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Abstract An ecological system often requires moderate,
and sometimes even generous interactions among con-
stituents for achieving a sustainable coexistence. Here
we propose a configuration individual-based model for
demonstrating the evolution of generosity in an evolu-
tionary demand game. In the game, two players, pro-
posers and responders, simultaneously make their
demands. If the sum of demands is no more than the
total amount of the available resource at each game,
each player obtains its own demand. However, both
players get nothing if the sum exceeds the total amount.
We incorporated generosity by discounting players’ de-
mands. In every generation, random pairs were formed,
and each pair played the demand game. For the next
generation, individuals left a number of offspring pro-
portional to their total payoff. Demand and generosity
levels of an individual were inherited by its offspring
with slight modification by a small random mutation.
When only proposers were allowed to discount their
demands, distribution of generosity levels had its mode
at zero, and hence generosity did not evolve. However,
when both proposers and receivers were allowed to
discount their demands, the mean generosity level rose
from zero. The resultant populations were not homo-
geneous, but were made of heterogeneous individuals
with high and low generosity levels. Mean demand and
generosity levels fluctuated greatly because of the neutral
selection for the demand and generosity combinations
that equally maximized the payoff of the demand game.
Spatially limited interaction increased generosity levels
even if only proposers discounted their demands.

Keywords Ultimatum game Æ IBM Æ Neutral selection Æ
Spatially limited interaction Æ Modesty

Introduction

Ecological systems often require mild, and sometimes
even generous interaction among constituents for
achieving sustainable coexistence. Generosity can be
achieved by the scarcity of interaction within a com-
munity (May 1973; Pimm 1991), by prudence of preda-
tors (Slobodkin 1961), by genetic feedback (Pimentel
1968), and by modesty or dignity when humans are a
constituent of the system.

Evolution of cooperative behaviors is a good repre-
sentation of the evolution of generosity. The iterated
prisoners’ dilemma (IPD) game is a well-known example
capturing the evolution of cooperation (Axelrod and
Hamilton 1981). Theoretical studies using IPD models
proposed conditions in which relatively cooperative
strategies could prevail against other hostile strategies
(Nowak and Sigmund 1992).

Recently, the ultimatum game has been used for
explaining fairness in sharing problems (Peters 2000;
Sanfey et al. 2003). In the ultimatum game, a player
behaves either as a proposer or a responder at any one
time. A proposer offers some proportion, say p, of the
total amount of resource to a responder. The responder
accepts the proposal if its tolerance level, q, is equal or
smaller than p. Then the proposer obtains 1�p of the
total resource and the responder gets amount p. How-
ever, if p is less than q, the responder rejects the pro-
poser’s offer, and both the responder and the proposer
get nothing.

The subgame perfect equilibrium for the ultimatum
game is (p, q)=(0, 0) (the proposer demands the whole
share and the responder accepts it), but experiments with
human players have shown that people prefer an even
share strategy where p ranges from 0.4 to 0.5 and q
becomes around 0.3 (Nowak et al. 2000). Theoretical
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studies show that even share strategies can evolve
by incorporating spatial structure (Page et al. 2000;
Killingback et al. 2001), providing the proposers infor-
mation about what deals the responders have accepted
in the past (Nowak et al. 2000), incorporating punish-
ment against unfair proposals (Sigmund et al. 2001), or
changing to a one-parameter game by setting p=q (Page
et al. 2000).

Achieving an even share is not enough to claim the
evolution of generosity. Generosity can be expressed as
further discounting of demand even if the ultimate goal
for a player is maximizing their intakes through the
game. In this study, we used the demand game (Nash
1953), a much simpler game scenario than either the IPD
game or the ultimatum game, as the platform for dem-
onstrating the evolution of generosity. Although there is
no discrimination between proposers and responders in
the original demand game, we labeled each of the pair of
players in a round as proposer or responder, making
reference to the studies using the evolutionary ultima-
tum game (Page et al. 2000; Killingback et al. 2001;
Nowak et al. 2000; Page and Nowak 2000) (Fig. 1).

