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a b s t r a c t

We review evidence obtained from analyses of multiple proxies (floristics, mammal remains, paleo-
insects, pollen, macrofossils, plant cuticles, phytoliths, stable isotopes, and modeling) that elucidate the
composition and character of the graminoid-dominated ecosystems of the Pleistocene Arctic. The past
thirty years have seen a renewed interest in this now-extinct biome, sometimes referred to as “tundra-
steppe” (steppe-tundra in North American sources). While many questions remain, converging evidence
from many new terrestrial records and proxies coupled with better understanding of paleoclimate
dynamics point to the predominance of xeric and cold adapted grassland as the key former vegetation
type in the Arctic confirming earlier conjectures completed in the 1960se1980s. A variety of still existing
species of grasses and forbs played key roles in the species assemblages of the time, but their mixtures
were not analogous to the tundras of today. Local mosaics based on topography, proximity to the ice
sheets and coasts, soil heterogeneity, animal disturbance, and fire regimes were undoubtedly present.
However, inadequate coverage of terrestrial proxies exist to resolve this spatial heterogeneity. These past
ecosystems were maintained by a combination of dry and cold climate and grazing pressure/disturbance
by large (e.g., mammoth and horse) and small (e.g., ground squirrels) mammals. Some recent studies
from Eastern Beringia (Alaska) suggest that more progress will be possible when analyses of many
proxies are combined at local scales.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The influence of future climate change on vegetation in the
Arctic is likely to be very pronounced (Post et al., 2009), and could
potentially see the expansion of graminoid (i.e. grass and sedge)
dominated ecosystems at high latitudes (Chapin et al., 2005). Of
particular interest for Arctic terrestrial research is the past nature of
graminoid-dominated vegetation, which is also thought to have
been more extensive during the Pleistocene. This review aims to
summarize recent advances in paleovegetation studies of grami-
noid vegetation in the Arctic.

“Graminoid-dominated ecosystems” are often broadly defined,
but frequently include temperate (prairie, steppe, veld, pampas)
and tropical (llanos, Spinifex steppe) grass- or sedge-dominated
ecosystems, as well as certain tundras, woodlands, and may also
(M.S. Blinnikov), bvgaglioti@
), mjwooller@alaska.edu (M.
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include shrub- or forb-rich ecosystems such as semi-deserts or
floodplain meadows as long as grasses or sedges remain a major
component (Coupland, 1992; Gibson, 2009). White et al. (2000)
estimated that non-woody grasslands (excluding savannas)
currently occupy 10.74 million km2 worldwide with additional 7.44
million km2 covered by tundra. Dominance of the grass family,
Poaceae is expected in a ‘true’ grassland, but some authors also
include other graminoids (e.g., members of the order Poales, which
in the Northern Hemisphere are also represented by Cyperaceae
and Juncaceae families, APG, 2009) and even all “low-growing non-
woody plants” (Milner and Hughes, 1968) in the list of expected
dominants. Risser (1988) defined a grassland as a type of vegetation
with a “canopy dominated by grass and grass-like species, subject
to periodic drought, and with fewer than 10e15 trees per ha.”
However, this definition excludes woodlands and wetlands, which
may also be graminoid-dominated. While temperate and tropical
grasslands presently occupy 36% of the land areaworldwide (White
et al., 2000), only about 20% of the present-day Arctic is covered
with graminoid tundras (Fig. 1). The four graminoid tundra types in
the Circumpolar Arctic Vegetation Map assessment (2003) occupy
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews
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Fig. 1. Circumpolar distribution of graminoid tundras in the Arctic today (CAVM,
2003). The shaded areas north of the treeline include rush/grass-forb-cryptogam
(G1), graminoid-prostrate dwarf shrub-forb (G2), non-tussock sedge-dwarf shrub-
moss (G3) and tussock sedge e dwarf shrub e moss (G4) vegetation types. Although
graminoid, such communities are dominated mostly by sedges, not grasses. They
exclude wetlands or shrub-dominated types and cover 1,475,000 km2 out of the total
7,182,000 km2 north of the treeline (20.5%).
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mesic sites with summer temperatures ranging from very cold (G1)
tomoderately warm (G4). All graminoid tundras in the Arctic today,
even on the driest end of the continuum, are dominated by pros-
trate shrubs, mosses, and sedges, not grasses. Very few tundra
communities are grass-dominated, and those are only found in
azonal locations such as south-facing slopes with high insolation
and low snow cover (Yurtsev, 1962; Kassler, 1979; Walker, 1990).
Although these graminoid-dominated ecosystems were persistent
at high latitudes during much of the Quaternary, reviews of the
environmental and taxonomic details are lacking for this biome. In
this review we focus specifically on the techniques, the species
present, and spatial and temporal variability of taxa and environ-
mental controls of high-latitude graminoid-dominated ecosystems
during the Pleistocene.

During the Pliocene, most of the Arctic was dominated by forests
and shrubby vegetation, extending all the way to the shores of the
Table 1
Correlation of the Pleistocene regional stratigraphic schemes (Anderson and Lozhkin, 19
1999).

Ages (ka) West European European Russia Siberian

Since 11.7 Holocene Holocene Holocene
c. 30e11.75 Late Weichselian Late Valdai (Veps) Sartan
c. 50e30 Mid Weichs. Middle Valdai (Dunai) Karginskya

c. 115e50 Early Weichs. EarlyValdai (Kalinin) Ermakovo, Zyry
c. 130e115 Eemian Mikulino Kazantsevoa

c. 200e130 Saalian Moscow Tazovsky

a Astakhov and Nazarov (2010) suggest that Karginsky is ca. 130 ka and Kazantsevo e

Please cite this article in press as: Blinnikov, M.S., et al., Pleistocene gramin
(2011), doi:10.1016/j.quascirev.2011.07.002
Arctic Ocean. In the early Pleistocene, the Kap København Forma-
tion from North Greenland records trees growing at the Arctic
Ocean shore at 2.4 ma BP (million years ago), about 1000 km north
of the modern treeline in Canada (Funder et al., 2001). During the
middle Pleistocene, high-latitude graminoid-dominated ecosys-
tems are thought to have become much more extensive, when
“steppe-tundra” or “tundra-steppe” (Nehring, 1890; Tugarinov,
1929; Hibbert, 1982) is hypothesized to have covered large
portions of North America and, especially, Eurasia, particularly
during the coldest stages. The Pleistocene epoch started with the
Gelasian stage (2588 to 1806 ka, MIS 103), ended with the onset of
the Holocene MIS 1, 11.7 ka cal yrs (Martinson et al., 1987; ICS,
Gibbard et al., 2007), and is an important time period because
frequent high amplitude shifts in past climate led to dramatic
effects on ecosystem composition, function and structure, which
were especially pronounced in the circumpolar regions. The vast
majority of the paleovegetation studies from the Arctic, however,
focus only on the Late Pleistocene (MIS 5-2, 130 to 12 ka), given the
lack of records with reliable chronology from the Middle and Early
Pleistocene (Table 1). Spatially the Arctic can be defined as the zone
north of the Arctic Circle at 66�330N and selected subarctic loca-
tions in greater Beringia (an area between the Lena River in Siberia
and the Mackenzie River in Canada, including the now submerged
Bering and Chukchi continental shelves, Fig. 2), in Taymyr, the
lower reaches of the Ob River in Central Siberia, and a few sites in
northern Europe for which paleovegetation data are available
(Fig. 3a,b). Lack of records from Scandinavia and most of eastern
Canada is due to the presence of the large continental ice sheets
there for much of the Pleistocene, except during the interglacials
and some interstadials. (Brigham-Grette, 2001; Muhs et al., 2001)

Early studies into the nature of high-latitude communities of the
Pleistocene were dominated by classical paleontology (Nehring,
1890; Chersky, 1891; Tugarinov, 1929), floristics (Hultén, 1937;
Yurtsev, 1962), Quaternary geology and sedimentology (Péwé,
1955; Hopkins, 1967, 1972), and pollen and spore analysis (Grichuk
and Zaklinskaya, 1950). These approaches greatly expanded our
understandingof high-latitudepaleovegetation,most significantly in
Beringia, as summarized byHopkins et al. (1982).More recently, data
derived from analyses of macrofossils, plant cuticles, phytoliths,
paleoinsect andpaleoDNAaremaking important contributions toour
understanding of the composition and variability of these environ-
ments over space and time (Elias, 2001;Willerslevet al., 2003; Zazula
et al., 2003, 2005, 2006a; Shapiro and Cooper, 2003; Shapiro et al.,
2004; Fox-Dobbs et al., 2008; Blinnikov et al., 2010). Additional
insights have also stemmed from analyses of loessal stratigraphy
(Muhs et al., 2003), stable isotope studies (Wooller et al., 2007) and
paleoclimate modeling (Bartlein et al., 1998; Kaplan et al., 2003;
Bromwich et al., 2005). Most terrestrial records of vegetation from
the Pleistocene Arctic are pollen-derived and are only available for
the last glacialeinterglacial cycle from 130 ka to present (MIS 5e to
MIS 1) withmost sites considerably younger,<40 ka BP (MIS 3 or 2).

In terms of global climate, the warmest interval over the past
250 ka is thought to have occurred during the MIS 5e (130e116 ka
95; Svendsen et al., 2004; Arkhipov et al., 1999; Lozhkin et al., 2007; Velichko et al.,

Alaskan Laurentide Marine Isotope Stages

Holocene Holocene MIS 1
Itkillik/McKinley Late Wisconsinan MIS 2 (LGM)

Middle Wisconsinan MIS 3eMIS 4
an Early Wisconsinan MIS 4eMIS 5a-d

Sangamonan MIS 5e
Illinoian MIS 6

mid-Pleistocene in age, based on newest OSL dates.
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Fig. 2. Elevations above and below sea level in the Bering Land Bridge area and
modern distribution of graminoid tundras in Beringia. Tundra distribution is from
CAVM 2003, elevations are from ETOPO2 dataset as resampled by Manley (2002).
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BP, Kukla et al., 2002; Muller et al., 2010). At that time, global ice
volumes were less than today with the Earth’s orbital parameters
aligned to generate 11% higher insolation values (Fig. 4) as
compared to present during the Northern Hemisphere’s summer
(Huybers, 2007). This caused temperatures over land in the Arctic
to be 4e5 �C above present (CAPE, 2006) and the treeline to be
600 km north of its present position (Ritchie and Hare, 1971;
Fradkina et al., 1999; Muller et al., 2010). In contrast, MIS 2
(14e29 ka BP) was apparently the coldest period in the last 125 ka,
and potentially the last 350 ka sinceMIS 10 (Muller et al., 2010). The
Last Glacial Maximum (LGM) occurred between 25 and 21 ka and
was followed by a warming that lead to the onset of the Holocene
w11.7 ka ago. During the LGM, global annual temperatures were
5e6 �C lower than at present (Jansen et al., 2007; Muller et al.,
2010). With the exception of parts of Beringia and eastern Siberia,
much of the Arctic was under continental ice sheets and/or
extensive mountain ice caps, especially in Greenland (as today),
Eastern Canada, and Scandinavia, but also in the Polar Urals, Taymyr
Peninsula, Chersky Range, and parts of Alaska (Hamilton, 1982,
1994; England et al., 2009). Generally, the continental interiors
were much drier than today, as evidenced by the nearly synchro-
nous activation of aeolian deposits across unglaciated terrain in
Please cite this article in press as: Blinnikov, M.S., et al., Pleistocene gramin
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much of Beringia at that time (Carter, 1981; Lea and Waythomas,
1990; Bateman and Murton, 2006). The scarcity of lake sediments
dated to the LGM also indicates extreme aridity as discussed by
Guthrie (2001) and Mann et al. (2002a, b).

