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Retreating ice fronts (as a result of a warming climate) expose large expanses of
deglaciated forefield, which become colonized by microbes and plants. There
has been increasing interest in characterizing the biogeochemical development
of these ecosystems using a chronosequence approach. Prior to the establish-
ment of plants, microbes use autochthonously produced and allochthonously
delivered nutrients for growth. The microbial community composition is
largely made up of heterotrophic microbes (both bacteria and fungi), auto-
trophic microbes and nitrogen-fixing diazotrophs. Microbial activity is
thought to be responsible for the initial build-up of labile nutrient pools, facil-
itating the growth of higher order plant life in developed soils. However, it is
unclear to what extent these ecosystems rely on external sources of nutrients
such as ancient carbon pools and periodic nitrogen deposition. Furthermore,
the seasonal variation of chronosequence dynamics and the effect of winter
are largely unexplored. Modelling this ecosystem will provide a quantita-
tive evaluation of the key processes and could guide the focus of future
research. Year-round datasets combined with novel metagenomic techniques
will help answer some of the pressing questions in this relatively new but
rapidly expanding field, which is of growing interest in the context of future
large-scale ice retreat.

1. Introduction

During recent decades, the cryosphere has received increasing recognition
for harbouring diverse and active microbial communities [1]. Extremes in temp-
erature, altitude, nutrient availability and seasonality create oligotrophic
surroundings in which only highly specialized organisms can thrive. Glaciers
and ice sheets at the poles and alpine regions have recently been subject to
rapid changes in climate. The ‘Arctic amplification” of near-surface air tempera-
ture has seen the Arctic warm at almost double the global average [2], along
with earlier spring melting [3], milder winter days, and the retreat of snow
and ice cover [4]. There has been a general volume decrease in Arctic glaciers
and icecaps since about 1920 [4]. Retreating glaciers expose terrestrial eco-
systems (figure 1) that have been previously locked under ice for thousands
of years, providing unique environments to study primary colonization by
simple cellular life. The fine glacial flour and highly reactive sediments found
in recently deglaciated forefields may also have a consequence on global bio-
geochemical cycles and atmospheric CO, concentrations, owing to the carbon
sink associated with rock weathering [5]. Studies of plant colonization are
fairly well established in glacial forefields [6—11]. However, studies based around
microbes, the initial colonizers of glacial forefields, remain in comparatively
early stages.

Soils at high latitudes and elevation develop over relatively long timescales,
owing to low mean annual temperatures and slow weathering rates [12]. A chron-
osequence is a useful approach to gauge the development of forefield soils and the
microbial communities associated with them over decadal timescales. By this
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Figure 1. Aerial photograph of the forefield of Midtre Lovénbreen, a retreat-
ing valley glacier in Svalbard. For scaling purposes, the proglacial lakes vary
between roughly 40—100 m in length. Photo credit: J. Bradley.

method, taking a transect perpendicular to the snout of a
receding glacier and using a space-for-time substitution, the
development of recently exposed to established soils further
from the ice-front can be characterized. This review covers the
current body of work in deglaciated forefields in polar and
alpine regions, and outlines suggestions for future research. Sec-
tion 2 describes the major trends in the existing literature on
forefield development, nutrient cycling and microbial commu-
nities. Section 3 considers the techniques employed in field
studies to characterize soil microbial communities. Section 4
introduces the importance of seasonality of polar soils. Section
5 draws attention to model development and a greater under-
standing of the processes that dominate these ecosystems.
Newly exposed glacier forefield ecosystems will become
much more expansive with continued ice retreat in a warming
climate. Hence it is imperative to understand and predict how
these ecosystems will develop in the future.

2. Nutrient cycling in glacier forefields

It is widely regarded that microorganisms are the initial coloni-
zers of recently exposed soils in deglaciated environments, such
as in the Arctic [13]. Microbial life is considered fundamental
in stabilizing soils and shaping the physical and biological
development of these ecosystems [14]. Field studies have been
conducted over a wide range of forefields, the majority of
which are in alpine regions, but there are also examples from
sub-polar and polar regions. Soil nutrient contents, rates of
nitrogen fixation, enzymatic activity and respiration vary with
stage of development, in turn altering the microbial community
composition [13]. The major pathways of nutrients in a typical
deglaciated forefield are outlined in figure 2. Allochthonous
material is derived from (1) the glacier surface [15-17], (b) pre-
cipitation and aerial deposition [18,19] and (c) biological
sources such as mammal and bird droppings [16]. Additionally,
adjacent ecosystems such as (f) marine and (d) subglacial
environments are likely to contribute to the nutrient dynamics

[16,20-22]. Finally, (¢) microbial activity within the forefield is
considered a major contributor to nutrient cycling [13,23].

(a) Carbon

The organic carbon content of glacial forefield soils is typically
low, in the range of 0.1-40 mg g~ '. This is thought to be an
important control on the growth of biomass in these nutrient-
poor ecosystems. Carbon content generally increases with
age of soil, as biomass is established and biological activity
increases [24]. This is illustrated in figure 34, and comprises
data from surface soils along 20 independent forefield studies
(table 1) with comparable methodologies and units (discount-
ing soils of 1000+ years in order to focus on the initial stages of
succession). Carbon content positively correlates with soil age
in all sites except two: the Larseman Hills, Antarctica [35],
where no clear trend was observed along the transect and the
Mendenhall Glacier (USA) [20] where there is a strong initial
ancient and subglacial allochthonous carbon input which
declines over the initial stages of succession.

The origin of carbon and other nutrients is often apparent
in the chemical signature of the biological community and
organic material. Studies on the Damma Glacier (Switzerland)
indicate three distinct sources of carbon to initial soils: autoch-
thonous primary production by autotrophic microorganisms,
the deposition of allochthonous material (such as insects and
soot particles) and ancient organic pools derived from under
the glacier [13]. The balance between the autotrophic commu-
nities fixing their own carbon and dependence on external
carbon sources to sustain microbial activity is crucial in shap-
ing the overall forefield development and the associated
biogeochemical cycles. Currently, from the existing body of
research that encompasses multiple datasets and techniques,
there is general disagreement in the dominant sources and
fluxes of carbon in initial and developed forefield soils in
different geographical regions.

Nutrient concentrations in initial soils are typically lower
than developed soils (figure 3). Carbon producers such as cya-
nobacteria and eukaryotic microalgae form a rich source of
organic matter, which in turn contributes carbon in nutrient-
deficient soils. There is evidence for substantial autotrophic
activity in initial soils at the Puca Glacier, Peru [23] based on a
series of soil activity experiments. However, this autochthonous
dominance is not reflected on other glaciers in polar and alpine
regions. The initial soils of the Mendenhall Glacier (USA) [20]
and Damma Glacier (Switzerland) [33] are subject to high
allochthonous inputs, which are thought to be vital in sustaining
microbial productivity. Glacier surfaces are also believed to
be important in sustaining the productivity of downstream eco-
systems by exporting labile organic matter, nutrients and
inocula species via hydrological pathways [15,16]. For example,
cryoconite melt is estimated to make up 13—-15% of all meltwater
runoff from Canada Glacier (McMurdo Dry Valleys, Antarctica)
from which organic content is exported to downstream
ecosystems and contributes to their productivity [17,40]. Simi-
larly, outwash from subglacial environments is also likely to
contribute to newly exposed soils in Svalbard [21,22].

Developed soils are typically richer in macronutrients
such as carbon and nitrogen (figure 3). At the Damma Glacier
(Switzerland), radio-isotope labelled carbon and in situ incu-
bations have shown that carbon fluxes and microbial activity
in developed soils are at least one order of magnitude greater
than initial soils [24]. Microbial activity in developed soils in
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Figure 2. Pathways of nutrient cycling in a typical deglaciated forefield system.
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Figure 3. Accumulation of (a) total organic carbon and (b) total nitrogen in
deglaciated forefield soils (see table 1 for source data).

the Odenwinkelkees Glacier forefield (Austrian Alps) [29] is
sustained mostly by recalcitrant and ancient allochthonous
carbon. This is in agreement with a study on the Robson
Glacier forefield (Canada), where increasing phenol oxidase
and peroxidase activities with age suggest that microbes in
later successional stages are also using recalcitrant carbon
resources as a dominant energy source [37].

