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Our understanding of both the role and impact of Arctic environmental changes under the current global warming climate is
rather limited despite efforts of improved monitoring and wider assessment through remote sensing technology. Changes of
Arctic ecosystems under early Paleogene warming climate provide an analogue to evaluate long-term responses of Arctic en-
vironmental alteration to global warming. This study reviews Arctic terrestrial ecosystems and their transformation under
marked change of hydrological conditions during the warmest period in early Cenozoic, the Paleocene and Eocene. We de-
scribe a new approach to quantitatively reconstruct high latitudinal paleohydrology using compound-specific hydrogen isotope
analysis which applies empirically derived genus-specific hydrogen isotope fractionations to in sifu biomolecules from fossil
plants. We propose a moisture recycling model at the Arctic to explain the reconstructed hydrogen isotope signals of ancient
high latitude precipitation during early Paleogene, which bears implications to the likely change of modern Arctic ecosystems

under the projected accelerated global warming.
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1 Introduction

A recent accelerated global warming has been confirmed by
independent studies and is widely believed to be caused
primarily by greenhouse gases (especially CO,) emission
generated through human activities [1-3]. The most recent
assessment report from the Intergovernmental Panel of
Climate Change (IPCC, [3]) predicted that the global sur-
face temperature in the 21st Century would increase 1.8—
4°C if no measure is taken to control the emission of green-
house gases, and this will undoubtedly cause immense
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changes for the Earth ecosystems.

Polar regions play an important role in the Earth dynam-
ics by both actively influencing global climate changes and
passively receiving feedback of such alterations. Largely
due to the ice “blanket” covering the polar areas, the polar
climate generally amplifies the global climate change. For
example, data show that in the past 100 years, the average
Arctic temperatures increased at almost twice the global
average rate [3]. Such an amplified impact would certainly
have feedbacks to the global climate elsewhere in a way that
we know little in terms of the long term consequences. To
better understand the current global climate change and
predict the magnitude and impact of future climate changes,
we should turn to our geologic record as a “treasure trove”
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to assess its long term impact, particularly those concerning
with the polar regions.

The history of global climate changes is best illustrated
(and well documented) by the alterations of greenhouse
(warm) periods and icehouse (cool) periods [4]. Compared
with features of the current global warming and its possible
magnitude increase in the future, the early Paleogene
warmth (about 60—40 Ma ago) provides a unique analogue.
Paleogene fossil assemblages unearthed in the Arctic area,
particularly those exceptionally-preserved fossil leaves
found in Axel Heiberg and Ellesmere Islands in the Cana-
dian Arctic as far north as 80°N have illustrated a general
picture of the paleoecosystem of a much warmer past in the
Arctic: Lush deciduous conifers, such as trees of Metase-
quoia Miki, Larix Miller, and Glyptostrobus Endlicher [5-7]
occupied swamps (sometimes Metasequoia trees formed
pure swamp woods) and streamside lowlands; while the
surrounding uplands were covered by a deciduous mixed
conifer and hardwood forest [7-11]. The early Paleogene
warmth is composed of a series of hyperthermals among
which the Paleocene-Eocene Thermal Maximum (PETM,
~55 Ma) is the most prominent and best studied event. The
PETM elevated global mean annual temperature (MAT) by
~5°C in less than 10000 years with more than 2000 Gt car-
bon injected into the atmosphere and ocean [12—14]. As its
rate and magnitude of both temperature increase and
greenhouse gas emission are comparable to those predicted
to occur over the coming centuries [14, 15], PETM as well
as the background early Paleogene warmth are considered
as one of the geological analogues for modern climate
change. Due to the sensitivity and greater feedbacks of the
polar region climate to the global warming, our paper will
focus on the early Paleogene ecosystems of the Arctic area,
with the main purpose of learning “lessons” for the present
as well as the future.

Conventional paleontological research on both plant and
animal fossils during the past ~140 years (reviewed in ref.
[7]) as well as the application of new geobiological tech-
niques (such as the compound-specific isotope analysis) in
the recent decades has greatly improved our understanding
of Arctic paleoecosystems during the early Paleogene
global warmth. Among available proxy based techniques to
track long-term climate changes in the Arctic, stable hydro-
gen isotopic analysis is a powerful tool in diagnosing large
scale ancient hydrological processes which were unable to
be measured before but critical to our understanding of pa-
leoclimate changes [16, 17]. Modern hydrogen isotope
compositions of high-latitude precipitation is largely a result
of isotopic distillation during progressive rainout [18], as
well as changes in the magnitude of fractionation between
vapor and liquid phases forced by meridional changes in air
temperature [19, 20]. Modern isotopic compositions of pre-
cipitation in the high Arctic (i.e., on Axel Heiberg and Els-
mere Islands) have estimated mean annual 6D values of
—190%0 to —195%0 with summer growing season oD values
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of ~—165%c. Substantially, more D-depleted precipitation
during winter and early spring months (December—March)
has been recorded [20].

