Anxiety-causing alleles may confer evolutionary
advantages not in very dangerous but in moderately

stressful environments

Kenta Motoyashiki'"
Motohide Seki?
1. Graduate School of Design, Kyushu University, Japan
2. Faculty of Design, Kyushu University, Japan

*Corresponding author. Email: kenta.motoyashiki@gmail.com



Abstract

Evolutionary biologists have hypothesized that humans have evolved to
experience excessive emotional pain, leading to anxiety and depression, for
certain adaptive reasons. This hypothesis is supported by the observation that
several stress-sensitive alleles coexist with relatively stress-insensitive wild-
type alleles at higher frequencies in Eurasia than in Africa. However, the
selection pressure that has shaped this geographic gradient remains a subject
of debate. Additionally, the relationships between stress sensitivity, anxiety, and
depression remain ambiguous. In this study, we developed three models
(anxiety, depression, and combined models) capturing the dynamics of a stress-
sensitive allele frequency in a prehistoric human population to examine the
mechanisms maintaining polymorphism. The outcomes of the three
evolutionary models suggest that stress-sensitive alleles are favored and that a
stable polymorphism is possible in a moderate environment, not in a very
dangerous environment. These findings further substantiate the notion that

anxiety and depression share genetic factors.
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Highlights:

The question of why stress-sensitive alleles are observed at higher
frequency in human diffusion frontiers was addressed using three

models that describe prehistoric environment.

The models demonstrated that an allele inducing an escape from a site
with bad condition to another site can be maintained or even fixed if the

frequency of the bad sites takes an intermediate value.

The model outcomes posit a novel and counterintuitive hypothesis that a
human frontier was on average less stressful than the original place of

Africa.

The models also shed light on the relationship between anxiety and

depression, which has previously been ambiguous.



1. Introduction

It is argued that seemingly maladaptive traits, some of which are currently
classified as diseases or traits found in otherwise healthy individuals, may have
been adaptive at some stage of human evolution. For example, “normal” people
feel excessive pain against uncertain external stimuli, which is apparently
maladaptive compared to an acute response to it (Nesse, 2005). However,
researchers in evolutionary medicine have proposed that this excessive
sensitivity to pain may have served an adaptive function by promoting caution

and avoidance of potential harm in ancestral environments.

Excessive emotional pains such as anxiety and depression, which often
provoke a motivation to suicide, may also have played some adaptive roles
(Nesse & Schulkin, 2019). Several studies have suggested that low mood, or mild
depressive symptoms, can lead to escape from the situations in which any effort
is useless or even harmful. Specifically, low mood is known to motivate waiting,
changing strategies or disengaging from the goal (Nesse & Schulkin, 2019). Given
that those emotional pains are products of evolution, there would be a biological
or genetic, though there are several negative chronical data not supporting this

view (Border et al.,, 2019; Eisenberg & Hayes, 2011; see Discussion).

The serotonin transporter (5-HTT) gene has attracted considerable

research interest because of its polymorphic region, 5-HTTLPR, which has been



implicated in the regulation of mood and emotional response (Lesch et al., 1996).
This polymorphism consists primarily of two alleles, the short (S) and long (L)
alleles. The S allele is associated with increased sensitivity to environmental
stressors, which increase susceptibility to anxiety and depression (Gerretsen et
al., 2009; Mifio et al., 2023). Further research indicates an intermediate stress
response in individuals with the heterozygous L/S genotype, demonstrating a
graded sensitivity to stressful events (Caspi et al., 2003). The S allele is associated
with increased hypothalamic-pituitary-adrenal (HPA) axis reactivity to stress,
leading to heightened stress responses (Gotlib et al., 2008). Neuroimaging
studies found that activity of amygdala, a brain structure critical for emotional
behavior, was greater in individuals carrying the S allele than that in L/L

homozygotes (Hariri et al., 2002).

The global pattern of 5-HTTLPR allele distribution indicates several
important trends. First, the remarkable conservation of this polymorphism
across populations suggests evolutionary stability and indicates that this genetic
variation has been maintained across diverse ecological and cultural
environments (Gelernter et al.,, 1999). Second, a geographic gradient in the
frequency of the S allele is evident, with a significant increase from African to
East Asian populations (Gureyev et al., 2016). In Eurasia (especially in East Asia),
the frequencies of the S allele are significantly higher than those in Africa,

raising questions about the environmental and social factors that may have
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influenced this distribution (Goldman et al., 2010). This geographic variation
suggests the potential for evolutionary selective pressures in which traits
related to stress response may have conferred survival advantages in certain
environments (Way & Lieberman, 2010). We should note that similar patterns
of frequency gradients have been observed for other loci such as SLC18A1,
which is also associated with anxiety (Sato & Kawata, 2018), indicating some

generality of this trend.

The question then arises as to what kind of selective pressure shaped and
has maintained the worldwide allelic polymorphism and the prominent
gradient. Some researchers have hypothesized that the prevalence of the S allele
in East Asia reflects adaptation to severe environmental conditions there;
Heightened sensitivity to stress may have provided a survival advantage in
environments characterized by unpredictability, food scarcity, and natural
disasters, thereby promoting risk-averse behavior (Way & Lieberman, 2010). To
our knowledge, however, the above verbal argument has not yet been tested by
mathematical models. In particular, it is worth examining quantitatively why
the stress-sensitive S allele is not fixed and the polymorphism is maintained in

each population.

Another important topic to be addressed is a relationship between
anxiety and depression. Depression and anxiety share the same risk genes.

Anxiety disorders often precede the development of depression, leading to the
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hypothesis that these two conditions represent a continuum rather than distinct
clinical entities (Lesch et al., 1996). Both disorders also share neurobiological
mechanisms, suggesting that they are different manifestations of the same
underlying vulnerability (Price, 2013). Experiments in humans and mice
indicated impact of the 5-HTTLPR genotype and stress on both disorders (Carola
et al.,, 2008; Hammen, 2005; Homberg & Lesch, 2011; Santarelli et al., 2016). A
recent study highlighting glucocorticoid receptor balance in stress-induced
behavior strengthened the link between anxiety and depression (Otto & Day,

2011).