(c) external biological input

(birds and animals)

s:
o S
!n:

(f) marine
influence

Table 1. Source data for carbon, nitrogen® and phosphorus® content in
deglaciated forefield chronosequences (figure 3).

field site references

Athabasca Glacier, Canada [6]
'”Rotmoosferner Austna S [6]
....Lyman GIac|er e [25]
WRotmoosferner Austrla [26] v
deenwmkeIkees Austna“ e [26] }
WEast Bmgger GIaaer Svalbard* S [27]

Rotmoosferner Austrla
Odenwmkelkees Austrla

Puca Glaqer Peru*8

o Glac|er Sw|tzerland*” S [3” .
WMendenhaII Glac|er e [20] .
S Glac|er R [32] N
S Glac|er Sw|tzer|and*uw e [33] N
WDongkemad| Glac|er (h|na S [34] N
wLarseman H|IIs Antarctlca [35]
o Glac|er Sw|tzer|and*ﬂw B [36] v
S Glac|er Sw|tzer|and e [24] .
WRobson Glacler Canada [37] ”
””Ecology Glaqer Antarctlca [38] ”
WLys Glaqer, ItaIy S [39] .

(b) Nitrogen

Nitrogen is commonly used in cellular synthesis of proteins
and nucleic acid. The major sources of bioavailable nitrogen
(nitrate, nitrite, ammonia and organic nitrogen) in forefield
soils are microbially mediated fixation of atmospheric nitrogen
gas (by cyanobacteria or some microbial groups associated
with plant roots), internal remineralization and external
sources, including snowmelt, aerial deposition and the break-
down of complex organic material [33]. Additionally, certain
types of sedimentary and metasedimentary bedrocks may con-
tain ecologically significant concentrations of nitrogen, which if
liberated could impact biological nitrogen cycling in soils [41].
Typical nitrogen concentrations (total N) in deglaciated soils

‘zggoﬂoz ng g 20§ ;H‘ 2014 ‘ﬁm‘ﬁu!qs!|qrid/(1a‘po<5|é/(‘oi'qd51 H


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on April 10, 2015

vary between 0.1 and 2 mg g~ ' across studies listed in table 1,
increasing with soil age (figure 3b). Unusually, Mendenhall
Glacier (USA) shows the reverse trend owing to very high
initial allochthonous substrate inputs [20]. Nitrogen contents
of vegetated soils are typically higher owing to the contribution
of plant litter and nitrogen-fixing microorganisms living
symbiotically with plant roots [28,31,33,37].

There is general agreement between studies that micro-
bially mediated nitrogen fixation is important in the initial
stages of soil development. Nitrogen-fixing colonizers have
been found to increase the accumulation of bioavailable nitro-
gen in soil and facilitate the colonization of later successional
species in the Damma Glacier forefield (Switzerland) [31],
Puca Glacier (Peru) [23,30], Mendenhall Glacier (Alaska)
[20,42] and Anvers Island (Antarctica) [43]. However, it is
also suggested that young soils at the Damma Glacier have
very little potential for nitrogen fixation as low numbers of
nifH gene copies associated with diazotrophs were found
in initial soils [33]. Instead, the research suggests that initial
communities acquire nitrogen mostly through allochthonous
sources and the remineralization of ancient organic matter. Esti-
mates for the natural deposition of nitrogen on the Damma
Glacier are several orders of magnitude higher than nitrogen-
fixation activity [33], suggesting that this allochthonous
delivery may sustain nitrogen demand. Aerial deposition of
bioavailable nitrogen also occurs in Svalbard as a result of
western European pollution [18]. Studies in Austria, Alaska
and Svalbard show that recalcitrant and ancient organic
matter provide nitrogen, in accordance with findings on the
Damma Glacier [13,20,29,33]. Microbially mediated denitrifica-
tion has also been shown to occur in forefields, encouraged
by anoxic conditions from a build-up of vascular plants and
high-moisture soils [13,33,44,45].

(c) Phosphorus

Phosphorus is a critical macronutrient for the growth and survi-
val of living organisms, used in nucleic acids, ATP and
phospholipids. Bioavailable phosphorus is usually abundant in
the topsoil or bedrock of glaciated regions from weathering of
the mineral surface. Thus, overall mineralogy of the area is
likely to exert a strong control on biological activity in deglaciated
soils. The bioavailability of phosphorus changes considera-
bly along two deglaciated transects, the Hailuogou Glacier
(Gongga Shan, China) and Damma Glacier (Switzerland) [46].
Initial soils on both forefields are depleted of bedrock-derived
apatite-phosphorus and Al-bound phosphorus. However, acidi-
fication of developed soils (due to exudates from plant roots and
the decomposition of organic matter) increases mineral dissol-
ution and topsoil phosphorus status, which further facilitates
the growth of microbial and plant communities in phosphorus-
limited systems. Soil stocks of bioavailable phosphorus in four
forefield systems show a general increase with chronosequence
age from around 2 pg g71 in undeveloped soils to around
8 ng g{l in developed and vegetated soils [20,26,30].

3. Characterizing microbial communities
in heterogeneous glacier forefields

Within the last decade, the development and commercializa-
tion of genetic sequencing techniques has enabled researchers
to carry out much more detailed analyses of microbial

communities in the environment. In 2002, DNA extraction
and amplification was used to indicate a difference in bac-
terial community composition in glacial forefields in
Switzerland [47], showing for the first time that diverse
microbial communities inhabit even the least developed
soils. Since, increasing availability and decreased cost of mol-
ecular techniques has seen their wide use in characterizing
microbial community development in glacial forefields
[20,23,30,34-36,38,42,48—-50]. Cyanobacteria, Proteobacteria,
Actinobacteria and various species of fungi are commonly
found in deglaciated soil ecosystems in the Arctic and Antarc-
tic [9,20,21,35,43]. Although far less studied than the other
microbial groups, Archaea have also been found in glacial
forefields [50]. Numerous studies have shown the abundance
of gene copies relating to nitrogen fixation and mineralization
[31,33,43] and denitrifying bacteria [28,51]. Combinations of
DNA barcoding, RNA amplification and extensive biogeo-
chemical analysis of the soil environment have allowed
scientists to robustly determine the functional traits of the
microbial communities and their ability to metabolize a wide
range of substrates as energy sources. Next-generation meta-
genomic technology has recently been used to characterize
the biological components of glacial sediments [52] and Antarc-
tic soils [53], revealing a much greater diversity of lineages
and functions than previously thought. However, using metage-
nomic technology in polar environments is particularly
challenging because of the relatively low concentrations of
microbial biomass, resulting in low recoveries of quality
genomic DNA, particularly in young soils.

Bacteria and fungi exhibit different successional patterns
during primary colonization. For example, at the Lyman Gla-
cier (USA), bacterial communities appeared to converge
towards single community types, whereas fungi (which are
more dependent on fixed carbon and nitrogen and typically
colonize at a later stage) did not show evidence of convergence
[54,55]. Increasing microbial diversity in developed soils
broadens the pathways of litter decomposition, owing to
enhanced enzymatic capabilities for degrading complex sub-
strates, and higher functional niche complementarity [56].
Nearly, one-third of carbon stocks from the Damma Glacier
forefield (Switzerland) was lost to microbial respiration in
developed soils, indicating a highly active community of
decomposers [56]. Microbial productivity is also determined
by the quality of organic substrate, indicated by a build-up of
poor quality recalcitrant carbon in older soils of the Damma
Glacier resulting in decreased availability of soil organic
matter with age [32]. Differences in Archaeal community com-
position have been observed in the Damma Glacier, where
there is a shift from Euryarchaeota in young soils to Crenarch-
aeota in old soils [50]. The presence of Euryarchaeota in young
soils, which have a number of known methanogenic represen-
tatives, could indicate a strong influence of subglacial microbial
communities and biogeochemical functions in the initial stages
of soil succession.

