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ABSTRACT
Across the tree of life, many organisms are able to reproduce clonally, via vegetative spread, budding or parthenogenesis. In pop-
ulation genetic analyses of clonally reproducing organisms, it is common practice to retain only a single representative per multi-
locus genotype. Though this practice of clone correction is widespread, the theoretical justification behind it has been very little
studied. Here, I use individual-based simulations to study the effect of clone correction on the estimation of the genetic summary
statistics H, Hg, Fq, Fop. F” ¢p and D, . The simulations follow the standard finite island model, consisting of a set of populations
connected by gene flow, but with a variable rate of sexual versus asexual reproduction. The results of the simulations show that
by itself, the inclusion of replicated genotypes does not lead to a deviation in the values of the summary statistics, except when
the rate of sexual reproduction is less than about one in thousand. However, clone correction can introduce a strong deviation in
the values of most of the statistics, when compared to a scenario of full sexual reproduction. For Hg and F,, this deviation can be
informative about the process of asexual reproduction, but for Fy, F”¢ and D,

clone correction can lead to incorrect conclu-
sions. I therefore argue that clone correction is not strictly necessary, but can in some cases be insightful. However, when clone

correction is applied, it is imperative that results for both the corrected and uncorrected data are presented.

1 | Introduction

Nonsexual reproduction is widespread across the tree of life,
occurring in all major clades with birds and mammals being
the only exceptions (Simon et al. 2003; Neiman, Meirmans,
and Meirmans 2009). Asexual reproduction can take many
forms including, but not limited to, vegetative spread of plants,
Wolbachia-induced asexuality in insects, mycelial growth in
fungi and parthenogenetic reproduction in hybrid reptiles and
fish. In many organisms, clonal reproduction is combined with
or complementary to sexual reproduction, for example, in cycli-
cal parthenogenetic species that only reproduce sexually under
specific environmental conditions (Gerber and Kokko 2018)
or in plants that can trade-off resources to be spent either on
vegetative growth or sexual reproduction (Herben, Sera, and

KlimeSova 2014; Thompson and Eckert 2004). In any case, the
various forms of clonal reproduction all lead to replication of
genotypes across individuals.

The genetics of clonally reproducing species are frequently stud-
ied to answer questions on their ecological and evolutionary
dynamics (Arnaud-Haond et al. 2007). The number of different
clonal lineages, their frequencies and their distribution across
populations can be informative about the rate of sexual versus
asexual populations (Stoeckel, Porro, and Arnaud-Haond 2021).
Differences in clonal diversity across populations, in combina-
tion with environmental variables, can be used to infer the eco-
logical cues that determine an organism's allocation to sexual or
asexual propagation (Hidding et al. 2014; McMahon et al. 2017;
Mandel et al. 2019). Besides analysing clonal diversity, clonal
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species are also of interest for studying demographic bottlenecks,
population connectivity and adaptation with the help of genetic
markers (Meirmans, Den Nijs, and Van Tienderen 2006; Villate
et al. 2010; Goad et al. 2021; Flanagan et al. 2021). Frequently,
population genetic analyses are done by calculating a set of ge-
netic summary statistics, such as Hg and Fy,, that should allow
insight into these processes.

ST

A generally employed strategy in population genetic studies of
clonal organisms is to perform a so-called ‘clone correction’ of
the genetic data prior to statistical analysis. Such a clone cor-
rection entails that when a sample contains multiple individuals
with the same multilocus genotype, only a single individual per
genotype is included when calculating the genetic summary sta-
tistics. Special software tools have been developed to aid in rec-
ognising replicated genotypes and to randomly pick only a single
individual per clone (Arnaud-Haond and Belkhir 2007; Kamvar,
Tabima, and Griinwald 2014; Ali et al. 2016; Meirmans 2020).
Some of these tools also allow clonemates to slightly differ due to
genotyping errors and/or somaclonal mutations or allow testing
the probability of finding replicated genotypes under random
mating.

