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Abstract
Cultivation-independent molecular phylogenetic techniques are now widely employed to examine environmental microbial diversity;
however, the relationship between microbial community structure and ecosystem function is unclear. This review synthesizes cultivationindependent views of microbiological diversity with our current understanding of nutrient dynamics in alpine and arctic soils. Recently, we
have begun to explore connections between microbial community structure and function in soils from the alpine Niwot Ridge LTER site in
Colorado, USA, whose ecology has been extensively investigated for over 50 years. We examined the diversity of bacterial, eucaryal, and
archaeal small subunit rRNA genes in tundra and talus soils across seasons in the alpine. This work has provided support for spatial and
seasonal shifts in specific microbial groups, which correlate well with previously documented transitions in microbial processes. In addition,
these preliminary results suggest that the physiologies of certain groups of organisms may scale up to the ecosystem level, providing the
basis for testable hypotheses about the function of specific microbes in this system. These studies have also expanded on the known diversity
of life, as these soils harbor bacterial and eucaryotic lineages that are distantly related to other known organisms. In contrast to the alpine,
microbial diversity in the arctic has been little explored; only three published studies have used molecular techniques to examine these soils.
Because of the importance of these systems, particularly to the global C cycle, and their vulnerability to current and impending climate
change, the microbial diversity of these soils needs to be further investigated.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction
High altitude and latitude ecosystems are experiencing
the effects of human-induced environmental change, and
many predictions suggest that future changes are likely to
be both larger in magnitude and have greater impacts on
these systems. Specifically, increasing rates of nitrogen deposition threaten alpine regions [8,63]; and these areas may
experience N saturation at comparatively low levels of excess nitrogen [61]. Soils from arctic environments, on the
other hand, play important roles in the global C cycle because they contain a disproportionately large reservoir of
soil carbon [45]. This large C pool is vulnerable to climate
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change, as higher temperatures will put these stocks of soil
carbon at risk of mineralization via increases in microbial
respiration, and may provide potential positive feedbacks to
warming [30–32,56]. However, the effects of both climate
change and alterations in the N cycle on the nutrient cycling,
and therefore microbiology, of arctic and alpine systems is
poorly understood.
Historically, the microbiology of these soils has been
investigated in the snow-free season only, because it was
assumed that low temperatures and frozen soil prohibited
microbial activity during the winter. More recent studies
demonstrate that microbial processes continue in snowcovered soils, and that a significant portion of yearly decomposition (reviewed in [51]) and production of microbially
derived trace gases [7,19,42,65] occurs in subnival soil.
Microbial activity continues because snow insulates soil,
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Fig. 1. Summary of the cultivation-independent molecular phylogenetic method.

protecting the microbial community from harsh winter conditions. A deep snowpack can sustain soil temperatures at
or around 0 ◦ C, maintaining the presence of liquid water.
In addition, although most soil water freezes at 0 ◦ C, soil
particles can have liquid water films at temperatures below
−10 ◦ C [47], which can support microbial growth even at
very cold temperatures. In fact, microbial metabolism has
been detected at soil temperatures as low as –20 ◦ C [10].
Previously regarded as a dormant time for microbial communities, evidence is mounting that snow-covered soils are
teeming with active microbial life.
Cultivation-dependent experiments show that microbes
that are capable of life at low temperatures are phylogenetically widespread, and include many types of Bacteria, Eucarya and Archaea [13]. However, it is well known that the
vast majority of organisms cannot be cultured using traditional techniques [1]. The advent of molecular phylogenetic
methods has provided a powerful tool with which to examine
microbial diversity without the biases and limitations associated with culture-based methods. Here, DNA is extracted
from environmental samples, and genes (typically small subunit [SSU] rRNA) are amplified (Fig. 1). These genes are
cloned, sequenced, and subjected to phylogenetic analyses,
revealing the types of organisms that comprise the community. These molecular-based views of species diversity are
then combined with phenotypic information from cultivation
studies in an attempt to predict the functional attributes of the
organisms in these environments [44]. These approaches are
becoming increasingly commonplace; the Genbank database
now includes sequences for over 88 000 16S rRNA genes
from environmental samples.
However, while linking populations and processes has
been a major focus of macroecology, there is debate about
whether or not information on the structure of microbial
communities is informative at the ecosystem level. For example, Andren et al. [2] suggested that ecosystems act to
average out microbial species effects, implying that microbial populations do not easily scale-up to explain processes.
Finlay et al. [14] further argued that all possible niches are
always filled in an environment, so microbial diversity has
no direct role in ecosystem function. In addition, Kemp and
Aller [20] contended that exploring microbial diversity may
be intractable given the present state of technology. Finally,