The forefield of a receding glacier is extremely hetero-
geneous in terms of physical landforms, soil structure and
environmental conditions, each of which directly impact the
composition, activity and function of the microbial commu-
nity. A key assumption of the chronosequence approach is
that each site along the chronosequence was subject to the
same initial conditions and followed the same sequence of
change. The extent to which this is true for many field-sites
is questionable, as glacier forefields are subject to large
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fluctuations in climate and hydrology over decadal time-
scales. Heterogeneity exists across multiple spatial scales. For
example, soil rizospheres at the Damma Glacier (Switzerland)
were found to be two to six times richer in macronutrients than
bulk soils [31]. The biogeochemical signature of the soil is not
just the result of a single microbe but the whole microbial com-
munity. Temporal heterogeneity also affects chronosequence
studies. Single evaluations of a soil chronosequences are
snap-shots that are likely to change in the following days to
weeks depending on hydrology and local environmental fac-
tors. Landscape mineralogy also exerts a significant control
on the microbial community structure indicated by the clear
difference between calcareous soils and siliceous soils in
two alpine forefields, despite negligible differences in macro-
nutrient concentrations between sites [57]. Consequently,
comparing and contextualizing different chronosequence
studies remains challenging, with multiple factors playing a
role in the stages of soil development.

4. Seasonality of a glacier forefield ecosystem

Although the year-on-year development of forefield ecosystems
is increasingly well studied, very few investigations consider
the winter dynamics. Polar winters are characterized by sub-
zero temperatures, periods of 24 h darkness (in high latitudes),
and snow cover. Microbial activity during the winter has
long been assumed to be insignificant to forefield ecosystem
dynamics as microbial populations lie dormant under adverse
environmental conditions. However, during winter, overlying
snowpacks may insulate the soils and protect soil organisms
from frost damage [58]. As little as 30 cm of snow is sufficient
to decouple soil and air temperatures thus promoting survival
of microbial communities [59]. In the Arctic, earlier snow cover
results in higher minimum soil temperatures, keeping soils
unfrozen for much of the winter [60—63]. Active microbial nitro-
gen cycling occurs in winter snowpacks in Svalbard [19].
Biologically available nitrogen in the spring melt is then assimi-
lated into the underlying soils and incorporated as organic
nitrogen [64—66]. However, gas exchanges between the soil
and atmosphere may be limited by thick snow cover and peri-
odic melting causing ice-encasement, leading to anoxia and an
accumulation of CO, [67], resulting in microbially induced
denitrification and N,O emissions [44,68].

Winter soils in various alpine environments harbour an
active microbial community of decomposers that continue
to respire CO, [63,69-71]. Ongoing activity is fuelled by
fungal and microbial decomposition of organic polymers
and phenolic compounds [72,73]. Temperature is a probable
driver of microbial processes and community development.
Over winter, there are distinct community shifts towards
cold-adapted fungi and decomposers such as Actinobacteria
in alpine and Antarctic tundra soils [72-74]. As such, the
microbial community typically sampled during summer
may not be representative of the year-round variability that
the natural system experiences.

The onset of spring melt causes changes to the hydrologi-
cal and biological regime of the forefield system. Rapid solute
efflux due to preferential elution has the potential to export
significant quantities of solute labile carbon to unfrozen
soils via infiltration [62]. However, if soils remain frozen at
the time of snowmelt, infiltration is prevented and a signifi-
cant proportion of nutrients may be lost owing to wash-out

[62,75]. A continuous snowpack promotes the accumulation “

of unfrozen soil water, solutes and microbial transformations
of carbon, nitrogen and phosphorus, whereas an intermittent
snowpack and pulses of water encourages leaching of soluble
nutrients, and redox reactions [62]. This is likely to have a sig-
nificant effect on the annual delivery of nutrients to forefield
soils as a result of spring melt.

Seasonal climate variations as a result of anthropogenic
warming [4] will undoubtedly affect the development of
microbial communities in forefield soils. Bacterial activity is
likely to increase with longer growing seasons [76]. However,
carbon loss from the soil may be accelerated by warming
temperatures [77]. Changes to the hydrological regime may
cause extra disturbance to soil communities [3], while a
reduction in snow cover may also hinder biological develop-
ment owing to the loss of a protective insulating layer and
exposure to frost damage [58]. It is imperative that the distinct
seasonal changes which polar regions experience are cap-
tured in studies on forefield studies, since it is likely to
have a direct impact on the microbial community structure,
nutrient cycling and long-term development of the soil.

5. Numerical modelling of the forefield

ecosystem

Typical field and laboratory methodologies have yielded
volumes of data related to geochemical and molecular infor-
mation. When combined with numerical modelling tools, the
underlying processes controlling the system dynamics can be
quantitatively evaluated to provide indication of the potential
sensitivity of the system to environmental changes.

Incorporating models into studies of microbial succession
is becoming more feasible as our understanding deepens
alongside increased computational power and model devel-
opment [78]. Modelling requires an understanding of the
fundamental processes and is driven by data. Process-based
modelling of microbial ecology, whereby the most important
biogeochemical and physical processes are modelled expli-
citly, has gained popularity in a range of soil and sediment
ecosystems [79—-83]. Process-based models have successfully
described nitrogen turnover in soils [84], nutrient fluxes in
Arctic soils [81,82] and litter degradation in a temperate
environment [83].

As increasing data accumulates from fieldwork, it will
become more apparent which level of model complexity is
required to adequately represent microbial succession in fore-
field soils. Ultimately, models should be designed to answer
the most pressing questions as accurately and with as much
confidence as possible. In forefield ecosystem dynamics,
models could be used to explore such unknowns as: (i) the rela-
tive importance of allochthonous and autochthonous nutrient
sources (such as nitrogen input with snowmelt) in determining
the microbial community, (ii) quantifying the effect of disturb-
ances, (iil) assessing how microbial diversity influences soil
development, (iv) the importance of seasonality, (v) the sensi-
tivity of chronosequence development to future climate
change, and (vi) identifying gaps in our understanding to
inform future fieldwork and research questions. To fit these
purposes, models must have an explicit representation of
microbial community dynamics and their interactions with
major nutrient pathways and changing environmental
conditions.
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There are unique problems associated with applying exist-
ing modelling principles to forefield soil development. For
example, growing seasons are punctuated by harsh winter con-
ditions. Therefore, seasonality must be resolved to accurately
portray the progression of one growing season to the next.
Decomposer activity would be seasonally variable [24] but is
often assumed to be constant in shorter time-frame models
[85]. The majority of datasets do not account for seasonality,
representing only summer. In a carbon enrichment experiment
at the Damma Glacier (Switzerland) tracking respiratory losses
from soils, it was estimated that between 62 and 72% of annual
CO;, effluxes were the result of respiration during a four-month
long summer period [24,56], suggesting that respiration contin-
ued over winter. Additionally, there is potential for significant
errors in the discrepancies between the scale at which microbial
ecosystems are present in the soils (less than 10~ cm), the scale
at which they can be sampled (1-10 cm), and scales at which
they are modelled. Processes that dominate at the microscopic
scale must be re-parametrized so that they are applicable on a
coarser spatial scale. This upscaling is unlikely to respond in a
linear fashion [86] and may lead to uncertainties.