Despite the widespread use of the technique of clone correc-
tion, there seems to be little theoretical basis for its application.
Studies (including some of my own) simply apply the technique
without giving any proper justification, refer to another paper
that applied the technique without justification, or simply give a
vague statement about ‘avoiding bias’ (e.g., Li et al. 2012; Baums
et al. 2012; Hernawan et al. 2017; Krueger-Hadfield et al. 2017;
Griinwald et al. 2017; Meirmans et al. 2017). Although sev-
eral studies have studied the theoretical population genetics of
clonal organisms (Bengtsson 2003; Balloux, Lehmann, and De
Meelis 2003; De Mee(s and Balloux 2005), it is not clear whether
estimates of genetic summary statistics are actually biased by
partial clonal reproduction, and how a possible bias depends
on the rate of clonal versus sexual reproduction. Furthermore,
it is not known whether clone correction helps to avoid bias
or instead introduces bias of its own. The only information on
this issue is a single paragraph in a review on the epidemiol-
ogy of clonal diseases (De Meets, Lehmann, and Balloux 2006).
Using simulations, these authors concluded that including only
unique genotypes is unnecessary and therefore they advised
against using this practice. However, their simulations explored
a very narrow part of the parameter space, as they only looked
at the Fiq and Fy; statistics in a situation of fully clonal organ-
isms. Therefore, a more thorough investigation is warranted,
with a wider range of values for the rate of asexual reproduc-
tion, especially since the advice of De Mee(is, Lehmann, and
Balloux (2006) has not been heeded and the practice of clone
correction is still widely applied.

Here, I use forward-in-time simulations of a (partially) clonally
reproducing species to answer the following questions: (1) How
is clonal diversity affected by different rates of clonal reproduc-
tion? (2) How are the values of several genetic summary statis-
tics affected by varying rates of clonal reproduction? (3) Does
clone correction prevent a bias or does it introduce a bias in the
estimation of these summary statistics? Specifically, I will in-
vestigate the values of the summary statistics Hy, H, Fig, Fqr
F"¢rand D,.

2 | Material and Methods
2.1 | Simulation Model

An individual-based, forward-in-time simulation model was
created in Rv. 4.1.0 (R Core Team 2021) to test the effect of clone
correction on the values of several population genetic summary
statistics (see the Online Supporting Information for the R-script
and a table with all simulation output; Table S1). The modelled
system represents a standard Island model of a number of pop-
ulations of diploid hermaphroditic annuals, connected by equal
gene flow among all populations (Wright 1943). The main dif-
ference from the standard Island model is that individuals could
reproduce both by sexual and asexual (clonal/vegetative) prop-
agation. Below, I first describe the model in more detail before
explaining the range of parameter values explored.

At the start of the model, k populations were initialised, each
consisting of N individuals. Each individual was given a unique
random genotype at 200 biallelic loci, so at the start, each pop-
ulation had the maximum possible genetic diversity and was
fully in Hardy-Weinberg equilibrium. Every individual was also
given an identifier indicating to which clone it belonged to. At
the start of the simulation, every individual had a unique geno-
type, so every individual also had a unique clone identifier.

To reach equilibrium, the model was run for 20,000 generations;
longer runs were done on a subset of the parameters to check
whether equilibrium was indeed reached. Every generation
consisted of three steps, migration, reproduction and mutation.
Migration took place at a rate of m, meaning that each individ-
ual has a probability m of being selected as a migrant and being
moved to a randomly chosen population. Each migrant therefore
had a chance of 1/k of ending up in the population of origin; this
was done to allow comparisons with the output of the program
EASYPOP (Balloux 2001), where migration is modelled in this way.

Reproduction took place by replacing all individuals in a popu-
lation with N offspring, where each offspring had a probability S
of being produced by sexual reproduction and a probability 1-S of
being produced by asexual reproduction. For asexually produced
offspring, a random mother was selected and the genotype of
the mother was replicated for the offspring. The asexually pro-
duced offspring therefore received the same clone identifier as the
mother. For sexually produced offspring, a random mother and a
random father were selected; individuals were hermaphrodites so
there was a chance of 1/N that the mother was the same individ-
ual as the father. Besides that, it was also possible for the father to
belong to a different individual from the same clonal lineage as
the mother (although I also ran simulations where such within-
individual and within-clone matings were restricted, see below).
In true Mendelian fashion, the sexually produced offspring re-
ceived one randomly picked allele per locus from its mother and
one randomly picked allele from its father. Sexually produced off-
spring received a new unique clone identifier.

Finally, mutation took place, where every allele copy at every
locus in every individual had a probability u of changing into the
other allelic state. Mutations were symmetric with respect to the
two allelic states, so with equal probabilities of forward and back
mutations. Mutations in clonal lineages had no effect on the clone
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identifiers of individuals, meaning that even when individuals
had different multilocus genotypes as a result of somaclonal mu-
tations, these individuals still belonged to the same clone.

2.2 | Summary Statistics

At the end of each run, several summary statistics were calculated
from the simulated genetic data both with and without clone cor-
rection. To make the data more comparable with actual studies,
the genetic data were subsampled before analysis, by randomly
picking 10 populations or the maximum number possible, and
n=>50 individuals per population. Clone correction was per-
formed by randomly picking per population only a single individ-
ual from all individuals with the same clone identifier. Thus, the
clone correction was based on the known shared sexual origin of
the clones and not on the multilocus genotypes, to avoid any addi-
tional error based on incorrect inference of the clones.

