One-shot reciprocity under error

management is unbiased and fragile*

Jarid Zimmermann'! and Charles Efferson?

Department of Economics, University of Cologne

2Department of Economics, University of Zurich

Running title: One-shot reciprocity is unbiased and fragile

Word count: c. 6500

*Corresponding authors: Jarid Zimmermann (jarid.zimmermann@uni-koeln.de) and Charles Ef-
ferson (charles.efferson@econ.uzh.ch)



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Abstract: The error management model of altruism in one-shot interactions provides
an influential explanation for one of the most controversial behaviors in evolutionary
social science. The model posits that one-shot altruism arises from a domain-specific
cognitive bias that avoids the error of mistaking a long-term relationship for a one-shot
interaction. One-shot altruism is thus, in an intriguingly paradoxical way, a form of reci-
procity. We examine the logic behind this idea in detail. In its most general form the
error management model is exceedingly flexible, and restrictions about the psychology
of agents are necessary for selection to be well-defined. Once these restrictions are in
place, selection is well defined, but it leads to behavior that is perfectly consistent with
an unbiased rational benchmark. Thus, the evolution of one-shot reciprocity does not re-
quire an evoked cognitive bias based on repeated interactions and reputation. Moreover,
in spite of its flexibility in terms of psychology, the error management model assumes
that behavior is exceedingly rigid when individuals face a new interaction partner. Reci-
procity can only take the form of tit-for-tat, and individuals cannot adjust their behavior
in response to new information about the duration of a relationship. Zefferman (2014)
showed that one-shot reciprocity does not reliably evolve if one relaxes the first restric-
tion, and we show that the behavior does not reliably evolve if one relaxes the second
restriction. Altogether, these theoretical results on one-shot reciprocity do not square
well with experiments showing increased altruism in the presence of payoff-irrelevant

stimuli that suggest others are watching.

Key words: cognitive biases, error management theory, evolution of cooperation,

anonymous one-shot games
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1 Introduction

Error management theory (Haselton and Nettle, 2006) has provided a number of provoca-
tive hypotheses about the evolution of human behaviors in different domains. FError
management mechanisms all share the assumption that asymmetric error costs in the
ancestral past drove the genetic evolution of domain-specific mechanisms responsible for
strong biases in behavior. These behavioral biases often persist and can thus be ob-
served among contemporary humans. To recount perhaps the most well-known example
(Haselton and Buss, 2000; Haselton and Nettle, 2006; Perriloux and Kurzban, 2015),
consider a man in a bar. The man is curious about whether various women in the bar
might have sex with him. The man can make two types of error. He can approach a
woman who rejects him, or he can fail to approach a woman who would have responded
positively had he approached her. The hypothesis proposes that for men, for most of
human evolutionary history, missed mating opportunities were more costly than rejec-
tions. Because of this selective regime in the ancestral past, our representative man in
a bar will show a strong tendency to approach women for sex. Though the details vary
by decision-making domain, other error management hypotheses follow the same basic
logic.

In general, one of the challenges in error management theory is determining whether
a given bias in behavior involves an associated cognitive bias (McKay and Efferson,
2010; Marshall et al., 2013). If decision makers face asymmetric error costs and maxi-
mize expected utility or fitness, decision makers will exhibit behavioral biases even with
Bayesian beliefs. The man in the bar, for example, might overestimate the woman’s
interest in him relative to what the evidence suggests, but this is not necessary. If the
cost asymmetry is sufficiently extreme, he will approach the woman even if he has an
exceedingly weak belief that he will be successful. Moreover, this is true even if he
has integrated all relevant information in an unbiased and theoretically justifiable way,

which means he has posterior beliefs equivalent to a Bayesian. The upshot is that bi-
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ases in behavior under cost asymmetries may often be perfectly consistent with ordinary
optimization and unbiased beliefs. Error management accounts, in contrast, emphasize
the hypothesis that asymmetric error costs in a given domain in the ancestral past have
generated adaptive domain-specific cognitive biases (Haselton and Nettle, 2006; Johnson
et al., 2013). Because error management often predicts the same behavior, for example,
as maximizing expected utility under Bayesian beliefs, identifying effects specifically due
to biased cognition can be difficult (McKay and Efferson, 2010; Marshall et al., 2013).

These challenges are especially relevant for the error management account of anony-
mous one-shot altruism. Anonymous one-shot altruism has been documented experi-
mentally many times (Camerer, 2003), but providing an evolutionary explanation has
proven to be a caustic and controversy-filled area of research (Henrich, 2004; Raihani
and Bshary, 2015). One highly influential hypothesis argues that subjects who are al-
truistic in one-shot experiments are managing errors. Specifically, they are somehow
treating the one-shot interaction as repeated because repeated interactions were a cru-
cial part of social life for ancestral humans. As a result, humans have evolved cognitive
biases that are extremely sensitive to signals suggesting one’s prosocial reputation might
be at stake. After observing such a signal, the relevant psychology can become active,
and individuals behave prosocially in order to protect their reputations in implicitly
repeated interactions (Haley and Fessler, 2005; Hagen and Hammerstein, 2006; Burn-
ham, 2013; Raihani and Bshary, 2015, but see Zefferman, 2014). Anonymous one-shot
altruism in this case is more appropriately thought of as one-shot reciprocity. Though
the explicit structure of the social interaction is anonymous and one-shot, the implicit
structure hinges on an evoked psychology involving repeated interactions, reciprocity,
and reputation management.