In this paper we summarize our latest understanding of
early Paleogene Arctic ecosystems, particularly those under
abrupt climate events. We outline a new approach to infer
paleohydrology of the Arctic region by quantitatively re-
constructing ancient precipitation using genus-specific sta-
ble hydrogen isotopic analysis of in situ biomolecules from
fossil plants. Based upon our new data, we propose a new
model regarding the source of high Arctic moisture during
the Paleogene warmth. Finally, we draw parallels between
the early Paleogene warmth and the current and future
alarming trend of warming in the Arctic.

2 Arctic ecosystems under early Paleogene
warmth

After the Cretaceous-Tertiary (K-T) mass extinction that
eliminated all dinosaurs on land and approximately
60%—-80% of marine invertebrate species [21], the Earth
entered the Cenozoic, known as the Age of Mammals and
Flowering Plants (Angiosperms). Compared with the very
warm Cretaceous, the very beginning of Paleocene was a
cooler period; but close to the middle and late parts of the
Paleocene (~59 Ma), a long-term global warming trend was
initiated, launching a warming period for almost 25 million
years until before the Eocene-Oligocene boundary (33.9 Ma)
that resulted in an ice free Arctic under a much more re-
duced latitudinal temperature gradient [12—-14, 22]. Super-
imposed on this early Paleogene warm background is a se-
ries of small-scaled hyperthermals, including the very
short-lived PETM (~55.8 Ma, formerly known as the Latest
Paleocene Thermal Maximum (LPTM), also named Eocene
Thermal Maximum 1 (ETMI1)); the Eocene Thermal
Maximum 2 (ETM2, ~53.5 Ma; also known as Elmo, see
ref. [23]); the 2-million-year-long Early Eocene Climatic
Optimum (EECO, 53-51 Ma, the maximum warmth during
early Paleogene), and the more transient Middle Eocene
Climate Optimum (MECO, ~41 Ma) [14, 24] (also see Fig-
ure 2 in ref. [13]).

The first discovery of the early Paleogene (originally re-
ferred to as Miocene in age, e.g., ref. [25]) biota in the Arc-
tic area was dated back to the late 19th and early 20th Cen-
tury polar explorations (reviewed in ref. [7], and reference
therein). These pioneering discoveries, along with subse-
quent findings, particularly fossil Lagerstdtten sites yielding
exceptionally preserved fossils from the Canadian Arctic
Archipelago discovered since the 1980s (reviewed in ref.
[26]) revealed the existence of a mixed deciduous circum-
polar vegetation. Termed either as the Arcto-Tertiary Flora
[25] or the Polar Broad-leaved Deciduous Forest [8], such a
Paleogene polar vegetation has been found virtually every-
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where north of the Arctic circle in non-marine strata during
the early Paleogene warmth [7, 8, 27].

These fossil assemblages offer scientists opportunities
for inferring environmental parameters or climate signals
(e.g., MAT; mean annual temperature range, MAR; mean
winter temperature, MWT; sea surface temperature, SST;
relative humidity, RH; precipitation; and atmospheric CO,
partial pressure, Pco,) through both conventional paleon-
tological methods and proxy-based geobiochemical tech-
niques. Based on our own data as well as literature surveys,
the general features of the Arctic ecosystems under the early
Paleogene global warmth are summarized chronologically
as the following.

2.1 Paleocene

In general, climate in the Paleocene was mild, with periods
of drought occurring, but not severe [11]. With many eco-
logical niches vacant after the K-T extinction, the Early
Paleocene experienced a profound radiation of mammals,
mostly small-sized insect feeders, into previously unoccu-
pied niches [28, 29]. But the taxonomic turnover of plants
was not as obvious as that of animals in the initial stage of
Paleocene [29]. Later, in a more gradual way, the plants,
mainly deciduous taxa of angiospermous families including
Betulaceae, Ulmaceae, Palmaceae, Fagaceae, Juglandaceae,
etc. and the conifers such as Metasequoia formed forests in
the Arctic area, permitting the radiation of small, arboreal,
fruit-eating birds and mammals [11, 29]. Probably due to
the absence of large herbivorous dinosaurs, the forests be-
came denser and more close-canopied and started to pro-
duce seeds larger than those in Early Paleocene, thus pro-
viding better food resources for mammals and other animals
[28, 30].

2.2 Paleocene-Eocene boundary (the PETM event)

The Paleocene-Eocene Thermal Maximum (PETM) at
~55.8 Ma, thought to have fueled global warming by a rapid
increase of greenhouse gas levels [13, 31-33], marking one
of the warmest periods during the Earth history. This re-
markably rapid event caused a marked negative carbon iso-
tope shifts in both marine [31] and terrestrial [34] strati-
graphic records.

