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Most of Antarctica is covered by ice that may
exceed 3000 m in depth, but some areas of the
continent are ice free. The McMurdo Dry Valleys, at
76°30'-78°30" S, 160-164° E, form the largest (approx-
imately 4800 km?) of the ice-free areas. This location has
also been a US National Science Foundation (NSF)—funded
Long-Term Ecological Research (LTER) site since 1993. The
dry valleys are among the most extreme deserts on the
planet, far colder and drier than deserts elsewhere. Mean
annual temperatures in Taylor Valley (primary location of
the McMurdo LTER) range from -16 °C to =21 °C, and
precipitation is less than 10 cm annually. The dry valleys
contain perennially ice-covered lakes, ephemeral streams,
glaciers, and extensive areas of both soils and exposed
bedrock. Despite these extreme climatic conditions,
biological communities exist in the lakes, streams, and
soils. These communities must be adapted to unusual
physical conditions driven by both climate and latitude,
which include extreme desiccation, freeze—thaw cycles,
high winds, and unigue light—dark cycles. Such
environmental constraints are beyond the tolerance of
many groups of organisms (Friedmann 1982, Freckman
and Virginia 1997).

The McMurde Dry Valleys are extremely climate-sensi-
tive environments. Small variations in physical environ-
ment and climatic conditions within the dry valleys have
profound effects on life in these ecosystems. Although
Antarctica as a whole is undoubtedly highly climate sensi-
tive (Smith et al. 1999), the McMurdo Dry Valleys are like-

THE COMBINATION OF WEAK SPATIAL
LINKAGES AND A NUTRIENT-DEFICIENT
ENVIRONMENT IN THE DRY VALLEYS MAKE
THE LEGACY OF PAST CLIMATIC
CONDITIONS HIGHLY RELEVANT TO
CURRENT DRY VALLEY ECOSYSTEMS

ly to be particularly sensitive because small climatic
changes can lead to extreme variations in hydrologic
regime (Dana et al. 1998, Fountain et al. 1998). This mag-
nification has been referred to as polar amplification. It is
now clear that what would, in more temperate regions, be
considered very small variations in temperature and, to
some degree, humidity and precipitation have potentially
great impact in the McMurdo Dry Valleys.

The presence of liquid water remains the primary limit-
ing condition for life in Antarctica (Kennedy 1993). There-
fore, processes that affect the formation, location, and dis-
tribution of liquid water greatly influence ecological
function and biological diversity in the McMurdo Dry Val-
leys. Understanding the role of present and past climate
variability on the distribution of liguid water has been a
major emphasis of the McMurdo LTER. In this article, we
describe the physical environment of the McMurde Dry
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Figure 1. The Victoria, Wright, and Taylor
Valley components of the McMurdo Dry
Valleys. The other dry valleys (Garwood
and Miers Valleys} are located 30 km to the
south and are not shown here.

floors with large expanses of exposed
bedrock (Figure 2). Much current debate
exists over the pre-Quaternary climatic his-
tory of this region of Antarctica (e.g., Miller
and Mabin 1998).

A recently developed geomorphological
model divides the dry valleys into coastal,
intermediate, and interior regions (Mar-
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chant and Denton 1996), which correspond
roughly to regions that have been at low,
intermediate, and high elevation since the
mid-Pliocene (Wilch et al. 1993). The low-
elevation coastal areas show modern soil
movement; mid-elevation intermediate areas
show evidence of soil activity only on moist,
north-facing slopes; and soils of the high-ele-
vation interior regions have changed little
over the last 4 million or so vears. The
coastal zone corresponds to fowland soils
containing lacustrine organic matter and
marine signatures in glacial tills in both the
upper and lower reaches of the valley
(Burkins et al. in press). Interior regions are
upland areas in high mountains (e.g., the
Kukri Hills and Asgard Range) adjacent to

MILES

Taylor Valley (Figure 1). The intermediate
region corresponds to the higher elevations

Valleys and outline the current understanding of the cli-
matic controls in the dry valleys. The data we present will
also provide background for the more biologically focused
manuscripts on the McMurdo Dry Valleys in this issue of
BioScience.

