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Introduction
Although the importance of biodiversity conservation has been a focus for a long time 

(especially in tropical areas), local people and the staffs of national parks are limited by a lack of 
budget, analytical equipment, microscopes, specialists, and academic information (e.g., [1]). How 
do biostatisticians intend to contribute to such countries? There is not a biostatistician in all area 
such as islands or mountainous areas, even if a country has many biostatisticians.

Many existing studies have estimated the effective population size of a specific species (e.g., 
[2-4]) with the aim of improving the precision and accuracy of the estimation. These studies 
were performed with a sufficient budget, preliminary surveys, and a group of specialists of varied 
disciplines. Conversely, few studies (with the exception of [5]) have been concerned with discovering 
the tendency of effective population sizes in many species in areas where detailed examinations 
cannot be conducted (i.e., national parks in tropical areas that are known hot-spots of biodiversity 
(e.g., [6]) due to the following constraints: 1) Academic resource availability is limited; 2) There is no 
or a very small amount of prior information about a species of interest and 3) Too many species are 
candidates for future studies. We, therefore, think that local staff and people, who are a substantial 
manager of biodiversity in the hot-spots area, want to know how to manage the biodiversity, 
especially without any species specific statistical model.

What is needed in the scene of the biodiversity management is to grasp which species are going 
to increase or decrease in a limited ecosystem such as a national park as soon as possible. The 
number of adult individuals that can reproduce next generation may be a good indicator for the 
necessity, which can be estimated using traditional mark and recapture method [7]. However, by 
the number of the adult individuals only and without considering the genetic diversity of the adult 
population, the vulnerability of the species (i.e., the extinction risk) would not be assessed. Sea otters 
are one example: Once they decreased in the number. Although their population recovered by some 
conservation activities, a massive fatalities was occurred due to the insufficient genetic diversity 
which did not recovered well [8]. Then, the concept that excludes the adult individuals of the 
completely same or very similar genetic composition would be required. “The genetic repertoires” 
conforms to the concept. Generally, which species should be conserved in priority to other species 
is a very common and consistent issue [9]. If we can easily estimate the genetic repertoires of adult 
generation that participate in their reproduction, the genetic repertoires of many species can be 
monitored all together, which would provide a criterion for deciding which species should be 
prioritized for conservation. While many previous studies focused on one or some specific species 
with sufficient funds and specialists such as statisticians, there are few studies about the method for 
monitoring many species collectively.
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Abstract

This study proposed a method for managing many diploid species together without constructing any 
statistical models for specific species. Our purpose was to estimate how many different genetic compositions 
exist in the adult generation involved in their reproduction (We referred this number as genetic repertoire) through 
our Molecular Mark and Recapture (MMR) method. First, we developed the MMR method for diploid species 
and proposed theoretical formulae to calculate the variance and confidence interval of the genetic repertoires. 
Second, we made three virtual diploid species (human or birds, harem-forming mammals, and plants), which 
included the first generation and the second generation, and then we conducted simulations to estimate the 
genetic repertoires of the first generation. Third, we showed a test study using microsatellite genotype data of wild 
boar. Our results showed that our methods would be useful, especially in tropical forests, because the method 
did not require highly sophisticated statistical models or much prior information for a species. Moreover, it was 
able to estimate the genetic repertoires with a one-time random sampling of the parent and offspring individuals. 
Furthermore, a decrease or increase in genetic repertoire would be detectable by increasing the number of 
random sample collections to twice or more. We consider it has great potential to enhance management methods 
of biodiversity by local people.
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Murase and Fukita [5] proposed a MMR (Molecular Mark and 
Recapture) method as a way to monitor many species at the same 
time. The method is summarized as follows: The individuals of parent 
and offspring generation are sampled randomly; Parent-offspring 
relationships are identified; the number of adult individuals of the 
parent generation that can reproduce next generation is calculated 
using the relationships. The number of adult individuals of the 
parent generation was written as the effective population size for the 
biodiversity management in Murase and Fukita [5]. The effective 
population size for the biodiversity management is different from 
the ones of evolutionary population genetics or coalescent theory. 
Evolutionary population genetics or coalescent theory focus on the 
process of mutation, the MMR method does not require the mutation 
at all. It is, of course, possible to consider for applied studies that take 
the mutation into account, the frequency of the mutation would be 
very low when we use parent and offspring generation only and study 
area is restricted such as national parks. Moreover, because we want to 
argue about usefulness of "MMR method" itself in this study, we want 
to exclude "the MMR method in consideration of mutation" which is 
derivative topics of our issue. For the staff of wildlife management, 
the number of adult individuals of the parent generation is important.

