14.1 Introduction

The polar regions, both Arctic and Antarctic, show strong evi-
dence of climate change affecting freshwater species, com-
munities, and ecosystems, and are expected to undergo rapid
and continued change in the future (IPCC, 2007). Diatoms in
the freshwater and brackish habitats of inland waters of the
Antarctic provide valuable records of their historic and modern
environmental status. Antarctic habitats also contain a unique
biodiversity of species many of which are found nowhereelse on
Earth. In this chapter, we review investigations using diatoms
as indicators of environmental change in Antarctic and sub-

antarctic island habitats, including lakes and ponds, streams
and seepage areas, mosses and soils, cryoconite holes, brine
lakes, and remarkable subsurface glacial lakes.

The Antarctic continent holds the vast majority of the Earth’s
freshwater, but the water is largely inaccessible because it is in
the form of ice. Life is dependent upon liquid water, a sub-
Stance scarce in Antarctica. Less than 0.4% of the continent
Is ice free, and it is within these ice-free regions that fresh-
water lakes and ephemeral streams form, fed by the melting
?f Snow and glacial ice and occasional precipitation. These
ice-free regions are located primarily near the Antarctic coast-
line (Figure 14.1). Of these regions, the “desert oases” of East

_Antarctica are considered to be the coldest, driest regions on
Earth. In the limited parts of these oases where liquid water is
vailable, even if present for only a few short weeks of the year,
there s Jife (McKnight et al., 1999).

Cyanobacteria (also known as blue-green algae) are the
most widely distributed and abundant freshwater organisms,
The Diatoms. 4
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occurring as individuals, small colonies, or as cyanobacterial
mats in lakes, ponds, and meltwater streams, and on moist
soils. Higher plants occur only in lower latitudes of the Antarc-
tic Peninsula. Diatoms are present in nearly all moist, wet to
semi-dry, and some frozen habitats of the subantarctic islands
and Antarctica. As in many other regions of the world, diatoms
are often one of few organisms that are well preserved as
subfossils.

14.1.2 Antarctic diatoms

The ability to use diatoms as environmental indicators to their
greatest utility is dependent on accurate taxonomy, with the
lowest prediction errors occurring in analyses using high and
consistent taxonomic precision (Birks, 1994). The subantarctic
and Antarctic diatom floras are remarkably regional, and it is
important that future works rely on the latest primary litera-
ture from the Antarctic, rather than from other sources. We
summarize the important resources in a historical and habitat
context below.

Early exploration of the continent resulted in numerous col-
lections of freshwater algae. Although diatoms were included
in these surveys, they were often not of primary interest (Van
Heurclk, 1909; West and West, 1g11). The most accessible sub-
antarctic and maritime islands of Kerguelen and South Geor-
gia were investigated early on (Reinsch, 18qgo; Carlson, 1g913).
Although the flora of Kerguelen Island had been the most stud-
ied of any of the Antarctic regions (Germain, 1937; Bourrelly
and Manguin, 1954; Germain and Le Cohu, 1981; Le Cohu,
1981; Le Cohu and Maillard, 1983, 1986; Riaux-Gobin, 1994;
Van de Vijver et al., 2001), a recent intensification of work on
diatom taxonomy and biogeography has occurred. There has
been renewed interest in taxonomic investigations of diatoms
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Figure 14.1 Map of the Antarctic continent showing ice-free regions
of the continent and subantarctic islands,

in thesubantarctic islands (Kawecka and Olech, 1993; Kopalova
etal., 2009; Van de Vijver and Beyens, 1999; Van de Vijver et al.,
2001, 20023, 2002b, 2004), maritime Antarctic (Jones and Jug-
gins, 1995), Antarctic Peninsula (Wasell and Hakansson, 1992;
Kociolek and Jones, 1995), the McMurdo Dry Valleys (Prescott,
1979; Seaburg et al. 197g; Spaulding et al., 1999; Esposito et al.,
2008), Bunger Hills (Gibson et al., 2006), Windmill Islands
(Roberts et al., 2001), Vestfold Hills (Roberts and McMinn,
1009), Rauer islands and Larsemann Hills (Hodgson et al.,
2001b; Sabbe et al. 2003, 2004), Amery Qasis (Cremer ¢t al.,
2004) and Schirmacher Qasis (Pankow et al. 1991). The most
recent bibliography of Antarctic works (Kellogg and Kellogg,
2002) underscores the need of improved taxonomic resolution
to facilitate reconstructions of environmental change.

Species diversity of diatoms in Antarctica is low when
compared to temperate regions (Jones, 19g6), or even when
compared to the Arctic (Douglas et al., 2004). This has been
confirmed using a global taxonomically consistent data set at
the genus level, which showed that at comparable latitudes,
lakes in the Austral region consistently have lower local and
regional diatom richness than similar water bodies in the
northern hemisphere (Vyverman et al., 2007). Low diversity
of the Antarctic flora is believed to be due, in part, to physical
isolation of the continent and, thus, a limitation to disper-
sal. Antarctica is surrounded by circumpolar oceans, creating
a barrier to colonization (Heywood, 1977). Furthermore, the
number of algal species decreases with an increase in latitude
(Jones, 1996), although a direct correlation between latitude
and severity of the environment may not exist (Heywood,
1977). Nevertheless, areas that are conspicuously lacking in
diatoms have been reported (Edward VII Peninsula (Broady,
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Figure 14.2 The late Pleistocene and Holocene history of Lake
Terrasovoje, Amery Oasis from sediment biogeochemistry, total
diatom abundance and most abundant diatom taxa (> 5% of relative
- abundance) versus sediment ages. Sediment biogeochemistry shown
ncludes total carbon (TC), total nitrogen (TN), carbon to nitrogen
atio (C/N), total sulfur (TS), and carbon to sulfur ratio (C/S). Shading
if the biogeochemistry regions was considered of particular interest
see Wagner ¢t al. (2004)). The short bars between sediment biogeo-
hemistry and diatom abundance indicate strata that were analyzed
qrdiatom composition. The lower gray shaded areas showthe period
when the lake was overridden by glacial ice (prior to c. 12,400 cal yr
- BP), followed by the onset of biogenic sedimentation with produc-
ion substantially reduced by long-lived snow fields and perennial ice
~cover limiting light penetration, and finally the establishment of a pro-
ductive diatom assemblage (10,200 cal yr BP) due to early Holocene
_warming and a reduction in lake ice cover. The middle gray shaded
area shows a period between 4900 and 3700 cal yr BP when diatom
Production was again restricted by a cool period and the return of
Snow-covered perennial lake ice (Wagner et al., 2004).