other work suggests that horizontal gene transfer is pervasive in microbial communities (e.g. [39]), and there is an
indirect relationship between phenotypes and phylogenies
(e.g. [34]), further complicating the value of community
studies in microbial ecology.
Recently, we have begun to explore the possible connections between microbial community structure and ecosystem function at the intensively studied Niwot Ridge LongTerm Ecological Research (LTER) site in Colorado, USA
(reviewed in [6]). Our preliminary results suggest that the
physiologies of certain groups of organisms may scale up
to the ecosystem level, providing the basis for testable hypotheses about the function of certain microbes in this system. For example, this work has provided support for spatial
and seasonal shifts in specific microbial groups, probably
in response to changes in substrate availability and temperature ([26,28,33,48], Costello and Schmidt, in preparation). Some of these community shifts correlate with welldocumented process-level transitions in these alpine systems. These studies have also expanded on the known diversity of life, as these soils harbor bacterial and eucaryotic lineages that are distantly related to other known organisms, leaving many open questions about the functions
of these novel microbes in alpine soils. In contrast to the
alpine, arctic tundra soil microbial diversity has been littleexplored and, to our knowledge, only three studies that employed cultivation-independent techniques have been published.
This review attempts to synthesize molecular phylogenetic views of microbiological diversity with our current understanding of nutrient dynamics in alpine and arctic soils.
Although much work has also been done on the microbiology of Antarctic soils, they are beyond the scope of this
review. We acknowledge that PCR-based studies are not directly quantitative; rather they provide rough pictures of the
microbial diversity in these soils. Here, we emphasize seasonal and spatial variation as well as the complexity of alpine
and arctic systems. Because much of the work that we summarize has been done in the alpine tundra at the high elevation Niwot Ridge LTER site, we begin with a discussion of
the ecology of this system.
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2. Niwot Ridge LTER
The Niwot Ridge LTER site is located in the Front
Range of the Colorado Rocky Mountains. Major ecosystems on Niwot Ridge transition along an elevation gradient,
and range from subalpine forest (elevation ∼ <3400 m),
to alpine tundra (elevation ∼ 3550 m), to talus slopes and
glaciated regions (elevation ∼ 3750 m). Precipitation averages 930 mm yr−1 and approximately 80% of this occurs
as snow [9]. Differences in topography, wind exposure, and
plant cover significantly redistribute precipitation and lead to
markedly different snow-cover and moisture regimes across
the landscape [53]. This variation in snow-cover structures
differences in plant communities, biogeochemistry, soil development, and nutrient transport [53].
Work at the Niwot Ridge LTER site has primarily focused
on the wet and dry soils of the tundra, as well as the talus
soils. Dry meadow tundra soils are windswept and thus have
less snow-cover and longer plant growing seasons. These
environments are dominated by the tussock-forming sedge
Kobresia myosuroides (e.g., [27]). In contrast, wet meadow
soils receive snow-melt throughout much of their short plant
growing seasons, and are dominated by Carex scopulorum
(e.g., [36]). In general, plant productivity, soil organic matter and microbial activity are higher in the wet meadow than
in the dry meadow tundra soils [15]. The talus soils on Niwot Ridge are found on steep slopes between unconsolidated
boulders, are snow-covered for approximately nine months
of the year, and can be vegetated or barren (e.g., [22]). Talus
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soils are remarkably variable; organic matter ranges between
6 and 250 g kg−1 soil [22].
2.1. Alpine tundra
Alpine tundra soils commonly experience profound seasonal cycles that are characterized by shifts in microbial communities, processes and soil nutrient availability
(Fig. 2). These systems have relatively short, snow-free
growing seasons, when plants are photosynthetically active and competitive in the uptake and immobilization of
available nitrogen [25]. The corresponding summer microbial communities are probably fast-growing organisms that
feed on labile root exudates [26]. As summer transitions to
fall, drier soils and cooler temperatures lead to the beginning
of plant senescence, and the microbial community shifts to
a population that is capable of degrading more recalcitrant
compounds, such as polymers and phenolics found in plant
litter. Winter’s lower temperatures and snow-cover stimulate the cold-adapted microbial community, which feeds on
moribund plant litter and mineralizes and immobilizes nitrogen from plant material [29]. Winter is an extremely active
time for the microbial community, and the highest levels
of microbial biomass are seen under snowpack [29]. Spring
snow-melt triggers a crash in the microbial biomass and a
concordant pulse of nitrogen, probably from lysed microbial
cells [29]. Much of this nitrogen is then taken up by plants,
and the growing season begins anew.
In addition to significant seasonal variation in the structure and function of the microbial communities, these soils

Fig. 2. Conceptual model of seasonal patterns in plant and microbial nutrient dynamics in the tundra systems of Niwot Ridge.
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Fig. 3. Frequency of sequences related to major bacterial groups in 16S rRNA gene clone libraries from Niwot Ridge alpine tundra dry meadow soil during
spring, summer and winter. Adapted from Lipson and Schmidt [28].

demonstrate considerable spatial variation, some of which
is also controlled by snowpack. For example, in the alpine,
deeper and earlier snowpack correlates with higher levels
of under-snow microbial respiration and accelerated litter
bag decomposition rates [62]. Rates of methane efflux are
also higher under deeper snow, probably due to the increase
in free water promoting the anoxic conditions necessary
for increases in methanogenesis and decreases in biological
methane oxidation [60]. Nitrogen cycling is also affected by
snowpack in the alpine; snowfence manipulations, which increase the duration and size of the snowpack, can increase
N2 O production by 3-fold [62].
The seasonal and spatial variability typical of microbial
processes in alpine tundra systems is thought to be tightly
linked to shifts in microbial community composition. For
example, using inhibitors, Lipson et al. [26] showed that
the fungal and bacterial communities were most active in
the subnival and snow-free soils, respectively, in the dry
meadow on Niwot Ridge (Fig. 2). Also, Schadt et al. [48]
microscopically examined soil samples, confirming that the
fungal to bacterial ratio was highest in the winter in dry
meadow soils. Molecular techniques also support these shifts
in community composition; Lipson et al. [26] showed that
the total genomic DNA of the winter microbial community
was different from the summer community on Niwot Ridge.
In addition, Costello and Schmidt (in preparation) used 16S
rRNA terminal restriction fragment length polymorphisms
(tRFLPs) to show a shift in the bacterial community with
depth in wet meadow tundra soils. More recently, these communities have been analyzed in detail, by amplifying and

