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The problem of sustaining a public resource that everybody is free
to overuseÐthe `tragedy of the commons'1±7Ðemerges in many
social dilemmas, such as our inability to sustain the global
climate. Public goods experiments4, which are used to study this
type of problem, usually con®rm that the collective bene®t will
not be produced. Because individuals and countries often parti-
cipate in several social games simultaneously, the interaction of
these games may provide a sophisticated way by which to main-
tain the public resource. Indirect reciprocity8, `give and you shall
receive', is built on reputation and can sustain a high level of
cooperation, as shown by game theorists9±11. Here we show,
through alternating rounds of public goods and indirect reciproc-
ity games, that the need to maintain reputation for indirect
reciprocity maintains contributions to the public good at an
unexpectedly high level. But if rounds of indirect reciprocation
are not expected, then contributions to the public good drop
quickly to zero. Alternating the games leads to higher pro®ts for
all players. As reputation may be a currency that is valid in many
social games, our approach could be used to test social dilemmas
for their solubility.

Since Hardin1 ®rst described the `tragedy of the commons', this
type of social dilemma has been studied extensively by political and
social scientists, economists and evolutionary theorists (see refs 2±7).
Many of the experiments that have been carried out are a variant of
the standard design4. In this model, four students seated at a table are
each given an endowment of £5. They are then told that they can each
choose to invest some or all of their £5 in a group project by putting,
without discussion, an amount between £0 and £5 in an envelope.
The experimenter will collect the `contributions', total them up,
double the amount, and then divide this money among the group.

The economic/game-theory prediction is that no one will ever
contribute anything because each £1 contributed yields only £0.50
to its contributor, no matter what the others do. This is a public
goods problem because the group would be best off (taking home
£10 each) if all contributed £5. But individual self-interest is at odds
with group interest. Usually people cooperate more than is pre-
dicted by standard economic theory4; however, observed coopera-
tion is heterogeneous and declines over time (for example, see
ref. 12). It has been shown that direct punishment of non-coopera-
tors can cause a rise in the level of the average contribution to the
public good13±15, and cooperators are even prepared to pay a cost for
punishing (`altruistic punishment')16.

We present an alternative way to maintain potentially a high level
of contribution to the public good. It can be achieved through
interaction with a second game that promises rewards for those with
a good reputation in the public goods game. Theorists have shown
that cooperation through indirect reciprocity can evolve9±11. For
indirect reciprocity, individuals who have helped others are given
support, whereby the supporter builds up reputation8,17 or a positive
image score9,10. Experimental studies have con®rmed that human
subjects preferentially help others who have a positive image
score18±20. As players would risk their reputation if they would not
cooperate in a public goods game that is alternated with the indirect
reciprocity game, we predicted that alternating rounds of these two
games would induce continuous cooperation in the public goods
game, in contrast to a situation in which all public goods rounds
were played ®rst.
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We tested these predictions with 114 ®rst-year students who
participated in 19 groups of 6 subjects each in a computerized
experiment. The six subjects of each group could see a public screen
on which instructions and the actual game was projected. They were
told, ®rst, that each person had a starting account of DM 20 (£10)
and could gain or lose money dependent on his/her and the
participants' decisions; second, that all decisions were anonymous
and each player would be assigned a pseudoname (that is, a new
identity) for the whole game; and last, that they would play in two
different situations, an `indirect reciprocity game' and a `public
goods game'.

Ten groups played one round of indirect reciprocity in which each
subject was a potential donor once and a potential receiver once,
and then one round of public goods. This alternating pattern was
continued until round 16, thereafter four rounds of public goods
were played. Every second group was told in round 17 that from
then on only public goods rounds would follow until the end of the
game. Nine other groups played eight rounds of public goods,
followed by eight rounds of indirect reciprocity, followed by four
rounds of public goods. Again, every second group was told in
round 17 that from then on only public goods rounds would follow
until the end of the game. In each round of an indirect reciprocity
game, each potential receiver's history of giving both in the indirect
reciprocity and the public goods game was displayed simulta-
neously for all players.

In groups that started with eight rounds of the public goods game
initial cooperation declined as is usual in this type of game from
round one to round eight (paired t-test between ®rst and eighth
round of public goods game, n = 9 groups, t = 6.958, P , 0.0001;
Fig. 1). During the subsequent eight rounds of pairwise indirect
reciprocity, cooperationwas instantaneously re-established (compari-
son between eighth round of public goods game and ®rst round of
indirect reciprocity: paired t-test, n = 9 groups, t = 2.9, P , 0.02; to
avoid pseudoreplication we use each group of six subjects as our
statistical unit throughout this paper; all probabilities are two-tailed).

But in groups that started with one round of indirect reciprocity,
followed by one round of public goods, and so on until round 16,
the initial high cooperation level of the public goods game did not
decline during the eight rounds of the public goods game (compari-
son between the ®rst and the eighth round of public goods game;
paired t-test, n = 10 groups, t = 0.897, P = 0.40), and was on average
considerably higher than the cooperation level of the nine groups

that had started with eight rounds of public goods (unpaired t-test,
d.f. = 17, t = 4.83, P , 0.0002; Fig. 1). When public goods and
indirect reciprocity rounds were alternated, the public goods game
elicited signi®cantly more cooperation than the indirect reciprocity
game (comparison between average cooperation of eight rounds
public goods and eight rounds indirect reciprocity; paired t-test,
n = 10 groups, t = 3.99, P , 0.004).