Empirical studies of one-shot reciprocity have largely tested whether altruistic giv-
ing increases in the presence of payoff-irrelevant signals suggesting the subject is being

observed. A typical signal, for example, is some kind of stylized face that appears in the
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background without explanation. Studies of this sort have produced a fascinating mix
of findings both for and against the one-shot reciprocity hypothesis (Nettle et al., 2013;
Sparks and Barclay, 2013), and we even have conflicting results from studies using ex-
actly the same stylized face and similar experimental protocols (Haley and Fessler, 2005;
Fehr and Schneider, 2010; Vogt et al., 2015). Given recent studies showing that exper-
imental results on social behavior do not replicate as often as we might like (Shanks
et al., 2013; Open-Science-Collaboration, 2015; Camerer et al., 2016), we should ap-
proach mixed empirical results with some skepticism, and future experimental research
on one-shot reciprocity would benefit greatly from pre-registration. Furthermore, even
if results supporting one-shot reciprocity prove reliable in the long run, the appropriate
evolutionary interpretation is far from obvious (Vogt et al., 2015).

Nonetheless, the fact remains that several experiments have found that payoff-irrelevant
cues increase altruism, and the interpretation that reciprocity and reputation affect one-
shot behavior has been extremely influential (Haley and Fessler, 2005; Hagen and Ham-
merstein, 2006; Raihani and Bshary, 2015). Understanding the evolution of psychological
mechanisms that might support one-shot reciprocity is our objective in this paper. In
particular, when payoff-irrelevant cues increase altruism, payoff-irrelevance and the min-
imal nature of the stimuli (e.g. Rigdon et al., 2009) suggest that a cognitive bias could be
at work. A recent evolutionary model has provided a theoretical foundation for this idea
by demonstrating how past cost asymmetries could have selected for a psychology that
supports one-shot reciprocity (Delton et al., 2011a). The model assumes that agents
are uncertain about whether social interactions are one-shot or repeated. Agents receive
cues that provide information about this critical distinction, and they then commit to a
strategy. Agents can thus make two types of error. They can treat a one-shot interaction
as repeated, or they can treat repeated interactions as one-shot. When agents are play-
ing a social dilemma with potential efficiency gains, the latter error can be much more

costly. This cost asymmetry can lead to the evolution of a cognitively biased tendency
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to cooperate “irrationally” (Delton et al., 2011a, p. 13336) in one-shot interactions.

The link to experiments showing that payoff-irrelevant cues can increase altruism
is the following. In ancestral settings, cues of observability were conceivably impor-
tant sources of information indicating repeated interactions and the need to manage
one’s reputation. The error management model of one-shot reciprocity shows that un-
der appropriate conditions selection can render agents extremely sensitive to such cues.
Specifically, a population can evolve so that agents behave prosocially even if available
cues provide only weak evidence that interactions are repeated. This hypersensitivity is
what the contemporary experimentalist identifies when she finds that a stylized face, for
example, increases altruism in a setting that is otherwise described as one-shot. Exper-
imental participants may or may not be aware of how they respond to a stylized face.
Regardless, the error management account argues that ancestral cost asymmetries led
to a cognitive bias exceedingly prone to yield altruistic behavior even when observable
cues only weakly signal that one’s prosocial reputation is at stake.

The error management model of one-shot reciprocity raises two fundamental ques-
tions, and we take up both in this paper. First, does one-shot reciprocity actually require
a cognitive bias? As we have argued, cost asymmetries can generate tremendous biases
in behavior without cognitive distortions. To identify a cognitive bias, one must have
an unbiased benchmark. We provide exactly such a benchmark below and compare it
to the error management model of one-shot reciprocity.

Second, regardless of the cognitive underpinnings, how robust is the evolution of one-
shot reciprocity as a behavior? A growing body of theory has shown that the evolution
of reciprocal strategies can be quite fragile (Boyd and Lorberbaum, 1987; Wahl and
Nowak, 1999; Boyd, 2006; Le and Boyd, 2007; van Veelen et al., 2012; Zefferman, 2014).
In particular, repeated interactions create many equilibria. As a result, a population can
evolve such that any given reciprocal strategy, once common, will collapse and open the

door for some other reciprocal strategy to invade. Reciprocal strategies come and go, and
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the population spends a conspicuous amount of time at the uncooperative equilibrium
along the way (van Veelen et al., 2012). Without assortment, preventing this outcome
usually requires one to arbitrarily exclude certain strategies from consideration, and this
leads to model results that seem equivalently arbitrary (Henrich, 2004).

Importantly, if these problems exist when interactions are actually repeated, they
could also exist for the implicitly repeated interactions of one-shot reciprocity. Zefferman
(2014) has recently shown that this is indeed the case. We come to the same conclusion
in a different way. Specifically, Zefferman (2014) allowed for various forms of reciprocity
that are hesitant, repentant, and forgiving. We simply allow agents to update how
they play as they receive new information about whether a relationship is one-shot or
repeated. Intuitively, if error management agents choose defection or reciprocity given
beliefs in the face of uncertainty (Delton et al., 2011a), we allow them to update their
choice when uncertainty is removed. This is a minute and compelling modification of the
error management model because it represents a simple extension of the logic inherent
in the model itself.

