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Natural averaging may
complement known biological
constraints in sexual reproduction’s
advantages over asexual in
conserving species quantitative
traits

Assaf Marron'™, Smadar Szekely?, Irun R. Cohen? & David Harel*

Commonly recognized effects of sexual reproduction include increased diversity, improved
adaptability, enabling of DNA repair, constrained accumulation of deleterious mutations, and species
genotype homogenization. Additionally, there are studies that show how sexual reproduction slows
down certain evolutionary responses, offering advantages in population cumulative growth and
stability over time and other metrics. Here, we contribute an observation of another distinct effect of
sexual reproduction, focusing on retaining a species’s key traits. In an initial mathematical analysis and
simulation, we show that in an environment where copying is prone to error, quantitative polygenic
traits that are shared within a parents’ generation are transmitted to future generations under sexuval
reproduction with less deviation than under asexual reproduction. Furthermore, the model shows that
this retention of common traits (abbr. RoCT), is driven by the very nature of mixing of parental traits,
and occurs even before adding effects like trait-specific reproductive advantages, DNA repair, or the
raising of reproductive barriers. Since survival of ecosystems depends on the ability of individuals to
replace the networked interactions and interdependencies associated with failing, dying, or absent
members of the same species, RoCT helps sustain species and ecosystems.

Keywords Sexual reproduction, Asexual reproduction, Clonal reproduction, Bi-parental, Probabilistic
sampling

There are multiple theories for the evolution and pervasiveness of sexual reproduction in nature, as contrasted
with asexual, clonal reproduction. However, the underlying question is still considered open, as can be attested
by recent publications' ™ (Macpherson! specifically lists many additional papers “who refer to the unresolved
paradox of sexual reproduction”).

The various factors and effects, which in some cases appear as complementing or supporting each other, and
in other cases as alternative observations and explanations, include:

1. The contribution of recombination to diversity, which then leads to increased adaptivity to changing condi-
tions, enhanced competitiveness and the ability to co-evolve with pathogens, parasites, or symbionts. Sem-
inal publications studying this issue, each with its finer claims, and environment and time scale considera-
tions, include Fisher’s 1930 The Genetical Theory of Natural Selection (Chapter VI)°, van Valen’s Red Queen
hypothesis®, Williams's Sex and Evolution’, and Maynard Smith’s The Evolution of Sex®.

2. Constraining of the irreversible penetration of deleterious mutations, often termed Muller’s ratchet®; this oc-
curs by combination of dominant/recessive relations of pairs of alleles, and by the reproductive disadvantage
imposed by the deleterious trait at hand, which may be augmented by Kondrashov’s Hatchet!? - interactions
between slightly deleterious mutations; and,
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3. Preservation of common traits through biological processes including (i) the raising of reproduction barriers
between divergent subgroups within a species!’, (ii) DNA repair that occurs as part of meiosis'!~'3, (iii) sexu-
al selection which promotes reproduction of individuals with certain preferred traits!!, and (iv) interference
with specialization and speciation of variants that find and prefer new niches'!(ch.16).

4. Genetic homogenization. Heng and Gorelick'® observe that diversity, adaptivity, and constraining of dele-
terious mutations are generally considered the more prominent factors. They then argue that much greater
significance should be assigned to the contribution of sexual reproduction to genotype homogenization, as
resulting from mechanisms like DNA repair, and the preservation of structure throughout meiosis. These
processes maintain the species identity, i.e., the functions that constitute the delicate interaction networks
that sustain the species and its ecosystem. They write: We do not quibble with Fishers (1930) notion-which
really dates back to Darwin (1859) and Weismann (1891)-that (additive) genetic variance is the engine driving
evolutionary change. We only contest that sex helps generate that heritable variance, especially at the genome
level”.

This view can be aligned with the observation in'* that one of the effects of sexual reproduction is “to maintain
a frequency distribution of genes within the species that fits the life style and ecosystem”.

5. Stabilizing population growth rates and reducing fluctuations. Flegr and PoniZil'® focus on evolution in fluc-
tuating environments, say, when ambient temperature rises and falls. They use mathematical models and
simulation to show that sex actually slows down evolution in a way that enables species to survive in such
fluctuating environments. This angle aligns with Roughgarden’s'® focus on long term growth rate in fluctu-
ating environments, using the geometric mean (nth root of product of # numbers) of consecutive growth
rates. This computation shows advantage to sexual reproduction when combining multiple increases and
reductions in growth rate caused by changing levels of success of adaptation.

6. Recombination as a maintainer of alternatives. Hamilton'?, observed that in an environment where a short-
life-cycle parasite evolves to always attack the phenotype with highest frequency, sexual reproduction en-
sures that an optimal genotype will not immediately dominate; recombination maintains population diversi-
ty even without mutations. This enables evasion of the parasite’s attacks, akin to password-based defense with
‘continual random recreation of ‘passwords’ by sex and recombination”.

