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An informal introduction: A few examples 

Example 1: Mating behavior among male lizards (Sinervo & Lively 1996)

• Among side-blotched lizards (Uta Stansburiana), there are three male morphs. 
One can distinguish them by their throat color: yellow, blue, orange. 

LETTERS TO NATURE 

the fractionation of Pb and U during fluid transport is even larger 
than suggested by the data in Table 1. 

In equilibrium with clinopyroxene and other minerals such as 
olivine and orthopyroxene, Sr partitions in favour of a hydrous 
chloridic fluid (Table 1 ). This provides a mechanism that allows 
contamination of the Sr isotopes in the zone of melting by Sr from 
the subducted oceanic slab, in agreement with the relatively 
radiogenic Sr-isotope composition of many calc-alkaline 
magmas4•6•7• Another distinctive feature of such magmas are 
often radioactive disequilibria22 with strong enrichments of 226Ra 
over 230Th. These disequilibria may also be a result of fluid 
transport. Radium behaves geochemically very similar to Ba. 
From the data in Table 1, one would therefore expect that a 
hydrous chloridic fluid would strongly enrich 226Ra over as is 
observed19• 

From the foregoing discussion, it appears that the entire trace-
element enrichment pattern in calc-alkaline magmas could be 
explained by metasomatism involving an alkali-chloride-rich fluid. 
This would imply that ultimately the trace element composition of 
the continental crust is largely a result of the complexing proper-
ties of chloride in supercritical aqueous solutions. Because the 
composition of the fluid released in the subducted slab depends on 
the composition of the sea water the oceanic crust had been 
reacting with, very old calc-alkaline rocks may preserve a record of 
the chemical evolution of sea water. The development of the 
typical modem trace element signature in subduction-zone vol-
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MANY species exhibit colour polymorphisms associated with 
alternative male reproductive strategies, including territorial 
males and 'sneaker males' that behave and look like females1- 3• 

The prevalence of multiple morphs is a challenge to evolutionary 
theory because a single strategy should prevail unless morphs 
have exactly equal fitness4•5 or a fitness advantage when rare6•7• 

We report here the application of an evolutionary stable strategy 
model to a three-morph mating system in the side-blotched 
lizard. Using parameter estimates from field data, the model 
predicted oscillations in morph frequency, and the frequencies of 
the three male morphs were found to oscillate over a six-year 
period in the field. The fitnesses of each morph relative to other 
morphs were non-transitive in that each morph could invade 
another morph when rare, but was itself invadable by another 
morph when common. Concordance between frequency-depen-
dent selection and the among-year changes in morph fitnesses 
suggest that male interactions drive a dynamic 'rock-paper-
scissors' game7• 

From 1990-95, we studied territory use and patterns of sexual 
selection on male side-blotched lizards (Uta stansburiana ), a small 
territorial iguanid lizard (3-10 g) that matures in one year in the 
inner Coast Range of California (Merced County). Territory 
defence by males is dependent on a throat-colour polymorphism 
that develops as males mature (Fig. 1). Males with orange throats 
are very aggressive and defend large territories. Males with dark 
blue throats are less aggressive and defend smaller territories. 
Males with prominent yellow stripes on their throats are 'sneakers' 
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher 
levels of testosterone8, as is the case for other vertebrates3•9- 12• 
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canics may mark the point in geological history when sea water 
approached its modem composition, rather than reflecting a 
change in the style of global tectonics. D 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 

NATURE · VOL 380 · 21 MARCH 1996 

© 1996 Nature  Publishing Group

FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 

NATURE · VOL 380 · 21 MARCH 1996 

© 1996 Nature  Publishing Group

FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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scissors' game7• 

From 1990-95, we studied territory use and patterns of sexual 
selection on male side-blotched lizards (Uta stansburiana ), a small 
territorial iguanid lizard (3-10 g) that matures in one year in the 
inner Coast Range of California (Merced County). Territory 
defence by males is dependent on a throat-colour polymorphism 
that develops as males mature (Fig. 1). Males with orange throats 
are very aggressive and defend large territories. Males with dark 
blue throats are less aggressive and defend smaller territories. 
Males with prominent yellow stripes on their throats are 'sneakers' 
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher 
levels of testosterone8, as is the case for other vertebrates3•9- 12• 
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canics may mark the point in geological history when sea water 
approached its modem composition, rather than reflecting a 
change in the style of global tectonics. D 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 
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FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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• These three morphs also differ in their mating behavior 

- Males with orange throats are very aggressive and defend large territories



An informal introduction: A few examples 

Example 1: Mating behavior among male lizards (Sinervo & Lively 1996)

• Among side-blotched lizards (Uta Stansburiana), there are three male morphs. 
One can distinguish them by their throat color: yellow, blue, orange. 
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the fractionation of Pb and U during fluid transport is even larger 
than suggested by the data in Table 1. 

In equilibrium with clinopyroxene and other minerals such as 
olivine and orthopyroxene, Sr partitions in favour of a hydrous 
chloridic fluid (Table 1 ). This provides a mechanism that allows 
contamination of the Sr isotopes in the zone of melting by Sr from 
the subducted oceanic slab, in agreement with the relatively 
radiogenic Sr-isotope composition of many calc-alkaline 
magmas4•6•7• Another distinctive feature of such magmas are 
often radioactive disequilibria22 with strong enrichments of 226Ra 
over 230Th. These disequilibria may also be a result of fluid 
transport. Radium behaves geochemically very similar to Ba. 
From the data in Table 1, one would therefore expect that a 
hydrous chloridic fluid would strongly enrich 226Ra over as is 
observed19• 

From the foregoing discussion, it appears that the entire trace-
element enrichment pattern in calc-alkaline magmas could be 
explained by metasomatism involving an alkali-chloride-rich fluid. 
This would imply that ultimately the trace element composition of 
the continental crust is largely a result of the complexing proper-
ties of chloride in supercritical aqueous solutions. Because the 
composition of the fluid released in the subducted slab depends on 
the composition of the sea water the oceanic crust had been 
reacting with, very old calc-alkaline rocks may preserve a record of 
the chemical evolution of sea water. The development of the 
typical modem trace element signature in subduction-zone vol-
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MANY species exhibit colour polymorphisms associated with 
alternative male reproductive strategies, including territorial 
males and 'sneaker males' that behave and look like females1- 3• 

The prevalence of multiple morphs is a challenge to evolutionary 
theory because a single strategy should prevail unless morphs 
have exactly equal fitness4•5 or a fitness advantage when rare6•7• 

We report here the application of an evolutionary stable strategy 
model to a three-morph mating system in the side-blotched 
lizard. Using parameter estimates from field data, the model 
predicted oscillations in morph frequency, and the frequencies of 
the three male morphs were found to oscillate over a six-year 
period in the field. The fitnesses of each morph relative to other 
morphs were non-transitive in that each morph could invade 
another morph when rare, but was itself invadable by another 
morph when common. Concordance between frequency-depen-
dent selection and the among-year changes in morph fitnesses 
suggest that male interactions drive a dynamic 'rock-paper-
scissors' game7• 

From 1990-95, we studied territory use and patterns of sexual 
selection on male side-blotched lizards (Uta stansburiana ), a small 
territorial iguanid lizard (3-10 g) that matures in one year in the 
inner Coast Range of California (Merced County). Territory 
defence by males is dependent on a throat-colour polymorphism 
that develops as males mature (Fig. 1). Males with orange throats 
are very aggressive and defend large territories. Males with dark 
blue throats are less aggressive and defend smaller territories. 
Males with prominent yellow stripes on their throats are 'sneakers' 
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher 
levels of testosterone8, as is the case for other vertebrates3•9- 12• 
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canics may mark the point in geological history when sea water 
approached its modem composition, rather than reflecting a 
change in the style of global tectonics. D 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 
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FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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• Among side-blotched lizards (Uta Stansburiana), there are three male morphs. 
One can distinguish them by their throat color: yellow, blue, orange. 
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the fractionation of Pb and U during fluid transport is even larger 
than suggested by the data in Table 1. 