sequencing SSU rRNA genes from the microorganisms in
these communities. Below, we discuss our current understanding of the bacterial, archaeal and eucaryal diversity in
alpine soils from these sequence-based approaches.
2.2. Alpine tundra Bacteria
Lipson and Schmidt [28] looked at the diversity of bacterial 16S rRNA genes in Niwot Ridge dry meadow tundra
soils collected in winter (under snow), spring (at snowmelt),
and summer. Two candidate divisions (novel lineages with
no cultured representatives) were discovered in the spring
(SPAM) and summer (SAM) soils. These sequences form
supported clades with other 16S rRNA genes from a variety of environments, including an arid Australian soil, the
Changjiang River, and earthworm casts. The biogeochemical roles of these deeply divergent Bacteria found in such
diverse environments are completely unknown.
Lipson and Schmidt [28] also found that alpine tundra bacterial communities differed significantly across seasons and that many changes in the population structure
were consistent with previously described ecological patterns (Fig. 3). For example, in winter, proportions of genes
related to the Bacteroidetes were higher than in the spring
or summer. The Bacteroidetes include many cold-tolerant
degraders of complex substrates, consistent with the hypothesis that under-snow communities are feeding on plant
polymeric compounds. In addition, sequences related to the
Acidobacteria were dominant at spring snowmelt. Isolates
from this division are capable of anaerobic organotrophy, a
good strategy when soils are wet and contain large amounts
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Fig. 4. Frequency of sequences related to major bacterial groups in 16S rRNA gene clone libraries from Niwot Ridge wet (Costello and Schmidt, in preparation)
and dry [28] tundra soil collected during spring.

of organic material from lysed cells. Finally, sequences related to the Verrucomicrobia and Betaproteobacteria were
in highest abundance during the summer. Cultured relatives within these divisions are plant-root fermenters, as well
as oligotrophs that may thrive when substrate availability
decreases in summer. Large numbers of betaproteobacterial sequences have also been sequenced from a Japanese
alpine snowpack [54], where conditions are likely very oligotrophic.
In addition to season, topography also appears to structure bacterial communities on Niwot Ridge. In contrast
to the windswept dry meadows of the alpine tundra, wet
meadow soils form in landscape depressions and receive
snowmelt throughout much of the growing season. As a
consequence, these soils are more anoxic and have higher
plant productivity, soil organic matter, microbial activity,
and methane emissions than dry meadow soils [15,59].
Costello and Schmidt (in preparation) examined 16S rRNA
gene diversity in a wet meadow tundra soil collected during
spring snowmelt (Fig. 4). Some major differences were seen
between the wet and dry meadow, which may be due to different sampling methods (wet meadow soils were sampled
over greater depths), but may also reflect the biogeochemical differences in these systems. For example, in the wet
meadow, although there were many genes related to both the
Acidobacteria and the Alphaproteobacteria, these sequences
were in lower abundance than in the dry meadow. In addition, wet meadow soils contained a high proportion of

novel sequences distantly related to the Chloroflexi. While
rare in the dry meadow, sequences related to the Chloroflexi
were the third most abundant bacterial division in the wet
meadow soil. Specific amplification and sequencing of these
novel 16S rRNA genes revealed that they are present in
dark, frozen soil under winter snowpack, and may be localized to mineral subsurface soil in the spring (Costello and
Schmidt, in preparation). Their spatial distribution suggests
that these organisms do not seem to require light and appear
to favor anoxic conditions, implying that they may be functionally more similar to anaerobic heterotrophic Chloroflexi
than the better-studied filamentous anoxygenic phototrophs.
However, the ecological roles of these organisms are totally
unknown.
2.3. Alpine tundra Eucarya
Microbial eucaryotes are also major participants in the
alpine tundra soil community [26,48] and we have used
molecular phylogenetic techniques to more specifically investigate the eucaryotes in these soils. In the dry meadow,
Meyer [33] investigated subnival and summer eukaryotic
communities and found sequences related to the fungi, cercozoans, alveolates and lobosea. Fungi dominated this soil,
and three major fungal phyla (ascomycetes, basidiomycetes,
zygomycetes) were present [33]. In a separate study, three
new class-level lineages of the fungal phylum Ascomycota
were discovered in the dry meadow [48]. As is the case
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Fig. 5. Frequency of sequences related to three fungal phyla in 18S rRNA gene clone libraries from Niwot Ridge alpine tundra soil during winter and summer.
Adapted from Meyer [33].