In this modeling study we test the hypothesis that anxiety- or depression-
related traits offer an evolutionary advantage in certain environments, with a
particular focus on polymorphisms in stress-sensitive alleles and the causes of
geographic gradients. Specificallyy, we developed mathematical models
capturing the frequency dynamics of alleles that govern the degree of individual
tendency to be anxious and/or depressed. Using the model, we specify the

environmental factors affecting allele frequencies.

2. Methods

2.1 Shared assumptions



The present models describe allele frequency dynamics of an infinitely large
diploid population. Consider a locus that has two types of alleles, L. and S, and
thus there are three genotypes, L/L, L/S, and S/S. Individuals with different
genotypes exhibit different behaviors, yielding different mean fitness. Denote
expected fitness of individuals of genotype L/L, L/S, and S/S by F,, F;, and F,,
respectively. Further assuming a discrete-generation, bisexually reproducing,
and randomly mating population, we obtain the results that (i) there are always
two monomorphic equilibrium states (L-only state and S-only state), (ii) no other
equilibrium states are found if Ff, < F; < F, or F, < F; < F,, otherwise there is
one dimorphic equilibrium state, and (iii) the dimorphic internal equilibrium is
evolutionarily stable if F; > max{F,, F,} and unstable if F; < min{F,, F,} (Otto &
Day, 2011). Note that the above results are robust within a broader range of
assumptions on the population. For example, we have exactly the same results
by assuming a two-sex population in place of the bisexual population if the

expected fitness F,, F;, and F, are independent from sexes.

The three models in this study share the assumption below. Every
individual performs N rounds of trials to accumulate resources and energy for
reproduction, where N is a positive integer. Each trial is held at a site assigned
to the individual, which could be a hunting or working ground. There are no
interindividual interactions. Result of the trial is twofold, success or failure, and
is determined probabilistically at the beginning of the round. The probability
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depends not on individual properties but on condition of the site, good or bad.
Failure rates in good and bad sites are wg and wg, respectively (0 < wg < wg < 1).
Every individual gets to know the result of the round at a certain time point
during the same round without perception errors, whereas they cannot

perceive the site condition.

Success yields an increase of one unit in an individual's cumulative gain.
The maximum value for cumulative gain after N rounds is the same as the
number of rounds, i.e., N. On the other hand, failure can increase the gain by at
most a (a < 1). Note that the cumulative gain can decrease when a < 0. Here,
L/L-, L/S-, and S/S-individuals that have failed in a trial are assumed to withdraw
from the failed trial in the middle of that round with probabilities x,, x;, and x,,
respectively. As a result of this interruption, gain accumulation (or reduction) a
is suppressed by a factor of 1 — s (0 < s < 1). In other words, they lose gain as by
quitting the trial. The fitness of an individual is assumed to be positively

correlated with their accumulated gain.

2.2 Anxiety model

The anxiety model investigates whether intermediately anxious individuals can
get the highest benefit by escaping from a site (or changing their behavior) due

to mild depressive mood. The model assumes that an individual that has failed
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in a trial probabilistically quit the trial in order to escape from the current site
and search for a new one (figure 1A). However, this move yields a cost of as, and

thus too frequent moving may yield a lower total fitness.

We assume that individuals are initially assigned to good sites and bad
sites with probability 1 — g; and q,, respectively (g; > 0). Denote probabilities
that the move from good and bad sites actually change the situation (i.e.,
probabilities that an individual at a good site moves to a bad site and one at a
bad site moves to a good site, respectively) as vgg and vgg, respectively. We
additionally assume that each individual can only move to a neighboring site
among infinitely many sites. When the good and bad sites are well-mixed
(hereafter called the random distribution case), g; = vgg = q and vgg =1—gq
hold, where g represents proportion of the bad sites among all. When the same

type of sites form a cluster, vgg and vgg take values less than one-half.

2.3 Depression model

The depression model tests another hypothesis that the complete immobility of
major depression is adaptive because it serves as a type of dormancy, passing
through a bad situation. This model, unlike the anxiety model, assumes that
individuals never change sites, while condition of sites change probabilistically

(figure 1B).

11



As in the anxiety model, each site is initially in good and bad conditions
with probability 1 — g, and q,, respectively. Then we consider a type of Markov
process: at the beginning of each round, sites in good and bad conditions shift
to the opposite condition (i.e., bad and good conditions, respectively) with

probabilities ugg and ugg, respectively, and otherwise maintain the condition.

2.4 Combined model

It is possible that major depression is an inevitable side effect of anxiety, which
can be maintained in the population. Here we combine the above two models.
Specifically, an individual that has failed in a trial probabilistically quits the trial

and either move to a new site or do nothing (Figure 1C).

The combined model is based on the anxiety model, and thus probability

of moving to a new site is denoted as x. In addition, denote the probability of

X

K
doing nothing as y = h(x) = p(x—) . Here, p and « are the parameters to
2

determine the shape of h(x).

3. Results

3.1 Dimorphism is maintained under limited parameter region in the anxiety model
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Figure 2 shows examples of change in frequency of individuals in bad sites
(Figure 2A-C) and cumulative gain (divided by the number of rounds; Figure
2D-F) of the three genotypes as the round number advances in the random
distribution case. We define g,(x,n) as the probability that the player with
quitting rate x is in a bad site at round n. This value dynamically changes and
approaches an equilibrium state g,. The genotype with greatest cumulative gain,
fa(x), is L/L (the lowest x) at the beginning, S/S or L/S in the middle, and L/L in
the end. Genotypes S/S and L/S can approach the equilibrium point g5 more
quickly than L/L and thus have a higher probability of success. However, as
rounds progress, these genotypes reach near note that (i) g, is a dynamic
equilibrium at which the number of individuals moving from good to bad is
equal to that of individuals moving from bad to good, (ii) the above number is
greater for greater x, and (iii) each moving yields a cost. Therefore, after
genotype L/L also reaches near q;, they eventually acquire the greater gain f, (x)
(Figure 3E). Indeed, when the number of rounds is infinitely large, can be

calculated as:

A {{1 — (asx + 1 - a)[we(1 — g3) + wgqy} forx > 0
lim = .
1-(1-a)[we(1-q1) +wpq] forx =10

N—oow N
Smaller but positive x is favored most.

