
of photosynthesis in the entombed holes typical of
Antarctica compare to these high rates in the Arctic.
However, striking changes in the geochemistry of their
dissolved inorganic carbon, dissolved organic carbon,
and nutrient pools clearly indicate that the process is
important (Tranter et al. 2004). In order to demonstrate
these changes and show how biogeochemical conditions
in closed cryoconite holes evolves from those of open
holes, Fig. 7 uses a Cl� index as a qualitative assessment
of the duration of hole entombment. The Cl� concen-
tration factor is therefore defined as

CFCl ¼ Clhole=Clice ð5Þ

where Clhole denotes the concentration of the solution in
the hole, while Clice denotes the concentration of the ice
wall surrounding the hole. The ratio is a crude indicator
because Clhole in shallow waters will vary seasonally as
the holes freeze and thaw out again. Nevertheless, for
open holes, CFCl approaches 1 if the holes are flushed
out by ice melt, and progressively increases if an ice lid
forms and persists. This is because scavenging of solute
from ice takes place beneath the lid during the annual
melt of the holes. The solute, in this case Cl�, then
accumulates in the solution while pure vapor freezes
onto the underside of the lid: a process driven by
sublimation loss from its upper surface (Fountain et al.
2004, Tranter et al. 2004). Fig. 7 presents the different
geochemistries of Svalbard and McMurdo Dry Valley
cryoconite holes. The open Svalbard holes have CFCl

values close to unity and show p(CO2) and pH
conditions close to atmospheric equilibrium for dilute
water (1 3 10�3.5 bar [32 Pa] and pH 5.6). The chemistry
of open Svalbard holes therefore reflects the continuous
bathing that they receive during ice melt, and the short
residence time of these meltwaters within the ecosystem.
By contrast, the extremely high pH, low p(CO2)
solutions (pH ¼ 11, p(CO2) ¼ 1 3 10�7 bar [0.01 Pa])
reported by Tranter et al. (2004) develop with increasing
CFCl, suggesting that photosynthesis continues during
prolonged entombment. Where entombment is most
prolonged, nutrient limitation also clearly becomes

significant (Tranter et al. 2004), necessitating the
recycling of the organic nutrient pool and resulting in
very high dissolved organic nitrogen to total dissolved
nitrogen ratios (up to 100%).

Following the above discussion, primary production
within cryoconite holes appears readily capable of
sustaining bacterial production in a wide range of
glacial environments during the melt season. However,
there are simply insufficient data to assess whether these
cryoconite ecosystems, like many other aquatic ecosys-
tems (e.g., del Giorgio and Cole 1998, Duarte and
Prairie 2005), demonstrate net heterotrophy and thus
net biological CO2 export to the atmosphere. What is
becoming clear is that while measurements of microbial
activity (i.e., primary and bacterial production) in the
open waters of arctic and alpine cryoconite holes
indicate that they are typically oligotrophic, the same
measurements in the debris are much higher and closer

TABLE 2. Extended.

Who’s there? References

cyanobacteria and algal cells, diatoms, protozoans
(especially ciliates), rotifers, and tardigrades

Wharton et al. (1981), Porazinska et al. (2002),
Fountain et al. (2004)

cyanobacteria and algal cells, especially nanoflagellates
(heterotrophic and autotrophic); viruses and some
ciliates in the benthos

Säwström et al. (2002), Kaštovská et al. (2005);
Anesio et al. (in press); A. Hodson (unpublished data)

cyanobacteria and algal cells, rotifera, tardigrada,
and minor ciliates

De Smet and Van Rompu (1994)

algal cells, cyanobacteria (including oscillatoriaceans),
and other bacteria.

Yoshimura et al. (1997), Takeuchi et al. (2000)

nd McIntyre (1984)
nd Gribbon (1979)

cyanobacteria and algal cells, including seven taxa of
snow algae

Takeuchi et al. (2001a)