In biogeochemical soil models, parameters are usually cali-
brated using empirical field data [81,83,84,87,88]. However, it
is often difficult to isolate the effects of specific variables to
determine realistic parameter values, since microbial activity
in a glacier forefield is simultaneously affected by tempera-
ture, nutrient availability, light and moisture availability [16].
Environmental factors can be controlled to a large extent in lab-
oratory incubations, thereby isolating single variables and thus
quantifying the sensitivity of the system to specific manipula-
tions. Thus, model parameters can be informed by laboratory
studies, such as nitrogen turnover dynamics in soils [89] and
temperature sensitivity of microbial growth rates [90]. Repre-
senting unknown and unquantifiable components in a model
description often introduces errors, uncertainties and unrealis-
tic parameter values; however, these problems can also result
from over-simplification. Models describing forefield develop-
ment must ultimately be a simplified version of the system,
well constrained by observational data, without sacrificing
the components that are essential for its understanding.

6. Conclusion and future outlook

The Arctic and Antarctic regions are warming at double to triple
the global average rate [2,91]. Thus, it is likely that deglaciated
forefields will become much more expansive in the future as a
result of continued ice retreat. It is important to understand
the dominant controls on ecosystem development to determine

References

1. Anesio AM, Laybourn-Parry J. 2012 Glaciers and ice 4.
sheets as a biome. Trends Ecol. Evol. 27, 219-225.
(doi:10.1016/j.tree.2011.09.012) Press.

ACIA. 2005 Arctic climate impacts assessment, 7.
p. 1042. Cambridge, UK: Cambridge University

long-term productivity and understand how landscapes [ 6 |

become colonized and productive. Simple descriptions of
species distribution and environmental biogeochemistry are
progressing onto a deeper understanding of the processes
which drive the spatial and temporal patterning of microbial
communities, and establishing the dominant controls on their
growth, activity and succession.

Over the last decade, there has been increasing interest in
attempting to characterize forefield development in relation
to microbial community establishment and nutrient cycling.
Autotrophic microorganisms are responsible to some extent
for the build-up of initial pools of carbon in the soils [23]. Simi-
larly, nitrogen-fixing species may facilitate later colonization of
the soil by increasing the overall nitrogen bioavailability
[20,23,30,31,42,43]. However, it still remains unclear to what
extent microbial life is responsible for the initial build-up of
nutrients, compared to external sources. To further appreciate
how forefield ecosystems are connected in the cryosphere
and biosphere, detailed understanding of the delivery mechan-
isms, pathways and export of allochthonously derived and
autochthonously produced nutrients is needed. The seasonal
dynamics of these ecosystems are also largely unexplored. Pro-
jected warming of polar regions is most prominent during the
winter months in the Arctic; therefore, it is increasingly impor-
tant to study winter dynamics of soils. Yet, few studies
currently incorporate seasonality into their sampling strategy
or analysis. Finally, the development of numerical models
which test the importance of external nutrient loading and sea-
sonal variation may be able to provide answers to the most
pressing questions. Model building helps us learn more about
the general functioning of these systems, and may be able to
guide future research and the design of field experiments.
Global climate change not only results in a transformation of
the physical landscape due to melting and retreating ice
masses, but also rapid changes in biogeochemical cycles.
Deglaciated forefields are ideal locations to study such changes.

Future progress will largely be dependent on the increased
availability of year-round observational data from a range of
forefields, as well as efforts to quantitatively evaluate the
importance of various processes and external forcings. This
will enable some predictive capability, and a better mechanistic
understanding of the underlying processes which drive
microbial community development in forefield soils, for both
small-scale glacier systems and large-scale ice sheet retreat.

Acknowledgements. We thank the two anonymous referees who
provided valuable comments on the manuscript.

Funding statement. This research was supported by NERC grant no. NE/
J02399X/1 to AM.A.

Fastie CL. 1995 Causes and ecosystem consequences
of multiple pathways of primary succession at
Glacier Bay, Alaska. Ecology 76, 1899—1916.

Graversen RG, Mauritsen T, Tjernstrom M, Kallen E,
Svensson G. 2008 Vertical structure of recent Arctic
warming. Nature 451, U53—U54. (doi:10.1038/
Nature06502)

Overland JE, Wang M, Salo S. 2008 The recent Arctic
warm period. Tellus A 60, 589—597. (doi:10.1111/j.
1600-0870.2008.00327.x)

Anderson SP, Drever JI, Humphrey NF. 1997
Chemical weathering in glacial environments.
Geology 25, 399—402. (doi:10.1130/0091-
7613(1997)025 << 0399:CWIGE>2.3.0;2)

Insam H, Haselwandter K. 1989 Metabolic quotient
of the soil microflora in relation to plant succession.
Oecologia 79, 174—178. (doi:10.1007/Bf00388474)

(d0i:10.2307/1940722)

8. Frenot Y, Gloaguen JC, Cannavacciuolo M, Bellido A.
1998 Primary succession on glacier forelands in
the subantarctic Kerguelen Islands. J. Veg Sdi. 9,
75-84. (doi:10.2307/3237225)

9. Hodkinson ID, Coulson SJ, Webb NR. 2003

Community assembly along proglacial

7880vL07 “18Z g 705 'y D0y BioBuiysigndisaposeforgds:


http://dx.doi.org/10.1016/j.tree.2011.09.012
http://dx.doi.org/10.1038/Nature06502
http://dx.doi.org/10.1038/Nature06502
http://dx.doi.org/10.1111/j.1600-0870.2008.00327.x
http://dx.doi.org/10.1111/j.1600-0870.2008.00327.x
http://dx.doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1997)025%3C0399:CWIGE%3E2.3.CO;2
http://dx.doi.org/10.1007/Bf00388474
http://dx.doi.org/10.2307/1940722
http://dx.doi.org/10.2307/3237225
http://rspb.royalsocietypublishing.org/

20.

21.

22.

Downloaded from http://rspb.royalsocietypublishing.org/ on April 10, 2015

chronosequences in the high Arctic: vegetation and
soil development in north-west Svalbard. J. Ecol.
914, 651-663. (doi:10.1046/j.1365-2745.2003.
00786.x)

Moreau M, Mercier D, Laffly D, Roussel E. 2008
Impacts of recent paraglacial dynamics on plant
colonization: a case study on Midtre Lovenbreen
foreland, Spitsbergen (79 degrees N). Geomorphology
95, 48-60. (doi:10.1016/j.geomorph.2006.07.031)

. Strauss SL, Ruhland CT, Day TA. 2009 Trends in soil

characteristics along a recently deglaciated foreland
on Anvers Island, Antarctic Peninsula. Polar Biol. 32,
1779—-1788. (doi:10.1007/500300-009-0677-3)

Ellis S, Mellor A. 1995 Soil formation and
environment. In Soils and environment (eds S Ellis,
A Mellor), pp. 93—122. London, UK: Routledge.
Schulz S, Brankatschk R, Dumig A, Kogel-Knabner I,
Schloter M, Zeyer J. 2013 The role of microorganisms
at different stages of ecosystem development for soil
formation. Biogeosciences 10, 3983 —3996. (doi:10.
5194/bg-10-3983-2013)

Dietrich WE, Perron JT. 2006 The search for a
topographic signature of life. Nature 439, 411-418.
(doi:10.1038/Nature04452)

Anesio AM, Hodson AJ, Fritz A, Psenner R,

Sattler B. 2009 High microbial activity on glaciers:
importance to the global carbon cycle. Glob. Change
Biol. 15, 955—960. (doi:10.1111/j.1365-2486.2008.
01758.x)

Mindl B, Anesio AM, Meirer K, Hodson AJ,
Laybourn-Parry J, Sommaruga R, Sattler B. 2007
Factors influencing bacterial dynamics along a
transect from supraglacial runoff to proglacial lakes
of a high Arctic glacier (vol. 7, p. 307, 2007). Fems
Microbiol. Ecol. 59, 762. (doi:10.1111/j.1574-6941.
2007.00295.x)

Fountain AG, Nylen TH, Tranter M, Bagshaw E.
2008 Temporal variations in physical and

chemical features of cryoconite holes on Canada
Glacier, McMurdo Dry Valleys, Antarctica.