For the uncorrected and clone-corrected data, the basic. stats()
function from the HIERFSTAT R-package (Goudet 2005) was used
to calculate the following summary statistics: the observed het-
erozygosity (H,,), the expected heterozygosity (Hy), the inbreeding
coefficient F, the fixation coefficient F; (all following Nei 1987),
and Jost's (2008) population differentiation coefficient D, . The
standardised measure of genetic differentiation F" ¢, was calcu-
lated as Fq/(1-Hy) following Meirmans and Hedrick (2011). In
addition, two measures of clonal diversity were calculated: clonal
richness (Ellstrand and Roose 1987) and Simpson's diversity index
(Simpson 1949). The clonal richness is defined as the number of
clones G divided by the sample size: R=G/n. The correction sug-
gested by Dorken and Eckert (2001) was applied to make sure that
the statistic always has a minimum value of 0 and a maximum
value of 1: R=(G-1) /(n-1). Simpson's diversity index represents
the probability that two randomly picked individuals belong to
different clonal lineages. This was calculated with correction for
sample size: n/(n-1)x (1-Xp 2), where p_ is the frequency of the c-th
clone in the population.

Theoretical expectations for clonal diversity, quantified with
Simpson's diversity index, were obtained using the equations
from table 1 in Chao et al. (2015). Although the results from Chao
et al. (2015) were not for clonal diversity per se, but for genetic
diversity, the equations are equally valid for clonal diversity. This
is because the process of clonal propagation with intermittent
sexual production of new clones is mathematically equivalent to
the process of molecular evolution at a haploid locus with pro-
duction of new alleles through mutation under an infinite allele
model. In such a comparison, the clonal diversity quantified using
Simpson'’s diversity index is then equivalent to Hy for a haploid
genetic locus. The expected values for Simpson's diversity index
were thus calculated using the expected values for Hq based on
the equations from Chao et al. (2015), adjusted for haploidy.

2.3 | Explored Parameter Values

To test the influence of the rate of sexual reproduction, 17 dif-
ferent values for S were used ranging from 1 to 0.0001, in an ap-
proximately logarithmic series (1, 0.55, 0.3, 0.2, 0.1, 0.055, 0.03,
0.02, 0.01, 0.0055, 0.003, 0.002, 0.001, 0.00055 0.0003, 0.0002,

0.0001). The population size N and the number of populations k
were selected in such a way that the whole metapopulation al-
ways consisted of 10,000 individuals. The used parameter values
for Nwere 50, 100, 500, 1000 and 5000, leading to corresponding
values for k of 200, 100, 20, 10 and 2, although mostly the results
for N=100 are reported.

The migration rate was always scaled with the population size,
expressed as the number of migrants per generation (Nm).
Four different values were used that gave a good range of lev-
els of population differentiation: Nm=0.1, Nm=0.3, Nm=1 and
Nm=3. For the reported simulations that used N=100, these
Nm values correspond to migration rates of m of 0.001, 0.003,
0.01 and 0.03, respectively. Under the standard Island model
with full sexual reproduction (Wright 1943), these migration
rates yield expected Fg; values of 0.71, 0.45, 0.20 and 0.08. The
mutation rate was mostly fixed at u =107, but runs with a mu-
tation rate of u=10-% were done for a subset of the parameters.
For all presented combinations of parameter values, 50 replicate
simulations were run and the results were averaged over these.

The assumption of fully random mating within populations may
not be realistic for all clonal organisms (Navascues, Stoeckel,
and Mariette 2010), as several species have systems in place that
prevent mating of individuals with themselves, for example, the
self-incompatibility system present in many plant taxa. This
would then also mean that mating among clonemates would not
be possible. To assess the impact of this, I also ran simulations
where mating between individuals with the same clone iden-
tifier was not allowed. So for each sexual event, a mother was
randomly picked and then a random father was selected only
from those individuals that had a different clone identifier than
the mother. In the rare cases that the mother was the only clone
present in the population at a given generation, there was no
sexual reproduction but only asexual reproduction. These sim-
ulations were only run for a population size of N=100, with the
whole range of S values and the four Nm values given above.