Although the previous MMR method has a lot of advantages, it is 
intended for clonal propagation species and is not so useful for field 
studies, for sexual reproduction is common in the field. We, then, 
considered for proposing a modified MMR method for the sexual 
reproduction species with the advantages kept.

Multiple samplings are often impossible in practical field studies, 
which make it difficult to estimate the interval of the genetic repertoires 
(i.e., the minimum and maximum of how many genetically different 
individuals a species will contain). Thus, it would be significant to 
derive the theoretical variance and confidence interval of the genetic 
repertoires even if we were allowed to conduct sampling only once. 
Therefore, our first purpose is to develop the MMR method for 
diploid species and to propose theoretical formulae to measure the 
variance and confidence interval of the genetic repertoires.

Diploid species have different mating systems; however, Murase 
and Fukita [5] did not examine the impact of the MMR method 
precipitated by such differences. We should examine whether the 
MMR method for diploid species is applicable to the varied mating 
systems. Therefore, our second purpose is to examine the applicability 
of the MMR method for diploid species assuming three different 
mating systems. In this study, we assume three different populations 
that have three different mating systems: (1) Human; monogamous 
species such as humans or birds; (2) Animal; polygamous species 
such as lions or sea lions; and (3) Plant; monoecious species. The 
applicability of the MMR method was examined for each type of 
population. Additionally, how the variability of the three mating 
systems affects the estimates derived from the theoretical formulae 
(the variance and confidence interval of the genetic repertoires) is 
also discussed.

In wildlife studies, we sometimes need information for either 
gender (e.g., the effective population size of adult females or adult 
males) as well as the effective population size of both genders in total 
[10]. For example, if the sex ratio of the individuals with wings of a 
rare ant species inhabiting a national park is skewed toward males, 
the probability of the disappearance of the species from the site would 

be considered to be high. When considering the conservation of the 
species, we may misjudge the species as a non-endangered species 
that has an adequate effective population size in this example if we 
concentrate our attention on the total effective population size. Thus, 
we should prepare a method that can separately estimate the genetic 
repertoires of adult females and males. Among the above three diploid 
species, Plant has no sex ratio because they are a monoecious species; 
however, in the Human and the Animal groups the sex ratio is often 
of ecological interest. The sex ratio of both adult and child individuals 
of the Human group is one to one. In the Animal group, the number 
of adult individuals that can participate in reproduction often differs 
between males and females because it is assumed that the small 
number of dominant males mate with many females. Although the 
sex ratio of young individuals of Animal species may be one to one, 
only strong male individuals survive; thus, the sex ratio again skews 
towards females. This type of lifecycle can be generally assumed. To 
conserve such wildlife, we have to estimate the genetic repertoires of 
both males and females. Thus, our third purpose of this study is to 
propose a method that separately estimates the genetic repertoires of 
adult males and adult females of Animal species. Additionally, the 
sex ratio of young available individuals often leans towards either 
sex (e.g., a species that has a life history of young males dispersing 
far away and young females staying at their birth place or humans 
collecting horned male individuals due to their economic value (e.g., 
ivories or antlers)). Thus, we add a discussion of whether the MMR 
method is able to estimate the genetic repertoires of adult males and 
adult females if the available young individuals are only male or 
female to the third purpose.

Materials and Methods
This paper proposes “the genetic repertoire” as an index for 

monitoring many species collectively. First, we describe a principle of 
the MMR method. MMR is the abbreviation of “Molecular Mark and 
Recapture”. Second, we describe estimation methods of the MMR 
method using the three statistics that we had made. Third, we wrote 
our material which is simple virtual species in a computer. Fourth, 
we show the results of the three experiments (the three simulations) 
using the MMR method. Finally, we showed an example study using 
microsatellite genotype data of wild boar.