In the demand game, the proposer and the responder
simultaneously offered their demands, say dp and dr. If
the sum of demands of the two players is equal to or less
than the total amount of available resource at each
game, both proposer and responder obtain their own
demands. On the other hand, if the sum exceeded the
resource amount, both got nothing. Note that all re-
sources were allocated to the two players in the ulti-
matum game, but this was not the case for the demand
game, and 1�dp�dr was the residual. In contrast to the
ultimatum game, the rational and optimal equilibrium
(Nash bargaining solution) for the demand game is even
share, i.e., (dp, dr)=(0.5, 0.5) (Nash 1953).

Although the demand game is well abstracted, it can
be a representation of competition for common re-
sources in natural systems. Partitioning required mate-

rials and energy among cells and organs can be
expressed as a demand game at the ontogenetic level. At
the population level, the contrast between contest and
scramble competition (Toquenaga and Fujii 1990;
Takano et al. 2001; Mano et al. 2002) can be taken as
two different extreme strategies in a demand game where
multiple players share a given amount of resource at a
time. Niche differentiation among multiple species
within a community can be also characterized as a
demand game where each species demands niche space.

The aim of this article is to demonstrate the evolution
of generosity in an evolutionary demand game incor-
porating generosity by discounting demands. Two types
of discounting were considered: only proposers dis-
counted their demands (asymmetric generosity), and
both proposers and responders discounted (symmetric
generosity). We also considered the effect of spatially
limited interactions among players. Mean generosity
levels in the demand game spontaneously increased if the
generosity configuration was symmetric, i.e., both pro-
posers and responders discounted their demands. Spa-
tially limited interactions also increased mean generosity
levels even if only the proposers discounted their de-
mands. However, the resultant population was far from
monomorphic, and exhibited a broad range of distri-
bution of the generosity levels.

Model

We constructed a configuration individual-based model
(Kawata and Toquenaga 1994) for implementing the
demand game with 100 individuals. In our model, each
individual had three real values for the demand game.
The first value, d, represented a demand level and the
second, g, represented a generosity level. Both values
ranged [0, 1] and were initially set as uniform random
variables. The third one is a fitness value, which was zero
at the beginning. In each round, every member of the
population played a role of a proposer. For each pro-
poser, another individual was picked up randomly from
the population and assigned as a responder. In the
asymmetric generosity scenario, only the proposer dis-
counted its demand, proposing d(1�g), whereas the re-
sponder demanded d. In the symmetric generosity
scenario, both the proposer and the responder proposed
discounted demands, or d(1�g) (Fig. 1). Discounting
can be expressed as a subtraction form, i.e., d�g, which
brings no essential difference to results, so we only dis-
counted by multiplication.

If the sum of the realized demands was equal to or
less than unity, each player got its demand. If the sum
exceeds unity, both got nothing. The payoff through the
demand game was incorporated into the fitness value of
each player. After five bouts (5· population size), each
individual in the population was allowed to reproduce
its offspring proportionally to its fitness value. The
population mean number of offspring produced per
generation monotonically increased at first, but after 200
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Fig. 1 Examples of symmetric and asymmetric generosity imple-
mentation. In the default setting, the sum of potential demands of
the proposer and the responder exceeds unity (top). In asymmetric
generosity setting, the proposer discount its potential demand, and
the sum of demands is less than unity (middle). In the asymmetric
generosity setting, both the proposer and the responder discount
their demands, and the realized sum of demands becomes even less
than unity (bottom)
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generations, it reached the plateau at about 525 with
large fluctuation (about ±50).

Offspring inherited d and g values from their
parents with a slight modification, d¢=d+N(0, 0.01),
g¢=g+N(0, 0.01), where N(0, 0.01) is a random variable
derived from a standard normal distribution with mean
and variance of 0 and 0.01, respectively. d or g values
after mutation were set to be zero or unity when they fell
out of the range of [0, 1]. This genetic implementation
corresponds to a quantitative genetic model for haploid
organisms. Fitness values for offspring were set to be
zero at birth. To realize overlap generations, all off-
spring were merged to the parent population. Then the
whole population was shuffled followed by a truncation
of population size to the original size (=100). The whole
process was repeated for 5,000 generations.