To check for possible errors due to coding mistakes in the R-
script, the results were checked against simulations with the
software EASYPOP (Balloux 2001), which also allows model-
ling an Island model with partial clonal reproduction. However,
EASYPOP does not keep track of which individuals belong to the
same clonal lineage. Therefore, clones were assigned based on
the multilocus genotypes following the method of Meirmans
and Van Tienderen (2004): a matrix was calculated with pair-
wise genetic distances among individuals, and individuals were
considered to belong to the same clone when genotypes differed
by five mutations or less. Those simulations were done for a rep-
resentative subset of the parameters; as these simulations were
much slower, the results were averaged over 30 replicate runs,
instead of the 50 replicates that were used for the R-script.

3 | Results
3.1 | Clonal Diversity
As expected, the diversity in clonal lineages declined with a

declining rate of sexual reproduction (Figure 1). However, the
two statistics used to quantify this diversity, clonal richness and
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FIGURE1 | The effect of the rate of sexual reproduction on two measures of clonal diversity for simulations with varying rates of gene flow (a and

b) and with varying population sizes (c and d). The simulations for (a and b) were done using a population size of N=100; the simulations for (c and
d) were done using a fixed level of gene flow of Nm =0.3. The lines represent the averages taken over 50 replicate simulations for each combination
of parameter values; the shaded areas indicate the standard deviation. The dotted lines in (b and d) represent the theoretical expectations based on

Chao et al. (2015).

Simpson's diversity index, showed distinctly different patterns.
The clonal richness (Figure 1a,c), which is the number of clones
divided by the sample size, showed a very sharp initial decline,
with a reduction of almost 50% when the rate of sexual repro-
duction was decreased from S=1 to S=0.1. Simpson’s diversity
index (Figure 1b,d), the probability that two randomly drawn
individuals belong to different clones, showed a much more
gradual decline with a reduction of less than 10% when the rate
of sexual reproduction was decreased from S=1 to S=0.1. The
values of the Simpson index nicely matched the theoretical ex-
pectations (dotted lines in Figure 1b,d).

The diversity in clonal lineages was positively affected by the
number of migrants (Nm) between populations, but again
the two statistics showed clear differences in their behaviour.
Migration especially had a large impact on the value of the
Simpson index; under the highest migration rate (Nm=3), the
Simpson index still had a value of over 0.8 when the rate of sex-
ual reproduction was only 1 in 1000 (Figure 1b). For both statis-
tics, larger populations showed a higher level of clonal diversity
than smaller populations (Figure 1c,d). One other notable dif-
ference between the two statistics was that the clonal richness
showed much less variation across runs than Simpson's index,
which is apparent from the barely visible range for the standard
deviation in Figure 1a,c.

3.2 | Effect of Asexual Reproduction on Summary
Statistics

In general, the genetic summary statistics were very little af-
fected by asexual reproduction. Only when the rate of sexual
reproduction was lower than 1 in 1000 (S<0.001) there was
a notable change in the equilibrium value of these statistics
(Figure 2). This change was most pronounced when there was a
low rate of gene flow among populations (Nm =0.1), and much
less pronounced when the rate of gene flow was high (Nm =3).
For comparison, for these rates of gene flow and at a rate of sex-
ual reproduction of S=0.001, the average number of clones in
a sample of 50 individuals was only 2.6 and 10.7. The popula-
tion size had little impact on how the rate of sexual reproduc-
tion affected the values of the summary statistics (dotted lines
in Figure S1).

The impact of the rate of sexual reproduction differed among
the six calculated summary statistics. For H, and H, the values
under a low rate of sex were higher than for a fully sexual pop-
ulation, although this increase was greater for H, than for Hg
(Figure 2a,b). F;q, which is calculated from H, and Hg, showed
a distinct downward trend under low values of sex (Figure 2c).
The summary statistics for genetic differentiation (Fy, F” ¢ and
D, ) all matched their theoretical expectations under complete
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FIGURE 2 | The effect of the rate of sexual reproduction on six genetic summary statistics for simulations with varying rates of gene flow. All

simulations were done using a population size of N=100. The lines represent the averages taken over 50 replicate simulations for each combination

of parameter values; the shaded areas indicate the standard deviation.

sexual reproduction (not shown). Under partial clonality, these
statistics showed rather moderate downward trends at low rates
of sex (Figure 2d-f). Most notable in this respect is D__, which
hardly showed any change in value (Figure 2f).

est’

3.3 | Effect of Clone Correction

Clone correction did not remove the slight deviations in the val-
ues of the summary statistics caused by asexual reproduction,
but instead introduced much stronger deviations (Figure 3). The
one exception was H,, for which clone correction did not lead

to a notable change in value (Figure 3a). In contrast, for H, the
situation was much more complex as there was an interaction
effect (denoted by the crossing lines in Figure 3b) between the
rate of sexual reproduction S and the gene flow Nm; for high
rates of sex, the lowest rate of gene flow (Nm=0.1) showed the
lowest clone-corrected Hg, while at low rates of sex, the same
rate of gene flow resulted in the highest clone-corrected Hg
values. When the population size was changed, at a fixed rate
of gene flow, clone correction led to the counterintuitive result
that the smallest populations had the highest estimated levels of
genetic diversity, when the rate of sexual reproduction was low
(Figure S1b). However, when the rate of sexual reproduction was
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FIGURE3 | Theeffectofclone correction onsix genetic summary statistics for simulations with varying rates of gene flow and sexual reproduction.

