
447.3±205.9
800.7±175.7
640.9±148.1
180.5±68.3

tributions as a function of soil depth. Scottnema populations
in the 2.5-10.0-cm range on the north side of the lake were
greater than those in the 10.0-20.0-cm soil depth increment
(table), whereas Eudorylaimus was found primarily closer to
the surface, with a greater number found at the 2.5-5.0-cm
depth than in the 10.0-20.0-cm range (table).

Previous studies have found nematodes to be widely dis-
tributed in the dry valleys (Freckman and Virginia 1990).
Unlike soils from other ecosystems, however, a notable per-
centage (34 percent) of soils sampled from dry valley loca-
tions lack extractable nematodes (Freckman and Virginia
1991), but where nematodes occur, peak densities are compa-
rable to nematode densities in other desert soils (Freckman
and Mankau 1986). For the soils that contain nematodes, the
distribution of these animals is likely governed by such factors
as energy availability and dispersal (Freckman and Virginia
1991). Nematodes may become distributed at depths that are
close enough to the surface to benefit from organic inputs to
the soils but deep enough to avoid other environmental
extremes that may influence their survival.

We thank John Freckman, Ericha Courtright, and
Mengchi Ho for their assistance in sampling and laboratory
analyses. We also acknowledge the logistic support of the

North shore
0-2.5	373.5±171.0	73.8±43.6

2.5-5.0	676.3±175.1	124.4±12.7
5.0-10.0	607.2±147.6	33.7±14.1

10.0-20.0	174.1±63.4	6.4±3.9

National Science Foundation McMurdo Station laboratory
staff and the VXE-6 and Royal New Zealand Air Force heli-
copter crews. This research was supported by National Sci-
ence Foundation grant OPP 91-20123 to D.W. Freckman and
R.A. Virginia.
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Limits of life and microbial extinction in the antarctic desert
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C
ryptoendolithic microorganisms under the surface of
rocks in the antarctic desert (Nienow and Friedmann

1993, pp. 343-412) live in an "absolute extreme" cold environ-
ment (Friedmann 1993a, 1993b). Temperatures are far below
the biologically optimal values, and the organisms exist near
the limit of their physiological potential. Deterioration of the
environment, such as a slow climate change, can upset the

delicate physiological equilibrium, and the result is death and
extinction: in the high desert areas of the McMurdo Dry Val-
leys ("Ross Desert"), a significant portion of the sandstone
rock surfaces harbor fossil microbial communities.

It has been suggested that the cryptoendolithic microbial
ecosystem of the antarctic desert is a terrestrial model for the
last stages of life on early Mars (McKay et al. 1992). The study
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of extinction in cryptoendolithic communities thus provides a
basis from which to reconstruct the process of extinction of
life on Mars.

We hypothesized that a quantifiable gradient from rela-
tively "mild" (favorable to life) to "hostile" (adverse to life)
environments exists in the antarctic desert. Along this gradi-
ent, the interval between living and fossil microbial coloniza-
tions encompasses the "limit of life." Because the principal
limiting environmental factor appears to be temperature
(Friedmann et al. 1993), the critical threshold (point of extinc-
tion) that determines the limit of life can be defined in terms
of temperature.

We identified five localities in the McMurdo Dry Valleys
that, on the basis of distribution of living and fossilized com-
munities, seem to represent such a gradient (table 1, figure 1).

In December 1992, we set up automatic environmental
stations (Campbell CR10 data loggers with Campbell SM 716
data-storage modules) at these localities to monitor environ-
mental parameters (rock temperature, rock moisture, sun-
light, air temperature and relative humidity, wind speed and
direction, and presence of snow). The sensors at the environ-
mental stations were similar to those used in our earlier stud-
ies of the nanoclimate of the antarctic cryptoendolithic habi-
tat (Friedmann, McKay, and Nienow 1987; McKay et al. 1993).

At each station, temperature sensors were inserted into
two colonized rocks. On Battleship Promontory, on Linnaeus
Terrace, and in Tyrol Valley, the microorganisms were living;
on Horseshoe Mountain, they were dead (fossilized). On
Mount Fleming, one sensor was inserted into a north-facing
rock surface with a living microbial community and the
other into a horizontal rock harboring a fossilized communi-
ty. The rather striking difference in temperatures between
these two rocks (figure 2, Fleming 1 and Fleming 2) is due to
the difference in exposure to the Sun (Nienow, McKay, and
Friedmann 1988).