1989), Dufek Massif {Hodgson et al., 2010) and Mt. Heekin
Lakes {Spaulding, unpublished data)) and there are periods
in the development of some lakes where diatoms are absent,

Or near absent, on account of unfavorable conditions such as

Light penetration

perennial snow and ice cover (Wagner et al., 2004, Figure 14.2).
It will be of great interest to determine if these initial observa-
tions are supported by further investigation. Indeed, if diatoms
do not occur in the highest latitudes of Antarctica, it may pro-
vide an important insight into diatom physiology and ecology.

The diatoms of the Antarctic Peninsula are more diverse than
other regions, reflecting both its proximity to South America
and more diverse aquatic habitats. An affiliation between the
subantarctic and South American flora was recognized by sev-
eral investigators (Frenguelli, 1924; Bourrelly and Manguin,
1954; Schmidt et al., 1990; Jones et al., 1993). For instance,
many of the Achnanthes species found in King George Island
lakes in moss habitats (Schmidt et al., 19go) have also been
reported in similar Chilean habitats (Krasske, 1939). Further-
more, the diatom flora of the Antarctic is quite different from
that of the Arctic; the polar regions have few taxa in com-
mon (Verleyen et al., 2009). While environmental conditions
of the two poles may be extreme, the geographical isola-
tion of Antarctica may limit the number of taxa to a greater
extent than extreme environment (Vyverman et al., 2007).
The importance of this geographical isolation in structuring
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Figure 14.3 Biplotshowingthe firsttwoaxesinaprincipal component
analysis of the diatom genera in 1039 lakes from both hemispheres
(From Verleyen et al. (2009).) The species-level data were transformed
togenus-levelin ordertoensuretaxonomic consistency between glob-
ally distributed data sets. This plot shows that the diatom composition
in Antarctic lakes is clearly different from the other water bodies in
both hemispheres. The Australasian lakes are situated on the top left
corner of the diagram and relatively separated from the water bodies
in temperate regions of the northern hemisphere. Subantarctic lakes
are positioned in between the Australasian and the Antarctic sites. No
clear geographic grouping can be observed for the temperate lakes
in the northern hemisphere. The Arctic water bodies form a distinct
cluster within the other lakes of the northern hemisphere at the neg-
ative side of the first ordination axis. The tropical lakes are situated
at the positive side of this axis. Numbers in parentheses in the key
correspond to latitude ranges (negative for southern hemisphere).

Antarctic diatom communities has been revealed by multi-
variate analysis of diatom genera in 1039 freshwater bod-
ies from both hemispheres (Verleyen et al., 2009), which
showed that the diatom composition in Antarctic lakes is
distinct from the other water bodies in both hemispheres,
including Arctic regions (Figure 14.3).

Antarcticregions hold a large percentage of diatoms endemic
to the continent, subregions, or even islands. The ratio of
endemic to cosmopolitan taxa of Ross Island and several east-
ern Antarctic coastal regions was greatest between 68 and 77
degrees south (Hirano, 1965; Fukushima, 1970). Sixty three per-
cent of the diatoms of Antarctic Peninsula lakes were found to
be endemic (Schmidtet al., 1990), while in the Larsemann Hills
endemics account for about 40% of all freshwater and brackish
taxa (Sabbe et al., 2003). While the presence of species endemic
to a particular geographic region implies isolating processes
that lead to species evolution, the presence of endemic lin-
eages within the Antarctic and subantarctic implies geographic

Figure 14.4 Light and scanning electron micrographs of taxa within
the genus Muelleria (Frenguelli) Frenguelli. Scale bars equal 10 um.
(a) M. sabbei Van de Vijver and Spaulding from the South Shetland
Islands, (b) M. tumida Van de Vijver and Spaulding from the South
Shetland Islands, (c) M. rostrata Van de Vijver and Spaulding from the
South Shetland Islands, (d) M. taylorii Van de Vijver and Coquyt from
South Africa, (€) M. cryoconicola Stanish and Spaulding from cryoconite
holes of McMurdo Dry Valleys, (f) M. supra Spaulding and Esposito
from McMurdo Dry Valleys, (g) girdle view of Muelleria sp. showing
deep mantles and girdle bands, and (h) M. peraustralis (West and
West) Spaulding and Stoermer from McMurdo Dry Valleys showing
unilaterally deflected proximal raphe ends and divergent distal raphe
ends.