FIG. 7. Geochemical conditions inside open and closed
cryoconite holes (A. Hodson, unpublished data from Svalbard,
Norway [labeled ‘‘open holes’’], and data of Tranter et al. [2004]
from the McMurdo Dry Valleys, Antarctica [‘‘closed holes’’]).
The dotted vertical line separates the two types. Abbreviations
are: CCF, chloride concentration factor; p(CO2), the partial
pressure of CO2 in the remaining solution.
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to those found in nutrient-rich environments (e.g.,
Antarctic soils [Tibbles and Harris 1996]). For example,
an average of 98% and 99% of total community
respiration (65.2 6 23.0 lg C�L�1�h�1 [mean 6 SD])
and bacterial production (0.04 6 0.019 lg C�L�1�h�1),
respectively, was attributed to the debris layer in 8
cryoconite holes upon the Midtre Lovénbreen glacier
(Svalbard, Norway) according to Hodson et al. (in
press). However, the methods used for measuring
bacterial production in this investigation (i.e., tritiated
leucine incorporation) should also account for some of
the production due to activity of cyanobacteria (Kam-
junke and Jähnichen 2000). Thus the further character-
ization of autotrophy and heterotrophy in this habitat is
required to better understand the differences between
the aquatic (pelagic) and solid (benthic) phases of
cryoconite, and also between autotrophic and hetero-
trophic bacterial production. Such measurements should
consider adaptation to a wide range of carbon sub-
strates, since Margesin et al. (2002) reported utilization
of lignin, cellulose, proteins, carbohydrates, and fat by
Stubaier Glacier cryoconite in Austria. Investigation of
a wider range of supraglacial habitats is also required,
and should ideally include entombed cryoconite holes,
the slush zones at the base of melting snowpacks, and
deposits of cryoconite debris that develop sufficient
thickness to enable warm, anaerobic conditions to
develop (Fig. 8). The latter can be found upon almost
any Svalbard glacier and enable respiration to occur
under quite different redox and hydrological conditions
to those observed in the oxic, open, cryoconite holes and
streams reported above. Further, high rates of respira-
tion can be anticipated here on account of the insulation
provided by the thick layers of dark organic matter that

can form. Quite unlike cryoconite holes, this insulating
layer suppresses the ablation rate of the underlying ice
and results in a characteristically hummocky, cracked
surface. When these cracks form, they allow the ingress
of atmospheric gases that rapidly oxidize the edge of the
cryoconite debris block (Fig. 8). Such thick accumula-
tions of cryoconite debris are analogous to the thick
mats that may become established on ice shelves (e.g.,
Vincent et al. 2004), although they are relatively
uncommon upon steeper glaciers and have yet to be
reported upon larger ice sheets. However, they clearly
serve to demonstrate that respiration takes place in a
range of supraglacial habitats.

Given the diversity and activity of microorganisms
reported above, it is unsurprising that cryoconite holes
are thought to exert a major influence upon the
biogeochemical cycling of key nutrients in glacial
ecosystems, especially NH4

þ (Tranter et al. 2004,
Hodson et al. 2005b) and PO4

3� (Säwström et al., in
press). As seen in many different types of freshwaters in
tropical and temperate regions (e.g., Farjalla et al. 2002),
bacterial activity in cryoconite holes is primarily limited
by P (Mindl et al. 2007; Säwström et al., in press),
although temperature limitation also appears significant
(Margesin et al. 2002; Säwström et al., in press). Thus
Säwström et al. (in press) showed that additions of P
alone in water samples from Svalbard cryoconite holes
stimulated bacterial production, while no stimulation
was detected by addition of either N or C alone. Results
from their study also suggested that bacteria in the water
phase of cryoconite holes may be colimited by temper-
ature, since stimulation by P was only seen when water
temperature increased from the typical 0.18C to 128C.
The lack of limitation by inorganic nitrogen in these

FIG. 8. A cryoconite mantle upon Midtre Lovénbreen, Svalbard, Norway (foreground). The cracked, hummocky surface
results in the formation of distinct blocks whose cores are anoxic. Felix Ng for scale. Photo credit: A. Hodson.
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including the in-situ sampling/incubation of bore-hole
water�sediment mixtures (e.g., Sharp et al. 1999,
Tranter et al. 2002; R. Palma-Alvarez and B. D. Lanoil,
public communication), incubations of bacteria from
subglacial sediments sampled at the ice margin (e.g.,
Sharp et al. 1999, Skidmore et al. 2000, 2005, Foght et
al. 2004) and characterization of microorganisms
entrapped at the bottom of ice cores (e.g., Priscu et al.
1999, Christner et al. 2001, 2006, Miteva et al. 2004).
Thus major ion chemistry, isotope geochemistry, and
both traditional and molecular microbiological methods
are the sophisticated tools now being adopted to
characterize community structure and functioning.
These tools are being applied to a range of Arctic,
temperate, and Antarctic glacier beds, although it is the
former that is presently the best known. Despite this
research effort, rates of microbial activity are proving
very difficult to constrain from field measurements. For
example, Wadham et al. (2004) speculated that rates of
sulfide oxidation (deduced from stable isotopic mea-
surements in subglacial outlflow) are anything between
10 and 1000 mmol�L�1�m�2�yr�1 beneath the polyther-
mal Finsterwalderbreen, Svalbard, Norway (or about
1.2–1200 mg C�m�2�d�1). Otherwise, field-derived, quan-
titative data are greatly lacking and, more importantly,
there are major unresolved issues concerning the
provenance of nitrogen (e.g., Wynn 2004, Hodson et
al. 2005b) and organic carbon substrates (e.g., Wadham
et al. 2004) involved in bacterial activity.

