
money while the other party does not react 
to this decision. A similar situation arises 
with a beggar. The only difference between 
these two game situations is that the beggar 
provides nothing other than perhaps a 
"thanks," whereas the musician provides 
his or her music. So why can street musi- 
cians sometimes earn so much that they are 
able to take their music on the road and 
travel around, and why does begging pay 
enough to support at least some. people 
who beg full time! Is it because many of us 
are influenced by cultural rules and tabms 
("memesn) that prompt us to give money 
(11, 12); or is it because some of us are 
"bad" players, players of nonadaptive strac- 
egies that would disappear rapidly when 
under strong natural selection? 

There is a third possible explanation for 
this kind of seemingly alvuisric behavior, 
described earlier (13, 14) and now formally 
proven by Nowak and Sigmund (1). This is 
wopefation by indirect reciprocity. It in- 
volves the inclusion of an additional vari- 
able to the game-sacial status. The idea is 

. that being observed giving something to, for 
example, the street musician increases your 
social status (see the figure) and that being 
observed withholding your gift decreases it. 
Giving something may pay off in the long 
XIXI if the people you interact with in the 
future take your social status into account. 
Giving may not be a real altruistic act- 
rather, it auld be a sophisticated invest- 
ment into one's own future. Nowak and 

Sigmund demonstrate that already simple 
mles about how information on social status 
is used can lead to cooperation in situations 
where direct reciprocity is unlikely. They 
also find that group size is important. For 
larger groups it is more difficult to establish 
cooperation, because there are more inter- 
actions required to discriminate against de- 
fectors. However, cooperation by indirect 
reciprocity could easily evolve in their mod- 
els in groups of 20 to 100 individuals, even if 
the probability of being observed in such in- 
teraction varied from 1 to 0.1. This means 
that if you meet a street musicih you ate 
inevitably caught in a game. Whatever you 
do, it may have an impact on your social sta- 
tus. Even if it is unlikely that none of your 
future social partners will see or hear about 
your decision, you can never be sure about 
this. Moreover, cooperative moves that 
happened to be observed in apparently 
anonymous situations are likely to we* 
higher on your social status account, but the 
same may be true for uncooperative moves. 

Nowak and Sigmund ( 1 ) argue that so- 
cial stam is a variable with decisive impart 
on the evolutkon of human society, because 
it binds larger groups of individuals together 
and makes cmperation on a larger scale pos- 
sible, Moreover, mking on one's own so- 
cial status and having to deal with the diffi- 
culties in continuously readjusting the per- 
ceived sacial status of the many members of 
a group might have selected for social intel- 
ligence and for an ability for abstract think- 

New Insights on the Kuiper Belt 
Alessandro Morbidelli 

w h e n  Edgewonk and Kuiper first conjec- 
tured the existence of a belt of small objects 
beyond Neptune-now called the Kuiper 
belt-they were imagining a disk of plan- 
etesimals preserving the prigtine conditions 
of the disk of matter that eventually became 
the planets of the solar system. However, 
since the first discoveries of Kuiper belt ob- 
jects, astronomers have realized that it is not 
pristine: The disk has been affected by a 
number of processes rhat altered its original 
structure that are still not completely under- 
stood. Un page 2104, Ward and Hahn (1) 
report new results that provide insight into 
the structure and evolution of this curious 
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planetesimal system. 
The known structure of the Kuiper belt, 

determined on the basis of the discovery of 
64 objects (2) in the region beyond Nep- 
tune, is summarized in the figure (top and 
middle panels). In the inner belt [semimajor 
axis smaller than 40 AU (3)], all the known 
objects have large eccentricities. They are 
associated with first-order mean motion 
resonances with Neptune, the only dpnami- 
ally stable regions at large eccentricity (4). 
Actually, all but one of the objects dixov- 
ered in the inner Kuiper belt are in the 3r2 
resonance?-like the "planet" Pluto-and 
are therefore called Plutbs. 