with the bacterial community, eucaryotic diversity in the
dry meadow shifts seasonally; the fungal communities are
particularly seasonally dynamic (Fig. 5). At snowmelt, eucaryotic SSU rRNA gene surveys suggest that the population
of ascomycetes drops by about 50%, while the populations
of zygomycetes and basidiomycetes increase in abundance.
Another molecular study, using fungal-specific primers, discovered the appearance of one of the above mentioned, novel
ascomycete clades in the summer, coupled with nonrandom shifts in fungal community composition across the seasons [48]. The biogeochemical roles of these highly divergent organisms, and the environmental shifts driving these
changes in community structure are yet to be uncovered.
2.4. Alpine tundra Archaea
Compared to Eucarya and Bacteria, the diversity of terrestrial Archaea remains relatively unexplored. However,
these organisms may be important in cold environments;
indeed Crenarchaeota constitute 39% of the prokaryotic biomass in cold, deep oceanic waters [11]. In addition, they
are consistently found in molecular surveys of soil microbial communities [41]. Very recently Oline et al. [43] examined the diversity of soil Crenarchaeota across an elevation gradient of ecosystem types, from foothills forest to the
alpine tundra on Niwot Ridge. They identified two novel,
tightly clustered groups of sequences—one closely related
to SCA1145, an abundant globally distributed clade within
the Terrestrial Group of Crenarchaeota, and another nested
within the more basal FFSB group of sequences. Of course,

the ecological roles of the organisms represented by these
sequences remain unknown. However, some very preliminary results from stable isotope probing experiments (West
and Schmidt, unpublished data) suggest that alpine Crenarchaeota may be involved in the oxidation of C1 compounds,
including methanol.
2.5. Alpine talus soils
Much less is known about nutrient cycling in cold, unvegetated soils in the alpine, such as those found on talus
slopes and in newly exposed glacial forelands where long,
seasonal snow-cover prevents plant establishment. We have
monitored the year-round physical environment of Niwot
Ridge talus soils and have shown that the optimal time for
microbial growth in the talus is the last two months before
snow melt [24]. During this period, there is abundant available water and soil temperatures are slightly above freezing,
allowing for the proliferation of cold-tolerant microbes. In
contrast, the snow-free summer soils are much drier, and are
subject to dramatic diurnal temperature fluctuations (sometimes 30 ◦ C in one 24 h period) and high UV radiation [24].
Preliminary work suggests that microbial population
shifts in talus soils may mirror those seen in the tundra,
with fungi dominating subnival communities and bacteria
dominating snow-free soils on Niwot Ridge [23]. However,
there is some evidence that carbon cycling is markedly different in the talus than in tundra soils. For example, Ley
et al. [22] found that, unlike most soils, organic matter content does not correlate with heterotrophic microbial biomass
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in the barren talus soils on Niwot Ridge. This may be due to
a large population of autotrophic organisms. Indeed, other,
unpublished work from our laboratory suggests that microbial photosynthesis is important in these soils. For example,
Pescador and Schmidt (unpublished data) documented lightdependent carbon dioxide influx in unvegetated soils.
Molecular phylogenetic work also supports the presence
of autotrophic organisms in unvegetated soils. For example, we used molecular techniques to examine the microbial
community from a recently deglaciated, barren soil in the
Cordillera Vilcanota of Southeastern Peru and found that
a significant portion of the bacterial community is related
to the photosynthetic bacterial division Cyanobacteria [38].
The eucaryotic communities in unvegetated soils have also
been investigated, and these talus soils harbor deeply diverging microorganisms. In the unvegetated talus soils on Niwot
Ridge, Meyer [33] identified a eucaryotic lineage that cannot
be ascribed to any known clade and may represent a novel
group at the kingdom level. In addition, other deeply branching eucaryotic SSU rRNA genes were sequenced from these
soils. For instance, new fungal groups were found within the
chytrid and ascomycete lineages, as well as novel sequences
within the metazoan, green algal, alveolate and the cercozoan kingdoms. The roles of the organisms represented by
these genes remain unknown.