This geologically sudden warming was associated with a
perturbation of the hydrological cycle and an increased
ocean acidification [12, 15, 24, 35-37] and was accompa-
nied by 5-7°C rise in global surface temperature making a
warm Arctic with MAT as high as 25°C at 75°N [38]. These
elevated global temperatures were accompanied by an
abrupt increase in seasonal extreme precipitation in the sub-
tropical regions and an increase in moisture delivery and
heavy precipitation in high latitudes [39—41]. Such a high
level of precipitation was believed to have largely reduced
the salt concentration of the Arctic Ocean [36]. Although
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the amount of carbon released to the atmosphere is still
uncertain [42—44], the absorption of the carbon had caused a
rapid acidification shoaling of the calcite compensation
depth (CCD) of the Paleogene Ocean [45]. All these
changes happened within a geologically transient (~170000
years) episode [24] which caused disturbance in ecosystems
as indicated by a rapid dispersal of early mammals across
high latitudes [46, 47], a polar-ward migration of insects
[15], subtropical marine plankton [48, 49], and terrestrial
plants [50-53], and extinction events for nannoplankton [54]
and benthic faunas [55].

2.3 Eocene

The Early Eocene is featured by a general warming trend
with two hyperthermals, ETM2 (~53.5 Ma) and EECO
(53-51 Ma) superimposed. Although these two hyperther-
mals are not as thoroughly studied as the PETM event, the
currently available information indicates that they are also
associated with massive injections of *C-depleted carbon,
ocean acidification, and perturbations of the hydrological
cycle, though less pronounced than those during the PETM
[24]. Their impacts on the terrestrial ecosystems are thus
believed to be similar to that of the PETM. After the EECO,
the global temperature started to drop gradually, but still in
high level in most of the Middle and Late Eocene until the
Earth entered into the icehouse period close to the Eo-
cene-Oligocene boundary, which is marked by the Terminal
Eocene Event (TEE), probably the greatest cooling event of
the Cenozoic [8, 13, 28, 56]. Before the icehouse phase
started, the Earth experienced the final hyperthermal of the
early Paleogene warmth, the Middle Eocene Climate Opti-
mum (MECO, ~41 Ma).

In general, the Arctic area during most of the Eocene is
believed to be warm and extremely humid with relative hu-
midity about two times higher than that of the modern Arc-
tic level [57], thus sustaining rainforest-like ecosystems
covering the high latitudinal region [26]. The vegetation
was characterized by tall and dense forests that yielded a
primary productivity similar to modern subtropical areas
[58]. The mammalian diversity reached to its peak in the
early Middle Eocene and large-sized reptiles (e.g., alligators
and land tortoises) whose modern equivalents now live in
subtropical regions appeared in the high Arctic area [28, 29,
59, 60]. Coal deposits in terrestrial sediments and rock-salt,
gypsum, and coral reefs in marine strata are common in
Eocene high Arctic [61]. However, the Late Eocene showed
a cooling and drying trend, gradually replacing the dense
tropical to subtropical forests of the Early and Middle Eo-
cene with temperate mixed coniferous and deciduous
woodland [8, 28, 29]. Toward the end of Eocene, the early
Paleogene warmth came to an end, and the Earth entered the
Neogene (Miocene and Pliocene) icehouse period [56]. Re-
cent study suggested that the highly productive and strati-
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fied Arctic Ocean had significant exchange with surround-
ing seas and water bodies with a mixed salinities [62, 63].
In summary, during the early Paleogene warmth and
elevated atmospheric CO, and CH, concentrations, ecosys-
tems throughout the Arctic area were consistent with a
warm and humid climatic regime. Recent estimates of con-
tinental MAT at the high Arctic during Late Paleocene to
Middle Eocene were around 17-19°C [38]; while those of
growing season relative humidity (RH) around 67%, and the
end of growing season RH close to 100% [57]. The atmos-
pheric CO, concentration was at least over 1000 ppm
[64-67] compared with the present day of average ~360
ppm, and soil methanogenesis-generated CH, was as high as
24 gCch, M7'yr' [68]. These unique high-latitude pa-
leoecosystems were illuminated by ~4 months of continu-
ous and low-intensity light irradiation during the Arctic
summer [69, 70] and nurtured an extensive deciduous vege-
tation composed primarily of a mixture of deciduous coni-
fers (dominated by Metasequoia, which sometimes formed
pure forests) and deciduous angiosperms [7-11]. In the
animal world, the Early Eocene Arctic faunas were com-
posed of both subtropical vertebrates (fishes, amphibians,
reptiles, birds and mammals) and invertebrates recovered
from a mixed aquatic-riparian-terrestrial assemblage [28, 59,
71]. Lower-latitude animal species such as alligators, tor-
toises, and a diverse mammal fauna were year-round resi-
dents in Eocene Arctic. Certainly, along with the global
warming trend, animals exhibited increased diversity and
complexity from Paleocene to Eocene. As climatic fluctua-
tions (small-scaled warming and cooling events) occurred
on the warming trend background, animals and plants mi-
grated polar-ward and equator-ward respectively [7, 11].

