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Chapter 1

General Introduction

Human-induced environmental changes have been taking place around the globe (Ellis et al.
2010), which exposes biological populations to new selection pressures. Populations can
persist if they rapidly adapt to new environments before becoming critically small (Carlson
etal. 2014). Genetic diversity, or standing genetic variation, is one of the crucial components
of rapid adaptation to environmental changes. Populations with low genetic diversity would
have to wait for new beneficial mutations because of the scarcity of candidate adaptive genes,
which usually takes a long time (Orr and Unckless 2014). On the other hand, populations
with high genetic diversity possess a variety of alleles beforehand, which shortens the time
for adaptation. The rapidity achieved by genetic diversity prevents populations from severe
shrinkage and increases the chance of persistence under environmental changes (Agashe
et al. 2011, Ramsayer et al. 2013).

There is an increasing number of evidence that evolution occurs on the contemporary
time scale (Hairston et al. 2005, Schoener 2011), including species that rapidly adapt to
anthropogenic environmental changes (Anderson et al. 2012, Fukano et al. 2020). Therefore,
it could be said that rapid evolution from standing genetic variation is increasingly becoming
relevant in today’s biosphere. Understanding the determinant of genetic diversity is an
important study topic to predict population viability under ongoing environmental changes.

Classical population genetics predicts that population size is the primary determinant of

genetic diversity. This prediction is based on the theoretical analysis on Wright-Fisher model



(Fisher 1930, Wright 1931), which is an ideal population that satisfies constant population
size, random mating, and non-overlapping generations. In Wright-Fisher model, because
individuals randomly mate with one another and are replaced by the same number of offspring
every generation, generation turnover is equivalent to random sampling of genes with replacement.
Therefore, small population size leads to fewer sampling times, thus resulting in strong
stochastic genetic drift and reduced genetic diversity (Crow and Kimura 1970).

This theoretical prediction is often applied to wild populations that have undergone
habitat loss and fragmentation. In addition to the immediate effect of bottleneck, small
fragmented populations should be experiencing intensified genetic drift and resultant loss of
genetic diversity due to small population size. Although fragmentation surely decreased
genetic diversity in general (Aguilar et al. 2008, Gonzélez et al. 2020), some perennial
plant species did not show a clear decline in genetic diversity with decreasing population
size (Bacles and Jump 2011, Bezemer et al. 2019, Kramer et al. 2008), indicating that
genetic diversity was not affected solely by population shrinkage. While the discrepancy
was once regarded as “fragmentation paradox” at first (Kramer et al. 2008), it turned out
that life history characteristics of the examined species played important roles in maintaining
genetic diversity under small population size. Contrary to Wright-Fisher model, many plant
species have overlapping generations due to their long lifespan, and populations consist
of individuals with different life history stages and ages. Some of the life history stages
consist of not only young but also old individuals and thus capture genetic variation of
old generations. These key life history stages serve as genetic reservoirs from the past,
contributing to the maintenance of genetic diversity (Aparicio et al. 2012, Cannon et al.
2022, Lowe et al. 2015).

The fact that genetic diversity is accumulated over the course of the life history (i.e., a



lifetime trajectory of an individual from birth to death) is not special to fragmented populations
but a universal phenomenon. In the pioneering literature review (Loveless and Hamrick
1984), it was reported that long-lived plant species had generally higher genetic diversity
than short-lived ones. Similarly, Hamrick and Godt (1996) analyzed the correlation between
multiple life history traits and genetic diversity in plants, and showed that long generation
time contributed to genetic diversity. Austerlitz and Garnier-Géré (2003) showed that long
lifespan helps accumulate genetic variation during colonization to new habitats. In colonizing
plant populations, long generation time requires a longer time for founder individuals to
grow, reproduce, and dominate, thus suppressing the founder effect and allowing successive
multiple introductions from the original range. This leads to higher genetic diversity despite
the small population size at the frontier of the range expansion. Recent global assessment of
genetic diversity in plant populations also showed that life form (annual vs perennial vs shrub
vs tree) significantly affected genetic diversity, with stronger positive effects by long-lived
life forms (De Kort et al. 2021).

While increasing evidence shows that long life history contributes to the accumulation
of genetic diversity and sometimes obscures the impacts of small population size, preceding
studies did not go so far as to examine on what occasions life history became crucial in
maintaining genetic diversity under the influential effects of population size. This can be
partly attributed to the fact that most previous studies focused on the interspecific comparison
when assessing the impacts of life history. Because there has been much less attention paid to
among-population comparison, it was difficult to jointly consider the impacts of population
size, which is a population-level determinant of genetic diversity. In general, life history
traits including longevity are different not only among species but also among populations

(Ehrlén and Lehtilda 2002, Hughes 2017). It has been shown that the intraspecific variation of



life history has a non-negligible effect on the dynamics and the viability of populations. For
example, life history diversity contributes to asynchronous birth, growth and reproduction
among individuals and populations, which can stabilize population dynamics through portfolio
effects (Moore et al. 2014, Schindler et al. 2010, Waddle et al. 2019). The crucial population-
level consequences of life history variation might also apply to genetic diversity, influencing
the level of genetic diversity independently of population size. Consequences of among-
population life history variation on genetic diversity with comparison of that of population
size is a frontier in understanding the contribution of life history cycle to genetic diversity.

