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Abstract The emerging idea of locality coverage, or incidence, in the paleontological community and
progress in the understanding of the spatial dynamics of metapopulations biology are bringing the paleo-
biology and present-day biology closer together. The concept of metacommunities and the paleontological
notion of chronofauna show much promise for synthesis of paleontology and ecology. Here I review the
present understanding of these concepts. I show how these can be used to investigate the paleontological
record, using the development of Eurasian large herbivorous mammal communities as a case study.
Key words Eurasia, large fossil mammals, locality coverage, metacommunities, chronofauna

1 Introduction

Recent developments in geosciences have made it possible to focus on understanding eco-
logical patterns in deep time. The most important of these are: increased temporal control resul-
ting from integrative stratigraphical work, the development of a detailed global stratigraphic
framework from the deep sea sediments and its attendant isotope-based paleotemperature curve
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(e. g., Flower and Kennett, 1994; Hilgen et al., 1995; Shackleton et al., 1995; Rea et al.,
1998 ; Zachos et al., 2001) , the development of increasingly sophisticated paleogeographic recon-
structions (e. g., Rogl, 1998 ; Dercourt et al., 2000; Popov et al., 2004, 2006) , increasingly re-
liable methods to extract climatic proxy data from fossils and sediments (see Liang et al., 2003 ;
Micheels et al., 2003 ; Uhl et al., 2003 for recent multiproxy comparisons), increasingly so-
phisticated paleoclimatological applications of atmospheric general circulation models (e. g.,
Kutzbach et al., 1993 ; Ruddiman, 1997; Ramstein et al., 1997; Fluteau et al., 1999; Hay-
wood et al., 2000, 2002 ; Haywood and Valdes, 2004 ; Steppuhn et al., 2006) , and lately the
development of large, accessible compilations and databases of fossil organisms such as the Pa-
leobiology Database ( hitp://www. paleodb. org/), MioMap ( htip;//www. ucmp. berkeley.
edu/miomap/) and NOW (http.//www. helsinki. fi/science/now).

These have made it possible to investigate patterns and processes that are more familiar from
contemporary biological literature. The increased amount of paleobiological research focusing on
community assembly and dynamics (e. g., Jemmvall and Fortelius, 2002 ; McGill et al., 2005 ; van
der Meulen et al., 2005; van Dam et al., 2006), local, regional and continental environmental
change (e. g., Barnosky, 2001 ; Fortelius et al., 2002 ; Barnosky et al., 2003 ; Eronen and Rook,
2004 ; Eronen, 2006; Fortelius and Zhang, 2006; Koufos, 2006; van Dam et al., 2006) and cli-
matic patterns and teleconnections in deep time (e. g., Ramstein et al., 1997 ; Ruddiman, 1997;
Fluteau et al., 1999; Kutzbach and Behling, 2004 ; Steppuhn et al., 2006) is remarkable. These
together with recent developments in the field of metapopulation biology are opening new ways to
investigate and understand paleontological data.

2  Emerging view

2.1 Metacommunity thinking and paleobiology

The emerging research into metacommunity structure and evolution ( Leibold and Miller,
2004 ; Holyoak et al., 2005) shows much promise for synthesis of paleontology and ecology. The
concept of metacommunity has developed as a consequence of observations that patterns of distri-
bution, abundance and interaction of species can vary depending on the scale of observation
(Levin, 1992; Rosenzweig, 1995; Chase and Leibold, 2002). Leibold et al. (2004), based on
Wilson (1992), define a metacommunity as a set of local communities that are linked by the dis-
persal of multiple potentially interacting species. A metacommunity is a regional representation of
continental patterns (e. g., MacArthur, 1972) , based on the local metapopulation dynamics of
sets of localities.

The metacommunity, regarded as the species pool from which local communities are drawn,
is arguably (because of temporal and spatial averaging) the best match for the “communities” or
“chronofaunas” ( Olson, 1952, see below) sampled in fossil material, and therefore connects
patterns observed at evolutionary time scales and those observed in present-day ecosystems. Ques-
tion is whether spatial units at the subprovince level, typically resolvable in good-quality fossil
data (e. g., Fortelius et al., 2002), show evidence of coherence and environmental control in
present-day data. Recent results ( Heikinheimo et al., in press) support the interpretation that
spatially and structurally distinct assemblages seen in the mammalian fossil record (Bernor et al.,
1979, 1996 ; Bernor, 1983, 1984 ) reflect ecologically distinct biogeographical units (e. g., pa-
leobiomes) , bounded by environmental conditions.

