CHAPTER 6

Ice-based freshwater ecosystems

lan Hawes, Clive Howard-Williams, and
Andrew G. Fountain

Outline

Ice is a dominant component of polar landscapes which melts seasonally where combinations of solar
energy flux, ice albedo, and air temperature permit. The resulting liquid water can persist on, and in, ice
structures and these can support various types of ice-based aquatic ecosystem. We discuss the physical,
chemical, and biotic features of the main types of ice-based aquatic ecosystems. We describe how dark-
colored sediments on and in ice enhance absorption of solar radiation, and promote melting and the for-
mation of habitats of varying sizes and longevity. We show how these range from ‘bubbles’ within glacial
and perennial lake ice (v10>m diameter), and cryoconite holes (~10--10°m diameter) on ice surfaces to large
melt lakes (<10'-10*m diameter) and rivers on ice shelves and ice sheets. We describe the shared physical,
chemical, and biological properties, notably those that relate to their alternating liquid—frozen state, and
how similar species assemblages tend to result, often shared with neighboring terrestrial habitats where
extreme conditions also occur. Although there are tantalizing suggestions that microbial metabolism may
occur within polar glacial ice, for the most part development of ice-based aquatic ecosystems depends on
liquid water. Communities are predominantly microbial, with cyanobacteria and algae dominating the
phototrophs, whereas microinvertebrates with stress-tolerating strategies (rotifers, tardigrades, and nema-
todes) are also present. We argue that while most of these ice-based systems are oligotrophic, with low
concentrations of salts and nutrients supporting low rates of production, they are found across large areas
of otherwise barren ice in polar regions and that to date their contributions to polar ecology have been
underestimated. We suggest that they represent important biodiversity elements within polar landscapes,
and would have been essential refugia from which polar-region ecosystems would have recovered after
periods of extended glaciation.
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6.1 Introduction

Ice and snow, the dominant features of polar land-
scapes, contribute to aquatic ecosystems through
seasonal melting. Although much meltwater
ultimately feeds land-based aquatic ecosystems,
liquid water can also persist on and in ice itself
long enough for aquatic ecosystems to develop
(Howard-Williams and Hawes 2007). That melt-
water systems develop on ice is in part due to latent
heat of fusion. Raising a cubic decimeter (10-°m?)

of ice from a winter temperature of —30°C to 0°C
requires acquisition of approximately 58k]J of heat,
but turning ice at 0°C to water at the same tempera-
ture requires a further heat gain of approximately
333K]. This energy can come from absorption of
solar radiation or from conductive transfer from
the overlying atmosphere; on local scales it is
absorption of solar radiation that tends to play a
major role in determining ice melt. The albedo of
snow and ice is normally high, reflecting 70-90%
of the incoming solar energy (Paterson 1994). It has,
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104 POLAR LAKES AND RIVERS

however, long been recognized that melting of ice
is promoted where accumulations of dark-colored
material reduce this albedo and thus increase the
absorption of solar energy relative to the adjacent
ice (e.g. Sharp 1949; Gribbon 1979).

The manner in which deposits of wind-blown
or avalanche-derived sediments evolve to form
cylindrical cryoconite holes in glacier ice is now
well established (e.g. Wharton et al. 1985; Fountain
et al. 2004). In addition, the low-gradient, undulat-
ing surfaces of ice shelves are particularly favorable
for the accumulation of sediment and large, long-
lived, pools can be found associated with surface
sediments on suitable ice shelves in both the Arctic
and Antarctic (Howard-Williams et al. 1989; Vincent
et al. 2000). Similarly, where the ice covers of peren-
nially frozen lakes incorporate dark-colored mater-
ial, liquid water may form during the summer
months either on the surface or within ice covers,
and these pockets of liquid water, or ‘ice bubbles’
sensu Adams et al. (1998), in turn support microbial
ecosystems (Pearl and Pinckney 1996; Fritsen and
Priscu 1998).

A somewhat different type of ice-based aquatic
habitat, not dependent on sediment absorption
of radiation, occurs where melt generated on the
surfaces of glaciers coalesces to form flowing
streams and supraglacial pools on the ice itself
(Heywood 1977). Gradations exist between these
categories of ice-based freshwater systems, but in
this chapter we recognize ice bubbles, cryoconite
holes, supraglacial pools, and streams to describe

ice-bound freshwater habitats. The special category
of ice-based lake and river systems that develop
underneath ice sheets and glaciers are described in
Chapter 7 of this volume.

6.2 Ecosystems on and in glacial ice
6.2.1 Types of glacier-based ecosystem

Our categorization of freshwater habitats on glaciers
is based primarily on their hydrology; cryoconite
holes tend to be small, more or less isolated water
pockets that generate their liquid water internally,
supraglacial pools are fed from a catchment larger
then the pool itself and not necessarily dependent
on sediment, while streams are channelized path-
ways of flowing water. We currently know more
about cryoconite holes than about the large melt-
water pools and streams that are now known to
occur on many polar glacier surfaces.

