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Ecological Legacies: Impacts
on Ecosystems of the
McMurdo Dry Valleys

DARYL L. MOORHEAD, PETER T. DORAN, ANDREW G. FOUNTAIN, W. BERRY LYONS, DIANE M. MCKNIGHT,

JOHN C. PRISCU, ROSS A. VIRGINIA, AND DIANA H. WALL

Ecosystems are seldom isolated, either in space or
in time, but the functional linkages among the lake,
stream, and soil ecosystems of the Antarctic dry valleys are
unusual in that they operate over millennial-scale time
periods. Recently, the concept of ecological legacies has
emerged as a framework for elucidating the influence of
past events on the structure and behavior of extant
ecosystems. An ecological legacy is defined as the carry-
over, or memory, of the system with regard to past events
(Little et al. 1997, Vogt et al. 1997). Thus, ancient pools of
inorganic nutrients and organic matter represent resource
legacies of past climate regimes that influence the modern
polar deserts of the McMurdo Dry Valleys (South Victoria
Land, Antarctica).

This definition of legacy is enormously flexible, both in
how it can be interpreted and in what it implies about the
time scales at which legacies operate (Vogt et al. 1997).
Recent studies of ecological legacies have focused primar-
ily on community- or ecosystem-level phenomena, on
changes due to previous events occurring within the same
or similar ecosystems, on time scales ranging from decades
to centuries, and on anthropogenic impacts. For example,
Kirkman et al. (1996) and Little et al. (1997) found that
legacies of land use have had enduring impacts on wetland
plant communities of South Carolina and upland ecosys-
tems of Ireland, respectively. Similarly, Wallin et al. (1994)
noted that forest landscape patterns in the Pacific North-
west of the United States are persistent legacies of harvest-
ing practices and are difficult to change in the short term.

Factors other than land-use history also generate lega-
cies affecting subsequent ecosystems. For example, Tausch

THE TYPES, AMOUNTS, AND LOCATIONS
OF CARBON AND NUTRIENT LEGACIES
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LINKS BETWEEN ANCIENT AND MODERN
ECOSYSTEMS OF THE MCMURDO DRY
VALLEYS

et al. (1993) proposed that the composition of modern
plant communities in North America is largely a legacy of
climate change during the Quaternary because changes in
vegetation often lag behind changes in climate. Legacies of
past climate regimes also exert a strong influence on the
structure and function of current ecosystems in the
McMurdo Dry Valleys, even though the prevailing climat-
ic conditions remained those of a cold desert throughout
the Quaternary (Denton et al. 1993, Marchant and Denton
1996). Life forms within the dry valleys were presumably
restricted to microbiota during this time; therefore,
ecosystems in the Antarctic dry valleys responded to cli-
mate changes in a different way than the plant communi-
ties discussed by Tausch et al. (1993). Successive changes in
the structure of plant communities are often controlled by
“higher-order” interactions between species, such as com-
petition (Connell and Slatyer 1977). In contrast, the
extreme climate, low biodiversity, short food chains, and
paucity of higher trophic groups in the dry valleys (Freck-
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Figure 1. Cross-sections of the Lake Fryxell basin, Taylor Valley,

Antarctica. (a) Approximate depth of Lake Washburn

(approximately 20,000 years ago). (b) Approximate depth of modern

Lake Fryxell. Flow diagrams represent primary fluxes of organic
carbon (see also Virginia and Wall 1999, Burkins et al. in press).

man and Virginia 1998, Priscu et al. 1999) imply strong
“bottom-up” controls on ecosystem structure imposed by
resource availability and prevailing conditions, with less
“top-down” influence of the type generated by competi-
tion or predation (Carpenter 1988). Thus, dry valley
ecosystems should be sensitive to resource pools that per-
sist as legacies of past climate regime.

The probable mechanism by which climate fluctuations
generated current-day resource legacies in the McMurdo
Dry Valleys was through changes in hydrological regimes,
which resulted in the accumulation of lacustrine organic
matter in terrestrial soils and of carbon and nutrients in
deep waters of existing lakes. Geomorphic evidence indi-
cates that rates of landscape modification in the McMur-
do Dry Valleys have been extremely low over the past few
million years (Denton et al. 1993, Marchant and Denton
1996). Nutrient cycling has also been slow because biolog-
ical activity is limited by the polar climate. As a conse-
quence of slow biogeochemical cycling and minimal land-
scape modification, pools of organic matter, nutrients, and
salts have accumulated that affect existing communities in
a variety of ways (Priscu et al. 1999, Virginia and Wall
1999). The types, amounts, and locations of these biolog-
ically relevant legacies demonstrate strong functional links
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between ancient and modern ecosystems of the
McMurdo Dry Valleys and provide information
about the long-term responses of dry valley ecosys-
tems to changing abiotic conditions (i.e., climate and
hydrology).

Disequilibria and resource legacies
in the dry valleys

The net accumulation or reduction of a resource pool
that constitutes a legacy necessarily requires a dise-
quilibrial system because a system that operates at
equilibrium neither increases nor decreases the net
sizes of resource pools over time. Recent studies con-
firm that many components of the dry valley land-
scape are not at equilibrium (Lyons et al. 1997, 1998c,
Priscu et al. 1999, Virginia and Wall 1999). The most
obvious signs of disequilibrium in the McMurdo Dry
Valleys are the pools of organic matter in soils of the
valley bottoms as well as carbon and nutrients in
deep waters of the valley lakes. These resource lega-
cies appear to be the result of cycles of inundation
and desiccation of the valley floor (Figure 1).