Redox conditions and subglacial bacterial activity

Tranter et al. (2005) speculate that a strong coupling
is likely to exist between the hydraulic conditions at the
glacier bed and the bacterial processes that take place.
Fig. 4 shows that there are likely to be aerated
sedimentary environments in close proximity to major
drainage features (or channels) near the glacier terminus,
and poorly aerated environments with long residence
times, a distributed type of drainage system and high
rock : water ratios over much of the rest of the glacier
bed. Clearly, the latter provide a more viable habitat for
anaerobic bacteria, because the ingress of aerated,
surface-derived waters is far less likely, especially during
the winter when basal melting will dominate the supply
of water. Fig. 9 therefore shows a conceptual model of
how bacterial function is likely to change from largely
aerobic processes in the sediments that flank such
channels to sub-oxic/anaerobic processes such as deni-
trification, FeIII/MnIV/SO4

2� reduction, and eventually
methanogenesis at increasing distances away from them
(see Tranter et al. 2005). Eqs. 8–13 also show the
principal bacterially mediated reactions that take place
along such a redox gradient:

Sulfide oxidation:

FeS2ðsÞ þ 14Fe3þ
ðaqÞ þ 8H2OðlÞ

¼ 15Fe2þ
ðaqÞ þ 2SO 2�

4 ðaqÞ þ 16HþðaÞ ð8Þ

FIG. 9. Conceptual model of the relationship between hydraulic conditions at the glacier bed, the biogeochemical transfers that
take place, and the broad types of bacterial activity. In the channel marginal zone (CMZ), regular (diurnally fluctuating) exchanges
take place between pore waters in the till and channel waters otherwise in transit. ‘‘OM’’ is organic matter.
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Dentrification:

5CH2OðaqÞ þ 4NO �
3 ðaqÞ

¼ 2N2ðgÞ þ 5HCO �
3 ðaqÞ þ HþðaqÞ þ 2H2OðlÞ ð9Þ

ManganeseðIVÞ reduction:

CH2OðaqÞ þ 2MnO2ðsÞ þ 3HþðaqÞ

¼ 2Mn2þ
ðaqÞ þ HCO �

3 ðaqÞ2H2OðlÞ ð10Þ

IronðIIIÞ reduction:

CH2OðaqÞ þ 4FeðOHÞ3ðsÞ þ 7HþðaqÞ

¼ 4Fe2þ
ðaqÞ þ HCO �

3 ðaqÞ10H2OðlÞ ð11Þ

Sulfate reduction:

2CH2OðaqÞ þ SO 2�
4 ðaqÞ

¼ HS�ðaqÞ þ 2HCO �
3 ðaqÞ þ HþðaqÞ ð12Þ

Methane fermentation:

2CH2OðaqÞ þ H2OðlÞ ¼ CH4ðgÞ þ HCO �
3 ðaqÞ þ HþðaqÞ:

ð13Þ

So far, only manganese has yet to be invoked as an
electron acceptor during the oxidation of organic carbon
(shown here as a basic carbohydrate), although the
recent reports of sudden increases in the abundance of
Mn2þ concentrations at the base of Ice Stream C might
change this (B. Lanoil, M. Skidmore, S. Han, W. Foo,
D. Bui, public communication). Importantly, the trans-
gression from aerated to anoxic conditions is likely to be
characterised by anoxic microenvironments of increas-
ing size. Such isolated microenvironments are necessary
to explain the cyclic oxidation–reduction inferred from
isotopic data (e.g., Wadham et al. 2004, Wynn et al.
2006) and the perhaps the syntrophic associations
proposed between facultative anaerobes (in this case
Marinobacter sp.) and sulfate reducing bacteria (Desul-

fovibrio oxyclinae) by Grasby et al. (2003). However,

challenging in situ observations from the ice–bed
interface are required to better understand the impor-
tance of such microscale niches, although studies of
subglacial tills revealed at the ice margin by fast
retreating glaciers might provide a more accessible
environment (e.g., Bhatia et al. 2006).