The MMR method for diploid species

Principle and concept: As described in Murase and Fukita [5], the 
MMR method estimates the effective population size (that is the same 
as the number of genetic repertoires) of a parent generation. Murase 
and Fukita [5] examined haploid species with clonal propagation to 
establish the principle of the MMR method. In this study, we estimated 
the genetic repertoires of a parent generation of diploid species with 
panmictic reproduction. Equation 1 is used for the estimation,

                               
,               (1)

where N̂  is the estimated genetic repertoires of a parent 
generation, M and n are the genetic repertoires of sampled parents 
and offspring, respectively, and m is the genetic repertoire common 
to both the sampled parents and offspring. This principle is shown 
in Figure 1a. Although the concept of the MMR method for diploid 
species is a bit different between dioecious and monoecious species, 
in either case parentage links are used as the genetic identity between 
a sampled parent and a sampled offspring individual. The number 
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m
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of links is related to m as an essential random variable. This concept 
is shown in Figure 1b and 1c. In the case of the dioecious species, 
female parent-offspring links ( Fm ) and male parent-offspring links 
( Mm ) are separately determined, and the genetic repertoires of the 
female parents ( FN̂ ) and the male parents ( MN̂ ) are also separately 
estimated. In the monoecious species, a maximum of two parentage 
links can exist between one offspring individual and the parents 
sampled; thus, the number of links divided by two is employed as m. 
Example calculations are shown in Figure 2a and 2b. Importantly, 
individuals who cannot be discriminated genetically are treated as one 
individual because the MMR method estimates the genetic repertoire.

Expectation and variance of parent-offspring links: In dioecious 
species, the probability of a link between an offspring individual 
and female parent individual sampled is Fp , when the sampling 
rate of the female parent individual is ( )10 ≤≤ FF pp . The female 
parent individuals are sampled with replacements because the female 
parent individual linked with an offspring individual is not removed 
from the sample set. A female can be the parent of many offspring 
individuals. Thus, the number of links between female parents and 
offspring individuals follows a binomial distribution of

                 ,                   ,

where Fm is a random variable representing the number of links 
and n is the number of offspring sampled. The idea is the same when 
considering the links between sampled male parents and offspring 
individuals:

   ,                  ,

where Mm is a random variable representing the number 
of links between male parents and offspring individuals and

( )10 ≤≤ MM pp  is the sampling rate of the male parents. In the 
case of monoecious species,

              ,

                   

                  ,

where X is the number of parent-offspring links.

Variance and confidence interval of the number of parents: In the 
case of dioecious species, we estimate FN̂  and MN̂  separately and then 
calculate N̂ and its variance as

    ,

                   

      .

FN̂  is a function of Fm  and is written as

                    

                   ,

where FM̂  is the number of genetic repertoires of female parents 
sampled. ( )FNV ˆ  Is derived as follows based on Seber (1982):

     

                    .

We substitute n
mp F

F =ˆ  for Fp  and then obtain

Figure 1: Principle and concept of the MMR method. (a) Principle: the MMR 
method stands on the identity of the samples from two generations. (b) 
Concept for dioecious species and (c) monoecious species.The key idea 
of the MMR method for diploid species is the links between parents and 
offspring. N(Set) indicates the genetic repertoire in the Set. P: parents, PF: 
female parents, PM: male parents, sP: P sampled, sPF: PF sampled, sPM: 
PM sampled, O: offspring, sO: O sampled, sL: links between sO and sP, 
sLF: links between sO and sPF, sLM: links between sO and sPM. The other 
symbols are defined in the text.

Figure 2: Example calculations of the MMR method. (a) An example 
of dioecious species.Three links between female parents and offspring 
(sLF01 - sLF03) and one link between male parents and offspring (sLM01) 
are identified by a parentage analysis using genotype data. The genetic 
repertoires of parents (N) is calculated as NF = MF × n / mF = 2 × 4 / 3 = 
2.67, NM = MM × n / mM = 2 × 4 / 1 = 8, N = NF + NM= 10.67. (b) An example 
of monoecious species.Four links are identified (sL01 – sL04). The genetic 
repertoires of the parents is calculated as N = M × n / m = 4 × 4 / 2 = 8 
because m is the number of links divided by two. In both cases, the true 
value of N is 10.
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( )MNV ˆ  is also derived in the same way with the substitution of 

n
mp M

M =ˆ  for Mp . Thus, ( )NV ˆ  is written as

 

                   . (2)

In the case of monoecious species, ( )NV ˆ  is derived as follows:

      

                
, (3)

where M is the number of genetic repertoires of parents 
sampled. The distribution of N̂  asymptotically approaches a normal 
distribution with increasing N̂ ; therefore, the 95% confidence interval 
is calculated as 

                  (4).