stability and the presence of glacial refugia during glacial
maxima in which species could survive (Spaulding et dl.,
1999). At the same time, other work indicates diatoms are
capable of rapid speciation (Theriot et al., 2006). Species
within the genera Diadesmis, Luticola, Muelleria (Figure 14.4) and
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igure 14.5 Depth zonation of microbial mat types in the lakes from
“Larsemann Hills and Bolingen Islands (East Antarctica) showing
cological threshold of 4 m of maximal lake-water depth above

well-developed microbial mats occur. Lakes shallower than 4 m
‘characterized by disturbed microbial mats and a different diatom
due to the physical and chemical stress associated with yearly
e-ice formation (Sabbe et al. 2004).

uroneis are considered to have evolved within geographically
tricted regions, with eleven species of Diadesmis from Crozet
hipelago (Van de Vijver et al., 2002a) and twenty species of
uticola, several of which are restricted to the South Shetland
slands (Van de Vijvér and Mataloni, 2008).

n addition to diatoms, the Antarctic Peninsula and East
\ntarctica form distinct biogeographical regions for several
roups of other organisms (Andrassy, 1998; Gibson etal. 2008).
écent molecular data have shown that the modern Antarctic
errestrial biota have been continuously isolated on timescales
f multimillion years, and pre-dates the break-up of Gond-
ana (Convey ¢t al., 2008). This work supports the persis-
nce of coastal ice-free habitats as refugia through multiple
‘Cenozoic glacial cycles. Furthermore, convergence across tax-
-onomic groups implies ancient distributions and also presents
‘Paradox, because speciation of diatoms in other parts of the
Wworld has been tied to evolution within ancient water bodies
Or landscapes (Kociolek and Spaulding, 2000; Rossiter and
Kawanabe, 2000; Mackay et al., this volume). Yet aerophilous
habitats,which are common in the Antarctic, are habitats that
are characterized by low moisture or periodic drying. Their

existence is temporary and, therefore, the habitats are not geo-
logically old. The high endemism of aerophilous diatoms in
the Antarctic presents a question that is yet to be resolved.

14.2 Lakes and ponds

Extent and duration of ice cover are typically the most influen-
tial variables controlling physical, geochemical, and biological
features ofhigh-latitude lakes and ponds (Smol, 1988; Wharton
et al., 1993; Douglas et al., 2004; Foreman et al., 2004; Hodg-
son and Smol, 2008). Depending on latitude and elevation, the
duration of ice-cover ranges from several months (e.g. north-
ern Antarctic Peninsula lakes) to perennial (e.g. McMurdo Dry
Valley lakes). Ice cover prevents wind-induced mixing and cre-
ates a stable water column, leading to perennial stratification
(Spaulding et al., 1997). Ice cover reduces transmission of inci-
dentlight, depending on the clarity of the ice. For example, the
clear ice of Lake Vanda transmitted 18% of incident light, while
the opaque ice of Lake Hoare allowed less than 2% of inci-
dent light (Hawes and Schwarz, 2000). Not only does ice cover
reduce the photosynthetic flux density, it alters the spectrum of
transmitted light available to diatoms in benthic-mat commu-
nities (Hawes and Schwarz, 2000; Moorhead et al., 2005). In
addition, the physical and chemical stress associated with the
yearly formation of lake ice largely determines the structure of
the benthic microbial mats and associated diatom floras inhab-
iting the lakes (Sabbe et al., 2004; Figure 14.5). Well-developed,
finely laminated and undisturbed mats typically form in coastal
East Antarctic lakes with a lake-water depth exceeding 4 m.
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In most cases, perennial ice cover prevents the develop-
ment of a planktonic diatom community and allows benthic
communities to dominate in Antarctic waters (Spaulding et al.,
1997; Hodgson et al., 2001a). Diatoms, with their silica cell
walls, require water-column mixing to maintain the dense cells
in suspension. In ice-covered lakes, turbulence caused by wind
mixing is reduced or absent (Light et al., 1981; Wharton et al.,
1993; Spaulding ¢t al., 1997). Although planktonic diatoms are
also expected to be absent in perennially ice-covered lakes, a
limited number of planktonic taxa have been reported from
Antarctic freshwaters, under ice (for review see Jones, 1996). It
might be expected that a planktonic flora would develop where
open water is present for an extended period of time. However,
even lakes that are ice free for a few months may not develop a
plankton flora (Jones, 1996).

Based on investigations of diatoms in Arctic lakes, Smol
(1988) proposed that the extent and duration of ice cover can
be inferred from species composition and abundance of fos-
sil diatoms (see Douglas and Smol, this volume). This model
appears to be generally valid in Antarctic lakes. For example,
changes in the diatom assemblages in the sediments of
“Tiefersee” and “Mondsee” (unofficial names) on King George
Island in the South Shetland Islands reflect differences in the
extent of moat formation during the austral summer (Schmidt
et al., 1990). Tiefersee, located away from a glacier, develops
anice-free moat. Correspondingly, theabundance of periphytic
diatoms in the sediments is greater, and also more variable than
in the more persistent ice cover of Mondsee, which possesses
consistently lower diatom abundance. Further, fluctuation in
the extent of moat development from year to year was inter-
preted based on the abundance of large pennate diatoms in
sediment cores. Tiefersee showed stronger indication of an
ice-free moat (more variation in periphyton abundance) than
Mondsee (more constant diatom abundance). On a longer
timescale, the benthic diatom community and presence of
sediment deposits indicated that the ice cover of Lake Hoare
(McMurdo Dry Valleys) has been perennial for at least 2000
years (Spaulding et al., 1997). In Lake Reid (Larsemann Hills,
East Antarctica), a nearly monospecific diatom community of
Staurgforma inermis Flower, Jones and Round occurred during
the Last Glacial Maximum, likely related to perennial ice cover
during this period (Hodgson et al., 2005).