Olson (1952) introduced the term chronofauna to capture the persistence and continuity of
structure of evolving animal complex. The purpose of chronofauna, to interpret “the movement
of a complex of interacting vertebrate populations through time under the influence of changing
environmental conditions” ( Olson, 1952:181), is quite similar to the definitions of metacom-
munity (see Leibold and Miller, 2004 ). According to Olson, “the scope of such fauna is limited
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by the particular ecological system of witch it is a part” (Olson, 1952.181).

According to Olson, “major changes in equilibrium of the system ... might have resulted
from immigration tended to be reduced by the partial ecological and geographical isolation pro-
vided by the environment and by the internal balance of the complex” ( Olson, 1952.181).
Heikinheimo et al. (in press) demonstrate that modern mammalian taxa in Europe show dis-
tinct clustering that seems to be ultimately controlled by climate and geographical features.
These clusters seem like regional metacommunities, and thus hold great promise for use in pa-
leoecological studies and bridging the gap between modern ecology and paleoecology.

2.2 Commonness and metapopulation biology

In recent years there has also been a strong resurgence of biological-paleontological synthe-
sis in the rapidly growing field of “evo-devo” (Raff, 1996; Hall, 2004 ). This has led to new
ideas about how we think about the development of environments and species in deep time.

One of these ideas is the concept of commonness, or incidence in paleontological context.
It has been suggested that relatively small number of species with wide locality coverage are pa-
leoecologically informative irrespective of the rest of the species ( Jernvall and Fortelius,
2002). As they showed, the taxa with high locality coverage reflect the overall dynamics of the
communities and evolutionary trends better than the taxa with low locality coverage. This com-
monness effect has been defined and used in many ways in ecology.

Commonness is not straightforward measure of richness or abundance. It has some time-avera-
ging built-in, because of the nature of the fossil record (see Jernvall and Fortelius, 2004). Com-
monness is related to site occupancy within a community, as used in metapopulation ecology (e. g.,
Hanski, 1982, 1999). Hanski (1982; Hanski and Gyllenberg, 1993) used the terms “core” and
“satellite” species to define different species. The core species are “regionally common and locally
abundant and relatively well-spaced in niche space™ (Hanski, 1982), while the satellite species
characterized by attributes opposite of those of core species (Hanski, 1982). He defends the defi-
ning of core and satellite species by arguing that “if the core-satellite hypothesis is upheld, one may
proceed by restricting the application of the equilibrium theory to the core species, and employing
appropriate non-equilibrium models for the satellite species” (Hanski, 1982:218). Brown (1984)
points out that specialists with narrow tolerances should be more efficient in exploiting more limited
resources and hence should have more restricted distributions but higher local abundance than gen-
eralists. He goes further by pointing out that species that have restricted distributions are more often
rare, while more widespread species have higher population densities ( Brown, 1984). It is likely
that locally rare species represent the tails of the spatial distributions of species that are more com-
mon in other regions (Brown, 1984). The commonness measure is usually done at community level ,
while those described above are defined for more local assemblages. The recent development of the
metacommunity concept ( Leibold et al., 2004 ) expands the ideas of metapopulation theory (Hanski,
1982, 1999; Hanski and Gyllenberg, 1993) to metacommunities (see Hanski and Gaggiotti, 2004 ;
Holyoak et al., 2005). From metapopulation theory (Hanski, 1999; Hanski and Caggiotti, 2004 ) it
might be expected that the species with the regionally highest incidence largely correspond to the
core species of local populations, and thus that a metacommunity made up of core species should be
a more stable and distinctly bounded unit than a metacommunity that includes rare (satellite) spe-
cies. Based on these observations, it seems that regional abundance and range of distribution seem
to be well correlated.

