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摘要

•生物多樣性之謎
•合作好？還是自私好呢？
•細菌玩起剪刀石頭布？
•結語
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生物多樣性
Biodiversity
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多采多姿的生態
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達爾文說物競天擇，適者生存。
那生態圈的生物多樣性是打那兒來的？



生物多樣性的歷史

自寒武紀大爆發，物種大量出現。
但地球上的物種大滅絕，又為何發生？
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雪兔與野貓

北加拿大的雪兔吃草，是素食主義的；
而野貓則是吃肉的，主要以雪兔為食。

6



兔口與貓口的統計

北加拿大的雪兔與野貓數量，
以十年左右做週期震盪。

7



出生與死亡

�X

�t
= (b� d)X

Xb�t

�Xd�t

出生的數量：
死亡的數量：

⼀一小段時間後，族群數量改變了 �X ⇥ X(t + �t)�X(t)

適應力即為
出生率減死亡率
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生生不息
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  (���-���) > 0

X(t) = e�t

若出生率大於死亡率，族群數量呈指數增長。
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逐漸滅絕
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  (���-���) < 0

X(t) = e��t

若出生率小於死亡率，族群數量呈指數減少。
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指數性的不穩定
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滅絕⋯

暴增？滅絕？沒有其他的選擇嗎？

暴增⋯
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狩獵者遇到獵物前
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dx

dt
= (a� by)x

dy

dt
= (�c + dy)y

dx

dt
= ax

dy

dt
= �cy

dx

dt
= (a� by)x

dy

dt
= (�c + dy)y

dx

dt
= ax

dy

dt
= �cy
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弱肉強食

強壯的捕捉弱小的，攸關生死的追逐。
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弱肉強食的結果

生生不息的
平衡？
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Lotka-Volterra model
The Lotka-Volterra equations, also known as the predator-prey equations, are a pair 
of first order, non-linear, differential equations frequently used to describe the 
dynamics of biological systems in which two species interact, one a predator and one 
its prey. They were proposed independently by Alfred J. Lotka in 1925 and Vito 
Volterra in 1926.

where
! •! y is the number of some predator (for example, wolves);
! •! x is the number of its prey (for example, rabbits);
! •! dy/dt and dx/dt represents the growth of the two populations against time;
! •! t represents the time; and
! •! a, b, c and d are parameters representing the interaction of the two species.

dx

dt
= (a� by)x

dy

dt
= (�c + dx)y
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貓口與兔口的震盪

5 10 15 20
time

0.2
0.4
0.6
0.8
1

1.2
Predator

5 10 15 20
time

0.5
1

1.5
2

2.5
Prey

雪兔與野貓同時存在，弱肉強食的演化機制
下，貓口與兔口同時出現震盪。
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生命的廻圈

將貓口與兔口畫在
⼀一起，結果十分有
趣，出現⼀一個個週
期性的圈圈。
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生態系的動平衡
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掠食者數量稀少，獵物大量繁殖
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生態系的動平衡
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數量開始增加
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生態系的動平衡
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掠食者數量龐多，獵物數量
因而快速減少
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生態系的動平衡
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因獵物稀少，掠食者數量
開始下降
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生態系的動平衡
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物種間的競爭形成動態
平衡，使生態圈的物種
得以生生不息。

這樣微妙的動態平衡，
正解釋了自然界處處可
見的生物多樣性。

生物多樣性之謎



噬菌體的戰爭
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噬菌體
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顧名思義 ，噬菌體是⼀一
種專吃細菌的病毒 。



異形入侵
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合作 v.s. 自私
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合作者：彼此幫
助，適應力強，
⼀一般稱為好人或
是濫好人。

自私者：勾心鬥
角，自私自利，
⼀一般稱為壞蛋或
是混蛋。



自私的活下來？
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Nature	
  398,	
  441	
  (1999)

美國馬里蘭大學學者發現，長得慢又
很壞的自私型噬菌體大獲全勝！



犯人的困境
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做壞事被抓時，是該合作？（打死不承認）
還是該自私⼀一點？（出賣同夥）



合作？出賣？
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天真的想法

如果⼀一起出賣對方而承
認，就被關五年。如果
⼀一起合作來個矢口否
認，那罪證不足，頂多

被關⼀一年。

出來混的，果真是要
講義氣啊！



出賣才是理性的抉擇
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理性的想法

如果對方出賣我而認
罪，我應該也出賣他。
如果對方合作而矢口否
認，那更該出賣他。

哎啊，出賣對方才
是王道！



無所不在的補習
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補習，是大多數台灣小孩的共同回憶。多
年的教育改革後，補習班為何還這麼多？



你小孩補習嗎？
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正常 惡補

正常 10 6

惡補 20 8

合作：如果大家都
不補習，小孩子的
適應力為10。

自私：如果大家都送小孩去
補習，適應力反而降為 8。



競爭力估算
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正常 惡補
正常 10 6

惡補 20 8

假設台灣社會合作
型家長比例是 x。

FD = 20x + 8(1� x) = 8 + 12x

FC = 10x + 6(1� x) = 6 + 4x



噬菌體的競爭
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use conØicting strategies of cooperation and defection. ⇧, Generalized pay-off

matrix where entries represent the Ætness to an individual adopting the strategy

on the left, if the opponent adopts the strategy above. Defectors gain a Ætness

advantage (1á s2) that allows them to invade a population of cooperators. If the

cost of defection is too strong, Ö1⇧ cÜ⇥ Ö1⇧ s1Ü, cooperatorsmayalso invade and

the two strategies are driven to a stable polymorphism. The prisoner's dilemma

occurs if it always pays to be selÆsh, Ö1⇧ cÜ⌅ Ö1⇧ s1Ü; defection sweeps through

the population despite the greater Ætness pay-off that would result had all

individuals cooperated. ⌥, Realized pay-off matrix for the evolved high MOI

phage �H2 relative to its ancestor �6 reveals evolution of an evolutionarily

stable strategy conforming to the prisoner's dilemma. Observed Ætness values

indicate that the lowest pay-off is to the ancestor during co-infection. Thus, the

evolutionarily stable strategy is to defect even though a higher pay-off occurs

when phage cooperate.
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⌦⌅⇥⌃⇤�  The Ætness of derived high MOI phage relative to the ancestor is a

decreasing function of initial frequency in competition. ⇧, Evolved phage�H2 and

a genetically marked clone of the ancestor, �6, were competed at Æve initial

frequencies of �H2 (0.1, 0.25, 0.5, 0.75, 0.9) at MOI à 5 with fourfold replication.

Linear regression analysis shows that the Ætness of �H2 (circles) is dependent

upon its initial frequency in competition (slope à ⇧ 0�7381, ts à ⇧ 8�117, d�f� à 3,

P à 0�0039), whereas a control that measures Ætness of �6 (squares) relative to

the marked clone is independent of initial frequency (see Methods for statistics).

Values are the means⇤ s�e�m� Dashed lines indicating the 95% conÆdence

interval about each regression line are included to show that mean Ætness of

�H2exceeds 1.0 at all initial frequencies. Phage�H2 is�S2 fromaprevious study1.

⌥, Experiments where a different evolved clone, �H1, and the marked ancestor

were competed at seven initial frequencies of �H1 (0.1, 0.2, 0.25, 0.5, 0.75, 0.8, 0.9)

atMOI à 5with fourfold replication. Once again, linear regression analysis shows

that the Ætness of �H1 (diamonds) is dependent upon its initial frequency in

competition (slope à ⇧ 0�6789, ts à ⇧ 5�128, d�f� à 5, P à 0�0037), and exceeds

1.0 at all initial frequencies.
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⌦⌅⇥⌃⇤� � Expected and observed Ætness values for a game in which opponents

use conØicting strategies of cooperation and defection. ⇧, Generalized pay-off

matrix where entries represent the Ætness to an individual adopting the strategy

on the left, if the opponent adopts the strategy above. Defectors gain a Ætness

advantage (1á s2) that allows them to invade a population of cooperators. If the

cost of defection is too strong, Ö1⇧ cÜ⇥ Ö1⇧ s1Ü, cooperatorsmayalso invade and

the two strategies are driven to a stable polymorphism. The prisoner's dilemma

occurs if it always pays to be selÆsh, Ö1⇧ cÜ⌅ Ö1⇧ s1Ü; defection sweeps through

the population despite the greater Ætness pay-off that would result had all

individuals cooperated. ⌥, Realized pay-off matrix for the evolved high MOI

phage �H2 relative to its ancestor �6 reveals evolution of an evolutionarily

stable strategy conforming to the prisoner's dilemma. Observed Ætness values

indicate that the lowest pay-off is to the ancestor during co-infection. Thus, the

evolutionarily stable strategy is to defect even though a higher pay-off occurs

when phage cooperate.
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⌦⌅⇥⌃⇤�  The Ætness of derived high MOI phage relative to the ancestor is a

decreasing function of initial frequency in competition. ⇧, Evolved phage�H2 and

a genetically marked clone of the ancestor, �6, were competed at Æve initial

frequencies of �H2 (0.1, 0.25, 0.5, 0.75, 0.9) at MOI à 5 with fourfold replication.