The dotted lines represent the values of the summary statistics without clone correction (same values as in Figure 2), and the solid lines represent the

values after clone correction. All simulations were done using a population size of N=100. The lines represent the averages taken over 50 replicate

simulations for each combination of parameter values; the shaded areas indicate the standard deviation.

high, the largest population size (N=5000) did show the highest
genetic diversity, as expected.

The most striking effect of clone correction was for F;q, where
the effect was the opposite of that of asexual reproduction
(Figure 3c). So where asexual reproduction by itself led to nega-
tive values of F4, indicative of an excess of heterozygotes, clone
correction changed this to positive values of Fiq, indicative of
an excess of homozygotes. The increased values of F| already
started to become notable at relatively high rates of sexual re-
production (around S=0.1) and showed a nonmonotonic curve

with the highest F ¢ values at intermediate rates of asexual
reproduction.

For the three differentiation statistics (Fg;, F''gp and D),
clone correction led to a drastic underestimation of the degree
of population divergence (Figure 3d-f). This downward trend
already started at relatively high rates of sexual reproduction
(around S=0.1). For very low rates of sex, the clone-corrected
values of all three statistics even were negative, which would
indicate that the population allele frequencies in the samples
are more similar than expected under complete panmixia.
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Furthermore, the simulations with varying population sizes
(Figure S1) show that the clone-corrected values of all three
differentiation statistics depended on the population size. This
is undesirable as in these simulations, the value of Nm was
kept fixed and therefore all population sizes should show a
comparable degree of divergence, as is the case for the non-
corrected data.

Changing the mutation rate to a lower value had little impact on
the overall patterns of the effect of clone correction (Figure S2);
this is because the effect of clone correction is mostly dependent
on the clonal diversity, and mutation has no impact on this as
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somaclonal mutations were assumed to not lead to new clonal
lineages. The simulations done with EASYPOP also showed sim-
ilar overall patterns (Figure S3).

3.4 | Self-Incompatibility of Clones

When sexual reproduction was only allowed between individ-
uals belonging to different clones, the situation became more
complex (Figure 4). With respect to the values of the summary
statistics with asexual reproduction, clonal self-incompatibility
generally led to stronger deviations from the values with full
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FIGURE 4 | The effect of clone correction on six genetic summary statistics for simulations with self-incompatibility of clones. The dotted lines

represent the values of the summary statistics without clone correction, and the solid lines represent the values after clone correction. All simulations

were done using a population size of N=100. The lines represent the averages taken over 50 replicate simulations for each combination of parameter

values; the shaded areas indicate the standard deviation (for clarity, these are only shown for the clone-corrected results).
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sexual reproduction, both with (solid lines) and without clone
correction (dotted lines). With clonal self-incompatibility,
these deviations were already notable at rates of sex below
1 in 100 (S<0.01), whereas in the simulations without self-
incompatibility, the bias only appeared for rates of sex below 1
in 1000 (S <0.001). This effect was strongest for the simulations
with the lowest rate of gene flow (Nm =0.1). For H,,, there even
was an interaction effect between the rate of sexual reproduc-
tion and the rate of gene flow as denoted by the crossing lines
(dotted lines in Figure 4a).

Clone correction of the data with self-incompatibility (solid lines
in Figure 4) also led to an increase in the deviation between
the results with full sexuality and the results with asexuality,
although not for all summary statistics. Again, H is an excep-
tion as the clone correction did not notably change the value
(Figure 4a). A second exception is the value of Fg, for which
clone correction yields values that are much closer to the value
of Fig=0 that was obtained under fully sexual reproduction
(Figure 4c).