In equilibrium with clinopyroxene and other minerals such as 
olivine and orthopyroxene, Sr partitions in favour of a hydrous 
chloridic fluid (Table 1 ). This provides a mechanism that allows 
contamination of the Sr isotopes in the zone of melting by Sr from 
the subducted oceanic slab, in agreement with the relatively 
radiogenic Sr-isotope composition of many calc-alkaline 
magmas4•6•7• Another distinctive feature of such magmas are 
often radioactive disequilibria22 with strong enrichments of 226Ra 
over 230Th. These disequilibria may also be a result of fluid 
transport. Radium behaves geochemically very similar to Ba. 
From the data in Table 1, one would therefore expect that a 
hydrous chloridic fluid would strongly enrich 226Ra over as is 
observed19• 

From the foregoing discussion, it appears that the entire trace-
element enrichment pattern in calc-alkaline magmas could be 
explained by metasomatism involving an alkali-chloride-rich fluid. 
This would imply that ultimately the trace element composition of 
the continental crust is largely a result of the complexing proper-
ties of chloride in supercritical aqueous solutions. Because the 
composition of the fluid released in the subducted slab depends on 
the composition of the sea water the oceanic crust had been 
reacting with, very old calc-alkaline rocks may preserve a record of 
the chemical evolution of sea water. The development of the 
typical modem trace element signature in subduction-zone vol-

The rock-paper-scissors game 
and the evolution of alternative 
male strategies 
B. Sinervo & C. M. Lively 

Department of Biology and Center for the Integrative Study of Animal 
Behavior, Indiana University, Bloomington, Indiana 4 7 405, USA 

MANY species exhibit colour polymorphisms associated with 
alternative male reproductive strategies, including territorial 
males and 'sneaker males' that behave and look like females1- 3• 

The prevalence of multiple morphs is a challenge to evolutionary 
theory because a single strategy should prevail unless morphs 
have exactly equal fitness4•5 or a fitness advantage when rare6•7• 

We report here the application of an evolutionary stable strategy 
model to a three-morph mating system in the side-blotched 
lizard. Using parameter estimates from field data, the model 
predicted oscillations in morph frequency, and the frequencies of 
the three male morphs were found to oscillate over a six-year 
period in the field. The fitnesses of each morph relative to other 
morphs were non-transitive in that each morph could invade 
another morph when rare, but was itself invadable by another 
morph when common. Concordance between frequency-depen-
dent selection and the among-year changes in morph fitnesses 
suggest that male interactions drive a dynamic 'rock-paper-
scissors' game7• 

From 1990-95, we studied territory use and patterns of sexual 
selection on male side-blotched lizards (Uta stansburiana ), a small 
territorial iguanid lizard (3-10 g) that matures in one year in the 
inner Coast Range of California (Merced County). Territory 
defence by males is dependent on a throat-colour polymorphism 
that develops as males mature (Fig. 1). Males with orange throats 
are very aggressive and defend large territories. Males with dark 
blue throats are less aggressive and defend smaller territories. 
Males with prominent yellow stripes on their throats are 'sneakers' 
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher 
levels of testosterone8, as is the case for other vertebrates3•9- 12• 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 
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FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 

e 1995 

-ol.6u 1.6w rJ] 1.2 a3 "0 1.2 
] 8.. 0.8 ] 0.8 
d: § 0.4 d: 0.4 

8 00 0.0 . Y B 0 Y B 0 
a 1991 d 1994 

" 0 8 g. 1 & § 
8 0 

i'J-o 2031Ly B 0 ca 

B 
"0 0.8lai a3 .§ 0.6 

] 10.4 * 
d: § 0.2 * 

8 0.0 

Y B 0 

b 1992 

5 8 0.5 
'"" 0 8 0.0 

Y B 0 

i'J-o 1.01... 
0.5 

0.0 y B 0 

1.2 Y B 0 

i'l-o0.8rw 
5 ..0 0.4 

Ll.. r.r. 

0.0 

c 1993 .,o.shi a3 .§ 0.6 
] 8.o.4 
d: § 0.2 

8 0.0 
0.8 y B 0 

rJ-o0.6lu ] 0.4 
0.2 
0.0 

Y B 0 

Y B 0 

NATURE · VOL 380 · 21 MARCH 1996 

LETTERS TO NATURE 

FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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• These three morphs also differ in their mating behavior 

- Males with orange throats are very aggressive and defend large territories

- Males with blue throats are less aggressive and defend smaller territories

- Males with yellow throats resemble female lizards; they are sneakers and do not 
defend any territory



An informal introduction: A few examples 

Example 1: Mating behavior among male lizards (Sinervo & Lively 1996)

• Among side-blotched lizards (Uta Stansburiana), there are three male morphs. 
One can distinguish them by their throat color: yellow, blue, orange. 

LETTERS TO NATURE 

the fractionation of Pb and U during fluid transport is even larger 
than suggested by the data in Table 1. 

In equilibrium with clinopyroxene and other minerals such as 
olivine and orthopyroxene, Sr partitions in favour of a hydrous 
chloridic fluid (Table 1 ). This provides a mechanism that allows 
contamination of the Sr isotopes in the zone of melting by Sr from 
the subducted oceanic slab, in agreement with the relatively 
radiogenic Sr-isotope composition of many calc-alkaline 
magmas4•6•7• Another distinctive feature of such magmas are 
often radioactive disequilibria22 with strong enrichments of 226Ra 
over 230Th. These disequilibria may also be a result of fluid 
transport. Radium behaves geochemically very similar to Ba. 
From the data in Table 1, one would therefore expect that a 
hydrous chloridic fluid would strongly enrich 226Ra over as is 
observed19• 

From the foregoing discussion, it appears that the entire trace-
element enrichment pattern in calc-alkaline magmas could be 
explained by metasomatism involving an alkali-chloride-rich fluid. 
This would imply that ultimately the trace element composition of 
the continental crust is largely a result of the complexing proper-
ties of chloride in supercritical aqueous solutions. Because the 
composition of the fluid released in the subducted slab depends on 
the composition of the sea water the oceanic crust had been 
reacting with, very old calc-alkaline rocks may preserve a record of 
the chemical evolution of sea water. The development of the 
typical modem trace element signature in subduction-zone vol-

The rock-paper-scissors game 
and the evolution of alternative 
male strategies 
B. Sinervo & C. M. Lively 

Department of Biology and Center for the Integrative Study of Animal 
Behavior, Indiana University, Bloomington, Indiana 4 7 405, USA 

MANY species exhibit colour polymorphisms associated with 
alternative male reproductive strategies, including territorial 
males and 'sneaker males' that behave and look like females1- 3• 

The prevalence of multiple morphs is a challenge to evolutionary 
theory because a single strategy should prevail unless morphs 
have exactly equal fitness4•5 or a fitness advantage when rare6•7• 

We report here the application of an evolutionary stable strategy 
model to a three-morph mating system in the side-blotched 
lizard. Using parameter estimates from field data, the model 
predicted oscillations in morph frequency, and the frequencies of 
the three male morphs were found to oscillate over a six-year 
period in the field. The fitnesses of each morph relative to other 
morphs were non-transitive in that each morph could invade 
another morph when rare, but was itself invadable by another 
morph when common. Concordance between frequency-depen-
dent selection and the among-year changes in morph fitnesses 
suggest that male interactions drive a dynamic 'rock-paper-
scissors' game7• 

From 1990-95, we studied territory use and patterns of sexual 
selection on male side-blotched lizards (Uta stansburiana ), a small 
territorial iguanid lizard (3-10 g) that matures in one year in the 
inner Coast Range of California (Merced County). Territory 
defence by males is dependent on a throat-colour polymorphism 
that develops as males mature (Fig. 1). Males with orange throats 
are very aggressive and defend large territories. Males with dark 
blue throats are less aggressive and defend smaller territories. 
Males with prominent yellow stripes on their throats are 'sneakers' 
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher 
levels of testosterone8, as is the case for other vertebrates3•9- 12• 
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canics may mark the point in geological history when sea water 
approached its modem composition, rather than reflecting a 
change in the style of global tectonics. D 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 
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FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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• These three morphs also differ in their mating behavior 

- Males with orange throats are very aggressive and defend large territories

- Males with blue throats are less aggressive and defend smaller territories

- Males with yellow throats resemble female lizards; they are sneakers and do not 
defend any territory

Question: How can we make sense of this coexistence of different morphs? 



Example 2: Cooperation and punishment among humans (Fehr & Gächter 2000) Cooperation and Punishment in Public Goods Experiments

By ERNST FEHR AND SIMON GÄCHTER*

Casual evidence as well as daily experience
suggest that many people have a strong aversion
against being the “sucker” in social dilemma
situations. As a consequence, those who coop-
erate may be willing to punish free-riding, even
if this is costly for them and even if they cannot
expect future benefits from their punishment
activities. A main purpose of this paper is to
show experimentally that there is indeed a wide-
spread willingness of the cooperators to punish
the free-riders. Our results indicate that this
holds true even if punishment is costly and does
not provide any material benefits for the pun-
isher. In addition, we provide evidence that
free-riders are punished the more heavily the
more they deviate from the cooperation levels
of the cooperators. Potential free-riders, there-
fore, can avoid or at least reduce punishment by
increasing their cooperation levels. This, in
turn, suggests that in the presence of punish-
ment opportunities there will be less free riding.
Testing this conjecture is the other major aim of
our paper.