Doebeli'® shows the advantages of sexual reproduction in reducing fluctuations in population density in
host-parasite systems as well as under competition between individuals in the population and between sex-
uals and asexuals within the population. The focus is on quantitative phenotypic traits, which are manifested
as fitness. Here again, it is assumed that mutations may be the source of original variability in the population,
but no mutations occur in the time frame in which sexual and asexual reproduction are compared.

An additional window into how published opinions in this area may align with or differ from each other see
Williams’s review!? of Maynard Smith’s book®.

Resolving the general paradox or weaving the various explanations into a cohesive theory is still an open
research area. Still, such efforts may be aided by additional observations and insights into the effects of sexual
reproduction on genotypes and phenotypes, and on species and ecosystems.

In this paper we add such an observation regarding the retention, in a child generation, of traits that are
common in the parent generation; the effect is abbreviated hereafter as Retention of Common Traits (RoCT).
Using generalized statistical analysis and simulation, we show that in a population where any kind of copying
is imperfect, say, due to mutations, sexual reproduction that includes merging of two encodings (i.e., concrete
representations) of inherited traits, conserves in the offspring generation traits that are shared within the parents’
generation better than does asexual reproduction. Furthermore, we show that this effect is a general statistical
property, driven by the very mixing of parental traits, even before adding the contribution of DNA repair, effects
on reproductive rates, and the raising of reproductive barriers,

The model shows this for one transition between generations, when then extends to conservation of traits
across multiple generations. Given that survival of organisms, species, and ecosystems depends on interaction
networks, and that all organisms eventually die, higher fidelity RoCT helps sustain species by enabling offspring
to step in and carry out interaction roles performed by their ancestors.

Certain aspects of the topic were discussed as far back as a century ago. For example, in 1918, Fisher®
established the correlation between the phenotypic expression of quantitative traits (also termed characters) in
offspring and that of the parents. In 1886, Galton?! reported observations that for quantitative traits, offspring
traits tended towards the mean of the population, eliminating extremes that may have been manifested by their
parents, a phenomenon termed “regression towards the mean”. In his experiment measuring human stature he
also observed population-wide processes which he summarized as “two opposite sets of actions, one concentrative
and the other dispersive”, and concluded that “they necessarily neutralise one another, and fall into a state of stable
equilibrium™!(p.256).

Our model focuses on the effects of noisy copying and merging of encodings, before the application of repair
mechanism and before considering the longer term effects of the change in trait on reproductive success or on
the possibility of raising of reproductive barriers among sub-groups.

RoCT may be correlated with homogenization of offspring genotype, but these are distinct concepts. Indeed,
the fact that sexual reproduction results in homogenization of the genome in the offspring generation is often
taken for granted when a population is panmictic, i.e., every organism of the species can mate with every other
of the same species, and all are confined within a geographical region (see, e.g., the abstract of??); it is also often
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implicit from discussions of gene flow in structured populations (see, e.g., ch.16, p.441 in'!), or in pondering
the puzzle of sympatric speciation: why panmictic populations sometimes give rise to diversity and speciation
even within a given location???*. However, mere homogenization within the offspring generation alone does not
immediately imply retention of parental traits and may even dilute such traits.

As in the research by Doebeli'8, our analysis and simulation is constrained to quantitative traits, which by
and large are polygenic. Quantitative traits constitute the majority of the identifiable traits in organisms®*(p.239),
and our knowledge about how various genes affect each such phenotypic trait is very limited. Indeed, the very
existence of quantitative phenotypic traits whose manifestation can take into account summing or averaging
the traits of the two parents is an important factor that enables the retention of what is common or shared
in the entire generation of these parents. This choice connects the present work more broadly to quantitative
genetics!! (¢h-14,16,17,19,26),2025 ‘While blending inheritance theory, where parents traits are mixed to form the
offspring features, is long considered obsolete when discussing individual genes and alleles?®(p.52), quantitative
genetics studies the many quantitative phenotypic traits which may manifest averaging effects. Such traits
include lifespan, weight, strength, speed, dimensions of various organs, and many others. Quantitative traits are
affected by vast genetic information, commonly represented in Quantitative Trait Loci (QTL) which may include
multiple genes, regulatory sequences, epigenetic effects, etc. The phenotype polygenic aggregation involves,
among others, operations that resemble adding and averaging the various genetic factors within the organism.
Furthermore, the way offspring QTL information is determined from the merging of parents’ QTL is known to
be highly complex?”?%, and cannot yet be reduced to a small set of rules; the model makes a modest attempt to
reflect this complexity.

The present work is part of a larger research project?*° exploring how sustainment of a species depends
on interaction networks in which it participates. In such networks, the role of each species is naturally and
automatically encoded in what we term species interaction code. It is manifested in the genes, physiology and
environment of the individuals, defines the species’s identity, and enables its transmittal to future generations.
Conservation of common traits thus help conserve the species. we use the term an encoding to refer to an object
or structure that encodes, or represents, another object or concept. The terms “encoding” and “species interaction
code” are distinguished from the concept of “a code” used by Barbieri and others to refer to an entire mapping
between two domains®L.