Although the dry valleys have been hyper-arid,
cold desert environments since the middle Miocene,
fluctuations in climate have driven glacial advances
and retreats during the Quaternary, with attendant
variations in hydrology and lake levels (Denton et al.
1989, 1993). The balance between solid ice and liquid
water is delicately poised during the austral summer,
and so small changes in precipitation, temperature,
and radiant energy regimes are amplified through
large, nonlinear changes in hydrologic budgets (Dana
et al. 1998) that ramify throughout the system (Figure 2).
Glaciers provide more meltwater during times of warmer
temperatures and greater precipitation, which increases
stream flow and lake volume. Conversely, colder and drier
conditions result in less glacier melt, lower stream flow,
and declining lake volume (Fountain et al. 1999).

Because the presence of liquid water remains the pri-
mary limiting condition for life in Antarctica (Kennedy
1993), subtle differences in climate have profound effects
on the productivity, biogeochemistry, and biodiversity of
the dry valleys (Fountain et al. 1999). For example,
changes in hydrology, in which ancient lakes inundated
large areas of the dry valleys that are presently exposed
(Figure 1a), were responsible for accumulations of lacus-
trine organic matter in modern soils at low elevations in
the valleys. Primary production of benthic and plankton-
ic algae supplied organic matter that was deposited in sed-
iments of these deep, ancient lakes. This organic matter is
a potential source of energy to modern soil food webs and
of allochthonous input to modern lakes as exposed soils
are eroded by wind and water (Figure 1b). Thus, the cycles
of inundation and desiccation to which lowland areas
were subjected resulted in alternating periods of organic
matter deposition to and erosion from lowland soils (Fig-



Figure 2. Conceptual model of temporal cycles
between periods of warm/moist and cold/dry
conditions, with attendant changes in hydrology
and dynamics of organic matter and inorganic
nutrients (Taylor Valley, Antarctica). Outer,
middle, and inner loops represent changing
climatic, hydrologic, and soil water conditions,
respectively. Solid lines represent temporal
trajectories, and dashed lines represent forcing
functions. The model shows that climate drives
hydrology, which drives organic matter
deposition and erosion, as well as chemical
accumulation and concentration.

ure 2). Pools of inorganic nutrients and salts also
accumulated in lowland soils and lakes, probably
as a result of hydrologic regimes (Priscu et al.
1999, Virginia and Wall 1999).

At higher elevations, changes in climate had less impact
on the soil environment because hydrologic fluctuations
were limited to streambeds—that is, the soils were not
inundated (Figure 1). Thus, two patterns of long-term
ecosystem dynamics emerge for soils, depending on land-
scape position: the valley bottoms were dominated by
cycles of glacial intrusion (Taylor Glacier and Ross Ice
Sheet), lacustrine inundation, and lake desiccation, where-
as the upland areas experienced cycles of alpine glacier
expansion and fluctuating precipitation (Denton et al.
1989, 1993). This scenario is consistent with the recent
observation that organic matter in lowland soils appears
to be derived from marine and lacustrine sources, where-
as organic matter in upland soils has an isotopic signature
(8'3C and 8'°N) that is similar to modern endolithic com-
munities living within sandstone rocks at high elevations
(Burkins et al. in press).

The disequilibrial nature of dry valley systems is also
demonstrated by the chemical composition of existing
lakes (Priscu et al. 1999). The basins occupied by modern
lakes in Taylor Valley were part of the larger Lake Wash-
burn, which inundated the valley to approximately 300 m
above current lake levels approximately 24,000-6000 years
ago (Denton et al. 1989, 1993). However, the deep waters
of present-day Taylor Valley lakes, particularly Lake Bon-
ney, contain high concentrations of nutrients and solutes
(e.g., salts of calcium, chloride, or sulfate) and appear to be
remnants of smaller, hypersaline lakes that existed before
or after Lake Washburn (Matsubaya et al. 1979, Spigel and
Priscu 1996, Priscu et al. 1999). The permanent ice layers
on dry valley lakes maintain stable stratification of the
water column, thereby minimizing mixing of water and
solutes between depths. Therefore, inputs of glacier and
stream water, which have low concentrations of solutes,
flow under permanent ice covers but float on top of denser
water containing higher concentrations of solutes. As a
result, deeper waters contain pools of evaporites and
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nutrients that accumulated over time and that remain
largely separated from surface waters by a persistent verti-
cal gradient. Cycles of inundation and desiccation would
not dilute solute concentrations in deep water so long as
the stable vertical gradient within the water column
remained intact (Lyons et al. 1998a, 1998b, 1998¢).

Ecosystems and legacies in the

dry valleys

According to the conceptual model of dry valley ecosys-
tems developed in this issue, community structure and
dynamics are primarily controlled by resource availabili-
ties and environmental conditions. Fluctuations in climate
generate hydrological cycles that have large impacts on
biogeochemical processes (Figure 2), generating resource
legacies that will affect ecosystems in subsequent centuries
or millennia. Past, present, and future ecosystems are
functionally linked by these legacies; therefore, under-
standing the long-term dynamics of the dry valleys will
require an understanding of both the production and the
use of these legacies.

