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Abstract

Single-population species (SPS) consist of only one natural population and often are at high risk of extinction.
Although almost all species must go through this special stage in their evolutionary process, there is little under-
standing of how SPS survives. Camellia azalea C. F. Wei is a typical SPS, and has precious breeding values for its special
flowering period. This study surveyed the age structure and spatial distribution of C. azalea, analyzed its genetic
diversity and fine-scale spatial genetic structure (SGS) using microsatellite markers for 629 individuals, and estimated
the effect of human disturbances on its population dynamics. Results showed that this species had a relatively moder-
ate genetic diversity (/=0.989, He=0.509, and Ho=0.497), high rate of sapling (~35%), and a narrow habitat (~ 6 km
long, ~ 10 m wide). Although the construction of dams and roads did not lead to a significant loss of genetic diversity
and genetic differentiation (F5;=0.0096~0.0128, N,,=19~26), it limited C. azalea’s seed flow (adults, 95 m; juveniles,
60 m), which was a reason for juveniles having a stronger SGS than adults. These results indicate that as an SPS, C.
azalea still possesses the potential capacity for self-evolution and regeneration, however, it is at risk of extinction due
to its small range, narrow habitat, and human distances. Furthermore, the results are also of enlightening significance
to the conservation of other SPS, especially those distributed along the riparian zone.
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Background

In the recent hundreds of years, with the continuous
intensification of anthropogenic activities, some species
have now become extinct [1], and more species are being
threatened with extinction to become endangered plants
[2, 3]. Current extinction rates are so high that biologists
suggest that a sixth mass extinction may be underway,
highlighting the need for effective conservation measures
[4]. There is a special category of species, which consists
of only one single population and faces the highest risk of
extinction. We define these species as single-population
species (SPS). In fact, the single population is a necessary
stage in the evolutionary progress of most species. When
a species is at its origin or near extinction, it is likely to
be a single population. At this time, due to the lacking of
gene flow, it can only rely on gene mutation to accumu-
late genetic variation, which is quite slow, and there is a
greater risk of extinction at this stage [5, 6]. For SPS, the
extinction of population means the extinction of species.
Thus, the understanding of SPS is of special important
significance for biological conservation.

The fate of SPS depends on the balance between its
evolutionary ability and environmental changes, espe-
cially the changes caused by human activities. The genetic
diversity within a species is the basis of evolutionary abil-
ity and an essential element in maintaining long-term
survival of species [7]. Previous studies have suggested
that small natural population species are at risk of extinc-
tion because of insufficient genetic diversity to adapt to
environmental changes [8]. It is unclear whether SPS’s
genetic diversity is lower than multi-population species.
Compared to genetic diversity, fine-scale spatial genetic
structure (SGS) reveals the spatial distribution character-
istics of genetic diversity and is more sensitive to habitat
changes [9]. SGS is usually the result of multiple factors
working together, including historical climate change,
terrain conditions, population size, habitat heterogene-
ity, and gene flow [10], and it helps to predict the future
natural selection direction of the population, and pro-
vides direct data reference and theoretical analysis basis
for the development of natural population management
and genetic resource protection strategies [11, 12]. A suf-
ficient understanding of genetic diversity and SGS is the
key to protecting endangered plants [13]. Furthermore,
for the survival of SPS, a demographic census including
the number of individuals and the area of distribution is
necessary [14].

SPS should not be rare in the sixth mass extinction,
however, in practice, they are difficult to find or confirm.
There is little understanding of the characteristics of SPS.
Camellia azalea C. F. Wei is a typical SPS endemic to
Guangdong, China. It was first discovered and identified
in 1985 [15-17]. According to several investigations, this
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species contains only one single population and consists
of about one thousand wild individuals, which grows
wholly along one valley of the Ehuangzhang Nature
Reserve, Guangdong Province [18]. In taxonomy, this
species is a well-defined species and can be easily distin-
guished from other Camellia plants, since its leaves are
non-serrated at the margin (Fig. 1C). It also has a char-
acteristic different from other Camellia species, that
is, its flowers not only have a long flowering period but
also are in full bloom in summer. This is extremely rare
in Camellia species and provides a possibility to change
dramatically the flowering period of cultivated Camel-
lia varieties and make them bloom in summer by inter-
specific crossing [18]. With its potential value, C. azalea
has been exploited by selective logging since it was dis-
covered. According to the International Union for Con-
servation of Nature (IUCN Red-List, https://www.iucnr
edlist.org/) standards [19], it has been rated as a critically
endangered (CR) species.