Since here we aim to only show relations between certain values, rather than establishing those values, we
adopt the “story proof” argumentation style, as defined and used in’?; this style relies on text of intuitive, yet well
founded, logic statements to support the claims, and keeps mathematical formulas to a minimum. In addition,
the use, in the context of the mathematical model, of terms that are commonly applied to living organisms, is for
convenience, and alludes to the model’s applicability to biology.

The paper is structured as follows: In Section 2 we introduce our model for genotype, phenotype and sexual
and asexual transmittal of quantitative characters. In Section 3 we prove, using basic probability and the central
limit theorem in the above model, the inevitability of conservation of quantitative parental traits as a general
effect of sexual reproduction. In Section 4 we illustrate the differences between the RoCT effect under sexual and
asexual reproduction with examples drawn from simulation runs that reproduce diverse objects including real
numbers, images of printed text, and images of flowers. The latter simulations also illustrate how conservation of
many distinct traits, like individual Red-Green-Blue (RGB) values in thousands of pixels, can affect conservation
of emergent traits, like recognizing that an image is of a flower. In Section 5 we discuss the positioning and
significance of the contribution relative to ideas and methodological approaches in published works, limitations
of our model, and related future research directions.

The model
Below we describe the model and specific choices used in our analysis and simulation. Possible extensions are
discussed in Section !5.

Population and trait representation

We begin with a population of entities, also referred to as individuals. The size of the population is kept fixed at a
value n. We label the entities in a cohort as {e1, e2, ..., en }. The population reproduces in methods discussed in
detail below; most basically, in every reproduction step, a set of # entities, referred to as the cohort of the next/
offspring/child generation, appears instantly and synchronously.

The analysis does not include other considerations of time.

We assume that the entire cohort of each parent generation disappears immediately and synchronously upon
the appearance of the cohort of the child generation. One reason for this choice is to avoid dealing with inter-
generation mating in a population in which diversity among co-existing distant generations is unbounded.

All entities are associated with exactly one quantitative phenotypic trait P, which is manifested here as a
real number. Different entities may have the same or different values for P. Let p denote any value of P, and, for
example, p; is the value of P in the entity e;.

The genotype encoding of the quantitative phenotype trait p; in each individual e; is modeled as a set g; of
k real values which are also referred to as the points in g;. The phenotype expression of the trait P in e; is the
mean of the points in g;, i.e.,

k
pi = %qu
=1

These points represent the loci, or QTL, contributing to the manifestation of the phenotype value p;.
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We allow the rare case of any two points in a set being equal to each other, without resorting to other
mathematical terms like g; being a multiset or a tuple. In the analysis, the integer k is assumed to be large,
say, k > 100; we also constrain k to be an even number. We note that in general, encodings do not have to
be compact or minimalistic, as they may involve redundancy to overcome decoding errors, or as the physical
medium may dictate, for example, when capturing a single handwritten digit in an image with thousands
of pixels, or as happens in nature, when a large number of DNA loci contribute to a phenotypic trait that is
measured by humans as one number.

Reproduction
In this model, we use the terms sexual and asexual reproduction (abbreviated XR and AXR, respectively) as
follows:

Sexual reproduction (XR) involves two parent entities of a single mating type (as appears, e.g., in fungi®®);
each parent contributes equal amounts of genetic material to the offspring; and, the copying and transmittal of
genetic material is subject to error, thus modeling some of the effects of mutation.

Asexual reproduction (AXR) involves one parent and transmittal of the full genetic material, subject to the
same kind of error as in XR. We do not use the term clonal here in order to emphasize that offspring are rarely,
if ever, perfect clones of their parents.

Below we describe one reproduction step of an entire generation, termed a generational transition, in XR and
AXR.

Asexual reproduction (AXR) generational transition

1. The input is a set c of the current population; create an empty set c’.
2. Repeat n times to create n children:

(a) With equal probability, pick a single individual e; € ¢, by picking a random integer 1 < 4 < n; the se-
lected individual will be the single parent of the child created in this iteration; in separate iterations, the
same individual e; may be selected again. Note: hereafter, when the distribution of a random choice is
not stated, it is assumed to be uniform, with equal probability.

(b) Let gi = {xiy, Tig, .., xu} be the pre-existing genotype encoding of e;. Compute the mean of g;,
which is equal to the phenotype of e;:

1k
nei 3

Compute a new set g’ by sampling k real numbers, g = {x, 75, ..., x}, }, subject to normal distribution with
mean p; and standard deviation h (and variance h?) for some ﬁxed global parameter h which specifies and
constrains the noise, or error, that may be introduced in the reproduction processes. This step aims to model
the creation, in a parent organism, of a single cell that gives rise to the child organism. See “Discussion” for
discussion of other possible choices in modeling this process.