3 Eurasian Neogene herbivorous mammals as a case study

3.1 Eurasian scale trends
As a case study in this context, the environmental history of Eurasia serves as an example.
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According to evidence from large mammals, there is a trend from humid Middle Miocene ( For-
telius et al., 2002, 2006; Eronen and Rook, 2004 ) towards drier conditions during the Late
Miocene in western Eurasia ( Fig. 1A-F). In early Late Miocene (11-10 Ma ago) there are
still wide humid areas in Europe (Fig. 1C). These assemblages were dominated by genera that
were adapted to the closed and humid habitats. The mammals with high locality coverage within
this timeslice were still descendants of the Early Miocene taxa that were adapted to more humid
environments. In Central Asia the fossil mammal assemblages showed tendency towards more
open and arid habitats ( Fortelius et al., 2002 ; Eronen, 2006) (Fig. 1C & D).

Mammals are not strictly confined to certain habitats, but they are only able to flourish in
certain habitats. For example, the taxa with high locality coverage in Europe during earlier part
of Miocene were adapted to humid environments typical to Early and Middle Miocene. They were
present in drier habitats in Eastern Europe, but they did not have high locality coverage there.

During the Late Miocene (10-8 Ma) times the arid conditions spread westwards in Europe
(Fortelius et al., 2002, 2006; Eronen and Rook, 2004). With the new large biome developing,
a new type of mammalian taxa developed with it. As the biome spread through the central part of
the Eurasian continent, so did the associated taxa, which consequently had high locality coverage
within this timeslice ( Eronen, 2006).

In latest Late Miocene (8-5 Ma) there is continued drying in Europe ( Fortelius et al.,
2002, 2006; Eronen and Rook, 2004) (Fig. 1D). Especially the south Europe is very dry, and
the humid conditions are prevalent only in the Pannonian Basin ( Fortelius et al., 2002, 2006;
Eronen and Rook, 2004 ). The genera with high locality coverage in Central Asia and Europe
were more adapted to open and arid habitats, while the genera with low locality coverage were
those that were adapted to humid and closed habitats ( Eronen, 2006).

The taxon pool from which the common mammals come, forms in the largest biomes. They
might have high locality coverage in restricted biomes in the beginning, but still low locality cov-
erage at regional scale. When the biomes spread so does the locality coverage of the dominant
taxa of the biome. Leibold (1998) argues that species co-existence is most likely among species
with the most similar responses to environmental factors when both local and regional biotas are at
equilibrium. In terms of metacommunities ( sensu Leibold et al., 2004) , local communities are
viewed as heterogenous in some factors and the outcome of the local species interactions depends
on aspects of the abiotic environment ( Leibold et al., 2004 ). If different species can only inhabit
exclusive habitat types, the resulting metacommunity can be broken down into two independent
ones, but when individual species can inhabit multiple habitat types, there is a variety of out-
comes that reflect how species interact at larger spatial scales (Leibold et al., 2004). Because of
the time-averaging, we usually cannot differentiate between these two possibilities in fossil material.

3.2 [East Asia

In contrast to rest of Eurasia,late Late Miocene of East Asia shows a striking difference to
early Late Miocene time ( Fig. 1D). There is a wide area of humid conditions in the whole
eastern part of Asia, especially in North China ( Fortelius et al., 2002 ; Eronen, 2006). Forte-
lius et al. (2002) described this as the effect of monsoon and Fortelius and Zhang (2006) de-
scribe the faunal development in North China in more detail. This development towards humid
conditions in the latest Miocene during a time when Western and Central Eurasia was already
experiencing drier conditions clearly resulted in an influx of species from the surrounding areas.
These immigrants were of several kinds and came from different directions. Perhaps the most in-
teresting group consists of archaic forest forms, such as anchitherine horses. Another important
group of immigrants is the deer, especially the genus Cervavitus, a northern or western immi-
grant, which becomes very common in the latest Miocene ( Baodean). These assemblages show-
ing adaptation to the humid and closed habitats had low or very low locality coverage in other re-
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gions in Eurasia. In this monsoon-affected region in China their locality coverage was much
higher than elsewhere. Nevertheless, this type of biome was restricted, and these forms did not
survive elsewhere. With the end of the humid period in the Pliocene, they disappeared also
from China.