Two of the most obvious resource legacies in dry valley
ecosystems are the pools of organic matter and inorganic
nutrients in modern soils and lakes. However, the extent to
which these legacies exist, affect, and are affected by par-
ticular communities varies between communities and over
time. Moreover, a community may simultaneously operate
as both source and sink for resource legacies, with net bal-
ances determined by the state of the hydrological cycle
(i.e., inundated versus desiccated; Figure 1) as well as com-
munity characteristics.

Lakes. In modern lakes of the dry valleys, nutrient pools
residing in deeper waters are resource legacies that affect
the production of existing phytoplankton communities
(Priscu et al. 1999). Primary production of plankton in the
surface, illuminated (euphotic) zones of dry valley lakes is
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Table 1. Pools of nitrogen and carbon representing resource legacies in Lake Hoare, Southern Victoria Land, Antarctica.®

Dissolved inorganic  Particulate organic Dissolved inorganic Dissolved organic  Particuiate organic

Depth® (m) nitrogen (kg) nitrogen (kg) carbon (kg) carbon (kg) carbon (kg)
5 1.7 6.9 4,396.6 466.2 134.1

6 3.2 211 26,252.8 1724.0 320.3

8 0.0 429 58,908.7 3811.0 594.3

10 0.0 33.2 54,617.7 3569.4 468.6
12 0.0 35.0 63,203.0 3707.4 473.2
14 13.4 276 64,675.5 3507.5 383.8
16 39.3 18.0 62,993.6 3197.1 266.6
18 61.1 115 59,559.7 2737.0 189.7
20 56.1 7.5 50,412.4 2216.2 152.4
22 50.7 5.5 40,918.0 1857.5 1225
25 77.5 5.1 41,084.6 1848.4 115.4
29 101.7 29 23,027.0 971.9 59.6
below 29 39.3 0.8 6,427.2 261.8 15.2

bThe approximate depth of the permanent ice cover is 4.5 m.

aData collected in January 1997 and provided by the McMurdo Long-Term Ecological Research project (http://huey.colorado.edu/LTER). Element
concentrations at specific depths were multiplied by the approximate volumes of these layers to calculate total nutrient pools.

limited by availabilities of nitrogen and phosphorus
(Priscu 1995), which are at low concentration despite the
large pools of nutrients in deeper water (Tables 1 and 2).
The upward diffusion of nutrients from deeper water sup-
ports primary production of plankton in all lakes in Tay-
lor Valley, especially at lower depths within the euphotic
zone (Priscu 1995, Priscu et al. 1999). Therefore, the mod-
ern production of organic matter links the existing nutri-
ent legacy to a future legacy of organic matter that is cur-
rently being deposited in lake sediments. For this reason,
the dynamics of both ecosystems and resource legacies in
the dry valleys are tightly integrated.

The nutrients in the deep waters of dry valley lakes are of
uncertain origin, but the sizes of nutrient pools in lakes of
Taylor Valley imply that they have accumulated over long
periods (Priscu et al. 1999). Stable stratification contributes
to the isolation and retention of nutrients in deep water,
with particulate deposition providing input to deep water
and molecular diffusion serving as the primary mechanism
for upward movement (Spigel and Priscu 1998, Priscu et
al. 1999). Nutrients in deeper waters may be regenerated
from mineralization of settling organic matter derived
from both allochthonous and autochthonous sources or
from deposition during the evolution of the lakes (Priscu
et al. 1999). Alternatively, nutrients within the water column
could have been concentrated during periods of lake desic-
cation and retained within smaller, residual ponds. As dis-
cussed previously, subsequent inflows of glacial meltwater
would have contained fewer solutes and floated on the
surface of these denser pools of water, with permanent ice
covers maintaining stable stratification. However they
originated, nutrient pools in deep waters of dry valley lakes
are probably long-term legacies of past processes. As Priscu
(1997) noted, molecular diffusion would imply a 50,000-
year mixing time for Lake Bonney, suggesting that nutri-
ents have accumulated in deeper water for many millennia
(cf., Chinn 1993, Doran et al. 1999).

Comparisons between the resource legacies and ecosys-
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tem dynamics of two lakes in Taylor Valley, Lake Bonney
and Lake Hoare, are instructive because Lake Hoare is
much younger than Lake Bonney. Both lakes have a nutri-
ent legacy in deeper water, nutrient-limited phytoplank-
ton productivity, and a deep chlorophyll maximum that is
supported by upward diffusion of nutrients (Priscu 1995).
However, Lake Hoare apparently dried or drained com-
pletely approximately 1200 years ago, whereas Lake Bon-
ney may be more than 10,000 years old (Chinn 1993,
Doran et al. 1994a, 1994b, Lyons et al. 1997, 1998c).
Because the approximate age of Lake Hoare is known, cur-
rent water chemistry data can be used to calculate rates of
nitrogen accumulation over this period (Table 1). To
amass the existing pool of dissolved inorganic nitrogen
(which, in the form of ammonium plus nitrate plus nitrite,
amounts to 27 mg-m~>) would require an average nitrogen
accumulation rate of 370 g-yr™!, or 191 pg-m=2yr~, given
the present surface area of Lake Hoare (approximately
1.94 x 10% m?). The pool of inorganic nitrogen in the water
column of Lake Bonney (approximately 2 g-m~) is much
larger than that of Lake Hoare, suggesting a longer period
or faster rate of accumulation, although insufficient data
exist to directly evaluate these differences. More detailed
nutrient budgets have not been determined for dry valley
lakes, but additional understanding of the origins and
dynamics of nutrient legacies may be gained by examining
carbon budgets because carbon and nutrient flows are
linked in all ecosystems.