6.2.2 Cryoconite holes

Cryoconite holes are vertical cylindrically shaped
melt holes in the glacier surface, which have a thin
layer of sediment at the bottom and are filled with
water (Figure 6.1). Although the holes have been
known by a variety of names, including dust wells,
dust basins, sub-surface melt pools, and baignoire
(Agassiz 1847, Hobbs 1911; Sharp 1949), cryoco-
nite hole is the term in most common use today.
Cryoconite holes are common to ice-surfaced (as

Figure 6.1 Cryoconite holes. (a) Holes with frozen lids on the surface of Canada Glacier, McMurdo Dry Valleys, Antarctica. The dark
sediment patch is melting in, other holes are entirely frozen over. The scale arrow is about 20cm. (b) Open holes on Storglaciaren, Sweden

with a boot for scale.
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opposed to snow-surfaced) zones of glaciers world-
wide, including the Arctic (Von Drygalski 1897
Mueller et al. 2001; Sawstrom et al. 2002), temper-
ate glaciers of the mid-latitudes (McIntyre 1984;
Margesin et al. 2002), and the Antarctic (Wharton
et al. 1985; Mueller ef al. 2001; Fountain et al. 2004).

6.2.2.1 Physical processes in cryoconite holes

Cryoconite holes first form when small patches
of sediment (wind-blown or avalanche-derived)
accumulate in small depressions on the ice surface
(Wharton et al. 1985; Fountain et al. 2004, 2008). The
sediment absorbs solar radiation and initially melts
into the surrounding ice faster than surrounding
ice ablates, forming a water-filled hole (Figure 6.2).
Cryoconite-hole width is probably determined by
the size of the original sediment patch and can
be a few centimeters to a meter or more in diam-
eter. As the sediment melts deeper into the ice, the
attenuation of radiation by absorption and scatter-
ing reduces heat gain and rate of melting and an

Ice ‘lid’

Glacier Ice

Cryoconite

Figure 6.2 Cross-section schematic of a sealed cryoconite

hole. Cryoconite holes freeze entirely during winter. The freezing
process concentrates the solutes, possibly resulting in a delay of
complete freezing of the entire hole as increasing salt concentration
depresses the freezing point. The return of summer solar radiation
again preferentially warms the sediment, which, if there has been
winter or spring sublimation of surface ice, is now closer to the ice
surface and again melts its way down through the ice according
to the amount of heat it receives. In this way the sediment and
associated biota may remain just beneath the ice surface, more

or less isolated from the surrounding hydrologic system and the
atmosphere for years and in some cases decades (Fountain et al.
2004).
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equilibrium depth (typically 30-50cm) is reached
when the melt-rate in the hole matches the ablation
rate of the ice surface (Gribbon 1979).

Two types of cryoconite hole are now recognized:
those normally open to the atmosphere in summer,
and those normally sealed with an ice lid. Closed
holes are found where freezing air temperatures
and persistent winds maintain a frozen ice sur-
face over the liquid phase. In the Ross Sea sector of
Antarctica, closed cryoconite holes occur at least as
far north as 72°S (I. Hawes, personal observations).
Closed holes have severely restricted exchange of
water, solutes and gases and, unless surface con-
ditions change dramatically, the cryoconite hole
becomes entombed, freezing and melting beneath
the glacier surface for years and capable of develop-
ing unusual biogeochemistries (Tranter et al. 2004).
In some cases, however, apparently closed cryo-
conite holes can be hydrologically connected to a
subsurface system of drainage passages (Fountain
et al. 2004, 2008).

Open holes occur where the surface energy bal-
ance is close to melting and appear to be more
common in the Arctic and temperate glaciers,
where summers are warmer, than in the Antarctic
(Mueller et al. 2001). Open holes tend to act like
small ponds. Their water chemistries, while differ-
ent from the host ice due to sediment dissolution
and biological processes, are regularly diluted with
fresh meltwater from the surface and exchange
gases readily with the atmosphere.

6.2.2.2 Ecosystem processes in cryoconite holes

That cryoconite holes develop their own biota
is not surprising, given that the snow that forms
glacial ice encapsulates many propagules, includ-
ing Archaea, bacteria, fungi, algae, and protozoa
(Abyzov 1993; Christner et al. 2005; Castello and
Rogers 2005) which can remain viable for long
periods of time. Winds also carry such particles
directly on to snow and ice surfaces as aeroplank-
ton (Nkem et al. 2006). For open holes this is supple-
mented by surface meltwater and direct deposition
into the holes. The microbial biota includes bac-
teria, virus-like particles, nanoflagellates, cyano-
bacteria, algae, and protozoa (Wharton et al. 1981,
1985; Mueller et al. 2001; Sawstrom et al. 2002;
Christner et al. 2003). A metazoan census includes
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nematodes, tardigrades, rotifers (De Smet and Van
Rompu 1994; Grongaard et al. 1999; Takeuchi et al.
2000; Christner et al. 2003; Porazinska et al. 2004),
protozoans, copepods, and insect larvae (Kikuchi
1994; Kohshima 1984).

Studies of metabolic activity and nutrient ana-
lyses in cryoconite holes confirm the presence
of active microbial consortia (Tranter et al. 2004;
Foreman et al. 2007). Hodson et al. (2005) point to
the loss of ammonium ions in the meltwaters on
the glacier ice surfaces in Svalbard as evidence of
microbial activity (photosynthesis) in the organic-
rich sediments within the cryoconite holes. The
water chemistry of the closed cryoconite holes of
the McMurdo Dry Valleys also provides evidence
of microbial activity. Photosynthesis in the holes,
presumably by the green algae and cyanobacteria,
is indicated by high saturations of oxygen (160%)
and low values of pCO2 (Tranter et al. 2004). Values
of net primary production, based on “C uptake,
range from 67 to 146 mg Cm=day (C.M. Foreman,
unpublished results) compared with 14-3768mg
Cm™=day™ in open holes on Svalbard (Sdwstrém
et al. 2002).