Despite recent progress, past terrestrial environments of
substantial areas in the Arctic remain poorly studied due to their
remoteness and lack of suitable vegetation records. The following
issues stand out as some of the most relevant and interesting:

1. What was the species composition of the graminoid-
dominated arctic communities of the Pleistocene? Was the
pool of species composing those communities similar to today,
albeit of different proportion, or did it include many extrare-
gional species (e.g., species that are currently found in dry
steppe or even deserts much further to the south)?

2. What was the vertical and horizontal spatial structure of these
communities? How much local variability was there with
respect to individual community types as compared to today?
What was their average productivity? To what extent were
these communities climate-driven as opposed to disturbance-
driven (herbivory, fire, loess and sand deposition)? How fast
did these communities respond to past environmental
changes? How variable was this response across the Arctic?

Due to their abundance during rapid climate changes in the
past, understanding the former structure and responses of past
graminoid-dominated ecosystems (GDE) is important for predict-
ing and mitigating future responses due to ongoing climate
changes (Kaplan and New, 2006). Some today are resilient and
even adapted to a variety of climates and disturbance regimes,
including herbivory, soil perturbations, and fire (Higuera et al.,
2008). However, the environmental changes occurring in the
Arctic are likely to alter many existing high-latitude ecosystems,
but the degree of vegetation response is poorly understood
(Callaghan et al., 1998; Kittel et al., 2000; van Wijk et al., 2003).
Overall, it is thought that tree- and other woody-dominated
vegetation types will have an advantage over the grass- or moss-
dominated ones, under most climate scenarios for the 21st
century (Nelson et al., 2008). Alternatively, in some regions,
steppe-tundra analogues may undergo expansions in response to
future climate scenarios that have modeled multi-year droughts
and frequent tundra fires (Chapin and Starfield, 1997; Rupp et al.,
2000). Unlike global change forecasts for contemporary biomes,
there is no widespread modern analogue of steppe-tundra to
model vegetation responses of climate variation in the future.
Studying the behavior of past grass-dominated communities
during the Pleistocene, especially during the abrupt glacial
terminations (e.g., end of MIS 12, 10, 6 and 2), may inform our
management choices in dealing with the unprecedented warming
in the Arctic during this century (Callaghan et al., 1998; Chapin
et al., 2005; Walker et al., 2006). Below we review the informa-
tion and perspectives that can be gained from analyses of various
proxies of past GDE in the Arctic, which is best achieved using
multiple lines of evidence (Wooller and Beuning, 2002).

2. Animal paleontology perspectives on the arctic grasslands

2.1. Vertebrate paleontology

Classical vertebrate paleontological studies were among the first
to inform us about the nature of the past graminoid-dominated
communities of the Pleistocene at high latitudes. Numerous sites
across the unglaciated Holarctic contain abundant bones, teeth, or
partially preserved carcasses in paleosols and permafrost (Sher,
1971; Harington, 1978; Guthrie, 1990; Ukraintseva, 1990), 1993).
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews
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The idea that much of northern Europe had a steppe-like climate
and a landscape populated by a diverse fauna dominated by large
grazers wasdiscussed in the late 19th century by). The idea that
much of northern Europe had a steppe-like climate and a landscape
populated by a diverse fauna dominated by large grazers wasdis-
cussed in the late 19th century by Nehring (1890) and Chersky
(1891). Typical grazers of these communities included the musk-
ox (Ovibos moschatus), mammoth (Mammuthus primigenius
Blum.), woolly rhinoceros (Coelodonta antiquitarius Blum.), horse
(Equus spp.), Steppe bison (Bison priscus Boj.) and saiga antelope
(Saiga tatarica L.). Tugarinov (1929) noted the imbalanced character
of the faunal assemblages from the Pleistocene of Eurasia that
Fig. 3. Distribution of Poaceae, Cyperaceae, and Artemisia pollen percentages from selected
Pollen Database and Andreev et al. (2008), Lozhkin et al. (2007).
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contained mixtures of steppe and tundra species with no modern
analogs. The fact that grazers, not browsers, were dominant, sug-
gested a different vegetation from that which is typical of the taiga
or tundra at present. Guthrie (1982, 1990) proposed the term
“mammoth-steppe” to represent the no-analog nature of this
grazer-dominated ecosystem, which stretched from Europe to
northwest Canada during Pleistocene cold stages. It is important to
note that although the faunas from Eurasia and North America
included many of the same species, a few were present only on one
side of the Bering Land Bridge. For example, western camels
(Camelops hesternus), badgers (Taxidae taxus), and short faced bears
(Arctodus simus) were present only in Alaska, yet not in Siberia,
sites in the Arctic and subarctic N of 60�N at 10, 15 and 20 ka BP. Data are from Global

oid-dominated ecosystems in the Arctic, Quaternary Science Reviews



Fig. 4. Last glacialeinterglacial cycle based on an average of 57 globally distributed
benthic d18O records (departures per 1000) which measure global ice volume and deep
ocean temperature (Lisiecki and Raymo, 2005) - top curve and insolation values for 65�N
(W/m2 at s¼ 275 threshold) (Huybers, 2006) - bottom curve. Horizontal values are ka BP.

Fig. 3. (continued).
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while woolly rhinoceros did not occur in North America. These
differences in faunal communities between continents led Guthrie
(2001) to suggest that a reduction in adequate steppe-tundra
habitats in the central Bering Land Bridge served as a biogeo-
graphic filter and prevented the transcontinental migration of some
species.

It is clear from mammoth-, horse- and bison-dominated fossil
assemblages of the Pleistocene that the unglaciated holarctic
regions were inhabited by grazing specialists that evolved in close
association with the steppe-tundra environment (Stuart et al.,
2002; Westgate, 2003). Evidence for Pleistocene mammals being
grazers is provided by their high-crowned, hypsodont teeth with
complex crown patterns, which evolved in association with
dependence on silica-rich diet of grasses. These extreme forms of
dentition are best exemplified by the Beringian woolly mammoths
(Maglio, 1973; Boeskorov, 2005; Harington, 2005) and horses,
which have the most complex teeth of any living or extinct
proboscideans or equids, respectively (Guthrie, 1990). Direct
evidence for graminiod specialization of this fauna has been
recovered through the multi-proxy analysis of permafrost,
preserved stomach contents (Ukraintseva, 1993; van Geel et al.,
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews
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2008) and of fossil dung (van Geel et al., in press). The replacement
of this diverse grazing fauna with a relatively species-poor large
mammal fauna dominated by browsers or mixed feeders such as
moose (Alces alces), elk (Cervus elaphus) and caribou (Rangifer tar-
andus) at the end of the Pleistocene is marked by the establishment
of present-day woodland and tundra habitats.

Based on paleontological evidence, about 40 species of animals
over 40 kg (a megafauna threshold sensu Burney and Flannery,
2005), populated Pleistocene high latitude grasslands, which
suggests vegetation of high productivity (Guthrie, 1968, 1982;
Martin et al., 1982). However, most contemporary tundra types,
evenwith abundant grass or graminoid cover (e.g., G1-G4 in CAVM,
2003) are unpromising analogues for vegetation inhabited by these
now-extinct large grazing mammals. Net primary productivity can
be an index for largemammal carrying capacity of an ecosystem For
example, above-ground net primary productivity (ANPP) of
vascular plants in modern-day low-shrub tundra in North America
ranges from 125 to 175 g/m2 and cottongrass-herb tundra from 150
to 200 g/m2 (Bliss, 2000, p. 25, p. 25). In contrast, in modern-day
temperate and tropical grasslands ANPP ranges from 500 to
5000 g/m2 with the mean of 1021 g/m2 (Gibson, 2009, p. 134). Thus
Guthrie (1968, 1982, 1990, 2001) and Yurtsev (1982, 2001) argued
for the extensive Pleistocene “tundra-steppes” with productive
vegetation more akin to modern temperate steppes, rather than
contemporary graminoid tundras. Steppe-tundra (tundra-steppe in
the Russian literature) also reflects geomorphic evidence that the
continental interior environment was both dry and cold (Yurtsev,
1982; Barber and Finney, 2000), and implies an ecological mixing
of typical steppe and tundra taxa in association without modern
analogue (Brubaker et al., 1989). Guthrie (1990) also argued that the
foot morphology and loading capabilities of the dominant Pleisto-
cene large mammals suggested the steppe-tundra substrates were
much firmer, and thus, drier than contemporary arctic tundras
(Zimov, 2005).

2.2. Invertebrate paleontology

The remains of beetles (Coleoptera), specifically fromthe families
Curculionidae (weevils) and Carabidae (ground beetles) are
common within late Cenozoic sediments and provide important
paleoecological information for the origins and history of high lati-
tude graminoid ecosystems (Matthews and Telka, 1997; Elias, 2000,
2007; Elias et al., 2000, 2006, 2007; Zazula et al., 2006a, 2007;
Kuzmina et al., 2008, 2010). Beetles, including members of the
Cryobius group of the ground beetle genus Pterostichus from the
Early Pliocene Begunov Formation at the Krestovka site in the
Kolyma Basin record the earliest appearance of open patches of
steppe or steppe-tundra habitats within coniferous woodlands in
northeast Siberia (Sher et al., 1977; Kiselyov, 1981). The widespread
establishment of steppe-tundra is recorded in the Late Pliocene-
Early Pleistocene Olyor Formation at several sites across Siberia
with an abundance of Pterostichus (Cryobius) species, as well as the
ground beetle Amara alpina, leaf beetles in the genus Crosita, the
weevil Coniocleonus ferrugineus and the pill beetle Morychus viridis
(Kiselyov, 1981; Elias et al., 2006). In Siberia, there is a significant
increase in the abundance of steppe beetles in the Middle and Late
Pleistocene faunas in comparison to the more tundra-rich Olyorian
Formation beetle faunas, indicating an increasing importance of
steppe-tundra throughout the Quaternary (Elias et al., 2006). In
Alaska, the earliest appearance of a tundra ecosystem in Eastern
Beringia is recorded in the early Pleistocene (1.8 Ma) beetle fauna at
Cape Deceit, which includes the grassland ground beetle Trachy-
pachus holmbergi, the weevils Lepidophorus lineaticollis, Vitavitus
thulius, and Ceuthorhynchus subpubescens (Matthews, 1974;
Matthews and Telka, 1997; Elias et al., 2006). Importantly,
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L. lineaticollis, one themost important species of Pleistocene beetles
in Eastern Beringia, was present in northeastern Siberia during the
Miocene, but has not been recovered there in any younger faunas
(Elias et al., 2006). Although some differences in Pleistocene beetle
assemblages have been identified between Eastern and Western
Beringia, Late Pleistocene cold stage faunas from both regions are
clearly dominated by taxa indicative of cold, dry, and largely open
steppe-tundra habitats. This view is reinforced by detailed ento-
mological studies of present day azonal and zonal steppe commu-
nities, which suggest close analogs with the Pleistocene steppe-
tundra. Matthews (1982) suggested that Pleistocene faunas domi-
nated by species of Amara, Morychus (likely an extinct species
distinct fromthose in Siberia) and L. lineaticollisprovideevidence for
widespread steppe-tundra habitats across Eastern Beringia. Addi-
tional research in the region (Matthews and Telka, 1997; Kuzmina
et al., 2008; Zazula et al., 2006a, b, 2007, 2010) highlights the pres-
ence of the weevil Connatichela artemisiae in Pleistocene faunas,
which at present is restricted to azonal steppe communities in the
Yukon Territory where it feeds on plants of prairie sage (Artemisia
frigida). Although evidence from beetles for steppe-tundra habitats
is well documented for much of the interior and northern areas of
Eastern Beringia, assemblages from a number of sites in Western
Alaska and the central Bering Land Bridge lack steppe-tundra indi-
cator beetles and support the model of increased mesic tundra
conditions that interrupted the Holarctic steppe-tundra (Elias et al.,
1997, 2000; Elias and Crocker, 2008; Guthrie, 2001). Similar to the
central Beringia filtering large mammal species, this proposed
“mesic buckle” (Guthrie, 2001; Elias and Crocker, 2008) seems to
have served as a biogeographic barrier that also prevented the
transcontinental exchangeofmanysteppebeetles betweenWestern
and Eastern Beringia during the Pleistocene (Elias et al., 2000). As
such, although Pleistocene faunas in Western Beringia are also
dominated by steppe-tundra beetles, the composition of these
faunas are taxonomically distinct from those in North America and
there are few truly amphiberingian steppe species. Western Berin-
gian Pleistocene beetle faunas lack the North American steppe-
tundra endemics L. lineaticollis and C. artemisiae, however are
often dominated by M. viridis and species of Stephanoceonus. The
biogeographic relationship between present azonal steppe and
Pleistocene steppe-tundrabeetle faunas ismuchbetter documented
for Eurasia, than it is for northwest North America.