Simulation data sets of diploid species

We generated three data sets corresponding to the three mating 
systems using R 3.0.2 [11]. Each data set contained individuals of the 
parent and offspring generations.

Human: A dioecious species with a 1 to 1 the ratio of males to females. 
The fitness of all individuals was the same. One male and one female 
of the parent generation made a pair, and then the female had one 
male and one female individual of the offspring generation. Humans 
or some types of birds were assumed in this system. A total of 100 
males and 100 females were generated for the parent generation. The 
sex ratio and population size of the offspring generation were the 
same as the parent generation.

Animal: A dioecious species with a 1 to 3 ratio of males to females 
contributing to reproduction, whereas the sex ratio of the offspring 
born is 1 to 1. The fitness of the males and females was distributed 
differently. One male of the parent generation had 1-22 individuals 
of the offspring generation; this number was obtained from a random 
variable following a geometric distribution, but 1 was used instead 
when 0 was drawn because the geometric distribution was a discrete 
distribution starting from 0, whereas any male in the parent generation 
was assumed to contribute to the offspring generation. One female of 
the parent generation had 1-7 individuals of the offspring generation; 
the number was obtained from a random variable following a Poisson 
distribution, but 1 was used instead when 0 was drawn for a similar 
reason. Wild boar or deer were assumed in this system. A total of 50 
males and 150 females were generated in the parent generation. A 
total of 150 males and 150 females were generated in the offspring 
generation.

Plant: A monoecious species. The fitness of each individual was 
distributed unequally. One individual of the parent generation had 
1 or more individuals of the offspring generation; the number was 
obtained from a random variable following a geometric distribution, 
but 1 was used instead when 0 was drawn for the same reason 

described in Animal. A total of 200 individuals were generated in the 
parent generation. The offspring generation included a population 
size of 1000, which was five-fold higher than the parent generation.

Simulation experiments and statistical evaluation

Procedure of each simulation experiment: In all simulation 
experiments, the first samples were drawn from the parent generation 
randomly without replacement, and the number of samples ( FM  
and MM  for dioecious species or M  for monoecious species) was 
counted. Second, samples were drawn from the offspring generation 
randomly without replacement, and the number of samples (n) was 
counted. When duplicated samples of the offspring generation were 
found (i.e., when they originated from the same parents), only one 
of the samples was used. Third, the number of links between the 
parent and the offspring generations ( Fm  and Mm  for dioecious 
species or m  for monoecious species) was counted. Last, the number 
of individuals of the parent generation ( FN̂  and MN̂  for dioecious 
species or N̂ for monoecious species) was estimated as described in 
Figures 1 and 2. When no links were found (i.e., Fm , Mm , or m was 
zero), we denoted the situation as ‘Inf’ because FN̂ , MN̂ , or N̂  became 
infinite. We repeated the steps 1000 times under the same conditions.

Simulation subjects and sampling types: First, to examine whether 
the MMR method could be applied to diploid species regardless of 
the differences in the three mating systems (Human, Animal, and 
Plant), we conducted simulations and evaluated the number of 
individuals in the parent generation. The numbers of samples in the 
parent and offspring generations were set as identical (from 20 to 200 
by 20). We compared the theoretical 95% confidence intervals (CI) 
obtained by Equation 4 and the 95% intervals defined as 2.5%-97.5% 
of the quantile value of N̂  obtained by the simulation experiments 
to confirm the validity of the theory of the MMR method. The 
theoretical 95% CI was calculated using the average of N̂  and ( )NV ˆ  
obtained by the simulation experiments provided that they were 
finite values. Next, we conducted additional simulation experiments 
to explore how we should sample the two generations. We fixed the 
number of samples of the parent or the offspring generation. When 
the number of samples of the parent generation was fixed to 20, the 
offspring generation varied from 20 to 200 by 20. Conversely, when 
the offspring generation was fixed to 20, the parent generation varied 
from 20 to 200 by 20. These settings were applied to the three mating 
systems.

Separate estimation of males and females: To examine whether the 
MMR method for diploid species was able to separately estimate the 
genetic repertoires of either gender, we conducted detailed simulation 
experiments. The Animal dataset was used because its sex ratio was 
skewed towards females. The sex of the offspring individuals sampled 
was identified, and then the following estimations were conducted: 
the genetic repertoires of adult females using offspring of both sexes, 
adult females using female offspring only, adult females using male 
offspring only, adult males using offspring of both sexes, adult males 
using female offspring only, and adult males using male offspring 
only.