We also examined the spatially localized interaction.
We adopted a continuous spatial configuration rather
than discrete ones such as a lattice or a grid formation.
Each individual was assigned two random numbers,
each of which corresponded to either the x- or the y-axis.
The space was a torus (Fig. 2), and hence, both x- and y-
values range [0, 1]. In the spatial configuration, each
individual played the demand game only within a
neighborhood of a specified radius (=0.1). If there were
no individual within the range, the individual did not
reproduce. Offspring were then distributed randomly
within the neighborhood range. In the non-spatial con-
figuration, all members within the space were candidates
for partners to play the demand game. Offspring were
distributed randomly throughout the space in the non-
spatial configuration.

All programs were written in Ruby script (Matsum-
oto and Reynolds 2001; Matsumoto 2002) running on
either Linux or MacOS X 10.2 machines. There were
four parameter settings in total: non-spatial and asym-
metric generosity, non-spatial and symmetric generosity,
spatial and asymmetric generosity, and spatial and
symmetric generosity. We compared the four parameter
settings using the average of population means of de-
mand and generosity levels in the course of 5,000 gen-
erations. We also compared the distribution of demand
and generosity levels for 100 replicates in the final state
(5,000th generation). We used R Development Core
Team 2004 (Ihaka and Gentleman 1996; Dalgaard 2002)
running on either Linux or MacOS X 10.2 machines for
all statistical analyses.

Results

The expected rational equilibrium for the default evo-
lutionary demand game became even share, or dp and dr
became slightly less than 0.5 (Fig. 3). The deviation from
an exactly even share (d=0.5) became larger when the
mutation rate for demanding increased. The Appendix
shows the mathematical proof that optimal demand
converged to ð2� eÞ=4 where � was the stochastic
(mutational) deviation from the optimal demand val-
ues.Figure 4 shows the change of population mean val-
ues of demand and generosity levels of a replicate for
each of the four parameter settings (non-spatial-asym-
metric generosity, non-spatial-symmetric generosity,
spatial-asymmetric generosity, and spatial-symmetric
generosity). The demand levels fluctuated greatly when
generosity implementation was symmetric. The gener-
osity levels fluctuated greatly irrespective of symmetry of
the generosity configuration. Hence we averaged the

Fig. 2 Spatial configuration of the demand game with generosity
configuration. Each player is placed in the space where x- and y-
axis range [0, 1]. The space is torus, so the neighborhood range
(shaded circular area) of a focal individual (black) can expand to the
other side of the space
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Fig. 3 Change of the demand value (d) in the evolutionary demand
game without generosity implementation for two different muta-
tional deviation values (e). The fluctuating dark and light colored
lines represent changes of demand values when e=0.01 and e=0.1,
respectively. The dashed line represents d=0.5
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population means of demand and the generosity levels
for all 100 replicates for each generation so as to over-
view the trends of change in demand and generosity
levels. In the following subsections, we first show the
dynamics of mean demand and generosity levels. We
then examine the distribution of generosity levels at the
end of runs and summarize the pattern of generosity
evolution for each of the four parameter settings.

Averaged population means of demand and generosity
levels

Figure 5 shows changes of mean demand and generosity
levels averaged over 100 replicates. Table 1 shows
ANOVA results for mean demand and generosity levels.
Values before 3,000 generations were taken to be tran-

sient, and we used only values from generations 3,000 to
5,000 for the ANOVA. Thus each of the four parameter
settings has 2,000 samples. Demand levels were always
higher in the symmetrical generosity setting than those
in the asymmetrical setting. When generosity was
asymmetrical, the demand level in the spatial configu-
ration was higher than that of the non-spatial configu-
ration. However, space did not affect the demand level
when generosity was symmetric. This difference has been
identified as the term of interaction between the spatial
and the generosity configuration (S · G) in Table 1.