In January 1994, we retrieved the first year's results. The
environmental stations had functioned without interruption
at four localities. On Battleship Promontory, a failure in the
electronic equipment in April 1993 interrupted data monitor-
ing (the failure was repaired in January 1994). Preliminary
results of rock-temperature measurements for 1993 are
shown in table 2.

The data confirm our hypothesis that there is a gradient in
yearly average temperatures of both air and rock, as indicated
by the distribution of fossil communities shown in table 1.

Climate	Most extreme,
extreme,

coldest
Microbial	All dead	Most or	Many	Son
communities	(fossilized)	all dead	dead	dea

•	 ___

c7

ymp uJ2
AS

T
Beacon

L.

Ice-f ree
- Lake

10km

Figure 1. Area map of the McMurdo Dry Valleys with locations of auto-
matic environmental stations. 1: Battleship Promontory; 2: Linnaeus
Terrace; 3: Tyrol Valley; 4: Mount Fleming; 5: Horseshoe Mountain.

Average yearly temperatures, however, quite especially of
air, are not necessarily a good indication of suitability for life.
Biological processes take place in rock, and the temperature of
the rock may be quite different from that of the air. Also, life
processes take place only at temperatures above -10°C (Fried-
mann et al. 1993), whereas yearly temperature averages are

dominated by the lower tempera-
ture ranges. Furthermore, hours
spent at higher temperatures
(above 0°C) are biologically much

T1	 more productive than hours spent
at lower temperatures.

The distribution of yearly
Least	 hours at different rock tempera-

tures during 1993 is shown in fig-mildest	
ure 2. In the diagram, the two

All	 environmental probes on Mountd	living	 Fleming (in living and fossil

Table I. Apparent climate gradient and distribution offossil microbial communities
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Table 2. Monthly and annual minimum, maximum, and mean temperature (T), relative humidity (RH) of air, and tem-
perature of colonized rocks (lyOCk) at five sites shown in figure 1 in 1993. Mean values were calculated from measurements
taken every 30 minutes.

January
Minimum	-23.2
Maximum	-7.8
Mean	-15.5
February
Minimum	-35.0
Maximum -11.2
Mean	-22.4
March
Minimum	-40.4
Maximum -13.0
Mean	-27.4
April
Minimum	-39.2
Maximum -18.9
Mean	-31.5
May
Minimum	-40.3
Maximum -26.0
Mean	-34.2
June
Minimum	-41.2
Maximum -20.6
Mean	-33.7
July
Minimum	-41.0
Maximum -17.5
Mean	-33.4
August
Minimum	-44.1
Maximum -18.8
Mean	-33.2
September
Minimum	-44.3
Maximum -22.2
Mean	-31.3
October
Minimum	-40.0
Maximum -16.1
Mean	-29.8
November
Minimum	-31.4
Maximum -11.9
Mean	-21.7
December
Minimum	-26.4
Maximum	-6.5
Mean	-18.6