For this purpose we conducted a public good
experiment with and without punishment op-
portunities. In the treatment without punishment
opportunities complete free-riding is a dominant
strategy. In the treatment with punishment op-
portunities punishing is costly for the punisher.
Therefore, purely selfish subjects will never
punish in a one-shot context. This means that if
there are only selfish subjects, as is commonly
assumed in economics, the treatment with pun-
ishment opportunities should generate the same
contribution behavior as the treatment without
such opportunities. The reason is, of course, that
the presence of punishment opportunities is ir-
relevant for the contribution behavior if there is
no punishment. In sharp contrast to this predic-
tion we observe vastly different contributions in
the two conditions. In the no-punishment con-
dition contributions converge to very low lev-
els. In the punishment condition, however,
average contribution rates between 50 and 95
percent of the endowment can be maintained.
The strong regularities observed in our ex-

periments suggest that powerful motives drive
the punishment of free-riders. In our view this
motive is likely to play a role in many social
interactions, such as industrial disputes, in team
production settings, or, quite generally, in the
maintenance of social norms. If, for example,
striking workers ostracize strike breakers (Hy-
wel Francis, 1985) or if, under a piece rate
system, the violators of production quotas are
punished by those who stick to the norm (e.g.,
F. J. Roethlisberger and W. J. Dickson, 1947), it
seems likely that similar forces are at work as in
our experiments.1
Our work is most akin to the seminal paper

* Institute for Empirical Research in Economics, Univer-
sity of Zurich, Blümlisalpstrasse 10, CH-8006 Zurich (e-mail:
efehr@iew.unizh.ch; gaechter@iew.unizh.ch; website: http://
www.unizh.ch/iew/grp/fehr/index.html). This paper is part of
the EU-TMR Research Network ENDEAR (FMRX-CT98-
0238). Fehr also acknowledges the hospitality of the Center for
Economic Studies in Munich and support from the MacArthur
Foundation Network on Economic Environments and the Evo-
lution of Individual Preferences and Social Norms. Part of the
experiments are also financed by the Swiss National Science
Foundation under Project No. 1214-051000.97. We gratefully
acknowledge valuable comments by two anonymous referees,
seminar participants at the MacArthur Foundation Meeting in
Stanford, the Workshop in Experimental Economics in Berlin,
the ASSA Meeting in New York, the IAREP conference in
Valencia, the Econometric Society European Meeting in Tou-
louse, the ESA meeting in Mannheim, and the European Eco-
nomic Association conference in Berlin; and by seminar
participants at the universities of Basel, Bern, Bonn, Dort-
mund, Lausanne, Linz, Munich, Pittsburgh, St. Gallen, and
Tilburg; and by Richard Beil, Samuel Bowles, Robert Boyd,
Martin Brown, Robyn Dawes, Armin Falk, Urs Fischbacher,
Herbert Gintis, John Kagel, Georg Kirchsteiger, Serge Kolm,
David Laibson, George Loewenstein, Tanga McDaniel, John
Miller, Paul Romer, and Klaus Schmidt. We are particularly
grateful to Urs Fischbacher who did the programming.

1 Francis’s (1985 p. 269) description of social ostracism in
the communities of the British miners provides a particularly
vivid example. During the 1984 strike of the miners, which
lasted for several months, he observed the following: “To
isolate those who supported the ‘scab union,’ cinemas and
shops were boycotted, there were expulsions from football
teams, bands and choirs and ‘scabs’ were compelled to sing on
their own in their chapel services. ‘Scabs’ witnessed their own
‘death’ in communities which no longer accepted them.”
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1 Francis’s (1985 p. 269) description of social ostracism in
the communities of the British miners provides a particularly
vivid example. During the 1984 strike of the miners, which
lasted for several months, he observed the following: “To
isolate those who supported the ‘scab union,’ cinemas and
shops were boycotted, there were expulsions from football
teams, bands and choirs and ‘scabs’ were compelled to sing on
their own in their chapel services. ‘Scabs’ witnessed their own
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Casual evidence as well as daily experience
suggest that many people have a strong aversion
against being the “sucker” in social dilemma
situations. As a consequence, those who coop-
erate may be willing to punish free-riding, even
if this is costly for them and even if they cannot
expect future benefits from their punishment
activities. A main purpose of this paper is to
show experimentally that there is indeed a wide-
spread willingness of the cooperators to punish
the free-riders. Our results indicate that this
holds true even if punishment is costly and does
not provide any material benefits for the pun-
isher. In addition, we provide evidence that
free-riders are punished the more heavily the
more they deviate from the cooperation levels
of the cooperators. Potential free-riders, there-
fore, can avoid or at least reduce punishment by
increasing their cooperation levels. This, in
turn, suggests that in the presence of punish-
ment opportunities there will be less free riding.
Testing this conjecture is the other major aim of
our paper.

For this purpose we conducted a public good
experiment with and without punishment op-
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portunities punishing is costly for the punisher.
Therefore, purely selfish subjects will never
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percent of the endowment can be maintained.
The strong regularities observed in our ex-
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F. J. Roethlisberger and W. J. Dickson, 1947), it
seems likely that similar forces are at work as in
our experiments.1
Our work is most akin to the seminal paper

* Institute for Empirical Research in Economics, Univer-
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• Groups of four individuals interact with each other in a public good game

• Afterwards, participants can punish each other (paying 1 unit to reduce other 
player’s payoff by 3 units). 

• Experimental results: 

- Without punishment, cooperation goes down

- With punishment, cooperation goes up even if participants never meet again 
(at least in most Western countries)

regarding individual contributions emerges,
whereas in the no-punishment condition full
free-riding emerges as the focal individual
action.

A first indication for the absence of a behav-
ioral standard in the punishment condition is
provided in Table 3. The table shows that the
standard deviation of individual contributions is
quite large in each session. Moreover, the stan-
dard deviation in the final period is roughly the
same as in all periods together. This indicates

that the variability of contributions does not de-
crease over time. The decisive evidence for Result
3, however, comes from Figure 2, which provides
information about the relative frequency of indi-
vidual choices in the final periods of both
Stranger-treatments. In the no-punishment con-
dition the overwhelming majority (75 percent)
of subjects chose gi 5 0 in the final period.
Thus, full free-riding clearly emerges as the
behavioral regularity in this condition. In con-
trast, in the punishment condition individual
choices are scattered over the whole strategy

FIGURE 1A. AVERAGE CONTRIBUTIONS OVER TIME IN THE STRANGER-TREATMENT (SESSIONS 1 AND 2)

FIGURE 1B. AVERAGE CONTRIBUTIONS OVER TIME IN THE STRANGER-TREATMENT (SESSION 3)
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Example 3: Signalling (Spence 1973, Zahavi 1973)

• Individuals sometimes invest in something without getting a direct return

• Two examples:

- Getting an academic degree without using the respective skills in your job

JOB MARKET SIGNALING *

MICHAEL SPENCE

1. Introduction, 355.— 2. Hiring as investment under uncertainty, 356.—
3. Applicant signaling, 358.— 4. Informational feedback and the definition of
equilibrium, 359.— 5. Properties of informational equilibria: an example, 361.
— 6. The informational impact of indices, 368.— Conclusions, 374.

1. INTRODUCTION

The term "market signaling" is not exactly a part of the well-
defined, technical vocabulary of the economist. As a part of the
preamble, therefore, I feel I owe the reader a word of explanation
about the title. I find it difficult, however, to give a coherent and
comprehensive explanation of the meaning of the term abstracted
from the contents of the essay. In fact, it is part of my purpose to
outline a model in which signaling is implicitly defined and to ex-
plain why one can, and perhaps should, be interested in it. One
might accurately characterize my problem as a signaling one, and
that of the reader, who is faced with an investment decision under
uncertainty, as that of interpreting signals.

How the reader interprets my report of the content of this essay
will depend upon his expectation concerning my stay in the market.
If one believes I will be in the essay market repeatedly, then both
the reader and I will contemplate the possibility that I might invest
in my future ability to communicate by accurately reporting the
content of this essay now. On the other hand, if I am to be in the
market only once, or relatively infrequently, then the above-men-
tioned possibility deserves a low probability. This essay is about
markets in which signaling takes place and in which the primary
signalers are relatively numerous and in the market sufficiently in-
frequently that they are not expected to (and therefore do not) in-
vest in acquiring signaling reputations.

* The essay is based on the author's doctoral dissertation ("Market
Signalling: The Informational Structure of Job Markets and Related Phe-
nomena," Ph.D. thesis, Harvard University, 1972), forthcoming as a book en-
titled Market Signaling: Information Transfer in Hiring and Related Screening
Processes in the Harvard Economic Studies Series, Harvard University Press.
The aim here is to present the outline of the signaling model and some of its
conclusions. Generalizations of the numerical examples used for expositional
purposes here are found in ibid. and elsewhere.