In the non-spatial configuration, the generosity level
was higher when generosity implementation was sym-
metric. Generosity levels were high and there was no
difference between symmetric and asymmetric generosity
with spatial configuration. Thus, the interaction was
detected between spatial and generosity symmetry con-
figurations (Table 1). Generosity levels were not differ-
ent between spatial and non-spatial configurations when
generosity settings were symmetric.

Distribution of demand and generosity levels
at the 5,000th generation

Figure 6 shows the distributions of demand and gener-
osity levels for 100 replicates (100·100=10,000 indi-
viduals) at the 5,000th generation with the non-spatial
configuration. Distribution of demand levels was uni-
modal with a relatively narrow range when the gener-
osity setting was asymmetric (Fig. 6a). However,
generosity levels varied more widely and the shape of the
distribution became triangular with the maximum fre-
quency at g=0 (Fig. 6b). When the generosity setting
was symmetric, the distribution of generosity levels be-
came almost unimodal with peak around g=0.5
(Fig. 6d). The distribution of demand levels also dras-
tically shifted toward high demand levels (Fig. 6c).

Figure 7 shows the distributions of demand and
generosity levels for 100 replicates at the 5,000th gen-
eration with a spatial configuration. The distribution of
demand levels was unimodal with a narrow range, as

Table 1 Effects of space and generosity mode (symmetry or
asymmetry) against the mean demand and generosity levels

df SS MS F value P value

Demand level
Spatial effect (S) 1 1.093 1.093 22,275 � 0.001
Generosity
Mode (G)

1 68.641 68.641 1,398,728 � 0.001

S · G 1 0.846 0.846 17,239 � 0.001
Residuals 7,996 0.392 4.907e�05
Generosity level
Spatial effect (S) 1 10.8488 10.8488 136,936 � 0.001
Generosity
mode (G)

1 15.8116 15.8116 199576 � 0.001

S · G 1 8.5710 8.5710 108,185 � 0.001
Residuals 7,996 0.6335 0.0001
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Fig. 5 Changes of mean demand and generosity levels for 100 runs.
Light and dark colored lines represent symmetric and asymmetric
generosity settings, respectively. The broken line shows d=0.5
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Fig. 4 Examples of changes of demand and generosity levels in the
evolutionary demand game with generosity configuration. Light
and dark colored lines represent symmetric and asymmetric
generosity configuration, respectively
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was that for the non-spatial configuration, when gener-
osity setting was asymmetric (Fig. 7a). However, its
central location was shifted toward higher demand lev-
els. This change corresponded to the change of the dis-
tribution of generosity levels, which shifted from a
triangular shape to a unimodal one with its peak at
around g=0.3 (Fig. 7b). When the generosity setting
was symmetric, the distributions of demand and gener-
osity levels were almost the same as those for the non-
spatial configuration (Fig. 7c, d).

Discussion

We considered the evolution of generosity, incorporat-
ing discounting demands in a simple evolutionary de-
mand game. Generosity level increased when both
proposers and responders discounted their demands
(symmetrical generosity configuration) in the no-spatial

configuration. Spatially limited interaction increased the
generosity level even when only proposers discounted
their demands (asymmetric generosity configuration).
There was no extra increase in the generosity levels due
to the interaction between the spatial and the symmetric
demand configurations.

Effect of symmetrical generosity configuration

Generosity is defined as discounting demand even
though the aim of the evolutionary demand game is
maximizing intake through the game interaction. There
would be no place for generosity to prevail in the context
of optimal theory, but when we implemented the gen-
erosity as discounting demand in the evolutionary de-
mand game, the generosity level persisted non zero
values in both symmetric and asymmetric generosity
scenarios.
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Here we focus on cases with non-spatial configura-
tions. When only proposers discounted their demand,
the distribution of generosity levels became a charac-
teristic triangular shape with its peak at g=0 (Fig. 6b).
It is clear that a population consisting of monomorphic
individuals adopting d=0.5 and g=0 is in an evolu-
tionarily stable state. Slight perturbation in demand and
generosity levels opens a way to increasing both demand
and generosity levels, but this is only the case when the
two levels increase simultaneously. Otherwise increasing
demands cause failure in a demand negotiation, and an
increasing generosity level leads to diminishing returns.