In my doctoral dissertation, I studied how the interpopulation variation in the life history
cycle and population size interact to drive the maintenance of genetic diversity in perennial
plants both theoretically and empirically. In Chapter 2, I focused on demographic genetic
structure, which is the within-population genetic composition structured by stage. I developed
amathematical model that describes the temporal dynamics of the stage-wise genetic diversity,
and I formulated effective population size and the annual change rate of expected heterozygosity
from the model. By analyzing the model, I examined on what occasions life history plays
crucial roles in maintaining genetic diversity under the effects of population size, and confirmed
that demographic genetic structure could be a useful tool to understand how genetic diversity
is accumulated over the course of life history. In Chapter 3, I empirically tested the theoretical
prediction of Chapter 2 using fragmented populations of a perennial herb Trillium camschatcense
in the Tokachi region of Hokkaido, northern Japan. I conducted population genetic analysis
using double digest restriction-site associated DNA sequencing (ddRAD-seq) to estimate
demographic genetic structure and effective population size. Besides, I carried out a field
census survey to estimate demographic rates (stage-specific survival rates and fecundity) and

population size of each population, which were subsequently used to calculate the theoretical



expectation of demographic genetic structure and effective population size based on the
model developed in Chapter 2. The resultant theoretical expectations were compared with
observed values to examine whether the influence of life history on genetic diversity predicted
by the theoretical model was in line with the observed data. In Chapter 4, I focused on the
gap between the empirical genetic data and the theoretical prediction. I inversely estimated
demographic rates and population size from the observed demographic genetic structure to
depict how genes were transferred among life history stages along the life cycle. I suggested
a concept of “genetically effective life history,” which was different from the life history
estimated from census survey and could bridge the gap between theoretical predictions and
empirical systems. In Chapter 5, to grasp a possible scenario in which genetic diversity
would help populations persist under environmental changes, I examined how the ongoing
climate change is affecting the phenological overlap with pollinators in fragmented 7. camschatcense
populations in the Tokachi region. In two populations differing in the long-term trend of
temperature rise, I tested whether pollinator visitation occurred during the entire flowering
period or was temporally limited. In summarizing the overall studies, I discussed the genetic

and evolutionary consequences of life history in Chapter 6.



Chapter 2

Theoretical prediction on the dynamics of genetic diversity and
demographic genetic structure under a variety of plant life history

strategies

Abstract

In stage-structured populations, especially in perennial plant species, genetic diversity is
often compared among life history stages, such as seedlings, juveniles, and flowerings,
using neutral genetic markers. The stage-wise genetic diversity is sometimes referred to
as demographic genetic structure and has been regarded as a proxy of potential genetic
changes, because individuals in mature stages will die and be replaced by those in more
immature stages over the course of time. However, due to the lack of theoretical examination,
it remained unclear whether the stage-wise genetic diversity genuinely represented temporal
dynamics. To describe the dynamics and the inter-stage differences of genetic diversity
in stage-structured plant populations, I developed a matrix model which was made up of
difference equations of the probability of non-identical-by-descent of each life history stage.
Using the model, I examined the relationships of demographic genetic structure with the
annual change rate of expected heterozygosity (denoted by 1), as well as with effective
population size N, (the determinants of diversity loss per generation time). Demographic
genetic structure varied independently of NV, and 7 but was subjected to stable stage distribution:
genetic diversity was higher in stages with more individuals. Especially, stages in which
individuals were detained due to slow or retrogressive growth possessed high genetic diversity,
probably because individuals with variable ages can be mixed and genetic variation from
broader time span can be stored. 7 was high in slow-paced life histories (long generation
time, higher age at maturity, long life expectancy), which could be also attributed to generation
overlap because slow-paced life history would promote coexistence of differently-aged individuals
within a population. These results indicate that demographic genetic structure does not
reflect temporal trends in genetic diversity, and that slow-paced life history contribute to
genetic diversity both at the stage- and at the population-level. The efficacy of demographic
genetic structure lies in identifying key developmental stages that accumulate genetic variation
from static and retrogressive life history processes to detect the contribution of life history

to the maintenance of genetic diversity.



2.1 Introduction

Genetic diversity, or standing genetic variation, is a source of adaptive evolution (Barrett
and Schluter 2008). Populations with high genetic diversity are more likely to adapt to
environmental changes and to persist for a long period (Agashe et al. 2011, Ramsayer et al.
2013). Therefore, understanding how genetic diversity is maintained over time is important
for assessing population viability (Mimura et al. 2017).

The rate of change in genetic diversity per generation time is primarily determined by the
effective population size (IV.): the larger N, the weaker genetic drift, and the more likely
genetic diversity is maintained (Crow and Kimura 1970). Although N, was first theoretically
proposed for populations without generation overlap, many species have overlapping generations
and populations are made up of individuals differing in age or life history stage. For example,
tree populations can roughly divided into three stages: seedlings, saplings, and adults. Theoretical
studies have extended the concept of effective population size to populations structured by
age (Felsenstein 1971, Hill 1972, 1979, Johnson 1977) or by stage (Orive 1993, Yonezawa
et al. 2000) by formulating /N, with demographic rates (age- or stage-specific survival rates
and fecundities). These formulations enable us to calculate N, and to assess the temporal
genetic dynamics in species with complex life histories (Waples et al. 2011, 2013).

Meanwhile, some empirical genetic studies do not examine N, to predict future genetic
diversity of stage-structured populations. Instead, genetic diversity is comparatively estimated
for each life history stage at a single time point with neutral genetic markers (Aldrich et al.
1998, Ally and Ritland 2006, Kettle et al. 2007, Linhart et al. 1981, Murren 2003, Schmidt
et al. 2018, Vranckx et al. 2014). The resultant stage-wise genetic diversity is referred to

as demographic genetic structure (Aldrich et al. 1998) and is considered to reflect potential



genetic changes that accompany the turnover of constituent individuals. For example, if
juvenile stage is less diverse than more mature stages, genetic diversity would decrease with
the replacement of mature individuals to juveniles. Because species with stage structure
are mostly long-lived and long-term genetic monitoring is impractical, demographic genetic
structure has been considered as a rough but a convenient empirical approach to infer the
temporal genetic dynamics (Mimura et al. 2017, Schmidt et al. 2018).