I owe many people thanks for help in the course of the current study,
too many to mention all. However, I should acknowledge explicitly the mag-
nitude of my debts to Kenneth Arrow and Thomas Schelling for persistently
directing my attention to new and interesting problems.
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http://qje.oxfordjournals.org/
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- Peacock’s tail

J. theor. Biol. (1975) 53, 205-214 

Mate Selection-A Selection for a Handicap 

AMOTZ ZAHAVI 

Institute for Nature Conservation Research, Faculty of Life Sciences, 
The George S. Wise Centre for Life Sciences, Tel-Aviv University, Israel 

(Received 23 July 1974, and in revisedform 2 December 1974) 

It is suggested that characters which develop through mate preference 
confer handicaps on the selected individuals in their survival. These 
handicaps are of use to the selecting sex since they test the quality of the 
mate. The size of characters selected in this way serve as marks of quality. 
The understanding that a handicap, which tests for quality, can evolve 
as a consequence of its advantage to the individual, may provide an 
explanation for many puzzling evolutionary problems. Such an inter- 
pretation may provide an alternative to other hypotheses which assumed 
complicated selective mechanisms, such as group selection or kin selection, 
which do not act directly on the individual. 

In his theory of sexual selection, Darwin (1874) tried to explain the evolution 
of characters such as the antlers of deer, the tail plumes of the peacock, the 
brilliant colouration of many birds and their fantastic displays and songs, 
by the cumulative effect of females preference for certain male types. He 
suggested that the disadvantages to male survival induced by such characters, 
are compensated for by more or better females preferring that individual to 
other males. But Darwin could not satisfactorily explain why females should 
prefer certain males. He just assumed that they prefer certain male types 
to others. 

The theory of sexual selection aroused and still arouses much debate. 
There is a basic difficulty to be explained. On the one hand, it is a common 
observation that the most beautiful males of a bird species, or the deer 
with the largest antlers, are preferred by females, and, on the other hand, 
there is no simple explanation to suggest in what ways the preferred males 
should be of better quality than others. Wallace (1889), therefore, dismissed 
altogether the theory of sexual selection by mate preference while others, 
like Poulton (1890), defended it. 

Fisher (1930) suggested that initially there was a correlation between the 
character preferred by the female and the quality of the male. This correlation 
when appreciated by discriminating females can account for the initial 
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It is suggested that characters which develop through mate preference 
confer handicaps on the selected individuals in their survival. These 
handicaps are of use to the selecting sex since they test the quality of the 
mate. The size of characters selected in this way serve as marks of quality. 
The understanding that a handicap, which tests for quality, can evolve 
as a consequence of its advantage to the individual, may provide an 
explanation for many puzzling evolutionary problems. Such an inter- 
pretation may provide an alternative to other hypotheses which assumed 
complicated selective mechanisms, such as group selection or kin selection, 
which do not act directly on the individual. 

In his theory of sexual selection, Darwin (1874) tried to explain the evolution 
of characters such as the antlers of deer, the tail plumes of the peacock, the 
brilliant colouration of many birds and their fantastic displays and songs, 
by the cumulative effect of females preference for certain male types. He 
suggested that the disadvantages to male survival induced by such characters, 
are compensated for by more or better females preferring that individual to 
other males. But Darwin could not satisfactorily explain why females should 
prefer certain males. He just assumed that they prefer certain male types 
to others. 

The theory of sexual selection aroused and still arouses much debate. 
There is a basic difficulty to be explained. On the one hand, it is a common 
observation that the most beautiful males of a bird species, or the deer 
with the largest antlers, are preferred by females, and, on the other hand, 
there is no simple explanation to suggest in what ways the preferred males 
should be of better quality than others. Wallace (1889), therefore, dismissed 
altogether the theory of sexual selection by mate preference while others, 
like Poulton (1890), defended it. 

Fisher (1930) suggested that initially there was a correlation between the 
character preferred by the female and the quality of the male. This correlation 
when appreciated by discriminating females can account for the initial 
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What do these examples have in common? 

• There are individuals who can exhibit different behaviors / traits

• An individual’s optimal behavior / trait depends on what the other individuals do

Interesting observation

Not in all examples the respective behaviors and traits are consciously chosen. 

The appropriate framework to analyze these examples is game theory. 
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An overview 
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• An introduction to evolutionary game theory 
(Replicator dynamics, games in finite populations)
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• Social norms & indirect reciprocity
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• Some current research: Reciprocity in complex environments
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Dominance solvability and the Nash equilibrium concept  
appear to make strong assumptions on cognitive abilities. In 
the following, we explore an approach to game theory that  
avoids these assumptions.
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• The larger the cost of serious injuries, the more 
doves we would expect. 
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Evolutionary game theory: Classification of 2x2 games

Remark 1.6: On representing the unit simplex

Consider the replicator equation  . 
For a game with n strategies in total, this is, in principle, 
an n-dimensional system. However, we are only interested 
in those orbits on the unit simplex:

·xi = xi(fi(x) − f̄(x)

Sn = {z ∈ ℝn : zi ≥ 0 for all i and
n

∑
i=1

zi = 1}
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Figure 2.1 The simplices S2, S3, and S4. On the top row, S2 and S3 are imbedded in R2 and
R3 respectively.

2.2 MIXED STRATEGIES

For both players, it is clearly important not to have their decision anticipated by
the co-player. A good way to achieve this is to randomize, i.e., to let chance decide.
Suppose that player I opts to play strategy ei with probability xi . ThisPL[HG strategy
is thus given by a stochastic vector x= (x1, . . . , xn) (with xi ≥ 0 and x1 + · · · +
xn = 1). We denote the set of all such mixed strategies by Sn: this is a simplex in
Rn, spanned by the unit vectors ei of the standard base, which are said to be the
SXUH strategies, and correspond to the original set of alternatives, see figure 2.1. (All
components of ei are 0 except the i-th component, which is 1.)
Similarly, a mixed strategy for player II is an element y of the unit simplex Sm.

If player I uses the pure strategy ei and player II uses strategy y, then the payoff for
player I (or more precisely, its expected value) is

(Ay)i =
m∑

j=1
aLMyj . (2.2)

If player I uses the mixed strategy x, and II uses y, the payoff for player I is

x · Ay =
∑

i

xi(Ay)i =
∑

i,j

aLMxiyj , (2.3)

and the payoff for player II, similarly, is

x · By =
∑

i,j

bLMxiyj . (2.4)

n = 2
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2.2 MIXED STRATEGIES

For both players, it is clearly important not to have their decision anticipated by
the co-player. A good way to achieve this is to randomize, i.e., to let chance decide.
Suppose that player I opts to play strategy ei with probability xi . ThisPL[HG strategy
is thus given by a stochastic vector x= (x1, . . . , xn) (with xi ≥ 0 and x1 + · · · +
xn = 1). We denote the set of all such mixed strategies by Sn: this is a simplex in
Rn, spanned by the unit vectors ei of the standard base, which are said to be the
SXUH strategies, and correspond to the original set of alternatives, see figure 2.1. (All
components of ei are 0 except the i-th component, which is 1.)
Similarly, a mixed strategy for player II is an element y of the unit simplex Sm.

If player I uses the pure strategy ei and player II uses strategy y, then the payoff for
player I (or more precisely, its expected value) is
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2.2 MIXED STRATEGIES

For both players, it is clearly important not to have their decision anticipated by
the co-player. A good way to achieve this is to randomize, i.e., to let chance decide.
Suppose that player I opts to play strategy ei with probability xi . ThisPL[HG strategy
is thus given by a stochastic vector x= (x1, . . . , xn) (with xi ≥ 0 and x1 + · · · +
xn = 1). We denote the set of all such mixed strategies by Sn: this is a simplex in
Rn, spanned by the unit vectors ei of the standard base, which are said to be the
SXUH strategies, and correspond to the original set of alternatives, see figure 2.1. (All
components of ei are 0 except the i-th component, which is 1.)
Similarly, a mixed strategy for player II is an element y of the unit simplex Sm.
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Evolutionary game theory: Classification of 2x2 games

Remark 1.6: On representing the unit simplex

Consider the replicator equation  . 
For a game with n strategies in total, this is, in principle, 
an n-dimensional system. However, we are only interested 
in those orbits on the unit simplex:

·xi = xi(fi(x) − f̄(x)

Sn = {z ∈ ℝn : zi ≥ 0 for all i and
n

∑
i=1

zi = 1}
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Remark 1.7: A classification of 2x2 games

To get some intuition, let us analyze the simplest non-
trivial case: a symmetric game with two strategies: 
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the co-player. A good way to achieve this is to randomize, i.e., to let chance decide.
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(Ay)i =
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aLMyj . (2.2)
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∑
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Remark 1.7: A classification of 2x2 games

To get some intuition, let us analyze the simplest non-
trivial case: a symmetric game with two strategies: 

Action 1 Action 2

Action 1 a b

Action 2 c d

We can represent the replicator equation as a 1-dim. system. 
Let x be the proportion of individuals who use Action 1, and 
1-x is the proportion of individuals who use Action 2.



