7.4, <0.001 0.154 0.187

stationarity (Magurran 2004). However, that topic is beyond
the scope of this study.

Entropy (H) is positively correlated with SPN (r = 0.991,
p < 0.001) and negatively with the dominance index D
(r=-0.933, p=10.001). According to ¢ — criterion, statistically
significant differences of H and D in MIS 5e and GS 2.1 were
obtained only for the group of large herbivores and for the total
fauna. The meaningful relationship between entropy and the
dominance index is because the rank distributions of species
occurrence (e.g. in Text-fig. 2) in MIS Se compared to GS 2.1
tended to be flatter in the range from rank 1 to about 10 (species
with relatively large ranges), and had longer tails of rare species
with small ranges. The Shannon index is more sensitive to the
abundance of rare and single taxa. The number of the latter
largely determines the overall value of species richness.

The self-organization index (R) shows no correlation
with the entropy or dominance index. Formally, it indicates
how far the observed distribution deviates from a uniform,
random distribution. In our case, the deviation from such
distribution can be interpreted as the deviation from the
approximate equality of home ranges of all species.

For large herbivores and carnivores, higher R values
are observed for interglacial assemblages, and for small
herbivores — for glacial assemblages (Tab. 3). The increase
in the index is probably due to the disappearance of a
number of taxa with small ranges from the first two groups
(some species became definitely extinct during MIS 3,
early MIS 2, and some island endemics survived into the
Holocene), and to the increase in the range of species such
as woolly rhinoceros, reindeer and Arctic fox. For the large
herbivore group, the abundance of species with ranks 1 to 3
(i.e., species with large ranges) is significantly higher, and
that of species with ranks 14 and above is significantly lower
in GS 2.1, compared to the similar interglacial distribution
(Text-fig. 2a). In general, this biogeographical restructuring
of ranges leads to a certain simplification of the spatial
distribution pattern of mammals in these groups.

In the rank distribution of the group of small and
medium-sized herbivores, the frequencies of species with
ranks greater than 20 decrease in the GS 2.1 stadial (Text-
fig. 2b) (as in the case of large herbivores, but to a lesser
extent). At the same time, the frequencies of species with
medium ranges, with ranks 6 to 19, become higher than in
the distribution for MIS Se. These differences in the patterns
of the two distributions are reflected in the higher value
of the R index in GS 2.1 against the background of a non-
significant difference between the interglacial and glacial for
species richness, entropy and dominance index.
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“Species — localities number relationship” (SLR)

Note that a satisfactory statistical approximation to the
SRL was obtained for all mammal groups and for both time
intervals (Tab. 4). This supports the hypothesis of at least a
stationary state of the geographical structure of mammal
ranges in Europe during both MIS 5e and GS 2.1. In this
study, I tested three functions known from the literature and
proposed a new one. According to statistical criteria, all four
approximations are similar and allow description of 78-54 %
of the variability in the number of species found in 1, 2,
3... sites “randomly” selected from the total sample of sites
containing remains of representatives of a given mammal
group. Analysis of the plots (Text-fig. 6) of the regression
lines passing through the points corresponding to the mean
SPN values showed certain advantages of the logistic curve
(Archibald 1949) and the logarithmic power model, at least
for the interval of the number of sites from 1 to 11. It should
be emphasized that it does not automatically follow that these
functions are optimal for other initial data. For example, the
Arrhenius model quite satisfactorily described the SRL for the
mammalian fauna that existed in central Europe at the end of
the MIS 3 stage (36.0-28.5 ka BP) (Puzachenko et al. 2022).

The parameters A, B, z correlated with the diversity
parameters were calculated for the rank distributions. For
the logarithmic power model, the correlation coefficient
between parameters A and H (entropy) is 0.90, and between
parameters B and H it is 0.96.

Parameter A provides an estimate of the average number
of species per randomly selected site, and is therefore
meaningfully related to the average level of species richness
per unspecified area unit for the European territory. The
parameter is a more accurate estimate of species richness than
simply the sum of species found in Europe (SPN). Although
it is difficult to estimate precisely, let us assume that one
hypothetical site could accumulate the remains of species that
lived in its vicinity over the area of about 10 km by 10 km
(for large mammals) and 2 km by 2 km (for small mammals).
Under these assumptions, and without considering animal
size classes in the MIS Se interglacial, 1 large herbivorous
species could be found in an area of 20 km?, 1 carnivorous
species in an area of 25 km’ and 1 small herbivorous
species in an area of about 8 ha. Similar estimates for GS 2.1
conditions are 1 species per 25 km? for large herbivorous, one
species per about 30 km? for carnivorous, and one species
per 9 ha for of small herbivorous. It should be emphasized
that these estimates refer to species richness only, and not to
species population densities.