Now let’s plot the relationship between demand and
generosity levels (Fig. 8). If a population consists of
monomorphic individuals in terms of demand (d) and
generosity (g) levels, any combinations of d and g are
equivalent on the line defined by d(1�g)+d=1 (super-
imposed dotted line on the upper panels in Fig.8). All (d,
g) combinations above this line are feasible. In other
words, this line is the target (d, g) combination as the
threshold line of d=0.5 in Fig. 1, and most (d, g) com-
binations above this line diminish at the early stages of
the evolution of generosity. The distribution of the (d, g)
combinations was dense at the bottom along the gen-
erosity axis when there was non-spatial configuration.
This is because high d and high g combinations cannot
persist against the (d, g)=(0.5, 0) strategy or its variants.

Thus, population converges to (d, g)=(0.5, g) strategy
where g becomes the triangular distribution. Incorpo-
rating spatial configuration caused the distribution to
rise horizontally along the generosity axis (the upper
right panel in Fig 8).

Incorporating symmetry in generosity drastically
changed the shape of the distribution of generosity levels
from triangular to unimodal (Fig. 6d). This change was
solely due to the change in the threshold line in the
parameter space for the demand and the generosity
levels [(d, g) combinations] (the lower left panel in
Fig. 8). Incorporating symmetrical demand configura-
tion, the distribution of the (d, g) combination formed a
parabola cloud slightly above the threshold line ex-
pressed as d(1�g)=0.5 (the lower two panels in Fig. 8).
The (d, g) combination randomly wandered above the
threshold line, and the dynamics of the demand and
generosity levels were simply random walks (Figs. 4, 9).

In the symmetric generosity configuration, demand
and generosity levels are mutually exchangeable. Each
combination of the demand and the generosity levels was
equivalent to or just above the threshold line, and hence,
the selection against (d, g) combinations was neutral.
Note that individuals were monomorphic in terms of
realized demands (d · g . 0.5) at the equilibrium state,
which was not the case in asymmetric generosity con-
figurations. Even if discounting demand is realized by
subtraction, and hence, the demand and generosity levels
are not mutually exchangeable, we obtain a similar
neutrally selected combination set of (d, g), i.e., d � g
=0.5 when generosity configuration is symmetrical.

Because the population adopting symmetric gener-
osity is monomorphic in terms of the realized demand
level, and the demand level is an evolutionary stable
strategy (see Appendix), individuals adopting asym-
metric generosity cannot invade a population where
both proposers and responders discount their demands.
However, individuals adopting the symmetric generosity
can invade a population in which only proposers dis-
count their demands. Once a mutation that causes the
discounting demands of both proposers and responders
occurs, it creates a neutral pathway in the (d, g) space
(the lower panels in Fig. 8), which increases both mean
demand and mean generosity levels. The probability of a
successful deal between a pair of players becomes much
higher in the symmetric generosity scenario than that
when only the proposers discount. Thus, discounting for
both proposers and responders prevails against asym-
metric discounting strategies.

Note that the distributions of realized demand levels
[i.e., d(2�g)/2 and d(1�g) for asymmetric and sym-
metric generosity configuration, respectively] showed
almost the same shape with that obtained for the de-
fault demand game (i.e., without generosity configura-
tion), although they were significantly different from
each other according to Kolmogorov-Smirnov test
(Fig. 10). Thus, achieving the optimal realized demand
levels, non-zero generosity levels emerged in the present
game system.