Based on the distribution and Mutual Climate Range (MCR)
temperature estimates from Late Pleistocene beetles of Western
Beringia, Berman et al. (2010) suggested that steppe-tundra
ecosystems did not extend eastward completely across the Bering
Land Bridge, rather, it fell short by approximately 100 km, termi-
nating near the Anandyr River Basin at about 180� East longitude.
This interruption in the Holarctic steppe-tundra by a more mesic
tundra barrier may not have been geographically contiguous.
Species of Morychus along with the cryoxerophilus sedge Kobresia
myosuroides during the LGM indicate that steppe-tundra extended
to the Seward Peninsula of western Alaska (Kuzmina et al., 2008).
Together, beetle faunas from across Beringia indicate that steppe or
steppe-tundra habitats were much more extensive during the late
Pleistocene than they are at present at both local and regional scale.

3. Floristic perspectives

Due to their well-described habitat preferences, and ubiquity in
the fossil record, plant identification, indicating both modern
(floristic approach) and past (based on pollen, phytoliths, and
macrofossils) biogeography is particularly telling approach for past
GDEs and their former climates in the Arctic. The present-day arctic
flora comprises approximately 1500 species of vascular plants
(Abbott and Brochmann, 2003). The checklist of the Panarctic flora
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews
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(PAF, Elven, 2007) attempts to reconcile the long-standing
discrepancy between Russian and North American floras and
presents an emerging consensus between the extensive splitting of
taxa by many Russian botanists and the equally extensive lumping
of many North American botanists. PAF’s definition of the Arctic is
“non-forested areas where growth and reproduction is restricted
by a short vegetation period (mostly less than 60e90 days) with
low temperatures (nearly always <10 �C for the warmest months)
and/or low heat sum, and a long winter with stable or nearly stable
frost and snow.” Their definition is fairly narrow and geographically
similar to that of the Conservation of Arctic Flora and Fauna (CAFF)
project (Fig. 1). Although CAFF boundary is decided by a political
consensus and does not have immediate ecological parameters
behind it, we chose to use it here as a convenient commonly
accepted boundary used by many interdisciplinary researchers of
the modern Arctic.

The current version of PAF (Elven, 2007) lists approximately 300
Poaceae species in 47 genera for the Arctic thus defined. It also lists
100 species of Cyperaceae in nine genera of which Carex is the most
represented (67) with potentially many contributors to the xeric
vegetation of the Pleistocene from among upland sedge species
(along with Kobresia). Of course, there is a possibility that some
components of the Pleistocene GDEs in the Arctic are no longer
present in the region today. Nevertheless, most botanists of the
Arctic, starting with Hultén (1937), seemed to have embraced the
view that the majority of taxa contributing to the Pleistocene
communities are still present in the Arctic today albeit in more
restricted habitats.

The origins of Poaceae, a major contributor to the flora at high
latitudes in the Pleistocene, and the corresponding rise of grass-
dominated ecosystems at low-latitudes are relatively well known
(GPWG, 2001; Wooller and Beuning, 2002; Strömberg, 2005;
Edwards et al., 2010). Grasses originally evolved in the tropics,
but have a cosmopolitan distribution today (Watson and Dallwitz,
1994). The origin and relatively early differentiation of grasses
into subfamilies in themid- to late Cenozoic is nowwell established
(Kellogg and Watson, 1993; Prasad et al., 2005); however, it is
important to note that the evolution of the C4 photosynthetic
pathway in graminoids happened much more recently (late
Miocene to Pliocene, Kellogg and Watson, 1993; Strömberg, 2005;
Edwards et al., 2010). C4 graminoids are virtually absent from the
Arctic flora today, although their possible former presence remains
poorly studied (see section on phytoliths and stable isotopes).

Other important taxa that may have contributed to the former
graminoid communities in the Arctic are xeric steppe lichens (e.g.,
Cornicularia steppae, Diploschistes steppicus, Acarospora schleicheri,
Parmelia vagans), rushes (Luzula), dwarf-shrubs (Dryas, Empetrum),
and forbs from Polygonaceae, Chenopodiaceae, Caryophyllaceae,
Ranunculaceae, Papaveraceae, Brassicaceae, Saxifragaceae, Rosa-
ceae, Fabaceae, Apiaceae, Ericaceae, Primulaceae, Gentianaceae,
and Asteraceae families, all well represented in the modern arctic
flora and well represented in the alpine zone of the mountains of
Eurasia and North America today.

Relatively little is known about the exact origins of the arctic
plants, but paleobotanical and now increasingly molecular,
research points to the importance of high mountain ranges in plant
diversification during the Tertiary (alpine origin). Other arctic
species may be descendants of the herbaceous and shrub under-
story of the previously extensive arctic forests of the same period
(Abbott and Brochmann, 2003) or they may represent autochtho-
nous species of the recent arctic origin. During most of the Tertiary
(65-2 Ma), forests grew at high latitudes in the Arctic, including
much of Greenland, the Canadian High Arctic, and arctic islands off
the northern coast of Siberia (Arkhipov et al., 1999; Fradkina et al.,
1999; McIver and Basinger, 1999). Based on both pollen and
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macrofossil studies, tundra does not appear prominently in the
Northern Hemisphere until the mid-to late Pliocene (3.6 Ma)
(Matthews and Ovenden, 1990). For example, Arkhipov et al. (1999)
reconstructed a progressively cooling climate with subtropical
vegetation in Western Siberia (Ob river basin) in the Paleocene and
Eocene, drier and cooler deciduous forests (Carpinus, Ulmus, Quer-
cus, Tiliain,Morus) in the Miocene, and even drier forest-steppe and
desert in mid-Pliocene. True steppes do not appear in the region
until mid-upper Pliocene, or about 4.3Ma. In Yakutia, Fradkina et al.
(1999) likewise described widespread early Pliocene forests con-
sisting of Betula, with some Pinus, Picea, Tsuga and Larix and only
a minor presence of graminoids. These forests extended all the way
to the present-day Arctic Ocean shoreline.

Hultén’s (1937) classic paper on the history of arctic and boreal
biota during the Quaternary demonstrated similarities of Eurasia
and North America floras based on what he termed “progressive
areas of present plant species.” He challenged the views’ of Darwin,
Hooker and Agassiz that arctic animals and plants were forced to
migrate south of the advancing ice sheets in the Pleistocene andwas
a proponent of local refugia. He based his paper on an extensive
study of floristic literature on the distribution of about 2000 species,
augmented by his own extensive field work in Kamchatka, Alaska
and northern Europe. He proposed that ice-free refugia sheltered by
local topoedaphic and microclimatic conditions in Beringia played
a significant role in preserving local diversity of the flora during the
coldest phases. In Eurasia, he separated the flora into eight groups
based on their biogeographic distribution and hypothesized that for
some of these groups ice-free refugia in easternmost Siberia
(Beringia) and elsewhere in Asia were the most likely source of
origin and differentiation, based on the nested character of their
ranges. He also recognized the connections between steppe fauna
and flora across the Holarctic during continental glaciations. His
model of past vegetation changes in the Arctic points to Beringia,
the region he named, as a pivotal region responsible for great biotic
exchange during glacial advances. Hultén emphasized that while
the floral diversity ofmodern Beringia is poor, with only about 2000
species, most of these can be easily traced to a common origin in
unglaciated portions of northeastern Eurasia and westernmost
North America (Hulten,1968). His views are still supported bymore
recent research on phytogeography (Nimis et al., 1998) and
molecular evolution (Abbott et al., 2000; Stentström et al., 2001) of
the arctic flora. Additionally, the North Atlantic has emerged as
a likely conduit for species between the Old and NewWorlds based
on the genetic similarities between Northeastern North America
and Scandinavia (Abbott and Brochmann, 2003; Eidesen et al.,
2007). Molecular studies indicate a much more complex pattern
of multiple refugia in addition to Beringia (e .g., in parts of Northern
Europe, Taymyr Peninsula, or on the margins of Greenland) than
that envisioned by Hult _en.

Floristic work of Yurtsev (1962, 1972, 2001) stretching over 40
years built on Hultén’s work and demonstrated many more floristic
affinities between Asia and North America across the Bering Land
Bridge (Table 2). Yurtsev was an early champion of the Pleistocene
tundra-steppe hypothesis and pointed out dozens of modern
analog sites scattered over western Beringia in Chukotka, Magadan,
eastern Yakutia, and Wrangel Island that in his view represented
true relicts of the once extensive cryoxeric steppes of the Pleisto-
cene. He listed 142 species of xerophytes, mesoxerophytes and
petroxerophytes (some classified as “microthermous,” i.e. cold-
adapted category and some as “hemicryophilous,” i.e., cool-
adapted) in the Yakutia flora that he believed were likely candi-
dates of the more extensive Pleistocene tundra-steppes (Yurtsev,
1982). Of these species, about a quarter are also found across the
Bering Strait in North America, and another quarter have taxo-
nomically close, vicariant species in North America. Among
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews



Table 2
Presence of Poaceae species in the modern Beringia that were probable constituents
of the upland graminoid-dominated ecosystems of the Arctic during the Pleistocene
based on ecological and floristic analyses of Swenson for Eastern Beringia (2006)
and Yurtsev for Western Beringia (2001).

Species Western
Beringia

Eastern
Beringia

Alopecurus alpinus Sm. X X
Arctagrostis latifolia (R. Br.) Griseb. X X
Bromus pumpellianus Scribn. X X
Calamagrostis canadensis (Michx.) P. Beauv. X
C. stricta (Timm) Koeler X X
C. lapponica (Wahlenb.) Hartman X X
C. purpurascens R. Br. X X
Deschampsia cespitosa (L.) Beauv. X X
Elymus alaskanus (Scribn. & Merr.) A. Löve X
E. macrourus (Turcz.) Tzvelev X X
E. trachycaulis (Link) Gould ex Shinners X
Elymus yukonensis (Scribn. & Merr.) A. Löve X
Elymus villosus Muhl ex Willd. X
Festuca altaica Trin. X X
F. auriculata X
F. brachyphylla J.A. Schultes X X
F. lenensis Drobow X X
F. rubra L. X X
F. kolymensis X
Helictotrichon krylovii X
Hierochloë alpine (Sw.) Roemer

and J.A. Schultes
X X

H. hirta (Schrank) Borbas X
Hordeum jubatum L. X X
Koeleria asiatica Domin. X X
Poa artica R. Br. X X
P. glauca Vahl (other Stenopoa) X X
P. pratensis L. X X
P. paucispicula Scribn. & Merr. X X
Pseudoroegneria spicata (Pursch) A. Löve X
Puccinelia hauptiana (Krecz.) Kitagawa X X
Trisetum spicatum (L.) Richter X X
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graminoids, he listed bunchgrasses Festuca lenensis, Poa botryoides,
Helictotrichon krylovii, and Agropyron jacutorii, as well as the Carex
duriuscula s.l. (narrow-leaved upland sedge) as the most important.
For Chukotka, he listed 85 species of which 21% are endemic to
western Beringia and 51% are shared with North America, with an
additional 18% represented in North America by vicariants. In
addition to the same species as in Yakutia, he listed Calamagrostis
purpurascens, Carex pediformis, C. obtusata, C. supina and some forbs
(e.g., Potentilla arenosa, Anemone patens) as probably important
components of the former Pleistocene tundra-steppe. Modern
analogs for such communities are described as belonging to the
classes Cleistogenetea squarrosae and Carici-Kobresieta in accor-
dance with floristic classification (Kucherov and Daniels, 2005).