3 A new approach to estimate Paleogene at-
mospheric hydrology in the Arctic

Reconstruction of paleoenvironment and paleoclimate has
relied heavily on fossil materials [72], sediments from
ocean drilling cores [36], ice cores [73], and computer
modeling [74]. Until recently [40, 75], sedimentary drill
core from the Arctic region was not available, and fossil
materials have been rare compared with other areas. How-
ever, biomolecules detected from exceptionally preserved
fossil plants from the Canadian Arctic provided unique ma-
terials for applying geobiological techniques to address
Arctic paleoclimate [76]. Among the techniques related to
fossil biomolecule analysis, the compound-specific hydro-
gen isotope analysis is considered as a useful tool to quanti-
tatively reconstruct palaeoclimate (hydrology and tempera-
ture) [77-79]. As hydrogen isotope in lipid compounds is
also controlled by plant types, the taxon-specific molecular
hydrogen isotopic analysis (i.e., molecules from in situ plant
fossil with known identification) has been successfully ap-
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plied to reconstruct Arctic paleoclimate [16, 17, 80].

Attempts to better understand the photosynthesis of
high-latitude deciduous conifers during the summer months
by continuous, low angle, and low intensity illumination [69]
led to a hypothesis that photosynthesis under such unique
Arctic light should influence the opening of stomata and
activation of Rubisco, thus impact both the carbon and hy-
drogen isotopic compositions of deciduous plants [81-83].
We collaborated with colleagues at the University of Maine,
the United States, to test this hypothesis in a greenhouse
with controlled light, water, and CO, conditions [84].

Two-year old seedlings of three living deciduous conifers,
Metasequoia glyptostroboides Hu et Cheng and Taxodium
distichum (L.) L. C. Rich of the family Cupressaceae, and
Larix laricina (Du Roi) K. Koch of the family Pinaceae that
represent living counterparts of the dominant plants in Early
Paleogene Arctic ecosystems were grown in the greenhouse
under controlled temperature, humidity, and light conditions.
These genetically identical plants were separated into two
blocks: one block was under diurnal light (DL) (45°N) and
the other was exposed to 4 months (May—August) of con-
tinuous light (CL) conditions with added artificial light pro-
vided by six metal-halide lamps and with overhead shading
during day time in order to simulate the low-intensity sum-
mer light regime of the high Arctic [84]. Other conditions
including temperature (22-25°C), CO, concentrations
(357-361 ppm), relative humidity (85%— 92%), and water
with known hydrogen isotope compositions (D =—65.7%+
1.7%o) are identical for the two blocks. Then the carbon and
hydrogen isotopic compositions (5°C and SD) were meas-
ured from bulk leaf tissues and leaf wax n-alkane lipids re-
spectively. The obtained empirical data of molecular hy-
drogen isotope composition were used to calculate the ap-
parent hydrogen isotope fractionation factors between leaf
wax lipids and source water (&ipig-waer) and subsequently
applied to evaluate the hydrological characteristics of an-
cient precipitation during the Early Paleogene Arctic.

The amounts of carbon isotope offsets (ABCDL_CL) be-
tween the two conditions (CL vs DL) vary among species.
In Larix, the offset was up to 4.6%0; whereas in Metase-
quoia, it was only 1.9%c (Figure 1). But in all cases,
leaves under CL condition are depleted in *C compared
with DL leaves, and this observed depletion in BC in CL
leaves can be attributed to a higher ratio of intercellular to
atmospheric CO, concentration (Ci/C,) compared to their
DL counterparts. Furthermore, CL condition has a signifi-
cant impact on hydrogen isotope fractionation factors
(&ipid-water) Of n-alkanes. In all tested species, leaf wax
n-alkanes from the CL condition are D-enriched relative to
those from the DL condition (Figure 2). Our results also
indicate that the values of &pig.waer fOr all tested plants are
substantially smaller (for example, &ipig-water = —62%0%1.4%o0
for Metasequoia C,; and —74%o+1.5%0 for Larix C,;) than
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Figure 1 Carbon isotope compositions of bulk leaf tissue under different
light regimes under greenhouse conditions.

| c, HC,
L DL CL DL CL DL

Larix Metasequoia
Tree genera and light regimes

oD values of leaf n-alkanes (%., VSMOW)

Cc

Taxodium

Figure 2 Hydrogen isotope compositions of leaf wax n-alkanes under
different light regimes under greenhouse conditions.