Throughout the paper we show in detail how our approach relates to both Delton
et al. (2011a) and Zefferman (2014). As a brief prelude, like Delton et al. (2011a) but
unlike Zefferman (2014), we focus on proximate psychology. Accordingly, we consider
a question ubiquitous in error management theory, the question of whether evolution
leads to adaptive cognitive biases. In addition, like Zefferman (2014) but unlike Delton
et al. (2011a), we find that intuitive and compelling modifications of the error manage-
ment model dramatically reduce cost asymmetries and limit the evolution of one-shot

reciprocity as a consequence.

2 Uncertainty and the cost asymmetry

Agents are randomly paired to play a simultaneous prisoner’s dilemma with two possible

actions. Cooperating brings a private cost, ¢ > 0, and generates a benefit, b > ¢, for
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the other player. Defecting does not bring a cost or generate a benefit. Interactions can
be repeated or one-shot, which we indicate with the variable R. R is a random variable
with support {0,1}. This simply means that R takes each of the two values in the set
{0,1} with some probability. Once R takes a specific value from the support, we refer
to the realization of R, which we denote generically as r.

R = 0 indicates a one-shot interaction, and thus R = 0 means the agents in a pair play
a typical one-shot prisoner’s dilemma. Defection is always better from the individual’s
perspective, but mutual cooperation is better for both agents than mutual defection.
R = 1 indicates repeated interactions, which occurs with an ex ante probability of
P(R=1) € (0,1). If R = 1, the continuation probability is w € (0,1), and thus the
expected number of interactions is ¥ = 1/(1 —w) > 1. R =1 is a standard repeated
prisoner’s dilemma in dyads (Axelrod and Hamilton, 1981). As w increases, the expected
number of repeated interactions increases, and this can increase the gains from mutual
cooperation when reciprocators are paired.

Before paired agents play, each receives a private signal providing information about
whether the game will be one-shot or repeated. For individual 7, this signal is a random
variable, S;, with the real numbers as a support and realizations s;. Importantly, a
realized signal leaves an agent with some degree of uncertainty. How agents respond
to this posterior uncertainty is a key question of interest. The cumulative distribution
functions for signals are denoted F'(s; | R = r). Private signals are informative but noisy.
Specifically, in keeping with the error management model (Delton et al., 2011a), we
assume that the F(-| R = r) are continuous and strictly monotonic, and for all finite s;
they satisfy F(s;| R = 0) > F(s;| R = 1). The latter condition ensures that relatively
small values of s; provide relatively strong evidence that a pair will have a one-shot
interaction, while relatively large values of s; provide relatively strong evidence that a
pair will have a relationship with k£ > 1 expected interactions.

After receiving a signal, an agent commits to one of two options, either always defect
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(D) or tit-for-tat (T). We call these options “sub-game strategies” because they refer to
the strategies available after an agent receives a private signal and reaches the associated
sub-game. The set of sub-game strategies is thus {D, T}. To denote sub-game strategies
for 4, X; is a random variable with support {D, T} and realizations x;.

When w is close to one, a relationship in a dyad is long-lasting in the sense that ex
ante the expected number of interactions is large. In this case a radical cost asymmetry
results. Specifically, if interactions are repeated and i commits to defection when paired
with a partner playing tit-for-tat, ¢ will receive b in lieu of k(b — ¢). This error involves a
cost of k(b—c)—b, which becomes arbitrarily large as w — 17. If, however, the interaction
is one-shot and ¢ commits to tit-for-tat when paired with a partner playing unconditional
defection, ¢ will receive —b instead of 0. This error involves a cost of 0 — (—b), which
is constant. By extension, the asymmetry in expected error costs becomes arbitrarily
large as the length of relationships increases when interactions are repeated. Intuitively,
defecting on someone you will interact with over and over again can be boundlessly

costly, while cooperating with someone you will never see again cannot.

3 Degrees of freedom under error management

We begin by examining the flexibility of decision making under the error management
model. In doing so, we focus on the psychological basis of behavior because the er-
ror management model specifies the psychology of decision making in a way that has
potential implications for evolution. An analysis of population dynamics comes later.
Selection in the error management model is based on fitness values that depend on
phenotypes. In general, if an error management model has many degrees of freedom,
it will admit different psychological pathways for producing a given phenotype (McKay
and Efferson, 2010). This implies, in turn, the possibility that a selected phenotype can
be produced in many different ways. In such cases, selection on psychology will not be

well defined, and random drift will play an outsize role in the evolution of cognition. As
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we now explain, the error management model of one-shot reciprocity exhibits this kind
of excess flexibility.

Specifically, each agent processes information, which leads to some belief about
whether a relationship will involve repeated interactions, and given a belief each agent
has some motivation to choose tit-for-tat. The flexibility of the error management model
stems from the fact that a single phenotype is often consistent with multiple combina-
tions of information processing and motivation. Consequently, even if selection favors a
unique phenotype, it may not favor a unique form of cognition. In practice, however, the
error management model of one-shot reciprocity imposes restrictions that eliminate this
possibility. The result is two different versions of the model that represent two different
views of how cognition can evolve.

To see this, let agent ¢ have a signal threshold, F;. If a signal is below or equal to the
threshold (s; < Ej;), the agent plays tit-for-tat with probability «; € [0,1] and always
defect with probability 1 — «;. If the signal is above the signal threshold (s; > E;),
the agent plays tit-for-tat with probability f; € [0, 1] and always defect with probability
1— ;. Altogether, the quantities F;, «;, and 3; specify the psychology of decision making
under the error management model. F; represents information processing, while «; and
B; represent the agent’s motivation to play tit-for-tat given a processed signal.