Culturable and non-culturable bacteria
in subglacial samples

Tables 3, 4, and 5 show that bacterial function may be
additionally constrained from the incubation of subgla-
cial samples. Microscopy-based enumeration of the
bacteria suggests that total cell counts of 1 3 106 to 1
3 107 cells/g and 1 3 102 to 1 3 104 cells/mL are typical
for subglacial sediments and waters, respectively.
Culturable bacteria observed in such samples include
NO3

–, Fe(III), and SO4
2� reducers in a range of glacial

environments, confirming that the above conceptual
model of bacterial function is reasonable (e.g., Skidmore
et al. 2000, Foght et al. 2004). Further, they also
demonstrate N2-fixing bacteria in some cases and a
range of aerobic heterotrophic bacteria capable of
respiration at 0.38C, but not at �4.88 and �1.88C,
according to Skidmore et al. (2005). This suggests
respiration is negligible beneath cold-based parts of the
glacier bed, in spite of interstitial water being present at
temperatures below the freezing point. This might
explain the exceptional preservation of fossil soils and
plants that is sometimes observed in subglacial sedi-
ments beneath cold-based glaciers (e.g., Humlum et al.
2005).

It is now well recognized that a large proportion of
viable subglacial bacteria might not be culturable
(Skidmore et al. 2005) and so there have been recent
attempts to characterize the total microbial communities,
including the hitherto unculturable organisms, using
molecular methods based on isolation of DNA directly
from the environmental sample of interest. Thus
Willerslev et al. (1999), Grasby et al. (2003), Foght et
al. (2004), Skidmore et al. (2005), Bhatia et al. (2006),
Christner et al. (2006), and Cheng and Foght (2007),
among others, have described the subsequent application

TABLE 3. Subglacial microbial abundance, composition, and respiration activity from two New Zealand glaciers (data are from
Foght et al. [2004]).

Glacier and fraction
Total cell count

(cells/g)

Count of culturable bacteria

Respiration
Aerobic

heterotrophs N2 fixers NO3 reducers FeIII reducers

Fox Glacier
Subglacial sediments 2.3 3 106 6.1 3 105 CFU/g 200 MPN/g 1.9 3 105 MPN/g 55 MPN/g 35�40%
Basal ice na ,70 CFU/mL ,1%

Franz Josef Glacier
Subglacial sediments 7.4 3 106 6.5 3 105 CFU/g 2.9 3 105 MPN/g 1.2 3 102 MPN/g 35–40%
Basal ice na 1.5 3 CFU/mL 3.4 MPN/mL 35–40%

Notes: Key to abbreviations: na, not assessed; CFU, colony-forming unit; MPN, maximum probable number. Bacteria were
incubated at 48C for 105 days. Respiration was measured as the percentage of 14C-labeled (15 lmol/L) acetate recovered after 60
days at 88C.
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of polymerase chain reaction (PCR) methods to amplify
ribosomal RNA genes from environmental DNA to
enable the characterization of the total microbial
community. For example, Christner et al. (2006) using
16S rRNA sequencing identified four key phyla in the
accretion ice above subglacial Lake Vostok. These
included 16S rRNA gene sequences that were related to
a, b, and c Proteobacteria such as aerobic methylo-
trophic genera (Methylobacillus and Methylophilius),
chemolithotrophic acidophiles (Acidothiobacillus fer-

rooxidans), and chemoautotrophic sulfur oxidizers; as
well as better known aerobic and anaerobic bacteria with
metabolisms based upon the oxidation or respiration of
SO4

2�, S0, Fe(III), and Mn(IV). These molecular studies
of glacial microbial communities are fast growing in
number and are clearly beginning to demonstrate that
there are many diverse phylogenetically distinct bacterial
taxa present in subglacial ecosystems, and they appear to
include a mixture of psychrotolerant and psychrophilic
species. Skidmore et al. (2005) suggest that this is
pattern most likely reflects their tolerance of physical
(rather than geochemical) conditions at the glacier bed

(namely, oligotrophic, dark, constant cold tempera-
ture, and high mineral substrate availability).