Linear regression analysis shows that the Ætness of �H2 (circles) is dependent

upon its initial frequency in competition (slope à ⇧ 0�7381, ts à ⇧ 8�117, d�f� à 3,

P à 0�0039), whereas a control that measures Ætness of �6 (squares) relative to

the marked clone is independent of initial frequency (see Methods for statistics).

Values are the means⇤ s�e�m� Dashed lines indicating the 95% conÆdence

interval about each regression line are included to show that mean Ætness of

�H2exceeds 1.0 at all initial frequencies. Phage�H2 is�S2 fromaprevious study1.

⌥, Experiments where a different evolved clone, �H1, and the marked ancestor

were competed at seven initial frequencies of �H1 (0.1, 0.2, 0.25, 0.5, 0.75, 0.8, 0.9)

atMOI à 5with fourfold replication. Once again, linear regression analysis shows

that the Ætness of �H1 (diamonds) is dependent upon its initial frequency in

competition (slope à ⇧ 0�6789, ts à ⇧ 5�128, d�f� à 5, P à 0�0037), and exceeds

1.0 at all initial frequencies.
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自私自利的噬菌體，
有較高的競爭優勢。



Moran process

36

先選定⼀一個繁衍個體，依造適應力決定繁
衍機率，然後隨機取代另⼀一個死亡個體。



replicator equations

37

The payo� matrix P describes the competitions between collab-
orators and defectors,

P =

 
a b
c d

!

and thus determines the replicator equations for them,

dxc

dt
= fcxc � �xc,

dxd

dt
= fdxd � �xd,

where xc = Nc/Ntot and xd = Nd/Ntot are the frequencies for the
collaborators and defectors. The fitness can be read o� from
the payo� matrix directly,

fc = axc + bxd, fd = cxc + dxd.

Finally, the average fitness for the ecosystem, � = fcxc + fdxd, is
a homogeneous function of order two for the variables xc, xd.



algorithm for MORAN

38

Now we turn to the algorithm for Moran process. The probability
to pick C is xc and the probability to reproduce is 0 ⇥ Fc ⇥ 1. If
we happen to pick another C for annihilation, nothing happens
and Nc, Nd remain the same. However, the chance to annihilate
D is xd that leads to (�Nc,�Nd) = (+1,�1).

Thus, the probability distribution P (�Nc,�Nd) for the change
of the populations is

P (+1,�1) = Fcxcxd, P (�1,+1) = Fdxcxd,

and P (0,0) = 1 � P (+1,�1) � P (�1,+1) to ensure probability
conservation. The average changes of the populations after one
Monte-Carlo step are

⇤�Nc⌅ = (Fc � Fd)xcxd,

⇤�Nd⌅ = (Fd � Fc)xcxd.



continuous limit

39

Assuming the competitions are short-ranged, there are O(N)
reproduction-death processes in a realistic time interval. Thus,
the real time and the Monte-Carlo time are related,

�t = (�0/Ntot)�� = �0/Ntot.

In the continuous limit (or infinite-population limit), the growth
rate for the collaborators is

dxc

dt
⇥

�xc

�t
=

⇤�Nc⌅/Ntot

�0/Ntot
=

⇤�Nc⌅
�0

.

The di⇥erential equation emergent from Moran process takes
the following form,

dxc

dt
= xcxd(fc � fd),

where the fitness is fi = Fi/�0. This may look di⇥erent from the
replicator equation. But, after some algebra, it is straightforward
to show that they are identical (up to stochastic fluctuations).



幾顆老鼠屎⋯

40

⼀一開始自私者分布零散，接著
慢慢形成小集團，再漸漸連結
成大集團。最後，⼀一統江湖！



自然界的剪刀石頭布

41



剪刀石頭布

將有助於生物多樣性？
還是增加生態系的不穩
定性，而導致滅絕？

複雜的掠食關係
42



演化軌跡

A

C

B

三個環狀相剋的物種，族群數量會隨著時間
震盪，而達成微妙的生態平衡。

43



蜥蜴玩剪刀石頭布？

44

  剪刀、石頭、布！

印第安那的學者跑到加州抓蜥蜴，發現他們
在陽光下大玩剪刀石頭布。

Nature	
  380,	
  240	
  (1996)



© 1996 Nature  Publishing Group

各色公蜥蜴

the other’s efforts. Two alternatives can hold
if the coplayer defects: (i) it could be best
also to defect, in order not to get exploited;
this case represents the well-known prison-
er’s dilemma game (37 ); or (ii) it could be
best to cooperate nevertheless, which leads to
the snowdrift game (38). If two drivers are
caught with their cars in a snowdrift and one
of them refuses to cooperate in shoveling a
way out, the other driver is better off to
cooperate unilaterally, rather than spend the
night freezing. In the prisoner’s dilemma
game, D is a best reply no matter whether the
co-player uses C or D. In the snowdrift game,
each strategy is a best reply to the other.

The snowdrift game is also known as
hawk-dove or chicken game. The first name
comes from a situation where animals fight
for a territory: “Hawks” escalate the fight,
risking serious injury, whereas “doves” flee
when the opponent escalates. In the chicken
game, two cars are heading for a collision.
The loser chickens out, while the winner
stays on track. Big-time loss occurs when
both stay on track.

A major challenge in experimental or ob-
servational studies is to determine the ranking
of payoff values. For example, the interaction
of female lions defending a territory against
invaders has been interpreted as a prisoner’s
dilemma (39). But, the observation that co-
operating and defecting lionesses happily co-
exist in a group makes it more likely that
these lions play chicken.

The payoff values of a prisoner’s dilemma
have been measured for selection between two
mutants of the bacteriophage !6. The cooper-
ator builds large amounts of products required
for reproduction, whereas the defector special-
izes in the use of these products when both
mutants are in the same cell (40, 41).

A biochemical example for the prisoner’s
dilemma is provided by the evolution of
adenosine triphosphate (ATP)–producing
pathways. Cooperators have a low rate but
high yield of ATP production, whereas de-
fectors have a high rate but low yield. The
resulting game could have played a major
role in the emergence of multicellularity (29).

In general, evolutionary dynamics of two
strategies, A and B, have four outcomes (Fig.
2A). (i) Dominance: A vanishes, if B is the best
reply to both A and B. (ii) Bistability: Either A
or B vanishes, depending on the initial mixture,
if each strategy is the best reply to itself. (iii)
Coexistence: A and B coexist in stable propor-
tions, if each strategy is the best reply to the
other. (iv) Neutrality: The frequencies of A and
B are only subject to random drift, if each
strategy fares as well as the other for any com-
position of the population. The former three
cases correspond to the familiar ecological sce-
narios of two-species competition (42).

Examples for all four cases can be found
in the repeated prisoner’s dilemma, where an

interaction between two players consists of
many rounds. Tit-for-tat (TFT) is a strategy
which cooperates in the first round and then
repeats whatever the other player did in the
previous round. “Always defect” (AllD) is
bistable with TFT if the average number of
rounds is sufficiently high. “Always cooper-
ate” (AllC) and TFT are neutral if there is no
noise and can coexist in the presence of noise.
AllC is dominated by AllD.

With three strategies, the outcome can be
considerably more complicated, mainly be-
cause of the possibility of “rock-scissors-
paper” cycles: It may happen that B domi-
nates A, C dominates B, and A, in turn,
dominates C (Fig. 2B). In this case, the dy-
namics can lead, depending on the relative
strengths of the interactions, to either long-
term coexistence of all three strategies or to
ever-increasing oscillations ending, eventual-
ly, with the elimination of two strategies.
Examples of such situations, originally
viewed as theoretical issues only, have re-
cently been found in nature. (i) There exist
three morphs of the male lizard Uta stans-
buriana who differ in their throat color and in
their mate-guarding behavior. Type A is mo-
nogamous and succeeds in preventing other
males from approaching their mate. Type B is
polygamous and less efficient, having to split
its efforts on several females. Type C does
not engage in female-guarding behavior at all
but roams around in search of sneaky matings
(43). (ii) There exist three strains of Esche-
richia coli bacteria. Type A releases toxic
colicin and produces, for its own protection,
an immunity protein. Type B produces the
immunity protein only. Type C produces nei-
ther toxin nor immunity (44).

We have implicitly assumed so far that
interactions within a population are on the
basis of random encounters. In many impor-
tant situations, however, such well-mixing
cannot be assumed, and the population struc-
ture affects the outcome substantially. If co-
operators, for example, preferentially assort
with other cooperators, they need not be out-
competed by defectors. Such preferential as-
sortment can be achieved, for instance, if

players mostly interact with close relatives
(45). This raises the issue of kin selection
and, more generally, group selection: In
groups with many cooperators, average fit-
ness will be higher (46). If the degree of
positive assortment in the formation of
groups is sufficiently high, then cooperators
will not be eliminated, although within each
group they do worse than defectors. The basic
theoretical tool for investigating such “vis-
cous” populations is the Price equation,
which describes the growth rate of a strategy
as the sum of two terms denoting selection
within and between groups.