An obvious feature of the carbon budget for Lake Bon-
ney is the large imbalance in carbon flux between the sur-
face water layer and deeper water (Priscu et al. 1999). The
annual input of organic carbon from the surface euphotic
zone to the deeper waters of the lake (8556 mg-m™) is an
order of magnitude greater than the diffusion of dissolved
organic and inorganic carbon in the opposite direction
(719 mg-m™2). Decay of particulate organic matter is too
slow to fully account for these diffusion losses from deep
water (Priscu 1992, Takacs and Priscu 1998, Voytek et al.
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Table 2. Pools of nitrogen and carbon representing resource legacies in Lake Bonney (east lobe), Southern Victoria Land,

Antarctica.®
Dissolved Iinorganic  Particuiate organic Dissolved inorganic Dissolved organic  Particulate organic
Depth® (m) nitrogen (kg) nitrogen (kg) carbon (kg) carbon (kﬂ carbon (kgl
5 73.8 13.6 10,538.0 1,549.7 219.3
6 287.5 29.5 23,288.8 3,653.1 492.4
8 736.7 63.3 68,800.9 6,705.2 1174.6
10 857.8 479 96,564.7 7,531.5 1044.7
12 1,148.8 43.6 165,396.7 7,439.1 876.3
13 908.9 22,9 148,165.3 4,233.3 509.4
15 2,368.5 27.6 391,076.7 10,079.3 793.6
18 6,550.5 18.2 638,602.0 27,792.2 592.0
20 8,027.1 50.5 526,030.7 43,898.4 833.1
22 10,709.0 99.0 582,726.6 66,577.5 1299.1
25 18,447.7 103.9 622,783.1 107,852.4 1279.5
30 33,121.2 109.0 444,753.7 163,554.6 1312.3
35 25,631.0 101.9 176,888.7 113,913.7 1087.3
37 4,577.2 17.8 29,779.8 24,292.8 193.8
below 37 2,485.5 7.4 12,325.8 13,140.7 87.1

"The approximate depth of the permanent ice cover is 4.5 m.

@Data collected in January 1997 and provided by the McMurdo Long-Term Ecological Research project (http://huey.colorado.edu/LTER). Element
concentrations at specific depths were multiplied by the approximate volumes of these layers to calculate total nutrient pools.

1998), and C ages indicate that dissolved inorganic car-
bon in deep water may have originated approximately
8000 years ago (Doran et al. 1999). These observations
suggest that the deeper waters of Lake Bonney contain a
legacy of inorganic carbon and that they presently serve as
a sink for organic carbon; these observations also suggest
that interactions between pools of organic and inorganic
carbon in deep waters are limited at the present time. The
sources of carbon entering and already existing in Lake
Bonney are not known for certain, but aeolian inputs of
materials to the surface of the ice cover (Adams et al. 1998,
Fritsen et al. 1998) may account for much of the organic
matter entering deeper waters. Rates of organic carbon
sedimentation for Lake Bonney (Priscu et al. 1999) imply
a nitrogen input rate of approximately 744 mg-m=2yr! to
sediments, given a C:N ratio of approximately 11.5:1
(Wharton et al. 1993). The contributions of sediments to
dissolved carbon and nitrogen pools in deeper water
appear to be low but are impossible to estimate at present
because standing stocks and turnover rates of benthic
organic matter in Lake Bonney are unknown.

A detailed carbon budget has not been estimated for
Lake Hoare, but it shares with Lake Bonney a number of
general features of carbon and nutrient legacies. Pools of
organic matter, carbon, and nutrients are present in the
sediments and deeper waters of Lake Hoare (Doran et al.
1994b, Priscu 1995). Windblown materials collect on the
permanent ice cover of Lake Hoare and subsequently enter
the underlying water column through cracks and channels
in the ice (Simmons et al. 1986, Squyres et al. 1991), sug-
gesting an aeolian input similar to that of Lake Bonney
(Adams et al. 1998, Fritsen et al. 1998). Parker et al. (1982)
calculated that wind erosion causes a loss of organic car-
bon from the margins of Lake Hoare, but this loss was
small compared to sediment inputs and has not been ver-
ified by direct measurements. Thus, like Lake Bonney,

Lake Hoare appears to serve as a net sink for organic car-
bon. In addition, Doran et al. (1999) dated dissolved inor-
ganic carbon in Lake Hoare to approximately 1120 years
ago, indicating a legacy of inorganic carbon, albeit much
younger than that in Lake Bonney. Detailed analyses of
benthic sediment cores from Lake Hoare provide insights
to organic matter deposition that are not possible for Lake
Bonney. Simple calculations based on sediment data can
be used for additional comparisons of the carbon and
nitrogen budgets of these lakes.