Setting

The McMurdo Dry Valleys exist because the Transantarc-
tic Mountains block much of the flow of the East Antarc-
tic Ice Sheet toward McMurdo Sound (Chinn 1990). In
addition, at the level of the valley floor, ablation (mass loss
in all its forms) of snow and ice exceeds accumulation
during all seasons. Glaciers descend from the surrounding
mountains; the largest glaciers reach the valley floor and
terminate in cliffs 20 m high. During the warm periods of
the austral summer, ephemeral streams flow from the
glaciers toward the lakes. Taylor Valley is approximately 35
km long and contains three major lakes (Lakes Bonney,
Hoare, and Fryzxell) and more than 24 ephemeral streams
(Figure 1). The physical appearance of Taylor Valley and
the dry valleys is characterized by sandy gravel valley
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of Taylor Valley that lie between the moun-
tains and the lowland areas.

These lower, middle, and upper elevations have experi-
enced different microenvironmental regimes, which have
differentially affected local biological communities, as
indicated by the sizes and isotopic signatures of organic
matter and nutrient concentrations (Burkins et al. in
press). Understanding the historic context of landscapes is
crucial to understanding all ecosystems (Swanson et al.
1988), but such an understanding is particularly impor-
tant in the case of the McMurdo Dry Valleys, where past
climatic variations dictate current ecosystem status.
Because of its polar location and the paucity of biota, the
primary disturbances in the McMurde Dry Valley ecosys-
tem have been climatic, and landscape pattern has been
primarily controlled by climatic, and not biotic, processes.

The McMurdo Dry Valleys region is considered a cold
desert. The very low amount of precipitation falls mainly
as snow, although small amounts of rain have been known
to occur during the summer (Keys 1980). At Lake Vanda in
Wright Valley, average annual snowfall over 3 years was 6
cm water equivalent, with an annual maximum of 10 cm
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and a minimum of 0.6 cm (Bromley 1985). Easterly winds
bring precipitation as low-pressure systems pass over open
water in the Ross Sea. These systems then drop moisture in
the dry valleys as the air begins to rise over the
Transantarctic Mountains (Bromley 1985). Precipitation
decreases westward in the valleys, as the distance from the
ocean increases (Keys 1980, Fountain et al. in press).
Winds are typically high in the dry valieys, with monthly
average wind speeds in Taylor Valley ranging from 2 m/s to
4 m/s (Clow et al. 1988). Wind-carved ventifacts are com-
mon in the valleys and testify to the windy environment.

Glaciers in Taylor Valley are generally polar alpine,
being characterized by ice temperatures that are well
below freezing, with the base of the glaciers frozen to the
rock substrate. The alpine glaciers flow from the Asgard
Range on the north side of the valley and from the Kukri
Hills on the south side (Figure 1). However, Taylor Glaci-
er, the largest glacier in the valley, flows into the valley
from the west (Figure 1) and is not an alpine glacier but
rather an outlet glacier of the East Antarctic Ice Sheet. The
glaciers flowing from the Asgard Range are, on the aver-
age, three times-the area of those flowing from the Kukri
Hills. This difference results from topographic differ-
ences—the Asgard Range forms higher and larger snow
accumulation basins. Also, the glaciers in the Kukri Hills
are smaller because they are exposed to more solar radia-
tion resulting from their north-facing aspect and from the
higher solar angle when the sun is in the north.

In contrast to glaciers in temperate alpine regions, the
mass gains and losses of the glaciers in Taylor Valley are
relatively small. Our observations of the glaciers (Fountain
et al. 1998) indicate that approximately 10-30 cm of snow
accumulates in the upper zones and approximately 6-15
cm is lost from the ablation zone, amounts that are con-
sistent with results from studies in the adjacent Wright

’alley (Bull and Carnein 1970, Chinn 1980). The impor-
tant components of ablation in Taylor Valley are evapora-
tion, sublimation, and melting. Preliminary results from
Canada Glacier collected from 1993 to 1998 indicate that
during the summer, evaporation and sublimation account
for 70% of the mass loss from the glacier surface; the
remaining 30% is lost by melt (Lewis et al. 1998). The
snow in the upper reaches of the glaciers is cold and dry,
and no snowmelt has been observed directly, although the
presence of thin ice lenses in the snowpack does indicate
previous snowmelt events. It is most likely that the
snowmelt is refrozen in the snow and that no runoff from
the accumulation zone occurs. Meltwater generated in the
ablation zone, including the 20 m high ice cliffs that often
form the termini of many of the glaciers, is the primary
souce of water in Taylor Valley.