(c) Create an entity ¢’ whose genotype encoding is g’, and its phenotype is the mean of the points of ¢, and
additto c.

3. After completing n iterations: discard the parent set ¢; rename the child set ¢’ to ¢; discard ¢’ .Sexual reproduc-
tion (XR) generational transition

1. Asin AXR, the input is a set ¢ of the current population; create an empty set ¢’
2. Repeat n times to create n children:

(a) Pick a random pair of two separate individuals, ey, e, € ¢, u # v,1 < u,v < n out of the %
possible pairs in c. The pair e, e, will be the joint parents of the child created in this iteration; in sepa-
rate iterations these two individuals may participate in other pairs or again in the very same pair.

(b) Let the respective genotype encodings of e,, and e, be

Ju = {Tu1, Tugy -y Tu,,  and

9o = {Tv1, Tuy, ..., Ty, }» and let p, and p, be the respective means of these genotype encodings; again, these
mean values are conveniently equal to the respective phenotypes.

Create two interim encodings g;, and g, by randomly selecting % points, under normal distribution with mean
pu and variance h?2, and £ 5 points under normal distribution with mean p, and variance hZ, respectively; this
represents the creation of gametes in our model; again, see Section 5 for discussion of other possible modeling
choices.

(c) Let g’ be the union of these two sets, g’ = g;, U gs,. Create an entity ¢’ whose genotype encoding is ¢’,
and its phenotype is the mean p’ of the points of g’,and additto ¢’.

3. Asin AXR, after completing # iterations: discard the parent set ¢c; rename the child set ¢ to ¢; discard ¢'.
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In the analysis below, in each cohort ¢ we are interested in the mean p. of the p; values within the cohort:
pe = = Y., Pi, which represents a common trait, or capability, that is manifested with some diversity in the
living individuals.

To emphasize our claim that certain mathematical effects of XR are intrinsic to the merging process, this
model assumes also that (i) the rate of reproduction is constant and uniform in the population, and there are no
selective pressures, competition and fitness considerations; (ii) copying errors are confined to trait values and
not structural ones, and thus they do not prevent subsequent merging; and (iii) the contributions of the distinct
points in the genotype g; to the phenotype p; are independent of each other. See Section 5 for discussion of
modeling choices related to aspects of fitness and natural selection, DNA repair, epistasis, and more.

Model realization example

Demonstrating the model in a particular setting of an organism’s quantitative trait and its QTL genetic
representation is beyond the scope of this paper. Still, for further clarification, below we illustrate the above
model with an example realization in an imaginary species of intelligent and capable animals. One of the traits
that sustains this species is their ability to build every year a mud hill of “exactly” a certain height, as traps for
some creature that they feed upon. The way they remember the right height is that each mature individual
carries with them a bunch of sticks that they got from their parents. The individual builds each mud hill so that
its height is close to the mean length of its set of sticks. Old mud hills from the previous year are not available
for comparison, as they have been washed away by the rains. When young individuals mature, they leave their
parents to look for new territory. Before they leave, the parents (one or two of them, as the case may be) equip the
young with a new bunch of sticks, cut as best as they can to the mean length of the parents’ bunch. In the case of
two parents, each one gives the child half the number of sticks based on that parent’s set. The parents cannot give
their own sticks to the offspring, as they have to keep their own sticks for several more years. The individuals are
solitary most of the time, so each one needs their own set of sticks. Individuals of the species use sets of sticks
for this purpose, rather than just one, as the sticks may break or get lost. In addition, the parent’s skill and the
available material limit the precision of each cut stick; having several sticks, some too short and some too long, is
a way for conveying the height of the mud hill that is desired by the individual preparing the new set.

A numerical example
For illustration of the various calculations, below we go through the core elements of AXR and XR using a small-
scale example.

1. Parameter setting: Assume that in the parents’ cohort ¢, P is normally distributed in the parent generation
with mean p. = 2.0, and with standard deviation o. = 0.2 The number of points in a genotype is k = 4;
the points in a genotype set are shown here in a sorted order for easier reading. The standard deviation of the
normal distribution of the reproduction noise is A = 0.15;

2. Letindividual e; have a genotype encoding of g1 = {1.70,1.80, 1.90, 2.10} whose mean and phenotype is
p1 = 1.875;

3. AXR of e;: Compute the mean of the genotype, yielding again p; = 1.875. Draw a sample of
k = 4 points around this value as a mean with the above standard deviation h = 0.15, yielding say,
g ={1.61,1.71.1.91, 2.01}, whose mean (and phenotype of child e} Axg) is p=1.81;

4. Let individual es in the parent cohort ¢ have genotype encoding of go = {1.95,2.15,2.25,2.35}, whose
mean and phenotype is p2 = 2.175.