Evolutionary game theory: Classification of 2x2 games

Remark 1.6: On representing the unit simplex

Consider the replicator equation  . 
For a game with n strategies in total, this is, in principle, 
an n-dimensional system. However, we are only interested 
in those orbits on the unit simplex:

·xi = xi(fi(x) − f̄(x)

Sn = {z ∈ ℝn : zi ≥ 0 for all i and
n

∑
i=1

zi = 1}
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We can represent the replicator equation as a 1-dim. system. 
Let x be the proportion of individuals who use Action 1, and 
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Remark 1.7: A classification of 2x2 games

To get some intuition, let us analyze the simplest non-
trivial case: a symmetric game with two strategies: 

Action 1 Action 2

Action 1 a b

Action 2 c d

We can represent the replicator equation as a 1-dim. system. 
Let x be the proportion of individuals who use Action 1, and 
1-x is the proportion of individuals who use Action 2.

f1(x) = ax + b(1 − x) and f2(x) = cx + d(1 − x)
 The fitnesses are

·x = x(f1(x) − f̄(x)) = x(f1(x) − xf1(x) − (1 − x)f2(x))
= x(1 − x)(f1(x) − f2(x)) = x(1 − x)((b−d) + (a−b−c+d)x)

 Replicator dynamics takes the form:
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For both players, it is clearly important not to have their decision anticipated by
the co-player. A good way to achieve this is to randomize, i.e., to let chance decide.
Suppose that player I opts to play strategy ei with probability xi . ThisPL[HG strategy
is thus given by a stochastic vector x= (x1, . . . , xn) (with xi ≥ 0 and x1 + · · · +
xn = 1). We denote the set of all such mixed strategies by Sn: this is a simplex in
Rn, spanned by the unit vectors ei of the standard base, which are said to be the
SXUH strategies, and correspond to the original set of alternatives, see figure 2.1. (All
components of ei are 0 except the i-th component, which is 1.)
Similarly, a mixed strategy for player II is an element y of the unit simplex Sm.

If player I uses the pure strategy ei and player II uses strategy y, then the payoff for
player I (or more precisely, its expected value) is

(Ay)i =
m∑

j=1
aLMyj . (2.2)

If player I uses the mixed strategy x, and II uses y, the payoff for player I is

x · Ay =
∑

i

xi(Ay)i =
∑

i,j

aLMxiyj , (2.3)

and the payoff for player II, similarly, is

x · By =
∑

i,j

bLMxiyj . (2.4)

n = 2
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player I (or more precisely, its expected value) is
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x · Ay =
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aLMxiyj , (2.3)

and the payoff for player II, similarly, is

x · By =
∑

i,j

bLMxiyj . (2.4)

n = 4

Remark 1.7: A classification of 2x2 games

To get some intuition, let us analyze the simplest non-
trivial case: a symmetric game with two strategies: 

Action 1 Action 2

Action 1 a b

Action 2 c d

We can represent the replicator equation as a 1-dim. system. 
Let x be the proportion of individuals who use Action 1, and 
1-x is the proportion of individuals who use Action 2.

f1(x) = ax + b(1 − x) and f2(x) = cx + d(1 − x)
 The fitnesses are

·x = x(f1(x) − f̄(x)) = x(f1(x) − xf1(x) − (1 − x)f2(x))
= x(1 − x)(f1(x) − f2(x)) = x(1 − x)((b−d) + (a−b−c+d)x)

 Replicator dynamics takes the form:

 Fixed points: (1) Corners:   , x = 0 x = 1



Evolutionary game theory: Classification of 2x2 games

Remark 1.6: On representing the unit simplex

Consider the replicator equation  . 
For a game with n strategies in total, this is, in principle, 
an n-dimensional system. However, we are only interested 
in those orbits on the unit simplex:

·xi = xi(fi(x) − f̄(x)

Sn = {z ∈ ℝn : zi ≥ 0 for all i and
n

∑
i=1

zi = 1}
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hawks 
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 x =b/c
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If player I uses the pure strategy ei and player II uses strategy y, then the payoff for
player I (or more precisely, its expected value) is

(Ay)i =
m∑
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If player I uses the mixed strategy x, and II uses y, the payoff for player I is

x · Ay =
∑

i

xi(Ay)i =
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aLMxiyj , (2.3)

and the payoff for player II, similarly, is

x · By =
∑
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n = 4

Remark 1.7: A classification of 2x2 games

To get some intuition, let us analyze the simplest non-
trivial case: a symmetric game with two strategies: 

Action 1 Action 2

Action 1 a b

Action 2 c d

We can represent the replicator equation as a 1-dim. system. 
Let x be the proportion of individuals who use Action 1, and 
1-x is the proportion of individuals who use Action 2.

f1(x) = ax + b(1 − x) and f2(x) = cx + d(1 − x)
 The fitnesses are

·x = x(f1(x) − f̄(x)) = x(f1(x) − xf1(x) − (1 − x)f2(x))
= x(1 − x)(f1(x) − f2(x)) = x(1 − x)((b−d) + (a−b−c+d)x)

 Replicator dynamics takes the form:

 Fixed points: (1) Corners:   , x = 0 x = 1

                       (2) Interior:   , if x =
d − b

a − b − c + d
x ∈ (0,1)



Evolutionary game theory: Classification of 2x2 games

Examples 1.8: Some 2x2 games

1. The hawk-dove game (with b=2, c=4) 

Hawk Dove

Hawk -1 2

Dove 0 1
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coexistence

2.  Stag-hunt game (coordination game)

Stag Hare

Stag 10 0

Hare 7 7

·x = x(1 − x)(10x − 7)
Only Stag 

 x = 1
Only Hare 

 x = 0
 x =7/10

3. Prisoner’s dilemma 

Cooperate Defect

Cooperate 2 -1

Defect 3 0

Only cooperators 
 x = 1

Only defectors 
 x = 0

·x = x(1 − x)(−1)
Dominance

4.  A trivial game
Action 1 Action 2

Action 1 3 1

Action 2 3 1

·x = x(1 − x) ⋅ 0
Bistability Only Action 1

 x = 1
Only Action 2

 x = 0

Neutrality

Qualitatively, these are all possible cases.
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Example 1.9. A 3x3 game: The volunteer’s timing dilemma

Consider the following variant of a so-called volunteer’s 
dilemma. There are two players; at least one of them 
should volunteer to do a task that benefits both of them. 
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someone volunteers late, this creates a smaller benefit of 
4. Volunteering always comes with a cost of 3.
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Example 1.9. A 3x3 game: The volunteer’s timing dilemma

Consider the following variant of a so-called volunteer’s 
dilemma. There are two players; at least one of them 
should volunteer to do a task that benefits both of them. 

However, we assume that players can either volunteer 
early or volunteer late. If someone volunteers early, this 
creates a high benefit of 5. If no one volunteers early, but 
someone volunteers late, this creates a smaller benefit of 
4. Volunteering always comes with a cost of 3.

We distinguish three strategies. A cooperator volunteers 
early. A wait & see player volunteers late, unless the co-
player has already volunteered early. A defector never 
volunteers. 

Cooperation Wait&See Defection

Cooperation 2 2 2

Wait&See 5 1 1

Defection 5 4 0

Replicator dynamics,  x = (xC, xW, xD)

1. Dynamics at the edges:

•No defectors ( ): Coexistence among cooperators 
and wait & see,  

xD = 0
x*CW = (1/4, 3/4, 0)

•No wait&see ( ): Coexistence among cooperators 
and defectors,  

xW = 0
x*CD = (2/5, 0, 3/5)

•No cooperators ( ): Coexistence among wait&see 
and defectors,  

xC = 0
x*WD = (0, 1/4, 3/4)
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Example 1.9. A 3x3 game: The volunteer’s timing dilemma

Consider the following variant of a so-called volunteer’s 
dilemma. There are two players; at least one of them 
should volunteer to do a task that benefits both of them. 

However, we assume that players can either volunteer 
early or volunteer late. If someone volunteers early, this 
creates a high benefit of 5. If no one volunteers early, but 
someone volunteers late, this creates a smaller benefit of 
4. Volunteering always comes with a cost of 3.

We distinguish three strategies. A cooperator volunteers 
early. A wait & see player volunteers late, unless the co-
player has already volunteered early. A defector never 
volunteers. 

Cooperation Wait&See Defection

Cooperation 2 2 2

Wait&See 5 1 1
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Replicator dynamics,  x = (xC, xW, xD)

1. Dynamics at the edges:

•No defectors ( ): Coexistence among cooperators 
and wait & see,  

xD = 0
x*CW = (1/4, 3/4, 0)

•No wait&see ( ): Coexistence among cooperators 
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xW = 0
x*CD = (2/5, 0, 3/5)

•No cooperators ( ): Coexistence among wait&see 
and defectors,  

xC = 0
x*WD = (0, 1/4, 3/4)

2. Fixed point in the interior:

If  has a fixed point with , it 
must hold that .  
Equivalently, it must hold that . 
This is a simple linear system (and either has 0, 1, or 
infinitely many solutions). 

·xi = xi(fi(x) − f̄(x) xi > 0 ∀i
fi(x) = f̄(x) ∀i

f1(x) = f2(x) = f3(x)
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Example 1.9. A 3x3 game: The volunteer’s timing dilemma

Consider the following variant of a so-called volunteer’s 
dilemma. There are two players; at least one of them 
should volunteer to do a task that benefits both of them. 