3. Arctic tundra
There are many similarities between arctic and alpine
regions, as evidenced by the overlap in their plant communities. For example, 37% of the alpine plant species in
Colorado also occur in the arctic [4]. In addition, some similar biogeochemical patterns are seen in the arctic, including
high rates of subnival microbial respiration [12,16,65] and
decomposition [17]. Also, it appears that depth of snowpack may structure microbial activity in the arctic as well;
for example, higher rates of nitrogen mineralization [49] and
respiration [58] are observed under deeper snowpack.
However, some environmental conditions are markedly
different in the arctic and alpine, including precipitation,
angle of solar insolation, atmospheric thickness, partial pressure of atmospheric gases, and the duration of the plant
growing season [46]. Photoperiods are also dramatically different, resulting in greater diurnal oscillations in air temperature in alpine regions during the snow-free season [46].
Mid-latitude alpine regions also experience greater seasonal
oscillations in soil temperatures than arctic regions, because
the presence of permafrost in arctic soils tends to buffer soil
temperatures [46].
Differences in permafrost cover also structure differences
in water availability [4,46]. In arctic soils, permafrost isolates the active layer, preventing the deep drainage of water [4]. In addition, the release of water from thawing permafrost provides a water source in arctic tundra soils [4].
Alpine soils less frequently have continuous permafrost to
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trap soil moisture, and are often characterized by steep
slopes that enhance runoff [46], which can further exacerbate
moisture stress. Wet, cold conditions in arctic soils tend to
inhibit decomposition, and as a result, organic matter often
accumulates in arctic tundra soils, especially those occurring
in flat, poorly drained areas [50]. These differences in arctic
and alpine soils are likely to create important differences in
nutrient cycling in arctic and alpine soils.
Indeed, biogeochemical cycling in arctic and alpine tundra systems differ in many ways, including the timing of
plant nutrient uptake. For example, in a study where N was
added to the spring snowpack, alpine plants acquired 100
times more of the added N than arctic plants [3]. Other work
may explain these discrepancies: unlike alpine plants, arctic plant growth in the first half of the growing season often
does not depend on nutrient uptake from the soil. Instead,
early season growth relies on nutrients stored in plant tissues (reviewed in [57]). This adaptation is necessary for life
in the arctic, since these soils typically remain frozen for several weeks after air temperatures are above freezing, limiting
nutrient uptake.
Because of differences in the timing of nutrient uptake
between arctic and alpine environments, there are probably
differences in the timing of root growth, and therefore root C
inputs to the soil. Furthermore, differences in soil moisture
availability between arctic and alpine tundra environments
result in alpine plants often having deeper penetrating roots
than their arctic counterparts [4]. Thus, both the timing and
distribution of root C inputs to the soil are likely to vary between the two regions, with root C inputs entering the soil
earlier and deeper in alpine regions. Since root C inputs to
the soil are one of the principal sources of labile C to soil microbes during the plant growing season, differences in root
growth between these environments have the potential to result in significant differences in soil microbial dynamics between arctic and alpine regions across both time and space.
However, unlike the alpine tundra, very little is known about
the microbial diversity in arctic soils. Below, we summarize
all published data from 16S rRNA gene clone libraries of
arctic tundra soils.
3.1. Arctic tundra microbial diversity
16S rRNA gene clone library sequencing methods have
also been applied to survey bacterial diversity from only two
arctic tundra soils. Zhou et al. [64] sequenced 43 unique
16S rRNA genes from the melted active layer of a Siberian
permafrost soil while Neufeld et al. [40] sequenced approximately 2500 short, variable 16S rRNA gene fragments from
a pristine soil in the Canadian arctic. Nearly 24% of sequences from the Canadian site could not be phylogenetically resolved, and may represent novel, deeply branching
organisms, or may be an artifact of sequencing only a relatively small, variable region within the 16S rRNA gene. Both
arctic studies revealed the high diversity typical of soil microbial communities, including many sequences that were
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Fig. 6. Frequency of sequences related to major bacterial groups in 16S rRNA gene clone libraries from Niwot Ridge [28], Canadian [40], and Siberian [64]
tundra soils.

related to the Proteobacteria, Acidobacteria, Actinobacteria and Bacteroidetes. A notable difference between the two
sites was that the Canadian soil had a high proportion (13%)
of sequences related to the Gammaproteobacteria while the
Siberian soil harbored many (26%) sequences related to
the Deltaproteobacteria (Fig. 6). A comparison of the arctic summer microbial communities with the alpine tundra
summer communities shows that the alpine contains many
more sequences related to the Verrucomicrobia (Fig. 6). As
mentioned above, these organisms may be involved in fermenting plant-root compounds, and the lower abundance of
sequences from this clade in the summer arctic soils may reflect differences in timing of root C inputs or rooting depth
between arctic and alpine plants.
Kobabe et al. [21] used fluorescence in situ hybridization
(FISH) to quantitatively examine the vertical distribution of
specific bacterial groups in the active layer of Siberian tundra permafrost-affected soil. They found that the percentage
of total cells detectable by both general and specific phylogenetic probes decreased with soil depths, perhaps suggesting that cells are less active at greater depths in these soils.
Others have been able to cultivate and identify a number
of different types of bacteria directly from permafrost ([55]
and references therein). Whether these microbes are actually
growing and active in permafrost remains unknown.
As is the case for many soil types that are biogeochemically relevant on a global scale, information about the microbial communities in arctic soils is grossly lacking. Indeed,
approximately 0.2% of 16S rRNA genes from soil that are
deposited in Genbank originate from the arctic tundra, yet
this ecosystem occupies nearly 5% of land on Earth. In addition, although fungi are important players in nutrient cycling

in the arctic tundra, very little information is available on the
microbial eucaryotes in these soils. And, of course, the actual functional roles of the organisms represented by these
SSU rRNA genes remain a mystery. A major challenge for
microbial ecologists will be not only to describe microbial
communities in these soils, but also to describe how these
communities will be affected by climate change.

4. Conclusions and future directions
Cold ecosystems are already experiencing the effects
of human-induced environmental change, and are likely to
be heavily affected in the coming decades [5,53]. Both
the alpine and arctic may experience more rapid warming than other systems [18], and high mountain areas may
also be subjected to disproportionate amounts of N deposition [8,63]. How these changes will affect the microbial
community, and therefore, nutrient cycling, is poorly understood. However, recent studies demonstrate that warming [35] and nutrient deposition [37,52] clearly affect the
biogeochemistry of cold soils. A focus of future work will
be to determine exactly how these projected effects will
change microbial communities and, alter nutrient cycling
patterns.