Carbon and nitrogen substrates for bacterial activity

Other bacterially mediated processes in subglacial
(and ice-marginal) environments most probably include
nitrification (Eq. 14), because ‘‘excess NO3

�’’ has been
identified in Arctic, alpine, and Antarctic glacial
meltwaters (Tockner et al. 2002, Hodson et al. 2005b,
Hodson 2006):

NH3 þ O2 ! NO �
2 þ 3Hþ þ 2e�

NO �
2 þ H2O! NO �

3 þ 2Hþ þ 2e�: ð14Þ

Wynn (2004) and Wynn et al. (2007) show that for
Midtre Lovénbreen in Svalbard, Norway, the additional
NO3

� is isotopically enriched with respect to snowpack
and atmospheric 15N and 18O, which is almost certainly
the result of bacterial processes occurring in subglacial
sediments. Here, bacterial NO3

� production is most
pronounced following the displacement of sub-oxic or
‘‘old’’ water from the glacier bed in early summer
(Hodson et al. 2005a, Wynn et al. 2006). Thus, since the

TABLE 5. Subglacial microbial abundance in various glaciers.

Glacier Reference Fraction Total cell counts

Haut Glacier, D’Arolla, Switzerland Sharp et al. (1999) subglacial (borehole) water 8.7 3 104 to 1.8 3 106 cells/mL
Glacier de Tsanfleuron, Switzerland Sharp et al. (1999) basal ice 8.7 3 106 to 1.1 3 107 cells/mL
Midtre Levénbreen, Svalbard, Norway C. Säwström

(unpublished data)
subglacial water 2.2 3 103 to 8.0 3 103 cells/mL

Krieger Mountains, Ellesmere Island,
Canada

Grasby et al. (2003) subglacial spring water 1.9 3 104 to 2.9 3 104 cells/mL

Ice Stream C, Antarctica� Lanoil et al. (2004) subglacial sediments 1.0 3 107 cells/g
Bench Glacier, Alaska Skidmore et al. (2005) snowmelt, ice-marginal/

subglacial streams,
borehole waters

6.6 3 104 to 3.7 3 105 cells/mL

Grimsvotn subglacial (volcanic crater)
lake, Iceland�

Gaidos et al. (2004) lake water 21 3 103 6 5.7 103 cells/mL

Grimsvotn subglacial (volcanic crater)
lake, Iceland

Gaidos et al. (2004) lake sediment (tephra) 38 3 106 6 7.6 3 106 cells/g

Note: Respiration, nitrate reduction, sulfate reduction, and methanogenesis were not determined for these glaciers.
� Total anaerobic bacteria were measured at 3.63 3 105 CFU/mL in subglacial sediments; no anaerobic bacteria were detected.
� In lake water, C fixation, measured as initial 14C-radiolabeled bicarbonate incorporation at 48C in the dark (compared to 2–3

nmol�L�1�d�1 in snow and borehole water), was 3.2 6 0.5 nmol�L�1�d�1.

TABLE 4. Subglacial microbial abundance and activity measurements from John Evans Glacier, Canada (data are from Skidmore
et al. [2000]).

Glacial fraction Total cell count�

Activity measurements

Respiration� Nitrate reduction§ Sulfate reduction§ Methanogenesis

Subglacial sediments .1 3 106 CFU/mL
Basal ice nd ;20% 100% depletion of

NO3 (5 mmol/L)
after 25 d

50% depletion of
SO4 (14 mmol/L)
after 60 d

16 000 ppmv CH4 in the
68–80 mL headspace of a
50-mL sample incubated
in R2A medium

� After static incubation in the dark at 48C with 0.13R2A medium; .1 3103 for unamended water. Key to abbreviations: CFU,
colony-forming unit; nd, not determined.

� Percentage of 14C-labeled (,50 lmol/L) acetate recovered after 100 days of static incubation with 30 mL basal ice melt at 48C
without R2A medium.

§ Static anaerobic incubation in the dark at 48C for 90 days with NO3, SO4, N2, and R2A media; 5 g basal ice or 45 mL basal ice
meltwater.
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The cell count for the subglacial tephra therefore
represents the upper limit of microbial abundance
observed in other subglacial sediments (see Table 5).