The genetic diversity and age structure of C. azalea
were surveyed [20, 21]. However, only 60 individuals
were collected in the former study and 174 individuals
in the latter. For endangered species with self-incom-
patibility, all genetic variation in the population may be
significant to the species’ survival, so it is necessary to
fully understand the genetic diversity of the population.
In addition, the effects of recent environmental distur-
bances on the genetic diversity of woody plants may not
be immediately apparent, but the effects on the spatial
distribution pattern of genetic diversity often become
detectable in the short term, which is beneficial for moni-
toring the species’ threats in a timely manner and formu-
lating reasonable protection policies. Some researchers
found that C. japonica, a related species of C. azalea,
had a significant SGS and revealed the strength of SGS
changed with time [24, 25], which contributed to bet-
ter understand the dynamics of spatial genetic structure
within natural populations. However, previous studies
on C. azalea have not addressed the spatial distribution
pattern of genetic diversity in this species. In addition, as
an SPS, the nature of C. azalea, the first or last popula-
tion of a species, remains unclear, and the pressure from
human activities also lacks evaluation. In this study, we
aimed to estimate comprehensively the genetic diversity,
spatial age structure, and fine-grained genetic structure
of this species by surveying more individuals with precise
spatial positions in its geographical range to assess the
impact of human disturbances, including road construc-
tion, dam building, etc., and whether the population can
maintain regeneration. The above information would be
helpful to understand the stage of this SPS and propose
appropriate sustainable utilization and protection strate-
gies for the only extant population.
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Fig. 1 Locations of sampled sites. A Circles represent distribution of sampling point. The direction of the river is from southwest (bottom left
corner) to northeast (top right corner). Arrows represent dams (upstream dam (Dam1) were built in1986, downstream dam (Dam2) were built
in1998). The population was divided into three subpopulations: SUB-U (individuals upstream from Dam1), SUB-M (individuals between Dam1
and Dam?2), and SUB-D (individuals downstream from Dam2). B Habitat of Camellia azalea. C Unique flower and leaf morphology

Results

positions were mapped (Fig. 1). As shown in Fig. 2, all

Geographic pattern and diameter structures of C. azalea individuals grew at two banks of a river with~6000 m
In total, 697 individuals of C. azalea were found in our length and 5~91 m width; 96.6% of them (608 individ-
survey, and among them, 629 individuals were posi- uals) were within 10 m vertical to the edge of the river,
tioned and measured accurately, and their precise spatial ~ 2.5% (16 individuals) grew in riffles or small islands of
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Fig. 2 Spatial distribution of Camellia azalea within the study plot. Crosses represent adult individuals (232 individuals); Triangles represent juveniles
(203 individuals); Circles represent middle age individuals (262 individuals)
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the river. Only four individuals (0.6%) were more than
20 m away from the edge vertically. The population was
divided into three subpopulations by two dams, which
from the upper to the down contained 180, 308, and 141
individuals, respectively. No individuals were distributed
around the two dams. Based on their basal diameters, the
diameter structures were shown in Fig. 3, and the num-
ber of middle individuals (2—-3 cm in basal diameter) was
accounted for ~40%, and adults and juveniles accounted
for ~26% and ~ 34%, respectively.