Ephemeral streams transport the glacial meltwater to
terminal lakes that lose water only through sublimation
and evaporation. Like terminal lakes elsewhere (e.g., Great
Salt Lake), dry valley lakes are sensitive to small changes in
water inflow. The only source of water to the streams is

glacial melt during the austral summer {(Conovitz et al.
1998). These ephemeral streams are channeled, and, given
the absence of rain and overland flow, the soils between
streams are dry, gaining moisture only from occasional
snowmelt and sublimating permafrost below (McKay et al.
1998). Snowfall in the dry valleys does not contribute sig-
nificantly to the streams or to the general hydrology of the
valleys because it usually sublimates before melting
(Chinn 1981). However, the accumulated snow piled
against the glacier termini by winds that sweep the valley
floor or by snow drifting off the glaciers (Fountain et al.
1998) does contribute to the early spring melt before dis-
appearing early in the summer season.

Continuous permafrost occurs at shallow depths a few
tens of centimeters beneath the soil surface (Campbeli et
al. 1998). Therefore, groundwater flow in the dry valleys is
probably limited to the near-surface hyporheic zone (the
saturated zone adjacent to and under the stream channel)
along the margins of stream channels (McKnight et al.
1999). However, seepage meters in the bottom of Lake
Hoare indicate a very small fiux of groundwater, pointing
to the possibility of deep groundwater movement in Tay-
lor Valley (Scott Tyler, Desert Research Institute, Reno, NV,
unpublished data). Substantial groundwater flow has,
however, been cbserved in Wright Valley {Cartwright and
Harris 1981).

The ephemeral streams of Taylor Valley lack allochtho-
nous organic input, but they can support relatively high
standing algal biomass with low primary productivity
because grazing losses are low (McKnight and Tate 1997,
Webster and Meyer 1997). The streams are important to
the lakes as sources of nutrients and organic carbon and as
conduits of water to replace the lake water lost by evapo-
ration and sublimation. Glacier meltwaters are a source of
nutrients, especially for the spring flush of particulate
matter accumulated on the ice during winter and during
low flows late in the season (Howard-Williams et al. 1998).
Solutes are also generated by weathering of streambed
materials (Lyons et al. 1998a) and from water draining the
hyporheic zone.

Lakes up to 80 m deep occupy the lowest portions of
each of the McMurde Dry Valleys and are covered with
perennial ice that is 3—6 m thick. A moat of water forms at
the edge of the lakes during most summers as the ice near
the shore melts completely. Because the lakes are perma-
nently hydrated and the ice cover provides a buffer from
seasonal temperature fluctuations and protection from
mechanical mixing by wind, they are the only dry valley
habitat that supports microbial activity year-round. The
fakes have sbundant planktonic and benthic microbial
populations (Seaburg et al. 1983, Wharton et al. 1983, Vin-
cent 1988, Lizotte and Priscu 1998), and their food webs
consist of viruses, bacteria, algae, heterotrophic proto-
zoans, and rotifers (Kepner et al. 1997, 1998, 1999, Lay-
bourn-Parry et al. 1997, James et al. 1998, Priscu et al.
1999). The ice covers of these lakes also harbor a commu-
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Figure 2. Physical appearance of Taylor Valley. Lake Fryxell is in the foreground and
Canada Glacier is in the background. The view is toward the west.

nity of prokaryotic phototrophs and heterotrophs that
produce new carbon (Adams et al. 1998, Fritsen et al.
1998, Priscu et al. 1998). Particulate organic matter syn-
thesized within the ice cover and released through pas-
sages in the ice to the lake bottom may provide the biolog-
ical inoculum for scme of the benthic organisms that
inhabit the lake.

The glaciers in the dry valleys also provide habitat for
microbial activity (Wharton et al. 1985, John C. Priscu,
unpublished data). Melt pools that form on the lower por-
tion: of many glaciers become traps for aeolian-transport-
ed material. This darker material absorbs more solar radi-
ation than the surrounding ice and melts into the glacier,
forming cylindrical water-filled depressions called cry-
oconite holes.

The main factors controlling the level of biodiversity in
the dry valleys are the availability of water and of physical
energy (solar radiation and temperature). Because the dry
valleys are typically near the minimum level of adequate
energy and water to sustain living organisms, spatial and
temporal variations in these factors control the large-scale
patterns of life in the dry valleys (Moorhead and Priscu
1998). These patterns are modified by the biogeochemical
gradients of the soils and lakes, which are related to cli-
mate and geological setting. Energy and water availability
are more strongly interrelated in the dry valleys than in
temperate systems because all of the water available to the
ecosystem exists in the frozen reservoirs of the glaciers that
surround the valley. Energy is required to melt the ice and
create water. In the McMurdo Dry Valleys, the freezing/
melting temperature of ice (0 °C) is a binary switch. When
air temperature is beiow 0 °C, little or no surface water is
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present and the lakes represent the
only viable habitat in the valleys, but
one whose long-term existence is
dependent on an influx of water
Above 0 °C, meltwater is produced
and fluvial and lacustrine habitats
flourish. Presently, this period of glac-
ier melt, which produces liquid water,
usually occurs during a 6-10 week
period within the austral summer
from November through January.