In a similar way, the outcome of strate-
gic interactions can be affected by prefer-
ential assortment with close neighbors. If
games are played between neighbors and
offspring move only to adjacent sites, then
dominated strategies need not be eliminat-
ed. The best-known example occurs for the
prisoner’s dilemma, where unconditional
cooperators can subsist, often in frequen-
cies and patterns wildly oscillating in space
and time (47, 48) (Fig. 3). A lab experiment
has recently highlighted the effect of spatial
structure on the population dynamics of the
three aforementioned E. coli strains en-
gaged in rock-scissors-paper competition.
If they live in a well-mixed flask and the
resulting population is used to seed, after a
few bacterial generations, another flask,
then such serial transfers will eventually
lead to the survival of a single strain only.
If, however, the bacteria grow on the sur-
face of an agar plate and a two-dimensional
sample of this surface is used to seed the
next agar plate, without altering the neigh-
borhood structure, then the resulting se-
quence of serial transfers will preserve all
three strains (44 ). Often, spatial structure
tends to allow more diversity than prevails
in well-mixed populations.

Replicator Dynamics and Short-Term
Evolution
What are the dynamical systems used to an-
alyze frequency-dependent selection for bio-
logical games? A standard tool is the replica-

Fig. 2. (A) Evolutionary game dynamics of two strategies admit four cases.
B dominates A, A and B are bistable, A and B coexist, and A and B are
neutral. (B) For three strategies, the possibility arises that A dominates C

dominates B dominates A. Depending on the parameters of the game, the evolutionary trajectories
can spiral inwards, leading to stable coexistence of all three strategies, or spiral outwards, leading
to a random extinction of two strategies. (C) In the repeated prisoner’s dilemma, there is a
fundamental oscillation between cooperation and defection. AllD can be replaced by TFT, which
loses to the forgiving and error-prone generous TFT, which is undermined via neutral drift by AllC,
which invites invasion by AllD, resembling cycles of war and peace.
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the other’s efforts. Two alternatives can hold
if the coplayer defects: (i) it could be best
also to defect, in order not to get exploited;
this case represents the well-known prison-
er’s dilemma game (37 ); or (ii) it could be
best to cooperate nevertheless, which leads to
the snowdrift game (38). If two drivers are
caught with their cars in a snowdrift and one
of them refuses to cooperate in shoveling a
way out, the other driver is better off to
cooperate unilaterally, rather than spend the
night freezing. In the prisoner’s dilemma
game, D is a best reply no matter whether the
co-player uses C or D. In the snowdrift game,
each strategy is a best reply to the other.

The snowdrift game is also known as
hawk-dove or chicken game. The first name
comes from a situation where animals fight
for a territory: “Hawks” escalate the fight,
risking serious injury, whereas “doves” flee
when the opponent escalates. In the chicken
game, two cars are heading for a collision.
The loser chickens out, while the winner
stays on track. Big-time loss occurs when
both stay on track.

A major challenge in experimental or ob-
servational studies is to determine the ranking
of payoff values. For example, the interaction
of female lions defending a territory against
invaders has been interpreted as a prisoner’s
dilemma (39). But, the observation that co-
operating and defecting lionesses happily co-
exist in a group makes it more likely that
these lions play chicken.

The payoff values of a prisoner’s dilemma
have been measured for selection between two
mutants of the bacteriophage !6. The cooper-
ator builds large amounts of products required
for reproduction, whereas the defector special-
izes in the use of these products when both
mutants are in the same cell (40, 41).

A biochemical example for the prisoner’s
dilemma is provided by the evolution of
adenosine triphosphate (ATP)–producing
pathways. Cooperators have a low rate but
high yield of ATP production, whereas de-
fectors have a high rate but low yield. The
resulting game could have played a major
role in the emergence of multicellularity (29).

In general, evolutionary dynamics of two
strategies, A and B, have four outcomes (Fig.
2A). (i) Dominance: A vanishes, if B is the best
reply to both A and B. (ii) Bistability: Either A
or B vanishes, depending on the initial mixture,
if each strategy is the best reply to itself. (iii)
Coexistence: A and B coexist in stable propor-
tions, if each strategy is the best reply to the
other. (iv) Neutrality: The frequencies of A and
B are only subject to random drift, if each
strategy fares as well as the other for any com-
position of the population. The former three
cases correspond to the familiar ecological sce-
narios of two-species competition (42).

Examples for all four cases can be found
in the repeated prisoner’s dilemma, where an

interaction between two players consists of
many rounds. Tit-for-tat (TFT) is a strategy
which cooperates in the first round and then
repeats whatever the other player did in the
previous round. “Always defect” (AllD) is
bistable with TFT if the average number of
rounds is sufficiently high. “Always cooper-
ate” (AllC) and TFT are neutral if there is no
noise and can coexist in the presence of noise.
AllC is dominated by AllD.

With three strategies, the outcome can be
considerably more complicated, mainly be-
cause of the possibility of “rock-scissors-
paper” cycles: It may happen that B domi-
nates A, C dominates B, and A, in turn,
dominates C (Fig. 2B). In this case, the dy-
namics can lead, depending on the relative
strengths of the interactions, to either long-
term coexistence of all three strategies or to
ever-increasing oscillations ending, eventual-
ly, with the elimination of two strategies.
Examples of such situations, originally
viewed as theoretical issues only, have re-
cently been found in nature. (i) There exist
three morphs of the male lizard Uta stans-
buriana who differ in their throat color and in
their mate-guarding behavior. Type A is mo-
nogamous and succeeds in preventing other
males from approaching their mate. Type B is
polygamous and less efficient, having to split
its efforts on several females. Type C does
not engage in female-guarding behavior at all
but roams around in search of sneaky matings
(43). (ii) There exist three strains of Esche-
richia coli bacteria. Type A releases toxic
colicin and produces, for its own protection,
an immunity protein. Type B produces the
immunity protein only. Type C produces nei-
ther toxin nor immunity (44).

We have implicitly assumed so far that
interactions within a population are on the
basis of random encounters. In many impor-
tant situations, however, such well-mixing
cannot be assumed, and the population struc-
ture affects the outcome substantially. If co-
operators, for example, preferentially assort
with other cooperators, they need not be out-
competed by defectors. Such preferential as-
sortment can be achieved, for instance, if

players mostly interact with close relatives
(45). This raises the issue of kin selection
and, more generally, group selection: In
groups with many cooperators, average fit-
ness will be higher (46). If the degree of
positive assortment in the formation of
groups is sufficiently high, then cooperators
will not be eliminated, although within each
group they do worse than defectors. The basic
theoretical tool for investigating such “vis-
cous” populations is the Price equation,
which describes the growth rate of a strategy
as the sum of two terms denoting selection
within and between groups.

In a similar way, the outcome of strate-
gic interactions can be affected by prefer-
ential assortment with close neighbors. If
games are played between neighbors and
offspring move only to adjacent sites, then
dominated strategies need not be eliminat-
ed. The best-known example occurs for the
prisoner’s dilemma, where unconditional
cooperators can subsist, often in frequen-
cies and patterns wildly oscillating in space
and time (47, 48) (Fig. 3). A lab experiment
has recently highlighted the effect of spatial
structure on the population dynamics of the
three aforementioned E. coli strains en-
gaged in rock-scissors-paper competition.
If they live in a well-mixed flask and the
resulting population is used to seed, after a
few bacterial generations, another flask,
then such serial transfers will eventually
lead to the survival of a single strain only.
If, however, the bacteria grow on the sur-
face of an agar plate and a two-dimensional
sample of this surface is used to seed the
next agar plate, without altering the neigh-
borhood structure, then the resulting se-
quence of serial transfers will preserve all
three strains (44 ). Often, spatial structure
tends to allow more diversity than prevails
in well-mixed populations.

Replicator Dynamics and Short-Term
Evolution
What are the dynamical systems used to an-
alyze frequency-dependent selection for bio-
logical games? A standard tool is the replica-

Fig. 2. (A) Evolutionary game dynamics of two strategies admit four cases.
B dominates A, A and B are bistable, A and B coexist, and A and B are
neutral. (B) For three strategies, the possibility arises that A dominates C

dominates B dominates A. Depending on the parameters of the game, the evolutionary trajectories
can spiral inwards, leading to stable coexistence of all three strategies, or spiral outwards, leading
to a random extinction of two strategies. (C) In the repeated prisoner’s dilemma, there is a
fundamental oscillation between cooperation and defection. AllD can be replaced by TFT, which
loses to the forgiving and error-prone generous TFT, which is undermined via neutral drift by AllC,
which invites invasion by AllD, resembling cycles of war and peace.
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加州的學者在實驗室中發現，大腸桿菌也在
玩剪刀石頭布的遊戲。



細菌的世界

ecological processes in our C–S–R community (see Box 1). When
dispersal and interaction were local, we observed that ‘clumps’ of
types formed (Fig. 1a). These patches chased one another over the
lattice—C patches encroached on S patches, S patches displaced R
patches and R patches invaded C patches (Fig. 1a, b). Within this
fluid mosaic of patches, the local gains made by any one type were
soon enjoyed by another type. The result of this balanced chase was
the maintenance of diversity (Fig. 1c). However, this balance was
lost when dispersal and interaction were no longer exclusively local
(that is, in the ‘well-mixed’ system—see Box 1). In the mixed
system, continual redistribution of C rapidly drove S extinct, and
then R outcompeted C (Fig. 1d). Durrett and Levin6 describe a
qualitatively similar effect of spatial scale in their model of
colicinogenic, sensitive, and ‘cheater’ strains (where a cheater was
defined as a strain producing less colicin at a lower competitive
cost).
When ecological processes were local in the simulation, coex-

istence occurred over a substantial range of model parameter values
(Fig. 1e), suggesting that the result was not very sensitive to the
specific choice of parameter values. In the case of the mixed system,
coexistence never occurred for the region of parameter space shown
in Fig. 1e. In agreement with Durrett and Levin6, our simulation
results suggested that three strains with the abovementioned non-
hierarchical relationship could coexist when dispersal and inter-
action are local, whereas one strain excludes the others when the
community is well mixed.
To test this conclusion, we used three strains of the bacterium E.

coli: a colicin-producing strain (C), a sensitive strain (S), and a

resistant strain (R), which satisfied a rock–paper–scissors competi-
tive relationship (see Methods). We placed the C–S–R community
in the following three environments: (1) ‘Flask’ (a well-mixed
environment in which dispersal and interaction are not exclusively
local); (2) ‘Static Plate’ (an environment in which dispersal and
interaction are primarily local); and (3) ‘Mixed Plate’ (an environ-
ment intermediate between these two extremes).