Acknowledgements
The authors acknowledge the NSF (USA) Microbial Observatories Program, grant MCB-0084223.

D.R. Nemergut et al. / Research in Microbiology 156 (2005) 775–784

References
[1] R.I. Amann, W. Ludwig, K.H. Schleifer, Phylogenetic identification
and in situ detection of individual microbial cells without cultivation,
Microbiol. Rev. 59 (1995) 143–169.
[2] O. Andren, L. Brussaard, M. Clarholm, Soil organism influence on
ecosystem-level processes bypassing the ecological hierarchy?, Appl.
Soil Ecol. 11 (1999) 177–188.
[3] C.J. Bilbrough, J.M. Welker, W.D. Bowman, Early spring nitrogen uptake by snow-covered plants: A comparison of arctic and alpine plant
function under the snowpack, Arct. Antarct. Alp. Res. 32 (2000) 404–
411.
[4] L.C. Bliss, A comparison of plant development in microenvironments
of arctic and alpine tundras, Ecol. Monogr. 26 (1956) 303–337.
[5] W.D. Bowman, D.M. Cairns, J.S. Baron, T.R. Seastedt, Islands in the
sky: Alpine and treeline ecosystems of the Rockies, in: J.S. Baron
(Ed.), Rocky Mountain Futures: An Ecological Perspective, Island
Press, Washington, DC, 2002, pp. 183–202.
[6] W.D. Bowman, T.R. Seastedt, Structure and Function of an Alpine
Ecosystem: Niwot Ridge, Colorado, Oxford University Press, New
York, 2001.
[7] P.D. Brooks, S.K. Schmidt, M.W. Williams, Winter production of CO2
and N2 O from alpine tundra: Environmental controls and relationship
to inter-system C and N fluxes, Oecologia 110 (1997) 403–413.
[8] D.A. Burns, Atmospheric nitrogen deposition in the Rocky Mountains
of Colorado and southern Wyoming—a review and new analysis of
past study results, Atmos. Environ. 37 (2003) 921–932.
[9] N. Caine, Streamflow patterns in the alpine environment of North
Boulder Creek, Colorado, Front Range, Z. Geomorphol. 104 (1996)
27–42.
[10] B.C. Christner, Incorporation of DNA and protein precursors into
macromolecules by bacteria at −15 ◦ C, Appl. Environ. Microbiol. 68
(2002) 6435–6438.
[11] E.F. Delong, K.Y. Wu, B.B. Prezelin, R.V.M. Jovine, High abundance
of Archaea in antarctic marine picoplankton, Nature 371 (1994) 695–
697.
[12] J.T. Fahnestock, M.H. Jones, J.M. Welker, Wintertime CO2 efflux
from arctic soils: Implications for annual carbon budgets, Global Biogeochem. Cy. 13 (1999) 775–779.
[13] G. Feller, C. Gerday, Psychrophilic enzymes: Hot topics in cold adaptation, Nat. Rev. Microbiol. 1 (2003) 200–208.
[14] B.J. Finlay, S.C. Maberly, J.I. Cooper, Microbial diversity and ecosystem function, Oikos 80 (1997) 209–213.
[15] M.C. Fisk, S.K. Schmidt, T.R. Seastedt, Topographic patterns of
above- and belowground production and nitrogen cycling in alpine
tundra, Ecology 79 (1998) 2253–2266.
[16] P. Grogan, L. Illeris, A. Michelsen, S. Jonasson, Respiration of
recently-fixed plant carbon dominates mid-winter ecosystem CO2 production in subarctic heath tundra, Climatic Change 50 (2001) 129–
142.
[17] S.E. Hobbie, F.S. Chapin, Winter regulation of tundra litter carbon and
nitrogen dynamics, Biogeochemistry (Dordrecht) 35 (1996) 327–338.
[18] IPCC, Climate change 2001: The scientific basis, Report of working
group 1, Cambridge Univ. Press, New York, 2001.
[19] M.H. Jones, J.T. Fahnestock, J.M. Welker, Early and late winter CO2
efflux from arctic tundra in the Kuparuk River watershed, Alaska,
USA, Arct. Antarct. Alp. Res. 31 (1999) 187–190.
[20] P.F. Kemp, J.Y. Aller, Bacterial diversity in aquatic and other environments: What 16S rDNA libraries can tell us, FEMS Microbiol.
Ecol. 47 (2004) 161–177.
[21] S. Kobabe, D. Wagner, E.M. Pfeiffer, Characterization of microbial
community composition of a Siberian tundra soil by fluorescence in
situ hybridization, FEMS Microbiol. Ecol. 50 (2004) 13–23.
[22] R.E. Ley, D.A. Lipson, S.K. Schmidt, Microbial biomass levels in barren and vegetated high altitude talus soils, Soil Sci. Soc. Am. J. 65
(2001) 111–117.