J. Geophys. Res.-Biogeosci. 113, G01592. (doi:10.
1029/2007jg000430)

Hodson A, Roberts TJ, Engvall AC, Holmen K,
Mumford P. 2010 Glacier ecosystem response to
episodic nitrogen enrichment in Svalbard, European
high Arctic. Biogeochemistry 98, 171—184. (doi:10.
1007/510533-009-9384-y)

Larose C, Dommergue A, Vogel TM. 2013 Microbial
nitrogen cycling in Arctic snowpacks. Environ. Res.
Lett. 8, 035004. (doi:10.1088/1748-9326/8/3/035004)
Sattin SR, Cleveland CC, Hood E, Reed SC, King AJ,
Schmidt SK, Robeson MS, Ascarrunz N, Nemergut
DR. 2009 Functional shifts in unvegetated,
perhumid, recently-deglaciated soils do not
correlate with shifts in soil bacterial community
composition. J. Microbiol. 47, 673 —681. (doi:10.
1007/512275-009-0194-7)

Kastovska K, Elster J, Stibal M, Santruckova H. 2005
Microbial assemblages in soil microbial succession after
glacial retreat in Svalbard (high Arctic). Microb. Ecol.
50, 396—407. (doi:10.1007/500248-005-0246-4)
Skidmore ML, Foght JM, Sharp MJ. 2000 Microbial
life beneath a high Arctic glacier. Appl. Environ.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

33.

34.

Microb. 66, 3214—3220. (doi:10.1128/Aem.66.8.
3214-3220.2000)

Schmidt SK et al. 2008 The earliest stages of
ecosystem succession in high-elevation (5000
metres above sea level), recently deglaciated soils.
Proc. R. Soc. B 275, 2793 —2802. (doi:10.1098/rspb.
2008.0808)

Guelland K, Hagedorn F, Smittenberg RH, Goransson
H, Bernasconi SM, Hajdas I, Kretzschmar R. 2013
Evolution of carbon fluxes during initial soil
formation along the forefield of Damma Glacier,
Switzerland. Biogeochemistry 113, 545—561.
(doi:10.1007/s10533-012-9785-1)

Ohtonen R, Fritze H, Pennanen T, Jumpponen A,
Trappe J. 1999 Ecosystem properties and microbial
community changes in primary succession on a
glacier forefront. Oecologia 119, 239—246. (doi:10.
1007/5004420050782)

Tscherko D, Rustemeier J, Richter A, Wanek W,
Kandeler E. 2003 Functional diversity of the soil
microflora in primary succession across two

glacier forelands in the Central Alps. Eur. J. Soil Sdi.
54, 685-696. (doi:10.1046/j.1365-2389.2003.
00570.x)

Bekku YS, Nakatsubo T, Kume A, Koizumi H. 2004
Soil microbial biomass, respiration rate, and
temperature dependence on a successional glacier
foreland in Ny-Alesund, Svalbard. Arct. Antarct. Alp
Res. 36, 395—399. (doi:10.1657/1523-0430(2004)
036[0395:SMBRRA]2.0.€0;2)

Deiglmayr K, Philippot L, Tscherko D, Kandeler E.
2006 Microbial succession of nitrate-reducing
bacteria in the rhizosphere of Poa alpina across a
glacier foreland in the Central Alps. Environ.
Microbiol. 8, 1600—1612. (doi:10.1111/.1462-2920.
2006.01051.%)

Bardgett RD et al. 2007 Heterotrophic microbial
communities use ancient carbon following glacial
retreat. Biol. Lett. 3, 487—490. (doi:10.1098/rshl.
2007.0242)

Nemergut DR, Anderson SP, Cleveland CC, Martin
AP, Miller AE, Seimon A, Schmidt SK. 2007 Microbial
community succession in an unvegetated, recently
deglaciated soil. Microb. Ecol. 53, 110—122. (doi:10.
1007/500248-006-9144-7)

Duc L, Noll M, Meier BE, Burgmann H, Zeyer J. 2009
High diversity of diazotrophs in the forefield of a
receding alpine glacier. Microb. Ecol. 57, 179—190.
(doi:10.1007/500248-008-9408-5)

Goransson H, Venterink HO, Baath E. 2011 Soil
bacterial growth and nutrient limitation along a
chronosequence from a glacier forefield. Soil Biol.
Biochem. 43, 1333—1340. (d0i:10.1016/j.soilbio.
2011.03.006)

Brankatschk R, Towe S, Kleineidam K, Schloter M,
Zeyer J. 2011 Abundances and potential activities
of nitrogen cycling microbial communities

along a chronosequence of a glacier forefield.
Isme J. 5, 1025-1037. (doi:10.1038/ismej.
2010.184)

Liu GX, Hu P, Zhang W, Wu XK, Yang X, Chen T, Zhang
MX, Li SW. 2012 Variations in soil culturable bacteria
communities and biochemical characteristics in the

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

Dongkemadi Glacier forefield along a chronosequence.

folia Microbiol. 57, 485—494. (doi:10.1007/512223-
012-0159-9)

Bajerski F, Wagner D. 2013 Bacterial succession

in Antarctic soils of two glacier forefields on
Larsemann Hills, east Antarctica. Fems Microbiol.
Ecol. 85, 128—142. (doi:10.1111/1574-6941.12105)
Frey B, Buhler L, Schmutz S, Zumsteg A, Furrer G.
2013 Molecular characterization of phototrophic
microorganisms in the forefield of a receding glacier
in the Swiss Alps. Environ. Res. Lett. 8, €015033.
(doi:10.1088/1748-9326/8/1/015033)

Hahn AS, Quideau SA. 2013 Shifts in soil microbial
community biomass and resource utilization along a
(anadian glacier chronosequence. Can. J. Soil Sci.
93, 305—318. (doi:10.4141/Cjss2012-133)
Zdanowski MK, Zmuda-Baranowska MJ, Borsuk P,
Swiatecki A, Gorniak D, Wolicka D, Jankowska KM,
Grzesiak J. 2013 Culturable bacteria community
development in postglacial soils of Ecology
Glacier, King George Island, Antarctica. Polar

Biol. 36, 511—527. (doi:10.1007/500300-012-
1278-0)

D’Amico ME, Freppaz M, Filippa G, Zanini E. 2014
Vegetation influence on soil formation rate in a
proglacial chronosequence (Lys Glacier, NW Italian
Alps). Catena 113, 122-137. (doi:10.1016/j.catena.
2013.10.001)

Fountain AG, Tranter M, Nylen TH, Lewis KJ, Mueller
DR. 2004 Evolution of cryoconite holes and their
contribution to meltwater runoff from glaciers in
the McMurdo Dry Valleys, Antarctica. J. Glaciol. 50,
35-45. (doi:10.3189/172756504781830312)
Holloway JM, Dahlgren RA. 2002 Nitrogen in rock:
occurrences and biogeochemical implications. Glob.
Biogeochem. Cycles 16, 65. (doi:10.1029/2002
gb001862)

Knelman JE, Legg TM, O'Neill SP, Washenberger CL,
Gonzalez A, Cleveland CC, Nemergut DR. 2012
Bacterial community structure and function change
in association with colonizer plants during early
primary succession in a glacier forefield. Soil Biol.
Biochem. 46, 172—180. (doi:10.1016/j.50ilbio.2011.
12.001)

Strauss SL, Garcia-Pichel F, Day TA. 2012 Soil
microbial carbon and nitrogen transformations

at a glacial foreland on Anvers Island, Antarctic
Peninsula. Polar Biol. 35, 1459—1471. (doi:10.1007/
500300-012-1184-5)