Despite its empirical usage, mathematical and theoretical basis of demographic genetic
structure has been in its infancy. Unlike V., demographic genetic structure has not been
formulated mathematically, and the lack of theoretical background draws concerns about the
current interpretation. While analysis on demographic genetic structure implicitly assumes
that individuals sequentially grow and die from juvenile to mature stage classes, this assumption
is potentially invalid in perennial plants. In most perennial plant species, whose life histories
depend on stage, not on age (Silvertown 1987), aging or passing of time does not necessarily
promote growth and maturation. Some individuals might keep proceeding to more mature
stages, while others remain in the same stage for a long period (stasis) or even reverse to more
juvenile stages (retrogression). For example, long-lived woodland perennial herbs of the
genus Trillium show stasis for more than ten years in juvenile stages as well as go back from
a mature reproductive stage to a pre-reproductive one in response to resource exhaustion
(Knight 2004, Ohara et al. 2001, Tomimatsu and Ohara 2010). The static and bidirectional
flows in the life cycle complicate the order of individual turnover in a population, potentially
obscuring the sign of temporal changes. It has not been theoretically confirmed if demographic
genetic structure still serves as a genuine proxy for temporal changes. Mathematical formulation
that encompasses demographic genetic structure, as well as the temporal change in genetic

diversity, in stage-structured populations will provide integrative understandings on these
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problems, but has never been achieved so far.

In this study, I develop a matrix model to describe the temporal dynamics of expected
heterozygosity, which is used as a common metric of genetic diversity, for a neutral locus of
a stage-structured perennial plant species. The model is constructed by deriving difference
equations of the probability that two genes randomly sampled from a given life history
stage are non-identical-by-descent. Based on the model, I formulate demographic genetic
structure and N.. Thus, our model allows integrative analysis on demographic genetic
structure, temporal dynamics of genetic diversity, and their relationships. In the following
sections, I first describe the derivation procedures (section 2.2.1) and the validation of our
model (section 2.2.2). I then check whether demographic genetic structure reflects temporal
dynamics (section 2.2.3). Lastly, I examine the determinants of demographic genetic structure,
as well as effective population size, under a variety of plant life history strategies (section

2.2.4).

2.2 Materials and Methods

2.2.1 Model development

Overview

Felsenstein (1971) derived inbreeding effective population size for age-structured populations
by formulating recurrence equations of the probability of non-identical-by-descent, which is
also described in Charlesworth (1994). I partly follow mathematical formulation procedures
in Felsenstein (1971) while adding necessary modifications to extend it to stage-structured
populations. I develop difference equations of the probability of non-identical-by-descent at

a neutral locus for a closed, stage-structured population, supposing a diploid perennial plant
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species. I do not consider sex differences because most plants are hermaphrodite (Torices
et al. 2011). I assume that mutations do not newly occur. Besides, as in Felsenstein (1971),
I assume demographic equilibrium, where the census population size and its allocation to
each stage (stage distribution) are constant over time. Census population size is set to [V,

which is divided into n life history stages (N1, Na, - -+ , Np).

N = ZNZ- 2.1

The probability of transition (either growth, stasis, or retrogression) from stage j to stage ¢
is t;; per year. In each year, individuals randomly mate and f;; newborns join stage i from
a parent in stage j. a;;, which denotes the sum of ¢;; and f;;, describes the total rate of flow

from stage j to ¢ between two successive years.
az; =t + fz] (2.2)

In age-structured life histories, flows of individuals among age classes are sparse: survival
paths connect only adjacent ages in the direction from age i to 41 (i.e., t;; = O wheni # j+
1), and reproduction paths join only age class 1 (i.e., f;; = 0 when i # 1). In plants, however,
multiple survival paths come in and out from each stage by the combination of growth,
stasis, and retrogression. Moreover, newborns do not always join the first stage, because
newborn seeds either become dormant to join seed bank stage, or immediately germinate to
join juvenile stages, resulting in multiple destinations (e.g., a perennial plant Carduus nutans,
whose life cycle is shown in figure 1 of Shea and Kelly (1998)). Therefore, stage is not
merely a pooling of successive age classes and stage-structured life histories are essentially

different from age-structured ones. I need to consider all possible transition and reproduction
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paths among stages, which is quite a distinct point compared to the age-structured model in
Felsenstein (1971).

Population dynamics can be modeled by the following matrix population model.

N1y aiy - ayy o Qlp Nit—1
Nig | = ar -+ aij - ain Nit-1 |- (2.3)
Nn,t Gp1 = Qpj - Gpp Nn,tfl

N; + denotes the number of individuals in stage 7 in year ¢, which is always equal to N; for
any t because I assume demographic equilibrium. Stable stage distribution, which is the
relative number of individuals among stages in the equilibrium state, is proportional to the
leading right eigenvector of the transition matrix (Caswell 2001).

I define H;;; as the probability that two genes randomly sampled from stage 7 and j
with replacement in year ¢ are not identical-by-descent. Each gene has its own ancestry, and
two-gene pairs that are (non-)identical-by-descent at £ = 0 will remain the same for any ¢.
Similarly, because I assume no mutations, two-gene pairs that are (non-)identical-by-state
at £ = 0 will also remain the same over time. This means that H;;,; behaves in the same
manner as expected heterozygosity, which is the probability of non-identical-by-state and is
commonly used as a proxy of genetic diversity. The goal of this study is to formulate H;; ;
for all possible ¢ and j, which enables us to obtain theoretical counterpart of demographic
genetic structure, that is, stage-wise genetic diversity at a particular time point.

Here, I provide key derivation procedures, highlighting the differences with the preceding

age-structured models in Felsenstein (1971). The complete derivation procedures are given
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in Appendix 1.1.

Difference equations of I1;; ;

I begin with modeling the changes in H;;; between two successive time points for all ¢
and j, which are the stage-structured version of equations 2 to 5 in Felsenstein (1971). 1
separately consider two mutually exclusive situations: ¢ # j (case 1) and i = j (case 2).
Both cases can be further split into six situations. Firstly, two genes randomly sampled
in year ¢ were either in the same stage (say, stage m, case A) or in different stages (say,
stage k and [, case B) in year ¢t — 1. Furthermore, genes can move among stages either by
survival (grow, stasis, and retrogression) or by reproduction. Survival and reproduction are
essentially different because reproduction allows one gene to be replicated and to move to
multiple stages simultaneously and independently, while survival does not. There are three
possibilities in how the two genes sampled were transferred from the previous year: both
genes were transferred by survival (case ), one by survival and the other by reproduction
(case (3), and both by reproduction (case ). Considering the combinations of where (case
A and B) and how (case «, (3, and ) the two genes sampled came from, there are 6 mutually
exclusive situations to be considered in both case 1 and 2 (Figure 2.1).