For the Flask environment, the bacteria were grown in shaken
flasks containing liquid media. We transferred an aliquot of the
community to fresh media every 24 h. In the Static Plate environ-
ment, the bacteria were grown on the surface of solid media in
Petri plates. Every 24 h, we pressed each plate onto a platform
covered with a sterile velveteen cloth and then placed a fresh plate
on the velvet. This method transferred a small sample of the
community and allowed the transferred sample to retain the spatial
pattern that developed on the previous plate. The Mixed Plate
environment was identical to the Static Plate environment, except
that at each transfer the fully-grown community plate was pressed
on the velvet several times, each time rotated at a different angle
(see Methods).

Figure 2a shows that C, S and R strains were maintained at high
densities in the Static Plate environment throughout the exper-
iment. Photographs of the plates show the spatial pattern that
developed over the experiment (Fig. 3a). The pink and yellow inter-
strain boundaries in Fig. 3b show clearly that R chased C, and C

Figure 2 Community dynamics in the experimental treatments: a, Static Plate; b, Flask;
and c, Mixed Plate. Dashed lines indicate that the abundance of the relevant strain has
decreased below its detection limit. Data points are the mean of three replicates, and bars

depict standard errors of the mean. Consecutive data points are separated by 24 h,

approximately 10 bacterial generations.

Figure 3 Time series photographs of a representative run of the Static Plate environment.
We initiated the plate environments by depositing small droplets from pure cultures in a

hexagonal lattice pattern, where the strain at each point was assigned at random. a, The
changing spatial configuration of the experimental community is shown in this first panel

of photographs. Patches inhabited by C cells were less dense and consequently easily

distinguished from S and R patches. The dense growing ‘spots’ that appear inside the C

clumps were determined to be resistant cells generated de novo from S cells. An empty

layer existed between C clumps and S clumps, where diffused colicin had prevented the

growth of S cells, but where C cells had not yet colonized. The border between C and R

lacked this empty layer. b, ‘Chasing’ between clumps is highlighted in this second panel.
The letters giving the initial spatial distribution of the strains are preserved for reference.

The borders between C and S are coloured in yellow and the borders between C and R in

pink.
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the other’s efforts. Two alternatives can hold
if the coplayer defects: (i) it could be best
also to defect, in order not to get exploited;
this case represents the well-known prison-
er’s dilemma game (37 ); or (ii) it could be
best to cooperate nevertheless, which leads to
the snowdrift game (38). If two drivers are
caught with their cars in a snowdrift and one
of them refuses to cooperate in shoveling a
way out, the other driver is better off to
cooperate unilaterally, rather than spend the
night freezing. In the prisoner’s dilemma
game, D is a best reply no matter whether the
co-player uses C or D. In the snowdrift game,
each strategy is a best reply to the other.

The snowdrift game is also known as
hawk-dove or chicken game. The first name
comes from a situation where animals fight
for a territory: “Hawks” escalate the fight,
risking serious injury, whereas “doves” flee
when the opponent escalates. In the chicken
game, two cars are heading for a collision.
The loser chickens out, while the winner
stays on track. Big-time loss occurs when
both stay on track.

A major challenge in experimental or ob-
servational studies is to determine the ranking
of payoff values. For example, the interaction
of female lions defending a territory against
invaders has been interpreted as a prisoner’s
dilemma (39). But, the observation that co-
operating and defecting lionesses happily co-
exist in a group makes it more likely that
these lions play chicken.

The payoff values of a prisoner’s dilemma
have been measured for selection between two
mutants of the bacteriophage !6. The cooper-
ator builds large amounts of products required
for reproduction, whereas the defector special-
izes in the use of these products when both
mutants are in the same cell (40, 41).

A biochemical example for the prisoner’s
dilemma is provided by the evolution of
adenosine triphosphate (ATP)–producing
pathways. Cooperators have a low rate but
high yield of ATP production, whereas de-
fectors have a high rate but low yield. The
resulting game could have played a major
role in the emergence of multicellularity (29).

In general, evolutionary dynamics of two
strategies, A and B, have four outcomes (Fig.
2A). (i) Dominance: A vanishes, if B is the best
reply to both A and B. (ii) Bistability: Either A
or B vanishes, depending on the initial mixture,
if each strategy is the best reply to itself. (iii)
Coexistence: A and B coexist in stable propor-
tions, if each strategy is the best reply to the
other. (iv) Neutrality: The frequencies of A and
B are only subject to random drift, if each
strategy fares as well as the other for any com-
position of the population. The former three
cases correspond to the familiar ecological sce-
narios of two-species competition (42).

Examples for all four cases can be found
in the repeated prisoner’s dilemma, where an

interaction between two players consists of
many rounds. Tit-for-tat (TFT) is a strategy
which cooperates in the first round and then
repeats whatever the other player did in the
previous round. “Always defect” (AllD) is
bistable with TFT if the average number of
rounds is sufficiently high. “Always cooper-
ate” (AllC) and TFT are neutral if there is no
noise and can coexist in the presence of noise.
AllC is dominated by AllD.

With three strategies, the outcome can be
considerably more complicated, mainly be-
cause of the possibility of “rock-scissors-
paper” cycles: It may happen that B domi-
nates A, C dominates B, and A, in turn,
dominates C (Fig. 2B). In this case, the dy-
namics can lead, depending on the relative
strengths of the interactions, to either long-
term coexistence of all three strategies or to
ever-increasing oscillations ending, eventual-
ly, with the elimination of two strategies.
Examples of such situations, originally
viewed as theoretical issues only, have re-
cently been found in nature. (i) There exist
three morphs of the male lizard Uta stans-
buriana who differ in their throat color and in
their mate-guarding behavior. Type A is mo-
nogamous and succeeds in preventing other
males from approaching their mate. Type B is
polygamous and less efficient, having to split
its efforts on several females. Type C does
not engage in female-guarding behavior at all
but roams around in search of sneaky matings
(43). (ii) There exist three strains of Esche-
richia coli bacteria. Type A releases toxic
colicin and produces, for its own protection,
an immunity protein. Type B produces the
immunity protein only. Type C produces nei-
ther toxin nor immunity (44).

We have implicitly assumed so far that
interactions within a population are on the
basis of random encounters. In many impor-
tant situations, however, such well-mixing
cannot be assumed, and the population struc-
ture affects the outcome substantially. If co-
operators, for example, preferentially assort
with other cooperators, they need not be out-
competed by defectors. Such preferential as-
sortment can be achieved, for instance, if

players mostly interact with close relatives
(45). This raises the issue of kin selection
and, more generally, group selection: In
groups with many cooperators, average fit-
ness will be higher (46). If the degree of
positive assortment in the formation of
groups is sufficiently high, then cooperators
will not be eliminated, although within each
group they do worse than defectors. The basic
theoretical tool for investigating such “vis-
cous” populations is the Price equation,
which describes the growth rate of a strategy
as the sum of two terms denoting selection
within and between groups.

In a similar way, the outcome of strate-
gic interactions can be affected by prefer-
ential assortment with close neighbors. If
games are played between neighbors and
offspring move only to adjacent sites, then
dominated strategies need not be eliminat-
ed. The best-known example occurs for the
prisoner’s dilemma, where unconditional
cooperators can subsist, often in frequen-
cies and patterns wildly oscillating in space
and time (47, 48) (Fig. 3). A lab experiment
has recently highlighted the effect of spatial
structure on the population dynamics of the
three aforementioned E. coli strains en-
gaged in rock-scissors-paper competition.
If they live in a well-mixed flask and the
resulting population is used to seed, after a
few bacterial generations, another flask,
then such serial transfers will eventually
lead to the survival of a single strain only.
If, however, the bacteria grow on the sur-
face of an agar plate and a two-dimensional
sample of this surface is used to seed the
next agar plate, without altering the neigh-
borhood structure, then the resulting se-
quence of serial transfers will preserve all
three strains (44 ). Often, spatial structure
tends to allow more diversity than prevails
in well-mixed populations.