Spatial changes: landscape.
Spatial variations in topography cre-
ated local depressions that filled with
water to form the lakes observed
today. The Taylor Valley lakes (Figure
1) were formed, in part, by the
advance of the West Antarctic Ice
Sheet into Taylor Valley approxi-
mately 40,000 years ago (Denton et
al. 1989). Lake Washburn was pro-
duced as the ice sheet melted. The
resulting liquid water was blocked by
the West Antarctic Ice Sheet and did not flow intc McMur-
do Sound (Figure 1). The three lakes observed in the val-
ley today are remnants of this large glacial lake (Doran et
al. 1994, Lyons et al. 1999). The debris deposited by the ice
sheet forms a wide, low ridge along the marine outlet of
Taylor Valley and created the enclosed basin that is now
occupied by Lake Fryxell. The division between the Lake
Bonney basin at the western end of Taylor Valley and the
Lake Fryxell basin at the eastern end is the Nussbaum
Riegel, a 700 m bedrock ridge that bisects Taylor Valley.
The Lake Hoare basin is the smallest of the three main
basins and is essentially an ice-dammed lake. If Canada
Glacier, which forms part of the boundary of Lake Hoare,
were to retract, Lake Hoare would flow east, into Lake
Fryxell.

The streams of the McMurdo Dry Valleys flow through
an unconsolidated alluvium and are remarkably similar
throughout the valleys. This uniformity of substrate
results in many recurring features of the streambeds and
the stream banks. Which features are expressed in each
stream seems to be controlled by the topography and by
hydrologic and periglacial processes. Perched deltas also
exert an important geomorphic influence on the land-
scape. These deltas are relicts of previous climatic condi-
tions, when streams deposited their sediment loads into
takes with much higher water levels. In particular, the con-
figuration of the larger rocks in the stream channels is
controlled mostly by fluvial and periglacial processes, in
contrast to the large rocks on the landscape away from the
stream channels, whose configuration is controlled by the
strong winds.

In general, the common characteristics of the streams,
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moving downstream from the
stream source at a glacier to a
lake, include:

« At the base and sides of the
source glaciers, the streams flow
along the moraine and through
or around the calved ice. These
streams are often frozen over
with a thin ice cover.

In areas of ice-bound moraine,
there is no alluvium, and the

Variabie Lake Fryxeil® Lake Bonney” Difference
Mean annual air temperature, °C -21.1 -17.5 +3.6
Mean annual refative humidity, % 57.5 51.5 -8.0
Mean wind speed, m/s 2.8 3.8 +1.0
Mean summer® air temperature, *C 7.7 -6.7 +1.0
Mean summer relative humidity, % 59.3 53.3 -8.0
Mean summer wind speed, m/s 3.4 4.6 +1.2
Mean winter? air temperature, °C -30.2 -25.0 +5.2
Mean winter relative humidity, % 56.4 51.2 -5.2
Mean winter wind speed, m/s 2.4 3.3 +0.9

The averaging period for Lake Fryxell is 1994-1996.
*The averaging pericd for Lake Bonney is 1994 and 1996.
“Sumimer inciudes the months of October-February.
Mwinter includes the months of March-September.

stream flows over and around
the frozen rocks.

In steep gradient reaches, the
active channel is approximately
5-20 m across, with steep stream banks at the angle of
repose of the alluviem. Large jumbled rocks are present
in the streambed, with deposited sediment abundant
at the margins of the active channel.

In moderate-gradient reaches, the active channel is com
posed of rocks that are wedged together in a flat stone
pavement, with steep stream banks at the angle of repose
of the alluvium and less sediment deposition than in
steep gradient reaches.

In both steep and moderate gradient reaches, the streams
can cut through a perched delta containing organic-rich
sediment.

In shallow-gradient reaches near the lakes or second-
order streams in valley bottoms, which receive sediment
from tributaries, a sandy braided channel exists, with low
banks at the angle of repose of the alluvium.