This classification scheme is original to my stage-structured model, and is not adopted
in Felsenstein (1971). Compared to age-structured life histories, classes are more densely
interconnected by survival and reproduction in stage-structured ones. It is necessary to
consider as many as 12 situations to handle the complexity in plant life histories.

Incase 1 (i.e., 7 # j), H;j+ can be decomposed as follows.

Hiji =Hijilinana + Hijilinang + Hijtlinany

14



+ HijtlinBna + Hijtlinsng + Hijtl1nBry 2.4)

where the cap symbol N stands for the co-occurrence of multiple cases: H;;,

for H;;; that simultaneously satisfies case 1, Y,and Z (Y = A, B; Z = «, 3,7). All six

H;;, z on the right side of equation 2.4 are formulated as follows (see Appendix A1.1.1

for details).

N2 1
lim jm i
1 1/( ) mm,t—l}

= m m + mram N2
1nANg = Z { /i f Eym) X Hmm,t—1}

HijtlinAna =

1’]7

n
z] t|1ﬁAﬁv g
n o n

(tintji + tutjn) NeN;
mBna_zz{” AN
I>k

]

N2
fsz]m % Hmmt 1)

Hij,

- [+ fistin + tafie + futin) NeN
Z Z X Hyg-1

k=1 1>k NiN;j
n n
fiefi1 + fufie) NNy
HijilinBry = ZZ {( ikJj NZNJ ) X Hypp—1 ¢ (2.5)
k=1 >k L

Each H;j [1nynz is shown as a summation of a multiplications of two terms. The first term
is a conditional probability of case 1 N'Y N Z given case 1. For example, the first term of
Hij t|1nAna can be rewritten as (2t N )/ (2N;) X (2t Nim)/(2N;), which is the number
of two-gene pairs that fall into case 1, A, and o simultaneously under a specific m (i.e.,
2tim N X 2t jy, Ny, ) divided by the total number of pairs that satisfy case 1 (i.e., 2N; X 2N;).
Here, the number of genes are twice the number of individuals because I assume diploid
species. Similarly, the first term in the other five equations stand for the corresponding

proportion of two-genes pairs. The second term stands for the probability of non-identical-
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by-descent. Considering which stages the two genes sampled belonged to in year ¢ — 1, |
replace the probability with either H,y,, ¢—1 or Hy 1, except Hij,t|m Ana- In the case of
1N ANa, genes sampled from stage ¢ must be mutually exclusive against those from stage 7,
because one gene in stage m in year t — 1 could not move to both stage 7 and 7 simultaneously
without being duplicated through reproduction. In other words, a gene that were in stage m in
the previous year cannot be sampled twice, which violates the assumption of H,,;,, ¢+—1, that
is, “sampling with replacement.” Therefore, H;;|inana inherits the probability that two
genes randomly sampled from stage m “without” replacement in year t—1 were not identical-
by-descent, which can be obtained by dividing H,,,, —1 by the chance of not sampling the
same gene twice (= 1 — 1/(2N,)).

Substituting equations 2.5 to equation 2.4, H;;; is formulated as follows.

n

N2 timt;
Hiji = Niﬁj { T 177/1(;27?\%) + fimtjm + timfim + fimfjm} Hypm, t—1
m=1
n n
NN,
+Y > ﬁ(aikaﬂ + aiajr) Hy -1 (2.6)

k=1i1>k = 7

As for case 2 (i.e., © = j),  decompose H;; ; into six conditional probabilities.

Hiiy =Hiit|onana + Hiitlonang + Hiitl2nany

+ Hi; t|onBna + Hiitloansng + Hiit|2nBay- 2.7

The probabilities of non-identical-by-descent on the right side of equation 2.7 can be formulated

with H,y,y, 1 and Hy; 41, as previously done for H;;; in case 1 (see Appendix Al.1.2 for

16



details).

2
1 — 1/(2timNm)
H - Hoomoi—
’ { 1—1/(2N,) * 1}
H“7 < melm % Hmmt 1)
fzm m 1
Hiz’,t|2ﬁAﬁ’y = { < 1- m Hmm,t—l

n n
2t;rt N N,
Hii,t’QﬂBﬂa: Z( il Hkl,t1>
11>k
" [ 2(tin S +f ti) NL.N,
ik fil ktit) NNy
Hii,t!QmBm,B— Z{ biJi o Hkl,t—l}
11>k
n n
2 NN,
Hm;,t|2rme— Z< flkfd L X Hpg 4 1>

11>k

(2.8)

Here, as with Hjj t|1nanq in case 1, the second term of Hj; t|2nAna and Hy; t|2nan- are not

exactly the same as H,,,,, —1. This is because the sources from which two genes are sampled

cannot be replaced with stage m of the previous year. Case 2N AN« and 2N AN~y are the

same situations as the case of “4 = j > 17 and 2 = j = 1” of the age-structured model in

Felsenstein (1971), respectively. Therefore, I followed Felsenstein (1971) to adjust H ., ¢ —1

by multiplying (1 — 1/(2t;; Nim))/(1 —1/(2N,,)) and 1 — 1/(2fir Nyp) incase 2N AN«

and 2N AN ~. Improving the explanation of Felsenstein (1971) to fit to my stage-structured

model, I give detailed procedures on the adjustment of H,,,, ;1 in Appendix Al.1.2.

Substituting equations 2.8 to equation 2.7, Hj; ; is formulated as follows.