However, we assume that players can either volunteer 
early or volunteer late. If someone volunteers early, this 
creates a high benefit of 5. If no one volunteers early, but 
someone volunteers late, this creates a smaller benefit of 
4. Volunteering always comes with a cost of 3.

We distinguish three strategies. A cooperator volunteers 
early. A wait & see player volunteers late, unless the co-
player has already volunteered early. A defector never 
volunteers. 

Cooperation Wait&See Defection

Cooperation 2 2 2

Wait&See 5 1 1

Defection 5 4 0

Replicator dynamics,  x = (xC, xW, xD)

1. Dynamics at the edges:

•No defectors ( ): Coexistence among cooperators 
and wait & see,  

xD = 0
x*CW = (1/4, 3/4, 0)

•No wait&see ( ): Coexistence among cooperators 
and defectors,  

xW = 0
x*CD = (2/5, 0, 3/5)

•No cooperators ( ): Coexistence among wait&see 
and defectors,  

xC = 0
x*WD = (0, 1/4, 3/4)

2. Fixed point in the interior:

If  has a fixed point with , it 
must hold that .  
Equivalently, it must hold that . 
This is a simple linear system (and either has 0, 1, or 
infinitely many solutions). 

·xi = xi(fi(x) − f̄(x) xi > 0 ∀i
fi(x) = f̄(x) ∀i

f1(x) = f2(x) = f3(x)

In our case, solution: . x*
int

= (1/4, 3/16, 9/16)
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that the missing strategy can invade when rare. 
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•In the end, all three 
strategies coexist.

•Average fitness in this 
equilibrium: f̄ = 2
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Example 1.9. The volunteer’s timing dilemma (continued)

3. Local stability analysis for the fixed points

•For the equilibria on the edges, in each case it is true 
that the missing strategy can invade when rare. 

•The interior equilibrium is stable. 

Cooperation Wait&See

Defection

4. Plotting some orbits numerically

•In the end, all three 
strategies coexist.

•Average fitness in this 
equilibrium: f̄ = 2

Example 1.10. Rock Paper Scissors

Consider the following generalised version of rock paper 
scissors.  

Rock Paper Scissors

Rock 0 -a2 b3

Paper b1 0 -a3

Scissors -a1 b2 0
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Example 1.9. The volunteer’s timing dilemma (continued)

3. Local stability analysis for the fixed points
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•Average fitness in this 
equilibrium: f̄ = 2

Example 1.10. Rock Paper Scissors

Consider the following generalised version of rock paper 
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Example 1.9. The volunteer’s timing dilemma (continued)

3. Local stability analysis for the fixed points

•For the equilibria on the edges, in each case it is true 
that the missing strategy can invade when rare. 

•The interior equilibrium is stable. 

Cooperation Wait&See

Defection

4. Plotting some orbits numerically

•In the end, all three 
strategies coexist.

•Average fitness in this 
equilibrium: f̄ = 2

Example 1.10. Rock Paper Scissors

Consider the following generalised version of rock paper 
scissors.  

Rock Paper Scissors

Rock 0 -a2 b3

Paper b1 0 -a3

Scissors -a1 b2 0

It turns out there are three possible dynamics.

Rock Paper

Scissors

a1a2a3 < b1b2b3

Rock Paper

Scissors

a1a2a3 = b1b2b3
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Example 1.9. The volunteer’s timing dilemma (continued)

3. Local stability analysis for the fixed points

•For the equilibria on the edges, in each case it is true 
that the missing strategy can invade when rare. 

•The interior equilibrium is stable. 

Cooperation Wait&See

Defection

4. Plotting some orbits numerically

•In the end, all three 
strategies coexist.

•Average fitness in this 
equilibrium: f̄ = 2

Example 1.10. Rock Paper Scissors

Consider the following generalised version of rock paper 
scissors.  

Rock Paper Scissors

Rock 0 -a2 b3

Paper b1 0 -a3

Scissors -a1 b2 0

It turns out there are three possible dynamics.

Rock Paper

Scissors

a1a2a3 < b1b2b3

Rock Paper

Scissors

a1a2a3 = b1b2b3

Rock Paper

Scissors

a1a2a3 > b1b2b3



Evolutionary game theory: Non-transitive game in nature

Example 1.11. Non-transitive games in nature

1. Mating behavior in lizards (Sinervo & Lively 1996)
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FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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Three male morphs in side-blotched lizards:

- Males with orange throats defend large territories

- Males with blue throats defend smaller territories

- Males with yellow throats are sneakers without territory

LETTERS TO NATURE 

the fractionation of Pb and U during fluid transport is even larger 
than suggested by the data in Table 1. 

In equilibrium with clinopyroxene and other minerals such as 
olivine and orthopyroxene, Sr partitions in favour of a hydrous 
chloridic fluid (Table 1 ). This provides a mechanism that allows 
contamination of the Sr isotopes in the zone of melting by Sr from 
the subducted oceanic slab, in agreement with the relatively 
radiogenic Sr-isotope composition of many calc-alkaline 
magmas4•6•7• Another distinctive feature of such magmas are 
often radioactive disequilibria22 with strong enrichments of 226Ra 
over 230Th. These disequilibria may also be a result of fluid 
transport. Radium behaves geochemically very similar to Ba. 
From the data in Table 1, one would therefore expect that a 
hydrous chloridic fluid would strongly enrich 226Ra over as is 
observed19• 

From the foregoing discussion, it appears that the entire trace-
element enrichment pattern in calc-alkaline magmas could be 
explained by metasomatism involving an alkali-chloride-rich fluid. 
This would imply that ultimately the trace element composition of 
the continental crust is largely a result of the complexing proper-
ties of chloride in supercritical aqueous solutions. Because the 
composition of the fluid released in the subducted slab depends on 
the composition of the sea water the oceanic crust had been 
reacting with, very old calc-alkaline rocks may preserve a record of 
the chemical evolution of sea water. The development of the 
typical modem trace element signature in subduction-zone vol-

The rock-paper-scissors game 
and the evolution of alternative 
male strategies 
B. Sinervo & C. M. Lively 

Department of Biology and Center for the Integrative Study of Animal 
Behavior, Indiana University, Bloomington, Indiana 4 7 405, USA 

MANY species exhibit colour polymorphisms associated with 
alternative male reproductive strategies, including territorial 
males and 'sneaker males' that behave and look like females1- 3• 

The prevalence of multiple morphs is a challenge to evolutionary 
theory because a single strategy should prevail unless morphs 
have exactly equal fitness4•5 or a fitness advantage when rare6•7• 

We report here the application of an evolutionary stable strategy 
model to a three-morph mating system in the side-blotched 
lizard. Using parameter estimates from field data, the model 
predicted oscillations in morph frequency, and the frequencies of 
the three male morphs were found to oscillate over a six-year 
period in the field. The fitnesses of each morph relative to other 
morphs were non-transitive in that each morph could invade 
another morph when rare, but was itself invadable by another 
morph when common. Concordance between frequency-depen-
dent selection and the among-year changes in morph fitnesses 
suggest that male interactions drive a dynamic 'rock-paper-
scissors' game7• 

From 1990-95, we studied territory use and patterns of sexual 
selection on male side-blotched lizards (Uta stansburiana ), a small 
territorial iguanid lizard (3-10 g) that matures in one year in the 
inner Coast Range of California (Merced County). Territory 
defence by males is dependent on a throat-colour polymorphism 
that develops as males mature (Fig. 1). Males with orange throats 
are very aggressive and defend large territories. Males with dark 
blue throats are less aggressive and defend smaller territories. 
Males with prominent yellow stripes on their throats are 'sneakers' 
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher 
levels of testosterone8, as is the case for other vertebrates3•9- 12• 
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canics may mark the point in geological history when sea water 
approached its modem composition, rather than reflecting a 
change in the style of global tectonics. D 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 
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Example 1.11. Non-transitive games in nature

1. Mating behavior in lizards (Sinervo & Lively 1996)
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FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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Three male morphs in side-blotched lizards:

- Males with orange throats defend large territories

- Males with blue throats defend smaller territories

- Males with yellow throats are sneakers without territory

© 1996 Nature  Publishing Group

FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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the fractionation of Pb and U during fluid transport is even larger 
than suggested by the data in Table 1. 