The gain f,(x) is an N-th polynomial of x, this has at most N — 1 extreme

values. If f,(x) has at least one maximal point within the range 0 <x <1,

13



adequate choice of the values of x,, x; , and x, yield heterozygote
overdominance, in which case the population maintains allelic dimorphism.
When N = 1, A,(x) does not depend on x. In this case, equation 6 indicates that
smaller x is always favored as long as a > 0 (Figure 3A). That makes sense
because costly moving is totally for the following rounds in this model, whereas
N = 1 means that there are no following rounds. When N = 2, it is analytically
shown that there are no stable dimorphic states and either or both of
monomorphic states are stable (see Appendix). When N > 3, a parameter region
in which dimorphism can be maintained is numerically found (Figures 3 and 4).
In general, S allele is more likely to be fixed for smaller s (cost of moving) or a
(gain under failure), and stable dimorphism can be observed in the marginal
region between the regions in which a monomorphic state is stable (Figures 3).
In addition, an intermediate value of q (frequency of bad sites in the random
distribution case) favors S allele (Figure 4). If there are much more good sites
(i.e., smaller q), more individuals are initially assigned to good sites. In this case,
frequently changing sites in response to few times of failure would not be a good
strategy. Likewise, if there are much more bad sites (i.e., greater g), moving from
a bad site to a bad site frequently occurs. In that case, staying at a bad site would
be better than costly moving. Therefore, anxious moving is favored in a diverse
environment (i.e., intermediate g). Further numerical analysis suggests that the

allelic dimorphism is favored when the difference between w; and wg was large.
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3.2 Stable allelic dimorphism is never found in the depression model

The depression model revealed that the environmental condition of each site

converges over time to a stationary distribution, in which the proportion of bad

UGB
uGBtuBG

sites approaches an equilibrium state gqp, = . This convergence is driven

by the geometric decay factor r, = 1 — ugg — ugg, which satisfies -1 <r, < 1
under biologically plausible assumptions (i.e., both transition probabilities are
strictly between 0 and 1). As a result, the expected frequency of bad sites at each

round, denoted ql()"), approaches gp, in a predictable manner (Figure 2A).

This environmental process was incorporated into a model of individual
behavior, where the quitting rate x determines the probability that an
individual chooses to become inactive (i.e., stop trying to gain reward from the
environment). The total expected gain for an individual adopting quitting rate
x is given by a linear function f(x) = —asdpx + N — (1 —a)Ap, where the
coefficient Ap summarizes the expected gain per round, weighted by

environmental quality.

The analysis showed that A, is always positive, ensuring that the shape of
the fitness function f;(x) is determined entirely by the sign of the parameter a.
When a > 0, the fitness function is monotonically decreasing with respect to x,

meaning that individuals who persist (i.e., do not quit) are favored. Conversely,
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when a < 0, quitting becomes advantageous, and higher values of x are
selectively favored. Thus, the evolutionary dynamics are qualitatively different
depending on whether continued engagement with a deteriorating

environment is beneficial or harmful to fitness.

In particular, when fitness declines with continued exposure (i.e., when a < 0),
the model predicts that the quitting strategy will be fixed in the population,
corresponding to fixation of the S-allele associated with a high quitting rate. On
the other hand, when persistence is rewarded (i.e.,, a > 0), the model favors
fixation of the L-allele, corresponding to low quitting. These results are
consistent with the interpretation that dormancy-like behavior—conceptually
similar to depressive immobility—can be adaptive when sustained engagement

with a harmful environment reduces overall fitness (Figure 2D).

3.3 When depression is an inevitable side effect of anxiety, dimorphism is

more likely to be maintained

In the combined model, we can show that the probability that the player with
quitting rate x is in a bad site at a given round n, q¢(x,n) is the same as the
anxiety model, g(x,n). On the other hand, the range of rounds in which L/S is

favored is wider than the anxiety model (Figure 2F).
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We numerically found that larger x yields a broader parameter region
within which allelic dimorphism is maintained (Figure 5). Notably, dimorphism
is maintained even when N = 2, with which dimorphism is not seen in the
anxiety model, with a sufficiently large k. This is because S/S homozygotes entail
a greater risk of depression, which reduces accumulated gain as long as a > 0,
than L/S heterozygotes. In contrast, the value of p has small effect on the

outcome.

Figure 6 shows a typical pattern of change in the S allele frequency with
q, frequency of bad sites in the random distribution case, in the combined model.
Though not shown, similar plots with a bit more extreme frequencies were
obtained with the anxiety model. As expected from the above parameter region
plots, the S allele frequency is a one-humped function of ¢ with a maximum
point at an intermediate value of q, with which variance of site conditions is

high.

4. Discussion

We developed three models capturing dynamics of a stress-sensitive allele
frequency in a prehistoric human population, anxiety, depression, and
combined models, to investigate mechanism maintaining genetic

polymorphism and relationship between anxiety and depression. Individuals
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engage in multiple trials, the failure probability of which depend on condition
of “sites” for hunting, gathering, or farming. An individual carrying stress-
sensitive alleles is assumed to have a greater probability of quitting a trial if
he/she failed in it. After the quitting, he/she (1) moves to another site that may
or may not be in a better condition than the previous one in the anxiety model,
(ii) stays at the same site, during which the site condition may change, (iii)
probabilistically move or stay in the combined model. It turned out that the
stress-sensitive allele can fix in all three models if failure is accompanied by
damage rather than reduced benefit. In addition, the anxiety and combined
model, the stress-sensitive allele gives evolutionary advantage if both the
number of chance for changing sites and the frequency of sites in good
conditions take intermediate values. The anxiety model predicted that there can
be stable polymorphism of stress-sensitive and stress-insensitive alleles, while
the depression model did not. In the combined model, parameter regions within

which polymorphism was observed was broader than the anxiety model.