Hiy = z": tim N \ > 1= 1/(2tim N L 2tim fl-;nN
N; 1—1/(2Npm) N;

m=1
fszm 2 1
1— — Hymt—
+< Nz 2fszm At
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n n

2010, NEN,
+ YN T . 2.9)

Combining case 1 (equation 2.6) and 2 (equation 2.9), I construct a matrix equation.
hy = Mhy_;. (2.10)

h: and h;_ are vectors, each of which consists of H;;; and H;; ;1 for all possible pairs of
iand j (1 <i<mn,1<j<n). Asthe number of two-stage pairs is n(n + 1)/2, both hy
and h¢_1 have n(n+ 1) /2 elements. M is a square matrix whose dimension is n(n+1)/2
and whose elements are equal to the corresponding coefficients of H,y,p, ¢—1 and Hy; ;1 in
equations 2.6 and 2.9. The order of elements in h; is arbitrary as long as it matches with
that in hy—1 and M.

In general, multiplying matrix M is asymptotically the same as multiplying the dominant
eigenvalue of M, while h; converges to a scalar multiplication of the leading right eigenvector,

for sufficiently large ¢.

hy =nht_q, (2.11)

hy o w, 2.12)

where 1 and w are the leading eigenvalue and its corresponding right eigenvector of matrix

M, respectively. I denote w;; as the element of w that corresponds to H;; ; of hg.
Hij,t X Wiy . (213)

Equation 2.11 means that H;;,; changes with a constant rate 1 over the course of time

18



for all ¢ and j. Here, I denote H, as the probability of non-identical-by-descent of the whole
population in time ¢. H; can be formulated as the sum of H;;; weighted by the number of

individuals in stage 7 and j.

H=)) N]@G Hijiox Y Y N]@G wij. (2.14)

i=1 j=1 i=1 j=1

Because I assume that population size (V) and the number of individuals in a given stage ¢

(IN;) are constant, H; changes with the same rate as H;;, that is, 7.
Ht = 77Ht_1. (215)

Felsenstein (1971) also reached an analogous conclusion in his age-structured model that
H;;+ and the probability of non-identical-by-descent of the overall population changed at
the same rate, which was the largest eigenvalue. However, the proportionality between the
array of H;;; and the leading right eigenvector w, which is shown in equations 2.12 and

2.13, was not mentioned in Felsenstein (1971).

Demographic genetic structure

I'use the logarithm of the ratio of H;; ; between different stages as a proxy of demographic
genetic structure, that is, comparison of genetic diversity among stages. With regard to the

comparison between stage ¢ and j, the logarithmic ratio is formulated as follows, based on

log (f> — log (“?f) , (2.16)
Hjjq Wjj

equation 2.13.
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When log(Hj; ¢ /H j4,t) 18 positive, Hy; ; is larger than H;; (genetic diversity is higher in
stage i than in stage 7), and when negative vice versa. It should be noted that log(H;; ; / H ;1)

is time-invariant, although H;; ; and H; ; themselves change with time.

Effective population size

Asin Felsenstein (1971), I formulate effective population size N, using the dominant eigenvalue
7. The probability of non-identical-by-descent of the overall population decreases with the

rate of 1/(2N,) per generation time (Crow and Kimura 1970).

1
H =(1- H 2.17
t+T < 2Ne> tsy ( )

where 7' is generation time and is defined as the mean age of net fecundity in the cohort
(Carey and Roach (2020), see Appendix 1.1.3 for details). Considering that H; changes with
the rate of 7 per year (equation 2.15), 1 — 1/(2N,) should be equivalent to n”. Therefore, I

formulate N, as follows.

1

Ny=——
2(1—nT)

(2.18)

To sum up, demographic genetic structure and effective population size are derived from
the leading right eigenvector and from the dominant eigenvalue of matrix M, respectively.
Therefore, my matrix model integrates the two proxies of the temporal genetic dynamics,

facilitating comprehensive understandings on demographic genetic structure.

2.2.2 Validation of the model

To ensure that my model was formulated adequately, I compared theoretically obtained 7

and demographic genetic structure with observed ones computed by stochastic simulation. I
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arranged a set of life histories to be used for the comparison between theory and simulation.
I considered perennial plants with two (n = 2: juvenile and adult) and three stages (n = 3:

seed, juvenile, and adult; Figure 2.2). Equation 2.10 can be rewritten as follows.

Hiyyy Hi141
Hyy | =Mz | Hypyy |- (2.19)
Higy Hig41
and
Hiiy Hi141
Hapy Hao ¢ 1
Hss Hszy q
= M3 : (2.20)
Hiyoy Hiz4 1
Ha3z, Hog 1
Hizy Hizi 1

Equation 2.19 and 2.20 correspond to the case of n = 2 and n = 3, respectively. The
elements of M2 and M3 are functions of demographic rates (¢;;, f;;) and the number of
individuals in each stage (/V;). For each of the two- and the three-stage model, I randomly
generated five hundreds life histories which differed in ¢;;, f;;, and N;, covering a wide range
of life history strategies (Figure A1). I indirectly determined parameter values of ¢;;, f;;, and
Nj. Firstly, the total population size N was set to 100, and then /N was randomly divided
into all possible survival and reproduction paths (i.e., t;; N; and f;; N;). In the case of the
two-stage model, for example, 100 individuals were randomly split into five paths: stasis at
juvenile, growth from juvenile to adult, retrogression from adult to juvenile, stasis at adult,

and reproduction (Figure 2.2a). Next, N; was calculated by Y " ,(¢;;N; + fi;N;), and
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finally ¢;; and f;; were calculated by t;;N;/N; and f;; N;/N; respectively (see Appendix
1.2 for details). By determining ¢;; N; and f;;IN; first, I could easily search the parameter
space while keeping the number of individuals (i.e., IV;, t;;N;, and f;;N; for all 7 and j) to
be always integer. To consider the situation of N = 500 and N = 1,000, I multiplied Ny
and Ny (whenn = 3, N3 as well) by 5 and 10 while keeping demographic rates unchanged.
In total, I considered 1,500 sets of parameter values (500 sets of demographic rates x 3 sets
of V) for each of the two- and the three-stage model.