Mohn J, Steinlin C, Merbold L, Emmenegger L,
Hagedorn F. 2013 N,0 emissions and source
processes in snow-covered soils in the Swiss Alps.
Isot Environ. Health Stud. 49, 520—531. (doi:10.
1080/10256016.2013.826212)

Ansari AH, Hodson AJ, Heaton THE, Kaiser J, Marca-
Bell A. 2013 Stable isotopic evidence for nitrification
and denitrification in a high Arctic glacial
ecosystem. Biogeochemistry 113, 341—357. (doi:10.
1007/510533-012-9761-9)

Prietzel J, Dumig A, Wu YH, Zhou J, Klysubun W.
2013 Synchrotron-based P K-edge XANES
spectroscopy reveals rapid changes of phosphorus
speciation in the topsoil of two glacier foreland

zggoﬂoz Lszg ;)of H 'JbJJ “ ‘616'Su!q5!|dhd/(ll,a‘poqé./(‘oi'qd.sj


http://dx.doi.org/10.1046/j.1365-2745.2003.00786.x
http://dx.doi.org/10.1046/j.1365-2745.2003.00786.x
http://dx.doi.org/10.1016/j.geomorph.2006.07.031
http://dx.doi.org/10.1007/s00300-009-0677-3
http://dx.doi.org/10.5194/bg-10-3983-2013
http://dx.doi.org/10.5194/bg-10-3983-2013
http://dx.doi.org/10.1038/Nature04452
http://dx.doi.org/10.1111/j.1365-2486.2008.01758.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01758.x
http://dx.doi.org/10.1111/j.1574-6941.2007.00295.x
http://dx.doi.org/10.1111/j.1574-6941.2007.00295.x
http://dx.doi.org/10.1029/2007jg000430
http://dx.doi.org/10.1029/2007jg000430
http://dx.doi.org/10.1007/s10533-009-9384-y
http://dx.doi.org/10.1007/s10533-009-9384-y
http://dx.doi.org/10.1088/1748-9326/8/3/035004
http://dx.doi.org/10.1007/s12275-009-0194-7
http://dx.doi.org/10.1007/s12275-009-0194-7
http://dx.doi.org/10.1007/s00248-005-0246-4
http://dx.doi.org/10.1128/Aem.66.8.3214-3220.2000
http://dx.doi.org/10.1128/Aem.66.8.3214-3220.2000
http://dx.doi.org/10.1098/rspb.2008.0808
http://dx.doi.org/10.1098/rspb.2008.0808
http://dx.doi.org/10.1007/s10533-012-9785-1
http://dx.doi.org/10.1007/s004420050782
http://dx.doi.org/10.1007/s004420050782
http://dx.doi.org/10.1046/j.1365-2389.2003.00570.x
http://dx.doi.org/10.1046/j.1365-2389.2003.00570.x
http://dx.doi.org/10.1657/1523-0430(2004)036[0395:SMBRRA]2.0.CO;2
http://dx.doi.org/10.1657/1523-0430(2004)036[0395:SMBRRA]2.0.CO;2
http://dx.doi.org/10.1111/j.1462-2920.2006.01051.x
http://dx.doi.org/10.1111/j.1462-2920.2006.01051.x
http://dx.doi.org/10.1098/rsbl.2007.0242
http://dx.doi.org/10.1098/rsbl.2007.0242
http://dx.doi.org/10.1007/s00248-006-9144-7
http://dx.doi.org/10.1007/s00248-006-9144-7
http://dx.doi.org/10.1007/s00248-008-9408-5
http://dx.doi.org/10.1016/j.soilbio.2011.03.006
http://dx.doi.org/10.1016/j.soilbio.2011.03.006
http://dx.doi.org/10.1038/ismej.2010.184
http://dx.doi.org/10.1038/ismej.2010.184
http://dx.doi.org/10.1007/s12223-012-0159-9
http://dx.doi.org/10.1007/s12223-012-0159-9
http://dx.doi.org/10.1111/1574-6941.12105
http://dx.doi.org/10.1088/1748-9326/8/1/015033
http://dx.doi.org/10.4141/Cjss2012-133
http://dx.doi.org/10.1007/s00300-012-1278-0
http://dx.doi.org/10.1007/s00300-012-1278-0
http://dx.doi.org/10.1016/j.catena.2013.10.001
http://dx.doi.org/10.1016/j.catena.2013.10.001
http://dx.doi.org/10.3189/172756504781830312
http://dx.doi.org/10.1029/2002gb001862
http://dx.doi.org/10.1029/2002gb001862
http://dx.doi.org/10.1016/j.soilbio.2011.12.001
http://dx.doi.org/10.1016/j.soilbio.2011.12.001
http://dx.doi.org/10.1007/s00300-012-1184-5
http://dx.doi.org/10.1007/s00300-012-1184-5
http://dx.doi.org/10.1080/10256016.2013.826212
http://dx.doi.org/10.1080/10256016.2013.826212
http://dx.doi.org/10.1007/s10533-012-9761-9
http://dx.doi.org/10.1007/s10533-012-9761-9
http://rspb.royalsocietypublishing.org/

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Downloaded from http://rspb.royalsocietypublishing.org/ on April 10, 2015

chronosequences. Geachim. Cosmochim. Acta 108,
154—171. (doi:10.1016/j.9ca.2013.01.029)

Sigler WV, Zeyer J. 2002 Microbial diversity and
activity along the forefields of two receding glaciers.
Microb. Ecol. 43, 397 -407. (doi:10.1007/500248-
001-0045-5)

Schutte UME, Abdo Z, Foster J, Ravel J, Bunge J,
Solheim B, Forney LJ. 2010 Bacterial diversity in a
glacier foreland of the high Arctic. Mol. Ecol. 19,
54-66. (doi:10.1111/j.1365-294X.2009.04479.x)
Barcena TG, Yde JC, Finster KW. 2010 Methane flux
and high-affinity methanotrophic diversity along
the chronosequence of a receding glacier in
Greenland. Ann. Glaciol. 51, 23—-31. (d0i:10.3189/
172756411795932001)

Zumsteg A, Luster J, Goransson H, Smittenberg RH,
Brunner 1, Bernasconi SM, Zeyer J, Frey B. 2012
Bacterial, archaeal and fungal succession in the
forefield of a receding glacier. Microb. Ecol. 63,
552-564. (doi:10.1007/500248-011-9991-8)
Kandeler E, Deiglmayr K, Tscherko D, Bru D,
Philippot L. 2006 Abundance of narG, nirS, nirk,
and nosZ genes of denitrifying bacteria during
primary successions of a glacier foreland. Appl.
Environ. Microb. 72, 5957 —5962. (d0i:10.1128/Aem.
00439-06)

Wright KE, Williamson C, Grasby SE, Spear JR,
Templeton AS. 2013 Metagenomic evidence for
sulfur lithotrophy by Epsilonproteobacteria as the
major energy source for primary productivity in a
sub-aerial arctic glacial deposit, Borup Fiord

Pass. Front. Microbiol. 4, 63. (doi:10.3389/fmicb.
2013.00063)

Pearce DA, Newsham KK, Thorne MA, Calvo-Bado L,
Krsek M, Laskaris P, Hodson A, Wellington EM. 2012
Metagenomic analysis of a southern maritime
antarctic soil. Front. Microbiol. 3, 403. (doi:10.3389/
fmicb.2012.00403)

Schmidt SK, Nemergut DR, Darcy JL, Lynch R. 2014
Do bacterial and fungal communities assemble
differently during primary succession? Mol. Ecol. 23,
254-258. (doi:10.1111/Mec.12589)

Brown SP, Jumpponen A. 2014 Contrasting primary
successional trajectories of fungi and bacteria in
retreating glacier soils. Mol. Ecol. 23, 481-497.
(doi:10.1111/Mec.12487)

Guelland K, Esperschutz J, Bornhauser D, Bernasconi
SM, Kretzschmar R, Hagedorn F. 2013 Mineralisation
and leaching of C from C-13 labelled plant litter
along an initial soil chronosequence of a glacier
forefield. Soil Biol. Biochem. 57, 237—247. (doi:10.
1016/j.50ilbi0.2012.07.002)