Genetic diversity and differentiation within population

A set of nine SSR loci were used in this research, all the
loci showed a high level of diversity. The average num-
ber of alleles per locus was 4.556 ~5.111, distributed
among most sampled plants (Table 1). The percent-
age of null alleles was 0.15% ~2.51%. Four loci showed
deviation from Hardy—Weinberg equilibrium, and five
loci did not deviate from Hardy—Weinberg equilibrium
(Table S1). The observed heterozygosity (H,=0.509)
and expected heterozygosity (H,=0.497) for total
samples was similar to that for juveniles (H,=0.493;
H,=0.511) and adults (H,=0.503; H,=0.513). The
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mean fixation index (Fg) of total samples was not sig-
nificantly different from zero (0.0236). The values of
Wright statistics (Fgy) between three subpopulations
(from the upper to the down: SUB-U, SUB-M, and SUB-
D) were from 0.0096 to 0.0128, and gene flow (N,,) was
19.33 to 25.85. The result of the principal component
analysis (PCA) of total samples was shown in Fig. 4,
in which the first principal component (PC) axes was
19.30%, the second was 19.11%, for a total of 38.41%.
The first principal component (horizontal axis) divided
all individuals into two groups with a significant genetic
differentiation (Fgr;=0.077), but three subpopulations
according to spatial position (SUB-U, SUB-M, and
SUB-D) did not gather, respectively.

All individuals of C. azalea were analyzed with STRU
CTURE to infer their population genetic structure, and
K=2 or 4 was the most plausible clustering solution of
genetic population clusters (Fig. 5). There was no sig-
nificant differentiation between the three subpopula-
tions, and the genetic composition of all individuals
was highly mixed. Mantel test showed a very weak cor-
relation (r=0.0058, P=0.002) between distance and
differentiation (Fig. S1).
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Fig. 3 Diameter class of Camellia azalea. The proportion of individuals with different diameter classes to the total number of individuals

Table 1 Genetic diversity parameters in Camellia azalea population

Sample N Na Ne Ho He 1 Fis Sp

Juveniles 203 5111 2422 0493 05M 0.984 00126 0.0057
Adults 232 5.000 2429 0.503 0.513 0.998 0.0082 0.0018
Total samples 677 511 2416 0497 0.509 0.989 0.0236 0.0059

N sample size, Na number of alleles, Ne effective number of alleles, Ho observed heterozygosity, He expected heterozygosity, / Shannon information index, Fsfixation
Index, Sp the statistic that measures the extent of spatial genetic structure
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Fig. 4 Two-dimensional plot of the principal coordinates analysis (PCoA) of 629 Camellia azalea individuals. Trees with different distributions are
represented by different symbols in the figure: Crosses represent SUB-U individuals (180 individuals); Circles represent SUB-M individuals (308

individuals); Triangles represent SUB-D individuals (141 individuals)
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Fig. 5 Genetic structure bar plots of three Camellia azalea subpopulations (SUB-U, SUB-M and SUB-D). STRUCTURE for the optimal value of K
estimated (Upper: K=2, Lower: K=4). Each solid bar represents a single individual, while colored areas correspond to distinct genetic clusters

Fine-scale spatial genetic structure

The results of the spatial autocorrelation analysis of all
individuals were shown in Fig. 6, and the dotted line in
the figure was the range of the 95% confidence inter-
val. The significant positive correlation distance was
detected within 75 m, and the intercept with the X-axis
was 205 m. There is no significant spatial genetic struc-
ture over a further distance. Besides this, we conducted
spatial autocorrelation analysis for the upper, middle,
and down individuals, respectively, and the significant
positive correlation distances of the three subpopula-
tions (SUB-U, SUB-M, and SUB-D) are 10 m, 35 m, and
20 m, respectively. For different age groups, the signifi-
cant positive correlation distance of the adults was 25
m, and the juveniles was 10 m (Fig. 6). The X-axis inter-
cept also reflected the same trend.

T
SUB-D

Parentage analysis

Four individuals in the adult and juvenile groups found
their parents with a confidence level of 80%, respectively.
We estimated the most likely parents for all individu-
als, and a total of eight individuals found their parents
(Table 2). In the adult group, the pollen dispersal dis-
tance ranged from 20 to 1137 m (445 m average), and the
seed flow ranged from 1.5 to 200 m (95 m average). In
the juvenile, the pollen flow ranged from 817 to 1687 m
(1019 m average), and seed flow ranged from 1.2 to 134
m (60 m average).