These characteristic morphologies control the water-
velocity distribution in the cross-section and the substrate
for growth of algal mats, presenting distinct habitats for
algal communities in the sireams. Studies of stream algal
communities show that different groups of algal species
occur in different habitais. Algal abundance is greatest in
reaches with stone pavements and abundant perennial
cyanobacterial mats and lowest in streams flowing
through ice-bound moraine and along the base of glaciers
(McKnight et al. 1998). The spatial distribution of these
habitats thus determines the spatial distribution of algal
biomass in the streams.

Many old deposits of alluviom or residual talus slopes
in arid regions develop armors of closely packed material
or stone pavements (Breed et al. 1989); a similar phenom-
enon occurs in the dry valleys of Antarctica (Campbell
and Claridge 1987). The stone pavements in shallow-gra-
dient streams in the McMurdo Dry Valleys probably form
through the long-term action of the freezing of the satu-
rated alluvium at the end of the summer and the thawing
of the alluvium at the beginning of the summer; as a result
of this action, the larger rocks are rotated until the larger
sides are upward and these rocks then become wedged

Table 1. Spatial variation in meteorological variables in Taylor Valley, Antarctica.

together across the streambed. The high porosity of the
alluvium could be a factor in the freeze—thaw action. On
steeper slopes, the hyporheic zone may drain before suffi-
cient freeze—thaw action can line the streambed with larg-
er rocks wedged together. In addition, the high flow veloc-
ities during seasonal large-flow events in these higher-
gradient channels may erode the sand between the rocks
near the central flow region of the stream, further destabi-
lizing the rocks.

Thus, topographic differences in Taylor Valley control
the distribution of different stream habitats and, in turn,
the abundance of algal communities in the streams. In the
Lake Fryxell basin, the valley sides on the south side of the
basin are more gently sloped than those on the north side,
and there are long reaches in which stone pavements and
thick perennial mats of filamentous cyanobacteria occur
(McKnight et al. 1998). In the Lake Bonney basin, the sides
of the valley are much steeper, and steep-gradient streams
are common. Consequently, stone pavements are not
found, and algal growth is restricted mainly to colonial
green algae growing on the underside of rocks. Sediment
movement undoubtedly limits algal mat abundance in the
shallow-gradient reaches of stream outlets to the lakes.
The presence or absence of stream algal mats has impor-
tant consequences for the planktonic lake communities
becatuse these algal communities absorb nutrients such as
nitrate and phosphate (McKnight et al. 1998, Moorhead
and Priscu 1998), thereby decreasing the flux of these
nutrients to the lakes. These communities may, however,
also fix nitrogen and release carbon and nitrogen to the
lakes via stream export (Downes et al. 1986).

The stream channels can also act as traps for blowing
snow and sediment during the year. Sediment deposited in
a channel may cover the algal mats until the flow is suffi-
cient to transport the aeolian sediment down to the lower
reaches of the stream or into the lakes. Most of the aeolian
sediment probably accumulates during winter, when the
winds are the highest and water flow is absent. This sedi-
ment is then flushed during the summer meltwater flow.
Only recently have we begun to better quantify particulate
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Figure 3. Snow depth in Taylor Valley with distance away from
the coast. Solid circles show snow accumulation from
November 1996 to January 1997, between 200 m and 300 m
elevation on three glaciers. Solid triangles represent snow
depth on the valley floor just after a snowfall in January 1997.
The bars represent the range of snow depths within the
elevation range on the glaciers. The Lake Fryxell basin extends
from approximately 2 km to 15 ki, and the Lake Bonney
basin extends from 22 km to 36 km.

The second control is provided by the Nussbaum
Riegel, which diagonally bisects the valley at approximate-
ly 20 km inland. The Nussbaum Riegel enhances the cli-
matic difference between the two parts of the valley by
largely confining the effects of the katabatic and coastal
winds to the western and eastern parts of the valley,
respectively. It also retards precipitation-bearing coastal
storms from reaching the Lake Bonney basin. This effect is
evident in differences in snow depths (Figure 3} at con-
stant elevation on the glaciers, and it was dramatically
iltustrated by a snowstorm on 12 January 1997: Lake Fryx-
ell basin was covered in snow, decreasing in depth from
the coast, whereas snow was absent from the floor of Lake
Bonney basin.

The significance of this spatial pattern of temperature
and precipitation can be observed in the position of the
glacier equilibrium line altitude (ELA; Figure 4), which
divides the zone of yearly net mass accumulation (typical-
ly snow) from the zone of net mass loss by melt and sub-
limation. Figure 4 also shows that the rapid rise in the ELA
is associated with the position of the Nussbaum Riegel.
Modeling of the ELA rise based on the difference in cli-
matic variables across the Nussbaum Riegel supports this
conclusion (Fountain et al. in press).