The high cooperation level in the public goods game was
probably maintained in the following way. Players might have
withheld help in the pairwise indirect reciprocity game from players
who had refused to give in the preceding public goods round. The
probability of receiving `no' in the indirect reciprocity game was
signi®cantly higher for players that had refused to give in the
preceding public goods round than for those who had given
(Fig. 2a). Similarly, we found a positive correlation between the
probability of receiving `no' in the ®rst round of the indirect
reciprocity game and the rate of refused help during the block of
eight rounds of the public goods game (mean Spearman's r per
group = 0.49; s.e.m. = 0.15; Wilcoxon test against 0, n = 9 groups,
z = -2.1, P , 0.04).

The hypothesis that interaction with the indirect reciprocity game
keeps up cooperation in the public goods game is directly tested by
the four rounds of public goods that groups in both treatments
played in rounds 17±20. Every second group was told in round 17
that from then on only public goods rounds would follow until the
end of the game. In these groups cooperation declined during the
four public goods rounds, whereas cooperation was maintained
when the risk of further rounds of indirect reciprocity was not
excluded (Fig. 1; comparison of mean cooperation level during four
rounds of public goods between ®ve groups `with' and ®ve groups
`without announcement' after the alternating treatment, d.f. = 8,
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unpaired t-test, t = 4.456, P = 0.002, and between ®ve groups `with'
and four groups `without announcement' after the block treatment,
d.f. = 7, unpaired t-test, t = 6.631, P = 0.0003). Thus, the pending
risk of further rounds of indirect reciprocity prevented cooperation
in the public goods game from declining at least over four con-
secutive rounds.

Obviously, refusing to give in the public goods game reduced the
reputation of a player to a similar extent as if this person had refused
to give in the indirect reciprocity game: his potential donor in the
next round of indirect reciprocity just followed the rules for indirect
reciprocity and refused to give to someone with a low image score.
This is different from punishing because it does not need any special
punishing rule or motivation, and the potential donor actually saves
money by refusing to give. A recent theoretical analysis21 suggests
that reputation is essential for fostering social behaviour among
sel®sh agents, which is con®rmed experimentally here. The inclu-
sion of reputation effects in the corresponding dynamical models
leads to the evolution of economically productive behaviour, with
agents contributing to the public good and either punishing those
who do not or rewarding those who do21. Providing help in the
indirect reciprocity game is a form of reward.

Cooperation in the public goods game paid off. Groups that
alternated rounds of indirect reciprocity and public goods games,
and thus were more cooperative in the public goods game, earned
signi®cantly more money during the ®rst eight rounds of the public
goods game than did groups that played the two games in blocks of
eight rounds each (Fig. 2b). This shows that the `tragedy of the
commons' was no longer a tragedy; instead, the commons became
productive and could be harvested. Two people usually interact in
more than one situation, therefore their actions in one context may
in¯uence actions in another22. Many social dilemmas are a type of
public goods game6, others have been identi®ed as a type of indirect
reciprocity game4. It therefore seems likely that the kind of inter-
action that we have staged experimentally occurs naturally in our
society. There might be hidden social dilemmas that would show up
only if the interaction with another game were removed. M

Methods
Indirect reciprocity game

Players were anonymous; each subject was assigned a pseudoname by the computer for the
whole session of 20 rounds so that at any time, players could make their decisions
contingent on the history of the game up to that time; each player knew his/her name but
did not know who had been assigned the other names; the subjects were separated by
opaque partitions and communicated their decisions with silent (piezo) switches; they
knew that they would obtain their money after the game in a way that did not disclose their
anonymity.

For the `indirect reciprocity game'20, each person was assigned repeatedly as either a
potential donor or a potential receiver. For example, a potential donor, say `Telesto', was
asked on the public screen whether he would give to `Galatea'. Telesto would loose DM 2.50
from his account and Galatea would gain DM 4 on her account if Telesto decided `yes'.
Telesto's decision (yes or no) was displayed for 2 s on the public screen. Everybody knew
about the contributions of all players, for example, whether Galatea had given in previous
rounds when he/she had been playing as the potential donor. The subjects also knew that
there would be no direct reciprocity; if Awas the potential donor of B, B would never be the
potential donor of A. In each round of the indirect reciprocity game, each of the six players
was once a potential donor and once a potential receiver.

Public goods game

For the `public goods game'4, all six players were asked simultaneously whether they would
contribute DM 2.50 to the public pool, the contents of which would then be doubled and
redistributed evenly among all players irrespective of whether they had contributed. After
all players had decided, each player's decision (yes or no), his/her contribution (that is,
DM 2.50 or 0), and his/her gain (for example, DM 4.17 if all but one had contributed), was
displayed below the pseudonames for 20 s.
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Facilitation between species is thought to be a key mechanism by
which biodiversity affects the rates of resource use that govern the
ef®ciency and productivity of ecosystems1±4; however, there is no
direct empirical evidence to support this hypothesis. Here we
show that increasing the species diversity of a functional group of
aquatic organisms induces facilitative interactions, leading to
non-additive changes in resource consumption. We increased
the richness and evenness of suspension-feeding caddis¯y larvae
(Insecta, Trichoptera) in stream mesocosms and found that the
increased topographical complexity of the benthic habitat alters
patterns of near-bed ¯ow such that the feeding success of individ-
uals is enhanced. Species diversity reduces `current shading' (that
is, the deceleration of ¯ow from upstream to downstream neigh-
bours), allowing diverse assemblages to capture a greater fraction
of suspended resources than is caught by any species monocul-
ture. The fundamental nature of this form of hydrodynamic
facilitation suggests that it is broadly applicable to freshwater
and marine habitats; in addition, it has several analogues in
terrestrial ecosystems where ¯uxes of energy and matter can be
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