More recently, Swanson (2006) compiled a list of the 25 most
likely tundra-steppe candidates among lowland grass species from
11 genera based on their geographic distribution (both sides of the
Bering Land Bridge), growth form (mostly bunchgrasses with large
biomass) and preferred habitat (mesic to dry, fine-grained lowland
soils). Many of the species are identical to Yurtsev’s steppe-tundra
flora (e.g., C. purpurascens, F. lenensis) proposed for western Berin-
gia (Table 2) and are supported by the presence of macrofossils (see
section below). All of these species are C3 grasses from the
subfamily Pooideae (Triticodae and Poodae supertribes sensu
Watson and Dallwitz (1994)). According to both Yurtsev and
Swanson, Beringian grasslands could have been composed entirely
of the local taxa that are still present in the region today. This is
important because, if true, it provides evidence for the resilience of
the local flora. Also, it is a testable hypothesis that can be refuted
should representatives of more southern affinities be found
in Pleistocene paleosamples (e.g., members of Panicoideae,
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Chloridoideae, or Arundinoideae subfamilies). This is of course also
testable using phytoliths or stable carbon isotope analyses of plant
remains (see below).

Ukraintseva (1993) and Kozhevnikov and Ukraintseva (1999)
presented a dissenting view from Yurtsev. First, they argued that
floristic studies of the Eurasian steppes and tundras indicate a few
disparate sources of origin of key flora elements, some affiliated
with steppes and semi-deserts, but others affiliated with modern
tundras, alpine areas, and even forests. Second, they argued against
widespread zonal tundra-steppe of the Pleistocene and interpreted
the presence of some steppe-affiliated species in the Arctic today as
more recent, accidental arrivals. They also critiqued pollen inter-
pretations (e.g, Artemisia pollen may come from shrubby A. frigida
and other sagebrushes which are steppe indicators, but also from
tundra-affiliated forbs A. arctica, A. glomerata or A. borealis) and
downplayed the importance of Beringia-wide species by pointing
out that the majority of the flora on either side of the Bering Strait
today are in fact affiliated with Asia and North America respectively
and rarely cross over, especially when non-graminoids are taken
into account. They observed that many forbs common to both
eastern and western Beringia are cushion plants (Draba stenopetala,
Stellaria dicronoides), which would suggest their affinity with polar
deserts rather than steppes. Finally, they argued that proposed
“tundra-steppe” grasses have ecological niches too broad to be of
much interpretive value (e.g. Festuca rubra that is found in a great
variety of habitats today from steppe to forest to meadows and
even tundra). Krestov et al. (2009) pointed out that while many
components of the Pleistocene tundra-steppe were recruited from
the floras of continental Eurasian steppes, even more were prob-
ably forest or alpine species from the communities of the Pacific
Eurasia, including the Russian Far East and Japan, as well as from
coastal western North America. Clearly, a floristic approach alone
cannot adequately detect the past vegetation of the Arctic and
paleobotanical approaches, such as pollen, macrofossils, and phy-
toliths are needed.

4. Pollen perspectives

Analysis of pollen and spores in lakes, bogs, and similar contexts
provided the earliest, and most extensive, evidence for the
composition of the Pleistocene vegetation at high latitudes
(Grichuk and Zaklinskaya, 1950; Colinvaux, 1964; Ravski, 1972;
Ritchie, 1977, 1982; Cwynar and Ritchie, 1980; Ritchie and
Cwynar, 1982; Hu et al., 1993; Anderson and Brubaker, 1994;
Anderson et al., 1994; Edwards et al., 2000; Bigelow and Edwards,
2001; Andreev et al., 2003; Müller et al., 2010). Original interpre-
tations of the Pleistocene pollen assemblages from Eastern Beringia
reconstructed the Arctic as a polar desert similar to the high arctic
islands today (Cwynar and Ritchie, 1980; Cwynar, 1982). However,
reinterpretations of pollen records have since acknowledged the
presence of both steppe and tundra pollen types (i.e. Chenopods
and Juniperus for steppe and Cyperaceae for tundra) during the full
glacial period (MIS 2), and open spruce (Picea sp.) woodlands with
tundra and steppe mosaics during portions of MIS 3 (Matthews,
1974; Young, 1982; Elias et al., 1997; Ager, 2003). The main limi-
tation of pollen analysis is the low taxonomic resolution for gra-
minoid taxa. Pollen can reliably identifymost of the common boreal
tree taxa to the genus level (e.g., Picea, Alnus, Betula, Quercus and
Ulmus) and some to subgenus level (Pinus), but graminoid vegeta-
tion can only be resolved into Cyperaceae (sedges) and Poaceae
(grasses) families. Steppe tundra pollen interpretations have been
supplemented from indicator taxa such as Artemisia (sagebrush
shrubs and forb forms), Ephedra, other Asteraceae pollen, Cheno-
podiaceae, Rosaceae and a fewother taxa (Faegri and Iversen,1989).
However, pollen analysis lacks the taxonomic resolution to identify
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews
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graminoids into subfamilies, tribes, or genera, making the detailed
nature and variability of the steppe tundra an unresolved issue in
palynology.

A few dozen long pollen records exist for Eastern Beringia
(Edwards et al., 2000). An increasing number of well-dated
sequences is also available from Siberia (Andreev et al., 2003;
Lozhkin et al., 2007; Anderson et al., 2010). Continent-wide
pollen-based biome reconstructions allow quick synthesis of
pollen information (Whitmore et al., 2005; Tarasov et al., 1998,
2000), however, a major limitation of pollen analysis remains its
lack of sensitivity to more subtle, local variation in plant cover and/
or productivity. Even small lakes of a few ha in size catch airborne
pollen from hundreds of km away (Wright, 1967; Minckley et al.,
2008). Although pollen can sometimes be also extracted from
bogs, cave deposits, or peat cushions on the forest floor, most of the
published well-dated sequences come from lakes (Andreev et al.,
2003; Viau et al., 2008; Anderson et al., 2010). Interpreting pollen
percentages in a sample in the form of vegetation types requires an
extensive understanding of the local vegetation’s composition,
pollen production and dispersal as well as the lake’s source area for
pollen (Birks and Birks, 1980). For example, Holocene pollen
records from the arctic tundra have indicated that within a given
region local vegetation can have varying responses to past climate
change depending on soil types (Oswald et al., 2003a). However,
this conclusion required a judicious survey of modern pollen
representation in the region, and the statistical separation of rare
pollen types (Oswald et al., 2003c). Such studies have not been
conducted for the steppe-tundra vegetation (Oswald et al., 2003b).

With GDEs, no satisfactory threshold of pollen percentages can
distinguish between grasslands from grassy tundra, nor wet sedge
meadows from sedge-dominated dry upland communities. For
example, the Paleoatlas of Beringia (www.ncdc.noaa.gov/paleo/
parcs/atlas/beringia) uses <5% of Picea, 20e40% Betula þ Alnus
and >20% Cyperaceae þ Poaceae pollen values as the rule to infer
grass-shrub tundra, while <20% Betula þ Alnus, >20%
Cyperaceaeþ Poaceae and<10% “other herbs” to infer grass tundra.
In the temperate regions, however, the former could be matched to
birch woodland and the latter to a mesic prairie. Oswald et al.
(2003b) found Poaceae values particularly high on the Arctic
Coastal plain in Alaska (>25%) in the prostrate shrub tundras. In
some of the same communities, Cyperaceae values reach over 45%
reflecting the importance of Carex bigelowii and Eriophorum vagi-
natum in these communities. Given the presence of shrubs and
a continuous peatland as well as very low values for pollen of
Artemisia in these same sites, they are clearly not analogous to the
postulated Pleistocene tundra-steppes (Fig. 3a,b & Tables 3, 4).

As an alternative approach to rule-based matching, direct
matching of paleosamples to modern datasets by pollen
Table 3
Vegetation reconstructionså for the Pleistocene of the northern latitudes in Eurasia and
>40% and Artemisia > 10% of the total pollen. Shrub-tundras have 20e40% Alnus þ Betu
pollen.

Age (ka BP) Northern Scandinavia NE European Russia W

Since 11.7 MIS 1 Shrub tundra to
forest-tundra

Boreal forest to
forest-tundra

S
fo

c. 30e11.75 MIS 2(LGM) Ice sheet Tundra-steppe H
tu

c. 50e30 MIS 3/MIS 4 Ice sheet Forest-tundra F
b

c. 115e50 MIS 4/MIS5a-d Ice sheet Forest-tundra S
fo

c. 130e115 MIS 5e Boreal forest to
forest-tundra
(Betula, Picea)

F
b
(A

c. 200e130 MIS 6
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dissimilarity techniques can be used, but this frequently results in
poor matches due to lack of true modern analogs (Overpeck et al.,
1992;Williams et al., 2001). Poaceae are a cosmopolitan pollen type
and are present in virtually all pollen samples. In western North
America, for example, average values of grass pollen were 11% in
grassland, 7% in pinyon/juniper woodland and in desert, 6% in
sagebrush steppe and 2% in alpine tundra, based on 1884 modern
pollen samples (Minckley et al., 2008). True grasslands can be more
reliably differentiated from savannas, tundras, and deserts when
Pinus and Betula pollen from surrounding vegetation types are
taken into account (Minckley, pers. comm.). Thus, the very nature of
pollen analysis precludes its application to answer more localized
questions concerning graminoid-dominated environments.

An additional pervasive limitation of pollen analysis is the lack
of suitable lake records spanning more than the last 12e15 ka over
much of the Arctic, especially where glaciations was recent and/or
extensive. For example in the open-access Global Pollen Database
(GPD http://www.ncdc.noaa.gov/paleo/gpd.html), only 98 records
are available for areas north of 60�N and only 23 of them have dates
older than 15 ka (Fig. 3b). Edwards et al. (2000) used 11 sites with
oldest dates around 18 ka 14C, of which 3 were in Western and 8 in
Eastern Beringia, to reconstruct pollen-based biomes for Beringia at
18, 6 and 0 ka. Additional records from Chukotka, Magadan Oblast,
and Yakutia represent pollen-reconstructed vegetation from MIS 3
(Lozhkin and Anderson, 2011). The new >250 ka record from the
El’gygytgyn impact crater in northeastern Russia (Brigham-Grette
et al., 2007; Lozhkin et al., 2007) yielded important new vegeta-
tion data from pollen spanning at least two full glacial cycles,
however, even this truly exceptional record will only represent
a point sample in space, and is unlikely to shed light on the exact
nature of graminoid-dominated vegetation based solely on pollen.