The most remarkable prediction from the anxiety model is that frequency
of the stress-sensitive allele is positively correlated with the degree of
environmental diversity, not with absolute badness of environment. Given that
several stress-sensitive alleles (e.g., the S allele of 5-HTTLPR and 136Ile of
SLC18A1) show higher frequencies in Eurasia as compared to Africa and, it
follows that Eurasia and Africa may have had higher and lower, respectively,
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environmental diversity. Here, the lower diversity has twofold possibilities:
most situations are good or they are bad. The previous arguments on the
geological gradient of stress-sensitive allele frequency seem to have implicitly
assumed that there is more danger and threat in the region of higher stress-
sensitive allele frequency (Caspi et al., 2003). Moreover, some documents noted
an association between 5-HTTLPR polymorphism and mechanisms of
adaptation to extreme climates (Savostyanov et al., 2021). According to the
model prediction, however, it is possible that environmental pressure in such a
region is milder. For example, the Jomon period in Japan, which is known to
have higher frequency of the S allele of 5-HTTLPR, is characterized by
environmental stability and abundant resources, leading to a much longer

settlement at one site than in Africa Imamura, 2016).

The anxiety model showed that the number of chances for changing sites
significantly affected the results. This suggests that a stress-sensitive allele
evolves only in species with relatively long-life spans or those that have to make
decisions repeatedly. Note that longer life spans and more chances for decision-
making in today’s world than ever before (Misuraca et al., 2024) not necessarily
means that stress-sensitive individuals performed better today. The present
result is obtained only if individuals can move to another site when they get
stressed. This condition would not usually hold in the current environmental
context. Moreover, the magnitude and type of stress experienced in the present
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day may differ significantly from those in prehistoric times. Consequently, the
effects of stress-sensitive alleles may be masked, thereby concealing the
association between genotype and depression incidence (Border et al., 2019). In
addition to the chronic data analysis, psychological experiments and animal
experiments are necessary in order to achieve a comprehensive understanding

of the evolutionary role of stress sensitivity.

The combined model, in which the probability of being depressed with
probability was positively correlated with probability of occurrence of having
an active response to change the situation, exhibited the widest range of
parameter regions for stable polymorphism among the present three models. It
follows that the combined model is most likely given the world-wide prevalence
of polymorphisms of the stress-sensitivity genes. That in turn supports the view
that depression shares several genetic basis with anxiety and it is an inevitable

byproduct of anxiety.

The present model assuming a single infinite population does not
consider migration-selection balance, which is particularly important when
there is environmental variation among local populations (Booker, 2024). In
addition, phylogenetic analysis of mitochondrial DNA suggests that human
migration out of Africa was not a one-way process; rather, ancestors from
western Eurasia also entered southern Africa via eastern Africa (Pickrell et al.,

2014). This back-migration could play a role in maintaining polymorphism in

20



each local population by reintroducing genetic variation that might otherwise

have been lost.

The present model also did not consider inter-individual interaction,
which may provide another and non-exclusive explanation for the
polymorphism. Interaction is often accompanied by frequency-dependent
selection, leading to coexistence of multiple alleles at an equilibrium point. In
this context, it is noteworthy that association between the S allele frequency and
the degree of collectivism is reported (Chiao & Blizinsky, 2010; but see also
Eisenberg & Hayes, 2011). Such a model should also consider the relationship
between rate of depression and hierarchy (Fan et al., 2023; Nesse & Schulkin,

2019; Tseng et al., 2023).

Finally, the present model considering repetitive resource-seeking
behavior may be also applied to studies on attention deficit hyperactivity
disorder (ADHD), with which individuals exhibit increased levels of resource-
seeking behavior (Barack et al., 2024). Given that anxiety disorders and ADHD
are often comorbid, it would be valuable to explore how these conditions
interact at the genetic and environmental levels (Swanepoel et al., 2022). A
comprehensive understanding of these overlapping mental health conditions

are obviously important (Esteller-Cucala et al., 2020).
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In summary, this study highlights the geographic gradient in the
frequency of stress-sensitive alleles, with a clear ascent from Africa to Eurasia.
Outcomes of three evolutionary models indicate that stress-sensitive alleles are
favored in a moderate environment, not in a very dangerous environment. They
also support the view that anxiety and depression share genetic factors. Further
theoretical studies incorporating individual interactions and psychological
experiments will provide deeper insights into the seemingly counterintuitive

evolution of stress-sensitive alleles.
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Appendix

Allele frequency dynamics and local stability analysis for equilibrium

states.

Denote frequencies of the L allele and the S allele among gametes at generation
t as 1 —p(t) and p(t), respectively. As we assume random mating, frequencies of
the three genotype, L/L, L/S, and S/S are calculated as (1 — p(t))z, 2(1-p@®)p (D),
and p(t)?, respectively. The gametes of genotype S gametes at generation ¢t + 1

are produced by the L/S and S/S individuals. The amount produced by the

23



former is half as many as that produced by the latter. The frequency p,,, is

calculated as

p(t+1) = g(p) = - [(1 ~ pIPF: +pF,), (A1)

where w(p) is mean fitness for all individuals calculated as follows:
w(p) = (1 —p)*Fy + 2(1 — p)pF, + p*F,. (A.2)

Using the above difference equation and the initial value p;, we can calculate

the allele frequencies at any generation.

Define p as the S allele frequency at an equilibrium, the state at which the
allele frequencies do not change over generations. From (A.1), p is obtained by

solving p = g(p). This equation has three solutions, p = 0, 1, and p*, where

P = (A3)
That is biologically feasible (i.e., 0 < p* < 1) if and only if

F, < min {F,, F,}. (A4)
or

F; > max {F,, F,}, (A.5)
Each equilibrium is locally stable if

-1< (g—i)pzp* <1. (A.6)
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The trivial equilibria p =0 and p=1 are stable if F,<F, and F, <F,,
respectively. The two trivial equilibria are simultaneously locally stable (called
bistable) if (A.4) is satisfied, in which case p = p* exists as an unstable internal
equilibirum. The non-trivial, dimorphic equilibrium p = p* is locally stable if

(A.5) holds, in which case p = 0 and p = 1 are both unstable.

Obtaining fitness functions for the three models.

Let ¢(w,x) be expected one-round gain increment for an individual that has
probability x (one of x,, x;, and x,) at a site with failure rate w (either wg or wg).