Replicator Dynamics and Short-Term
Evolution
What are the dynamical systems used to an-
alyze frequency-dependent selection for bio-
logical games? A standard tool is the replica-

Fig. 2. (A) Evolutionary game dynamics of two strategies admit four cases.
B dominates A, A and B are bistable, A and B coexist, and A and B are
neutral. (B) For three strategies, the possibility arises that A dominates C

dominates B dominates A. Depending on the parameters of the game, the evolutionary trajectories
can spiral inwards, leading to stable coexistence of all three strategies, or spiral outwards, leading
to a random extinction of two strategies. (C) In the repeated prisoner’s dilemma, there is a
fundamental oscillation between cooperation and defection. AllD can be replaced by TFT, which
loses to the forgiving and error-prone generous TFT, which is undermined via neutral drift by AllC,
which invites invasion by AllD, resembling cycles of war and peace.
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絕種了⋯

ecological processes in our C–S–R community (see Box 1). When
dispersal and interaction were local, we observed that ‘clumps’ of
types formed (Fig. 1a). These patches chased one another over the
lattice—C patches encroached on S patches, S patches displaced R
patches and R patches invaded C patches (Fig. 1a, b). Within this
fluid mosaic of patches, the local gains made by any one type were
soon enjoyed by another type. The result of this balanced chase was
the maintenance of diversity (Fig. 1c). However, this balance was
lost when dispersal and interaction were no longer exclusively local
(that is, in the ‘well-mixed’ system—see Box 1). In the mixed
system, continual redistribution of C rapidly drove S extinct, and
then R outcompeted C (Fig. 1d). Durrett and Levin6 describe a
qualitatively similar effect of spatial scale in their model of
colicinogenic, sensitive, and ‘cheater’ strains (where a cheater was
defined as a strain producing less colicin at a lower competitive
cost).
When ecological processes were local in the simulation, coex-

istence occurred over a substantial range of model parameter values
(Fig. 1e), suggesting that the result was not very sensitive to the
specific choice of parameter values. In the case of the mixed system,
coexistence never occurred for the region of parameter space shown
in Fig. 1e. In agreement with Durrett and Levin6, our simulation
results suggested that three strains with the abovementioned non-
hierarchical relationship could coexist when dispersal and inter-
action are local, whereas one strain excludes the others when the
community is well mixed.
To test this conclusion, we used three strains of the bacterium E.

coli: a colicin-producing strain (C), a sensitive strain (S), and a

resistant strain (R), which satisfied a rock–paper–scissors competi-
tive relationship (see Methods). We placed the C–S–R community
in the following three environments: (1) ‘Flask’ (a well-mixed
environment in which dispersal and interaction are not exclusively
local); (2) ‘Static Plate’ (an environment in which dispersal and
interaction are primarily local); and (3) ‘Mixed Plate’ (an environ-
ment intermediate between these two extremes).

For the Flask environment, the bacteria were grown in shaken
flasks containing liquid media. We transferred an aliquot of the
community to fresh media every 24 h. In the Static Plate environ-
ment, the bacteria were grown on the surface of solid media in
Petri plates. Every 24 h, we pressed each plate onto a platform
covered with a sterile velveteen cloth and then placed a fresh plate
on the velvet. This method transferred a small sample of the
community and allowed the transferred sample to retain the spatial
pattern that developed on the previous plate. The Mixed Plate
environment was identical to the Static Plate environment, except
that at each transfer the fully-grown community plate was pressed
on the velvet several times, each time rotated at a different angle
(see Methods).

Figure 2a shows that C, S and R strains were maintained at high
densities in the Static Plate environment throughout the exper-
iment. Photographs of the plates show the spatial pattern that
developed over the experiment (Fig. 3a). The pink and yellow inter-
strain boundaries in Fig. 3b show clearly that R chased C, and C

Figure 2 Community dynamics in the experimental treatments: a, Static Plate; b, Flask;
and c, Mixed Plate. Dashed lines indicate that the abundance of the relevant strain has
decreased below its detection limit. Data points are the mean of three replicates, and bars

depict standard errors of the mean. Consecutive data points are separated by 24 h,

approximately 10 bacterial generations.

Figure 3 Time series photographs of a representative run of the Static Plate environment.
We initiated the plate environments by depositing small droplets from pure cultures in a

hexagonal lattice pattern, where the strain at each point was assigned at random. a, The
changing spatial configuration of the experimental community is shown in this first panel

of photographs. Patches inhabited by C cells were less dense and consequently easily

distinguished from S and R patches. The dense growing ‘spots’ that appear inside the C

clumps were determined to be resistant cells generated de novo from S cells. An empty

layer existed between C clumps and S clumps, where diffused colicin had prevented the

growth of S cells, but where C cells had not yet colonized. The border between C and R

lacked this empty layer. b, ‘Chasing’ between clumps is highlighted in this second panel.
The letters giving the initial spatial distribution of the strains are preserved for reference.

The borders between C and S are coloured in yellow and the borders between C and R in

pink.
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ecological processes in our C–S–R community (see Box 1). When
dispersal and interaction were local, we observed that ‘clumps’ of
types formed (Fig. 1a). These patches chased one another over the
lattice—C patches encroached on S patches, S patches displaced R
patches and R patches invaded C patches (Fig. 1a, b). Within this
fluid mosaic of patches, the local gains made by any one type were
soon enjoyed by another type. The result of this balanced chase was
the maintenance of diversity (Fig. 1c). However, this balance was
lost when dispersal and interaction were no longer exclusively local
(that is, in the ‘well-mixed’ system—see Box 1). In the mixed
system, continual redistribution of C rapidly drove S extinct, and
then R outcompeted C (Fig. 1d). Durrett and Levin6 describe a
qualitatively similar effect of spatial scale in their model of
colicinogenic, sensitive, and ‘cheater’ strains (where a cheater was
defined as a strain producing less colicin at a lower competitive
cost).
When ecological processes were local in the simulation, coex-

istence occurred over a substantial range of model parameter values
(Fig. 1e), suggesting that the result was not very sensitive to the
specific choice of parameter values. In the case of the mixed system,
coexistence never occurred for the region of parameter space shown
in Fig. 1e. In agreement with Durrett and Levin6, our simulation
results suggested that three strains with the abovementioned non-
hierarchical relationship could coexist when dispersal and inter-
action are local, whereas one strain excludes the others when the
community is well mixed.
To test this conclusion, we used three strains of the bacterium E.

coli: a colicin-producing strain (C), a sensitive strain (S), and a

resistant strain (R), which satisfied a rock–paper–scissors competi-
tive relationship (see Methods). We placed the C–S–R community
in the following three environments: (1) ‘Flask’ (a well-mixed
environment in which dispersal and interaction are not exclusively
local); (2) ‘Static Plate’ (an environment in which dispersal and
interaction are primarily local); and (3) ‘Mixed Plate’ (an environ-
ment intermediate between these two extremes).

For the Flask environment, the bacteria were grown in shaken
flasks containing liquid media. We transferred an aliquot of the
community to fresh media every 24 h. In the Static Plate environ-
ment, the bacteria were grown on the surface of solid media in
Petri plates. Every 24 h, we pressed each plate onto a platform
covered with a sterile velveteen cloth and then placed a fresh plate
on the velvet. This method transferred a small sample of the
community and allowed the transferred sample to retain the spatial
pattern that developed on the previous plate. The Mixed Plate
environment was identical to the Static Plate environment, except
that at each transfer the fully-grown community plate was pressed
on the velvet several times, each time rotated at a different angle
(see Methods).

Figure 2a shows that C, S and R strains were maintained at high
densities in the Static Plate environment throughout the exper-
iment. Photographs of the plates show the spatial pattern that
developed over the experiment (Fig. 3a). The pink and yellow inter-
strain boundaries in Fig. 3b show clearly that R chased C, and C

Figure 2 Community dynamics in the experimental treatments: a, Static Plate; b, Flask;
and c, Mixed Plate. Dashed lines indicate that the abundance of the relevant strain has
decreased below its detection limit. Data points are the mean of three replicates, and bars

depict standard errors of the mean. Consecutive data points are separated by 24 h,

approximately 10 bacterial generations.

Figure 3 Time series photographs of a representative run of the Static Plate environment.
We initiated the plate environments by depositing small droplets from pure cultures in a

hexagonal lattice pattern, where the strain at each point was assigned at random. a, The
changing spatial configuration of the experimental community is shown in this first panel

of photographs. Patches inhabited by C cells were less dense and consequently easily

distinguished from S and R patches. The dense growing ‘spots’ that appear inside the C

clumps were determined to be resistant cells generated de novo from S cells. An empty

layer existed between C clumps and S clumps, where diffused colicin had prevented the

growth of S cells, but where C cells had not yet colonized. The border between C and R

lacked this empty layer. b, ‘Chasing’ between clumps is highlighted in this second panel.
The letters giving the initial spatial distribution of the strains are preserved for reference.

The borders between C and S are coloured in yellow and the borders between C and R in

pink.
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One of the central aims of ecology is to identify mechanisms that
maintain biodiversity1,2. Numerous theoretical models have
shown that competing species can coexist if ecological processes
such as dispersal, movement, and interaction occur over small
spatial scales1–10. In particular, this may be the case for non-
transitive communities, that is, those without strict competitive
hierarchies3,6,8,11. The classic non-transitive system involves a
community of three competing species satisfying a relationship
similar to the children’s game rock–paper–scissors, where rock
crushes scissors, scissors cuts paper, and paper covers rock. Such
relationships have been demonstrated in several natural sys-
tems12–14. Some models predict that local interaction and dis-
persal are sufficient to ensure coexistence of all three species in
such a community, whereas diversity is lost when ecological
processes occur over larger scales6,8. Here, we test these predic-
tions empirically using a non-transitive model community con-
taining three populations of Escherichia coli. We find that
diversity is rapidly lost in our experimental community when
dispersal and interaction occur over relatively large spatial scales,
whereas all populations coexist when ecological processes are
localized.