Population demographics and effective population size

The Infinite Allelic Model (IAM), the Stepwise Muta-
tion Model (SMM), and the Two-Phase Model (TPM)
were used to conduct two tests on total samples: a sign
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Fig. 6 Spatial autocorrelograms of genetic variation obtained in adults (upper), juveniles (middle) and all individuals (lower). The dotted lines give
the range of the 95% confidence interval and the solid line represents the estimate of average correlation coefficient. r: correlation coefficient

Table 2 Estimation of pollen and seed dispersal distances®

Individuals Seed flow (m) Pollen flow (m)
Max Mean Max Mean
Juveniles 4 134 60 1687 1019
Adults 4 200 95 1137 445
Total samples 6 - 80 - 998

2 —80% credible interval for the estimates

test and the Wilcoxon signed-rank test. The P values
were all higher than 0.05. That is the C. azalea popu-
lation did not deviate from the mutation-drift balance
and had not experienced the bottleneck effect recently.

Besides this, we tested the bottleneck effect of adults
and juveniles, and the results were similar to those
of the total population. All the tests under the above
models did not detect the recent bottleneck effect. The
results of mode-shift analysis showed that the allele fre-
quency distributions of the whole population, the adult
sub-population, and the juvenile sub-population were
normal "L" shape distribution.

Since most of the individuals were distributed within
10 m of the river bank, we multiplied the length of the
river (6000 m) by 16.5 m (both sides of the river) as its
distribution area, S =99,000 m?, dividing the number of
all individuals by the area to obtain the density of the
C. azalea population (D=0.007). Table 3 exhibited the
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Table 3 Neighborhood size and gene dispersion values at different effective population densities

De Average value
D/2 D/3 D/4 D/5 D/6 D/7 D/8 D/9 D/10

Ny 110 128 298 271 263 304 - - - 214

SE 58 343 155 785 1038 - -

Oy 50 67 116 124 134 156 - - - 98

SE 12 59 31 118 159 - -

De effective population density, Nb neighborhood size, o, gene dispersal, SE Standard Error

- indicates that the value does not converge

neighborhood size and gene dispersal (o) for different
effective population densities of the population. In the
first five gradients of effective population density (D,),
the neighborhood size and gene dispersal of C. azalea
population all converge, the analyses entirely converged
when D/6. Based on this, the effective population size
was 176.

Discussion

Geographical distribution, age structure and population
regeneration of C. azalea

For a SPS, the information on the habitat of every individ-
ual is important. SPS is the most likely to occupy a nar-
row habitat, otherwise, it should have more populations.
In this study, we measured the spatial positions of 629
individuals and found that all individuals of this species
grow in a valley of ~6000 m in length. This range has only
an altitude difference of <120 m, and most of individu-
als found (99.1%) grow on opposite riparian zones of the
river and are not far from 10 m to one of two river edges
(Figs. 1 and 2). These results show this species indeed has
a narrow niche, implying it is susceptible to environmen-
tal changes. In fact, this study found that this species has
been affected by human activities to some extent, espe-
cially buildings of water dams and roads. Individuals
grown in the riparian zone with roads were much fewer
than those in the riparian zone without roads, and there
were no individuals in a stretch of riverbank in front of
each dam because after the dams were built, some suit-
able habitats were inundated by rising waters. Also, these
disturbances affected the genetic structure of this spe-
cies, and this effect will be discussed later.

Due to no seed immigration from other populations,
population regeneration is greatly important for SPS’s
survival, which can be estimated by population age distri-
bution. This index reflects the history of survival, repro-
duction, and potential for future growth of a population.
Li et al. estimated the age structure of C. azalea, and
concluded that the population was mainly composed of
adults and was declining due to a serious lack of seedlings