Meola M, Lazzaro A, Zeyer J. 2014 Diversity,
resistance, and resilience of the bacterial
communities at two alpine glacier forefields after a
reciprocal soil transplantation. Environ. Microbiol.
16, 1918—1934. (doi:10.1111/1462-2920.12435)
Hinkler J, Hansen BU, Tamstorf MP, Sigsgaard C,
Petersen D. 2008 Snow and snow-cover in central
northeast Greenland. Adv. Ecol. Res. 40, 175—195.
(doi:10.1016/50065-2504(07)00008-6)

Cline DW. 1997 Snow surface energy exchanges and
snowmelt at a continental, midlatitude Alpine site.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Water Resour. Res. 33, 689—701. (doi:10.1029/
97wr00026)

Lafreniere MJ, Laurin E, Lamoureux SF. 2013 The
impact of snow accumulation on the active layer
thermal regime in high Arctic soils. Vadose Zone J.
12. (doi:10.2136/Vj2012.0058)

Zhou J, Kinzelbach W, Cheng GD, Zhang W, He XB,
Ye BS. 2013 Monitoring and modeling the influence
of snow pack and organic soil on a permafrost
active layer, Qinghai-Tibetan Plateau of China. Cold
Reg. Sci. Technol. 90-91, 38—52. (doi:10.1016/j.
coldregions.2013.03.003)

Edwards AC, Scalenghe R, Freppaz M. 2007 Changes
in the seasonal snow cover of alpine regions and its
effect on soil processes: a review. Quat. Int. 162,
172-181. (doi:10.1016/j.quaint.2006.10.027)
Zinger L, Shahnavaz B, Baptist F, Geremia RA,
Choler P. 2009 Microbial diversity in alpine tundra
soils correlates with snow cover dynamics. /sme J. 3,
850-859. (doi:10.1038/ismej.2009.20)

Williams MW, Seibold C, Chowanski K. 2009 Storage
and release of solutes from a subalpine seasonal
snowpack: soil and stream water response, Niwot
Ridge, Colorado. Biogeochemistry 95, 77— 94.
(doi:10.1007/510533-009-9288-x)

Brooks PD, Williams MW. 1999 Snowpack controls on
nitrogen cycling and export in seasonally snow-
covered catchments. Hydrol. Process 13, 2177-2190.
(doi:10.1002/(Sici)1099-1085(199910)13:14/
15<<2177::Aid-Hyp850>3.0.C0;2-V)

Schimel JP, Bilbrough C, Welker JA. 2004 Increased
snow depth affects microbial activity and nitrogen
mineralization in two Arctic tundra communities.
Soil Biol. Biochem. 36, 217—227. (doi:10.1016/j.
s0ilbi0.2003.09.008)

Thorsen SM, Roer AG, van Oijen M. 2010 Modelling
the dynamics of snow cover, soil frost and surface
ice in Norwegian grasslands. Polar Res. 29, 110—
126. (doi:10.1111/.1751-8369.2010.00157.x)
Schurmann A, Mohn J, Bachofen R. 2002 N(2)0
emissions from snow-covered soils in the Swiss
Alps. Tellus B 54, 134—142. (doi:10.1034/j.1600-
0889.2002.00295.x)

Bokhorst S, Metcalfe DB, Wardle DA. 2013
Reduction in snow depth negatively affects
decomposers but impact on decomposition rates
is substrate dependent. Soil Biol. Biochem. 62,
157-164. (doi:10.1016/j.s0ilbio.2013.03.016)
Bubier J, Crill P, Mosedale A. 2002 Net ecosystem
(0, exchange measured by autochambers during
the snow-covered season at a temperate peatland.
Hydrol. Process 16, 3667 —3682. (doi:10.1002/
Hyp.1233)

Merbold L, Rogiers N, Eugster W. 2012 Winter (0,
fluxes in a sub-alpine grassland in relation to snow
cover, radiation and temperature. Biogeochemistry
111, 287-302. (doi:10.1007/510533-011-9647-2)
Schadt CW, Martin AP, Lipson DA, Schmidt SK. 2003
Seasonal dynamics of previously unknown fungal
lineages in tundra soils. Science 301, 1359—1361.
(doiz10.1126/science.1086940)

Lipson DA, Schmidt SK. 2004 Seasonal changes in an
alpine soil bacterial community in the Colorado Rocky

75.

76.

71.

78.

79.

80.

82.

83.

84.

85.

86.

Mountains. Appl. Environ. Microb. 70, 2867 —2879.
(doi:10.1128/Aem.70.5.2867-2879.2004)

Yergeau E, Bokhorst S, Kang S, Zhou JZ, Greer CW,
Aerts R, Kowalchuk GA. 2012 Shifts in soil
microorganisms in response to warming are
consistent across a range of Antarctic environments.
Isme J. 6, 692—702. (doi:10.1038/ismej.2011.124)
Lepori F, Barbieri A, Ormerod SJ. 2003 Causes of
episodic acidification in alpine streams. Freshwater
Biol. 48, 175—189. (doi:10.1046/j.1365-2427.2003.
00972.x)

Sistla SA, Moore JC, Simpson RT, Gough L,

Shaver GR, Schimel JP. 2013 Long-term warming
restructures Arctic tundra without changing net soil
carbon storage. Nature 497, 615. (doi:10.1038/
nature12129)

Nakatsubo T, Bekku YS, Uchida M, Muraoka H,
Kume A, Ohtsuka T, Masuzawa T, Kanda H, Koizumi
H. 2005 Ecosystem development and carbon cycle
on a glacier foreland in the high Arctic, Ny-Alesund,
Svalbard. J. Plant Res. 118, 173—179. (doi:10.1007/
$10265-005-0211-9)

Gonzalez A, King A, Robeson MS, Song SJ, Shade A,
Metcalf JL, Knight R. 2012 Characterizing microbial
communities through space and time. Curr. Opin.
Biotech. 23, 431-436. (doi:10.1016/j.copbio.2011.
11.017)

Boudreau BP. 1999 A theoretical investigation of the
organic carbon-microbial biomass relation in muddy
sediments. Aquat. Microb. Ecol. 17, 181-189.
(doi:10.3354/ame017181)

Talin F, Tolla C, Rabouille C, Poggiale JC. 2003
Relations between bacterial biomass and carbon
cycle in marine sediments: an early diagenetic
model. Acta Biotheor. 51, 295—315. (doi:10.1023/
B:Achi.0000003985.11896.B4)

. Stapleton LM, Crout NMJ, Sawstrom C, Marshall WA,

Poulton PR, Tye AM, Laybourn-Parry J. 2005
Microbial carbon dynamics in nitrogen amended
Arctic tundra soil: measurement and model testing.
Soil Biol. Biochem. 37, 2088—2098. (doi:10.1016/j.
s0ilbi0.2005.03.016)

Stapleton LM, Laybourn-Parry J, Poulton PR, Tye
AM, West HM, Young SD, Crout NMJ. 2006
Parsimonious modelling of nutrient fluxes for a
terrestrial ecosystem on Svalbard. Biogeochemistry
80, 57-69. (doi:10.1007/510533-006-6253-9)
Ingwersen J, Poll C, Streck T, Kandeler E. 2008
Micro-scale modelling of carbon turnover driven by
microbial succession at a biogeochemical interface.
Soil Biol. Biochem. 40, 864—878. (doi:10.1016/j.
s0ilbi0.2007.10.018)

Blagodatsky SA, Richter 0. 1998 Microbial growth in
soil and nitrogen turnover: a theoretical model
considering the activity state of microorganisms. Soil
Biol. Biochem. 30, 1743 —1755. (d0i:10.1016/50038-
0717(98)00028-5)