4 | Discussion

The results of my simulations clearly show that there are large
differences between the results of clone-corrected and non-
corrected analyses of genetic data. When the summary sta-
tistics were calculated from noncorrected data, their values
were generally very similar to the values with 100% sex; only
when the rate of sexual reproduction fell below 1 in 1000, the
values started to diverge. This matches previous theoretical
results for Fy; and F; where a severe effect was found in the
complete absence of sexual reproduction (Balloux, Lehmann,
and De Mee(s 2003). These results are also in line with the-
oretical models that have shown that a low rate of sexual re-
production is already enough to counteract the disadvantages
of asexuality such as the accumulation of deleterious alleles
and the increased susceptibility to antagonists (Green and
Noakes 1995; Hurst and Peck 1996; Meirmans, Meirmans, and
Kirkendall 2012).

On the other hand, clone correction led to strong deviations
compared to the values under full sexual reproduction. Studies
employing clone correction often give the argument that this is
necessary in order to ‘prevent bias’. My results show that this ar-
gument is not valid because in most cases, uncorrected analysis
of genetic data from asexual species will not lead to incorrect
conclusions regarding genetic diversity or population structure.
On the other hand, clone correction itself may lead to false infer-
ences. Because of the possibly large deviation in the outcomes, it
is important that when clone correction is performed, the results
are always accompanied by the results of the same analysis on
the noncorrected data.

Superficially, clone correction seems to make sense: including
the same individuals multiple times will lead to bias in most
other types of statistical analyses. However, it is important to
realise that the concept of an individual becomes rather useless
when dealing with many types of clonal organisms (Cook 1983).
A widespread clone is not equivalent to a rare clone: the wide-
spread clone will generally have a much bigger impact on the

genetics and demography of the population, as it will produce
more offspring. Therefore, it will play a proportionally larger
role in evolutionary processes such as drift, migration, mutation
and selection. This ultimately means that when a random sam-
ple is taken from a population, the presence of multiple copies
of the widespread clone (e.g., multiple ramets of the same genet)
may correctly reflect the genetic makeup of the population. Of
course, this depends on the biology of the study species, for ex-
ample, when there is self-incompatibility in a clonal plant, all
seeds of a widespread clone may be sired by a rare clone that
occurs only as a single ramet.

4.1 | Interpretation of the Different Summary
Statistics

As the results of the clone-corrected and noncorrected data
can be widely different, this means that they represent differ-
ent aspects of the population genetics of clonal organisms, and
therefore should be interpreted differently. For noncorrected
analyses, the values of the summary statistics under low-to-
moderate rates of asexuality are very similar to the values under
full sexual reproduction. Therefore, the interpretation of the
results should be similar to the interpretation of the results for
fully sexual species. On the other hand, the clone-corrected data
reflect the results of clonal propagation and can therefore be in-
formative about the rate of sexual versus asexual reproduction
in the population. Note, however, that much of this informa-
tion can also be gleaned from the statistics on clonal diversity,
such as the clonal richness and Simpson's index (Arnaud-Haond
et al. 2007).

Clone correction artificially inflates the level of genetic diversity
(Hy) in a population sample, and thus leads to an overestima-
tion of the expected heterozygosity, Hy. On the other hand, the
observed heterozygosity H, is completely unaffected by the ap-
plication of clone correction. It is the overestimation of Hg that
largely drives the deviations induced by clone correction in the
other statistics, as most of these are calculated from Hg. The
overestimation occurs because rare clones—and any rare alleles
they carry—get upscaled to equal frequencies as widespread
clones. This effect depends on the population size as in the sim-
ulations the smallest populations had the highest level of genetic
diversity after clone correction (Figure S1). Therefore, it is not
possible to interpret this value in the terms of genetic drift and
mutation, which is how Hy is generally interpreted, and this can
lead to some counterintuitive effects. For example, when select-
ing individuals for a breeding programme—which is a use case
where one really wants to do clone correction—it may be best to
take individuals from smaller populations when these have the
highest clone-corrected diversity.

For the inbreeding coefficient Fy, clone correction led to posi-
tive values even for relatively low rates of sex, whereas without
clone correction the F;¢ values were negative. Interestingly, the
clone-corrected F ¢ values were highest for intermediate rates
of sexual reproduction. This explains why the only previous
study on the effect of clone correction (De Meets, Lehmann,
and Balloux 2006) did not report such positive values; they only
considered a case with fully clonal reproduction. The positive
F4 values, indicating an excess of homozygotes, reflect what
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happens during the rare sexual events, as a substantial number
of matings will take place among different ramets from the same
genet, which is a form of inbreeding. The simulations with self-
incompatibility of clones (Figure 4) do not show the excess of
homozygosity after clone correction. These results indicate that
for Fig both the clone-corrected and uncorrected results are in-
sightful: the uncorrected F|4 informs about the level of fixed het-
erozygosity due to clonal reproduction and the clone-corrected
value informs about the level of inbreeding during rare sexual
events.