For each parameter set, I simulated 200 years of temporal dynamics of expected heterozygosity
at a neutral biallelic locus 100 times. I calculated the mean expected heterozygosity over the
100 replicates for the overall population and for all the two-stage pairs at every ¢, which
were denoted by I;Tt and f[z-j,t, respectively. All simulations were initiated with maximum
expected heterozygosity, in which two alleles share the gene pool half-and-half in all stages
(i.e., Hy = H;jp = 0.5 for all ¢ and j). It should be noted that the initial state of equal gene
frequencies among classes corresponds to a genetic equilibrium under no evolutionary forces
(i.e., drift, selection, mutation and gene flow) (Charlesworth 1994). Therefore, it could be
said that my simulation results reflected how genetic drift solely decreased genetic diversity
in stage-structured populations.

I calculated the annual change rate of H, by

A~

Hyy

2.21)

Tt

where 1 < ¢ < 200. I took logarithm of r; and calculated its mean and standard error, which
were subsequently compared to 7). 7 is the theoretical counterpart r; and was obtained as the

dominant eigenvalue of matrix My or M3.
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Using simulation results, I also calculated the mean of demographic genetic structure
over the 200 years. As for the two-stage model, I calculated log(fl 1,/ H 22.t). I calculated
log(ﬁ117t/ﬁ227t), IOg(ﬁQQJg/ﬁgg’t) and IOg(ﬁlLt/Hggﬂg) in the case of the three-stage model.
These four proxies of observed demographic genetic structures were compared to theoretical
counterparts, that is, log(H11,./ Ha2,¢) for the two-stage model, as well as log(H11,./H224),
log(H22¢/Hs3,) and log(H11/Hs3,) for the three-stage model. These four logarithmic
ratios were obtained by solving the leading right eigenvector of My and M3 and substituting

their elements to equation 2.16.

2.2.3 Analysis on demographic genetic structure

For the same 3,000 parameter sets as “Validation of the model” section, I analytically obtained
n and N, which reflect the change rate of all H;; ; per year and per generation, respectively. 7
was obtained by solving the dominant eigenvalue of My and M3. Then, using 7, I obtained
N, based on equation 2.18. I examined if n and N, both of which genuinely represent
temporal dynamics of genetic diversity, were correlated with the four logarithmic ratios that
stood for demographic genetic structure (i.e., log(H11,¢/Ha ;) for the two-stage model, and
log(Hu1,t/Ha2,t), log(H2,+/ H33 +) and log(H11,./ H3s ¢) for the three-stage model) to judge
if demographic genetic structure could serve as a proxy for temporal dynamics of genetic

diversity across a wide range of life history strategies.

2.2.4 Determinants of demographic genetic structure and NV,

To explore the determinants of demographic genetic structure, I analyzed the dependence of
demographic genetic structure on total population size N and stable stage distribution using

the 3,000 parameter sets. Stable stage distribution was quantified by the logarithm of the
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ratio among Ny, Na, and N3 (i.e., log(IN1/N2), log(N2 / N3), and log(N1/N3)). Besides, to
understand whether static and retrogressive flows in the life history, which are characteristic
to stage-structured populations, affects demographic genetic structure, I divided the number
of individuals in each stage into progressive and static inflows. Here, I denote the number of
individuals that join stage ¢ through progressive and static flows by N; , and N; 4, respectively,

which can be obtained as follows.

i—1 n
Nip=> tigNj+ > fiNj, (2.22)
j=1 j=1
n
Nis =Y tiiN; (2.23)
Jj=t

Here, the progressive flow includes not only growth but also reproduction, because both
growth and reproduction promotes generation turnover along the life cycle. I classified both
stasis and retrogression into the static flow, following Silvertown et al. (1993) and Silvertown
et al. (1996). I calculated the logarithmic ratios among stages (i.e., log(V;,/N;,) and
log(N; s/Nj ) for all i and j) and examined their correlation with demographic genetic
structure log(Hy; 1/ H jj ).

I also analyzed the determinants of 1 and N, with respect to total population size N
and eight life history traits: generation time (1"), survivorship curve type (1), age at sexual
maturity (L), mean probability of progressive growth (7) and retrogressive growth (p),
the degree of iteroparity (S), mean reproductive rate (¢), and mature life expectancy (L,).
These life history traits are known to explain the variation in life history strategies in plants
(Capdevilaetal. 2020, Salguero-G6émez et al. 2016). I calculated these traits from demographic
rates following the methods of Caswell (2001) and Salguero-Gémez et al. (2016). Generation

time is the mean age of net fecundity in the cohort, as explained before. Survivorship
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curve type H is Keyfitz’ entropy, which is a continuous variable that reflects the shape
of survivorship curve from type I (high mortality at mature ages, H < 1), II (constant
mortality throughout the lifespan, H = 1), to III (high mortality at young ages, H > 1). age
at sexual maturity L, is the average age to become sexually reproductive. Mean probability
of progressive and retrogressive growth (v and p) and mean reproductive rate (¢) are the
number of individuals that grow, retrogress, and are born per year divided by the total
population size, respectively. The degree of iteroparity S represents the temporal spread
of reproductive events along lifespan and is quantified by Demetrius’ entropy. Mature life
expectancy L, is estimated by subtracting L, from life expectancy of a newborn. I carried
out principal component analysis (PCA) of the eight life history traits for each /N and for
each of the two- and the three-stage model, and examined how the resultant components are

correlated with 17 and N,.

2.3 Results

2.3.1 Validation of the model

The rate of change in expected heterozygosity of the overall populations (r;), which was
computed by simulation, took almost exactly the same value as the theoretical counterpart
n for all 1,500 sets of parameter values in both the two- and the three-stage models (Figure
2.3, A2).

Comparison of demographic genetic structure between simulation and analytical results
revealed that my theoretical model yielded almost equivalent logarithmic ratio of expected
heterozygosity among stages to that of simulation (Figure 2.4, A3, A4).