[21]. The result was based on the data of 167 individu-
als. In this study, we surveyed the whole distribution of
this species and measured nearly all the individuals that
we could find (629 individuals), and a similar pattern was
obtained (Fig. 3). However, our research indicated this
species still maintains the ability to boost natural regen-
eration, because although the rate of juvenile individuals
(0—1 cm in basal diameter) is only 10%, near 50% of indi-
viduals are in a period of vigorous reproduction. In our
field investigation, we found many individuals can pro-
duce normal seeds, and those juvenile individuals (0—1
cm in basal diameter) should keep the viability of this
population. Another reason is that the real rate of juve-
nile individuals was likely to be underestimated. There
are ~ 1000 individuals in the population of C. azalea, but
we only found 629 individuals in this study. We guess that
most of the residual ~300 individuals should be juvenile
because it was more difficult to find smaller individuals in
a bushy forest than to find larger individuals in our field
investigation. Thus, the real rate of juvenile individuals
is more than 10%. In fact, in many forest communities,
some species’ seedlings are not at the highest rate, but it
does not mean they begin to decline, and the appearance
of a larger of seedlings needs to wait for some opportu-
nities, such as canopy gaps, soil moisture, etc. [22, 23].
Meanwhile, according to the analysis of parent—child
relationships, four individuals identified their parents.
Although the detectable rate is low, it is still a sign that
the population regeneration is continuing. Theoretically,
due to the absence of gene flow with other populations
and the large-scale felling of adult individuals, most seed-
lings in studied population should find their correspond-
ing parents. However, only very few individual parents of
seedlings have been found. There may be two reasons: 1)
too few markers were used, so judgment cannot be made
with high execution; 2) In the habitat shown in Fig. 1, in
some regions before two dams and on the left bank of the
river, we could not find any individuals due to construct-
ing dams and roads. In addition, some adult plants were
cut down before the establishment of the Natural Reserve
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due to other reasons. If it is necessary to determine the
parents of most juveniles, more markers will be needed
to accurately calibrate the genotype of every individual.
Based on these reasons, if the environment does not
change dramatically, C. azalea could survive in the cur-
rent habitat.

Fine-scale spatial genetic structure

The change of fine-scale SGS preceded the decrease of
genetic diversity and supplied an early warning of con-
servation. C. azalea has been disturbed due to human
construction of dams and roads, and its SGS information
is necessary to evaluate its living conditions. Similar to
other Camellia species, a significant spatial genetic struc-
ture was detected at the population level. The spatial dis-
tribution pattern of genetic variation is closely related to
inbreeding, self-crossing, and cloning reproduction and
limited gene flow [26-28], and for plants that can only
reproduce sexually, the non-random distribution of gene
flow is the main factor of the spatial genetic structure of
population [29]. The direct effect of habitat fragmenta-
tion is the change in the effective dispersal of pollen or
seeds in the population. Although the pollen dispersal
mode of C. azalea is similar to C. japonica, animal-dis-
persed, different from the latter whose seeds were dis-
persed mainly by gravity, the former’s seeds were also
spread by the river, meaning they could be carried far-
ther by water. This inference is supported by the fact that
the average seed spread distance of C. azalea population
(up to 80 m) is much higher than that of other Camellia
species.

For species with overlapping generations, the spatial
genetic structure should focus on age class to reveal the
whole picture accurately [24]. For example, Ueno et al.
revealed a strong SGS for juveniles in C. japonica and no
significant genetic structure for adults in C. japonica with
no human interference [25]. Chung et al. demonstrated
the internal spatial genetic structure found in younger
classes but dissipated in older age classes [24]. In this
study, the SGS showed a significant positive correlation
distance of 25 m for adults but 10 m for juveniles, and the
intense of fine-scale spatial genetic structure (measured
by S, statistics) revealed a slightly stronger fine-scale spa-
tial genetic structure in juveniles (Sp=0.0057) compared
to adults (Sp= 0.0018).

There are several reasons for this result, such as den-
sity, breeding system, cloning reproduction, and limited
gene flow. The density effect can be excluded in this spe-
cies since the distribution of juveniles and adults was
relatively even. In the absence of clonal reproduction and
selfing, limited gene flow may be a reasonable explana-
tion for the formation of fine-scale spatial genetic struc-
ture. Pollen flow of the juvenile stage (1019 m) was much
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greater than that of the adult stage (445 m), but the seed
spread distance based on the juvenile stage individuals
(60 m) was smaller than that based on the adult stage
individuals (95 m), probably due to the limitation of
seed propagation by dams. The stronger SGS in juveniles
revealed that dams affect the gene flow to some extent.
However, the difference in SGS between the young group
and the adult group (S, value of the former is greater than
that of the latter) may be due to natural factors such as
self-thinning. Considering the influence of many factors
that weaken the SGS intensity, SGS, as a sensitive marker
of genetic consequences, should be paid close attention
to.