Despite some of the limitations associated with the application
of pollen analyses at high latitudes, Eastern Beringia is perhaps the
most studied region within the high latitudes with respect to
pollen. Since the earliest pollen studies in Europe and Russia, the
combined presence of high Artemisia and Poaceae pollen was
thought to indicate dry grasslands similar to modern-day steppe
(Grichuk and Zaklinskaya, 1950). Vangengeim and Ravski (1965)
recognized that the vast expanses of eastern Siberia must have
been covered by a rather homogenous cold and xeric steppe, and
that taiga vegetation was either not present at all, or very rare,
during much of the Pleistocene. A comparison of pollen profiles
from modern-day shortgrass steppe and Pleistocene Beringia
reveals a grass-dominated ecosystem with over 50% of all pollen
being grass or sedge derived (Guthrie, 1990). Other indicators of
steppe-like vegetation include Juniperus, Artemesia, Chenopodium
and Plantago pollen. These taxa are all represented in modern-day
temperate grasslands (discussed by Young, 1982). Ritchie and
eastern Beringia based on pollen evidence. Tundra-steppe is implied when Poaceae
la pollen, but <20% Poaceae pollen, almost no Artemisia and about 20% Cyperaceae

estern Siberia Eastern Siberia Western Beringia Eastern Beringia

hrub tundra to
rest-tundra

Shrub tundra Shrub tundra Shrub tundra to
herb tundra

erb tundra to
ndra-steppe

Herb tundra to
tundra-steppe

Tundra-steppe Herb tundra to
tundra-steppe

orest-tundra to
oreal forest
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Tundra-steppe
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Table 4
Pollen records longer than 10 kyr available from the Global Pollen Database (GPD, http://www.ncdc.noaa.gov/paleo/gpd.html) and selected literature for the areas north
of 60�N.

ID Site Latitude
(dec. deg. N)

Longitude
(dec. deg. E (þ) or W (e))

Elevation
(m a.s.l.)

Reference

0 Alazeya_River_ 68.50 154.50 40 Lozhkin (GPD)
1 Alut_Lake 60.10 152.30 480 Lozhkin (GPD)
2 Amguema_River_Valley_ 67.80 178.70 175 Kotov (GPD)
3 Andy_Lake 64.70 �128.10 1360 Szeicz (GPD)
4 Angal_Lake 67.10 �153.90 820 Brubaker (GPD)
5 Bell’s_Lake 65.00 �127.50 580 Szeicz (GPD)
6 Berelekh_River 63.30 147.80 800 Lozhkin (GPD)
7 Berelyekh_River,_Indigirka_Lowland 70.60 145.00 20 Lozhkin (GPD)
8 Berelyekh_River,_Indigirka_Lowland 70.60 145.00 20 Lozhkin (GPD)
9 Blossom_Cape 70.70 178.90 6 Lozhkin (GPD)
10 Bludlivaya_River 69.10 148.40 100 Lozhkin (GPD)
11 Bruvatnet 70.20 28.40 119 Hyvarinen (GPD)
12 Byllatskoye_Exposure 69.20 140.10 316 Grinenko (GPD)
13 Candelabra_Lake 61.70 �130.60 1040 Cwynar (GPD)
14 Chabada_(central_Yakutia) 62.00 129.40 290 Andreev (GPD)
15 Crowsnest_Lake 68.30 �146.50 881 Anderson (GPD)
16 East_Siberian_Sea_Coast_10730 71.10 156.50 33 Lozhkin (GPD)
17 Elgennya_Lake 62.10 149.00 1040 Anderson (GPD)
18 Elikchan_4_Lake 60.80 151.90 810 Anderson (GPD)
19 Etivlik_Lane 68.10 �156.00 631 Anderson (GPD)
20 Glacial_Lake 64.90 �166.30 120 Eisner (GPD)
21 Goluboye_Lake 61.10 152.30 810 Lozhkin (GPD)
22 Hanging_Lake 68.40 �138.40 500 Cwynar (GPD)
23 Harding_Lake 64.40 �146.90 0 Ager (GPD)
24 Headwaters_Lake 67.90 �155.10 820 Brubaker (GPD)
25 Hidden_Lake 63.90 �144.70 0 Ager (GPD)
26 Jack_London_Lake 62.20 149.50 820 Anderson (GPD)
27 Jack_London_Lake_(Wrangle_Island) 70.80 �179.80 7 Lozhkin (GPD)
28 Joe_Lake 66.80 �157.20 183 Anderson (GPD)
29 Kaiyak_Lake 68.20 �161.40 190 Anderson (GPD)
30 Keele_Lake 64.20 �127.60 1150 Szeicz (GPD)
31 Khomustakh_Lake 63.80 121.60 120 Andreev (GPD)
32 Kirgirlakh_Stream,_Berelyekh_River_Basin 62.70 148.00 700 Lozhkin (GPD)
33 Kollioksak 67.00 �156.40 213 Anderson (GPD)
34 Lac_Demain 62.00 �118.70 745 MacDonald (GPD)
35 Lac_Meleze 65.20 �126.10 650 MacDonald (GPD)
36 Lateral_Pond 65.90 �135.50 470 Ritchie (GPD)
37 Ledovyi_Obryu_Exposure,_Southern_Section 64.10 171.20 44 Lozhkin (GPD)
38 Ledovyi_Obryu_Exposure,_Northern_Section 64.10 171.20 57 Lozhkin (GPD)
39 Maltan_River_Exposure 60.90 151.60 735 Lozhkin (GPD)
40 Maria_Lake 68.30 �133.50 105 Ritchie (GPD)
41 Minakokosa_Lake 66.90 �155.00 122 Anderson (GPD)
42 Natla_Bog 63.00 �128.80 1380 MacDonald (GPD)
43 Niliq_Lake 67.90 �160.40 274 Anderson (GPD)
44 Ped_Pond 67.20 �142.10 211 Brubaker (GPD)
45 Point_Woronzof_Peat_Section 61.10 �149.50 0 Ager (GPD)
46 Priyatnoye_Lake 61.00 151.70 980 Lozhkin (GPD)
47 Puyuk_Lake 63.50 �162.20 15 Ager (GPD)
48 Ranger_Lake 67.10 �153.60 820 Brubaker (GPD)
49 Rebel_Lake 67.40 �149.80 914 Anderson (GPD)
50 Redstone_Lake 67.30 �152.60 914 Brubaker (GPD)
51 Reindeer_Lake 69.10 �132.20 0 Spear (GPD)
52 Ruppert_Lake 67.10 �154.20 210 Brubaker (GPD)
53 Sakana_Lake 67.40 �147.90 640 Brubaker (GPD)
54 Screaming_Yellowlegs_Pond 67.60 �151.40 650 Brubaker (GPD)
55 Seagull_Lake 68.30 �145.20 637 Brubaker (GPD)
56 Selennyakhskaya-1_Exposure 69.20 137.80 354 Grinenko (GPD)
57 Sleet_Lake 69.30 �133.60 0 Spear (GPD)
58 Smorodinovoye_Lake 64.80 141.10 800 Lozhkin (GPD)
59 Sosednee_Lake 62.20 149.50 822 Anderson (GPD)
60 Sulphur_Lake 61.00 �138.00 847 Lacourse (GPD)
61 Sverdrup 74.50 79.50 7 Tarasov (GPD)
62 Sweet_Little_Lake 67.70 �132.00 0 Ritchie (GPD)
63 Ten_Mile_Lake 63.10 �145.70 1000 Anderson (GPD)
64 Tiinkdhul_Lake 66.60 �143.10 189 Anderson (GPD)
65 Tuktoyaktuk_5 69.10 �133.40 60 Ritchie (GPD)
66 Wien_Lake 64.30 �151.30 305 Hu (GPD)
67 Wonder_Lake 63.50 �151.10 610 Anderson (GPD)
68 Wrangel_Island_Exposire_12 71.20 �179.80 200 Lozhkin (GPD)
69 Elgygytgyn 67.50 172.80 489 Lozhkin et al. (2007)
70 Mamontovy_Khayata 71.80 129.30 0 Schirrmeister et al. (2002)
71 Levinson-Lessing 74.50 98.60 47 Andreev et al. (2003)
72 Billyakh 65.28 126.78 340 Müller et al. (2010)
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Cwynar (1982) postulated a “herb pollen zone” as the most char-
acteristic of the full glacial conditions at Hanging Lake and Lateral
Pond in northeastern Yukon. The oldest dates for Hanging Lake are
around 20 ka 14C (Kurek et al., 2009) and for Lateral Pond around 15
ka 14C. The low pollen influx values (100/cm2/yr) were indicative of
low productivity of these communities and true steppe would have
produced influx values of an order of magnitude higher. The
evidence from high values of Poaceae þ Cyperaceae þ Artemisia
combined percentages they interpreted as compatible with “herb
tundra”, rather than “tundra-steppe”. Colinvaux (1996) argued that
very low presence of Artemisia pollen (<5%) during Wisconsin
glaciations in most coastal plain samples from Eastern Beringia
(e.g., Imuruk Lake on central Seward Peninsula, zone J) implied
a herb tundra, rather than a tundra-steppe. The steppe-like view of
the late Pleistocene Beringia has nevertheless been supported by
a wide variety of evidence (Hopkins et al., 1982, Guthrie, 2001;
Zazula et al., 2003, 2007) that came since the 1980s from the use
of alternative proxies to pollen, especially vertebrate and inverte-
brate paleontology and plant macrofossils (see section 5), and
revised statistical approaches.

Edwards et al. (2000) reconstructed pollen-based “biomes” of
Beringia based on pollen-to-plant functional type assignment.
Their proposed map for the last glacial maximum (LGM, around 21
ka cal.) in Beringia is dominated by “tundra”, not true steppe.
Nevertheless, steppe and xeric forbs are prominently represented
in many of the sites (Kaiyak Lake and Sands of Time Lake respec-
tively) in Eastern Beringia, especially away from the coast, while in
Western Beringia shrubs and heath are prominent, suggesting that
steppe-shrubland may have been actually present there instead of
shrubless tundra. Thus, according to Edwards et al. (2000), “tundra”
at the LGM is a broad generalization with the actual community at
that time being non-analog to any modern tundra. The name for
that “biome” can be a matter of semantics and could just as well be
called “tundra-steppe.”

Müller et al. (2010) provided compelling evidence for the
presence of tundra-steppe in the Verkhoyansk Mountains of NE
Siberia based on pollen analyses of a core from Lake Billyakh from
50.7 to 13.5 ka BP, just 140 km south of the Arctic Circle. As in other
studies, they based their reconstruction on high values of Poaceae,
Cyperaceae and Artemisia pollen and noted that pollen concentra-
tions were low, which implies a reduced vegetation cover. They
postulated that the coldest period was between 31 and 13 ka, more
or less coincident with the LGM/MIS 2. They also noted that some
mesophytic shrubs were present during this period, precluding
interpretation of a polar desert at that time.

Andreev et al. (2008) reconstructed a 115 ka vegetation record
on Bol’shoy Lyakhovsky Island, which is the southernmost one in
the New Siberian Archipelago group NE of the Lena River delta at
73�200 N, based on a multi-proxy study of a permafrost sequence
involving pollen, beetles, macrofossils, diatoms, and soil data. They
recorded vegetation similar to today’s subarctic tundra for the
earliest part of the record (Eemian/early Weichselian), with colder
and dryer tundra during the early Weichselian, later transitioning
into “tundra and steppe” vegetation during the more moderate
Mid-Weichselian. The island is famous for large deposits of
mammal bones from the grazing guild described earlier, which was
noted as early as 1887 (Bunge). The presence of sufficient graminoid
cover to support these grazers in the late Pleistocene is therefore
expected.

Further west, Andreev et al. (2003) detailed vegetation change
in the late Pleistocene as recorded in Levinson-Lessing Lake (LLL) at
74�28” N and other lakes of the Taymyr Peninsula. The LLL record
spans about 30 ka. Its MIS 2 samples are heavily dominated by
Poaceae (20e40%) and Artemisia (35-20%) pollen with strong
presence of Cyperaceae (10%) and Caryophyllaceae. Their
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interpretation of these spectra was that of “open steppe-like and
tundra-like herb communities” developing under very cold and dry
conditions. Samples from southern Taymyr suggested much less
severe environments, which included communities with small
presence of trees (forest-tundra).