Sediment cores in Lake Hoare show discontinuities in
diatom assemblages and !*C dates at approximately 15 cm
depth; these discontinuities correspond roughly to the
estimated age of 1200 years for this lake (Doran et al.
1994b, Spaulding et al. 1997). The total organic matter
content of the top 15 cm of sediments is approximately
0.15% by weight (Doran et al. 1994b), which represents
approximately 203 g-m of carbon, assuming that the sed-
iment bulk density is 1.8 gicm™ and half the mass of
organic matter is carbon. If the organic matter has a C:N
ratio of 11.5:1 (Wharton et al. 1993), then the top 15 cm
of sediments in Lake Hoare have a nitrogen concentration
of approximately 18 g:m2. These data suggest accumula-
tion rates of approximately 169 mg-m=2yr! for carbon
and 15 mg:m2yr! for nitrogen. The finding that the cal-
culated rate of nitrogen input to sediments of Lake Hoare
is almost 100-fold greater than the estimated rate of accu-
mulation for dissolved inorganic nitrogen in the water col-
umn is interesting because it suggests extremely slow
turnover rates for particulate organic matter. In addition,
the finding that rates of carbon and nitrogen inputs to
sediments of Lake Hoare are more than an order of mag-
nitude smaller than the respective rates calculated for
modern Lake Bonney is interesting because it suggests dif-
ferent rates of aeolian inputs of materials to lake surfaces.
However, existing data are insufficient to explain these dif-
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ferences in sediment dynamics between Lake Hoare and
Lake Bonney. Moreover, it is not possible to calculate a rate
at which dissolved inorganic nitrogen accumulated in
Lake Bonney because the age of the lake is uncertain.

Characteristics of the organic matter in sediment cores
of Lake Hoare offer additional insights to the dynamics of
carbon and nutrient legacies in dry valley lakes. The
organic matter content of these sediments is not uniform
but decreases from approximately 1% at the surface
(excluding the surface microbial mat) to 0.1% at 15 cm
depth (Doran et al. 1994b). This proportional reduction in
organic matter with depth suggests progressive mineral-
ization. Indeed, the §'*C value of organic matter was
found to increase with depth in sediments (Doran et al.
1994b), which often happens because decaying organic
matter disproportionately retains heavier isotopes. Whar-
ton et al. (1994) reported that many sediment profiles in
Lake Hoare were oxygenated to depths of 15 cm, indicating
that decay should not be limited by a lack of oxygen. For
these reasons, it appears that organic matter has decom-
posed in sediments of Lake Hoare over the past 1200 years.
By contrast, deep waters of Lake Bonney have low oxygen
concentrations, low levels of biological activity, and low
rates of decomposition. The difference between Lakes
Hoare and Bonney suggests that younger, shallower lakes
may have greater biological activity in benthic regions.
Indeed, the higher oxygen concentrations and lower salin-
ity levels of deep waters in Lake Hoare are less likely to
inhibit biological activity than the lower oxygen and high-
er salinity of deep waters in Lake Bonney. Moreover, high
concentrations of metals in deep waters of Lake Bonney
may inhibit biological activity (Ward and Priscu 1997).

The sediments of Lake Hoare and settling organic mat-
ter in Lake Bonney probably originate from sediments
deposited by wind on the permanent ice covers of these
lakes (Simmons et al. 1986, Squyres et al. 1991, Adams et
al. 1998, Fritsen et al. 1998). The sources of these materi-
als are probably the exposed soils near the dry valley lakes,
which contain pools of organic matter and nutrients (Vir-
ginia and Wall 1999, Fritsen et al. in press). In fact, Doran
et al. (1999) dated suspended particulate organic carbon
in Lake Hoare to between 13,530 and 10,280 years ago,
which falls within the period during which glacial Lake
Washburn inundated Taylor Valley (Denton et al. 1989).
These materials may represent organic matter deposited in
sediments of ancient lakes that is now being eroded from
exposed soils and deposited in modern lakes, where it is
accumulating in benthic sediments.

However, the activities of modern biological communi-
ties may alter the carbon and nutrient characteristics of this
aeolian material as it passes through the ice covers, settles
through the water columns, and accumulates in lake sedi-
ments (Wharton et al. 1993, Doran et al. 1994b, 1998, Pris-
cu et al. 1999). For example, the organic carbon content of
soils near Lake Hoare is approximately 0.034% (Powers et
al. 1998), which is lower than that of benthic sediments in
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Lake Hoare (0.15-1%; Doran et al. 1994b), implying in situ
addition of organic matter. Organic matter within the water
column and sediments of Lake Hoare appears to mineralize
more rapidly than that of Lake Bonney, suggesting that
modern ecosystems vary in their effects on pools of organ-
ic matter and nutrients in dry valley lakes.

Soils. Organic matter is widely distributed throughout
soils of the dry valleys. As previously discussed, much of
the organic matter in soils may be a legacy of past prima-
ry production and currently serves as a source of
allochthonous material received by lakes (Figure 1). It is
also possible that modern soil communities derive their
energy from these pools of ancient organic matter (Vir-
ginia and Wall 1999). Alternatively, modern soil commu-
nities might contribute to existing pools of soil organic
matter through in situ primary production.