In some closed holes, the chemistries can be
extreme, with pH approaching 11 (Fountain et al.
2004), although Mueller et al. (2001) recorded an
average pH of 8 for Canada Glacier cryoconite
holes. This contrasts with the more dynamic, open
holes on Arctic glaciers, where pH can be acidic
(Mueller et al. 2001). High pH results first from
hydrolysis of carbonates during the spring thaw
that can increase pH to approximately 10.5, saturate
the water with calcium carbonate and decrease
pCO2. Photosynthesis further decreases pCO2 and
increases pH to the observed extreme levels and
can supersaturates the water with calcium carbon-
ate. Ultimately, low pCO2 and high pH may limit
photosynthesis. Thus in these poorly pH-buffered
closed systems, photosynthesis may be constrained
because of limitations on nutrients and new carbon
dioxide sources. In-hole biogeochemical processes
raise electrical conductivities in closed systems to
several hundred uScm, substantially higher than
melted ice.

Food webs in cryoconite holes are simple, with
net flux of critical nutrients (inorganic carbon,
nitrogen, and phosphorus) being dependent on
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external exchange and mineralization of sedi-
ment. Tranter et al. (2004) hypothesize that the
cyanobacteria and algae in closed cryoconite
holes must acquire nutrients scavenged from the
sediments in the hole, although nitrogen fixation
is a feature of several of the identified cyano-
bacterial taxa (Mueller et al. 2001). Phosphorus is
almost certainly the limiting nutrient for growth.
Heterotrophic bacteria found in the holes are com-
parable in abundance with those in high alpine
lakes (Foreman et al. 2007), and these and fungi
(Vincent et al. 2000) are together capable of exploit-
ing different carbohydrates, amino acids, carbox-
ylic acids, and aromatic compounds, suggesting
that the cryoconite holes of dry-valley glaciers
support metabolically diverse heterotrophic com-
munities. The mixture of phototrophic and het-
erotrophic strategies, combined with the ability to
survive in a frozen state through the dark winter
months, produces a robust ecosystem capable of
surviving many freeze-thaw cycles in isolation
from the atmosphere and from subsurface water
sources.

6.2.3 Supraglacial pools and streams

Aerial and satellite imagery shows that networks
of supraglacial pools and interconnecting melt-
water streams are widespread and common on
ice shelves and on the Greenland Ice Sheet (e.g.
Heywood 1977; Reynolds 1981; Maurette et al. 1986;
Thomsen 1986; Sawstrom et al. 2002; Hodgson et al.
2004). Despite this abundance, little is known of
these ecosystems. Whereas they are likely to share
many features with cryoconite holes, their prin-
cipal differences are hydrological and sediment-
related. Pools will tend to have a much higher
surface-area-to-volume ratio than cryoconite holes,
a higher water-to-sediment ratio, and advective
gains and loss of materials that do not occur in at
least some cryoconite holes. In the 2005-2006 aus-
tral summer we sampled supraglacial ponds on the
Tucker Glacier, Antarctica (72°S). Data from a typ-
ical pond are summarized in Table 6.1 and show an
ultra-oligotrophic system, with even lower organic
content and a lower pH than nearby cryoconite
holes. Perhaps the best information on biological
processes in supraglacial waters comes from the
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Table 6.1 Characteristics of a typical supraglacial pond, and two nearby cryoconite holes (Cryo) on the Tucker Glacier Antarctica, January
2006. PC, particulate carbon; DOC, DON, DOP, dissolved organic carbon, nitrogen and phosphorus; DIN, dissolved inorganic nitrogen; DRP,

dissolved reactive phosphorus. From I. Hawes, unpublished results

Site Chlorophyll  PC pH  Conductivity  DON DOP DOC DIN DRP
a(mg m=3) (mgm-3) (nScm™) (mgm=)  (mgm3)  (gm) (mgm3)  (mgm-)

Pond 1 0.04 63 83 78 31 2 2.9 6 1

Cyol 070 229 92 27 171 3 47 1 2

Cyo2 049 285 93 26 284 3 3.1 17 3

Arctic (Sawstrom et al. 2002), where phytoplankton
were found actively photosynthesizing at a rate of
7-8mg Cm=h-.

Studies of ponds on the George VI and Amery
ice shelves provide insight into how critical snow-
fall and density of underlying firn are to meltwa-
ter accumulation. On those ice shelves, meltwater
accumulates in surface irregularities where snow-
fall is below a threshold of 2x10°gm=year™ and
when firn density exceeds 820kgm=, when it
becomes impermeable to water (Reynolds 1981).
Once a melt pool has formed, it becomes self-rein-
forcing in that the surface has a lower albedo and
rapidly absorbs radiation penetrating overlying
snow. The George VI Ice Shelf contains not only
open pools, but also what appear to be ice-sealed
englacial pools that lie within a meter of the gla-
cier surface and can be tens of centimeters deep.
All persist for at least several years (Reynolds
1981). As far as we are aware the biological com-
munities and ecosystem processes in these waters
remain unstudied.