Fig. 8 Frequency distribution of combinations of demand and
generosity levels after 5,000 generations for 100 simulation runs.
The brightest color corresponds to the highest frequency. The right
hand side and the bottom color bars for each panel indicate the
marginal distributions of the demand and the generosity levels,
respectively. The white dotted lines in the upper panels indicate the
threshold line expressed as d(2�g)=1. The white dotted parabola
lines in the lower panels indicate the threshold line expressed as
d(1�g)=0.5
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Effect of spatial configuration

In general, spatially limited interactions increase the
chance of the evolution of harmonious behaviors, such
as altruism and fair sharing. (Keeling 1999; Killingback

et al. 2001; Page et al. 2000). Localized interactions re-
duce the effective population size and increase the
probability of purging harmful agents, such as selfish
cheaters and defectors. In the present study of the simple
evolutionary demand game, spatial configuration fos-
tered the evolution of generosity. A subpopulation con-
sists of (d, g)=(0.5, 0) strategy or its variants has a high
probability of purging individuals with high d and low g
values because they tended to fail in negotiations of the
demand game. This scenario is a negative group selection
(Gilpin 1975) against selfish demanders, which, in ex-
change, increases the chance of generosity prevailing.

The spatial distribution of individuals having differ-
ent (d, g) combinations did not show clear spatial
structures, such as spirals, stripes or traveling waves,
when the game interactions and offspring dispersal were
spatially restricted. The authors have not been able to
derive any formal and mathematical proof of the spatial
effect increasing generosity levels in the present evolu-
tionary demand game. Further study on spatial effects of
space on evolution of generosity should be undertaken.
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Appendix

This appendix shows that the optimal demand level
becomes slightly less than an even share in the evolu-
tionary demand game when the discounting of the de-
mand level is not incorporated. Here we follow the
method that Page and Nowak 2000 used for deriving
adaptive dynamics of the one-parameter ultimatum
game.

In our evolutionary demand game, a player adopting
strategy Si demands Pi (0 £ Pi £ 1). The expected
payoff for a player with strategy Si when it plays a round
against another player with strategy Sj can be expressed
as follows:
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Fig. 9 The power spectrum of the dynamics of the generosity level
for a typical run without the spatial but with the symmetrical
generosity configuration. The inset line shows the slope of �2,
which is the characteristic for a simple random walk. A similar plot
can be obtained for the dynamics of the generosity level with the
spatial configuration

Fig. 10 Histograms of realized demand levels of individuals in all
replicates at the 5,000 generation for the default (w/o generosity
configuration, top), asymmetric generosity configuration (middle),
and symmetric generosity configuration (bottom) systems. The
realized demand levels for individual players were calculated as
dð2� gÞ=2 and d(1�g) for asymmetric and symmetric configura-
tion, respectively. The Kolmogorov–Smirnov Test showed that the
distribution of the default demand game was significantly different
from those of asymmetric (P=0.0004453) and symmetric
(P=5.52e�5) configuration, respectively. There was also significant
difference between the distributions for the two generosity
configurations (P=0.01726)
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EðSi; SjÞ ¼ PiHð1� Pi � PjÞ

whereH(x) is a step function that returns unity when x is
greater or equal to zero, and returns zero otherwise.

Now suppose that the population is almost homo-
geneous with demands uniformly distributed within a
small neighborhood of p p � e=2; p þ e=2½ �ð Þ: The aver-
age payoff received by a player with strategy S2 (P2 2

p � e=2; p þ e=2½ �ð Þ; is represented as follows:

E S2; �Sð Þ ¼ 1
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p�e
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When P2 is greater than 1� pþ e=2; E S2;�Sð Þ becomes
zero because H(1�P1�P2) is always zero regardless of
P1. When P2 is a value between 1� p� e=2 and 1� pþ
e=2 the value of H(1�P1�P2) depends on the value of
P1. Then E S2;�Sð Þ is given by
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� �
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is equal to p, p becomes (2 + eÞ=6: This value of p
requires that e is greater than 0.4 because p > 1� 3e=2:
This is in contradiction of our assumption that e is very
small.