4 Conclusions

It appears that the study of locality coverage in the fossil record may provide a much-nee-
ded bridge between evolutionary studies based on fossils and evolutionary studies based on living
organisms. Locality coverage is similar to the concept of incidence as used in metapopulation
ecology and appears to behave similarly in many ways. It is thus likely that the taxa with highest
locality coverage, like those with the highest incidence, tend to be the most geographically
widespread and the locally most abundant, although lack of abundance data and sampling prob-
lems make this difficult to demonstrate in the fossil material. Taxa with high and low locality
coverage also appear analogous to the core and satellite species of the core-satellite model of
metapopulation ecology at least in that taxa with high locality coverage (core) show greater tem-
poral persistence and resistance to environmental perturbations than taxa with low locality cover-
age (satellite). This has also close connections to the developing metacommunity theory.

Metacommunity theory provides a potential link to fossil-based studies at evolutionary time
scales, where the main data consist of presence or absence of taxa at specific locations during
intervals measured in hundreds of thousands or millions of years. It remains to be seen whether
these similarities could offer a common ground for evolutionary studies based on fossils and liv-
ing populations, respectively.

Acknowledgements 1 would like to thank the organizers of the IPC 2006 session “Neogene
climatic and biotic changes in Eastern Eurasia” for invitation to give this overview. Financial
support from Helsingin Sanomain 100-vuotisséitio is acknowledged. I would like to thank Mikael
Fortelius for encouragement, remarks and discussions, Jukka Jernvall for discussions on the topic,
and Raymond Bernor for reminding me about chronofaunas.

References

Barnosky A D, 2001. Distinguishing the effects of the Red Queen and Court Jester on Miocene mammal evolution in the nor-
thern Rocky Mountains. J Vert Paleont, 21 172 — 185

Barnosky A D, Hadly E A, Bell C J, 2003. Mammalian response to global warming on varied temporal scales. ] Mammal, 84 ;
354 - 368

Bernor R L, 1983. Geochronology and zoogeographic relationships of Miocene Hominoidea. In: Ciochon R L, Corruccini R S
eds. New Interpretations of Ape and Human Ancestry. New York: Plenum Press. 21 -64

Bernor R L, 1984. A zoogeographic theater and a biochronologic play; the time/biofacies phenomena of Eurasian and African
Miocene mammal provinces. Paléobiol Continentale, 14; 121 - 142

Bernor R L, Andrews P A, Solounias N et al., 1979. The evolution of “Pontian” mammal faunas: some zoogeographic, paleo-
ecological and chronostratigraphic considerations. The VIlth Inter Congr Medit Neogene. Ann Pays Hellen, Hors Sér, 1:
81 -89

Bernor R L, Fahlbusch V, Andrews P et al., 1996. The evolution of Western Eurasian Neogene mammal faunas: a chronologic,
systematic, biogeographic and paleoenvironmental synthesis. In: Bernor R L, Fahlbusch V, Mittmann H W eds. The Evo-
lution of Western Eurasian Neogene Mammal Faunas. New York: Columbia University Press. 449 —471

Brown ] H, 1984. On the relationship between abundance and distribution of species. Am Nat, 124, 255 -279

Chase ] M, Leibold M A, 2002. Spatial scale dictates the productivity-biodiversity relationship. Nature, 416, 427 - 430



2 4 ERONEN: i i 88 5 B J 5 HEvE T sh e 143

Dercourt J, Gaetani M, Vrielynck B et al., 2000. Atlas Peri-Tethys, Palaeogeographical Maps. Paris: CCGM/CGMW. 24
maps and explanatory notes, I - XX. 1 -269

Eronen J T, 2006. Eurasian Neogene large herbivorous mammals and climate. Acta Zool Fenn, 216 1 =72

Eronen J T, Rook L, 2004. The Mio-Pliocene European primate fossil record: dynamics and habitat tracking. ] Hum Evol,
47 323 -341

Flower B P, Kennett ] P, 1994, The middle Miocene climatic transition: east Antarctic ice sheet development, deep ocean cir-
culation and global carbon cycling. Palaeogeogr, Palaeoclimatol, Palacoecol, 108 537 - 555