Gaidos et al. (2005) also demonstrated that chemo-
autotrophic activity can take place in dark, subglacial
ecosystems by documenting 14C radiolabeled bicarbon-
ate uptake following incubation at 48C (Table 5).
Significant rates of carbon fixation can therefore take
place in the subglacial lake. Further, small sub-unit
rRNA gene DGGE band patterns and cloned fragment
sequences showed that the microorganisms within the
lake were distinct from those in the overlying snow and
ice. Importantly, they were also distinct from known
thermophilic bacteria found elsewhere in Iceland and
appeared to be dominated by b proteobacteria typical of
oligotrophic, oxygenated lakes and the other subglacial
habitats described above. Thus the now cold Grı́msvötn
caldera is occupied by an ecosystem dominated by
psychrotolerant species, especially in the lake tephra
sediments. Demonstration of their chemoautotrophy is

therefore a key finding, because their non-thermophilic
behavior suggests such bacteria should also be func-
tioning in other subglacial lakes and habitats.

FOOD WEB STRUCTURE IN THE GLACIAL ECOSYSTEM

Food webs for glacial ecosystems were first proposed
by Vincent (1988), who argued that simple trophic
structures are most likely in snowpacks, where low rates
of photosynthesis and respiration are achieved by just a
few species of phototrophs, bacteria, and fungi. Vincent
(1988) suggested that more complexity may be expected
in the aqueous ecosystems, such as cryoconite holes,
which is certainly the case given the range of microor-
ganisms revealed by more recent work. Most important
in this context is the need to place greater emphasis upon
bacteria and even viruses, especially in cryoconite
habitats (i.e., holes and streams), which are clearly some
of the most important habitats in the supraglacial
ecosystem. Thus, it might be pertinent to consider a
more complex microbial food web of the sort proposed

FIG. 10. Carbon flows through glacial food webs. ‘‘DOC’’ is dissolved organic carbon, ‘‘OM’’ is organic matter, and
‘‘Necromass’’ refers to OM produced from in situ bacteria.
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in Fig. 10 for the supraglacial ecosystem. Similarly, more
complex subglacial community structures than hitherto
realized are becoming apparent, a finding that has
resulted in the new paradigm whereby bacteria govern
highly variable redox conditions and play a significant
role in the cycling of Fe, S, N, and P.

The hypothetical food web of Fig. 10 therefore
presents an early attempt to constrain the complexity
of supraglacial, englacial and subglacial ecosystems by
showing the principal carbon transfers within and
between them. More work is clearly necessary in order
to better define the importance of viruses and bacteria
(especially chemoautotrophs) in englacial and subglacial
habitats. Further, the rates of the carbon transfers
identified remain virtually unknown, and must also form
the basis of future investigation.

GLACIAL ECOSYSTEMS AND CLIMATE CHANGE

A framework for understanding the locus and nature
of microbial life upon, within, and beneath a variety of
glaciers has now been presented. This section therefore
presents preliminary observations on the sensitivity of
these glacial ecosystems to climate change. Emphasis is
given to the changes as revealed over the last 50 years by
glacier mass balance measurements (Haeberli et al. 1999,
Braithwaite 2002, Dyurgerov et al. 2002, Meier et al.
2003), especially in the polar regions, where some of the
most extreme climate change has occurred. It should be
noted however, that reliable data are lacking for the
Antarctic and Greenland ice sheets. The mass balance of
the smaller glaciers have been largely negative over the
last century, and typically show increasing mass
turnover due to rising rates of accumulation and
ablation (Meier et al. 2003). However, regional differ-
ences are important (Braithwaite 2002). For example, in
the European High Arctic the mass turnover is relatively
low, there are virtually no trends in the accumulation
and ablation series, and the net mass balance of the
glaciers monitored is nearly always negative (Hagen et
al. 2003). In the case of Svalbard glaciers, the end of
summer snowlines can therefore be exceptionally high,
such that the annual accumulation area represents less
than 10% of the total glacier area. In the McMurdo Dry
Valleys of Antarctica, the glaciers are in equilibrium
with no significant trends (Fountain et al. 2006),
although the Dry Valleys have been cooling for the past
two decades (Doran et al. 2002), which might reflect the
strengthening of the Antarctic Oscillation (Thompson
and Solomon 2002).