783

[23] R.E. Ley, S.K. Schmidt, Fungal and bacterial responses to phenolic
compounds and amino acids in high altitude barren soils, Soil Biol.
Biochem. 34 (2002) 989–995.
[24] R.E. Ley, M.W. Williams, S.K. Schmidt, Microbial population dynamics in an extreme environment: Controlling factors in talus soils at
3750 m in the Colorado Rocky Mountains, Biogeochemistry 68 (2004)
313–335.
[25] D.A. Lipson, R.K. Monson, Plant-microbe competition for soil amino
acids in the alpine tundra: Effects of freeze-thaw and dry-rewet events,
Oecologia 113 (1998) 406–414.
[26] D.A. Lipson, C.W. Schadt, S.K. Schmidt, Changes in soil microbial
community structure and function in an alpine dry meadow following
spring snow melt, Microb. Ecol. 43 (2002) 307–314.
[27] D.A. Lipson, C.W. Schadt, S.K. Schmidt, R.K. Monson, Ectomycorrhizal transfer of amino acid-nitrogen to the alpine sedge Kobresia
myosuroides, New Phytol. 142 (1999) 163–167.
[28] D.A. Lipson, S.K. Schmidt, Seasonal changes in an alpine soil bacterial community in the Colorado Rocky Mountains, Appl. Environ.
Microbiol. 70 (2004) 2867–2879.
[29] D.A. Lipson, S.K. Schmidt, R.K. Monson, Links between microbial
population dynamics and nitrogen availability in an alpine ecosystem,
Ecology 80 (1999) 1623–1631.
[30] A.D. McGuire, The responses of net primary production (NPP) and
total carbon storage for the continental United States to changes in
atmospheric CO2 , climate, and vegetation, Bull. Ecol. Soc. Am. 76
(1995) 177.
[31] A.D. McGuire, J.E. Hobbie, Global climate change and the equilibrium responses of carbon storage arctic and subarctic regions, in:
Modeling the Arctic System: A Workshop Report of the Arctic System Science Program, The Arctic Research Consortium of the United
States, Fairbanks, AK, 1997, 1997, pp. 53–54.
[32] J.M. Melillo, D.W. Kicklighter, A.D. McGuire, W.T. Peterjohn, K.M.
Newkirk, Global change and its effects on soil organic carbon stocks,
in: R.G. Zepp, C.H. Sontaff (Eds.), Role of Nonliving Organic Matter
in the Earth’s Carbon Cycle, Wiley, New York, 1995, pp. 175–189.
[33] A.F. Meyer, Phylogenetic characterization of alpine soil microbial diversity, Ph.D. dissertation, University of Colorado, Boulder, CO, 2004.
[34] A.F. Meyer, D.A. Lipson, A.P. Martin, C.W. Schadt, S.K. Schmidt,
Molecular and metabolic characterization of cold-tolerant alpine soil
Pseudomonas sensu stricto, Appl. Environ. Microbiol. 70 (2004) 483–
489.
[35] K.J. Nadelhoffer, A.E. Giblin, G.R. Shaver, J.A. Laundre, Effects of
temperature and substrate quality on element mineralization in six arctic soils, Ecology 72 (1991) 242–253.
[36] J.C. Neff, W.D. Bowman, E.A. Holland, M.C. Fisk, S.K. Schmidt,
Fluxes of nitrous oxide and methane from nitrogen-amended soils in a
Colorado alpine ecosystem, Biogeochemistry 27 (1994) 23–33.
[37] J.C. Neff, A.R. Townsend, G. Gleixner, S.J. Lehman, J. Turnbull, W.D.
Bowman, Variable effects of nitrogen additions on the stability and
turnover of soil carbon, Nature 419 (2002) 915–917.
[38] D.R. Nemergut, Evolution and ecology of high altitude soil microbial
communities, Ph.D. dissertation, University of Colorado, Boulder, CO,
2004.
[39] D.R. Nemergut, A.P. Martin, S.K. Schmidt, Integron diversity in
heavy-metal-contaminated mine tailings and inferences about integron
evolution, Appl. Environ. Microbiol. 70 (2004) 1160–1168.
[40] J.D. Neufeld, Z.T. Yu, W. Lam, W.W. Mohn, Serial analysis of ribosomal sequence tags (SARST): A high-throughput method for profiling
complex microbial communities, Environ. Microbiol. 6 (2004) 131–
144.
[41] T. Ochsenreiter, D. Selezi, A. Quaiser, L. Bonch-Osmolovskaya,
C. Schleper, Diversity and abundance of Crenarchaeota in terrestrial
habitats studied by 16S RNA surveys and real time PCR, Environ. Microbiol. 5 (2003) 787–797.
[42] W.C. Oechel, G. Vourlitis, V. Nosov, S. Brooks, T. Crawford, L. Hinzman, D. Kane, D. Stow, A. Hope, Seasonal, large-scale estimation of
trace gas fluxes in arctic Alaska, Bull. Ecol. Soc. Am. 78 (1997) 155.