5. XR of e; and ez: We sample % = 2 points around the mean p;, and 2 points around the mean p2, both
with the noise standard deviation h, yielding, say, g; = {1.8,2.1}, and g5 = {2.02, 2.18}, respectively. The
union of these two samples yields g’ = {1.8,2.02, 2.1, 2.18}, whose mean (and phenotype of the joint off-
spring e 5 xgr) is p’ = 2.025.

Comparing the two reproduction methods

In comparing AXR and XR in a particular generational transition from a parent cohort ¢ to a child cohort ¢’
, we are initially interested in a basic metric d defined as the distance between the phenotype trait of a random
individual in ¢/, denoted p}, and the common trait p. of the parents’ cohort:

di = |p; — pe] -

For a given parent cohort ¢, let daxr and dxr be the expected values &/ [d;] under the AXR and XR processes,
respectively, when considering all possible ¢ — ¢’ generational transitions that could emanate from c in one
reproduction step, and random choices of €] individuals within ¢’

For a given parent cohort ¢, let c3xr and ok be the expected values F[o?], the variance of P within ¢’
under the AXR and XR processes, respectively, when considering all possible ¢ — ¢’ generational transitions
that could emanate from ¢ in one reproduction step under the respective reproduction process.

Proposition 1 Let c be a cohort of n entities in the above model; assume that n is large and that the distribution
of the p; values of individuals in ¢ approximates a random sample from a normal distribution with mean p. and
some variance af .

Then, dxr < dAXR.
Proof A.Compute daxr.
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Let cyxr be a random child cohort of ¢, selected from all possible AXR generational transitions with c as a
parent.

Let e} iAXR be a random individual in CQXR

Let g; , ., be the genotype encoding of e;, ., and let p; AXE | be its phenotype.

Let e; be the element of ¢ that served as the single parent of €7, ., in this AXR generational transition.

Let p; be the phenotype of e; (it is also the mean of the genotype encoding g; of e;).

The genotype encodings g; , ... of all possible direct AXRchildren of e;, can be considered as samples of size
k from a normal distribution with mean p; and variance h?, where } is the noise parameter defined above.

According to the central limit theorem?*(p. 435) the means of these samples, namely p; axp» are distributed
normally with mean p; and standard deviation \F (and variance k )

We are facing now a compound, nested distribution, that involves (i) the random selection of an e;, which
is close enough for our purposes to drawing a random value p; from the original normal distribution of ¢ with
mean pC and variance ap, and (ii) based on the selected p; and the noise parameter, randomly selecting the
sample g of size k and computing its mean p;, , .

We can now examine the distribution of the random variable Diaxr 2 drawn from the original distribution
of c. According to the law of total variance (a.k.a. Eve’s law*?(p.401)), this is a normal distribution with mean p.
and variance that is the sum of the variances, hence

In general, the average absolute deviation of a random sample from the mean of a normal distribution with

standard deviation g is o - 1/ 2 34 Therefore, the expected value of the absolute distance of p’ from p. is
p p Disxr p

h? 2
daxr = E[ |pi yq — el ] = oZ4+— |1/ =

B. Compute dxr.

We now examine the expected effects of all possible XR generational transitions with ¢ as a parent cohort.

Let cgm be a random child cohort of ¢ within all possible XR generational transitions.

Let €}, . be a random individual in cXR

Let g]XR be the genotype encoding of e/, . and and let pj, . be its phenotype

Let e,, and e, be the two elements of ¢ that served as the parents of €/ . in this XR generational transition,
and let p,, and p, be the means of their genotype encodings, respectively

The genotype encoding gj, , was created asa union of two random samples g, and g},, each of size £, around
the means p,, and P respectively. Let p/, and p;, be the means of g;, and g,,, respectively.

The phenotype p’; . is the mean of the union of g;, and gs,, and is thus the average of the means of these two
equal size samples:

1 ph +p2

IJXR — 2

Let us now analyze the random selection of p/;, . compounding the randomness inherent in the way g;, and g,,
were sampled, and the nested randomness of p,, and p,, as selected from the original distribution of c.

The distribution from which both p,, and p, were sampled is normal with mean p, and variance o2.

'The sets g/, and g/, were drawn from distributions with means p,, and p,, respectively, both with variance h?
. According to the central limit theorem again, the distributions of pl, and p), are normal with mean p,, and p,,

2.
( )
Compounding each of these two d stributions separately with the underlymg distribution of ¢ we get that p),

respectively, and standard deviation —= (and variance

and p;, are distributed normally with mean p. and variance that is the sum ol + T

2
Clearly the mean of the random variable p;, . is pe since it is half of the sum E|[p;,] and E[p;,] (each of which
is equal to p.), and its variance is a quarter of the variance of their sum, as it is the square of the scaling by half
of the variable and the mean’?(p.159):

1 . oo R
U)Q(R:Z'Q(Uc+7):7c+?'