6.3 Ecosystems on floating ice shelves
6.3.1 Types of ice-shelf ecosystem

The mass balance of the floating ice shelves of
the Arctic and Antarctic regions is maintained by
various processes. Some are fed from high altitude,
with down-slope flow feeding ice to the lower,
floating parts; others represent long-term accumu-
lation of sea ice or are sustained by basal freezing
of underlying waters. Ice is lost by calving, melting,
and ablation. Ice shelves with substantial ablation
zones include Antarctica’s George VI, Amery, and

McMurdo ice shelves and the collection of rem-
nant ice shelves along the northern coastline of
Ellesmere Island in High Arctic Canada. Ablation
zones allow sediment that has been deposited on,
or incorporated into, the ice to migrate and accu-
mulate towards the surface and thus promote the
generation of surface meltwater that can in turn
support aquatic ecosystems. Ice shelves support
some of the most spectacular ice-based aquatic
ecosystems on Earth (Plates 2 and 3).

The McMurdo Ice Shelf may be the most
extensive surface-ablation area in Antarctica
(Swithinbank 1970); it is virtually static, balanced
by freezing of sea water beneath and ablation and
melting on the surface. Basal freezing incorporates
marine debris into the ice (Debenham 1920) and
this is transported up through the ice as the sur-
face ablates. Distribution of uplifted sediment on
the surface varies and gives rise to a gradation of
surfaces from almost fully covered with sediment
that is 100mm or more thick to a sparse sediment
cover (Kellogg and Kellogg 1987). Differences in
sediment cover determine the nature of the ice
surface. Thick sediment cover (>100mm; Isaac
and Maslin 1991) insulates underlying ice and
prevents melting, thus creating a very stable ice
surface within which large, long-lived, sediment-
lined ponds develop (Howard-Williams et al. 1989).
Patchy layers of sediment typically are a mosaic of
bare ice, thin sediments that enhance melting, and
thicker sediments that retard melting; the net effect
being a highly dynamic and irregular surface with
mobile sediments and generation of copious melt-
water (Debenham 1920).

The Ward Hunt Ice Shelf (83°N, 74°W) and
nearby Markham Ice Shelf in the Canadian Arctic
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are ablation zones that also derive sediment from
aeolian transported terrestrial sources and from
the underlying seabed (Vincent et al. 2004a, 2004b;
Mueller and Vincent 2006). As with the McMurdo
Ice Shelf, the undulating surfaces of these ice shelves
accumulate meltwater in a series of streams and
pools (Figure 6.3). Satellite imagery (see Figure 17.4)
and aerial photos of the Ward Hunt Ice Shelf
(Plate 2) show an alignment of these ponds with
the prevailing winds (Vincent ef al. 2000). A fea-
ture of Arctic ice shelves is that they are shrinking.
They underwent considerable break-up over the
twentieth century, with further loss in recent years
(Mueller et al. 2003). Since 2000, extensive fractures
have appeared in the 3000-year-old Ward Hunt
Ice Shelf (83°N, 75°W) and large sections have dis-
integrated (Figure 174; see also Chapter 1 in this
volume). The nearby Ayles Ice Shelf broke out com-
pletely in August 2005. The recent 30-year period
of accelerated warming is implicated, as it has also
been in loss of ice shelves from western Antarctica.
Notable among these losses was the Larsen B Ice
Shelf, which was known to have large meltwater
ponds on its surface in its final stages (Shepherd
et al. 2003) but we know of no details on the limno-
logical characteristics of these.

6.3.2 Physical processes in ice-shelf ponds

Pond freezing is a gradual process with the ice front
gradually moving down through the pond water
as heat accumulated over the summer is slowly lost
(Figure 6.4). The delay in freezing at depth results
in the liquid-water phase extending several months
after surface ice forms (Mueller and Vincent 2006).
In spring, ice-based systems can become liquid long
before air temperatures are above freezing (Hawes
et al. 1999; Figure 6.4) while during summer, pond
temperatures can reach over 10°C (Figure 6.5).
Thus liquid water, at moderate temperature, can be
present for more than 3months, whereas the ice-
free period ranges from zero to a little over 1 month
(Hawes et al. 1993, 1997, 1999).

The process of salt concentration during freez-
ing described for cryoconite holes is important in
ponds, where stratification verging on meromixis
can develop (Wait et al. 2006; Figure 6.5). Exclusion
of salts from the ice matrix results in formation
of a brine in the pond bottom which may be so
saline that it remains liquid below —20°C. During
this process, sequential precipitation of different
minerals, first mirabilite and then gypsum, results
in a change in ionic ratios as the brine volume

Figure 6.3 Sampling a meltwater pond on the Markham Ice Shelf, Canadian High Arctic. Photograph: W.F. Vincent.
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and temperature decrease. The following summer
a layer of melted ice overlies the brine pool which,
where the density difference is sufficient to resist
mixing, may persist all summer (Wait et al. 2006;
Figure 6.5) and even to allow an inverse thermal
gradient to develop (Hawes et al. 1999). Summer
photosynthesis results in the monimolinia pro-
viding supersaturation of dissolved oxygen and
extreme high pH with a corresponding marked
depletion in dissolved inorganic carbon (Hawes
et al. 1997). This situation is reversed in winter
when oxygen is depleted through respiration
in the dark and the deep layers of these ponds
provide a sequentially variable environment for
microbial populations. Freeze-concentration and
evaporative concentration of salts, and dynamic
water levels, result in ponds with an array of
salinities and ionic compositions, from near fresh
to hypersaline.