To further confirm the validity of my model, I checked the temporal dynamics of H; it

and compared it with theoretical expectation, that is, the repeated multiplication of matrix

25



M5 or M3 to hy. I found that theoretical prediction fitted well to simulation results (Figure
AS).
Thus, my model seems to describe the dynamics and the inter-stage ratio of expected

heterozygosity validly across a wide range of parameter space.

2.3.2 Analysis on demographic genetic structure

All the four proxies of demographic genetic structure, which are theoretically obtained based
on equation 2.16, have an apparent correlation neither with N, nor with 7 regardless of
N (Figure 2.5, A6, A7). Moreover, there is a strong positive correlation with stable stage
distribution: expected heterozygosity is higher in stages with more individuals (Figure 2.7).
When separating the number of individuals (/V;) into progressive and static flows (/V; ;, and
N; ), the positive correlation with demographic genetic structure remains clearly in the
logarithmic ratios of static inflows: expected heterozygosity is high in stages that contain
larger number of static and retrogressive individuals. The correlation becomes weaker with

increasing N, as logarithmic ratios converge to zero.

2.3.3 Analysis on effective population size and 7

With increasing NV, effective population size N, increased and 7 converged to 1 (Figure 2.9),
indicating that expected heterozygosity is not likely to decay under large census population
size.

PCA yielded two axes that could jointly explain 75.5 % and 67.8 % of the total variation
in the eight life history traits in the two- and the three-stage model, respectively (Figure
2.10). Judging from the factor loadings, the first axis PC1 was negatively correlated with

mean reproductive rate ¢ and positively with generation time 7', degree of iteroparity S, and

26



survivorship curve type H. In other words, PC1 reflected the gradient from long-lived (large
T') and iteroparous (large S) life histories with low fecundity (low ¢), to short-lived, highly
reproductive, and semelparous ones with high mortality at mature ages. This correlation
exactly corresponds to “the fast-slow continuum,” which describes that the high mortality
risk after sexual maturation is related to fast growth, high fecundity, and short lifespan.
When the total population size N was large, 17 was almost equivalent across the principal
component space (Figure A8, A9). Under small NV, 1 became divergent among life history
strategies: 7 increased along the gradient from fast- to slow-paced life history (from large
to small PC1 scores, Figure 2.10 (a, ¢)). In other words,  was high under low annual
fecundity, long generation time, high degree of iteroparity, and survivorship curve type III
(concentrated death at the beginning of the life cycle). PC2 did not show strong correlation
with n (Figure 2.10 (a, ¢)). As for /N, no apparent correlation was found with either PC1 or

PC2 (Figure 2.10 (b, d)).

2.4 Discussion

2.4.1 Comparison with the age-structured model

In this study, I develop the matrix model that describes the dynamics of genetic diversity and
demographic genetic structure in stage-structured populations. Although the procedures of
model development are similar to the age-structured model in Felsenstein (1971), my model
has a much wider applicability. First of all, because age-structured models, in which the
probabilities of stasis and retrogression are zero, is a special case of stage-structured models,
my model is more comprehensive. Besides, many plant species do not show demographic
senescence (Jones et al. 2014), showing no age-dependent changes in demographic rates.

Using stage-dependent demographic parameters would be more appropriate and predictive in
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plant populations. These points support the novelty of my stage-structured model, especially

in terms of expanding the applicability to many plant species.

2.4.2 Interpreting demographic genetic structure

A common interpretation on demographic genetic structure is that if juvenile stages are less
diverse than mature stages, genetic diversity would decrease with time over the course of
generation turnover (Aldrich et al. 1998, Ally and Ritland 2006, Kettle et al. 2007, Linhart
et al. 1981, Murren 2003, Schmidt et al. 2018, Vranckx et al. 2014). However, my model
shows that relative ratio of expected heterozygosity between stage classes does not correlate
with either N, or 7: even though N, and 7 are small, expected heterozygosity does not
necessarily decline from mature to juvenile stages. Therefore, inferring temporal trends
in genetic diversity solely from demographic genetic structure is potentially misleading.
This study, to my knowledge, for the first time draws caution on the conventional use of
demographic genetic structure.

Many previous empirical studies that analyzed demographic genetic structure found that
genetic diversity did not decrease from the most mature to the most immature stages and
took comparable values among stages (Aldrich et al. 1998, Ally and Ritland 2006, Kettle
et al. 2007, Linhart et al. 1981, Murren 2003, Schmidt et al. 2018, Vranckx et al. 2014).
My model shows that the logarithmic ratio of expected heterozygosity is distributed around
zero, especially under large NV, indicating that expected heterozygosity is basically almost
equivalent to one another. Therefore, my model might be in line with previous empirical
results.

While demographic genetic structure is irrelevant to temporal dynamics, it is tightly

linked to stable stage distribution and especially the number of static and retrogressive individuals:
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expected heterozygosity is relatively higher in stage with more static and retrogressive inflows
(Figure 2.6). In general, small number of individuals intensifies stochastic genetic drift
due to increased sampling bias in gene frequencies (Crow and Kimura 1970). When stage
distribution is skewed, the degree of stochasticity will vary among stages. Stage with smaller
number of individuals is made up of genes that were sampled fewer times from the gene
pool of the previous year, thus suffering random perturbation in gene frequencies to a greater
extent. The amplified stochasticity must have resulted in the lower genetic diversity. Importantly,
the inter-stage difference is mainly driven by the amount of stasis and retrogression. Stasis
and retrogression mixes differently-aged cohorts within and among stages: when retrogressive
inflows are large, individuals old in age can remain in, or come back to, juvenile stages
and coexist with younger ones. Overlap of cohorts could offset temporal random changes
caused by genetic drift, accumulating genetic variation across a wide temporal breadth. This
mechanism is similar with the storage effect, which was previously suggested by studies
showing that generation overlap maintains genetic diversity under fluctuating selection pressures
(Ellner and Hairston Jr 1994, Ellner 1996).

As the total population size IV increases, inter-stage difference in genetic diversity disappears
even when the stage distribution and the retrogressive inflows are skewed (Figure 2.7). This
result indicates that the number of individuals of each stage is large enough to reduce stochasticity
under large IV, leading to comparable level of genetic diversity among stages.