784

D.R. Nemergut et al. / Research in Microbiology 156 (2005) 775–784

[43] D.K. Oline, S.K. Schmidt, M.C. Grant, Landscape-scale diversity and
distribution of soil Crenarchaeota, Microb. Ecol., in press.
[44] N.R. Pace, A molecular view of microbial diversity and the biosphere,
Science 276 (1997) 734–740.
[45] W.M. Post, W.R. Emanuel, P.J. Zinke, A.G. Stangenberger, Soil carbon
pools and world life zones, Nature 298 (1982) 156–159.
[46] M.I. Richardson, I.T. Moore, K.K. Soma, F.-M. Lei, J.C. Wingfield,
How similar are high latitude and high altitude habitats? A review and
a preliminary study of the adrenocortical response to stress in birds of
the Qinghai-Tibetan Plateau, Acta Zool. Sinica 49 (2003) 1–19.
[47] V.E. Romanovsky, T.E. Osterkamp, Air, active layer, and permafrost
temperatures in arctic Alaska, in: AAAS Arctic Division Science Conference, vol. 198, American Association for the Advancement of Science, Fairbanks, AK, 1995.
[48] C.W. Schadt, A.P. Martin, D.A. Lipson, S.K. Schmidt, Seasonal dynamics of previously unknown fungal lineages in tundra soils, Science 301 (2003) 1359–1361.
[49] J.P. Schimel, C. Bilbrough, J.M. Welker, Increased snow depth affects
microbial activity and nitrogen mineralization in two arctic tundra
communities, Soil Biol. Biochem. 36 (2004) 217–227.
[50] J.P. Schimel, K. Kielland, F.S. Chapin, Nutrient availability and uptake
by tundra plants, in: J.F. Reynolds, J.D. Tenhunen (Eds.), In Landscape
Function and Disturbance in Arctic Tundra, vol. 120, Springer-Verlag,
Berlin, 1996, pp. 203–221.
[51] S.K. Schmidt, D.A. Lipson, Microbial growth under the snow: Implications for nutrient and allelochemical availability in temperate soils,
Plant Soil 259 (2004) 1–7.
[52] S.K. Schmidt, D.A. Lipson, R.E. Ley, M.C. Fisk, A.E. West, Impacts
of chronic nitrogen additions vary seasonally and by microbial functional group in tundra soils, Biogeochemistry 69 (2004) 1–17.
[53] T.R. Seastedt, W.D. Bowman, T.N. Caine, D. McKnight, A. Townsend,
M.W. Willliams, The landscape continuum: A model for highelevation ecosystems, Bioscience 54 (2004) 111–121.
[54] T. Segawa, K. Miyamoto, K. Ushida, K. Agata, N. Okada,
S. Kohshima, Seasonal change in bacterial flora and biomass in
mountain snow from the Tateyama Mountains, Japan, analyzed by

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

16S rRNA gene sequencing and real-time PCR, Appl. Environ. Microbiol. 71 (2005) 123–130.
T. Shi, R.H. Reeves, D.A. Gilichinsky, E.I. Friedmann, Characterization of viable bacteria from Siberian permafrost by 16S rDNA sequencing, Microb. Ecol. 33 (1997) 169–179.
M.N. Weintraub, J.P. Schimel, Interactions between carbon and nitrogen mineralization and soil organic matter chemistry in arctic tundra
soils, Ecosystems 6 (2003) 129–143.
M.N. Weintraub, J.P. Schimel, Nitrogen uptake and partitioning in the
arctic tundra of Alaska, Biogeochemistry, in press.
J.M. Welker, J.T. Fahnestock, M.H. Jones, Annual CO2 flux in dry and
moist arctic tundra: Field responses to increases in summer temperatures and winter snow depth, Climatic Change 44 (2000) 139–150.
A.E. West, P.D. Brooks, M.C. Fisk, L.K. Smith, E.A. Holland, C.H.
Jaeger, S. Babcock, R.S. Lai, S.K. Schmidt, Landscape patterns of
CH4 fluxes in an alpine tundra ecosystem, Biogeochemistry 45 (1999)
243–264.
K.P. Wickland, R.G. Striegl, S.K. Schmidt, M.A. Mast, Methane flux
in subalpine wetland and unsaturated soils in the southern Rocky
Mountains, Global Biogeochem. Cy. 13 (1999) 101–113.
M.W. Williams, J.S. Baron, N. Caine, R. Sommerfeld, R. Sanford, Nitrogen saturation in the Rocky Mountains, Environ. Sci. Technol. 30
(1996) 640–646.
M.W. Williams, P.D. Brooks, T. Seastedt, Nitrogen and carbon soil
dynamics in response to climate change in a high-elevation ecosystem
in the Rocky Mountains, USA, Arct. Alp. Res. 30 (1998) 26–30.
M.W. Williams, K.A. Tonnessen, Critical loads for inorganic nitrogen
deposition in the Colorado Front Range, USA, Ecol. Appl. 10 (2000)
1648–1665.
J.Z. Zhou, M.E. Davey, J.B. Figueras, E. Rivkina, D. Gilichinsky, J.M.
Tiedje, Phylogenetic diversity of a bacterial community determined
from Siberian tundra soil DNA, Microbiology (UK) 143 (1997) 3913–
3919.
S.A. Zimov, S.P. Davidov, Y.V. Voropaev, S.F. Prosiannikov, I.P. Semiletov, M.C. Chapin, F.S. Chapin, Siberian CO2 efflux in winter as a
CO2 source and cause of seasonality in atmospheric CO2 , Climatic
Change 33 (1996) 111–120.