Fluteau I, Ramstein G, Besse J, 1999. Simulating the evolution of the Asian and African monsoons during the past 30 Myr
using an atmospheric general circulation model. ] Geophys Res, 104 11995 - 12018

Fortelius M, Eronen J T, Jernvall J et al., 2002. Fossil mammals resolve regional patterns of Eurasian climate change during 20
million years. Evol Ecol Res, 4; 1005 - 1016

Fortelius M, Eronen J, Liu L et al., 2006. Late Miocene and Pliocene large land mammals and climatic changes in Eurasia.
Palaeogeogr, Palaeoclimatol, Palaececol, 238 219 -227

Fortelius M, Zhang Z, 2006. An oasis in the desert? History of endemism and climate in the Late Neogene of North China. Pal-
eontogr Abt A, 227. 131 - 141

Hall B K, 2004. Why should devo care about evo-devo? Dev Biol, 271 554

Hanski 1, 1982. Dynamics of regional distribution: the core and satellite species hypothesis. Oikos, 38; 210 -221

Hanski 1, 1999. Metapopulation Ecology. New York: Oxford University Press. 1 -324

Hanski I, Gaggiotti O E, 2004. Ecology, Genetics and Evolution of Metapopulations. Amsterdam: Elsevier Academic Press.
1 -696

Hanski I, Gyllenberg M, 1993, Two general metapopulation models and the core-satellite species hypothesis. Am Nat, 142.
17 -41

Haywood A M, Valdes P J, 2004, Pliocene warming, contribution of atmosphere, ocean, and cryosphere. Earth Planet Sci
Lett, 218, 363 -377

Haywood A M, Valdes P J, Sellwood B C, 2000. Global scale palaeoclimate reconstruction of the middle Pliocene climate using
the UKMO GCM initial results. Glob Planet Change, 25; 239 —256

Haywood A M, Valdes P ], Sellwood B W, 2002. Magnitude of climate variability during middle Pliocene warmth: a palaeocli-
mate modelling study. Palaeogeogr, Palaeoclimatol, Palaeoecol, 188 1 -24

Heikinheimo H, Fortelius M, Eronen J et al. (in press). European land mammal species cluster into environmentally distinct
and spatially coherent entities. ] Biogeogr

Hilgen F J, Krijgsman W, Langereis C G et al.,, 1995. Extending the astronomical ( polarity) time scale into the Miocene.
Earth Planet Sci Lett, 136. 495 - 510

Holyoak M, Leibold M A, Holt R D, 2005. Metacommunitites. Spatial Dynamics of Ecological Communities. Chicago: Uni-
versity of Chicago Press. 1 -520

Jernvall J, Fortelius M, 2002. Common mammals drive the evolutionary increase of hypsodonty in the Neogene. Nature, 417 .
538 -540

Jervall J, Fortelius M, 2004. Maintenance of trophic structure in fossil mammal communities; site occupancy and taxon resili-
ence. Am Nat, 164. 614 - 624

Koufos G D, 2006. Palaeoecology and chronology of the Vallesian (late Miocene) in the Eastern Mediterranean region. Palaeo-
geogr, Palaeoclimatol, Palaececol, 234 127 - 145

Kutzbach J E, Prell L, Ruddiman W F, 1993, Sensitivity of Eurasian climate to surface uplift of the Tibetan Plateau. ] Geol,
101 177 - 190

Kutzbach ] E, Behling P, 2004. Comparison of simulated changes of climate in Asia for two scenarios; Early Miocene to pre-
sent, and present to fulure enhanced greenhouse. Glob Planet Change, 41 157 - 165

Leibold M A, 1998. Similarity and local co-existence of species in regional biotas. Evol Ecol, 12: 95 - 110



144 GO i 7/ 45 &

Leibold M A, Holyoak M, Mouquet N et al., 2004. The metacommunity concept: a framework for multi-scale community eco-
logy. Ecol Lett, 7: 601 —-613

Leibold M A, Miller T E, 2004. From metapopulations to metacommunities. In: Hanski I, Gaggiotti O E eds. Ecology, Gene-
tics and Evolution of Metapopulations. Amsterdam: Elsevier Academic Press. 133 -150