For the statistics estimating the degree of population divergence
(Fgp» F"¢p and D, ), clone correction can also lead to large de-
viations. When the diversity within populations (Hy) is over-
estimated, the diversity among populations necessarily gets
underestimated. At very low rates of sexual reproduction, the
values of the divergence statistics even got below zero, also for
the simulations with very low migration. When there was on
average only a single migrant every 10 generations, the clone-
corrected Fy; was below 0 at the lowest rate of sexual reproduc-
tion, compared to a value of 0.71 under full sexuality. Note that
this behaviour is not limited to estimation of Fg using hetero-
zygosities (Nei 1987), but will also be present when the values
are estimated using the Weir and Cockerham (1984) frame-
work—as shown in the earlier study by De Meefis, Lehmann,
and Balloux (2006)—or using AMOVA (Excoffier, Smouse,
and Quattro 1992). The downward trend with decreasing sex-
ual reproduction was not only present for F,, as previously
shown for full clonal reproduction by De Meels, Lehmann,
and Balloux (2006) but also for F"¢. and D, . In addition to the
downward trend, clone correction may lead to a much smaller
sample size, and thus to a reduced power of any significance
testing of the population divergence. Through this combina-
tion of the underestimation of the test statistic and the reduced
power, clone correction can easily lead to an incorrect conclu-
sion of panmixia when in reality there is very limited migration
among populations.

4.2 | The Effect of Clonal Diversity

The difference in the results with and without clone correction
is ultimately driven by the clonal diversity in a sample. When
there are many different clones, all with a low frequency, and
only a few duplicate genotypes are removed, clone correction
will have a relatively limited effect on the estimates of the allele
frequencies and Hg. In my simulations, this is the case when the
rate of sexual reproduction is higher than 1 in 100. Although
rates of sexual versus asexual reproduction in the wild are diffi-
cult to quantify, this probably covers most cyclical parthenogens
and most plants that combine sexual and vegetative reproduc-
tion. On the other hand, when a sample is dominated by one or
a few highly abundant clones and a large number of replicate
genotypes is removed, clone correction will have a much larger
impact. This may be the case for species where sexual reproduc-
tion is rare, such as (nearly) obligately parthenogenetic animals,
or (nearly) obligately apomictic plants.

The difference in clonal diversity is the reason why in the sim-
ulations the extent of the deviation depended on the population

size; when the population sizes were small, the deviation was
highest as smaller populations have a much lower clonal diver-
sity. This means that for species with extremely large population
sizes, clone-corrected analyses are expected to yield similar re-
sults as noncorrected analyses. My simulations had a maximum
population size of N=5000, which is much smaller than the
population sizes of some clonal species such as corals or aphids.
However, it is important to note that the modelled population
sizes are effective population sizes, and for many species, the
effective population size is several orders of magnitude smaller
than the census population size. The dependence of the clone-
corrected statistics on the population size is problematic for
their interpretation, especially for the divergence statistics Fgy,
F" . and D, . For a correct interpretation of these statistics in
the light of population connectivity, we want them to vary de-
pending on Nm (which was kept fixed for Figure S1), and not
additionally depend on N.

The two estimators of clonal diversity, the clonal richness
(Ellstrand and Roose 1987) and Simpson's index (Simpson 1949),
differed strongly in their responses to the rate of sexual repro-
duction. The clonal richness showed the strongest response
when sexual reproduction was still relatively common (at the
right-hand side of the curve in Figure la,c), matching results
from similar simulations by (Stoeckel, Porro, and Arnaud-
Haond 2021). Therefore, the clonal richness is a suitable statis-
tic for many asexually reproducing species and is also suitable
to test whether populations differ in clonal diversity, for ex-
ample, as a result of differences in environmental conditions.
However, it is important to note that the value of the clonal rich-
ness is heavily contingent on the sample size (Arnaud-Haond
et al. 2007; Gorospe, Donahue, and Karl 2015). So any study that
uses clonal richness should make sure that sample sizes are per-
fectly balanced or else should use rarefaction towards the small-
est included sample size (Gorospe, Donahue, and Karl 2015). For
the results in Figure 1, the sample size dependence means that
the decline would have been even sharper for larger sample sizes
and more moderate for smaller sample sizes. Simpson's diver-
sity index does not have such a dependence on sample size, as
long as the appropriate correction is applied. On the other hand,
Simpson's index is less sensitive to changes in the rate of sexual
reproduction but more sensitive to the migration rate. Basically,
when there is a lot of gene flow, Simpson's index always shows a
high clonal diversity, virtually independent of the rate of sexual
reproduction.