The phenotype of an agent comprises both the probability of playing tit-for-tat if
an interaction is one-shot (i.e. P(X; = T|R = 0)) and the probability of playing tit-
for-tat if interactions are repeated (i.e. P(X; = T|R = 1)). Many phenotypes available
under the error management are consistent with multiple combinations of «;, 5;, and E;.
Consider, for example, any phenotype that plays tit-for-tat with a constant probability
regardless of whether or not interactions are repeated. If o; = (;, such a phenotype
results, and the signal threshold in these cases can take any value whatsoever. Because
the signal threshold can take any value, the error management model can generate the

phenotype in question in an infinite number of ways. Phenotypes that always choose
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T with the same probability are important because they include classic strategies as
special cases. Specifically, a; = 8; = 0 means the agent always defects, and o; = 5; = 1
means the agent always chooses tit-for-tat. Moreover, we show (Fig. 2 and electronic
supplementary material, § 2.3) that one or both of these strategies can be evolutionarily
stable when the error management model is restricted to reduce the importance of drift.
For present purposes, the important point is that any phenotype given by «; = §; can
be produced in an infinite number of ways.

Apart from phenotypes given by «; = (3;, other phenotypes might also be consistent
with multiple underlying psychologies. The details depend on both the phenotype being
considered and the probability distributions for private signals (electronic supplementary
material, § 1). In Fig. 1A, we show an example of the important case involving normally
distributed signals (e.g. Delton et al., 2011a). As Fig. 1A shows, the space of phenotypes
allowed by the error management model is a strict subset of all possible phenotypes, and
we show a sample of curves within this subset. Importantly, we show only a sample of
curves because doing so clearly reveals that the curves routinely overlap and intersect
each other. Where two or more curves overlap or intersect, multiple selectively neutral
psychologies (i.e. combinations of «;, 3;, and F;) can generate the phenotypes in question.
Consequently, in terms of cognition, drift can be an extremely important evolutionary
force. We suspect that the error management model, for this reason, eliminates excess
flexibility by providing additional structure in two different ways.

Specifically, one can fix E; exogenously for all agents and allow the distribution of
a; and B; values to evolve (Delton et al., 2011a, Model 1). This restriction ensures that
the model can generate a given phenotype in only one way (electronic supplementary
material, § 1), and drift will be less important than in the full three-dimensional model.
The (a4, B;) cognitive architecture allows for strategies that seem especially suggestive
of a cognitive bias. The reason is because positive a; values mean that agents play

tit-for-tat given a “one-shot belief” (Delton et al., 2011a, p. 13337), which intuitively
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suggests some kind of distortion in the way agents process and respond to information.
We will see momentarily if this intuition is correct.

Alternatively, one can set ; = 0 and §; = 1 for all agents, and allow the distribution
of E; values to evolve (Delton et al., 2011a, Model 2). This restriction also ensures that
the model can generate a given phenotype in only one way (electronic supplementary
material, § 1). Fig. 1B shows how these two restrictions affect the space of admissible
phenotypes.

Having two versions of the error management model solves a potential problem. By
focusing separately on the evolution of either motivation in the (o, 8;) model or infor-
mation processing in the signal threshold (£;) model, one can reduce the importance of
drift. Crucially, however, the two versions of the error management model are effectively
redundant in an important sense. Evolution under the («;, ;) architecture leads to three
possible outcomes at the population level (Fig. 2 and electronic supplementary material,
§ 2.3 and § 2.5). Selection leads to either (i) @ = 0 and § =0, (i) @ = 0 and 3 = 1,
or (iii) @ = 1 and B = 1. These three steady states are all available under the signal
threshold model provided one allows for limiting phenotypes as signal thresholds become
infinitely large or small. Although the (o, ;) architecture allows for phenotypes that
the signal threshold architecture cannot produce in general (Fig. 1B), the phenotypes
unique to the (oy, B;) architecture do not seem to arise under selection. In terms of
evolutionary outcomes, the (a;, 3;) architecture thus adds little if anything to a simpler
cognitive architecture based only on signal thresholds.

In spite of this redundancy, our first task is to see if the error management model
supports the evolution of cognitive biases, and to do so we must check both versions of
the model. Accordingly, in the next section we provide rational benchmarks for both

the (a4, B;) architecture and the signal threshold architecture.
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4 Does error management support a cognitive bias?

To provide rational benchmarks, we work with both versions of the error management
model. In each case, we identify the Bayesian Nash equilibria of the game in terms of
the appropriate cognitive architecture (electronic supplementary material, § 2). For the
first cognitive architecture, the signal threshold is exogenously fixed, and strategies are
defined in terms of a; and 5; values. For the second cognitive architecture, a; and 5;
values are exogenously fixed, and strategies are defined in terms of the signal threshold.
For comparison, we use evolutionary game theory to find equilibrium strategies for the
associated error management models. First, we fix the signal threshold and let the
distribution over «; and (; values evolve (Delton et al., 2011a, Model 1). Second, we fix
a; and f; and let the distribution of signal threshold values evolve (Delton et al., 2011a,
Model 2).