To sum up, it can be said that genetic diversity becomes uneven among life history
stages under small population size, and that the unevenness among stages reflects stable
stage distribution and inflows of static and retrogressive individuals rather than the temporal

dynamics of genetic diversity.
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2.4.3 Temporal dynamics of genetic diversity under a variety of life history strategies

71 became large with increasing PC1 scores (Figure 2.10), indicating that high 7 is realized
in slow-paced life histories. The reason why slow-paced strategies maintain higher genetic
diversity can be attributed to generation overlap. In populations with long generation time,
old individuals remain alive and coexist with young ones, which facilitates generation overlap
and the accumulation of genetic variation across broader time span (Ellner and Hairston Jr
1994). Although the contribution of longevity to genetic diversity had been suggested (Austerlitz
and Garnier-Géré 2003, Hamrick and Godt 1996, Tsuzuki et al. 2022a, Aparicio et al. 2012),
most studies handled only a limited number of life history strategies. Combined with the
results on demographic genetic structure, my results successfully showed that slow and static
growth along the life history contributes to the maintenance of genetic diversity at the level
of life history stage and of the whole population in the overall life history spectrum.

On the other hand, the relation ship with the fast-slow continuum is less clear in N, than
in 1. Considering the positive correlation between 7 and generation time, it might be that
although life histories with high 1 do not lose genetic diversity very much annually, they
spend much more time for generation turnover, thereby losing equivalent level of genetic
diversity with fast-paced life histories per generation time.

Population size also contributes to the maintenance of genetic diversity, because N,
increases and 1 approaches to 1 with increasing N (Figure 2.9). Under large N, the variation
in n among life history strategies is small, indicating that population size is large enough
to diminish stochastic diversity loss in all types of life history strategies. N, shows the
contrasting pattern: the variation in N, becomes large with increasing N. This is probably

due to the mathematical relationships between N, and 7. Because the two statistics are
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inversely related (Equation 2.18), large variation in one hand corresponds to small variation
in the other.

Overall, the temporal dynamics of genetic diversity of the overall population are similarly
subjected to life history and census population size as stage-wise genetic diversity. Large
census population size diminishes stochastic diversity loss and obscures the impacts of generation
overlap. Under small NV, the contribution of generation overlap to genetic diversity becomes
apparent, and life histories, or life history stages, with high degree of generation overlap

possesses large amount of genetic variation.

2.4.4 Efficacy of theoretical prediction on demographic genetic structure

Providing theoretical background of demographic genetic structure, my model has some
potential for application. One possibility is to compare raw demographic genetic structure,
which is obtained by any neutral genetic markers, with the theoretical expectation calculated
based on my model. Because our model can handle life histories with any number of classes
and with any form of survival and reproduction flows among stages, a wide range of life
histories including both inter- and intraspecific variation can be analyzed. The deviations
of observed structure from expectation should reflect factors unexplored in the model. My
model can work as a null model of demographic genetic structure. To make the most use of
my model, it is necessary to monitor individuals from year to year to estimate demographic
rates of each stage class. If long-term demographic monitoring is unavailable or impractical
for some reasons, recording relative number of individuals among stage classes at a single
time point would be at least desirable to consider stage distribution, which turned out to be
a major determinant of demographic genetic structure.

While the conventional interpretation as a proxy of temporal trends seems to be invalid,
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theoretical prediction on demographic genetic structure can also provide insights into how
life history controls the maintenance of genetic diversity and adaptive evolution. It is known
that a particular life history stage serves as a reservoir of genetic variation within a population
and potentially contribute to adaptation to environmental changes (Yamamichi et al. 2019).
For example, dormant seed bank stage possesses high standing genetic variation compared
to vegetative stages (Nunney 2002). The accumulated genetic diversity in the seed bank
contributes to rapid adaptation to above-ground environmental changes by supplying a variety
of genotypes to vegetative stages through recursive germination (Agrawal et al. 2021, Orsini
et al. 2013). In tree species, the above-ground adult stage consist of variety ages, thereby
accumulating genetic diversity and increasing the adaptive capacity neutrally (Cannon et al.
2022). By estimating demographic genetic structure theoretically, we can understand which
life history stages possess high genetic diversity, and can identify life history processes
that are crucial in accumulating genetic variation and rapid adaptation. Considering that
demographic genetic structure is variable under small NV, the analysis on demographic genetic
structure is especially applicable to small endangered populations, highlighting crucial life
history stages where conservation actions are needed. The efficacy of predicting demographic

genetic structure from my model should be further evaluated in wild populations.
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Figure 2.1: Temporal trajectories from time ¢ — 1 to ¢ with regard to the two genes sampled
in time ¢. Rounded rectangles stand for life history stages. Arrows stand for the temporal
movements of genes either by survival (single line) or reproduction (double line). There
are 12 mutually exclusive situations based on three criteria: (1) whether the destinations are
different (case 1, shown on gray background) or not (case 2, shown on white); (2) whether
the origins are the same (case A) or not (case B); (3) how the two genes were transferred

mmmd  Syrvival (growth, stasis, or retrogression)
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(case «: survival; case 3: survival and reproduction; case y: reproduction)
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(a) Two-stage model (b) Three-stage model
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Figure 2.2: The two model used in analysis: (a) two-stage model and (b) three stage
model. Arrows represent flow of individuals, or genes, either by survival (single line) or
reproduction (double line)
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Figure 2.3: Comparison between the theoretical expectation of the annual change rate of
the probability of non-identical-by-descent (1) and the simulation results of that of expected
heterozygosity (r;) for (a) the two-stage and (b) the three-stage model when N = 100.
Each gray semi-transparent point corresponds to one of the 500 parameter sets. As for 7y,
geometric mean over 1 < ¢ < 200 is shown with standard error (vertical bar). The red lines
represent 1) = ry
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(@)i=1,j=2, two-stage model (b)i=1,j=2, three-stage model
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Figure 2.4: Comparison of demographic genetic structure between t