4.3 | Combining Analyses With and Without
Clone Correction

Because of the differences in the results of clone-corrected and
uncorrected data, I strongly advise that when clone correction is
used also the results of the uncorrected data are presented. Any
differences in the results should then be interpreted in the light
of the species' reproductive biology. This is especially the case
for Hg and F, for which the values for the two types of analysis
can both be informative. For Fg, F"'¢. and D, I advise against
interpretation of the clone-corrected values as these may under-
estimate the degree of population structure even when there is
very little gene flow among populations.
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The interpretation of the results with and without clone correc-
tion also depends on other aspects of the species’ life history,
as shown by the simulations that included self-incompatibility.
There is a wide variety of asexual modes of reproduction, and
these may differ in how they are impacted by clone correction.
My simulations only represent a relatively narrow representa-
tion of this variety in reproductive modes. In the simulations,
the reproductive output of a clone increases linearly with the size
of the clone, while in many systems, this may not be the case,
for example, when there is a trade-off between the amount of
resources that can be invested in vegetative growth versus sex-
ual reproduction (Herben, Ser4, and Klime§ova 2014; Thompson
and Eckert 2004). Furthermore, in my simulations, the individ-
uals are coded as annuals and many clonal organisms are peren-
nial. However, for moderate and low values of the rate of sexual
reproduction (S <0.1), the results of the model are nevertheless
also applicable to perennials. This is because mathematically, an
annual with a high chance of asexual reproduction is similar to
a perennial with a low chance of mortality and the possibility of
clonal growth.

To see how common it currently is to present both clone-
corrected and uncorrected results, I conducted a small literature
survey of studies that performed clone correction. I selected 100
papers that used the software GENCLONE (Arnaud-Haond and
Belkhir 2007), POpPPR (Kamvar, Tabima, and Griinwald 2014),
CLONCASE (Ali et al. 2016) or GENODIVE (Meirmans 2020) to
remove duplicated genotypes before doing population genetic
analyses, in approximate proportion to the popularity of the
software. Of the 100 papers, only 22 reported results for both
the corrected and the uncorrected data (see Table S2). Of the re-
maining papers, 74 only reported the results of clone-corrected
analyses, and 4 papers were unclear in their description of the
methods. Therefore, for most papers, it is difficult to assess
what the impact of the clone correction was on the results and
their interpretation. One nice example of the use of both clone-
corrected and uncorrected data is the study of Arnaud-Haond,
Stoeckel, and Bailleul (2020), who used the correlation between
the clonal richness and F, calculated with and without correc-
tion, to make inferences about the rate of clonal reproduction in
four species of seagrass.

Although one should be cautious with clone correction for
measuring genetic diversity and population differentiation,
the technique can be properly used for other types of analy-
ses. For example, when genotyping scats or hairs (Taberlet and
Luikart 1999; Pauli et al. 2010), removing duplicate genotypes
is essential as in such cases it really is the exact same individual
that has been genotyped multiple times. Also in parentage anal-
ysis (Jones et al. 2010; Christie et al. 2017), clone correction is
warranted in order to prevent assigning offspring to multiple ra-
mets of the same genet. Such a parentage analysis can also be a
useful tool to test whether common clones indeed produce more
offspring. Furthermore, it remains to be tested whether clone
correction also incurs a bias in other population genetic analy-
ses including clustering analyses (Structure, DAPC, K-means),
genome scans and multivariate analyses (PCA). Without further
evidence, it is important to be extremely prudent in the applica-
tion of clone correction before doing such analyses in order to
prevent similar biases as presented here. Principal Components
Analysis is conceptually related to F-statistics (McVean 2009),

so clone correction is likely to affect the percentage of explained
variance of the PCA axes in similar ways as it affects F.

5 | Conclusions

In genetic analyses of asexually reproducing species, the pres-
ence of duplicated genotypes does generally not lead to large de-
viations in the values of the summary statistics H,, Hg, Fq, Fop
F"¢ and D, when compared to 100% sexuality. Therefore, the
argument that clone correction ‘prevents bias’ is not valid and it
is not strictly necessary to perform clone correction before cal-
culating these summary statistics. However, reporting both the
results from clone-corrected and uncorrected analyses of Hg and
F |4 can reveal insights into the process of asexual reproduction
in the study species. For Fq on the other hand, clone correction
can lead to incorrect conclusions as it can obfuscate present pat-
terns of population differentiation. In general, when clone cor-
rection is applied, the clone-corrected results should always be
accompanied by the results for the complete dataset.
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