In the following discussion, we therefore identify the
impacts of increased summer ablation upon the glacial
ecosystem and assume that this is not offset by an
increase in winter snow accumulation. By doing this, we
are clearly focusing upon the worst case scenario in
terms of glacial net mass balance change (i.e., glacier
volume reduction) in a style that is typical of many
Arctic glaciers and at least certain parts of the maritime
Antarctic. If such conditions are sustained, then

concomitant changes in the glacier thermal structure
may be anticipated, which has the potential for marked
impacts upon the subglacial ecosystem of the polyther-
mal glaciers that are found here.

Impacts upon the supraglacial ecosystem

More melting will enhance snowpack productivity, but

the effects will still most likely depend upon the relative

importance of snow and rain during summer.—Longer
melt seasons will almost certainly enhance the water and
nutrient supply to nival biota (unless the snowpack is
completely ablated). However, it is unclear how this will
influence the balance of phototrophic and heterotrophic
activity. For example, Jones (1999) suggested that fewer
snowfalls mean less burial of phototrophs and thus
primary productivity can be high relative to heterotro-
phic activity. Such conditions are a major feature in
westernmost Svalbard in the European High Arctic,
where stable July and August air temperatures rarely
drop below the freezing point and rainfall dominates
snowfall at altitudes below 500 m (e.g., Hodson et al.
2005a). However, these conditions are in direct contrast
to the synoptic warming phases described in a maritime
Antarctic glacial ecosystem by Hodson (2006), where
regular cyclonic activity brought warmer air masses and
snow flurries. The melting of regular snow flurries on
Tuva Glacier, Signy Island, during 2003 supplied water
and nutrient to a significant snowpack ecosystem, but at
the same time completely masked the algal blooms that
formed on the surface of the snowpack between these
events. It is therefore possible that under these
conditions, heterotrophic processes will benefit in the
first instance, because phototrophic activity will be
reduced following burial after the snow flurry. More
studies of algal and bacterial productivity under
changing climate are therefore required before these
changes can be better understood (see Jones 1999).

Higher end-of-summer snowlines place greater empha-

sis upon cryoconite habitats than snowpack habitats,

although niche stability is threatened.—A major feature
of temperate and Arctic glaciers is that summer
snowpack retreat yields large snow-free expanses of
glacier ice that are partly covered by cryoconites within
holes and streams. In West Svalbard, low winter
accumulation means that these environments have
usurped the snowpack as the most important habitat
in the supraglacial ecosystem. Here, glaciers included in
the mass balance monitoring program (Austre
Brøggerbreen and Midtre Lovénbreen) have melt rates
equivalent to ;1 m/yr water equivalent (Hagen et al.
2003), which effectively swamp cryoconite habitats with
water, causing their dynamic redistribution throughout
the summer (Fig. 1). Since the frequency of redistribu-
tion is vital for understanding ecosystem stability, plot
and glacier scale observations of these changes are
urgently required. Further, the slow rate of biomass
accumulation means that it is the frequency of
redistribution that governs the impact of biological
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activity upon glacier melting. This is because redistri-
bution causes new holes to continuously form across the
glacier surface, while stable holes melt to a certain depth
until the enhanced absorption of radiation becomes
negligible.
Surface melt-out and resuscitation of englacial and

near-surface microorganisms will enhance productivity in

the supraglacial ecosystem.—The assertion that ;1 3

1019 microorganisms melt out of ice each year (Castello
and Rogers 2005) suggests that their resuscitation might
be a major contributor to changing productivity in the
supraglacial ecosystem. However, there are no data with
which to assess this process and so it is again clear that
plot and glacier scale observations are required in order
to establish ecosystem dynamics and biomass (re)distri-
bution.

In the McMurdo Dry Valleys, warmer summers mean
an increased incidence of ice lid ablation. Thus greater
exchange between the hole and the atmosphere is made
possible, resulting in different rates of CO2 and N2
transfers and also greater likelihood of the in-wash of
microbes, organic/inorganic debris, water, and nutri-
ents. Presently, these ‘‘warm events’’ may be limited to
just one or two summers in every decade (Fountain et al.
2004, Tranter et al. 2004). It is currently unclear as to
how an increased incidence of melting will impact upon
the cryoconite habitats found here, although the clear
differences between open and closed holes suggest that
changes in activity may also be accompanied by changes
in species diversity and composition (Porazinska et al.
2002, Mueller and Pollard 2004, Tranter et al. 2004). It
is therefore not unreasonable to expect major changes in
the structure and function of the microbial communities
within these habitats if the frequency of ice lid ablation
increases markedly.