In addition to ice cover, diatoms respond to a range of other
environmental variables. By examining subfossil remains of
diatoms in lake sediments, changes in environment can be
tracked over time. In some cases, reconstructions are based
on absolute diatom abundance or the ecological preferences

S. A.Spauldingetal.

of particular diatom species. For example, absolute diatom,
abundance calculated from identification and enumeratjoy of
frustules combined with analyses of preserved diatom pig-
ments (fucoxanthin, diatoxanthin, diadinoxanthin) hag been
used to estimate total diatom primary production. Analysis of
sediments from cores of isolation lakes in the Larsemanp Hills
showed that transitions from marine to lacustrine habitats were
accompanied by a 2- to 26-fold decrease in marine diatom pro-
duction and that these declines are not entirely compensareq
by increased production of benthic taxa in freshwater epy;.
ronments during lake evolution (Verleyen et al., 2004a). The
ecological preferences of particular diatom species have algg
been used to qualitatively infer environmental changes. For
example, the transitions between freshwater, brackish, and
marine diatom assemblages in coastal lakes have been used 1o
reconstruct relative sea-level changes from the isolation of lake
basins at different attitudes, from which changes in ice-sheet
configuration can be inferred (Wasell and Hakansson, 1992;
Zwartz et al., 1998; Verkulich et al., 2002; Bentley ¢t al., 2005;
Verleyen et al., 2005; Hodgson et al., 2009). Deglaciation and
subsequent warm periods are associated with increased nutri-
ent supply to lakes, which strongly influences diatom species
composition. Therefore, the onset and progression of glacial
melt can be inferred from the colonization of lakes by benthic
diatoms and the establishment of productive diatom commu-
nities (e.g. Bjorcketal., 1993; Bjorcketal., 1996; Hodgson etal.,
2005; Wagner et al., 2004). In other cases, diatoms associated
with specific substrates, such as mosses, have been used to
infer the presence of these substrates in sediment cores, even
when moss macrofossils are not preserved. For example, the
diatom assemblage preserved in sediments deposited during
the last interglacial (Marine [sotope Stage (MIS) se, 125-115 ka
BP) in the Larsemann Hills, East Antarctica, includes species
that are associated with soil and moss habitats (e.g. Diadesmis
costet Le Cohu and Van de Vijver, Diatomella balfouriana Grev.)
and aquatic mosses (e.g. Psammothidium manguinii Husted®)
of the warmer maritime~Antarctic biome. One of the species
(D. costei) is considered endemic to the subantarctic (Hodgson
et al., 2006b, Figure 14.6). This species assemblage is absent
from the region and other ice-free oases in east Antarctica today
(Verleyen et al. 2003) and suggests that temperatures were not
only higher during the last interglacial, but present-day condi-
tions have not warmed sufficiently for colonisation by species
associated with the maritime and subantarctic biomes.
Changes in entire species assemblages may occur in
response to environmental variables and can be used quali-

tatively to reconstruct changes through time using inference
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titudinal temperature gradients (Hodgson et al., 2006b).

odels, or transfer functions, if the response relationships
e well understood. In the Antarctic, diatom transfer func-
ons have been developed to reconstruct changes in lake
alinity (Roberts and McMinn, 1998; Verleyen et al., 2003),
ater depth (Verleyen et al., 2003), ammonium and chloro-
Phyll a concentration (Jones and Juggins, 1995) and conduc-
ivity, soluble reactive phosphate, and silicate (Saunders et al.,
2008). Transfer functions have then been applied to reconstruct
historical conditions, such as lake-water salinity (or conductiv-
). In closed-basin lakes, the hydrologic balance reflects input
through precipitation and snow and ice melt, and loss by evap-
Oration, sublimation and ablation. The response of particular
lakes depends on the Antarctic region. In mostcases, when East
Antarctic lakes have become less saline, warmer periods have

been inferred due to increased precipitation and snow accumu-
lation (Roberts and McMinn, 1999; Roberts et al., 2000; Roberts
etal., 2004; Verleyen etal., 2004b, 2004¢; Hodgson et al., 2005).
Alternatively, warmer periods have been inferred when lakes
become more saline, whereby reduced snow cover has led to
decreased albedo, which in turn has caused increased evapora-
tion of the lake water and sublimation of the lake ice (Hodgson
et al., 2006a). In the McMurdo Dry Valleys, cold temperatures
limit stream flow and lake water becomes more concentrated
duringcolder periods (Lawrence and Hendy, 1989; Chinn, 1993;
Doran et al., 2008). In Lake Fryxell, carbonate concentrations
were associated with halophilic diatom taxa and allowed recon-
struction of paleo lake levels (Whittaker et al., 2008). Peaks in
stream discharge were also interpreted based on the occurrence
of marine diatom fragments in lake sediments, because melt-
water streams erode through ancient marine deposits, carrying
marine fragments to the lake during periods of stream down-
cutting. Unlike diatom-inference models used in other parts of
the world, Antarctic models are typically dependent on benthic
diatoms alone (planktonic species are largely absent). Conse-
quently, some of the major planktonic shifts associated with
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climate change and water-column warming in lower latitude
environments cannot be resolved in the Antarctic using fossil
diatom assemblages. Further descriptions of the methods and
applications of diatoms in Antarctic paleolimnology are sum-
marized in two recent reviews (Hodgson et al., 2004; Hodgson
and Smol, 2008).