Microbial laboratory communities have proved useful for study-
ing the generation and maintenance of biodiversity15–17. In particu-
lar, communities containing toxin-producing (or colicinogenic) E.
coli have been the centre of much attention from both theoretical
ecologists3,6,8,18–20 and microbiologists21–27. Colicinogenic bacteria
possess a ‘col’ plasmid, containing genes that encode the colicin (the

toxin), a colicin-specific immunity protein (which renders the cell
immune to the colicin) and a lysis protein (which is expressed when
the cell is under stress, causing partial cell lysis and the subsequent
release of the colicin)26,27. In general, only a small fraction of a
population of colicinogenic cells will lyse and release the colicin27.
Colicin-sensitive bacteria are killed by the colicin but may occasion-
ally experience mutations that render them resistant to the colicin.
The most common mutations alter cell membrane proteins that
bind or translocate the colicin23,24,26,27. In some cases, the growth rate
of resistant cells (R) will exceed that of colicinogenic cells (C), but
will be less than the growth rate of sensitive cells (S). This occurs
because resistant cells avoid the competitive cost of carrying the col
plasmid21,22,26,27 but suffer because colicin receptor and transloca-
tion proteins are also involved in crucial cell functions such as
nutrient uptake21,23,24,26,27. In such cases, S can displace R (because S
has a growth-rate advantage), R can displace C (because R has a
growth-rate advantage) and C can displace S (because C kills S).
That is, the C–S–R community satisfies a rock–paper–scissors
relationship.
Using a modification of the lattice-based simulation of Durrett

and Levin6, we theoretically explored the role of the spatial scale of

Figure 1 Predictions of the lattice-based simulation (see Box 1). a, b, Snapshots of the
lattice in a simulation with a local neighbourhood at times 3,000 (a) and 3,200 (b). The
unit of time is an ‘epoch’, equal to 62,500 lattice point updates (an epoch is the average

turnover of any given lattice point in the 250 £ 250 grid). The strains are colour-coded as

follows: C is red, S is blue and R is green; empty lattice points are white. c, The complete
community dynamics for the same simulation run. d, Community dynamics for a
simulation with a global neighbourhood. The abundances in c and d are log transformed.
When the abundance of a strain goes to zero, we represent this event with a diamond on

the abscissa of the relevant graph at the relevant time. For a–d we used the following

parameters: D C ¼ 1/3, D S,0 ¼ 1/4, D R ¼ 10/32, and t ¼ 3/4 (see Box 1).

e, Sensitivity of qualitative dynamics to changes in a subset of parameter values. For the
(t,D R) values plotted, the greyscale indicates the number of ‘local’ simulated runs (out of

10) in which coexistence occurred for at least 10,000 epochs, with the lighter area

indicating a higher probability of coexistence. For all simulations, we require DS;0 ,

DR , DC ,
DS;0þt
1þt ; which (at least for the mixed system) ensures that S displaces R, R

displaces C, and (if C has sufficient density) C displaces S.
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the other’s efforts. Two alternatives can hold
if the coplayer defects: (i) it could be best
also to defect, in order not to get exploited;
this case represents the well-known prison-
er’s dilemma game (37 ); or (ii) it could be
best to cooperate nevertheless, which leads to
the snowdrift game (38). If two drivers are
caught with their cars in a snowdrift and one
of them refuses to cooperate in shoveling a
way out, the other driver is better off to
cooperate unilaterally, rather than spend the
night freezing. In the prisoner’s dilemma
game, D is a best reply no matter whether the
co-player uses C or D. In the snowdrift game,
each strategy is a best reply to the other.

The snowdrift game is also known as
hawk-dove or chicken game. The first name
comes from a situation where animals fight
for a territory: “Hawks” escalate the fight,
risking serious injury, whereas “doves” flee
when the opponent escalates. In the chicken
game, two cars are heading for a collision.
The loser chickens out, while the winner
stays on track. Big-time loss occurs when
both stay on track.

A major challenge in experimental or ob-
servational studies is to determine the ranking
of payoff values. For example, the interaction
of female lions defending a territory against
invaders has been interpreted as a prisoner’s
dilemma (39). But, the observation that co-
operating and defecting lionesses happily co-
exist in a group makes it more likely that
these lions play chicken.

The payoff values of a prisoner’s dilemma
have been measured for selection between two
mutants of the bacteriophage !6. The cooper-
ator builds large amounts of products required
for reproduction, whereas the defector special-
izes in the use of these products when both
mutants are in the same cell (40, 41).

A biochemical example for the prisoner’s
dilemma is provided by the evolution of
adenosine triphosphate (ATP)–producing
pathways. Cooperators have a low rate but
high yield of ATP production, whereas de-
fectors have a high rate but low yield. The
resulting game could have played a major
role in the emergence of multicellularity (29).

In general, evolutionary dynamics of two
strategies, A and B, have four outcomes (Fig.
2A). (i) Dominance: A vanishes, if B is the best
reply to both A and B. (ii) Bistability: Either A
or B vanishes, depending on the initial mixture,
if each strategy is the best reply to itself. (iii)
Coexistence: A and B coexist in stable propor-
tions, if each strategy is the best reply to the
other. (iv) Neutrality: The frequencies of A and
B are only subject to random drift, if each
strategy fares as well as the other for any com-
position of the population. The former three
cases correspond to the familiar ecological sce-
narios of two-species competition (42).

Examples for all four cases can be found
in the repeated prisoner’s dilemma, where an

interaction between two players consists of
many rounds. Tit-for-tat (TFT) is a strategy
which cooperates in the first round and then
repeats whatever the other player did in the
previous round. “Always defect” (AllD) is
bistable with TFT if the average number of
rounds is sufficiently high. “Always cooper-
ate” (AllC) and TFT are neutral if there is no
noise and can coexist in the presence of noise.
AllC is dominated by AllD.

With three strategies, the outcome can be
considerably more complicated, mainly be-
cause of the possibility of “rock-scissors-
paper” cycles: It may happen that B domi-
nates A, C dominates B, and A, in turn,
dominates C (Fig. 2B). In this case, the dy-
namics can lead, depending on the relative
strengths of the interactions, to either long-
term coexistence of all three strategies or to
ever-increasing oscillations ending, eventual-
ly, with the elimination of two strategies.
Examples of such situations, originally
viewed as theoretical issues only, have re-
cently been found in nature. (i) There exist
three morphs of the male lizard Uta stans-
buriana who differ in their throat color and in
their mate-guarding behavior. Type A is mo-
nogamous and succeeds in preventing other
males from approaching their mate. Type B is
polygamous and less efficient, having to split
its efforts on several females. Type C does
not engage in female-guarding behavior at all
but roams around in search of sneaky matings
(43). (ii) There exist three strains of Esche-
richia coli bacteria. Type A releases toxic
colicin and produces, for its own protection,
an immunity protein. Type B produces the
immunity protein only. Type C produces nei-
ther toxin nor immunity (44).

We have implicitly assumed so far that
interactions within a population are on the
basis of random encounters. In many impor-
tant situations, however, such well-mixing
cannot be assumed, and the population struc-
ture affects the outcome substantially. If co-
operators, for example, preferentially assort
with other cooperators, they need not be out-
competed by defectors. Such preferential as-
sortment can be achieved, for instance, if

players mostly interact with close relatives
(45). This raises the issue of kin selection
and, more generally, group selection: In
groups with many cooperators, average fit-
ness will be higher (46). If the degree of
positive assortment in the formation of
groups is sufficiently high, then cooperators
will not be eliminated, although within each
group they do worse than defectors. The basic
theoretical tool for investigating such “vis-
cous” populations is the Price equation,
which describes the growth rate of a strategy
as the sum of two terms denoting selection
within and between groups.

In a similar way, the outcome of strate-
gic interactions can be affected by prefer-
ential assortment with close neighbors. If
games are played between neighbors and
offspring move only to adjacent sites, then
dominated strategies need not be eliminat-
ed. The best-known example occurs for the
prisoner’s dilemma, where unconditional
cooperators can subsist, often in frequen-
cies and patterns wildly oscillating in space
and time (47, 48) (Fig. 3). A lab experiment
has recently highlighted the effect of spatial
structure on the population dynamics of the
three aforementioned E. coli strains en-
gaged in rock-scissors-paper competition.
If they live in a well-mixed flask and the
resulting population is used to seed, after a
few bacterial generations, another flask,
then such serial transfers will eventually
lead to the survival of a single strain only.
If, however, the bacteria grow on the sur-
face of an agar plate and a two-dimensional
sample of this surface is used to seed the
next agar plate, without altering the neigh-
borhood structure, then the resulting se-
quence of serial transfers will preserve all
three strains (44 ). Often, spatial structure
tends to allow more diversity than prevails
in well-mixed populations.