As before, the average absolute deviation is given by

2 2
’ Oc h 2
dxr = E[|pjxr — pel]l = 5 T P
C. Comparing dxr and daxr.
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2
The expressions for daxr and dxr are the same except for the first term in dxr being % where in daxr it

is af. Hence,

dxr < dAxRr -

.0

Note that an intermediate result in the above calculations is that c%g < 0axg. In the present context, such
smaller values of o/ help individuals in ¢’ step in and replace each other when needed, independently of the
magnitude of their differences from their parents and from earlier generations.

Visual illustration by simulation
Below we present the results of a few simulation run examples. These simulations are meant to serve as an
accessible visual illustration for the general effects predicted by the above mathematical analysis; they were
not subjected to elaborate quantitative analysis. For each simulation case we show here just one run; multiple
runs using the same parameters and differing only by the pseudo-random numbers used at various steps in the
reproduction process, yielded similar results. The program source for the simulations is available in*.

For simplicity, we equate the essence of each individual with the trait at hand. For example, we say that the
runs show reproduction of a population of real numbers, or a population of images, as opposed to reproduction
of a population of individuals whose phenotype trait is expressed as a real number or as an image, respectively.

Reproducing a population of real numbers

The first set of simulations follows directly the model described in “The model’, demonstrating the reproduction
of a population of real numbers through intermediate encodings as sets of points. As detailed in Fig. 1, these
simulations show that under XR, the traits of the child generation, both as individuals and as a cohort, are closer
to the traits of their direct parents’ and of their earlier ancestors, than under AXR.

Average Phenotype per Generation Avg of Distances from Avg of Prev Gen per Generation
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Fig. 1. Reproduction of a population of real numbers. Orange lines with square marks: Sexual reproduction
(XR); Blue lines with circle marks: Asexual reproduction (AXR). Simulation parameters: Cohort size=32;
Encoding set size=30; Number of generations = 1000; Initial population phenotype trait mean =~ 2.0; Initial
population standard deviation=0.2; Reproduction error standard deviation=0.15. Results: In XR vs. AXR,

(a) The average of the phenotypes of the entire cohort is closer to the original common phenotype; (b) on
average, phenotypes of individuals of each generation, are closer to the average of the immediately preceding
generation; (c) the standard deviation within each generation cohort is smaller; (d) On average, the phenotypes
of individuals of each generation, are closer to the mean of the original ancestral generation.
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Reproducing populations of images of printed text

The second set of simulations is inspired by the way the survival of ancient manuscripts over hundreds and
thousands of years was enabled by reproduction, i.e., copying. Both “mono-parental/asexual” and “bi-parental/
sexual” techniques were employed by scribes: most often copying from a single source, but sometimes collating
multiple sources®®(p.585;617). (Note: we distinguish here between collation of several sources in the process
of copying text, from the collation of sources by history researchers reconstructing an original document.) In
this example we applied the reproduction techniques described above for the reproduction of images of text
containing one word. We introduced a rudimentary measure of the preservation of traits as the success rate
(across the cohort) of image recognition software (gpt-4-turbo model by OpenAl) in recognizing the text. This
metric also hints at the importance of traits in an organism’s interactions; in the present case, the interaction can
be seen as the sending and receiving of messages.

The details of the process are as follows. Consider first the following two functions:

Function F1. Noisy copying of an image. Given an input image, create a copy of it; the copy may be of smaller,
same or larger resolution; this step can be seen as a representation of the action of a person wishing to preserve
a precious image or text by hand-copying it. Then, add noise to the copy by sampling random values from a
normal distribution with mean 0 and standard deviation h, and adding them respectively to each of the three
RGB values of all pixels of the copy; round the result to integer and clip the values at 0 and 255. This step may
represent the imperfection involved with physical copying; image resizing also adds noise, but since the process
is deterministic, it is identical in all copies, and hence is less significant for our purposes.

Function F2. Noisy computation of a phenotype. Given k copies of an image, as may be created using F1 above,
compute the average of all respective pixel values; add noise to the result in the same manner as in F1, and resize
the resulting image to the original resolution. This step may represent the collation process done by a person
creating a fresh copy based on several sources, where each may have mistakes and defects, and this final copying
may be imperfect as well.

The parameters used in the simulation are listed in the image caption. The simulation steps are as follows:

1. Start with a seed image.
[Creating base cohort.] Repeat the following n = 8 times:

(a) [Compute “child genotype”] Create k copies, applying F1 above k times to the seed image.
(b) [Compute “child phenotype’.] Create one child image by applying F2 to the above image genotype.

3. Copy the above base cohort to create generation 1 of the XR process and generation 1 of the AXR process.
4. [XR process.] Repeat the following for 90 generations

(a) [ Create next generation.] Repeat n = 8 times:

i Randomly select two individuals from the current generation.
ii Apply F1 to each of these two individuals £ = 4 times.
iii Apply F2 to the k = 8 copies, yielding a new child individual.