Levin S A, 1992. The problem of pattern and scale in ecology. Ecology, 73: 1943 - 1967

Liang M-M, Bruch A, Collinson M et al., 2003. Testing the climatic estimates from different palaeobotanical methods; an ex-
ample from the Middle Miocene Shanwang flora of China. Palaeogeogr, Palaeoclimatol, Palacoecol, 198 279 - 301

MacArthur R H, 1972. Geographical Ecology; Patterns in the Distribution of Species. New York; Harper and Row. 1 —-288

McGill B J, Hadly E A, Maurer B A, 2005. Community inertia of Quaternary small mammal assemblages in North America.
Proc Nat Acad Sei, 102; 16701 - 16706

Micheels A, Moshrugger V, Bruch A et al., 2003. Late Miocene climate modeling and its validation with proxy data. In:
EEDEN Plenary Workshop on “Birth of the New World”. Stara * Lesna’ ; EEDEN Programme, European Science Foun-
dation. 1 -6

Olson E C, 1952, The evolution of Permian vertebrate chronofauna. Evolution, 6. 181 - 196

Popov S V, Rigl S, Rozanov A Y et al., 2004. Lithological-paleogeographic maps of the Paratethys. Courier Forschung-Institut
Senckenberg, 2501 —46

Popov 8 V, Shcherba I G, Ilyina L B et al., 2006. Late Miocene to Pliocene palaeogeography of the Paratethys and its relation
to the Mediterranean. Palacogeogr, Palaeoclimatol, Palaeoecol, 238, 92 — 106

Raff R A, 1996. The Shape of Life: Genes, Development, and the Evolution of Animal Form. Chicago: University of Chicago
Press. 1 -544

Ramstein G, Fluteau F, Besse J et al., 1997. Effect of orogeny, plate motion and land-sea distribution on Eurasian climate
change over the past 30 million years. Nature, 386 788 - 795

Rea D K, Snoeck H, Joseph L. H, 1998. Late Cenozoic eolian deposition in the North Pacific: Asian drying, Tibetan uplift,
and cooling of the northern hemisphere. Paleoceanography, 13 215 -224

Rigl F, 1998. Palaeogeographic considerations for Mediterranean and Paratethys seaways ( Oligocene to Miocene ). Ann
Naturhist Mus Wien, 99, 279 - 310

Rosenzweig M L, 1995. Species Diversity in Space and Time. Cambridge: Cambridge University Press. 1 -436

Ruddiman W F, 1997. Tectonic Uplift and Climate Change. New York; Plenum Press. 1 —515

Shackleton N J, Baldauf J G, Flores J-A et al., 1995. Biostratigraphic summary for Leg 138. In: Psisias N G, Mayer L A,
Janecek T R et al. eds. Proc ODP, Sci Results, College Station, TX ( Ocean Drilling Program ). 138: 517 - 536

Steppuhn A, Micheels A, Geiger G et al., 2006. Reconstructing the Late Miocene climate and oceanic heat flux using the
AGCM ECHAM4 coupled to a mixed-layer ocean model with adjusted flux correction. Palaeogeogr, Palaeoclimatol, Palae-
cecol, 238 399 -423

Uhl D, Mosbrugger V, Bruch A et al., 2003. Reconstructing palacolemperatures using leaf floras; case studies for a comparison
of leaf margin analysis and coexistence approach. Rev Palaeobot Palynol, 126 49 - 64

Van Dam J A, Abdul-Aziz H, Alvarez Sierra M A et al., 2006. Long-period astronomical forcing of mammal turnover. Nature,
443 . 687 -691

Van der Meulen A, Peldez-Campomanes P, Levin S A, 2005. Age structure, residents, and transients of Miocene rodent com-
munities. Am Nat, 165; 108 - 125

Wilson D 5, 1992, Complex interactions in metacommunities, with implications for biodiversity and higher levels of selection.
Ecology, 73 1984 -2000

Zachos ], Pagani M, Sloan L et al., 2001. Trends, rhythms and aberrations in global climate 65 Ma to Present. Science, 292 .
686 -693