Replicator Dynamics and Short-Term
Evolution
What are the dynamical systems used to an-
alyze frequency-dependent selection for bio-
logical games? A standard tool is the replica-

Fig. 2. (A) Evolutionary game dynamics of two strategies admit four cases.
B dominates A, A and B are bistable, A and B coexist, and A and B are
neutral. (B) For three strategies, the possibility arises that A dominates C

dominates B dominates A. Depending on the parameters of the game, the evolutionary trajectories
can spiral inwards, leading to stable coexistence of all three strategies, or spiral outwards, leading
to a random extinction of two strategies. (C) In the repeated prisoner’s dilemma, there is a
fundamental oscillation between cooperation and defection. AllD can be replaced by TFT, which
loses to the forgiving and error-prone generous TFT, which is undermined via neutral drift by AllC,
which invites invasion by AllD, resembling cycles of war and peace.
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One of the central aims of ecology is to identify mechanisms that
maintain biodiversity1,2. Numerous theoretical models have
shown that competing species can coexist if ecological processes
such as dispersal, movement, and interaction occur over small
spatial scales1–10. In particular, this may be the case for non-
transitive communities, that is, those without strict competitive
hierarchies3,6,8,11. The classic non-transitive system involves a
community of three competing species satisfying a relationship
similar to the children’s game rock–paper–scissors, where rock
crushes scissors, scissors cuts paper, and paper covers rock. Such
relationships have been demonstrated in several natural sys-
tems12–14. Some models predict that local interaction and dis-
persal are sufficient to ensure coexistence of all three species in
such a community, whereas diversity is lost when ecological
processes occur over larger scales6,8. Here, we test these predic-
tions empirically using a non-transitive model community con-
taining three populations of Escherichia coli. We find that
diversity is rapidly lost in our experimental community when
dispersal and interaction occur over relatively large spatial scales,
whereas all populations coexist when ecological processes are
localized.

Microbial laboratory communities have proved useful for study-
ing the generation and maintenance of biodiversity15–17. In particu-
lar, communities containing toxin-producing (or colicinogenic) E.
coli have been the centre of much attention from both theoretical
ecologists3,6,8,18–20 and microbiologists21–27. Colicinogenic bacteria
possess a ‘col’ plasmid, containing genes that encode the colicin (the

toxin), a colicin-specific immunity protein (which renders the cell
immune to the colicin) and a lysis protein (which is expressed when
the cell is under stress, causing partial cell lysis and the subsequent
release of the colicin)26,27. In general, only a small fraction of a
population of colicinogenic cells will lyse and release the colicin27.
Colicin-sensitive bacteria are killed by the colicin but may occasion-
ally experience mutations that render them resistant to the colicin.
The most common mutations alter cell membrane proteins that
bind or translocate the colicin23,24,26,27. In some cases, the growth rate
of resistant cells (R) will exceed that of colicinogenic cells (C), but
will be less than the growth rate of sensitive cells (S). This occurs
because resistant cells avoid the competitive cost of carrying the col
plasmid21,22,26,27 but suffer because colicin receptor and transloca-
tion proteins are also involved in crucial cell functions such as
nutrient uptake21,23,24,26,27. In such cases, S can displace R (because S
has a growth-rate advantage), R can displace C (because R has a
growth-rate advantage) and C can displace S (because C kills S).
That is, the C–S–R community satisfies a rock–paper–scissors
relationship.
Using a modification of the lattice-based simulation of Durrett

and Levin6, we theoretically explored the role of the spatial scale of

Figure 1 Predictions of the lattice-based simulation (see Box 1). a, b, Snapshots of the
lattice in a simulation with a local neighbourhood at times 3,000 (a) and 3,200 (b). The
unit of time is an ‘epoch’, equal to 62,500 lattice point updates (an epoch is the average

turnover of any given lattice point in the 250 £ 250 grid). The strains are colour-coded as

follows: C is red, S is blue and R is green; empty lattice points are white. c, The complete
community dynamics for the same simulation run. d, Community dynamics for a
simulation with a global neighbourhood. The abundances in c and d are log transformed.
When the abundance of a strain goes to zero, we represent this event with a diamond on

the abscissa of the relevant graph at the relevant time. For a–d we used the following

parameters: D C ¼ 1/3, D S,0 ¼ 1/4, D R ¼ 10/32, and t ¼ 3/4 (see Box 1).

e, Sensitivity of qualitative dynamics to changes in a subset of parameter values. For the
(t,D R) values plotted, the greyscale indicates the number of ‘local’ simulated runs (out of

10) in which coexistence occurred for at least 10,000 epochs, with the lighter area

indicating a higher probability of coexistence. For all simulations, we require DS;0 ,

DR , DC ,
DS;0þt
1þt ; which (at least for the mixed system) ensures that S displaces R, R

displaces C, and (if C has sufficient density) C displaces S.
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One of the central aims of ecology is to identify mechanisms that
maintain biodiversity1,2. Numerous theoretical models have
shown that competing species can coexist if ecological processes
such as dispersal, movement, and interaction occur over small
spatial scales1–10. In particular, this may be the case for non-
transitive communities, that is, those without strict competitive
hierarchies3,6,8,11. The classic non-transitive system involves a
community of three competing species satisfying a relationship
similar to the children’s game rock–paper–scissors, where rock
crushes scissors, scissors cuts paper, and paper covers rock. Such
relationships have been demonstrated in several natural sys-
tems12–14. Some models predict that local interaction and dis-
persal are sufficient to ensure coexistence of all three species in
such a community, whereas diversity is lost when ecological
processes occur over larger scales6,8. Here, we test these predic-
tions empirically using a non-transitive model community con-
taining three populations of Escherichia coli. We find that
diversity is rapidly lost in our experimental community when
dispersal and interaction occur over relatively large spatial scales,
whereas all populations coexist when ecological processes are
localized.

Microbial laboratory communities have proved useful for study-
ing the generation and maintenance of biodiversity15–17. In particu-
lar, communities containing toxin-producing (or colicinogenic) E.
coli have been the centre of much attention from both theoretical
ecologists3,6,8,18–20 and microbiologists21–27. Colicinogenic bacteria
possess a ‘col’ plasmid, containing genes that encode the colicin (the

toxin), a colicin-specific immunity protein (which renders the cell
immune to the colicin) and a lysis protein (which is expressed when
the cell is under stress, causing partial cell lysis and the subsequent
release of the colicin)26,27. In general, only a small fraction of a
population of colicinogenic cells will lyse and release the colicin27.
Colicin-sensitive bacteria are killed by the colicin but may occasion-
ally experience mutations that render them resistant to the colicin.
The most common mutations alter cell membrane proteins that
bind or translocate the colicin23,24,26,27. In some cases, the growth rate
of resistant cells (R) will exceed that of colicinogenic cells (C), but
will be less than the growth rate of sensitive cells (S). This occurs
because resistant cells avoid the competitive cost of carrying the col
plasmid21,22,26,27 but suffer because colicin receptor and transloca-
tion proteins are also involved in crucial cell functions such as
nutrient uptake21,23,24,26,27. In such cases, S can displace R (because S
has a growth-rate advantage), R can displace C (because R has a
growth-rate advantage) and C can displace S (because C kills S).
That is, the C–S–R community satisfies a rock–paper–scissors
relationship.
Using a modification of the lattice-based simulation of Durrett

and Levin6, we theoretically explored the role of the spatial scale of

Figure 1 Predictions of the lattice-based simulation (see Box 1). a, b, Snapshots of the
lattice in a simulation with a local neighbourhood at times 3,000 (a) and 3,200 (b). The
unit of time is an ‘epoch’, equal to 62,500 lattice point updates (an epoch is the average

turnover of any given lattice point in the 250 £ 250 grid). The strains are colour-coded as

follows: C is red, S is blue and R is green; empty lattice points are white. c, The complete
community dynamics for the same simulation run. d, Community dynamics for a
simulation with a global neighbourhood. The abundances in c and d are log transformed.
When the abundance of a strain goes to zero, we represent this event with a diamond on

the abscissa of the relevant graph at the relevant time. For a–d we used the following

parameters: D C ¼ 1/3, D S,0 ¼ 1/4, D R ¼ 10/32, and t ¼ 3/4 (see Box 1).

e, Sensitivity of qualitative dynamics to changes in a subset of parameter values. For the
(t,D R) values plotted, the greyscale indicates the number of ‘local’ simulated runs (out of

10) in which coexistence occurred for at least 10,000 epochs, with the lighter area

indicating a higher probability of coexistence. For all simulations, we require DS;0 ,

DR , DC ,
DS;0þt
1þt ; which (at least for the mixed system) ensures that S displaces R, R

displaces C, and (if C has sufficient density) C displaces S.
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determines whether species can coexist on the lattice or not, as dis-
cussed below.

We performed extensive computer simulations of the stochastic
system (see Methods) and typical snapshots of the steady states are
reported in Fig. 2. When the mobility of the individuals is low, we
find that all species coexist and self-arrange by forming patterns of
moving spirals. With increasing mobilityM, these structures grow in
size, and disappear for large enoughM. In the absence of spirals, the
system adopts a uniform state where only one species is present, while
the others have died out. Which species remains is subject to a ran-
dom process, all species having equal chances to survive in our
model.