Impacts upon the englacial and subglacial ecosystems

Recent mass balance changes indicate net freezing at

the beds of certain High Arctic valley glaciers, leading to

isolation and probable cryostasis in subglacial habitats.—

The response of glacier thermal regime to climate change
is a critical control upon ecosystems in englacial and
subglacial environments. Net mass loss throughout the
20th century has been coupled with changing ice
dynamics, causing widespread refreezing at the bed of
certain valley glaciers (Glasser and Hambrey 2001),
some of which have become entirely cold-based (e.g.,
Hodgkins et al. 1999). This change effectively ceases the
interaction between surface-derived melt and the glacier
bed. The implications of such changes are fascinating, as
gradual isolation and onset of cryostasis in subglacial
sediments is very likely to have occurred, causing the
ecology of such glaciers to shift toward a system
dominated by the supraglacial ecosystem. Further,
Hodson et al. (2000, 2004, 2005b) have shown that such
a shift in the basal thermal regime of Austre
Brøggerbreen in Svalbard is most likely responsible for
major changes in the chemistry of its outflow waters.

These included reduced runoff yields of S and P, but
increased yields of N, specifically as NO3

�. Thus the
greatly reduced importance of subglacial rock–water
contact and its microbially mediated reactions might be
very significant artefacts of this change.
Elsewhere, increased melt fluxes might enhance the

coupling between supraglacial, subglacial and ice-margin-

al ecosystems.—In stark contrast to the above scenario,
there are polythermal glaciers in which the volume of ice
below the pressure melting point is actually decreasing in
response to climate change (e.g., Storglaciären; see
Pettersson et al. 2004). Here the onset of basal refreezing
is clearly difficult to invoke and a more likely response
will involve enhanced coupling between the subglacial
and supraglacial environments. A similar effect is likely
in temperate glaciers, leading to greater fluxes of water,
biota, and nutrients being conveyed from the glacier
surface, through to the glacier bed. However, more
research is required to determine the efficacy of any
subsequent exchanges that may take place, especially as
larger, melt-induced fluxes appear to be associated with
more rapid transit times through the glacier (e.g.,
Nienow et al. 1996). However, it is quite possible that
these conditions could improve the oxygenation of the
glacier bed during the summer melt period, a change
that would favor aerobic bacterial processes in stable
habitats.

Synthesis and conclusion

Glaciers support fascinating, microbially dominated,
food webs that have the capacity to thrive wherever
there is liquid water and crushed rock. Since there is a
ready supply of meltwater during summer across much
of the glacial cryosphere, microorganisms soon become
active in cryoconite holes, supraglacial streams, mo-
raines, and snowpacks. In most cases, this supraglacial
ecosystem is probably dominated by cyanobacteria in
cryoconite habitats, although it should be noted that
microalgae and diatoms can be important, along with
other bacteria, fungi, and viruses. This food web
provides an excellent basis for considering Gaia-type
hypotheses, because the cryoconite hole (a major habitat
on bare ice surfaces) exists as such by virtue of the fact
that dark organic matter preferentially absorbs incident
radiation, and thus melts into the glacier to create its
own niche. When perturbed, the cryoconite is able to
form new holes following dispersal, a process that also
enhances the melt rate of the glacier surface and thus
provides a further critical feedback within the ecosys-
tem. As well as representing ideal model ecosystems,
cryoconite holes are also the locus of significant rates of
primary and secondary productivity and thus might
represent a globally significant carbon reservoir. Obser-
vations are in their infancy in this context, but clearly
show that supraglacial bacteria can be active at rates
equivalent to other aquatic ecosystems in warmer climes.
However, the balance of primary productivity vs.
respiration remains unknown, and so we are not yet in
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Röthlisberger, R., M. A. Hutterli, E. W. Wolff, R. Mulvaney,
H. Fischer, M. Bigler, K. Goto-Azuma, M. E. Hansson, U.
Ruth, M.-L. Siggaard-Andersen, and J. P. Steffensen. 2002.
Nitrate in Greenland and Antarctic ice cores: a detailed
description of post-depositional processes. Annals of Glaci-
ology 35:209–216.

Rothschild, L. J., and R. L. Mancinelli. 2001. Life in extreme
environments. Nature 409:1092–1101.

Sattler, B., H. Puxbaum, and R. Psenner. 2001. Bacterial
growth in supercooled cloud droplets. Geophysical Research
Letters 28:239–242.
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