14.3 Streams

Streams and rivers are unusual habitats in the Antarctic,
because they are limited in their extent and hydrologically
very different from flowing waters of the rest of the planet
{McKnight et al., 1999). The McMurdo Dry Valleys contain
waters that flow for less than r km to 30 km (Onyx River of
the Wright Valley). While snowfall accumulates at high eleva-
tions, it sublimates or contributes to soil moisture but does
not lead to runoff to feed stream flow (Chinn, 1993). Lacking
precipitation and terrestrial runoff, the ephemeral streams are
fed by melting glaciers, and flow in some regions for no more
than 10 weeks of the year. Furthermore, flow is dependent on
solar radiation and aspect of the source glacier; flow can vary
5 to 10-fold on a daily basis (Conovitz et al. 1998). Sediments
are underlain by an active layer of permafrost of 0.1 m to 0.5
m depth, which freezes and thaws annually and influences the
exchange of water and solutes across the hyporheic zone (McK-
nightetal., 1999). Finally, because streams drain to closed-basin
lakes, hydrologic processes are reflected in lake-water level and
solute chemistry (Chinn, 1993; House et al., 1995; Doran et al.,
2008).

Diatoms are common in McMurdo Dry Valley streams and
grow in benthic mats in association with cyanobacteria, chloro-
phytes, nematodes, tardigrades, and rotifers (Algeret al., 1997;
Esposito et al., 2008). The benthic mats are colorful oranges,
blacks, greens, and browns, reflecting photosynthetic and pho-
toprotective pigments and an accumulation of biomass at val-
ues considered high even in comparison to temperate-zone
biomass (McKnight and Tate, 1997). The algal mats are peren-
nial and survive the long periods of the year when streams
do not flow, overwintering in a freeze-dried state (McKnight
et al., 1999). Diatoms within these ephemeral streams toler-
ate not only annual periods of desiccation and freezing, but
can persist for decades or centuries without liquid water. Of
the 38 species of diatoms identified in McMurdo Dry Valley
streams (Algeretal., 1997) 60% were considered endemic. Com-
mon taxa include Diadesmis contenta (Grunow) Mann, Diadesmis
perpusilla (Grunow) Mann, Hantzschia abundans Lange-Bertalot,
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Figure 14.7 (a) Average percentage of Antarctic diatoms as a function
ofharshness score. Points are coded according tothe legend by stream
name (Canada, Von Guerard, Delta, and Green streams). The trendline
and r* value are based on a logarithmic relationship. (b) Average
percentage of Antarctic diatoms in Canada Stream as a function of
stream flow. Each point represents a yearly value, as indicated. The
strong negative relationship is shown with the trendline and r* value
(Esposito et al., 2006).

Luticola austroatlantica Van de Vijver et al., Luticola gaussii (Heiden)
Mann, Muelleria peraustralis (West and West) Spaulding and
Stoermer, Psammothidium chlidanos (Hohn and Hellerman)
Lange-Bertalot, and Stauroneis latistauros Van de Vijver and
Lange-Bertalot. Diatom species composition, diversity, and
endemism appear to be strongly tied to annual stream
flow (Esposito et al., 2006), an observation that has direct
application to quantifying climatic shifts. Under conditions
of decreased solar radiation, temperature, and resulting reduc-
tion in stream flow, endemic Antarctic species become more
dominant in stream assemblages (Figure 14.7). That is, cooling
and the associated increase in ecological harshness of streams,
favors Antarctic species over species that are more widespread.
The McMurdo Dry Valleys experienced cooling trends over the
1990s (Doran et al., 2002; Torinesi et al., 2003), when diatom
stream assemblages changed, a trend that may be reversed if

warming occurs, as predicted (Shindell and Schmidt, 2004).
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4.4 Mosses and soils

jatoms are abundant in wet, semi-wet soils, and non-aquatic

oss ecosystems, habitats that are particularly abundant in
subantarctic regions. Onmany of the subantarcticand maritime

tarctic islands of the southern Indian Ocean, mosses are the
{prithipal yegetation, covering large areas and rich in bryophyte
species (Seppelt, 2004; Ochyra et al., 2008). Although moss
habitats contribute a large proportion of terrestrial biomass,
diatoms living on these mosses and soils were relatively
;known until recently. Early studies of the diatom flora of
acquarie Island (Bunt, 1954) and Campbell Island (Hick-
man and Vitt, 1973) documented some taxa, but recent work
veals a well-developed, rich flora of more than 250 species
an de Vijver and Beyens, 1999; Van de Vijver et al., 2002b,
2004; Gremmen et al., 2007). Other works have contributed to
tﬁe discovery of the terrestrial diatom flora of King George
land (Van de Vijver 2008), Livingston Island (Chipev and
Temniskova-Topalova, 1999, Zidarova, 2008) and Deception
Island (Fermani et al., 2007, Van de Vijver and Mataloni, 2008).
The taxonomy of many of the subantarctic groups has recently
been revised (Van de Vijver, 2008; Van de Vijver and Mataloni,
08), demonstrating a diatom flora of regionally endemic
species.