Statistical evaluation: We calculated four statistics to evaluate the 
result of the simulation experiments based on the MMR method. The 
first statistic was the mean value of N̂ , which represented the genetic 
repertoires of the parent generation. The second statistic was the 

( ) ( ) ( )2 2

3 3
ˆ F F M M
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m m
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median of N̂ . The third was the 95% confidence interval (CI) of the 
quantile of N̂ . This interval consisted of the 2.5% and 97.5% values of 
the 1,000 N̂  values in ascending order. The fourth was the coefficient 
of variation (CV) of N̂ . The number of ‘Inf’ was also counted. All of 
the simulation experiments were conducted using R 3.0.2 [11].

An example study using microsatellite genotype data of 
wild boar

We used microsatellite genotype data of adult Japanese wild 
boar [12] together with that of young individuals (unpub.) for our 
example study. The largest population consisted of 29 adult (15 
male and 14 female parent individuals) and 19 young individuals 
(See Web Appendix A for details). Seven father-offspring links and 
five mother-offspring links were identified using Cervus 3.0.7 [13], 
which determines parent-offspring relationships based on likelihood 
ratios with the level of confidence calculated by simulation. Then, 
we estimated the genetic repertoires of male and female parent 
individuals respectively using our MMR method. We also calculated 
their variance and confidence interval of the genetic repertoires of 
male and female parents, respectively.

Results
The results of the simulation experiments based on the three 

mating systems are shown in Figure 3 and Web Table 1. All of the 
results showed that the means of N̂  were slightly biased in the cases 
with small sample sizes, but the biases rapidly decreased with the 
increase in the sample number. In most cases, the medians were 
not biased. In the cases of Human and Animal, the theoretical 95% 
Confidence Intervals (CIs) and the 95% range of N̂  were very close 

to one another, with the exception of the small sample size cases. 
In the case of Plant, the theoretical 95% CIs and the simulated 95% 
range were close even in cases with a small sample size. In the smallest 
sample size cases (denoted ‘20/ 20’ in Figure 3) of Human and Animal, 
their 95% ranges were narrower than those of the ‘40/ 40’ cases. Their 
means and medians were also smaller values.

The results of the simulation experiments based on the three 
sampling strategies are shown in Figure 4 and Web Table 2. When 
the parents’ sample was limited to a small number, the precision 
of the estimated genetic repertoires was not improved, even in the 
cases with the larger sample size (Figure 4d-f and CVs of Web Table 
2d-f). Conversely, when the offspring was limited to small number, 
the precision was improved by the increase in the parents’ sample 
numbers (Figure 4g-i and CVs of Web Table 2g-i).

More in depth results of the simulation experiments of Animal 
were shown in Figure 5 and Web Table 3. The MMR method was 
successfully able to separately estimate the genetic repertoires of 
female and male parents (Figure 5a, d and Web Table 3a, d). Moreover, 
the genetic repertoires of the parents of each sex was also estimated 
using female or male offspring individuals alone (Figure 5b, c, e, f 
and Web Table 3b, c, e, f), although naturally its precision was lower 
than when both sexes of the offspring individuals were used together. 
When the offspring individuals sampled contained no females, we 
were unable to estimate the genetic repertoires of the parents using 
female offspring individuals; then, this case was denoted as ‘Inf.’ No 
male offspring cases were treated in this manner.

In our example study, FN̂  and MN̂  were calculated as 53.2 and 
40.7, respectively. Their 95% confidence intervals were calculated 
as13.2-93.2 and 16.7-64.7, respectively.

Figure 3: Comparison of theoretical and simulated confidence intervals.Theoretical 95% confidence intervals (a-c) and confidence intervals obtained by 
simulations (d-f) are shown. The numbers in the left of each panel represent the number of individuals sampled. (a-c) The solid horizontal line represents the 2.5%-
97.5% range (95% CI); The solid vertical line represents the mean. (d-f) The left edge of the dashed line represents the 2.5% quantile and the right represents the 
97.5%. The left edge of the grayed box represents the 25% quantile and the right the 75%. The bold dark gray line in the grayed box indicates the median, while 
the black line in the box indicates the mean.‘1st' and ‘2nd' indicate parent and offspring, respectively.
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Figure 4: Distribution of the genetic repertoires estimated for three mating systems.The genetic repertoires of the parent generation are estimated according 
to three mating systems and three sampling strategies. The numbers in the left of each panel represent the number of individuals sampled. The left edge of the 
dashed line represents the 2.5% quantile and the right represents the 97.5% quantile. The left edge of the grayed box represents the 25% quantile and the right 
edge represents the 75% quantile. The bold dark gray line in the grayed box indicates the median, while the black line in the box indicates the mean.‘1st' and 
‘2nd' indicate parent and offspring, respectively.