It is calculated as

ow,x)=1—-w+wa[l—x+x(1—-15)]
=—aswx+1—(1—-a)w )

Let f;(x) be the expected cumulative gain for individuals with quitting rate x
when the final N-th round has ended. We assume that expected fitness is

calculated as follows:
Fi =1+ sf(xi);i € {0,1,2},

where 0 < ¢ « 1 so that fitness is positive even when f(x;) takes a negative

value.

The depression model
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Let gp(n) be the probability that the environment is bad in round n. By
definition qp(1) = q,. For n = 2, qp(n) is calculated as:

gp(n) = (1 - ql()n_l))uGB + q]()n—1)(1 — Ugg)

(1) (B.1)
= (1 —ugg —upsg)qp ~ +UgB

Note that ql(,") does not include wg, wg and x. This makes sense given the
assumption of the depression model that environment affects but is not affected

by the outcome of trials and individual behavior.

The general solution of ¢ is

ap(m) = (@ —qp)5 ' + qp (B.2)
_ n-1 n—1y %’ '
=rmp q+(1—1 7)qp

where
™ =1 —ugg — Ugg; (B.3)

qp = ugs/(upg + Ugg)- (B.4)

Since -1<mnp <1, qé”) monotonically or asymptotically approach gy as n

increases.

The expected gain accumulated until the end (i.e., round N ) for
individuals with quitting rate x, f;(x), is obtained as follows. First, let fD(”) (x)
denote the expected gain in round n. If the site condition is good and bad, their
expected gain is ¢(wg x) and ¢(wg,x), respectively. Therefore, using the

probability ¢ we have
26



500 = (1-a5”)pwe, 1) + a5 p(ws, ) (B.5)

It follows:

N
o) = D fPG0)
n=1
= $we ) ) 1= (Bwe, )~ pws 1) > af”

N
= [(1 - gp)p(we, x) + qhdp(wg, x)IN — (g — g5)(¢(we, x) — Pp(wp, X)) 2 gt
n=1

(B.6)

Equation B.6 is further calculated by replacing ¢ (wg, x) and ¢(wg, x) with the

right-hand side of equation as follows:

fo(x) = —adApsx + N — (1 — a)Ap (B.7)

N
Ap = wa(1 = qp) + wyasIN + (q — qp) (wp — wg) ) 18~
n=1
1

= —{(WGUBG + wgugg)N — [(1 — q)ugg — qupgl(wg — wg)
Ugp + Upg

1-(1—-ugg— uBG)N}
Ugp + Upg

(B.8)

Note that we can show Ap(x) > 0 as follows:

Ap = ) [we(1—qp) +weap + (q — qp)(we — we)rp ']

M=M=

{wel1—qp(1 =37 D] + weap(1 — 1571 + q(wp — we)rp ™'}
1

S
I

(B.9)
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The summation term reflects transient deviations from the equilibrium

environment and incorporates environmental volatility.

Therefore, f(x) is a monotonically increasing and decreasing function of x

when a < 0 and a > 0, respectively.

The anxiety model

The anxiety model shares much of its structure with the depression model. The
former has a unique expected probability for individuals with quitting rate x to
be at a bad site in round n, g5 (x, n), in place of qp(n) of the depression model. It

is calculated as follows.

qa(x, 1) = q4, (B.10)

ga(x,n) = [1 — (wgvgp + WBUBG)X]Q,E\”_D (x) + wgvgpx. (B.11)

Note that (B.11) is obtained by replacing ugg and ugg in (B.1) with wgvggx and
WgUgeX, respectively. Using the same replacement, we obtain the counterparts

of those in the depression model as follows:

aa(x,n) = (g1 — qa ()™t + qa(x)

b . (B.12)
= ()" @+ 1= ()" | qa @)
q ifx=0
qa(x) = { 6B otherwise (B.13)
vge+(WB/WG)VBG
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T'A(X) =1- (WBUBG + WGUGB)X (B.14)

Note that —1 <nr(x) <1 holds and g,(x,n) monotonically or oscillatory
approaches g, as n increases unless x equals zero. Note also that the
equilibrium state g, is independent from x while the quitting rate x affects
convergence speed toward the equilibrium. This means that the anxiety model
partially guarantees a type of rationality of the anxious moving; individuals can
reduce the probability of being in a bad site by repeating the outcome-based

escapes (Figure 2b; supplementary text).

fa(x) = —aAp(x)sx + N = (1 = a)A,(x)

=—(asx +1—a)Apr(x) + N (B.15)

Ap = [WG(l - CIZ\(X)) + WBCI:\(?C)]N + (Ch - CI:\(X))(WB —wg) z(TA(X))n_l

= ) wa{t= a1 (a)" [} + waaa 1= (a@)" ]+ s~ wed (a)" ] > 0

n=1

(B.16)

In addition, for x > 0, equation B.16 can be rewritten as follows:

Ar(0) = S = ZTNI (DR X, (B.17)
where

B = [(1 — @)wgvge — qwevsel(ws — we), (B.18)

C = wgwg(vgg + Vgg)s (B.19)
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V= Wg UGB + WgVgBG» (B.ZO)
X$0 = (N )k, (B.21)

Note that ¢ and V are positive, and Xf\k) is non-negative, whereas B can be

negative. The cumulative gain f,(x) is rewritten using these quantities as

follows:
CN B N-1
falx) = —(asx +1—a) {— —— (_V)legk)} +N
V. VZag=o
a o " CN CN
= —{asxz (—V)legk) +(1-a) Z (—V)ngk)} casN a0
4 k=0 k=0 V vV

(B.22)

This form more clearly indicates that f,(x) is an N-th degree polynomial of x.

Analysis of the case of N = 2 in the anxiety model.
When N = 2, equation B.22 becomes

fa(x) = —asBx? — [2asD + (1 —a)B]lx+ 2[1 — (1 —a)D], (B.23)
where

D= % =1 -q)wg + qwg. (B.24)
Note that D > 0. The first and second derivatives of f,(x) are calculated as

fa(x) = —2asBx — [2asD + (1 — a)B], (B.25)

A (x) = —2asB. (B.26)
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The quadratic function f,(x) takes its extreme value (either maximum or

minimum) at x = xg, where

falte) = 0 o xg = — (2 +129), (B.27)

B 2as

Equation B.26 indicates that f, (xg) is the maximum and the minimum if aB > 0

and aB < 0, respectively.