~After accounting for regional differences, the composition
and species richness of diatoms in mosses and soils is strongly
influenced by moisture content (Chipev and Temniskova-
ypalova, 1999; Van de Vijver and Beyens, 1999; Van de Vijver
etal., 2002b, 2004). In dry habitats, species numbers are consis-
tently lower than in wet habitats. Furthermore, only 2 limited
number of species and genera appear to be capable of sur-
viving xeric conditions (Van de Vijver and Beyens, 1999) and
n -those taxa, valve size typically decreases with decreasing
moisture content. For example, valve size of Pinnularia borealis
hrenb. on the island of South Georgia was significantly lower
hthe driest mosses than in wetter mosses. The environmental
riables that influence the species composition differ across
bitat types. That is, the species composition of diatom com-
munities in moss habitats is related to habitat type (Van de
Vijver and Beyens, 1999), while the species of diatom commu-
Dities in soil habitats is influenced by nutrient concentrations
Phosphate and nitrate). Animal-influenced habitats, such as
the upper layer of the soil in penguin rookeries, are a clear
example of this influence (Van de Vijver et al., 2002a; Fermani
etal,, 2007). All of these factors provide great potential for use
: of moss diatoms in interpreting shifts in moisture and habitat
vailablility.
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The Antarctic Convergence, or Antarctic Polar Front, is con-
sidered the climatic boundary between the Antarctic continent
and several oceanic fronts (Broecker, 1996; Bard et al., 1997;
Domack and Mayewski, 1999) and the subantarctic islands
are located within this turbulent zone of the Antarctic Con-
vergence. In this geographic position the islands are influ-
enced by circumpolar winds, the Southern Westerlies, whose
fluctuations influence ocean circulation and global climate.
As a result, understanding species and environment relation-
ships has allowed paleoclimatic reconstruction in this impor-
tant region. The diatom species composition of moss habitats
on Kerguelen Island has been related to elevation, a proxy for
temperature (Gremmen et al., 2007). Regardless of the moss
species composition, diatoms growing within moss habitats
were related to altitude, with diatoms having colder optima
also favoring higheraltitudes. Accordingly, peat cores obtained
from Ile de la Possession (Crozet Archipelago) led to an envi-
ronmental reconstruction of the past 6200 years using both
moss remains and diatoms. Results indicate a major shift at
2800 yr BP to a wetter, windier climate attributed to an intensi-
fication, or latitudinal shift, or both, of the Southern Westerlies
(Van der Putten et al., 2009).

14.5 Eolian transport of diatom valves

The presence of eolian marine and freshwater diatoms in ice
cores of the polar plateau (Kellogg and Kellogg, 1996) can be
used as tracers of air masses and circulation patterns. Atmo-
spheric transport of freshwater diatom frustules is known
to occur over long distances (Lichti-Federovich, 1984; Gayley
et al., 1g89; Chalmers et al., 1996); however, transport of valves
does not imply that cells are viable. In the Antarctic, diatom
valves were present in ice cores obtained from high elevations
of the polar plateau, several hundred kilometers from fresh-
water sources (Burckle et al., 1988; Kellogg and Kellogg, 1996).
In these studies, the diatomns were considered eolian, because
no melt pools were known from the surface of the ice cap.
However, the occurrence of diatoms in melt pools on the sur-
face of glaciers is well established and can serve as a source
of living populations (this chapter). The species found on the
polar plateau were 98% lacustrine taxa, including Luticola muti-
copsis (Van Heurck) Mann, Navicula shackletoni West and West,
Luticola cohnii (Hilse) Mann, N. deltaica Kellogg (Burckle et al.,
1988), species known from freshwater and hypersaline lakes
and deposits in Antarctica. The reconstruction of lake level in
Lake Fryxell during the Holocene (Whittaker et al., 2008) was
aided by recognition of a period in which deposition of eolian
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diatoms dominated the accumulation of sediments. Both sands
and diatoms were blown onto the lake surface, and migrated
through the lake ice cover.

Marine forms are not likely to be transported by wind over
longdistances (Burckleetal., 1988), and glacialiceis dominated
by freshwater forms (lakes make up only 0.32% of the Antarctic
terrestrial surface area) rather than marine forms. Yet, a cru-
cial component of eolian transport is that subfossil diatoms of
terrestrial deposits are most easily transported (Sancetta et al.
1992), as compared to live cells. While empty diatom valves of
marine and freshwater species may be transported consider-
able distance, living forms may not be so easily entrained in
the atmosphere. For example, onshore winds were found to
be effective in lifting marine diatoms from the sea surface, but
there was no support for transport beyond the nearshore region
(Maynard, 1968). A similar study from the Ross Sea, Antarc-
tica, found that while marine particles were transported with
aerosols, fragments or whole diatom valves were not included
(Saxenaetal., 1985). The transport of living marine diatoms for
any distance has not been demonstrated, presumably because
living cells have difficulty becoming airborne, as they often
form long chains, have external organic coatings, and contain
dense internal protoplasm (Burckle et al., 1988). The combi-
nation of diatom species that are endemic to narrow regions
and eolian transport has the potential to be utilized to a greater
extent.

14.6 Cryoconite holes

Cryoconite holes are depressions on glacier surfaces filled with
water and sediment, named for the “cold rock dust” they con-
tain (Nordenskjold 1875). Wind-blown sedimentis transported
onto glacier surfaces and collects in depressions in the ice.
The lower albedo of the sediment causes the ice to melt more
quickly than its surroundings, forming a hole. Over time, wind-
blown sedimentand organic matter accumulates and enhances
the melting process. Organisms transported into cryoconite
holes can increase expansion of the holes through absorp-
tion of solar energy and metabolic activity (Gerdel and Drouet,
1960; Mclntyre, 1984). Cryoconite holes may be significant on
glaciers, accounting for up to 6% of the surface area of the accu-
mulation zone {Gerdel and Drouet 1960; Fountain et al., 2004;
Hodson et al., 2007), ranging from 5-145 cm in diameter to
4—56 cm in depth. In the Antarctic, meltwater from cryoconite
holes generates as much as 13% of glacial runoff (Fountain
etal., 2004). In addition to their importance in glacial mass bal-
ance, cryoconite holes may serve as refugia for biota and play
an important role in re-seeding neighboring lakes or streams
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(Wharton and Vinyard, 1983; Wharton et al,, 1981; Porazin.
ska et al., 2004). In lieu of the extreme physical and chemicy)
conditions within cryoconite holes, researchers consider these
systems to be analogs of refugia on Earth during cold periods
and othericy planets (Tranteretal., 2004; Sdwstrom et al., 2002),

Although the organisms in cryoconite holes typically refiec
the aquatic biota of surrounding areas, containing cyanobac.
teria, green algae, metazoans, and diatoms (Wharton 1981,
1985; Mueller et al., 2001; Christner et al., 2003; Porazinskg
et al., 2004; Stibal et al., 2006), there may be important differ.
ences. The microhabitatappears to favor species that can with-
stand the extreme changes in physical and chemical conditiong
and, in the McMurdo Dry Valleys, contain high abundances of
the diatom Muelleria cryoconicola Stanish and Spaulding, which
appears to be endemic to these microhabitats (Van de Vijver
etal., 2010). Although these microhabitats have notbeen used ip
terms of interpreting environmental conditions yet, the unique
species within them are of potential use in detecting environ-
mental change to glacial surfaces.