Genetic diversity and effective population size

Genetic diversity is both the result of long-term evolu-
tion and represents the potential for species evolution
[7, 13, 30]. The Nei’s indices of the C. azalea population
(H,=0.493; H,=0.511; 1=0.989) indicated it possessed a
moderate to high level of genetic diversity. Unexpectedly,
the genetic diversity of a single population of C. azalea
was not significantly deviation from other Camellia spe-
cies [31, 32] and even more than that of endemic species
of flowering plants (H,=0.42) [33]. Previous studies have
suggested that a common feature of rare species is a lower
level of genetic diversity [34]. However, recent studies
have found that some endangered or narrowly distrib-
uted species also have higher levels of genetic variation
[34, 35]. High genetic diversity at the species level is often
consistent with its self-incompatibility breeding system
[36]. Its fixation index at the species level (F;3=0.0236)
was not significantly different from zero, indicating C.
azalea, like other Camellia species, is highly outcrossing
[37]. Especially, when there is a lack of gene flow between
populations, its outcrossing mating system can reserve
rare alleles in the population and consequently keep
a high genetic diversity. The rich genetic diversity of C.
azalea might be sufficient to withstand a certain extent of
external interference.

Effective population size is one of the important factors
affecting genetic and population variation [38]. Popula-
tions with an effective population size of 50 individuals
have been considered the minimum limit for maintain-
ing sufficient allele richness; while the population with
an effective population size greater than 500 individu-
als can maintain genetic variations in quantitative traits
within the population and their adaptability to future
environmental changes [39]. The effective population
size of C. azalea was 176, and this value is larger than
the minimum limit but less than 500. Therefore, although
C. azalea is a SPS and has suffered some disturbances, it
will not go extinct in a very short time if its habitat and all
individuals can be conserved strictly from now.
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Conservation strategy and fate of SPS

As a SPS, the extant population is unlikely the starting
population of C. azalea, because no closely related spe-
cies were found in its sympatric or neighboring region
and it was different from any known Camellia species in
morphology. It was implausible that the ancestral species
immediately become extinct when a new species estab-
lishes its first population. According to previous stud-
ies, C. azalea has a long evolutionary history, its DNA
sequence has a large divergence with other Camellia spe-
cies [40, 41].

The fate of this SPS in the future has several possibili-
ties (Fig. 7). Based on the genetic characteristics of C.
azalea, it is foreseeable that with sufficient saplings and
rich genetic diversity, this species will continue to live as
a single population. Under effective protection measures,
this SPS meets the conditions for the establishment of
multi-population. If the environment changes dramati-
cally and there is a lack of effective protection measures,
in addition to the narrow habitat of C. azalea, the popu-
lation may decline inevitably. So, the effective conserva-
tion measures (ex-situ conservation) are critical to C.
azalea’s fate.

For any SPS, strict conservation measures are neces-
sary. However, specific measures need to be formulated
according to the genetic diversity, niche, and age struc-
ture of the species. As a SPS, C. azalea had a relatively
high genetic diversity and regeneration capacity. Thus,
it can survive and evolve if its habitat can be conserved.
However, its small geographical range, fewer wild indi-
viduals, and narrow niche make it very sensitive to
human interference and environmental changes. The
adoption of strict protective measures to conserve its
habitat and field individuals is the most important for
its survival, and constructing new populations by trans-
porting seeds or seedlings to other similar valleys in the
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Nature Reserve is also another way to save this species
from extinction. Information on the SGS of this species
can help us to select appropriate individuals to obtain
seeds in constructing new populations with high genetic
diversity. To limit consanguinity, the seeds should be
obtained from trees at least 80 m apart. It is very impor-
tant to investigate the niche of SPS. A narrow niche may
be a common feature of SPS, but it needs a lot of research
to confirm. This information is critical to assess the sur-
vival status of SPS.