6.3.3 Ecosystem processes in ice-shelf ponds

Where sediments are patchy, water bodies are
small and dynamic and support communities of
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low biomass, dominated by fast-growing ‘colon-
izers’ such as diatoms, particularly Pinnularia
cymatopleura, and coccoid chlorophytes (Howard-
Williams et al. 1990). The biota of more stable and
long-lived ice-shelf ponds is often dominated
by mats of algae and cyanobacteria (Howard-
Williams ef al. 1989, 1990; Vincent et al. 2000, 2004a,
2004b; Mueller and Vincent 2006) with biomass
of the cyanobacterial mats on the McMurdo Ice
Shelf as high as 400 mg chlorophyll am=? (Howard-
Williams et al. 1990; Hawes ef al. 1993, 1997). The
cyanobacteria that dominate the more long-lived
ponds show a degree of variation in species
between ponds of different salinities (Howard-
Williams et al. 1990). Mats are mostly dominated
by species of Phormidium, Oscillatoria, Nostoc, and
Nodularia. Nodularia is particularly common in
brackish waters, while Oscillatoria cf. priestleyi was
the dominant in a highly saline pond (>70mScm™).
Phylogenetic diversity is much higher than mor-
phological diversity and salinity appears to be
a major factor determining diversity structure
(Jungblut et al. 2005). The diatoms Pinnularia cymat-
opleura, Nitzchia antarctica, and Navicula spp. were
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Figure 6.4 Thermistor records of temperatures in air and at two depths in a pond on the McMurdo Ice Shelf, during 1999. I. Hawes and

C. Howard-Williams, unpublished results.
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associated with fresh waters, other naviculoids
inculding Navicula shackletonii and Navicula mut-
icopsis with fresh to brackish (11mScm™) waters
and Tropidoneis laevissima and Amphiprora sp. with
the most saline (Vincent and James 1996; Hawes
et al. 1997). Benthic primary productivity is dealt
with in detail in Chapter 10.

One species of tardigrade (probably a Macrobiotus
sp.), three nematodes (three species of Plectus,
Plectus frigophilus and two unidentified species) and
seven rotifers (six bdelloids and one monogonon-
tid) have been found associated with the cyanobac-
terial mats. Of the invertebrates, the rotifers were
most abundant (4 x 10°m™2) and of these, a Philodina
species, is most abundant by far, with dense aggre-
gations often forming orange spots on microbial
mats (Suren 1990). In addition to the benthic com-
munities, ice shelf ponds support a planktonic
community with phytoflagellates, Chlamydomonas,
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Figure 6.5 Vertical profiles of temperatures and
conductivity in two ponds on the McMurdo Ice Shelf. The
upper figure is for P70E, a pond which was ice-free at the
time of sampling, and the lower figure is for Fresh Pond,
which was frozen over all summer. Note the differences
in scales of the x axes. |I. Hawes and C. Howard-Williams,
unpublished results.

Chroomonas, and Ochromonas; the latter dominating
the most saline ponds (James ef al. 1995). James et al.
(1995) found that ‘benthic’ cyanobacteria were fre-
quently entrained into the plankton. Twenty-two
species of protozoa were also found in this survey,
of which 15 could be considered truly planktonic.
These fed primarily on bacteria-sized prey, with
none showing any ability to consume particles of
5pm diameter or greater.

Microbial mats dominate biomass and product-
ivity in most ice-shelf ponds (Chapter 10). These
typically take the form of cohesive layers of cyano-
bacteria overlying anoxic sediments. An orange-
brown surface layer contains high concentrations
of photoprotective pigment that shield lower,
phycocyanin-rich blue-green layers (Vincent et al.
1993, 2004b) where both dissolved oxygen concen-
tration and oxygen evolution reach their peaks
(Hawes et al. 1997). A feature of ice-shelf ponds, as
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well as many other ice-based systems, is the high
pH that can result from photosynthetic depletion
of carbon dioxide and bicarbonate. Twelve ponds
sampled on the McMurdo Ice shelf in 2002 had a
mean pH of 9.7 (+0.5 S.D.). At such high a pH photo-
synthesis might be expected to be carbon-limited,
but mat communities are well positioned to take
advantage of any inorganic carbon/nutrients that
are generated from their underlying sediments
where pH is much lower and inorganic carbon and
other nutrient concentrations are higher (Hawes
et al. 1993). Physiologically, the mat-forming fila-
mentous cyanobacteria consistently are primarily
psychrotolerant, with temperature optima above
20°C (Hawes et al. 1997; Mueller and Vincent 2006).
Phylogenetic analysis using molecular techniques
suggests that the psychrotolerant trait occurs
widely in the cyanobacterial lineage and that polar
strains are often closely related to temperate ones.
Psychrophily, in contrast, is confined to a narrow
branch of the cyanobacteria, which includes bipo-
lar strains (Nadeau et al. 2001).