While pollen studies have yielded many important insights
about the regional distribution of plant communities, macrofossils
and cuticle analysis can provide much higher taxonomic resolution
and more localized signal of ancient plant communities.

5. Macrofossils and cuticle analysis

Plant macrofossils, including seeds, fruits, leaves and stems,
from ice rich Pleistocene sediments and soils have provided direct
evidence derived from local sources of the past species composition
across the high latitudes (Matthews, 1982; Kienast et al., 2001;
Goetcheus and Birks, 2001; Kienast et al., 2005; Sher et al., 2005;
Zazula et al., 2003, 2006a, 2007). In comparison to fossil pollen,
macrofossils of grassland plants such as Poaceae and Cyperaceae
and herbs species can often be reliably identified to the species
level and better represent local scale plant community cover. In
addition, the exceptional preservation of plant materials in
permafrost enables detailed reconstructions of plant community
composition and structure across the high latitudes.

Some of the first plant macrofossil data demonstrating the
existence of late Pleistocene steppe vegetation were from the per-
iglacial regions of Western Europe (Godwin, 1975; West, 2000).
British records of the Devensian and earlier cold stages indicated
that regional vegetation was dominated by plant taxa and
communities that were significantly different from the modern
vegetation with much greater coverage of grasses (Festuca), and
cryoxerophilus herbs (Corispermum sp., Onobrychis viccifolia,
Centaurea scabiosa) with arctic, alpine and continental affinities
(Godwin, 1975; West, 2000). Amongst the most important records
from Siberia that document steppe-tundra vegetation are macro-
fossils recovered from Late Pleistocene sediments in the Lena River
delta (Kienast et al., 2005). Well preserved macrofossils of the
grasses Koeleria cristata, Festuca sp., Poa sp., sedges K. myosuroides
and C. duriuscula, and forbs Alyssum obovatum, Androsace septen-
trionalis, Silene repens and Linum perenne indicate that local pres-
ence of productive steppe-tundra and meadow habitats, with close
modern analogs to relict azonal steppe communities in central and
northeast Yakutia.

Analyses of a Central Beringian vegetation surface dated to
21,500 cal ka from the Seward Peninsula, Alaska showed that K.
myosuroides, a dry-adapted sedge, found on calcareous substrates,
was the dominant graminoid on local upland surfaces (Goetcheus
and Birks, 2001). This upland record contrasted with plant
macrofossil data from lowland sites in central Beringia, which have
indicated a greater coverage bymesic graminoid-birch tundra (Elias
et al., 1997). Thus, there is evidence for local variability of the past
communities based on their topographic position, just as there is
today.

The most informative plant macrofossil assemblages from
interior Eastern Beringia are derived from permafrost preserved
nests and caches (middens) of Late Pleistocene arctic ground
squirrels (Urocitellus parryii; Zazula et al., 2006b, 2007; 2010;
Gaglioti et al., submitted). Hundreds of analyzed nests from the
Klondike region of central Yukon demonstrate that Late Pleistocene
ground squirrels inhabited diverse steppe-tundra communities rich
in grasses (Poa, Elymus trachycaulus), sedges, (K. myosuroides, Carex
spp.), prairie sage A. frigida, and forbs (Polygonum bistorta, Phlox
hoodii, Draba spp., Plantago canescens) (Fig. 5). Importantly, arctic
ground squirrels are known to forage for nest material and cache
food in a limited range from their burrow entrances, indicating
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews



Fig. 5. Selected plant macrofossils from arctic ground squirrel middens. Scale bar ¼ 1 mm. (a) Carex albo-nigra spike; (b) Rumex acetosa calyx; (c) Astragalus eucosmus legume; (d)
Silene taimyrensis capsule; (e) Papaver cf. mcconnellii capsule; (f) cf. Spiraea beauverdiana follicle; (g) Erysimum cf. cheiranthoides silique; (h) Draba silique; (i) Artemisia frigida leaves;
(j) Phlox hoodii leaves; (k) Androsace septentrionalis capsule; (l) Castilleja capsule; (m) Pedicularis cf. lapponica capsule; (n) Penstemon gormanii seed; (o) P. gormanii capsule half; (p)
Anemone narcissiflora achene. Redrawn from Zazula et al. (2007).
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these records document a great floristic diversity at a local scale
(Batzli, 1980). Similar to Siberian macrofossil records, Late Pleisto-
cene plants documented in the Yukon squirrel middens have close
floristic analogs with present day azonal steppe and steppe-tundra
communities dominated by bunchgrasses in northwest North
America (Young, 1982; Lloyd et al., 1994; Laxton et al., 1996; Vetter,
2000). Macrofossil evidence for steppe and tundra vegetation co-
existing in local habitats are not limited to the eastern extreme of
Beringia (the Yukon), but have also been confirmed with the
analysis of fossil ground squirrel middens from interior Alaska
(Gaglioti et al., submitted). In western Beringia, Gubin et al. (2001,
2003) demonstrated the utility of using the same approach, and
have developed taxonomically similar fossil ground squirrel
midden records that have documented the presence of steppe-
tundra vegetation. Binney et al. (2009) presented a new Eurasia-
wide database of macrofossils that mainly focuses on woody taxa.
An extension of this database to include graminoid taxa would be
most welcome.
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In addition to the traditionally identified reproductive parts
found in plant macrofossil assemblages, graminoid leaves are also
a common constituent of the fossil remains in fossil ground squirrel
middens and soil surfaces. Graminoid leaf material exhibits taxo-
nomically distinct, micro-morphological features on the leaf
epidermis (cuticle) that are preserved on fossil specimens and
available for paleoecological reconstructions based on the taxa’s
habitat preferences (Wooller, 2002) and the presence of features
that reduce transpiration (Wooller et al., 2007). Gaglioti et al. (2010)
surveyed SEM images of modern graminoid leaves and distin-
guished 38 Beringian steppe-tundra species based on the nature,
abundance and distribution of 50 cuticle features. A cuticle identi-
fication guide was subsequently applied to fossil leaf material from
interior Alaska (Wooller et al., 2011; Gaglioti et al., submitted), and
indicated that mesic tundra species such as Puccinellia sp., and
Calamagrostis stricta occurred with relatively dry-adapted sedges
such as Carex albonigra in Alaska’s steppe tundra (Figs. 6 and 7). Dry-
adapted sedges (i.e. C. albonigra and Kobresia sp.) were common in
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews



Fig. 6. Close-up image of abaxial (back) side of Calamagrostis stricta leaf sampled from
University of Alaska Museum of the North (ALA # V135709). The nature, distribution
abundance of the features shown can be taxonomically distinct and used for identi-
fying graminoid cuticles from the Pleistocene. (Redrawn from Gaglioti et al., 2010).
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steppe tundra, indicating that interpretations of fossil sedge pollen
from steppe tundra should not be used to infer exclusively wet
habitats. These findings have confirmed thewidespread presence of
steppe-tundra that was originally debated and only inferred by
palynological and paleontological evidence, however the more
precise question of how these communities were maintained over
a widespread region and millennia has yet to be resolved, and the
significance of these controls is not exclusive to the past.

Ongoing plant macrofossil analysis lends support to the argu-
ment that steppe-tundra vegetation was present in a widespread
form at high latitudes during the late Pleistocene. Macrofossil
analysis in Eastern Beringia has shown evidence for the co-
occurrence of steppe and tundra vegetation on a local (ground
squirrel foraging area), extra-local (several ground squirrel
middens and soil surfaces around Fairbanks, AK and Dawson City,
YT), and regional scale (across Eastern Beringia) persisting between
w75 ka andw16 ka (Goetcheus and Birks, 2001; Zazula et al., 2005,
2006a, 2007, 2010; Gaglioti et al., submitted). Notably, the spatial
and temporal variability of vegetation in Beringia has, so far, been
relatively homogenous compared with other regions and times (i.e.
Late-Pleistocene southwestern North America, Coats et al., 2008;
Nunez et al., 2010; Zazula et al., 2010). The perceived minor vari-
ability of steppe-tundra could be a product of limited macrofossil
data, however this apparent stability is also supported by the re-
occurring predominance of bison, horse and mammoth bones
regardless of location or age. The persistence of steppe-tundra can
partially be explained by the reduced number of high latitude
species that are collectively adapted to cold, dry and disturbed
habitats that were perennial during the tenure of steppe-tundra.
These conditions may have left a limited number of plant species
to persist in the region (Fig. 8), and allowed the large mammal
community to evolve specialized foraging niches within this
widespread habitat (Guthrie, 1982). This reduction in adaptable
plant species and the concept of a relatively homogenous steppe-
tundra is an emerging hypothesis that needs to be tested with
ongoing macrofossil data over former climatic gradients. The
responsiveness of the steppe-tundra vegetation to the climatic
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variability, including Heinrich events andMilankovitch cycles, must
be tested further to assess the future adaptability and migration
potential of high latitude vegetation.

6. Phytolith perspectives

Phytoliths are microscopic non-crystalline hydrogenated silica
bodies typically 5e200 mm in size. They form in specialized cells in
some plants and in cell walls and intercellular spaces in others.
Phytoliths from specialized short grass cells are shaped actively
under genetic control and can be highly diagnostic of subfamily,
tribe and even genus level of the Poaceae (Piperno, 2006). They are
a valuable proxy for reconstructing past graminoid-dominated
ecosystems. Although their taxonomic resolution is lower than
macrofossils, they have better resolution than pollen for graminoid
taxa. They also accumulate over more local areas and are remark-
ably durable in dry acidic conditions (e.g., in paleosols) (Blinnikov
et al., 2002; Strömberg, 2005; Piperno, 2006). Phytolith research
of terrestrial paleoenvironments to date has focused primarily on
tropical or temperate regions outside of the Arctic. Assemblages of
silica phytoliths from these settings are dominated bymorphotypes
from Panicoid, Chloridoid or Bambusoid grasses and tropical taxa
(e.g., palms, bananas, and dicot trees) (e.g., Piperno, 2006; Bremond
et al., 2008). In temperate regions, ratios of C3/C4 grassmorphotypes
have been used to document regional or subcontinental trends in
paleovegetation in mid-latitudes (e.g., in China or North American
Great Plains) (Fredlund and Tieszen,1994; Lu et al., 2006). The high-
latitude/high-altitude areas have received considerably less atten-
tion, with limited research conducted in the Caucasus and the Alps,
where the main phytolith producers are C3 grasses (Festucoids) and
sedges (Cyperaceae) with limited diversity of morphotypes
(Blinnikov,1994; Carnelli et al., 2004). A study utilizing phytoliths in
Eastern Beringia (Bombin, 1984) provided limited insight into the
nature of glacial communities there, because the evidence was
limited to a few phytolith records from lakes spanning only the last
15 ka or so, the usual limitation in pollen analysis. Bombin (1984)
analyzed phytoliths from Harding Lake in Central Alaska’s Tanana
valley. The two samples that were tentatively assigned to MIS 2
were dominated by crenate trapezoids and rondels, consistent with
the overall C3 grassland. The proportion of sedge phytoliths was
very low, but higher than that found for the Holocene. He also
analyzed Eightmile Lake from the northern foothills of the Alaska
Range. That record was dated back to >13.6 ka and the older
samples were again dominated by crenate and rondel forms. There
was no evidence for any C4 type grasses (e.g, no bilobate forms). He
also undertook analysis of squirrel coprolites from 18.2 ka BP and
found evidence for 8 species of grass, two of sedge and Equisetum.