Table 4. Parameters of the “species — localities number (LCN) relationship” (SLR) for the sets of where species of a particular group
of mammals were found in the Eem interglacial (MIS S5e) and the GS 2.1 stadial (MIS 2) (Text-fig. 3).

SLR model A b ‘ LN Vfggﬁlclze(gz)
MIS Se GS2.1 MIS Se | GS21 MIS Se | GS21 MIS Se | GS21 | MISS5e | GS2.1

Large herbivorous
A(LCN)* 6.0+0.15 4.5+0.09 - - 0.52+0.013  0.52+0.011 0.77 0.70
A+zIn (LCN) 5.0+0.18 3.8+0.11 - - 621 £0.126  4.55+0.082 g 5 0.78 0.71
B/(A + LCN™) 024+0.019 023+0.018 65+025 49+0.15 -1.01+£0.078 -0.98+0.06 0.78 0.71
A + B[In (LCN)J* 52+0.21 39+0.12 57028 4.1+0.17 1.11+0.055 1.13+0.047 0.78 0.71
Carnivorous
A(LCN)* 4.6+0.20 3.8+0.13 - 0.55+0.025  0.60+0.019 0.54 0.64
A+zIn(LCN) 3.9+0.25 32x0.16 - 4.8+0.17 4.54 +0.121 12 g 0.55 0.63
B/(A+LCN") 024 +0.043 0.16+0.038 5.03+0.34 4.06+0.18 -0.99+0.144 -0.89+0.11 0.57 0.64
A+B[In(LCN)]* 4.0+0.28 3.5x0.17 43+037 37+x025 1.13x0.105 1.27+0.082 0.56 0.64
Small and medium-sized herbivorous
A(LCN)* 72+0.32 5.8+0.23 - 0.67+0.023  0.69 +0.021 0.67 0.70
A+zIn(LCN) 4.8+048 42+0.32 - 11.10£0.317  9.41 £0.243 415 2l 0.65 0.69
B/(A+LCN™®) 0.09+£0.026 0.089+0.024 693044 57+029 -092+0.107 -0.94+0.09 0.67 0.71
A+B[In(LCN)J* 6.4+0.53 53034 7.6+0.63 66047 147x0.092 1.46=0.084 0.67 0.71
Eulipotyphla
A(LCN)* 3.1+0.17 2.65+0.15 - 0.59+0.036  0.65+0.033 0.56 0.62
A+zIn(LCN) 2.5+0.23 2.05+0.20 - 3.52+0.185 3.62+0,15 0.56 0.61
B/(A+LCN") 0.19 £ 0.061 0.14+0.04 327+028 %%821_*- -0.98 £0.207 -1.01+0.17 5 12 0.57 0.62
A+B[In(LCN)J* 2.8+0.28 23+022 299034 291020 124+0.141 1.32+0.128 0.57 0.62

Parameter B shows the maximum possible increase in
species richness with increasing number of sites. In addition to
entropy, it naturally correlates negatively with the dominance
index (r = —0.98). In other words, the greater the proportion
of species with large ranges in the fauna, and the greater the
average range overlap, the slower the increase in accumulated
species diversity as the number of sites increases.

The shape of the curve is mainly determined by a
logarithmic function describing the slowing down of the
increase in species richness with increasing number of sites.
Parameter z, which is greater than 1 and less than 2 in all
cases, also affects the shape of this curve, slightly correcting
the effect of the logarithmization of the LCN. Together,
these two parameters determine the rate at which species
accumulate with LCN.

Parameter z shows statistically significant correlations
with parameter LCNy, (» = 0.79, p = 0.02). The latter
parameter corresponds to the average number of sites
containing 50 % of the species in the fauna (Text-fig. 6).
Thus, as z increases, the number of sites required to estimate
50 % of the species richness also increases. However, this
dependence cannot be described as a strict one. A major
drawback of the logarithmic power model, as well as other
exponential and power functions previously proposed
to approximate the species area/individuals ratio, is that
they grow indefinitely, which is clearly at odds with the
finite number of species inhabiting a given area in a given
segment of the time scale. In the case of the logistic function
(Archibald 1949), parameter B correlates most strongly with

the dominance index (r =—0.89, p = 0.04), then with H and
SPN (» = 0.78 and 0.71, p = 0.02 and 0.05, respectively).
Parameter B is the elevation of the curve, while A and z
together affect the curvature (Scheiner 2003). The B/A
ratio is the asymptote for species richness. Calculation
using parameter values from Tab. 4 shows that in our case,
the logistic function significantly underestimates species
richness for both the interglacial and the end of the LGM.