Although the organic matter content of dry valley soils
is very low (less than 0.1% dry soil weight; Campbell et al.
1998), it represents a large fraction of the total pool of
organic matter in the dry valley landscape. For example,
Freckman and Virginia (1997) reported an average of
0.08% organic carbon content in soils of the McMurdo
Dry Valleys, which represents approximately 216 g-m~ in
the upper 15 cm of the soil profile and compares to the
estimates of approximately 203 g-m~ in the upper 15 cm
of the sediment profile in Lake Hoare that were given
above. Over 90% of the nonglaciated surface area of Tay-
lor Valley consists of soil and rock, so that much of the sea-
sonally active (unfrozen) reservoir of organic carbon
appears to reside in soils (Virginia and Wall 1999). Because
organic matter is indicative of biological activity, the dis-
tribution and origin of organic matter in dry valley soils
may reveal the basis of patterns of biological activities in
this seemingly inhospitable environment.

The amount and origin of organic matter in dry valley
soils vary with location. In general, the organic matter
content of soils decreases with elevation and with distance
from the mouth of Taylor Valley (Powers et al. 1998, Vir-
ginia and Wall 1999, Fritsen et al. in press). For example,
Fritsen et al. (in press) found surface soils (0-2 cm depth)
with an organic carbon content approaching 0.2% near
the mouth of Taylor Valley, whereas values in the upper
valley near Lake Bonney rarely exceeded 0.02%. Microcli-
mate differences within the dry valley may contribute to
these patterns, with the increased precipitation, lower
temperatures, and reduced wind at the valley’s mouth sup-
porting more biological activity (Fountain et al. 1999).
However, geological factors are also likely to play an
important role in determining the distributions and ori-
gins of soil organic matter. For example, much of the soil
organic matter at low elevations in Taylor Valley has an
isotopic signature indicating a lacustrine origin and a dis-
tribution that corresponds roughly to the spatial extent of
the glacial lakes that inundated the valley (Burkins et al. in
press). Few isotopic analyses have been made for organic



matter in soils located at elevations above the direct influ-
ence of ancient glacial lakes. However, many of these
upland surfaces are extremely old (Marchant and Denton
1996) and may serve as long-term repositories of organic
matter produced by endolithic communities in sandstone
formations at higher elevations (Nienow and Friedmann
1993).

The potential sources of organic matter found in dry
valley soils have been discussed elsewhere (Denton et al.
1989, 1993, Nienow and Friedmann 1993, Burkins et al.
1998, in press, Virginia and Wall 1999). Four sources may
play current roles in modifying the legacy of soil organic
matter: in situ primary production, exfoliation and aeo-
lian transport from endolithic communities, aeolian
transport of modern algal mats from streams and lakes,
and erosion of exposed sediments from ancient lake beds.

In situ primary production. There is little indication of
present-day in situ primary production in dry valley soils.
Although algal cells and chlorophyll are widely distrib-
uted, there is no evidence of in situ photosynthesis, and
Wynn-Williams et al. (1997) found no evidence of recent
colonization of soils by microalgae in Taylor Valley.
Indeed, the simple presence of viable algal cells or chloro-
phyll is not sufficient to demonstrate biological activity,
even within aquatic environments in the dry valleys
(Howard-Williams et al. 1989, Hawes et al. 1992, Mc-
Knight et al. 1999). In addition to dispersed cells, algal
crusts have also been reported in soils of the Antarctic dry
valleys (Cameron et al. 1970). In warm deserts, cryp-
togamic crusts can make significant contributions to ener-
gy and nitrogen dynamics in soils (Moore 1998), and pho-
tosynthesis can be activated in these crusts by very small
amounts of dew, fog, and atmospheric humidity (Lange et
al. 1992, 1994, 1998). Perhaps in situ production does
occur in dry valley soils at present, but sporadically and at
very low levels. It is also likely that soil conditions have
varied with climate in Taylor Valley, with the warmer,
moister conditions of the past having supported in situ
photosynthesis and microalgal colonization of soils.

Exfoliation and aeolian transport from endolithic com-
munities. In contrast to soil communities, endolithic com-
munities of the dry valleys are active at the present time
and may be a modern source of soil organic matter.
Endolithic communities consist of a consortium of algae,
fungi, and bacteria colonizing sandstone formations
(Friedmann and Kibler 1980, Vestal 1988, Friedmann et al.
1993). Organic acids produced by the fungi dissolve cavi-
ties between sand grains, providing a protected environ-
ment in which the community persists. Polysaccharide
mucilages produced by microalgae moderate moisture
conditions, with precipitation providing both moisture
and nitrogen (Friedmann and Kibler 1980). Photosyn-
thetic carbon fixation by microalgae provides an energy
source for heterotrophic microorganisms. Although rates
of primary production by these communities are low (car-
bon fixation rates are approximately 3 mg-m2-yr}; Fried-
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mann et al. 1993), weathering and exfoliation of rock sur-
faces provide a source of organic matter to the surround-
ing soils.

Standing carbon stocks are low (approximately 2.54 g
carbon per square meter of inhabited rock surface; Vestal
1988), and distributions of modern endolithic communi-
ties are limited, but the long-term environmental stability
of the high-elevation environments in which endoliths
occur (cf., Marchant and Denton 1996) suggest that a sub-
stantial amount of organic matter may have accumulated
in some sites. For example, a net carbon production rate of
3 mg:m2yr! over 1 million years would yield organic car-
bon in the amount of 3 kg:m. This latter estimate is
much higher than any reported value of organic matter in
soils of the dry valleys, but Nienow and Friedmann (1993)
proposed that endolithic communities are a significant
source of organic matter that is distributed by wind to
lower elevations. Indeed, isotopic signatures of soil organ-
ic matter at higher elevations in Taylor Valley have been
found to be similar to those of endolithic materials
(Burkins et al. in press).