Figure 5: Distribution of the genetic repertoires estimated for each sex.The Animal data set is used. The numbers of females and males in the parent generation 
are separately estimated. (a) Females using offspring of both sexes. (b) Females using female offspring only. (c) Females using male offspring only. (d) Males 
using offspring of both sexes. (e) Males using female offspring only. (f) Males using male offspring only. The meanings of the elements in the figure are described 
in the captions of Figures 3 and 4. ‘1st' and ‘2nd' indicate parent and offspring, respectively.
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Discussion
First, we discuss our first purpose. We achieved our first 

purpose, which was to develop the MMR method that had remained 
a conceptual proposal into a practical method for diploid species 
and to propose the theoretical formulae to obtain the variance and 
confidence interval of the genetic repertoires. We expect that the 
method described in this study will be used in varied fields, such as 
biodiversity management, pest management, and human disease 
management, because this method retains the advantageous points of 
the previous MMR method (e.g., cost effectiveness and ease of use). 
The differences between this study and the clonal organisms of Murase 
and Fukita [5] was that we found a way to calculate mothers and 
fathers separately and unified the duplicated haplotypes (i.e., we dealt 
with the number of haplotype repertoires). Moreover, by using the 
theoretical formulae proposed in this paper, we were able to estimate 
the range of the genetic repertoires using only a one-time survey. This 
step is very meaningful for field research. Repeatedly sampling rare 
species may decrease their reproduction rate due to frequent human 
visits to their reproduction sites, even if non-invasive surveys (e.g., 
dung collection) are conducted. For example, parents of raptors 
such as goshawks often leave their nests on alert against approaching 
humans, and their eggs or nestlings are predated by crows [14]. Thus, 
estimating the range of the genetic repertoires without a requirement 
for repeated sampling would be an important perspective for wildlife 
conservation field research.

Next, we discuss our second purpose, which was to examine the 
applicability of the MMR method for diploid species assuming three 
different mating systems. In each mating system, the means and 
medians were very close to the true values of the genetic repertoires 
(Figure 3 and Web Table 1); these values could be estimated using the 
MMR method even if there was a difference in the mating systems. 
Comparing the number of individuals sampled in any mating 
system showed that the estimation was more accurate when we 
increased the number of parents (but not the number of offspring) 
when the number of total individual samples was kept constant. 
This is important information when we consider research plans. 
For example, when both parent and offspring samples are available 
and we are allowed to slightly increase the number of samples, we 
expect that the precision of the estimates will be improved if the 
number of parent individuals is increased without waiting for the 
result of the genetic analysis. Moreover, based on the results of the 
simulation experiments in this study, the precision of the estimates 
was decreased in the order of Human, Animal, and Plant. This result 
indicates that the mating system affects the precision of the genetic 
repertoires estimation, although it can be estimable regardless of the 
mating system. This decrease is likely due to the ease of identification 
of parents from offspring individuals. The precision of the genetic 
repertoires is dependent only on n, M, and m in the derived formulae. 
That is, in every mating system the precision of the estimate takes the 
same value in the stage that the genetic repertoires of the samples are 
identified. What is important is the difference between the number 
of offspring individuals sampled and their genetic repertoires; these 
differences create a situation in which the precision of the effective 
population size estimate differs among the different mating systems 
when it is estimated with the same number of individuals sampled.