The hydrologic response to this longitudinal climatic
gradient in Taylor Valley is profound. The combined fac-
tors of warmer air temperatures, less humidity, and greater
wind speed greatly increase ice sublimation in the western
part of the valley and, hence, glacier ablation (Lewis et al.
1998). The effect of these climatic variables on stream flow
is unclear, because although warmer temperatures should
create more meltwater, this increase appears to be com-
pensated for by greater evaporation from higher wind
speeds. Moreover, because most of the glaciers in the Lake
Bonney basin are at higher elevations than those in the
castern end of the valley, resulting from the increase in

Figure 4. The change in glacier equilibrium line altitude (ELA)
and mid-valley altitude with distance up Taylor Valley. The
origin of the distance scale is McMurdo Sound. The line is the
altitude of the mid-valley profile, and the solid circles represent
the glacier ELAs. The Nussbaum Riegel is the peak of the valley
profile at approximately 20 km. The Lake Fryxell basin extends
from approximately 2 km to 15 km, and the Lake Bonney basin
extends from 22 km to 36 km.
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ELA, these glaciers should produce less meltwater. Inter-
estingly, increasing precipitation also acts to decrease
runoff by changing the heat balance and albedo (ratio of
outgoing to incoming solar radiation) of the glacier ice, as
can be demonstrated by our recent findings on glacier
dynamics (Fountain et al. 1998).

The mean summer air temperature for the past 5 years
in Taylor Valley has been below the freezing point of fresh
water {Table 1), which has minimized glacier melt. How-
ever, the absorption of solar radiation by the ice warms it
to the melting point, and as a result the timing of peak val-
ues of daily stream discharge is determined by glacier ori-
entation relative to the position of the sun as it circles
above the horizon {(Conovitz et al. 1998, Dana et al. 1998,
Lewis et al. in press). In fact, during early and late summer,
and during particularly cool periods in midsummer, mar-
ginal ice cliffs are the primary water source because they
receive more intense solar radiation than the surface of the
glacier (Fountain et al. 1998, Lewis et al. in press)—that is,
because the angle between the sun and near-vertical cliffs
is closer to perpendicular than that between the sun and
the sub-horizontal surface of the glacier.

Precipitation (snow) changes the heat balance by
increasing the albedo of the glacier surface from that of ice
(appreximately 0.4) to that of fresh snow (as high as 0.9).
Even thin layers of snow, just a few centimeters thick, can
persist for weeks, largely terminating runoff except from
the ice cliffs, which do not accumulate snow. A 20%
increase in albedo occurred on the ice-covered parts of
glaciers in the Lake Fryxell basin from January 1994 to
January 1995 due to more extensive snow cover (Dana et
al. 1998). This increase in albedo effectively eliminated
solar radiation as a source of heat, and much of the glaci-
er surface remained below freezing and reduced stream
flow in the 1994-1995 austral summer. The difference in
snow cover between the Lake Fryxell and Lake Bonney
basins is shown in Figure 3.

Increased snowfail in the Lake Fryxell basin compared
to the Lake Bonney basin (Figure 3) results in a different
interannual pattern of runoff in the two basins. In the
Lake Fryxell basin, yearly runoff is variable between glaci-
ers because the spatial patterns of snowfall vary (Figure
5a). In comparison, yearly runoff in the Lake Bonney
basin is consistent among glaciers because of the general
fack of snow (Figure 5b). This difference between basins
may explain why Lake Bonney has been rising faster than
either Lake Fryxell (Figure 6} or Lake Hoare over the past
20 years (Chinn 1993). The steeper shoreline of Lake Bon-
ney than Lake Fryxell may also enhance the difference in
rise between the lakes.