-110p

=120

=130

-140

-150F

=160 DL

=170

-180 I S TR N N S T R S ' P T T R T |
-40 -35 -30 -25 -20
4'3C values of leaf bulk tissue (%., PDB)

oD values of leaf n-alkanes (%, VSMOW)
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tissue showing distinct patterns for isotope signals registered under CL and
DL in the greenhouse.

previously published values of modern angiosperms and
gymnosperms in natural ecosystems [85, 86] where a rigor-
ous constraint on source water D/H composition was lack-
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ing. Lipid D-enrichment under CL conditions can be attrib-
uted to the extended period of water transpiration under
24-h CL growth. Cross plotting of 5°C and 8D (Figure 3)
clearly separates CL and DL leaves, illustrating the impact
of continuous light illumination on isotope signals from
plant leaves. In contrast to other studies [57], our recon-
structed ancient Arctic hydrological data inferred from
identifiable and three-dimensionally-preserved fossil leaves
of Metasequoia and Larix from Canadian Arctic Archipel-
ago (paleolatitude ~80°N) suggested contributions of local
moisture to the wet Paleogene Arctic [80].

4 Implications for the reconstruction of Paleo-
gene paleohydrology for the Arctic

Given that deciduous conifers in the Paleogene Arctic pro-
duced most of the organic matter during the summer grow-
ing season under continuous light conditions, hydrogen iso-
topic ratios of leaf wax n-alkanes from these leaves should
reflect summer precipitation 6D. Celebrated as “living fos-
sils”, Metasequoia and Larix are known for their slow evo-
lutionary rates and morphological stasis through geological
times [87-90], and hence have likely conserved their
physiological characteristics [70]. Thus, it is warranted to
apply our empirically obtained apparent hydrogen frac-
tionation factors to hydrogen isotope compositions of in situ
n-alkanes recovered from well-preserved early Paleogene
deciduous conifer fossils from the Arctic area. By using
compound-specific lipids and genus-specific hydrogen iso-
tope fractionation factors, we obtained summer growing
season D of —186%o for the Late Paleocene, —157%o for the
early Middle Eocene, and —182%o for the late Middle Eo-
cene respectively [80]. Thus, our newly reconstructed pre-
cipitation D values for growing seasons during the early
Middle Eocene are similar to 6D values for the present-day
summer precipitation in the high Arctic (~—165%o0 for sum-
mer precipitation and —190%o for mean annual precipitation
respectively, ref. [20]); whereas the late Paleocene and the
late middle Eocene values are slightly more D-depleted
relative to the modern values, consistent with previously
obtained oxygen isotope records from the region [91-93].
To explain their low 6O values, Jahren and Sternberg [92]
proposed a meridional moisture transportation pattern from
the low latitudes (Pacific Ocean) towards the Arctic (Figure
4(a)). Such a proposed long transportation trajectory re-
quires a driving force of a strong meridional temperature
gradient, similar to that of today. However, all available
evidence has indicated a much lower meridional tempera-
ture gradient during early Paleogene than the present day [7,
12, 24]. Furthermore, the proposed progressive rainout
process would not result in a well-proved wet Arctic climate
[26, 39, 57, 94, 95] as the low latitude water would be lost
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along the long distance transportation. Hence, these facts
made a strong latitudinal D/H distribution rather unlikely
[36, 75, 96, 97]. In order to reconcile the newly detected
D-depleted precipitation and high humidity in early Paleo-
gene Arctic, an additional source of D-depleted moisture
other than solely transported from low latitudes maybe re-
quired.

Early studies on hydrogen isotope ratios in plant tissues
linked variations of the D/H in terrestrial plant cellulose
with mean annual temperature [98, 99] in addition to pre-
cipitation. Recent studies using a worldwide database have
shown that hydrogen isotope compositions of modern leaf
wax from higher plants are largely controlled by global pre-
cipitation pattern that is influenced by the temperature gra-
dient [100] and by different plant life forms [16, 101]. As
air mass movement and delivery of moisture to the Arctic is
largely controlled by global temperature gradient [18, 96],
precipitation and temperature are ultimately linked in con-
trolling hydrogen isotope compositions in leaf wax of ter-
restrial plants [16, 78] as well as in aquatic plants [86]. Such
a co-variant nature of precipitation and temperature should
be carefully considered while explaining early Paleogene
D/H record from plants and sediments deposited under a
unique Arctic terrestrial ecosystem that was influenced by a
high atmospheric humidity and low global temperature gra-
dient.

Through continental convection of vapor, both ocean
source and evapo-transpiration from land plants and water
bodies can significantly influence isotopic signature in pre-
cipitation as documented in the tropical [102] and temperate
[103, 104] regions. Considering the extensive Metasequoia
dominated forests in the early Paleogene Arctic area, we
have proposed a new model of the moisture source for the
high Arctic area during the Paleogene which encompassed
both the evaporation from the Arctic Ocean and the transpi-
ration of the extensive local forests (Figure 4(b)). This new
model takes the unique polar terrestrial vegetation-climate
dynamics under the condition of 24-h continuous light into
consideration. Due to the lack of modern analogue and the
difficulty of quantifying climatic features, the dynamics
between the climate and the extensive Arctic vegetation
during early Paleogene has previously been overlooked. In
our new quantified model, we argue that the relationship
between the climate and the local vegetation may have
played a much more important role in the Paleogene Arctic
ecosystems than previously believed, particularly during the
summer growing seasons. Our new model effectively ex-
plains the relatively negative hydrogen isotope signals
which were largely modified by the recycled precipitation
through evapo-transpiration, and at the same time confirms
the theoretical prediction of the vegetation feedback based
upon modern ecosystems [105].