Beyond 42 AU (5) begins the "classical" 
belt, where the discovered objects are not 
specifically relared to any mean motion 
resonance, Although the eccentricities and 

ing in our spegefi. We as human 
beings have all thought a great d d  -- 
about the imial rules we live under, about 
Hght and wrong, and we usually have rather 
determined opinions. This and our social ex- 
perience make us intuitive masters of highly 
sophisticated social games (9,10). It is funny 
that we are ody now starting to understand 
the rules that we use in our own games. 
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inclinations are generally emller than in 
the inner belt, once again the classical belt 
does not look like a proto-planetary disk, 
because the latter should be made of plan- 
etesimals on quasi-circular and coplanar or- 
bits. In particular, a few objects have surpris- 
ingly high inchtions, despite the observa- 
tional biases not favoring their diswvery 
(6). This allows one to conclude that some 
process must have excited eccentricities and 
inelinattons not only in the inner belt but 
a h  in the classical belt. 

Irt addition to the inner and the classical 
Kuiper belts, theoretical wnsiderations (7) 
and the discovery of at least one object (8) 
argue fix the existence of a third pspulation 
of bodies, which evolve under the effects of 
close encounters with Neptune, forming a 
sort af scattered disk. 

According to the statistics of discoveries 
per unit area of searched sky, about 70,000 
objects bigger than 100 km should exist in 
the Kuiper belt up to 48 AU (6), 04y 10 to 
20% of them being in the inner belt (9). 
The estimate of the total mass of the belt up 
to 48 AU is @ll uncertain wiESlin one order 
of magnitude, ranging from 0.06 to 0-3 
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In this context, the re- 
port by Ward and Hahn (1 ) 
provides two additional con- 
straints on the present struc- 
ture of the Kui~er belt and 
its primordial sculpting. 

The first constraint is 
that the present surface den- 
sity of the deep Kuiper belt 
beyond 48 AU should not be 
larger than 0.005 g ~ m - ~ -  
20 times smaller than its esti- 
mated primordial value (bot- 
tom panel of figure); other- 
wise the density waves gen- 
erated by Neptune would 
have damped the planet's 
eccentricity below its cur- 
rent 0.009. In the absence 
of an efficient mass d e ~ l e -  
tion mechanism working 
bevond 48 AU. this would 
imply that the usual estimate 
of the primordial mass in the 
deep Kuiper belt is in excess 
by more than one order of 
magnitude. It is tempting to 
make the connection be- 
tween this conclusion and 
the recent claim (9) that the 
Kuiper belt "ends" at about 
50 AU. However, Ward and 
Hahn's constraint holds only 
if the eccentricities and the 
inclinations of the bodies in 

Planetesimal populations. (Top and middle) The distribution the deep belt are smaller 
of Kuiper belt objects with well-determined orbits (1). The ap- than -0.02 and -lo, respec- 
proximate boundaries among the inner belt, classical belt, and tively. These values could be 
scattered disk are indicated. The boundary between the clas- exceeded if primordial mas- 
sical belt and scattered disk cannot be defined in the semima- 
jor axis versus inclination plot. The shaded region separating Sive planetesimals 
the inner and the classical belts is strongly unstable (5). (Bot- On scattered disk Or- 
tom) Mass distribution in the outer solar system. The solid bits (13) during some 100 
curve shows the expected primordial surface density. The million years. In this case, 
blue dot denotes the surface density corresponding to the the eccentricity and inclina- 
mass of Neptune's solid core distributed over the 25- to 35-AU tion distribution of the bod- 
region. The two squares show the surface density in the 3:2 
resonance and in the observed portion of the classical belt ies the deep be 
[assuming 0.03 ME in the 39- to 40-AU annulus and 0.25 ME in in 
the 42- to 48-AU range, in agreement with (9)]. The arrow de- the 42- to 48-AU region. If 
notes the upper bound of the surface density at 50 AU, as the typical eccentricities 
claimed by Ward and Hahn (1) .  range up to 0.1, the con- 