A full suite of microbiological processes occurs
within the ice-shelf ponds, allowing effective
recyling of carbon, nitrogen, sulphur, and other
elements within the semi-closed systems. Nutrient
dynamics are exemplified by a nitrogen budget
for a pond on the McMurdo Ice Shelf (Table
6.2). Autotrophic fixation of nitrogen (average
12.8mgm=day! and similar to those at temperate
latitudes) accounted for 67% of total nitrogen inputs
whereas nitrogen release from the sediments as
recycled ammonium/nitrogen, was 32%. Snow and
ice melt provided the remaining 1%. Unlike nitro-
gen, other essential nutrients such as phosphorus
cannot be biologically fixed and must come from
weathering of minerals or atmospheric deposition.

Retention of nitrogen was high at 98%, much of it
as biota, but retention as dissolved organic nitrogen
(DON) appears to be very marked in pond waters.
At the McMurdo Ice Shelf, DON concentrations
can exceed 13gm™, very high values for natural,
unpolluted waters. Observations suggest that DON
in these ponds is relatively refractory (Vincent and
Howard-Williams 1994) and accumulates over time
similarly to the major ions (Figure 6.6). The sources,
sinks, and dynamics of DON in ice-based systems
still need to be adequately addressed.
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Table 6.2 Nitrogen budget for the water column of a pond on
the McMurdo Ice Shelf. Data compiled from Hawes et al. (1997),
Downes et al. (2000) and Fernandez-Valiente et al. (2001)

Process Flux Percentage
(mgm-2day-) of inflow

In

1. Precipitation 0.2 1

2. N fixation 12.8 67

3. Recycled N 6.0 32

Total in 19 100

Out

4. Denitrification 0.4 2

5. Phytoplankton uptake 3.8 20

6. Benthic uptake 4.8 26

7. Storage* 10 52

Total out 19 100

*By difference.

Steep biogeochemical gradients are a feature of
microbial mats. Oxygen concentration falls from
supersaturated to anoxia a few millimeters into
the microbial mats (Hawes et al. 1997). Mountfort
et al. (2003) examined the anaerobic processes
occurring in the underlying anoxic sediments.
They found that, while nitrate reduction and
methanogensis did occur, sulphate reduction was
the dominant process. Interestingly these authors
reported that all of these processes continued after
freeze-up, with methanogenesis showing less sen-
sitivity to subzero temperatures than sulphate
reduction. This resulted in a gradual shift in dom-
inant terminal electron acceptors with declining
temperature.

6.4 Lake-ice ecosystems
6.4.1 Introduction

Although perennially ice-covered lakes are found
through many regions of Antarctica and the colder
parts of the Arctic, the only ice-covered lakes from
which extensive information on ice-bound com-
munities has been obtained are those from the
McMurdo Dry Valleys. Living material within the
ice of these lakes was first reported by Wilson (1965)
and further investigated by Parker et al. (1982). Since
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then investigations have revealed a variety of biota
trapped within lake ice covers (Fritsen et al. 1998).
As well as systems within lake ice, the sediment-
rich surface of some perennially ice-covered lakes
facilitates surface melting and the generation of
freshwater systems on top of the ice, analogous to
the sediment-lined surfaces of the McMurdo and
Ward Hunt Ice Shelves.

6.4.2 Physical processes in lake ice

Ice temperatures vary with depth into the lake ice,
being close to ambient air temperature close to the
ice surface (surface pools will freeze to tempera-
tures of —40°C), while at increasing depths into ice
they are buffered from extremes. At 2m into the
ice, temperatures below —20°C are rare, whereas
at 3m depth —10°C is the lowest experienced each
year (Priscu and Christner 2004).

The dynamics of perennial lake ice, with basal
freezing balancing surface ablation, means that
materials may enter lake ice from above, as with
cryoconite holes on glaciers, but also from below,
should materials be trapped in the ice cover during
freezing, as with some ice shelves. Materials that
freeze into the ice from above migrate downwards
under the influence of solar heating and seasonal
warming, leaving a liquid trail behind, until reach-
ing a depth to which insufficient solar radiation
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from the lower layers when these were present at
the time of sampling.

penetrates to allow further migration (Adams et al.
1998). Materials that freeze into the ice from below
include fragments of the microbial mats that grow
on the beds of these lakes and these will move
upwards as ice ablates at the surface (Wilson 1965;
Parker et al. 1982).

Regardless of direction of movement, dark
materials in lake ice will tend to accumulate at
the depth where melting rate balances surface
ablation. The lower attenuation of radiation by
lake ice compared to the firn ice of glaciers allows
lake-ice ecosystems to sink meters rather than
the decimeters of cryoconite holes into glacial ice.
Thus lake ice communities form deeply entombed
‘bubbles’” of water, gas, and mineral and biotic
inclusions within the ice. These undergo complex
physico-chemical changes during the multiple sea-
sonal freeze-thaw cycles that they are exposed to
(Adams et al. 1998).