(b) Every 10th generation run image recognition on each of the cohort’s n = 8 images, using OpenAI API
with the model gpt-4-turbo and the prompt: “Your role is to identify the word in the image. Please pro-
vide a 1-word answer.”

5. [AXR process.] Repeat the following for 90 generations
(a) [Create next generation.] Repeat n = 8 times:

i Randomly select one individual from the current generation.
ii Apply F1 to this individual £ = 8 times.
iii Apply F2 to the k = 8 copies, yielding a new child individual.

(b) Every 10th generation run the same image recognition task on the n = 8 cohort’s individuals as under
XR.

Figure 2 depicts a sample of the resulting process and corresponding image content assessment. Clearly, fidelity
of image properties is preserved better by XR than by AXR, both according to image-recognition software and
to casual human observers.

Additionally, as shown in Figure 3, in child generations, under XR, human observers could recognize
conservation of both ancestral and newly emergent properties, like foreground-background contrast and lines
and circles that did not exist in the original image; under AXR, we could not readily find any such effects.

Reproducing populations of images of flowers

In this illustration example we were inspired by object recognition in nature, as is done, for example, by insects
species that pollinate only certain plant species. Figure 4 depicts reproducing images of a flower under XR and
under AXR. The simulation uses the same process as in the case of text image, with the following parameters:
The starting image was one labeled in its repository as an anemone flower. The image recognition prompt is:
“Your role is to identify the object in the image. Please provide a 1-word answer.. The simulation showed that
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Imagein:

LLM Response Sexual Repr. (XR) Asexual Repr. (AXR) LLM Response

Common

Seed

Generation 1

Generation 40

Generation 80

Generation 90

TEACHING TEACHING

TEACHING TEACHING

['"UPCOMING' ]
[*"MACHINE']
['Fragrance']
['PACIFIC'])
['CYBERSPACE']
['"TRAINING']
['Imagine']
["TRYING']

['technology']
{'$Z:§Eigg'} “...difficult to
['TEACHINg'] determine if
['Teaching'] ther? s any
['Teaching'] specific word or
["TEACHING'] cbject...
["MACHINE']

Fig. 2. Simulating reproduction of an image of printed text using sexual and asexual reproduction, alongside
corresponding image recognition results using ChatGPT. Showing one image from each generation, for
generations 0, 1, 40, 80 and 90. Results: (i) Under XR, the LLM identified the word “TEACHING” throughout
more than 70 generations, where under AXR the identification of the word failed completely on or before
generation 40. (ii) Under XR, in the 90th generation, the LLM identified that the image is of text, and had
some success in identifying the original word, while under AXR, the LLM did not identify any text. Simulation
parameters: Text = the word “TEACHING”; Font = Calibri Light; Color = black and white only; Resolution of
original image = 100 x 100 pixels; Cohort size = 8; Number of copies in each image “genotype” encoding = 8;
Resolution of image copies that constitute the encoding = 400 x 400; Noise standard deviation = 20 (within
pixel RGB values of 0-255); ChatGPT Model = gpt-4-turbo.

recognition quality was maintained for more generations under XR than under AXR. We ignore the fact that the
LLM recognized the flower as a poppy rather than as an anemone.

Note: The images shown here are illustrative examples. While in all runs the image traits were sustained for
longer under XR than under AXR, some intermediate generations showed a local advantage for AXR. Such
results are to be expected, first, due to the random nature of the inserted noise, and perhaps more so, due to the
possibility that in a particular cohort, an individual may reproduce several times, dominating the traits in the
next generation.

Scientific Reports|  (2025) 15:14522 | https://doi.org/10.1038/s41598-025-98951-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Sexual Repr. (XR)

Asexual Repr. (AXR)

Cohort of Text Images; Generation 40

Fig. 3. Ancestral and emergent properties across the 8 individuals of generation 40 from the process depicted
in Fig. 2, under sexual and asexual reproduction. Human observation and assessment: (i) Under XR, ancestral
traits like the contrast between the letters and their background, or the horizontal line of the letter T, appear
better preserved than under AXR. (ii) Under XR, conspicuous and sustained emergent traits appear; for
example, a light circle shape inside the letter C, or a third dark vertical line in the letter H. Under AXR we
could not readily find any such emergent traits.

Discussion

Our observation that sexual reproduction may contribute to conserving polygenic quantitative traits that are
common to a cohort of individuals thus joins existing empirical observations, models, and theories regarding
the effects of sexual reproduction, as compared with asexual reproduction.

The analysis in the theorem and proof above differs from other cited works mainly in that it provides a
computational model that draws attention to what happens in a single generational transition, before adding
consideration of competition, fitness and natural selection, and before the environment changes perceptibly.
It also isolates a preservation mechanism that is separate, and in addition to, existing structure conserving
mechanisms in meiosis. Another difference from many cited works is the focus in traits that are polygenic and
quantitative.

With regard to reproductive success, and success in general, we note that many published studies focus
on whether a particular mutation offers a competitive advantage or is deleterious. By contrast, here, we are
focused on the fact that existing species’ traits are likely to be important in sustaining the species in its current
environment.