Annual
Minimum	-44.3
Maximum	-6.5
Mean	-27.8

27 -22.1	-19.9
85	7.3	-5.9
55	-10.2 -11.7

26 -34.2 -31.6
78	-3.1	-8.5
50 -19.2 -18.7

27 -39.6 -37.5
79	-6.9	-8.9
50 -26.7 -25.0

31 -40.8 -38.4
74 -20.4 -16.4
54 -32.8 -28.9

32 -43.8 -41.3
68 -30.0 -23.0
52 -36.3 -32.7

32 -43.7 -41.0
72 -24.6
54 -35.2 -31.1

29 -42.0 -38.6
64	-20.1	-13.1
50 -34.9 -30.6

31	-44.4 -41.5
74 -22.2 -17.4
43 -34.7 -31.3

29 -43.9 -40.8
67 -19.5 -19.3
48 -31.6 -28.8

28 -38.7 -37.9
65	-11.4 -11.2
46 -27.9 -26.8

26 -30.8 -28.1
78	4.8	-4.7
58	-16.9 -18.1

24 -25.7 -22.5
81	6.9	-5.1
59	-12.3 -15.1

24 -44.4 -41.5
85	7.3	-4.7
52 -26.6 -24.9

27 -19.2 -18.9
90	5.3	-3.2
52	-7.6 -11.7

27 -30.8 -31.0
78	-1.2 -10.1
45 -16.3 -19.8

25 -36.8 -39.6
73	-5.4 -10.0
47 -24.5 -26.0

32 -38.8 -37.8
76 -18.9 -14.6
51	-29.8 -28.9

30 -40.5 -40.8
65 -26.5 -23.0
51	-34.1 -32.1

34 -41.4 -39.3
72 -23.5 -18.8
56 -31.9 -30.3

29 -38.3 -39.0
64 -17.6 -16.3
47 -31.7 -30.8

29 -41.8 -42.3
75 -20.7 -17.5
43 -32.5 -32.2

29 -40.4 -43.8
69 -18.8 -20.0
47 -29.5 -29.3

26 -37.3 -37.8
73	-6.7 -15.4
45 -26.0 -27.1

27 -27.5 -26.3
80	0.8	-7.8
54 -14.8 -16.9

26 -20.8 -22.6
88	3.6	-2.2
62	-11.0 -13.9

25 -41.8 -43.8
90	5.3	-2.2
50 -24.2 -24.9

30	-18.7 -17.3
96	8.7	4.1
57	-8.7 -10.3

37 -30.7 -28.1
81	-6.0	-5.1
50	-18.6 -16.6

35	-39.8 -37.1
78	-9.7	-6.6
52 -26.3 -23.8

34 -38.4 -36.7
66	-15.6 -13.7
50 -29.7 -27.4

34 -40.4 -38.4
67	-26.5 -21.5
50 -33.3 -31.3

35 -39.9 -38.9
71	-20.4 -18.5
52	-31.2 -29.0

29 -39.0 -36.4
60	-20.1 -13.1
47	-31.8 -28.5

31	-42.9 -40.1
77	-20.9 -17.2
44 -33.3 -30.1

30 -43.7 -40.3
65	-21.0 -19.0
48 -30.0 -27.0

30 -37.7 -36.3
70	-8.8 -10.2
45 -26.5 -24.4

29 -26.3 -25.2
85	7.0	-6.0
52	-14.0 -16.4

23	-22.3 -21.2
92	8.3	-4.1
60	-9.9 -13.3

23 -43.7 -40.3
96	8.7	4.1
50 -24.5 -23.2

25	-14.5 -15.0
91	9.1	-0.7
56	-4.9	-8.4

26 -26.9 -28.7
80	5.7	-5.1
48 -12.7 -14.9

24 -35.6 -31.8
86	-4.6	4.9
51	-23.8 -21.0

32 -39.4
74 -18.0
48 -30.5

29 -40.9
73 -26.9
51	-35.4

30 -41.8
73 -23.6
50 -32.3

26 -39.0
62 -21.0
43 -32.2

28 -42.4
77 -22.6
41	-34.0

28 -39.9
70 -23.1
44 -29.6

25 -36.5
64	-4.0
40 -23.6

24 -25.4
83	4.5
52	-11.6

25	-15.1
88	6.5
57	-6.6

24 -42.4
91	9.1
48 -23.2

25 -14.2
96	9.4
54	-4.4

26 -27.0
85	-0.7
45 -13.6

22 -32.0
85	13.7
48 -21.0
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colonies) are shown separately. At the other stations, values
represent averages of two probes in different rocks. Note that
the temperatures above 0°C are biologically more significant.

The gradient in rock temperatures is evident from our
data, and it appears that the "limit of life" that separates the
hostile from the life-supporting environments runs through
the area of Mount Fleming, where the last representatives of
living communities occur.

This research was supported by National Science Foun-
dation grant OPP 91-18730 to E.I. Friedmann.
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Figure 2. Mean annual total time (h y- 1 ) of rocks in 1993 at 1°C temperature inter-
vals (above -10°C, when metabolic activity is possible).
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