For both types of cognitive architecture, we show analytically that the evolutionary
stable strategies for the error management model (electronic supplementary material,
§ 2.3 and § 2.4) match symmetric Bayesian Nash equilibria (electronic supplementary
material, § 2.1 and § 2.2). To provide more general results, we also used agent-based
simulations to simulate evolutionary dynamics for the error management models under
both cognitive architectures (electronic supplementary material, § 2.5). Unlike an anal-
ysis of evolutionary stable strategies, this approach allows for arbitrary distributions
of strategies in the population. Fig. 2 compares the error management model and the
rational benchmark under the («;, 8;) architecture for a wide range of parameter val-
ues. Fig. 3 shows the analogous comparison under the signal threshold architecture. In
both cases the correspondence is striking. The typical outcome is equivalence between
error management agents and unbiased optimizers. When agents face uncertainty about
whether a new relationship will involve a one-shot interaction or repeated interactions,
error management and a rational benchmark are effectively the same.

These results demonstrate that evolutionary stable strategies are a refinement of Nash
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equilibria (Weibull, 1995; Samuelson, 1998). The more important message relates to one-
shot reciprocity specifically and error management theory more broadly. Simply put, we
have no reason to conclude that the error management model supports a domain-specific
bias in how agents process and respond to signals related to reputation and repeated
interactions. We can just as well say that the model supports one-shot reciprocity via
run-of-the-mill optimization given Bayesian beliefs. Discriminating between these two
generic possibilities remains one of the principal challenges of error management theory

(McKay and Efferson, 2010; Marshall et al., 2013).

5 Is one-shot reciprocity robust?

In this section, we examine the extent to which the evolution of one-shot reciprocity
is robust to a simple and intuitive modification of the error management model. We
restrict attention to the signal threshold model. We do so because, as discussed above,
the two versions of the error management model are effectively redundant in the sense
that the (o, 5;) architecture always leads to the evolution of phenotypes available under
the signal threshold architecture.

The evolution of one-shot reciprocity under error management involves two key re-
strictions (Delton et al., 2011a). First, as a sub-game strategy, each agent chooses either
unconditional defection or tit-for-tat. Second, each agent has some sensitivity to private
signals, a sensitivity summarized by F;, that commits the agent fully to a sub-game
strategy before the agent’s first interaction with her partner.

Zefferman (2014) relaxed the first restriction but maintained the second. In his
model, each agent must fully commit before the initial interaction with a partner, but
the set of sub-game strategies includes options that allow agents to repent for their past
defections, to forgive the past defections of others, and to hesitate before cooperating
for the first time. With these modifications to the set of sub-game strategies, one-shot

reciprocity does not evolve reliably (Zefferman, 2014).
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We maintain the first restriction and relax the second. Specifically, we maintain
always defecting and tit-for-tat as the only two sub-game strategies. However, if an
agent reaches the second interaction with a specific partner, all uncertainty is removed.
The agent at this point knows with certainty that interactions are repeated. We thus
introduce a responsive strategy that allows the agent to update her sub-game strategy® at
this point in time. This is the only change we introduce relative to the error management
model of one-shot reciprocity.

Specifically, let G; (electronic supplementary material, § 3) indicate whether ¢ is un-
responsive (U) or responsive (R). If G; = U, i is unresponsive. If i’s realized signal is
above her threshold, i plays tit-for-tat. Otherwise, i defects unconditionally. Unrespon-
sive types do not update their sub-game strategies if they reach the second interaction
with a partner. In particular, this means unresponsive agents can be locked into always
defecting even when they are certain interactions are repeated. If G; = R, in contrast,
1 is responsive. Responsive types are like unresponsive types for the first interaction.
If, however, a responsive agent reaches a second interaction with a given partner, she
responds to the fact that she no longer faces uncertainty about whether interactions are
repeated and plays tit-for-tat.

Importantly, one can in some cases translate between our approach and an approach
that modifies the set of sub-game strategies (e.g. Zefferman, 2014). For example, when
paired with certain types of partner, a responsive agent is behaviorally equivalent to an
agent who pre-commits fully before play, who chooses tit-for-two-tats for a signal above
her threshold, and who chooses hesitant tit-for-tat otherwise. Our model compares
this type of agent to the original error management agents (i.e. Delton et al., 2011a).
Although Zefferman (2014) analyzed two models involving hesitant tit-for-tat or tit-for-
two-tats, he did not analyze the particular combination we consider. Our model, in

effect, represents the minimum conceivable change to the error management model.

!We retain the term sub-game strategy to refer to strategies from the set {D, T}, but we now addi-
tionally use the term to refer to the sub-game reached after a single interaction with a given partner.
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In addition, in a reply to McNally and Tanner (2011), Delton et al. (2011b) argue
that hesitant strategies are largely irrelevant for understanding one-shot reciprocity. Our
comparison with Zefferman (2014), however, shows that hesitant strategies are a nat-
ural result of allowing error management agents to respond to all relevant information
about the duration of a social relationship. Responsive error managers respond to the
uncertainty that obtains after observing private signals, as in the original error manage-
ment model. They additionally respond to the certainty that obtains when they reach a
second interaction with someone. Accepting the first response but rejecting the second
is tantamount to positing an error manager who is sensitive to cues of observability but
cannot look a partner in the face and recognize that they have interacted previously.
Accepting both responses, however, effectively means accepting hesitant strategies. For
this reason, in spite of claims to the contrary, hesitant strategies are a natural outgrowth
of error management.