Manzoni S, Katul GG, Porporato A. 2009 Analysis of
soil carbon transit times and age distributions using
network theories. J. Geaphys. Res.-Biogeosci. 114,
G04025. (doi:10.1029/2009jg001070)

Schimel DS, Potter CS. 1995 Process modelling and
spatial extrapolation. In Biogenic trace gases:

zggoﬂoz Lszg ;)of H 'JbJJ “ ‘616'Su!q5!|dhd/(ll,a‘poqé./(‘oi'qd.sj


http://dx.doi.org/10.1016/j.gca.2013.01.029
http://dx.doi.org/10.1007/s00248-001-0045-5
http://dx.doi.org/10.1007/s00248-001-0045-5
http://dx.doi.org/10.1111/j.1365-294X.2009.04479.x
http://dx.doi.org/10.3189/172756411795932001
http://dx.doi.org/10.3189/172756411795932001
http://dx.doi.org/10.1007/s00248-011-9991-8
http://dx.doi.org/10.1128/Aem.00439-06
http://dx.doi.org/10.1128/Aem.00439-06
http://dx.doi.org/10.3389/fmicb.2013.00063
http://dx.doi.org/10.3389/fmicb.2013.00063
http://dx.doi.org/10.3389/fmicb.2012.00403
http://dx.doi.org/10.3389/fmicb.2012.00403
http://dx.doi.org/10.1111/Mec.12589
http://dx.doi.org/10.1111/Mec.12487
http://dx.doi.org/10.1016/j.soilbio.2012.07.002
http://dx.doi.org/10.1016/j.soilbio.2012.07.002
http://dx.doi.org/10.1111/1462-2920.12435
http://dx.doi.org/10.1016/S0065-2504(07)00008-6
http://dx.doi.org/10.1029/97wr00026
http://dx.doi.org/10.1029/97wr00026
http://dx.doi.org/10.2136/Vzj2012.0058
http://dx.doi.org/10.1016/j.coldregions.2013.03.003
http://dx.doi.org/10.1016/j.coldregions.2013.03.003
http://dx.doi.org/10.1016/j.quaint.2006.10.027
http://dx.doi.org/10.1038/ismej.2009.20
http://dx.doi.org/10.1007/s10533-009-9288-x
http://dx.doi.org/10.1002/(Sici)1099-1085(199910)13:14&sol;15%3C2177::Aid-Hyp850%3E3.0.Co;2-V
http://dx.doi.org/10.1002/(Sici)1099-1085(199910)13:14&sol;15%3C2177::Aid-Hyp850%3E3.0.Co;2-V
http://dx.doi.org/10.1002/(Sici)1099-1085(199910)13:14&sol;15%3C2177::Aid-Hyp850%3E3.0.Co;2-V
http://dx.doi.org/10.1002/(Sici)1099-1085(199910)13:14&sol;15%3C2177::Aid-Hyp850%3E3.0.Co;2-V
http://dx.doi.org/10.1002/(Sici)1099-1085(199910)13:14&sol;15%3C2177::Aid-Hyp850%3E3.0.Co;2-V
http://dx.doi.org/10.1002/(Sici)1099-1085(199910)13:14&sol;15%3C2177::Aid-Hyp850%3E3.0.Co;2-V
http://dx.doi.org/10.1002/(Sici)1099-1085(199910)13:14&sol;15%3C2177::Aid-Hyp850%3E3.0.Co;2-V
http://dx.doi.org/10.1016/j.soilbio.2003.09.008
http://dx.doi.org/10.1016/j.soilbio.2003.09.008
http://dx.doi.org/10.1111/j.1751-8369.2010.00157.x
http://dx.doi.org/10.1034/j.1600-0889.2002.00295.x
http://dx.doi.org/10.1034/j.1600-0889.2002.00295.x
http://dx.doi.org/10.1016/j.soilbio.2013.03.016
http://dx.doi.org/10.1002/Hyp.1233
http://dx.doi.org/10.1002/Hyp.1233
http://dx.doi.org/10.1007/s10533-011-9647-2
http://dx.doi.org/10.1126/science.1086940
http://dx.doi.org/10.1128/Aem.70.5.2867-2879.2004
http://dx.doi.org/10.1038/ismej.2011.124
http://dx.doi.org/10.1046/j.1365-2427.2003.00972.x
http://dx.doi.org/10.1046/j.1365-2427.2003.00972.x
http://dx.doi.org/10.1038/nature12129
http://dx.doi.org/10.1038/nature12129
http://dx.doi.org/10.1007/s10265-005-0211-9
http://dx.doi.org/10.1007/s10265-005-0211-9
http://dx.doi.org/10.1016/j.copbio.2011.11.017
http://dx.doi.org/10.1016/j.copbio.2011.11.017
http://dx.doi.org/10.3354/ame017181
http://dx.doi.org/10.1023/B:Acbi.0000003985.11896.B4
http://dx.doi.org/10.1023/B:Acbi.0000003985.11896.B4
http://dx.doi.org/10.1016/j.soilbio.2005.03.016
http://dx.doi.org/10.1016/j.soilbio.2005.03.016
http://dx.doi.org/10.1007/s10533-006-6253-9
http://dx.doi.org/10.1016/j.soilbio.2007.10.018
http://dx.doi.org/10.1016/j.soilbio.2007.10.018
http://dx.doi.org/10.1016/S0038-0717(98)00028-5
http://dx.doi.org/10.1016/S0038-0717(98)00028-5
http://dx.doi.org/10.1029/2009jg001070
http://rspb.royalsocietypublishing.org/

87.

Downloaded from http://rspb.royalsocietypublishing.org/ on April 10, 2015

measuring emissions from soil and water (eds

PA Matson, RC Harriss), pp. 358—383. Cambridge,
MA: Blackwell Science.

German DP, Marcelo KRB, Stone MM, Allison SD. 2012
The Michaelis—Menten kinetics of soil extracellular
enzymes in response to temperature: a cross-
latitudinal study. Glob. Change Biol. 18, 1468 — 1479.
(doi:10.1111/.1365-2486.2011.02615.x)

88. Linley EAS, Newell RC. 1984 Estimates of bacterial-

growth yields based on plant detritus. Bull. Mar.
Sci. 35, 409-425.

Blagodatsky SA, Yevdokimov IV, Larionova AA,
Richter J. 1998 Microbial growth in soil and
nitrogen turnover: model calibration with laboratory
data. Soil Biol. Biochem. 30, 1757-1764. (doi:10.
1016/50038-071700029-7)

90. Price PB, Sowers T. 2004 Temperature dependence

9.

of metabolic rates for microbial growth,
maintenance, and survival. Proc. Natl Acad. Sci. USA
101, 4631-4636. (doi:10.1073/pnas.0400522101)
Tumer J, Colwell SR, Marshall GJ, Lachlan-Cope TA,
Carleton AM, Jones PD, Lagun V, Reid PA, lagovkina S.
2005 Antarctic climate change during the last 50 years.
Int. J. Climatol. 25, 279—294. (doi:10.1002/Joc.1130)

78007107 1187 § 205 y 20y biobunsiqndfieposielorqds: g


http://dx.doi.org/10.1111/j.1365-2486.2011.02615.x
http://dx.doi.org/10.1016/S0038-071700029-7
http://dx.doi.org/10.1016/S0038-071700029-7
http://dx.doi.org/10.1073/pnas.0400522101
http://dx.doi.org/10.1002/Joc.1130
http://rspb.royalsocietypublishing.org/

	Microbial community dynamics in the forefield of glaciers
	Introduction
	Nutrient cycling in glacier forefields
	Carbon
	Nitrogen
	Phosphorus

	Characterizing microbial communities in heterogeneous glacier forefields
	Seasonality of a glacier forefield ecosystem
	Numerical modelling of the forefield ecosystem
	Conclusion and future outlook
	Acknowledgements
	Funding statement
	References