Finally, we discuss our third purpose. We achieved our third 
purpose, which was to propose a method that separately estimated 
the genetic repertoires of adult males and adult females of Animal 
species. We were able to estimate the genetic repertoires of males or 
females using only the method described in this study. Moreover, our 
purpose was also to discuss whether the MMR method was able to 
estimate the genetic repertoires of adult males and adult females if 
the available young individuals were only males or females, and the 
results showed that this purpose was generally estimable. We discuss 
the result of the estimation of the genetic repertoires of the adult 
males and females using the Animal data generated in this study. 
In both the adult females and adult males, the estimation precision 
was increased when all offspring individuals sampled were used 
compared to when the offspring individuals of either sex were used 
alone. This result did not contradict the law of large numbers (i.e., 
the larger number of samples yielded the better estimation precision). 
Moreover, this tendency increased in the case of the adult females 
compared to the adult males. This finding would represent a concern 
for populations with sex ratios skewed toward females in the parent 
generation. Although some biases were observed in the cases with 
small sample numbers, the MMR method for diploid species did not 
misestimate the order of magnitude and generally provided a good 
estimation of the genetic repertoires in practice.

In summary, the bias against the true value for our results was a 
maximum of 33.2 % (Web Table 2c, f,i; the mean value was 266.32) 
and the maximum range of the 95% CI was 700 (Web Table 2c, f, 
i), which was 3.50-fold higher than the true value and contained the 
true value of 200. Additionally, the bias and the 95% CI range were 
decreased when the sampling rate increased. Consequently, the mean 
and median approached the true value of 200 (Figures 3 and 4). Thus, 
although some bias was introduced by the low sampling rate, we 
were able to state that the MMR method proposed in this study was 
developed for diploid species and generally provided good estimates.

Next, we discuss the ecological factors that influence the estimation 
accuracy from the statistical point of view. By comparing the results 
of the three different mating systems, we found that the following two 
factors affected the estimation accuracy: (1) Fitness distribution of 
the parents and (2) Balance of the number of individuals sampled 
between the parents and offspring.

The fitness distributions of the parents used in the simulation 
of this study are shown in Web Figure 1. The deviance from the 
theoretical variance seemed to be larger when the fitness distribution 
was wider. This is caused by the higher possibility of obtaining 
offspring individuals that have the same genetic composition when 
the difference in fitness among the parent individuals is larger (i.e., 
the most dominant father and mother would have many offspring 
individuals with the same genetic contents). Our method counts 
the genetic repertoires of the offspring (i.e., we add one count to 
the genetic repertoire when many offspring individuals have the 
same genetic composition). Consequently, even if we sample the 
same number of offspring individuals, we will have different genetic 
repertoires when different mating systems are considered. The 
theoretical consideration and formulation are necessary in future 
work. However, the deviance seemed to be small (Figure 3, Web 
Table 1) and would not be a practical problem.
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With regards to the balance of the parents and offspring, when 
we fix the total number of individuals sampled to be 120 (e.g., 60 
parents/60 offspring), we achieve a slightly better estimate compared 
with 20/100 or 100/20 (Web Table 1). Ratios of 80/80 vs. 20/140 or 
140/20 also exhibited the same tendency. The Animal and the Plant 
groups gave better estimates in the 40/40 setting, while the Human 
estimate was better at the 60/20 setting. Generally, the precision of 
the estimates tended to be high when the correct equilibrium of the 
number of parent and offspring individuals sampled was reached.

Therefore, we may reasonably conclude from the above results that 
the MMR method provides a good estimate of the genetic repertoires 
of typical diploid species. The estimates will be accurate in that at least 
the order of magnitude and the 95% confidential interval will contain 
the true value in the center, although its precision will vary depending 
on the mating systems or the sex ratios of the sampled individuals. 
Improved precision can be expected by sampling more from the 
parent generation in any mating system if the situation permits. 
The MMR method for diploid species would be useful in situations 
in which many species need to be managed together in national 
parks of tropical areas because the MMR method does not require 
highly sophisticated statistical models or much prior information 
for a species. Moreover, it can estimate the genetic repertoires with 
a one-time random sampling of the parent and offspring individuals. 
Furthermore, a decrease or increase in the genetic repertoires would 
be possible by increasing the number of random sample collections 
to two. Even if the national park lacks PCR equipment, the task can 
be delegated to an external institution such as a private company. 
Indeed, the cost of DNA extraction or sequencing is becoming more 
inexpensive every day. We believe that the management conducted 
by local people is quite essential for the conservation of the invaluable 
biodiversity of the global ecosystem, which contains a variety of local 
ecosystems.

Supplementary Materials
Web Appendix 1, Web Figure 1, Web Tables 1-3 are available with 

this paper at the SM Journal of Biometrics & Biostatistics website.
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