We present an analysis of unresponsive and responsive types in the electronic sup-
plementary material (§ 3). The key result shows that unresponsive types should be
extremely vulnerable to invasion by responsive types in precisely those cases that mat-
ter most. Specifically, if we exclude responsive types from consideration, long-lasting
relationships under repeated interactions, as implied by large values of w, lead to the
evolution of low values of F;. Low values of E; allow agents to avoid the especially costly
error of defecting when paired with a reciprocating partner for many interactions. This
is the basic error management result (electronic supplementary material, § 3.1). In a
population of unresponsive types, however, a mutant responsive type has strictly higher
expected fitness (electronic supplementary material, § 3.2) than the resident unrespon-
sive type if and only if (wb—c)(1—F(E; | R = 1))/(1—w?) > c. This condition is satisfied
if the continuation probability, w, is sufficiently large and the signal threshold, Ej;, is suf-
ficiently small. In effect, large values of w have two countervailing effects. They support

the evolution of one-shot reciprocity by unresponsive agents when responsive types are
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excluded. They also, however, render a population of unresponsive types increasingly
vulnerable to invasion when responsive types are allowed.

For more general results, we used agent-based simulations to simulate evolutionary
dynamics in a model that allows for unresponsive agents, responsive agents, and agents
who always defect without conditioning on their private signals (electronic supplemen-
tary material, § 3.3). Our simulations show that, even for relationships that last a long
time under repeated interactions, one-shot reciprocity is rarely observed. In particular,
for a wide range of parameter combinations favoring cooperation, responsive agents dis-
place both unresponsive agents and unconditional defectors (e.g. Fig. 4A). Moreover,
signal thresholds for responsive types evolve to relatively high values (e.g. Fig. 4B),
which ensures that agents rarely cooperate on the first interaction. Altogether, the com-
bination of responsiveness and high signal thresholds means that agents can enjoy the
mutual gains of prolonged cooperation once they know they face repeated interactions.
Doing so, however, does not require agents to run a significant risk of exploitation in
one-shot interactions. The error management model, in contrast, forces agents to risk
one-shot exploitation in order to enjoy the gains of long-run cooperation. This is what
drives the evolution of one-shot reciprocity, but the result does not persist when agents
can respond to both the uncertainty that always holds before play and to the certainty

that sometimes arises during play.

6 Discussion and conclusion

Our results suggest potential challenges for the error management model of one-shot reci-
procity and for error management theory in general. With respect to error management
theory in general, we have demonstrated that asymmetric costs lead to the evolution
of behavioral biases perfectly consistent with unbiased optimization. Accordingly, one
cannot offer biases in behavior, biases like men stubbornly approaching women for sex

or reciprocators risking one-shot exploitation, as evidence for adaptive domain-specific
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cognitive biases.

McKay and Efferson (2010) have offered cognitive constraints as one possible route
to the evolution of genuine error management biases. Our results clarify what this
mechanism would require. In Fig. 5, we have translated evolutionary outcomes from
both versions of the error management model (Figs. 2 and Fig. 3) into phenotype space.
Fig. 5 shows that the two versions of the model do not always lead to the evolution of
identical phenotypes. As explained above, the (o, 3;) model always leads the evolution of
phenotypes available to the signal treshold model (Fig. 2), but the opposite is not always
true. When comparing evolutionary outcomes, disparities between the two models are
typically small, but they can occur precisely because the two cognitive architectures
allow for different phenotypic possibilities (Fig. 1B).

One could potentially describe such disparities as situations in which constraints lead
to bias. To do so, however, we must choose one architecture and the associated set of
possible phenotypes as a reference. We judge “bias” relative to the benchmarks for this
reference. We must then, however, force evolution to take place under the other archi-
tecture. If evolution under the latter architecture cannot lead to a benchmark outcome
under the reference architecture, we can invoke the notion of constraints producing bias.
Why, though, would we pick one architecture as a reference, only to require that selection
and evolution take place under a different architecture? As we have shown, restricting
attention to one architecture at a time means that evolution leads to outcomes consistent
with a rational benchmark.

If cognition is sufficiently flexible, pinning down the notion of an adaptive cognitive
bias can be challenging for other reasons. If selection favors a phenotype consistent with
multiple psychologies, what then is an adaptive cognitive bias? Imagine, for example,
that ancestral men looking for sex received signals from women and processed the as-
sociated information to infer the interest these women had in sex. In addition, given a

processed signal, ancestral men had some motivation for sex. Missed mating opportuni-
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ties were costly, but rejections were not. Consequently, unless a woman signaled extreme
distaste, approaching women was usually the best choice.

How can selection produce a bias in favor of men approaching women for sex? In
general, many options might be possible. A man could process information to over-
infer a woman’s interest while having a relatively weak motivation for sex that exactly
offsets his biased inferences in the optimal way. Just as good, however, might be a
man who under-infers a woman’s interest while having a strong motivation for sex that
compensates optimally. Finally, and perhaps once again just as good, a man could
make unbiased inferences, implying posterior beliefs equivalent to a Bayesian, and given
these beliefs he has an optimal motivation for sex. If a situation like this obtains, a
specific phenotype is optimal, and an array of psychologies can generate the phenotype
in question. Some forms of adaptive cognition may indeed be biased. A specific bias,
however, would be neither more nor less adaptive than any other cognition, biased or
otherwise, that produces the same phenotype. We do not know how plausible this
example might be, but we would like to propose that high-dimensional cognition will
often allow multiple routes to a given phenotype.