Aeolian transport of modern algal mats. There is clear
evidence of aeolian transport of microbial mats from
streams and lakes of the dry valleys to nearby soil surfaces
(Priscu et al. 1999, Fritsen et al. in press). The streams are
dry during much of the year, and exposed mats desiccate
and are eroded by winds during these periods (McKnight
et al. 1999). Benthic microbial mats in shallow lake zones
can detach from sediments and be lifted to the underside
of the permanent ice layer by entrained gas bubbles. Park-
er et al. (1982) proposed that water freezing on the under-
side of the ice cover and ablating from the upper surface
creates a conveyor system that carries these “lift-off” mats
through the ice to where they are exposed and can be trans-
ported by wind throughout the valleys. These losses of
organic matter from streams and lakes appear to be small
relative to amounts received from and residing in soils.
However, the younger material may be of higher quality
and more readily used by soil communities. Indeed, Vir-
ginia and Wall (1999) note that soil community structure
varies with distance from dry valley streams. Unfortunate-
ly, the sources, qualities, and quantities of organic matter
in aeolian materials have not yet been determined, nor
have the net exchanges among soils, streams, and lakes of
the dry valleys been quantified, so it is difficult to know
the relative importances of modern and ancient sources of
organic matter to current ecosystems.

Erosion of exposed sediments from ancient lake beds.
Probably the largest and most obvious sources of organic
matter in soils of the dry valleys are the ancient lakes that
once inundated the valley bottoms. Geomorphological
features (Denton et al. 1993, Marchant and Denton 1996),
paleolimnological evidence (Doran et al. 1994a), and
recent isotopic analyses of soil organic matter (Virginia
and Wall 1999, Burkins et al. in press) support the general
hypothesis that an ancient lake inundated much of Taylor
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Valley between 24,000 and 6000 years ago (Figure 1).
Thus, present-day erosion of organic matter from soils in
the valley bottoms both reduces the net size of this
resource legacy in exposed soils and increases the net size
of this legacy in sediments of modern lakes. The impacts
of these inputs on lake ecosystems are, as discussed above,
uncertain (see also Priscu et al. 1999), but the relationships
between organic matter pools in soils and modern soil
communities are even more uncertain.

Biota are widely distributed in dry valley soils (Powers
et al. 1995, 1998, Freckman and Virginia 1997, Virginia
and Wall 1999), and distributions of soil biota are related
to multiple factors, including salinity, water, and carbon
content of soils (Powers et al. 1995, 1998, Freckman and
Virginia 1997, 1998, Virginia and Wall 1999). Field and
laboratory measurements of CO, efflux are indicative of
low but detectable rates of respiration in dry valley soils
(Burkins 1998). There is no indication that in situ prima-
ry production supports soil respiration, so the energy
driving soil food webs may be supplied by the reservoir of
soil organic matter. As more observations of the energetics
of soil food webs are made and more detailed characteri-
zations of soil organic matter become available, a clearer
picture of the relationships between modern soil commu-
nities and organic matter reservoirs should emerge.

Legacies and linkages in

dry valley landscapes

Ecosystem dynamics and spatial patterns of present-day
dry valley landscapes are stongly influenced by the climate
and hydrological regimes that occurred over the past sev-
eral thousand years. The cycle of valley inundation, lacus-
trine deposition of organic matter in sediments, lake des-
iccation, erosion of organic matter from exposed soils, and
redeposition of organic matter in sediments of smaller,
modern lakes (Figures 1 and 2) defines a complex rela-
tionship between pools of organic matter and nutrients in
soils and lakes that requires millennia to complete. Thus,
the terrestrial and aquatic ecosystems of the Antarctic dry
valleys are inextricably linked through the dynamics of
such resource legacies (Moorhead and Priscu 1998).

The premise of the synthesis in this article is that
resource legacies, especially those found at low elevations
in Taylor Valley, are generated by hydrological cycles driv-
en by climate regime (Figures 1 and 2) and have effects on
dry valley ecosystems that persist over subsequent millen-
nia. Lowland soils receive lacustrine deposits of organic
matter when inundated and serve as sources of sediments
to smaller, interglacial lakes when exposed (Figure 1). In
modern lakes, nutrient pools residing in deeper waters are
resource legacies that support the production of existing
phytoplankton communities (Priscu et al. 1999). There-
fore, the modern production of organic matter in lakes
links the existing nutrient legacy to a future legacy of
organic matter currently being deposited in lake sedi-
ments. Consequently, the dynamics of ecosystems and
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resource legacies in the dry valleys are tightly coupled.
Studies evaluating the quantities, sources, ages, and
exchanges among pools of organic matter throughout the
dry valleys, as well as the patterns of energy and nutrient
flux in extant ecosystems, are providing the data needed to
understand long-term geological and ecological histories of
this unique environment (Fountain et al. 1999, McKnight et
al. 1999, Priscu et al. 1999, Virginia and Wall 1999).