6.4.3 Ecosystem processes in lake ice

Communities within lake ice occupy a habitat simi-
lar to cryoconite holes in many ways (Priscu et al.
1998) but differ in that, while lake ice bubbles exist,
they are never open to atmospheric exchange. Few
measurements have been made, but it is appar-
ent that communities within lake ice bubbles are
photosynthetically active, although light-saturated
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rates of chlorophyll a-specific photosynthesis were
1-100-fold lower in the ice bubbles than in the lake
water below (Fritsen and Priscu 1998). This may
be due to the long period of subzero temperatures
(at least —20°C) over the winter months, although
the chemical conditions in the bubbles, after long
periods (possibly years) of enclosure in repeatedly
frozen and thawed lake ice, make these waters
chemically extreme. Carbon dioxide limitation is
almost certainly a constraint on photosynthesis,
in waters where pH rises to 10 or more (Fritsen
et al. 1998).

As with cryoconite holes (see Christner et al.
2003), molecular characterization of the diversity of
bacteria and cyanobacteria in the ice bubbles has
shown a wide variety of microbial groups (Gordon
et al. 2000). 16S rDNA hybridization experiments
demonstrated once again the degree of similarity
between communities in ice-based and ice-derived
communities in that dominant members of the
diverse lake-ice microbial community are also
found in adjacent microbial mats in melt streams,
cryoconite holes, and other local habitats from
which they probably originated.

6.5 The significance of
ice-based systems

Despite their widespread distribution within
ablation zones, the significance of ice-based sys-
tems in polar landscapes has received relatively
little attention. Mueller et al. (2001) noted that
cryoconite holes covered 12% of the surface of
the lower ablation zone of White Glacier on Axel
Heiberg Island, Nunavut, and up to 8% of that of
the Canada Glacier in Antarctica. Fountain et al.
(2004) found 3-15% coverage on four different gla-
ciers in the dry valleys including Canada Glacier.
Multiplying the total area of cryoconite holes by
the average biomass within a hole, Mueller et al.
estimated ice-based biomass (as loss on ignition) of
the two glaciers to be 10.0 and 1.5g Cm™2respect-
ively. Although these are low values, even in com-
parison with surrounding polar soils (216g Cm™
was measured in soils close to the Canada Glacier;
Moorhead et al. 1999), there are several reasons why
this pool of living material may have dispropor-
tionately significant ecosystem roles.
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First, numerous authors have alluded to the
potential of cryoconite holes to act as refugia for
the biota within an otherwise hostile landscape,
and point to the broad similarities between the
flora and fauna of cryoconite holes to each other
and to surrounding terrestrial and aquatic systems
(e.g. Wharton et al. 1985). Recent molecular stud-
ies have confirmed the close relationships between
organisms in these various locales (Priscu and
Christner 2004). The supposition that aeolian and
perhaps other transport mechanisms link these
small elements of the watershed follows naturally
from these observations and it becomes sensible to
think of an the extensive, if fragmented, ice-based
ecosystem as forming a continuum between dis-
tant, soil-based habitats. Aeolian transport of sedi-
ment and biota have been shown to be important
processes in polar regions (Lancaster 2002; Nkem
et al. 2006), and windblown dust has been shown
to contain abundant propagules of cyanobacteria,
eukarotic algae, and bryophytes (Hawes 1991).

As well as creating spatial continua, cryoconite-
type habitats may also play a role in providing
temporal continuity by acting as refugia through
climatic excursions, including ice ages, facilitating
rapid recolonization with cold-tolerant organisms
when the ice retreats (Wharton et al. 1985). Recently
there has been growing acceptance that during its
early history the Earth went through one or a series
of so-called snowball Earth phases, when almost
the whole planet froze over (Hoffman et al. 1998).
Vincent et al. (2000) argued that supraglacial habi-
tats would have been among the few that would
have provided suitable conditions for the survival
of the microbial organisms and communities that
are thought to have existed at the time of the lar-
gest event (600million years before present, BP),
including the cyanobacteria which still dominate
the flora of ice-based ecosystems. Indeed, argu-
ments have been advanced that the concentra-
tion of organisms into low-volume compartments
within icy systems that would have accompanied
the snowball Earth phases, coupled with the long-
term stability of biota under cold conditions, may
have provided ideal conditions for the development
of symbiotic associations and eukaryotic develop-
ment in the Precambrian (Vincent ef al. 2000). Even
in Quaternary glacial cycles, ice covered 11-18% of
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the Earth’s surface and ice-based ecosystems must
have been more extensive than at present (Hoffman
and Schrag 2000).

The evidence for long-term viability of bac-
teria, viruses, fungi, and eukaryotes in polar ice is
becoming increasingly strong (Castello and Rogers
2005). Whether these organisms are metabolically
active at ambient temperatures or merely preserved
is not yet clear, but it does seem likely that some
organisms trapped in ice during its formation do
retain viability and may form part of the early col-
onists of ice-based systems as they begin to melt.
This is another way whereby ice-based systems
may form an important intermediary for recol-
onization of terrestrial habitats during periods of
glacial retreat.