In the same Nature Reserve, except C. azalea, there
are other SPS and more endangered plant species (eg.
Euryodendron excelsum, Paraboeica chunii and Apteros-
perma oblate [31]; and the finding on C. azalea should
have important implications for conserving these species.
In addition, the streamside or riparian zone in valley is
a special category of habitats, and is characterized by a
high level of species-richness. Many endangered Camel-
lia plants also grow along streams or riparian zone, such
as C. euphlebia, C. pyxidiacea, C. fluviatilis, C. huana,
etc. [42]. Although these species are not SPS, their ranges
are very narrow and their natural populations are declin-
ing. Results in this study show the river plays an impor-
tant role in the survival of C. azalea. Although the water
dams in the river did not cause the intraspecific genetic
differentiation, but they destroyed some suitable habitats
of C. azalea and changed its SGS by limiting seed flows.
For perennial woody plants, the influence of environ-
mental disturbance on their genetic diversity often lags,
and it takes several generations to show up. Therefore, in
addition to the comprehensive investigation of genetic
diversity and habitat changes, attention should also be
paid to the spatial genetic structure after habitat frag-
mentation to formulate the most reasonable protection
strategy. New conservation strategies should be put for-
ward to ensure that rivers can spread seeds smoothly, and
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the knowledge of C. azalea will help to conserve similar
species.

Conclusion

Single population is a necessary stage in the evolution-
ary progress of most species, the first or the last popu-
lation. This study investigated the spatial distribution,
age structure, genetic diversity, fine spatial genetic seg-
ments, population historical dynamics, and the effects
of human activities on a true single-population species,
C. azalea. This species has a long evolutionary history,
and the extant population is most likely the last popu-
lation rather than the first. We found that this species
possessed a moderate to high level of genetic diversity,
however, its current ecological niche is very narrow, with
most individuals distributed on the bank of a stream.
Recent human activities have changed gene flow of this
species and thus probably contributed to the strengthen-
ing of SGS in juveniles. Considering that this species has
maintained a moderate level of genetic diversity, it could
face near-term extinction if effective conservation meas-
ures continue to be implemented, especially to protect
its riverine habitat and avoid human exploitation. These
results are of enlightening significance to the conserva-
tion of other SPS, especially those distributed along the
riparian zone.

Materials and methods
Study sites and sampling distribution
C. azalea is a small tree (shrub like small tree), most indi-
viduals are less than 3 m in height and 3 ¢cm in diameter.
It has red flowers and an out-crossing breeding system,
and is a typical insect-pollinated and self-incompat-
ible [20]. Its seeds spread by water flow mainly. The
research site is part of the Ehuangzhang Nature Reserve
(21°50"36” ~21°58'40” N, 111°21'29” ~111°36'03” E)
in Yangchun, Guangdong Province. The species is dis-
tributed in the range of 6 km along a river (about 20 m
in width, Fig. 1B) in an altitudinal range from 50 to 175
m. There are two dams for hydropower stations in the
river. The two dams were built in 1986 (upstream, dam1l
in Fig. 1) and 1998 (downstream, dam2), respectively. We
first identified one individual’s geographical coordinates
using GPS (Global Positional System) as benchmark
(21°54°40” N, 111°30°46” E) and then measured other
individuals’ relative positions to the benchmark. We sur-
veyed carefully the range of the species along the banks
of the river, and measured every individual we could
found, including the basal diameter (BD), plant height,
and distance from the river bank.

For sample collection, fresh leaves of 697 individuals of
wild C. azalea were collected and dried in silica, respec-
tively (Table S2). The samples were identified by Wen-Ju
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Zhang, and the voucher specimens were preserved in
the Institute of Biodiversity Science of Fudan University.
Field study and sample collection were conducted with
the permission of the Ehuangzhang Nature Reserve, and
complied with the institutional and national guidelines.
To explore the impact of the dams on C. azalea popula-
tion, C. azalea individuals were divided into adults (SUB-
A) and juveniles (SUB-J) groups. We sampled 232 adults
(pre-fragmentation, BD >3 cm, 4.25 cm average) and 203
juveniles (post-fragmentation, BD<2 cm, 1.52 cm aver-
age) individuals (Table S3), respectively, simulating the
groups formed before dam construction and the groups
formed after dam construction. To reduce the error
caused by the age division, only individuals with larger
and smaller basal diameter were taken, and the inter-
mediate individuals (262 individuals) were discarded. In
addition, for testing the effect of the dams to the genetic
structure, we spatially divided the population into three
subpopulations: the upstream population (SUB-U),
which includes all individuals above daml, and the mid-
stream population (SUB-M) which includes individuals
between the two dams, and downstream group (SUB-D)
which includes all individuals below dam?2.