straint on the present surface 
Earth masses (ME) (6, 9). This is much density increases to 0.025 g ~ m - ~ ,  reducing 
lower than its estimated (1 0, 1 1 ) primordial the gap from its estimated primordial value. 
mass of about 30 ME, implying that in the Similarly, a massive primordial belt with 
early phases of the solar system some process more than 0.1 g cm-2 in the 30- to 48-AU 
caused a strong mass depletion. The distri- region would have damped Neptune's ec- 
bution of the estimated present and primor- centricity below its present value in about 1 
dial masses in the outer solar system is illus- million years. Therefore, the second con- 
trated in the bottom panel of the figure. No straint provided by Ward and Hahn's study 
direct information exists concerning the is that some mechanism exciting Neptune's 
present mass of the classical Kuiper belt be- eccentricity had to persist until the excita- 
yond 48 AU (hereafter called the "deep" tion and depletion of the primordial belt. 
belt), but it is believed that this region It is increasingly difficult to design a sce- 
could have retained the bulk of its primor- nario of formation and primordial evolution 
dial mass (1 2). of the Kuiper belt that fits all the con- 

straints. At first. the ~roblem seemed to be , L 

solved by the sweeping resonances model 
(14). According to this model, by its inter- 
action with small planetesimals, Neptune 
moved outward, trapping Kuiper belt ob- 
jects into mean motion resonances. This 
model successfully explains the existence of 
a large fraction of bodies in the 3:2 reso- 
nance with Neptune and their eccentricity 
and inclination distributions. However, the 
eccentricity and inclination excitations 
later observed in the classical belt, together 
with the persisting absence of detections of 
2:l resonant bodies, the mass deficiency of 
the belt, and, last, the second constraint 
provided by Ward and Hahn's findings, all 
seem to' argue that this scenario is too sim- 
plistic, at least in its original version. 

The mass depletion of the Kuiper belt 
could be ex~lained bv mutual collisions 
among the ~ ; i ~ e r  belt bodies, provided that 
most of the primordial mass was carried by 
small objects (1 2). However, this contrasts 
with theoretical considerations arguing for 
the primordial existence of a substantial 
population of Pluto-sized bodies (1 5). 

Alternatively, the primordial existence 
of massive planetesimals in the scattered 
disk has been proposed to explain the ejec- 
tion of a large fraction of the bodies from the 
stable reeions of the Kui~er belt and the ec- " 
centricity and inclination excitation of the 
survivors (1 3). 

The absence of a well-defined scenario for 
the primordial sculpting of the Kuiper belt 
should not be discouraging. Kuiper belt sci- 
ence is still young and rapidly evolving. A big 
effort is under way by the astronomical com- 
munity to acquire more information on its 
present and past structure, both directly, by 
telescope observations, and indirectly, by 
theoretical considerations. The new results 
will constrain the elaboration of formation 
scenarios and lead to a better understandine - 
of the early phases of our solar system. 
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Life at the Freezing Point 
Roland Psenner and Birgit Sattler 

W h a t  are the chances that one could culti- 
vate bacteria and algae in a deep freezer? The 
suggestion is not so outrageous, as Priscu and 
co-workers show on page 2095 of this issue 
(1 ), with their discovery of living organisms 
in surroundings that even in summer rarely 
exceed a chilling -20°C. They describe a 
thriving microbial assemblage in the thick, 
hard, and permanent ice layer of lakes in the 
Antarctic McMurdo Drv Vallevs. What at 
the first glance appears tA be a cdntradiction 
in terms (being frozen and leading an active 
life at the same time) turns out to be an excit- 
ing example of the adaptation of microorgan- 
isms to environmental extremes. 

How can there be life in the ice? A closer 
look at icy ecosystems demonstrates that ice 
comes in many forms, which are not always 
what we think of as ice. Sea ice, for in- 
stance, has been known for a long time to 
harbor algae and crustaceans because con- 
centrated brine solutions remain liquid at 
temDeratures well below zero. In contrast. 
ice layers on freshwater lakes have usually 
been seen as nothing but physical barriers to 
light transmission, heat flux, wind-induced 
turbulence, and gas and particle exchange. 
The sandwich-like structure of the winter 
cover on high mountain lakes in the Alps 
was described in great detail in the early 
1950s, but it took a long time to recognize 
that the slush layers (see figure) host a rich 
and very productive assemblage of au- 
totrophic and heterotrophic organisms, 
which we and our co-workers have termed 
LIMCO (lake ice microbial community) 
(2). Within the winter cover at O°C, bacte- 
rial production was up to an order of magni- 
tude higher than in the pelagic zone of the 
lake at a "warm" 3' to 4OC. It was Felip, 
Camarero, and Catalan (3) from the Uni- 
versity of Barcelona in Spain who showed in 
a 2-year study that the composition of au- 