Phytoliths can augment other proxies and shed light on the
composition of full-glacial non-analog xeric graminoid communi-
ties, because there is a better understanding of the taxonomic and
spatial resolution and limitations of the method (Piperno, 2006;
Yost and Blinnikov, 2011). A limited modern analog collection of
samples from grassland sites in central Alaska was assembled by
Blinnikov et al. (2010). Modern soil samples from south-facing dry
bluffs along the Tanana river valley in central Alaska are dominated
by phytoliths from only five genera of C3 grasses, many of which
produce primarily rondels and trapezoid forms (Calamagrostis,
Bromus, Helictotrichon, Poa, Festuca). Because there are correlations
between phytolith morphology at the genus level in Festucoid
grasses (Blinnikov, 2005), broad reconstructions of paleovegetation
may be accomplished, evenwith limited modern collections, based
on botanical match. Using Swanson’s (2006) plant list (Table 3), all
13 genera of grasses are C3 Festucoid grasses (Pooideae subfamily of
grasses) expected to produce primarily trapezoid rondels and
trapezoid creanate/wavy forms (Fredlund and Tieszen, 1994;
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews



Fig. 8. Conceptual model of multiple causes for tundra-steppe relates several different processes that lead to selection of dry and disturbance adapted taxa from the pool of available
boreal species.

Fig. 7. Herbarium specimen of a) Carex albonigra with b) close-up SEM image of leaf sample. c) Ancient arctic ground squirrel nest with squirrel mummy (bottom left) along with
d) close-up SEM image of fossil graminoid cuticle identified as Carex albonigra. Note the four papillae surrounding stomata with triangular-shaped subsidiary cells on both SEM images.
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Piperno, 2006). Seven of these genera are in the tribe Aveneae,
three in Poeae, one in Bromeae, and two in Triticeae. Fortunately,
phytolith production in these groups has been well studied else-
where, especially in Mongolia (Kiseleva, 1989), western North
America (Kerns, 2001; Blinnikov et al., 2002; Blinnikov, 2005;
Morris et al., 2009), and North American Great Plains (Blackman,
1971; Mulholland, 1989; Fredlund and Tieszen, 1994) (Table 5).

In the summer of 2009 we obtained samples from 12 modern
sites in Central Alaska from dry south-facing bluffs along the
Tanana and Delta Rivers and the central portion of the Alaska Range
along the Denali Highway. Vegetation at the bluff sites was previ-
ously described by Kassler (1979). Most samples come from
grasslands dominated by C. purpurascens, Poa glauca, Bromus cil-
iatus, Carex spp., A. frigida and arcto-alpine forbs. We also obtained
samples from forb- and sedge-rich alpine tundra and a low eleva-
tion black spruce-cottongrass bog. All have been processed for silica
phytoliths using standard wet oxidation and flotation technique of
Blinnikov (2005). All samples, except the bog, yielded abundant
silica phytoliths. As expected, Alaskan assemblages are dominated
by wavy crenate forms (long and short) with some presence of
rondels (Fig. 9 & Table 5).

Phytoliths were also extracted from a paleo-turf fragment
removed from the ceiling of the Fox Permafrost Tunnel (www.crrel.
usace.army.mil/permafrosttunnel/) located 10 km NE of Fairbanks
(Wooller et al., 2011). All of the samples analyzed fromthepaleo-turf
yielded abundant, well-preserved phytoliths. The three most
common forms were rectangular plates (5e22%), short wavy or
lobed trapezoids (13e38%) and smooth long cells (10e39%). Ninety
to ninety-five percent of the phytoliths recoveredwere fromgrasses
and no sedge or unequivocal tree-phytoliths were observed. All of
the grass phytoliths were consistent with those from Festucoid
grasses. According to the phytolith data, the grass-dominated
habitat included Poa and Agropyron/Elymus species. Within the
Table 5
Expected phytolith production in selected genera of Poaceae based on anatomical
studies Metcalfe, 1960; Blackman, 1971; Blinnikov, 1994; Blinnikov, 2005; Bombin,
1984; Fredlund and Tieszen, 1994; Kiseleva, 1989; Mulholland, 1989; Watson and
Dallwitz, 1994).

Genus (species in
the Arctic flora)

Tribe Typical phytolith morphotypes

Alopecurus (5) Avenae long crenate/sinuous to smooth short
trapezoids, narrow in top view

Arctagrostis (2) Avenae no to little silica, needs additional study
Calamagrostis (12) Avenae long crenate trapezoidal phytoliths (>5

undulations), narrow in top view
Deschampsia (5) Avenae crenate/sinuous or smooth trapezoids and

small proportion of pointed rondels
Hierochloë (4) Avenae crenate/sinuous trapezoids,

needs additional study
Koeleria (3) Avenae elongated crenate/sinuous to smooth

trapezoids (2/3), many with slanted ends,
rounded rondels are also common

Trisetum (3) Avenae short crenate/sinuous, or trapezoids;
apparently no rondels; overall low production

Festuca (16) Poeae high proportion of keeled and pointed
rondels (over 90% common)

Poa (27) Poeae pyramidal, rounded and keeled rondels
(2/3); lobate trapezoid forms (1/3)

Puccinellia (28) Poeae rondels, including crescentic forms;
needs additional study

Bromopsis (3) Bromeae elongated crenate/sinuous and some
smooth e broad in top view;
crown cells present

Elymus (8) Triticeae elongated crenate/sinuous and some
smooth e broad in top view;
small presence of rondels; crown cells
present crown cells present

Hordeum (3) Triticeae crown cells present
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samples therewas little variability and the Stipa-type bilobate forms
were present in small numbers. Stipa-type bilobates are most
commonly produced by needlegrass or its relatives (Oryzopsis).
There is no known Stipa in modern-day interior Alaska, but it is
a common taxon in both Eurasian and Western North American
steppe today,much further tothe south. Thewavy trapezoidal forms,
especially short ones, are very common in Poa spp. and Agropyron/
Elymus complex. Poa species tend to have trapezoids with more
pronounced lobes, while the other group has less pronounced lobes
on their phytoliths. Both types were found in all of the samples.
Rondels of various shapes may be contributed by the same species,
especially long oval and keeled forms, although they can also come
from many other Festucoid grasses, especially Festuca. Stipa-type
bilobates could come most likely from Stipa or Oryzopsis, however,
Alaskan grass flora has not been sufficiently studied to consider
those locally diagnostic. The grass phytolith reference collection
does not have enough taxonomic resolution to distinguish Agro-
pyron from Elymus. All would contribute short wavy trapezoids in
high numbers. Some lobate forms of trapezoids (merged with wavy
for themodern analogmatching) are likely to be contributed by Poa.
The application of phytolith analysis at other sites in Beringia and
across the Arctic will undoubtedly expand our understanding of the
nature of graminoid-dominated vegetation of the Pleistocene.

7. Stable isotopes

Stable carbon isotope analyses of plant remains have been used
as a proxy for examining changes in past grassland composition and
physiology and have been usefully applied where the vegetation is
composed (orwas composed) of graminoids usingeither the C3 or C4
photosynthetic pathways. C3 or C4 plants have distinctive carbon
isotopic values (expressed as d13C values) (O’Leary,1988), which can
beused to calculate theproportional contributionofmixedC3 andC4
plant taxa to lake sediments, the total organic carbon pool in pale-
osols (Quade et al., 1994), past faunal diets (Cerling et al., 1993) and
even grass pollen grains (Nelson et al., 2008), the carbon occluded in
grass phytoliths (Smith andWhite, 2004;Hodsonet al., 2008; Carter,
2009) and graminoid cuticles (Wooller et al., 2000). The modern
high latitudes, unlike the tropics and lower latitudes, are dominated
by C3 vegetation and the graminoids are also dominated by C3
representatives (Wooller et al., 2007; Sage et al., 1999;Welsh,1974).
Onfirst inspection thismight seem to limit the applicability of stable
carbon isotope analysis in theArctic. However, a positive outcomeof
dealing with the Arctic “C3 world” means that interpretations of
fossil d13C values can be considered within the environmental and
physiological framework that drives isotopic variability in C3 plants
alone, which amongst a number of environmental conditions
includes theamountofmoisture available toplants (e.g. Kohn, 2010).
By focusing on reconstructing past C3 vegetation, this simplifies
explanationsneeded for ‘mixed’ (C3 andC4) typebulk isotopic values
from terrestrial total organic matter in soils, lake sediments and
fossil nests (Hughen et al., 2004). Graminoid fossils can be excep-
tionally well preserved in permafrost at high latitudes (Wooller
et al., 2007, 2011; Gaglioti et al., submitted) and d13C data from
analyses of these specimens can be used to examine changes in the
isotopic composition of C3 graminoids over time (Fig. 10), can be
used to reconstruct past environmental conditions (e.g. mean
annual precipitation), and can be supplemented using the d13C
values from past grazers (Kohn, 2010) (Fig. 10). In addition to d13C
data, stable isotope analyses of fossil plant remains can also simul-
taneously provide stable nitrogen isotope data, which can used to
reconstruct the past feeding ecology of fauna in Beringia (Fox-Dobbs
et al., 2008; Veltre et al., 2008; Szpak et al., 2010) and past envi-
ronmental conditions. By coupling stable isotopes analyses with
cuticle analysis, species-specific stable isotope analyses can be
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews
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Fig. 9. Typical phytoliths of the graminoid-rich paleocommunity (Fox tunnel photos). Bar is 10 mm. A e short wavy/crenate trapezoid; B e long wavy/crenate trapezoid (cf. Cal-
amagrostis); C e short wavy/crenate trapezoid with pronounced lobes (cf. Poa); D e long cell smooth; E � trichome; F e short wavy/creante trapezoid with very slight crenulations;
G e Stipa-type bilobate; H e keeled rondel; I e keeled rondel; J e pyramidal rondel; K e two crown cells cf. Triticeae; L e long cell with slight indentations.
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achieved. In some instances fossil graminoids are so well preserved
(Fig. 11a) that isotopic analyses along the lengths of consecutive
leaves attached to individual culms can be used to examine changes
inwater-use-efficiency over a single growing season (Wooller et al.,
2011), in essence in a similar manner to isotopic analyses of tree
rings (Helliker and Ehleringer, 2002). Subsequently these data can
be used to quantify precipitation (Kohn, 2010) and at a sub-annual
(seasonal) resolution (Fig. 11c) the data can be compared with
modern patterns of precipitation during the growing season
(Fig.11d). The interpretationof ancientvariation in d13C inplantswill
continue to benefit from further geospatial analyses of isotope
variability in modern plants at high latitudes (e.g. Wooller et al.,
2007; Day et al., 2008; Kohn, 2010; Zhu et al., 2010).

Applications of stable carbon isotope analyses of past plants at
high latitudes during the Quaternary will almost certainly continue
Please cite this article in press as: Blinnikov, M.S., et al., Pleistocene gramin
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to center around interpreting data typical of C3 photosynthesis.
However, although the occurrence of C4 graminoids is relatively
rare (�2%) in the modern Arctic and sub-Arctic (Welsh, 1974; Sage
et al., 1999) there are a number of reasons for considering whether
C4 graminoids were more extensive at high latitudes at previous
periods during the Quaternary. Not least of these reasons is the fact
that climatic and environmental changes have occurred in the past
and some of these changes, which for example included lower
atmospheric CO2 concentrations and altered disturbance regimes
(Sage et al., 1999), could have favored a relative increase in the
proportion of C4 graminoids relative to C3 graminoids. Certainly
d13C data from fossil graminoid remains are a key and definitive
way to classify the C3 and C4 identity of plants. This can also be
achieved using the taxonomic identity of fossil graminoid remains
and cuticle analysis (discussed above), where C4 graminoids are
oid-dominated ecosystems in the Arctic, Quaternary Science Reviews



Fig. 10. Carbon isotope values for graminoids (filled circles, Wooller, et al., 2007,
Wooller et al., 2011 and Gaglioti et al., submitted) and horses (open squares ¼ Equus
lambei collagen e Fox-Dobbs et al., 2008) from interior Alaska plotted versus time.
Both plant and horse values are corrected for the difference in d13C of CO2 from
modern and past atmospheres (Wooller al., 2007) and horse values are corrected for
the difference between diet and collagen (Kohn, 2010). * ¼ the turf sample used in
Fig. 10 (Wooller et al., 2011).
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pooled within relative discrete portions of the Poaceae (Watson
and Dallwitz, 1994).