14.7 Brine lakes

While a few brine, or hypersaline, lakes are extant in the
McMurdo Dry Valleys (Doran et al., 2003), many closed-
basin lakes (including lakes Vanda, Bonney, and Fryxell) were
reduced to brine lakes in the past (Lyons et al., 2006; Whittaker
etal., 2008). The present brine lakes include Lake Vida, which is
considered to be at the extreme end of lacustrine types (Doran
et al., 2003). The ice cover of Lake Vida is 19 m thick and the
water column is composed of a sodium chloride (NaCl) brine,
seven times as saline as seawater. The brine is considered to
have been isolated for at least 2800 years, based on *C dates.
Because of its extreme salinity, the brine remains liquid below
—10 °C. Although the surface ice contains viable microbial
mats, there has been no effort to date to determine if diatoms
are present. Large glacial lakes existed in the McMurdo Dry
Valleys during the last glacial maximum (Stuiver et al., 1981;
Hall and Denton, 2000; Whittaker et al., 2008) and an under-
standing of present-day brines may help understand sediment
records of the past. While sediments of Lake Vanda contain
well-preserved diatoms (Spaulding, personal observation), to
date they have not been used to add to interpretation of the
paleoclimate of the region.

14.8 subglacial lakes

In the future, diatoms near, and in, subglacial lake sediments
willbeofgreatinterestininterpreting pastconditions. Evidence
from perennially ice-covered lakes, or periods in lake-sediment

#
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ds when lakes were perennially ice covered, shows that
mfphotosynthesis is substantially inhibited in low-light

snments. As a result, diatoms communities are typically
during periods of thick perennial snow and ice cover
gson et al,, 2006b; Wagner et al., 2004, Figure 14.3) or
sist of monospecific assemblages under permanentlakeice
er (Hodgson et al., 2005). Diatoms are therefore not antici-
sted to be growing in subsurface lakes where there is insuffi-
tlight for photosynthesis, although heterotrophic growth
ld be present. Nevertheless, a wide range of other microor-
“panisims (bacteria, yeasts, fungi, microalgae) are presentwithin
» deep glacial ice above Lake Vostok, up 2750 m in depth
yzov et al., 1998). Scanning electron micrographs of Lake
Jstok accretion ice at a depth of 3590 m show fragments of
ntdiatom species (Doran et al., 2004; see page 491, figures
e—f), some recognizable as marine forms. Further recovery
frustules from around Lake Vostok may reveal the types and
nt of diatom habitats, and therefore characterize the con-
tions present during different periods in lake development.

14.9 Fossil diatoms in glacial deposits to
construct ice-sheet and climate history

e presence of subfossil marine diatoms has provided cru-
al evidence for the extent of the Antarctic ice sheets, and the
agéof these diatoms (determined by biostratigraphy and cos-
ogenic *Be concentrations in the sediment matrix) indicates
e periods when the ice sheet was absent. This is partic-
ﬁlarly pertinent for the West Antarctic Ice Sheet, whose par-
tial or complete collapse in previous interglacials may have
resulted in substantial contributions to global sea-level rise
(Denton and Hughes, 2002). Knowledge of how this ice-sheet
configuration changes during periods of relatively well-known
paleoclimatic conditions critically advises our ability to predict
future behavior. Several studies have proposed West Antarctic
~ Ice Sheet collapse at least once in the last 600 ka (Hearty et al.,
1999; Scherer et al., 1998), with candidate periods being MIS
1, 400 ka, an unusually long interglacial when the Southern
Ocean was warmer than at present, and even (for partial col-
lapse) MIS se (Scherer et al., 1998), when temperatures were
between 2 and 5 °C higher than today and global sea levels were
: 4-6 m higher (Jansen et al., 2007).

Along-standing controversy continues over the East Antarc-
ticIce Sheet and whether it was stable, or warmed and melted,
raising global sea level by more than 25 m during the Pliocene.
The debate concerning the paleoclimate of Antarctica dur-
ing the Pliocene centers on the interpretation of diatoms in
the glacially deposited Sirius Formation (Webb et al., 1984;