Snow also has a direct effect on lake communities, by
significantly reducing the penetration of sunlight through
the permanent ice covers and into the underlying water
column {Priscu 1991, Adarms et al. 1998, Fritsen et al. 1998,
Howard-Williams et al. 1998, Fritsen and Priscu 1999).
The phytoplankton in the water column of the lakes has
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Figure 5. Variations in runoff from several different glaciers
from twe lake basins in two different summer seasons,
19931994 and 19951995, expressed in terms of fraction of
total runoff. (a) Stream flow to Lake Fryxell from the
Commeonwealth (Cogl), Kukri Hills (Kukri), Howard
(Hogl), Asgard Range (Asgard), and Canada (Cagl)
glaciers. (b) Stream flow to Lake Bonney from the LaCroix
and Suess (La-Sogl), Matterhorn (Magl), Hughes (Hugl),
Rhone (Rhgl), and Taylor (Tagl} glaciers. Gray bars,
1993--1994; black bars, 1995-1996. The 1993-1994 summer
season was characterized by a lack of snow in both basins,
whereas in the 1994-1995 season, the overall air
temperatures were cooler and snowfall occurred in the Lake
Fryxell basin.

been shown to be light limited {Lizotte and Priscu 1992),
so any change in the underwater light field will influence
rates of primary productivity. Perhaps of more impor-
tance to the microbial communities within the ice (Priscu
et al. 1998, 1999) and in the underlying lake water (Mor-
gan et al. 1998, Neale and Priscu 1998) is the fact that snow
also reduces the intensity of the photosyntheticaily active
radiation to levels that are more typical of spring and late
summer, when natural light levels are low. In the same way
that snow reflects solar radiation from glaciers, it also
reflects radiation energy from the lakes (Dana et al. 1998)
and may reduce ice temperature.

The level of snowfall also affects the composition of ter-
restrial communities. The Lake Fryxell basin provides a
more favorable habitat for soil organisms than the Lake
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Bonney basin because the greater snowfall elevates soil
moisture. Moreover, the warmer temperatures, lower
humidity, and higher wind speeds of the Lake Bonney
basin desiccate the soils to a greater degree than in the
Lake Fryxell basin.

The climatic gradient in Taylor Valley also produces a
gradient in salt distribution. In general, the soluble ion
and dust content of the Taylor Valley glaciers decreases
with elevation and distance from the ocean. A similar
trend has already been recognized for Antarctica as a
whole (Welch 1993, Mulvaney and Wolff 1994), and in this
case it has been largely explained by relative proximity to a
marine source. However, not all salts come directly from
marine sources. For example, some ion concentrations in
snow from the Ross Ice Shelf (sitting directly on the
ocean) are lower than those of the Commonwealth,
Howard, and Canada glaciers in Taylor Valley. This extra
salt must originate from the valley floor (Mayewski et al,
1995). Interestingly, the overall chemistries of these glaci-
ers are very different (W. Berry Lyons, Kathy Welch, Car-
men Nezat, unpublished data), perhaps because marine
aerosols, in addition to wind-blown salts and dust from
the valley floor, are differentially added to these glaciers.

Temporal changes: seasonal and annual. For
approximately 2-3 months in the austral summer, the dry
valley climate is characterized by continuous daylight,
near-freezing air temperatures, and the presence of melt-
water flow. During the 7 months of winter, darkness is
nearly continuous, surface water is absent, and air temper-
atures on the valley floor plummet to as low as —40 °C
{Clow et al. 1988). In: response, dry valley organisms have
developed a number of survival strategies. For example,
when stressed by the extreme cold and drought of the dry
valleys, nematodes enter a state of anhydrobiosis or cryp-
tobiosis (Powers et al. 1994) in which they can survive for
decades (Freckman 1986).

One of the limiting factors to biological activity in the
dry valley lakes is the seasonal light regime. Certain plank-
tonic species have adapted to the long periods of dark by
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Figure 6. A comparison of lake-level rise of Lake Fryxell and
Lake Bonney (Chinn 1993). Black circles, Lake Fryxell; open

circles, Lake Bonney.

using a mixotrophic strategy, whereby they photosynthe-
size during illuminated periods and graze on bacteria dur-
ing dark periods (McKnight et al. 1998, Priscu et al. 1999,
Roberts and Laybourn-Parry 1999). This strategy en-
hances survival of lake communities during the dark win-
ter and during those occasional periods in summer when
snow accumulation reduces solar radiation, thus limiting
photosynthesis, and decreases stream-supplied nutrients.
The spring flush of nutrient-rich waters is partly responsi-
ble for the spring algal growth in the lakes (Lizotte and
Priscu 1998), which have been shown to be highly phos-
phorus limited (Priscu 1995).

Long-term changes (centuries to millennia) and
the importance of past climates. Like most glaciated
regions in temperate zones, the dry valleys have been sub-
ject to vast climate changes that have caused glaciers to
advance and retreat. The East Antarctic Ice Sheet and the
West Antarctic Ice Sheet, as represented by the Ross Ice
Shelf, have advanced and retreated many kilometers over
the past tens of thousands of years (Hendy et al. 1979,
Denton et al. 1989). Surprisingly, however, the alpine glac-
iers of the dry valleys seem to have maintained their posi-
tion within a few hundred meters for the past 3.5 million
years (Hall et al. 1993, Wilch et al. 1993).