8. Climate and vegetation modeling, role of animals and
spatial scale

Global and regional climate and vegetation models provide an
opportunity to test the theoretical framework of vegetation change
Fig. 11. a) Sequential (sub-annual) d13C values from along the leaves of three graminoid spec
et al., 2011), converted to seasonal (growing season) precipitation values c) (Kohn, 2010) an
(Alaska Climate Research Center, 2009).
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against empirical datasets derived from terrestrial proxies (Bartlein
et al., 1998; Jolly et al., 1998). Despite tremendous progress with
improving general circulationmodels (GCMs) and the appearance of
coupled dynamic climate-vegetation models (Harrison et al., 1995;
Kaplan et al., 2003) in the past decade, the average spatial resolu-
tion of these is too coarse to resolve local spatial mosaics of either
climate or vegetation (Kutzbach et al., 1998; Moorcroft, 2003).
Likewise, most biome derivations based on pollen data utilize the
plant functional type approach, which is taxonomically crude and is
subject to the low taxonomic resolution of pollen with respect to
graminoids as discussed above (Haxeltine and Prentice,1996;Webb
and Prentice, 1998; Kittel et al., 2000; Tarasov et al., 2000). Finally,
most of the paleosites lack temporal resolution necessary to address
questions related to the speed of change, especially at submillenial
time scales (Jiménez-Moreno et al., 2010). Nevertheless, with the
expansion of macrofossil, paleoinsect, cuticle, and phytolith anal-
yses discussed above, it may be possible to begin to discern more
local variability in terrestrial ecosystems, especially with adequate
temporal constraints (e.g., Wooller et al., 2011).

Overall, paleoclimate (COHMAP, 1988; Bartlein et al., 1998;
Alfimov and Berman, 2001; Kaplan et al., 2003) and paleo-
vegetation (Tarasov et al., 1998, 2000; Edwards et al., 2000, 2001)
modeling for the unglaciated parts of North America and Eurasia
during the colder stages of the Pleistocene suggest the presence of
widespread arid and windy conditions and correspondingly xeric-
adapted treeless communities in the continental interiors at the
time of glacial maxima. Globally, biome distributions were radically
different from present. Although some treesmay have been present
in local refugia, even near the Arctic circle (Brubaker et al., 2005;
Anderson et al., 2010), the prevalent character of vegetation is
thought to have been a grassland (Allen et al., 2010). Allen et al.
imens attached to the Fox Tunnel paleo-turf b), interior Alaska (redrawn from Wooller
d compared with modern seasonal distribution of precipitation in Fairbanks, Alaska d)
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(2010) simulated vegetation dynamics across northern Eurasia and
Alaska, including all of the Arctic, between 42 and 10 ka BP, using
a geographically explicit LPj-GUESS dynamic vegetationmodel. The
paleoclimate driving data came from the Hadley Centre Unified
Model in 22 time slices. They represented modeled communities as
probabilities of occurrence of 11 aggregate plant functional types,
including steppe herbs (e.g., Artemisia and Ephedra) and meso-
philous herbs (e.g., Cyperaceae, and Graminoid/forb C3). It is
significant that their simulation for 21 ka BP (LGM) showed
a pronounced decrease in all arboreal PFTs, while showing
a marked increase in mesophilous herbs coverage and higher
annual productivity for much of the region, as compared to the late
glacial (14 ka BP). Their results are consistent with expectations for
the existence of steppe-tundra over large areas of northern Eurasia
and North America during the coldest part of the last glacial cycle
(Shakun and Carlson, 2010).

Besides climate, the role of abundant grazing mammals that
would have trampled snow and vegetation and eventually upturned
soils, has been much discussed by several workers. Most notably,
Zimov et al. (1995) created a computer model that shows animal
disturbancewouldhaveperpetuateda steppe-tundrasystem, even in
the absence of particularly dry conditions, that was ultimately
interrupted at the end of the Pleistocene by human overhunting of
the large mammals (Martin et al., 1982). Modern research in grazing
ecology corroborates the model assumptions that animal distur-
bancepromotesgrasses (Mckendrick et al.,1980;Mcnaughton,1984).
However, the megafauna in the arctic grasslands would also have
been directly feedingon grasses, which produces varying results that
suggest grass promotion in some systems and species and grass
discouragement in others (Guthrie, 2001). For instance, in sub-
Saharan savannah ecosystems wildebeest densities are correlated
with shrub-cover because grazing limits grass-fueled fires, which
inhibit shrubs (Holdoetal., 2009). Thisprocess reliesonfire tocontrol
woody species, which has not been observed in steppe-tundra.

The herbivore disturbance argument heavily relies on the
degree of animal density in the arctic paleograsslands, an
Fig. 12. South-facing slope of a bluff in the Tanana valley, Alaska shows a sagebrush (Artem
steppe-like character (Photo by M. Blinnikov).
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estimation that remains elusive for paleontologists. Small
mammals, specifically ground squirrels (Spermophilus/Urocitellus),
may have also contributed to maintaining the paleograsslands. The
arctic ground squirrel was apparently more widespread and
possibly more common during the late Pleistocene, as documented
by the presence of numerous fossil nests and food caches within
permafrost sediments at sites in central Alaska and the Yukon
(Guthrie, 1968; Eddingaas et al., 2004; Gaglioti et al., submitted;
Zazula et al., 2006a, b, 2007, 2010) and over much of NE Eurasia.
Today, arctic ground squirrel populations are sustained at stable
numbers relative to the snowshoe hare probably due to their
avoidance of the winter season bottleneck (hibernation; McLean,
1985). Their overall population is often limited by intraspecific
competition for burrows that can be at low availability due to
shallow active layers. In arid glacial times, burrow limitations
would be eased because seasonal permafrost active layers were
much deeper than they are at present due to low soil moisture and
thin organic layers across much of this region. Therefore, the
colonies may have been more continuous on the landscape (Zazula
et al., 2007). This would have proliferated any top-down ecosystem
effects from squirrel disturbance that are well documented in
modern colonies. The positive effects on Pleistocene grassland
productivity and floristic diversity by ground squirrel activity, and
their maintenance of habitats used by larger herbivores, may be
analogous to the concentrated foraging by plains bison (Bison bison)
on habitats which include prairie dog colonies (Fahnestock and
Detling, 2004).

Squirrel disturbance in the modern arctic tundra favors an
increase in grass cover nearby burrow systems (Mckendrick et al.,
1980). This is likely due to the annual transport of new, mineral-
rich soils from the a and b horizons above ground (Smith and
Gardner, 1985). As stated before, grasses thrive in this habitat and
are prolific around burrow entrances, even in themost waterlogged
landscapes such as the coastal plain of Alaska (Walker et al., 1991).
Many squirrel “colonies” on the North Slope of Alaska today are
confined to sand and loessederived riparian zones that allow
isia) e Poa-Calamagrostis community with heavy graminoid presence and overall xeric,
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continuous burrow sites. The expansion of loessal soils on the
landscape during the Pleistocene would have made a more
continuous habitat for squirrels and perpetuated a disturbance
regime needed for a richer grass-dominate ecosystem to sustain the
grazing guild (Walker and Everett, 1991).

Although animal disturbance certainly played a role in the
ecosystem processes of Pleistocene Beringia, they likely were not
the sole driver for a landscape transformation necessary to main-
tain steppe-tundra. People may have also played a role, especially
in Eurasia, where humans have lived for over 100,000 years.
Present-day reindeer herder camps on Yamal Peninsula were found
to create local disturbance conducive to an increase in grass cover
(Walker et al., 2001, 2009, 2011).

Local periglacial geomorphology may also have played a role in
maintaining arctic grasslands. Today, pingos in the Arctic frequently
have their south-facing slopes occupied by steppe-like vegetation.
The existence of steppe forbs and abundant grasses associated with
Arcto- alpine species (Fig. 12) prompted researchers to compare
these microhabitats to steppe-tundra analogues (Kassler, 1979;
Yurtsev, 1982; Walker et al., 1991). Therefore, the processes that
maintain these communities can be a natural experiment for the
causes of high latitude steppe-tundra. Walker et al. (1991) found
that animal disturbances from fox, squirrel and caribou were
focused here because of preferred plant selection for nutritional
quality, extended snow-free periods and basking. Moreover, inso-
lation is 60% higher on south-facing slopes than on north-facing
slopes at high latitudes, and an effective moisture gradient also
creates a micro-community that promotes higher soil tempera-
tures, increased mineralization, and fosters the growth of dry-
adapted grasses and herbs (Armbruster et al., 2007). As discussed
above, these are the wildlife attractors that positively feedback to
promote these communities. More research on the community
effects of animal exclosures around steppe-tundra analogs will be
useful to study these ecosystems.

9. Conclusions

Recent studies involving new proxies such as plant and insect
macrofossils, grass and sedge cuticle and phytolith analysis, and
stable isotopes, demonstrate great potential to improve our
understanding of the taxonomic composition, spatial structure,
physiology, and temporal character of the graminoid communities
of the Arctic during the Pleistocene. PaleoDNA studies will
undoubtedly make further improvements in our ability to detect
past plant taxa.

This review demonstrates convincing evidence from multiple
proxies that during much of the late Pleistocene (the last gla-
cialeinterglacial cycle or 128-12 ka BP), Arctic upland communities
were heavily dominated by C3 Poaceae of the Pooid group, upland
sedges, and diverse xeric and cold adapted forbs largely from
families typical of the Arctic today, but in different proportions.
There is little evidence that a substantial proportion of these
communities were elements found much further to the south in
either Asia (e.g., Mongolia, Tibet) or North American (e.g., western
high deserts of Nevada or Oregon, or the Great Plains) today. Rather,
these communities formed primarily from local floral elements in
response to the global climate shifts driven by Milankovitch cycles.
Communities were further attenuated and maintained in locally
shifting mosaics by large mammalian grazers (mammoth, bison,
horse, etc.), small mammals (particularly ground squirrels), fire,
and changing periglacial landforms (soliflucation lobes, pingos).
These Pleistocene communities were consistent with what was
envisioned by Hult _en, Yurtsev, and other proponents of the
“tundra-steppe” hypothesis, based on floristic, pollen, and pale-
ontological analysis of mammal remains done earlier in the 20th
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century. Such communities were spatially extensive. Away from the
ocean, they occupied a majority of upland sites, but were not as
spatially homogenous, as reconstructed based on pollen data alone.
More mesic communities of sedge and mesophylous grasses
formed in the floodplains and close to the open shorelines along the
Bering Land Bridge. The most pronounced dry upland communities
survived in western Beringia, specifically, in eastern Yakutia, Mag-
adan, and inland Chukotka. Interior Eastern Beringia had similar
communities, but developed under less pronounced aridity.

Although we now have more confidence in the taxonomic
character of such communities, much remains to be learned about
their spatial organization, physiology, and dependence on animal
disturbance and other factors. One of the persisting limitations
remains sparse data frommost of northern Eurasia, especially with
respect to macrofossil sites that do not include trees or shrubs, as
well as paleoinsect and paleo-phytolith data. Undoubtedly,
expansion of the network of well-dated upland sites (e.g., nests,
loessal paleosol sequences) will improve our understanding of
these ecosystems that occupied large portions of the northern
hemisphere of our planet for much of the past 2 million years.
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