277

Denton et al., 1991; Webb and Harwood, 1991; LeMasurier
et al., 1994; Wilson et al., 2002). The “dynamic” hypothesis
proposes that the Sirius deposits contain reworked marine
diatoms that were deposited within basins in East Antarctica
during a warm interval in the Pliocene, when the East Antarc-
tic Ice Sheet retreated to about one-third of its present size
(Webbetal., 1084; Webb and Harwood, 1991). According to this
hypothesis, grounded ice scoured the marine basins during a
later cold period, incorporated marine sediments and diatoms,
and deposited the reworked material in the Transantarc-
tic Mountains (in the Sirius Formation). Alternatively, the
“stable” hypothesis proponents contend that the East Antarc-
tic Ice Sheet has remained essentially unchanged for millions
of years (Denton et al., 1991; LeMasurier et al., 1994), and that
diatoms in the Sirius deposits are the result of surface (eolian)
contamination (Burckle and Potter, 1996). Burckle and Pot-
ter discovered Pliocene—Pleistocene diatoms within fractures
of Devonian rocks, and concluded that the younger diatoms
were transported by wind and deposited within the much older
rocks. Mahood and Barron (1996) point out that controversies
suchasthatsurrounding the Sirius Formation could be resolved
by closer taxonomic scrutiny of diatom taxa used as markers
of biostratigraphy and environmental conditions. With such
detailed examination of taxa, misunderstandings of the iden-
tity, age, and source of diatoms would be far less likely. Indeed,
the most recent efforts to resolve the age and origin of glacial
deposits of the Sirius Formation has revealed a complex glacial
history supporting temperate climatic conditions in the Mount
Feather region until the Late Miocene (Wilson et al., 2002).
The non-marine diatoms of the Mount Feather Diamicton are
dominated by Anomoeoneis costata Hust. and Stephanodiscus sp.,
species whose presence implies a temperate climate. These
taxa no longer grow under the current glacial conditions of
the Antarctic continent. Additional work to characterize the
diatom assemblages promises to further identify and constrain
the sources of glacial deposits.

14.10 Summary
Diatoms of the Antarctic and subantarctic islands are part of a
unique flora that are exposed to high gradients of solar radi-
ation, short growing seasons, extreme temperature ranges,
changing amounts of moisture, strong salinity gradients, and
vulnerability to climate change. The species diversity of diatoms
of inland habitats in Antarctica is low compared to both tem-
perate and Arctic regions, due, in part, to physical isolation of
the continent. Within the continent, diatoms of the Antarctic
Peninsula are more diverse than other regions, reflecting both
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the proximity to South America and the more diverse aquatic
habitats of the warmer peninsula region. Despite the cold con-
ditions, Antarctic regions have also been recognized as sites
that contain a large percentage of diatoms endemic to the con-
tinent, small subregions, or even islands.

Diatoms have been used to determine environmental change
in the Antarctic from a variety of habitats, including lakes,
streams, mosses and soils, and fossil deposits. In some sites,
the history of lake ice cover has been inferred. Because peren-
nial ice cover prevents the development of a planktonic diatom
community, the composition of diatom assemblages in the sed-
iments can be used to detect differences in the extent of melt-
ing of ice cover and the formation of a moat during the austral
summer. The sediments of Lake Hoare (McMurdo Dry Valleys)
revealed a benthic diatom community and the presence of sed-
iment deposits indicated that the ice cover has been perennial
for at least 2000 years. Several of the coastal lakes have been
influenced by marine inflows, or were entirely marine. Lake
sediment cores allow estimates of marine diatom production
and shifts to increased production of benthic taxa in fresh-
water environments as glaciers retreated during the Holocene.
Deglaciation and subsequentwarm periods are associated with
increased nutrient supply to lakes, which strongly influences
diatom species composition. Therefore, the onset and pro-
gression of glacial melt can be inferred from the colonization
of lakes by benthic diatoms and the establishment of produc-
tive diatom communities. Diatom transfer functions have been
developed to reconstruct changes in lake salinity, water depth,
ammonium and chlorophyll a concentration, conductance, sol-
uble reactive phosphate, and silicate.

The response of particular lakes to changes in tempera-
ture depends on the Antarctic region. In most cases, when
East Antarctic lakes have become less saline, warmer periods
have been inferred due to increased precipitation and snow
accumulation reflecting input through precipitation and snow
and ice melt, and loss by evaporation and ablation. Alterna-
tively, warmer periods have been inferred when lakes become
more saline, whereby reduced snow cover has led to decreased
albedo, which in turn has caused increased evaporation of the
lake water and sublimation of the lake ice. Unlike diatom-
inference models used in other parts of the world, Antarc-
tic models are typically dependent on benthic diatoms alone
because planktonic species are largely absent.

In streams, diatom species composition, diversity, and
endemism appear to be strongly tied to annual stream flow,
an observation that has direct application to quantifying cli-
matic shifts. Under conditions of decreased solar radiation,
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temperature, and resulting reduction in stream flow, endem;,
Antarctic species become more dominant in stream assep,.
blages. In moss and stream habitats, the diatom species cop-
position on Kerguelen Island has been related to elevation, 5
proxy for temperature. Regardless of the moss species com.
position, diatoms growing within moss habitats were relateq
to altitude, with diatoms having colder optima also favoring
higher altitudes.

A debate concerning the paleoclimate of Antarctica during
the Pliocene centers on the interpretation of diatoms in the
glacially deposited Sirius Formation. The dynamic hypothe-
sis proposes that the Sirius deposits contain reworked marine
diatoms that were deposited within basins in East Antarctica
duringawarm interval. According to this hypothesis, grounded
ice scoured the marine basins during a later cold period, incor-
porated marine sediments and diatoms, and deposited the
reworked material in the Transantarctic Mountains. Alterng-
tively, the stable-hypothesis proponents contend that the East
Antarctic Ice Sheet has remained essentially unchanged for
millions of years.

Future work may utilize the understanding of eolian trans-
port, cryoconite holes, brine lakes, and subglacial lakes to apply
diatoms as tools for understanding aspects of Earth’s history.
The polar regions, both Arctic and Antarctic, show strong evi-
dence of climate change in freshwater species, communities,
and ecosystems, and are expected to undergo rapid and con-
tinued change in the future. Diatoms in the freshwater and
brackish habitats of inland waters of the Antarctic hold valuable
records of historic and modern environmental status, as well
as containing a unique biodiversity of species found nowhere
else on Earth.
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