The authors are at the Institute of Zoology and Limnol- 
ogy, lnnsbruck University. A-6020 Innsbruck, Austria. 
E-mail: roland.psenner@uibk.ac.at 

of bacteria found in freshly fallen snow (4). 
A comparison of freshwater ice systems 

(see fieure and table) suggests that the ex- " . "" 

ample described by Priscu et al. represents the 
most extreme communitv one can imagine, - - - both regarding physico-chemical factors and 
organisms involved; namely, an assemblage 
of autotrophic cyanobacteria (blue-green al- 

Precipitation Ablation gae) and heterotrophic bacteria, encapsu- 

lated in the permanent ice cover of 
0 lakes. The term "oasis" used by the 

authors (1) refers to the fact that 
pockets of liquid water form around 

1 - dust and microorganisms 
blown in from a cold desert, allow- 

Accumulation ing active growth and reproduction 
layer of predominantly prokaryotic organ- - 2- 

E Water pockets isms during the Austral summer. - Some ecological properties are simi- 5 n t lar in high alpine and Dry Valleys ' 3 - Intrusion of lake ice habitats; for example, both 
lakewater systems seem to be closer to the 

Hard ice benthic than the pelagic world. 
However, in the case of the Antarc- 

4 - Increment tic lake ice, the sediment derives 
(ice growth) from the terrestrial catchment, 

whereas in the alpine lakes the "sedi- 
5 - ment" consists of ice and snow crys- 

Cold communities. Winter cover of high mountain lakes tals, surrounded by interstitial water 
in the Alps and the Pyrenees (Left) and permanent ice that is a mixture of lake water, rain- 
cover of Antarctic lakes in the Dry Valleys (Right).The al- water, and snow meltwater. Al- 
pine lake cover consists of a sandwich-like structure of 
slush (a mixture of ice and snow crystals with lake water, 
rainwater, and meltwater) and white ice, covered by 
snow and separated from lake water by a thin layer of 
black ice, lasting for about 8 to 10 months. The Antarctic 
lakes in the Dry Valleys are covered by a permanent layer 
of hard ice containing pockets of liquid water during sum- 
mer. These water pockets appear around clusters of ter- 
restrial dust. They form a maximum at 2-m depth, where 
sinking speed and ice growth are in balance. Both habi- 
tats host only microorganisms-with some rare excep- 
tions-and also the active period (the Austral summer in 
Antarctica and late winter, spring, and early summer in 
high alpine lakes) is reduced to about 6 to 8 months per 
year. In alpine lakes, slush has a constant temperature of 
0°C; in the water pockets of Antarctic lake ice, tempera- 
tures will not exceed O°C. 

though Antarctic McMurdo Dry 
Valleys lakes are permanently ice 
covered, their microbial communi- 
ties are active for only about 5 
months, which is comparable to the 
active period of the microbial com- 
munities in the transient ice cover of 
alpine lakes. A major difference con- 
cerns the physical structure and the 
origin of organisms, which in the case 
of the alpine lakes do not arrive solely 
from the atmosphere but also from 
lake water and littoral sediments. 

It has been held for some years 
that bacterial growth and resuira- 

totrophic and heterotrophic microbial com- 
munities in lake ice clearly differed from 
that in the lake water, a fact that was also 
confirmed by Priscu et al. ( I  ). Researchers 
from Innsbruck University have demon- 
strated that the genetic pattern-based on 
group-specific probes for ribosomal RNA- 
of communities of ice bacteria differed from 
that of lake water bacteria and also from that 

- 
tory rates in the ocean are unmeasurably low 
at 0°C ( 5 ) ,  but Priscu et al.'s and our own 
findings clearly indicate that in some habi- 
tats bacteria may be quite active even at 
freezing point. Recently, active bacteria and 
their metabolic products have been found in 
supercool (around -5OC) cloud droplets col- 
lected at altitudes above 3000 m in the Alps 
(6). Thus, our knowledge about the number 
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