Since the last glacial maximum, the lakes in Taylor Val-
ley have undergone large variations in size (Doran et al.
1594, Lyons et al. 1998b). Glacial Lake Washburn inundat-
ed the valley starting approximately 40,000 years ago to
depths of more than 300 m above current lake levels (Den-
ton et al. 1989). By approximately 7000 years ago, the West
Antarctic Ice Sheet receded, and Lake Washburn drained.
Next followed a warm period, during which lakes in the
McMurdo Dry Valleys increased in size, reaching a maxi-
mum depth approximately 3000 years ago. Colder and dri-
er conditions then prevailed until 1500-1000 vears ago,
when the lake levels declined considerably, with some des-
iccating completely (Lyons et al. 1997, 1998b, 1999). Dur-
ing the last 1000 years, the climate has become warmer
and lake levels have risen. As the lakes have waxed and
waned, lacustrine organic matter has been deposited and
become incorporated into the soil.

We are finding that these past conditions significantly
influence the structure and function of the ecosystem
today. For example, Priscu (1995) observed that new phy-
toplankton production in Lake Bonney is supported by
the upward diffusion of nutrients from deep nutrient
pools. These pools differ quantitatively between lakes, as
does the overall geochemistry. The geochemical differ-
ences may be related to the differing evolution of the lakes,
because current biochemical reactions and physical
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processes do not appear to be responsible for the lakes’
current chemical composition (Priscu 1995, 1997, Lyons et
al. 1997). Examination of the geochemical profiles of the
lakes suggest that the differences between lakes are related
primarily to their drawdown roughly 1200 years ago,
which concentrated ions and asscciated salts (Lyons et al.
1997, 1998b, 1999). Indeed, the deep waters of Lake Bon-
ney in Taylor Valley (Matsubaya et al. 1979) and Lake Van-
da in Wright Valley (Wilson 1964) are remnants of small-
er, hypersaline lakes.

The long-held assumption has been that the organic
matter in dry valley soils was derived from acolian-trans-
ported material from modern aquatic environments.
However, recent analyses of isotopic signatures of the
organic material and spatial correlation with the glacial
tills in Taylor Valley suggest that the primary source is
ancient marine and lacustrine sediments (Burkins et al.
1998). The marine sediments are thought to be derived
from seawater trapped in the valley during the Pliocene
(McKelvey 1982) and from the scouring of marine sedi-
ments by the incursion of the Ross Ice Shelf into the valley
22,000-5000 years ago (Stuiver et al. 1981). Lacustrine
sediments result from the presence of Lake Washburn and
other lakes since the Pliocene. Thus, much of the soil of
Taylor Valley is a net donor of organic material to the lakes
rather than a sink, as had previously been thought.

Influence of past climate

and ecosystem linkages

The McMurde Dry Valley ecosystemns are shaped by lack of
moisture, extreme cold, and low light. Water is transport-
ed by melting of the glaciers, whereas nutrients and other
salts are transported by atmospheric input. The only direct
links between the terrestrial, flizvial, and lacustrine ecosys-
tems are the hyporheic zone along the margin of stream
channels and the wetted soil along the lake shores. There-
fore, the terrestrial and aquatic systems are linked in dif-
ferent ways than they are in other continental systems,
where runoff and erosion lead to the transfer of terrestrial
orgarnic matter to aquatic ecosystems. Present-day climat-
ic gradients in the McMurdo Dry Valleys, although subtle
by temperate-region standards, greatly influence year-to-
year ecosystem variability. Past climatic history continues
to exert significant control on ecosystem structure and
bicdiversity (Moorhead et al. 1999).

The combination of weak spatial linkages and a nutri-
ent-deficient environment make the legacy of past climat-
ic conditions highly relevant to the current dry valley
ecosystems. The importance of legacy in Taylor Valley sug-
gests in turn that the habitats are linked across time.
Because much of the water available to the ecosystem is
locked in the frozen state, small changes in summer air
temperature, which hovers around 0 °C, determine the
presence or absence of water. The current structure of the
Taylor Valley ecosystem is thus a result of the interplay
between landscape evolution, climatic gradients, and the

legacy of past environments, which together control the
distribution of energy, water, nutrients, and life.
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