In addition, if we apply our empirically obtained appar-
ent hydrogen fractionation factors to published oD of
n-alkanes across polar PETM [40], the reconstructions are
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in good agreement with our pre- and post-PETM baseline
precipitation oD values (—160%o¢ to —170%0). The dramatic
positive shift (up to 50%o) at the onset of PETM may indi-
cate a sudden change of precipitation JD, representing a
possible alteration of atmospheric circulation dynamics
which may have been resulted from an abrupt increase of
global temperature and moisture [39]. Caballero and Langen
[97] has pointed out that while the temperature reaches to a
certain level, the static stability decreases, reaching to the
critical threshold to change global atmospheric circulations,
and in turn to alter the source of moisture delivered to the
high Arctic. If this is true, our new model would also ex-
plain the extremely wet conditions, the major oD shift at
PETM, the relatively stable baseline precipitation oD, and
the relative low values of growing season precipitation oD
recorded in lipids from the deciduous plant fossils.

5 Implications for modern Arctic ecosystem
changes under climate warming

The modern Arctic is drastically different, in every aspect,
from what it was during early Paleogene. However, since
the permanent Arctic ice cap probably was not built up until
late Pliocene [74], a fairly recent time at the geological time
scale, the ecosystem and climate in the Arctic, as well as in
other parts of the Earth, should be viewed as a continuum
dynamic. Indeed, from the historical perspective, the hemi-
spheric-scale warmth of the past decade, likely due to hu-
man impact, for the Northern Hemisphere is anomalous for
the past two millennia [2].

Modern Arctic ecosystems, situated above 66.7°N with
strong seasonal differences in climate, include tundra and
taiga vegetation and transitional ecotones between them.
The tundra vegetation covers about 5.6x10° km? of the high
Arctic, marked by frost-tolerant plants with low stature and
low productivity, such as mosses, lichens, and herbaceous
and cushion-forming plants. This high Arctic area is a re-
gion of low precipitation with less than 50 mm yr' in the
north, while the southern part of this zone is the polar
semi-desert. Mean July temperatures of this high Arctic area
range from 6°C in the south to 2°C in the north. Animals in
this area include vole, bumble bee, ptarmigan, lemming,
Arctic hare, caribou, musk ox, Arctic fox, weasel, snowy
owl, Jaeger, and wolf [106-108].

Conditions associated with high Arctic tundra are influ-
enced by three interacting forces: the permafrost which is a
deep soil layer permanently frozen year-round, an overlying
active layer of organic matter and soil that freezes and
thaws on an annual cycle, and vegetation that retards thaw-
ing in the summer. Freezing and thawing of the upper layer
of soil forms a patterned structure of frost hummocks, frost
heaves and stone polygons, accompanied by the formation
of ridges and other irregularities in topography.
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North America

Figure 4  Conceptual models of
atmospheric moisture fluxes over the
Arctic area during early Paleogene
warmth. (a) The previous model show-
ing moisture of tropical source (shown
by arrow) based on ref. [92]; (b) our
new model based upon data from ref.
[80], showing moisture composed of
tropical source flux (arrow) and evapo-
transpiration from local forests and
water bodies (cycled arrows). Both
figures are drawn based on the Eocene
(50 Ma) global paleogeographic map
(Oblique ~ West-hemispheric ~ view)
from the Northern Arizona Univer-
sity’s Web Server “jan” (http://jan.ucc.
nau.edu/~ rcb7/globaltext2.html).
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On the other hand, the taiga (boreal forest) represents
more southerly located forested areas of deciduous or ever-
green coniferous trees in the Arctic. It supports a more di-
verse animal population such as elk, snowshoe hare, arbo-
real red squirrel, porcupine, vole, wolf, lynx, weasel, ermine,
owl, and raven. At its northern edge the taiga becomes the
forest tundra, or subarctic, characterized by small trees that
do not form a continuous layer. The permafrost is found at
the northern edge of the low Arctic, and forms a continuous
cover northward. The low Arctic vegetation is characterized
by low thicket-forming shrubs, sedges, and tussock-forming
sedges with dwarf shrubs, with precipitation reaching about
1000 mm yr~' and annual net production of 100-1200 g m™
[106-108]. Obviously, biodiversity decreases along a latitu-
dinal gradient from the taiga and forest tundra in the south
to the polar deserts in the high Arctic.