When P2 is equal to or less than 1� p � e=2;
H(1�P1�P2) is always unity. Hence,

E S2; �Sð Þ ¼ 1

e

Z pþe
2

p�e
2

P2Hð1� P1 � P2ÞdP1

¼ 1

e

Z Pþe
2

p�e
2

P2 dP1

¼ P2

The derivative of E S2; �Sð Þ for P2 is

dE S2; �Sð Þ
dP2

¼ 1

Thus dE S2; �Sð Þ
�
dP2 is always positive. Then, E S2; �Sð Þ is

maximized when P2 ¼ 1� p � e=2: If P2=p, p ¼
ð2� eÞ=4: Thus, the optimal demand level in the evolu-
tionary demand game is slightly lower than 0.5, and the
deviation depends on the magnitude of stochasticity.

References

Axelrod R, Hamilton WD (1981) The evolution of cooperation.
Science 211:1390–1396

Dalgaard P (2002) Introductory statistics with R. Springer, Berlin
Heidelberg New York

Gilpin M (1975) Group selection in predator-prey communities.
Princeton, N.J.

Ihaka R, Gentleman R (1996) R: A language for data analysis and
graphics. J Comput Graph Stat 5:299–314

Kawata M, Toquenaga Y (1994) From artificial individuals to
global patterns. Trends Ecol Evol 9:417–421

Keeling M (1999) Spatial models of interacting populations. In:
McGlade J (ed) Advanced ecological theory. Blackwell, Oxford,
pp 64–99

Killingback T, Studer E (2001) Spatial ultimatum games, collabo-
rations and the evolution of fairness. Proc R Soc London B
268:1797–1801

Mano H, Toquenaga Y, Fujii K (2002) Scramble competition in
Callosobruchus analis. Popul Ecol 44:259–264

Matsumoto YM (2002) Ruby programming language. Addison
Wesley, Reading

Matsumoto Y, Reynolds DL (2001) Ruby in a nutshell. O’Reilly,
UK

May RM (1973) Stability and complexity in model ecosystems.
Princeton, N.J.

Nash JF (1953) Two-person cooperative games. Econometrica
21:128–140

Nowak MA, Sigmund K (1992) Tit for tat in heterogeneous pop-
ulations. Nature 355:250–253

Nowak MA, Page KM, Sigmund K (2000) Fairness versus reason
in the ultimatum game. Science 289:1773–1775

Page KM, Nowak MA (2000) A generalized adaptive dynamics
framework can describe the evolutionary ultimatum game. J
Theor Biol 209:173–179

Page KM, Nowak MA, Sigmund K (2000) The spatial ultimatum
game. Proc R Soc London B 267:2177–2182

Peters R (2000) Evolutionary stability in the ultimatum game.
Group Decis Negot 9:315–324

Pimentel D (1968) Population regulation and genetic feedback.
Science 159:1432–1437

Pimm SL (1991) The balance of nature?. Chicago, Ill.
R Development Core Team (2004) R: A language and environment

for statistical computing. Vienna, Austria: R Foundation for
Statistical Computing. 3-900051-00-3

Sanfey AG, Rilling JK, Aronson JA, Nystrom LE, Cohen JD
(2003) The neural basis of economic decision-making in the
ultimatum game. Science 300:1755–1758

38



Sigmund K, Hauert C, Nowak MA (2001) Reward and punish-
ment. Proc Natl Acad Sci USA 98:10757–10762

Slobodkin LB (1961) Growth and regulation of animal popula-
tions. Dover, New York

Takano M, Toquenaga Y, Fujii K (2001) Polymorphism of com-
petition types and its genetics in Callosobruchus maculatus
(Coleoptera: Bruchidae). Popul Ecol 265–273

Toquenaga Y, Fujii K (1990) Contest and scramble competition in
two bruchid species, callosobruchus analis and c. phaseoli
(Coleoptera: Bruchidae): I larval competition curves and
interference mechanisms. Res Popul Ecol 32:349–363

39


	Sec1
	Sec2
	Fig1
	Sec3
	Fig2
	Fig3
	Sec4
	Sec5
	Tab1
	Fig5
	Fig4
	Sec6
	Sec7
	Fig7
	Fig6
	Fig8
	Sec8
	Ack
	Sec9
	Fig10
	Fig9
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25