It can be shown that aB > 0 and 0 < x¢g < 1 do not hold simultaneously,
which means that f, (x) does not take a maximum within the range from zero to
one, as follows. Suppose aB > 0, which is equivalent to either 0 < a < 1 and B >
0ora < 0andB < 0. In the former case, it is clear from equation B.27 that xg is

negative. In the latter case, xg is greater than one because

xg—1=— (? + %“) (B.28)
and
B+ D =(1-qwg[l+ vgg(wg —wg)] + qwg[1 — vgg(wg — wg)] > 0.

(B.29)

In conclusion, stable allelic dimorphism resulted from overdominance does not

occur in the anxiety model with N = 2.

The combined model
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Here we make a constraint that y is a monotonically increasing function of x as

follows:

y=h)=p (x:)x (B.30)
where

Xmax = Max{Xg, X1, X2}, (B.31)

and k and p are positive real parameters satisfying p < 1 — x4

The combined model is almost the same as the anxiety model. The former
assumes a greater quitting rate for individuals with moving rate x(> 0) than the
latter does. The same quantities qul) (x), qa(x), ra(x) as the anxiety model can be

applied. On the other hand, the increased quitting rate yields reduced gain as

follows:
fc(n)(x) = (1 — q]()n)>¢(wc,x +h(x)) + q[()n)qb(WB,x +h(x)) (B.32)

fo(x) = ZN_ £ (%) (B.33)

32



Reference

Barack, D. L., Ludwig, V. U,, Parodi, F., Ahmed, N., Brannon, E. M.,
Ramakrishnan, A., & Platt, M. L. (2024). Attention deficits
linked with proclivity to explore while foraging. Proceedings
of the Royal Society B: Biological Sciences, 291(2017).

https://doi.org/10.1098/rsph.2022.2584

Booker, T. R. (2024). The structure of the environment influences
the patterns and genetics of local adaptation. Evolution

Letters. https://doi.org/10.1093/evlett/qrae033

Border, R., Johnson, E. C., Evans, L. M., Smolen, A., Berley, N.,
Sullivan, P. F., & Keller, M. C. (2019). No support for historical
candidate gene or candidate gene-by-interaction hypotheses
for major depression across multiple large samples. American
Journal of Psychiatry, 176(5), 376-387.

https://doi.org/10.1176/appi.ajp.2018.18070881

Carola, V,, Frazzetto, G., Pascucci, T., Audero, E., Puglisi-Allegra, S.,
Cabib, S., Lesch, K. P,, & Gross, C. (2008). Identifying Molecular
Substrates in a Mouse Model of the Serotonin Transporter x

Environment Risk Factor for Anxiety and Depression.

33



Biological Psychiatry, 63(9), 840-846.

https://doi.org/10.1016/j.biopsych.2007.08.013

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W,
Harrington, H., McClay, J., Mill, J., Martin, J., Braithwaite, A., &
Poulton, R. (2003). Influence of Life Stress on Depression:
Moderation by a Polymorphism in the 5-HTT Gene. Science,

301(5631), 386-389. https://doi.org/10.1126/science.1083968

Chiao, J. Y., & Blizinsky, K. D. (2010). Culture-gene coevolution of
individualismcollectivism and the serotonin transporter gene.
Proceedings of the Royal Society B: Biological Sciences,

277(1681), 529-537. https://doi.org/10.1098/rspb.2009.1650

Eisenberg, D. T. A., & Hayes, M. G. (2011). Testing the null
hypothesis: Comments on “Culture-gene coevolution of
individualism-collectivism and the serotonin transporter
gene.” In Proceedings of the Royal Society B: Biological
Sciences (Vol. 278, Issue 1704, pp. 329-332). Royal Society.

https://doi.org/10.1098/rspb.2010.0714

Esteller-Cucala, P, Maceda, I., Barglum, A. D., Demontis, D.,
Faraone, S. V., Cormand, B., & Lao, O. (2020). Genomic analysis

of the natural history of attention-deficit/hyperactivity

34



disorder using Neanderthal and ancient Homo sapiens
samples. Scientific Reports, 10(1), 8622.

https://doi.org/10.1038/s41598-020-65322-4

Fan, Z., Chang, J., Liang, Y., Zhu, H., Zhang, C., Zheng, D., Wang, J.,
Xu, Y, Li, Q. ]., & Hu, H. (2023). Neural mechanism underlying
depressive-like state associated with social status loss. Cell,

186(3), 560-576.e17. https://doi.org/10.1016/j.cell.2022.12.033

Gelernter, J., Cubells, J. F., Kidd, ]J. R., Pakstis, A. J., & Kidd, K. K.
(1999). Population studies of polymorphisms of the serotonin
transporter protein gene. American Journal of Medical
Genetics - Neuropsychiatric Genetics, 88(1), 61-66.
https://doi.org/10.1002/(SICI)1096-

8628(19990205)88:1<61::AID-AJMG11>3.0.CO;2-K

Gerretsen, P, Miller, D. J., Tiwari, A., Mamo, D., & Pollock, B. G.
(2009). The intersection of pharmacology, imaging, and
genetics in the development of personalized medicine. In
Dialogues in Clinical Neuroscience (Vol. 11, Issue 4, pp. 363—

376). https://doi.org/10.31887/dcns.2009.11.4/pgerretsen

Goldman, N, Glei, D. A, Lin, Y. H., & Weinstein, M. (2010). The

serotonin transporter polymorphism (5-HTTLPR): Allelic

35



variation and links with depressive symptoms. Depression

and Anxiety, 27(3), 260-269. https://doi.org/10.1002/da.20660

Gotlib, I. H., Joormann, J., Minor, K. L., & Hallmayer, J. (2008). HPA
Axis Reactivity: A Mechanism Underlying the Associations
Among 5-HTTLPR, Stress, and Depression. Biological
Psychiatry, 63(9), 847-851.

https://doi.org/10.1016/j.biopsych.2007.10.008

Gureyev, A. S, Kim, A. A,, Sanina, Y. D., Shirmanov, V. L,
Koshechkin, V. A., Balanovskiy, O. P, Yankovskiy, N. K., &
Borinskaya, S. A. (2016). Serotonin transporter gene 5-HTTLPR
VNTR allele frequency distribution in Africa and Eurasia.
Russian Journal of Genetics: Applied Research, 6(2), 178-190.

https://doi.org/10.1134/S2079059716020039

Hammen, C. (2005). Stress and Depression. Annual Review of
Clinical Psychology, 1(1), 293-319.

https://doi.org/10.1146/annurev.clinpsy.1.102803.143938

Hariri, A. R., Mattay, V. S., Tessitore, A., Kolachana, B., Fera, F.,
Goldman, D., Egan, M. F., & Weinberger, D. R. (2002).