In equilibrium with clinopyroxene and other minerals such as 
olivine and orthopyroxene, Sr partitions in favour of a hydrous 
chloridic fluid (Table 1 ). This provides a mechanism that allows 
contamination of the Sr isotopes in the zone of melting by Sr from 
the subducted oceanic slab, in agreement with the relatively 
radiogenic Sr-isotope composition of many calc-alkaline 
magmas4•6•7• Another distinctive feature of such magmas are 
often radioactive disequilibria22 with strong enrichments of 226Ra 
over 230Th. These disequilibria may also be a result of fluid 
transport. Radium behaves geochemically very similar to Ba. 
From the data in Table 1, one would therefore expect that a 
hydrous chloridic fluid would strongly enrich 226Ra over as is 
observed19• 

From the foregoing discussion, it appears that the entire trace-
element enrichment pattern in calc-alkaline magmas could be 
explained by metasomatism involving an alkali-chloride-rich fluid. 
This would imply that ultimately the trace element composition of 
the continental crust is largely a result of the complexing proper-
ties of chloride in supercritical aqueous solutions. Because the 
composition of the fluid released in the subducted slab depends on 
the composition of the sea water the oceanic crust had been 
reacting with, very old calc-alkaline rocks may preserve a record of 
the chemical evolution of sea water. The development of the 
typical modem trace element signature in subduction-zone vol-

The rock-paper-scissors game 
and the evolution of alternative 
male strategies 
B. Sinervo & C. M. Lively 

Department of Biology and Center for the Integrative Study of Animal 
Behavior, Indiana University, Bloomington, Indiana 4 7 405, USA 

MANY species exhibit colour polymorphisms associated with 
alternative male reproductive strategies, including territorial 
males and 'sneaker males' that behave and look like females1- 3• 

The prevalence of multiple morphs is a challenge to evolutionary 
theory because a single strategy should prevail unless morphs 
have exactly equal fitness4•5 or a fitness advantage when rare6•7• 

We report here the application of an evolutionary stable strategy 
model to a three-morph mating system in the side-blotched 
lizard. Using parameter estimates from field data, the model 
predicted oscillations in morph frequency, and the frequencies of 
the three male morphs were found to oscillate over a six-year 
period in the field. The fitnesses of each morph relative to other 
morphs were non-transitive in that each morph could invade 
another morph when rare, but was itself invadable by another 
morph when common. Concordance between frequency-depen-
dent selection and the among-year changes in morph fitnesses 
suggest that male interactions drive a dynamic 'rock-paper-
scissors' game7• 

From 1990-95, we studied territory use and patterns of sexual 
selection on male side-blotched lizards (Uta stansburiana ), a small 
territorial iguanid lizard (3-10 g) that matures in one year in the 
inner Coast Range of California (Merced County). Territory 
defence by males is dependent on a throat-colour polymorphism 
that develops as males mature (Fig. 1). Males with orange throats 
are very aggressive and defend large territories. Males with dark 
blue throats are less aggressive and defend smaller territories. 
Males with prominent yellow stripes on their throats are 'sneakers' 
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher 
levels of testosterone8, as is the case for other vertebrates3•9- 12• 
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canics may mark the point in geological history when sea water 
approached its modem composition, rather than reflecting a 
change in the style of global tectonics. D 
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Male fitness was estimated by the number of females that are 
exclusively on his home range (monopolized females), plus his 
share of females (shared females) that overlap with the home 
range of other males (Fig. 3a-e). Significant changes in morph 
frequency among years were consistent with an evolutionary 
response to sexual selection (Fig. 3), particularly in light of the 
heritability (h 2 = 0.96) for throat colour in nature (Fig. 2). Fitness 
regression coefficients13 describe the impact that neighbouring 
morphs have on male fitness. 'Local' frequency-dependent sexual 
selection among morphs could drive frequency fluctuations 
among years (Fig. 3). The population cycled from high frequency 
of blue (1991), to high frequency of orange (1992) to high 
frequency of yellow (1993-94) and returned to high frequency 
of blue (1995). 

Orange males increased from 1991 to 1992, owing to their 
significantly higher monopoly on females in 1991 (Fig. 3a). 
Moreover, the decline in blue males from 1991 to 1994 arose 
from losses to adjacent orange males. In 1992, blue males lost a 
monopoly on 0.11 (P < 0.05) females for every orange neighbour 
(0.59 oranges on average). Conversely, in 1993 orange males 
gained a monopoly on 1.10 females (P < 0.01) for each blue 
neighbour (0.09 blues on average). After peaking in 1992, 
orange males declined in frequency from 1992 to 1995, and 
their decline was consistent with a drop in monopolization 
observed for orange males (Fig. 3a, b). 

Although no morph had a clear fitness advantage in 1992 or 
1993, the decline in orange males was coincident with an increase 
in the frequency of yellow males (Fig. 3c, d). Losses of orange 
males were directly related to the number of neighbouring 
yellows. In 1992, each orange neighbour increased a yellow 
male's monopoly by 0.23 females (P < 0.0001) and a yellow 
male's share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of 0.55 females 
(P < 0.01) to each yellow neighbour (2.25 yellows on average). 

Yellow males declined in frequency from 1993 to 1995, and 
their decline was due in part to lower monopolization of female 
home ranges by yellow males compared to blue or orange males 
(Fig. 3d). In addition, each blue male obtained 0.25 shared 
females (P < 0.01) for each yellow neighbour (0.63 yellows on 
average). In 1995, the profile of selection returns to the pattern 
observed in 1991, when orange males have high rates of female 
monopoly (compare Fig. 3e with a), and orange males should 
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Evolutionary game theory: Non-transitive game in nature

Example 1.11. Non-transitive games in nature (continued)

2. Competition among E. Coli (Kerr et al, 2002)

Three strains of E. Coli

- Colicin-producing strain (C)

- Sensitive strain (S)

- Resistant strain (R)

summit conduit detected by microgravity observation at Izu-Oshima volcano, Japan. Geophys. Res.

Lett. 25, 2865–2868 (1998).

24. Thouret, J.-C. et al.Geomorphological and geological survey, and SPOTremote sensing of the current

activity of Nevado Sabancaya stratovolcano (south Peru): assessment for hazard-zone mapping.

Z. Geomorph. 39, 515–535 (1995).

25. Wooster, M. J. & Rothery, D. A. Thermal monitoring of Lascar Volcano, Chile, using infrared data

from the along-track scanning radiometer: a 1992–1995 time series. Bull. Volcanol. 58, 566–579

(1997).
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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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Evolutionary game theory: Non-transitive game in nature

Example 1.11. Non-transitive games in nature (continued)

2. Competition among E. Coli (Kerr et al, 2002)

Three strains of E. Coli

- Colicin-producing strain (C)

- Sensitive strain (S)

- Resistant strain (R)

summit conduit detected by microgravity observation at Izu-Oshima volcano, Japan. Geophys. Res.
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activity of Nevado Sabancaya stratovolcano (south Peru): assessment for hazard-zone mapping.

Z. Geomorph. 39, 515–535 (1995).
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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.

letters to nature

NATURE |VOL 418 | 11 JULY 2002 | www.nature.com/nature 171© 2002        Nature  Publishing Group

S is invaded by C, C is invaded by R, R is invaded by S.



Evolutionary game theory: Non-transitive game in nature

Example 1.11. Non-transitive games in nature (continued)

2. Competition among E. Coli (Kerr et al, 2002)

Three strains of E. Coli

- Colicin-producing strain (C)

- Sensitive strain (S)

- Resistant strain (R)

summit conduit detected by microgravity observation at Izu-Oshima volcano, Japan. Geophys. Res.

Lett. 25, 2865–2868 (1998).

24. Thouret, J.-C. et al.Geomorphological and geological survey, and SPOTremote sensing of the current

activity of Nevado Sabancaya stratovolcano (south Peru): assessment for hazard-zone mapping.

Z. Geomorph. 39, 515–535 (1995).
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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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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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et al, Nature 2004), games in structured populations (e.g., 
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To provide some intuition for how other models look like, I 
briefly discuss in the following the case of finite 
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• Payoffs are mapped into fitnesses by the map

f1(i) = 1 − w + wπ1(i) and f2(i) = 1 − w + wπ2(i)
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• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 

• We can derive a recursion for φi



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 

• We can derive a recursion for φi

φi = T+
i φi+1 + T−

i φi−1 + (1 − T+
i − T−

i )φi .

with φ0 = 0 and φN = 1.



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 

• We can derive a recursion for φi

φi = T+
i φi+1 + T−

i φi−1 + (1 − T+
i − T−

i )φi .

with φ0 = 0 and φN = 1.

• Setting , we can write this asyi := φi − φi−1

0 = T+
i yi+1 − T−

i yi, or yi+1 =
T−(i)
T+(i)

yi

with y1 = φ1 .



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability • In particular, 

yi =
i−1

∏
k=1

T−(k)
T+(k)

φ1 (2.16.1)

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 

• We can derive a recursion for φi

φi = T+
i φi+1 + T−

i φi−1 + (1 − T+
i − T−

i )φi .

with φ0 = 0 and φN = 1.

• Setting , we can write this asyi := φi − φi−1

0 = T+
i yi+1 − T−

i yi, or yi+1 =
T−(i)
T+(i)

yi

with y1 = φ1 .



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability • In particular, 

yi =
i−1

∏
k=1

T−(k)
T+(k)

φ1 (2.16.1)

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 

• We can derive a recursion for φi

φi = T+
i φi+1 + T−

i φi−1 + (1 − T+
i − T−

i )φi .

with φ0 = 0 and φN = 1.