This one contribution does not aim to answer what are considered open questions in the evolution of sex.
Furthermore, quantitative assessment of diversity, homogeneity, preservation of traits, and, of course, survival,
depends on what exactly is measured in a particular model, and multiple opposing effects may coexist as
suggested by Galton?!. In particular, diversity and RoCT may co-exist in orthogonal dimensions, or may be
nested within one another. For example, a particular common trait may be conserved across the population,
while its combination with other traits may vary. Oz, the small variations in a retained trait may be aggregated in
ways that refine the trait (and its combination with other traits) into diverse clusters.

While some of our assumptions aim to simplify the context in order to enable detailed analysis, we use
modeling principles similar to those in published works.

One can draw support for the claims that XR yields RoCT under our model, from an analogy to the
mathematical concept of random walks. Consider the combination of two one-dimensional random walks, with
the same step size and equal probabilities for stepping in either direction. When two such random walks, starting
at different origins, are combined by stepping in parallel and averaging the location, the resulting mean position
is the average of the two origins. More importantly, the position variance is half the (equal) variance of the two
original random walks. This is also aligned with the known fact that sexual reproduction reduces the variance
within the offspring generation.

The significance of recognizing the retention of common species traits as one of the effects of sexual
reproduction is twofold: First, it flows from the above discussion and references that it might give us additional
angles for understanding of the evolution of sex. Second, since species’ traits are manifested by interactions
(within organisms, between organisms, or between organisms and the environment), RoCT aligns with the
idea expressed in*>%, that networked ecosystems are sustained by their ongoing interactions and that sexual
reproduction helps new generations continue the interactions of earlier ones. More generally, one may infer
that sustaining fragile ongoing networked interactions may be no less important than continuous competitive
adaptation and innovation, with implications to human well being, social behavior, and interaction with the
environment.

Model limitations and future research

While highlighting our main message, the above initial model is indeed initial, and can be extended in future
research in several directions, implied by choices of model definitions described above. Some key directions
include:
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Generation
number

Seed
image

30

80

Recognition Sexual Repr. Asexual Repr. Recognition
results (XR) (AXR) Results

“Poppy” x 8 “Poppy” x 8

“Poppy” x 8 “Poppy” x 7

“Flower” x 1
“Rose” X 5 “Butterfly” x 5
“Butterfly” x 1 “Microchip” x 2
“Heart” x 1 “Pattern” x 1
“Artwork” x 1

Fig. 4. Simulating reproduction of an image of a flower. Showing one sample image from each generation,
for generations 0, 1, 30, and 80. Results: (i) Under XR, images were all assigned the same label as the first

one, “Poppy”, for more generations than under AXR. (ii) Under XR, certain core traits, like being identified

as a flower (the “Rose” attempt), were better preserved in generation 80 than under AXR. Starting image was
downloaded from (https://it.pinterest.com/pin/red-anemones--797207571571931709/), under fair use license;
the image was cropped and resized to 100x100 pixels. The simulation uses the same overall process as in the
case of images of text. Simulation parameters: Noise standard deviation = 10 (within pixel RGB values of
0-255); Cohort size = 8; Encoding set size = 8; Number of generations = 80.

1. Adding richer composition methods of loci/QTL contributions to the quantitative traits; similarly, add con-
siderations of Mendelian traits, or ones where very few genes are involved.

2. Modeling with multiple species and environments, multiple traits per species, activating the conserved traits
in the respective mutual interaction networks, and demonstrating how the ongoing interactions enabled by
these traits contribute to sustainment of both the species and the networks. In such a model it is also possible
to add the effects of competition and variation in reproduction rates.

3. For greater precision or composition with other aspects of sexual reproduction, one may add considerations
of mating types, DNA repair, etc.

Conclusion

Reproduction inevitably produces change, causing offspring to differ from their parents to various degrees.
Scientific discussions of sexual and asexual reproduction mechanisms in nature explore their operational
differences, and their range of effects on the species, most prominently on adaptability and sustainment of the
species over extended periods of time. The various arguments for the pervasiveness of sexual reproduction
are yet to be integrated into a single cohesive theory that includes also interplay and relative priority among
the different observed or modeled effects. We have contributed to these discussions an initial mathematical
model, including a theorem and a proof, that compares aspects of natural sexual and asexual reproduction, and
shows that merging and averaging in sexual reproduction can contribute to longer and more faithful retention,
in offspring generations, of quantitative traits shared by the parent generation. The effect can be seen even in
one generation, and complements other features of sexual reproduction that are known to conserve species’s
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traits. While the model can still be extended in various ways, it can already add to our understanding of the
preservation of complex interactions networks in natural ecosystems that depend on constant turnover of the
participating individuals. This, in turn, can carry implications to understanding sustainment of interactions
among humans and between humans and the environment.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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