Serotonin Transporter Genetic Variation and the Response of

36



the Human Amygdala. Science, 297(5580), 400—403.

https://doi.org/10.1126/science.1071829

Homberg, J. R., & Lesch, K. P. (2011). Looking on the bright side of
serotonin transporter gene variation. In Biological Psychiatry
(Vol. 69, Issue 6, pp. 513-519).

https://doi.org/10.1016/j.biopsych.2010.09.024

Imamura, K. (2016). Prehistoric Japan. Routledge.

https://doi.org/10.4324/9780203973424

Lesch, K.-P, Bengel, D., Heils, A., Sabol, S. Z., Greenberg, B. D.,
Petri, S., Benjamin, J., Miller, C. R., Hamer, D. H., & Murphy, D.
L. (1996). Association of Anxiety-Related Traits with a
Polymorphism in the Serotonin Transporter Gene Regulatory
Region. Science, 274(5292), 1527-1531.

https://doi.org/10.1126/science.274.5292.1527

Mifio, V., San Martin, C., Alfaro, F., Miguez, G., Laborda, M. A,
Bacigalupo, F., & Quezada-Scholz, V. (2023). Meta-analysis of
the effect of SHTTLPR polymorphism in fear learning. In
Learning and Motivation (Vol. 82). Academic Press Inc.

https://doi.org/10.1016/j.l1mot.2023.101889

37



Misuraca, R., Nixon, A. E., Miceli, S., Di Stefano, G., & Scaffidi
Abbate, C. (2024). On the advantages and disadvantages of
choice: future research directions in choice overload and its
moderators. In Frontiers in Psychology (Vol. 15). Frontiers

Media SA. https://doi.org/10.3389/fpsyg.2024.1290359

Nesse, R. M. (2005). Natural selection and the regulation of
defenses. A signal detection analysis of the smoke detector
principle. Evolution and Human Behavior, 26(1), 88-105.

https://doi.org/10.1016/j.evolhumbehav.2004.08.002

Nesse, R. M., & Schulkin, J. (2019). An evolutionary medicine
perspective on pain and its disorders. In Philosophical
Transactions of the Royal Society B: Biological Sciences (Vol.
374, Issue 1785). Royal Society Publishing.

https://doi.org/10.1098/rsth.2019.0288

OTTO, S. P, & DAY, T. (2011). A Biologist’s Guide to Mathematical
Modeling in Ecology and Evolution. Princeton University Press.

https://doi.org/10.2307/j.ctvcm4hnd

Pickrell, J. K., Patterson, N., Loh, P. R,, Lipson, M., Berger, B.,
Stoneking, M., Pakendorf, B., & Reich, D. (2014). Ancient west

Eurasian ancestry in southern and eastern Africa. Proceedings

38



of the National Academy of Sciences of the United States of
America, 111(7), 2632-2637.

https://doi.org/10.1073/pnas.1313787111

Price, J. S. (2013). An Evolutionary Perspective on Anxiety and
Anxiety Disorders. In New Insights into Anxiety Disorders.

InTech. https://doi.org/10.5772/52902

Santarelli, S., Wagner, K. V., Labermaier, C., Uribe, A., Dournes, C.,
Balsevich, G., Hartmann, J., Masana, M., Holsboer, F., Chen, A,,
Miller, M. B., & Schmidt, M. V. (2016). SLC6A15, a novel stress
vulnerability candidate, modulates anxiety and depressive-
like behavior: involvement of the glutamatergic system.
Stress, 19(1), 83-90.

https://doi.org/10.3109/10253890.2015.1105211

Sato, D. X., & Kawata, M. (2018). Positive and balancing selection
on SLC18A1 gene associated with psychiatric disorders and
human-unique personality traits. In Evolution Letters (Vol. 2,
Issue 5, pp. 499-510). John Wiley and Sons Inc.

https://doi.org/10.1002/ev13.81

Savostyanov, A. N., Bazovkina, D. V,, Lashin, S. A., Tamozhnikov, S.

S., Saprygin, A. E., Astakhova, T. N., Kavai-Ool, U. N., Borisova,

39



N. V, & Karpova, A. G. (2021). Comprehensive analysis of the
5-HTTLPR allelic polymorphism effect on behavioral and
neurophysiological indicators of executive control in people
from different ethnic groups in Siberia. Vavilovskii Zhurnal
Genetiki i Selektsii, 25(5), 593-602.

https://doi.org/10.18699/V]21.066

Swanepoel, A., Reiss, M. ]., Launer, J., Music, G., & Wren, B. (2022).
Evolutionary Perspectives on Neurodevelopmental Disorders.
In Evolutionary Psychiatry (pp. 228-243). Cambridge

University Press. https://doi.org/10.1017/9781009030564.017

Tseng, Y. T,, Zhao, B., Ding, H., Liang, L., Schaefke, B., & Wang, L.
(2023). Systematic evaluation of a predator stress model of
depression in mice using a hierarchical 3D-motion learning
framework. Translational Psychiatry, 13(1).

https://doi.org/10.1038/s41398-023-02481-8

Way, B. M., & Lieberman, M. D. (2010). Is there a genetic
contribution to cultural differences? Collectivism,
individualism and genetic markers of social sensitivity. Social
Cognitive and Affective Neuroscience, 5(2-3), 203-211.

https://doi.org/10.1093/scan/nsq059

40



41



Figure Captions

Fig. 1. Flow of individual behavior. in the anxiety model (A), the depression

model (B), and the combined model (C).