DNA extraction and microsatellite genotyping

Genomic DNA was extracted by the cetyltrimethylam-
monium bromide (CTAB) method [43]. According to the
polymorphism records, 69 pairs of primers with poly-
morphism in other Camellia species were selected, and
12 pairs of primers were selected for PCR amplification
and fluorescence capillary electrophoresis, and finally a
total of nine pairs of SSR primers with polymorphism in
C. azalea were selected and fluorescently labeled at the
5’-end. The primer sequences and other information are
shown in Supplementary Material 1.

Genetic diversity analysis

Mean number of expected heterozygosity (He) and
observed heterozygosity (Ho) per locus were calculated
by the Nei's method. Gene flow was estimated using
Genetix 4.05 software [44]. FSTAT 2.9.3.2 [45] software
and Weir & Cockerham’s calculation standard were used
to estimate Wright’s (1965) F statistics (Fj5, Fgp). The
effective alleles and Shannon’s information index were
estimated using PopGen 32 [46]. Genepop 4.1.4 [47] was
used to assess whether per SSR locus and the population
as a whole deviated significantly from the Hardy—Wein-
berg equilibrium. The null allele frequency was estimated
by FreeNA [48].

In this study, GenAlEx 6.41 [49] was used to perform
PCA (Principal Component Analysis) cluster analysis on
the genetic distance data of C. azalea to reveal the rela-
tionship between different individuals in the population
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and whether these relationships are related to geographi-
cal distribution or other factors.

To verify whether a genetic bottleneck, three microsat-
ellite mutation models in Bottleneck [50] software were
used for bottleneck analysis and mode-shift test: the infi-
nite allele model (IAM), the stepwise mutation model
(SMM), and the two-phase model (TPM). Two different
tests, the sign test and the Wilcoxon signed rank test,
were employed.

Analyses of genetic structure

The most likely parental detection of all C. azalea indi-
viduals was analyzed by Cervus 3.0 software [51]. With
the help of the allele frequency of the observed site,
10,000 cycles of simulations were performed to estimate
the likelihood value ratio (LOD value) of each candidate
parent of the offspring. The one with the highest LOD
value was the “real” parent. The difference between the
largest and second largest LOD values is defined as the
D value, and the significance of the D value is tested by
comparing the D value with the critical value. The sig-
nificance level of the D value is expressed by confidence
level (CL). There are generally two types of credibility,
namely 95% (strict CL, equivalent to the significance
level of P=0.05) and 80% (relaxed CL) [52]. Among the
most likely parents, the individual closer to the seed was
considered to be the female parent, while the farther
plant was considered to be the male parent. The distance
between offspring and the female parent is the seed flow,
and the distance between parents is the pollen flow. The
phylogenetic correlation coeficient (F), the population
gene spread value o, and the neighborhood size (N,)
were calculated using the software SPAGeDi 1.3 [53].
Effective population size calculation formula: N,=N,*S/
ngNb*S/(4n0g2), where S is the area of the population
distribution.

STRUCTURE 2.2 software [54, 55] was used to estimate
the Bayesian genetic clustering algorithm. The param-
eters set are as follows: admixture model and correlated
allele frequencies, burn-in length is 10,000 times, Mark-
ov’s chain Monte Carlo (MCMC) times are set as100000
times, K=1-12, and iteration is 10 Times. The AK
value is then based on the ad hoc statistics presented by
Evanno et al. [56], choose the most realistic genetic type,
calculated as follows: AK=m [|L(K+1)—2L(K) + L(K-1)
[1/S[L(K)]. Where m is the average of Ln P(D) in repeated
runs, and S is the variance of Ln P(D); the K value cor-
responding to the highest AK value is the true number of
genetic types. Finally, based on the calculated K values, a
bar plot was obtained. GenAlEx (version 6.41) was used
to conduct Mantel test based on 629 individuals [49]. Sp
statistics were calculated using the formula:
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Sp = —biog/(1 — FI)
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