Apart from potential implications for error management theory, our results demon-
strate the theoretical fragility of one-shot reciprocity. Several experiments have demon-
strated that payoff-irrelevant face-like stimuli can increase altruism in anonymous one-
shot settings (Nettle et al., 2013; Sparks and Barclay, 2013). This finding places us in
the middle of an interpretive puzzle. The stimuli in question do not affect payoffs, and
the stimuli suggest, in a quite specific way, scrutiny by others. For these reasons, a
compelling interpretation of experimental results is to posit a domain-specific cognitive
bias based on repeated interactions, reciprocity, and reputation management. In light
of recent modeling efforts, we have no obvious articulation of what this means.

In behavioral terms, uncertainty about the duration of a social relationship can lead

to the evolution of altruism in one-shot interactions in order to avoid the large oppor-
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tunity costs associated with treating repeated interactions as one-shot (Delton et al.,
2011a). Our results, however, in conjunction with those of Zefferman (2014), show that
key restrictions have to be in place for this kind of evolutionary process to work. Zeffer-
man (2014) shows that the set of sub-game strategies has to be appropriately restricted.
We show that the agent’s ability to respond to new information has to be appropriately
restricted. Relax either restriction, and one-shot reciprocity under error management
does not reliably evolve. Moreover, we show that, even if the necessary restrictions
hold, the evolution of one-shot reciprocity is perfectly consistent with unbiased opti-
mization. Consequently, observing one-shot reciprocity provides an argument neither
for nor against a cognitive bias.

This leaves at least three possibilities for making sense of experimental results on one-
shot reciprocity. One possibility is that one-shot reciprocity evolved under uncertainty
and asymmetric error costs in the ancestral past. In the ancestral past, the behavior
that evolved was perfectly consistent with unbiased optimization, but the cognition in-
volved was domain-specific. In a contemporary one-shot experiment with a face in the
background (e.g. Haley and Fessler, 2005), observed altruism is due to this vestigial,
domain-specific psychology. In particular, observed altruism in the present is not con-
sistent with unbiased optimization because the ancestral cognition prevents an optimal
response to the explicit material incentives in a contemporary one-shot experiment. A
second possibility is that the relevant cognition was and is unbiased, and subjects who see
payoff-irrelevant faces in contemporary experiments actually update their beliefs about
whether the game is one-shot. This explanation would be bad news for experimentalists
because it would suggest that subjects routinely discredit the explicit incentive structure
stipulated in an experiment. Finally, in light of the recent replication crisis in experi-
mental social science (Open-Science-Collaboration, 2015), a third possibility may simply
be that one-shot reciprocity is not a robust experimental result.

In any case, whatever one’s favorite interpretation of empirical studies, uncertainty
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and asymmetric error costs only lead in theory to the evolution of one-shot reciprocity
under extreme restrictions. One has to assume that people are astonishingly narrow
when dealing with new interaction partners. Specifically, they consider very few options
when initially deciding how to play. They also do not update how they play as they
acquire new information, and they know they will not update how they play as they
acquire new information. These are strong assumptions, but relaxing one or more of
them attenuates expected cost asymmetries dramatically. If a person sees sufficient
scope for recuperating from an initial defection once she knows a relationship will last,
one-shot reciprocity does not pay.

Critically, we would like to emphasize the following. We are not arguing that proso-
cial behavior in one-shot interactions is completely unrelated to reciprocity. We are also
not arguing that cues of observability in a one-shot experiment (e.g. Haley and Fessler,
2005) have nothing to do with reputational concerns. The number of studies showing
effects from payoff-irrelevant faces suggests that, for the moment at least, one-shot reci-
procity remains a viable hypothesis. We are, however, arguing that uncertainty and
associated asymmetric error costs do not provide a robust theoretical basis for the evo-
lution of a cognitive bias that supports one-shot reciprocity. When the behavior evolves,
it is unbiased. With a minimum degree of realism, the behavior does not evolve.

This brings us to our interpretive puzzle. Aside from error management, we have
other explanations for one-shot altruism (e.g. Richerson et al., 2015). Whatever the
role these other mechanisms may or may not play, none of them to our knowledge
imply that a person should become more altruistic because a stylized face of no material
consequence suddenly appears without explanation in one’s surroundings. In spite of
several studies showing such an effect, the only candidate explanation for this finding,
namely the error management model of one-shot reciprocity, also does not imply this
behavioral regularity. This is the paradox arising from the unbiased fragility of one-shot