Our knowledge of dry valley ecosystems has many gaps.
For example, it is not certain if ancient glacial lakes served
as net carbon and nutrient sinks for the Taylor Valley land-
scape, if they had permanent ice covers, or if they were
more autotrophic than modern lakes. The smaller, mod-
ern lakes currently serve as sinks for organic matter
received by sediment input, and in situ primary produc-
tion may not meet respiratory demands (Priscu et al.
1999). By analogy, ancient lakes may have also served as
sinks for allochthonous organic matter derived from ter-
restrial sources rather than generating the organic matter
deposited in lake sediments by in situ primary production.
Organic matter apparently cascades through these ecosys-
tems over long periods of time, stimulating biological
activities under favorable circumstances that, in turn, alter
both quantities and qualities of this resource pool. Evi-
dence for this idea comes from the finding that 3'3C values
of benthic microbial mats in Lake Hoare are at the lighter
end of the range for lacustrine materials (Virginia and
Wall 1999), overlapping endolithic signatures and suggest-
ing more in situ primary production (Wharton et al.
1993) than indicated by 3'3C values of ancient lacustrine
materials in nearby soils.

The distributions and characteristics of soil organic
matter demonstrate differences in ecosystem dynamics in
space as well as over time. Organic matter and nutrients in
lowland soils appear to represent legacies of past lacus-
trine regimes, whereas similar legacies in upland soils may
have originated from endolithic communities. Modern
soils provide suitable habitats for a diversity of organisms
whose distribution and activity are influenced, in part, by
legacies of soil organic matter (Virginia and Wall 1999). Pri-
mary production has not been detected in dry valley soils,
so the question remains as to what energy source drives
modern soil systems in what location. Another important
spatial dimension in dry valley ecosystems is the stable
stratification of water columns in lakes having permanent
ice covers. Materials entering deeper water by sedimenta-
tion or evaporitic reduction in lake volume can exit only
by molecular diffusion (Priscu et al. 1999). This difference
in input and output rates establishes a partial chronologi-
cal record of lake dynamics that is captured within the
spatial dimension of the water column. Continuing stud-
ies of the patterns and processes of communities living at
particular locations within the water columns of dry val-
ley lakes are providing knowledge of the conditions under
which these gradients developed and the ways in which
they affect extant communities (Priscu et al. 1999).



The McMurdo Dry Valleys provide a singular opportu-
nity to learn about ancient patterns of ecosystem dynam-
ics through the biological legacies they generated. The
geologic stability, geographic isolation, and prevailing
polar desert climate of the region provide a milieu in
which biological activity has probably remained consis-
tently low and undergone few qualitative changes over 1-2
million years. The food webs contain few species, mostly
microbiota, whose activity patterns are tightly coupled to
microenvironmental variations that may change signifi-
cantly over small distances (Priscu et al. 1999, Virginia and
Wall 1999) and short time spans (Fountain et al. 1999,
McKnight et al. 1999). However, large-scale spatial pat-
terns of biological relevance, such as distributions of bio-
ta, organic matter, nutrients, and water (Fountain et al.
1999, McKnight et al. 1999, Priscu et al. 1999, Virginia and
Wall 1999), have a temporal dimension that is defined in
large part by variations in climate (Figures 1 and 2).
Resource legacies not only establish functional linkages
between ecosystems over time but also indicate how pat-
terns of biological activities varied through time. The lega-
cies that we have discussed (i.e., organic matter and nutri-
ents) are tightly coupled to biological activities and yet
persist in reactive forms for much longer periods of time
in the dry valleys than in any other environment. The pat-
terns of use, production, and distribution of resource lega-
cies in the Antarctic dry valleys should therefore help
reveal the role of legacies in other ecosystems, where their
expression is obscured by greater complexity and higher
rates of biological, chemical, and geological processes.

Epilogue: human impacts

It is ironic that one of the most isolated environments on
Earth is experiencing the impacts of human activities,
which will generate additional legacies affecting the future
existence of these fragile ecosystems. Indeed, one of the
first indications of global ozone depletion was observed
over Antarctica, and the recorded increases in lake levels in
Taylor Valley since the turn of the century (Chinn 1993)
may be a reflection of global warming. The impacts of
increasing levels of ultraviolet radiation on dry valley
ecosystems are uncertain, but major changes in the physi-
cal, biological, and chemical characteristics of the lakes
would clearly result if changes in climate caused the loss of
the permanent ice covers. Legacies now preserved by sta-
ble stratification of the water column would be lost if
winds caused circulation between depths.

In addition to impacts of global changes, human activ-
ities are having direct, local effects on the Antarctic dry
valleys. Early explorers and later scientists generated per-
turbations that may persist for millennia (Harris 1998).
For example, many camps and supply depots have
remained essentially unchanged over the decades since
their establishment. Arid conditions, cold temperatures,
and lack of higher organisms insures their preservation,
illustrating the potential for long-term impacts of materi-
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als left in the valleys. Scientists have also had a variety of
inadvertent impacts on the dry valleys, especially before
effective waste treatment and petrochemical containment
procedures were enacted. Even footprints have the poten-
tial to disrupt fragile soil structure, a fact that underscores
the potential consequences of a growing ecotourism
industry to the dry valley ecosystems. As mentioned by
McKnight et al. (1999), increasing foot traffic in such sen-
sitive areas as streambeds could disrupt communities that
would take decades or centuries to reestablish. The scien-
tific community is taking steps to minimize negative
impacts on Antarctic ecosystems, but the means of con-
trolling tourist access to Antarctica remain politically
ambiguous (Harris 1998).
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