We obtain concise predictions on the stability of three-species
coexistence by adapting the concept of extensivity from statistical
physics (see Supplementary Notes). We consider the typical waiting
time T until extinction occurs, and its dependence on the system size
N. If T(N) / N, the stability of coexistence is marginal12. Conversely,
longer (shorter) waiting times scaling with higher (lower) powers of
N indicate stable (unstable) coexistence. These three scenarios can be
distinguished by computing the probability Pext that two species have
gone extinct after a waiting time t / N. In Fig. 2, we report the
dependence of Pext on the mobility M. For illustration, we have
considered equal reaction rates for selection and reproduction,
and, without loss of generality, set the time-unit by fixing s5
m5 1.With increasing system sizeN, a sharpened transition emerges
at a critical value Mc5 (4.56 0.5)3 1024 for the fraction of the
entire lattice area explored by an individual in one time-unit.
BelowMc, the extinction probability Pext tends to zero as the system
size increases, and coexistence is stable (implying super-persistent

a Selection (rate σ)

Selection (rate σ)

Reproduction (rate µ)

A B

C

b Reproduction (rate µ)

Exchange (rate ε)

Figure 1 | The rules of the stochastic model. Individuals of three competing
species A (red), B (blue), and C (yellow) occupy the sites of a lattice. a, They
interact with their nearest neighbours through selection or reproduction,
both of which reactions occur as Poisson processes at rates s and m,
respectively. Selection reflects cyclic dominance: A can kill B, yielding an
empty site (black). In the same way, B invades C, and C in turn outcompetes
A. Reproduction of individuals is only allowed on empty neighbouring sites,
to mimic a finite carrying capacity of the system. We also endow individuals
with mobility: at exchange rate e, they are able to swap position with a
neighbouring individual or hop onto an empty neighbouring site (exchange).
b, An example of the three processes, taking place on a 33 3 square lattice.
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Figure 2 | The critical mobility Mc. Mobility below the value Mc induces
biodiversity; while it is lost above that threshold. a, We show snapshots
obtained from lattice simulations of typical states of the system after long
temporal development (that is, at time t / N) and for different values ofM
(each colour represents one of the three species and black dots indicate
empty spots). With increasing M (from left to right), the spiral structures
grow, and outgrow the system size at the critical mobility Mc. Then
coexistence of all three species is lost and uniform populations remain

(right). b, Quantitatively, we have considered the extinction probability Pext
that, starting with randomly distributed individuals on a square lattice, the
system has reached an absorbing state after a waiting time t5N. We
compute Pext as a function of the mobility M (and s5 m5 1), and show
results for different system sizes: N5 203 20 (green), N5 303 30 (red),
N5 403 40 (purple),N5 1003 100 (blue), andN5 2003 200 (black). As
the system size increases, the transition from stable coexistence (Pext5 0) to
extinction (Pext5 1) sharpens at a critical mobilityMc5 (4.56 0.5)3 1024.
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to mimic a finite carrying capacity of the system. We also endow individuals
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neighbouring individual or hop onto an empty neighbouring site (exchange).
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temporal development (that is, at time t / N) and for different values ofM
(each colour represents one of the three species and black dots indicate
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grow, and outgrow the system size at the critical mobility Mc. Then
coexistence of all three species is lost and uniform populations remain

(right). b, Quantitatively, we have considered the extinction probability Pext
that, starting with randomly distributed individuals on a square lattice, the
system has reached an absorbing state after a waiting time t5N. We
compute Pext as a function of the mobility M (and s5 m5 1), and show
results for different system sizes: N5 203 20 (green), N5 303 30 (red),
N5 403 40 (purple),N5 1003 100 (blue), andN5 2003 200 (black). As
the system size increases, the transition from stable coexistence (Pext5 0) to
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transients22; see Supplementary Notes). On the other hand, above the
critical mobility, the extinction probability approaches 1 for large
system size, and coexistence is unstable. One of our central results
is that we have identified a mobility threshold for biodiversity:

There exists a critical value Mc such that a low mobility M,Mc

guarantees coexistence of all three species, while M.Mc induces
extinction of two of them, leaving a uniform state with only one
species.

To give a biological illustration of this statement, let us consider
colicinogenic strains of E. coli growing on a Petri dish3. In this setting,
ten bacterial generations have been observed in 24 h, yielding selec-
tion and reproduction rates of about ten per day. The typical size of a
Petri dish is roughly 10 cm, so we have evaluated the critical mobility
to be about 53 102 mm2 s21. Comparing that estimate to themobility
of E. coli, we find that it can, by swimming and tumbling in super-soft
agar, explore areas of more than 103 mm2 s21 (ref. 23). This value can
be considerably lowered by increasing the agar concentration.

When the mobility is low (M,Mc), the interacting subpopula-
tions exhibit fascinating patterns, as illustrated by the snapshots of
Fig. 2. The emerging reactive states are formed by an entanglement of
spiral waves, characterizing the competition among the species which
endlessly hunt each other, as illustrated in Supplementary Videos 1
and 2 (see also Supplementary Discussion). Formation of this type of
patterns has been observed in microbial populations, such as myxo-
bacteria aggregation24 or multicellular Dictyostelium mounds25, as
well as in cell signalling and control26. Remarkably, a mathematical
description and techniques borrowed from the theory of stochastic
processes27 allow us to obtain these complex structures by means
of stochastic partial differential equations (PDE), see Fig. 3 and
Methods. Furthermore, recasting the dynamics in the form of a com-
plex Ginzburg–Landau equation28,29 allows us to obtain analytical
expressions for the spirals’ wavelength l and frequency (see Supple-
mentary Notes). These results, up to a constant prefactor, agree with
those of numerical computations, and will be published elsewhere
(manuscript in preparation).

As shown in Fig. 2, the spirals’ wavelength l rises with the indivi-
duals’ mobility. Our analysis reveals that the wavelength is propor-
tional to

ffiffiffiffiffi
M

p
(see Supplementary Notes). This relation holds up to

the mobilityMc, where a critical wavelength lc is reached. For mobi-
lities above the threshold Mc, the spirals’ wavelength l exceeds the
critical value lc and the patterns outgrow the system size, causing the
loss of biodiversity (see Fig. 2).We have found lc to be universal, that
is, independent on the selection and reproduction rates. This is not
the case for Mc, whose value varies with these parameters (see
Supplementary Notes). Using lattice simulations, stochastic PDE
and the properties of the complex Ginzburg–Landau equation, we
have derived the dependence of the critical mobility Mc(m) on the

reproduction rate m (where the time-unit is set by keeping s5 1).
This enables us to analytically predict, for all values of parameters,
whether biodiversity is maintained or lost. We have summarized
these results in a phase diagram, reported in Fig. 4. We identify a
uniform phase, in which two species go extinct (when M.Mc(m)),
and a biodiverse phase (when M,Mc(m)) with coexistence of all
species and propagation of spiral waves.

The generic ingredients required for the above scenario to hold are
the mobility of the individuals and a cyclic dynamics exhibiting an
unstable reactive fixed point. The underlying mathematical descrip-
tion of this class of dynamical systems is derived in terms of complex
Ginzburg–Landau equations. Their universality classes reveal the
robustness of the phenomena which we have reported above, that
is, the existence of a critical mobility and the emergence of spiral
waves; they are not restricted to specific details of the model.

Our study has direct implications for experimental research on
biodiversity and pattern formation. As an example, one can envisage

a Typical spiral

λ

ω

b Lattice simulations c Stochastic PDE d Deterministic PDE

Figure 3 | Spiralling patterns. a, Typical spiral (schematic). It rotates
around the origin (white dot) at a frequencyv and possesses a wavelength l.
b, In our lattice simulations, when the mobility of individuals lies below the
critical value, all three species coexist, forming mosaics of entangled,
rotating spirals (each colour represents one of the species and black dots
indicate empty spots). c, We have found that the system’s development can
aptly be described by stochastic PDE. In the case of lattice simulations and
stochastic PDE, internal noise acts as a source of local inhomogeneities and
ensures the robustness of the dynamical behaviour: the spatio-temporal

patterns are independent of the initial conditions. d, Ignoring the effects of
noise, we are left with deterministic PDE that also give rise to spiralling
structures. The latter share the samewavelength and frequency with those of
the stochastic description but, in the absence of fluctuations, their overall
size and number depend on the initial conditions and can deviate
significantly from their stochastic counterparts. In b and c, the system is
initially in a homogeneous state, while d has been generated by considering
an initial local perturbation. Parameters are s5 m5 1 and M5 13 1025.
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Figure 4 | Phase diagram. The critical mobility Mc as a function of the
reproduction rate m yields a phase diagramwith a phase where biodiversity is
maintained as well as a uniform one where two species go extinct. The time
unit is set by s5 1. On the one hand, we have computed Mc from lattice
simulations, using different system sizes. The results are shown as blue
crosses. On the other hand, we have calculated Mc using the approach of
stochastic PDE (black dots, black lines are a guide to the eye) as well as
analytically via the complexGinzburg–Landau equation (red line).Whenwe
vary the reproduction rate, two different regimes emerge. If m is much
smaller than the selection rate, that is, m=s, reproduction is the dominant
limiter of the temporal development. In this case, there is a linear relation
with the critical mobility, that is Mc / m, as follows from dimensional
analysis. In the opposite case, if reproduction occurs much faster than
selection (m?s), the latter limits the dynamics andMc depends linearly on
s, so that Mc / s. Here, as s5 1 is kept fixed (time-scale unit), this
behaviour is reflected in the fact that Mc approaches a constant value
for m?s.
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There’s still a long way to 
understand biodiversity 

and extinction!
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