reciprocity.
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Figure 1: Possible phenotypes under different cognitive architectures. A phenotype
consists of two probabilities, the probability of choosing tit-for-tat when an interaction is one-shot
(P(X; = T|R = 0)) and the probability of choosing tit-for-tat when interactions are repeated
(P(X; =T|R=1)). To generate this figure, signals were normally distributed (e.g. Delton et al.,
2011a) with means at -1 (R = 0) and 1 (R = 1) and standard deviations of 1. Panel A shows
a small selection of curves from the set of possible phenotypes for the full three-dimensional
error management model. We generated the curves by fixing values for «; and (;, which are
the motivations to choose T for low signals and high signals respectively, and then letting the
signal threshold vary continuously. Pure blue means that a; = 0 and §; = 1, while pure red
means that a; = 1 and §; = 0. Intermediate colors reflect intermediate values of «; and f;.
The overlapping and intersecting curves in A show that, for many phenotypes, the full error
management model can produce the phenotype in question via multiple combinations of «;, 5;,
and the signal threshold. Panel B shows what happens when restrictions are put in place to
eliminate this flexibility and by extension the importance of drift. The polygon shows the set of
possible phenotypes for the (o, 8;) architecture when the signal threshold is fixed at 0. The blue
line shows the set of possible phenotypes for the signal treshold architecture (a; = 0, 5; = 1).
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Figure 2: Equivalence between a rational benchmark and the evolution of an error
management psychology under the («;, ;) architecture. Each cell shows the space of
«; and (; values, where a; represents the motivation to play tit-for-tat when a private signal
suggests a one-shot interaction, and ; represents the motivation to play tit-for-tat when a private
signal suggests repeated interactions. The cells differ by values of k = 1/(1 — w), which is the
expected number of interactions when interactions are repeated, and b/c, which is the benefit-
to-cost ratio in the prisoner’s dilemma. Red circles show Bayesian Nash equilibria, which serve
as unbiased rational benchmarks. Gray-scale histograms show the steady-state distributions of
strategies from evolutionary simulations of the error management model. The overlap between
the rational benchmarks and the error management model shows we cannot conclude that error
management supports the evolution of a domain-specific cognitive bias associated with one-shot
reciprocity.
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Figure 3: Equivalence between a rational benchmark and the evolution of an error
management psychology under the signal threshold architecture. Signal thresholds
separate the space of signals into two parts. If an agent receives a signal at or below the threshold,
the agent plays always defect. If an agent receives a signal above the threshold, the agent plays
tit-for-tat. We specified signal distributions so that an agent with a signal threshold at zero
plays always defect and tit-for-tat with equal probabilities (electronic supplementary material,
§ 3.3.1). Each cell shows a histogram indicating the distribution of strategies after simulating
evolution under the error management model. Red triangles show Bayesian Nash equilibria,
which serve as unbiased rational benchmarks. The cells differ by values of kK = 1/(1 — w), which
is the expected number of interactions when interactions are repeated, and b/c, which is the
benefit-to-cost ratio in the prisoner’s dilemma. The overlap between the rational benchmarks
and the error management model shows we cannot conclude that error management supports the
evolution of a domain-specific cognitive bias associated with one-shot reciprocity. The lower left
cell has only one equilibrium in which agents always defect, which is analogous to an infinitely
large threshold. The associated histogram shows the distribution of signal threshold values after
25,000 generations of directional selection.
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Figure 4: The fragility of one-shot reciprocity. The evolution of one-shot reciprocity
hinges on the restriction that agents are unresponsive, which means they must commit fully to
always defecting or tit-for-tat before an initial interaction with a new partner. Here we introduce
responsive types. Responsive agents can update their choice to tit-for-tat once they reach a
second interaction with a partner and thus know interactions are repeated. Panel A shows the
simulated evolution of strategies with a uniform initial mix of responsive types, unresponsive
types, and unconditional defectors. Responsive types quickly become the most common type.
Panel B shows the associated evolution of the average signal threshold in the population with
95% bootstrapped confidence intervals. Higher values imply that one-shot reciprocity is rare.
Signal thresholds become increasingly large as responsive types take over, which means that
one-shot reciprocity almost never occurs. For this example, the expected number of interactions
under repeated interactions is k = 20, while the benefit-to-cost ratio is b/c = 2. The ex ante
probability of repeated interaction is P(R = 1) = 0.5. Additional details and further analyses
are available in the electronic supplementary material (Figure S4 and § 3).

29



(b/c)
(b/c)

- - € € @ - —- - — et
o w_] o w_]
- o T SO
B o2 o o o B o o o o
E - e T [ 4& - e — T -
2 .ol g ~ 3
@ "~ o g " o
- o8 o o o = o o o o
T A © ¢ ¢ T 1 e — - -
T £ T
(- wn — wn
e v 2+ OF e
gk g T
E o—Q (e (o] E o— (] (]
é‘ — . -e - @ é‘ "-—i" - -y —
= w_| ¢ = n
B s g8 ~3
'8 o—& o] € (o) ‘8 o—{b 8 [ o
% ] = a ] . - -
e g
0 0] 0 0] f
- O . |
o—® ® 8 o—e i 8
1 1T T 1T T 1T T 1 TT 1T 1T T 1T T 1
0 05 10 05 10 05 10 05 1 0 05 10 05 10 05 10 05 1
2 5 10 20 (k) 2 5 10 20 (k)
Probability tit—for-tat if one-shot Probability tit-for-tat if one-shot

Figure 5: A cognitive bias requires one cognitive architecture for reference and
another cognitive architecture for evolution. The figure shows results from Fig. 2 and Fig. 3
in phenotype space. A phenotype consists of two probabilities, the probability of choosing tit-for-
tat when an interaction is one-shot (P(X; = T'| R = 0)) and the probability of choosing tit-for-tat
when interactions are repeated (P(X; = T|R = 1)). Panel A shows the («a;, 8;) architecture
(Fig. 2), and B shows the signal threshold architecture (Fig. 3). The cells differ by values of
k = 1/(1 — w), which is the expected number of interactions when interactions are repeated,
and b/c, which is the benefit-to-cost ratio in the prisoner’s dilemma. Red circles show Bayesian
Nash equilibria, which serve as unbiased rational benchmarks given an architecture. Gray-
scale histograms show the steady-state distributions from evolutionary simulations of the error
management models. Because the two architectures do not allow for the same possible phenotypes
(Fig. 1B), the rational benchmarks and evolutionary outcomes are not always identical in both
cases, e.g. the lower right cells of A and B. Inferring a bias based on such disparities requires us
to choose one architecture as a reference while assuming that evolution occurs with respect to
the other architecture.
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