Synthesis

Diversity parameters in the mammal groups considered
here were obtained by two independent methods: (1) based
on rank distributions of occurrences of sites/localities with
remains of different species (entropy, dominance index,
self-organization index), and (2) as a result of parameter
estimation of a non-linear model approximating SLR. The
parameters obtained in different ways, which are highly
correlated with each other, generally contain the same
information about diversity. This information is therefore
invariant with respect to the way it is obtained from the same
initial data. These parameters characterize the diversity of
the whole complex of mammals inhabiting the territory
of Europe in the Late Pleistocene during the periods of
maximum contrasting climatic conditions — MIS 5e and
GS 2.1. They characterize the state of spatial diversity of
species ranges and species richness in the mammal groups
for Europe as a whole for each time interval separately.

Taking into account the correlations between parameters,
I constructed a general model of their variability using
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the standard principal component method with varimax
normalized rotation of the first two PCs (Text-fig. 7). PC1 of
this model reproduces the variability of the parameters H, D,
R and the constants A and B in the SLR. PC2 describes the
variability of the LCNy, parameter and z constant in SLR,
which are independent from the first group of parameters.
Each of the mammal groups occupies a distinct position in
the PC space, showing a specific response to the contrasting
environmental conditions of the Late Pleistocene interglacial
and Glacial Maximum.

Consistent with the original data, the diversity of range
sizes in all groups is greater to varying degrees in MIS Se,
as was the average number of species found per site. At the
same time, the self-organization index, reflecting the contrast
between large and small ranges, is higher in GS 2.1, as was
the dominance index. Changes in the proportion of ranges
of different sizes and their degree of overlap in geographical
space are more pronounced in groups of herbivorous
mammals, but the direction of this variability (along PC2)
is opposite for large and small animals. The LCN;, for large
herbivores is lower in GS 2.1, i.e., range overlap increases
on average, but the opposite is true for small herbivores.

Overall, the range pattern of carnivorous mammals in
GS 2.1 is not very different from that in MIS 5e, despite a
moderate loss of total species richness (Tab. 3) and a slight
increase in the proportion of species with medium and large
ranges.

Conclusion

In this study, I used only the simplest information on
the presence of mammal remains in the 665 European sites.

Two ecologically contrasting Late Pleistocene intervals (the
Eem interglacial, stadial GS 2.1 at the end of the LGM), and
four ecologically distinct mammal groups were selected for
the estimation of diversity parameters. Both the traditional
review of faunal composition and the comparison of rank
distributions of the occurrence of species remains across
sites allowed describing the compositions of groups of
typical and indicator species for each of the time intervals.

Diversity parameters — entropy, dominance index and
self-organization index — were estimated from the rank
distributions of the species occurrence. These traditional
parameters reflect the variability of species ranges, i.c., the
variability of species distribution in geographical space.

The next parameters are constants of the non-linear
function describing the SLR and LCNj,. I proposed a
biogeographical interpretation to these parameters. The fact
that a statistically valid function with the expected properties
was obtained testifies to the suitability of the original data for
solving the problem of this study. An additional argument
for this conclusion was the high correlation between some
diversity parameters obtained by different methods.

The diversity of range sizes in all mammal groups
appeared to be higher in MIS Se, as was the average number
of species in local faunas. The contrast between wide and
small ranges was on average higher in GS 2.1, as was the
dominance index. For large herbivores, the average range
overlap was higher in GS 2.1 than in the Eem interglacial,
while the opposite relationship found in the small herbivorous
group. The range patterns of carnivorous mammals in GS
2.1 and MIS 5e were not significantly different.

Among the most informative parameters are entropy
(depends on species richness and the number of species with
small ranges), self-organization index (contains information
about the shape of rank distribution independent of entropy),
constant z in the function describing SLR (related in our case
to species richness and LCNy, value). All the parameters
characterize the structure of species assemblages as a whole
over a fixed area (Europe) and a fixed time scale (MIS 5e or
GS 2.1). In this context, they are “macroscopic” parameters,
by analogy with thermodynamic parameters in physics, such
as mass, pressure, volume, temperature, entropy, etc. Their
peculiarity isthatthey donotreveal the details of evolution and
its specific mechanisms, but they allow us to detect changes,
determine their directions and formulate hypotheses. The
detail of changes in the spatial pattern of species distribution
is possible by analyzing the structure of the rank distributions
themselves together with the reconstruction of palacoranges
of individual species.

A change in geographical scale should almost certainly
lead to a change in the values of the diversity parameters.
Whether there is any regularity in this will be the subject of
future research. A similar statement of the problem applies
to changes in time scale.
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