(A)Anxiety model

Not quit

Quit

1 Not quit

An individual is assigned to a site with condition good or bad. Result of each
trial is twofold: success or failure. Failure probabilistically induces quitting. If
the individual has quit the trial, he/she either move to another site (A, C) or stay

at the same site (B, C). The above process is repeated N times.
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Fig. 2. Within-generation dynamics in the three model.
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Frequency of individuals that are at the bad site among those sharing the same
genotype, g™ (x;) (A-C), and the expected accumulated gain, f(x;), normalized
by the number of rounds experienced so far (D-F) were plotted against the
number of rounds, n, in the anxiety model (A, D), the depression model (B, E),
and combined model (C, F). Background colors indicate the genotype with the
highest gain: L/L(blue), L/S(yellow) and S/S(red). In the anxiety and combined
models, different genotypes approach the same equilibrium frequency with

different convergence rate (A, C), and the genotype with the greatest cumulative
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gain depends on the round number (D, F). In the depression model, the
convergence rate is independent of genotype (B), with one homozygote (L/L in
this numerical example) always providing the greatest cumulative gain (D).
Parameter values are wg = 1/2, s = 35/100, vgg = 4/5, vgg = 1/5 and x, = 4/5
for the anxiety model (A, D), and wg = 1/20,s = 1/2, ugg = 1/10 ugg = 1/2, and
x, = 3/5 for the depression model (B, E). The other parameters are a = 2/5, wg =
9/10, x, = 1/5, and x; = 2/5. The same parameter values as the anxiety model,

p =1/2,and k = 20 and were used for the combined model (C, F).
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Fig. 3. Dependency of evolutionarily stable states in the anxiety model on

the environmental factors.
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B S5 dominant

Various values were substituted into total number of rounds (V), the maximum
gain for individuals that have failed in a trial (a), and cost for anxiety movement
(s). Specifically, N = 1 (A), 2 (B), 3 (C), 10 (D), 70 (E), and 1000 (F), the values of a
vary between 0 to 4/5 (the horizontal axis), and the values of s vary between 0
to 1 (the vertical axis). The blue and red areas indicate the parameter regions in

which the L and S alleles, respectively, are fixed. The yellow area indicates the
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region in which dimorphism of the L and S alleles is maintained depending on
values of the other parameters. The white area indicates the region in which
either the L or S allele is fixed depending on the initial allele frequency. When
N =1 (A), the L allele is fixed as long as a > 0. When N = 2 (B), the regions are
also found in which S is fixed or the bistable dynamics are observed. When N >
3 (C-F), there is the region in which dimorphism is maintained. Area of the
dimorphic region is wider when intermediate N is substituted (D and F). The
other parameters are wg = 4/5, wg = 1/5, vgg = 7/10, vgg = 3/10, xo = 1/5 x; =

2/5,and x, = 3/5.
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Fig. 4. Dependency of evolutionarily stable states in the anxiety model on

the environmental factors.
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Various values were substituted into the total number of rounds (N), the
frequency of bad sites (q), and cost for anxiety movement (s). In the random
distribution case, q; = vgg = q and vpg = 1 — q are assumed. Specifically, N =1
(A), 2 (B), 3(C), 10 (D), 70 (E), and 1000 (F), the values of g vary between 0 to 1
(the horizontal axis), and the values of s vary between 0 to 1 (the vertical axis).
The blue and red areas indicate the parameter regions in which the L. and S

alleles, respectively, are fixed. The yellow area indicates the region in which
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dimorphism of the L and S alleles is maintained depending on values of the
other parameters. The white area indicates the region in which either the L or
S allele is fixed depending on the initial allele frequency. When N =1 (A), the L
allele is fixed as long as a > 0. When N = 2 (B), the regions are also found in
which S is fixed or the bistable dynamics are observed. When N > 3 (C-F), there
is the region in which dimorphism is maintained. Area of the dimorphic region
is wider when intermediate g is substituted. The value of g realizing the
broadest parameter region for dimorphism in turn depend on N. The other

parameters are a = 1/5, wg = 4/5, wg = 1/5,x, = 1/5 x; = 2/5, and x, = 4/5.
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Fig. 5. Dependency of evolutionarily stable states in the combined model

on the degree of association between anxiety and depression.
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Various values were substituted into the parameters determining association
between moving rate and depression rate (p and k), the maximum gain for
individuals that have failed in a trial (a), and cost for anxiety movement (s). In
(A), the association between the moving rate (x) and the depression rate (h(x))
were plotted with various p and . In (B-H), the blue and red areas indicate the
parameter regions in which the L and S alleles, respectively, are fixed. The
yellow area indicates the region in which dimorphism of the L and S alleles is
maintained depending on values of the other parameters. The white area
indicates the region in which either the L or S allele is fixed depending on the
initial allele frequency. The parameter values are p = 0 (B), 1/10 (C, E), or 1/5
(D, F), k =0(B), 1/30 (C, D), or 1 (E, F), the values of a vary between 0 to 3/4
(the horizontal axis), and the values of s vary between 0 to 1 (the vertical axis),
wg =4/5,wgs=1/5,q, =1/2,vgec =1/2, vgg = 1/10, N =30, x, = 1/5, x; = 2/5,

and x, = 4/5.
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Fig. 6. Two possible environmental gradients realizing the same allele-

frequency gradient.
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In both panels, local variation in environmental conditions is assumed to be
small in Africa and high in Eurasia, and pie charts represent equilibrium allele

frequencies in each area predicted by the combined model. However, the local
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variation is small in Africa because most sites are in good condition (A) or they
are in bad condition (B). In both scenarios, the stress-sensitive S allele frequency
is higher in Eurasia. The parameter g was varied between 34/100 and 4/5 in (A),
and between 5/100 and 31/100 in (B). The other parameters are a = 1/5, wg =

4/5,wg=1/5,N =70,s = 3/10,x, = 1/5, x;, = 2/5, and x, = 4/5.
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