• Setting , we can write this asyi := φi − φi−1

0 = T+
i yi+1 − T−

i yi, or yi+1 =
T−(i)
T+(i)

yi

with y1 = φ1 .

• Now, we use two different methods to sum up over all . 
By its definition, we have

yi

N

∑
i=1

yi = (φ1−φ0) + (φ2−φ1) + … + (φN−φN−1) = φN = 1.



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability • In particular, 

yi =
i−1

∏
k=1

T−(k)
T+(k)

φ1 (2.16.1)

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 

• We can derive a recursion for φi

φi = T+
i φi+1 + T−

i φi−1 + (1 − T+
i − T−

i )φi .

with φ0 = 0 and φN = 1.

• Setting , we can write this asyi := φi − φi−1

0 = T+
i yi+1 − T−

i yi, or yi+1 =
T−(i)
T+(i)

yi

with y1 = φ1 .

• Now, we use two different methods to sum up over all . 
By its definition, we have

yi

N

∑
i=1

yi = (φ1−φ0) + (φ2−φ1) + … + (φN−φN−1) = φN = 1.

On the other hand, using (2.16.1), we obtain:
N

∑
i=1

yi = φ1 ⋅
N

∑
i=1

i−1

∏
k=1

T−(k)
T+(k)

= φ1 ⋅ (1 +
N−1

∑
i=1

i

∏
k=1

T−(k)
T+(k) )



Evolutionary game theory: Games in finite populations

Remark 2.16. Computing a strategy’s fixation probability • In particular, 

yi =
i−1

∏
k=1

T−(k)
T+(k)

φ1 (2.16.1)

• Let  be the probability that eventually everyone 
adopts strategy 1, given that there are currently i 
players with this strategy. 

φi

• If we rule out mutations, one of the two strategies 
will eventually reach fixation. One important 
question is: given that only one individual currently 
plays strategy 1, what is the probability that 
eventually everyone will adopt it? 

• We can derive a recursion for φi

φi = T+
i φi+1 + T−

i φi−1 + (1 − T+
i − T−

i )φi .

with φ0 = 0 and φN = 1.

• Setting , we can write this asyi := φi − φi−1

0 = T+
i yi+1 − T−

i yi, or yi+1 =
T−(i)
T+(i)

yi

with y1 = φ1 .

• Now, we use two different methods to sum up over all . 
By its definition, we have

yi

N

∑
i=1

yi = (φ1−φ0) + (φ2−φ1) + … + (φN−φN−1) = φN = 1.

On the other hand, using (2.16.1), we obtain:
N

∑
i=1

yi = φ1 ⋅
N

∑
i=1

i−1

∏
k=1

T−(k)
T+(k)

= φ1 ⋅ (1 +
N−1

∑
i=1

i

∏
k=1

T−(k)
T+(k) )

• Because the two expressions need to coincide, we get

φ1 =
1

1 + ∑N−1
i=1 ∏i

k=1
T−(k)
T+(k)



Evolutionary game theory: Games in finite populations

Remark 2.17. Fixation under weak selection

• To further simplify the expression for , we can do 
a Taylor expansion when selection is weak, .

φ1
w → 0



Evolutionary game theory: Games in finite populations

Remark 2.17. Fixation under weak selection

• To further simplify the expression for , we can do 
a Taylor expansion when selection is weak, .

φ1
w → 0

• One can show (Nowak et al, 2004):

φ1 ≈
1
N

+
6
N (N(a + 2b − c − 2d) − (2a + b + c − 4d))w



Evolutionary game theory: Games in finite populations

Remark 2.17. Fixation under weak selection

• To further simplify the expression for , we can do 
a Taylor expansion when selection is weak, .

φ1
w → 0

• We say that strategy i is favored to invade if its 
fixation probability  is larger than the neutral . φi 1/N

• One can show (Nowak et al, 2004):

φ1 ≈
1
N

+
6
N (N(a + 2b − c − 2d) − (2a + b + c − 4d))w



Evolutionary game theory: Games in finite populations

Remark 2.17. Fixation under weak selection

• To further simplify the expression for , we can do 
a Taylor expansion when selection is weak, .

φ1
w → 0

• We say that strategy i is favored to invade if its 
fixation probability  is larger than the neutral . φi 1/N

• One can show (Nowak et al, 2004):

φ1 ≈
1
N

+
6
N (N(a + 2b − c − 2d) − (2a + b + c − 4d))w

• For large N, we conclude that strategy i is favored if

a + 2b > c + 2d (2.17.1)



Evolutionary game theory: Games in finite populations

Remark 2.17. Fixation under weak selection

• To further simplify the expression for , we can do 
a Taylor expansion when selection is weak, .

φ1
w → 0

• We say that strategy i is favored to invade if its 
fixation probability  is larger than the neutral . φi 1/N

• One can show (Nowak et al, 2004):

φ1 ≈
1
N

+
6
N (N(a + 2b − c − 2d) − (2a + b + c − 4d))w

• For large N, we conclude that strategy i is favored if

a + 2b > c + 2d (2.17.1)

• In the special case that the game is a coordination 
game like stag-hunt ( ), condition (2.17.1) 
is equivalent to , where

a > c, d > b
x* < 1/3

Remark 2.18. One-third rule

x* =
d − b

a − b − c + d
.



Evolutionary game theory: Games in finite populations

Remark 2.17. Fixation under weak selection

• To further simplify the expression for , we can do 
a Taylor expansion when selection is weak, .

φ1
w → 0

• We say that strategy i is favored to invade if its 
fixation probability  is larger than the neutral . φi 1/N

• One can show (Nowak et al, 2004):

φ1 ≈
1
N

+
6
N (N(a + 2b − c − 2d) − (2a + b + c − 4d))w

• For large N, we conclude that strategy i is favored if

a + 2b > c + 2d (2.17.1)

• In the special case that the game is a coordination 
game like stag-hunt ( ), condition (2.17.1) 
is equivalent to , where

a > c, d > b
x* < 1/3

Remark 2.18. One-third rule

x* =
d − b

a − b − c + d
.

This  is precisely the interior fixed point according to 
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Some things you should have learned today:

Summary

1. To illustrate the logic of evolutionary game theory, we looked at two 
well-known dynamics, the replicator equation (infinite population) and 
the Moran process (finite population).

© 1996 Nature  Publishing Group

FIG. 1 Colour polymorphisms of male side-blotched lizards. 
Males with orange throats (lower left panel) and/or sides 
(male with orange flank on the left, top panel) are 'ultra 
dominant' to males with blue on their throat (lower centre 
panel, and male on the right, top panel). Males with yellow 
throats (lower right panel) resemble females in morphology 
in that females have yellow throats when receptive. Whereas 
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1; 
yellow, 0) a small fraction of 'hybrid' blue males mature with 
dark blue throats and very thin orange stripes. These males 
were categorized as blue based on behaviour, and given a 
colour score of 1.5 for the heritability analyses. Likewise a 
small fraction of yellow-throated males mature with yellow 
throats with very pale blue stripes (not dark blue) and these 
males were categorized as yellow and given a colour score of 
0.5 for the heritability analyses. 
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FIG. 2 During 1990-95, significant among-year changes 
in the frequency of adult male colour polymorphisms 
(Fig. 1) on a 250-m-long sandstone outcropping (central 
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e, 
number of females on a male's territory, x ± s.e.), and 
morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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2. Both dynamics have interesting mathematical properties, and they are well-
connected to each other (and to the concepts of classical game theory; 
without making any a priori assumptions on the rationality of players). 
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morph fitness (see text). Frequency of morphs are plotted 
for each year as follows: 0-100% blue from base to apex, 
0-100% orange from right side to left vertex, and 0-100% 
yellow from left side to right vertex. 
METHODS. A male monopolized a female if he was the only 
male observed on a female's home range. We partitioned 
females with many males on her home range among males 
(a mean which differs from 2 means is denoted by**, and * 
denotes a mean that differs from a single mean; Fisher's 
LSD post-hoc test, P < 0.05). Survival which is based on 
comprehensive monthly recaptures15, reproductive suc-
cess1s-17, and territorial behaviour (discriminated with a 
dorsal paint-mark) 14·15 of all uniquely marked adults was 
followed. Home ranges were mapped14·15 from daily visual 
censuses (Nmales = 62, 127, 105, 116, 74; Ntema1es = 133, 
189, 178, 140, 106. N,;ghtlni?J. = 518, 1,846, 1, 791, 
3,466, 1,664 for 1991-95, respectively). Only females 
that survived to produce eggs were considered. Eggs were 
collected from all females and offspring were released 
upon hatching1s-17. Survival of uniquely marked offspring 
was censused at maturity the next year14. 
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2. Both dynamics have interesting mathematical properties, and they are well-
connected to each other (and to the concepts of classical game theory; 
without making any a priori assumptions on the rationality of players). 

Rock Paper

Scissors

3. Tomorrow, we will use such models of evolutionary dynamics to address one 
particular problem in evolutionary biology: why do individuals cooperate?  