Polar regions are very sensitive to climate change, and
the Arctic ecosystems are highly vulnerable to rising tem-
peratures and changing precipitation patterns. The climate
of the Arctic has warmed substantially since the end of the
Little Ice Age to present [109], and in the period from the
mid-1800s to the mid-20th Century, the Arctic warmed to
the highest temperatures in 400 years [110]. A variety of
evidence synthesized from marine, terrestrial, and atmos-
pheric studies indicates that the Arctic warmth was acceler-
ated during the last 30 years with some Arctic areas warmed
as much as 4.5°C MAT and 6°C MWT [3, 107, 109, 111].
Global circulation models predict that warming is at the
greatest in the polar region during winter times, with 1-5°C
changes in comparison with 2-4°C changes in summer for a
doubling of atmospheric CO, concentration [112].

Later freezing and earlier thawing of Arctic lakes and
rivers appear to mirror Arctic-wide and even worldwide
changes in air temperatures [113, 114]. Hinzman et al. [109]
noted that with a warming global climate, first-order im-
pacts to the terrestrial ecosystems of the Arctic are associ-
ated with a longer thawing period combined with increased
precipitation. Meanwhile, longer snow-free seasons and
greater winter insulation will produce deeper thawing and
greater melting of Arctic permafrost and glaciers, accompa-
nied by an increased biological productivity and changes in
vegetation. Furthermore, additional impacts will emerge as
wildlife and people respond to climatic and ecosystem
changes. The permafrost region occupies approximately 23
kmx106 km or 24% of the land area in the Northern Hemi-
sphere, and the temperature at the top of the permafrost
layer has increased by up to 3°C since the 1980s in the Arc-
tic, thawing at a rate ranging up to 0.04 m yr' in Alaska to
0.02 m yr’1 [3]. The maximum extent of seasonally frozen
ground has decreased by about 7% from 1901 to 2002, with
a decrease in spring of up to 15%, coupled with maximum
seasonal thaw depth over the permafrost increasing by about
0.2 m in the Russian Arctic from 1956 to 1990 [3]. The
degradation of permafrost layers also leads to changes in
land surface characteristics and draining systems; yet recent
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data indicate that our knowledge of the response of perma-
frost to the warming climate is still inadequate to evaluate
possible future changes [115].

Satellite data since 1978 show that the annual average
Arctic sea ice extent has shrunk by 2.7% per decade [3];
other independent evidence, derived from submarine re-
cords, indicates that the thickness of sea ice has likely been
decreasing by up to 1 m from 1987 to 1997 [3]. The
Greenland ice sheet has shown increased surface melting
trend since 1995, and the year of 2007 has observed the
fastest melting record that led to an extensive water runoff
[116]. This reduction of Arctic ice sheet in 2007 was ac-
companied by a rapid decline of Arctic sea ice to unprece-
dented low extents in the summer of 2007 [117]. Arctic sea
ice coverage during February 2009 was at its fourth lowest
measurement since satellite records were initiated in 1979,
reaching only 14.8x10° km? (NOAA-National Oceanic and
Atmospheric Administration data of March 13, 2009, from
“http://www.noaanews.noaa.gov”). Other changes associ-
ated with temperature rise in Arctic regions include
enlargement and increased numbers of glacial lakes, in-
creasing ground instability in permafrost regions, warming
of northern seas, a northward shift of zooplankton assem-
blages in Nordic Seas, a northward shift in the spawning
location of cod stocks along the Norwegian coast, and a
northward shift in the ecosystem of the Bering Sea [3, 118].
Recent estimates indicate that if the warming trend contin-
ues, by as early as the 2030s, the Arctic Ocean will change
from a perennially ice-covered to a seasonally ice-free
ocean [119]. As a result, the plausible 0.8 m increase in sea
level by the end of the year of 2100 has been proposed
[120]. Recent estimates based upon numerical modeling
work have shown that the growth of continental ice sheets
in the Northern Hemisphere required much lower global
atmospheric CO, concentration than maintaining ice sheets
in the Southern Hemisphere [74]. With the accumulation of
CO, concentration in the atmosphere due to human activi-
ties, we have crossed the CO, threshold of 280 ppm that is
required for significant growth of continental ice sheet in
the Northern Hemisphere. All models from IPCC have pre-
dicted a much higher atmospheric CO, concentration by the
year of 2100. Such a high level of CO, will undoubtedly
continue to impact on Arctic climate and its ecosystems [3,
121].

As glaciers on land store about 75% of the world’s
freshwater, the volumes of the Greenland and Antarctic ice
sheets are equivalent to approximately 7 m and 57 m of
ocean level rise, respectively. As a direct consequence of
melting of glaciers, global average sea level rose at an av-
erage rate of 1.8 mm yr™' over 1961 to 2003, with an obvi-
ous faster rate of about 3.1 mm yr’1 over 1993 to 2003 [3].
Mass loss of glaciers and ice caps is estimated to be
0.50+0.18 mm yr’1 in sea level equivalent (SLE) between
1961 and 2004, and 0.77+0.22 mm yr~' SLE between 1991
and 2004, probably as a result of post-1970 warming [3].
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Taken together, the continuous melting of ice sheets in
Greenland and Antarctica will contribute to significant sea
level rise in the years to come.