Ice-based systems also play a role in the flux of
matierals through polar landscapes. Hodson et al.
(2005) showed how microbial activity within sup-
raglacial freshwater systems on Arctic glaciers
could make significant contributions to evolution
of the chemistry of water draining glacial surfaces.
They attributed the unexpectedly large fluxes of
dissolved and particulate organic nitrogen from the
glacier surfaces to nitrogen assimilation by micro-
bial communities in cryoconite holes. The only
measurement of the productivity of polar cryoco-
nite holes of which we are aware (Sawstrom et al.
2002) indicates that rates of photosynthesis can be
at least as high as water from nearby lakes, particu-
larly in hole bottom water, and, whereas individual
holes may have small volumes, the possibility that
the large area occupied by cryoconite holes on
some glaciers may result in substantial total car-
bon fixation requires further investigation. For the
ice-shelf-based ecosystems there is no question that
they represent substantial foci for biomass accumu-
lation and productivity, far exceeding that of other
habitats with the regions that they occupy.

6.6 Conclusions

In this review a surprising congruity between what
are often treated as different types of ice-based
system has emerged. We have shown how aquatic
ecosystems can develop on and in any kind of
perennial ice, most usually in ablation areas of
relatively impermeable ice. In many cases, the
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existence of an aquatic ecosystem is triggered by
an exposure of dark material on the ice surface that
promotes melting through absorption of solar radi-
ation; the type of system that develops, regardless
of type of ice, is determined by the thickness, size,
and stability of these sediment deposits. Indeed,
there is a such an overlap between ice bubbles,
ice-lidded and open cryoconites, ice-covered and
ice-free ponds, and ice-bound lotic ecosystems as
to make our splitting of these habitats a conveni-
ence rather than a reality. All share the seasonal
fluctuations between frozen and unfrozen, and the
common mechanism of ice formation means that
the freeze-concentration effects in gas and salt con-
tents are similar.

Whether ice, water, or land is the ‘natural’ abode
of the organisms that are shared and exchanged
with nearby terrestrial, ice-based, and aquatic eco-
systems is perhaps an unanswerable and irrelevant
question. The dominance of psychrotrophs over
psychrophiles (Nadeau et al. 2001) supports the view
that the ability to tolerate a varied range of habitats
rather than to specialize in ice-bound systems is
an important trait among the ice community. Our
tendency to think of ice-based aquatic ecosystems,
even in polar regions, as suboptimal oddities is
perhaps more a reflection of our bias as warm-zone,
terrestrial animals than a realistic assessment of
their niche. It is better to think of these biota as a
dynamic group of extremotrophs that are able to
occupy whatever habitats are available at any given
time. At both poles, and in most kinds of habitat,
they are dominated by cyanobacteria, although a
wide range of other organisms — including algae,
fungi, protists, rotifers, nematodes, and tardi-
grades — is present. The required characteristics of
successful colonists include tolerance of freezing
and desiccation (Hawes et al. 1992), of high irradi-
ance during summer (usually through synthesis
of photoprotective pigments; Vincent et al. 1993,
2004a) and in some cases tolerance to high salini-
ties (Hawes et al. 1997) and, wherever gas exchange
is restricted, high pH (e.g. Fritsen et al. 1998).
Therefore, similarities among biota between Arctic
and Antarctic, glacier, and lake-ice habitats should
not be surprising. Cold conditions are neither new
nor rare on Earth. In the past they have been more
and less widespread, but the ability of organisms
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to both tolerate the extremes of cold environments
and extract sufficient resources from an inhospita-
ble and often isolated habitat to grow and repro-
duce have clearly enabled them to persist.

This picture of dynamic interaction between
land and ice becomes yet more logical when the
relative timescales of biological evolution and
habitat change are superimposed. Over evolution-
ary (millennial) time scales the relative abundance
of ice and land in both polar regions has under-
gone substantial change. An example sequence
from Victoria Land (Doran et al. 1994) is shown
below.

* 15000-10000years BP: during the last glaciation
there were few if any ice-free areas. The main ref-
uges for microbial life were ice-bound ecosystems
(cryoconites, glacial ice ponds, and ice shelves).

¢ 10000-5000years BP: in the early interglacial
during glacial retreat from small parts of the con-
tinent the ice-free areas would have been colonized
from the ice-bound ecosystems by washout from
cryoconite holes and aeolian dispersal from ice
shelves.

* 5000years BP-present: in mid to late inter-
glacials the above process may be balanced by a
‘reverse’ colonization of glaciers from aeolian dis-
persal from ecosystems that have subsequently
developed on ice-free land.

Over long time periods we may expect a mixing
back and forth of communities between ice-bound
systems and ice-free land. A major ecosystem
stressor over millennia are the glaciations and it
is the ice-bound systems that provide the genetic
pools of microbial consortia that allow for ecosys-
tem biogeochemical pathways, and presumably
the soil-based systems when the ice retreats. This
existing balance in favor of ice-bound systems may
be changing rapidly with warming of the polar
regions and glacial retreat (e.g. Schiermeier 2004)
which will allow a greater diversity of organisms
to colonize the ice-free lands and marked changes
to existing ecosystems. The consequences for ice-
based habitats will be complex and potentially
severe, perhaps resulting in elimination from
some areas. However, if our hypothesis that the
ice biota is less a specialized one and more part
of an assemblage of stress-tolerant opportunists
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which cross-colonize between and across ice- and
soil-based systems prove correct, we can expect
ice-bound ecosystems to return as soon as ice does.
Testing these hypotheses may be significant to our
full understanding of whether polar climate ameli-
oration threatens unique ice-based ecosystems or
whether there is sufficient long-term resilience to
cope with long-term change.
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