Rising levels of CO, and observed global warming trends
are significantly altering the carbon sequestration function
associated with Arctic ecosystems, possibly adding a multi-
plier effect to the rate of climate change. Currently, the Arc-
tic tundra ecosystems, with their low productivity but high
carbon accumulation in soils and low rates of microbial
decomposition in the cold soil, serve as a global carbon sink
[107]. However, the stored carbon, estimated to be about
14% of the soil carbon stored globally [106], may be re-
leased back to the atmosphere, reinforcing the current
global warming, although to what extent, or through which
chemical pathways, is still under discussion [122-125]. As
the climate is warmed up, the enhanced activity of soil mi-
crobes could speed up the release of carbon, in the form of
CH, in water logged soils or CO, in drier locations. This
could reverse the pattern of carbon uptake. Some evidence
from northern Alaska has pointed to the shift in the carbon
balance in the Arctic, from a carbon sink to a carbon source
[126, 127]. However, scientists, particularly zoologists and
botanists, continue to explore the detailed mechanisms of
carbon transport in permafrost communities exposed to
higher temperatures [122].

Many researchers have concluded that a warming climate
will initiate a cascade of impacts that affect geophysical,
hydrological, biological, and social systems in the far North
[109]. The absence of snow or ice in polar regions will be
associated with a decreased meridional temperature gradient,
which affects winds and ocean currents as well as moisture
transport to high latitudes. Because of the positive tempera-
ture-ice albedo feedback, some cryospheric components act
to amplify both changes and variability. As the annual
global fresh water budget is a balance between evaporation,
atmospheric transport, precipitation, runoff, and storage,
there is a potential for redistribution of water on the Earth,
altering Arctic or even global hydrological cycles. Already,
most areas of the Arctic have experienced increases in pre-
cipitation along with the increases in global rainfall [3,
128-130].

Using early Paleogene evidence to examine patterns in
the distribution of Arctic vegetation associated with past
climate change suggests that there will be undoubtedly fu-
ture changes in vegetative patterns and local precipitation as
the current warming continues. Although more long-term
experimental validation is still needed [106], some models
of vegetation redistribution predict that 30% of the Arctic
tundra would be displaced by boreal forests based on a dou-
bling of atmospheric CO, [131]. Such changes are associ-
ated with the increase in precipitation and productivity lev-
els [132]. Thus, recent studies of the early Paleogene seem
to validate some forecasts about future first-order changes
in climate: extreme ocean warming in the Arctic; increase in
regional precipitation, greater discharge from rivers and
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freshening of surface waters in the Arctic Ocean [14]. If our
local moisture recycle model held and the Arctic hydro-
logical circulation change can be triggered by the increase
of deciduous vegetation coverage along with increased Arc-
tic MAT and annual precipitation as seen during the early
Paleogene, the long-term continuous increase of atmos-
pheric CO, and other greenhouse gases may further alter
Arctic hydrology in a significant way.

Such a change in the Arctic and global ecosystems will
cause major latitudinal and intercontinental migrations in
terrestrial plants and mammals resulting declines or even
extinction of vulnerable species such as the polar bear (Ur-
sus maritimus). Some changes in response to Arctic climate
changes are indirect. For example, the increase in Arctic
precipitation will change nutrient structure of Arctic lakes
which impacts on high latitude lacustrine food web from
algae growth to fish colonization. Furthermore, an increas-
ing warm Arctic has significant consequences far beyond
natural ecosystems, ranging from the increased accessibility
to northern states to the opportunities of mining, energy
extraction, and shipping channels at the high latitudes.

6 Conclusions

Arctic ecosystems during the early Paleogene warmth pro-
vide a useful analogue to examine both the causes and pos-
sible consequences of Arctic climate changes under the
current global warming context. In reviewing the paleoeco-
system changes and the latest progress on the reconstruction
of Arctic hydrology during early Paleogene, we show that a
climate model built upon paleo-data may provide insightful
information toward a better understanding of the future im-
pact of Arctic climate changes. If the current global warm-
ing trend continues, Arctic warming and northward migra-
tion of animals and plants will not only further alter the
Arctic landscape but may change the climate dynamics in
the Arctic region. Under a warmer global climate with ele-
vated atmospheric CO, concentration and less ice coverage,
the percentage of local moisture contributing to the Arctic
humidity may increase. If the global meridional temperature
gradient continues to reduce, along with the increase of
greenhouse gases, a hydrological threshold to change cur-
rent hydrological and atmospheric circulation may be ap-
proached. Such an event may cause unpredictable severe
global climate disturbance. This study, along with recent
advancement on paleoclimate reconstruction for the Arctic
region, illustrates the importance of paleoecological infor-
mation associated with long-term climate changes derived
from the geological and historical records. There is a clear
need for more information from high latitudinal sites in the
Northern Hemisphere, and new research approaches and
advanced technology will continue to offer such data to
address environmental changes at Arctic that will have sig-
nificant implications for global social-economic conditions.
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